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Abstract 

This thesis is the result of four years work at the Laboratory of Inorganic Chemistry, Department of 

Chemistry, Aarhus University. I have decided to divide the thesis into seven chapters, where the two 

first chapters introduce the theory and compound classes of this dissertation. The next two chapters 

concern transition metal coordination polymers and the last three describe hydroquinone co-crystals and 

clathrate structures. Even though, the goal of the thesis has been to give account of all the work that I 

have performed, I have chosen to leave out results of certain projects, and confine the thesis to the two 

types of structures.  

The first chapter is a brief introduction to the theory used in this dissertation, where diffraction 

theory, the aspherical atom model, and the Atom in Molecules theory will be presented.  Physical 

properties, such as thermal stability and magnetic susceptibility, are also introduced, as a goal of the 

analysis of charge density distributions is to obtain further understanding of these macroscopic 

properties. Neutron diffraction will be used as a complementary tool to the X-ray diffraction 

experiment, as positional and thermal parameters of hydrogen atoms can be determined. The Hirshfeld 

surface partitioning will be introduced, which is a technique that facilitates the understanding of 

intermolecular interactions, as it provides a directly accessible 2D map with a full distribution of close-

contact.  

The second chapter is an introduction to selected literature, where supramolecular structures are 

presented first, as these underpins that the understanding of fundamental chemical interactions of this 

structure class is needed for design and development of materials. Subsequently, an introduction of the 

two primary types of structures presented in this dissertation is given, namely coordination polymers 

and host guest hydroquinone structures, highlighting the inferior quality and limited structural 

information of the latter.  

Two novel zinc-based coordination polymers are presented in Chapter 3, and this study shows that 

solvothermal synthesis under identical conditions can give various crystal structures, which emphasizes 

that the synthetic control of coordination polymer systems is challenging. Furthermore, the metastable 

nature of one of the products demonstrates that kinetic factors can play an important role in the self-

assembly of coordination polymers. 

 The analysis of the experimentally determined charge density distribution of a cobalt coordination 

polymer at 15K is presented in Chapter 4. The study exemplifies the immense advances in experimental 

charge density analysis made possible by utilization of intense third generation synchrotrons, as even 

the single crystal structural determination had to be performed using synchrotron data due to severe 
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twinning of the sample. The study revealed that the magnetic interaction may be mediated by two 

specific bonds, which have significant covalent contribution. The obtained Bader charges revealed 

significant charge transfer from framework to the guest molecule, and formal charge counting was 

found to be inaccurate. Inclusion properties based on electrostatic potentials that assumes formal charge 

counting should be avoided, as these might be in error.  

Chapter 5 presents crystal structures of the three novel hydroquinone co-crystals along with an 

investigation of the close intermolecular contacts between the molecules using Hirshfeld surface 

analysis.  The investigation reveals subtle differences and similarities of the HQ molecules in the three 

crystal structures. The study showed that both the hydrogen bonding pattern and the more weak H···π 

interactions are accommodated by electrostatic complementarity. 

The crystal structure of both the α- and the β-polymorph of hydroquinone is presented in Chapter 6 

with focus on close intermolecular contacts between the molecules via Hirshfeld surface analysis. The 

charge density distribution of the empty β-clathrate of hydroquinone has been determined using data 

from a powerful third generation synchrotron source. Multipole models using both isotropic and 

estimated anisotropic thermal parameters for the hydrogen atoms have been refined and compared, 

revealing significant differences in the obtained electrostatic potential. 

The last chapter of this dissertation presents the analysis of intermolecular interaction using both the 

Hirshfeld surface and charge density distribution of the acetonitrile β-hydroquinone clathrate. The local 

packing and related close contacts are examined by breakdown of the fingerprint plots revealing subtle 

differences and similarities of the HQ molecules in the empty and filled structure of the β-clathrate. 

High quality X-ray data of the acetonitrile β-clathrate of hydroquinone have been measured at a 

powerful third generation synchrotron source, and complementary neutron single diffraction data were 

used to determine the positional and thermal parameters of the hydrogen atoms. The electrostatic 

potential from the obtained multipole model has been compared with the empty β-clathrate of 

hydroquinone, revealing significant differences due to the enclathrated acetonitrile molecule. 
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Dansk Resume 

Afhandlingen her præsenterer store bestanddele af mit arbejde, som jeg har udført under mit ph.d.-

studie ved Uorganisk Afdeling, Kemisk Institut, Aarhus Universitet. Opgaven er delt op i 3 dele, hvor 

den første del, som består af to kapitler, giver en introduktion til teori og litteratur. De to næste kapitler 

omhandler metal-organiske netværk med overgangsmetaller, og de sidste 3 kapitler beskriver 

krystalstrukturer og klatrater med hydroquinon. Selvom målet for afhandlingen er at give et fuldt billede 

af mit arbejde udført under mit ph.d.-studie, så er visse projekter udeladt. 

Det første kapitel indeholder en præsentation af diffraktionsteori, den ikke-sfæriske atommodel og 

Baders teori Atoms in Molecules. Fysiske egenskaber bliver introduceret, da et mål for 

ladningstæthedsanalyse er at opnå en mikroskopisk elektronisk forståelse af de makroskopiske 

egenskaber. Neutrondiffraktion bliver brugt som en komplementær teknik til røntgeneksperimenter for 

at bestemme positioner og termiske parametre for hydrogenatomerne. Opdeling af molekyler ved brug 

af Hirshfeldoverflader, en teknik der fremhæver intermolekylære vekselvirkninger, bliver introduceret. 

Denne giver et hurtigt overblik af de intermolekylære kontakter.  

I det følgende kapitel gives en introduktion til udvalgt litteratur, hvor det understreges, at forståelse 

af intermolekylære vekselvirkninger er essentielt for design og udvikling af materialer. De to primære 

strukturklasser er metal-organiske netværk og værtsstrukturer med hydroquinon. I kapitlet fremhæves 

det, at kvaliteten af strukturel information af sidstnævnte er overraskende dårlig.  

Metal-organiske netværk bliver undersøgt i Kapitel 3 og Kapitel 4, hvor det vises, at solvotermale 

synteser af disse systemer kan give flere produkter, hvoraf nogle af disse kan være metastabile. Dette 

illustrerer, at kontrol af solvotermale synteser kan være udfordrende, og at der ikke kan ses bort fra 

metastabile produkter ved selvsamlings-processer af metal-organiske netværk. Det illustreres, at 

bestemmelse af ladningstætheden for et metal-organisk netværk kun lykkes ved brugen af en 

synkrotronkilde af tredje generation. Analysen af ladningstætheden afslørede, at den magnetiske 

vekselvirkning højst sandsynligt sker via to specifikke bindinger, der viser et signifikant kovalent 

bidrag. Summering af Baderladningerne viser ladningsoverførsel fra netværksstrukturen til 

gæstemolekylerne, hvilket betyder, at summering af formelle ladninger er upræcist. Konklusioner om 

egenskaber baseret på formelle ladninger, såsom det elektrostatiske potential, skal derfor helst undgås, 

da disse kan være fejlagtige.   

Kapitel 5 præsenter tre krystalstrukturer med hydroquinon, hvor vekselvirkninger bliver undersøgt 

ved hjælp af Hirshfeldoverflade-bestemmelse. Analysen viser, at både de stærkere hydrogen-bindinger 

og de svagere H···π vekselvirkninger bliver understøttet af elektrostatisk komplementaritet.  
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Krystalstrukturerne af de to polymorfe former α- og β-hydroquinon er præsenteret i Kapitel 6 med 

speciel fokus på de intermolekylære kontakter ved hjælp af analyse af Hirshfeldoverfladen.  

Ladningstætheden af den tomme struktur af β-hydroquinon er blevet bestemt ved brug af data fra en 

synkrotron af tredje generation. Modeller af ladningstætheden med henholdsvis isotrope og estimerede 

anisotrope termiske vibrationer for hydrogen atomer er blevet bestemt. Studiet viser, at de to modeller 

giver signifikante forskelle i det elektrostatiske potential.  

Det sidste kapitel omhandler studiet af intermolekylære vekselvirkninger ved analyse af både 

Hirshfeldoverflade og ladningstætheden af acetonitril-β-hydroquinonklatraten. Bestemmelse af 

ladningstætheden var kun mulig ved brug af de komplementære teknikker, røntgen- og 

neutrondiffraktion. Det elektrostatiske potential fra den eksperimentelle elektrontæthed sammenlignes 

med den tomme β-hydroquinon klatrat, hvilket viser forskelle som skyldes acetonitrilmolekylet der er 

indesluttet i værtsstrukturen.   
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1. Theory 

1.1 Introduction 

The fundamental phenomenon of diffraction, or elastic scattering, is based on the interaction between 

for example electromagnetic waves of X-ray radiation and charged particles in a material. Structural 

determination using X-ray diffraction is a standard experimental tool to yield atomic positions and 

vibrations in a crystalline material. The independent atom model (IAM), a spherical model, is 

commonly used for structural determination, and has been addressed in several books.[1, 2] As the 

interaction of the X-ray radiation with electrons results in more intensity than the interaction with 

protons, information about the electronic interactions between atoms can be obtained, e.g. bonding. 

Hansen and Coppens proposed a more flexible non-spherical model of the electron distribution,[3] which 

accounts for charge accumulation between atoms. The charge density (CD) is important, as it contains 

information about the chemical bonding and atomic properties. Electrostatic properties and interaction 

energies can be derived from the CD and help understanding the microscopic interactions that lead to 

macroscopic properties. The theory and equations in the following chapter will be based on the 

textbooks by Woolfson, Coppens and Giacovazzo and co-authors.[1-3]  

1.2 Historical aspects of bonding 

In chemistry and elsewhere, intermolecular interactions are forces that act between molecules or 

functional groups, which include London Dispersion forces, dipole-dipole interactions, hydrogen 

bonding. The intermolecular interactions are weaker than the intramolecular forces of covalent or ionic 

character. Already 2500 years back Empedocles (490-430 BC) talked about powers that could act as 

forces to bring about the mixture and separation of elements. The four elements of earth, fire, water and 

air were affected by love and strife which were attractive and repulsive forces, respectively.[4] Isaac 

Newton outlined in 1704 an atomic bonding theory, where the forces between atoms were more 

elaborately described: “ … particles attract one another by some force, which in immediate contact is 

exceedingly strong, at small distances performs the chemical operations, and reaches not far from the 

particles with any sensible effect.”[5] 

Lewis published his famous article “The atom and the Molecule” in 1916, in which he introduced the 

Lewis dot-structure and developed the concept of electron-pair bonds, where he stated that: “an electron 

may form a part of the shell of two different atoms and cannot be said to belong to either one 

exclusively.”[6] Thereby Lewis addresses the fact, that the electrons bonds atoms together and hence 



 
1. Theory 

 

-9-  

bonding can be determined by looking at the electron density. The statement by Debye a year before 

made the foundation of electron density distributions:[7]  

“It seems to me that the experimental study of scattered radiation, in particular from light atoms, 

should get more attention, since along this way it should be possible to determine the arrangement of 

the electrons in the atoms” 

Pauling published the book “On the Nature of the Chemical Bond” in which he presented his 

research on the nature of the chemical bond and its application to the elucidation of the structure of 

complex substances.[8] In the early 1960’s Bader introduced the “Quantum Theory of Atoms in 

Molecules”, which is a quantum mechanical approach that characterizes the chemical bonding of 

systems based on the topology of the electron density distribution. The main results of Bader will be 

addressed later in this introduction, but these were the foundation for correlating the charge density 

distribution with atomic interactions and properties.   

1.3 Xray diffraction and scattering of crystals 

Interaction of a monochromatic X-ray beam with matter occurs basically by means of three processes 

in which the beam may be absorbed, scattered, or refracted. Refraction is well known for visible light, 

as when a beam of visible light passes through a prism, the light breaks up into its constituent spectral 

colors (Rainbow colors) due to the refractive index being energy dependent. X-rays are similarly 

refracted, but the deflection angle is much less due to a smaller refractive index. Absorption for a given 

element in a crystal structure is a process where the energy of a photon is absorbed by the atom and the 

energy may be re-emitted or transformed into heat.  

Scattering, which is the last of the three processes, is interaction of charged particles and X-ray 

radiation. In classical theory X-rays scatter on atoms that act as a dipole oscillator emitting X-rays. The 

scattering power of a single charged particle is proportional to the inverse squared mass (m-2), and hence 

electrons scatter more intensively than protons. Therefore, X-ray diffraction experiments only give 

information about the electron density distribution, as the signal from the nuclei is negligible.  

The energy of an X-ray is much higher than that of a valence electron, and hence the scattering may 

be modeled as Thomson scattering, which is the elastic scattering of electromagnetic waves by a free 

charged particle, such as an electron. The incident wave accelerates the particle, and it in turn starts to 

emit radiation, and thus the wave is scattered. Scattering can also occur inelastically, which is known as 

Compton scattering, where the energy of the incoming wave is not conserved.  

The scattering of a single charged particle is uniform in all three dimensions, but crystals that are 

described as repeating three dimensional arrays of atoms only scatter in discrete directions, as 
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interference effects occur. The scattering of a periodic lattice can be summed into the three conditions of 

the Laue equations:  

l
k
h

=⋅
=⋅
=⋅

Sc
Sb
Sa

 

h, k and l are integers (Miller indices) and S is the scattering vector s0/λ - s/λ with s0 and s being unit 

vectors representing the direction of the incoming and the scattered X-ray beam, respectively. The unit 

cell is the smallest repeating parallelepiped in the crystalline material, and the vectors a, b and c are unit 

cell axes and the angles between them are denoted by α, β and γ.  

The diffraction amplitude of a uniform electron distribution, ρ(r), in which the electrons scatter 

independently can be written as: 

ρ r exp 2πi · dr 

The total electron density is the convolution of the electron density of the unit cell and a periodic 

lattice defined by a, b and c. The density of an infinite lattice can be written as: 

  

Using the convolution theorem, the diffraction amplitude can be expressed as: 

  

From this can be deduced that the crystal scatters in the direction defined by the scattering vector S= 

ha*+kb*+lc* with an amplitude corresponding to the Fourier transform of the electron density, which is 

called the structure factor, F(S). The electron density in the unit cell can be described as atomic centered 

densities, and hence the structure factor can be rewritten:  

exp 2 ·
 

 
exp 2 ·  

The atomic scattering factor of the jth atom, fj, is the Fourier transform of the respective atomic 

densities at the position rj, and is thereby dependent on atom type and scattering angle. The electron 

density, or charge density, can be obtained by inverse Fourier transform of the structure factors. As the 

structure factors are only defined in discrete reciprocal lattice points, the electron density can be 

described as a sum. 

It was assumed earlier, that the electrons were free, but when the incoming X-ray energy is close to 

an absorption edge this is assumption no longer valid. The scattering factors have to be corrected by 

adding anomalous contributions:  

, , ,  
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In the kinematical approximation it is assumed that the incoming wave intensity is constant over the 

entire crystal, which is only the case if there is no absorption, the scattered beam intensity is small, and 

scattering of the diffracted beam can be neglected. The measured intensity in the kinematical approach 

is proportional to the squared structure factor, | | , and since the structure factor has an 

imaginary term, information about the phase are lost.  

| exp |  

The phase problem makes it impossible to directly Fourier invert the measured structure factors, and 

hence the electron density is not directly accessible. Furthermore, as the set of structure factors can 

never be complete, a direct Fourier transformation would lead to termination ripples.  

As only static densities have been considered until now, we need to account for thermal vibrations, 

which can be described as a convolution of a static nuclear density and a nuclear probability 

distribution. The temperature factor, T(S), is defined as the Fourier transformation of the probability 

distribution. For harmonic motions, which are most commonly used in crystallography, 

exp / , where 8  with  being the mean square displacement of the atom. 

For a more detailed description of thermal vibration, the reader is referred to the book of Willis and 

Pryor.[9] 

1.4 The spherical and aspherical model 

Interaction of atoms in molecular compounds often only involves the valence electrons, and hence 

for all atoms besides hydrogen the electron density has a local maximum near the center of the nucleus. 

The independent atom model (IAM) treats atoms as isolated spherical atoms, where the electrons follow 

the nuclear motion instantaneously. The structure factor of the IAM model can, based on the above 

equations, be defined as:  

exp 2 ·  

IAM only describes the spherical electron density around the nucleus, and hence it neglects the 

covalent interaction between atoms where charge is redistributed into regions between the atoms to form 

bonds. For heavy atoms and ionic compounds, this approximation is good, but for covalent interaction 

between light atoms, the approximation is very crude. For hydrogen, which only has one bonding 

electron and no core electrons, the density maximum is not at the atomic position but in between the 

atoms, and hence the atomic positions are biased. The standard example is the large displacement of 

hydrogen in the hydroxyl group of sucrose, which leads to an average bond error of 0.18(3) Å.[10]     
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A non-spherical formalisms were introduced by Stewart[11] and later modified by Hansen and 

Coppens,[12] which include expressions to model aspherical electron density and charge transfer. The 

formalism introduced by Hansen and Coppens is defined as: 

,  

The first term is a static spherical distribution of the core with a population parameter, Pcore. The 

second term allows for charge transfer and modification of the spherical valence distribution by using a 

population factor, Pvalence, and a radial expansion / contraction parameter, κ'. The last term describes the 

aspherical features of the valence density that is involved in for example chemical bonding. This term is 

a product of a radial function, Rl, modified by κ'' and an angular function  multiplied by a 

population factor, , for the different poles. A more detailed description of the aspherical model is 

given by Coppens.[3] 

1.5 Model quality 

Direct Fourier inversion is not possible due to the limited number of structure factors and the phase 

problem. A model structure is introduced, but these models give no exact representation of the electron 

density, and hence the final structure is based on the model that fits the data best. A model allows for 

calculation of the phases, and these are used in the subsequent least squares refinement of the model. 

For centrosymmetric structures, this works really well, but non-centrosymmetric structures, especially in 

charge density refinements, this can cause more problems, and hence in charge density refinements of 

such systems it preferable to obtain the best possible starting model. The spherical atoms obtained from 

an IAM refinement, is replaced by aspherical invariant atoms from theoretical calculations based on 

atoms in chemical similar environment in small molecules. Using the program InvariomTool and 

database such a model can be obtained.[13, 14] Two other databases also exist that uses the transferability 

of the pseudo atoms, namely one with experimentally determined aspherical atoms,[15] and one that uses 

the average of several theoretical calculations.[16] The replacement of the spherical atoms with 

aspherical pseudo atoms results in a better starting model, and hence better phases.  

To verify a good agreement between model and experiment the agreement or reliability index, R, is 

introduced. Several different indexes exists using weighted or non-weighted and squared or non-squared 

structure factors, where one example, which amongst others is used in XD,[17] is : 

∑
∑  
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The weighting used is related to the uncertainty of the individual measurements, and the reliability 

indexes are good criteria in describing the quality of a spherical atom model.  

Definition of a good quality multipole model is not straightforward, as the effects modeled are small 

compared to the overall density. A low agreement factor is not necessarily equivalent to a correct high-

quality charge density model. One important factor for a good aspherical model is a low residual 

density, which is defined as: 

Δ
∑ | | | | exp 2 ·

 
 

The observed residual density should be flat and featureless in the whole unit cell. An entirely flat 

residual map is never obtained due to experimental noise.[18] The remaining residual density due to noise 

should be a Gaussian distribution. Features of fitted second row atoms should be less than ~0.1e/Å3, but 

at heavier atoms larger features may appear. 

Successful deconvolution of the thermal and charge density effects is tested using the Hirshfeld rigid 

bond test in which the values of the mean square displacement between bonded atoms should be less 

than 10 pm2.[19, 20] Other parameters, such as the value of the multipoles, should also be checked in the 

final multipole model, but these criteria will not be discussed further here.  

1.6 Analysis of the final multipole model 

Atom in molecules[21, 22] (AIM) provides a resourceful tool for analyzing and interpreting the obtained 

three-dimensional electron density distribution. The AIM analysis focuses on the gradient and Laplacian 

values of the electron density from which atomic and bond properties can be obtained.  

The gradient of the electron density, ∇ρ(r), is a vector that points in the direction of maximum 

increase in density. Moving along a gradient path in infinitesimal steps results in a trajectory of the 

gradient. The gradients never cross and they end up in local maxima in the electron density distribution, 

such as atoms and hence these act as attractors of the gradient vectors. The molecule is divided into 

regions of space where the trajectories terminate at each separate nucleus, and hence resulting in 

separation into atomic basins. AIM provides a unique quantum mechanical way of defining an atom, 

and hence offers the possibility of discussing atomic properties.  

The electron density has three-dimensional extremes, denoted critical points, in which the gradient of 

ρ(r) is zero. The second derivative of the electron density is a real 3×3 matrix, which when diagonalized 

can give the curvature at the critical point. The trace of the diagonalized matrix is the Laplacian: 

ρ  
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The ellipticity, which is defined as 1/ 21 −= λλε  can be used to characterize the asymmetry of the 

electron density in the bond critical point, where λ1 ≤ λ2 ≤ λ3 are the eigenvalues obtained from the 

Laplacian. 

The critical points (CPs) in the electron density are separated into four classes according to the rank 

and algebraic sum of the eigenvalues (rank, algebraic sum). The rank is equal to 3 in all cases as all the 

eigenvalues are non-zero. The (3,-3) CPs are found at the positions of the nuclei, as these are maxima in 

the electron density. A saddle point in the density is a (3,-1) CP that is located between interacting 

atoms, and hence this is called a bond critical point (BCP). A (3,+1) CP is a ring critical point (RCP), 

and minima in the density is a (3,+3) CP, which is a cage critical point (CCP). 

The total number of different CPs obeys the following relationship depending on the nature of the 

system: #CP(3,-3) - #CP(3,-1) + #CP(3,+1) - #CP(3,+3) = 0 or 1 for a crystal or an isolated system, 

respectively.[23] 

The Laplacian values for covalent bonds, very strong hydrogen bonds and other open shell type 

interactions is negative, as charge accumulate in the BCP between the atoms. For ionic bonds, van der 

Waals interactions, and weak to medium strength hydrogen bonds, which are all primarily closed shell 

interactions, the Laplacian is positive at the BCP.  

Using the local viral theorem, one can deduce the local kinetic and potential energy density from the 

values of ρ and ∇2ρ of the bond critical points. The formulas used are applicable in the regime of 

moderate overlap, and hence valid for primarily closed shell interactions. The sum of the kinetic, G(rcp), 

and potential energy density, V(rcp), gives the total energy density, H(rcp).  

3
10 3 · 6   

4 2   

 

These topological values are used to characterize the types of inter- and intramolecular bonding 

interaction observed between atoms in the crystal structures.[24, 25] Furthermore, the energy of 

intermolecular hydrogen bonds can be estimated from the potential energy density, as 

½ . 

1.7 Atomic and molecular properties 

The trajectories of the gradient vectors that terminate in bond critical points originate from RCPs, 

CCPs, or infinity. An interatomic surface between the different atomic basins is characterized by these 

trajectories, and all points on this surface are defined by a zero flux condition, · 0. Here 
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n(r) is the unit vector normal to the surface of the electron density in the crystal at the position r. This 

definition has a rigorous quantum mechanical foundation and separates atoms into discrete non-

overlapping atomic basins from which atomic properties such as charge and moments can be obtained. 

An example is the electronic population, N(Ω), that can be calculated from a volume integral of the 

electron density: 

Ω
 

Ω
 

A great advantage of the atomic basins, where the atoms each have discrete non-overlapping volumes 

in space, is the additivity of the atomic properties such as energy, volume, electronic population, or 

Bader charge.[22] 

Interaction energies between molecular fragments or atoms can also be derived from the final 

multipole model. This feature is important in investigation of host guest structures, in order to fully 

comprehend the interactions in different materials, hence looking at differences and similarities. The 

total interaction energy is a sum of different contribution, where the electrostatic term, Ees usually 

contributes the most: 

Eint = Ees + Eex-res + Edisp + Eind 

The exchange-repulsion, Eex-res, arises from the antisymmetry requirements of the Pauli principle, and 

the dispersion term, Edisp, from the induced charge distribution on the different fragments. The induction 

term, Eind, stems from the interaction of unperturbed electron density interacting with induced electron 

distribution on another fragment or atom.[17] 

One important topic is the nature of protein-protein and protein-ligand interactions, which for some 

time now has been discussed on the basis of electrostatic complementarity. However, in molecular 

crystals and crystal engineering this complementarity has not been used even though there is a striking 

correlation between the electrostatic potential and the packing of molecular crystals. The electrostatic 

properties of the crystalline structures can be obtained from the electron density distribution.  

1.8 Physical properties  

Some of the studies presented in this dissertation focus on network compounds containing the 

transition metal atoms cobalt, which experience magnetic properties. The aim is to correlate the 

measured macroscopic physical properties with the experimentally obtained charge density distribution 

(CDD). The magnetic susceptibility, χ, and the total heat capacity, Cp, were measured on pellets of the 

material obtained from finely ground powder, on our in-house Quantum Design Physical Properties 

Measurement System at the Department of Chemistry, Aarhus University.  
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The effective moment, µeff, and the Weiss temperature, Θ, for a paramagnet can be found by a Curie-

Weiss fit of the measured magnetic susceptibility in a low magnetic field:[26]  

Θ  

 
/ 3  

N is the density of magnetic ions, and χ0 is a temperature independent susceptibility term. The fit 

only contains points at temperatures way above the magnetic ordering temperature. The magnetic 

interaction type can be deduced from the value of Θ, as for an anti-ferromagnet Θ < 0, for a paramagnet 

Θ = 0, and for a ferromagnet Θ > 0. The derived values of the effective moment can also be compared 

with theoretical values. The susceptibility is a macroscopic property, and thereby does not reveal the 

electronic origin of the magnetism of the material. 

The compounds were examined with powder X-ray diffraction and compared with theoretical 

produced patterns from single crystal diffraction experiments prior to carrying out the physical property 

measurements to ensure pure samples. Data were primarily measured on a STOE diffractometer at the 

Department of Chemistry, Aarhus University, Denmark, using CuKα1 radiation from a Ge(111) 

monochromator and a position sensitive detector. If other equipment has been used it will be mentioned 

in the appropriate chapters. 

1.9 Thermal stability and Powder Xray diffraction 

The thermal stability of selected compounds was examined by simultaneous measurement of 

Differential Thermal Analysis, DTA, and Thermo Gravimetric Analysis, TGA. The experiments provide 

knowledge of solvent loss during heating and framework decomposition of the extended structures.  

The compounds were also examined with powder X-ray diffraction and compared with theoretical 

patterns produced from single crystal diffraction experiments prior to the measurements of the thermal 

stability to ensure pure samples.  

1.10 Neutron diffraction 

Neutron diffraction can be used to determine both atomic and magnetic structures of materials. In 

contrary to X-rays, neutrons are scattered by the nuclei and not the electrons. Diffraction is elastic 

scattering of the neutrons, where the scattered and the incident neutron have the same energy. The 

theory of neutron diffraction is generally similar to that for X-rays, even though the scattering process is 

different. Due to the small nuclei dimensions, compared to the electron density, and the short range 

nuclear forces, the nuclei can be treated as a point scatterer. Therefore, the scattering length of neutrons, 

b, is independent of the scattering angle, in contrast to the scattering factor of X-rays.  
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The complementarity of neutron and X-ray diffraction is due to the nature of the scatterers, which are 

the nuclei and electrons, respectively. In neutron diffraction the nuclear density, e.g. the atomic 

positions, is established, whereas the X-ray diffraction experiment determines the electron density. 

Therefore, the bond lengths and atomic displacement parameters obtained by neutron diffraction 

experiments are not biased by the bonding electron density as they are in X-ray diffraction experiments.  

The scattering length of neutrons is not dependent on atomic number, and hence neutron diffraction can 

be used to determine site occupations in mixed metal complexes containing e.g. iron and manganese, 

which is problematic using X-ray diffraction. Furthermore, the scattering length is isotope dependent, 

and hence site specific probing can be performed by isotopic substitution of for instance hydrogen (1H) 

and deuterium (2H). Although neutrons are uncharged, they carry a spin, and nuclei with non-zero spin 

will give rise to an incoherent signal. Therefore isotope substitution of hydrogen to deuterium leads to 

the reduction of the background, as 1H has a large incoherent signal due to the non-zero nuclear spin.  

The spin of the neutron furthermore enables it to scatter on spins, and therefore interact with 

magnetic moments, including those arising from the electron cloud around an atom. As the magnetic 

moment has a large contribution from interaction with the electrons spin, the magnetic scattering factor 

will be dependent on the scattering angle. Therefore, neutron diffraction can also be utilized to 

determine the microscopic magnetic structure of a material. For a more thorough description of neutron 

diffraction theory, the reader is referred to the book of Squires.[27]  

1.11 Hirshfeld surface 

The definition of a molecule in a condensed phase is an elusive goal, as many different 

characterizations exist. However, the extraction of molecular properties from solid state structures, such 

as crystalline samples, forces a somewhat arbitrary definition onto the molecules.[28-30] Various schemes 

for partitioning the crystalline electron density distribution into molecular fragments can be adapted. 

One has already been addressed in this dissertation, as Baders theory of AIM in which the zero flux 

condition, · 0, separates atoms into discrete non-overlapping atomic basins from which 

atomic properties can be obtained. The union of atomic basins obtained from the electron density yields 

molecular surfaces in crystals, and hence molecular properties are obtainable.  

Hirshfeld partitioning is an extension of the Hirshfeld stockholder concept,[31] which divides the 

electron density of a molecule into continuous atomic fragments. The concept was generalized to extract 

continuous molecular fragments from electron density distributions by defining a molecular weight 

function: 

∑
∑  
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ρA(r) are spherically-averaged atomic electron density functions[32] centered on the position of the 

atoms. The appropriate sums of the electron density of the atoms belonging to molecule and crystal are 

 and , respectively. Molecular properties can be obtained by integration 

over the weighted electron density, and using this scheme molecular properties have been reported 

earlier.[33] A new scheme, molecular Hirshfeld surfaces, is constructed by partitioning space into regions 

in which the electron density of a sum of spherical atoms of a molecule (the promolecule) dominates the 

corresponding sum of the crystal (the procrystal):[34, 35]  

1
2 

As the molecule is defined by the Hirshfeld partitioning ( ½) this scheme provides a 

molecular surface, e.g. the Hirshfeld surface. The cut-off value guarantees maximum proximity of 

neighbouring molecular volumes, and hence minimizes space between adjacent molecules. A larger 

value of the weight function would result in overlap of molecules, and a smaller value in gaps between 

adjacent molecules.  

The central element is the derivation of the Hirshfeld surface described above - an immediately 

interpretable visualization of a molecule within its environment. The analyses of small molecule crystal 

structures are in general dominated by the description of hydrogen bonding patterns, if such are present. 

However, a crystal structure is determined by a combination of many forces, and hence all of the 

intermolecular interaction of a structure should be taken into account. Visualization and exploration of 

intermolecular close contacts of a structure is invaluable, and this can be achieved using the Hirshfeld 

surface. A large range of properties can be visualized on the Hirshfeld surface including the distance of 

atoms external, de, and internal, di, to the surface. The distance information of the surface can be 

condensed into a two-dimensional histogram of de and di, which is a unique identifier for molecules in a 

crystal structure, called a fingerprint plot - an directly accessible 2D map that provides the full 

distribution of close contacts.[34, 36] Instead of plotting de and di on the Hirshfeld surface, a normalized 

contact distance is defined, where rvdW is the van der Waals radius of the appropriate internal or external 

atom of the surface:  

 

The normalized contact distance, dnorm, highlights both donor and acceptors equally on the surface, 

and therefore less prominent interactions, such as weak C-H···π interactions, becomes evident. 

Furthermore, contacts of larger atoms, such as phosphor, are not highlighted on a de-surface due to the 

large distance relative to contacts to hydrogen.  
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As already mentioned electrostatic complementarity is vital in the discussion of protein-protein and 

protein-ligand interactions, whereas this complementarity has not been used widely in molecular 

crystals and crystal engineering. Electrostatic properties can also be plotted on the Hirshfeld surface, 

and these will help elucidate some of the interactions in the structures of this dissertation. 

The Hirshfeld surfaces are implemented in the user-friendly program CrystalExplorer,[37] which by 

the use of Crystallographic Information Files (cifs) alone can generate these.[38] The program is the basis 

for rigorous quantitative analysis of molecular properties for comparison with bulk measurement and for 

convenient comparison of molecules in different molecular environments. Analysis of intermolecular 

interactions using the Hirshfeld surface-based tools represents a major advance in enabling 

supramolecular chemists and crystal engineers to gain insight into crystal packing behavior. 

Importantly, the technique reveals which atoms are genuinely interacting with each other, as opposed to 

those that just happen to be placed next to each other by coincidence, something which is not always 

possible in other commonly used approaches. 
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2. Introduction  

2.1 Supramolecular chemistry 

Supramolecular chemistry underpins the design and development of materials for a vast number of 

potential applications (sensors, nonlinear optics, switches etc.).[39, 40] Yet, it is striking that the 

fundamental chemical interactions governing even the simplest self-assembly process are not well 

understood.[41, 42] In order to understand self-assembly at a fundamental level it is necessary to obtain 

atomic level information, and molecular crystals are the ideal supramolecular entities. However, one of 

the big challenges in studying molecular crystals is complexity. A typical molecular crystal will have 

numerous superimposed intermolecular interactions, which all contribute to the cohesive energy of the 

solid. A detailed understanding of intermolecular interactions presently relies predominantly on the 

tabulation of interatomic distances and geometries, an approach that is painstaking to the researcher, 

very difficult to interpret for the reader, and by its very nature lacking a great deal of key structural 

information. As such, the important step of analyzing how molecules interact with their direct 

environment presents a considerable barrier in the understanding and communication of structures and 

their relationship to macroscopic properties. 

The structures presented in this thesis can be divided into two primary types of structures, namely 

coordination polymers and host guest hydroquinone clathrates. Both of these can be used as model 

compounds to investigate intermolecular interactions in order to obtain atomic level understanding of 

molecular systems and their properties. 

2.2 Coordination polymers 

The assembly of porous materials from organic molecules and metal ion building blocks has spurred 

a lot of interest during the last decade, especially due to their high gas absorption properties.[43-72] This 

enormous interest is coupled to the attractive features of these compounds. A primary feature, compared 

with for example zeolites, is the preservation of the fundamental building blocks (reactants) in the final 

assembled system. This offers a possibility of manipulating with the structural configuration and the 

chemical and physical properties by changing the basic components.[73] To some extent this allows for 

engineering of the properties of these systems, although it should be noted that solvothermal synthesis 

of the specific structures are strongly dependent of synthesis parameters, such as pressure, time, 

concentration, and temperature. 

Our group at Aarhus University initially focused on the magnetic properties of coordination polymer 

systems.[74, 75] These compounds could be considered as a mixture of classical 3D magnetic solids and 
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molecular magnets. The combination of the basic building blocks may provide novel systems for the 

fundamental study of magnetic exchange mechanisms. By varying the length and electronic properties 

of the organic linker between the metal sites, it may be possible to fine-tune the magnetic interaction 

pathway. A study of magnetic coordination polymers is reinforced if a non-magnetic reference 

framework is present, but due to different coordination properties of transition metals such an 

isostructural reference-system is difficult to obtain.  

Gas absorption of molecules is related to host guest interactions between the guest gas molecule and 

host coordination polymer. The electronic environments around the metal centers have influence on the 

gas absorption properties of the different sites in the voids.[76] Neutral gas molecules with no permanent 

dipole, such as hydrogen gas, bond to the framework by weak dispersion forces. Altering the electronic 

properties of the metal centers and the linker molecules can modify the absorption properties, as the host 

guest interactions are influenced. Using a charge density model to study these structures provides 

properties such as the electrostatic potential, and this might reveal correlations to the absorption sites. 

 It has in some cases been proven rather difficult to obtain the reported frameworks from literature 

produced by solvothermal synthesis. Obtaining isostructural structures or frameworks that are capable 

of gas absorption is hence difficult, and it is further complicated by multiple and kinetic products 

obtained during solvothermal synthesis.  

2.3 βhydroquinone clathrate 

Assembly of porous host guest structures from organic molecules has been known for a long time, as 

for example Caspari in 1927 reported the β-quinol structure,[77, 78] but it was first in the 1940s the term 

clathrate was introduced by Powell et al. for the hydroquinone systems, C6H4(OH)2.[79, 80] The 

compounds reported in this dissertation form part of a general program to study intermolecular 

interactions, with a special focus on crystalline host guest systems such as the β-hydroquinone 

clathrates.[81] This system has the ability of encaging a variety of small molecules, such as CO2, CH3OH 

and CH3CN.[79, 80, 82] The β-hydroquinone can be synthesized without any enclathrated solvent 

molecules, and the “empty” system can be used as a reference system for physical property 

measurements of the clathrates.[83] However, it has proven rather difficult to obtain the empty β-

hydroquinone clathrate using the synthesis presented in the literature. Hydroquinone forms three 

different polymorphs (α-, β- and γ-form), where the metastable β-modification makes a relatively rigid 

spherical cages of nearly 5 Å free diameter. The cavity is formed by six benzene rings on the side and 

two six-member rings of hydrogen bonded hydroxyl groups on the top and bottom. This structure has 

the ability to imprison guest atoms and suitable sized molecules. The clathrate have the general formula 

3C6H4(OH)2·xS, where S is the guest molecule or atom, and x range from 0 to 1. The β-modification 
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forms, according to literature,[84] three general basic structures that are listed in Table 1, and these three 

structure types differs due to the alignment of the imprisoned solvent molecules.     

Table 1 The different crystallographic forms of the β-hydroquinone clathrate.  

Type Space Group Guest 
I 3 Fully disordered 
II 3 Ordered (All solvents pointing one direction)  
III 3 Ordered (One of three pointing opposite) 

 

Despite their position as an essential host guest system, and amongst the oldest known (the H2S 

hydroquinone structure was described in 1849),[85] the most recent review of these fascinating 

compounds appeared in 1996.[86] Very little structural work has been undertaken, and hence a more 

detailed structural and charge density investigation was undertaken.  

The existing structural information of the hydroquinone structures are limited, and of inferior quality. 

From a structural point of view, accurate and precise X-ray and neutron diffraction studies of several of 

the polymorphs could provide a wealth of information, see Table 2. A full list of the different 

polymorphs, with and without enclathrated molecules, are deposited in Appendix 2.1 

Table 2 Detailed structural information available for selected β-polymorphs deposited in the CSD.[38] 

Guest CSD (Refcode) Space group Exp. details Year Comment 
None HYQUIN05 3 X-ray (RT) 1981 β-form 
SO2 QUALSO, 01 3  3 X-ray (153K) 1947, 1982 β-form 
CH3CN HQUACN, 01 3 X-ray (RT) 1978, 1983  
CH3NC BUSPAG 3 X-ray (RT) 1983  
HCl HYQHCL, 01 3 X-ray & Neutron (RT) 1977  
Xe JAMKEN 3 X-ray (RT) 1989  
CH3OH ZZZVLI, 01 3 X-ray (RT) 1947, 1982  
HCCH ZZZVKY 3 X-ray (RT) 1947 No 3D coor.
HBr ZZZVLE 3 X-ray (RT) 1947 No 3D coor.
HCOOH ZZZVLO 3 X-ray (RT) 1947 No 3D coor.

 

Table 2 conveys the paucity of detailed structural information available on the systems, and reveals 

that most structures have only been examined at room temperature, and that several structures lack 3D 

information. Furthermore, only 1 structure has been examined by both X-ray and neutron single crystal 

diffraction experiments and obvious discrepancies was observed between the two refined structures. 

This led Hermansson to conclude that “small systematic errors present in published diffraction-derived 

structures may be large enough to call for great cation when these structures are used as basis for 
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theoretical calculations”.[87] The systems are non-stoichiometric, and different samples of the same 

clathrate can have various compositions, and hence different properties, depending on the synthesis 

conditions.  

Determination of the charge density distribution of these systems can provide detailed information on 

the electrostatic nature of the host-lattice, as well as the guest molecules. From this a direct estimation 

of the energy of formation can be obtained. Charge density analysis of the “empty” β-form would 

establish the electrostatic properties of the host-lattice, especially the electrostatic potential inside the 

unfilled cavity. This would provide experimental evidence to confirm or disconfirm predictions made on 

basis of the empirical calculations that “the distribution of charges around the cage favors the positively 

charged atoms of the molecule to be located in the center of the cavity”.[88]   
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3. Coordination polymers of the Zinc  Terephthalic Acid  

Dimethylformamide System  

Coordination polymers, also known as Metal Organic Frameworks (MOFs), are attractive in crystal 

engineering compared to zeolites as the basic molecular building blocks (reactants) are preserved in the 

final structure. Network structures can therefore be designed with variable pore size and 

chemical/physical properties, as these can be manipulated by selection of suitable building blocks.   

Coordination polymers have been synthesized and characterized with an amazing variety of 

dimensionality, with structures ranging from one-dimensional chains to true three-dimensional 

framework structures.[43, 44, 47, 53, 54, 73] The gas storage capabilities of the systems have been investigated 

intensely, as the nanoporous voids of the coordination polymers have large open volumes suitable for 

gas absorption. Yaghi and co-workers have reported a series of three-dimensional cubic coordination 

polymers based on zinc and carboxylate linkers resulting in frameworks with pore volumes exceeding 

those of zeolites.[49, 63, 71]  

The physical properties of coordination polymers containing transition metal atoms have also 

revealed interesting magnetic properties. Poulsen et al. presented analysis of charge density distributions 

of manganese coordination polymers, where measured physical properties (magnetic susceptibility and 

heat capacity) were correlated to the values obtained from topological analysis.[74, 75] A study of 

magnetic materials, such as transition metal coordination polymers, will be strengthened if a non-

magnetic reference could be obtained. This has been the motivation for synthesizing coordination 

polymers containing zinc, as these have a full d-shell.[89, 90]  

In this chapter of the dissertation two novel zinc-based coordination polymers are presented, which 

was obtained in the search of isostructural reference systems to manganese containing coordination 

polymers.[74, 75] The structures obtained are derived from the Zn - terephtalic acid ((benzene-1,4-

dicarboxylic acid, H2BDC) - dimethylformamide (DMF) system, in which the so-called MOF-2, 

Zn(BDC)(DMF)(H2O),[91] and MOF-5, Zn4O(BDC)3(DMF)8(C6H5Cl) was obtained.[45] The system of 

MOF-5 has been obtained with solvent molecules in the voids (DMF, C6H5Cl) and fully desolvated, 

Zn4O(BDC)3.[45] Wright et al. performed a thorough study, which showed that different structures can 

be obtained from the basic reactants used in MOF-2 and MOF-5, and that a number of the obtained 

coordination polymers could be reversibly interconverted.[92] By treating the basic amorphous “ZnBDC” 

structure with different hydrogen bonding solvents Wright and co-workers furthermore obtained new 

crystalline materials, and thereby demonstrating that the solvent should be considered in “framework 

formation rather than inclusion into pre-existing frameworks”.[92]  
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Initially two novel zinc-based systems were obtained using solvothermal synthesis under high 

pressure and temperature, Zn(HCO2)3(C2H8N), 1, and Zn(C8H4O4)(C3H7NO), 2. It has often been 

observed that variation of the condition of the solvothermal process (pressure, temperature, time, 

concentration) can produce different materials from the same reactants. The study presented in this 

chapter demonstrates that the solvothermal syntheses can give various crystal structures under identical 

synthesis conditions, and hence underpins that the synthetic control of coordination polymer systems is 

challenging.  

After a year it was intended to measure a charge density data set of 1, and during screening process 

of the sample batch the compound Zn(C8H4O4)(C3H7NO)(OH2), 3, was discovered. The structure of 2 

appeared to have been metastable and transformed into 3 over the period. Li et al. previously reported 

the structure of 3, which was denoted MOF-2.[91] The metastable nature of the products demonstrates 

that kinetic factors can play an important role in the self-assembly process of coordination polymers.  

This work has been published and the article is enclosed in Appendix 8. Crystallographic information 

files (cifs) are included on the enclosed CD. 

3.1 Synthesis 

The structures of 1 and 2 was synthesized mixing a solution of H2BDC (2 mmol, 0.324 g) in DMF (8 

mL) and Zn(NO3)2·6H2O (2 mmol, 0.582 g) in DMF (2 mL). The mixture was heated for 4 days at 381 

K in a sealed 12 mL Teflon autoclave, and after cooling colorless crystals suitable for single crystal X-

ray diffraction experiments were the product. Due to air-sensitivity the crystals are kept in the mixture 

from the synthesis, and after 12 months the crystals were re-examined and the structure of 3 was 

discovered.   

3.2 Experimental details 

All three crystals synthesized have similar crystal habits, and as the samples were sensitive to air-

exposure, the crystals were mounted in protective oil and transferred directly into a cold N2 cryostream 

for X-ray diffraction experiments. The colorless crystals of compounds 1, Zn(HCO2)3(C2H8N), and 2, 

Zn(C8H4O4)(C3H7NO), were analyzed using a Bruker-Nonius X8 APEXII diffractometer at the 

Department of Chemistry, University of Southern Denmark. For both crystals the data were measured at 

180(2) K. For 3, which is also known as MOF-2, Zn(C8H4O4)(C3H7NO)(H2O), data were collected at 

100(2) K on a similar instrument at the Department of Chemistry, Aarhus University. The crystal 

structures of 1 and 2 were solved first, whereas our analysis of MOF-2 was undertaken one year later. A 

combination of ω- and φ-scans with step widths of 0.3°-0.5° where used for the data collection of the 
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crystals. The data were integrated using the SAINT program,[93] and normalizations, empirical 

absorption corrections and averaging of the data sets were carried out with the program SADABS.[93] The 

structures were solved using the direct methods program SHELXS,[93] and refined against F2 data using 

SHELXL.[93] All H atoms bound to C atoms were placed in calculated positions and allowed to ride the 

parent atom during the subsequent refinement. The hydrogen atoms of the water molecule in MOF-2 

were located in difference Fourier maps and refined without restraint with isotropic displacement 

parameters. Experimental and refinement details are summarized in Table 3 and a list of fractional 

coordinates of the three structures are listed in Appendix 3.1-3.3. 

Table 3 Crystallographic and experimental details for the structures 1, 2 and 3. 

 1 2 3 
Empirical formula Zn(HCO2)3(C2H8N) Zn(C8H4O4)(C3H7NO) Zn(C8H4O4)(C3H7NO)(H2O)
Formula weight 246.52 302.58 320.59 
Z 6 4 4 
Temperature (K) 180(2) 180(2) 100(2) 
Wavelength (Å) 0.71073 0.71073 0.71073 
Crystal system Trigonal Monoclinic Monoclinic 
Space group 3  C2/m P21/n 
a (Å) 8.1818(1) 11.1369(5) 6.6456(2)  
b (Å) 8.1818(1) 14.0217(7) 15.2232(5)  
c (Å) 22.1235(7) 7.9890(4) 12.6148(4) 
β (°) 90 106.316(1) 104.110(2) 
V (Å3) 1282.57(5) 1197.3(1) 1237.70(7) 
ρcalc (g cm-3) 1.915 1.679 1.720 
Crystal size  (mm3) 0.12 × 0.12 × 0.05  0.20 × 0.20 × 0.10 0.15 × 0.15 × 0.10  
μ l (mm-1) 2.872 2.063  1.933 
Nmeasured / Nunique 2358 / 356 3148 / 1372 33664 / 5919 
sinθ/λmax  (Å-1) 0.6667 0.6621 0.8003 
Rint 0.0219 0.0461 0.0357 
Nobs [I > 2σ(Ι)] / Npar 335 / 26 1223 / 104 4608 / 180 
R1 [I > 2σ(Ι)] 0.014 0.060 0.048 
wR2 (all data) 0.039 0.169 0.100 
GoF 1.11 1.27 1.07 
 

To examine the purity of the bulk sample, X-ray diffraction data were measured on a STOE powder 

diffractometer at the Department of Chemistry, Aarhus University, using Ge(111)-monochromated 

CuKα1 radiation. The powder X-ray diagram revealed that several crystalline phases were present 
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immediately after the synthesis. After 12 months, a new powder X-ray diagram was recorded, which 

showed substantial changes in the observed diffraction peaks, which will be discussed in Chapter 3.7.  

3.3 Crystal structure of 1 

A characteristic three dimensional box-shaped framework, which consists of Zn2+ ions 

interconnected by deprotonated formic acid moieties (HCO2
-), was formed during the described 

synthesis, see Figure 1.   

     
Figure 1 Left: The box-shaped structure of the three dimensional framework of 1. Middle: A layer of the framework with solvent 
molecules in the cavities. In the cavity to the right one of the three partially occupied disordered solvent molecules are shown, while all 
three are shown in the left cavity. Right: Hydrogen bonding between the formally cationic solvent and the anionic framework of 1.  

The coordination in the resulting framework of Zn2+ is almost perfect octahedral with a maximum 

deviation of 1.3° in the bond angles from the regular octahedron, see Table 4. A full list of bond lengths 

and angles of the framework structure are listed in Appendix 3.4. 

Table 4 Selected bond lengths (Å) and bond angles (o) of the structure 1.  

Atoms Bond length / [Å]
Zn(1)-O(1) 2.1072(7) 

Atoms Angle / [°] 
O(1)-Zn(1)-O(1) 91.30(3) 
O(1)-Zn(1)-O(1) 88.70(3) 
O(1)-Zn(1)-O(1) 180.0 
O(1)-Zn(1)-O(1) 180.0 

 
A formal charge count of the three dimensional framework structure reveals an anionic framework 

structure of the composition −n
n])Zn(HCO[ 32 . The formic acid is a decomposition product of the solvent 

molecule, as the harsh condition in solvothermal synthesis and an acidic environment enables a 

breakdown of DMF to yield formic acid and dimethylammonium cation moiety, see Scheme 1.  
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Scheme 1 Decomposition of the DMF molecule to formic acid and dimethylammonium cation. 

The dimethylammonium moieties are located in the cavities of the framework structure, and are 

modeled as disordered about a site of 32 (D3) point symmetry. The electrostatic interactions between 

anionic framework and cationic dimethylammonium residue are further strengthened by hydrogen 

bonding, see Figure 1. The NH2
+ part of the cationic dimethylammonium residue has one unique 

hydrogen atom that is situated 2.02 Å from the nearest oxygen atom, O(1), of the framework. 

(N(1)···O(1) = 2.885(3) Å, N(1)-H(1A)···O(1) = 161º). 

An analogue isostructural framework to the dimethylammonium zinc(II) format structure of 1 is a 

copper containing framework published by Sletten and Jensen.[94] 

3.4 Crystal structure of 2 

The crystal structure of 2, Zn(C8H4O4)(C3H7NO), contains carboxylate-bridged pairs of Zn2+ ions 

interconnected by BDC linkers, which form continuous two-dimensional layers parallel to the ( 024 ) 

planes. A crystallographic mirror plane divides the DMF solvent molecules into two equally populated 

sites, which bond directly to the zinc ion, Zn(1). The coordination of the Zn(1) is a distorted square 

pyramid with maximum deviation of 13° from a regular square based pyramid, where Zn(1) is 

positioned 0.36 Å above the basal plane of the square pyramid, see Figure 2. The Zn2O8 unit has 

essentially regular D4h point symmetry, with both Zn2+ ions lying on the local 4-fold rotation axis. The 

twists of the phenyl groups of the BDC linkers away from co-planarity with the carboxylate groups 

result in the actual crystallographic point symmetry 2/m (C2h). A list of selected bond length and angles 

are enclosed in Appendix 3.5.    
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Figure 2 Left: A two dimensional layer of 2. Right: The distorted square based pyramidal coordination of zinc with thermal ellipsoids 
drawn at a 50% probability level. 

The direct Zn···Zn distance is 2.945(2) Å, and diagonal elements of the Zn2O8 unit from oxygen to 

oxygen are 4.62 Å and 4.52 Å, and hence fairly symmetric. A formal charge count of the Zn(1) site is 

+2 in correspondence with the synthesis source, Zn(NO3)2·6H2O. A formal charge count of the three 

dimensional framework structure reveals a neutral framework, but one should bear in mind that formal 

charge counting can be misleading as shown by Clausen et al.[95] 

Adjacent layers in the structure of 2 stack with an offset that allow the DMF ligands from 

neighbouring layers to fill the voids in the primary layer, see Figure 3, thus creating a pseudo 3-

dimensional framework. The primary layer has been removed in Figure 3 for clarity.  

  
Figure 3 Left: The stacking of the two dimensional layers with the offset. The primary layer has been removed for clarity. The solvent 
disorder is shown with blue atoms depicting the nitrogen atoms, where the methyl groups and hydrogen atoms of DMF are omitted for 
clarity. Right: Twists of the benzene rings in 2 are due to DMF molecules approaching from the adjacent layers. The thermal ellipsoids are 
drawn at a 50% probability level. 

The interconnection of the BDC linkers of the zinc atom pairs forms a rhombic shaped void, see 

Figure 3. The benzene rings are twisted ∼28° with respect to the two carboxylate groups, and hence the 
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voids are larger to accommodate the DMF molecules. The displacement ellipsoids of C(3) and C(4) 

have enlarged components perpendicular to the plane of the phenyl ring, suggesting that the magnitude 

of the twist is slightly variable between different BDC molecules, or that dynamic motion is present in 

the phenyl rings. 

3.5 The structure of 3 

The structure of 3, also known as MOF-2, comprises of two-dimensional layers with connectivity 

similar to those in compound 2, but with water molecules axially coordinated to Zn2+, rather than DMF. 

The coordination geometry around each individual Zn2+ ion is comparable to that in structure 2, but the 

symmetry of the Zn2O8 units are lowered from the D4h point symmetry. See Appendix 3.6 for selected 

bond lengths and angles of the structure. The 2-D layers in MOF-2 are stacked with bifurcated hydrogen 

bonds formed from the water molecule to the oxygen atoms of two different carboxylate groups in the 

adjacent layer, see Figure 4 (O(5)···O(2) = 2.963(3)  Å, O(5)···O(3) = 2.996(3) Å). As the water 

molecule coordinates directly to the metal center, the DMF molecules are located within the voids in the 

planes of the 2-D layers, accepting shorter (non-bifurcated) hydrogen bonds from the water molecule 

(O(5)···O(6) = 2.594(3) Å, O(5)-H(2)···O(6) = 176.8(2)°), see Figure 4. 

     

        
Figure 4 Left top: A two-dimensional layer of MOF-2. Left bottom: The 3-dimensional packing of the layers. The zinc atoms have axial 
water ligands, which bonds to adjacent layers via bifurcated hydrogen bonds. Some water and solvent DMF molecules have been omitted 
for clarity. Right: The central coordination sphere around the Zn atoms are shown with ellipsoids drawn at the 50% probability level. 
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3.6 Comparison of structure 2 and MOF2 

The only difference in chemical composition between structure 2 and MOF-2 is the presence of an 

extra water molecule in the latter. Of the two room temperature MOF-2 structures of Yaghi et al.[91] and 

Wright et al.,[92] the latter is of higher precision and is used to provide the values in the following 

discussion.  

Even though the connectivity of the two-dimensional layers of MOF-2 is comparable to structure 2, 

there are geometrical differences. In the structure of 2 the voids of the layers are rectangular with 

diagonal elements of 14.02(1) Å and 16.71(1) Å, but in MOF-2 these diagonal elements changed to 

15.52(1) Å and 15.41(1) Å, and hence the voids are almost square shaped. The change of the diagonal 

can also be visualized directly be transforming the coordinate so that the two-dimensional layers of 

Zn(BDC)(X) (X = DMF in 2 and H2O in MOF-2) lie parallel to the ab-plane of the unit cell. The 

transformation matrices and the transformed unit cell of all structures are listed in Table 5.  

Table 5 Details of the structural transformation of 2 and MOF-2 

 2 MOF-2 100 K MOF-2 (Yaghi[91]) MOF-2 (Wright[92]) 
Space group C2/m P21/n P21/n P21/n 
a (Å) 11.1369(5) 6.6456(2)  6.718(3) 6.7334(3) 
b (Å) 14.0217(7) 15.2232(5)  15.488(7) 15.5158(7) 
c (Å) 7.9890(4) 12.6148(4) 12.430(8) 12.4532(6) 
β (°) 106.316(1) 104.110(2) 102.83(4) 102.795(1) 
V (Å3) 1197.3(1) 1237.70(7) 1261(1) 1268.7(2) 

             

Transformation 
matrix 

1 0 2    -1 0 1    
0 -1 0    0 -1 0    
0 0 -1    1 0 0    

             
Transformed structure 

Space group C2/m P21/a P21/a P21/a 
a (Å) 16.714 15.626 15.386 15.413 
b (Å) 14.022 15.223 15.488 15.516 
c (Å) 7.989 6.646 6.718 6.773 
β (°) 140.25 128.47 128.03 128.13 
 

Although the layers have comparable connectivity in 2 and MOF-2, their geometrical differences are 

highlighted clearly by the a- and b-axis of the transformed unit cells. In 2, the layers are rectangular and 

centered (the C-centering), while in MOF-2, they are much closer to square shaped, but are not centered 

on account of a different alignment for the central Zn2O8 moiety, see Figure 5. The areas of the ab 
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planes in each case are closely comparable (234.4-239.5 Å2), indicating that the difference reflects 

simply the degree of rectangular distortion of the layers, which was observed in the difference of the 

diagonals in the structures.  

 

Figure 5 Projection onto the plane of the layers in transformed structures. The projection illustrates the differences in the layer off sets 
between 2 (left) and MOF-2 (right). 

The geometrical distortion observed in the diagonal of the structure is accommodated in two ways of 

the framework. Even though the coordination of the individual Zn2+-ions are similar in the structures, 

the geometry of the Zn2O8 unit differs between 2 and MOF-2. The direct Zn···Zn distance is 2.94 Å, 

which is the same as for 2, but the diagonals vary from 4.30 Å to 4.80 Å, which makes the Zn2O8 unit 

highly unsymmetrical. The Zn2O8 moieties are aligned differently in adjacent layers in MOF-2 as 

compared to 2, as there is a lateral distortion perpendicular to the Zn2O8 units of an adjacent layer. This 

distortion is accompanied by hydrogen bonding of the included water molecule from one layer to the 

next, and thus generating a real three-dimensional hydrogen bonded framework. Secondly, the BDC 

linkers themselves undergo some distortion from planarity: O(1), O(2), O(3) and O(4) lie 0.01, 0.10, 

0.07 and 0.19 Å, respectively from the least-squares plane defined by the phenyl ring C(1)-C(6). The 

conversion in twist is due to the movement of the axial DMF solvent further into the voids, as a water 

molecule coordinates directly to the metal atom center.  

The structural changes within the two dimensional layers have no significant influence on the 

separation of adjacent layers, as these are similar in the two cases: 5.11 Å and 5.20 Å for 2 and MOF-2, 

respectively. The magnitude of the offset between the adjacent layers is rather different in the two 

structures. The offset can be defined as a distance between the two vectors generated by the zinc atom 

pairs in adjacent layers. In MOF-2 the offset is ~4.13 Å and fairly small, as the packing is assisted by 
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bifurcated hydrogen bonding between the water molecule of one layer and the carboxylate oxygen 

atoms on the next, see Figure 4. The hydrogen bonding appears to be the driving force of the lateral 

distortion of the Zn2O8 units in MOF-2. In 2 the offset of the adjacent layers is much greater, ~6.14 Å, 

as no hydrogen bonding is observed.  This accommodates the DMF molecules bonded to Zn2+-ion in 

one layer, i.e. the larger offset allows these molecules to project into the voids within the adjacent layers 

of the structure. In MOF-2, these DMF moieties are not coordinated directly to the Zn2+-ions, and 

therefore the offset of the layers are smaller. 

3.7 Conversion of 2 to MOF2  

Interestingly the crystals of 2 and MOF-2 are macroscopically identical, and eventually obtained 

from the same synthesis batch. Experimental powder diffraction pattern was measured immediately 

after synthesis, see Figure 6. Comparison with the theoretical calculated patterns revealed that the bulk 

sample comprises almost exclusively of 2, as the pattern of 1 is barely visible. It should be noted that the 

powder X-ray diffraction data were measured at room temperature, whereas the theoretical patterns are 

generated from the single crystal diffraction structures measured at 180K, and hence the theoretical 

patterns are shifted to higher 2θ-values. 

 

Figure 6 The experimental powder X-ray diffraction pattern measured at room temperature after 1 year and the theoretical diffraction 
patterns of 1 and 2. Note that the unit cells used for indexing are measured at 180 K for 1 and 2. 
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The phase of 1 is not visible in the powder pattern, demonstrating that a single crystal picked from a 

batch is not necessarily representative for the bulk material. There is no evidence of 3 in the powder 

pattern at this stage, but a minor part could be present as observed for the phase of 1.  

After 12 months the sample was re-examined, and the obtained powder diffraction pattern revealed 

that MOF-2 was the dominant phase, see Figure 7, and that phase 2 was no longer visible. In addition, 

the absolute intensity of the diffraction pattern from MOF-2 is considerably less than that from 2 as the 

diffraction from phase 1 becomes apparent. Since phase 1 relies on decomposition of DMF to produce 

formic acid moieties, it is unlikely to increase after the initial solvothermal synthesis. This is likely to 

reflect the apparent loss of crystallinity of the MOF-2 phase compared to 2.  

 

 
Figure 7 Experimental powder diffraction pattern measured after 1 year and the theoretical diffraction patterns of 1 and 3, where the latter 
is known as MOF-2. Note that the unit cells used for indexing are measured at 180 K and 100 K for 1 and 3, respectively. 

The principal component of the solvothermal synthesis is the kinetic metastable phase 2, which over 

a period of 1 year completely converts to the product of MOF-2. The structural conversion of 2 is 

changed by inclusion of a water molecule, which bonds axial to the Zn2+-ions, and the DMF is thereby 
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excluded into the void. The minor phase of 1 remains stable over a period of 1 year, as no 

decomposition of DMF solvent molecules are expected under atmospheric pressure and temperature.  

3.8 Temperature dependence of MOF2 

The diffraction data at 100 K of MOF-2 allows for some comments to be made regarding the thermal 

variation of the MOF-2 structure. The unit cell volume of MOF-2 contracts by ca 30 Å3 between room 

temperature and 100 K. The perpendicular separation between layers (5.33 Å at room temperature) 

decreases by approximately 0.1 Å at 100 K, while the lateral offset between adjacent layers (4.18 Å at 

room temperature) remains largely unaffected by the temperature change.  

The most significant variation with temperature lies in the bifurcated interlayer O-H···O hydrogen 

bond formed from the water molecule to the oxygen atoms of the carboxylate groups. At room 

temperature, the bifurcated interaction is essentially symmetrical (the O(5)···O(2) and O(5)···O(3) 

distances of 3.00 Å do not differ significantly), while at 100 K the interaction becomes moderately, but 

significantly, asymmetrical. The shortened hydrogen bonds are parallel to the BDC linkers, which lie 

along one direction of the square 2-D layers. Therefore, the offset of adjacent layers is approximately 

0.3 Å greater parallel to this direction compared to the perpendicular direction. This change in the offset 

of the layers is accompanied by a small distortion of the layers themselves towards rectangular, 

suggesting that the layer geometry is correlated - at least to some degree - with formation of this 

interlayer hydrogen bond. 

3.9 Outlook 

Solvothermal synthesis has produced two new crystal structures derived from the Zn - terephthalic 

acid - DMF system. The phase of 1, Zn(HCO2)3(C2H8N), derived from decomposition of solvent 

molecules demonstrates the risk of undesired solvent decomposition during the harsh conditions of 

hydrothermal synthesis. The major synthesis product is the metastable phase of 2, 

Zn(C8H4O4)(C3H7NO), which converts completely to MOF-2 over a period of a year. Thus, 

solvothermal synthesis in this coordination polymer system produces metastable products under kinetic 

control. 

The study shows overall that solvothermal synthesis of coordination polymers cannot only produce 

multiple crystals, but also numerous different structures including metastable phases and phases 

composed of solvent decomposition moieties. Consequently, when designing coordination polymers by 

the molecular building block approach using solvothermal synthesis, one has to take great care of 

solvent decomposition and the formation of metastable and multiple products. 
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New synthesis strategies for obtaining the structure of 1 for charge density experiments have so far 

been unsuccessful, but the structure is of great interest as it a fairly simple structure with interesting 

properties. The experimental charge density distributions could clarify the charge state of the formally 

negatively charged framework. Furthermore, there is a striking similarity to a series of metal formate 

hydrates, Me(HCO2)2(H2O)2, which has been examined in our group.[96] 
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4. Charge Density Distribution of a Cobalt Coordination Polymer 

Coordination polymers can be synthesized in an amazing variety of structures with a many attractive 

features.[47, 51, 53-56] The conservation of the fundamental building blocks (reactants) in the final structure 

makes coordination polymers attractive compared to zeolites,[44] as this offer a possibility for 

manipulating the structural configuration and thus the chemical and physical properties, by changing the 

basic components. However, as presented in Chapter 3 of this dissertation explicit synthesis control can 

be difficult to obtain using solvothermal synthesis. The specific products obtained are often strongly 

dependent of synthesis parameters, such as pressure, time, concentration and temperature.[97] Specific 

focus has been on gas-storage applications,[61, 62, 65, 67-71, 98, 99] and this has naturally put emphasis on the 

host guest interaction properties of the coordination polymers. Our group has mainly focused on the 

magnetic properties of coordination polymers,[75, 90, 95, 96, 100] as the rational assembly of basic building 

blocks may give novel systems for fundamental study and understanding of the magnetic interaction 

mechanisms. By appropriate variation of the geometrical and electronic properties of the organic linker, 

it may be possible to fine-tune the magnetic interaction pathway.   

Poulsen et al. reported the structure and physical properties of two completely isostructural 

nanoporous coordination polymers, M3(C8H4O4)4(C4H12N)2(C5H11NO)3, M = Zn, Co, having 

complementary magnetic properties.[90] It is important to note that the Zn and Co compounds also are 

completely isostructural with regard to the guest molecules in the nanopores, and the occupation of the 

different disordered molecular entities. In this chapter of the dissertation, the charge density distribution 

of the cobalt coordination polymer, 4, has been modeled and analyzed using Baders Atoms in Molecules 

theory.[21]  

A formal charge count suggests mixed valence cobalt sites, whereas the synthesis source of 

CoCl2·6H2O suggests Co2+-ions, and analysis of the charge distribution will clarify the correct charge. 

Furthermore, a formal charge count would suggest a negatively charged framework, M3(C8H4O4)4
2-, and 

a positively charged solvent molecule (C4H12N+, DEA) to occupy the void. We attempt to combine 

information about the microscopic electronic structure obtained from multipole modeling of single 

crystal synchrotron X-ray diffraction data with the macroscopic physical property data obtained by 

Poulsen et al.[90] The present study is a first-class example of the immense advances in experimental 

charge density analysis made possible by utilization of intense third generation synchrotrons. This was 

particular true for this experiment due to severe crystal twinning, which made it very challenging even 

to find a single crystal suitable for structure determination of 4.  

Charge density analysis requires measurement of Bragg intensities to much higher angles than for 

regular structure determination, and such intensities were simply not obtainable at conventional X-ray 
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sources with the available crystal quality. It is the use of a very powerful insertion device at a third 

generation synchrotron source that provided the key to a successful measurement of a charge density 

quality data set. It was also tried to obtain data that are suitable for charge density refinement of the non-

magnetic reference Zn-compound, but this has so far been unsuccessful. 

This work has been published and the article is enclosed in Appendix 8. Crystallographic information 

file (cif) is included on the enclosed CD. 

4.1 Synthesis 

The synthesis presented by Poulsen et al.[90] was altered slightly to produce crystals of 4, 

[Co3(C8H4O4)4]2-[C4H12N]+
2 3C5H11NO. A mixture of CoCl2·6H2O (0.294 g, 1 mmol) and DEF (2 mL) 

was added to a mixture of 1,4-benzene-dicarboxylic acid (H2BDC, 0.166 g, 1 mmol) and DEF (8 mL). 

The mixture was sealed in a 12 mL Teflon autoclave at a temperature of 375K for 72 hours. The 

compound formed during the solvothermal reaction was fragile rhombic shaped purple crystals suitable 

for X-ray diffraction experiments. 

4.2 Experimental details 

The crystals obtained from the synthesis of 4 showed a tendency of twining due to layering of thin 

plates, which behaved like a deck of cards when squished. Several crystals were tested before a suitable 

specimen (0.020×0.020×0.050 mm3) was found. The sample was mounted in epoxy glue on the tip of a 

glass fiber rod that was glued to a small cobber wire. Using a brass pin this was mounted on a 

goniometer head of the HUBER four-circle diffractometer at the ChemMatCARS beamline (ID-15) at 

the Advanced Photon Source (APS), Argonne National Laboratory.  A wavelength of 0.413Å (30KeV) 

obtained from the diamond (111) monochromator was used to obtain the high quality data. The sample 

was during the experiment cooled to 15(2) K using a Pinkerton type Helium device,[101] which enabled 

data measurements to higher angles, and reduced thermal diffuse scattering. Furthermore, the use of 

high energy strongly reduces systematic errors such as absorption and extinction. The data collection 

was performed in φ-scan mode using steps of 0.3° and with fixed ω- and χ-angles. Two different 2θ-

setting (20º and 33º) of the detector at a distance of 7.36 cm was used to obtain a maximum resolution 

of 1.26 Å-1. In order to obtain significant intensity in the high order reflections without saturating the 

intense low order data on the Bruker 6000 CCD-detector an exposure time of 1 second was used. The 

measurements resulted in a total of 167899 collected reflections, which was integrated with SAINT+.[93] 

These where corrected for the oblique incidence pathway through the CCD-detector,[102] and afterwards 

processed with SADABS[93] to correct for errors such as φ-correction due to slight non-perfect crystal 
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centering. Correction for absorption, averaging, outlier rejection, and merging of the two series was 

performed using SORTAV[103] leading to a total of 37951 unique reflections and an overall 

completeness of 73.1% with an internal agreement factor, Rint, of 5.6%. The data obtained to a 

resolution of 0.8 Å-1 had a completeness of 97%, and hence only the high order data was incomplete. In 

earlier studies using synchrotron radiation and area detectors it has been observed that redundancy in the 

data is an essential key to accuracy, since it facilitates removal of outliers in the data.[104] In an attempt 

to avoid spurious single measurement outliers and the influence of multiple scattering, only reflections 

measured three times or more was used in the subsequent least squares refinement leading to a total of 

25472 reflections. Experimental details are listed in Table 6. 

Table 6 Crystallographic and experimental details of 4. 

Empirical formula 
Co3O19N5C55H73 
Co3(BDC)4(DEA)2(DEF)3 

μl (mm-1) 0.179 

Formula weight (g/mol) 1284.98 Tmax,Tmin 0.988, 1.000 
Crystal system Monoclinic Nmeasured 167899 
Space group C2/c Nunique 37951 
Z 4 Rint 0.0562 
T (K) 15(2) Nunique (nmeas ≥ 3) 25472 
λ (Å) 0.41328 sin(θmax)/λ  (Å-1) 1.264 
a (Å) 33.1947(16)  Npar 1005 
b (Å) 9.7794(4) Nobs (I > 2σ(I)) 18635 
c (Å) 18.2274(7) R(F), R(F2) 0.0233, 0.0346
β (º) 92.520(1) Rall(F), Rall(F2) 0.0379, 0.0376
V (Å3) 5911.33(44) Rw(F), Rw(F2) 0.0264, 0.0531
ρcalc (g/cm3) 1.425 GoF 0.6269 

4.3 Multipole refinement  

Initial structural solution and subsequent refinements of 4 using the independent atom model (IAM) 

were performed with the program package SHELXTL.[93] The isostructural Zn-compound measured at 

30K exhibits solvent disorder, which is also observed for 4 at 15(2) K.[90] The occupancy of the 

disordered groups of the solvent molecules was fixed in the subsequent multipole refinement at values 

obtained from the independent atom model (IAM) refinement in SHELXL,[93] in which the occupancies 

of different configurations of the molecules are refinable parameters. All hydrogen atoms were allowed 

to ride the parent atoms in the IAM model.[105]  

The initial structural model obtained from SHELXL (atomic positions, thermal motions and 

occupancies) was refined using high order data with sin(θ)/λ > 0.8 Å-1 using the program package 
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XD.[106] The structural parameters obtained in the high-order refinement were fixed during the initial 

refinement of the multipole parameters. Subsequently, the electron density distribution was modeled 

using the Hansen and Coppens multipole model.[12] Gradually the complexity was increased and the 

final model included co-refinement of all structural and electronic parameters of the ordered atoms. The 

maximum correlation parameter in the refinement was between displacement parameters of the 

disordered DEF molecules, and these parameters were varied in separate cycles. The final non-spherical 

model included all atoms of the framework structure, the ordered diethyl amine cation (DEA) and one 

of the two disordered unique DEF molecules. The included disordered DEF molecule is hydrogen 

bonded to the cationic DEA solvent and hence could not be excluded from the model due to possible 

charge transfer. The parameters of the disordered ethyl group of this DEF molecule were constrained to 

the values of the ordered ethyl group within the same solvent molecule. As the ethyl group is not fully 

occupied, the ‘chemcon’ options incorporated in the XD software could not be used for the multipole 

and monopole parameters. Hence, these had to be constrained individually correcting for the site-

occupancy of the ethyl group leading to a total of 84 constraints. The DEF molecule, which was 

disordered into 4 positions, was refined as an IAM-model during the multipole refinement. Since all 

interatomic distances to this strongly disordered DEF molecule are long (the shortest distance is 2.2 Å 

between O(71A) and H(33a) or 1.57 Å between H(71a) and H(33c)) it appears to have only very weak 

intermolecular bonding, and thus it is reasonable to assume that this molecule is neutral and that there is 

no insignificant charge transfer to the surrounding molecular moieties.  

The final model of the refined atoms included hexadecapoles on cobalt, octupoles on all other non-

hydrogen atoms and a monopole and a bond directed dipole on each hydrogen atom. The radial function 

of cobalt ion (Co2+:4s03d7) from the SCM scattering factor bank in XD was employed for the transition 

metal sites.[107-109] The hydrogen atoms positions were after each refinement cycle reset to give bond 

distances equal to standard average neutron diffraction values.[105] Two radial expansion/contraction 

parameters (κ’ and κ’’) were introduced for each chemically unique type of atom, and a free refinement 

was successful. Several further improvements of the model were tested, including anharmonic 

displacement tensors, additional kappa parameters and extinction. However, the residual density maps 

and agreement factors did not improve, and the extra parameters were discarded. The final model 

including both structural and electronic parameters had 1005 parameters refined against 18635 

observations (I > 2σ(I)).  

Hirshfeld rigid bond test was satisfactory fulfilled for the ordered part of the structure,[19, 20] with the 

mean value of the difference of mean-square displacement amplitudes (DMSDA) being ∆A-B = 3.1 pm2, 

and with a maximum of 12 pm2. Selected values are listed in Table 7 and a full list is deposited in 

Appendix 4.1. 
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Table 7 Table of differences of mean-squares displacement amplitudes (DMSDA) along the interatomic vector (bonds) in units of 10-4Å2 
of the framework structure of 4.  

BDC III Distance / [Å] DMSDA BDCI Distance / [Å] DMSDA
C(1)-O(1) 1.2908 0 C(21)-O(21) 1.2678 -2 
C(1)-O(2) 1.2381 -4 C(21)-C(22) 1.4926 -6 
C(1)-C(2) 1.5003 -2 C(22)-C(23) 1.3981 6 
C(2)-C(3) 1.3955 4 C(22)-C(27) 1.3951 2 
C(2)-C(4) 1.3966 2 C(24)-C(25) 1.3993 -4 
BDC II Distance / [Å] DMSDA C(25)-C(26) 1.3948 -4 
C(11)-O(11) 1.2986 -1 C(25)-C(28) 1.4937 -4 
C(11)-O(12) 1.2379 0 C(28)-O(28) 1.2668 -1 
C(11)-C(12) 1.4923 -1 C(28)-O(29) 1.2551 -7 
C(12)-C(13) 1.3992 -1     
C(12)-C(14) 1.3962 3     

 

The residual density plots of 4 exhibit extremes near the two unique cobalt atoms (~0.4 eÅ-3 when 

using all data). The residual near the tetrahedral coordinated cobalt atom, Co(1), is shown in Figure 8. 

  

Figure 8 The residual plane at the tetrahedral coordinated cobalt atom using all data (left) and data below a resolution of 0.8 Å-1 (right). 
The contour levels are 0.1 e/Å3 with solid being positive and dashed negative. 

Our group has recently studied the effect on refinement residuals of removing outlier reflections 

based on their deviation from values calculated from a multipole model.[100] It was observed that such an 

approach could decrease the residual density with a factor of two without affecting the refined multipole 

model. It was established that only very weak, primarily high order data were discarded by this 

procedure, and hence similar effects are obtained by truncating the difference Fourier map calculations 

at a chosen resolution. The truncation therefore gives a more genuine and reliable picture of the errors in 

the experiment, and hence an increased ability to identify potential model errors. Accordingly, the 

residual density maps are shown using data both all data and data below a resolution of 0.8 Å-1 near the 
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Co(1) atom, see Figure 8. Residual plots of 4 in different molecular planes showed no significant 

features using either all data or data below a resolution of 0.8 Å-1, see Figure 9 and Appendix 4.2.  

  

Figure 9 The residual plane of one of the aromatic systems of the BDC-linkers with residual cut-offs of respectively 0.8 Å-1 and none. The 
contour levels are 0.1 e/Å3 with solid being positive and dashed negative. 

The residual density appears featureless and flat in the molecular planes of the aspherical refined 

structure, and it can be concluded that the obtained multipole model is trustworthy. 

4.4 The structure of 4 

The structure of the coordination polymer consists of three atoms chains of carboxylate bridged 

cobalt atoms interconnected by the three BDC linkers, that Poulsen et al.[90] nominated BDCI, BDCII 

and BDCIII. At the center of the discrete 3-atom chain sits an tetragonal distorted octahedral 

coordinated atom, Co(2),  which is situated on an crystallographic inversion point, see Figure 10 and 

Table 8 for selected bond lengths. 

Table 8 Selected distances around the cobalt centers in 4 at 15 K and distances reported by Poulsen et al. at 120 K.[90] 

Bond 
Bond length 
15 K / [Å] 

Bond length
120 K / [Å]

Bond Bond length
15 K / [Å] 

Bond length
120 K / [Å]

Co(1)-Co(2) 3.22685(7) 3.239(3) Co(1)-O(28) 1.9723(5) 1.979(2) 
Co(1)-O(1) 1.9392(4) 1.940(3) Co(2)-O(11) 2.2071(4) 2.217(2) 
Co(1)-O(11) 1.9913(4) 1.998(2) Co(2)-O(22) 2.0489(5) 2.053(2) 
Co(1)-O(21) 1.9801(6) 1.982(2) Co(2)-O(29) 2.0301(5) 2.040(2) 

 

Unique distorted tetrahedral coordinated cobalt atoms, Co(1), are situated at each end of the chain, 

see Figure 10. Selected bond lengths, bond angles and torsion angles are deposited in Appendix 4.3 to 

Appendix 4.5.   
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BDCI 

BDCIII 

          
Figure 10 Left: The asymmetric unit of the framework of 4. Middle: The coordination of the three metal atoms in the chain. The turquoise 
bonds are fully delocalized, while the red bonds are longer in the partially localized carboxylate groups. Right: The framework channels of 
the layered structure viewed along the b-axis of the unit cell where the solvent molecules have been omitted for clarity. The thermal 
ellipsoids are drawn at a 90% level. 

The framework is closer packed in two dimensions due to the cross-linking of the discrete chains by 

the BDCI and BDCII linkers, thus resulting in a layer-like structure, see Figure 10.  These layers are 

connected by the BDCIII linker resulting in a continuous three dimensional framework, with different 

interaction pathways between the cobalt atoms.  

The BDCI linker contains only delocalized carboxylate groups bridging two neighboring cobalt 

atoms (O(21), O(22), O(28) and O(29)), see Table 9 for selected bond lengths. 

Table 9 Selected distance of carboxylate groups in 4 at 15 K and distances and reported by Poulsen et al. at 120 K.[90]  

Bond 
Bond length 
(15K) / [Å] 

Bond length
(120K) / [Å]

Group Bond 
Bond length 
(15K) / [Å] 

Bond length
(120K) / [Å]

Group

O(1)-C(1) 1.2907(7) 1.295(4) BDCIII O(21)-C(21) 1.2678(6) 1.277(4) BDCI
O(2)-C(1) 1.2381(8) 1.236(4) BDCIII O(22)-C(21) 1.2572(7) 1.259(4) BDCI

O(11)-C(11) 1.2986(7) 1.307(4) BDCII O(28)-C(28) 1.2668(6) 1.270(4) BDCI
O(12)-C(11) 1.2379(8) 1.243(4) BDCII O(29)-C(28) 1.2551(6) 1.260(4) BDCI
 

A slight localization is observed in the carboxylate groups of BDCII and BDCIII, which only bonds 

to the metal centers with one oxygen atom. The carboxylate group of BDCII connects the two unique 

metal centers via a direct oxygen bridge, O(11), see Figure 10.  

The carboxylate group of BDCIII bonds to the distorted tetrahedral cobalt atom, Co(1), via one 

oxygen atom, O(1) that terminates the three atom cobalt chain. The slight localization of the bond does 

presumably not lead to a charge accumulation at the oxygen atom. A formal charge count reveals a 
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negatively charged framework, and hence the solvent molecules in the moieties must formally be 

cationic. However, an analysis of the charge density distribution could clarify if charge is transferred 

from host framework to guest solvent molecules. The formal charge of Co(1) and Co(2) is +1.75 and 

+2.50 respectively, if all carboxylate groups are presumed to be delocalized and the oxygen atoms share 

the negative charges.[110] From synthesis one would expect cobalt in the valence state of +2 as the cobalt 

source used was CoCl2·6H2O. The analysis of an experimental charge density distribution could shed 

light on whether the valence states were preserved from synthesis or if a mixed valence state is present. 

The analysis could also clarify if a charge accumulation is observed in the slightly localized carboxylate 

groups.  

Poulsen et al. proposed, based on the behavior of the Zinc-analogue to 4, that the twist of the 

carboxylate group in the BDCII-linker (defined by the torsion angle O(11)-C(11)-C(12)-C(13))  as well 

as the bond length of Co(2)-O(11) will decrease at lower temperature.  

The bond length and twist of Co(2)-O(11) presumably correlate with the magnetic interaction, which 

may originate from the π-orbital of the carboxylate linkers being oriented towards the d-orbitals of the 

cobalt atoms to interact in a super-exchange mechanism.  

It was indeed found to be the case for both the Co(2)-O(11) bond length and the twist of the 

carboxylate group in the BDCII-linker, see Table 8 and Table 10.  

Table 10 Selected torsion angles in 4 at 15 K of carboxylate groups with respect to the benzene rings of the BDC linkers and torsion 
angles reported by Poulsen et al. at 120 K.[90] 

Atoms Torsion angle 
(15K) / [°] 

Torsion angle  
(120K) / [°] 

O(1)-C(1)-C(2)-C(3) 4.62(8) 4.4(3) 

O(2)-C(1)-C(2)-C(3) 5.50(6) 5.3(5) 
O(11)-C(11)-C(12)-C(13) 0.12(8) 0.5(3) 
O(12)-C(11)-C(12)-C(13) 2.55(5) 3.2(5) 
O(21)-C(21)-C(22)-C(23) 3.91(5) 3.0(5) 
O(22)-C(21)-C(22)-C(23) 5.52(8) 5.4(3) 
O(28)-C(28)-C(25)-C(26) 17.75(8) 18.2(3) 
O(29)-C(28)-C(25)-C(26) 17.24(5) 17.1(3) 

 

The framework structure of 4 is ordered, but solvent molecules that occupy the voids are partially 

disordered. The bonding scheme of the solvent molecules including possible hydrogen bonds is depicted 

in Figure 11. Variations in the hydrogen bond lengths between the separate molecules are observed, and 

listed in Table 11. Presumably there is non-negligible interaction between host structure and the 

formally cationic solvent DEA and the DEF1 molecule. As DEF2 was disordered into four positions, 
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with occupancies varying from 10% - 40%, and the interaction distance to DEF2 was longer, the 

molecule was treated as non-interacting IAM model in the multipole model, see Table 11.  

 

Table 11 Selected distances in the structure of 4. 

Bond Distance / [Å]
O(12)-H(51B) 1.92 
O(31)-H(51A) 1.73 
O(2)-H(35A) 2.43 

O(71C)-H(33A) 2.20 
O(71A)-H(55A) 2.16 

 

Figure 11 Selected part of 4 showing possible bonds between solvent molecules 
and framework structure. Thermal ellipsoid probability is at a level of 90%. 

 

4.5 Physical properties of 4 

The magnetic susceptibility from 2 K to 350 K of 4 was presented by Poulsen et al., which noted that 

an anomaly around 50 K could be an onset for the magnetic ordering, see Figure 12.[90]  

 

Figure 12 The magnetic susceptibility (χ) as a function of temperature (T) measured in a magnetic field (B) of 2.5 Tesla. The inset shows 
the magnetization as a function of field at different temperatures. Figure adopted from Poulsen et al. Figure 6.[90]  

A fit to the Curie-Weiss law of the data above 60 K resulted in a Weiss temperature, Θ, of 23 K and 

an effective moment of 4.2 μB. Measurements of magnetization at different temperatures as a function of 

field (B) suggest a ferromagnetic ordering of the moments of a Co2+ ion as the saturated moment goes 

towards 3 μB at higher fields. A sharp rise in the magnetization with increasing field is observed at 

DEF2

DEF2
DEF1

DEA
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temperatures below 10 K.[90] The measurement of the heat capacity, see Figure 13, reveals a phase 

transition at 6K, which is in good agreement with the magnetic ordering of the structure.  

 

Figure 13 The heat capacity (Cp) as a function of temperature. The inset shows the same data as Cp / T as a function of T. Figure adopted 
from Poulsen et al. Figure 7.[90]  

The original data of the magnetic susceptibility was plotted again, which revealed new information, 

see Figure 14. Firstly, a plot of the temperature dependence of the product of susceptibility and 

temperature (χT) supplies information of the nature of the magnetic interactions. The χT plot reveals 

different types of interactions, as ferromagnetic, antiferromagnetic and paramagnetic interactions are 

accompanied by an increase, decrease and constant value in χT, respectively.[111] 

 

Figure 14 Left: The temperature dependence of the product of susceptibility and temperature from 2K to 350K of 4. Right: The inverse 
susceptibility versus temperature of 4 from 2K to 350K.  

A ferromagnetic ordering, as proposed by Poulsen et al., is accompanied by a rise in χT, which is 

observed for temperatures between ~85 K and ~42 K. Prior to the ferromagnetic ordering a flat plateau 

is observed, which is in correspondence with a paramagnetic phase of 4 as the temperature is lowered. 

The value of χT drops in two steps below ~42 K of which the latter is due to saturation of the sample at 

~10 K, see inset in Figure 12. The drop in χT for temperatures below 42 K is presumably is due to 
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antiferromagnetic ordering of 4. From the different magnetic interactions (antiferromagnetic and 

ferromagnetic) it can be deduced that the Co2+-ions have a variety of interaction pathways available in 

the complex crystal structure of 4.  

The temperature dependence of the inverse susceptibilities exhibits variation at similar temperatures. 

At ~85 K the inverse susceptibility goes below the linear extrapolation from 250 K to 85 K. At ~42 K 

the slope changes, as the presumed antiferromagnetic region is entered. 

Poulsen et al. obtained a Weiss temperature and an effective moment from a fit of the susceptibility 

above 60 K. However, as the magnetic ordering precedes this, a new fit of the inverse susceptibility 

between 100 K and 250 K was obtained. Fitting of data point above 100 K resulted in a Weiss 

temperature of 5.6 K and an effective moment of 4.9 μB in good agreement with the heat capacity data. 

The effective moment of 4.9 μB is still in range of the theoretical value reported by Poulsen et al. of 3.87 

μB with no orbital contribution and 6.54 μB with full orbital contribution, but a larger orbital 

contribution must be present. 

4.6 Charge density distribution of 4 

The static deformation density and Laplacian distribution of one of the BDC linkers is shown in 

Figure 15. The Laplacian distribution is widely used in CD analysis to depict regions of charge 

concentration (negative values) and charge depletion (positive values). The static deformation map 

shows single peak maxima in aromatic bonds and overall demonstrates that the present model density is 

of high quality. 

  

Figure 15 The static deformation density (left) and the Laplacian distribution (right) of the BDCIII linker. For the deformation density the 
contour intervals are 0.1 eÅ-3 with solid contours being positive and dashed negative. For the Laplacian map the contour levels are 2x⋅10y 
e/Å5 (x = 0,1,2,3 and y = -2,-1,0,1,2,3) with dashed lines being positive values and solid lines negative.   

The static deformation densities of metal - ligand planes is shown in Figure 16 and Figure 17, and 

they reveal that the Co atoms have clear deviations from the spherical distribution. A selection of plots 

are deposited in Appendix 4.6 including the organic linkers and ordered solvent molecules.  
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Figure 16 The static deformation density maps of the Co(1) - O(1) - O(11) plane (left), the Co(1) - O(21) - O(28) plane (right). The 
contour intervals are 0.1 eÅ-3 with solid contours being positive and dashed negative. 

   
Figure 17 The static deformation density maps of the Co(2) - O(11) - O(29) plane (left), and the Co(2) - O(11) - O(22) plane (right). The 
contour intervals are 0.1 eÅ-3 with solid contours being positive and dashed negative. 

Most metal-ligand interactions are characterized by a negative metal region pointing towards a 

positive ligand region. However the Co(1) - O(1) and Co(1) - O(11) bonds, are different, as these seem 

to have some covalent contributions to the bonding with charge accumulation in the bonding region.   

The orientation and occupation of the d-orbitals of the cobalt atoms are essential in the correlation of 

microelectronic structure and the measured magnetic properties. The population of specific d-orbital and 

the interaction with carboxylate p-orbitals could lead to a superexchange mechanism. However, purely 

closed shell ionic interactions would not lead to this mechanism, as orbital overlap is required, e.g. 

covalent interactions.  

From the refined multipole model one can derive population of the 3d-orbital using the local 

coordinate system (LCS) chosen during the refinement. For highly symmetric coordination sites, such as 

ideal octahedral and tetrahedral, the orientation of d-orbitals is unambiguous as given by ligand field 

theory (LFT). However, if distorted from the idealized geometry as observed here, the choice of the 

LCS is not obvious. Sabino et al. suggested that a consistent choice of LCS could be created by 

minimizing the d-orbital cross-terms.[112]  The LCS with minimized cross terms was determined, and 
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represented in Figure 18, and the corresponding populations of the 3d-orbitals are listed in Table 12. 

The octahedral Co(2) site should according to LFT have the z-axis pointing along the longest bond of 

the six coordinating atoms. A difference in LCS was obtained by minimizing the cross terms of the 

orbitals of this site, and hence the difference is also observed in the d-orbital populations. The LCS 

obtained with the program ERD has no obvious chemical interpretations,[112] but in both calculations 

there are substantial occupations of all d-orbitals and hence all cobalt atoms can be considered as high 

spin. Due to the dissimilarity in population, the simple picture of a spherical Co2+-ion is most likely not 

valid in this compound, which was already indicated due to deformation of the spherical density 

distribution.  

 

Table 12 For Co(1), the z-axis from the refinement points towards O(1) and the y-axis 
towards O(28). For Co(2), the z-axis points towards O(11) and the y-axis towards O(22). 
The first number of each column is the refined number of electrons and the second is the 
relative population in percentage. The maximum numbers of unpaired electrons are listed 
at the bottom of the table. 

 Co(1) Co(2) 
 Refinement ERD Refinement ERD 

2zd  
1.47(3) 

21% 
1.08(3)

16% 
1.23(2) 

18% 
1.73(2)

25% 

22 yx
d

−

0.75(3) 
11% 

1.89(3)
27% 

1.07(2) 
15% 

1.07(2)
15% 

xzd  
1.49(3) 

21% 
1.91(3)

28% 
1.65(2) 

24% 
1.10(2)

16% 

yzd  
1.78(3) 

26% 
0.63(3)

9% 
1.56(2) 

22% 
2.09(2)

30% 

xyd  
1.45(3) 

21% 
1.42(3)

20% 
1.43(2) 

21% 
0.97(2)

14% 
Total 6.93(4) 6.95(3) 
Max.  2.56 2.33 3.06 - 

Figure 18 Local coordinate systems of the 
two distinct cobalt sites obtained by 
minimization of the d-orbital cross terms. 
Purple is the z-axis, cyan is the Y-axis and 
red is the x-axis.  

 

The monopole values obtained from refinement can be used as an approximate occupancy of the 

orbitals. The tetragonal distorted octahedral Co(2) site has a maximum of ~3 unpaired electrons, which 

is in correspondence with the full saturation moment of 3μB derived by Poulsen et al. The tetrahedral 

Co(1) site has a maximum of ~2.6 unpaired electrons, and is hence in disagreement with the full 

saturation of 3μB reported previously. As the maximum unpaired number of electrons is not similar for 

the two cobalt atoms, the validity of the simple magnetic spin only model is limited.  
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Atoms that are bonded are connected through a line of maximum electron density, the bond path, and 

a bond critical point (BCP) is located between the atoms at the minimum of the density along this path. 

Values at the BCP of all bonds are listed in Appendix 4.7. No bond path can be found between Co(1) 

and Co(2), but a ring critical point is located in this region. Thus, there is no direct bonding interaction 

between the cobalt atoms which can mediate magnetic ordering, and this must therefore occur through 

the linking organic molecules. The values of the topological properties of the Co-O bonds at the BCP 

are listed in Table 13.  

Table 13 Topological measures at the BCPs of the Co-O bonds in 4. R is the bond distance and Rij is the sum of the distance from first 
atom through the BCP to the other atom (Å). d1 (Å) is the distance from the atom to the BCP. ρc (e/Å3) is the electron density and ∇2ρc 
(e/Å5) is the Laplacian at the BCP. G, V and H are the local kinetic, potential and total energy density (Hartree Å-3) derived using the 
Abramov approximation.[24] The random errors of ρc and ∇2ρc estimated from the least squares refinement are significant underestimates of 
the real error. Values of ρc are presented with two decimals, while the Laplacian values are truncated after the first decimal. 

Bond R R12 d1 ρc ∇2ρc G/ρ H/ρ |V|/G 
Co(1)-O(1) 1.9392(4) 1.940 0.965 0.67 13.3 1.54 -0.15 1.10 
Co(1)-O(11) 1.9913(4) 1.993 0.975 0.56 11.6 1.51 -0.07 1.05 
Co(1)-O(21) 1.9801(6) 1.989 0.955 0.46 11.6 1.64 0.11 0.95 
Co(1)-O(28) 1.9723(5) 2.014 0.967 0.39 10.6 1.69 0.20 0.89 
Co(2)-O(11) 2.2071(4) 2.215 1.082 0.25 5.6 1.38 0.20 0.85 
Co(2)-O(22) 2.0489(5) 2.056 0.997 0.35 9.4 1.65 0.23 0.86 
Co(2)-O(29) 2.0301(5) 2.039 0.987 0.41 9.6 1.53 0.10 0.94 

 

The ρc-values in the Co - O bonds range from 0.25 eÅ-3 to 0.67 eÅ-3 and the Laplacian is always 

positive. It is noteworthy that the Co(1)-O(1) and Co(1)-O(11) bonds exhibit negative H-values (or 

H/ρ), which indicates that the bonds possess degree of covalency.[110] A plot of ∇2ρc versus M-O 

distance for various transition metal-oxygen bonds (Fe-O, Mn-O, Co-O) follows a clear exponential 

decrease as is also observed in closed shell hydrogen bonds, see Figure 19.[25]  

 

Figure 19 Left: Experimental values of ∇2ρc as a function of metal-oxygen bond length based on the present study as well as literature 
values.[74, 75, 113, 114]The blue triangles are from three carboxylate bridged trinuclear iron complexes, black squares from an iron containing 
butterfly-like complexes, red dots from two manganese metal organic frameworks and green triangles are from 4. Right (G/ρ) versus bond 
length for the same bonds as in the other graph. 
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Values of G/ρ from topological analysis of chemical bonding has previously in literature been 

reported to be a signature of the bonding type, where closed shell bonding would lead to a value above 

unity.[115] This is the case for all the Co-O bonds in the structure of 4. Recently, a range of different 

values often used for characterizing chemical bonding in charge density studies was examined by Gibbs 

et al.[116] For M-O bonds, where M is a non-transition metal, it was found that the values of G/ρ from 

topological analysis was above unity and increasing with decreasing bond length. The increase in the 

values of G/ρ was accompanied by an increase in the covalent character of the specific bond. A series of 

compounds containing transition metals have been studied in our group,[74, 75, 113, 114] and G/ρ-values are 

plotted versus the bond distance clearly shows the above mentioned trend as G/ρ increases as the bond 

shortens, see Figure 19. As mentioned the bonds of Co(1)-O(1) and Co(1)-O(11) possess a larger degree 

of covalency, but these bonds do not stick out by having particular high G/ρ-values in Figure 19, even 

though the study of Gibbs et al. suggests that the high G/ρ-values are compatible with covalent 

contributions to the bond. 

According to Bader interatomic surfaces can  be created using the trajectories of the gradient vector 

of the density,[21] and thus generating unique well-defined discrete non-overlapping atomic basins from 

which various atomic properties such as charge and volumes can be obtained. The properties of the 

obtained atoms are additive, and hence molecular charges and volumes can be obtained. The Co-atoms 

defined by the zero-flux surface are visualized in Figure 20, and hence shows the shapes of the 

respective cobalt atoms.  

 

Figure 20 The atomic surfaces of the two cobalt atoms determined from the experimental charge density distribution. Co(1) is shown to 
the left and Co(2) to the right.  
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Atomic properties obtained from the analysis of the charge distribution of the framework of 4 are listed 

in Table 14. A full list is deposited in Appendix 4.8 and Appendix 4.9. 

Table 14 Integrated atomic properties of selected atoms in the structure of 4. For comparison atomic charges estimated from refined 
monopole populations are also listed (Mono charge) in units of e. The site-occupation of Co(2) has been taken into account. TBV is the 
total basin volume (Å3), whereas ∆TBV is the difference between the total basin volume and the volume of the basin having an electron 
density above 0.002 a.u.. The sum of the separate units is found by adding up the atomic contributions, and the total sum of the framework 
of 4 is given by adding the separate units.  

  Mono 
charge 

Bader 
charge  

TBV   ∆TBV Dipole 
moment

  Mono 
charge

Bader 
charge 

TBV   ∆TBV Dipole 
moment

Co(1) 2.07 1.88 66.6 0.7 0.03 BDCII 
Co(2) 2.05 1.91 58.1 0 0.00 O(11) -0.33 -1 89.5 4.5 0.26 
Sum 3.095 2.835      O(12) -0.18 -1.14 116.1 11 0.37 

BDCI C(11) -0.24 1.47 38.1 3.2 0.73 
O(21) -0.23 -1.06 106.4 5.5 0.23 C(12) -0.16 -0.17 77.8 10.5 0.06 
O(22) -0.18 -1.07 102.6 6.9 0.31 C(13) -0.26 -0.2 92.8 14.4 0.35 
C(21) -0.29 1.49 39.3 3.4 0.75 C(14) -0.38 -0.31 94.1 14.9 0.34 
C(22) -0.12 -0.15 80.6 13.6 0.11 H(13) 0.26 0.22 51.2 19.8 0.15 
C(23) -0.32 -0.23 89.5 10 0.39 H(14) 0.3 0.22 34.2 1.5 0.20 
C(24) -0.28 -0.19 92.4 13.7 0.39 Sum  -0.99 -0.91       
C(25) -0.17 -0.22 76.6 6.7 0.04 BDC III 
C(26) -0.21 -0.14 92.4 15.1 0.39 O(1) -0.17 -0.86 94.2 1.4 0.22 
C(27) -0.26 -0.21 99.1 21.6 0.34 O(2) -0.12 -1.08 118.2 7.6 0.55 
C(28) -0.26 1.58 39.9 5.3 0.72 C(1) -0.26 1.44 34.5 0 0.64 
O(28) -0.27 -1.12 105.9 5.6 0.48 C(2) -0.15 -0.19 67.2 0.8 0.07 
O(29) -0.25 -1.17 105.7 11.2 0.38 C(3) -0.25 -0.05 74.9 3 0.54 
H(23) 0.26 0.25 33.8 2.6 0.14 C(4) -0.26 0.02 75.4 4.8 0.54 
H(24) 0.3 0.25 35.9 1.9 0.18 H(3) 0.29 0.24 37.8 3.8 0.19 
H(26) 0.25 0.2 50.6 18.6 0.17 H(4) 0.24 0.18 34.1 1.5 0.15 
H(27) 0.28 0.23 36.7 5 0.17 Sum  -0.68 -0.3    
Sum  -1.75 -1.56       Total -0.32 0.07       

 

The atomic charges of Co(1) and Co(2) are quite similar, with values of +1.88 and +1.91, which is 

fairly close to the expected +2 from the synthesis source of CoCl2·6H2O. Therefore the mixed valence 

charges of +2.50 and +1.75 obtained from a formal charge count assuming delocalized carboxylate 

groups is obviously incorrect. The dipole moment of the symmetric octahedral coordinated Co(2) atom 

is as expected zero due to the site inversion symmetry. The tetrahedral distorted Co(1) atom has a 

significant dipole moment in correspondence with the more asymmetric coordination. The 

expansion/contraction parameters and the atomic charges of the two cobalt atoms are similar, but the 
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atomic volumes differ substantially as the tetrahedrally coordinated Co(1) atom is roughly 15% larger 

than the octahedrally coordinated Co(2) atom. In close packed structure it is often argued that the larger 

ion will be located in the octahedral holes, since these are larger than the tetrahedral counterpart, but 

nevertheless in the structure of 4 the tetrahedrally coordinated atom is the largest.  

The oxygen atoms of 4 can be classified into several different types based on their bonding to the 

cobalt atoms. Bridging of delocalized carboxylate groups is exclusively observed in the BDCI linker 

(O(21), O(22), O(28) and O(29)). The delocalized carboxylate groups of BDCI appear to exhibit similar 

trends with atomic charges and total basin volumes of the oxygen atoms being almost identical. In 

BDCII and BDCIII there are four different types of oxygen atoms: one hydrogen bonding type (O(12)), 

one direct μ-bridging type (O(11)), one terminal atom (O(1)) and one oxygen atom that does not bond to 

other atoms than the carboxylic carbon atom (O(2)). The partially localized carboxylate groups are 

characterized by differences in charge and atomic volume between the constituent oxygen atoms. From 

a structural point of view a lengthening of a C-O bond in a carboxylate group is often interpreted as 

electron localization at this particular oxygen atom. Surprisingly, we observe that the terminal oxygen 

atom, O(1), and the direct μ-bridging oxygen atom, O(11), possess slightly smaller dipole moments, 

atomic basins and charges than O(2) and O(12), despite forming the longer bonds of asymmetric 

carboxylate groups. 

Although the electron density contains no spin information, it is still of interest to probe empirically 

if it contains some kind of signature related to the magnetic interactions. Unpaired electrons located in 

specific orbitals may give rise to valence shell charge concentrations (VSCC). In Figure 21 and Figure 

22 isosurface plots of the VSCCs of the cobalt atoms are shown. 

 

Figure 21 Isosurface plots of the valence shell Laplacian distributions of the Co(1) atoms of 4 shown in two orientations. The regions of 
minimum Laplacian (Charge concentration) are shown with ∇2ρ < -900 eÅ-5. The plots were prepared using the program MolIso.[117] 
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Figure 22 Isosurface plots of the valence shell Laplacian distributions of the Co(2) atoms of 4. The regions of minimum Laplacian (Charge 
concentration) are shown with ∇2ρ < -900 eÅ-5. The plot was prepared using the program MolIso.[117] 

The chemical bond directions of the cobalt oxygen bonds, reveals a charge depletion of all bonds 

except to O(1) and O(11), where the bonds to Co(1) reach into the region of charge concentration. These 

features may reflect the partially covalent nature of the two bonds, and this may be correlated to the 

magnetic ordering observed. It is tempting to speculate that the bridging O(11) atom is responsible for 

the ferromagnetic ordering of the tri-metal chains which begins around 85K. The ferromagnetic ordering 

may even be in entire layers via BDCII and the O(11) pathway. The chains or layers then subsequently 

obtain antiferromagnetic order below 42K through the O(1) atom and the BDCIII linker. 

The topological charges summed for the framework results in a overall almost neutral network with a 

charge of +0.07, which suggests that there has occurred a significant charge transfer from the formally 

negative charged framework to the solvent molecules. Disorder in the solvent molecule makes the 

determination of the interatomic surfaces difficult, and the charges of the solvent molecules are hence 

poorly defined. Studies of coordination polymers often touch on the formal charge state of a given 

framework, and hence the charge neutrality observed for structure 4 is an important observation. 

Inclusion properties of a given framework will depend strongly on the electrostatic properties which are 

correlated to the charge distribution, and hence the electrostatic potential in the cavities will be highly 

dependent on the charge state of the framework. The mechanism of gas storage in coordination 

polymers have been addressed using the electrostatic potential from theoretical calculations,[118] and 

hence comparison of theoretical and experimental charge density distribution of coordination polymers 

as structure 4 would be of great interest, but ab initio calculations of 4 are highly challenging. The 

formal charge counting of 4 is not accurate, and hence potential calculation based on the framework 

being negative would be in error.  
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The significant reorganization of charge observed between framework and solvent molecules could 

explain the different thermal decomposition patterns reported by Poulsen et al. observed for the 

isostructural Zn analogue and 4, see Figure 23.[90]  

  

Figure 23 Thermal analysis data, TGA and DTA, of 4 (left) and the isostructural Zn analogue (right). Figure adopted from Poulsen et al. 
Figure 5.[90]  

The decomposition, and thereby release of solvent molecules, occur for the two isostructural 

compounds at different temperatures and with different enthalpies. Both compounds reach a plateau in 

the TGA/DSC at ~600 K, which presumably corresponds to the naked framework. It may be the 

neutrality of the framework that makes it possible to obtain a stable naked configuration, since a solid 

cannot have an overall negative charge. 

Summation of the Bader charges of the different BDC linkers reveals substantial differences. The 

intralayer linkers, BDCI and BDCII, are considerable more negatively charged than the interlayer linker 

BDCIII. The charge difference is due to the carboxylate group of BDCIII being less negatively charged 

compared to the BDCI and BDCII linker. Furthermore, the benzene ring of the BDCIII linker is 

positively charged, whereas the intralayer linkers all have negatively charged benzene rings. The 

considerable differences in the BDC charge distributions is a strong indication that the electrostatic 

properties, and thereby the guest inclusion properties, are tunable. 

4.7 Outlook 

The experimental charge distribution of 4 was determined using multipole modeling of synchrotron 

X-ray diffraction data obtained at 15K. The study of this compound was only possible due to the 

immense intensity of the third generation synchrotron at the Advanced Photon Source. Topological 

analysis of the charge distribution provided no evidence of direct cobalt-cobalt interaction, and hence 

suggesting that the magnetic ordering observed for 4 takes place via a super-exchange mechanism. The 

metal-ligand bonds are all of closed shell type except the Co(1) - O(1) and the Co(1) - O(11) bonds 

which have clear covalent contributions to the bonding. These two bonds may be the key mediators of 
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the different magnetic ordering mechanisms observed. The integrated properties of the two metal atoms 

reveal atomic charges of ~1.9 e at both cobalt sites even though the atomic basins are of dissimilar size. 

A summation of the atomic charges of the framework resulted unexpectedly in a value close to zero, and 

substantial charge transfer from framework to guest molecules must take place. Formal charge counting 

both of the metal sites and the framework are thus inaccurate and chemical conclusions based on such 

values, e.g. about guest inclusions properties of porous networks, may be in error and should be 

avoided. The charge distributions of the three unique BDC linkers are quite different, and thus influence 

the nanocavity electrostatic potential, which is a highly tunable property.  

The effort of obtaining data of the non-magnetic reference suitable for charge density refinement has 

so far been unsuccessful even though several low temperature data sets have been measured at the 

Advanced Photon Source in Chicago.  
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5. Analysis of intermolecular interactions in three hydroquinone 

solvates 

Understanding intermolecular interactions relies commonly on examining interatomic distances and 

geometries, which is an approach that is painstaking and difficult to interpret for the researcher, but not 

at least also for the reader. The important step of analyzing how molecules interact with their direct 

environment hence presents a considerable barrier in understanding and communicating the relationship 

between structure and properties. A novel approach giving a distribution of interactions in a crystal 

structure is a tool based on the Hirshfeld surface portioning scheme presented in Chapter 1.11 of this 

dissertation.[36, 119, 120] Direct visualization of the interaction on the Hirshfeld surface, and decomposition 

of fingerprint plots, provide the basis for a quantitative analysis of molecular interactions, and enable 

comparison of molecular entities in different environments. Analysis of intermolecular interactions 

using Hirshfeld surface-based tools represents a major advance in enabling supramolecular chemists and 

crystal engineers to gain insight into crystal packing behavior.  

 The compounds presented in this chapter of the dissertation form part of a general program to 

study intermolecular interactions, with a special focus on crystalline host guest systems such as the β-

hydroquinone clathrates.[81] The host β-hydroquinone structure, C6H4(OH)2, can be synthesized with or 

without any enclathrated solvent molecules and the “empty” system can be used as a reference system 

for physical property measurements of the clathrates.[82, 83] In an attempt to obtain the guest free 

reference structure, the co-crystals of C6H6O2·C3H8O, C6H6O2·C4H9NO and 2.5C6H6O2·C5H11NO, 

referred to as 5, 6, and 7 respectively in the dissertation, were obtained, see Scheme 2. 

 

 

Scheme 2 Structures of 5, 6, and 7. 
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Slow evaporation of different solvents from a hydroquinone solution resulted in the above co-crystals 

of hydroquinone (HQ) and the respective solvent molecules, propan-2-ol, N,N-dimethylacetamide 

(DMA), and N,N-diethylformamide (DEF).  

This chapter presents the crystal structures of the three new co-crystals along with an investigation of 

the close intermolecular contacts between the molecules via Hirshfeld surface analysis in order to reveal 

subtle differences and similarities of the HQ molecules in the three crystal structures. Local packing and 

related close contacts are examined by breakdown of fingerprint plots.[35, 119, 121] An investigation of HQ 

the co-crystal and the conformation of structures deposited in the Cambridge Structural Database has 

also been carried out.  

This work has submitted for publication and accepted with minor changes and the article is enclosed 

in Appendix 8. Crystallographic information files (cifs) are included on the enclosed CD. 

5.1 Synthesis 

All solvents and starting materials were purchased from commercial suppliers and used without 

further purification. HQ was dissolved in the respective solvent and by slow evaporation of the solvent 

(propan-2-ol for 5, N,N-dimethylacetamide for 6 and N,N-diethylformamide for 7), single crystals of the 

respective co-crystals were obtained. The synthesis batch of 5 revealed multiple products, as the 

structure of α- and β-hydroquinone clathrate was also obtained, which will be discussed further in 

Chapter 6 of this dissertation. All crystals obtained were suitable for single crystal x-ray diffraction 

experiments without further re-crystallization.  

5.2 Experimental Xray details 

The crystals obtained of 5 were mounted in the protecting oil Paratone-N on the tip of a glass fiber 

rod glued to a cobber wire. This assembly was mounted on a brass pin, and put on the goniometer of an 

Oxford diffraction Xcalibur S system at the University of Western Australia, Perth.[122] The data were 

collected at 100(2) K, and were subsequently integrated, reduced and corrected for absorption using 

CrysAlis RED.[122] Outliers were rejected, and the data were scaled and merged using SORTAV.[103]  

To examine the purity of the bulk sample, X-ray powder diffraction data were measured on a 

Siemens D-5000 diffractometer at the School of Biomedical, Biomolecular and Chemical Sciences, 

University of Western Australia, using Cu-Kα radiation (λ=1.54Å). Part of the powder diffraction 

pattern is seen in Figure 24, and the full powder pattern is deposited in Appendix 5.1.  
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Figure 24 Powder X-ray diffraction patterns (Black) of 5 as synthesized shown in the 2θ-region from 3° 

to 25°. Theoretical patterns of 5 (red), the α- (green) and β-phase (blue) of hydroquinone are shown for 

comparison. The α- and β-phase are nominated 8 and 9 respectively.  

Only the 2θ-region from 3° to 25° is depicted in Figure 24, as the powder X-ray pattern becomes 

more perplexing in the higher regions. Three types of single crystals were picked from the sample batch, 

and besides the novel structure of 5, the α- and β-form of the hydroquinone clathrate was also formed. 

The slight shift of the theoretical generated peaks to higher 2θ-values is due to the contraction of the 

unit cell at ~100 K compared to the powder pattern measured at room temperature. As the sample was 

not phase-pure no physical properties have been measured.  

The bulk samples of 6 and 7 were examined using X-ray powder diffraction data measured at the 

STOE diffractometer using Cu-Kα radiation (λ=1.54Å) at the Department of Chemistry, Aarhus 

University. The sample of 7 appeared to be pure, whereas another phase seems to be present in the 

sample batch of 6 (signal at 2θ ≈ 15°). The powder patterns are deposited in Appendix 5.1.  

 For compounds 6 and 7 the crystals was mounted as described for 5, but the data were collected 

at 100(2) K on a Bruker X8 APEX-II diffractometer at the Department of Chemistry, Aarhus 

University. The crystal quality of 6 was poor, but a crystal of suitable quality was found, and a data set 

of descent quality was collected. Data were integrated using SAINT+,[123] and data were corrected for 

absorption and merged using SORTAV[103] and SADABS[93] for 6 and 7 respectively.  
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The structures of all crystals were solved using the direct methods program SHELXS,[93] and 

subsequently refined against F2 data using SHELXL.[93] In the refinements of 5, 6 and 7 all non-

hydrogen atoms were modeled with anisotropic atomic displacement parameters. All hydrogen atoms 

bound to heavier atoms were placed in calculated positions and allowed to ride the parent atom during 

subsequent refinements. Experimental and refinement details are summarized in Table 15 and a list of 

fractional coordinates of the three structures are listed in Appendix 5.2 to Appendix 5.4. 

Table 15 Crystallographic and experimental details for structure of 5, 6 and 7. 

 5 6 7 
Empirical formula C6H6O2·C3H8O C6H6O2·C4H9NO 2.5C6H6O2·C5H11NO 
Formula weight 170.2 197.23 376.42 
Z 2 8 2 
Temperature (K) 100(2) 100(2) 100(2) 
Wavelength (Å) 0.71073 0.71073 0.71073 
Crystal system Triclinic Monoclinic Triclinic 
Space group 1 C2/c 1 
a (Å) 7.5561(5) 11.1325(6) 5.5742(1) 
b (Å) 8.1977(8) 9.0410(5) 9.8776(3) 
c (Å) 8.3331(6)  21.0854(11) 17.6573(4) 
α (°) 88.322(7) 90 101.171(1) 
β (°) 79.154(6) 100.098(4) 92.245(2) 
γ (°) 67.174(8) 90 99.443(2) 
V (Å3) 466.71(7) 2089.35(19) 938.33(4) 
ρcalc (g cm-3) 1.211 1.254 1.332 
Crystal size  (mm3) 0.14 × 0.18 × 0.23 0.25 × 0.125 × 0.125 0.25× 0.14 × 0.09  
μl (mm-1) 0.090 0.092 0.098 
Nmeasured  8574 27651 28368 
Nunique 3191 3185  7063 
sinθ/λmax 0.746 0.714 0.769 
Rint 0.031 0.138 0.098 
Nobs [I > 2σ(Ι)] 2117 1791 5086 
Npar 114 132 252 
R2 [I > 2σ(Ι)] 0.047 0.062 0.054 
wR2 (all data) 0.129 0.162 0.121 
GoF 1.41 1.08 1.03 

 

The five highest residual peaks in 5 and ten highest residual peaks in 7 were located in the bonding 

regions of the molecules. In the structure of 6 unusual high residual peaks were located in the solvent 
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region, and hence this could be evidence of a small amount of disorder. Refinement of such disorder 

was unsuccessful, and further efforts of finding a better crystal was also unsuccessful.  

5.3 Crystal structure of 5 

The crystal structure of 5 consists of hydrogen bonded units of hydroquinone and propan-2-ol in a 

ratio of 1:1, see Figure 25. There are two unique HQ molecules in the unit cell that are located on 

crystallographic inversion points, which therefore positions the hydroxyl groups pointing in opposite 

directions, creating a trans-conformation. The hydroxyl groups of each molecule acts as both acceptor 

and donor, which in combination with the propan-2-ol generates hexagon chair-conformation of 

hydrogen bonded hydroxyl groups similar to the carbon skeleton ring in hexane, see Figure 25.  

     

Figure 25 Left: The structure of 5, with labeling of atoms in the asymmetric unit. Displacement ellipsoids are drawn at the 50% probability 
level. Middle: The unit cell of 5 visualizing the hydrogen bonding hexagon illustrated by the red lines. Right: The packing of 5 illustrating 
the discrete corrugated layers which interdigitate viewed along the diagonal of the unit cell. The blue molecules are propan-2-ol, the green 
are HQa(5), and the yellow molecules are HQb(5).    

The hexagons are connected by the aromatic benzene rings creating a continuous two dimensional 

hydrogen bonded layer. Translation along the b- or c-axis generates a new hydrogen bonded layer. The 

distance between these layers is larger than 2.37 Å (minimum H···H distance), and hence no close 

contacts are observed between them. Therefore it can be deduced that only weak interactions can be 

present between the discrete corrugated layers that interdigitate.  

5.4 Crystal structure of 6 

In the structure of 6, hydrogen bonded HQ molecules form a continuous one-dimensional chain 

through the structure following the diagonals of the ab plane. The structure is formed by crystallization 

of HQ and DMA in a ratio of 1:1. The hydroxyl groups of the HQ molecules point in the same direction 

generating a cis-conformation of the HQ molecule. One of the hydroxyl groups acts only as donor (O1-



 
5. Analysis of intermolecular interactions in three hydroquinone solvates 

 

 
-62- 

H1), while the other is both donor and acceptor (O4-H4). Figure 26 illustrates the hydrogen bonding 

connectivity observed in the structure of 6.  

 
Figure 26 Left: The structure of 6 with labeling of atoms in the asymmetric unit. Displacement ellipsoids are drawn at the 50% probability 
level. Right: The packing of 6 viewed along the diagonal of the ab-plane. Blue molecules are DMA, and the green molecules are HQa(6).  

No close contacts are observed between the discrete one-dimensional chains as the interchain 

distance is larger than 2.44 Å (H···H distance). These chains interdigitate, and thus the three dimensional 

structure of 6 is, as observed for 5, dominated by weak interactions.  

5.5 Crystal structure of 7 

The structure of 7 crystallizes in a HQ:DEF ratio of 5:2 with four unique HQ molecules, which is a 

significant difference from 5 and 6. The large number of unique HQ molecules in 7 is particularly 

unusual, with a single precedent in the CSD,[124] and only one structure with more unique HQ molecules 

has been reported.[125] Three of the HQ molecules (HQa(7), HQb(7), HQc(7)) are connected through 

hydrogen bonds that forms a partial hexagon, which terminates at the DEF molecule, see Figure 27.  

          
Figure 27 Left: The structure of 7 with labeling of atoms in the asymmetric unit. Displacement ellipsoids are drawn at the 50% probability 
level. Right: The packing of 7 viewed along the channels in the structure and the a-axis of the unit cell. Purple molecules are DEF, green 
are HQa(7), blue molecules are HQb(7), red are HQc(7), and the yellow molecules are HQd(7).    
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The hydrogen observed bonding pattern (HQa(7), HQb(7) and HQc(7)) partially resembles the 

hydrogen bonded hexagon observed in the β-hydroquinone clathrates, where small molecules fit snugly 

inside the cavities generated by HQ molecules.[126] The last HQ molecule (HQd(7)) is hydrogen-bonded 

to two DEF molecules, which overall generates a continuous three dimensional network, see HQd(7) 

(yellow) in Figure 27. In 7 a larger cavity is created by the HQ molecules, with two DEF molecules 

related by inversion symmetry inside. Above and below the cavity, DEF molecules are also situated, 

thus creating a 3-dimensional structure with channels along the a-axis of the unit cell, see Figure 27. 

The hydroxyl groups of the four HQ molecules are all in the trans-conformation, where some acts only 

as donor (O4-H4 and O31-H31) whilst the remaining are both donors and acceptors. 

5.6 Comparison of structure 5 to 7 

There are no significant differences observed in the geometry of the aromatic system of the seven 

unique hydroquinone molecules, see Appendix 5.5 and 5.6. In all hydroquinone molecules the angle 

between the aromatic system and the hydroxyl oxygen atom is tilted ~2.5° from 120° to accommodate 

the hydrogen atom in the plane of the aromatic ring. Therefore there is a minor difference of the atomic 

position of the oxygen atoms in the cis-conformation of HQa(6) compared to the remaining trans-

conformations as the hydroxyl groups are tilted in the same direction for that specific molecule, see 

Figure 28.  

 

Figure 28 Left: The trans-conformation of the hydroquinone molecule showing the tilt of the hydroxyl group of ~2.5° from 120°. Right: 
The cis-conformation of the hydroquinone molecule. 

The connectivity of the three structures vary in complexity, as the close contacts of hydrogen bonding 

pattern only partially describes the intermolecular interactions. Only the structure of 7 can be fully 

described by these interactions generating a three-dimensional hydrogen bonded structure. In contrary, 

the short H···O contacts only generate a one-dimensional chain and two-dimensional layer for 6 and 5 

respectively, and hence the more subtle H···H and C···H contacts are also important in the packing. 
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5.7 Hirshfeld surface 

The molecules in a given structure will each have a unique Hirshfeld surface representing the 

molecular environment, and hence a direct comparison between HQ molecules of different structures 

can be made. The concepts and properties of the Hirshfeld surface have been introduced in Chapter 1.11 

of the dissertation, and the Hirshfeld surfaces are obtained using the CrystalExplorer program.[37] The 

surface mapping of the dnorm function highlights the close contacts of donor and acceptor equally and 

hence this tool is powerful for analyzing intermolecular interactions including both strong hydrogen 

bonds, but also more subtle H···H and C···H contacts (C-H···π).  

The Hirshfeld surfaces were used to analyze the intermolecular interaction of the seven unique HQ 

molecules in the three structures. The dnorm-function on the Hirshfeld surface for the cis- and trans-

conformation of HQa(6) and HQa(7) respectively are visualized in Figure 29. Surfaces of all molecules 

are deposited in Appendix 5.7-5.9. 

 
Figure 29 Left: Figures of front and back views of dnorm mapped on the Hirshfeld surface of HQa(6) in the cis-conformation. Right: 
Figures of front and back views of HQa(7) in the trans-conformations. dnorm ranges from -0.5 Å (blue) to 0.5 Å (red). 

The surfaces are shown transparent in order to allow the reader to view the orientation and 

conformation of the hydroxyl groups of the HQ molecules. The chosen molecules are diverse as they 

have one hydroxyl group each acting as both donor and acceptor (lower group), and one group acting as 

donor only (upper group). Furthermore, the molecules represent one of each conformation where 

HQa(6) and HQa(7) are cis- and trans-conformation, respectively. The representation in Figure 29 

shows, not unexpectedly, the closest contacts at the hydrogen bond donors and acceptors of the HQ 

molecules in the form of O···H contacts. However, there are also other close contacts evident on the 

dnorm-function plotted on the Hirshfeld surface. Even though, the O···H interactions are shortest and most 

likely strongest, they cover at most one-third of the Hirshfeld surface of the HQ molecules, and hence 

other weaker interactions cannot be neglected, see Figure 30 in which the percentage of the different 

contacts are estimated.  
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Figure 30 Close contacts of HQ molecules in 5, 6 and 7 broken down into six different basic interaction types: O-H···O hydrogen bonding 
- both donor (red) and acceptor (white); H···C contacts (green); C···H contacts (grey); H···H contacts (yellow); and all other contacts (blue).  
The notation C···H refers to close contacts between C atoms inside the Hirshfeld surface (i.e. belonging to the HQ molecule of interest) and 
H atoms outside. 

As pointed out the hydrogen bonding contacts are the shortest, however only the interactions in 

structure 7 could be described adequately in three dimensions by the use of the hydrogen bonding 

pattern. Therefore, the more subtle interactions present between the two-dimensional layer and one-

dimensional chain in structure 5 and 6 respectively are important for the packing.  

The C···H close contacts, which are primarily associated with π···H interactions involving the 

aromatic ring, are according to Figure 30 observed in similar amounts for all HQ molecules in these 

three structures. The specific directional π···H interaction of a benzene ring with the surrounding 

molecules are observed as ‘spikes’ in the lower right corner of the fingerprint plots in the region labeled 

‘5’ in Figure 31. Fingerprint plots of all molecules are deposited in Appendix 5.10 - 5.12. 

 
Figure 31 Fingerprint plots of the HQ molecules HQa(6), HQa(7) and HQd(7). Close contacts are divided into five regions; 1 is O···H, 2 is H···H, 3 is 
H···O, 4 is H···C and 5 is C···H. 
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Even though the amount of C···H close contacts are roughly the same for all HQ molecules, the 

fingerprint plot for HQd(7) differs significantly from the other molecules, as no characteristic ‘spike’ is 

observed, and hence no weak π···H interaction is present. From Figure 30 can be deduced that the 

molecule with relative more H···C contacts (green) have fewer H···H contacts (yellow). It is noteworthy 

that there is directional H···H contacts present in Figure 31 for cis-molecule of HQa(6) in the region, 

where weak π···H interaction normally is present. The molecules HQa(7), HQb(7) and HQc(7) display 

significant H···C interactions (Label '4' in the Figure 31), which in all cases correspond to weak H···π 

interactions of hydrogen atoms with an adjacent aromatic ring. Again the molecule of HQd(7) differ, as 

it does not exhibit any kind of directional H···π interactions of the hydrogen atoms.  

The weak H···π interactions of the hydrogen atoms of the HQ molecules to adjacent aromatic rings 

are not observed in structure 5 and 6, but these interactions are noticeable in the solvent molecules in the 

structures. The H···O hydrogen donor and acceptor oxygen features of the HQ molecules are 

respectively labeled with ’3’ and ‘1’ in Figure 31. 

The subtle interactions must be important for crystal packing of the two structures, as no short 

hydrogen bonding is observed between the layers and chains of 5 and 6 respectively. This underlines 

that the use and analysis of Hirshfeld surfaces reveals subtle and diverse types of interactions, which are 

hard to observe using the standard analysis of molecular geometries and contact distances.  

5.8 Hirshfeld surface volume 

The volumes defined by the Hirshfeld surface of the three aromatic systems with pronounced H···C 

contacts (HQa(7), HQb(7), HQc(7)) are the smallest observed in the seven unique HQ molecules in the 

three structures, see Table 16. 

Table 16 The volumes defined by the Hirshfeld surface of the molecules in 5, 6, and 7. VHirshfeld is the volume defined by the Hirshfeld 
surface, and VUnit Cell-% is the volume percentage of HQ molecules in the unit cell.  

Molecule VHirshfeld / [Å3] VUnit Cell-% Molecule VHirshfeld / [Å3] VUnit Cell-% 
HQa(5) 130.8 

57.5 
HQa(7) 125.3 

68.8 
HQb(5) 128.6 HQb(7) 124.3 

Propan-2-ol 96.0 42.5 HQc(7) 124.6 
HQa(6) 127.6 50.4 HQd(7) 126.7 
DMA 125.8 49.6 DEF 142.3 31.2 

 

Not surprisingly, the HQ molecules with the smaller volume are present in structure 7, which has the 

highest density of the three structures. The H···π interactions discussed above and the smaller volume 

suggests closer packing of these molecules, whereas molecules with the most H···H interactions on the 

other hand have less dense packing. The Hirshfeld volume of HQd(7) is larger, correlating with 
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relatively more H···H interactions and less H···C interactions compared to HQa(7), HQb(7) and HQc(7), 

see Figure 30 and Table 16. Overall there are no obvious interaction of the aromatic system of HQd(7) 

and the remaining crystal, as no directional H···π or π···H interactions are observed in the fingerprint 

plots, see Figure 30. In combination with the fact that the Hirshfeld volume is larger than the other HQ 

molecules in 7, it can be deduced that the local packing density of HQd(7)  is smaller.  

The volumes defined by the Hirshfeld surface of each molecule in the unit cell of the structures can 

be used to obtain the volume percentage of HQ molecules in the structure, see Table 16. For these three 

structures the volume percentage rises going from the one-dimensional chains in the structure of 6, 

through the two-dimensional layered structure of 5, to the three-dimensional hydrogen bonded structure 

of 7. The hydrogen bonding pattern of 7 (HQa(7), HQb(7) and HQc(7)) resembles the pattern observed 

in the β-HQ clathrates, but the volume percentage of HQ observed in the clathrate is far greater 

(86%).[126] The structure of 6 has the lowest volume percentage of HQ molecules for the presented 

structure, but it is the highest of any HQ co-crystal involving a cis-conformation deposited in the 

CSD.[38] The structures with a cis-conformation of the HQ molecules appeared to have a tendency to 

crystallize with large molecules.  

5.9 Conformation of HQ molecules 

HQ molecules are known to co-crystallize with a variety of compounds, where the HQ molecules can 

either adopt a trans- or a cis- conformation. A search of the CSD[38] resulted in a total of 176 single 

crystal structures with HQ molecules, and three further structures in two article was presented in recent 

literature.[127, 128] The 179 structures was reduced to 137 by removing all duplicates, measurements at 

different temperatures, re-interpretations, η6 metal complexes, and structures with uncertain 

assignments of O-H protons or disordered protons on HQ. The remaining structure included a total of 

184 unique HQ molecules, for which 161 of these are in the trans-conformation (87.5%) and 23 in cis-

conformation (12.5%). Interestingly, one out of the seven HQ-molecules (14%) reported in this chapter 

is in the cis-conformation. Oswald et al. pointed out that the adoption of the centrosymmetric trans-

conformer of HQ may be related to the general centrosymmetric packing in crystal structure, as 

symmetric molecules have a tendency to occupy inversion centers.[129] 128 out of the 161 HQ molecules 

in the trans-conformation deposited in the CSD lie on an inversion centre ~80%. This is in surprisingly 

good agreement with the analysis of Pidcock et al., who showed that molecules with an inversion centre 

retained their symmetry in the final structure in 80% of the cases.[130] Similar trends are observed in 

other crystal structures with other symmetry elements.  

Akai et al. studied the cis-trans HQ isomerism using FTIR spectroscopy and DFT calculations, and 

found that the trans-conformation only had a slightly lower enthalpy, with a difference of only 0.56 kJ / 
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mol.[131] The interconversion barrier between the cis- and trans-conformation was determined to be 10.8 

kJ / mol. As the enthalpy difference is small, it is surprising that not more structures are found in the cis-

conformation of HQ molecules. However, the bias towards centrosymmetry can be related to the 

promotion of denser packing in the centrosymmetric structures at crystallographic inversion centers.[129] 

5.9 Electrostatic properties 

Properties, such as the electrostatic potential, can be plotted on either the Hirshfeld surface, which is 

defined by the molecular environment, or on a molecular electron density isosurface, which can be 

obtained by theoretical calculations. Positive regions of the electrostatic potential are attracted to 

complementary negative regions of adjacent molecules. Electrostatic potentials and electron density 

isosurface of isolated molecules were computed using ab initio wavefunctions obtained from 

Gaussian03,[132] which is implemented in CrystalExplorer program. All calculation employed a MIDI! 

basis set at the Hartree-Fock level and molecular geometries were taken directly from the relevant 

crystal structures.  

The electrostatic potential mapped on the electron density isosurfaces do not differ significantly 

between the different HQ molecules in the co-crystals (values ranging from 0.089 ± 0.001 to -0.050 ± 

0.001 a.u.). The electrostatic potential of the trans-conformation is symmetrically distributed around the 

center of the benzene ring of the HQ molecules, see Figure 32. The electrostatic potential of the cis-

conformation is markedly different, as one side of the HQ molecule is clearly more electropositive than 

the other. 

 

Figure 32 The electrostatic potential plotted on an isosurface of the electron density of 0.001 e/au3 and the Hirshfeld surface of HQ in the 
cis-conformation of HQa(6) (left) and the trans-conformations of HQa(7) (Right). Values of the electrostatic potential are plotted from 
0.05 a.u. (blue) to -0.05 a.u. (red). 

The difference in charge distribution that is evident in the electrostatic potential of the two 

conformations can also be observed in the dipole moment of the molecules. The HQ molecules in the 

trans-conformation, which have a symmetrically charge distribution, have dipole moments close to 

zero, whereas the cis-conformation has a significant moment of 2.73D. A full list of calculated dipole 
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moments is deposited in Appendix 5.13.  Caminati et al. experimentally determined the dipole moment 

by microwave spectroscopy to be 2.38(2) D, which is in fairly good agreement with the theoretical 

obtained result.[133]   

The poor crystal quality of 6 may possibly be related to the weak long range packing of the one-

dimensional chains in this structure. In the structure of 5 the packing of the two dimensional layers is 

also dominated by weak long range interactions, whereas in 7 the packing can be described by the short 

hydrogen bonding contacts. The intermolecular interactions in the presented crystals can be rationalized 

using the electrostatic potential mapped on the Hirshfeld surface, as seen in Figure 33. 

 

Figure 33 The electrostatic potential mapped on the Hirshfeld surfaces of molecules in the one dimensional chains in 6. The electrostatic 
potential is mapped over the range +0.01 a.u. (blue) to -0.01 a.u. (red). 

The interchain interactions are weak in 6, but however there is a striking electrostatic 

complementarity involved in the packing of the one-dimensional chains, as visualized in Figure 33, and 

hence the weak interaction are governed by the electrostatic complementarity. The electronegative 

regions (red) of the HQ molecule are adjacent to the electropositive (blue) region of the DMA molecules 

of the neighbouring chain. 

The hydrogen bonding intralayer interactions in 5, as for the chains in 6 and the three-dimensional 

structure of 7, are governed by the complementarity of the electrostatic potential. The weak interlayer 

interactions of 5 are more difficult to visualize, as the layers interdigitate, see Figure 34. 
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Figure 34 Top left: The electrostatic potential mapped on the Hirshfeld surfaces of molecules in the two dimensional layers in 5. Top 
right: The acetonitrile molecule is viewed at 180° compared to the layers to be able to visualize the electrostatic complementarity. Bottom 
left and right are tilted 40° compared to the above figure to better illustrate the electrostatic potential as in the top figures. The electrostatic 
potential is mapped over the range +0.01 a.u. (blue) to –0.01 a.u. (red). 

 The propan-2-ol molecules of 5 have an electropositive and electronegative side. The cavity 

above HQa(5) with an propan-2-ol molecule on each side, complements the electrostatic of HQb(5) 

from the adjacent layer to a certain degree. Furthermore, the electrostatics of propan-2-ol molecules 

from adjacent layers also seems to be complemented fairly well. The electrostatic complementarity of 

molecules is therefore important, not only in the strong hydrogen bonds, but also in the weaker packing 

interactions of the structure of 5.  

5.10 Outlook 

This study of three novel HQ solvates underlines that the analysis of Hirshfeld surfaces and 

fingerprint plots provides fast insight into the intermolecular interactions, weak as well as strong, in 
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molecular structures. The three solvates are dominated by H···H, C···H and H···C contacts, and these 

relative weak interaction have they clear signature in the fingerprint plots. The H···C interactions and 

volumes defined by the Hirshfeld surface appear to be correlated, as H···C contacts results in lower 

volume. Furthermore, the crystal packing and local density in the crystals are also affected by these 

interactions.   

The complexity of the three-dimensional structures in the co-crystals appears to be correlated to the 

Hirshfeld surface volume percentage of HQ molecules, where a low volume percentage of HQ 

molecules is related to low-dimensional bonding. Due to the low dimensionality of 2 it has a lower 

volume percentage compared to 1 and 3, however it is the highest volume percentage of a HQ molecule 

in the cis-conformation of the structures deposited in the CSD.[38] Even though the energy difference 

between the cis- and trans-conformation of HQ molecules, there is a preference towards the trans-

conformation, which is most likely due to the promotion of denser packing at crystallographic inversion 

points.    

The easy calculation and visualization of properties on an isosurface of a given molecule showed that 

the hydrogen bonding pattern and the more subtle H···π interactions are accommodated by electrostatic 

complementarity.  
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6. Analysis of intermolecular interactions of α and βhydroquinone 

Porous host guest systems obtained from crystallization of hydroquinone and small molecules have 

been known for many years. The β-hydroquinone clathrate has the ability of encaging a variety of small 

molecules, such as CO2, CH3OH and CH3CN,[79-82] and was chosen to study intermolecular interactions 

of host guest system. The β-hydroquinone can be synthesized without any enclathrated solvent, and can 

be used as a reference system for investigating host guest interactions.[83] Hydroquinone exists in three 

polymorphs (α-, β- and γ-form), where the metastable β-modification forms a relatively rigid spherical 

cages of nearly 5 Å free diameter formed by six hydrogen bonded HQ molecules. 

Determination of the charge density distribution of these systems can provide detailed information on 

the electrostatic nature of the empty host lattice, which could give direct evidence if “the distribution of 

charges around the cage favors the positively charged atoms of the molecule to be located in the center 

of the cavity”. [88]   

The chapter presents the crystal structure of both the empty α- and the β-polymorph of hydroquinone 

with focus on close intermolecular contacts between the molecules via Hirshfeld surface analysis, which 

could reveal subtle differences and similarities of the HQ molecules in the different polymorphs. The 

local packing and related close contacts are examined by breakdown of the fingerprint plots.[35, 119, 121]  

Low temperature high quality data of the empty β-clathrate of hydroquinone has been measured at a 

powerful third generation synchrotron source. Multipole models using isotropic and estimated 

anisotropic thermal parameters for hydrogen have been refined and compared. The electrostatic 

potential of both models have been calculated, and compared with theoretical calculated potentials of 

isolated molecules using CrystalExplorer,[37] which revealed significant differences. Crystallographic 

information files (cifs) are included on the enclosed CD. 

6.1 Synthesis 

Synthesizing the empty clathrate of the β-hydroquinone has proven rather difficult, as the reported 

solvent used by Lindeman et al. did not seem feasible.[83] Evaporation of a solvent larger than the cavity of 

β-hydroquinone has proven to be successful, but pure samples have not been obtained so far. For 5, 

C6H4(OH)2, hydroquinone (0.550 g) and water free propan-2-ol (10 mL)  was mixed in a glass beaker, and the 

solvent was slowly evaporated at room temperature. Colorless transparent crystals were obtained, but 

examination of the sample revealed that it consisted of a mixture of three phases, the crystals structure of 5 that 

was presented in Chapter 5, and two polymorphs of hydroquinone, the α- and β-form nominated 8 and 9, 

respectively. It was realized during refinement that the β-hydroquinone actually had a minor impurity of 

nitrogen from the atmosphere enclathrated.    
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6.2 Experimental details 

The crystals of 8 were mounted in protective oil (Paratone-N) on the tip of a glass fiber rod that was 

glued to a cobber wire. The assembly was glued to a brass pin, which was mounted on the goniometer 

of an Oxford diffraction Xcalibur S system at the University of Western Australia, Perth.[122] The crystal 

was cooled to 100(2) K during measurements using an open flow nitrogen cryostream. The collected 

data were integrated and corrected for absorption using CrysAlis RED.[122] Subsequently outliers were 

rejected, and the data were scaled and merged using SORTAV.[103] The structure was solved using direct 

methods implemented in SHELXS and afterwards refined against F2 with SHELXL.[93] Selected 

crystallographic and experimental details can be found in Table 17.  

Table 17 Crystallographic and experimental details of 8. 

8 
Empirical formula C6H6O2 ρcalc (g cm-3) 1.401 
Formula weight 110.11 Crystal size  (mm3) 0.1 × 0.1 × 0.15  
Z 54 μl (mm-1) 0.106 
Temperature (K) 100(2) Nmeasured 60900 
Wavelength (Å) 0.71073 Nunique 4770 
Crystal system Trigonal sinθ/λmax 0.714 
Space group 3 Rint 0.0686 
a (Å) 38.2033(7) Nobs [I > 2σ(Ι)] 3869 
b (Å) 38.2033(7) Npar 235 
c (Å) 5.57680(10) R1 [I > 2σ(Ι)] 0.069 
V (Å3) 7048.8(2) wR2 (all data) 0.138 
  GoF 1.14 

 

The crystals obtained of 9 were taken to the Advanced Photon Source in Chicago for single X-ray 

diffraction experiments. The compound of 9 was recognized among the other crystals, as the quality of 

most crystals appeared to be decrease after leaving the mother liquor, even though they were covered in 

Paratone-N oil. The quality of the crystals of 9 remained good for a longer period, and these could be 

mounted using epoxy glue on the tip of a glass fiber rod glued to a cobber wire. This assembly was 

placed on a brass pin, and put on a goniometer head that was mounted on a Bruker D8 diffractometer, 

equipped with an APEXII CCD detector, at the ChemMatCARS beamline (ID-15). Several crystals 

were tested before a suitable specimen of 9 was found (0.02×0.02×0.02 mm3), as the crystal system has 

a tendency towards twinning.  The data were collected using a wavelength of 0.413 Å (30 KeV) 

obtained from a diamond (111) monochromator, and the crystal was cooled to 15(2) K using an open 

flow Helium cryostream. The use of high energy X-rays and a small crystal provides data in which 
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systematic errors such as absorption and extinction are reduced. The data collection was performed in φ-

scan mode using steps of 0.3° in two different ω-angles and with a fixed χ-angle. Three different 2θ-

setting (-30º, -25º and -10º) was used during measurement yielding a maximum resolution of 1.18 Å-1 

on the Bruker APEXII CCD detector. Exposure time of 0.5 seconds was used to measure the low order 

data in order not to saturate the CCD detector. The high-order data were measured using exposure time 

of 1 and 2 seconds to obtain significant intensities. 40725 reflections were collected and integrated with 

SAINT+,[93] and subsequently corrected for oblique incidence, which is imperfect absorption of the X-

ray signal on the CCD phosphor,[102] using the program SADABS with a detector phosphor efficiency 

fixed at 0.604.[134] The program furthermore corrected for slight misalignment of the crystal with the φ-

axis, absorption and other effects, and SORTAV[103] was used to make an outlier rejection and data 

averaging yielding 3844 unique reflections with an internal agreement factor, Rint, of 3.37%. The quality 

of the data allowed for multipole refinement, and hence only reflections measured three times or more 

are used in the subsequent refinements to avoid single-measurement outliers. Selected experimental 

details can be found in Table 18.  

Table 18 Crystallographic and experimental details of 9 refined with isotropic hydrogen atoms. 

Empirical formula C6H4(OH)2·0.02N2 Tmax / Tmin 0.903 / 1.000 
Formula weight (g/mol) 110.58 Nmeasured 40725 
Crystal system Trigonal Nunique 3844 
Space group 3 Rint 0.0337 
Z 9 Nunique (nmeas ≥ 3) 2910 
T (K) 15(2) sin(θmax)/λ (Å-1) 1.18 
λ (Å) 0.41328 Npar 158 
a (Å) 16.5249(3) Nobs (I > 3σ(I)) 2056 
b (Å) 16.5249(3) Isotropic hydrogen model 
c (Å) 5.34300(10) R(F), R(F2) 0.0131, 0.0170 
V (Å3) 1263.55(4) Rall(F), Rall(F2) 0.0226, 0.0195 
ρcalc (g/cm3) 1.302 Rw(F), Rw(F2) 0.0154, 0.0309 
μl (mm-1) 0.0101 GoF 0.472 

 

The sample was examined using X-ray powder diffraction data measured on a Siemens D-5000 

diffractometer at the School of Biomedical, Biomolecular and Chemical Sciences, University of 

Western Australia, using Cu-Kα radiation (λ=1.54Å). The powder pattern was presented in the previous 

chapter, and is shown again in Figure 35, and the full powder pattern is deposited in Appendix 6.1. 
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Figure 35 Powder X-ray diffraction patterns (Black) of crystals as synthesized shown in the 2θ-region from 3° to 25°. Theoretical patterns 
of 5 (red), 8 (green) and 9 (blue) of hydroquinone are shown for comparison.   

The crystals obtained were a mixture of the co-crystal of 5, and the α- and β-phase of hydroquinone, 

respectively 8 and 9. The sample was re-examined using X-ray powder diffraction after 14 days, using 

the same equipment. Part of the obtained powder diffraction pattern is shown in Figure 36, and the full 

powder pattern is deposited in Appendix 6.2.  

 

Figure 36 Powder X-ray diffraction patterns (Black) of the crystals after 14 days shown in the 2θ-region from 3° to 25°. Theoretical 
patterns of 5 (red), 8 (green) and 9 (blue) of hydroquinone are shown for comparison. 

Comparing the two diffraction patterns reveals that significant changes in the composition have 

occurred, as the β-HQ phase is no longer visible in Figure 36. From this can be deduced that the β-HQ 
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phase is thermodynamically metastable in the solution, and over a period of time will convert into the α-

HQ phase, which is the thermodynamically stable phase of the HQ structure.[135] As the obtained sample 

was a mixture of phases, no physical properties have been measured.  

6.3 Multipole Refinement of 9 

An initial structural model of 9 was obtained using SHELXS, and subsequently refined using the 

independent atom model in SHELXL.[93] In the refinement of the structure small residual peaks were 

observed, and the distance between the peaks matched the bond distance of nitrogen of 1.10Å.[136] The 

occupancy of the molecules was refined, and was found to be approximately 5 percent. All hydrogen 

atoms were allowed to ride the parent atoms in the IAM model. The model obtained from SHELXL 

(atomic positions, displacement parameters and occupancies) was chosen as a starting point for the 

multipole refinement. The model was imported and subsequently refined using the XD-program 

package against the high order synchrotron data, sin(θ)/λ > 0.8 Å-1.[17] After obtaining atomic positions 

and displacement parameters for the heavy atoms the InvariomTool program and database was used to 

obtain an aspherical starting model, where the spherical atoms are replaced with aspherical invarioms 

from theoretical calculations.[13, 14]  Subsequently, the electron density distribution was modeled using 

the Hansen and Coppens multipole model.[12] Gradually the complexity was increased and the final 

model included co-refinement of all structural and electronic parameters of the framework structure and 

the small residue of nitrogen in the cavity. The enclathrated molecules are not strongly bonded to the 

host-framework, and hence possible charge transfer could be neglected. The refined atoms included 

hexadecapoles on all heavy atoms, a monopole and bond directed dipole and quadrupole on the aromatic 

hydrogen atoms. The more strongly bonded hydroxyl hydrogen atom was modeled with a monopole, 

dipoles and a bond directed quadrupole. The isotropic hydrogen atoms positions are after each 

refinement cycle reset to give bond distances equal to standard average neutron diffraction values.[105] 

The final model included a simultaneous refinement of all structural and electronic parameters. Two 

radial expansion/contraction parameters were added for each type on heavy atom (For nitrogen κ’(N) = 

κ’’(N)), and one was added to describe the hydrogen atoms as this improved the model significantly. 

Further expansions of the model were tested including additional kappa parameters, anharmonic 

vibrations and extinction, but the residual density maps and agreement factors did not improve, and the 

extra parameters were discarded. The final model included 158 parameters which was refined against 

2056 observations (I > 3σ(I)). The Hirshfeld rigid bond test was satisfactory fulfilled with a mean value 

of the difference of mean square displacement amplitudes (DMSDA) being ΔA-B = 1 pm2 (the maximum 

value was 2 pm2),[19, 20] see the values in Table 19. 
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Table 19 Table of differences of mean-squares displacement amplitudes (DMSDA) along the interatomic vector (bonds) in units of 10-4Å2 
of the framework structure of 9. 

BDC I Distance / [Å] DMSDA
C(1)-O(1) 1.3735 1 
C(1)-C(2) 1.3937 2 
C(1)-C(3) 1.3910 0 

 

A peak search using the fast Fourier transform program, XDFFT, implemented in the XD program 

suite, resulted in peaks ranging from 0.14 to -0.11, where the strongest peak is located at the high 

symmetry inversion point on the 3-fold inversion axis, which coincides with the bond of the small 

residue of nitrogen. The remaining 10 strongest peaks and holes are located more than 0.65 Å from any 

atoms. A visual inspection of the residual density maps proved that the residual density is more 

pronounced near the residue nitrogen molecule on the high symmetry axis. The residuals observed was 

0.15 e/Å3 or less using all data, see Figure 37. 

  

Figure 37 Residual maps of 9 obtained using all data. The maps include the hydroquinone molecule (left) and the N2 molecule (right). The 
contour intervals are 0.05 eÅ-3 with solid blue contours being positive, red dashed is negative, and green is contours of 0 eÅ-3. 

Detailed effects on refinement residuals of removing outlier reflections based on the deviation from 

calculated values of the charge density model has earlier been studied.[100] It was established that the 

multipole model was not affected by truncation of the data, but residuals decreased significantly. 

Primarily, it was the very weak high-angle reflections that were discarded by this procedure, and hence 

a similar effect is obtained by truncating the calculation of difference Fourier maps at some chosen 

resolution. Therefore, the truncation actually creates a more reliable view of the errors in the 

experimental multipole model and hence increases the ability of identifying model flaws. Accordingly, 

Figure 38 shows the residual density maps using only data below a resolution of 0.8 Å-1.  



 
6. Analysis of intermolecular interactions of α- and β-hydroquinone 

 

 
-78- 

   

Figure 38 Residual maps of 9 using data below a resolution of 0.8 Å-1. The maps include the hydroquinone molecules (left) and the N2 
molecules (right). The contour intervals are 0.05 eÅ-3 where the solid blue contours being positive, red dashed negative, and green being 
contours of 0 eÅ-3. 

The residuals observed are very small, and appears to be flat and featureless in the plane of the 

hydroquinone molecules with residuals of less 0.05 eÅ-3. There appears to be some features in the 

inversion point of the 3-fold inversion axis close to the nitrogen residue. Examination of the residual 

density of the entire unit cell using the residual density analysis program jnk2RDA,[18] reveals that a 

minute shoulder is present in the higher region of the fractal dimension distribution of the residual 

density, see Figure 39. 

 

Figure 39 The fractal dimension distribution of the residual density using all data and a resolution cut-off value of 0.8 Å-1. The residual 
Fourier map was calculated using steps of 0.05Å. 

The fractal dimension distribution of the residual density should ideally be parabolic, if only 

Gaussian noise is present in the data. It is well-known that noise has a tendency to gather at high 

symmetry points and axes,[137] and hence the residual observed is most likely due to the gathering of 

errors in the symmetry inversion point, which accidently coincides with the position of the small 

nitrogen residue.   



 
6. Analysis of intermolecular interactions of α- and β-hydroquinone 

 

-79-  

The modeled electron density of the structure of 9 is of extremely high quality, and the observed 

residual density of the system is very small, which makes the obtained properties of the hydroquinone β-

clathrate reliable. 

In the model presented above the thermal displacement parameters of hydrogen approximated to be 

isotropic, which is quite common in charge density modeling. However, this is off course an 

approximation as hydrogen atoms, as the heavier atoms, also move anisotropically. The shade server 

(Simple Hydrogen Anisotropic Displacement Estimator) enables one to estimate anisotropic hydrogen 

motion.[138] The anisotropic displacement parameters of the non-hydrogen atoms are analyzed as a rigid 

body using the TLS formalism implemented in the THMA11 program.[139] The obtained rigid body 

motion will be imposed on the hydrogen atoms along with contribution from internal motion, which is 

obtained from a database of displacements derived from precise neutron diffraction structures. Rigid-

body translations (T), librations (L) and their correlation matrix (S) are fitted against the ADPs of the 

non-hydrogen atoms. This procedure was used to estimate the anisotropic displacement parameters of 

the hydrogen atoms in 9 and the electron density distribution was subsequently refined in the XD 

program package.[17] The final model included co-refinement of all structural and electronic parameters 

of the framework structure and the small residue of nitrogen in the cavity. The refined parameters in the 

model, both electronic and structural parameters, are the same as used in the refined model with 

isotropic hydrogen atoms. The positions of the hydrogen atoms were reset to standard average neutron 

diffraction values after each refinement cycle.[105] The refinement details of the final model using 

estimated anisotropic thermal vibrations is presented in Table 18 and Table 20. 

Table 20 Crystallographic details of 9 refined with thermally anisotropic hydrogen estimated by the SHADE server.[138] 

Anisotropic hydrogen model 
R(F), R(F2) 0.0132, 0.0175
Rall(F), Rall(F2) 0.0226, 0.0200
Rw(F), Rw(F2) 0.0155, 0.0310
GoF 0.4746 

 

The Hirshfeld rigid bond test was satisfactory, and a Fourier peak search resulted in peaks ranging 

from 0.15 to -0.11 with the strongest peak near the nitrogen residue, see Appendix 6.3 for DMSDA 

values. A visual inspection of the residual density maps again showed that the residual density is more 

pronounced near the residue nitrogen molecule, see Appendix 6.4. The residuals density observed was 

0.15 e/Å3 or less, with the maximum observed at the nitrogen residue.   

The modeled electron density distribution of 9 using anisotropic thermal displacement parameters 

for hydrogen is also high quality. The agreement factors, residuals density and Hirshfeld rigid bond test 
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of both models are excellent, however the isotropic description of the hydrogen atoms appear to be 

slightly better, which is a mildly surprising. The refined expansion/contraction parameters of the 

hydrogen atoms of the two models are κ’(H)iso = 0.971(11) and κ’(H)aniso = 1.062(13) are significantly 

different. The value of κ’(H)aniso is closer to the value from the theoretical database of InvariomTool 

(κ’(H)Hydroxyl = 1.111 and κ’(H)Aromatic = 1.137), and hence the lack of anisotropic thermal vibrations is 

compensated partially by expansion of the hydrogen atoms in modeliso (κ’(H)aniso < 1).  

Even though the model using isotropic hydrogen atoms appears to fit the data slightly better, the 

difference is fairly small and might not be significant. The structural description presented in Chapter 

6.5 will be based on the model using isotropic hydrogen atoms. The respective model using isotropic 

and anisotropic hydrogen atoms will be addressed as modeliso and modelaniso.  

6.4 The structure of 8 

The structure of the α-hydroquinone clathrate, 8, described by Wallwork et al.[140] consists of 

hydroquinone molecules, which are hydrogen bonded to form a continuous rhombohedral hydroquinone 

framework, see Figure 40.  

    

Figure 40 Left: The asymmetric unit of 8. The thermal ellipsoids are drawn at a 50% level. Middle: The unit cell of 8 viewed along the c-
axis of the unit cell, where the HQb(8) (blue molecules) show the cavities similar to the β-hydroquinone clathrate. The HQa(8) molecules 
(green) form a double helix chains of quinol molecules. Right: A double helix chain of HQa(8) molecules. 

The structure of 8 contains 3 unique hydroquinone molecules and a total of 54 molecules in the unit 

cell, which contains three cavities. The structure can be divided into two units, where one is an open 

cage network with the three cavities centered round the centers of symmetry on the threefold inversion 
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axis (HQb(8): blue molecules), and the other is a double helix of chains of quinol molecules going 

around the threefold screw axis (HQa(8): green molecules), see Figure 41. The HQc(8) molecules 

interconnect the two types of units.  

 

Figure 41 Left: Part of the structure 8 showing the free cavity (yellow ball), where molecules can be enclathrated. Right: The cavity 
viewed from above, where the red bonds show the hydrogen bonding connectivity. The thermal ellipsoids are drawn at a 50% level. 

In the cages there can be small molecules enclathrated, and the maximum ratio between 

hydroquinone molecules and enclathrated solvent molecules for α-hydroquinone clathrates is 18:1. In 

the structure of 8, the cavity appears to be empty.  

There are no obvious geometrical differences between the three unique hydroquinone molecules, 

which are all in the trans-conformation. The aromatic rings appear to be fully delocalized, and bond 

lengths of the heavy atoms of the hydroquinone molecules are listed in Table 21. 

Table 21 Bond lengths of the hydroquinone molecules in the structure of 8. 

Bond/HQa(8) Bond length/[Å] Bond/HQb(8) Bond length/[Å] Bond/HQc(8) Bond length/[Å]
O(1)-C(1) 1.387(2) O(11)-C(11) 1.382(2) O(21)-C(21) 1.376(2) 
O(4)-C(4) 1.372(2) O(14)-C(14) 1.384(2) O(24)-C(24) 1.386(2) 
C(1)-C(6) 1.387(2) C(11)-C(16) 1.389(2) C(21)-C(26) 1.389(2) 
C(1)-C(2) 1.390(2) C(11)-C(12) 1.390(2) C(21)-C(22) 1.392(2) 
C(3)-C(4) 1.387(2) C(12)-C(13) 1.390(2) C(22)-C(23) 1.393(2) 
C(3)-C(2) 1.390(2) C(13)-C(14) 1.382(2) C(23)-C(24) 1.389(2) 
C(4)-C(5) 1.390(2) C(14)-C(15) 1.390(2) C(24)-C(25) 1.391(2) 
C(5)-C(6) 1.390(3) C(15)-C(16) 1.391(3) C(25)-C(26) 1.388(2) 
 

As reported in the structure 5, 6 and 7, the angles between the aromatic system and the hydroxyl 

oxygen atom of 8 is tilted ~2.0° from 120° to accommodate the hydrogen atom in the plane of the 

aromatic ring, see Table 22 for selected angles.  
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Table 22 Selected bond angles between the aromatic system and the hydroxyl oxygen atom in the hydroquinone molecules in the structure 
of 8. 

Atoms Bond angle / [°]

O(1)-C(1)-C(2) 122.12(16) 

O(4)-C(4)-C(5) 121.18(16) 

O(11)-C(11)-C(12) 122.29(16) 

O(14)-C(14)-C(15) 122.18(16) 

O(21)-C(21)-C(26) 122.15(16) 

O(24)-C(24)-C(23) 122.40(15) 
 

The angle between the aromatic system and the hydroxyl oxygen atom of HQa(8), which connects 

the helix structure to HQc(8), is slightly lower. All hydroxyl groups of the hydroquinone molecules in 

the structure of 8 are both donors and acceptors, and the hydrogen bonding connectivity is 

homodromic.[141] 

6.5 The structure of 9 

The structure of the empty β-hydroquinone clathrate reported by Lindeman et al.,[83] consists of a 

host clathrate, where the voids are unoccupied. In the structure of 9 presented here, there is 

approximately 5 percent of nitrogen from the atmosphere enclathrated in the cavity. The clathrate 

consists of hydroquinone molecules, which generates homodromic hydrogen bonded hexagons of 

hydroxyl groups to form a rhombohedral hydroquinone framework with cavities, see Figure 42.  

 

Figure 42 Left: Packing illustrating the hydrogen-bonded hexagons viewed along the c-axis of the unit cell of 9. Right: The cavity 
generated by six hydroquinone molecule including the small residue of atmospheric nitrogen. The thermal ellipsoids are drawn at a 90% 
level. 

The structure of 9 contains one unique hydroquinone molecules and a total of 9 molecules in the unit 

cell, which contains three cavities. The ratio between hydroquinone molecules and possible enclathrated 

solvent molecules is therefore 3:1.  
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The aromatic ring appears to be fully delocalized, and no noteworthy changes appear to present in the 

geometry of the structure. The angles between the aromatic system and the hydroxyl oxygen atom of 9 

is, as observed in the α-clathrate of 8, tilted ~2.0° from 120° to accommodate the hydrogen atom in the 

plane of the aromatic ring, see Table 23 for selected values.  

Table 23 Bond lengths and angles of the hydroquinone molecule of 9. 

Atoms Bond length / [Å] Atoms Bond angle / [°] 
C(1)-O(1) 1.3735(3) O(1)-C(1)-C(2) 122.126(18) 
C(1)-C(2) 1.3937(3) O(1)-C(1)-C(3) 117.515(18) 
C(1)-C(3) 1.3910(3) C(1)-C(2)-C(3) 119.481(18) 
C(2)-C(3) 1.3917(3) C(2)-C(1)-C(3) 120.351(18) 

N(10)-N(10) 1.10(3) C(1)-C(3)-C(2) 120.168(18) 
 

The hydroxyl groups of the hydroquinone molecule in the structure of 9 are both donors and 

acceptors. The hydroquinone molecule is in the trans-conformation as it is situated on a crystallographic 

inversion symmetry center.  

There are no strong interactions expected between the host and guest molecules, and even though a 

small residue of nitrogen is present, the structure will be used as a model for the empty β-clathrate.  

6.6 Hirshfeld surface 

The Hirshfeld surfaces that represent the molecular environments have been generated to make a 

direct comparison between the hydroquinone molecules of the α- and β-hydroquinone clathrate 

structure. The Hirshfeld surface including properties have been introduced in Chapter 1.11 of the 

dissertation, and the Hirshfeld surfaces were obtained using the CrystalExplorer program.[37] 

The dnorm-function is plotted on the Hirshfeld surface of all the HQ molecules and is shown in Figure 

43. Surfaces of the front and back of all the HQ molecules are deposited in Appendix 6.5. 

 

Figure 43 Figures of dnorm mapped on the Hirshfeld surface of HQa(9), HQa(8), HQb(8), HQc(8). dnorm ranges from -0.5 Å (blue) to 0.5 Å 
(red). 
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The surface mapping of the dnorm-function highlights the close contacts, which is not unexpectedly 

observed for the O···H interactions. The packing of both structure 8 and 9 can be described adequately 

in three dimensions by the use of the hydrogen bonding pattern, even though they cover at most 31 % of 

the Hirshfeld surface of the HQ molecules.  

 

Figure 44 The close contacts visualized on the Hirshfeld surfaces of the HQ molecules in 8 and 9 are broken down into six different basic 
interaction types: O-H···O hydrogen bonding - both donor (red) and acceptor (white); H···C contacts (green); C···H contacts (grey); H···H 
contacts (yellow); and all other contacts (blue).  The notation C···H refers to close contacts between C atoms inside the Hirshfeld surface 
(i.e. belonging to the HQ molecule of interest) and H atoms outside. 

As pointed out in Chapter 5.8, the hydrogen bonding pattern of 7 resembles the one observed for the 

β-hydroquinone clathrate. By comparing the distribution of close contacts in the structure of 7 (HQa(7), 

HQb(7) and HQc(7)) with 8 and 9,  it can be deduced from Figure 44 that they all have significant H···C 

contacts (green) and less H···H contacts (yellow) than observed in 5 and 6. The C···H close contacts, 

which are primarily associated with π···H interactions involving the aromatic ring, are according to 

Figure 44 a bit less pronounced in 8 and 9. The interactions are observed as ‘spikes’ in the lower right 

corner of the fingerprint plots and are labeled ‘5’ in Figure 45 and Figure 46. 

 
Figure 45 Fingerprint plots of the HQ molecules HQa(9), HQb(8), which exhibits the similar molecular environments. Close contacts are divided into five 
regions; 1 is O···H, 2 is H···H, 3 is H···O, 4 is H···C and 5 is C···H. 
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Figure 46 Fingerprint plots of the HQ molecules HQa(8) and HQc(8). Close contacts are divided into five regions; 1 is O···H, 2 is H···H, 3 is H···O, 4 is 
H···C and 5 is C···H. 

All C···H close contacts exhibit the characteristic ‘spike’ showing that there are subtle π···H 

interaction present for all HQ molecules. The H···O hydrogen donor and acceptor oxygen features of the 

HQ molecules are respectively labeled with ’3’ and ‘1’ in Figure 45 and Figure 46. The HQ molecules 

of 8 and 9 all display significant H···C interactions (Label '4'), which in all cases correspond to weak 

H···π interactions of hydrogen atoms with an adjacent aromatic ring. The fingerprint plots of HQb(8) 

and HQa(9) stretches far out in di and de due to the empty cavity in the structures. The subtle and 

diverse types of interaction are clearly visible in the fingerprint plots obtained from the distribution of 

close contacts. 

6.7 Hirshfeld surface 

The volumes defined by the Hirshfeld surface of the aromatic systems of the α- and β-clathrate are 

listed in Table 24. Even though there are observed directional H···π and π···H close contacts for all HQ 

molecules, there is a large variance in the obtained Hirshfeld volumes.  

Table 24 The volumes defined by the Hirshfeld surface of the HQ molecules in 8 and 9.  

Molecule VHirshfeld / [Å3]
HQa(9) 135.09 
HQa(8) 123.35 
HQb(8) 129.86 
HQc(8) 125.87 

 

The HQa(9) molecule of β-clathrate has the largest Hirshfeld volume of all HQ molecules of the 

structures 5, 6, 7, 8 and 9. This is not unexpected, as there is a large unoccupied cavity in the structure 
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and the Hirshfeld surface, and thereby the volume, is determined by the molecular environment. The 

molecule HQb(8), which generates a cavity similar to the one observed in 9, has a significant larger 

volume than the other HQ molecules in 8. The molecules of HQa(8), which generates the double helix 

chain, has the lowest volume of all examined HQ molecules, and hence the local packing density of the 

molecules is larger. The molecule HQc(8), which interconnects the double helix chain and the open 

cage network, exhibits a Hirshfeld volume in between HQa(8) and HQb(8). The large variation in the 

Hirshfeld volumes of 8 is due to the very different packing arrangement observed, ranging from the 

open cage network to the double helix chain.  

6.8 Charge density distribution of 9 

The usage of isotropic thermal displacement parameters for hydrogen atoms is common in charge 

density refinements, and surprisingly that model seemed to be slightly better than the model using 

estimated anisotropic hydrogen atoms. A comparison of the obtained topological values of modeliso and 

modelaniso will help clarify differences and similarities of the two models in order better to understand 

the variations. As the modeliso describes the data slightly better, it will be presented and subsequently 

compared to the modelaniso.  

Static deformation densities and Laplacian distribution of the obtained multipole modeliso in the plane 

of the HQ molecule are shown in Figure 47. The bonding region of the aromatic system in both the 

static deformation density and Laplacian distribution show single peak maximum in the density.  

   

Figure 47 The static deformation density (left) and the Laplacian distribution (right) of the hydroquinone molecule in the charge density 
distribution model using isotropic thermal vibrations for the hydrogen atoms. For the deformation density the contour intervals are 0.1 eÅ-3 
with solid contours being positive and dashed negative. For the Laplacian map the contour levels are 2x⋅10y e/Å5 (x = 0,1,2,3 and y = -2,-
1,0,1,2,3) with dashed lines being positive values and solid lines negative.   

Furthermore, the deformation density is negative near the oxygen nucleus, which is expected from 

theory.[142] This in combination with the residuals density presented in Figure 37 demonstrates that the 

obtained multipole modeliso of the electron density distribution of the host structure of 9 is of high 
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quality and trustworthy. Only minor visual differences are observed between the static deformation plots 

and Laplacian plots of modeliso and modelaniso, see Appendix 6.6. 

Atoms that are bonded are connected by a path of maximum electron density, and the bond critical 

point (BCP) is located on the minimum of that path. The obtained BCPs of modeliso is shown in Table 

25, and deposited in Appendix 6.7 for both models.  

Table 25 Topological values of intramolecular bonds in 9. R: The bond distance between the two atoms. Rij (Å) is the sum of the distance 
from first atom trough the BCP to the other atom. d1 (Å) is the distance from the atom to the BCP. ρ is the electron density (e/Å3) and ∇2ρ 
is the Laplacian (e/Å5) at the BCP. ε is the ellipticity of the bond. The random errors of ρ and ∇2ρ estimated from the least squares 
refinement are significant underestimates of the real error and they are therefore not listed. Instead, values of ρ are presented with two 
decimals, while the Laplacian values are truncated after the first decimal. 

Bond R Rij d1 ρ ∇2ρ ε 
O(1)-C(1) 1.3735(3) 1.3736 0.8286 1.97 -19.1 0.13 
O(1)-H(1) 0.9670(2) 0.9673 0.8107 2.15 -68.8 0.03 
C(1)-C(2) 1.3937(3) 1.3940 0.7264 2.13 -19.6 0.23 
C(1)-C(3) 1.3910(3) 1.3911 0.7146 2.14 -20.7 0.24 
C(2)-C(3) 1.3917(3) 1.3917 0.6850 2.08 -18.1 0.14 
C(2)-H(2) 1.0830(2) 1.0831 0.7402 1.79 -20.6 0.06 
C(3)-H(3) 1.0830(2) 1.0832 0.7264 1.80 -21.8 0.04 

 

The density for the intramolecular bonds observed in the BCP of modeliso ranges from 1.8 e/Å3 to 2.2 

e/Å3. These can be divided into subgroups depending on the bond character, e.g. single, or aromatic, 

where the density in the BCPs of the aromatic bonds range from 2.08 e/Å3 to 2.14 e/Å3, whereas the 

single bonds in general range from 1.79 e/Å3 to 1.98 e/Å3 with one exception, the O-H bonds of the 

hydroquinone molecules were the density is higher, 2.15 e/Å3.  

Only subtle differences are observed between modeliso and modelaniso in the determination of 

topological values of intramolecular bonds of the non-hydrogen atoms. The bond critical points of the 

C-H and O-H bonds are shifted closer to the heavy atoms in the modelaniso, and the values of the 

Laplacian and the density are higher compared with the topological values obtained from modeliso with 

exception of the Laplacian value of the O-H bond, see Appendix 6.7.  

The Laplacian is for all bonds negative, which is expected for covalent interacting atoms, but the 

value of Laplacian of O-H bonds in both models are much more negative. The ellipticities of the single 

bonds are in general lower, than the aromatic, due to the more symmetric electron density distribution 

around the single bond. However, it is noteworthy that the C-O bond has a significant higher ellipticity, 

and hence the density is more asymmetric relative to the other single bonds.  

The intermolecular hydrogen bonds of the HQ molecules are primarily closed shell type interaction, 

and the Abramov functional can be used to estimate the local kinetic, the local potential and the total 

energy density, see Table 26.[24] 
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Table 26 Topological values at the BCP of the intermolecular hydrogen bond of 9, where the upper line is modeliso and the lower is 
modelaniso. R: The bond distance between the two atoms. Rij (Å) is the distance of the bond path. d1 (Å) is the distance from the BCP to the 
atom. ρ is the electron density (e/Å3) and  ∇2ρ is the Laplacian (e/Å5) at the BCP. ε is the ellipticity of the bond. G, V and H are the 
estimated local kinetic, potential and total energy density derived using the Abramov functional (Hartree Å-3).[24] The random errors of ρ 
and ∇2ρ estimated from the least squares refinement are significant underestimates of the real error and they are therefore not listed. 
Instead, values of ρ are presented with two decimals, while the Laplacian values are truncated after the first decimal. 

Bond R Rij d1 ρ ∇2ρ ε G V H G/ρ H/ρ |V|/ρ

O(1)···H(1) 1.6905(2)  1.6921 1.1380 0.32  2.2   0.04 0.22 -0.29 -0.07 0.70 -0.22 1.31

O(1)···H(1) 1.6899(2)  1.6917 1.1223 0.34 2.3 0.03 0.24 -0.32 -0.08 0.71 -0.23 1.33

 

The Laplacian values for covalent bonds are negative and hence very strong hydrogen bonds should 

show similar features. For weak to medium strength hydrogen bonds, ionic bonds, and van der Waals 

type bonds exhibits a positive the Laplacian, and hence the intermolecular interactions of the hydrogen 

bonded hexagon of 9 are primarily closed shell type interactions. It should be noted that the total local 

energy density is negative, and therefore some covalent contribution is present in the hydrogen bonding. 

The energy of the hydrogen bond can be estimated using the approximation of Espinosa et al.,[25] which 

results in 0.145  Å  and 0.16  Å  for the two models. 

The zero flux condition separates atoms into discrete non-overlapping atomic basins from which 

properties of the separate atoms can be derived. The particular attractive feature of this partitioning is 

that the atomic properties such as energy, volume or charge are additive.[21] The atomic properties 

obtained of the host-structure of 9 from both models are listed in Table 27.  

Table 27 Atomic properties of the host-structure obtained from determination of zero-flux surfaces of the atoms in 9. The net charge is 
derived from the monopole population and Bader charge from the zero-flux definition (e). TBV is the total basin volume, and ΔTBV is the 
volume difference between TBV and the volume with electron density above 0.002 a.u. in the units of Å3. The size of the dipole moment is 
defined as the length of the dipole vector. The zero-flux surface of the atom O(1) might be badly determined as a few attractors of the paths 
were not included in the cluster used for calculating the zero flux surface.  

 Modeliso Modelaniso 

 Mono Bader TBV ΔTBV Dipole Mono Bader TBV ΔTBV Dipole
O(1) 0.05 -1.11 108.1 6.3 0.36 0.04 -1.02 106.0 9.7 0.19 
C(1) 0.06 0.42 59.4 1.5 0.63 -0.03 0.40 61.8 2.9 0.62 
C(2) 0.05 -0.09 80.5 3.1 0.33 -0.03 -0.03 80.7 5.6 0.20 
C(3) 0.14 -0.04 75.3 0.0 0.30 -0.13 0.02 74.7 1.1 0.16 
H(1) -0.02 0.72 7.5 0.0 0.11 -0.07 0.64 9.1 0.0 0.11 
H(2) -0.13 0.06 48.4 1.6 0.22 0.11 0.00 47.1 2.6 0.15 
H(3) -0.15 0.07 45.8 0.0 0.22 0.12 0.01 45.3 1.4 0.16 
Total 0.00 0.02 425.0   0.00 0.02 424.7 

 

The summation of the topological charges of Bader atoms of the host-structure results in an overall 

neutral network with a charge of 0.02, which is in correspondence with an overall formally neutral 
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structure. Due to the shift of the BCP closer to the heavier atom in the C-H and O-H bonds of modelaniso, 

the obtained Bader charge of the hydrogen atoms are less positive, as the atomic basin reaches closer 

towards the heavier atom. The Bader charges of the heavier atoms are in contrary more positive in 

modelaniso. This illustrates that the electron distribution is significantly affected by the use of anisotropic 

thermal parameters for the hydrogen atoms.  

From the atomic dipole moments it can be deduced that the charge of the C(1)-atom of the aromatic 

system is unevenly distributed compared to the other heavy atoms. Comparing the two models it can be 

realized, that the dipole moment of the atoms in modelaniso are lower, and hence the lack of the 

anisotropic thermal vibration of the hydrogen atoms in modeliso affects all atoms in the model.  

6.9 Electrostatic potential 

The distribution of electron density and the overall charge of the structure are important, as inclusion 

properties of the host-structure will strongly depend on the charge. The charge of the framework will 

influence the electrostatic terms, which usually contributes the most to the interaction energies between 

molecular fragments. Theoretical calculation of the mechanism of gas storage in host guest structures 

have been examined recently with electrostatic interactions.[118] The electrostatic potential has been 

calculated from the obtained multipole of both modeliso and modelaniso, and are visualized in Figure 48 

using MolIso.[117]  

 
Figure 48 The electrostatic potential calculated from the refined multipole modeliso (left) and modelaniso (middle) visualized using 
MolIso.[117] The electrostatic potential is plotted on the electron density isosurface of 0.01 e/Å3 with values ranging from -0.05 e/Å (red) to 
0.05 e/Å (purple). The electrostatic potential calculated on the electron density isosurface of 0.01 e/a.u.3 with values ranging from -0.05 
e/Å (red) to 0.05 e/Å (blue) using CrystalExplorer (right). 

The electrostatic properties can also be plotted on a molecular electron density isosurface obtained 

from theoretical calculations. Electrostatic potentials and electron density isosurface were computed 

using ab initio wavefunctions obtained from Gaussian03,[132] which is implemented in the 
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CrystalExplorer program. All calculation employed a MIDI! basis set at the Hartree-Fock level and 

molecular geometries were taken directly from crystal structure obtained using the IAM refinement. 

Comparing the electrostatic potential from the experimentally determined electron density 

distributions of modeliso and modelaniso reveals significant differences, as the center of the aromatic ring 

is more electronegative in modelaniso. Furthermore, the electronegative region of the hydroxyl group 

appears to be more dominant in modelaniso, and hence the electropositive region of the hydroxyl group is 

more dominant in the modeliso, which reaches into the aromatic system.  

The calculation of the electrostatic potential of the isolated molecule using CrystalExplorer reveals 

differences at the hydroxyl group, as the experimentally determined electropositive region of the 

hydroxyl group is more prominent. Determining the correct model is somewhat more problematic, as 

the aromatic ring of the modeliso resembles the electrostatic potential obtained using CrystalExplorer the 

most, whereas the more electronegative hydroxyl group of modelaniso is more similar. The determination 

of the correct electrostatic potential is still ambiguous, and more elaborate theoretical calculations of 

non-isolated molecules have to be performed. This investigation shows that the electrostatic potential, 

which is important for inclusion properties, is highly sensitive to the charge distribution, as minor 

changes, such as the thermal vibrations of the hydrogen atoms, has a large impact.  

6.9 Outlook  

The packing of both structure 8 and 9 are adequately described in three dimensions by the use of the 

hydrogen bonding pattern, even though the cover at most 31 % of the Hirshfeld surface of the HQ 

molecules. The fingerprint plots of HQb(8) and HQa(9) stretches far out in di and de due to the empty 

cavity in the structures, which also is in correspondence with the observed Hirshfeld volume. The α-

form exhibits diversity in the packing of the structure ranging from HQb(8), which mimics the β-form, 

to the HQa(8) that forms a double helix chain, which has the lowest volume of all examined HQ 

molecules. The Hirshfeld volume of the HQ molecules in 8 decreases as the packing density increases. 

The analysis of Hirshfeld surfaces revealed subtle and diverse types of interaction, which are hard to 

observe using the standard geometric analysis of contact distances. 

The experimental charge distribution of 9 was determined using multipole modeling of synchrotron 

X-ray diffraction data obtained at 15K. The study of this compound was possible due to the immense 

intensity of the third generation synchrotron at the Advanced Photon Source, as earlier multipole 

refinement of data measured at 100(1) K on a laboratory source was unsuccessful.  

As the modeling of the electron density distribution of 9 was only finished recently a thorough 

investigation of the refined model needs to be carried out. The modeliso appears to fit the data slightly 

better, but as the difference is fairly small this might not be significant. The value of κ’(H)aniso is closer 
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to the value from the theoretical database of InvariomTool and the lack of anisotropic thermal vibrations 

is compensated partially by expansion of the isotropic hydrogen atoms in modeliso (κ’(H)aniso < 1)  

The bond critical points of the C-H and O-H bonds are shifted closer to the heavy atoms in the 

modelaniso, and the values of the Laplacian and density are in general higher compared than in modeliso. 

Due to this shift, the obtained Bader charges of the hydrogen atoms are less positive in modelaniso, as the 

zero-flux atomic surface has been shifted towards the heavier atoms.  

The rearrangement of charge in the two refined models results in significant differences in the 

calculated electrostatic potentials. The aromatic system of modelaniso is more electronegative, and 

furthermore the electronegative regions of the hydroxyl groups are more dominant.  Comparison with 

theoretical calculated potential of an isolated molecule on an electron density isosurface obtained using 

CrystalExplorer was ambiguous, and further examination has to be undertaken to decide which model is 

more correct. This study exemplifies that the small difference in the charge density distribution by using 

either isotropic or anisotropic thermal parameters for hydrogen can lead to significant differences in for 

example the electrostatic potential. This can lead to inaccurate conclusion of the inclusion properties of 

host guest systems, and hence this needs further attention.  
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7. Experimental XN CDD determined at 15K of acetonitrile β

hydroquinone  

Porous host guest systems obtained from crystallization of hydroquinone and small molecules have 

been known for many years, and the empty β-hydroquinone clathrate, which has the ability of encaging 

a variety of small molecules, was examined in the Chapter 6. This chapter presents the crystal structure 

acetonitrile β- hydroquinone clathrate with focus on close intermolecular contacts between the 

molecules via analysis of the Hirshfeld surface and charge density distribution. The local packing and 

related close contacts are examined by breakdown of the fingerprint plots, which could reveal subtle 

differences of the HQ molecules in the empty and filled structure of the β-clathrate.[35, 119, 121]  

Determination of the charge density distribution of these systems can provide detailed information on 

the electrostatic nature of the host-lattice with enclathrated molecules, which could shed light on the 

inclusion properties of the system. Low temperature high quality data of the empty β-clathrate of 

hydroquinone has been measured at a powerful third generation synchrotron source. It was during the 

effort of obtaining an experimentally determined high quality charge density model realized that the 

position and thermal ellipsoids of the hydrogen atoms were of great importance in this system. The 

complementary technique of neutron single diffraction was used to determine the parameters of the 

hydrogen atoms.  

The electrostatic potential of the obtained multiple model has been calculated, and compared with 

theoretical calculated potentials of isolated molecules using CrystalExplorer,[37] which revealed 

significant differences. Comparison of the electrostatic properties of the structure of 9 and 10 revealed 

differences due to the enclathrated acetonitrile molecule. 

7.1 Synthesis 

The general synthesis of the β-hydroquinone clathrates, 3C6H4(OH)2·xS with S being the enclathrated 

solvent, is evaporation of the solvent, S, from a solution with hydroquinone. For 10, 

3C6H4(OH)2·CH3CN, hydroquinone (0.220 g) and acetonitrile (10 mL)  was mixed in glass beaker, and 

slow evaporation at room temperature of the solvent resulted in crystals suitable for diffraction 

experiments. It is essential that the evaporation is slow, especially for crystals being used for neutron 

experiments, as the crystal quality of the sample is affected by this. Furthermore, the occupancy of the 

enclathrated solvent may be reduced if evaporation occurs to fast.  

The bulk samples of 10 was examined using X-ray powder diffraction data measured at the STOE 

diffractometer using Cu-Kα radiation at the Department of Chemistry, Aarhus University. The powder 

pattern is deposited in Appendix 7.1, and it could be concluded that the bulk sample was pure.  
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7.2 Experimental details of neutron experiment 

Neutron diffraction data of 10 were collected on the single crystal instrument D19 at the Institute 

Laue-Langevin, France, using monochromatic thermal neutrons with a wavelength of 0.9458 Å. A 

hexagonal box shaped crystal with dimensions 1.5 × 1.5 × 2.5 mm3 was wrapped in aluminum-foil and 

mounted on an aluminum pin. The sample was placed in a 2-stage displex, cooled to 15 K, and the data 

were subsequently collected by a large position-sensitive detector. The crystal faces were indexed as {1 

0 0}, {-1 2 0} and {1 0 1} and the data were corrected for absorption using a calculated absorption 

coefficient of 1.80 cm-1. A total of 43696 reflection were collected to a sin(θ)/λ maximum of 0.929Å-1. 

Outlier rejection and merging using Sortav[103] gave a total of 5699 unique reflections with an internal 

agreement factor of Rint = 3.26%, which resulted in an overall completeness of 94.9%. More 

experimental details can be found in Table 28 and Appendix 7.2.  

7.3 Neutron refinement of 10 

The refinement of the neutron data was not straightforward, as the space group of 10 is non-

centrosymmetric (P3), and the neutron data does not contain any anomalous signal. In the structure of 

10 reported by Chan et al. three symmetry independent acetonitrile molecules fit inside the voids of the 

centrosymmetric rhombohedral hydroquinone framework with one guest molecule orientated in the 

opposite direction to the two other, see Figure 49. The structure will be presented in more detail in 

Chapter 7.6.   

  

Figure 49 The asymmetric unit of 10 (left) and the packing around the solvent molecules (right). The thermal ellipsoids are shown on a 90 
% level.  

The data were averaged in the crystal point group -3, as any differences in the intensity of Friedel 

Pairs must be due to experimental uncertainties. A free refinement in the program SHELXL[93] in P3 
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gave odd-shaped thermal ellipsoids and peculiar bond lengths, which is correlated to the pseudo-

centrosymmetry of the clathrate structure. The hydroquinone framework of the β-clathrate is 

centrosymmetric, and therefore both the host structure and guest of the clathrate was constrained to 

follow the symmetry of the space group 3, see Table 28 for refinement details of model 1. However, as 

the solvent in the structure is ordered, with two acetonitrile molecules pointing up and one down, model 

1 was not an adequate description of the system. The inversion symmetry was removed, e.g. doubling 

the number of unique atoms of the host, and removing the disorder of the solvent molecules. The 

coordinates of the host, after the converged refinement of model 1, was fixed and the thermal vibrations 

of the host were constrained to follow the point group symmetry -3. The geometry and atomic 

displacement parameters of the acetonitrile molecules were in the subsequent refinement constrained to 

each other leading to model 2, see Table 28 for refinement details.  

Table 28 Experimental and refinement details of 10. 

 10 
Empirical formula (C6H6O2)3·CH3CN 
Formula weight (g/mol) 371.38 
Crystal System Trigonal 
Space group P3 
T (K) 15(1) 
a (Å) 15.7845(2) 
c (Å) 6.1736(1) 
V (Å3) 1332.08(3) 
λ (Å) 0.9458 
μl (mm-1) 0.18 
Tmin / Tmax 0.6783 / 0.8028 
Nmeasured / Nunique 43696 / 5699 
Rint 0.0326 
sin(θmax)/λ (Å-1) 0.929 
Model 1 2 
Rall(F), R(F)(2σ(I)) 0.1027 / 0.0571 0.0892 / 0.0511 
wR(F2) 0.0865 0.0824 
Residual 1.36 / -2.44  2.08 / -1.41  
GoF 1.627 1.541 

The system is, as expected, better described by model 2, which is consistent with our knowledge of 

the system being non-centrosymmetric.[126] The final refinement of model 2 in SHELXL,[93] resulted in 

an weighted agreement factor of wR2 = 0.0824, which is a significant improvement compared to model 

1. The observed residual density difference was also reduced in model 2. Hirshfeld rigid bond test was 
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satisfactory fulfilled for the host structure,[19, 20] with the mean value of the difference of mean-square 

displacement amplitudes (DMSDA) being ∆A-B = 6 pm2. The maximum value of the host was 10 pm2, 

but in the solvent molecule the DMSDA rises up 21 pm2 for the atom pair of the cyano group. [139] 

The neutron model 2 will be used in the combined X-ray and neutron refinement, where the atomic 

positions of the hydrogen atoms will be employed as position from regular X-ray modeling will be 

biased. Furthermore, the atomic displacement parameters of the hydrogen atoms obtained from neutron 

experiment will be scaled to the anisotropic vibration of the heavier atoms obtained from the X-ray 

diffraction experiment. Crystallographic information files (cifs) are included for both models on the 

enclosed CD. 

7.4 Xray data collection of 10 

The crystals obtained from the slow evaporation were of high quality, and a crystal of 10 could easily be 

picked. To ensure that the void occupancy of the sample was equivalent for both neutron and X-ray 

diffraction experiment, the crystal batch used for neutron experiments was shipped from ILL, France 

during the measurement of the crystal to the Advanced Photon Source, Argonne National Laboratory, 

Chicago. The selected transparent crystal (0.030×0.030×0.040 mm3) was mounted in epoxy glue on the 

tip of a glass fiber rod glued to a small cobber wire. Using a brass pin and a goniometer head this was 

mounted on a Bruker D8 diffractometer at the ChemMatCARS beamline (ID-15) at the APS. The data 

collection was carried out using a wavelength of 0.44277 Å (28 KeV) obtained from a diamond (111) 

monochromator. During measurement the sample was cooled to 15(1) K using an open flow liquid 

Helium cryostream. The data collection was performed in φ-scan mode using steps of 0.3° in four 

different ω-angles and with a fixed χ-angle. The detector was positioned 4.95 cm from the crystal and 

the measurements were performed in two different 2θ-setting (-20º and -40º) yielding a maximum 

resolution of 1.356 Å-1. Exposure time of 3 s was used to obtain significant intensity in the high-order 

data (2θ = -40°), and 1 s exposure time was used while measuring the intense low-order data without 

saturating the Bruker APEXII CCD detector. A total of 168552 reflections were collected and integrated 

with SAINT+.[93] The integrated intensities were corrected for the imperfect detection of the CCD 

phosphor (oblique incidence correction),[102] and SADABS[134] was used to correct for slight 

misalignment of the crystal with the φ-axis, as well as other effects. Sortav[103] was used to make an 

empirical absorption correction, data averaging and outlier rejection, yielding a total of 27467 unique 

reflections with Rint = 7.08 %. The use of high energy X-rays and a small crystal provides data in which 

systematic errors such as absorption and extinction are reduced. In order to avoid spurious single-

measurement outliers, only reflections measured three times or more are used in the subsequent 

refinements. Experimental details can be found in Table 29 and Appendix 7.2.  
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Table 29 Crystallographic details of the multipole refinement of 10. 

10 
T (K) 15(1) 
μl (mm-1) 0.014 
Tmin / Tmax 1.00, 1.00 
Nmeasured 168552 
Rint (S <0.8 Å-1, S <1.2 Å-1, All) 0.061, 0.062, 0.071
R(σ) 0.062 
sin(θmax)/λ (Å-1) 1.20 
Nobs(2σ(I)) 5463 
Npar 206 
R(F2), Rall(F2) 0.0373, 0.0592 
GoF 0.46 

7.5 Multipole refinement of 10 

The structure of 10 was solved using the direct method program SHELXS from the diffraction data 

obtained at the APS.[93] A structural model was obtained by refinement using the independent atom 

model (IAM) in SHELXL. The occupancy of the solvent molecules were refined, but found to be fully 

occupied. The structure is pseudo-centrosymmetric, where only the ordering of the solvent molecules 

results in the non-centrosymmetry. The estimated flack parameter of the structure was 0.1, and hence 

the absolute configuration of the structural model is correct. The unscaled neutron model obtained from 

SHELXL (atomic positions and displacement parameters for all atom incl. hydrogen) was chosen as a 

starting point for the multipole refinement. It was ensured that the structure matched the correct absolute 

configuration previously found. The model was imported into the XD-program package, and 

subsequently refined against the high order synchrotron data having values of sin(θ)/λ > 0.8 Å-1.[17] It 

was realized, that some of the high order data were weak, and a subsequent cut-off at sin(θ)/λ =1.20 Å-1  

was made. The constraints used for the neutron model 2, e.g. coordinates and ADP’s of the 

hydroquinone host and geometry and ADP’s of the acetonitrile guest, where also used in the subsequent 

multipole refinement. Furthermore, the distance from heavy atom (C or O) to hydrogen was fixed to the 

value obtained in the neutron model. Using the InvariomTool program and database an improved 

starting model was obtained.[13, 14] The program replaces the spherical atoms with aspherical invariant 

atoms from theoretical calculations based on atoms in chemical similar environment in small molecules. 

Due to chemical similarity of the molecular entities, it was chosen to refine only a half unique 

hydroquinone molecule and one unique acetonitrile molecule. The charges of the individual molecules 

were fixed, and removing the constraint only increased the residual density and agreement factors. After 
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co-refinement of all parameters, structural and electronic parameters including three κ’-parameters on 

the host, the displacement parameters of the heavy atoms were compared with the values obtained in the 

neutron refinement. Comparing the X-ray derived atomic displacement parameters (ADPs) with the 

parameters obtained from the neutron experiment serves as an indicator of the accuracy in the X-ray 

experiment. It is generally known, that the ADPs serve as a bin for uncorrected systematic errors in the 

synchrotron experiment, and hence this leads to deviation of the thermal parameters.[143] The thermal 

parameters of the non-hydrogen atoms obtained from neutron data and from the multipole model were 

compared, and the mean absolute delta of the 33 atoms of the two structural models was 0.00053 Å2, 

which is fairly good compared with other published X-N studies.[144] The comparison of the 

displacement parameters was carried out using the program UIJXN.[145]  

The hydrogen atoms were scaled anisotropically to the obtained thermal parameters of the non-

hydrogen atoms obtained from X-ray diffraction experiment. Subsequently, the model complexity was 

increased by adding an extinction coefficient and κ’- and κ’’-parameters to the remaining heavy atoms 

(κ’(N) = κ’’(N)). Furthermore, a mirror plane was added in the aromatic ring of hydroquinone, as this 

reduced the number of parameters, without increasing the agreement factor and residual significantly. 

22 reflections were removed, as these were heavily affected by extinction. After these changes to the 

model, the hydrogen atoms ADPs were again scaled anisotropically. The mean absolute delta of the 

thermal parameters of the 33 heavy atoms was 0.00043 Å2, and this excellent correspondence between 

the ADPs obtained by X-ray and neutron experiment underpins the outstanding quality of both the X-

ray and neutron diffraction data. The determination of the hydrogen nuclear positions and ADPs, which 

is essential for the successful charge-density modeling of hydrogen bonded systems,[146] is therefore also 

of superior quality, even though the system has 33 non-hydrogen atoms. Increasing the complexity, e.g. 

the number of unique atoms, removing constraints (keep charge, positional and thermal) or adding more 

radial expansion/contraction parameters resulted in no significant improvements of neither the residual 

density nor the agreement factors, and hence these were discarded.  

The final model included a simultaneous refinement of all structural and electronic parameters, 

where all non-hydrogen atoms were refined with octupoles, with the non-crystallographic mirror plane 

symmetry of the aromatic ring retained. As positions and thermal parameters of the hydrogen atoms 

were known from the neutron diffraction experiment, more than the standard monopole and bond 

directed dipole could be added. The final model included a monopole, dipoles, and quadrupoles on the 

hydroxyl hydrogen atom involved in the hydrogen bonding hexagon. The hydrogen atoms on the 

aromatic ring were refined with one bond-directed quadrupole, dipoles and a monopole, and the 

hydrogen atoms on acetonitrile with one bond-directed quadrupole, one bond-directed dipole and a 

monopole. The positions of the hydrogen atoms were reset after each refinement cycle to the values 
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obtained from the neutron diffraction experiment. The spherical radial expansion/contraction parameter 

for each type of the non-hydrogen atom was constrained to the aspherical part (κ’ = κ’’). The radial 

parameter of hydrogen was kept at the value from the theoretical invariant atoms, obtained from 

InvariomTool program and database.[13, 14] The final refined values obtained for the 

expansion/contraction parameters are κ’(N) = κ’’(N) = 0.988(6), κ’(O) = κ’’(O) =  0.9823(18) and κ’(C) 

= κ’’(C) = 0.978(3). Isotropic extinction of Becker-Coppens type 1 with a Lorentzian distribution was 

refined. The maximum correlation parameter in the refinement was observed at the multipoles in the 

acetonitrile molecule. The final model included 206 parameters which was refined against 5463 

observations (I > 2σ(I)). The Hirshfeld rigid bond test was satisfactory fulfilled with a mean value of the 

difference of mean-square displacement amplitudes (DMSDA) being ΔA-B = 3.8 pm2 (the maximum 

value was 11 pm2).[19, 20] A full list of DMSDA values is deposited in Appendix 7.3. A peak search 

using the fast Fourier transform program, XDFFT, implemented in the XD program package revealed 

that the 9 strongest peaks and holes are not near any atoms. A visual inspection of the residual density 

maps proved that the residual density is a bit more pronounced near the acetonitrile molecules on the 

high symmetry axis. The residuals observed were 0.2 e/Å3 or less using all data, see Figure 50. Details 

of the crystallographic refinement can be found in Table 29. 

 

Figure 50 Residual maps obtained without any resolution cut-off. The maps show a unique acetonitrile molecule (left) and a unique 
hydroquinone molecule (right) in the plane of the aromatic ring. The contour intervals are 0.1 eÅ-3

, where solid blue contours are positive, 
red dashed negative, and green contours are 0 eÅ-3.  

Truncation of the data gives a more genuine and reliable picture of the errors in the experiment, and 

hence an increased ability to identify potential model inaccuracies. The residual density maps are 

accordingly shown using only data below a resolution of 0.8 Å-1, see Figure 51, where it should be 

noted that the contour intervals have been changed from 0.1 e/Å3 in Figure 50 to 0.05 e/Å3 in Figure 51.   
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Figure 51 Residual maps obtained with a cut-off value of 0.8 Å-1. The maps are the same as in Figure 50, where one is a unique 
acetonitrile molecules (left), and the other is a unique hydroquinone molecules in the plane of the aromatic ring (right).  The contour 
intervals are 0.05 eÅ-3, where solid blue contours are positive, red dashed negative, and green contours are 0 eÅ-3.  

The residual density observed is very small, and appears to be flat and featureless in the plane of the 

hydroquinone molecules. However, there appears to be some features along the 3-fold axis of the 

acetonitrile molecules. An examination of the residual of the entire unit cell using the residual density 

analysis program jnk2RDA,[18] revealed that a minute shoulder is present in the lower region of the 

fractal dimension distribution of the residual density, Figure 52.  

 

Figure 52 The fractal dimension distribution of the residual density using all data and a resolution cut-off value of 0.8 Å-1. The residual 
Fourier map was calculated using steps of 0.05Å.  

Ideally, the distribution should be parabolic, if only Gaussian noise is present in the data. However, it 

is well-known that noise has a tendency to lie on high symmetry points and axis, and hence the residual 

observed is most likely due to the gathering of errors at the high symmetry axis,[137] which accidently 

coincides with the position of the acetonitrile molecules. 

Overall the obtained electron density distribution is off high quality, and the residual density is 

particularly low in this large non-centrosymmetric system, and hence the calculated properties are trust-
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worthy. Crystallographic information file (cif) of the multipole refinement is included on the enclosed 

CD. 

7.6 The structure of 10 

The structure of the acetonitrile β-hydroquinone clathrate, 10, reported by Chan et al.,[126] consists of 

a host clathrate with solvent molecules occupying the cavities. The host clathrate consists of 

hydroquinone molecules, which generates hydrogen bonded hexagons of hydroxyl groups to form a 

continuous rhombohedral hydroquinone framework with cavities, see Figure 53. Selected bond 

distances are listed in Table 30 and a full list is deposited in Appendix 7.4. 

Table 30 Selected bond distances given in Å for 10. As the symmetry of the hydroquinone framework has been constrained to , only the 
unique bond lengths are reported.  

Molecule Bond Bond length / [Å] Molecule Bond Bond length / [Å]

HQa(10) 

C(1)-O(1) 1.3736(7) 

HQb(10) 

C(11)-O(11) 1.3753(7) 

C(1)-C(2) 1.3968(9)            C(11)-C(12) 1.3962(9)            

C(1)-C(3A) 1.3942(10)           C(11)-C(16) 1.3932(9)            

C(2)-C(3) 1.3929(10)           C(12)-C(13) 1.3952(9)            

AceI N(31)-C(31) 1.1501(14)           C(13)-C(14) 1.3920(9)            

C(31)-C(32) 1.450(2)             C(14)-C(15) 1.3967(9) 

   C(14)-O(14) 1.3746(7) 

   C(15)-C(16) 1.3951(10)           

  

Figure 53 Left: The asymmetric unit of the framework of 10. Right: Packing illustrating the hydrogen bonded hexagons viewed along the 
c-axis of the unit cell. The turquoise bonds are hydrogen bonds. The thermal ellipsoids are drawn at a 90% level. 
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The aromatic rings appear to be fully delocalized, and no significant changes appear to be present in 

the geometry of the structure. The angles between the aromatic system and the hydroxyl oxygen atom of 

10 are tilted ~2.5(3)° from 120° to accommodate the hydrogen atom in the plane of the aromatic ring, 

see Table 31 for selected values.  

Table 31 Selected bond angles of the hydroquinone molecule in the structure of 10. 

Atoms Bond angles / [°]
O(1)-C(1)-C(2) 122.61(6)          
O(11)-C(11)-C(12) 122.20(6) 
O(14)-C(14)-C(15) 122.38(6)          

 

The hydroxyl groups of the hydroquinone molecule in the structure of 10 are both donors and 

acceptors. All hydroquinone molecules are in the trans-conformation, and the hydrogen bonding 

connectivity is homodromic as also observed for 8 and 9.[141]  

The structure of 10 contains 3 unique hydroquinone molecules and a total of 9 molecules in the unit 

cell. These molecules generate three cavities, and hence the ratio between hydroquinone molecules and 

enclathrated acetonitrile solvent molecules are 3:1.  

Three symmetry independent acetonitrile molecules, which are situated on 3-fold axis, fit inside the 

voids of the rhombohedral hydroquinone framework with one guest molecule orientated in the opposite 

direction to the two other, see Figure 53. There are no strong interactions expected between the host and 

guest molecules, but the position of the solvent in the cavity is mainly determined by two competing 

interactions of van der Waals and electrostatic nature, namely the guest guest interaction and the host 

guest interaction.[88] The guest guest interaction of polar solvent molecules is of particular interest, as 

the clathrates undergo a structural phase transition which is driven by the interaction between the dipole 

moments of the guest molecules.[147] The squared magnitude of the dipole moment of the enclathrated 

solvent is proportional to the ordering temperature of the clathrates.[148] For 10, the ordering is above 

room temperature, and hence it crystallizes in the ordered phase, where the solvents are aligned with one 

pointing in the opposite direction. The ordering reduces the symmetry of the β-hydroquinone clathrates 

from 3 to 3, and hence constraining the framework structure in 10 to 3 in the refinement of neutron 

and X-ray data is reasonable.   

7.7 Hirshfeld surface 

The structure obtained from neutron diffraction data were used to examine the molecular 

environments that are represented by the Hirshfeld surfaces, as the hydrogen positions are well 

determined. These have been generated for the acetonitrile β-hydroquinone clathrate using the program 
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CrystalExplorer.[37] The dnorm-function is visualized on the Hirshfeld surface of all the three unique HQ 

molecules, see Figure 54. Surfaces of the front and back of all the HQ molecules are deposited in 

Appendix 7.5. 

 

Figure 54 Figures of the dnorm-function mapped on the Hirshfeld surface of HQa(10), HQb(10), AceI and AceII. dnorm ranges from -0.5 Å 
(blue) to 0.5 Å (red). 

The mapping of the dnorm surface highlights the close contacts, which not unexpectedly are the O···H 

interactions of the hydrogen bonding hexagon of hydroquinone. The close contacts of acetonitrile are 

more subtle and most likely also weaker, as the shortest interaction distance is larger than ~2.3Å. The 

dnorm surface of the three hydroquinone and the three acetonitrile molecules are almost indistinguishable.   

The packing of the host framework of hydroquinone molecules can be described using the hydrogen 

bonding pattern, even though they only cover around 30 % of the Hirshfeld surface of the HQ 

molecules, see Figure 55.  

 

Figure 55 Close contacts visualized on the Hirshfeld surfaces of HQ molecules in 10 broken down into six different basic interaction 
types: O-H···O hydrogen bonding - both donor (red) and acceptor (white); H···C contacts (green); C···H contacts (grey); H···H contacts 
(yellow); and all other contacts (blue).  The notation C···H refers to close contacts between C atoms inside the Hirshfeld surface (i.e. 
belonging to the HQ molecule of interest) and H atoms outside. The close contacts of 9 are shown for comparison. 

Comparing the distribution of close contacts in 10 with the empty β-clathrate of 9 reveals significant 

differences. The amount of H···H (yellow) and H···O (red) close contacts has been reduced, whereas 

0% 20% 40% 60% 80% 100%
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amount of H···C (green) and C···H (grey) contacts has increased in 10. Even though the amount of close 

contacts associated with π···H and H···π interactions has increased, the 'spikes' nominated ‘4’ and ‘5’ on 

Figure 7 seems to be less pronounced in 10 and they are situated further out in di and de compared to 9, 

and hence the interactions are most likely weaker.  

 
Figure 56 Fingerprint plots of the HQ molecules HQa(10), HQb(10), HQc(10). Close contacts are divided into five regions; 1 is OH, 2 is 
HH, 3 is HO, 4 is HC and 5 is CH. 

The H···O hydrogen donor and acceptor oxygen features of the HQ molecules are respectively 

labeled with '3' and '1' in Figure 56. The fingerprint plots of HQa(9) stretches far out in di and de due to 

the empty cavity of the structure, which is not observed for 10 as the voids are occupied by acetonitrile 

molecules.  

7.8 Hirshfeld surface volume 

The Hirshfeld surface volumes of the HQ molecules of 10 have been determined and are presented in 

Table 32. The obtained volumes of the three HQ molecules are fairly similar, which is expected due to 

the comparable molecular environments.  

Table 32 The volumes defined by the Hirshfeld surface of the HQ molecules in 10. 

Molecule VHirshfeld / [Å3]
HQa(10) 124.32 
HQb(10) 122.98 
HQc(10) 123.18 

 

The obtained volumes are small compared to the empty β-clathrate, which is not unexpected due to 

the large empty cavity of 9. The Hirshfeld volumes are of comparable size to the HQ molecule of 8 

generating the double-helix chain (HQc(8)), and hence the packing is fairly dense. One should however 

note that these volumes are obtained from diffraction experiments at 15(1) K, whereas the structure of 8 

was measured at 100(2) K.  
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7.9 The charge density distribution of 10 

The static deformation density is obtained by subtracting the promolecule density (a superposition of 

spherical atoms placed at their position in the unit cell) from the refined multipole model. From the final 

multipole model static deformation densities and Laplacian distribution in the plane of selected 

molecules are generated, see Figure 57. A larger selection of plots is deposited in Appendix 7.6 

including all unique host and guest molecules.  

 

     

Figure 57 The static deformation density (left top) and the Laplacian distribution (right top) of one unique hydroquinone host molecule. 
The static deformation density (left bottom) and the Laplacian distribution (right bottom) of a unique acetonitrile molecule in the structure 
of 10. For the deformation density the contour intervals are 0.1 eÅ-3 with solid contours being positive and dashed negative. For the 
Laplacian map the contour levels are 2x⋅10y e/Å5 (x = 0,1,2,3 and y = -2,-1,0,1,2,3) with dashed lines being positive values and solid lines 
negative.   

The Laplacian distribution of the multipole model illustrates the region of charge concentration and 

depletion. The static deformation map and Laplacian maps of the hydroquinone molecule in Figure 57 

show single peak maxima in aromatic bonds. The deformation densities are furthermore negative near 

the oxygen nucleus, which is expected from theory,[142] and this overall demonstrates that the present 

density model of the HQ-host framework is of good quality. One should note the static deformation at 

the solvent molecule shows a peculiar feature with positive deformation at the tale of the acetonitrile 

molecule, which however is mainly due to the hydrogen atoms above and below the plane of the 
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acetonitrile molecule. Furthermore, the peaks of the bonds in the static deformation density of the 

acetonitrile molecules seem to be shifted away from the center of the bond, which is unexpected. 

Bonded atoms are connected through a bond path of maximum electron density, and a bond critical 

point (BCP) is located at the local minimum of the density, ρ, along this line. A complete list of BCPs is 

deposited in Appendix 7.7, and selected intramolecular bonds are listed in Table 33. 

Table 33 Topological values of intramolecular bonds in 10 at the BCPs and bond distances. R: The bond distance between the two atoms. 
Rij (Å) is the sum of the distance from first atom trough the BCP to the other atom. d1 (Å) is the distance from the BCP to the atom and d2 
(Å) is the distance from the BCP to the other atom. ρ is the electron density (e/Å3) and ∇2ρ is the Laplacian (e/Å5) at the BCP. ε is the 
ellipticity of the bond. The random errors of ρ and ∇2ρ estimated from the least squares refinement are underestimates of the real error and 
they are therefore not listed. Instead, values of ρ are presented with two decimals, while the Laplacian values are truncated after the first 
decimal. 

Bond R Rij d1 d2 ρ ∇2ρ ε 
O(1)-C(1) 1.3736(7) 1.3737 0.8315 0.5422 1.93 -17.7 0.14 
O(1)-H(1) 0.9800(5) 0.9803 0.7706 0.2097 2.31 -46.8 0.16 
C(1)-C(2) 1.3968(9) 1.3970 0.7163 0.6807 2.09 -19.3 0.32 
C(1)-C(3A) 1.3942(10) 1.3942 0.7251 0.6691 2.18 -21.1 0.29 
C(2)-C(3) 1.3929(10) 1.3929 0.6917 0.7012 2.07 -19.0 0.27 
C(2)-H(2) 1.0870(6) 1.0871 0.7122 0.3749 1.87 -20.2 0.07 
C(3)-H(3) 1.0890(7) 1.0890 0.6962 0.3929 1.86 -21.2 0.05 
N(31)-C(31) 1.1501(14) 1.1501 0.6328 0.5173 3.17 -29.2 0.00 
C(31)-C(32) 1.450(2) 1.4501 0.6516 0.7984 1.79 -13.2 0.00 
C(32)-H(32) 1.0810(6) 1.0824 0.6741 0.4083 1.83 -17.4 0.06 

 

The density in the bond critical points range from 1.8 e/Å3 to 3.2 e/Å3, but can be divided into 

subgroups depending on the bond character, e.g. single, aromatic or triple bond. The density of the triple 

bond is 3.172 e/Å3, whereas the density of the remaining intramolecular bonds lies from 1.79 e/Å3 to 

2.31 e/Å3. The density in the BCPs of the aromatic bonds in range from 2.07 e/Å3 to 2.19 e/Å3, whereas 

the single bonds in general range from 1.79 e/Å3to 1.93 e/Å3 with one exception, the O-H bonds of the 

hydroquinone molecules were the density is higher, 2.3 e/Å3. The Laplacian is for all bonds negative, 

which is expected for covalent interacting molecules, but again the value of Laplacian of O-H bond is 

different, as this is much more negative. The ellipticities of the single bonds are lower, than the 

aromatic, as the density is more symmetrically distributed. However, it is noteworthy that around the C-

O and O-H bond the ellipticity and therefore the density again is more asymmetric relative to the other 

single bonds.  

Besides intramolecular bonds in the molecule, there are weaker interactions between the molecules 

themselves, which are associated with intermolecular bond critical points. A list of the intermolecular 
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interactions of the hydrogen bonded hexagon is deposited in Appendix 7.8, and one example is shown in 

Table 34. 

Table 34 Topological values at the BCPs and bond distances of selected intermolecular bonds. R: The bond distance between the two 
atoms. Rij (Å) is the sum of the distance from first atom trough the BCP to the other atom. d1 (Å) is the distance from the atom to the BCP. 
ρ is the electron density (e/Å3) and  ∇2ρ is the Laplacian (e/Å5) at the BCP. ε is the ellipticity of the bond. G, V and H are the local kinetic, 
the local potential and the total energy density derived using the Abramov functional (Hartree Å-3).[24] The random errors of ρ and ∇2ρ 
estimated from the least squares refinement are significant underestimates of the real error and they are therefore not listed. Instead, values 
of ρ are presented with two decimals, while the Laplacian values are truncated after the first decimal.  

 

The intermolecular interactions of the hydrogen bonded hexagon are primarily closed shell type 

interactions, where one example is given in Table 34. The local total energy density is negative from 

which can be deduced that there is covalent contribution to the bonding.  The energy of the hydrogen 

bond can be estimated to 0.135  Å , which is less than observed in 9. 

 A critical point search between guest and host resulted in a series of critical points; both ring and 

bond critical points, which are deposited in Appendix 7.9. The electronic distribution is fairly flat, and 

the densities at the critical points are 0.05 e/Å3 or less. The interaction between solvent and host can be 

determined as weak, since the density of the bond critical points are low. As the residual density around 

the solvent atoms is of similar magnitude as the density in the critical points, the values at the BCPs are 

most likely determined poorly. There are two possible hydrogen bonding interactions between solvent 

and host, namely that of oxygen from hydroquinone and methyl hydrogen on acetonitrile (blue) or 

nitrogen of acetonitrile and hydroxyl hydrogen of hydroquinone (turquoise), see Figure 58. 

 

Figure 58 Possible weak interaction between host structure and guest molecule in the structure of 10. Red lines are O-H···O interactions in 
the hydrogen bonded hexagon. Turquoise and blue are possible N···H and C-H···O interaction, respectively.  The thermal ellipsoids are 
drawn at a 90% level. 

Bond R Rij d1 ρ ∇2ρ ε G V H G/ρ H/ρ |V|/ρ 

O(1)···H(11A) 1.7520(4) 1.753 1.151 0.31 1.8 0.61 0.20 -0.27 -0.07 0.65 -0.23 1.36 
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Examination of the CPs revealed a remarkable connection between methyl hydrogen (H32, H32A 

and H42) and hydroxyl oxygen atoms on the hydroquinone molecules, as all these were associated with 

a bond critical point, see Table 35 for selected bonds.  

Table 35 Topological values at the BCPs and bond distances of selected intermolecular hydrogen bonds. R: The bond distance between the 
two atoms. Rij (Å) is the sum of the distance from first atom trough the BCP to the other atom. d1 (Å) is the distance from the atom to the 
BCP. ρ is the electron density (e/Å3) and  ∇2ρ is the Laplacian (e/Å5) at the BCP. ε is the ellipticity of the bond. G, V and H are the local 
kinetic, the local potential and the total energy density (Hartree Å-3).  

 

The bond path of the atoms are fairly straight (Rij ≈ R), and the density in the bond critical points are 

all small but of similar magnitude, and hence there is a very weak interaction between guest solvent and 

host framework through hydrogen bonding between the methyl hydrogen and hydroxyl oxygen. There 

are two interaction distances from the methyl hydrogen to the hydroxyl oxygen atom, where one is short 

(~2.6 Å) and one is longer (~2.8 Å). The positive Laplacian and slightly positive total energy density 

suggest interaction of a closed shell type for both the long and short bond, which most likely are very 

weak hydrogen bonds. This interaction hinders the rotational disorder of the methyl groups of the 

acetonitrile guest molecule.  

In contrary, the CPs between the cyanide group and the hydroxyl hydrogen atoms comprise of both 

bond and ring critical points, see Appendix 7.10. The observed bond paths are curly and large variations 

are observed, which could suggest that these might not be true bonds in the structure. The flat density 

around the solvent molecules makes the determination of CPs complicated and small errors can lead to 

inaccuracy in determination of gradient paths of the density and especially the Laplacian. The diversity 

observed by these bonds could be due to this inaccuracy, and hence it cannot be concluded whether or 

not a bond path is present between the cyanide group and the hydroxyl hydrogen atoms. The 

inconsistency of the CP types could however be an indication that the bonding interaction, if present, 

will be even weaker than the interaction found between the methyl group and host structure.  

The zero flux condition was used to determine the properties of the discrete separate atomic 

basins.[21, 22] The properties of selected atoms of the structure of 10 are shown in Table 36, and a 

complete list is given in Appendix 7.11.  

Bond R Rij d1 ρ ∇2ρ ε G V H G/ρ H/ρ |V|/ρ 

O(1)-H(32A) 2.81 2.82 1.64 0.03 0.48 1.01 0.02 -0.02 0.01 0.82 0.30 0.64 

O(11A)-H(32A) 2.61 2.63 1.57 0.03 0.44 0.72 0.02 -0.01 0.01 0.78 0.27 0.65 
O(1A)-H(32) 2.80 2.83 1.70 0.03 0.45 0.45 0.02 -0.01 0.01 0.91 0.35 0.61 

O(11)-H(32) 2.60 2.62 1.53 0.04 0.61 0.28 0.03 -0.02 0.01 0.85 0.29 0.65 

O(14)-H(42) 2.60 2.60 1.51 0.04 0.51 0.27 0.03 -0.02 0.01 0.75 0.25 0.67 
O(14A)-H(42) 2.84 2.85 1.66 0.03 0.46 1.11 0.02 -0.01 0.01 0.84 0.31 0.63 
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Table 36 Atomic properties of 10. The net charge is derived from the monopole population and Bader charge from the zero-flux definition 
(e). TBV is the total basin volume, and ΔTBV is the volume difference between TBV and the volume with electron density above 0.002 
a.u. in the units of Å3. The size of the dipole moment is defined as the length of the dipole vector.  

Monopole B. Charge TBV ΔTBV Dipole 
O(1) -0.10 -1.07 104.8 9.5 0.21 
C(1) -0.08 0.33 63.9 4.1 0.60 
C(2) -0.07 -0.07 84.8 5.9 0.17 
C(3) 0.00 -0.03 81.4 4.7 0.20 
H(1) 0.11 0.60 11.3 0.4 0.13 
H(2) 0.06 0.10 42.7 4.5 0.12 
H(3) 0.08 0.13 41.7 4.7 0.09 
Host 0 -0.07    
N(31) 0.20 0.08 110.1 8.5 0.10 
C(31) -0.12 0.31 102.5 13.9 0.07 
C(32) -0.08 -0.48 83.3 2.4 0.18 
H(32) 0.00 0.06 40.3 4.5 0.09 
Guests 0 0.09 
Total 0.00 0.02 

 

The atomic dipole moments reveal that the charge of atoms like the C(1) (C(1A), C(11), C(14), 

C(11A), C(14A)) of the aromatic system is significantly unevenly distributed compared to the other 

non-hydrogen atoms.  

The formal charge count of both host and guest molecule results in neutral entities, which is not 

unexpected, as there most likely are no strong interactions between the molecules. The topological 

charges of Bader atoms are additive and a summation of the host-structure results in an overall neutral 

network with a charge of -0.07 e, suggesting that no significant charge transfer has occurred from the 

formally neutral host-framework structure. This is not surprising, as the model used did not allow for 

charge transfer between molecules, as this only increased the residual and agreement factors.  

7.10 Electrostatic potential 

The charge neutrality of the host-framework is an important observation, as the inclusion properties 

of a given structure will depend strongly on the charge distribution and the corresponding electrostatic 

properties. The electrostatic term usually contributes the most to the interaction energies between 

molecular fragments. The mechanism of gas storage in host guest structures have been subject to 

theoretical calculations, where the charge state of the host-structure is of importance in the calculation 

of the electrostatic properties.[118] The electrostatic potential has been calculated from the obtained 

multipole model and visualized using MolIso, see Figure 59.[117] 
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Figure 59 Left: The electrostatic potential calculated from the refined multipole model of 10 visualized using MolIso.[117] The electrostatic 
potential is plotted on the electron density isosurface of 0.01 e/Å3 with values ranging from -0.05 e/Å (red) to 0.05 e/Å (purple). Right: The 
electrostatic potential calculated on the electron density surface of 0.01 e/a.u.3 with values ranging from -0.05 e/Å (red) to 0.05 e/Å (blue) 
using CrystalExplorer. 

Electrostatic potentials and electron density isosurface were computed using ab initio wavefunctions 

obtained from Gaussian03,[132] which is implemented in CrystalExplorer program. The calculation 

employed a MIDI! basis set at the Hartree-Fock level and molecular geometries were taken from the 

neutron diffraction model. 

Significant differences are observed between the experimentally and theoretically determined 

models, as the electronegative region of the potential is more dominant in the center of the aromatic ring 

for the modeled electron density distribution. The electrostatic potential in both models governs the 

hydrogen bonding of the host-structure of 10. The theoretical model obtained using CrystalExplorer is 

based on an isolated molecule and a more elaborate model that accounts for molecular environment 

should be tested to compare the experimentally determined electrostatic potential. It is expected that the 

experimentally determined model is more trustworthy than the theoretical as it accounts for the 

molecular environment. 

7.11 Comparing the CDD of the host structure of 9 and 10 

No significant intramolecular geometrical changes have been observed for the non-hydrogen atoms 

in hydroquinone molecules in 9 and 10, as the aromatic system for both is fully delocalized, and the 

hydroxyl groups are tilted ~2° from 120° to accommodate the in planar hydrogen. The C-H and O-H 

bond distances are slightly different as standard average neutron diffraction values was used in the 

refinement of 9,[105] whereas experimentally determined bond distances was used for 10. Only subtle 
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variations are observed for most bonds of the position of the bond critical points and the determined 

topological values. Even though the geometry and topological values of the intramolecular bonds of the 

hydroquinone molecules are similar, there are large differences in unit cell parameter of 9 and 10, see 

Table 37.  

Table 37 Unit cell axis of 9 and 10. 

Cell axis 9 10 
a (Å) 16.5249(2) 15.7845(2)
c (Å) 5.3420(1) 6.1736(1) 

 

The difference is reflected in the intermolecular bond of the hydrogen bonding pattern, as the 

interaction path is larger in 10 (~0.06Å). The topological values at these bond critical points of 10 are 

lower in comparison to 9, and the estimated hydrogen bonding interaction was also observed to be 

weaker.  

The distribution of charges in the hydroquinone molecules have changed significantly from 9 to 10, 

as the hydroxyl group region of 10 is according to the Bader charges more negative. The charge has 

been moved mostly from the hydrogen atoms of the aromatic system of 10, and this redistribution of 

charge will influence the electrostatic potential, see Figure 60. 

       

Figure 60 The electrostatic potential of modelaniso of 9 (left) and 10 (right) calculated from the refined multipole model visualized using 
MolIso.[117] The electrostatic potential is plotted on the electron density isosurface of 0.01 e/Å3 with values ranging from -0.05 e/Å (red) to 
0.05 e/Å (purple).  

The redistribution of charge in 10 results in a more electronegative region of the center of the 

aromatic system, whereas the electropositive region of the aromatic hydrogen has become more 

dominant. The inclusion of solvent into the cavity has changed the distribution of the charge of the host-
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framework significantly, most likely to obtain electrostatic complementarity, however the electrostatic 

potential of the guest molecule still needs to be examined.  

7.12 Outlook  

The experimental charge distribution of 10 was determined using data from both neutron and X-ray 

single crystal diffraction experiment obtained at 15K. The study of this compound was only possible 

due to the complementary techniques of neutron and X-ray diffraction experiment, as the use of only 

synchrotron data did not result in a high quality multipole model. The obtained model of the combined 

neutron and X-ray data is off high quality with residual of less than 0.15 e/Å3. The mean absolute delta 

the thermal vibrations of the 33 non-hydrogen atoms was 0.00043 Å2, and this excellent correspondence 

between the ADPs obtained by X-ray and neutron experiment underpins the outstanding quality of both 

the X-ray and neutron diffraction data. 

The X-N study of 10 was only finished recently, and a more thorough investigation of the refined 

model needs to be carried out. Determination of the electrostatic properties of the solvent also needs to 

be investigated, and the interaction energies between guest and host need to be estimated.  

The packing of the host structure of 10 can be described in three dimensions by the use of the 

hydrogen bonding pattern, even though they cover at most 31 % of the Hirshfeld surface of the HQ 

molecules. The homodromic hydrogen bonding hexagon is governed by the electrostatic potential 

obtained from both simple theory and experimentally determined electrostatic potential.  

The rearrangement of charge in 10 compared to 9 results in significant differences in the obtained 

electrostatic potentials. The more electronegative region of the center of the aromatic system and the 

electropositive region of the aromatic hydrogen is a consequence of the enclathrated solvent, as the 

systems redistributes the charge to complement the electrostatic properties of the solvent molecule.  

Comparison with theoretical calculated potential of an isolated molecule on an electron density 

isosurface is significantly different from the experimentally determined potential, and a more elaborate 

model accounting for molecular environment needs to be obtained for comparison.  

This study exemplifies that the use of combined neutron and X-ray diffraction experiments for some 

systems is still essential in order to experimentally determine unbiased positional and thermal 

parameters of the hydrogen atoms. Comparison with theoretical values obtained from the SHADE-

server still needs to be performed to establish similarities and differences.  
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Concluding Remarks 

In this last chapter, I wish to make a few remarks about the work I have presented in this thesis, and 

sum up the main results.  The solvothermal synthesis of coordination polymers is problematic as both 

mixed and metastable products can be obtained, and the harsh synthesis method can even give 

decomposition of solvents, which in most circumstances is undesirable. Consequently, when designing 

coordination polymers by the molecular building block approach using solvothermal synthesis, one has 

to take great care of these facts. 

The use of third generation synchrotrons, such as the Advanced Photon Source, facilitates the 

modeling of the charge density distribution of complex systems. The combination of high energy, small 

crystal size, and helium temperature facilitates the measurement of high quality data and the reduction 

of systematic errors. Even though the accessibility of such facilities can be bothersome, the benefits are 

worth the effort. Topological analysis of the cobalt coordination polymer, 4, is a prime example of the 

above, as successful modeling of both the structure and the electron density distribution only could be 

achieved using synchrotron data.   

Even though formal charge counting of 4 leads to a negative charged framework, the analysis of the 

charge distribution revealed substantial charge transfer to a guest solvent molecule. Formal charge 

counting is thus inaccurate and chemical conclusions based on such values, e.g. about guest inclusions 

properties of porous networks, may be in error and should be avoided. 

The use of isotropic thermal vibrations of hydrogen atoms is still common in determination of charge 

density distributions, even though this is a crude approximation. The use of anisotropic thermal 

vibrations of hydrogen atoms is recommended, as this is a more genuine picture, even though a slight 

increase in agreement factor is observed for 9. The small differences observed in the charge density 

distribution by using either isotropic or anisotropic thermal parameters for hydrogen can lead to 

significant differences in the electrostatic potential and hence inaccurate conclusion of the inclusion 

properties of host guest systems.  

The use complementarity of neutron and X-ray diffraction experiments are for some systems still 

essential. The precise determination of both positional and anisotropic thermal parameters of the 

hydrogen atoms are important. Only by the combined use of neutron and X-ray data the experimentally 

determined electron density distribution of 10 could be determined. Analysis of the charge distribution 

showed that the inclusion of a small molecule into the cavity of the β-hydroquinone clathrate altered the 

electrostatic potential significantly.  
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The analysis of Hirshfeld surfaces and fingerprint plots provides fast insight into the intermolecular 

interactions, weak as well as strong, in molecular structures. The easy calculation and visualization of 

properties of a given molecule using CrystalExplorer showed that both the hydrogen bonding pattern 

and the more subtle H···π interactions are accommodated by electrostatic complementarity. Many 

examples of more elaborate explanations of structure packing can be found in literature, even though 

there is a striking electrostatic complementarity present in some cases.  

The results presented in this dissertation do not only exploit the complementarity of neutron and 

diffraction data, but also the complementarity in the analysis methods. Electron density distributions are 

unavoidable if a thorough investigation of the molecular systems is the goal. Chemical bonding in 

systems can be evaluated, and atomic as well as molecular properties can be obtained. Especially, the 

electrostatic potential of the molecules is of great interest, as for many systems electrostatic 

complementarity is observed. In contrary, the fast and easy visualization of close contacts using 

Hirshfeld surface analysis facilitates a quick summary of the intermolecular interaction, and hence a tool 

that should, and most likely will, become a standard for structural investigations. Both of these analysis 

tools should however, if possible, be used in combination as a more complete and detailed picture of the 

intermolecular interactions can be obtained. 
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Appendix 2.1 Detailed structural information available for the different polymorphs of the 

hydroquinone structure deposited in the CSD. 

Guest CSD (Refcode) Space group Exp. details Year Comment 
None HYQUIN02, 06 3 X-ray (173K, RT) 1980, 2001 α-form 
None HYQUIN05 3 X-ray (RT) 1981 β-form 
None HYQUIN 2 /  X-ray (RT) 1981 γ-form 
NO BICZIX 3 X-ray (173K) 2004  
SO2 BOSVEK, 01, 02 3    3 X-ray (153K) 1975, 1982, 2002  α-form 
SO2 QUALSO, 01 3    3 X-ray (153K) 1947, 1982 β-form 
CH3CN HQUACN, 01 3 X-ray (RT) 1978, 1983  
CH3NC BUSPAG 3 X-ray (RT) 1983  
HCl HYQHCL, 01 3 X-ray & Neutron (RT) 1977  
Xe JAMKEN 3 X-ray (RT) 1989  
H2S ZZZVLG, 01, 11 3 X-ray (RT) 1947, 1976, 1982  
CH3OH ZZZVLI, 01 3 X-ray (RT) 1947, 1982  
SO2, H2O ZZZAPG 3 X-ray (RT) 1975 No 3D coor.
HCCH ZZZVKY 3 X-ray (RT) 1947 No 3D coor.
HBr ZZZVLE 3 X-ray (RT) 1947 No 3D coor.
HCOOH ZZZVLO 3 X-ray (RT) 1947 No 3D coor.
CO2 ZZZVLW 3 X-ray (RT) 1947 No 3D coor.
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Appendix 3.1 Fractional coordinates and equivalent mean square displacement parameters for 1. 

Coordinates for the disordered solvent molecules can be found in the supporting CIF. 

Atom x  y z Ueq (Å2) 
Zn(1) 0.60479(8) 0.0000 0.4214(1) 0.0132(3) 
O(1) 0.4907(4) 0.0971(4) 0.2710(7) 0.035(1) 
O(2) 0.6674(4) 0.1012(4) 0.6094(7) 0.040(1) 
O(10) 0.7536(6) 0.0000 0.3279(9) 0.034(2) 
N(10) 0.9372(9) 0.0876(8) 0.337(2) 0.030(3) 
C(1) 0.3840(6) 0.1236(4) 0.2761(8) 0.023(1) 
C(2) 0.3141(5) 0.1896(4) 0.1330(8) 0.019(1) 
C(3) 0.2284(8) 0.2549(7) 0.158(1) 0.047(2) 
C(4) 0.3353(7) 0.1858(6) -0.0274(9) 0.040(2) 
C(10) 0.837(1) 0.0720(8) 0.391(2) 0.026(3) 
C(11) 0.953(2) 0.034(2) 0.190(3) 0.058(6) 
C(12) 1.030(1) 0.158(1) 0.413(3) 0.055(5) 
H(3) 0.2131 0.2587 0.2692 0.057 
H(4) 0.3944 0.1417 -0.0481 0.048 
H(10) 0.8223 0.1128 0.4780 0.031 
H(11A) 0.9982 -0.0251 0.2310 0.087 
H(11B) 1.0014 0.0725 0.1286 0.087 
H(11C) 0.8711 0.0194 0.1098 0.087 
H(12A) 1.0237 0.2107 0.3303 0.082 
H(12B) 1.1130 0.1292 0.4388 0.082 
H(12C) 1.0152 0.1821 0.5205 0.082 

 

Appendix 3.2 Fractional coordinates and equivalent mean square displacement parameters for 2. 

Coordinates for the disordered solvent molecules can be found in the supporting CIF. 

Atom x y z Ueq (Å2) 
Zn(1) 0.0000 0.0000 0.0000 0.0123(1) 
O(1) 0.2178(1) 0.2071(1) 0.0537(3) 0.0195(2) 
N(1) 0.0000 -0.0878(5) 0.2500 0.0211(8) 
C(1) 0.2106(2) 0.3333(2) 0.0833 0.0166(3) 
C(2) 0.0000 0.0000 0.1948(1) 0.0361(6) 
H(1) 0.0960 0.3340 0.0833 0.020 
H(1A) 0.1022 -0.1020 0.2500 0.025 
H(1B) 0.0000 -0.0754 0.1615 0.025 
H(2A) -0.1106 0.0122 0.1927 0.054 
H(2B) 0.1106 0.1228 0.1927 0.054 
H(2C) 0.0000 0.0000 0.0000 0.054 

 



 

-A3- 
 

 
Appendix 3 

 
Appendix 3.3 Fractional coordinates and equivalent mean square displacement parameters for MOF-2 

at 100(2) K. Coordinates for the disordered solvent molecules can be found in the supporting CIF. 

Atom x y z Ueq (Å2) 
Zn(1) -0.20502(3) 0.49461(1) 0.42313(2) 0.00661(5) 
O(1) -0.0674(4) 0.3940(2) 0.3653(2) 0.0527(9) 
O(2) 0.2405(3) 0.4035(2) 0.4769(2) 0.0400(6) 
O(3) 0.2844(3) 0.0838(2) 0.0543(2) 0.0420(7) 
O(4) 0.5901(4) 0.0813(2) 0.1679(2) 0.0504(8) 
O(5) -0.4959(2) 0.4817(1) 0.3431(1) 0.0125(3) 
O(6) 0.6526(3) 0.4926(1) -0.1361(1) 0.0199(3) 
N(1) 0.6421(3) 0.4004(1) 0.0045(2) 0.0169(3) 
C(1) 0.1920(3) 0.2985(1) 0.3360(2) 0.0113(3) 
C(2) 0.0536(3) 0.2585(1) 0.2481(2) 0.0126(3) 
C(3) 0.1229(3) 0.1963(1) 0.1845(2) 0.0122(3) 
C(4) 0.3325(3) 0.1726(1) 0.2096(2) 0.0111(3) 
C(5) 0.4697(3) 0.2107(1) 0.2998(2) 0.0137(4) 
C(6) 0.4010(3) 0.2739(1) 0.3623(2) 0.0134(4) 
C(7) 0.1152(3) 0.3705(1) 0.3975(2) 0.0110(3) 
C(8) 0.4086(3) 0.1076(1) 0.1389(2) 0.0106(3) 
C(9) 0.5713(4) 0.4319(2) -0.0960(2) 0.0170(4) 
C(10) 0.5407(4) 0.3275(2) 0.0447(2) 0.0234(5) 
C(11) 0.8296(4) 0.4365(2) 0.0762(2) 0.0230(5) 
H(1) -0.606(3) 0.484(2) 0.381(2) 0.020 
H(2) -0.553(5) 0.489(2) 0.2655(5) 0.020 
H(3) -0.0862 0.2737 0.2318 0.015 
H(4) 0.0302 0.1706 0.1254 0.015 
H(5) 0.6082 0.1936 0.3180 0.016 
H(6) 0.4937 0.2997 0.4213 0.016 
H(7) 0.4521 0.4065 -0.1394 0.020 
H(8) 0.6328 0.2779 0.0583 0.035 
H(9) 0.4168 0.3120 -0.0091 0.035 
H(10) 0.5056 0.3443 0.1112 0.035 
H(14) 0.8144 0.4378 0.1499 0.035 
H(15) 0.9462 0.4003 0.0728 0.035 
H(16) 0.8518 0.4950 0.0531 0.035 
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Appendix 3.4 Selected bond lengths (Å) and bond angles (°) of the structure 1. Symmetry 

transformations: (i) -y, x-y, z; (ii) -x, -y, -z; (iii) y, y-x, -z; (iv) 1/3+x-y, 2/3-y, 1/6-z. 

Bond Bond length / [Å]
Zn(1)–O(1) 2.1072(7) 
C(1)–O(1) 1.2493(10) 
Bond Angle / [°] 
O(1)i–Zn(1)–O(1) 91.30(3) 
O(1)i–Zn(1)–O(1)ii 88.70(3) 
O(1)–Zn(1)–O(1)ii 180.0 
O(1)i–Zn(1)–O(1)iii 180.0 
C(1)–O(1)–Zn(1) 126.15(9) 
O(1)vi–C(1)–O(1) 125.1(2) 

 

Appendix 3.5 Selected bond lengths (Å) and bond angles (°) for 2. Symmetry transformations used in 

2: (i) x, -y, z; (ii) 1-x, -y, 1-z; (iii) 1-x, y, 1-z; (iv) ½-x, ½-y, -z. 

Bond Bond length / [Å] Bond Bond length / [Å]
Zn(1)–O(1) 2.014(4) C(1)–O(1) 1.256(8) 
Zn(1)–O(2) 2.042(5) C(1)iii–O(2) 1.248(8) 
Zn(1)–O(10) 2.000(7) C(1)–C(2) 1.507(8) 
Zn(1)–O(1)i 2.014(4) C(2)–C(3) 1.378(9) 
Zn(1)–O(2)i 2.042(5) C(2)–C(4) 1.367(10) 
Zn(1)···Zn(1)ii 2.945(2) C(3)–C(4)iv 1.368(9) 
    
Atoms Bond angle / [°] Atoms Bond angle / [°] 
O(10)–Zn(1)–O(1) 103.1(2) C(1)–O(1)–Zn(1) 128.6(4) 
O(10)–Zn(1)–O(2) 97.3(2) C(1)iii–O(2)–Zn(1) 125.5(4) 
O(10)–Zn(1)–Zn(1)ii 176.8(2) C(4)–C(2)–C(3) 118.2(6) 
O(1)–Zn(1)–O(1)i 85.1(3) C(4)–C(2)–C(1) 119.9(6) 
O(1)–Zn(1)–O(2) 89.8(2) C(3)–C(2)–C(1) 121.9(6) 
O(1)–Zn(1)–O(2)i 159.6(2) C(4)iv–C(3)–C(2) 121.6(6) 
O(1)–Zn(1)–Zn(1)ii 79.1(2) C(2)–C(4)–C(3)iv 120.2(6) 
O(2)–Zn(1)–O(2)i 88.1(4) O(2)iii–C(1)–O(1) 125.7(6) 
O(2)–Zn(1)–Zn(1)ii 80.5(2) O(2)iii–C(1)–C(2) 117.7(5) 
  O(1)–C(1)–C(2) 116.6(6) 
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Appendix 3.6 Selected bond lengths (Å) and bond angles (o) for MOF-2 at 100(2) K. Symmetry 

transformations: (i) ½-x, ½+y, ½-z; (ii) -x, 1-y, 1-z; (iii) x-½, ½-y, ½+z; (iv) ½+x, ½-y, z-½; (v) ½-x, y-½, 

½-z. 

Bond Bond length / [Å] Bond Bond length / [Å]
Zn(1)–Zn(1)ii 2.9389(5) O(1)–C(7) 1.235(3) 
Zn(1)–O(1) 2.010(2) O(2)–C(7) 1.242(3) 
Zn(1)–O(2)ii 2.049(2) C(1)–C(7) 1.502(3) 
Zn(1)–O(3)iii 2.055(2) C(6)–C(1) 1.398(3) 
Zn(1)–O(4)i 2.017(2) C(1)–C(2) 1.396(3) 
Zn(1)–O(5) 1.960(2) C(2)–C(3) 1.390(3) 
  C(5)–C(6) 1.389(3) 
Atoms Bond angle / [°] C(4)–C(3) 1.399(3) 
O(5)–Zn(1)–O(1) 102.46(8) C(5)–C(4) 1.398(3) 
O(5)–Zn(1)–O(2)ii 98.39(7) C(8)–C(4) 1.501(3) 
O(5)–Zn(1)–O(3)iii 97.68(7) O(3)–C(8) 1.234(3) 
O(5)–Zn(1)–O(4)i 103.59(7) O(4)–C(8) 1.238(3) 
O(5)–Zn(1)–Zn(1)ii 169.97(5)   
O(1)–Zn(1)–O(2)ii 158.61(8) Atoms Bond angle / [°] 
O(1)–Zn(1)–O(3)iii 87.6(1) C(7)–O(1)–Zn(1) 126.8(2) 
O(1)–Zn(1)–O(4)i 91.3(1) C(7)–O(2)–Zn(1)ii 130.4(2) 
O(1)–Zn(1)–Zn(1)ii 81.44(6) O(1)–C(7)–O(2) 124.0(2) 
O(4)i–Zn(1)–O(2)ii 88.4(1) O(1)–C(7)–C(1) 118.2(2) 
O(4)i–Zn(1)–O(3)iii 158.43(8) O(2)–C(7)–C(1) 117.8(2) 
O(4)i–Zn(1)–Zn(1)ii 85.42(6) C(2)–C(1)–C(6) 119.7(2) 
O(2)ii–Zn(1)–O(3)iii 85.0(1) C(2)–C(1)–C(7) 119.2(2) 
O(2)ii–Zn(1)–Zn(1)ii 77.21(6) C(6)–C(1)–C(7) 121.1(2) 
O(3)iii–Zn(1)–Zn(1)ii 73.10(6) C(3)–C(2)–C(1) 120.6(2) 
  C(2)–C(3)–C(4) 119.8(2) 
  C(5)–C(4)–C(3) 119.6(2) 
  C(5)–C(4)–C(8) 120.7(2) 
  C(3)–C(4)–C(8) 119.8(2) 
  C(6)–C(5)–C(4) 120.6(2) 
  C(5)–C(6)–C(1) 119.7(2) 
  C(8)–O(3)–Zn(1)iv 136.1(2) 
  C(8)–O(4)–Zn(1)v 121.3(2) 
  O(3)–C(8)–O(4) 123.9(2) 
  O(3)–C(8)–C(4) 117.2(2) 
  O(4)–C(8)–C(4) 118.9(2) 
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Appendix 4.1 Differences of the mean square displacement amplitudes (DMSDA) along the interatomic 

vector (bonds) in units of 10-4 Å2. 

Atom Atom Distance / [Å] DMSDA Comment 
BDCIII 

C(1) O(1) 1.2907(7) 0  
 O(2) 1.2381(8) -4  
 C(2) 1.5003(3) -2  
C(2) C(3) 1.3955(7) 4  
 C(4) 1.3963(8) 2  

BDCII
C(11) O(11) 1.2986(7) -1  
 O(12) 1.2379(8) 0  
 C(12) 1.4923(7) -1  
C(12) C(13) 1.3992(8) -1  
 C(14) 1.3962(8) 3  

BDCI 
C(21) O(21) 1.2678(6) -2  
 C(22) 1.4926(8) -6  
C(22) C(23) 1.3981(8) 6  
 C(27) 1.3951(7) 2  
C(24) C(25) 1.3993(7) -4  
C(25) C(26) 1.3947(8) -4  
 C(28) 1.4937(8) -4  
C(28) O(28) 1.2668(6) -1  
 O(29) 1.2551(6) -7  

Diethylformamide (DEF) 
O(31) C(31) 1.2425(10) -1  
N(31) C(31) 1.3317(10) 4  
 C(32A) 1.4635(4) 63 Disordered 
 C(32B) 1.4635(4) -64 Disordered 
 C(34) 1.4641(10) 7  
C(32A) C(33A) 1.511(4) 28 Disordered 
C(32B) C(33B) 1.511(3) -24 Disordered 
C(34) C(35) 1.5076(11) 0  

Diethylamine cation (DEA) 
N(51) C(52) 1.4983(9) 12  
 C(54) 1.4934(9) 2  
C(52) C(53) 1.5097(10) -2  
C(54) C(55) 1.5118(12) 2  
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Appendix 4.2 Residual density plots of 4 using resolution cut-offs at 0.8 Å-1 (left ) and using all data 

(right). The contour levels are 0.10 e/Å3 with solid contours being positive and dashed negative. 

 
The residual density in the plane of Co(1), O(1) and O(11).  

  
 

The residual density in the plane of Co(1), O(21) and O(28).  
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The residual density in the plane of Co(2), O(11) and O(22).   

  
 

The residual density in the plane of Co(2), O(22) and O(29).   
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The residual density in the plane of Co(2), O(11) and O(29). 

  
 

The residual density in the plane of the organic linker, BDCIII (C2, C3 and C4). 
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The residual density in the plane of the carboxylate group of BDCIII (C2, C1, O1 and O2). 

  
 

The residual density in the plane of the organic linker, BDCII (C12, C13 and C14). 
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The residual density in the plane of the carboxylate group of BDCII (C12, C11, O11 and O12).  

  
 

The residual density in the plane of the organic linker, BDCI (C22, C23, C24, C25, C26 and C27). 
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The residual density in the plane of the first of the carboxylate groups of BDCI (C22, C21, O21 and 

O22).  

  
 

The residual density in the plane of the first of the carboxylate groups of BDCI (C27, C28, O28 and 

O29). 
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The residual density of a plane in the central part of the diethyl amine cation, N(51), C(52) and C(54). 

  
 

The residual density of a plane in one of ethyl groups of the diethyl amine cation, N(51), C(52) and 

C(53). 
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The residual density of a plane of the other ethyl group in the diethyl amine cation, N(51), C(54) and 

C(55). 

  
 

The residual density of a plane in the disordered diethylformamide molecule, C(31), O(31) and N(31). 
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The residual density of a plane in the disordered diethylformamide molecule, N(31), C(34) and C(35). 

  
 

The residual density of a plane in the disordered diethylformamide molecule, N(31), C(32A) and 

C(33A). 
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Appendix 4.3 Selected Co-O bond distances in 4 at 15 K and values reported by Poulsen et al. at 120 K.  

Bond Bond length 
(15K) / [Å] 

Bond length 
(120K) / [Å] 

Co(1)-Co(2) 3.22685(7) 3.239(3) 
Co(1)-O(1) 1.9392(4) 1.940(3) 
Co(1)-O(11) 1.9913(4) 1.998(2) 
Co(1)-O(21) 1.9801(6) 1.982(2) 
Co(1)-O(28) 1.9723(5) 1.979(2) 
Co(2)-O(11) 2.2071(4) 2.217(2) 
Co(2)-O(22) 2.0489(5) 2.053(2) 
Co(2)-O(29) 2.0301(5) 2.040(2) 

 

Appendix 4.4 Selected C-O bond distances of the carboxylate groups in 4 at 15 K and values reported 

by Poulsen et al. at 120K. 

Bond Bond length 
(15K) / [Å] 

Bond length 
(120K) / [Å] Group 

O(1)-C(1) 1.2907(7) 1.295(4) BDCIII 
O(2)-C(1) 1.2381(8) 1.236(4) BDCIII 

O(11)-C(11) 1.2986(7) 1.307(4) BDCII 
O(12)-C(11) 1.2379(8) 1.243(4) BDCII 
O(21)-C(21) 1.2678(6) 1.277(4) BDCI 
O(22)-C(21) 1.2572(7) 1.259(4) BDCI 
O(28)-C(28) 1.2668(6) 1.270(4) BDCI 
O(29)-C(28) 1.2551(6) 1.260(4) BDCI 

 

Appendix 4.5 Selected torsion angles of carboxylate groups with respect to the benzene rings of the 

BDC linkers in 4 at 15 K and values reported by Poulsen et al. at 120 K.  

Atoms Torsion angle
 (15K) / [°] 

Torsion angle 
 (120K) / [°] 

O(1)-C(1)-C(2)-C(3) 4.62(8) 4.4(3) 
O(2)-C(1)-C(2)-C(3) 5.50(6) 5.3(5) 
O(11)-C(11)-C(12)-C(13) 0.12(8) 0.5(3) 
O(12)-C(11)-C(12)-C(13) 2.55(5) 3.2(5) 
O(21)-C(21)-C(22)-C(23) 3.91(5) 3.0(5) 
O(22)-C(21)-C(22)-C(23) 5.52(8) 5.4(3) 
O(28)-C(28)-C(25)-C(26) 17.75(8) 18.2(3) 
O(29)-C(28)-C(25)-C(26) 17.24(5) 17.1(3) 
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Appendix 4.6 The static deformation densities and negative Laplacian maps of selected parts of the 

structure of 4. The contour levels of the static deformation densities are 0.1 e/Å3 with solid contours 

being positive and dashed negative. The contour levels are 2x⋅10y e/Å5 (x = 1,2,3 and y = -2,-1,0,1,2,3) 

with dashed being positive values of the Laplacian and solid being negative contours.   

 

The static deformation density and the negative Laplacian map of the plane Co(1), O(1) and O(11).  

  
 

The static deformation density and the negative Laplacian map of the plane Co(1), O(21) and O(28).  
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The static deformation density and the negative Laplacian map of the plane Co(2), O(11) and O(22).  

  
 

The static deformation density and the negative Laplacian map of the plane Co(2), O(22) and O(29).   
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The static deformation density and the negative Laplacian map of the plane Co(2), O(11) and O(29).   

  
 

The static deformation density and the negative Laplacian map of the organic linker molecule, BDCIII.   
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The static deformation density and the negative Laplacian map of the organic linker molecule, BDCII.  

  
 

The static deformation density and the negative Laplacian map of the organic linker molecule, BDCI.   
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Appendix 4.7 Topological values of non-metal bonds in 4. R: The bond distance between the two 

atoms. Rij (Å) is the sum of the distance from first atom trough the bcp to the other atom. d1 (Å) is the 

distance from the atom to the bcp and d2 (Å) is the distance from the bcp to the other atom. ρ is the 

electron density (e/Å3) and ∇2ρ is the Laplacian (e/Å5) at the bcp. ε is the ellipticity. G, V and H are the 

local kinetic, the local potential and the total energy density. The random errors of ρ and ∇2ρ estimated 

from the least squares refinement are significant underestimates of the real error and they are therefore 

not listed. Instead, values of ρ are presented with two decimals, while the Laplacian values are truncated 

after the first decimal. 

Bond R Rij d1 d2 ρ ∇2ρ ε 
BDCI 

O(21)-C(21) 1.2678(6) 1.2680 0.8053 0.4627 2.76 -39.5 0.17 
O(22)-C(21) 1.2572(7) 1.2577 0.7883 0.4694 2.84 -42. 3 0.14 
C(21)-C(22) 1.4926(8) 1.4926 0.7663 0.7263 1.84 -15.5 0.14 
C(22)-C(23) 1.3981(8) 1.3982 0.7203 0.6779 2.13 -19.4 0.19 
C(22)-C(27) 1.3951(7) 1.3951 0.6956 0.6996 2.23 -22.3 0.18 
C(23)-C(24) 1.3896(8) 1.3899 0.6968 0.6931 2.18 -21.0 0.16 
C(24)-C(25) 1.3993(7) 1.3995 0.6721 0.7275 2.24 -22.0 0.26 
C(25)-C(26) 1.3947(8) 1.3948 0.7087 0.6862 2.17 -21.0 0.21 
C(26)-C(27) 1.3889(8) 1.3890 0.6758 0.7132 2.14 -21.4 0.18 
C(25)-C(28) 1.4937(8) 1.4938 0.7473 0.7465 1.76 -13.6 0.20 
O(28)-C(28) 1.2668(6) 1.2668 0.8133 0.4535 2.80 -37.9 0.06 
O(29)-C(28) 1.2551(6) 1.2552 0.8020 0.4533 2.92 -42.5 0.03 

 

Bond R Rij d1 d2 ρ ∇2ρ ε 
BDCII 

O(11)-C(11) 1.2986(7) 1.2989 0.7925 0.5064 2.58 -35.6 0.14 
O(12)-C(11) 1.2379(8) 1.2382 0.8000 0.4382 2.87 -38.0 0.26 
C(11)-C(12) 1.4923(7) 1.4924 0.7652 0.7271 1.85 -15.6 0.24 
C(12)-C(13) 1.3992(8) 1.3992 0.6750 0.7242 2.10 -18.9 0.26 
C(12)-C(14) 1.3962(8) 1.3966 0.7094 0.6872 2.19 -20.8 0.23 
C(13)-C(14) 1.3900(7) 1.3901 0.6544 0.7357 2.14 -20.2 0.28 

BDCIII 
O(1)-C(1) 1.2907(7) 1.2908 0.7555 0.5353 2.59 -30.3 0.06 
O(2)-C(1) 1.2381(8) 1.2384 0.8082 0.4302 2.77 -29.1 0.22 
C(1)-C(2) 1.5003(7) 1.5003 0.7557 0.7446 1.97 -17.1 0.22 
C(2)-C(3) 1.3955(7) 1.3959 0.7053 0.6906 2.14 -20.2 0.16 
C(2)-C(4) 1.3963(8) 1.3964 0.7171 0.6793 2.19 -21.8 0.10 
C(3)-C(4) 1.3896(7) 1.3896 0.6732 0.7165 2.20 -20.7 0.23 
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Bond R Rij d1 d2 ρ ∇2ρ ε 

DEA 
N(51)-C(52) 1.4983(9) 1.5017 0.8973 0.6044 1.50 -7.2 0.27
N(51)-C(54) 1.4934(9) 1.4949 0.8928 0.6021 1.62 -10.8 0.16
N(51)-H(51A) 1.0330(7) 1.0330 0.7956 0.2374 1.80 -19.2 0.02
N(51)-H(51B) 1.0330(7) 1.0331 0.7657 0.2674 1.96 -21.5 0.04
C(52)-C(53) 1.5097(10) 1.5098 0.7772 0.7326 1.70 -13.5 0.03
C(54)-C(55) 1.5118(12) 1.5131 0.8068 0.7062 1.73 -14.4 0.17

Selected H-bonds 
O(12)-H(51B) 1.9200(5) 1.9428 1.2250 0.7178 0.18 2.8 0.11
O(31)-H(51A) 1.7298(7) 1.7326 1.1295 0.6031 0.27 3.6 0.04

 

 

Bond R Rij d1 d2 ρ ∇2ρ ε 
DEF I 

O(31)-C(31) 1.2425(10) 1.2429 0.8149  0.4280 2.91  -34.9 0.18
N(31)-C(31) 1.3317(10) 1.3336  0.7764 0.5572 2.38  -26.6 0.25
N(31)-C(32A) 1.4635(8) 1.4640 0.7315  0.7324 2.63  -14.0 0.04
N(31)-C(32B) 1.4635(8) 1.4663 0.7315  0.7348 2.63 -14.0 0.04
N(31)-C(34) 1.4641(10) 1.4656  0.8726  0.5930 1.69  -11.0 0.04
C(32A)-C(33A) 1.511(4) 1.7336  0.9817  0.7518 2.64  -14.7 1.34
C(32B)-C(33B) 1.511(3) 1.5648 1.0417 0.5231 2.64  -14.7 1.34
C(34)-C(35) 1.5076(11) 1.5077  0.8028 0.7049 1.66 -12.9 0.05
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Appendix 4.8 Topological values of metal-oxygen bond in 4. R: The bond distance between the two 

atoms. Rij (Å) is the sum of the distance from first atom trough the bcp to the other atom. d1 (Å) is the 

distance from the atom to the bcp and d2 (Å) is the distance from the bcp to the other atom. ρ is the 

electron density (e/Å3) and ∇2ρ is the Laplacian (e/Å5) at the bcp. G, V and H are the local kinetic, the 

local potential and the total energy density. The random errors of ρ and ∇2ρ estimated from the least 

squares refinement are significant underestimates of the real error and they are therefore not listed. 

Instead, values of ρ are presented with two decimals, while the Laplacian values are truncated after the 

first decimal. 

Bond R Rij d1 d2 ρ ∇2ρ 
Co(1)-O(1) 1.9392(4) 1.9395 0.9649 0.9746 0.67 13.3 
Co(1)-O(11) 1.9913(4) 1.9931 0.9752 1.0179 0.56 11.6 
Co(1)-O(21) 1.9801(6) 1.9891 0.9551 1.0340 0.46 11.5 
Co(1)-O(28) 1.9723(5) 2.0144 0.9666 1.0478 0.39 10.6 
Co(2)-O(11) 2.2071(4) 2.2150 1.0823 1.1327 0.25 5.6 
Co(2)-O(22) 2.0489(5) 2.0556 0.9968 1.0588 0.35 9.4 
Co(2)-O(29) 2.0301(5) 2.0391 0.9870 1.0521 0.41 9.6 

 

Bond G V H G/ρ H/ ρ |V|/G 
Co(1)-O(1) 1.03 -1.13 -0.10 1.54 -0.15 1.10 
Co(1)-O(11) 0.85 -0.89 -0.04 1.51 -0.07 1.05 
Co(1)-O(21) 0.76 -0.72 0.05 1.64 0.11 0.95 
Co(1)-O(28) 0.66 -0.59 0.08 1.69 0.20 0.89 
Co(2)-O(11) 0.34 -0.29 0.05 1.38 0.20 0.85 
Co(2)-O(22) 0.58 -0.50 0.08 1.65 0.23 0.86 
Co(2)-O(29) 0.63 -0.59 0.04 1.53 0.10 0.94 
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Appendix 4.9 Atomic properties determined using Bader AIM theory in the structure of 4. The net 

charge is derived from the monopole population and Bader charge from the zero-flux definition. TBV is 

the total basin volume, and ∆TBV is the volume difference between TBV and the volume with electron 

density above 0.002 a.u. in the units of Å3. The size of the dipole moment is defined as the length of the 

dipole vector. * are calculated from the ordered ethyl group. The atomic properties of the solvent 

molecules are poorly defined due to the disorder. 

  Net 
Charge 

Bader  
charge  

TBV   ∆TBV Dipole 
moment

  Net 
charge 

Bader  
charge  

TBV   ∆TBV Dipole 
moment 

Co(1) 2.07 1.88 66.6 0.7 0.03 BDCII 
Co(2) 2.05 1.91 58.1 0 0.00 O(11) -0.33 -1 89.5 4.5 0.26 
Sum 3.095 2.835      O(12) -0.18 -1.14 116.1 11 0.37 
BDCI C(11) -0.24 1.47 38.1 3.2 0.73 
O(21) -0.23 -1.06 106.4 5.5 0.23 C(12) -0.16 -0.17 77.8 10.5 0.06 
O(22) -0.18 -1.07 102.6 6.9 0.31 C(13) -0.26 -0.2 92.8 14.4 0.35 
C(21) -0.29 1.49 39.3 3.4 0.75 C(14) -0.38 -0.31 94.1 14.9 0.34 
C(22) -0.12 -0.15 80.6 13.6 0.11 H(13) 0.26 0.22 51.2 19.8 0.15 
C(23) -0.32 -0.23 89.5 10 0.39 H(14) 0.3 0.22 34.2 1.5 0.20 
C(24) -0.28 -0.19 92.4 13.7 0.39 Sum  -0.99 -0.91       
C(25) -0.17 -0.22 76.6 6.7 0.04 BDC III 
C(26) -0.21 -0.14 92.4 15.1 0.39 O(1) -0.17 -0.86 94.2 1.4 0.22 
C(27) -0.26 -0.21 99.1 21.6 0.34 O(2) -0.12 -1.08 118.2 7.6 0.55 
C(28) -0.26 1.58 39.9 5.3 0.72 C(1) -0.26 1.44 34.5 0 0.64 
O(28) -0.27 -1.12 105.9 5.6 0.48 C(2) -0.15 -0.19 67.2 0.8 0.07 
O(29) -0.25 -1.17 105.7 11.2 0.38 C(3) -0.25 -0.05 74.9 3 0.54 
H(23) 0.26 0.25 33.8 2.6 0.14 C(4) -0.26 0.02 75.4 4.8 0.54 
H(24) 0.3 0.25 35.9 1.9 0.18 H(3) 0.29 0.24 37.8 3.8 0.19 
H(26) 0.25 0.2 50.6 18.6 0.17 H(4) 0.24 0.18 34.1 1.5 0.15 
H(27) 0.28 0.23 36.7 5 0.17 Sum  -0.68 -0.3    
Sum  -1.75 -1.56       Total -0.32 0.07       
 

  



 

-A25- 
 

 
Appendix 4 

 
 

 Net 
Charge 

Bader 
charge TBV ∆TBV Dipole 

moment  Net 
Charge

Bader 
charge TBV ∆TBV Dipole 

moment
DEA solvent Solvent 
N(51) -0.08 -0. 99 70.2 0.7 0.20 O(31) -0.15 -1.15 112.4 8.2 0.59 
C(52) -0.75 -0.2 67.2 1.8 0.58 N(31) 0.04 -1.17 67.2 0.5 0.27 
C(53) -0.87 -0.37 87.5 9.4 0.46 C(31) -0.27 1.18 55.2 4.6 1.04 
C(54) -0.65 -0.06 65 1.1 0.63 H(31) 0.29 0.24 38.5 5.1 0.14 
C(55) -0.89 -0.3 82.8 4.3 0.78 C(32A)* -0.74     
H(51A) 0.39 0.5 17.4 0.6 0.14 C(32B)* -0.74     
H(51B) 0.3 0.46 21.1 2.7 0.11 C(33A)* -0.76     
H(52A) 0.27 0.13 40.1 1.9 0.22 C(33B)* -0.76     
H(52B) 0.32 0.2 50.3 15.7 0.16 C(34) -0.74 -0.23 73.3 5.6 0.75 
H(53A) 0.22 0.06 47.5 7.4 0.16 C(35) -0.76 -0.23 81.2 3.3 0.52 
H(53B) 0.3 0.13 50.8 12.3 0.26 H(34A) 0.37 0.3 45.6 16 0.15 
H(53C) 0.29 0.13 54.5 15.9 0.23 H(34B) 0.38 0.27 31.8 0.5 0.19 
H(54A) 0.29 0.16 36.7 0.5 0.19 H(35A) 0.3 0.16 37.9 1.5 0.19 
H(54B) 0.23 0.07 45.8 6.3 0.11 H(35B) 0.25 0.06 50.5 8.4 0.22 
H(55A) 0.34 0.22 32.8 1.2 0.13 H(35C) 0.28 0.11 37.9 0.8 0.25 
H(55B) 0.32 0.11 47.9 5.4 0.31 Sum 0.07 -0.02    
H(55C) 0.28 0.07 40.5 0.6 0.30 Sum 

total 0.06 0.37    Sum 0.31 0.32    
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Appendix 5.1 Powder X-ray diffraction patterns (Black) of 5 as synthesized shown in the 2θ-region 

from 0° to 50°. Theoretical patterns of 5 (red), the α- (green) and β-phase (blue) of hydroquinone, which 

are nominated 8 and 9 respectively, are shown for comparison. 

 
 

Powder X-ray diffraction pattern (Blue) of 6 as synthesized shown in the 2θ-region from 5° to 45°. The 

theoretical pattern of 6 (red) is shown for comparison. An impurity seems to be present in the sample 

batch (signal at 2θ ≈ 15°). 
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Powder X-ray diffraction pattern (Blue) of 7 as synthesized shown in the 2θ-region from 7° to 42°. The 

theoretical pattern of 7 (red) is shown for comparison.  
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Appendix 5.2 Fractional coordinates and equivalent mean square displacement parameters of 5.  

Atom x  y z Ueq (Å2) 
O1 0.20295(12) 0.72095(13) 0.47098(10) 0.0192(2) 
O5 0.72030(12) 0.24785(13) 0.23042(10) 0.0204(2) 
O10 0.52665(13) 0.60930(13) 0.24630(11) 0.0214(2) 
C1 0.10479(17) 0.60817(17) 0.48245(13) 0.0165(2) 
C2 0.18307(18) 0.44423(18) 0.39904(14) 0.0194(3) 
C3 -0.07814(17) 0.66371(18) 0.58356(14) 0.0188(3) 
C5 0.86204(16) 0.12317(17) 0.11818(14) 0.0157(2) 
C6 1.00675(17) -0.02520(17) 0.16448(14) 0.0169(2) 
C7 0.85542(17) 0.14800(17) -0.04683(14) 0.0176(2) 
C10 0.64939(17) 0.70963(18) 0.20943(14) 0.0192(3) 
C11 0.5266(2) 0.8952(2) 0.27862(18) 0.0296(3) 
C12 0.7214(2) 0.7015(2) 0.02652(16) 0.0279(3) 
H1 0.3052 0.6788 0.4036 0.029 
H2 0.3059 0.4066 0.3314 0.023 
H3 -0.1306 0.7735 0.6398 0.023 
H5 0.7559 0.2382 0.3185 0.031 
H6 1.0113 -0.0423 0.2747 0.02 
H7 0.7583 0.2472 -0.0782 0.021 
H10 0.5943 0.5033 0.2287 0.032 
H10A 0.7619 0.6585 0.2637 0.023 
H11A 0.484 0.8928 0.3944 0.044 
H11B 0.4147 0.9447 0.2274 0.044 
H11C 0.6029 0.9665 0.2582 0.044 
H12A 0.6114 0.7517 -0.027 0.042 
H12B 0.7949 0.5803 -0.0118 0.042 
H12C 0.8034 0.7673 0.0023 0.042 
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Appendix 5.3 Fractional coordinates and equivalent mean square displacement parameters of 6.  

Atom x  y z Ueq (Å2) 
O1 1.11374(12) 0.92360(16) 0.06191(7) 0.0250(3) 
O4 0.74358(13) 0.61493(16) 0.14634(7) 0.0262(4) 
O10 0.69570(13) 0.67542(16) 0.25797(7) 0.0279(4) 
N10 0.70080(16) 0.6512(2) 0.36401(8) 0.0269(4) 
C1 1.02386(16) 0.8501(2) 0.08552(9) 0.0180(4) 
C2 1.00307(16) 0.8678(2) 0.14811(9) 0.0178(4) 
C3 0.90994(16) 0.7905(2) 0.16918(9) 0.0175(4) 
C4 0.83705(17) 0.6942(2) 0.12785(9) 0.0183(4) 
C5 0.85770(17) 0.6760(2) 0.06521(9) 0.0194(4) 
C6 0.95019(18) 0.7540(2) 0.04428(9) 0.0204(4) 
C10 0.74362(18) 0.6190(2) 0.31101(10) 0.0247(5) 
C11 0.85048(19) 0.5143(2) 0.31579(10) 0.0268(5) 
C12 0.7483(2) 0.5872(3) 0.42702(9) 0.0290(5) 
C13 0.5964(2) 0.7519(3) 0.36019(11) 0.0308(5) 
H1 1.1512 0.9795 0.0906 0.037 
H2 1.0529 0.9332 0.1766 0.021 
H3 0.896 0.8035 0.212 0.021 
H4 0.7363 0.6393 0.1839 0.039 
H5 0.8083 0.6099 0.0368 0.023 
H6 0.9635 0.742 0.0013 0.025 
H11A 0.8718 0.5006 0.273 0.04 
H11B 0.8284 0.4187 0.3324 0.04 
H11C 0.9205 0.5557 0.3451 0.04 
H12A 0.8085 0.5107 0.4224 0.044 
H12B 0.6811 0.5432 0.445 0.044 
H12C 0.7871 0.6649 0.456 0.044 
H13A 0.6242 0.8472 0.3795 0.046 
H13B 0.5361 0.709 0.3836 0.046 
H13C 0.5592 0.7666 0.315 0.046 
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Appendix 5.4 Fractional coordinates and equivalent mean square displacement parameters for 7.  

Atom x  y z Ueq (Å2) 
O1 0.31711(17) -0.05779(9) 0.26014(5) 0.01858(19) 
O4 1.08455(17) 0.38070(9) 0.27173(5) 0.0217(2) 
O11 0.17756(16) 0.58584(9) 0.40370(5) 0.01778(18) 
O21 0.28021(16) 0.86069(9) 0.39612(5) 0.01753(19) 
O31 0.87579(17) 0.76270(9) 1.06161(5) 0.0211(2) 
O41 0.28385(17) 0.72175(9) 0.14297(5) 0.01966(19) 
N41 0.46627(19) 0.53912(10) 0.16242(6) 0.0161(2) 
C1 0.5087(2) 0.05105(12) 0.26095(6) 0.0146(2) 
C2 0.6900(2) 0.04178(12) 0.20929(7) 0.0164(2) 
C3 0.8810(2) 0.15285(13) 0.21414(7) 0.0175(2) 
C4 0.8928(2) 0.27398(12) 0.27066(7) 0.0162(2) 
C5 0.7100(2) 0.28347(12) 0.32177(7) 0.0163(2) 
C6 0.5180(2) 0.17251(12) 0.31677(7) 0.0160(2) 
C11 0.3416(2) 0.54627(12) 0.45223(6) 0.0149(2) 
C12 0.2749(2) 0.41806(12) 0.47328(7) 0.0166(2) 
C13 0.4329(2) 0.37087(12) 0.52120(7) 0.0158(2) 
C21 0.1397(2) 0.93271(12) 0.44678(6) 0.0141(2) 
C22 -0.0225(2) 1.01138(12) 0.42267(7) 0.0160(2) 
C23 -0.1619(2) 1.07867(12) 0.47645(7) 0.0165(2) 
C31 0.9419(2) 0.88082(12) 1.03167(7) 0.0155(2) 
C32 0.7662(2) 0.92274(12) 0.98790(7) 0.0163(2) 
C33 0.8236(2) 1.04077(12) 0.95607(7) 0.0166(2) 
C41 0.3489(2) 0.60671(13) 0.12018(7) 0.0173(2) 
C42 0.5336(2) 0.59636(13) 0.24500(7) 0.0177(2) 
C43 0.5193(2) 0.40064(13) 0.12701(8) 0.0222(3) 
C44 0.7807(3) 0.69134(14) 0.26141(8) 0.0227(3) 
C45 0.7789(2) 0.40531(14) 0.10321(7) 0.0222(3) 
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Atom x  y z Ueq (Å2)
H1 0.3289 -0.125 0.224 0.028 
H2 0.6829 -0.0407 0.1707 0.02 
H3 1.0047 0.1464 0.1787 0.021 
H4 1.0915 0.4403 0.3131 0.033 
H5 0.7166 0.3661 0.3602 0.02 
H6 0.3927 0.1796 0.3516 0.019 
H11 0.2235 0.6701 0.4011 0.027 
H12 0.1207 0.3621 0.4549 0.02 
H13 0.3872 0.2829 0.5356 0.019 
H21 0.2765 0.888 0.354 0.026 
H22 -0.0378 1.0191 0.37 0.019 
H23 -0.273 1.1328 0.4604 0.02 
H31 0.9958 0.7489 1.0875 0.032 
H32 0.6053 0.8702 0.9797 0.02 
H33 0.7025 1.0682 0.9258 0.02 
H41 0.3098 0.5638 0.0672 0.021 
H42A 0.5338 0.5176 0.2721 0.021 
H42B 0.4078 0.6498 0.2666 0.021 
H43A 0.4051 0.3603 0.0808 0.027 
H43B 0.4903 0.3377 0.1643 0.027 
H44A 0.9081 0.6375 0.2439 0.034 
H44B 0.8098 0.7293 0.3172 0.034 
H44C 0.7839 0.7686 0.2338 0.034 
H45A 0.815 0.475 0.0707 0.033 
H45B 0.7968 0.3129 0.074 0.033 
H45C 0.8924 0.431 0.1495 0.033 
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Appendix 5.5 The bond lengths [Å] of the hydroquinone molecules in the structures of 5, 6 and 7.  

Compound HQa(5) HQb(5) HQa(6) HQa(7) HQb(7) HQc(7) HQd(7) 
Cx1-Ox1 1.3836(14) 1.3770(14) 1.366(2) 1.3829(16) 1.3816(15) 1.3824(14) 1.3747(15)
Cx1-Cx2 1.3865(18) 1.3868(18) 1.389(2) 1.3901(17) 1.3851(17) 1.3893(17) 1.3878(17)
Cx2-Cx3 1.3879(17) 1.3854(17) 1.386(3) 1.3849(18) 1.3921(17) 1.3894(17) 1.3867(18)
Cx3-Cx4 1.3869(16) 1.3916(16) 1.388(3) 1.3921(16) 1.3922(18) 1.3843(16) 1.3912(18)
Cx4-Cx5   1.390(3) 1.3902(18)    
Cx5-Cx6   1.383(3) 1.3874(18)    
Cx6-Cx1   1.390(3) 1.3896(16)    
Cx4-Ox4   1.375(2) 1.3691(16)    

 

 

Appendix 5.6 The bond angles [°] of the hydroquinone molecules in the structures of 5, 6 and 7. 

 

 

  

Compound HQa(5) HQb(5) HQa(6) HQa(7) HQb(7) HQc(7) HQd(7) 
Cx2-Cx1-Ox1 122.64(10) 122.34(10) 123.02(17) 122.52(10) 117.29(11) 122.36(10) 118.19(11)
Cx6-Cx1-Ox1 117.48(11) 117.88(11) 117.75(16) 117.60(11) 122.37(11) 117.26(10) 122.53(11)
Cx1-Cx2-Cx3 119.99(11) 120.12(10) 120.33(17) 119.97(11) 120.29(12) 119.31(11) 120.51(12)
Cx2-Cx3-Cx4 120.13(12) 120.11(12) 120.17(17) 120.33(11) 119.38(11) 120.33(11) 120.21(11)
Cx3-Cx4-Cx5 119.88(11) 119.77(11) 119.68(17) 119.57(12) 120.33(11) 120.36(11) 119.28(11)
Cx4-Cx5-Cx6   119.94(17) 120.16(11)    
Cx5-Cx6-Cx1   120.65(17) 120.08(11)    
Cx6-Cx1-Cx2   119.23(17) 119.88(11)    
Cx3-Cx4-Ox4   122.49(16) 117.47(11)    
Cx5-Cx4-Ox4   117.83(16) 122.94(11)    
Variation of 
angle 0.13 0.23 0.67 0.43 0.62 0.69 0.72 
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Left: Hirshfeld surface of propan-2-ol(5) with dnorm ranging from -0.5Å (blue) to 0.5Å (red). Middle: 

The electrostatic potential plotted on the Hirshfeld surface of propan-2-ol(5) with values from 0.05 a.u. 

in the blue to -0.05 a.u. in the red region. Right: The electrostatic potential plotted on an isosurface of 

the electron density of 0.001 e/a.u.3 of propan-2-ol(5) with values from 0.05 a.u. in the blue to -0.05 a.u. 

in the red region.  

 
 

Same as above, but the molecules are turned ~180°.  
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Appendix 5.8 Left: Hirshfeld surface of HQa(6) with dnorm ranging from -0.5Å (blue) to 0.5Å (red). 

Middle: The electrostatic potential plotted on the Hirshfeld surface of HQa(6) with values from 0.05 a.u. 

in the blue to -0.05 a.u. in the red region. Right: The electrostatic potential plotted on an isosurface of 

the electron density of 0.001 e/a.u.3 of HQa(6) with values from 0.05 a.u. in the blue to -0.05 a.u. in the 

red region. 

 
Same as above, but the molecules are turned ~180°.  
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Left: Hirshfeld surface of DMA(6) with dnorm ranging from -0.5Å (blue) to 0.5Å (red). Middle: The 

electrostatic potential plotted on the Hirshfeld surface of DMA(6) with values from 0.05 a.u. in the blue 

to -0.05 a.u. in the red region. Right: The electrostatic potential plotted on an isosurface of the electron 

density of 0.001 e/a.u.3 of DMA(6) with values from 0.05 a.u. in the blue to -0.05 a.u. in the red region.  

 
Same as above, but the molecules are turned ~180°.  
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Left: Hirshfeld surface of HQd(7) with dnorm ranging from -0.5Å (blue) to 0.5Å (red). Middle: The 

electrostatic potential plotted on the Hirshfeld surface of HQd(7) with values from 0.05 a.u. in the blue 

to -0.05 a.u. in the red region. Right: The electrostatic potential plotted on an isosurface of the electron 

density of 0.001 e/a.u.3 of HQd(7) with values from 0.05 a.u. in the blue to -0.05 a.u. in the red region.  

        
Left: Hirshfeld surface of DEF(7) with dnorm ranging from -0.5Å (blue) to 0.5Å (red). Middle: The 

electrostatic potential plotted on the Hirshfeld surface of DEF(7) with values from 0.05 a.u. in the blue 

to -0.05 a.u. in the red region. Right: The electrostatic potential plotted on an isosurface of the electron 

density of 0.001 e/a.u.3 of DEF(7) with values from 0.05 a.u. in the blue to -0.05 a.u. in the red region.  

 
Same as above, but the molecules are turned ~180°.  
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Appendix 5.10 Fingerprint plots of the hydroquinone molecules HQa(5) (Top left), HQb(5) (Top right) 

and propan-2-ol(5) (Bottom left). Close contacts are divided into 5 regions; 1 is O···H, 2 is H···H, 3 is 

H···O, 4 is H···C and 5 is C···H.  
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Appendix 5.11 Fingerprint plots of the hydroquinone molecules HQa(6) (left) and DMA(6) (right). 

Close contacts are divided into 5 regions; 1 is O···H, 2 is H···H, 3 is H···O, 4 is H···C and 5 is C···H.  
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Appendix 5.12 Fingerprint plots of the hydroquinone molecules HQa(7) (top left), HQb(7) (top right), 

HQc(7) (middle left), HQd(7) (middle right) and DEF(7) (bottom left). Close contacts; 1 is O···H, 2 is 

H···H, 3 is H···O, 4 is H···C and 5 is C···H.  
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Appendix 5.13 Table of the calculated dipole moments of the molecules in the structures of 5, 6 and 7.  

Molecule Dipole moment Conformation
HQa(5) 0 D Trans 
HQb(5) 0 D Trans 
Propan-2-ol(5) 1.662 D  
HQa(6) 2.7316 D Cis 
DMA(6) 4.2132 D  
HQa(7) 0.3215 D Trans 
HQb(7) 0 D Trans 
HQc(7) 0 D Trans 
HQd(7) 0 D  Trans 
DEF(7) 4.3433 D  
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Appendix 6 

Appendix 6.1 Powder X-ray diffraction patterns (Black) of crystals as synthesized shown in the 2θ-

region from 0° to 50°. Theoretical patterns of 5 (red), 8 (green) and 9 (blue) of hydroquinone are shown 

for comparison.   

 
Appendix 6.2 Powder X-ray diffraction patterns (Black) of the crystals after 14 days shown in the 2θ-

region from 0° to 50°. Theoretical patterns of 5 (red), 8 (green) and 9 (blue) of hydroquinone are shown 

for comparison. 
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Appendix 6.3 Table of differences of mean-squares displacement amplitudes (DMSDA) along the 

interatomic vector (bonds) in units of 10-4Å2 of the framework structure of 9 using modelaniso. 

BDC I Distance / [Å] DMSDA
C(1) O(1) 1.3734 2 
 C(2) 1.3937 2 
 C(3) 1.3910 0 

 

Appendix 6.4 Residual maps of 9 using modelaniso obtained without any resolution cut-off. The maps 

are the hydroquinone molecule (left) and the N2 molecular residue (right). The contour intervals are 0.05 

eÅ-3 with solid blue contours being positive, red dashed negative, and green being contours of 0 eÅ-3. 

  
Residual maps of 9 using modelaniso using only data below a resolution of 0.8 Å-1. The maps include the 

hydroquinone molecule (left) and the N2 molecule (right). The contour intervals are 0.05 eÅ-3 with solid 

blue contours being positive, red dashed negative, and green being contours of 0 eÅ-3. 
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Appendix 6.5 Figures of front and back of dnorm-function mapped on the Hirshfeld surface of HQa(9). 

dnorm ranges from -0.5 Å (blue) to 0.5 Å (red). 

 
Figures of front and back of dnorm-function mapped on the Hirshfeld surface of HQa(8). dnorm ranges 

from -0.5 Å (blue) to 0.5 Å (red). 
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Figures of front and back of dnorm-function mapped on the Hirshfeld surface of HQb(8). dnorm ranges 

from -0.5 Å (blue) to 0.5 Å (red). 

 
 

Figures of front and back of dnorm-function mapped on the Hirshfeld surface of HQc(8). dnorm ranges 

from -0.5 Å (blue) to 0.5 Å (red). 
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Appendix 6.6 The static deformation density (left) and the Laplacian distribution (right) of the 

hydroquinone molecule in the charge distribution model using isotropic thermal vibrations for hydrogen 

atoms (modeliso). For the deformation density the contour intervals are 0.1 eÅ-3 with solid contours 

being positive and dashed negative. For the Laplacian map the contour levels are 2x⋅10y e/Å5 (x = 

0,1,2,3 and y = -2,-1,0,1,2,3) with dashed lines being positive values and solid lines negative.   

  
The static deformation density (left) and the Laplacian distribution (right) of the hydroquinone molecule 

in the charge distribution modelaniso. For the deformation density the contour intervals are 0.1 eÅ-3 with 

solid contours being positive and dashed negative. For the Laplacian map the contour levels are 2x⋅10y 

e/Å5 (x = 0,1,2,3 and y = -2,-1,0,1,2,3) with dashed lines being positive values and solid lines negative.   
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Appendix 6.7 Topological values of intramolecular bonds in 9 of modeliso at the bcps and bond 

distances. R: The bond distance between the two atoms. Rij (Å) is the sum of the distance from first 

atom trough the bcp to the other atom. d1 (Å) is the distance from the atom to the bcp. ρ is the electron 

density (e/Å3) and ∇2ρ is the Laplacian (e/Å5) at the bcp. ε is the ellipticity of the bond. 

Bond R Rij d1 ρ ∇2ρ ε 
O(1)-C(1) 1.3735(3) 1.3736 0.8286 1.97 -19.1 0.13 
O(1)-H(1) 0.9670(2) 0.9673 0.8107 2.15 -68.8 0.03 
C(1)-C(2) 1.3937(3) 1.3940 0.7264 2.13 -19.6 0.23 
C(1)-C(3) 1.3910(3) 1.3911 0.7146 2.14 -20.7 0.24 
C(2)-C(3) 1.3917(3) 1.3917 0.7067 2.08 -18.1 0.14 
C(2)-H(2) 1.0830(2) 1.0831 0.7402 1.79 -20.6 0.06 
C(3)-H(3) 1.0830(2) 1.0832 0.7264 1.80 -21.8 0.04 

 

Topological values of intramolecular bonds in 9 of modelaniso at the bcps and bond distances. R: The 

bond distance between the two atoms. Rij (Å) is the sum of the distance from first atom trough the bcp to 

the other atom. d1 (Å) is the distance from the atom to the. ρ is the electron density (e/Å3) and ∇2ρ is the 

Laplacian (e/Å5) at the bcp. ε is the ellipticity of the bond. 

Bond R Rij d1 ρ ∇2ρ ε 
O(1)-C(1) 1.3734(3) 1.3734 0.8274 1.98 -18.8 0.10 
O(1)-H(1) 0.9670(2) 0.9675 0.7784 2.29 -54.5 0.03 
C(1)-C(2) 1.3937(3) 1.3939 0.7263 2.13 -18.9 0.25 
C(1)-C(3) 1.3910(3) 1.3911 0.7151 2.14 -20.1 0.25 
C(2)-C(3) 1.3918(3) 1.3919 0.7034 2.09 -17.5 0.16 
C(2)-H(2) 1.0830(2) 1.0830 0.7053 1.92 -22.0 0.03 
C(3)-H(3) 1.0830(2) 1.0830 0.6845 1.94 -23.6 0.00 
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Appendix 7 

 
Appendix 7.1 Powder X-ray diffraction pattern (Blue) of 10 as synthesized shown in the 2θ-region from 

7° to 42°. The theoretical pattern of 10 (red) is shown for comparison.  
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Appendix 7.2 Details of the neutron experiment and subsequent refinement of the structure of 10. 

 10 
Empirical formula (C6H6O2)3·CH3CN 
Formula weight (g/mol) 371.38 
Crystal System Trigonal 
Space group P3 
T (K) 15(1) 
a (Å) 15.7845(2) 
c (Å) 6.1736(1) 
V (Å3) 1332.08(3) 
λ(Å) 0.9458Å 
μl (mm-1) 0.18 
Tmin / Tmax 0.6783 / 0.8028 
Nmeasured / Nunique 43696 / 5699 
Rint 0.0326 
sin(θmax)/λ (Å-1) 0.929 
Model 1 2 
Rall(F), R(F)2σ(I) 0.1027 / 0.0571 0.0892 / 0.0511 
wR(F2) 0.0865 0.0824 
Residual 1.36 / -2.44 2.08 / -1.41 
GoF 1.627 1.541 

 
 
Details of the X-ray data and subsequent multipole refinement of the structure of 10. 

10 
T (K) 15(1) 
μl (mm-1) 0.014 
Tmin / Tmax 1.00, 1.00 
Nmeasured 168552 
Rint (S <0.8 Å-1, S <1.2 Å-1, All) 0.061, 0.062, 0.071 
R(σ) 0.062 
sin(θmax)/λ (Å-1) 1.20 
Nobs(2σ(I)) 5463 
Npar 206 
R(F2), Rall(F2) 0.0373, 0.0592 
GoF 0.46 
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Appendix 7.3 The Hirshfeld rigid bond test was satisfactory fulfilled, and the specific values of the 

difference of mean-square displacement amplitudes (DMSDA) are listed below. 

Bond Bond length / [Å] DMSDA 
O(1) C(1) 1.3737 3 
O(1A) C(1A) 1.3737 3 
O(11) C(11) 1.3753 2 
O(14) C(14) 1.3746 1 
O(11A) C(11A) 1.3753 2 
O(14A) C(14A) 1.3746 1 
N(31) C(31) 1.1501 11 
N(31A) C(31A) 1.1501 11 
N(41) C(41) 1.1501 11 
C(1) C(2) 1.3968 2 
C(1) C(3A) 1.3942 1 
C(2) C(3) 1.3929 -4 
C(3) C(1A) 1.3942 -1 
C(1A) C(2A) 1.3967 2 
C(2A) C(3A) 1.3929 -4 
C(11) C(12) 1.3962 -6 
C(11) C(16) 1.3932 -4 
C(12) C(13) 1.3952 2 
C(13) C(14) 1.392 -3 
C(14) C(15) 1.3967 6 
C(15) C(16) 1.3951 2 
C(11A) C(12A) 1.3962 -6 
C(11A) C(16A) 1.3932 -4 
C(12A) C(13A) 1.3952 2 
C(13A) C(14A) 1.392 -3 
C(14A) C(15A) 1.3967 6 
C(15A) C(16A) 1.3951 2 
C(31) C(32) 1.4501 3 
C(31A) C(32A) 1.4501 3 
C(41) C(42) 1.4501 3 
Average 3.8 
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Appendix 7.4 Bond distances between the heavy atoms in 10 given in Å.  

Molecule Bond Bond length (15K) / [Å]

HQa(10) 

C(1)-O(1) 1.3736(7) 

C(1)-C(2) 1.3968(9)            

C(1)-C(3A) 1.3942(10)           

C(2)-C(3) 1.3929(10)           

C(1A)-O(1A) 1.3736(7) 

C(1A)-C(2A) 1.3968(9)            

C(1A)-C(3) 1.3942(10)           

C(2A)-C(3A) 1.3929(10)           

 

 

 

HQb(10) 

 

 

 

C(11)-O(11) 1.3753(7) 

C(11)-C(12) 1.3962(9)            

C(11)-C(16) 1.3932(9)            

C(12)-C(13) 1.3952(9)            

C(13)-C(14) 1.3920(9)            

C(14)-C(15) 1.3967(9) 

C(14)-O(14) 1.3746(7) 

C(15)-C(16) 1.3951(10)           

 

 

 

HQc(10) 

 

 

 

C(11A)-O(11A) 1.3753(7) 

C(11A)-C(12A) 1.3962(9)            

C(11A)-C(16A) 1.3932(9)            

C(12A)-C(13A) 1.3952(9)            

C(13A)-C(14A) 1.3920(9)            

C(14A)-C(15A) 1.3967(9) 

C(14A)-O(14A) 1.3746(7) 

C(15A)-C(16A) 1.3951(10)           

AceI 
N(31)-C(31) 1.1501(14)           

C(31)-C(32) 1.450(2)             

AceII 
N(31A)-C(31A) 1.1501(14)           

C(31A)-C(32A) 1.450(2)       

AceIII 
N(41)-C(41) 1.1501(14)           

C(41)-C(42) 1.450(2)             

 
 



 

-A54- 
 

 
Appendix 7 

 
Appendix 7.5 The front and back view of the dnorm-function is visualized on the Hirshfeld surface of the 

HQa(10) molecule. dnorm ranges from -0.5 Å (blue) to 0.5 Å (red). 

 
The front and back view of the dnorm-function is visualized on the Hirshfeld surface of the HQb(10) 

molecule. dnorm ranges from -0.5 Å (blue) to 0.5 Å (red). 
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The front and back view of the dnorm-function is visualized on the Hirshfeld surface of the HQc(10) 

molecule. dnorm ranges from -0.5 Å (blue) to 0.5 Å (red). 

 
The front and back view of the dnorm-function is visualized on the Hirshfeld surface of the AceI 

molecule. dnorm ranges from -0.5 Å (blue) to 0.5 Å (red). 
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The front and back view of the dnorm-function is visualized on the Hirshfeld surface of the AceII 

molecule. dnorm ranges from -0.5 Å (blue) to 0.5 Å (red). 

 
The front and back view of the dnorm-function is visualized on the Hirshfeld surface of the AceIII 

molecule. dnorm ranges from -0.5 Å (blue) to 0.5 Å (red). 
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Appendix 7.6 The static deformation density and the Laplacian distribution of selected molecules. For 

the deformation density the contour intervals are 0.1 eÅ-3 with solid contours being positive and dashed 

negative. For the Laplacian map the contour levels are 2x⋅10y e/Å5 (x = 0,1,2,3 and y = -2,-1,0,1,2,3) 

with dashed lines being positive values and solid lines negative.   

 

The static deformation density (left) and the Laplacian distribution (right) of HQa(10). 

  
 
 

The static deformation density (left) and the Laplacian distribution (right) of HQb(10). 
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The static deformation density (left) and the Laplacian distribution (right) of HQc(10). 

  
 

The static deformation density (left) and the Laplacian distribution (right) of AceI. 
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The static deformation density (left) and the Laplacian distribution (right) of AceII. 

  
 
 

The static deformation density (left) and the Laplacian distribution (right) of AceIII. 
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Appendix 7.7 Topological values of the intramolecular bonds in 10. R: The bond distance between the 

two atoms. Rij (Å) is the sum of the distance from first atom trough the bcp to the other atom. d1 (Å) is 

the distance from the bcp to the atom and d2 (Å) is the distance from the bcp to the other atom. ρ is the 

electron density (e/Å3) and ∇2ρ is the Laplacian (e/Å5) at the bcp. ε is the ellipticity of the bond. 

 
Bond R Rij d1 d2 ρ ∇2ρ ε 

HqI 
O(1)-C(1) 1.3736(7) 1.3737 0.8315 0.5422 1.93 -17.7     0.14 
O(1)-H(1) 0.9800(5)    0.9803 0.7706 0.2097 2.31 -46.8     0.16 
O(1A)-C(1A) 1.3736(7) 1.3739 0.8317 0.5422 1.94    -17.7     0.12 
O(1A)-H(1A) 0.9800(5)    0.9803 0.7706 0.2097 2.31    -46.8     0.16 
C(1)-C(2) 1.3968(9)    1.3970 0.7163 0.6807 2.09    -19.3     0.32 
C(1)-C(3A) 1.3942(10)  1.3942 0.7251 0.6691 2.19    -21.1     0.29 
C(2)-C(3) 1.3929(10)  1.3929 0.6917 0.7012 2.07    -19.0     0.27 
C(2)-H(2) 1.0870(6)    1.0871 0.7122 0.3749 1.87    -20.2     0.07 
C(3)-C(1A) 1.3942(10)  1.3942 0.6744 0.7198 2.21    -21.3     0.28 
C(3)-H(3) 1.0890(7) 1.0890 0.6962 0.3929 1.86    -21.3     0.05 
C(1A)-C(2A) 1.3968(9)    1.3970 0.7163 0.6807 2.09    -19.3     0.32 
C(2A)-C(3A) 1.3929(10)  1.3929 0.6866 0.7063 2.09    -19.2     0.26 
C(2A)-H(2A) 1.0870(6)    1.0871 0.7122 0.3748 1.87    -20.2     0.07 
C(3A)-H(3A) 1.0890(7) 1.0891 0.6962 0.3929 1.86    -21.3     0.05 

 
Bond R Rij d1 d2 ρ ∇2ρ ε 

HqII 
O(11)-C(11) 1.3753(7) 1.3754 0.8314 0.5440 1.93 -17.5 0.14 
O(11)-H(11) 0.9840(5)    0.9843 0.7718 0.2125 2.29 -45.6 0.16 
O(14)-C(14) 1.3746(7) 1.3748 0.8315 0.5433 1.93 -17.6 0.12 
O(14)-H(14) 0.9820(5) 0.9823 0.7712 0.2111 2.30 -46.2 0.16 
C(11)-C(12) 1.3962(9)    1.3964 0.7161 0.6803 2.09 -19.4 0.32 
C(11)-C(16) 1.3932(9)    1.3933 0.7247 0.6686 2.19 -21.2 0.29 
C(12)-C(13) 1.3952(9)    1.3952 0.6877 0.7075 2.08 -19.1 0.26 
C(12)-H(12) 1.0880(6)    1.0881 0.7129 0.3752 1.87 -20.1 0.07 
C(13)-C(14) 1.3920(9)    1.3921 0.6678 0.7242 2.19 -21.3 0.29 
C(13)-H(13) 1.0880(7)    1.0880 0.6955 0.3926 1.86 -21.4 0.05 
C(14)-C(15) 1.3967(9) 1.3969 0.7163 0.6806 2.09 -19.3 0.32 
C(15)-C(16) 1.3951(10)  1.3951 0.6877 0.7074 2.08 -19.1 0.26 
C(15)-H(15) 1.0850(6)    1.0851 0.7109 0.3742 1.88 -20.4 0.07 
C(16)-H(16) 1.0850(7)    1.0850 0.6935 0.3916 1.87 -21.6 0.05 
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Bond R Rij d1 d2 ρ ∇2ρ ε 
HqIII 

O(11A)-C(11A) 1.3753(7) 1.3755 0.8315 0.5440 1.93     -17.5      0.13 
O(11A)-H(11A) 0.9840(5)    0.9842 0.7718 0.2125 2.29     -45.6       0.16 
O(14A)-C(14A) 1.3746(7) 1.3747 0.8313 0.5434 1.93     -17.6    0.14 
O(14A)-H(14A) 0.9820(5) 0.9823 0.7712 0.2111 2.30     -46.2    0.16 
C(11A)-C(12A) 1.3962(9)    1.3964 0.7161 0.6803 2.09     -19.4 0.32 
C(11A)-C(16A) 1.3932(9)    1.3933 0.7247 0.6686 2.19  -21.2 0.29 
C(12A)-C(13A) 1.3952(9)    1.3952 0.6877 0.7075 2.08     -19.1       0.26 
C(12A)-H(12A) 1.0880(6)    1.0881 0.7129 0.3752 1.87     -20.1 0.07 
C(13A)-C(14A) 1.3920(9)    1.3921 0.6678 0.7242 2.19     -21.3 0.29 
C(13A)-H(13A) 1.0880(7)    1.0881 0.6955 0.3926 1.86 -21.4 0.05 
C(14A)-C(15A) 1.3967(9) 1.3969 0.7163 0.6806 2.09 -19.3 0.32 
C(15A)-C(16A) 1.3951(10)  1.3951 0.6877 0.7074 2.08 -19.1 0.26 
C(15A)-H(15A) 1.0850(6)    1.0851 0.7109 0.3742 1.88 -20.4 0.07 
C(16A)-H(16A) 1.0850(7)    1.0850 0.6935 0.3916 1.87 -21.6 0.05 

 

Bond R Rij d1 d2 ρ ∇2ρ ε 
AceI, AceII, AceIII 

N(31)-C(31) 1.1501(14) 1.1501 0.6328 0.5173 3.17 -29.2 0.00 

C(31)-C(32) 1.450(2)  1.4501 0.6516 0.7984 1.79 -13.2 0.00 
C(32)-H(32) 1.0810(6)  1.0824 0.6741 0.4083 1.83 -17.4 0.06 
N(31A)-C(31A) 1.1501(14)  1.1501 0.6328 0.5173 3.17 -29.2 0.00 
C(31A)-C(32A) 1.450(2)  1.4501 0.6519 0.7982 1.79 -13.2 0.00 
C(32A)-H(32A) 1.0810(7) 1.0823 0.6749 0.4074 1.84 -17.5 0.06 
N(41)-C(41) 1.1501(14) 1.1501 0.6328 0.5173 3.17 -29.2 0.00 
C(41)-C(42) 1.450(2) 1.4501 0.6518 0.7982 1.79 -13.2 0.00 
C(42)-H(42) 1.0810(7)  1.0823 0.6747 0.4077 1.84 -17.5 0.06 
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Appendix 7.8 Topological values of selected intermolecular bonds in 10. R: R: The bond distance 

between the two atoms. Rij (Å) is the sum of the distance from first atom trough the bcp to the other 

atom. d1 (Å) is the distance from the bcp to the atom. ρ is the electron density (e/Å3) and ∇2ρ is the 

Laplacian (e/Å5) at the bcp. ε is the ellipticity of the bond. G, V and H are the local kinetic, the local 

potential and the total energy density.   

 
 
Appendix 7.9 Topological values of selected intermolecular bonds in 10. R: R: The bond distance 

between the two atoms. Rij (Å) is the sum of the distance from first atom trough the bcp to the other 

atom. d1 (Å) is the distance from the bcp to the atom. ρ is the electron density (e/Å3) and ∇2ρ is the 

Laplacian (e/Å5) at the bcp. ε is the ellipticity of the bond. G, V and H are the local kinetic, the local 

potential and the total energy density.   

 
 
  

Bond R Rij d1 ρ ∇2ρ ε G V H G/ρ H/ρ |V|/ρ

O(1)-H(11A) 1.7520(4) 1.753 1.151 0.31 1.84 0.61 0.20 -0.27 -0.07 0.65 -0.23 1.36

O(1A)-H(11) 1.7520(4) 1.754 1.140 0.31 1.82 0.49 0.20 -0.27 -0.07 0.64 -0.23 1.36
O(11)-H(1A) 1.7619(4) 1.762 1.152 0.31 1.73 0.56 0.19 -0.27 -0.07 0.63 -0.24 1.38
O(14)-H(14A) 1.7549(4) 1.756 1.144 0.31 1.73 0.49 0.20 -0.27 -0.07 0.63 -0.24 1.38
O(11A)-H(1) 1.7619(4) 1.762 1.149 0.31 1.64 0.49 0.19 -0.27 -0.08 0.61 -0.25 1.40
O(14A)-H(14) 1.7549(4) 1.755 1.151 0.31 1.79 0.58 0.20 -0.27 -0.07 0.64 -0.24 1.37

Bond R Rij d1 ρ ∇2ρ ε G V H G/ρ H/ρ |V|/ρ 

O(1)-H(32A) 2.81 2.82 1.64 0.03 0.48 1.01 0.02 -0.02 0.01 0.82 0.30 0.64 

O(11A)-H(32A) 2.61 2.63 1.57 0.03 0.44 0.72 0.02 -0.01 0.01 0.78 0.27 0.65 
O(1A)-H(32) 2.80 2.83 1.70 0.03 0.45 0.45 0.02 -0.01 0.01 0.91 0.35 0.61 
O(11)-H(32) 2.60 2.62 1.53 0.04 0.61 0.28 0.03 -0.02 0.01 0.85 0.29 0.65 

O(14)-H(42) 2.60 2.60 1.51 0.04 0.51 0.27 0.03 -0.02 0.01 0.75 0.25 0.67 
O(14A)-H(42) 2.84 2.85 1.66 0.03 0.46 1.11 0.02 -0.01 0.01 0.84 0.31 0.63 
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Appendix 7.10 Topological values of selected intermolecular bonds in 10. R: The bond distance 

between the two atoms. Rij (Å) is the sum of the distance from first atom trough the bcp to the other 

atom. d1 (Å) is the distance from the bcp to the atom and d2 (Å) is the distance from the bcp to the other 

atom. ρ is the electron density (e/Å3) and ∇2ρ is the Laplacian (e/Å5) at the bcp. ε is the ellipticity of the 

bond. The critical point type is also listed, where bcp is a bond critical point and rcp is a ring critical 

point.   

  Bond R Rij d1 d2 ρ ∇2ρ ε CP 
N(31)-H(11) 2.60 2.65 1.48 1.18 0.05 0.74 2.56 Bcp 

N(31)-H(1A) 2.73 3.04 1.75 1.29 0.02 0.38  Rcp 
N(31A)-H(11A) 2.59 2.76 1.52 1.24 0.05 0.60  Rcp 
N(31A)-H(1) 2.71 2.84 1.47 1.37 0.05 0.75 1.78 Bcp 
  2.80 1.57 1.23 0.04 0.57  Rcp 
N(41)-H(14) 2.62 2.73 1.54 1.19 0.04 0.53 1.02 Bcp 
  2.77 1.48 1.28 0.05 0.79 1.13 Bcp 
  2.80 1.55 1.25 0.04 0.51  Rcp 
  2.78 1.53 1.25 0.04 0.59  Rcp 
N(41)-H(14A) 2.72 2.83 1.48 1.36 0.05 0.74 1.59 Bcp 
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Appendix 7.11 The atomic properties of 10 obtained by using Baders IAM theory. The net charge is 

derived from the monopole population and Bader charge from the zero-flux definition. TBV is the total 

basin volume, and ∆TBV is the volume difference between TBV and the volume with electron density 

above 0.002 a.u. in the units of Å3. The size of the dipole moment is defined as the length of the dipole 

vector.  

  Net  
Charge

Bader 
charge 

TBV  ∆TBV Dipole moment 

HQa(10) 
O(1) -0.10 -1.07 104.8 9.5 0.21 

O(1A) -0.10 -1.07 105.1 9.6 0.21 
C(1) -0.08 0.33 63.9 4.1 0.60 
C(2) -0.07 -0.07 84.8 5.9 0.17 
C(3) 0.00 -0.03 81.4 4.7 0.20 

C(1A) -0.08 0.34 65.2 6.3 0.59 
C(2A) -0.07 -0.07 84.5 6.4 0.18 
C(3A) 0.00 -0.02 80.9 4.0 0.22 
H(1) 0.11 0.59 11.3 0.4 0.12 
H(2) 0.06 0.10 42.7 4.5 0.12 
H(3) 0.08 0.13 41.6 4.7 0.09 

H(1A) 0.11 0.60 11.2 0.4 0.13 
H(2A) 0.06 0.10 42.5 4.0 0.13 
H(3A) 0.08 0.13 42.6 6.5 0.09 
Sum 0 -0.02    

 
  Net  

Charge 
Bader 
charge 

TBV   ∆TBV Dipole moment 

HQb(10) 
O(11) -0.10 -1.07 103.1 6.3 0.22 
O(14) -0.10 -1.07 102.4 6.6 0.21 
C(11) -0.08 0.33 64.2 4.6 0.60 
C(12) -0.07 -0.07 83.5 4.6 0.18 
C(13) 0.00 -0.02 80.2 3.5 0.22 
C(14) -0.08 0.33 65.4 6.6 0.60 
C(15) -0.07 -0.07 83.3 4.9 0.18 
C(16) 0.00 -0.02 80.6 4.0 0.22 
H(11) 0.11 0.59 11.3 0.3 0.13 
H(12) 0.06 0.10 43.5 5.2 0.12 
H(13) 0.08 0.13 41.2 4.2 0.09 
H(14) 0.11 0.59 11.0 0.3 0.13 
H(15) 0.06 0.10 43.0 4.4 0.13 
H(16) 0.08 0.13 42.1 5.5 0.10 
Sum 0 -0.03    
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  Net  
Charge 

Bader 
charge 

TBV   ∆TBV Dipole moment 

HQc(10) 
O(11A) -0.10 -1.07 102.7 7.1 0.20 
O(14A) -0.10 -1.07 104.5 9.0 0.22 
C(11A) -0.08 0.33 65.4 6.7 0.60 
C(12A) -0.07 -0.07 84.0 5.7 0.18 
C(13A) 0.00 -0.02 80.2 3.3 0.22 
C(14A) -0.08 0.33 63.3 3.6 0.60 
C(15A) -0.07 -0.07 84.0 5.7 0.18 
C(16A) 0.00 -0.02 80.7 4.3 0.22 
H(11A) 0.11 0.59 11.1 0.3 0.14 
H(12A) 0.06 0.10 43.7 5.0 0.13 
H(13A) 0.08 0.13 41.9 5.5 0.09 
H(14A) 0.11 0.59 11.5 0.4 0.13 
H(15A) 0.06 0.10 42.6 4.4 0.12 
H(16A) 0.08 0.13 41.5 4.3 0.10 

Sum 0 -0.02    
 

  Net  
Charge 

Bader 
charge 

TBV   ∆TBV Dipole moment 

AceI 
N(31) 0.20 0.08 110.1 8.5 0.10 
C(31) -0.12 0.31 102.5 13.9 0.07 
C(32) -0.08 -0.48 83.3 2.4 0.18 
H(32) 0.00 0.06 40.3 4.5 0.09 
Sum 0 0.09    

AceII 
N(41) 0.20 0.05 107.6 7.9 0.11 
C(41) -0.12 0.31 102.0 14.4 0.06 
C(42) -0.08 -0.48 84.7 3.3 0.16 
H(42) 0.00 0.07 40.5 4.7 0.09 
Sum 0 0.08    

AceIII 
N(31A) 0.20 0.05 107.1 8.2 0.11 
C(31A) -0.12 0.31 102.6 15.3 0.06 
C(32A) -0.08 -0.48 85.1 3.5 0.16 
H(32A) 0.00 0.07 40.9 5.1 0.09 

Sum 0 -0.08    
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Key indicators

Single-crystal X-ray study

T = 100 K

Mean �(C–C) = 0.002 Å

H-atom completeness 95%

Disorder in main residue

R factor = 0.022

wR factor = 0.054

Data-to-parameter ratio = 41.0

For details of how these key indicators were

automatically derived from the article, see

http://journals.iucr.org/e.

# 2005 International Union of Crystallography

Printed in Great Britain – all rights reserved

The crystal structure of the title compound,

{[Gd2(C8H4O4)3(C5H11NO)2]�H2O}n, consists of chains of Gd

atoms interconnected by a benzene-1,4-dicarboxylate (BDC)

linker. The chains are also intraconnected by carboxylate

groups from the BDC linker, thus generating a three-

dimensional framework with large cavities. The coordination

of the eight carboxylate O atoms around the GdIII ion is

distorted dodecahedral, due to the steric constraints of the

carboxylate groups. The large anisotropic displacement

parameters of the atoms of the coordinated diethylformamide

(DEF) and the disorder in their positions indicate loose

bonding to the framework, and hence solvent exchange may

be possible. Additionally, one water molecule is located in the

cavity.

Comment

Metal–organic frameworks (MOFs) are of great scientific

interest (Kitahawa et al., 2004; Lu, 2003; O0Keeffe et al., 2000).

Their potential use in gas storage has gained enormous

attention worldwide. Our main research effort has so far been

focused on the magnetic properties of these compounds

(Zhang et al., 2005), and in this context the title structure, (I),

is the first in a series of new MOFs which may combine

interesting magnetic effects and potential gas storage, due to

their electron-rich metal centres.

The structure of (I) consists of chains of carboxylate-

bridged GdIII atoms interconnected by benzene-1,4-

dicarboxylate (BDC) linkers. The Gd chains are aligned along

the c axis and thus there appears to be a unique magnetic

direction, as interchain distances (>9.7 Å) are much larger

than the intrachain Gd� � �Gd distance of 4.0363 (1) Å.

Received 29 March 2005

Accepted 9 June 2005

Online 17 June 2005



The GdIII ion is coordinated by seven O atoms from the

carboxylate groups and one O atom from the diethyl-

formamide (DEF) molecule. There is one �-bridging

carboxylate atom, O31, which bridges two Gd atoms with a

long [Gd—O 2.818 (1) Å] and a short [Gd—O 2.381 (1) Å]

bond. Not taking the long bond into account, the average

bond length of the remaining carboxylate O atoms, <Gd—

O(carboxylate)>, is 2.339 (1) Å, while <Gd—O(DEF)> is

2.428 (1) Å. The intraconnection of the Gd atoms by bridging

carboxylate (OCO)� groups and only one bridging O31 atom

gives rise to a disrupted Gd—O—Gd coupling.

The carboxylate groups in (I) are all delocalized, with an

average C—O bond length of 1.260 (2) Å. This gives a net

charge of �0.5 e� for each unique O atom. A formal electron

count suggests that the Gd atom has a charge of +3, which is in

agreement with the synthesis conditions.

In the crystal structure of (I), the inner parts of the voids are

occupied by DEF molecules, which are bonded directly to the

Gd atoms. As previously reported (Poulsen et al., 2004, 2005)

DEF solvent molecules do not only occupy the voids but also

bond directly to the metal centres. The ethyl groups of the

DEF molecule are disordered, with no overlap of atoms in the

two positions [occupancy factors of 0.622 (6) and 0.378 (6)]. A

single water molecule is found in the void, disordered over two

crystallographically equivalent positions (50:50%) only

1.086 Å apart. The two H atoms of this water molecule were

not located or included in the refinement.

Due to the bonding of the DEF molecule to the framework,

it has been possible to refine the anisotropic displacement

parameters of all non-H atoms. The displacement ellipsoid of

the methyl group atom C20 is highly elongated towards H20C.

This is probably due to further unresolved disorder.

Experimental

The title compound was prepared in an autoclave by adding a mixture

of benzene dicarboxylic acid (BDC; 1 mmol, 0.166 g) and diethyl-

formamide (DEF; 7 ml) to a solution of Gd(NO3)3 5H2O (1.0 mmol,

0.434 g) in DEF (3 ml). The mixture was kept at 383 K for 72 h. White

crystals of (I) suitable for single-crystal X-ray analysis were formed.

Crystal data

[Gd2(C8H4O4)3(C5H11NO)2]�H2O
Mr = 1025.13
Monoclinic, C2=c
a = 18.0582 (5) Å
b = 11.4381 (3) Å
c = 18.6791 (4) Å
� = 108.796 (1)�

V = 3652.44 (16) Å3

Z = 4

Dx = 1.864 Mg m�3

Mo K� radiation
Cell parameters from 7811

reflections
� = 2.8–42.4�

� = 3.67 mm�1

T = 100 (2) K
Block, white
0.20 � 0.05 � 0.05 mm

Data collection

Bruker X8 APEXII CCD-based
diffractometer

’ and ! scans
Absorption correction: multi-scan

(Blessing, 1995)
Tmin = 0.741, Tmax = 0.830

61459 measured reflections

11366 independent reflections
9378 reflections with I > 2�(I)
Rint = 0.039
�max = 43.0�

h = �33! 29
k = �20! 20
l = �33! 32

Refinement

Refinement on F 2

R[F 2 > 2�(F 2)] = 0.022
wR(F 2) = 0.054
S = 0.95
11366 reflections
277 parameters

H-atom parameters constrained
w = 1/[�2(Fo

2) + (0.0284P)2]
where P = (Fo

2 + 2Fc
2)/3

(�/�)max = 0.001
��max = 2.59 e Å�3

��min = �0.96 e Å�3

H atoms bonded to C atoms were included in calculated positions

(C—H = 0.95–0.99 Å) and refined in a riding-model approximation,

with Uiso(H) = 1.2Ueq(C), or 1.5Ueq(C) for methyl groups. The

disorder in the DEF molecule has no overlapping positions, and the

sum of the two disordered occupancies was fixed to unity. The nine

largest residual peaks were distributed within 0.75 Å around the Gd

atoms.

Data collection: APEX2 (Bruker–Nonius, 2004); cell refinement:

SAINT-Plus; data reduction: SAINT-Plus (Bruker–Nonius, 2004);

metal-organic papers
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Figure 1
Part of the structure of the title compound. The disorder of the ethyl
groups is shown with purple and turquoise bonds. For clarity, all ethyl H
atoms except H20C have been omitted. Displacement ellipsoids are
drawn at the 50% probability level.

Figure 2
A packing diagram for (I).



program(s) used to solve structure: SHELXS97 (Sheldrick, 1997);

program(s) used to refine structure: SHELXL97 (Sheldrick, 1997);

molecular graphics: XSHELL (Bruker, 2004); software used to

prepare material for publication: enCIFer (version 1.1; Allen et al.,

2004).

Financial support of this work by the Carlsberg Foundation

is gratefully acknowledged.
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The crystal structure of the title compound, [Gd(C14H8-

O4)1.5(C5H11NO)]n, comprises chains of Gd atoms intra-

connected by the carboxylate groups of the biphenyl-4,40-

dicarboxylate (BPDC) linkers, one of which is disposed about

a twofold axis. The Gd atom chains are aligned along the b axis

and are interconnected by BPDC linkers, creating a three-

dimensional framework. A single diethylformamide (DEF)

molecule is bonded to each Gd atom. This molecule is

positioned in the cavities formed by the interconnection of the

Gd atom chains via the BPDC linkers. Due to the steric

constraints of the carboxylate groups, the square antiprismatic

coordination geometry of eight O atoms (one from the DEF

molecule and seven from carboxylate groups) around Gd is

distorted.

Comment

Metal–organic frameworks (MOFs) are of great scientific

interest (O0Keeffe et al., 2000; Lu, 2003; Kitagawa et al., 2004).

Their potential use in gas storage has attracted enormous

attention world wide. Our main research has so far been

focused on the magnetic properties of these compounds

(Zhang et al., 2005) and, in this context, the title compound,

(I), is the second in a series of new MOFs which may combine

interesting magnetic effects and potential gas storage due to

their electron-rich metal centres.

The structure of (I) comprises chains of 4,40-biphenyl-

dicarboxylate (BPDC)-bridged Gd atoms interconnected by

BPDC linkers. The Gd chains are aligned along the b axis, and

thus there appears to be a unique magnetic direction, as the

interchain Gd� � �Gd distances (> 8.8 Å) are much longer than

the intrachain Gd� � �Gd distance of 4.5553 (1) Å.

Received 16 September 2005

Accepted 10 October 2005

Online 15 October 2005

Figure 1
Part of the structure of (I), showing the atomic numbering scheme. The
disorder of the ethyl groups is shown with purple and turquoise bonds,
and displacement ellipsoids are drawn at the 50% probability level.



The Gd ion is coordinated by seven O atoms from the

carboxylate groups and one O atom from the DEF molecule.

There is one bridging carboxylate atom, O2, which bridges two

neighbouring Gd atoms with long [Gd—O = 2.766 (2) Å] and

short [Gd—O = 2.396 (2) Å] bonds. Not taking the long bond

into account, the average length of the remaining bonds to

carboxylate O atoms is 2.356 (2) Å, while Gd—O(DEF) is

2.382 (2) Å. The connection of the Gd atoms by bridging

carboxylate groups and only one bridging atom, O2, gives rise

to a continuous Gd–O–Gd coupling. The carboxylate groups

are all delocalized, with an average C—O bond length of

1.260 (3) Å. This gives a net negative charge of 0.5 e for each

unique O atom. A formal electron count suggests that the Gd

atom has a charge of +3, which is in agreement with the

synthesis conditions.

In an earlier study, a Gd MOF based on the benzene-1,4-

dicarboxylate linker (BDC) has been characterized,

[Gd2(C8H4O4)3(C5H11NO)2�H2O], (II) (Poulsen, Overgaard et

al., 2005). The goal of the present study of (I) was to achieve a

similar framework, using a somewhat elongated organic linker

that would give longer interchain distances. Despite the

observation that the coordination of eight O atoms around the

Gd centres in (I) and (II) is similar, the framework structures

are not identical. Additionally, contrary to what is observed in

(II), the bridging atom O2 in (I) forms a continuous Gd–O–Gd

coupling throughout the Gd chain, which may result in a

better magnetic coupling of the Gd atoms within the metal-

atom chains. Furthermore, contrary to the coplanar BDC

linkers of the structure of (II), the � systems of the two

benzene rings of the BPDC linker of (I) are twisted with

respect to each other and with respect to the two carboxylate

groups, hence creating unaligned � systems. For one of the two

unique BPDC ligands, the twist occurs only along the main

axis of the BPDC linker, while the two benzene rings of the

other BPDC ligand are also bent with respect to each other,

resulting in a banana-shaped ligand.

The BPDC linkers of (I) span voids, which then are occu-

pied by the coordinated diethylformamide (DEF) solvent

molecules, bonded directly to the Gd atoms. This has

previously been reported in other MOF systems (Poulsen,

Bentien et al., 2005; Poulsen, Overgaard et al., 2005), where

DEF is bound directly to the metal centres.

Experimental

The title compound was prepared in an autoclave by adding a mixture

of biphenyldicarboxylic acid (1 mmol, 0.243 g) and diethylformamide

(DEF, 7 ml) to a solution of Gd(NO3)3�5H2O (1 mmol, 0.434 g)

dissolved in DEF (3 ml). This was kept at 403 K for 48 h. White

crystals of (I) suitable for single-crystal X-ray analysis were formed.

Crystal data

[Gd(C14H8O4)1.5(C5H11NO)2]
Mr = 618.70
Monoclinic, C2=c
a = 29.9380 (6) Å
b = 8.8060 (2) Å
c = 19.6782 (4) Å
� = 116.252 (1)�

V = 4652.75 (17) Å3

Z = 8

Dx = 1.766 Mg m�3

Mo K� radiation
Cell parameters from 5090

reflections
� = 2.3–28.8�

� = 2.90 mm�1

T = 120 (2) K
Block, white
0.08 � 0.03 � 0.03 mm

metal-organic papers
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Figure 2
A packing diagram for (I).



Data collection

Bruker SMART APEXII CCD
diffractometer

’ and ! scans
Absorption correction: multi-scan

(Blessing, 1995)
Tmin = 0.884, Tmax = 0.930

53683 measured reflections

7882 independent reflections
5967 reflections with I > 2�(I)
Rint = 0.068
�max = 31.8�

h = �44! 44
k = �12! 13
l = �28! 29

Refinement

Refinement on F 2

R[F 2 > 2�(F 2)] = 0.028
wR(F 2) = 0.057
S = 1.00
7882 reflections
338 parameters

H-atom parameters constrained
w = 1/[�2(Fo

2) + (0.024P)2]
where P = (Fo

2 + 2Fc
2)/3

(�/�)max = 0.002
��max = 1.19 e Å�3

��min = �1.01 e Å�3

The H atoms of the biphenyldicarboxylate linker and the

diethylformamide molecule were placed in calculated positions, with

C—H = 0.95 (aromatic), 0.98 (methyl) or 0.99 Å (methylene), and

with Uiso(H) = 1.2Ueq(aromatic and methylene C) or 1.5Ueq(methyl

C). Disorder in the DEF molecule was noted and resolved into two

sites (anisotropic refinement) with no overlapping positions; the

major component has a site occupancy factor of 0.533 (8). The

maximum and minimum residuals were distributed around the Gd

atom, at distances of 0.80 and 0.77 Å, respectively.

Data collection: APEX2 (Bruker Nonius, 2004); cell refinement:

SAINT-Plus (Bruker Nonius, 2004); data reduction: SAINT-Plus;

program(s) used to solve structure: SHELXS97 (Sheldrick, 1997);

program(s) used to refine structure: SHELXL97 (Sheldrick, 1997);

molecular graphics: XSHELL (Bruker Nonius, 2004); software used

to prepare material for publication: enCIFer (Version 1.1; Allen et al.,

2004).
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Abstract

Two new metal organic framework (MOF) structures have been obtained from the Zn–terephthalic acid (H2BDC)–dimethyl

formamide (DMF) system and examined by single-crystal X-ray diffraction: Zn(C8H4O4)(C3H7NO), 1, monoclinic C2/m,

a ¼ 11:1369ð5Þ, b ¼ 14:0217ð7Þ, c ¼ 7:9890ð4Þ (A, b ¼ 106:316ð1Þ1, V ¼ 1197:3ð1Þ (A3, T ¼ 180ð2ÞK, Z ¼ 4, R1 ¼ 0:060, wR2 ¼ 0:169,

S ¼ 1:27; Zn(HCO2)3(C2H8N), 2, trigonal R3̄c, a ¼ 8:1818ð1Þ, c ¼ 22:1235ð7Þ (A, V ¼ 1282:57ð5Þ (A3, T ¼ 180ð2ÞK, Z ¼ 6, R1 ¼ 0:014,
wR2 ¼ 0:039, S ¼ 1:11. Contrary to previously published structures in the same system, the crystals were obtained by solvothermal

synthesis at 381K. Structure 1 consists of 2-D layers stacked in an offset manner to accommodate DMF moieties coordinated to Zn2+

within voids in adjacent layers. Structure 2 consists of a 3-D network constructed from Zn2+ ions bridged by deprotonated formic acid

moieties. Over time, the structure of 1 rearranges to Zn(C8H4O4)(C3H7NO)(H2O) [monoclinic P21/n, a ¼ 6:6456ð2Þ, b ¼ 15:2232ð5Þ,
c ¼ 12:6148ð4Þ (A, b ¼ 104:110ð2Þ1, V ¼ 1237:70ð7Þ (A3, T ¼ 100ð2ÞK, Z ¼ 4, R1 ¼ 0:048, wR2 ¼ 0:100, S ¼ 1:07], which is identical to

the known MOF-2 structure, obtained by crystallization at ambient conditions. The three structures were determined from crystals with

similar crystal habits picked from a single solvothermal synthesis batch. The study demonstrates that MOF syntheses can give not only

multiple crystal structures under different conditions, but also that numerous different structures, including some that are metastable,

can be formed under identical conditions.

r 2005 Elsevier Inc. All rights reserved.
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1. Introduction

Synthesis and characterization of nanoporous metal
organic frameworks (MOFs) has spurred considerable
interest [1–6]. The very attractive feature of MOFs
compared to zeolites, e.g., is that the basic molecular
building blocks (reactants) are preserved in the final
assembled network. This offers the possibility for designing
networks, where both pore size and physical/chemical
properties can be manipulated by suitable selection of the
basic components. Numerous MOF materials have been
e front matter r 2005 Elsevier Inc. All rights reserved.
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synthesized and characterized with an amazing variety of
1-D, 2-D and 3-D structural characteristics [1–6]. One
major focus of the MOF activities has been the possibility
for using the huge open volume in the nanoporous voids
for gas storage. As an example, Yaghi and co-workers [7–9]
have reported a series of zinc-based 3-D cubic MOFs with
pore volumes exceeding those of zeolites and promising
gas-storage capabilities.
In our group, focus has been on magnetic MOFs, and in

particular on combining physical property characterization
(e.g., magnetic susceptibility, heat capacity) with X-ray
charge-density methods to obtain a microscopic under-
standing of the macroscopic material properties [10,11]. In
studies of magnetic MOFs, it is of interest to construct
non-magnetic reference systems that are isostructural to
the magnetic systems [12,13], and it was during such efforts

www.elsevier.com/locate/jssc
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that we obtained the present Zn-based MOFs. Zn-based
MOFs have indeed been the focus of many recent studies
[14–18]. We report here two new crystal structures derived
from the Zn–terephthalic acid (benzene-1,4-dicarboxylic
acid, H2BDC)–dimethyl formamide (DMF) system. Pre-
viously, Yaghi and co-workers have obtained the so-called
MOF-2, Zn(BDC)(DMF)(H2O) [19], and MOF-5,
Zn4O(BDC)3(DMF)8(C6H5Cl) [20], from the comparable
system by room-temperature crystallization. The MOF-5
structure has been characterized both with solvent mole-
cules in the voids (DMF, C6H5Cl) and fully desolvated, i.e.,
Zn4O(BDC)3 [20]. In a particularly thorough study, Wright
and co-workers [21] have shown that different structures
can be obtained from these basic reactants, and that some
of the structures can be reversibly interconverted. New
crystalline structures were also obtained when the basic
amorphous ‘‘ZnBDC’’ structure was treated with different
hydrogen-bonding solvents, demonstrating that the solvent
molecules must be considered in ‘‘framework formation
rather than inclusion into pre-existing frameworks’’ [21].
The Yaghi and Wright studies have also shown that
identical crystal structures (MOF-2) obtained in different
laboratories can exhibit different gas sorption properties.

In contrast to the previous studies, we have used
solvothermal synthesis. It has often been observed that
variation of the solvothermal process conditions (pressure,
temperature, time, concentration) can produce different
materials from the same reactants. The two new structures
described here reiterate that the synthetic control and
stereochemical understanding of MOF systems is challen-
ging, and the metastable nature of one of the products
demonstrates that kinetic factors can play an important
role in the self-assembly of MOFs.

2. Experimental

2.1. Synthesis

A solution of benzene-1,4-dicarboxylic acid (2mmol,
0.324 g) in DMF (8mL) was added to a solution of
Zn(NO3)2 � 6H2O (2mmol, 0.582 g) in DMF (2mL). The
mixture was heated in an autoclave for 4 days at 381K.
Cooling of the vessel to room temperature resulted at first
in two types of macroscopically similar colourless single
crystals (1 and 2) suitable for X-ray analysis. The sample
was kept in the solvent due to sensitivity to exposure in air.
The synthesis batch was re-examined after 12 months, and
a single crystal of MOF-2 was picked from the solution.

2.2. Crystallographic data collection and refinement

To examine the purity of the bulk sample, X-ray
diffraction data were measured on an STOE powder
diffractometer at the Department of Chemistry, University
of Aarhus, using Ge(111)-monochromated Cu Ka1 radia-
tion. The powder X-ray diagram reveals that several
crystalline phases are present immediately after the
synthesis. After 12 months, a new powder X-ray diagram
was recorded, which showed substantial changes. The
crystal structures of 1 and 2 were solved first, whereas our
analysis of MOF-2 was undertaken 1 year later. All three
crystals have similar crystal habits.
Due to the air-sensitive nature of the crystals, they were

mounted in protective oil and transferred rapidly to a cold
N2 gas stream. For compounds 1, Zn(C8H4O4)(C3H7NO),
and 2, Zn(HCO2)3(C2H8N), colourless crystals were
analysed using a Bruker-Nonius X8 APEXII diffract-
ometer at the Department of Chemistry, University of
Southern Denmark. For MOF-2, Zn(C8H4O4)(C3H7NO)
(H2O), data were collected on a similar instrument at the
Department of Chemistry, University of Aarhus. For 1 and
2, the temperature was kept at 180(2)K, and for MOF-2 at
100(2)K. Our collection of diffraction data at 100K allows
some comments to be made regarding the thermal
variation of the MOF-2 structure, see Section 3.4. In each
case, the data collections used combinations of o- and f-
scans with step widths of 0.3–0.51. The data were
integrated using the SAINT program [22], and normal-
izations, empirical absorption corrections and averaging of
the data sets were carried out with the program SADABS

[22]. The structures were solved using the direct methods
program SHELXS [23], and refined against F2 data using
SHELXL [23]. All H atoms bound to C atoms were placed
in calculated positions and allowed to ride during
subsequent refinement. The H atoms of the water molecule
in MOF-2 were located in difference Fourier maps and
refined without restraint with isotropic displacement
parameters. Experimental and refinement details are
summarized in Table 1, and the atomic coordinates for
the three structures are given in the Supplementary
material. Crystallographic data (excluding structure fac-
tors) have been deposited with the Cambridge Crystal-
lographic Data Centre as supplementary publications
CCDC-266351 (1), CCDC-266350 (2) and CCDC-271518
(MOF-2 at 100K). Copies of these data can be obtained
free of charge on application to CCDC, 12 Union Road,
Cambridge CB2 1EZ, UK (fax: +44 1223 336033; e-mail:
deposit@ccdc.cam.ac.uk).

3. Results and discussion

3.1. Crystal structure of 1

The structure of 1 contains carboxylate-bridged pairs of
Zn2+ ions interconnected by BDC linkers, forming a
continuous 2-D network parallel to the ð402Þ planes, Fig. 1.
A DMF molecule is bonded directly to Zn2+

(Zn(1)–O(10)), modelled as disordered over two equally
populated sites across a crystallographic mirror plane. The
coordination geometry around Zn(1) is a distorted square
pyramid, common for Zn2+ with coordination number five
[24]. The angles are distorted by up to 131 from regular
square-pyramidal geometry, and Zn(1) lies 0.36 Å above
the basal plane, see Table 2. The Zn?Zn distance of
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Table 1

Crystallographic and experimental details

1 2 MOF-2

Empirical formula Zn(C8H4O4)(C3H7NO) Zn(HCO2)3(C2H8N) Zn(C8H4O4)(C3H7NO)(H2O)

Formula weight 302.58 246.52 320.59

Z 4 6 4

Temperature (K) 180(2) 180(2) 100(2)

Wavelength (Å) 0.71073 0.71073 0.71073

Crystal system Monoclinic Trigonal Monoclinic

Space group C2/m R3̄c P21/n

a (Å) 11.1369(5) 8.1818(1) 6.6456(2)

b (Å) 14.0217(7) 8.1818(1) 15.2232(5)

c (Å) 7.9890(4) 22.1235(7) 12.6148(4)

b (deg.) 106.316(1) 90 104.110(2)

V (Å3) 1197.3(1) 1282.57(5) 1237.70(7)

rcalc (g cm
�3) 1.679 1.915 1.720

Crystal size (mm3) 0.20� 0.20� 0.10 0.12� 0.12� 0.05 0.15� 0.15� 0.10

m (mm�1) 2.063 2.872 1.933

Nmeasured 3148 2358 33664

Nunique 1372 356 5919

(sin y/l)max 0.6621 0.6667 0.8003

Rint 0.0461 0.0219 0.0357

Nobs [I42s(I)] 1223 335 4608

Npar 104 26 180

R1 [I42s(I)] 0.060 0.014 0.048

wR2 (all data) 0.169 0.039 0.100

GoF 1.27 1.11 1.07
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2.945(2) Å is typical of that observed in comparable
carboxylate-bridged dinuclear species (average 2.94(5) Å
from 12 structures in the Cambridge Structural Database
[25]).

Adjacent Zn(BDC)(DMF) layers stack with an offset
that allows the DMF ligands from adjacent layers to fill the
voids in the primary layer. The phenyl rings of the BDC
linkers are twisted ca 28(1)1 with respect to the two
carboxylate groups, to accommodate the DMF molecules
in these voids, Fig. 2. The displacement ellipsoids of C(3)
and C(4) have enlarged components perpendicular to the
plane of the phenyl ring, suggesting that the magnitude of
the twist is slightly variable between different BDC
molecules, or that there is some dynamic motion.

3.2. Crystal structure of 2

Structure 2 consists of Zn2+ interconnected by depro-
tonated formic acid moieties (HCO2

–) to form a 3-D
framework with stoichiometry [Zn(HCO2)3]n

n�, Fig. 3.
The anionic formate moiety is a decomposition product
of the reactant DMF. The structure is a Zn2+ analogue of
dimethylammonium copper(II) formate [26]. The coordi-
nation geometry of the six oxygen atoms around Zn2+ is
approximately octahedral, with a 1.31 maximum deviation
in the bond angles from a regular octahedron, see Table 3.
Dimethylammonium cations, (CH3)2NH2

+, are located in
the voids of the framework, also derived from decomposi-
tion of DMF. These are modelled as disordered about a
site of 32 (D3) point symmetry. The electrostatic interac-
tions between the anionic framework and cationic solvent
molecules are augmented by hydrogen bonding: the one
unique H atom of the NH2

+ group in the dimethylammo-
nium cation lies 2.02 Å from the nearest oxygen atom in the
framework (N(1)?O(1) ¼ 2.885(3) Å, N(1)–H(1A)?O(1)
¼ 1611), Fig. 3c.

3.3. Crystal structure of MOF-2 at 100 K

To assist the subsequent comparison, a brief description
of the MOF-2 structure (at 100K) is given here. The
structure comprises 2-D layers with connectivity identical
to those in compound 1, but with water molecules axially
coordinated to Zn2+, rather than DMF. The coordination
geometry around each individual Zn2+ ion is closely
comparable to that in 1, see Table 4. The 2-D layers in
MOF-2 are stacked with bifurcated hydrogen bonds
formed from the water molecule to the oxygen atoms of
two different carboxylate groups, Fig. 4c (O(5)?O(2)
¼ 2.963(3) Å, O(5)?O(3) ¼ 2.996(3) Å). The DMF mole-
cules are located within the voids in the planes of the 2-D
layers, accepting shorter (non-bifurcated) hydrogen
bonds from the water molecule (O(5)?O(6) ¼ 2.594(3) Å,
O(5)–H(2)?O(6) ¼ 176.8(2)1).

3.4. Comparison of the structures of 1 and MOF-2

Comparison of the structures of 1 and MOF-2 is
facilitated most readily by transforming the coordinate
systems so that the 2-D layers Zn(BDC)(X) (X ¼ DMF in 1
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Fig. 1. (a) 2-D layer structure of compound 1 with atom numbering. (b) Central coordination sphere around the Zn atoms with ellipsoids drawn at the

50% probability level. Note the local D4h point symmetry of the Zn2O8 unit. (c) 3-D framework with blue atoms depicting the DMF disorder. The methyl

groups and one hydrogen atom have been omitted for clarity.

H.F. Clausen et al. / Journal of Solid State Chemistry 178 (2005) 3342–3351 3345



ARTICLE IN PRESS

Fig. 2. Twists of the benzene rings in 1 due to the DMF molecules

approaching from the adjacent layers. The displacement ellipsoids are at a

50% probability level.

Fig. 3. (a) Layer of the framework structure of 2 showing the solvent

molecules located in the voids. In the left void, the solvent disorder is

shown, and in the right void one out of three solvent positions is shown.

(b) 3-D framework structure. (c) Hydrogen bonds between the solvent and

the framework.

Table 2

Selected bond lengths (Å) and bond angles (deg.) for 1

Zn(1)–O(1) 2.014(4) C(1)–O(1) 1.256(8)

Zn(1)–O(2) 2.042(5) C(1)iii–O(2) 1.248(8)

Zn(1)–O(10) 2.000(7) C(1)–C(2) 1.507(8)

Zn(1)–O(1)i 2.014(4) C(2)–C(3) 1.378(9)

Zn(1)–O(2)i 2.042(5) C(2)–C(4) 1.367(10)

Zn(1)?Zn(1)ii 2.945(2) C(3)–C(4)iv 1.368(9)

O(10)–Zn(1)–O(1) 103.1(2) C(1)–O(1)–Zn(1) 128.6(4)

O(10)–Zn(1)–O(2) 97.3(2) C(1)iii–O(2)–Zn(1) 125.5(4)

O(10)–Zn(1)–Zn(1)ii 176.8(2) C(4)–C(2)–C(3) 118.2(6)

O(1)–Zn(1)–O(1)i 85.1(3) C(4)–C(2)–C(1) 119.9(6)

O(1)–Zn(1)–O(2) 89.8(2) C(3)–C(2)–C(1) 121.9(6)

O(1)–Zn(1)–O(2)i 159.6(2) C(4)iv–C(3)–C(2) 121.6(6)

O(1)–Zn(1)–Zn(1)ii 79.1(2) C(2)–C(4)–C(3)iv 120.2(6)

O(2)–Zn(1)–O(2)i 88.1(4) O(2)iii–C(1)–O(1) 125.7(6)

O(2)–Zn(1)–Zn(1)ii 80.5(2) O(2)iii–C(1)–C(2) 117.7(5)

O(1)–C(1)–C(2) 116.6(6)

Symmetry transformations: (i) x, �y, z; (ii) 1�x, �y, 1�z; (iii) 1�x, y,

1�z; (iv) 1
2
� x; 1

2
� y; �z.
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and H2O in MOF-2) lie parallel to the ab-plane of the unit
cell. The transformed unit-cell parameters and space
groups for 1, MOF-2 at 100K and the MOF-2 structures
of Yaghi and co-workers [19] and Wright and co-workers
[21] are given in Table 5. Of the two room-temperature
MOF-2 structures, that of Wright is of higher precision and
is used to provide the values in the following discussion.

Although the layers have comparable connectivity in 1

and MOF-2, their geometrical differences are highlighted
clearly by the a and b parameters of the transformed unit
cells. In 1, the layers are rectangular and centred (the C-
centring), while in MOF-2, they are much closer to square
(but are not centred on account of a different alignment for
the central Zn2O8 moiety, Fig. 5). The areas of the ab-
planes in each case are closely comparable (234.4–
239.5 Å2), indicating that the difference reflects simply the
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Table 3

Selected bond lengths (Å) and bond angles (deg.) for 2

Zn(1)–O(1) 2.1072(7)

C(1)–O(1) 1.2493(10)

O(1)i–Zn(1)–O(1) 91.30(3)

O(1)i–Zn(1)–O(1)ii 88.70(3)

O(1)–Zn(1)–O(1)ii 180.0

O(1)i–Zn(1)–O(1)iii 180.0

C(1)–O(1)–Zn(1) 126.15(9)

O(1)vi–C(1)–O(1) 125.1(2)

Symmetry transformations: (i) �y, x�y, z; (ii) �x, �y, �z; (iii) y, y�x, �z;

(iv) 1
3
þ x � y; 2

3
� y; 1

6
� z.

Table 4

Selected bond lengths (Å) and bond angles (deg.) for MOF-2 at 100(2)K

Zn(1)–Zn(1)ii 2.9389(5) O(1)–C(7) 1.235(3)

Zn(1)–O(1) 2.010(2) O(2)–C(7) 1.242(3)

Zn(1)–O(2)ii 2.049(2) C(1)–C(7) 1.502(3)

Zn(1)–O(3)iii 2.055(2) C(6)–C(1) 1.398(3)

Zn(1)–O(4)i 2.017(2) C(1)–C(2) 1.396(3)

Zn(1)–O(5) 1.960(2) C(2)–C(3) 1.390(3)

C(5)–C(6) 1.389(3)

O(5)–Zn(1)–O(1) 102.46(8) C(4)–C(3) 1.399(3)

O(5)–Zn(1)–O(2)ii 98.39(7) C(5)–C(4) 1.398(3)

O(5)–Zn(1)–O(3)iii 97.68(7) C(8)–C(4) 1.501(3)

O(5)–Zn(1)–O(4)i 103.59(7) O(3)–C(8) 1.234(3)

O(5)–Zn(1)–Zn(1)ii 169.97(5) O(4)–C(8) 1.238(3)

O(1)–Zn(1)–O(2)ii 158.61(8)

O(1)–Zn(1)–O(3)iii 87.6(1) C(7)–O(1)–Zn(1) 126.8(2)

O(1)–Zn(1)–O(4)i 91.3(1) C(7)–O(2)–Zn(1)ii 130.4(2)

O(1)–Zn(1)–Zn(1)ii 81.44(6) O(1)–C(7)–O(2) 124.0(2)

O(4)i–Zn(1)–O(2)ii 88.4(1) O(1)–C(7)–C(1) 118.2(2)

O(4)i–Zn(1)–O(3)iii 158.43(8) O(2)–C(7)–C(1) 117.8(2)

O(4)i–Zn(1)–Zn(1)ii 85.42(6) C(2)–C(1)–C(6) 119.7(2)

O(2)ii–Zn(1)–O(3)iii 85.0(1) C(2)–C(1)–C(7) 119.2(2)

O(2)ii–Zn(1)–Zn(1)ii 77.21(6) C(6)–C(1)–C(7) 121.1(2)

O(3)iii–Zn(1)–Zn(1)ii 73.10(6) C(3)–C(2)–C(1) 120.6(2)

C(2)–C(3)–C(4) 119.8(2)

C(5)–C(4)–C(3) 119.6(2)

C(5)–C(4)–C(8) 120.7(2)

C(3)–C(4)–C(8) 119.8(2)

C(6)–C(5)–C(4) 120.6(2)

C(5)–C(6)–C(1) 119.7(2)

C(8)–O(3)–Zn(1)iv 136.1(2)

C(8)–O(4)–Zn(1)v 121.3(2)

O(3)–C(8)–O(4) 123.9(2)

O(3)–C(8)–C(4) 117.2(2)

O(4)–C(8)–C(4) 118.9(2)

Symmetry transformations: (i) 1
2
� x; 1

2
� y; 1

2
� z; (ii) �x, 1�y, 1�z;

(iii) x � 1
2
; 1
2
� y; 1

2
þ z; (iv) 1

2
þ x; 1

2
� y; z � 1

2
; (v) 1

2
� x; y � 1

2
; 1
2
� z.

H.F. Clausen et al. / Journal of Solid State Chemistry 178 (2005) 3342–3351 3347
degree of rectangular distortion of the layers. The
geometrical variation is accommodated by the framework
in two ways. First, the geometry of the Zn2O8 unit differs
between 1 and MOF-2. In 1, the Zn2O8 unit has essentially
regular D4h point symmetry,1 see Fig. 1, with both Zn2+
1The actual crystallographic 2/m (C2h) point symmetry is a consequence

of the twists of the phenyl rings of the BDC units away from co-planarity

with the carboxylate groups.
ions lying on the local four-fold rotation axis. In MOF-2,
there is a lateral distortion that is accompanied by tilting of
the BDC linkers with respect to the basal planes of the
ZnO5 square pyramids, see Fig. 4a. The direction of this
lateral distortion is perpendicular in adjacent Zn2O8 units
within each layer (i.e., there is not a concerted lateral
distortion of each layer). Secondly, the BDC linkers
themselves undergo some distortion from planarity: O(1),
O(2), O(3) and O(4) lie 0.01, 0.10, 0.07 and 0.19 Å,
respectively, from the least-squares plane defined by the
phenyl ring C(1)–C(6).
The Zn(BDC)(X) layers in both 1 and MOF-2 stack

along the c-axis of the transformed unit cells, with a
perpendicular separation between layers (defined as
c sin(180–b)) that is similar in the two cases: 5.11 Å for 1

and 5.20 Å for MOF-2 at 100K. However, the magnitude
of the layer offset is significantly different in the two
structures. The offset can be defined to lie parallel to the a-
axis of the transformed unit cells, and is given by
c cos(180–b). In MOF-2, the offset is relatively small, ca
4.13 Å. This accommodates the bifurcated hydrogen bonds
between the water molecule bonded to Zn2+ in one layer,
and the O atoms of the carboxylate groups in the adjacent
layer. The lateral distortion of the Zn2O8 units in MOF-2
serves to reduce the O?O distances between layers, so that
formation of the hydrogen bond appears to provide some
driving force for the distortion. In 1, the offset of adjacent
layers is much greater, ca 6.14 Å. This accommodates the
DMF molecules bonded to Zn2+ in one layer, i.e., the
larger offset allows these molecules to project into the voids
within the adjacent Zn(BDC)(DMF) layers. In MOF-2,
where these coordinated DMF moieties are not present, the
voids within each layer are occupied by non-coordinated
DMF solvent molecules.
The unit-cell volume of MOF-2 contracts by ca 30 Å3

between room temperature and 100K. The perpendicular
separation between layers (5.33 Å at room temperature)
decreases by ca 0.1 Å at 100K, while the lateral offset
between adjacent layers (4.18 Å at room temperature)
remains largely unaffected by the temperature change. The
most significant variation with temperature lies in the
bifurcated interlayer O–H?O hydrogen bond formed
from the water molecule to the O atoms of the carboxylate
groups: at room temperature, the bifurcated interaction is
essentially symmetrical (the O(5)?O(2) and O(5)?O(3)
distances of 3.00 Å do not differ significantly), while
at 100K the interaction becomes moderately, but signi-
ficantly, asymmetrical. The shortened hydrogen bonds
lie parallel to the BDC linkers lying along one direction
of the square 2-D layers, so that the offset of adjacent
layers is ca 0.3 Å greater parallel to this direction com-
pared to the perpendicular direction. This change in
the offset of the layers is accompanied by a small distor-
tion of the layers themselves towards rectangular, suggest-
ing that the layer geometry is correlated—at least to
some degree—with formation of this interlayer hydrogen
bond.
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Fig. 4. (a) 2-D layer structure of MOF-2 with atom numbering. Note the distortion of the Zn2O8 units from local D4h point symmetry. (b) Central

coordination sphere around the Zn atoms is shown with ellipsoids drawn at the 50% probability level. (c) Layer structure of MOF-2. All Zn atoms have

axial water ligands, but some have been omitted for clarity. Solvent DMF molecules are also omitted. The circle highlights the bifurcated hydrogen bond

formed between the water molecule and carboxylate groups in adjacent layers.

H.F. Clausen et al. / Journal of Solid State Chemistry 178 (2005) 3342–33513348
3.5. Conversion of 1 to MOF-2

It is interesting that the crystal habits of 1, 2 and MOF-2
are very similar and that the three crystal specimens were
obtained ultimately from the same synthesis batch. The
powder X-ray diffraction (PXRD) pattern measured
immediately after the synthesis reveals that the bulk sample
comprises almost exclusively 1, Fig. 6. The phase 2 is not
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Table 5

Details of the structure transformations for 1 and MOF-2

1 MOF-2 (100K) MOF-2 (Yaghi) [19] MOF-2 (Wright) [21]

Space group C2/m P21/n P21/n P21/n

a (Å) 11.1369(5) 6.6456(2) 6.718(3) 6.7334(3)

b (Å) 14.0217(7) 15.2232(5) 15.488(7) 15.5158(7)

c (Å) 7.9890(4) 12.6148(4) 12.430(8) 12.4532(6)

b (deg.) 106.316(1) 104.110(2) 102.83(4) 102.795(1)

V (Å3) 1197.3(1) 1237.70(7) 1261(1) 1268.7(2)

Transformation matrix 1 0 2

0 �1 0

0 0 �1

0
B@

1
CA

�1 0 1

0 �1 0

1 0 0

0
B@

1
CA

�1 0 1

0 �1 0

1 0 0

0
B@

1
CA

�1 0 1

0 �1 0

1 0 0

0
B@

1
CA

Transformed structure

Space group C2/m P21/a P21/a P21/a

a (Å) 16.714 15.626 15.386 15.438

b (Å) 14.022 15.223 15.488 15.516

c (Å) 7.989 6.646 6.718 6.773

b (deg.) 140.25 128.47 128.03 128.13

Fig. 5. Projection onto the plane of the layers in the transformed structures, illustrating the different layer offsets in 1 and MOF-2. The lower layer is

shaded black and the upper layer is shaded grey.
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visible, demonstrating that the single crystal picked from
solution is far from representative of the bulk. Two broad
peaks at ca 141 and 211 remain unaccounted for, suggesting
the presence of an additional unknown phase with low
crystallinity. There is no evidence of MOF-2 at this stage.
After 12 months, the PXRD pattern shows that MOF-2 is
the dominant phase, and there is no evidence of 1, Fig. 6.
In addition, peaks corresponding to 2 are now visible. This
is likely to reflect the apparent loss of crystallinity of the
MOF-2 phase compared to 1—the absolute intensity of the
diffraction pattern from MOF-2 is considerably less than
that from 1 so that diffraction from phase 2 becomes
apparent (e.g., the peak at 2y ¼ 201). Since phase 2 relies
on decomposition of DMF to produce formic acid
moieties, it is unlikely to increase after the initial synthesis.
The PXRD patterns demonstrate that the principal
product of the solvothermal synthesis is the kinetic
(metastable) product 1, which converts completely to the
thermodynamic product MOF-2 over a period of 12
months. The phase 2, derived from decomposition of the
DMF moieties, is a minor phase that remains stable over
12 months.
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Fig. 6. X-ray powder diffraction diagrams of the initial synthesis product and after 12 months. The theoretical patterns refer to compound 1, 2 and

MOF-2. Note that the unit cells used for indexing are measured at 180, 180 and 293K for 1, 2 and MOF-2, respectively, whereas the powder data are

recorded at room temperature.
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4. Conclusion

Solvothermal synthesis has produced two new crystal
structures derived from the Zn–terephthalic acid–DMF
system. The major synthesis product is the metastable
Zn(C8H4O4)(C3H7NO), 1, which converts completely over
a period of 12 months to the known crystalline phase
MOF-2, the phase obtained by crystallization at ambient
conditions [19,21]. Thus, solvothermal synthesis in this
MOF system produces metastable products under kinetic
control. An additional phase, Zn(HCO2)3(C2H8N), 2, is
also produced, derived from decomposition of the DMF
moieties, demonstrating clearly the risks for undesired
reactant decomposition under these solvothermal condi-
tions. The phase 2 is stable over the 12-month period. The
study demonstrates that MOF syntheses can produce not
only multiple crystal structures under different conditions,
but also numerous different structures, including some that
are metastable, under identical conditions.

Appendix A. Supplementary materials

Supplementary data associated with this article can be
found in the online version at doi:10.1016/j.jssc.2005.
08.013
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[18] T. Loiseau, H. Muguerra, G. Férey, M. Haouas, F. Taulelle, J. Solid

State Chem. 178 (2005) 621– 628.

[19] H. Li, M. Eddaoudi, T.L. Groy, O.M. Yaghi, J. Am. Chem. Soc. 120

(1998) 8571– 8572.

[20] H. Li, M. Eddaoudi, M. O’Keeffe, O.M. Yaghi, Nature 402 (1999)

276– 279.

[21] M. Edgar, R. Mitchell, A.M.Z. Slawin, P. Lightfoot, P.A. Wright,

Chem. Eur. J. 7 (2001) 5168– 5175.

[22] G. M. Sheldrick, SAINT, Version 7.06a and SADABS, Version 2.10

within APEX2, Version 1.0-22, Bruker-Nonius B.V., Delft, The

Netherlands, 2004.

[23] G.M. Sheldrick, SHELXTL, Version 6.10, Bruker AXS Inc.,

Madison, WI, USA, 2000.

[24] F.A. Cotton, G. Wilkinson, C.A. Murillo, M. Bochmann, Advanced

Inorganic Chemistry, Wiley, New York, 1999.

[25] F.H. Allen, Acta Crystallogr. B 58 (2002) 380– 388 (CSD November

2004 release plus February 2005 and May 2005 updates (347763

entries in total)).

[26] E. Sletten, L.H. Jensen, Acta Crystallogr. B 29 (1973) 1752– 1756.

dx.doi.org/10.1016/j.jssc.2005.08.013
dx.doi.org/10.1016/j.jssc.2005.08.013


metal-organic papers

Acta Cryst. (2006). E62, m3333–m3335 doi:10.1107/S1600536806047143 Clausen et al. � [Eu2(C8H4O4)3(C5H11NO)2]�0.7H2O m3333

Acta Crystallographica Section E

Structure Reports
Online

ISSN 1600-5368

An Eu-based metal–organic framework: poly[[tris-
(l4-benzene-1,4-dicarboxylato)bis(l2-N,N-diethyl-
formamide)dieuropium(III)] 0.7-hydrate]

Henrik F. Clausen,a Jacob

Overgaard,a Rasmus D. Poulsen,a

Wolfgang Morgenrothb and

Bo B. Iversena*

aDepartment of Chemistry, University of Aarhus,

Langelandsgade 140, DK-8000 Aarhus C,

Denmark, and bDeutsches Electronen-Synchro-

tron, D3 beamline, Hasylab, Notkestrasse 85,

Hamburg D-22603, Germany

Correspondence e-mail: bo@chem.au.dk

Key indicators

Single-crystal synchrotron study

T = 100 K

Mean �(C–C) = 0.002 Å
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The crystal structure of the title compound, {[Eu2(C8H4O4)3-

(C5H11NO)2]�0.7H2O}n, consists of chains formed by Eu atoms

connected by the carboxylate groups of the benzene-1,4-

dicarboxylate (BDC) linker. The chains are interconnected by

BDC linkers, generating a three-dimensional framework with

large voids. The Eu atoms are coordinated by seven

carboxylate O atoms and one solvent O atom in a sterically

constrained manner due to the carboxylate group rigidity, and

this causes the coordination to be distorted dodecahedral. The

ethyl groups of the solvent ligand are disordered in the void.

The elongated Eu—O bond to the solvent indicates that it is

loosely bound to the framework, and hence solvent exchange

may be possible. In the void there is additionally one partly

occupied disordered water molecule.

Comment

Metal-organic frameworks (MOFs) are of great scientific

interest (Kitahawa et al., 2004; Lu, 2003; O’Keeffe et al., 2000).

Their potential use in gas storage has attracted enormous

attention worldwide. The main research activity in our group

has focused on the magnetic properties of these compounds

(Poulsen, Bentien et al., 2005). The present structure, (I), is

one in a series of MOFs which may combine interesting

magnetic effects and potential gas storage due to the electron-

rich metal centers. An isostructural Gd-based compound was

reported by Poulsen, Overgaard et al. (2005).



Eu atoms are connected by carboxylate groups of the

deprotonated terephthalate ligands, generating chains of

metal atoms. These chains are interconnected by the tereph-

thalate ligands, resulting in a three-dimensional network. The

intra-chain Eu� � �Eu distance is alternately 4.034 (2) and

5.572 (4) Å, whereas the inter-chain distance is much larger

(> 9.6 Å). This could lead to a unique magnetic direction along

the c axis of the unit cell.

The short intra-chain distance has four bridging carboxylate

groups and two direct�-bridging O atoms (O12). The bridging

atom has one short [Eu—O = 2.4007 (15) Å] and one long

[Eu—O = 2.7884 (18) Å] bond to the Eu atoms. Excluding the

longer bridging bond, the bond length average from the

carboxylate O atoms to the Eu atom, hEu—O(carboxylate)i, is

2.353 (2) Å. This average is smaller than the bond length to

the diethyl formamide molecule, hEu—O(DEF)i =

2.436 (6) Å, hence this molecule is more weakly bonded and

could be subject to solvent exchange. Because of the sterically

constrained carboxylate groups, the coordination of the Eu

atoms is distorted dodecahedral.

A slight degree of electron localization is observed in the

carboxylate group bridging the long Eu� � �Eu distance, while

the others are delocalized. A carboxylate group has a net

charge of �1e�, and a formal electron count suggests that the

Eu atom has a charge of +3, which is in agreement with the

synthesis conditions.

The voids of the network are occupied by disordered

solvent molecules [0.525 (3):0.475 (3)], which are directly

bonded to the Eu atoms. The bonding of solvent to the

framework metal center was previously reported in Mn-based

systems (Poulsen et al., 2004; Poulsen, Bentien et al., 2005).

A partially occupied water molecule [0.350 (8)], which is

disordered over two equivalent crystallographic positions, also

occupies the void. The large displacement parameter observed

for atom C19B could mask disorder related to hydrogen

bonding to the partly occupied water molecule, O99.

Experimental

The title compound was prepared by adding a mixture of EuCl3�6H2O

(1.0 mmol, 0.366 g) and DEF (3 ml) to a mixture of benzene-1,4-

dicarboxylic acid, H2BDC (1 mmol, 0.166 g), and DEF (7 ml) in an

autoclave. After heating at 393 K for 72 h, white crystals suitable for

single-crystal X-ray diffraction experiments were formed.

Crystal data

[Eu2(C8H4O4)3(C5H11NO)2]�-
0.7H2O

Mr = 505.08
Monoclinic, C2=c
a = 18.010 (7) Å
b = 11.478 (7) Å
c = 18.743 (12) Å
� = 108.91 (3)�

V = 3665 (4) Å3

Z = 8
Dx = 1.831 Mg m�3

Synchrotron radiation
� = 0.550 (1) Å
� = 1.63 mm�1

T = 100 (2) K
Rectangular block, white
0.10 � 0.10 � 0.08 mm

Data collection

Huber four-circle diffractometer
’ scans
Absorption correction: none
424451 measured reflections

22159 independent reflections
19344 reflections with I > 2�(I)
Rint = 0.126
�max = 38.8�

Refinement

Refinement on F 2

R[F 2 > 2�(F 2)] = 0.037
wR(F 2) = 0.090
S = 1.05
22159 reflections
288 parameters
H-atom parameters constrained

w = 1/[�2(Fo
2) + (0.0449P)2

+ 7.3908P]
where P = (Fo

2 + 2Fc
2)/3

(�/�)max = 0.011
��max = 3.47 e Å�3

��min = �3.26 e Å�3

Extinction correction: SHELXL97
Extinction coefficient: 0.00453 (17)
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Figure 1
The asymmetric unit of the title compound. The disorder of the ethyl
groups is shown with turquoise and red bonds (47%/53%). All ethyl H
atoms except H19D have been omitted for clarity. Displacement
ellipsoids are shown at the 50% probability level.

Figure 2
The packing of the structure, viewed along the c axis of the unit cell.



H atoms were included in calculated positions (C—H = 0.93–

0.97 Å) and refined in a riding-model approximation, with Uiso(H) =

1.2Ueq(C) for all H atoms besides the methyl groups, where the value

was 1.5Ueq(C). The disorder in the DEF molecule has no overlapping

positions, and the sum of two disordered occupancies was fixed at

unity. Bonding to the framework limits the disorder in the DEF

molecule and enabled refinement of the anisotropic displacement

parameters of all non-H atoms. The occupancy of the water molecule

was refined to 0.350 (8), and because of disorder the two H atoms

could not be located, but they are included in the formula. A

correction for the oblique incidence of the X-ray beam through the

detector has been made using a transmission factor of 0.37 for the

MarCCD detector measured at a wavelength of 0.55 &.

Data collection: MarF1D3 (Paulmann & Morgenroth, 2005); cell

refinement: XDS2004 (Kabsch, 1993); data reduction: XDS2004;

program(s) used to solve structure: SHELXS97 (Sheldrick, 1997);

program(s) used to refine structure: SHELXL97 (Sheldrick, 1997);

molecular graphics: XSHELL (Version 4.02); software used to

prepare material for publication: enCIFer (Version 1.2; Allen et al.,

2004).

"We gratefully acknowledge DANSYNC for funding and

DESY for beamtime at beamline D3.
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Short Strong Hydrogen Bonds in 2-Acetyl-1,8-dihydroxy-3,6-dimethylnaphthalene: An
Outlier to Current Hydrogen Bonding Theory?

Jesper Sørensen,†,§ Henrik F. Clausen,‡,§ Rasmus D. Poulsen,‡,§ Jacob Overgaard,§ and
Birgit Schiøtt* ,†,‡,§

Center for Insoluble Protein Structures and Interdisciplinary Nanoscience Center, Department of Chemistry,
UniVersity of Aarhus, 8000 Aarhus C, Denmark

ReceiVed: July 10, 2006; In Final Form: NoVember 6, 2006

The environmental influence on the electronic character of two O-H‚‚‚O hydrogen bonds in aâ-diketone,
2-acetyl-1,8-dihydroxy-3,6-dimethylnaphthalene, is studied by low-temperature synchrotron X-ray diffraction
and high-level density functional theory (DFT) calculations. It is revealed that one of the hydrogen bonds is
very strong, yet partial localization is found. This result is analyzed by atoms in molecules (AIM) theory and
applying the source function. Model compounds, with less steric strain, reveal that the strong hydrogen bond
is not merely a result of steric compression.

Introduction

The nature of the hydrogen bond (HB) has been a key issue
in natural science for decades, since HBs are involved in
numerous important contexts.1 As an example the possible
involvement of low-barrier hydrogen bonds (LBHBs) in enzyme
catalysis has been much discussed.2-8 It has been proposed that
the necessary requirements for LBHB formation is pKa matching
and a nonpolar environment.2,4,5 In a continued effort toward a
unified HB theory, Gilli et al.9 have categorized all HBs as
belonging to one of five classes: positive or negative charge-
assisted hydrogen bonds ((CAHB), resonance-assisted hydro-
gen bonds (RAHB), polarization-assisted hydrogen bonds
(PAHB), and isolated hydrogen bonds (IHB). Their studies have
devoted particular attention to RAHB systems, where the
unusual strength of the HB in neutral systems, such as
â-diketones, is believed to originate from electron delocalization
effects.9

We have an ongoing interest in the fundamental electronic
nature of strong HBs and our main approach has been to
combine very low-temperature, high-resolution X-ray and
neutron diffraction experiments with high-level density func-
tional theory (DFT) studies.10 By using the quantum theory of
atoms in molecules (QTAIM)11 to analyze the electron density
(ED) of the â-diketone benzoylacetone,1, we were able to
identify the partial covalent bond character of LBHBs.10a,bIt is
generally believed that in very strong HBs the potential energy
surface (PES) along the reaction coordinate is a single well.1

Crystal structure correlations have shown that in such cases the
HB becomes symmetric with a proton equally shared between
the two heteroatoms.1c In RAHB systems this is accompanied
by a fully symmetric keto-enol fragment with complete
delocalization.1d,9 Madsen et al.12 studied nitromalonamide
(NMA), which contains a very short RAHB (dO-O ) 2.39 Å).
Although the keto-enol fragment of NMA is perfectly sym-
metric, it was surprisingly observed that the HB itself was quite

unsymmetric. However, this could be rationalized through the
presence of intermolecular HBs to one of the key oxygen atoms.

Over the past decade, many attempts have appeared to
establish empirical correlations between various properties of
HBs. Efforts to correlate heteroatom distances to the strength
of the hydrogen bond as measured either by1H NMR, by bond
distance from neutron scattering experiments, or by theoretical
calculations have been made.1,9 Correlations based on topologi-
cal measures of the ED and the X‚‚‚H distance have led to
derivation of interatomic interaction potentials for HBs.13 For
RAHB systems a key structure correlation is betweendO-O and
the antisymmetric vibration parameterQ ) (d1 - d4) + (d3 -
d2),9 1. An attractive feature of this index is that is does not
require neutron diffraction data for accurate calculation, since
it is based on the non-hydrogen atom positions. A particularly
challenging problem has been to distinguish between short,
strong, single-well HBs (e.g., NMA) and LBHBs (e.g., ben-
zoylacetone,1) where the potential energy surface is character-
ized by two minima separated by a low barrier. Recently,
QTAIM theory has been used to resolve this by application of
the Bader and Gatti14 source function. The source function
divides the ED at a point in space, for example, a bond critical
point (BCP), into atomic contributions. It was shown that the
character of the HB is correlated with the sign of the contribution
from the hydrogen atom, negative for a weak (normal) HB and
positive for a strong HB.14 LBHBs are clearly distinguished from
short strong(CAHBs by showing an almost zero contribution
to the ED from the hydrogen atom.14

In this paper we present the 15(2) K synchrotron X-ray
diffraction structure of theâ-diketone 2-acetyl-1,8-dihydroxy-
3,6-dimethylnaphthalene, Figure 1. Single crystals were prepared
from standard methods for self-condensation of diacetylac-
etone.15 This almost planar molecule is neutral, and like
benzoylacetone, it packs in layers with large intermolecular

* To whom correspondence should be addressed: phone+45 8942 3953;
fax +45 8619 6199; e-mail birgit@chem.au.dk.

† Center for Insoluble Protein Structures.
‡ Interdisciplinary Nanoscience Center.
§ Department of Chemistry.
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distances; that is, it has very weak intermolecular interactions.16

Two short intramolecular O-H‚‚‚O interactions are found in
the molecule: one O-O distance is very short9 and must be
termed a RAHB [2.4031(7) Å], while the other is short9 [2.6073-
(7) Å] and also a RAHB-type interaction. The very strong HB
is among the shortest known O-H‚‚‚O HBs, and as for NMA
it falls outside the range typically associated with RAHBs.9c

Following the arguments above for NMA, one would thus expect
the keto-enol fragment to be symmetric. Furthermore, since
no intermolecular hydrogen bonds are present in the crystal,
then the HB itself should also be expected to be symmetric.1

As will be shown below, the keto-enol fragment is far from
symmetric and the strong HB is a severe outlier relative to
published RAHB correlations.9 One may argue that the presence
of the aromatic rings of the naphthalene unit will affect the
resonance assistance, thus not making it a true RAHB. But then
one, of course, must also ask why the HB is then so short and
presumably strong? For neutral systems, very strong HBs have
been observed only if they are assisted by resonance.9 It was
this fundamental discrepancy, a short O‚‚‚O distance combined
with apparentπ-localization, that prompted us to carry out a
detailed study of 2-acetyl-1,8-dihydroxy-3,6-dimethylnaphtha-
lene. Further interest comes from the fact that the molecule
possesses two O-H‚‚‚O HBs of different electronic nature. This
allows us to study in detail the difference in chemical environ-
ment between the two HBs. The core question bearing on all
HB research is, what chemical environment forces the distinction
between the two HB in this molecule? In other words, what
are the essential structural characteristics that determine the
shape of the PES of the HBs? We present an accurate very low-
temperature synchrotron X-ray diffraction structure in combina-
tion with high-level DFT calculations. As no significant
intermolecular contacts are observed in the crystal structure,
gas-phase calculations represent a good model of a molecule
in the crystal. To quantify differences between the HBs, the
computed ED is analyzed by QTAIM and the source function.
Finally, to evaluate the effects of the 3-methyl substituent on
the structure of the remaining part of the molecule, model
compounds lacking this group are analyzed.

Experimental Methods

Synthesis of 2-Acetyl-1,8-dihydroxy-3,6-dimethylnaphtha-
lene.The synthesis was based on standard procedures for a self-
condensation reaction of the diacetylacetone precursor.15 First

50 g of dehydroacetic acid was refluxed in 250 mL of 37%
hydrochloric acid until the formation of carbon dioxide had
stopped. After evaporation of the solvents, the remaining thick
brown gel was dissolved in 100 mL of 10% sodium hydroxide
solution. Barium hydroxide (120 g) was dissolved in boiling
water and added to the solution. The formed yellow precipitate
was dissolved in 15% hydrochloric acid and extracted by
chloroform. The obtained yellow-orange phase was evaporated,
giving a yellow-brown oil, which after distillation and recrys-
tallization from ethanol gave 16 g of the diacetylacetone
precursor.

Single crystals of 2-acetyl-1,8-dihydroxy-3,6-dimethylnaph-
thalene were obtained by heating the diacetylacetone (5 g) and
a few drops of piperidine over a boiling water bath. Every half
hour, 2 drops of piperidine was added. After 3 h the brown gel
was dissolved in boiling glacial acetic acid, and upon cooling,
yellow crystalline needles of 2-acetyl-1,8-dihydroxy-3,6-di-
methylnaphthalene were produced. These were subsequently
recrystallized in toluene to give larger crystals better suited for
single-crystal X-ray diffraction experiments.

Synchrotron X-ray Diffraction. For the synchrotron X-ray
data collection, a minute yellow single crystal (0.05× 0.03×
0.03 mm3) was mounted in protective oil on a glass fiber rod
glued to a small copper wire. This assembly was mounted on a
brass pin, which was placed on the goniometer of a Huber four-
circle diffractometer at the ChemMatCARS beam line at the
Advanced Photon Source (APS), Argonne National Laboratory,
Argonne, IL. The crystal was cooled to 15(2) K in a cold He
stream. The data collection was done inæ-scan mode with steps
of 0.2° (1 s exposure) and fixedω andø angles. The detector
distance was 7.36(1) cm. The diffracted intensity was recorded
with a Bruker charge-coupled device (CCD) detector mounted
on the 2θ arm of the diffractometer. The maximum resolution
was 1.13 Å-1, and a total of 18 044 reflections were integrated
with SAINT+.17 After integration, the data were corrected for
oblique incidence into the CCD detector,18 and aφ-correction
was performed with SADABS.17 Data were subsequently
averaged and corrected for absorption with SORTAV.19 In the
multipole modeling of the data, only reflections measured more
than twice were included in the refinements.

Structure Refinement.The crystal structure was solved and
preliminary refinements by use of the traditional spherical model
were performed with the direct methods program suite SHELX-
TL.20 For subsequent full-matrix least-squares multipolar refine-
ment based onF2, the Hansen and Coppens multipole model,
as implemented in the XD program,21 was used. The positional
and displacement parameters for the non-hydrogen atoms of the
initial structural model were refined with high-order data (sin
θ/λ > 0.8 Å-1) and kept fixed during the initial multipole
refinements. The complexity of the refinement was gradually
increased over a series of further refinements, and the final
multipole model included refinement of all structural parameters
and multipoles up to octupoles on all non-hydrogen atoms. Two
radial parameters were introduced on the two types, sp2 and
sp3, of carbon atoms as well as on the oxygen atoms, leading
to a total of 6κ values. Hydrogen atom bond distances were
constrained by use of tabulated neutron values,22 and each
hydrogen atom was refined by use of one monopole and one
bond-directed dipole. Hirschfeld’s23 rigid bond test shows that
all ∆U values are less than 8× 10-4 Å2, where the largest values
are found at the two methyl carbon atoms. A summary of the
crystallographic details is given in Table 1, and the results have
been deposited with the Cambridge Crystallographic Data Center
(CCDC). Supplementary crystallographic data for this paper is

Figure 1. Structure of 2-acetyl-1,8-dihydroxy-3,6-dimethylnaphthalene
at 15(2) K. Hydrogen atoms are placed on the basis of calculated
positions from standard neutron data for O-H and C-H distances.
Thermal ellipsoids for heteroatoms are drawn at the 90% level. The
short hydrogen bond of interest is enclosed in the box. Atom numbering
used throughout the study is shown.
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contained in CCDC 294262 and can be obtained free of charge
via www.ccdc.cam.ac.uk/datarequest/cif.

Theoretical Calculations

Calculations were carried out with the Gaussian 0324 suite
of programs at the B3LYP/6-31++G(d,p) level of theory,25 with
the experimental structure as the input structure. Tautomer3
was generated by manually moving H1 to O3 and subsequently
optimizing the geometry. The transition-state structure,TS, was
located by using the QST226 method as implemented in Gaussian
03. All structures are fully optimized and the stationary points
were assigned as minima or transition states from the number
of imaginary frequencies: zero for all minima and exactly one
for the TS. The zero-point vibrational energies were estimated
by the harmonic oscillator approach in Gaussian 03. NMR
chemical shifts values are computed by the GIAO27 method-
ology and all shifts are reported relative to tetramethylsilane.
For the atoms in molecules analysis, the program AIM200028

was used to locate and analyze critical points of the electron
density distribution. The program PROAIMV, included in the
AIMPAC29 program suite, was used to calculate atomic charges
as well as the contribution from each atomic basin to the charge
density at the bond critical points under investigation.

Results and Discussion

X-ray Structure Analysis. High-quality 15(2) K synchrotron
X-ray data for structural and multipole refinements were
measured at the ChemMatCARS beamline at the Advanced
Photon Source (APS) at the Argonne National Laboratory,
Argonne, IL. The final structure is displayed in Figure 1.
Elaborate crystallization efforts have been carried out to obtain
a single-crystal suitable for neutron diffraction, but so far without
success. Further discussion of the HB is therefore based on
theoretical calculations, but comparison of the optimized
structure with the coordinates of the non-hydrogen atoms
obtained from the very accurate X-ray data provides a reliability
check on the adequacy of the theoretical model. The X-ray data
allows us to establish that no structural disorder is present in
the crystal. For keto-enol systems it can be difficult, on the

basis of X-ray data, to distinguish between a symmetrically
placed hydrogen atom and two partially occupied disordered
hydrogens.30 However, the latter case will also have disorder
on the two oxygen sites due to the difference in bond lengths
between single and double C-O bonds. In the crystal structure,
refinement of such disorder will be absorbed in the atomic
displacement parameters. Therefore, as pointed out by several
authors, calculation of∆U values along the bond direction
provides a very sensitive probe for disorder.31 In the present
case the∆U values for C11-O3, C1-O2, and C8-O1 are 5
× 10-4, 2 × 10-4, and 3× 10-4Å2, respectively, which clearly
shows that these bonds are rigid. Gilli et al.9d have suggested
that theπ-delocalization can be more easily traced by testing
the rigidity of the carbon bonds in the enolone systems. Such a
test gives values of 2× 10-4 (C11-C2), 0× 10-4 (C2-C1),
and 1× 10-4 Å2 (C1-C9 and C9-C8), thus strongly indicating
that no signs of static or dynamic disorder in the crystal is
present.

Analysis of Tautomers.To fully account for the experimen-
tally observed structure, we have studied all tautomers of
2-acetyl-1,8-dihydroxy-3,6-dimethyl-naphthalene, namely,2, the
diphenolic tautomer, along with the two quinone-like tautomers,
structures3 and 4. The analysis also included locating the
transition state,TS, between2 and3. Selected geometrical data
of the optimized structures are found in Table 2 and in the
Supporting Information.

All attempts to optimize tautomer4 failed, as the hydrogen
atom H2 consistently transferred back to the other oxygen atom,
O1. Therefore data for this structure are not included in Table
2. This result shows that the HB between O1 and O2 must be
classified as a normal electrostatic HB. The heteroatomic
distances in tautomer2 resemble very well the experimentally
derived ones. This confirms that the level of theory applied is

TABLE 1: Experimental Details of Crystallographic
Measurements on 2-Acetyl-1,8-dihydroxy-3,6-
dimethylnaphthalene

property value

empirical formula C14H14O3

temperature,λ 15(2) K, 0.42 Å
space group P1h
a 7.217(2) Å
b 7.502(2) Å
c 10.654(3) Å
R 88.745(4)
â 74.281(6)
γ 76.141(5)
V, Z 538.5(4) Å3, 2
linear absorption coefficient 0.0111 mm-1

Tmin, Tmax 0.993, 1.000
(sin θ/λ)max 1.13 Å-1

no. of reflns collected 18 044
no. of independent reflns 6991 (Rint ) 0.0297)
no. of reflns used [I > 2σ(I)] 5328
no. of parameters 460
Npar/Nref 11.583
RF, RwF, Rall,F 0.0314, 0.0331, 0.0406
RF2, RwF2, Rall,F 0.0463, 0.0661, 0.0483
goodness-of-fit 1.0467
max. residual 0.33 e/Å3

TABLE 2: Selected Interatomic Distances in Ångstrøm (Å)
for the Tautomers of 2-Acetyl-1,8-dihydroxy-3,6-
dimethylnaphthalenea

bond 2 3 TS experiment

O3-H1 1.419 1.064 1.153 NA
O2-H1 1.040 1.366 1.229 NA
O3-O2 2.393 2.372 2.333 2.4031(7)
O2-H2 1.749 1.689 1.715 NA
O1-H2 0.977 0.988 0.984 NA
O2-O1 2.598 2.573 2.588 2.6073(7)
O3-C11 1.262 1.307 1.291 1.2635(6)
O2-C1 1.340 1.298 1.312 1.3374(6)
O1-C8 1.352 1.346 1.348 1.3594(6)
C11-C2 1.463 1.417 1.431 1.4666(7)
C2-C1 1.427 1.459 1.447 1.4254(8)
C1-C9 1.423 1.438 1.433 1.4339(7)
C9-C8 1.436 1.430 1.432 1.4365(8)

a Complete list is found in Supporting Information.
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adequate for modeling the structure of the molecule. Previous
calculations with a smaller basis set failed to give such a good
correlation with the experimental structure, especially for the
strong interaction.32a

A structural evaluation of the two O-H‚‚‚O interactions in
2 reveals that the left HB is indeed stronger as the O2-H1 bond
is elongated considerably more than O1-H2, 1.040 Å compared
to 0.977 Å. This fact is also represented in the heteroatom
distances in the two bonds, being 2.393 Å and 2.598 Å,
respectively, for the left strong HB and the right normal HB.
Theπ-delocalization index,λ ) 1/2(1 - Q/0.32),9a for the-O-
H‚‚‚O) interaction is found to be 0.32 in2 (O3‚‚‚H1-O2) and
0.42 for both-O-H‚‚‚O) systems present in3, O3-H1‚‚‚O2
and O2‚‚‚H2-O1.33 Recalling, that aλ value of 0.5 indicates a
fully delocalized ketoenolic system whereasλ values closer to
0 or 1 indicate localized bonding, it is seen that structure3 has
a more delocalizedπ-system than tautomer2. It is interesting
to note that even though the two-O-H‚‚‚O) systems in3
have the sameλ value, they differ by the fact that the shorter
interaction, O3‚‚‚H1-O2, shows almost identical carbon-
oxygen distances, indicating the partial localization is due to
differences in the two carbon-carbon distances, C1-C2 and
C2-C11. For the O2‚‚‚H2-O1 HB the situation is opposite,
with the two carbon-oxygen distances, C8-O1 and C1-O2,
being significantly different. By this, the molecule is able to
conserve the aromatic character of the naphthalene unit.

Table 3 summarizes computed electronic energies, zero-point
vibrational energies (ZPVE), and1H NMR chemical shifts for
the tautomers. Structure2 represents the tautomer with the
lowest electronic energy, in agreement with the structural
analysis above. The computed barrier for transfer of proton, H1,
is very low between tautomers2 and3, less than 1 kcal/mol in
either direction. This indicates that H1 is probably shared
between the two oxygen centers even at 15(2) K. Accurate
single-crystal neutron diffraction data are required for unequivo-
cal experimental verification. Calculation of zero-point vibration
energies points in the same direction, as the O-H stretching
frequencies are found to be well above the energy of the
transition state,TS, giving rise to an effective single-well PES
for O3‚‚‚H1-O2. The computed numbers for this stretching
frequency were 2484 cm-1 (3.6 kcal/mol) and 2182 cm-1 (3.1
kcal/mol) for2 and3, respectively. Even though the approxima-
tion of a harmonic potential is not perfect, it is not expected
that inclusion of anharmonicity in the calculation of the
vibrational frequencies will change the overall picture, because
the internal barrier is so low. On the basis of these DFT
calculations, we suggest that the left HB in2 is a double-well
potential with a very low barrier between the two minima, so
low that in practice the proton sits in a single-well potential.
This is consistent with the experimental observation of a fully
ordered crystal structure, without a fast dynamic transition
between a carbon-oxygen single and double bond, as would

be the case if the hydrogen atom were found in a dynamical
tautomeric equilibrium.

The computed1H NMR chemical shifts also point in the
direction of a short strong HB as the numbers for tautomer2
compare well with the experimentally determined solid-state
chemical shifts. However, as pointed out by Pacios and
Gómez,35aa low-field proton NMR signal by itself cannot define
the bonding character of a HB. Likewise, from computations
on a saturated model system, Del Bene and co-workers35b point
out that such a chemical shift can be obtained without resonance
assistance in the O-H‚‚‚O hydrogen-bonded system. In the
literature, attempts to correlate the NMR chemical shift directly
to structural parameters are found. Mildvan et al.36a have
proposed an empirical formula for prediction of the heteroatom
distance in O-H‚‚‚O hydrogen-bonded systems. When applied
to structure2, this formula fails for both of the intramolecular
HBs in the system, systematically estimating the O‚‚‚O distances
too high by about 0.1-0.2 Å. Similarly, Gilli and co-workers36b

have published a relationship predicting the chemical shift from
the O‚‚‚O distance. For this system, the predicted chemical shifts
are 18.4 and 11.4 ppm forδ(H1) andδ(H2), respectively, which
are in good qualitative agreement with computed values for2
and with the experimental shifts. We believe that the empirical
formulas may be further improved by inclusion of the bonding
angle of the hydrogen bond. When it deviates considerably from
being linear, this will undoubtedly influence the deshielding of
the proton and hence the measured NMR signal.

Atoms in Molecules Analysis.To gain further knowledge
of the electronic nature of the two HBs in2, we turned our
attention to QTAIM.11 Selected density measures at the BCPs
are compiled in Table 4. Only values related to the HBs are
listed. It is evident that the H2‚‚‚O2 interaction is a normal
HB.13d,37The very short HB, O3-H1‚‚‚O2, on the other hand,
has higher values for the ED at the BCP between H1 and both
oxygen atoms, indicating a stronger interaction. The Laplacian
shows the usual behavior10b with two covalent bonds in the TS
and only one in the two localized tautomers.

The last method used to characterize the two HBs is the
source function.14 The computed values are listed in Chart 1
for the four BCPs associated with the two HBs. It is clear that
O3-H1‚‚‚O2 shows covalency in both of the O-H interactions,
as positive contributions to the source function from H1 are
calculated in both BCPs, between H1 and O3 and between H1
and O2. The trend is very clear and it is even revealed that, in
the TS, the two bonds from H1 can be classified as “normal”
O-H covalent bonds as judged by the sign and value of the
source function, 33% and 29%. The other hydrogen-bonded
system, O2-H2‚‚‚O1, can be termed a normal electrostatic HB,
as all tautomers show a negative contribution from H2 to the

TABLE 3: Computed Electronic Energies and 1H NMR
Chemical Shifts for the Different Tautomers

structure 2 3 TS experiment

energy,a kcal/mol 0 0.87 1.01 NA
energy+ ZPVE,b kcal/mol 2.55 2.52 0 NA
δ (H1),c ppm 18.8 20.4 22.7 17.5
δ (H2),c ppm 10.3 12.4 11.7 9.9

a Energies are listed relative to2. b Electronic energies corrected for
ZPVE are listed relative toTS. c 1H NMR shifts (δ) are listed relative
to TMS.34

TABLE 4: Computed Molecular Properties at the Four
Bond Critical Points Involved in Intramolecular Hydrogen
Bonding for 2, 3, and TS

bond critical point

molecular propertya O3-H1 H1-O2 O2-H2 H2-O1

F (2) 0.098 0.282 0.040 0.349
F (TS) 0.205 0.165 0.044 0.341
F (3) 0.264 0.112 0.048 0.337
32F (2) 0.142 -1.360 0.131 -2.079
32F (TS) -0.637 -0.283 0.137 -2.013
32F (3) -1.171 0.092 0.144 -1.972

a Electron density (F) and Laplacian (32F) values are reported in
atomic units (au).
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O2-H2 electrostatic interaction and a large positive contribution
to the covalent bond between H2 and O1.

It is important to note that when the contributions from the
three hydrogen-bonded atoms are added in each of the four
BCPs in Chart 1, they all add up to more than 80% of the total
ED in all structures except for the electrostatic O2‚‚‚H2
interaction. In this HB, only 59%, 65%, and 61% of the density
in 2, 3, and TS originates from the three atoms in question.
This is in line with the observation by Gatti and co-workers14b

that, for weaker hydrogen bonds, more atoms contribute to the
density at the bond critical point. The remaining density
originates from almost all other atoms in the molecule. Another
interesting observation is the differences in the contributions
from O2 to the O3-H1 and O1-H2 BCPs. In none of the three
structures does O2 contribute to the normal O1-H2 interaction,
whereas it has a significant contribution to the O3-H1
interaction in all three structures and most notably in2, in which
it provides 22%. This indicates electron delocalization only in
the left keto-enol fragment. Yet the asymmetry parameter,λ,
points to comparableπ-delocalization in both keto-enol systems
in tautomer3. We speculate that these findings can be explained
by the fact that only tautomer2 allows for full delocalization
in the naphthalene fragment. In order to keep the fully
delocalized naphthalene system, C11-O3 has to be (mostly)
of double-bond character and C1-O2 must be a single bond,
which is found only in2. A consequence of this is that O3 is
sp2-hybridized, thereby orienting a lone pair on O3 directly
toward the H1-O2 hydrogen bond.

Model Compounds.One of the goals of this study is to reveal
how the observed inconsistency between the experimental
heteroatom separation, being short and indicative of a very
strong interaction, and the accompanyingπ-delocalization
parameters, pointing toward a localized system of a less strongly
interacting system, can be explained structurally. A careful
inspection of the structure of 2-acetyl-1,8-dihydroxy-3,6-
dimethylnaphthalene, Figure 1, reveals that steric strain may
be found in the compound between the 3-methyl group and the
2-acetyl group, as the two substituents in question are pushed
apart. Ideally, the two angles C9-C3-C13 and C10-C2-C11
should be 180°; in the crystal structure these angles deviate by
4.96(4)° and 4.94(4)°, respectively. Therefore, calculations were

set up for compounds where the 3-methyl group is not
included: 5, its tautomer6, and the transition state between
the two,TS56.

Computed structural parameters and electronic energies for
the tautomers are shown in Table 5. As predicted above, the
O2‚‚‚O3 distance is indeed lengthened upon removal of C13
and the accompanying removal of the imposed steric strain
between the substituents at the 2- and 3-positions in2. However,
the heteroatom distance between O2 and O3, 2.469 Å, falls just
inside the interval defined by Gilli and Gilli9c for the short strong
RAHB interactions. In line with this observation is the fact that
the C10-C2-C11 angle is closer to being linear in the
structures with no C13 methyl group; for comparison, angles
of 174.8°, 174.5°, and 175.2° are computed in2, 3, andTS.

The computed numbers reveal that the potential energy
surface is a double well with a very low barrier of 1.9 kcal/mol
between5 and 6. We do not believe that this slightly higher
barrier is sufficient to change the overall appearance of the
electronic characteristics of the molecule as other molecules,
for example, benzoylacetone, has been shown to have a double
well with an internal barrier of 2-3 kcal/mol and is character-
ized as an LBHB.10a,b,30 All structural and electron density
parameters are essentially unchanged when the C13 methyl
group is removed. The only major observed change is indeed
the heteroatom distance of the short hydrogen bond and the
NMR shift of H1 in the two tautomers. However, the distance
still falls in the short range of a RAHB as defined by Gilli and
Gilli, 9c and the value of the NMR shifts still reflect a strong
hydrogen bond. Notably, the two transition states,TS andTS56,
show almost identical structural, topological, and spectroscopic
features. Calculation of the source function for the structures
further supports the presence of covalency between H1 and both
oxygen atoms, O3 and O2. A positive contribution from H1 of
9% is computed for the H1‚‚‚O3 interaction in5, and 15% is
found for H1‚‚‚O2 in 6. The delocalization of theπ-system is
virtually unchanged upon removal of the C13 methyl group;
numbers computed forλ are 0.02-0.03 lower for5 and6 when
compared to those for2 and3. The structural and topological
analysis of the consequences of removal of C13 in 2-acetyl-

CHART 1: Source Function Contribution to the
Electron Density at Bond Critical Points of the Hydrogen
Bondsa

a Percentage contributions from the eight labeled atoms are listed
in matrices with rows corresponding to structures2, 3, and TS and
columns corresponding to the four hydrogen bonds. The first column
describes the contribution to O3‚‚‚H1, the second to H1‚‚‚O2, the third
to O2‚‚‚H2, and the last to H2‚‚‚O1. Only atoms contributing more
than 1% are included.

TABLE 5: Computed Structural Parameters for 5, 6, and
TS56

parameter 5 6 TS56

d(O3-H1), Å 1.524 1.042 1.163
d(O2-H1), Å 1.021 1.458 1.243
d(O3-O2), Å 2.469 2.434 2.358
d(O2-H2), Å 1.772 1.700 1.735
d(O1-H2), Å 0.978 0.988 0.983
d(O2-O1), Å 2.620 2.586 2.609
electronic energy,a kcal/mol 0.00 1.49 1.94
angle (C10-C2-C11), deg 178.5 178.7 177.4
λb 0.29 0.40 N/A
δ (H1), ppm 16.7 18.7 22.7
δ (H2), ppm 9.9 12.5 11.4
F (O3-H1), au 0.074 0.283 0.199
F (O2-H1), au 0.300 0.088 0.159
32F (O3-H1), au 0.166 -1.397 -0.619
32F (O2-H1), au -1.590 0.055 -0.257

a Energies are listed relative to5. b π-delocalization parameter.
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1,8-dihydroxy-3,6-dimethylnaphthalene thus points toward some
relief of steric strain but without removing this apparent
discrepancy between the trends in heteroatom distance and the
π-delocalization parameter and maintaining a short HB.

Strength of Hydrogen Bond.The question now remains with
respect to the strength of the hydrogen bond. It is not
straightforward to compute the hydrogen bond energy of
intramolecular hydrogen bonds, because any disruption of the
bond will always be associated with a conformational change
of the molecule and it is difficult to separate the energy differ-
ences into contributions from the formation of the hydrogen
bond and the conformational change. Keeping this precaution
in mind, we attempted to compute approximate hydrogen-
bonding energies for 2-acetyl-1,8-dihydroxy-3,6-dimethylnaph-
thalene and the analogue where the 3-methyl group is removed.
It is impossible to do simple rotations in tautomers2 and5 to
break the short hydrogen bond; therefore approximate energies
were extracted from conformations of3 and 6 by generating
conformers,3rot, and 6rot, by simple rotation of the hydroxyl
groups to break each of the short intramolecular hydrogen bonds.
The results indicate indeed that the short hydrogen bond is strong
s 22.1 kcal/mol in energy difference is computed between3
and3rot s whereas the longer hydrogen bond is weaker, as 9.5
kcal/mol is the calculated difference between2 and2rot. Relief
of steric strain by removal of the 3-methyl group in5 and 6
changes these two energy differences to 19.5 and 8.8 kcal/mol,
respectively.

Recently a report on correlations between hydrogen bond
energy and the topological parameters, electron density, or
Laplacian at the hydrogen bond critical point were published.38

Following the division in this report for the correlation between
hydrogen bond energy and the electron density calculated in
the bond critical point, the short hydrogen bond in 2-acetyl-
1,8-dihydroxy-3,6-dimethylnaphthalene, tautomers2 and3, must
be termed a very strong hydrogen bond, whereas the one in the
model compound, 2-acetyl-1,8-dihydroxy-6-methylnaphthalene,
5 and6, is bordering the ranges of a strong and a very strong
hydrogen bond, both well above an estimated 20 kcal/mol.

The final method we have employed to evaluate the hydrogen
bond energy of the two intramolecular hydrogen bonds is based
on the empirical relationshipEHB ) -1/2V,39 in which V, the
potential energy density in the bond critical point, can be
extracted by use of the Abramov functional.40 We have
previously shown10e that this method is comparable to extrapo-
lating the energy from structural and topological correlations
as well as computing from the theoretical wavefunction.
Hydrogen bond energies of 41.4 kcal/mol for2 and 27.9 kcal/
mol for 5 are computed.

Conclusion

In conclusion, we have examined the two HBs in 2-acetyl-
1,8-dihydroxy-3,6-dimethylnaphthalene by very low-temperature
synchrotron X-ray diffraction and high-level DFT calculations.
It is shown that the two intramolecular HBs are of different
electronic nature. All the applied methods suggest that O1-
H2‚‚‚O2 must be termed a short normal (electrostatic) HB.
Similarly, the O3-H1‚‚‚O2 interaction appears to be a short
strong covalent interaction, associated with a single-well PES

or a double-well PES with a proton-transfer barrier below the
zero-point energies, resulting in an effective potential with only
one (shared) position for the hydrogen atom. This finding is in
accordance with the results from the Hirschfeld rigid-body test.
A clear distinction between very short and strong covalent HBs
and short electrostatic HBs is obtained by the source function,
which gives (large) positive contributions from the hydrogen
atom in question to both heteroatoms when they are covalently
linked, similar to what has been found for benzoylacetone and
nitromalonamide.10eThe present study indicates, however, that
the keto-enol fragments lack fullπ-delocalization, which means
that the conventional RAHB mechanism may not be strongly
in play. It indicates that short strong hydrogen bonds can exist
in neutral systems without taking advantage of a conjugated
π-system, in line with the findings of Del Bene and co-
workers.35b RAHB may be a too-simplified way of looking at
chemical bonding in such complex systems where aromatic
fragments are parts of theâ-diketone system. Such special
systems should not just be left out of the overall picture for
HB theory, as they may be able to tell us what other chemical
components can be important in a molecule for formation of a
short strong HB. The extreme strength of the O3-H1‚‚‚O2 HB
in this molecule may therefore (partially) have another electronic
origin than RAHB,9 most likely associated with steric strain35b

or maybe the presence of the second phenol group. The presence
of parts of an aromatic system within theâ-keto-enol system
also contributes to the formation of the strong interaction. We
speculate that keeping a fully delocalized aromatic naphthalene
π-system is more favorable than delocalizing theâ-keto-enol
fragment, as revealed by the differences in electronic energies
between tautomers2 and3, thereby forcing the two interacting
oxygen atoms in close contact. Further studies of the topology
of the Laplacian may provide deeper insights.

The consequence of removal of some of the imposed steric
strain in 2-acetyl-1,8-dihydroxy-3,6-dimethylnaphthalene was
examined in model compounds lacking the 3-methyl group.
These results provided clear indications that the electronic
character of the short HB cannot be attributed only to steric
strain in the molecule. Along these lines, NMR measurements
indicates that a similar molecule lacking both the 3-methyl group
and the other hydroxyl group, 2-acetyl-1-hydroxynaphthalene,
has a weaker HB, as a proton shift of 14.0 ppm has been
reported.32b It will be interesting to study the electronic effect
of adding yet a third OH group to the structure. It can be
speculated that a structure similar to4 will then be stabilized,
thereby strengthening the second HB. Studies along these lines
are in progress in our group.
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Abstract: The charge density of Co2(CO)6(HCtCC6H10OH) (1) in the crystalline state has been determined
using multipolar refinement of single-crystal X-ray diffraction data collected (i) with a synchrotron source at
very low temperatures (15 K) and (ii) using a conventional source with the crystal at intermediate temperature
(100 K). The X-ray charge density model is augmented by complete active space and density functional
theory calculations. Topological analyses of the different charge distributions show that the two Co atoms
are not bonded to each other in the quantum theory of atoms in molecules (QTAIM) sense of the word.
However, the behavior of the source function and the total energy density indicate that there is some bond-
like character in the Co-Co interaction. The bridging alkyne fragment provides an unusual bonding situation,
with extremely small electron density differences between the two Co-C bond critical points and the “CoC2”
ring critical point. Thus, the structure is close to a topological catastrophe point. Comparison of the results
obtained from the two diffraction data sets and ab initio theory suggests that the topology of the experimental
electron density in this special atomic environment is highly sensitive to subtle effects of measurement
errors and potential shortcomings of the multipole model, or to effects of the crystal field. Thus, even the
two identical molecules in the asymmetric unit show altered bonding patterns.

Introduction

The nature of the chemical bonding in metal dimers and
clusters has been the subject of increased interest in recent
years.1 A number of methods, experimental as well as theoreti-
cal, have been introduced in attempts to analyze the bonding
situation in such compounds. The archetypal models attracting
the most attention are metal-carbonyl dimers, such as Co2-
(CO)8, which can bond with or without bridging carbonyl
groups. Closely related to these compounds are alkyne-bridged
dicobalt complexes, composed of Co(CO)3 dimers bridged by
an alkyne, which find use in organic synthesis via the Pauson-
Khand reaction, a method for regioselective synthesis of
cyclopentanones,2 and in nanotechnology as models for elec-
tronic communication along molecular wires.3 Cobalt-alkyne
complexes also show interesting anti-tumor properties and hold
promise for use in treatments for leukemia, although the mode
of this action has not been identified.4

Conventional electron counting suggests that these com-
pounds should exhibit a Co-Co single bond, in line with
magnetic measurements showing them to have a singlet ground
state and the fact that no line-broadening is seen in NMR spectra.
However, recent theoretical analysis of a model compound
shows a more complex situation:5 a more appropriate designation
is of a singlet diradical; i.e., the electronic structure has partial
occupation of Co-Co bonding and antibonding orbitals. This
finds support in topological analysis of the electron density,
which does not present any bonding interaction in the form of
a bond critical point (bcp)6 between the two Co atoms. On the
other hand, it has been suggested7 that a topological analysis
of the total electron density is insufficient for location of bonding
interactions in metal dimers, but analysis of the total energy
density and other descriptors can provide powerful insight into
bonding patterns where conventional electron density analysis
proves problematic.8 This has been illustrated for Co2(CO)7,
where energy density analysis gives evidence of a stabilizing
metal-metal interaction not found using the electron density
alone.7

More recently, Gatti has developed a novel method of analysis
based on the source function9 that allows identification of the
origin of electron densities and bonding interactions, and which

† University of Aarhus.
‡ Cardiff University.
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has previously been successfully applied to hydrogen bonding10

as well as to the study of metal-metal bonds.11 Gatti et al.11

conclude that previously successful descriptors of the nature of
bonding, such as the sign of the Laplacian or evaluation of the
ratio V/G and to some extent also the total energy density,H,
at the bcp’s, fail in the classification of these particular bonding
types for metal-metal bonds. However, theoretical delocaliza-
tion indices based on the atomic overlap matrix, and related
definitions of bond order, do demonstrate trends that can be
used to describe these interactions.12 The source function to
some extent mimics the behavior of these indices, and it is
therefore a very useful, experimentally derivable property which
may be used in the categorization of metal-metal bonding.

There are thus numerous methods available for the analysis
of bonding in metal dimer complexes. The present study
employs a combination of these methods, originating from both
experimental and theoretical data, on Co2(CO)6(HCtCC6H10-
OH) (1), in which the bridging alkyne bears one hydrogen and
one cyclohexanol group. This compound makes a useful com-
parison to previous work on similar compounds5 and is also in
itself an interesting test case, as it crystallizes with two molecules
in the asymmetric unit (Z′ ) 2). This allows comparison of the
electron density in identical molecules using a single data set.
Furthermore, the alkyne bridge presents an unusual bonding
situation that poses substantial challenges to theoretical as well
as experimental methods. To substantiate our conclusions, we
present data from two independent single-crystal X-ray diffrac-
tion experiments using different X-ray sources and different data
collection temperatures.

Experimental Section

Conventional Data Collection. A dark-red single crystal of1,
synthesized according to published procedures,13 with dimensions of
0.30× 0.40× 0.59 mm3, was attached with oil to a goniometer head
and mounted on a Mo KR-radiation-equipped Bruker X8 Apex2
diffractometer at the University of Aarhus. The crystal temperature was
adjusted to 100(1) K using an Oxford Cryosystems CryostreamPlus
700 liquid nitrogen device. The orientation matrix was initially
determined from a small set of frames and used in the program
COSMO14 to plan a data collection strategy with full completeness to
a resolution of 1.1 Å-1 and maximum redundancy. Compound1 is
found to crystallize in the centrosymmetric triclinic space groupP1h,
with two independent molecules in the asymmetric unit. Twenty-one
sets of data were collected, and these were subsequently integrated using
SAINT+15 to give a total of 155 851 reflections with a maximum
resolution of 1.189 Å-1. The data were corrected for absorption using
multiple measurements in SORTAV,16 with resultant minimum and
maximum transmission factors of 0.442 and 0.575. The intensities were
averaged with SORTAV17 to 40 271 unique reflections with an average
redundancy of 3.9 andRint ) 3.4%. For the refinements, reflections
measured only once were omitted, and the finalhkl file included 29 382
intensities.

The structure was solved using the direct methods program
SHELXS.18 This found all non-hydrogen atoms, and subsequently all
hydrogens were inserted in calculated positions in a riding model
refinement. The independent atom model (IAM) refinements were
performed with SHELXL-97.18 A complete IAM model consists of 422
parameters, and the refinement converges smoothly toRw(F2) ) 8.1%,
RF>4σ(F)(F) ) 3.1%, with significant residuals around the Co atoms.
Extinction was found to be significant and was refined with an empirical
model in SHELXL to a maximum correction of around 4%.

The charge density distribution was modeled using the program
XD,19 based on the multipole formalism suggested by Hansen and
Coppens.20 The IAM model was used as a starting point for these
refinements. Prior to refinements, all hydrogen atoms were translated
along their bond axis such that the bond lengths correspond to tabulated
average values from neutron studies.21 The thermal parameters for
hydrogen were fixed during refinements at 150% of the equivalent
isotropic thermal parameter of their parent atom. All atomic scattering
factors were taken from the neutral atoms, withf ′ and f ′′ calculated
with the program FPRIME.22 Initially, a high-angle refinement including
reflections above 0.8 Å-1 provided an estimate of the positional and
thermal parameters, which were then subsequently held fixed during
the initial refinement of the multipole parameters. The final model
included hexadecapoles on the Co atoms, octupoles on the C and O
atoms, and only a bond-directed dipole and a monopole on the hydrogen
atoms. The H atoms were divided into three groups, and within each
group a common set of multipole parameters were used. The groups
consists of the alkyne-H, the hydroxyl-H, and finally the remaining
methylene-H’s.

The radial behavior of the multipoles can be changed by refinement
of κ parameters. These are initially common to all atoms of the same
type; however, greater flexibility of the model can be achieved by
discriminating among, for instance, alkyne-C, methylene-C, and car-
bonyl-C. We used six different sets ofκ parameters where, for each
atom type,κ′′ was kept identical for all values ofl (the refined values
are deposited in the Supporting Information, Table S7). Extinction was
refined, and the maximum correction was 6.0% for reflection (021).
The extinction type was mosaic spread Lorentzian type 1.23 Only a
few experimental charge density studies have been carried out onZ′ >
1 crystals,24 and while it doubles the number of parameters, it also
affords a possibility to study the transferability of multipole parameters
within the same data, and hence without differences in systematic errors.
On the other hand, the internal comparison can also be used to impose
constraints, helping the refinement to reach the global minimum. In
this study, no chemical constraints were imposed to make the two
molecules identical, and the final model thus consists of 785 parameters,
which resulted inR(F2) ) 2.34% and a goodness-of-fit (GoF) of 1.29.
Convergence of a joint refinement of positional, thermal, and multipolar
parameters with 1199 parameters is unproblematic, however, with a
slight decrease in the quality of the rigid bond test and only marginal
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improvement in residual. A simple comparison of 406 common
multipole parameters from molecules A and B gave an average
difference of 0.042 with an rmsd of 0.044, suggesting that the multipole
refinement is well-converged and that the electron density is similar
across the two independent molecules. The maximum and minimum
residuals are found near the Co atoms at values of 0.33 e Å-3 (1.05 Å
from Co(1A)) and-0.28 e Å-3 (0.42 Å from C(3A)). The Hirshfeld
rigid bond test25 was satisfied, with a largest difference of mean-square
displacement amplitudes of 0.0011 Å2 for C(1A)-O(1A). The average
value for the 30 bonds was 0.0004 Å2. Full crystallographic details
are available in Table 1, while an ORTEP drawing26 is shown in
Figure 1.

Synchrotron Data Collection.A dark-red crystal with side lengths
of 0.17, 0.20, and 0.23 mm was mounted on the Huber four-circle
diffractometer installed at beamline D3 at Hasylab, Hamburg. The
crystal was kept at a constant temperature of 15(2) K using a liquid
He Helijet setup. The beamline is equipped with a Mar165 CCD
detector that was kept fixed at a 2θ angle of-15° during the entire
data collection, which lasted 14.5 h. In that time, six series of data
comprising 1489 frames were collected usingæ-rotations of 1°. The
exposure time was either 4 or 40 s, and the wavelength was 0.47686
Å. The completeness of the data was optimized by changing the value
of ø within the physical limitations afforded in the small hutch
environment.

The resulting data were integrated using the program XDS,27 and a
local program28 that corrects for oblique incidence into the detector
was used to prepare files for absorption correction and averaging by
the program SORTAV.16 An empirical absorption correction gave
minimum and maximum transmission factors of 0.940 and 0.971,
respectively. The 379 542 collected reflections were averaged to 31 948
unique reflections with an average redundancy of 11.9 and an internal

agreement of 5.6%. However, the average values hide a large increase
in Rint for the weak high-order data, which for the outermost shells
reaches 25% (see Supporting Information). The 589 singly and doubly
observed reflections were discarded, as were 1051 reflections exhibiting
excessively large deviations from calculated values based on an
independent atom model (|∆F|/σ(F) > 10). The latter reflections
appeared on the detector surface in regions partly shadowed by the
cooling equipment.

The structural model from the conventional data (see above) was
adopted and refined against the synchrotron data. This leads toRw(F2)
) 6.9%, RF>4σ(F) ) 2.5%, and also for this crystal extinction is

(25) Hirshfeld, F. L.Acta Crystallogr.1976, A32, 239-244.
(26) Farrugia, L. J.J. Appl. Crystallogr.1997, 30, 565.
(27) Kabsch, W.J. Appl. Crystallogr.1993, 26, 795-800.
(28) Overgaard, J.; Madsen, G. K. H. Program D3_red to reduce data collected

at the D3 beamline at Hasylab, available from the authors on request.

Table 1. Crystallographic Details and Refinement Statistics for 1

conventional synchrotron

formula Co2(CO)6(HC2C6H11O) Co2(CO)6(HC2C6H11O)
formula weight, g mol-1 820.19 820.19
crystal size, mm 0.30× 0.40× 0.59 0.17× 0.20× 0.23
crystal system triclinic triclinic
space group P1h P1h
λ, Å 0.71073 0.47686
T, K 100 15
a, Å 9.3125(3) 9.2850(3)
b, Å 10.3768(3) 10.3240(3)
c, Å 17.4885(6) 17.4010(6)
R, ° 73.477(1) 73.611(1)
â, ° 78.215(2) 78.185(2)
γ, ° 83.078(1) 82.979(1)
V, Å3 1582.5(1) 1562.7(1)
F(000) 824.0 824.0
F, g cm-3 1.721 1.743
µ, mm-1 2.13 0.66
Tmax, Tmin 0.575, 0.442 0.971, 0.940
sin(θ)/λmax, Å 1.189 1.112
Nmeas, Ndiscarded 160 908, 5 057 390 837, 11 295
Nunique 40 270 31 948
average redundancy 3.9 11.9
completeness 0.90 0.89
h,k,l ranges -21 to 21;-23 to 24; 0 to 41 -19 to 20;-21to 22; 0 to 38
Rint 0.034 0.056
Nobs, Nvar; (F2 > 2σ(F2))a 23 438, 785 28 940, 1 228
Rw(F), Rw(F2); F2 > 2σ(F2) 0.018, 0.035 0.018, 0.036
weighting scheme 1/σ(F2)2 1/σ(F2)2

R(F), R(F2); all data 0.045, 0.026 0.019, 0.024
goodness-of-fit 1.29 1.78

a The difference in the number of parameters reflects that the synchrotron model used joint refinement of positional, thermal, and multipole parameters.

Figure 1. ORTEP drawing of the A molecule of1 based on the synchrotron
data. The thermal ellipsoids for non-hydrogen atoms are shown at the 90%
probability level.

A R T I C L E S Overgaard et al.

3836 J. AM. CHEM. SOC. 9 VOL. 130, NO. 12, 2008



significant, with the maximum correction being 2.2% for reflection
(023). The maximum extinction-corrected reflection in the conventional
experiment, (021), was blocked in the synchrotron experiment and thus
not included in the data. This IAM model was imported into XD,19

and a procedure analogous to the conventional data refinement was
followed to reach an essentially identical multipole model. The final
residuals areRall(F2) ) 2.4% and GoF) 1.8. The minimum and
maximum residuals are in the vicinity of the Co atoms, with values
around(0.5 e Å-3 when all data are used in the Fourier summation.
Limiting the summation to reflections having values of sin(θ)/λ below
0.9 Å-1 reduces residual values to less than(0.25 e Å-3 (Figure 2).
Unsuccessful tests were performed to further reduce the residuals around
Co: third- and fourth-order Gram-Charlier coefficients were insig-
nificant, and allowing the values ofκ′′ to vary with l also had no effect.
The large increase in residual density observed when including the high-
order data prompted us to examine these reflections in more detail.
The merging of equivalent reflections shows clearly that the internal
agreement increases steeply at higher scattering angle (Supporting
Information, Figure S5), concurrently with a decrease in redundancy
compared with the low-order data. Thus, the weak reflections contribute
disproportionately to the residual density while not carrying much
information about the electronic model. We therefore decided to remove
those reflections with deviations of more than 3 s.u.’s from the final
multipole model as well as those with ratios ofIo/Ic higher than 3.0 or
smaller than 0.333. This reduced the total number of unique reflections

by 11.4%, with an expected significant reduction in residuals (Rall(F2)
now 1.9%). The residual density maps in the four Co-C2 planes after
this procedure are shown in the Supporting Information (Figure S7).
As expected, this has no influence on the multipole model: the average
change in the 70 monopole values is 0.02(5), while the average change
for all multipoles is 0.01(2). Also, the thermal parameters are
unchanged, with an average absolute change inUij of 0.0005(19),
showing that the weak outlier reflections contribute noise but little
additional information. Further details of this analysis can be found in
the Supporting Information.

The rigid-bond test was performed on the final model, showing fine
correspondence between thermal parameters: an average difference of
mean-square ADPs for bonds not involving H or Co of 0.0003 Å2 is
excellent.25

The source function calculations on the experimental models were
carried out using the XDPROP module of XD with the keywords
SOURCE and TOPINT.

Theoretical Calculations. Following previous work on a smaller,
symmetrical model compound,5 complete active space self-consistent
field (CAS-SCF) calculations were carried out to examine the electron
density in1. Cartesian coordinates of one molecule from the asymmetric
unit were extracted, and a restricted Hartree-Fock wavefunction was
obtained, using a basis set consisting of 6-31G(f) on Co29 and Dunning’s
cc-pVDZ on C, O, and H.30 On Co, f-type polarization functions were
taken from the work of Ehlers et al.31 The stability of the RHF

Figure 2. Residual density in the four Co-C2(alkyne) planes. The contour intervals are 0.1 e Å-3; positive contours are shown with solid lines, negative
contours with dashes, and the zero contour with dots. The resolution is 0.9 Å-1 (see text for details).
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wavefunction was tested using the criteria of Seeger and Pople,32

yielding a UHF singlet solution. The natural orbitals from this were
used as the input for CAS-SCF calculations, with all orbitals involving
Co 3d functions along withπ and π* included in the active space,
leading to 22 electrons in 14 orbitals, denoted CAS[22,14]. In addition,
density functional theory (DFT) calculations were carried out using
the BLYP functional with the same basis set, a method that was shown
to reproduceab initio spectroscopic and density properties in a model
compound.5 All theoretical electron density data were produced using
the AIMPAC33 and AIM200034 programs, while the local source was
calculated with a modified version of the PROAIMV code.35

Results and Discussion

The present study forms part of a process of evaluating the
diffraction data from the recently modified synchrotron beamline
D3 at Hasylab, which has a particular emphasis on charge
density studies. Technical details of the beamline setup and data
reduction will be published elsewhere,36 while here we report
on data as well as model comparison, in addition to interpretation
of the derived electron density. There are a number of criteria
that can be used to assess the quality of the two data sets. The
simple statistics of the fitting procedure, such asR-factors (Table
1), give the first indication that both data sets are of excellent
quality. Slightly smallerR-factors are observed with the syn-
chrotron data; however, the goodness-of-fit of the conventional
data is closer to unity, and both data sets are complete to a
relatively high scattering angle. A plot of the ratio of observed
to calculated intensities based on the final model is given in
the Supporting Information (Figure S6), which shows a larger
spread in the conventional data. The geometries of the structural
models (selected details in Table 2) are very similar, with the
largest deviation between conventional and synchrotron models
of just 0.2% and an average difference of 0.06% between bond
lengths in the two models. It is thus not in the normal structural
parameters that the differences in the data are manifested,

although standard deviations on these parameters are noticeably
smaller from the synchrotron data than from the conventional
source.

The crystal structure of1 exhibits two highly similar
independent molecules, with the only real difference being in
the orientation of the cyclohexanol moeity, which differs by a
rotation around an axis through the C(12)-C(13) bond of ca.
20°. This is illustrated in Figure 3, which shows a structural
overlay of the two molecules. It should be noted that the two
Co(1)-C(alkyne) bonds are different by about 0.02 Å, while
the difference is an order of magnitude smaller for the Co(2)-
C(alkyne) bonds. It is hard to find an explanation for this in
the crystal structure, as a noncrystallographic mirror plane
containing the alkyne and bisecting the Co(1)-Co(2) line
implies that the chemical environments of the Co atoms are
very similar. It is also worth noting the distribution of bond
lengths for the three Co-C(CO) bonds for each Co atom. For
Co(1A), there are two very similar short Co-C bonds (1.80 Å)
and one long bond (1.83 Å), while the other three Co atoms
have one short, one long, and also one intermediate bond (1.82
Å), a feature evident in both synchrotron and conventional data.
The Co-Co internuclear distance in1 of 2.465 Å is similar to
those in other compounds of the same type.38

The systematic errors are unquestionably smaller in the
synchrotron data than in the conventional data, as the former is
based on an experiment carried out with significantly shorter
wavelength, at a lower temperature and with a smaller crystal,
and therefore the effects of absorption, thermal diffuse scattering,
and extinction are reduced.39 Despite this, extremely similar
molecular geometries are obtained from the two methods, and
in general similar electron density properties are also obtained.
One approach to quantifying the similarity of the two data sets
is to use the density properties at all bcp’s, a method termed
“quantum topological molecular similarity” by Popelier.40 This
approach indicates quite different densities from the two data
sets with an average deviation of 3.5, or 0.8 without using the
data from the carbonyl C-O bonds. For comparison, Popelier

(29) (a) Windus, T. L.J. Chem. Phys. 1998, 109, 1223. (b) Wachters, A. J. H.
J. Chem. Phys. 1970, 52, 1033. (c) Hay, P. J.J. Chem. Phys. 1977, 66,
4377.

(30) Dunning, T. H., Jr.J. Chem. Phys.1989, 90, 1007.
(31) Ehlers, A. W.; Bohme, M.; Dapprich, S.; Gobbi, A.; Hijllwarth, A.; Jonas,

V.; Kohler, K. F.; Stegmann, R.; Veldkamp, A.; Frenking, G.Chem. Phys.
Lett. 1993, 208, 111.

(32) Seeger, R.; Pople, J. A.J. Chem. Phys.1977, 66, 3045.
(33) Biegler-König, F. W.; Bader, R. F. W.; Tang, T.-H.J. Comput. Chem.

1982, 3, 317 (these programs can be obtained from http://www.chemis-
try.mcmaster.ca/aimpac).

(34) Biegler-König, F. W.; Scho¨nbohm, J.J. Comput. Chem.2002, 23, 1489.
(35) Program PROAIM, modified by Prof. Carlo Gatti to enable the calculation

of the source function.
(36) Poulsen, R. D.; Jørgensen, M. R. V.; Overgaard, J.; Larsen, F. K.;

Morgenroth, W.; Graber, T.; Chen, Y.-S.; Iversen, B. B.Chem. Eur. J.
2007, 13, 9775-9790.

(37) Macrae, C. F.; Edgington, P. R.; McCabe, P.; Pidcock, E.; Shields, G. P.;
Taylor, R.; Towler, M.; van de Streek, J.J. Appl. Crystallogr.2006, 39,
453-457.

(38) Gregson, D.; Howard, J. A. K.Acta Crystallogr., Sect. C1983, 39, 1024-
1027.

(39) Larsen, F. K.Acta Crystallogr., Sect. B1995, 51, 468-482. Iversen, B.
B.; Larsen, F. K.; Pinkerton, A. A.; Martin, A.; Darovsky, A.; Reynolds,
P. A. Acta Crystallogr., Sect. B1999, 55, 363-374.

(40) Popelier, P. L. A.J. Phys. Chem. A1999, 103, 2883-2890. O’Brien, S.
E.; Popelier, P. L. A.J. Chem. Inf. Comput. Sci.2001, 41, 764-775.

Table 2. Selected Bond Distances Involving the Co Atoms of 1

conventional synchrotron

bond A B A B

Co(1)-Co(2) 2.46482(13) 2.46660(14) 2.46334(9) 2.46534(8)
Co(1)-C(11) 1.9544(5) 1.9669(5) 1.9551(3) 1.9679(3)
Co(1)-C(12) 1.9797(5) 1.9857(5) 1.9807(3) 1.9856(3)
Co(2)-C(11) 1.9669(5) 1.9620(5) 1.9657(3) 1.9629(3)
Co(2)-C(12) 1.9663(5) 1.9685(5) 1.9630(3) 1.9642(3)
Co(1)-C(1) 1.8069(7) 1.8172(6) 1.8039(3) 1.8170(3)
Co(1)-C(2) 1.8363(6) 1.8343(6) 1.8363(3) 1.8342(3)
Co(1)-C(3) 1.8003(7) 1.7954(7) 1.8005(4) 1.7931(3)
Co(2)-C(4) 1.8316(6) 1.8240(6) 1.8316(3) 1.8282(3)
Co(2)-C(5) 1.8191(6) 1.8192(6) 1.8195(3) 1.8195(3)
Co(2)-C(6) 1.7911(5) 1.8031(7) 1.7910(3) 1.8036(3)
C(11)-C(12) 1.3433(7) 1.3401(6) 1.3421(4) 1.3399(4) Figure 3. Structure overlay prepared by Mercury37 of the two independent

molecules of1. The hydrogen atoms are omitted for clarity. The overlay is
calculated on the basis of all non-H atoms excluding the atoms in the
cyclohexanol. This gives a rms distance of 0.13 Å for the 17 distances.
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reports a value of 0.37 betweenp-NH2 andp-NO2 benzoic acid.
This slightly surprising result appears to be due to the
characteristics of the density in the carbonyl bonds, as illustrated
in Figure 4. The values of32Fc from the conventional data and
the synchrotron data have different signs at the bcp, negative
for the former and positive for the latter, leading to very large
variations between the data sets for these bonds. Much of this
difference stems from a small shift in the position of the bcp,
which isca. 0.03 Å closer to C in the synchrotron data, which
in a region of quickly varying32F causes large changes.41,42

For comparison,F and 32F values from DFT are included in
Figure 4. There is excellent agreement between the total density
curves of the synchrotron data and theory, but even here the
Laplacian shows significant discrepancies, especially in the
region closer to oxygen (to the right of Figure 4). Close to the
bcp, however, the two curves are much closer, leading to similar
values of 32Fc for synchrotron and theory. The obvious
fundamental difference between the two experimental descrip-
tions of these polar C-O bonds, i.e., different signs of the
Laplacian at the bcp, is a reminder that, for such bond types,
the evaluation of topological properties at a single point only
(the bcp) is not sufficient to categorize the bonding nature, and
a more systematic analysis of the entire density distribution is
required.

Apart from this feature of the C-O bonds, overall there is
much similarity between the electron densities obtained from
synchrotron and conventional data; however, when compared
with theory, there are indications (e.g., Figure 4) that the former
represents the better model. It should be noted that certain
integrated properties are found (for instance, the Co atomic
charges, see below) for which the conventional model resembles
the theoretical density better; however, similarly, a number of
other properties give the opposite result. In the better established
regions away from the uncertain Co-C bonds, the synchrotron
data provide the better model. Therefore all experimental data

analysis reported in the following will, unless indicated, be based
on the synchrotron model. Furthermore, analysis of the con-
ventional model leads to similar conclusions, and most illustra-
tions and tables presented for the synchrotron model are, for
the sake of completeness, given for the conventional data in
the Supporting Information.

A topological analysis of the total experimental electron
density was performed in order to investigate the nature of the
chemical bonding in1, and the results, with particular emphasis
on the bonding of the Co atoms, are shown in Table 3 (complete
tables are given in the Supporting Information). The first, most
obvious result that can be observed in Table 3 is that, in
molecule A, only two Co-Calkyne bcp’s are located, while in
molecule B, four such interactions are present. In this regard,
the data for molecule B compare well with the CAS-SCF results,
which also locate four Co-Calkynebcp’s, in correspondence with
previous theoretical work. This difference prompted us to look
more closely at the properties of these bonds. The small values
of λ2 in the Co-C(alkyne) bonds is noteworthy. This signifies
that the density in a direction perpendicular to the interatomic
line is rather flat, hence leading to problems identifying the
position of the bcp’s. Another conspicuous, related feature is
the lengths of the Co-C bond paths compared to the interatomic
distances, which are also shown in Table 3. In the experimental
model, the bond paths are as much as 0.12 Å (or 6%) longer
than the geometrical bond lengths. For comparison, Table 3 also
shows results for the Co-C(CO) and C-O bonds, which
illustrate the more typical behavior of these conventional bonds,
including the similarity of bond path and internuclear lengths
and the larger value ofλ2.

To examine the origins of these unusual density properties,
the electron densities in the four different CoC2 regions are
illustrated below (Figure 5). The bcp is located approximately
at the midpoint of the Co-C interatomic line, and it is
immediately clear that, in this central region, the density varies
very slowly in the direction perpendicular to the Co-C “bonds”.
The density decreases quickly outside the CoC2 triangles, but
when moving beyond the bond toward the center of the triangle,
the density does not noticeably decrease. Instead, a plateau
seems to have been reached without any significant decrease
in the center. This plateau can be more clearly seen in Figure
6, which plots the electron density along lines from the ring
centroid, through the bcp’s (if present, otherwise the Co-C
midpoint) and beyond to the exterior of the CoC2 triangles.
These plots show very small increases in density from the ring
center to the bcp, in the range 0.01-0.03 e Å-3. The theoretical
data supports that the density is very flat within these triangles,
although increases in density from ring to bond are slightly
larger (0.02-0.05 e Å-3).

This bonding situation is of particular interest, since the
density is extremely flat, and hence only a slight change in the
density would make the Co-C bcp coalesce with the ring critical
point (rcp). Such a change would lead to the emergence of a
T-shaped structure, termed a catastrophe point in nuclear
configuration space.6 When the bcp and rcp coalesce, the
molecular graph is fundamentally changed, and catastrophe
points are often associated with unstable structures. Here, the
phenomenon is observed in the crystalline state, but it is absent
in the isolated molecule. This may indicate that crystal field
effects induce sufficient changes in the electron density to alter

(41) Birkedal, H.; Madsen, D.; Mathiesen, R. H.; Knudsen, K.; Weber, H.-P.;
Pattison, P.; Schwarzenbach, D.Acta Crystallogr., Sect. A2004, 60, 371-
381.

(42) It is surprising to find the bcp closer to the C atom in the C-O bonds in
the synchrotron model, as theκ-value for C is substantially lower and thus
the atom more expanded than is the case for the conventional model (Table
S7, Supporting Information).

Figure 4. Behavior of F and 32F along the C-O bond. Vertical lines
indicate the position of the bcp (bcp’s from theory and D3 are at the same
position), while the horizontal arrows show which curves are depictingF
and 32F, respectively. It should be noted that the lines from theory are
using BLYP values, as the CAS-SCF approach does not include C-O
orbitals in the active space.
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the topology. A theoretical calculation on the periodic crystalline
system would test this hypothesis, but that is beyond the scope
of the present paper. The asymmetric substitution of the alkyne

group may also play a role in this feature of the density, since
both “missing” Co-C bonds are to C(11), which bears the
hydrogen. However, this seems less likely, as this geometrical

Table 3. Topological Analysis of the Electron Densitiesa

bond Fc(r) ∇2Fc(r) d1-2 d1-bcp Lbp λ1 λ2 λ3

Co(1)-C(11) N/Ab N/Ab N/Ab N/Ab N/Ab N/Ab N/Ab N/Ab

0.766(5) 8.3(1) 1.968 0.989 2.047 -3.10 -0.45 11.85
0.753 5.8 1.954 0.977 1.961 -3.01 -1.86 10.71

Co(1)-C(12) 0.713(5) 8.0(1) 1.981 0.996 2.097 -3.07 -0.94 11.97
0.765(5) 7.8(1) 2.019 1.002 2.123 -3.20 -0.47 11.48
0.724 5.7 1.980 0.987 1.987 -2.81 -1.39 9.89

Co(2)-C(11) N/Ab N/Ab N/Ab N/Ab N/Ab N/Ab N/Ab N/Ab

0.703(5) 8.8(1) 1.963 0.990 2.064 -2.45 -0.42 11.70
0.736 6.0 1.968 0.982 1.975 -2.92 -1.56 10.45

Co(2)-C(12) 0.755(5) 8.1(1) 1.963 0.986 2.042 -3.20 -1.22 12.52
0.704(6) 7.8(10) 1.964 0.993 2.038 -2.74 -1.21 11.73
0.742 5.7 1.966 0.980 1.975 -2.95 -1.68 10.36

Co-C average 0.95(3) 12.8(12) 1.81(2) 0.90(1) 1.82(2) -4.4(3) -3.6(4) 21(1)
0.93(6) 12.8(8) 1.82(2) 0.90(1) 1.82(1) -4.2(3) -3.5(6) 21(1)
0.88(3) 17.1(8) 1.81(2) 0.89(1) 1.82(2) -3.3(2) -2.9(10) 23(1)

C(11)-C(12) 2.240(13) -21.8(1) 1.345 0.697 1.347 -12.67 -11.50 2.34
2.200(13) -20.2(1) 1.344 0.697 1.346 -11.79 -10.99 2.58
2.199 -19.0 1.343 0.617 1.351 -13.78 -12.58 7.38

C-O average 3.13(6) 24(8) 1.141(3) 0.763(3) N/A -35(1) -34(1) 92(8)
3.13(8) 23(8) 1.139(2) 0.762(2) N/A -35(1) -33(1) 92(8)
3.18(2) 36(1) 1.139(3) 0.767(2) N/A -38.9(3) -38.7(4) 113(2)

a For each bond, the first two lines are experimental results for molecules A and B, and the third line gives the theoretical results. The table lists the values
of the electron density at the bcp (Fc, e Å-3), the Laplacian at the bcp (32Fc, e Å-5), the internuclear distance (d1-2, Å), the distance from atom 1 to the bcp
(d1-bcp, Å), and the length of the bond path (Lbp, Å). The eigenvalues of the diagonalized Hessian matrix,λi, are given in units of e Å-5. b No critical point
located.

Figure 5. Density in the four Co-C-C planes of the molecule. The maps show also the molecular graph with blue lines, with bcp’s indicated as filled gray
circles. The ring critical points in the two lower figures are between the two Co-C bcp’s (not shown). The contour intervals are 0.1 e Å-3.
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asymmetry is also present in molecule B as well as in the
theoretical calculations, which nevertheless show the expected
topology. Furthermore, the abridged data set (described in the
Supporting Information) leads to a clear change of the molecular
graph in exactly the region of molecule A where the T-shaped
behavior exists, suggesting that the measurement error is the
main reason that not all four Co-C(C) bcp’s exist.

That measurement errors are the source of the unexpected
topology is supported by the residual density in the planes of
Figures 5 and 6 (see Figure 2), i.e., the electron density not
modeled by the multipole model, which gives an estimate of
the error in the measured density. The residuals in these regions
have extrema around 0.15 e Å-3, with values of at least 0.1 e
Å-3 found in all four CoC2 triangles. The uncertainty that arises
from measurement errors and any shortcomings of the multipole
model is larger than the theoretically calculated variation in
density across the CoC2 triangles. It is therefore perhaps
unsurprising that not all Co-C bcp’s can be located, even in a
density derived from the high-quality diffraction data used in
this case. Overall, it is clear that the present experimental data
are of high quality. We argue that the reason for the present
failure to correctly locate these particular Co-C(alkyne) bcp’s
is a combination of measurement errors on the structure factors
and/or limitations inherent in the multipole model.43 For these
reasons, the bonding in this type of complexes can be used as
a test case for developments in software and hardware. In order
to further probe the origins of these problems, we intend to study
the effects of adding noise to theoretically calculated structure
factors, in a fashion similar to the work of Feil et al.44

Having established the problems in describing the CoC2

regions, we now move to the question of Co-Co bonding. As
in previous experimental and theoretical work on related
compounds, topological analysis shows no Co-Co bcp: a
minimum in F is found midway between Co nuclei, but no
maximum is observed in the perpendicular direction (see
Supporting Information). However, as discussed above, this
measure has been criticized as being insufficiently sensitive for
proper analysis of metal-metal bonds. Instead, we examine the

source function and the energy density in the Co-Co region.
Figure 7 shows the local source, LS, evaluated along the Co-
Co line, using the midpoint as the reference point, from both
experimental and CAS theoretical data. Both plots show striking
similarities to the plots reported by Gatti and Lasi for the
dicarbonyl bridged isomer of Co2(CO)8. Those authors showed
that such plots can distinguish bonded from nonbonded (in the
quantum theory of atoms in molecules, or QTAIM, sense)
metal-metal isomers, with a sharp drop in LS close to the
midpoint indicative of a lack of bonding interaction. Such a
drop is precisely the pattern observed in both the experimental
and theoretical data, supporting the finding that a direct Co-
Co interaction is not present in1.

The local source can be summed over atomic basins to yield
the integrated source. Gatti and Lasi argue that the integrated
source provides information about the metal-metal bonding,
for example, showing that its value increases for the involved
metal atoms, eventually to positive values, as the interaction
becomes stronger. Table 4 contains integrated experimental
source values for selected atoms evaluated at the Co-Co
midpoint for molecule A. This reveals substantially negative
values for both cobalt atoms, indicating that the metal atoms
act as sinks for the density in the intermetallic region. These
values are much lower than those reported by Gatti and Lasi
for Co2(CO)8, for which a value of+0.7% is quoted, which on
the other hand is more in line with the DFT values also given
in Table 4. The present data are therefore in complete ac-
cordance with the expectation that the Co-Co bonding is weak

(43) In a recent paper, Farrugia and Evans suggest that random errors in the
data may influence the resulting molecular graphs: Farrugia, L. J.; Evans,
C. J. Phys. Chem. A2003, 109, 8834-8848.

(44) de Vries, R. Y.; Feil, D.; Tsirelson, V. G.Acta Crystallogr., Sect. B2000,
56, 118-123.

Figure 6. Density along selected paths in the Co-C2(alkyne) planes from
experimental and theoretical values, illustrating the plateau which renders
the location of the bcp’s very difficult. Negative distances are toward the
connection with C(11) (or to the left of the center in Figure 5), while positive
is toward C(12).

Figure 7. Local source evaluated at the Co-Co midpoint along the Co-
Co line. The red and black curves indicate experimental results, while the
theoretical results are shown in green.

Table 4. Integrated Source Contributions, S (Atom, rCo-Co), to the
Density at the Co-Co Midpoint for Molecule A, Listed as Absolute
Values and Percentagesa

atom SA, e Å-3 S (%) Stheo, e Å-3 S(%)

Co(1A) -0.064 -19.9 0.013 3.9
Co(2A) -0.058 -18.1 0.014 4.4
C(11A) 0.055 17.1 0.026 8.3
O(1A) 0.049 15.4 0.033 10.3
O(5A) 0.047 14.6 0.034 10.6
C(12A) 0.038 11.9 0.028 8.7
Co(1B) -0.013 -4.2
Co(2B) -0.014 -4.4

a A complete listing for all atoms is given in the Supporting Information.
Theoretical data are calculated from the BLYP wavefunction. The fourth
and fifth columns give the results from DFT calculations in which only
one molecule was included.
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in 1, as ref 11 shows that the integrated source contribution
from the metal atoms increases with bond strength.

The behavior of the total energy density,H(r), along two
particular lines (one following the Co-Co interaction and one
perpendicular to this going through the C-C and the Co-Co
midpoints) is shown in Figure 8. Very similar curves are found
for molecules A and B, and overall the theoretical plot agrees
well with the experimental data, although a slight dip inH(r)
is seen in the theoretical plot close to the Co-Co midpoint that
is not present in the experimental curve line (Figure 8b).
However, the sign ofH(r) is negative in the entire range shown,
which indicates a stabilizing interaction. This is mimicked along
the Co-Co line, whereH(r) increases from very negative values
to peak at around(0.5 Å before falling to negative values close
to the midpoint (Figure 8a). Again, experimental and theoretical
plots are broadly similar but do not agree on some fine details,
the theoretical plot showing two minima on either side of the
midpoint while the experiment shows one broad minimum at
the midpoint.

Further insight into the possible metal-metal bonding may
come from the d-orbital populations of the Co atoms, which
can be derived from the multipole populations.45 However, the
structure of1 gives no obvious local coordinate system (LCS)
on which to orient the d-orbitals. One possible way of solving

this is to choose the LCS that minimizes the orbital cross terms,
an idea advanced by Sabino and Coppens and coded into the
program ERD.46 The resulting axes definitions and orbital
populations are shown in the Supporting Information (Figure
S4 and Table S9, respectively), but these definitions do not
convey any useful chemical information. Instead, we have
chosen to use an axis convention with thez-axis on Co pointing
toward the other Co atom. The d-orbital populations in Table 5
show that the populations of the d(z2)-orbital are relatively low
in all four cases, while for three out of four Co atoms the
population of the d(x2-y2)-orbital is also low. The former
observation is particularly interesting, since it is the bonding/
antibonding combinations of d(z2)-orbitals that give rise to the
singlet diradical character determined via UHF and CAS
calculations. The observed low populations of these d-orbitals
may therefore be related to this electronic structure, although
one would also expect lower populations of the d(z2)- and d(x2-
y2)-orbitals in the pseudo-octahedral coordination geometry
around Co no matter what the Co-Co bonding situation might
be.

Atomic charge and volume data calculated by integration of
the relevant atomic basins,Ω, are reported in Table 6 for
selected atoms (values for all atoms have been deposited in the
Supporting Information, Table S6). First, it is evident from these
data that the atomic properties are essentially identical between
molecules A and B, where comparison is possible. This is not
feasible for C(11A) and C(12A), as integration over atomic
basins fails due to the problems in finding the C-Co bcp’s
discussed above.47 No charge transfer occurs, and both mol-
ecules are observed to be neutral in the synchrotron model,
although this is not so for the conventional model, which shows
a strange charge transfer of about 0.7 e. Experiment and theory
agree on the assignment of a substantial positive charge on each

(45) Holladay, A.; Leung, P.; Coppens, P.Acta Crystallogr., Sect. A1983, 39,
377-387.

(46) Sabino, J. R.; Coppens, P.Acta Crystallogr., Sect. A2003, 59, 127-131.
(47) If the charges from molecule B are substituted into Table S6A for atoms

C(11) and C(12), overall charge neutrality is achieved for both independent
molecules, supporting our assertion that atomic properties are transferable
across molecules A and B.

Figure 8. Total energy density,H(r), plotted along (a) the Co-Co line
with zero point at the Co-Co midpoint and (b) theC2 axis that bisects the
Co-Co line at the zero point on thex-axis. The units used are hartree Å-3

for H(r) and Å for the distance.

Table 5. d-orbital Populationsa

d(z2) d(xz) d(yz) d(x2−y2) d(xy) Pv

Co(1A) 0.985
(16.7)

1.209
(20.4)

1.222
(20.7)

0.946
(16.0)

1.554
(26.3)

5.92

Co(1B) 1.146
(19.4)

1.418
(24.0)

1.217
(20.6)

0.878
(14.9)

1.249
(21.1)

5.91

Co(2A) 0.847
(14.3)

1.168
(19.7)

1.443
(24.4)

1.301
(22.0)

1.161
(19.6)

5.92

Co(2B) 1.073
(18.2)

1.354
(22.9)

1.390
(23.5)

1.063
(18.0)

1.024
(17.3)

5.90

a The numbers in parentheses give the percentages of the total number
of valence electrons on the Co atom carried in the orbital.

Table 6. Atomic Charges and Volumes for Selected Atoms from
Integration of the Atomic Basinsa

atom qX(Ω) VX,001(Ω) qC(Ω) VC,001(Ω)
qT(Ω)

CAS[6,6]
VT,001(Ω)
CAS[6,6]

Co(1A) 1.506 64.91 0.513 58.97 0.645 70.172
Co(1B) 1.484 65.36 0.497 59.43
Co(2A) 1.475 64.58 0.433 57.95 0.650 70.339
Co(2B) 1.528 64.46 0.509 58.51
C(11B) -0.772 93.26 -0.319 88.38 -0.397 92.123
C(12B) -0.524 64.23 -0.143 64.56 -0.447 67.015

a X refers to the experimental synchrotron model, C to the conventional
model, and T to the theoretical density.

A R T I C L E S Overgaard et al.

3842 J. AM. CHEM. SOC. 9 VOL. 130, NO. 12, 2008



Co, but the experimental charge (synchrotron model) is sig-
nificantly larger. The conventional model gives Co charges in
better correspondence with theory, but the atomic volumes, in
contrast, agree better between theory and the synchrotron model.
Alkyne carbons are negatively charged, and the methods agree
on the significant difference in atomic volume between C(11)
and C(12). In previous theoretical work, this pattern of charges
was also found and was proposed to be a result of back-donation
of density from metal-based d-orbitals into theπ*-orbitals of
the alkyne. This assignment of bonding modes is supported by
the length of the C(11)-C(12) bond, which is closer to the value
expected of a CdC double bond than of an alkyne. This is also
supported by theoretical bond orders that, in agreement with
other recent work, suggest a C-C alkyne bond order of 1.38
(Supporting Information, Figure S12).

Conclusions

We have carried out two accurate diffraction experiments on
an alkyne-bridged dicobalt complex,1. The first used conditions
fairly typical for experimental charge density determinations,
i.e., a sealed-tube source of Mo KR X-rays, a CCD-based area
detector, and the crystal held at 100 K. The second employed
shorter wavelength X-rays from a synchrotron source, a CCD-
based area detector, and liquid helium cooling to 15 K. It is
encouraging that the resulting structural and electron density
properties of1 are in close agreement, although the errors in
the synchrotron data are smaller than those for the conventional
data. The analysis indicates that the recently upgraded synchro-
tron beamline D3 at Hasylab, which is dedicated to accurate,
very low temperature electron density studies, can provide data
of high quality.

Topological analysis of the experimental electron density was
carried out and was complemented by theoretical calculations
using bothab initio CAS-SCF and density functional methods.
Somewhat surprisingly, it proved impossible to locate all
expected Co-C(alkyne) interactions in the experimental density.
Closer analysis of these interactions shows that the electron

density in the CoC2 triangles is very flat, and the theoretical
data suggest that the density at the ring and bond critical points
differs by less than 0.05 e Å-3. In contrast, the residual density
of the multipole model is∼0.1 e Å-3 in the vicinity of the
transition metal atoms, despite the excellent refinement statistics.
We conclude that these errors are so large that they prevent
consistent location of all expected critical points in regions of
such very flat electron density. Indeed, the atomic arrangement
in the CoC2 part of the molecule is close to being an unstable,
so-called catastrophe situation in the QTAIM theory. Com-
pounds of this type represent excellent test cases for experi-
mental electron density modeling.

Neither theory nor experiment finds evidence for a critical
point corresponding to a direct Co-Co bond, which is in
contravention with the 18-electron rule but in line with
theoretical results that suggest singlet diradical character of this
compound. This facet was explored in more detail through the
source function and the total energy density.
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Abstract: The charge density (CD) of coordination polymer Co3(C8H4O4)4(C4H12N)2(C5H11NO)3 (1) has been
determined from multipole modeling of structure factors obtained from single-crystal synchrotron X-ray
diffraction measurements at 16 K. The crystal structure formally contains a negatively charged framework
with cations and neutral molecules in the voids. However, the CD suggests that the framework is close to
neutral, and therefore qualitative conclusions based on formal charge counting, e.g., about guest inclusion
properties, will be incorrect. There are considerable differences in the charge distributions of the three
unique benzenedicarboxylic acid linkers, which are widely used in coordination polymers. This suggests
that the electrostatic properties of coordination polymer cavities, and thereby their inclusion properties, are
highly tunable. The electron density topology shows that the tetrahedrally coordinated Co atom has an
atomic volume which is 15% larger than that of the octahedrally coordinated Co atom. The crystal structure
has both ferromagnetic and antiferromagnetic interactions, but no direct metal-metal bonding is evidenced
in the CD. The magnetic ordering therefore takes place through superexchange in the oxygen bridges and
the aromatic linkers. Bonding analysis of the experimental CD reveals that two oxygen atoms, O(1) and
O(11), have significant covalent contributions to the metal-ligand bonding, whereas all other oxygen atoms
have closed-shell interactions with the metals. This indicates that these two oxygen atoms are the key
mediators of the magnetic ordering.

Introduction

During the past decade, numerous coordination polymers
(CPs) have been synthesized with an amazing variety of
structures.1 The enormous interest is driven by the many
attractive properties of these compounds. A primary feature of
CPs compared with purely inorganic systems such as zeolites
is that the fundamental building blocks (reactants) are preserved
during self-assembly to form the CP product.2 This offers a
possibility for manipulating the structural configuration and thus
the chemical and physical properties by changing the basic
components, although explicit synthesis control can be difficult
to obtain. Using solvothermal synthesis procedures, the specific
product structures are often strongly dependent on synthesis
parameters, such as pressure, time, concentration, and temper-
ature.3 Gas-storage applications have been a driving force in

many studies of CPs,4 and nanoporous systems based on zinc
coordinated by dicarboxylate or tricarboxylate linkers have
shown promising results, with storage capabilities up to 7.5 wt
% at 77 K.5 This has naturally put emphasis of the guest
inclusion properties of CPs and placed CPs as a fascinating class
of host-guest systems. Effort is also currently being aimed at
developing multifunctional CPs.6 Our group has mainly focused
on the magnetic properties of CPs.7 The rational assembly of
the basic building blocks may give novel systems for the
fundamental study of the magnetic exchange mechanism, and
by appropriate variation of the geometrical and electronic
properties of the organic linker, it may be possible to fine-tune
the magnetic interaction pathway. Studies of magnetic CPs are

† University of Aarhus.
‡ The University of Chicago.
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strengthened if nonmagnetic reference systems can be obtained,8

but due to the different coordination properties of transition
metals, this can be difficult to realize.9

Poulsen et al. reported the structure and physical properties
of two completely isostructural nanoporous CPs, M3(C8-
H4O4)4(C4H12N)2(C5H11NO)3 (M ) Zn, Co), having comple-
mentary magnetic properties.10 The structure of these com-
pounds was described as three-atom metal chains interconnected
by the deprotonated terephthalic acid units, resulting in a
continuous three-dimensional framework. Two dimensions of
the framework structure are more closely packed, which results
in a layer-like structure with solvent-accessible voids between
the layers. A formal charge count in the structure suggests a
negatively charged framework, M3(C8H4O4)4

2-, and cations
(C4H12N+, DEA) indeed occupy the voids. The diethylamine
(DEA) ion is believed to form due to acid-catalyzed hydrolysis
of the diethylformamide (DEF) molecule.10 The voids also
contain a DEF solvent molecule connected to the cationic DEA
through hydrogen bonding. This removes disorder in one of the
ethyl branches, resulting in partial ordering of the DEF molecule.
A second DEF molecule is situated in the void, but this molecule
has no strong bonding interaction to the neighboring solvent
molecules nor to the framework structure. It is important to note
that the Zn and Co compounds also are completely isostructural
with regard to the guest molecules in the nanopores. The Co-O
bond lengths were found to be slightly longer than the
corresponding Zn-O bonds, with the exception of Co(2)-O(11),
in which the opposite was observed.10 Based on multi-
temperature single-crystal X-ray diffraction data, it was proposed
that a further shortening of this bond would be seen below 100
K.10

Poulsen et al. also reported magnetic susceptibility and heat
capacity data measured between 2 and 350 K, and a clear phase
transition was observed at temperatures below 10 K. Further-
more, an anomaly of unknown origin was observed at 50 K. A
fit to the Curie-Weiss law for the data above 60 K gave a Weiss
temperature of 23 K and an effective moment of 4.2 µB.
Measurement of the magnetization in different fields suggested
that the low-temperature phase transition is a ferromagnetic
ordering of the Co2+ moments.

In the present study, we attempt to combine information about
the microscopic electronic structure obtained from multipole
modeling of single-crystal synchrotron X-ray diffraction data
with the macroscopic physical property data stemming from the
study by Poulsen et al.10 The present study is a strong example
of the immense advances in experimental charge density (CD)
analysis provided by intense third-generation synchrotrons. Due
to severe crystal twinning, it has been challenging to find a single
crystal suitable even just for structure determination of 1, and
the structure reported by Poulsen et al. was also based on
synchrotron measurements.10 Charge density analysis requires

measurement of Bragg intensities to much higher order than
structure determination, and such intensities are simply not
observable using conventional X-ray sources with the available
crystals. It is the use of a very powerful insertion device at a
third-generation synchrotron source that provided the key to a
successful measurement of a CD quality data set. So far, it has
not been possible to obtain crystals suitable for X-ray CD
analysis of the nonmagnetic reference Zn compound.

Experimental Section

Synthesis. The synthesis of the compound [Co3(C8H4-
O4)4]2-[C4H12N]+2 ·3C5H11NO (1) is a one-pot solvothermal reac-
tion. A mixture of CoCl2 ·6H2O (0.294 g, 1 mmol) and DEF (2
mL) was added to a mixture of 1,4-benzenedicarboxylic acid
(H2BDC, 0.166 g, 1 mmol) and DEF (8 mL). This mixture was
sealed in a 12 mL Teflon autoclave at 375 K for 72 h, which resulted
in small, rhombic-shaped purple crystals.

Synchrotron X-ray Data Collection. The crystals of 1 show a
tendency for twinning due to the layering of thin plates; therefore,
a number of crystals had to be tested before a suitable specimen
was found. The selected purple crystal (0.020 × 0.020 × 0.050
mm3) was mounted in epoxy glue on the tip of a glass fiber rod
glued to a small cobber wire. Using a brass pin and a goniometer
head, this was mounted on a HUBER four-circle diffractometer at
the ChemMatCARS beamline (ID-15) at the Advanced Photon
Source, Argonne National Laboratory (Argonne, IL). The data
collection was carried out using a wavelength of 0.413 Å obtained
from a diamond (111) monochromator. The crystal was cooled to
16(2) K using a Pinkerton-type helium cooling device.11 The data
collection was performed in �-scan mode using steps of 0.3° and
with fixed ω- and �-angles. An exposure time of 1 s was sufficient
to obtain significant intensity in the high-order data without
saturating the Bruker 6000 CCD-based detector with the intense
low-order data. The detector was placed 7.36 cm from the crystal,
and the measurements were performed at two different 2θ settings
(20° and 33°), yielding a maximum resolution of 1.26 Å-1. A total
of 167 899 reflections were collected and integrated with
SAINT+.12 These integrated intensities were corrected for the
imperfect detection of the CCD phosphor (oblique incidence
correction),13 and SADABS12 was used to correct for slight
misalignment of the crystal with the �-axis, as well as other effects.
An empirical absorption correction and data averaging was done
using SORTAV,14 yielding a total of 37 951 unique reflections with
Rint ) 5.6%. The combined use of high energy X-rays (30 keV)
and a small crystal provides a data set in which systematic errors
such as absorption and extinction are strongly reduced. Furthermore,
in an attempt to avoid the influence of multiple scattering effects
and spurious single-measurement outliers, only reflections measured
three times or more are used in the least-squares refinements. More
experimental details can be found in Table 1 and the Supporting
Information.

Multipole Refinement. The direct methods program SHELXS
was used to solve the structure from the diffraction data.12 As
recently reported, the isostructural Zn compound exhibits solvent
molecule disorder at 30 K,10 and this is also observed for 1 at 16(2)
K. The occupancy of the disordered groups in the solvent molecules
was fixed at values obtained from the independent atom model
(IAM) refinement in SHELXL, in which the occupancies of
different configurations of the molecules are refinable parameters.
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F. K.; Morgenroth, W.; Graber, T.; Chen, Y.; Iversen, B. B. Chem.
Eur. J. 2007, 13, 9775–9790.

(8) Tynan, E.; Jensen, P.; Kelly, N. R.; Kruger, P. E.; Lees, A. C.;
Moubaraki, B.; Murray, K. S. Dalton Trans. 2004, 3440–3447.

(9) Clausen, H. F.; Overgaard, J.; Poulsen, R. D.; Morgenroth, W.; Iversen,
B. B. Acta Crystallogr., Sect. E 2006, 62, 3333–3335. Poulsen, R. D.;
Overgaard, J.; Chevallier, M.-A.; Clausen, H. F.; Iversen, B. B. Acta
Crystallogr., Sect. E 2005, 61, 1337–1339.

(10) Poulsen, R. D.; Bentien, A.; Christensen, M.; Iversen, B. B. Acta
Crystallogr., Sect. B 2006, 62, 245–254.

(11) Hardie, M. J.; Kirschbaum, K.; Martin, A.; Pinkerton, A. A. J. Appl.
Crystallogr. 1998, 31, 815–817.

(12) Sheldrick, G. M. SAINT+, SADABS, XPREP and SHELXTL
programmes included in the Bruker SMART CCD. software, 2003.

(13) (a) Iversen, B. B.; Larsen, F. K.; Pinkerton, A. A.; Martin, A.;
Darovsky, A.; Reynolds, P. A. Acta Crystallogr., Sect. B 1999, 55,
363–374. (b) Wu, G.; Rodrigues, B. L.; Coppens, P. J. Appl.
Crystallogr. 2002, 35, 356–359.

(14) Blessing, R. H. J. Appl. Crystallogr. 1997, 30, 421–426.

B J. AM. CHEM. SOC. 9 VOL. xxx, NO. xx, XXXX

A R T I C L E S Clausen et al.



The initial structural model obtained from SHELXL (atomic
positions and displacement parameters) was refined against those
high-order data having values of sin(θ)/λ > 0.8 Å-1. Subsequently,
the electron density was refined with a multipole model using the
program XD.15 The structural parameters obtained in the high-order
refinement were fixed during the initial refinement of the multipole
parameters. However, the final model included a simultaneous
refinement of all structural and electronic parameters of the ordered
atoms. The maximum correlation parameter in the refinement was
between displacement parameters of the disordered DEF molecules,
and these parameters were varied in separate cycles. The non-
spherical electron density model included all atoms of the frame-
work, the ordered DEA molecule, and one of the two disordered
unique DEF molecules. The multipole-modeled disordered DEF
molecule is hydrogen-bonded to the cationic DEA, and it cannot
be excluded from the model due to possible charge transfer. The
parameters of the disordered ethyl group of this DEF molecule were
constrained to the values of the ordered ethyl group within the same
solvent molecule. The other DEF solvent molecule is disordered
into four positions, and it was kept with spherical atoms. Since all
interatomic distances to this strongly disordered DEF molecule are
long (the shortest distance is 2.2 Å between O(71A) and H(33a) or
1.57 Å between H(71a) and H(33c)), it appears to have very weak
intermolecular bonding, and thus it is reasonable to assume that
this molecule is neutral and has zero charge transfer to the
surrounding moieties. The final model of the refined atoms included
hexadecapoles on cobalt and octupoles on all other non-hydrogen
atoms, as well as a monopole and a bond-directed dipole on all
H-atoms. The radial function of a Co2+ ion (d7) taken from the
SCM scattering bank in XD was employed for the transition metal
sites.16 The positions of the hydrogen atoms were reset after each
refinement cycle to equal standard average neutron diffraction
results.17 Two radial expansion/contraction parameters (κ′ and κ′′ )
were introduced for each chemically unique type of atom, giving
the following final values: κ′(Co(1)) ) 0.994(4), κ′′ (Co(1)) )
0.715(13), κ′(Co(2)) ) 0.993(5), κ′′ (Co(2)) ) 0.702(18), κ′(N) )
0.997(4), κ′′ (N) ) 0.82(3), κ′(O) ) 0.983(2), κ′′ (O) ) 0.695(18),
κ′(C(sp2)) ) 0.978(3), κ′′ (C(sp2) ) 0.928(10), κ′(C(sp3)) )0.937(4),

and κ′′ (C(sp3)) ) 0.887(15). Expansions of the model were tested,
including anharmonic displacement tensors and additional κ
parameters. However, the residual density maps did not improve,
and the extra parameters were discarded. Similarly, extinction was
found to be insignificant, and the final model included 1005
parameters refined against 18 635 observations (I > 2σ(I)). The
Hirshfeld rigid bond test was satisfactorily fulfilled for all parts of
the ordered structure, with the mean value of the difference of mean-
square displacement amplitudes (DMSDA) being ∆A-B ) 3.1 pm2

(the maximum value was 12 pm2).18 A full list of DMSDA values
is deposited in the Supporting Information. The residual density
plots exhibit extremes near the two cobalt atoms (∼0.4 e Å-3 when
using all data). Recently, we studied in detail the effects on
refinement residuals of removing outlier reflections based on their
deviations from values calculated from a multipole model.19 It was
found that such approaches easily decrease the residuals by a factor
of 2, without affecting the refined multipole model. Furthermore,
it was established that only very weak, primarily high-angle
reflections were discarded by this procedure; hence, a similar effect
is obtained by truncating the calculation of difference Fourier maps
at some chosen resolution, thereby actually creating a more reliable
view of the errors in the experiment and an increased ability to
identify model flaws. Accordingly, Figure 1 shows the residual
density maps using only data below a resolution of 0.8 Å-1, while
maps calculated from all reflections are given in the Supporting
Information.

Results and Discussion

Structure of 1. The structure of the coordination polymer
consists of three-atom chains of carboxylate-bridged cobalt
atoms bridged by three unique benzenedicarboxylic acid linkers,
denoted BDCI, BDCII, and BDCIII. The discrete Co chain
consists of a tetragonally distorted, octahedrally coordinated Co
atom (Co(2)) situated at an inversion center in the space group
and a distorted, tetrahedrally coordinated cobalt, Co(1), at each
end of the chain (see Figure 2). Selected bond distances are
listed in Table 2. The framework is more densely packed in
two dimensions due to the cross-linking of the discrete metal
chains by the BDCI and BDCII linkers, thus resulting in a layer-
like structure (see Figure 2C). These layers are connected by
the BDCIII linker, resulting in a 3D framework.

The BDCI linker contains two almost completely delocalized
carboxylate groups bridging two neighboring cobalt atoms
(O(21), O(22), O(28), and O(29) in Table 2). The carboxylate
groups of BDCII and BDCIII are partly localized, and these
groups bond to the metal centers with only one oxygen atom
each. The carboxylate group of BDCII connects the two unique
Co atoms via a direct oxygen bridge (O(11)), while the
carboxylate group of BDCIII is bonded only to Co(1) through
O(1). As mentioned above, a formal charge count yields a
negatively charged framework, and hence the solvent molecules
formally are cationic. However, the analysis of the CD will show
if there is charge transfer between the host framework and the
guest molecules. The coordination of Co(1) is distorted tetra-
hedral, with a formal charge of +1.75, and the coordination of
Co(2) is tetragonally distorted octahedral, with a formal charge
of +2.50, if all oxygen atoms in the carboxylate groups share
the negative charges.10 On the basis of the synthesis conditions,
we expect cobalt to be in the +2 valence state as the starting
material was CoCl2 ·6H2O, but the atomic charges derived from
the CD can be used to verify this.

(15) Koritsanszky, T.; Howard, S. T.; Richter, T.; Macchi, P.; Volkov,
A.; Gatti, C.; Mallinson, P.; Farrugia, L. J.; Su, Z.; Hansen N. K.
XD. sA Computer Program Package for Multipole Refinement,
Topological Analysis of Charge Densitites from Diffraction Data, 2003.

(16) (a) Su, Z.; Coppens, P. Acta Crystallogr., Sect. A. 1998, 54, 646–652.
(b) Macchi, P.; Coppens, P. Acta Crystallogr., Sect. A 2001, 57, 656–
662.

(17) Allen, F. H.; Kennard, O.; Watson, D. G.; Brammer, L.; Orpen, A. G.;
Taylor, R. J. Chem. Soc., Perkin Trans. 2 1987, 1–19.

(18) (a) Harel, M.; Hirshfeld, F. L. Acta Crystallogr., Sect. B 1975, 31,
162–172. (b) Hirshfeld, F. L. Acta Crystallogr., Sect. A 1976, 32, 239–
244.

(19) Overgaard, J.; Clausen, H. F.; Platts, J. A.; Iversen, B. B. J. Am. Chem.
Soc. 2008,

Table 1. Crystallographic Details

1

empirical formula Co3O19N5C55H73

formula weight (g/mol) 1284.98
space group C2/c
T (K) 16(2)
a (Å) 33.1947(16)
b (Å) 9.7794(4)
c (Å) 18.2274(7)
� (°) 92.520(1)
V (Å3) 5911.3(4)
µ (mm-1) 0.179
Tmin/Tmax 0.988, 1.000
Nmeas 167899
Rint (S <0.8 Å-1, all data) 0.0431, 0.0562
R(σ) 0.081
sin(θmax)/λ (Å-1) 1.264
Nobs(2σ) 18635
Npar 1005
Rall(F), Rall(F2) 0.038, 0.038
GoF 0.63
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On the basis of the behavior of the isostructural Zn analogue
to 1, Poulsen et al. suggested that the carboxylate twist (defined
by the torsion angle O(11)-C(11)-C(12)-C(13)) in the BDCII
linker as well as the bond length of Co(2)-O(11) will decrease

at lower temperature (Table 2). This is indeed found to be the
case, with Co(2)-O(11) decreasing from 2.217(2) to 2.2071(4)
Å, whereas the twist angle changes from 0.5(3)° to 0.12(8)°.
The bond length and twist of Co(2)-O(11) presumably correlate

Figure 1. Residual maps obtained with a cutoff value of 0.8 Å-1. The maps include (A) the Co(1)-O(28)-O(21) plane, (B) the Co(2)-O(29)-O(11)
plane, (C) the BDCIII linker, and (D) a carboxylate group of BDCIII. The contour intervals are 0.1 e Å-3, and solid contours are positive.

Figure 2. (A) Asymmetric unit of the framework of 1. (B) Coordination of the three metal atoms in the chain. The turquoise bonds are fully delocalized,
while the red bonds are longer in the partially localized carboxylate groups. (C) Framework channels of the layered structure viewed along the b-axis of the
unit cell, where the solvent molecules have been omitted for clarity. The thermal ellipsoids are drawn at a 90% level.

D J. AM. CHEM. SOC. 9 VOL. xxx, NO. xx, XXXX

A R T I C L E S Clausen et al.



with the magnetic interaction, which may originate from the
π-orbital of the carboxylate linkers being oriented toward the
d-orbitals of the cobalt atoms to interact in a superexchange
mechanism.

Physical Properties. Poulsen et al. noted an anomaly in the
magnetic susceptibility measurements of 1 at 50 K, which was
proposed to be an onset of magnetic ordering.10 Therefore, only
data above 60 K were fitted to a Curie-Weiss expression, giving
a Weiss temperature, Θ, of 23 K and an effective moment of
4.2 µB. Measurements of the magnetization as a function of field
at different temperatures suggested a ferromagnetic ordering of
Co2+ ions (µsat ≈ 3 µB), and a sharp rise in magnetization with
increasing field is observed below 10 K.10 The heat capacity
reveals a phase transition at 6 K, which is in good agreement
with the magnetic ordering. A new plot of the magnetic
susceptibility data is shown in Figure 3.

The �T plot reveals different types of interactions, as
ferromagnetic, antiferromagnetic, and paramagnetic interactions
are accompanied by an increase, decrease, and constant value
in �T, respectively.20 A ferromagnetic region is seen for
temperatures between ∼85 and ∼42 K. Prior to the ferromag-
netic ordering, a flat plateau is found, which corresponds to the
paramagnetic state. Fitting of data points above 100 K gives a
Weiss temperature of 5.6 K and an effective moment of 4.9
µB, in agreement with the heat capacity data. Below ∼42 K,

the value of �T decreases in two steps, with the second step
being at ∼10 K. The drop in �T for T < 42 K presumably is
due to antiferromagnetic ordering of 1. From the different
magnetic interactions, it appears that the Co ions have several
interaction pathways available in the complex crystal structure.

Charge Density. The static deformation density and Laplacian
distribution of one of the BDC linkers is shown in Figure 4,
while static deformation densities of metal-ligand planes are
shown in Figure 5. Additional plots are deposited in the
Supporting Information.

The static deformation map in Figure 4 shows single peak
maxima in aromatic bonds and overall demonstrates that the
present model density is of high quality. The metal-ligand
planes in Figure 5 reveal that the Co atoms have clear deviations
from the spherical distribution of the independent atom model.
All metal-ligand interactions, except the Co(1)-O(1) and
Co(1)-O(11) bonds, are characterized by a negative metal
region pointing toward a positive ligand region. The Co(1)-O(1)
and Co(1)-O(11) interactions, on the other hand, seem to have
some covalent contributions to the bonding, with charge
accumulation in the bond.

Bonded atoms are connected through a line of maximum
electron density, and a bond critical point (bcp) appears at the
local minimum of F along this line. A complete list of bcps is
deposited in the Supporting Information, while Table 3 gives
the topological properties in the Co ligand bonds only. No bond
path can be found between Co(1) and Co(2), but a ring critical
point is located in this region. Thus, there is no direct bonding
interaction between the cobalt atoms which can mediate
magnetic ordering, and this must therefore occur through the
linking organic molecules.

The Fc values in the Co-O bonds range from 0.25 to 0.67 e
Å-3, and the Laplacian is always positive. It is noteworthy
that the Co(1)-O(1) and Co(1)-O(11) bonds exhibit negative
H values. This indicates that these bonds possess a larger
degree of covalency than the remaining Co-O bonds, which
all show positive values of H.22 A plot of 32Fc versus M-O
distance for various transition metal bonds (Fe-O, Mn-O,
Co-O, Figure 6A) follows a clear exponential decrease, as
is also observed in closed-shell hydrogen bonds.23 In the early
literature on topological analysis of chemical bonding, it was
argued that a (G/F)c value above unity is a signature of closed-
shell bonding.24 This is observed for all the Co-O bonds in
1. However, Gibbs and co-workers recently examined a range
of commonly used measures for characterizing chemical
bonding.25 It was shown that for M-O bonds, where M is a
non-transition metal, the (G/F)c value is above unity and
actually increases with decreasing bond length. Furthermore,
the increase in (G/F)c is clearly accompanied by an increasing
covalent character of the bonding. In Figure 6B, (G/F)c is
plotted for a range of transition metal-oxygen bonds on the
basis of experimental CD studies from our group.26 The trend
is clear that also for transition metal-oxygen bonds, (G/F)c

increases with decreasing bond length. It is of interest to
probe in detail whether the increase in (G/F)c for transition
metal-oxygen bonds is also accompanied by an increasing

(20) Konar, S.; Mukherjee, P. S.; Drew, M. G. B.; Ribas, J.; Chaudhuri,
N. R. Inorg. Chem. 2003, 42, 2545–2552.

(21) Abramov, Y. Acta Crystallogr., Sect. A 1997, 53, 264–272.
(22) Macchi, P.; Sironi, A. Coord. Chem. ReV. 2003, 238-239, 383–412.
(23) Espinosa, E.; Alkorta, I.; Elguero, J.; Molins, E. J. Chem. Phys. 2002,

117, 5529.
(24) Bader, R. F. W.; Essen, H. J. Chem. Phys. 1984, 80, 1943.
(25) Gibbs, G. V.; Spackman, M. A.; Jayatilaka, D.; Rosso, K. M.; Cox,

D. F. J. Phys. Chem. A 2006, 110, 12259–12266.

Table 2. Selected Bond Distances (Å) for 1

16 K 120 Ka

Co(1)-Co(2) 3.22685(7) 3.239(3)
Co(1)-O(1) 1.9392(4) 1.940(3)
Co(1)-O(11) 1.9913(4) 1.998(2)
Co(1)-O(21) 1.9801(6) 1.982(2)
Co(1)-O(28) 1.9723(5) 1.979(2)
Co(2)-O(11) 2.2071(4) 2.217(2)
Co(2)-O(22) 2.0489(5) 2.053(2)
Co(2)-O(29) 2.0301(5) 2.040(2)
O(21)-C(21) 1.2678(6) 1.277(4)
O(22)-C(21) 1.2572(7) 1.259(4)
O(28)-C(28) 1.2668(6) 1.270(4)
O(29)-C(28) 1.2551(6) 1.260(4)
O(1)-C(1) 1.2907(7) 1.295(4)
O(2)-C(1) 1.2381(8) 1.236(4)
O(11)-C(11) 1.2986(7) 1.307(4)
O(12)-C(11) 1.2379(8) 1.243(4)

a Data from ref 10.

Figure 3. Temperature dependence of �T from 2 to 300 K.
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covalent character of the bonding. The Co-O(1) and
Co-O(11) bonds do not stick out as having particularly high
(G/F)c values, but the analysis by Gibbs et al. suggests that
the high (G/F)c values are compatible with significant
covalency in the bonding.

According to the zero flux condition, atoms can be
separated into discrete, non-overlapping atomic basins from
which atomic properties can be derived. One particularly
appealing feature of this partitioning is that atomic properties
such as energy, volume, and charge are additive.27 The
properties of selected atoms in 1 are shown in Table 4, and
a complete list is given in the Supporting Information.

Summation of the topological charges in the framework
results in an overall almost neutral network with a charge of
+0.07, suggesting that significant charge transfer has occurred
from the formally negative framework structure to the cationic
solvent molecules. Due to the disorder of the solvent molecules,
it is difficult to locate the atomic surfaces in the cavities, and
the solvent molecule charges are poorly defined. The charge
neutrality of the framework is an important observation, since
studies of coordination polymers often touch on the formal
charge state of a given framework. This is to a large part due
to the expectation that the inclusion properties of a given
framework will depend strongly on the charge distribution and

Figure 4. Static deformation density (A) and Laplacian distribution (B) of the BDCIII linker. For the deformation density, the contour interval is 0.1 e Å-3,
with solid contours being positive and dashed contours negative. For the Laplacian map, the contour level is 2x × 10y (x ) 0, 1, 2, 3 and y ) -2,-1, 0, 1,
2, 3), with dashed lines being positive values and solid lines negative.

Figure 5. Static deformation density maps of (A) the Co(1)-O(1)-O(11) plane, (B) the Co(1)-O(21)-O(28) plane, (C) the Co(2)-O(11)-O(22) plane,
and (D) the Co(2)-O(11)-O(29) plane. The contour interval is 0.1 e Å-3, with solid contours being positive and dashed contours negative.
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the corresponding electrostatic properties. In other words, the
electrostatic potential in the cavities will be highly dependent
on the charge state of the framework. Recently, theoretical
calculations have started addressing the mechanism of gas
storage in CPs based on electrostatic interactions,28 and it would
be of considerable interest to compare the experimental CD of
1 with results from theory, but ab initio theoretical calculations
on 1 are highly challenging. In the present case, formal charge
counting is inaccurate, and potential conclusions based on the
framework being negative therefore would be in error. The
significant charge reorganization between the framework and
the guest atoms probably can explain why there are significant
differences in the thermal decomposition patterns between the
isostructural Zn and Co analogues.10 The release of the solvent
molecules in the cavities occurs both at different temperatures
in the two compounds and with different enthalpies. In both
compounds, a stable plateau in the TGA/DSC is reached at ∼600
K, which presumably corresponds to the naked framework.10

It may be the neutrality of the framework that makes it possible
to obtain a stable naked configuration, since a solid cannot have
an overall negative charge. Summation of the topological
charges for the different BDC linkers reveals substantial
differences. The intralayer linkers BDCI and BDCII are
considerably more negatively charged than the interlayer linker
BDCIII. This is due to the carboxylate group of BDCIII being
less negatively charged, while the benzene ring of the BDCIII
linker is positively charged. The intralayer linkers all have
negatively charged benzene rings. The considerable differences
in the BDC charge distributions is a strong indication that the
electrostatic properties, and thereby the guest inclusion proper-
ties, are tunable.

The atomic charges of Co(1) and Co(2) are quite similar,
with values of +1.88 and +1.91, which agrees well with the
expected charge of +2. On the other hand, the mixed valence

charges of +2.50 and +1.75 obtained from a formal charge
count assuming delocalized carboxylate groups are clearly
incorrect. As expected for the highly symmetric Co(2) atom,
the atomic dipole moment is close to zero, whereas for the
tetrahedrally distorted Co(1), a larger first moment is found, in
correspondence with the more asymmetric coordination. Even
though the expansion/contraction parameters and the atomic
charges of the two cobalt atoms are similar, there is a substantial
difference in their respective atomic volumes, with the tetra-
hedral Co atom being about 15% larger than the octahedral Co
atom. The average electron density consequently is smaller in
the Co(1) basin. For close-packed structures, it is often argued
that larger cations will be located in octahedral holes, since these
are larger than their tetrahedral counterparts. In the present CP,
the tetrahedrally coordinated atoms are nevertheless largest. The
different shapes of the two cobalt atom charge distributions are

(26) (a) Overgaard, J.; Hibbs, D. E.; Rentschler, E.; Timco, G. A.; Larsen,
F. K. Inorg. Chem. 2003, 42, 7593–7601. (b) Overgaard, J.; Larsen,
F. K.; Schiøtt, B.; Iversen, B. B. J. Am. Chem. Soc. 2003, 125, 11088–
11099. (c) Poulsen, R. D.; Bentien, A.; Graber, T.; Iversen, B. B. Acta
Crystallogr., Sect. A 2004, 60, 382–389. (d) Poulsen, R. D.; Bentien,
A.; Chevallier, M.; Iversen, B. B. J. Am. Chem. Soc. 2005, 127, 9156–
9166.

(27) Bader, R. F. W. Atoms in molecules. A quantum theory; Clarendon
Press: Oxford, 1990.

(28) Belof, J. L.; Stern, A. C.; Eddaoudi, M.; Space, B. J. Am. Chem. Soc.
2007, 129, 15202–15210.

(29) Hübschle, C. B.; Luger, P. J. Appl. Crystallogr. 2006, 39, 901–904.

Table 3. Topological Measures at the Bond Critical Pointsa

bond R R12 d1-bcp Fc 32Fc G/F H/F |V|/G

Co(1)-O(1) 1.9392(4) 1.940 0.965 0.67 13.3 1.54 -0.15 1.10
Co(1)-O(11) 1.9913(4) 1.993 0.975 0.56 11.6 1.51 -0.07 1.05
Co(1)-O(21) 1.9801(6) 1.989 0.955 0.46 11.6 1.64 0.11 0.95
Co(1)-O(28) 1.9723(5) 2.014 0.967 0.39 10.6 1.69 0.20 0.89
Co(2)-O(11) 2.2071(4) 2.215 1.082 0.25 5.6 1.38 0.20 0.85
Co(2)-O(22) 2.0489(5) 2.056 0.997 0.35 9.4 1.65 0.23 0.86
Co(2)-O(29) 2.0301(5) 2.039 0.987 0.41 9.6 1.53 0.10 0.94

a R is the bond distance between the two atoms, and Rij is the sum of
the distance from first atom through the bcp to the other atom (Å). d1-bcp

(Å) is the distance from the bcp to the atom. Fc (e/Å3) is the electron
density, and 32Fc (e/Å5) is the Laplacian at the bcp. G, H, and V are the
local kinetic, the local potential, and the total energy density (Hartree
Å-3) derived using the Abramov approximation.21 The random errors of
Fc and 32Fc estimated from the least-squares refinement are significant
underestimates of the real error, and they are therefore not listed.
Instead, values of Fc are presented with two decimals, while the
Laplacian values are truncated after the first decimal.

Table 4. Integrated Atomic Propertiesa

monopole charge Bader charge TBV ∆TBV dipole moment

Co(1) 2.07 1.88 66.6 0.7 0.03
Co(2) 2.05 1.91 58.1 0.0 0.00
sum 3.095 2.835

BDCI
O(21) -0.23 -1.06 106.4 5.5 0.23
O(22) -0.18 -1.07 102.6 6.9 0.31
C(21) -0.29 1.49 39.3 3.4 0.75
C(22) -0.12 -0.15 80.6 13.6 0.11
C(23) -0.32 -0.23 89.5 10.0 0.39
C(24) -0.28 -0.19 92.4 13.7 0.39
C(25) -0.17 -0.22 76.6 6.7 0.04
C(26) -0.21 -0.14 92.4 15.1 0.39
C(27) -0.26 -0.21 99.1 21.6 0.34
C(28) -0.26 1.58 39.9 5.3 0.72
O(28) -0.27 -1.12 105.9 5.6 0.48
O(29) -0.25 -1.17 105.7 11.2 0.38
H(23) 0.26 0.25 33.8 2.6 0.14
H(24) 0.3 0.25 35.9 1.9 0.18
H(26) 0.25 0.20 50.6 18.6 0.17
H(27) 0.28 0.23 36.7 5.0 0.17
sum -1.75 -1.56

BDCII
O(11) -0.33 -1.0 89.5 4.5 0.26
O(12) -0.18 -1.14 116.1 11.0 0.37
C(11) -0.24 1.47 38.1 3.2 0.73
C(12) -0.16 -0.17 77.8 10.5 0.06
C(13) -0.26 -0.2 92.8 14.4 0.35
C(14) -0.38 -0.31 94.1 14.9 0.34
H(13) 0.26 0.22 51.2 19.8 0.15
H(14) 0.3 0.22 34.2 1.5 0.20
sum -0.99 -0.91

BDCIII
O(1) -0.17 -0.86 94.2 1.4 0.22
O(2) -0.12 -1.08 118.2 7.6 0.55
C(1) -0.26 1.44 34.5 0.0 0.64
C(2) -0.15 -0.19 67.2 0.8 0.07
C(3) -0.25 -0.05 74.9 3.0 0.54
C(4) -0.26 0.02 75.4 4.8 0.54
H(3) 0.29 0.24 37.8 3.8 0.19
H(4) 0.24 0.18 34.1 1.5 0.15
sum -0.68 -0.3

total -0.32 0.07

a For comparison, atomic charges estimated from refined monopole
populations are also listed. TBV is the total basin volume (Å3), whereas
∆TBV is the difference between the total basin volume and the volume
of the basin having an electron density above 0.002 au. The sum of the
separate units is found by adding the atomic contributions, and the total
sum of the framework of 1 is given as obtained by by adding the
separate units.
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visualized in Figure 7, which shows the zero flux surfaces of
the two atoms.

The oxygen atoms of 1 can be divided into several different
types on the basis of their bonding to the cobalt atoms. Bridging
of delocalized carboxylate groups is exclusively observed in
the BDCI linker (O(21), O(22), O(28), and O(29)). In BDCII
and BDCIII, there are four different types of oxygen atoms:
one hydrogen-bonding type (O(12)), one direct µ-bridging type
(O(11)), one terminal atom (O(1)), and one oxygen atom that
does not bond to atoms other than the carboxylic carbon atom
(O(2)). The delocalized carboxylate groups of BDCI appear to
exhibit similar trends, with atomic charges and total basin
volumes of the oxygen atoms being almost identical. The
partially localized carboxylate groups are characterized by
differences in charge and atomic volume between the constituent
oxygen atoms. From a structural point of view, a lengthening

of a C-O bond in a carboxylate group is often interpreted as
electron localization at this particular oxygen atom. Surprisingly,
we observe that the terminal oxygen atom, O(1), and the direct
µ-bridging oxygen atom, O(11), possess slightly smaller dipole
moments, atomic basins, and charges than O(2) and O(12),
despite forming the longer bonds of asymmetric carboxylate
groups.

Although the electron density contains no spin information,
it is still of interest to probe empirically if it contains some
kind of signature related to the magnetic interactions. Unpaired
electrons located in specific orbitals may give rise to valence
shell charge concentrations (VSCCs). In Figure 8, isosurface
plots of the VSCCs of the cobalt atoms are shown.

When examining the chemical bond directions from cobalt
to the oxygen atoms, a charge depletion is observed at all bonds
except for O(1) and O(11), where the bonds to Co(1) reach into
the region of charge concentration. This may reflect the partly
covalent nature of these bonds. It is tempting to speculate that
the bridging O(11) atom is responsible for the ferromagnetic
ordering of the trimetal chains which begins around 85 K. The
ferromagnetic ordering may even be in entire layers via BDCII
and the O(11) pathway. The chains or layers then subsequently
obtain antiferromagnetic order below 42 K through the O(1)
atom and the BDCIII linker.

Conclusion

The experimental charge density of 1 has been determined
from multipole modeling of 16 K synchrotron X-ray diffraction
data. The study is only possible due to the immense intensity
available using third-generation synchrotron insertion devices.
A topological analysis of the density provides no evidence for

Figure 6. (A, left) Experimental values of 32Fc as a function of metal-oxygen bond length based on the present study as well as literature values.26

The blue triangles are from three carboxylate bridged trinuclear iron complexes, black squares from an iron containing butterfly like complexes, red
dots from two manganese metal organic frameworks and green triangles are from 1 with Co-O bonds. (B, right) (G/F)c versus bond length for the
same bonds as in (A).

Figure 7. Atomic surfaces of the two cobalt atoms determined from the
experimental charge density distribution: left, Co(1); right, Co(2).

Figure 8. Isosurface plots of the valence shell Laplacian distributions of the two cobalt atoms of 1: left and middle, the distorted tetrahedral Co(1) atom
in two orientations; right, distorted octahedral Co(2). The regions of minimum Laplacian (charge concentration) are shown with 32F < -900 e Å-5. The
plots were prepared using the program MolIso.29
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a direct metal-metal interaction, suggesting that the magnetic
ordering takes place via superexchange. The metal-ligand bonds
are all of closed-shell type, except for the Co(1)-O(1) and the
Co(1)-O(11) bonds, which have clear covalent contributions
to the bonding. It is speculated that these two bonds are the
key mediators of the magnetic ordering. The integrated proper-
ties of the two metal atoms reveal atomic charges of ∼1.9e at
both Co sites, even though the atomic basins are of dissimilar
sizes. A summation of the atomic charges of the framework
resulted unexpectedly in a value close to zero, and substantial
charge transfer from framework to guest molecules must take
place. Formal charge counting on both the metals and the
framework is thus inaccurate, and chemical conclusions based
on such values, e.g., about guest inclusions properties of porous
networks, should be avoided. The charge distributions of the
three unique BDC linkers are quite different, and thus their
influence on the nanocavity electrostatic potential is a highly
tunable property.
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A 165 mm Mar CCD detector has been fitted on a large Huber four-circle

diffractometer together with a helium cryostat at beamline D3 at Hasylab,

DESY in Hamburg. This setup allows fast collection of accurate, short-

wavelength, very low temperature X-ray diffraction data for charge-density

analysis. As a test example, diffraction data have been collected in 10 h on a

hydrogen-bonded network system with 15 unique atoms, and the electron

density was modelled with the multipole formalism in an X–N procedure using

matching-temperature neutron diffraction data collected at Institut Laue

Langevin, Grenoble in France.

1. Introduction

The electron density (ED) of a molecular system is a funda-

mental property closely related to the wavefunction, and it is

of fundamental importance for understanding the chemistry

and physics of molecular systems. The ED can be obtained

either from quantum mechanical calculations or estimated

experimentally from accurate X-ray diffraction data

(Coppens, 1997). Over the past decade, the X-ray charge-

density method has been revitalized as a result of major

advances in experimental methods with the availability of area

detectors, intense short-wavelength synchrotron radiation and

stable helium cooling devices (Iversen et al., 1999). The use of

area detectors has greatly increased the data-collection speed,

and this has made the technique a generally applicable

analytical tool (Coppens, 2005). Furthermore, comparative

ED studies between related materials are now possible, and

this may provide insights that cannot be obtained in single-

system studies (Overgaard et al., 2003). While area detectors

primarily provide speed, the latter two developments,

synchrotrons and helium cooling devices, provide significant

improvements in data accuracy (Coppens et al., 2004).

X-ray diffraction data generally are affected by a range of

systematic errors including absorption, extinction, anomalous

scattering, thermal diffuse scattering (TDS), multiple scat-

tering and integration errors (Blessing, 1995; Iversen et al.,

1996). The use of intense, short-wavelength synchrotron

radiation mitigates in particular the absorption, extinction and

anomalous scattering effects. These are all greatly reduced if

small crystals and short-wavelength radiation are used.

Furthermore, the monochromatic synchrotron beam removes

potential integration errors from the �1–�2 splitting inherent

in laboratory-based experiments. The drawback of synchro-

tron radiation experiments can be a less stable beam, which

potentially makes the precision of the data inferior to

measurements at conventional sources. The status of

synchrotron radiation in charge-density studies of coordina-

tion complexes was detailed in a review (Coppens et al., 2004),

and recent synchrotron charge-density studies of coordination

polymers based on data measured at the ChemMatCARS

beamline at APS have been reported, for example by Poulsen

et al. (2004, 2005) and Clausen et al. (2008).

The temperature at which a diffraction experiment is

performed is crucial for limiting TDS and anharmonic motion.

The effects of TDS have been somewhat ignored by the

charge-density community even though it is known to affect

severely the high-order diffraction data (Iversen, Nielsen &

Larsen, 1995). Even for relatively hard substances such as

metallic magnesium (TD = 340 K), the TDS contribution to

high-order neutron intensities (sin�/� = 0.8 Å�1) amounts to

20% at 295 K compared with 8% at 125 K and an insignificant

contribution at 10–15 K. For softer substances of chemical

interest the TDS contribution will be significantly larger. Since

elastic constants are unknown for most chemically relevant

systems, thus making corrections for TDS impossible, the only

effective way to limit TDS is to lower the temperature as much

as possible. One may argue that if the TDS contribution is

absorbed in the thermal parameters, then the deconvolution of

thermal motion to obtain the static ED is still feasible.

However, in several studies it has been demonstrated that

100 K data are much less accurate than 10 K data (Figgis et al.,

1993; Iversen et al., 1997). Even though useful chemical

information clearly can be obtained from synchrotron ED

studies at 100 K (Koritsanszky et al., 1998), there is no doubt

that helium cooling devices are to be preferred. Finally, it may

also be mentioned that the use of helium cooling instead of
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nitrogen greatly increases the high-order Bragg intensities. For

reflections at sin�/�’ 1.2 Å�1, typically a factor of about 10 in

intensity is obtained for a small molecule organic crystal when

the temperature is decreased from 100 to 10 K (Larsen, 1995).

Why have there not been many more applications of area-

detector, helium cryostat synchrotron charge-density data,

when the advantages are clear? The major limitation has been

that only very few beamlines have been able to deliver a

dedicated crystallography setup optimized for this kind of data

collection. To our knowledge, only beamline X3A1 at NSLS

(until its closure) and the ChemMatCARS at APS have been

able to measure consistently charge-density data under these

conditions (Coppens et al., 2004). One of the milestones in a

recent upgrade of beamline D3 at DESY therefore has been to

ease this general lack of dedicated beamlines for accurate

crystallographic studies. The D3 beamline has, for a number of

years, provided diffraction data of outstanding precision using

nitrogen cooling and a point detector (Kirfel & Eichhorn,

1990; Lippmann & Schneider, 2000). However, because of

time constraints the use of a point detector severely limits the

range of systems that can be studied to crystals having small

unit cells (< 5–10 Å axes). Area detectors are simply needed

for ‘chemical studies’, but if they are combined with closed-

cycle helium cryostats, there is a problem with parasitic scat-

tering from the vacuum enclosure. This problem was over-

come by Darovsky et al. (1994) with the construction of an

anti-scattering device inside the vacuum enclosure around the

target crystal, but accurate placement of the device using

strong external magnets was cumbersome. Nevertheless, the

Darovsky setup provided the first fast determination of an

area-detector-based synchrotron charge density (Bolotovsky

et al., 1995). Another approach has been to substitute the Be-

cups with low-scattering and transparent Kapton foils

(Meserschmidt et al., 2003). However, major advances in

open-flow helium gas flow cryostats have now solved this

problem (Hardie et al., 1998). Thus, the D3 beamline upgrade

consists of a 165 mm Mar CCD area detector mounted on the

four-circle diffractometer for fast collection of very high

resolution data in combination with an Oxford Diffraction

Helijet cryostat.

In the present paper we report on the quality of data

collected at the upgraded D3 beamline. As a test system, we

have chosen an organic system, K(H2C2O4)(HC2O4)(H2O)2,

(I) (Fig. 1), which may be considered an archetype for an

experimental charge-density study. The system is not parti-

cularly well behaved in the sense that the crystal quality is not

exceptional and the structure contains difficult K+ counter-

ions. Chemical interpretation of the derived ED will appear

elsewhere (Macchi et al., 2008). X-ray-only charge-density

studies focused on various chemical issues and based on fully

reduced data from the upgraded D3 beamline have already

been published (Poulsen et al., 2007; Overgaard et al., 2008),

while a study using D3 data without absorption and oblique

corrections has also been reported (Chechinska et al., 2006).

Here, our aim is to discuss the setup and data-reduction

procedures and to show that high-quality charge-density data

can now be ‘routinely’ measured at the D3 beamline at

Hasylab. To investigate the quality of the D3 data we compare

structural parameters with results obtained from a single-

crystal neutron diffraction study at matching temperature.

2. Setup at Hasylab beamline D3

2.1. Hardware

The upgrade of the beamline consists of a 165 mm Mar

CCD detector mounted on the 2� arm of a large Huber four-

circle diffractometer. Furthermore, a Helijet cryostat has been

mounted on the diffractometer base (Fig. 2). This particular
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Figure 1
Drawing of complex (I), showing the ellipsoids of all atoms at the 90%
probability level. The hydrogen bonds are shown by dashed lines. For
those oxalate groups where only one end participates in bonding to the
central K1 atom or in hydrogen bonding (all except one), the other half
has been removed for clarity.

Figure 2
Illustration of the diffractometer setup at the D3 beamline with the
Helijet and the Mar CCD 165 detector.
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setup puts rather severe restrictions on the movement of !,

which is limited to within �25�. In order to run the diffract-

ometer, a new Perl script software system has been developed

locally to control the diffractometer movements and the

shutter, while the Mar CCD software controlling the frame

collection is run in remote mode.

2.2. Data reduction at D3

There are critical differences between procedures for

accurate charge-density studies and, for example, standard

protein crystallographic structure determinations. As an

example, data redundancy is vital in charge-density studies to

obtain reliable estimated standard deviations and to allow

removal of inevitable outliers (Iversen et al., 1999). Since

multiple scattering effects usually are not explicitly addressed

in area-detector studies, it is necessary to remove outliers

based on the comparison of data collected in different parts of

reciprocal space. Another crucial point for short-wavelength

area-detector data is to correct for the oblique incidence of the

diffracted beams into the detector, which leads to differences

in the absorption efficiency in a finite thickness phosphor

(Iversen et al., 1999; Wu et al., 2002; Johnas et al., 2006; Poulsen

et al., 2007). These factors necessarily need to be included in

the data-reduction scheme for diffraction data. Thus, when

initiating the use of this improved setup, two major issues were

to decide on the optimal data-collection strategy and the

optimal data-reduction procedure. The optimal data-collec-

tion strategy for the most advantageous usage of the current

D3 setup has been examined in detail and published elsewhere

(Poulsen et al., 2007). Data reduction includes five different

steps which have been built into an automatic procedure

called d3_reduce (Overgaard & Madsen, 2007). The initial

steps of unit-cell refinement, space group assignment, and

subsequent integration and Lp correction are taken care of by

the program XDS (Kabsch, 1993). It is essential to employ an

absorption correction to obtain the accuracy needed for a

charge-density refinement; therefore, it is necessary to use a

version of XDS released after 2006 since at this point a

calculation of a  angle (Schwarzenbach & Flack, 1989) for

each reflection was added to the output. However, it was

quickly noted that, concurrently with this improvement, the

integration procedure of XDS was changed, and we observed

consistently that the internal agreement factors increased

considerably. We therefore progressed by combining the old

(2004) and the new (2006) versions of XDS by extracting the

integrated intensities and their s.u. values from the old version

while reading the  value from the new version. The next step

includes the conversion of  values to direction cosines, after

which follows the correction for oblique incidence on the

detector surface of the diffracted intensities, which is the

major correcting factor, in some cases up to 30% (Poulsen et

al., 2007). Finally, all data are merged and an input file for use

with SORTAV is prepared. This method is subsequently

denoted D3(AU). Comparison with integrated data obtained

with the latest version of XDS (2007) is underway (Overgaard

et al., 2007).

3. Experimental

3.1. Data collection and reduction

In the data collection for (I) five different ’ scan series at 2�
of 0� with different combinations of ! and � to cover the

reciprocal space were performed. The exposure time was fixed

at 30 s; the scan width was 0.3�, the wavelength 0.45 Å and the

detector-to-crystal distance 46.0 mm. The crystal used for the

experiment had dimensions of 0.25 � 0.20 � 0.20 mm. It was

mounted with epoxy glue onto a short and relatively thick

(� ’ 0.1 mm) glass fibre to avoid any wobbly motion due to

the He flow and attached to a goniometer head for centring

purposes.

The synchrotron at Hasylab provides a beam in decay mode

and it is refilled three times daily. If this occurs in the middle of

a data series, it leads to scaling problems for the XDS software.

Thus, to account for this, the five different series were split at

injections into seven sets of data. Furthermore, using the

detector software, data regions corresponding to the detector

surface partly in the shadow of the Helijet were located and

masked explicitly in the XDS input file. Subsequently, the data

were reduced using d3_reduce as described above. This

resulted in a total of 147 663 reflections within a maximum

resolution of sin�/� = 1.15 Å�1. Higher resolution is accessible

with the large detector; however, for the present case of

compound (I) there are very few significant reflections beyond

this selected resolution defined as the point where I/�(I) > 2

(see Fig. 3). SORTAV (Blessing, 1997) was then used for

absorption correction and averaging in Laue group �11 with

8149 reflections identified as severe outliers and removed in

the process.

The outcome was 10 413 unique reflections with an average

redundancy of 13.4 and an overall internal agreement factor of

0.069, with an overall completeness of 92.9%. The relatively

modest Rint factor of 6.9% stems from a very large number of

weak reflections in the data. In Fig. 3 we also plot the agree-

ment factors in resolution shells, and it is clearly seen that the

internal agreement factor increases steadily with scattering

angle.
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Figure 3
The average significance of the intensities [I/�(I )] and the internal
agreement factor (Rint) in shells of reciprocal space with an equal number
of reflections.
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The crystal structure of (I) was solved using SHELXS97

and refined using SHELXL97 (Sheldrick, 2008). The model

described the non-H atoms with anisotropic atomic displace-

ment parameters (ADPs), while the H-atom positions were

refined freely but with ADPs fixed to the values of their

bonded atoms. This independent atom model (IAM) gave the

following agreement factors: R(F) = 0.037 [for 8876 for

reflections with Fo > 4�(Fo)] and 0.048 for all reflections.

Further details are given in Table 1.

3.2. Charge-density refinement details

The IAM model from the SHELX refinement was imported

into the charge-density refinement program package XD

(Volkov et al., 2006) and a multipole model was refined using

F 2. The philosophy of this program builds on an atom-centred

multipole model for the description of the aspherical electron

density (Hansen & Coppens, 1978). The first step was a

refinement of the IAM model using only high-order reflec-

tions above a cutoff of 0.8 Å�1. In the multipole refinement

the X—H bond distances were fixed to the refined values from

the neutron model and scaled hydrogen ADPs were used as

fixed values based on X–N comparison of the heavy-atom

ADPs (see below). The final model included multipoles to

order four on the O atoms, order three on the remaining non-

H atoms, and bond-directed dipoles on the H atoms, except for

the three H atoms involved in short hydrogen bonds for which

all multipoles of order one and two were used. The radial

dependence was modified by the introduction of six different �
parameters. The O atoms were divided into three types with

refinement of separate � values for O involved in C O, C—

O—H and OH2 groups. Each of the remaining atom types

were assigned common � parameters. The treatment of the

central K atom is special. It was found during refinements that

fourth-order Gram–Charlier coefficients were significant and

thus these were included in the final model. The K atom is

considered to be a K+ ion, which has no valence electrons, and

therefore no multipoles will be occupied on K and its charge

distribution is essentially spherical. Attempts were made to

refine a � parameter for the entire core electron distribution

for K+, which leads to a small but significant contraction of

about 1%. However, the largest residuals in the electron

density remain in the vicinity of the K site (�0.51 and

0.47 e Å�3 when using all data) and they cannot be described

by the multipole model. These residuals are much larger than

for the organic parts of the molecules, and residual density

maps are given in Fig. 4 and in the supporting information.1

The very large number of weak high-order data adds random

noise to the residual maps, which obscures assessment of the

reliability of the valence features modelled primarily by the

low-order data. Fig. 4 accordingly shows the residual density

maps calculated for a resolution of 0.8 Å�1, while maps

calculated from all reflections are given in the supporting

material. The quality of the refined model can also be tested

by calculating the differences of mean-square ADPs along

bond directions (Hirshfeld test), and these are very small,

showing none larger than 2 � 10�4 Å2. Further details of the

refinements are given in Table 1.

4. Results and discussion

4.1. Comparison of structure factors

Based on the final multipole model using D3(AU) data,

Fig. 5 illustrates that the ratio of observed to calculated

intensities is apparently independent of the scattering angle,

although the spread increases significantly at higher scattering

angles (Fig. 5a). This observation is corroborated by the

average ratio of F2
obs to F2

calc plotted in shells of reciprocal

space, which stays within 2% of unity up to a resolution of

sin�/� = 1.0 Å�1 (Fig. 5b). The overall value of
P

F2
obs=

P
F2

calc

is 1.001. The use of statistical analysis of the intensity ratios to

evaluate data quality has been presented by Zhurov et al.

(2008). They show a number of examples of differing degrees

of data quality ranging from good to problematic; the present

data set for (I) belongs to the category of good data sets with

research papers

J. Appl. Cryst. (2008). 41, 846–853 Wolfgang Morgenroth et al. � Helium cryostat synchrotron charge densities 849

Table 1
Crystallographic details.

Empirical formula C4H7O10K
Formula weight (g mol�1) 508.39
Crystal size (mm) 0.25 � 0.20 � 0.20
Crystal system Triclinic
Space group P�11
a, b, c (Å) 6.217 (3), 6.985 (1), 10.506 (1)
�, �, � (�) 94.69 (2), 100.57 (2), 98.88 (5)
V (Å3) 440.26 (7)
F(000) 260
� (Å) 0.45
T (K) 15 (2)
	 (g cm�3) 1.918

 (� = 0.45 Å) (mm�1) 0.144
Tmax, Tmin 0.946, 1.020
dmin (Å) 0.43
Nmeas, Nuniq 147663, 10413
Data-collection time (h) 10
Redundancy 13.4
Completeness 0.929
No. of discarded reflections 8149
h, k, l ranges �14!14, �16!16, �24!24
Rint 0.069
R(�), all data 0.033

IAM refinement
Nobs, Nvar [4�(F )] 8876, 155
Rw(F 2) 0.083
R(F ) 0.048
Goodness of fit 1.04

Multipole refinement
Nobs, Nvar [3�(I )] 8807†, 349
Rw(F ), Rw(F 2) [3�(I )] 0.017, 0.033
R(F ), R(F 2) (all data) 0.042, 0.032
Goodness of fit 1.31

† Based on the final multipole model, the reflection file was modified by removal of weak
outlier structure factors based on their difference from calculated values. This procedure
has recently been thoroughly tested and found to produce cleaner residual maps while
maintaining the multipole model unchanged (Overgaard et al., 2008). This explains the
lower number of included reflections in the multipole refinement compared with the IAM
refinement.

1 Supplementary data for this paper are available from the IUCr electronic
archives (Reference: HX5073). Services for accessing these data are described
at the back of the journal.
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only a slight excursion of the structure factor ratio for the

high-order data (�4%).

4.2. Dynamic deformation density maps

Dynamic deformation density maps are shown in Fig. 6 for

two different planes, one showing the entire oxalate group and

the other a plane containing the K atom. The maps illustrate

the density features of bonding and lone pair accumulation. If

the deconvolution of the thermal motion from the static

density is correct, then the corresponding static deformation

density maps (Fig. 7) should show essentially the same

features as the dynamic deformation maps. One commonly

observed error in static deformation maps obtained from

experimental data is positive regions around the oxygen nuclei

in carboxylate or water molecules (Poulsen et al., 2007).

Theoretical calculations predict a negative trough at the

oxygen positions (Figgis et al., 1993), and this is reproduced in

accurate experimental studies. The troughs on the O atoms

therefore provide a sensitive test on the accuracy of the

derived ED. Figs. 6 and 7 clearly demonstrate that the present

data provide negative regions near the oxygen nuclei,

confirming the accuracy of the derived ED.

4.3. Comparison of X-ray- and neutron-derived atomic
displacement parameters

Comparing X-ray-derived ADPs with corresponding para-

meters obtained from neutron diffraction serves a dual

purpose. Firstly, it is an excellent indicator of the accuracy in

the X-ray experiment, as inaccurate data will lead to deviating

thermal parameters. It is widely known that the ADPs serve as

a waste basket for uncorrected systematic errors in diffraction

experiments (Iversen et al., 1996). Thus, a fine correspondence
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Figure 5
(a) Individual F2

obs=F2
calc ratios and (b) binned averages of F2

obs=F2
calc versus sin�/�. The binned averages are based on significant reflections, while the

individual points show all measured reflections.

Figure 4
Residual density maps in (a) the plane of the oxalate group O5/O6/O7, and (b) the plane containing O10/O6/K1. Positive values are shown with solid
lines, negative values with dashed lines at intervals of 0.1 e Å�3. The maps have been calculated with data below 0.8 Å�1.
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between X-ray- and neutron-derived (X–N) ADPs signals

high-quality X-ray diffraction data, of course, depending on

the quality of the neutron experiment. Secondly, correct

determination of the hydrogen nuclear position and ADPs is

essential for a successful charge-density modelling of a strong

hydrogen-bonding system such as (I) (Overgaard et al., 2001).

The X–N comparison provides a method to obtain these

crucial parameters for direct use in further X-ray data

modelling. It should, however, be mentioned that there have

been exciting new developments for obtaining hydrogen

anisotropic ADPs based on theoretical calculations combined

with rigid body refinement results (Whitten & Spackman,

2006; Madsen, 2006; Destro et al., 2000).

For the comparison of X-ray and neutron ADPs we used

the values for U(X) resulting from multipole modelling

together with refined values from the neutron single-crystal

diffraction data for compound (I), collected at ILL, France,

and described elsewhere (Macchi et al., 2008). The comparison

of ADPs was carried out with the program UIJXN (Blessing,

1995), and the results for (I) are summarized in Table 2, along

with a range of other X–N charge-density studies from the

literature. A complete listing of the UIJXN output for (I) is

given in the supporting information.

The data in Table 2 reveal that there are very large differ-

ences among published X–N studies with respect to the quality

of the ADPs. Outstanding correspondence is obtained for

extremely simple crystals such as metallic Be, where the mean

deviation is as low as 0.00008 (7) Å2. If one only considers

molecular crystals, the best studies in the compilation,

Ni(NO2)2(NH3)4 and 1-methyluracil, reach mean deviations of

about 0.00020 Å2, whereas the worst studies have deviations

that are an order of magnitude larger even at similar
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Figure 6
Dynamic deformation electron densities obtained from X–N refinement of the D3(AU) data. Planes and contours as in Fig. 4.

Figure 7
Static deformation electron densities obtained from X–N refinement of D3(AU) data. Planes and contours as in Fig. 4.
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temperatures (helium cooling). Table 2 suggests that the

temperature at which the experiments are conducted is

important for obtaining a good match between X-ray and

neutron ADPs as studies using liquid nitrogen cooling typi-

cally have larger ADP deviations. This can partly be explained

by the much stronger influence of temperature errors during

measurements. For organic systems a 5 K error in the absolute

temperature between the two experiments will easily give a

difference of �0.00030 Å2 in the ADPs at 100 K, which is the

same order of magnitude as the total mean deviations reached

in good studies at liquid helium temperatures. Since the

absolute values of the ADPs are much smaller at liquid helium

temperatures, the potential error that can be made in the

deconvolution of the thermal motion is generally smaller in

studies using liquid helium. This simple fact has been one of

the main criteria for the upgrade of beamline D3. To obtain

truly accurate X-ray diffraction data, helium cooling is

essential. In Table 2 one of our own X–N studies with helium

cooling, MoO(O2)(HMPA)(dipic), is inferior to our other

studies. In this study there were severe experimental problems

since the crystals of MoO(O2)(HMPA)(dipic) partly deterio-

rated upon cooling and gave very broad peak profiles. Thus,

relatively poor X–N comparison was anticipated in this study

and it may very well be that similar experimental difficulties,

unknown to us, were at play in some of the studies listed in

Table 2. However, given the broad range of studies listed in

Table 2 it is safe to conclude that the present data for (I) are of

high quality. Considering that (I) has 15 unique heavy atoms,

and thus is among the larger molecular systems in Table 2, the

deviation between X-ray and neutron ADPs certainly is state-

of-the-art. As will be described elsewhere (Macchi et al., 2008)

the neutron data quality is not completely optimal for (I)

owing to problems with twinning, and it may be that the

quality of the D3 data is actually even better than suggested

from Table 2.

5. Conclusion

It is established that short-wavelength, helium cryostat

synchrotron X-ray diffraction data of excellent quality can

now routinely be measured to high resolution in a very short

time using a large Mar CCD detector at the beamline D3 at

Hasylab. The data-reduction method is crucial for obtaining

accurate data and in particular the correction for uneven beam

path lengths through the detecting phosphor is imperative.

Particular attention was devoted to the atomic displacement

parameters which compare well with values obtained from

single-crystal neutron diffraction data collected at the same

temperature. This emphasizes that the current data have

relatively few systematic errors. The study demonstrates that

good data can be collected in only 10 h, and it therefore seems

that reliable online programs for ED determination can

become a reality in the coming decade, which is an intriguing

prospect indeed.

The authors are grateful to DANSCATT for financial

support and to Hasylab/DESY for beam time at beamline D3.

Dr Macchi is thanked for providing the neutron structural

parameters for (I).
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Hydroquinone (benzene-1,4-diol or quinol) is reported here to form co-crystals in different ratios 
with propan-2-ol, N,N-dimethylacetamide (DMA) and N,N-diethylformamide (DEF). Investigation 
of intermolecular interactions and crystal packing via Hirshfeld surface analysis reveals that more 
than two-thirds of the close contacts are associated with relatively weak H···H, C···H and H···C 
interactions. The use of Hirshfeld surfaces in combination with fingerprint plots demonstrates that 10 

these weak interactions are important for both local packing and crystal packing. The complexes 
highlight the way in which electrostatic complementarity to a large extent governs the hydrogen 
bonding pattern in molecular crystals.  

Introduction 
 Although supramolecular chemistry underpins the design 15 

and development of materials for a vast number of 
applications (e.g., sensors, nonlinear optics, switches etc.),1 it 
is striking that the fundamental chemical interactions 
governing even the simplest self-assembly processes are not 
well understood.2 In order to understand self-assembly at a 20 

fundamental level it is necessary to obtain atomic-level 
information, and molecular crystals are the ideal 
supramolecular entities.3 However, one of the big challenges 
in studying molecular crystals is complexity. A typical 
molecular crystal will have thousands of superimposed 25 

intermolecular interactions, which all contribute to the 
cohesive energy of the solid. A detailed understanding of 
intermolecular interactions presently relies predominantly on 
the tabulation of interatomic distances and geometries, an 
approach that is painstaking to the researcher, very difficult to 30 

interpret for the reader, and by its very nature lacking a great 
deal of key structural information. As such, the important step 
of analyzing how molecules interact with their direct 
environment presents a considerable barrier in the 
understanding and communication of structure and its 35 

relationship to properties. Hirshfeld surface based tools 
represent a novel approach to this problem.4-6 The central 
element in this method is the derivation of the Hirshfeld 

surface – an immediately interpretable visualization of a 
molecule within its environment – and the decomposition of 40 

this surface to provide a ‘molecular fingerprint’ – a directly 
accessible 2D map that provides the full distribution of 
interactions. The former, in addition to being an invaluable 
visualization tool, provides a basis for quantitative analysis of 
molecular properties for comparison with bulk measurement. 45 

The latter allows convenient comparison between different 
molecules in different environments. Analysis of 
intermolecular interactions using Hirshfeld surface-based 
tools represents a major advance in enabling supramolecular 
chemists and crystal engineers to gain insight into crystal 50 

packing behaviour.  
 The compounds reported here, Scheme 1, form part of a 
general program to study intermolecular interactions, with a 
special focus on crystalline host-guest systems such as the β-
hydroquinone clathrates.7 This system has the ability of 55 

encaging a variety of small molecules, such as CO2, CH3OH 
and CH3CN.8-10 The host β-hydroquinone structure can be 
synthesized without any enclathrated solvent molecules, and 
this “empty” system can be used as a reference system for 
physical property measurements of the clathrates.11 In an 60 

attempt to obtain the guest free reference structure, 
hydroquinone (HQ) was dissolved in the relatively bulky 
solvent propan-2-ol. Slow evaporation of the solvent resulted 
in a mixture of crystalline phases, which were determined to 
be the α-form,12 the guest free β-form and the novel co-crystal 65 

1.  

 
Scheme 1 
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Attempts to obtain new clathrate compounds resulted in two 
further new co-crystals, 2 and 3, which also have been 
obtained by slow evaporation at room temperature from a 
solution of HQ and the solvents, N,N-dimethylacetamide 
(DMA) and N,N-diethylformamide (DEF), respectively. We 5 

report here the crystal structures of the three new co-crystals 
along with an investigation of the close intermolecular 
contacts between the molecules via Hirshfeld surface analysis 
in order to reveal subtle differences and similarities of the HQ 
molecules in the three crystal structures. Local packing and 10 

related close contacts are examined by breakdown of 
fingerprint plots.13-15 An investigation of HQ co-crystal 
structures deposited in the Cambridge Structural Database  
has also been carried out.  

Result and discussion 15 

Crystal structures 
 In all cases slow evaporation of solvent from a HQ solution 
provided single crystals suitable for X-ray diffraction 
experiments. The crystal structure of 1 consists of hydrogen 
bonded units of HQ and propan-2-ol in a ratio of 1:1 (Figure 20 

1).  

  

 
Fig. 1 a) The structure of 1, with labelling of atoms in the asymmetric 
unit. Displacement ellipsoids are drawn at the 50% probability level. b) 25 

The unit cell of 1 visualizing the hydrogen bonded hexagon illustrated by 
the red lines. c) The packing of 1 illustrating the discrete corrugated 
layers which interdigitate. The blue molecules are propan-2-ol, the green 
are HQa(1), and the yellow molecules are HQb(1).    

 There are two unique HQ molecules in the unit cell (two 30 

half hydroquinone molecules each lying about independent 
inversion centres), and both are in a trans-conformation, with 
the hydroxyl groups of each acting as both acceptor and donor 
generating a hexagonal chair-conformation of hydrogen 

bonded hydroxyl groups similar to the carbon skeleton ring in 35 

hexane. The hexagons are connected by the aromatic benzene 
rings thus generating a two dimensional hydrogen bonded 
layer. Translation along the b- or c-axis generates a new 
hydrogen bonded layer. The distance between these layers is 
greater than 2.37 Å (minimum H--H distance), and hence no 40 

close contacts are observed between them. Therefore only 
weak interactions can be present between the discrete 
corrugated layers which interdigitate. 
 Co-crystal 2 crystallizes in a 1:1 HQ:DMA ratio, and 
although the crystal quality was poor, a data set of sufficient 45 

quality was still able to be collected. In 2 hydrogen bonded 
HQ molecules form a continuous one-dimensional chain 
through the structure following the diagonals of the ab plane. 
Figure 2 illustrates the hydrogen bonding connectivity of 2. 
No close contacts are observed between the discrete one-50 

dimensional chains as the interchain distance is above 2.44 Å. 
These chains interdigitate, and thus the three dimensional 
structure of 2 is also dominated by weak interactions. 
Interestingly, the hydroxyl groups of the HQ molecules point 
in the same direction generating a cis-conformation of the HQ 55 

molecule. One of the hydroxyl groups acts only as donor (O1–
H1), while the other is both donor and acceptor (O4–H4). 

 
Fig. 2 The structure of 2 with labelling of atoms in the asymmetric unit. 60 

Displacement ellipsoids are drawn at the 50% probability level. The 
packing of 2 viewed along the diagonal of the ab-plane. Blue molecules 
are DMA, and the green molecules are HQa(2).  

 The structure of 3 differs significantly from 1 and 2, as the 
HQ:DEF ratio is 5:2, with four unique HQ molecules in the 65 

unit cell (three half hydroquinone molecules each lying 
about independent inversion centres, and one hydroquinone 
molecule and one DEF molecule in general positions.). Three 
of the HQ molecules (HQa(3), HQb(3), HQc(3)) are 
connected through hydrogen bonds to form a partial hexagon, 70 



 

 

which terminates at the DEF molecule (Figure 3). The 
remaining HQ molecule (HQd(3)) is hydrogen bonded to two 
DEF units, generating a three dimensional network. The 
hydroxyl groups of the HQ molecules are all in the trans-
conformation, but some act only as donor (O4–H4 and O31–5 

H31) whilst others are both donors and acceptors. The 
hydrogen bonding pattern (HQa(3), HQb(3) and HQc(3)) 
partially resembles the hydrogen bonded hexagon observed in 
the β-hydroquinone clathrates, where small molecules fit 
snugly inside the cavities generated by HQ molecules.10 In 3 a 10 

larger cavity is created by the HQ molecules, with two DEF 
molecules related by inversion symmetry inside. Above and 
below the cavity, DEF molecules are also situated, thus 
creating a 3-dimensional structure with channels along the a-
axis of the unit cell (Figure 3). 15 

 The large number of unique HQ molecules in the structure 
of 3 is particularly unusual, with a single precedent in the 
CSD,16 and only one structure has been reported with a greater 
number of  unique HQ molecules.17  

 20 

Fig. 3 (a) The structure of 3 with labelling of atoms in the asymmetric 
unit. Displacement ellipsoids are drawn at the 50% probability level. (b) 
The packing of 3 viewed along the channels in the structure and the a-axis 
of the unit cell. Purple molecules are DEF, green are HQa(3), blue 
molecules are HQb(3), red are HQc(3), and the yellow molecules are 25 

HQd(3).    

 No significant differences in bond lengths and angles are 
observed for the aromatic systems of the seven unique HQ 
molecules in these three crystal structures. The angle beween 
hydroxyl oxygen atom and aromatic system is changed by 30 

~2.5° from 120° to accommodate the hydrogen atom in the 
plane of the aromatic ring, and the cis-conformation differs 
from the remaining hydroquinone molecules as the hydroxyl 
groups are tilted in the same direction. The hydrogen bonding 
pattern of the HQ molecules varies between the different co-35 

crystals, but all close contacts are dominated by hydrogen 
bonding interactions. Only the structure of 3 can be described 
entirely by these interactions, and hence in 1 and 2 not only 
the short H···O contacts are important, but also the more 
subtle H···H and C···H contacts. 40 

 
Hirshfeld surface analysis  
 Each molecule in the asymmetric unit of a given crystal 
structure will have a unique Hirshfeld surface, and hence a 
direct comparison can be made between HQ molecules in 45 

different environments. Hirshfeld surfaces provide a three-

dimensional picture of close contacts in a crystal, and these 
contacts can be summarized in a fingerprint plot.4 Distance 
from the Hirshfeld surface to the nearest atoms outside and 
inside the surface are characterized by the quantities de and di, 50 

respectively, and the normalized contact distance based on 
these, dnorm = (di - ri

vdW)/ri
vdW + (de - re

vdW)/re
vdW), is 

symmetric in de and di, with ri
vdW and re

vdW the van der Waals 
radii of the atoms. When dnorm is mapped on the Hirshfeld 
surface, close intermolecular distances are characterized by 55 

two identically coloured regions, even if these occur on 
different molecules. The surface mapping of this function 
highlights the donor and acceptor equally and it is therefore a 
powerful tool for analyzing intermolecular interactions, such 
as hydrogen bonds and the weaker C···H contacts (C-H···π).  60 

 The Hirshfeld surfaces of HQ molecules of the three co-
crystals were analyzed to clarify the nature of the 
intermolecular interactions. Figure 4 provides dnorm surfaces 
of the cis-conformation of HQa(2) and the trans-conformation 
of HQa(3). The surfaces are shown as transparent to allow 65 

visualization of the orientation and conformation of the 
hydroxyl groups in the molecules. 

 

 
Fig. 4 (a) Front and (b) back views of dnorm mapped on the Hirshfeld 70 

surface of HQa(2) in the cis-conformation, and (c) front and (d) back 
views of HQa(3) in the trans-conformations. dnorm ranges from -0.5 Å 
(blue) to 0.5 Å (red).  

 As expected, the surfaces in Figure 4 reveal the close 
contacts of hydrogen bond donors and acceptors, but other 75 

close contacts are also evident. The illustrated molecules were 
selected due to the different conformations and diversity of 
the hydroxyl groups as both molecules include a group acting 
as both donor and acceptor (lower group) and one acting only 
as a donor (upper group). Not unexpectedly, the closest 80 

contacts observed for the HQ molecules are all due to the 
hydrogen bonding interaction in the form of O···H contacts. 
Even though the O···H interactions are shortest and most 
likely strongest, they cover at most one-third of the Hirshfeld 



 

 

surface of the HQ molecules, and hence other weaker 
interactions cannot be neglected, see Figure 5. The contact 
distance of the O···H interactions is the shortest, but as 

pointed out above only the crystal structure of 3 can be 
adequately rationalized from the hydrogen bonding 5 

interactions alone. 

 
Fig. 5 Close contacts to the Hirshfeld surfaces of HQ molecules in 1, 2 and 3 broken down into six different basic interaction types: O–H···O hydrogen 
bonding – both donor (red) and acceptor (cyan); H···C contacts (green); C···H contacts (grey); H···H contacts (yellow); and all other contacts (blue).  The 
notation C···H refers to close contacts between C atoms inside the Hirshfeld surface (i.e. belonging to the HQ molecule of interest) and H atoms outside. 10 

 The C···H close contacts are according to Figure 5 (grey) 
observed in similar quantity for all HQ molecules in these co-
crystals. The directional C···H close contacts that are 
associated with π···H interaction of a benzene ring with the 
surrounding molecules, are observed as ‘spikes’ in the lower 15 

right corner of the fingerprint plots at the feature labelled '5' 
in Figure 6. Even though the percentage of C···H interaction is 

approximately the same for all HQ molecules, the fingerprint 
plot for HQd(3) differs as the characteristic feature of the 
directional interaction is missing, and thus no weak π···H 20 

interaction is present for that HQ molecule. Figure 5 also 
suggests that HQ molecules with relatively many H···C 
contacts (green) have fewer H···H contacts (yellow). 
 

 25 

Fig. 6: Fingerprint plots of the HQ molecules HQa(2), HQa(3) and HQd(3). Close contacts are divided into five regions; 1 is O···H, 2 is H···H, 3 is H···O, 4 
is H···C and 5 is C···H. Plots for the other molecules are given in the supporting information. 
 
 Molecules HQa(3), HQb(3) and HQc(3) display significant 
H···C interactions (e.g., the features labelled '4' in the plot for 30 

HQa(3) in Fig. 6), and correspond to weak H···π interactions 
of hydrogen atoms with an adjacent aromatic ring. The 
molecule HQd(3) does not exhibit this type of interaction, and 
hence does not participate to a significant extent in either 
H···π or π···H interactions. These interaction of HQ hydrogens 35 

with an adjacent aromatic ring are not observed in 1 and 2, but 

subtle H···π interactions are present from solvent to HQ. 
These weak interactions in the structures of 1 and 2 appear to 
be essential for crystal packing, as no strong interactions are 
apparent between the layers and chains, respectively. The 40 

features labelled '3' in Fig. 6 identify H···O hydrogen donor 
atoms interacting with oxygen atoms, whereas the acceptor 
oxygen atoms exhibit similar features, labelled '1' in Figure 6. 
The use of Hirshfeld surfaces readily reveals such subtle 



 

 

interactions, and the diversity of the close interactions of HQ 
in the co-crystals. 
 The three aromatic systems with pronounced H···C contacts 
exhibit the smallest molecular volumes as determined by the 
Hirshfeld surface, see Table 1. Not surprisingly, the HQ 5 

molecules with the smaller volumes (HQa(3), HQb(3), 
HQc(3) and HQd(3)) are present in the structure of 3, which 
has the highest density of the solvent molecules. The H···π 
interactions discussed above in combination with the smaller 
volume suggests closer packing of these molecules. The 10 

structures with many H···H interactions on the other hand 
have less dense packing. There are also small differences 
evident between the HQ molecules in 3. The volume of 
HQd(3) is larger, correlating with relatively more H···H 
interactions and less H···C interactions (Fig. 5). The HQd(3) 15 

molecule does not reveal any H···π or π···H interactions in the 
fingerprint plots (e.g. no ‘spikes’ characteristic of C···H or 
H···C interactions). Overall, there are no clear interactions 
between the aromatic system of HQd(3) and the surrounding 
crystal. As the volume of HQd(3) is larger than observed for 20 

the other hydroqinone molecules in 3, and no interaction with 
the aromatic system is revealed, it can be concluded that the 
local packing density of HQd(3) is smaller.  
 Using the Hirshfeld surface volumes of each molecular 
component in the unit cells of the structures, the volume 25 

percentage of HQ in the unit cell can be obtained, see Table 1. 
The volume percentage rises going from the 1-dimensioanl 
chains of 2, through the layered structure of 1 to the 3-
dimensional hydrogen bonded structure of 3. The hydrogen 
bonding pattern of 3 resembles the pattern observed in the β-30 

HQ clathrates, however there the volume percentage of HQ 
observed in the clathrate structure is far greater at 86%.10 
Even though the structure of 2 has a low volume percentage of 
HQ compared to 1 and 3, it is the highest of any HQ co-
crystal involving a cis-conformer, as these have a tedency to 35 

crystallize with large molecules.18  
 

Table 1 The volumes of the molecules in 1, 2, and 3 as determined from 
the Hirshfeld surfaces. 

Molecule Volume / [Å3] Volume / % of Unit Cell 
HQa(1) 130.8 57.5 HQb(1) 128.6 

Propan-2-ol 96.0 42.5 
HQa(2) 127.6 50.4 
DMA 125.8 49.6 

HQa(3) 125.3 

68.8 HQb(3) 124.3 
HQc(3) 124.6 
HQd(3) 126.7 

DEF 142.3 31.2 

 40 

 
 Properties can be plotted on the Hirshfeld surface, which is 
defined by the molecular environment of the molecules. 
Alternatively, properties such as the electrostatic potential can 
be plotted on molecular electron density isosurfaces. Positive 45 

regions of the electrostatic potential preferably interact with 
complementary negative regions on neighbouring molecules. 
The range of values of the electrostatic potential mapped on 

electron density isosurfaces do not differ significantly 
between the different HQ molecules in these co-crystals 50 

(values ranging from 0.089 ± 0.001 to –0.050 ± 0.001 au). 
Figure 7 shows that the electrostatic potential is 
symmetrically distributed about the center of the benzene ring 
for HQ molecules in the trans-conformation. However, the 
electrostatic potential of the cis-conformation is markedly 55 

different, as one side of the HQ molecule is clearly more 
electropositive than the other. 

 
Fig. 7(a) The electrostatic potential plotted on an isosurface of the 
electron density of 0.001 au of HQ in the cis-conformation of 2 and (b) 60 

the trans-conformations from 3. Values of the electrostatic potential are 
plotted from 0.05 a.u. (blue) to -0.05 a.u. (red). 

The difference of the charge distribution between the two 
conformations is also evident in the dipole moments of the 
HQ molecules: those with trans-conformation have a 65 

calculated dipole moment close to zero, whereas the cis-
conformation has a significant moment of 2.73 D, a result 
close to the experimental value of  2.38(2) D determined by 
microwave spectroscopy.20  
 The intermolecular interactions in the crystal can be 70 

rationalized using the electrostatic potential mapped on the 
Hirshfeld surfaces, as in Figure 8. 

 
Fig. 8 The electrostatic potential mapped on the Hirshfeld surfaces of 
molecules in the one dimensional chain in 2. The electrostatic potential is 75 

mapped over the range +0.01 a.u. (blue) to –0.01 a.u. (red). 

 The poor crystal quality of 2 may possibly be related to the 
weak long range packing of the one-dimensional chains in this 
structure. In the structure of 1 the packing of the two 
dimensional layers is also dominated by weak long range 80 

interactions, whereas in 3 the packing can be described by the 
short hydrogen bonding contacts. Even though the interactions 
are weak in 2 there is a striking electrostatic complementarity 
involved in the packing of the one-dimensional chains, as 
visualized in Figure 8. The electronegative regions (red) of 85 

the HQ molecule are adjacent to the electropositive (blue) 



 

 

region of the DMA molecules of the neighbouring chain.  
  
Conformations of hydroquinone molecules  
 HQ is known to co-crystallize with a diverse range of 
compounds. In the solid state the hydroxyl groups of HQ 5 

molecules can adopt either a trans- or a cis- conformation. A 
search of the CSD,21 resulted in a total of 176 single crystal 
structures incorporating HQ molecules. An additional search 
of recent literature revealed two further papers incorporating 
three additional structures.22-23 Removing from these 179 10 

structures all duplicates, measurements at different 
temperatures, re-interpretations, η6 metal complexes, and 
structures with uncertain assignments of O–H protons or 
disordered protons on HQ, the 179 structures were reduced to 
137. These structures include a total of 184 unique HQ 15 

molecules, for which 161 are in the trans-conformation 
(87.5%) and 23 in cis-conformation (12.5%). Interestingly, of 
the 7 HQ molecules in the co-crystals reported here, only one 
(14%) is in the cis-conformation. As pointed out by Oswald 
et. al. the adoption of the centrosymmetric trans-conformer of 20 

HQ may be related to the general centrosymmetric packing in 
crystal structures, where the molecule has a tendency to 
occupy inversion centres.24 Of the trans-conformers of the 
structures in the CSD, 128 (80%) lie on an inversion centre, 
which is in good agreement with the analysis of Pidcock et. 25 

al., who showed that molecules with an inversion centre 
retained that symmetry element in the final crystal structure in 
80% of the cases.25 Similar preservation of symmetry is 
observed in crystal structures with other symmetry elements.  
 The cis-trans HQ isomerism has been studied by FTIR 30 

spectroscopy and DFT calculations by Akai et. al., who found 
the trans-conformer to have only a slightly lower enthalpy 
than the cis-conformer, with a difference of only 0.56 kJ mol–

1.26 The interconversion barrier between the two confermers 
was determined to be 10.8 kJ mol–1. Given this small enthalpy 35 

difference it may be surprising that not more structures are 
found with HQ in the cis-conformation. The bias towards 
centrosymmetry can however be related to the promotion of 
more dense packing by crystallographic inversion centres.24  

Conclusions 40 

 This study of three new HQ solvates underlines the way in 
which Hirshfeld surface and fingerprint plot analysis provides 
rapid quantitative insight into the intermolecular interactions 
in complex molecular solids. The close contacts of these 
solvates are dominated by H···H, C···H and H···C contacts, and 45 

these relatively weak interactions have clear signatures in the 
fingerprint plots. A correlation between H···C interactions and 
molecular volume appears to be observed, and the crystal 
packing and local density in the crystal is affected by these 
interactions.  50 

 The percentage of the HQ Hirshfeld surface volumes in 
each co-crystal appears to be correlated with the complexity 
of the 3-dimensional structure, with a low volume percentage 
being related to low-dimensional bonding. Even though 2 has 
a low volume percentage compared to 1 and 3, it is the highest 55 

ever reported for a structure incorporating a cis-conformer of 
HQ. The preference of the trans-conformer is most likely due 

to the promotion of denser packing at the centrosymmetric 
inversions points, even though the energy difference between 
conformers is almost negligible. 60 

 Fast and easy calculation and visualization of properties on 
an isosurface of given molecular entities in solvates is 
possible, and this reveals that the hydrogen bonding pattern 
and the more subtle H···π interactions are accommodated by 
electrostatic complementarity. 65 

Experimental 
Synthesis 

 All solvents and starting materials were purchased from 
commercial suppliers and used without further purification. 
HQ was dissolved in the respective solvent and by slow 70 

evaporation of the solvent (propan-2-ol for 1, N,N-
dimethylacetamide for 2 and N,N-diethylformamide for 3), 
single crystals of the respective co-crystals were obtained. 

X-ray crystallography 

 X-ray diffraction data for compound 1 were measured on a 75 

single crystal at 100(2) K using an Oxford diffraction 
Xcalibur S system at the University of Westen Australia, 
Perth.27 Data were integrated, reduced and corrected for 
absorption using CrysAlis RED.27 The data were scaled and 
merged using SORTAV.28 The structure was solved by direct 80 

methods and subsequently refined against F2 with SHELX-
97.30 
 For compounds 2 and 3 data were collected at 100(2) K on 
a Bruker X8 APEX-II diffractometer at the Department of 
Chemistry, University of Aarhus. Data were integrated using 85 

SAINT+.31 The data of 2 were corrected for absorption and 
merged using SORTAV.28 The data of 3 were corrected for 
absorption and merged with SADABS.29 The structures were 
solved by direct methods and subsequently refined against F2 
with SHELX-97.30  90 

 Crystallographic information files for all structures were 
prepared using enCIFer32 and WinGX,33 and molecular 
graphics were prepared using XShell34 and CrystalExplorer.35 

In the refinements of 1, 2 and 3 all non-H atoms were 
modeled with anisotropic atomic displacement parameters. 95 

The H atoms were placed on calculated positions and were 
subsequently allowed to ride on the parent atoms. The five 
highest residual peaks in 1 and ten highest residual peaks in 3 
were located in the covalent bonding region of the molecules. 
In the structure of 2 unusual high residual peaks were located 100 

in the solvent region, which may be evidence of a small 
amount of disorder. Refinement of such disorder was 
unsuccessful, and further efforts at finding a better single 
crystal to obtain data of higher quality were also unsuccessful. 
Crystal data and refinement details for 1:  C6H6O2, C3H8O, M 105 

= 170.2, F(000) = 184 e, triclinic, P-1 (no. 2), Z = 2,  T = 
100(2)K, a = 7.5561(5) Å, b = 8.1977(8) Å, c = 8.3331(6) Å, 
α = 88.322(7)°, β = 79.154(6)°, γ = 67.174(8)°, V = 466.71(7) 
Å3, Dc = 1.211g/cm3, μMo = 0.090 mm-1, Nunique = 3191, 
Nmeasured = 8574, Rint = 0.031, NI>2σ(I) = 2117, R(F2>2σ(F2) )= 110 

0.047, wR(F2) = 0.129, GOF = 1.41, ρmax = 0.39 e/Å3, ρmin = -
0.25 e/Å3. CCDC 692266. 



 

 

Crystal data and refinement details for 2:  C6H6O2, C4H9NO, 
M = 197.23, F(000) = 848 e, monoclinic, C2/c (no. 15), Z = 8,  
T = 100(2)K, a = 11.1325(6) Å, b = 9.0410(5) Å, c = 
21.0854(11) Å, β = 100.098(4)°, V = 2089.35(19) Å3, Dc = 
1.254 g/cm3, μMo = 0.092 mm-1, Nunique = 3185, Nmeasured = 5 

27651, Rint = 0.138, NI>2σ(I) = 1791, R(F2>2σ(F2) )= 0.062, 
wR(F2) = 0.162, GOF = 1.08, ρmax = 0.59 e/Å3, ρmin = -0.33 
e/Å3. CCDC 692267. 
Crystal data and refinement details for 3: 2.5C6H6O2, 
C5H11NO, M = 376.42, F(000) = 402 e, triclinic, P-1 (no. 2), Z 10 

= 2,  T = 100(2)K, a = 5.5742(1) Å, b = 9.8776(3) Å, c = 
17.6573(4) Å, α = 101.171(1)°, β = 92.245(2)°, γ = 
99.443(2)°, V = 938.33(4) Å3, Dc = 1.332 g/cm3, μMo = 0.098 
mm-1, Nunique = 7063, Nmeasured = 28368, Rint = 0.098, NI>2σ(I) = 
5086, R(F2>2σ(F2) )= 0.054, wR(F2) = 0.121, GOF = 1.03, 15 

ρmax = 0.40 e/Å3, ρmin = -0.28 e/Å3. CCDC 692268.  

Computational 

 Electrostatic potentials on isosurfaces as well as dipole 
moments were computed using ab initio wavefunctions 
obtained from Gaussian03.19

 The calculations employed a 20 

MIDI! basis set at the Hartree–Fock level and molecular 
geometries were taken directly from the relevant crystal 
structures.  
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