
 

 

  

Applications of electron density studies in 

molecular and solid-state sciences 

 

 

 

Dissertation for the Doctor of Science Degree 

 

Jacob Overgaard 

 

 

 

 

 

 

 

 

 

 

 

Department of Chemistry 

Faculty of Science and Technology 

Aarhus University 

March 2015 

  



 

 

 



i 
 

 

Contents 

 

 

 

Contents ......................................................................................................................................................... i 

List of Figures .............................................................................................................................................. iii 

Preface ........................................................................................................................................................... x 

Dansk Resumé ............................................................................................................................................. xi 

Acknowledgments ..................................................................................................................................... xiii 

CHAPTER 1 Electron Density Studies – an introduction .............................................................. 1 

1.1. Methods of experimental ED studies ................................................................................................ 2 

1.2. Increasingly advanced methods of analysis – also including theory ............................................. 8 

1.3. Radial modification of the core electrons ........................................................................................ 10 

CHAPTER 2 Electron density studies of hydrogen bonds .......................................................... 12 

2.1. Introduction ....................................................................................................................................... 13 

2.2. Characteristics of the hydrogen bond .............................................................................................. 13 

2.3. Seeing hydrogens with X-rays – once and for all shedding the invisibility cloak ....................... 15 

2.4. Position and thermal motion of hydrogen atoms........................................................................... 16 

2.5. BIPa and source function .................................................................................................................. 18 

2.6. The compound “yellow” – an outlier to the RAHB theory ............................................................. 21 

2.7. Outlook and future perspectives ..................................................................................................... 23 

CHAPTER 3 Electrostatics on molecular surfaces of pharmaceuticals ...................................... 25 

3.1. Definitions of molecular surfaces .................................................................................................... 26 

3.2. Electrostatic potential and chemical reactivity.............................................................................. 26 

3.3. Copper-complexed ciprofloxacin .................................................................................................... 28 

Background ................................................................................................................................................. 28 

Electrostatic potential ................................................................................................................................ 29 

3.4. Cimetidine and famotidine, anti-ulcer drugs ................................................................................. 33 

About anti-ulcer drugs and their chemical activity ................................................................................. 33 

Electron density distribution and molecular surface potential distribution .......................................... 34 

Mapping of electrostatic potential on isodensity surfaces ...................................................................... 36 

3.5. Outlook .............................................................................................................................................. 39 

CHAPTER 4 electron density and molecular similarity ............................................................. 40 

4.1. Introduction ....................................................................................................................................... 41 

4.2. 9-ethyne-9-fluorenol ........................................................................................................................ 42 

ED modeling ............................................................................................................................................... 42 

Conclusions ................................................................................................................................................. 46 

4.3. Tetrafluoro-isophthalonitrile ........................................................................................................... 46 

4.4. Conclusions and Outlook ................................................................................................................. 52 

CHAPTER 5 Metal-metal interactions and the influence of experimental noise – how small 

effects can we measure confidently?.............................................................................................. 54 

5.1. Introduction ...................................................................................................................................... 55 

5.2. Co-Co interactions or not – the ED in a Co-Co complex .............................................................. 57 



ii 
 

 

5.3. The ED in a Co-tetramer – assessing the influence of experimental noise on critical 

topological situations...................................................................................................................................... 61 

5.4. Assessing the nature of Co-Co bonding in alkyne bridged systems ............................................ 64 

Singlet biradical behaviour ........................................................................................................................ 66 

5.5. The nature of the Mg-Mg bond in low oxidation-state dimer ..................................................... 69 

NNA under pressure ................................................................................................................................... 74 

5.6. Conclusions ....................................................................................................................................... 75 

CHAPTER 6 Metal electron densities and metal-ligand interactions .................................... 77 

6.1. Introduction ...................................................................................................................................... 78 

6.2. General metal-ligand binding in two mono-nuclear Co-complexes ........................................... 78 

6.3. The ED in an oxidized tri-nuclear complex ................................................................................... 82 

6.4. Studies of magnetic interactions using the ED .............................................................................. 85 

Background ................................................................................................................................................. 85 

Spin density in a metal dimer complex ..................................................................................................... 86 

ED study of Co and Ni compounds ........................................................................................................... 88 

6.5. Conclusions ....................................................................................................................................... 89 

CHAPTER 7 Low-valent main group metal complexes – chemical bonding and directionality 

of lone pairs 91 

7.1. Low-valent main group metal chemistry........................................................................................ 92 

7.2. ED study of a Ga(+I) compound ...................................................................................................... 92 

7.3. Electron localization in Ga(I) compounds ..................................................................................... 97 

7.4. Chemical bonding in a one-coordinated Ga(I) complex.............................................................. 101 

7.5. Conclusions ...................................................................................................................................... 105 

CHAPTER 8 Electron density study of heavy element containing inorganic materials ...... 106 

8.1. ED in the empty skudderudite structure, CoSb3. .......................................................................... 107 

8.2. Hypervalency in deceivingly simple potassium sulfate, K2SO4. ................................................... 111 

8.3. ED in the pyrite and marcasite forms of FeS2 ................................................................................ 115 

Experimental considerations – obtaining the ED.................................................................................... 116 

Chemical bonding in FeS2........................................................................................................................... 117 

8.4. Concluding remarks.......................................................................................................................... 121 

CHAPTER 9 Conclusions and outlook ....................................................................................123 

9.1. The future of ED studies ................................................................................................................. 124 

References .................................................................................................................................... 126 

A-Articles ...................................................................................................................................... 139 

 

  



iii 
 

 

List of Figures 

 

Figure 1-1. Example of multipolar functions, with red and green indicating the sign of the 

orbital function. The 7 functions depict the 4f orbital functions.................................................. 3 

Figure 1-2. Molecular graphs for the first four alkane chains, methane, ethane, propane and 

butane. The picture is reproduced from the original QTAIM book by Bader.[39] ......................... 7 

Figure 1-3. Laplacian distribution from the valence NBO density in Si(SiH3)4, showing the 

concentration of ED opposite the Si-Si bond in the L-shell. ......................................................... 11 

Figure 2-1. Scheme showing the definitions of distances used in the RAHB method. ................ 14 

Figure 2-2. ORTEP[93] drawing for compound 2-1. In the following, ORTEP drawings are shown 

with 50% probability ellipsoids, if nothing else is mentioned. .................................................... 19 

Figure 2-3. Laplacian distributions in the three HBs in 2-1. Numbers in the boxes indicate the 

N---O bond length, followed by the density and the Laplacian in the H…O bcp. The contours 

are shown at 2,4,8*10n eÅ-5, with n in the range from -3 to +3. Solid lines show negative 

Laplacian, while dashed lines show positive Laplacian. .............................................................. 20 

Figure 2-4. SF contributions to selected HBs, reproduced from reference [96]. ......................... 21 

Figure 2-5. Ball-and-stick diagram of 2-acetyl-1,8-dihydroxy-3,6-dimethylnaphtalene, 

compound 2-2. ............................................................................................................................... 22 

Figure 2-6. Ball-and-stick diagrams showing the two new structures for elucidation of the 

RAHB concept. .............................................................................................................................. 24 

Figure 3-1. The molecular structure of ciprofloxacin. The C-3 position is where the COOH 

group is attached, while the C-4 is double-bonded to O. ........................................................... 28 

Figure 3-2. ORTEP drawing of compound 3-1. ............................................................................. 29 

Figure 3-3. Residual density map in the Cu-O1-O3 plane. All residual density maps herein are 

shown using contour intervals of 0.1 eÅ-3, with positive residuals indicated by full lines and 

negative residuals with dashed lines, zero line is dotted. ........................................................... 30 

Figure 3-4. The EP mapped on the 0.001 au isodensity surface of Cu-cfx. The left surface is 

based on the cfx molecule alone, while the right includes the contributions from the whole 

Cu-cfx complex. The color gradient is red-yellow-green-blue, with the extrema representing 

positive and negative, respectively. ............................................................................................... 31 

Figure 3-5. ORTEP drawing of 3-2. For maximum clarity, the coordination sphere around Mg 

has been filled only with single atoms from symmetry related cfx molecules. ........................... 33 

Figure 3-6. Schematic drawings of cimetidine (left) and famotidine (right). .............................. 33 

Figure 3-7. ORTEP[93] pictures of (top) 3-3 and (bottom left) 3-4 and (bottom right) 3-5. ........ 34 

Figure 3-8. Residual density of 3-4 showing the thiazole ring. ....................................................35 

Figure 3-9. Lone pairs on S in (left) 3-3 and (right) 3-4 as illustrated by the Laplacian 

distribution. The isosurfaces are shown at values of the Laplacian of -4 and -5 eÅ-5, 

respectively. ................................................................................................................................... 36 

Figure 3-10. EP-mapping on the molecular surface in 3-3 (top), 3-4 (bottom left) and 3-5 

(bottom right). .............................................................................................................................. 37 

Figure 3-11. Schematic drawing of triangles connecting selected extrema in the EP on the three 

molecular surfaces. Numbers indicate distances between extrema in Å. ................................... 38 

Figure 4-1. ORTEP drawing of 4-1. ................................................................................................ 43 



iv 
 

 

Figure 4-2. HSs of the two molecules, molecule A to the left and molecule B to the right. 

Values of dnorm are shown in the range from -0.5 to +0.5 eÅ-3. .................................................... 44 

Figure 4-3. The four hydroxyl groups forming the square of hydrogen bonds are indicated with 

dotted lines. ................................................................................................................................... 44 

Figure 4-4. Electrostatic potential calculated for atoms of (left) molecule A and (right) 

molecule B using the density Model I. Contours are shown at ±10-6×1.5n eÅ-1, with integer 

values of n in the range from 0-50. ............................................................................................... 46 

Figure 4-5. ORTEP drawing of the asymmetric unit of 4-2. ........................................................ 47 

Figure 4-6. The experimental (left) and theoretical (right) Laplacian distribution for 4-2. 

Contours as in Figure 2-3. ............................................................................................................. 48 

Figure 4-7. The ED (in eÅ-3) and the Laplacian (in eÅ-5) along the bond path for a 

representative C-F bond................................................................................................................ 49 

Figure 4-8. HS for (left) molecule 1 and (right) molecule 2 of 4-2. ............................................. 50 

Figure 4-9. Fingerprint plots for A and B. ..................................................................................... 51 

Figure 4-10. Intermolecular interactions involving the molecule A (left) and B (right) of tfipn. 

The orange balls represent the position of the intermolecular bcps. ......................................... 52 

Figure 5-1. (left) ORTEP drawing of compound 5-1. (right) Overlay of the two different 

molecules in compound 5-1. The rms distance between non-H atoms in the two different 

molecules is 0.13 Å. ........................................................................................................................ 58 

Figure 5-2. The total density in two CoC2 planes of 5-1, with the bond paths overlaid. ............. 59 

Figure 5-3. Residual ED maps using only data below 0.9 Å-1. ...................................................... 60 

Figure 5-4. The density behavior across from bcp-rcp(or midpoint)-bcp. Curves are drawn with 

zero at the bcp or the midpoint, and moving to the left (negative distance) or the right 

(positive distances) for the different CoC2-triangles in 5-2. ......................................................... 61 

Figure 5-5. ORTEP drawing of the tetranuclear Co compound, 5-2.Hydrogen atoms have been 

omitted for clarity. ........................................................................................................................ 62 

Figure 5-6. Plots of the gradient of the ED with molecular graphs overlaid for different 

triangles in 5-2. The right is close to a catastrophe, while the left is a more stable structure. .. 62 

Figure 5-7. Pie chart outlining the distribution of different topologies occurring when noise is 

added to projected structure factors. ........................................................................................... 64 

Figure 5-8. The behavior of the total energy density for compound 5-1 along the Co-Co line 

(left) and perpendicular to it and passing through the midpoint (right). .................................. 65 

Figure 5-9. Local SF along the Co-Co line evaluated at the bond mp for compound 5-1. .......... 65 

Figure 5-10. Theoretical bond delocalization indices for 5-1. ...................................................... 66 

Figure 5-11. Spin density of UHF solution, plotted at 0.05 au isosurface. ................................... 67 

Figure 5-12. Co—Co bonding/anti-bonding pair of d(z2) orbitals on Co in acetylene model of 5-

1. ..................................................................................................................................................... 68 

Figure 5-13. ORTEP drawing of 5-3. Hydrogen atoms have been omitted for clarity. ................ 69 

Figure 5-14. Behavior of , 2
 and H along the Mg-Mg line in 5-3, derived from the 

experimental multipole model. ..................................................................................................... 71 

Figure 5-15. The 2D and 3D (zero value isosurface) Laplacian distribution in the Mg-dimer. .. 72 

Figure 5-16. Relative unit cell dimensions and Mg-Mg bond length (in Å) as function of 

external pressure. Lines are only shown to guide the eye. Results from four different pressure 

points are shown. .......................................................................................................................... 75 

Figure 5-17. Difference between the ED evaluated at the NNA and the bcp (NNA-bcp). ........... 75 



v 
 

 

Figure 6-1. ORTEP drawings of the two molecular complexes, showing (left) the - isomer (6-

1) and (right) the - isomer (6-2). .............................................................................................. 79 

Figure 6-2. Isosurface mapping of the Laplacian function in the region close to Co for 6-1 (left) 

and 6-2 (right). The isosurface is rendered at a value of the Laplacian of the ED of -2250 e Å-5 

for 6-1 and -1600 e Å-5 for 6-2. The coordinate systems show the directions to three ligands. .. 80 

Figure 6-3. ORTEP drawing of 6-3. The mirror plane has been applied to complete the 

molecule. Dashed lines indicate hydrogen bonds. ...................................................................... 83 

Figure 6-4. Isosurface Laplacian (2
 = -150 eÅ-5) maps of the central O(1). Fe(1) coordinates to 

the right. ........................................................................................................................................ 84 

Figure 6-5. ORTEP drawing of 6-4, where M = Co. All methyl and phenyl hydrogen atoms and 

minor disordered parts have been omitted for clarity. ................................................................ 87 

Figure 6-6. Spin density distribution in the Co(1)-O(7)-Co(1) plane of 6-4. The Co atoms are 

located at the centres of the red circles, while O(7) is above and in-between the two Co. ....... 88 

Figure 6-7. Residual density maps of the pyridine ring planes for Co (left) and Ni (right). ...... 89 

Figure 7-1. ORTEP drawing of compound 7-1. The weak interactions between H and Ga are 

indicated with dashed lines, while all other hydrogen atoms have been omitted for clarity. ... 93 

Figure 7-2. Residual density maps for A in the Ga-N-C-N plane: (a) based on a single core scale 

factor for Ga; and (b) based on separate scaling of (sp) and d core electrons for Ga. ............... 94 

Figure 7-3. Laplacian of the ED for a) all atoms, and b) the Ga valence only. Contours as in 

Figure 2-3. ...................................................................................................................................... 95 

Figure 7-4. EP on the molecular surface, calculated from multipole parameters and plotted 

using MOLISO.[142] ........................................................................................................................... 96 

Figure 7-5. Ball-and-stick diagrams of the two theoretically generated molecules, 7-2(left) and 

7-3(right). Hydrogen atoms have been omitted. ......................................................................... 98 

Figure 7-6. Residual density maps for compound 7-2, using (left) medium resolution data, 1.0 

Å-1, and (right) high resolution data, 1.6 Å-1. The contour interval is chosen to be 0.01 eÅ-3, with 

dashed lines indicating negative values and positive values shown with solid lines. ................ 99 

Figure 7-7. The Laplacian calculated from the theoretical valence density of Ga in 7-2........... 100 

Figure 7-8. The ELI-D 1.52 isosurfaces for 7-2. C, N and Ga atoms are shown as black, blue and 

pink balls. ...................................................................................................................................... 101 

Figure 7-9. ORTEP drawing of compound 7-4. ........................................................................... 102 

Figure 7-10. Residual ED plots in the Ga-N-Si plane for a (left) conventional and (b) split-core 

multipole model, using data to sin(θ)/λ of 1.0088 Å-1. ................................................................ 103 

Figure 7-11. -2
(r) maxima (pink) and ELI-D maxima (green) around N(1) and Ga(1). Maxima 

positioned at the atomic centers have been omitted. Two different projections of the C-

N(Si)Ga plane are shown. ............................................................................................................ 104 

Figure 8-1. Structure of CoSb3 depicting the CoSb6 octahedra and the Sb4 unit (a), and the 

covalent view with 20 atom cages (b).......................................................................................... 107 

Figure 8-2. Contour plots of the static deformation density in the plane of the CoSb4 unit for 

the theoretical data (left) and the SPring8 data fitted with the KKRMM model (middle) and 

the UMM model (right). The contour step size is 0.03 e/Å3. Full, blue contours are positive. 

Dashed, red contours are negative. ............................................................................................. 109 

Figure 8-3. Contour plot of the Laplacian in the plane of the Sb4 unit for the theoretical 

multipole fitted data (left), the KKRMM-fitted experimental data (middle) and the UMM-



vi 
 

 

fitted experimental data (right). Positive contours are plotted with blue, dashed lines; negative 

contours with full, red lines. ......................................................................................................... 110 

Figure 8-4. The Laplacian plotted along the direction of the long Sb–Sb interaction for the 

theoretical data (left) and the experimental KKRMM model (right). The black and blue lines 

are the multipole density along the bond path and the straight line connecting the atoms, 

respectively, and the red line is the IAM density. Triangles mark the position of the b.c.p. and 

the star marks the position of the b.c.p. for the direct theoretical density (WIEN2k). ............. 110 

Figure 8-5. Two views showing the crystal structure of K2SO4, and the sulfate ion. .................. 112 

Figure 8-6. Residual density map of K2SO4 using the final multipole model. ............................ 113 

Figure 8-7. Laplacian along the three different S-O bonds. ........................................................ 113 

Figure 8-8. Bonded (BM) and non-bonded (NBM) maxima for the S-O interactions. The small 

blue spheres represent the maxima found within the oxygen VSCCs and close to the oxygen 

nucleus (~0.35Å from the O nucleus) while the small orange spheres are the ones lying along 

the S-O bond paths, closer to the sulphur atom (~0.74Å from the S nucleus) but still located in 

the oxygen basins. The values of  and its Laplacian (italic) are given for each maxima. The 

small black spheres mark the position of the BCPs. .................................................................... 114 

Figure 8-9. The crystal structures of pyrite (left) and marcasite (right) represented in terms of 

FeS6 octahedra. S atoms are shown as small yellow spheres. The unit cells are indicated by 

black lines; the a-b plane of marcasite is in the plane of the paper. ........................................... 115 

Figure 8-10. Residual density for all data in the FeS4 plane of pyrite (left) and one of the FeS4 

planes of marcasite (right) obtained from multipole refinement against experimental data. The 

increment in the contours is 0.1 eÅ-3. Positive contours are plotted with full, blue lines. 

Negative contours are plotted with dashed, red lines. The dotted, black lines are the zero 

contours. ........................................................................................................................................ 117 

Figure 8-11. Experimental static deformation densities around Fe for pyrite (left) and marcasite 

(right) plotted using isosurface values of 0.25 eÅ-3. ................................................................... 118 

Figure 8-12. Static deformation density in the FeS4 planes of pyrite (left) and marcasite (right). 

One or two positive contours are seen in the regions between the Fe and S atoms. Contour 

interval is 0.1 eÅ-3. .......................................................................................................................... 118 

Figure 8-13. Contour plots of the experimental static deformation density containing the S-S 

dimer in pyrite (left) and marcasite (right). The contour interval is 0.05 eÅ-3. .......................... 119 

Figure 8-14. Approximate Fe d-orbital splitting in the symmetry of FeS2.................................. 120 

Figure 8-15. Total and atom-projected DOS and Individual Atomic Orbitals projected DOS of 

the Fe d orbital states for pyrite (top) and marcasite (bottom), obtained from periodic DFT 

calculations in WIEN2k using experimental FeS2 geometries..................................................... 121 

 

  



vii 
 

 

List of publications that this thesis has been based on (printed versions of the 

published papers are provided at the end of the dissertation) 

 

Used in Chapter 1: 

A1 Jørgensen, M. R. V.; Svendsen, H.; Schmokel, M. S.; Overgaard, J.; Iversen, B. B. 

On the significance of Bragg reflections, Acta Crystallogr. Sect. A 2012, 68, 

301-303. 

 

A2 Jørgensen, M. R. V.; Hathwar, V. R.; Sist, M.; Wang, X.; Hoffmann, C. M.; Briseno, 

A. L.; Overgaard, J.; Iversen, B. B. Accurate atomic displacement parameters 

from time-of-flight neutron-diffraction data at TOPAZ, Acta Crystallogr. 

Sect. A 2014, 70, 679-681. 

 

Used in Chapter 2: 

A3 Overgaard, J.; Iversen, B. B. In Electron Density and Chemical Bonding I; 

Stalke, D., Ed.; Springer Berlin Heidelberg: 2012, p 53-74. 

 

A4 Sørensen, J.; Clausen, H. F.; Poulsen, R. D.; Overgaard, J.; Schiøtt, B. Short 

strong hydrogen bonds in 2-acetyl-1,8-dihydroxy-3,6-dimethylnaphthalene: 

an outlier to current hydrogen bonding theory?, J. Phys. Chem. A 2007, 111, 

345-351. 

 

Used in Chapter 3: 

A5 Overgaard, J.; Turel, I.; Hibbs, D. E. Experimental electron density study of a 

complex between copper(II) and the antibacterial quinolone family 

member ciprofloxacin, Dalton Trans. 2007, 2171-2178. 

 

A6 Overgaard, J.; Hibbs, D. E. The experimental electron density in polymorphs 

A and B of the anti-ulcer drug famotidine, Acta Crystallogr. Sect. A 2004, 60, 

480-487. 

 

Used in Chapter 4: 

A7 Overgaard, J.; Waller, M. P.; Platts, J. A.; Hibbs, D. E. Influence of crystal 

effects on molecular charge densities in a study of 9-ethynyl-9-fluorenol, J. 

Phys. Chem. A 2003, 107, 11201-11208. 

 

A8 Hibbs, D. E.; Overgaard, J.; Platts, J. A.; Waller, M. P.; Hursthouse, M. B. 

Experimental and theoretical charge density studies of 

tetrafluorophthalonitrile and tetrafluoroisophthalonitrile, J. Phys. Chem. B 

2004, 108, 3663-3672. 

 



viii 
 

 

Used in Chapter 5: 

A9 Overgaard, J.; Clausen, H. F.; Platts, J. A.; Iversen, B. B. Experimental and 

theoretical charge density study of chemical bonding in a Co dimer 

complex, J. Am. Chem. Soc. 2008, 130, 3834-3843. 

 

A10 Overgaard, J.; Platts, J. A.; Iversen, B. B. Experimental and theoretical charge-

density study of a tetranuclear cobalt carbonyl complex, Acta Crystallogr. 

Sect. B 2009, 65, 715-723. 

 

A11 Overgaard, J.; Jones, C.; Stasch, A.; Iversen, B. B. Experimental Electron 

Density Study of the Mg-Mg Bonding Character in a Magnesium(I) Dimer, 

J. Am. Chem. Soc. 2009, 131, 4208-4209. 

 

A12 Wu, L.-C.; Jones, C.; Stasch, A.; Platts, J. A.; Overgaard, J. Non-Nuclear 

Attractor in a Molecular Compound under External Pressure, Eur. J. Inorg. 

Chem. 2014, 32, 5536-5540. 

 

Used in Chapter 6: 

A13 Overgaard, J.; Waller, M. P.; Piltz, R.; Platts, J. A.; Emseis, P.; Leverett, P.; 

Williams, P. A.; Hibbs, D. E. Experimental and theoretical charge density 

distribution in two ternary cobalt(III) complexes of aromatic amino acids, 

J. Phys. Chem. A 2007, 111, 10123-10133. 

 

A14 Overgaard, J.; Larsen, F. K.; Timco, G. A.; Iversen, B. B. Experimental charge 

density in an oxidized trinuclear iron complex using 15 K synchrotron and 

100 K conventional single-crystal X-ray diffraction, Dalton Trans. 2009, 664-

671. 

 

A15 Overgaard, J.; Walsh, J. P. S.; Hathwar, V. R.; Jørgensen, M. R. V.; Hoffman, C.; 

Platts, J. A.; Piltz, R.; Winpenny, R. E. P. Relationships between Electron 

Density and Magnetic Properties in Water-Bridged Dimetal Complexes, 

Inorg. Chem. 2014, 53, 11531-11539. 

 

Used in Chapter 7: 

A16 Overgaard, J.; Jones, C.; Dange, D.; Platts, J. A. Experimental Charge Density 

Analysis of a Gallium(I) N-Heterocyclic Carbene Analogue, Inorg. Chem. 

2011, 50, 8418-8426. 

 

A17 Platts, J. A.; Thomsen, M. K.; Overgaard, J. Electron Localisation in Ga-

Heterocyclic Compounds, Z. Anorg. Allg. Chem. 2013, 639, 1979-1984. 

 



ix 
 

 

Used in Chapter 8: 

A18 Schmokel, M. S.; Bjerg, L.; Larsen, F. K.; Overgaard, J.; Cenedese, S.; Christensen, 

M.; Madsen, G. K. H.; Gatti, C.; Nishibori, E.; Sugimoto, K.; Takata, M.; Iversen, 

B. B. Comparative study of X-ray charge-density data on CoSb3, Acta 

Crystallogr. Sect. A 2013, 69, 570-582. 

 

A19 Schmokel, M. S.; Cenedese, S.; Overgaard, J.; Jorgensen, M. R. V.; Chen, Y. S.; 

Gatti, C.; Stalke, D.; Iversen, B. B. Testing the Concept of Hypervalency: 

Charge Density Analysis of K2SO4, Inorg. Chem. 2012, 51, 8607-8616. 

 

A20 Schmokel, M. S.; Bjerg, L.; Cenedese, S.; Jorgensen, M. R. V.; Chen, Y.-S.; 

Overgaard, J.; Iversen, B. B. Atomic properties and chemical bonding in the 

pyrite and marcasite polymorphs of FeS2: a combined experimental and 

theoretical electron density study, Chem. Sci. 2014, 5, 1408-1421. 

 

  



x 
 

 

Preface 

The present dissertation contains the distillate of my scientific output in the field 

of experimental and theoretical electron density studies roughly over the last decade 

and a little more, since earning my PhD-degree in 2001. There are several reasons that 

I have chosen to write my dissertation at this point in time. Given the development in 

the underlying technology of X-ray diffraction in the last two decades it is relevant to 

describe the impact that this has had on the possible output, and this is well 

exemplified by the studies that I have been involved in. It is also timely to present a 

status of electron density studies in connection with the UN declared International 

Year of Crystallography in 2014. In addition, a number of reviews on the method have 

very recently appeared showing that the time is ripe to look back on the achievements 

of the last 10 years and also to look ahead to see where the research in the area is 

directed.  

The method of electron density determination itself, as we shall see later, is 

strongly dependent on the access to very accurate X-ray structure factors collected to a 

high scattering angle. Data that fulfill these criteria are now becoming increasingly 

available due to the technical developments driven not least by the efforts from large 

commercial manufacturers such as Bruker AXS and Agilent Technologies. It is also not 

unwarranted to claim that the electron density community is a driving force in this 

technological improvement as it is essential to push these instruments to their limits 

to obtain the required data resolution and quality.  

The apparent variation in subjects of the presented chapters is not a sign of a 

lack of scientific direction but merely underlines the fact that the method is applicable 

throughout chemistry and that I have also taken advantage of these possibilities and 

made significant contributions to the field in many sub-branches.  

Compared to the original publications on which this account is based, some of 

the individual contributions have been expanded and updated with the latest 

approaches developed subsequent to the original studies, such that for instance 

Hirshfeld surface plots have been added where sensible to complement the original 

studies. Hirshfeld surfaces describe a method to visually highlight intermolecular 

interactions which was not available in the beginning of this century, but has since its 

development proved to be an extremely compact and efficient way of describing these 

interactions, which are the topic of some of the chapters within this thesis. 

 

 

 

Risskov, 1st March 2015 

Jacob Overgaard  
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Dansk Resumé 

Denne afhandling beskriver anvendelsen af den eksperimentelle bestemmelse af 

elektrontætheder på en lang række af molekylære og i sidste kapitel også 

netværksstrukturer, baseret på røntgendiffraktion fra en-krystaller. I langt de fleste 

tilfælde er studierne komplementeret af teoretiske beregninger med den hensigt både 

at verificere de fundne eksperimentelle resultater samt præsentere andre typer af 

beskrivelser, der ikke kan opnås fra eksperiment. Selve afhandlingen er bygget op efter 

et princip om at kompleksiteten af de kemiske problemstillinger der beskrives er 

stigende. 

I kapitel 1 er der givet en introduktion til elektrontæthedsstudier opnået fra 

røntgen diffraktion på én-krystaller. Der er især lagt vægt på at beskrive hvordan det 

er muligt at optimere data kvaliteten ved at benytte de allermest moderne 

røntgenkilder der findes ved store internationale faciliteter, kaldet synkrotroner, samt 

køle krystallerne til laveste temperatur. Kapitlet beskriver også detaljerne i data 

reduktion og analyse, samt måder hvorpå teori kan berige analysen med alternative 

beskrivelser der ikke er tilgængelige fra eksperimentet.  

I kapitel 2 startes med de første eksperimentelle data, hvor temaet er 

hydrogenbindinger. Til beskrivelsen af hydrogen bindinger, og især de allerstærkeste 

af slagsen, er det bydende nødvendigt at have præcis information om hvor hydrogen 

atomet har sit midtpunkt samt hvor stor en termisk bevægelse den er udsat for; og 

denne bevægelse er vel at mærke forskellig afhængig af retningen. Bestemmelse af 

sådanne anisotrope termiske parametre for det meget lette hydrogen atom er ikke 

muligt fra røntgen-diffraktion og derfor beskrives i dette kapitel også neutron 

diffraktion. Kapitlet bibringer en forståelse af hydrogen bindinger som ikke tidligere 

har været kendt, og peger også hen mod fremtidige studier af molekylære systemer der 

kan løse nogle problemer med en eksisterende empirisk teori om hydrogen bindinger 

hvis gyldighed der i kapitlet sættes kraftige spørgsmålstegn ved. 

I kapitel 3 er blikket rettet mod lægemidler, og hvordan en bestemmelse af 

elektrontætheden kan føre til indsigt i molekylers reaktivitet ved hjælp af en 

bestemmelse af det elektrostatiske potential direkte fra kendskab til 

elektrontætheden. Afbildningen af dette potential på en omgivende molekylær 

overflade har tidligere fra teoretiske studier af Politzer været vist sig at være korreleret 

med forskellige molekylære egenskaber og kapitlet kulminerer med en kvantitativ 

analyse af det elektrostatiske potential på den molekylære overflade af tre former af 

histamine H2-receptor antagonister som direkte viser hvordan den rumlige fordeling 

af ekstremer af det elektrostatiske potential kan have stor indflydelse på molekylers 

mulige fysiske tilknytning til et aktivt site. 

Kapitel 4 indeholder en analyse af hypotesen om at den atomare elektrontæthed 

af de enkelte atomer kan overføres direkte fra et molekyle til et andet, under den 

forudsætning at det specifikke atom har de samme direkte naboer og ens geometri. I 
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to forskellige systemer vises det i kapitel 4 ved hjælp af eksperimentelle 

elektrontætheder at en sådan transferabilitet ikke umiddelbart er klart til stede. 

Kapitel 5 og 6 kan under et beskrives som studierne af metal-organiske 

forbindelser, hvor en sondring er lavet mellem fokus på metal-metal vekselvirkninger 

(kapitel 5) og metal-ligand bindinger (kapitel 6). På trods af denne opdeling er der 

mange lighedstræk imellem de to kapitler, og en del af de samme værktøjer er anvendt 

begge steder.  

De to foregående kapitler trækker tråde ind i det følgende kapitel (7) som dog 

alligevel gør sig fortjent til et separat kapitel, da det indeholder en beskrivelse af en 

helt speciel gruppe af molekyler, hvori et hovedgruppe metal optræder i usædvanligt 

lavt oxidationstrin. Der er derfor heri også fokus både på beskrivelsen af selve den 

atomare elektrontæthed samt metallets vekselvirkning med sine omgivelser. Et særligt 

resultat af disse studier af et metal-amid viser hvorledes der ikke som tidligere antaget 

er tale om en metal-ligand -binding mellem Ga og N atomer, men tilsyneladende en 

mere ionisk binding med to lone-pair lignende lokale koncentrationer af elektroner 

tæt på nitrogen. Desuden indeholder kapitlet en grundig beskrivelse af formen af det 

forventede lone pair på metallet. 

I det næstsidste kapitel (8) har jeg samlet de tre mest komplicerede studier, jeg 

har været involveret i. Det drejer sig om to netværksstrukturer, CoSb3 og FeS2, der 

begge stammer fra den lokale interesse i termoelektriske materialer, samt et helt 

grundlæggende studium (og afvisning) af hypervalens i det simple salt, K2SO4. Fælles 

for de tre studier har været nødvendigheden af at bruge synkrotron stråling, således at 

vi har kunnet måle på tilstrækkelig små krystaller og dermed undertrykke ekstinktion. 

Derudover består udfordringen i disse systemer også i at andelen af valens-elektroner i 

forhold til antallet af kerne-elektroner er forsvindende lav, og dermed er deres 

”egnethed” til en sådan analyse tilsvarende lav. Den succesfulde beskrivelse af 

elektrontætheden i sådanne studier repræsenterer derfor et meget signifikant skridt 

for selve metoden, i og med at det nu er endegyldigt verificeret at det er muligt, med 

de nødvendige tiltag som er udførligt beskrevet i disse arbejder, at beskrive 

elektrontætheden i funktionelle materialer, en vigtig udvidelse af anvendeligheden der 

hidtil har fokuseret på molekylære systemer. 

Sidste kapitel (9) opsummerer resultaterne og ser fremad mod nye grænser for 

metoden, nu hvor gamle grænser er blevet nedbrudt. Personligt er mit mål at arbejde 

mod en beskrivelse af elektrontætheden af lanthanid komplekser, der er meget 

interessante i molekylær magnetisme. Af samme grund vil det være et væsentligt mål 

at kombinere dette med beskrivelsen af spintætheder, opnået ved diffraktion med 

polariserede neutroner.  
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CHAPTER 1  ELECTRON DENSITY STUDIES – 

AN INTRODUCTION 

 
Electron density studies of crystalline materials are evolving due to the continuous 

technological development of X-ray diffraction equipment. At the same time, the capabilities of 

theoretical calculations are increasing at least at the same pace. This academic race may – 

wrongly, in my opinion – be seen as a competition between disciplines while it is in fact of 

mutual benefit to both fields. What grows out of those few groups that identify and exploit this 

potential are indeed amazing new scientific landmarks, of which one can mention the source 

function, X-ray restrained wave-function refinements, non-covalent interaction indicator, to 

name a few. These concepts would not have gained the same widespread importance without the 

emphasis on combining the experimental and theoretical aspects of electron densities. In this 

chapter some of the fundamental ideas in electron density studies are introduced with particular 

emphasis on those that have become increasingly important within the last decade or two, and 

are anticipated to continue to grow even more powerful in the time to come. This chapter - in 

fact the entire thesis - maintains an emphasis on the experimental side of electron density 

studies as this is where my main contributions have been, and as such does not reflect inferiority 

of theory in any way. 
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1.1. Methods of experimental ED studies 

Crystallography (or more correctly, single crystal X-ray diffraction) celebrated its 

first centenary last year since the first steps were made by von Laue, Bragg and others 

in the early 1910’s,[1-6] following the discovery of X-rays by Röntgen only a few years 

earlier. On this basis the calendar year 2014 was full of events dedicated to 

highlighting the development of crystallography from optical studies in ancient times 

to the important technological tool it has become in present days. Importantly, it has 

gained the support of the United Nations which proclaimed 2014 as the International 

Year of Crystallography.[7] It is important to note that crystallography in fact was not 

born by the combined use of X-rays, single crystals and photographic plates, but 

actually was an actively investigated discipline, albeit with different tools and ideas, 

prior to the technology that it is now intimately related to. 

Moving along the timeline from its inception a century ago, development was 

fast but non-linear in most aspects. The theory of X-ray scattering was understood in 

detail early on but it nevertheless took half a century before the field had developed 

enough to experimentally warrant studies – and even at this stage only qualitative in 

nature – of the valence electron density (ED) distribution. This began in the late 1960’s 

when residual density maps (or in fact the underlying measured Bragg intensities) 

were of such a quality to reveal un-modeled bonding ED.[8] The residual density is 

defined as the difference (obtained by Fourier transformation of the structure factor 

differences) between the observed ED and the ED of the promolecule, the latter being 

nothing more than a superposition of non-interacting atomic densities. The structure 

factor expression was well-known at the time and so it came as no surprise to see 

these features but the clarity of them called for an analytical description. This era was 

kicked off by work by Dawson[9] and Stewart[10-11] preparing the ground work. In 

particular, Stewart contributed monumentally to the theoretical foundation of the 

formulae by introducing the atom-centered formalism in the form of generalized 

scattering factors in which the aspherical features of the ED are modeled by functions 

centered on each atom and adding a perturbation to the spherical IAM density. 

His contribution was the development of a model which, in a modified form, is 

still in use today forming the backbone of the program VALRAY.[12] However, another 

competing model based on the same ideas with a few notable differences was 

developed a few years later by Hansen and Coppens,[13] and has now gained popularity 

in the form of the program XD.[14] Both models take advantage of multipole population 

parameters connected to spherical harmonic functions and will from here on forward 

be referred to as the multipole model (MM). It consists of the following expression for 

each individual atom: 
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Figure 1-1. Example of multipolar functions, with red and green indicating the sign of the 
orbital function. The 7 functions depict the 4f orbital functions. 

in which the three separate parts of the equation describe the unperturbed spherical 

core density, the valence density population (Pv) and radial expansion/contraction (), 

and the aspherical deformation (Plmp) of the valence density, respectively. The crucial 

part is the deformation term that usually is limited to lmax = 4, i.e. hexadecapoles. This 

expansion of the model leads naturally to a large increase in the number of refinable 

parameters, with up to 25 extra parameters per atom to be refined.  

This puts a strong demand on two things: 1) the number of observations and 2) 

the accuracy of the low order reflections. In essence, this means that for this approach 

to be successful the data set has to be better and bigger! The number of reflections 

simply has to be maximized to allow the least-squares refinement to converge and 

reach the correct global minimum. In addition, the new deformation density functions 

to some extent behave similar to the positional and vibrational functions potentially 

leading to correlations among parameters. As a consequence, it is imperative to 

measure structure factors to high resolution whereby a correct deconvolution of 

electronic and vibrational parameters can be carried out. As a rule of thumb, the 

minimum required resolution is dmin = 0.5 Å, or (sin()/)max > 1.0 Å-1. On the other 

hand, the deformation term of the valence density is mainly seen in the low-order 

data, where it is seen as a perturbation of the purely spherical model, and occasionally 

this perturbation approaches the limit of detection, in particular for heavy atom 

structures, as outlined in more detail in Chapter 8. 

Starting in the 70’s and continuing to the present day, X-ray diffraction 

equipment, including sources, detection, and sample cooling, improved and very 

accurate data are now within reach when off-the-shelf diffraction equipment and 

careful experimental work is combined.[15] The advent in the 90’s of accessible 

synchrotron sources and 2D detectors moved the possibilities to new levels by opening 

the door to extremely high resolution,[16] and which currently is used to show that the 

core density is not unaffected by chemical bonding (see Chapter 7 for more details on 

this matter). The exceptional increase in flux seen at synchrotrons opens the door for 
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the use of tiny samples (the current record for a single crystal structure determination 

is using a 500 nm crystal measured at SPring-8 in Japan[17]). This is particularly 

relevant for heavy atom structures where systematic errors such as extinction and 

absorption to a large extent have impeded experimental ED studies. Now, using high-

energy high-intensity sources tiny crystals on the order of 10 m are sufficient to fulfill 

the data demands and deliver extinction- and absorption-free structure factors, as 

exploited in the recently published studies of FeS2 and CoSb3,
[18-21] and outlined in 

detail in Chapter 8. 

Temperature plays a central role in ED studies for several reasons. Firstly, the 

ability to independently and concomitantly describe the atomic vibrations (which in 

X-ray diffraction are available as the motion of the inner core electrons that follows 

the nuclei instantaneously as outlined in the Born-Oppenheimer approximation) and 

the non-spherical electronic delocalization of the valence electrons (this information 

is in the low-order data) necessitates the access to significant high-order Bragg 

reflections. The best method to fulfil this target is to minimize the temperature to 

close to that of liquid He, such that only zero-point vibration persists. Two methods 

exist to achieve this cooling, either a closed-cycle system or an open-flow similar to 

the familiar one with liquid nitrogen. The latter is becoming increasingly impractical 

due to the surging prices for liquid He, but is still in use especially at large facilities. 

The closed cycle system requires the use of a vacuum surrounding the crystal which 

has implications as the solid-state vacuum canisters will contribute strongly to an 

inhomogeneous background radiation, and are therefore often used in conjunction 

with a point-detector and therefore prolonged experiment duration. 

There is another reason to maintain as low a temperature as possible, as both 

anharmonicity and thermal diffuse scattering (TDS) will be minimized. TDS is 

inelastic scattering that is unevenly distributed in reciprocal space and in fact has a 

maximum at the Bragg positions, and is exceedingly difficult to correct for, unless for 

very simple systems. The effect is to a large extent ignored in diffraction studies; 

however this neglect is only truly valid at the lowest temperatures. The harmonic 

approximation is normally used for the atomic vibrations and leads to the well-known 

anisotropic ellipsoids representing the atoms in a crystal structure. Nevertheless, the 

potential that governs the atomic motions may be anharmonic, leading to distortions 

of the Gaussian probability distribution of the atomic positions. It is typically included 

in the model by the refinement of so-called Gram-Charlier coefficients modifying the 

thermal parameters as: 

 
 HThhhhDhhhiCHT mlkjjklmlkjjkl 0
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where T0 is the harmonic thermal parameter and the expression is here truncated at 

the fourth order following the usual size of the expansion used in experimental 
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studies. As it follows from the expression the 3rd order coefficients (the 10 possible Cjkl-

parameters) add an imaginary component to the thermal parameter, while the 4th 

order coefficients contribute a real value. The potential need for refinement of these 

additional 25 parameters per atom necessarily puts a strong demand on the size and 

quality of the data and the limits in terms of data resolution have been examined by 

Kuhs,[22] who suggested rather strict requirements that are seldom realized in 

experiments. The anharmonicity in atomic motion is interesting from many 

perspectives, for instance in relation to phase transitions.[23-25] However, in ED studies 

the concern is that any un-modeled anharmonicity will instead be absorbed in the 

multipole population parameters and thus bias the density.[26] Detailed analysis has 

nevertheless shown that the correlation between density and Gram-Charlier 

parameters is much less severe than expected, and that in fact it is possible, and in 

some situations even advisable, to co-refine both sets of parameters,[27] with a superior 

model to follow.[28] 

As mentioned above, the demands on the data quality are high, and it is 

imperative to possess a large and diverse tool box when assessing the data. However, 

before beginning a description of these tools, a guided tour through a diffraction 

experiment is instructive to understand the importance of the tool box. The 

integration of the Bragg intensities and subsequent corrections is a critical process, 

and although it becomes more and more automated, it is essential to dig below the 

flashy GUIs and exploit the full functionality of the programs. The downside of the 

widespread and successful use of crystallography for structure determination is 

namely that program development primarily has been driven by the demands of the 

average users who are, unfortunately, often much more interested in the speed with 

which the results can be obtained than in the accuracy of the data. The reflections, 

consisting of measured photons in separate pixels on a CCD detector, are typically 

divided into two groups depending on whether their intensity is weak or strong. The 

latter reflections are used to create a library of model peak shapes, normally assumed 

Gaussian in nature, and the peak shape is then partly imposed on the weaker 

reflections during integration leading to better estimation of integrated weak 

intensities. As such, the values of intensities are therefore usually precisely recovered. 

What is more critical is the error associated with the experiment, which I will return 

to shortly. The next step is an absorption correction, which is based on a description 

of the crystal morphology using face indices. The average path length through the 

crystal for each reflection is then easily calculated and corrected for photo-electronic 

absorption effects using a given unit cell content. Another almost unnoticed step is 

the scaling of each frame which is done in a least squares procedure based on the 

assumed identical intensity of symmetry equivalent reflections, after the absorption 

has been accounted for. This can in principle correct for a whole range of issues such 

as poor crystal centering, too large crystal compared to the beam size, uneven 

exposure of the mounting pin, shutter timing uncertainty, etc. It is a warranted 
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correction, but may be problematic when it is used inappropriately, and the 

magnitudes of the corrections have to be critically examined. When all corrections 

have been applied, it is time to merge the equivalent reflections, which is normally 

done either using SADABS[29] or SORTAV.[30] Both programs detect outlier reflections 

and they reject these before the average is calculated. However, when it comes to the 

determination of esds to the averaged intensities, the two programs differ 

significantly. The former program, written by Sheldrick, includes a least squares 

refinement of an error model whose purpose is to re-create a distribution of 2=1 in all 

shells of reciprocal space by modification of the errors. The detailed mathematical 

expression for the error model is given in Eq. 3. 

 𝑠. 𝑢.2 (𝐼𝐵𝑟𝑎𝑔𝑔) = 𝑐 (𝜎(𝐼𝐵𝑟𝑎𝑔𝑔) + (𝑔〈𝐼𝐵𝑟𝑎𝑔𝑔〉)
2
) (3) 

 

In a recent paper[31] we described a particular problem associated with this 

model. For high values of the intensities, the final s.u. will be dominated by the second 

term, and the effect is that the significance, I/(I), becomes constant. Considering that 

at the root of the model refinement procedure is a minimization of a weighted 

residual, and that weights are usually 1/2, then the significant change of s.u. and 

consequently on the weights that follows from the use of the error model given above 

must have a significant effect on the final set of parameters. For that particular reason, 

we opt to use the program SORTAV for averaging of reflections. From the analysis of 

the development of the ratio 𝑊 =
〈𝐼½〉

〈𝜎(𝐼)〉
 from raw data to corrected data it is also 

apparent that the two programs diminish the ratio differently, and that maximum 

significance of data is retained when the error model is not used.[32] 

Returning now to the toolbox, there has been a lot of work on evaluating the 

data accuracy in ED studies, in particular by groups based in Toledo,[33] Göttingen,[34] 

and Milan.[35] One of the tools that has been developed is what is called residual 

density analysis, or RDA.[36-37] This is based on a detailed mathematical analysis of the 

distribution of the residual density, and condenses this information into a curve, 

describing the spread of the residual. Noise-free data and a perfect model will in 

principle generate a -function for this curve, whereas real data with inherent 

counting statistics naturally lead to a broader distribution. A very important 

implication of this analysis is that deviations away from Gaussian distributed noise can 

be assigned to different systematic effects that have not been accounted for in the 

model, such as extinction, anharmonicity, etc., and it is now routinely employed in 

many ED studies. Two other useful tools have been advocated by Pinkerton et al.[33] In 

their work, they strongly suggest using the normal probability plots, as originally 

devised by Abrahams and Keve,[38] as well as the ratio of Iobs over Icalc, possibly grouped 

in resolution intervals to smooth the inherent spread of values. The former method 

will clearly show whether the distribution of errors is non-Gaussian by deviation from 
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a straight line, while the latter will show in which part of reciprocal space there may 

be problems with the model or the data.  

The technological development in all elements of the X-ray diffractometer has 

led to an increase in the number of published high-quality ED studies. In parallel to 

this technological development, the conceptual understanding of chemical bonding in 

molecules and the solid state in general has seen the birth of a variety of incredibly 

powerful tools. One of the first and most influential methodologies is the Quantum 

Theory of Atoms in Molecules (QTAIM) which was started and developed by the late 

Richard Bader in the 70’s, but not adapted to experimental electron densities before 

the beginning of the 90’s. The theory is based on the quantum mechanics of open 

systems and is solely based on the ED; it partitions the ED into space-filling non-

overlapping so-called atomic basins using zero-flux surfaces, i.e. surfaces for which the 

relation n = 0 is fulfilled at all points. A molecular graph is created by following the 

density gradient paths that start and end at the special points where the gradient of 

the density is zero, the so-called critical points (cp). At these cps, the three 

eigenvectors and eigenvalues associated with the so-called Hessian matrix are 

calculated. The Hessian matrix contains the second derivative of the density with 

respect to three perpendicular directions. From this four, and only four, types of 

critical points (of order 3) emerge and they are labelled according to the convention 

(3,) where  is the algebraic sum of the eigenvalues and thus taking on one of the 

four values -3, -1, 1, 3. The (3,-3) points are local maxima of the density which coincides 

with the nuclear positions, while (3,+3) points are local minima and are denoted cage 

critical points. The (3,-1) points are called bond critical points (bcp) as they represent a 

minimum in one direction but maximum in the two perpendicular directions, such as 

in a chemical bond. The last remaining point is called a ring critical point. 

 

Figure 1-2. Molecular graphs for the first four alkane chains, methane, ethane, propane and 
butane. The picture is reproduced from the original QTAIM book by Bader.

[39]
 

The bcps have since been used increasingly to describe the nature of the 

chemical bonding between two atoms, as one can argue that this will be the best point 

in space to evaluate the interaction. Much of the initial work by Bader was focused on 

simple compounds of interest to organic chemistry and therefore consisted of 2nd 

period elements only, which also satisfied the computational limitations present at the 

time. To evaluate the bonding, the Hessian matrix is implemented. The trace of the 

matrix (being the rotationally invariant sum of the diagonal values, and also called the 
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Laplacian of the density) calculated at the bcps quickly proved to be a central property 

that can distinguish between shared and closed shell bonding, simply from its sign 

with a negative value being equivalent to a shared interaction while a positive value 

signified a closed shell interaction. 

The eigenvalues and eigenvectors of the Hessian matrix outline three 

perpendicular directions in which the density changes fastest and slowest, and one in-

between. In particular, the two eigenvalues corresponding to the two directions 

perpendicular to the bond path are useful in quantifying the double bond character of 

a chemical bond; if the two eigenvalues are similar, or in other words if the ellipticity 

() defined as (
𝜆1

𝜆2
− 1) equals zero, then it is considered a single (or triple) bond, while 

if it has a significant value it is a double bond. More advanced analysis of the ellipticity 

of a bond, calculated not only at the bcp but at all points along the bond path, conveys 

very interesting information about the delocalization in aromatic systems, as 

investigated by Tafipolsky et al.[40-41] 

The reason for embracing the QTAIM approach particularly in the experimental 

ED community is its dependence on the ED and nothing else. This aligns very well 

with the analytical description of the ED which results from the multipole model in 

Eq. 1 and thereby allows an unprecedented comparison of theory and experiment of 

derived properties. 

It has also been made possible to obtain approximate values for the energy 

densities directly from the ED and its derivatives, which is useful in the analysis of 

chemical bonding. The necessary approximation is due to Abramov,[42] who expressed 

the kinetic energy density, G, as a function of the density, and its first and second 

derivative. Evaluated at a bcp, it reduces to a function of the value of  and 2
. From 

the virial theorem a connection is then made between the potential, V, and kinetic, G, 

energy densities that also involves the value of the Laplacian. The sign of the total 

energy density, H = G + V, expresses the balance between the two, and when the 

always negative potential energy density dominates, it is interpreted as a tendency for 

the system to accumulate electrons in the interatomic region under study. A large 

body of work has been done trying to link these concepts with the nature of chemical 

bonding in different systems (for an excellent account, see ref [43] and references 

therein) and it is clear that when moving beyond 2nd period elements, the meaning is 

less straightforward and cannot stand alone when chemical bonding is typified. 

1.2. Increasingly advanced methods of analysis – also including theory 

Despite the wealth of possible information that may be harvested from the 

knowledge of the ED, the limitation in having access only to the ED, and not the 

density matrix, is a limiting factor when more advanced properties of the electronic 

structure are desired. Knowledge of the full density matrix makes it possible to derive 

additional properties such as the delocalization index [44] (which correlates with, 
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although not strictly related to, the bond order[45]) and localizability indices, such as 

the electron localization function (ELF) or the electron localizability indicator 

(ELI).[46-47] However, there exist methods that, using different approaches, lead to 

partly experimental wavefunctions. The more common method is coded in the 

program package TONTO originally developed by Jayatilaka and Grimwood,[48-49] and 

recently attributed with the name XRW, but other similar methods have also been 

applied.[50-52] This process involves performing a theoretical calculation at a given level 

of theory, but the minimization procedure is now more complex than the normal one 

as it not only takes the energy of the system into account, but combines this with the 

weighted sum of differences of observed and calculated structure factors in the form of 


2: 

 𝐿(𝒄, 𝜀, 𝜆) = 𝐸(𝒄, 𝜀) − 𝜆[𝜒2(𝒄) − Δ] (4) 
 

in which c represents orbital coefficients and  follows from a constraint, and  is an 

unknown fixed, but variable factor (user supplied) that determines the relative 

importance of the experimental data. The -parameter represents the desired average 

deviation between experiment and calculation, in this case it is set equal to 1, 

suggesting that a 2 of unity represents the best possible fit. It is noteworthy that with 

the introduction of 2 the expression is depending on the used esds. The end result is 

often called ‘an experimental wavefunction’; however, it has so far only been used in a 

very few cases. One of the early problems was related to thermally smearing of the 

theoretical density which in its very nature is not atom-centered as the Debye-Waller 

factors are. This has been solved by the introduction of Hirshfeld atoms,[53] which are 

non-spherical atomic scattering factors derived from a gas-phase theoretical 

calculation of the molecule under investigation. The scattering factors become non-

spherical as the calculated molecular density is split into non-spherical atomic 

densities by the stockholder principle.[54]  

With this ‘experimental’ wavefunction in hand, it is possible to calculate 

properties otherwise not available from experiment, but it remains to be seen whether 

the method in practice adds new information that is not already obtainable either in 

the pure theory or the pure experiment, or even in both. The method has been 

criticized for a lack of transparency in the relevance of the parameter  as well as 

being biased towards the theoretical calculation as the atomic form factors used are 

based on a theoretical calculation on the molecule in question. Nevertheless, it will be 

extremely interesting to follow the development of this method in the coming years.  

It is of particular interest to study the non-covalent interactions which are per 

definition weak, often intermolecular, interactions that may play decisive roles in 

molecular recognition, crystal packing, drug design etc. These weak interactions are 

poorly described by the localized two-center topological analysis that is inherent in 

the QTAIM approach, where a single point is located and used to represent and 

characterize a two-center bonding. A more fulfilling description of a weak 
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intermolecular interaction is the attraction between two molecules, made up of many 

weak, delocalized interactions, often involving -density on one or both molecules. 

One alternative to the QTAIM would then be to calculate the energetic contributions 

by multipole-multipole summations;[55] however, while this has been done it will not 

be described further herein. Instead, using isosurfaces of constant reduced density 

gradient, 𝑠(𝑟) =
|∇𝜌|

𝑐𝑜𝑛𝑠𝑡𝑎𝑛𝑡∗𝜌4/3
, and mapping on this surface the value of 𝑠𝑖𝑔𝑛(𝜆2) ∗ 𝜌(𝑟), 

leads to a separation into positive and negative surface areas, where the negative areas 

indicate attractive interactions.[56-57] This has been expanded to experimental electron 

densities and an inverse relationship between the surface-to-volume ratio of the 

isosurface and the bond strength has been discovered.[58] In general, the outcome of 

this method is that dispersive interactions between two -systems are characterized by 

a spread-out isosurface while more oriented interactions such as hydrogen bonds will 

be found as small disc-shaped regions around the bcp. 

The above makes it immediately clear that ED studies play an important role in 

studies of chemical bonding and that new tools for analysis are being continuously 

developed, adding value to the X-ray diffraction experiment. 

1.3. Radial modification of the core electrons 

As a final part of the introduction, I would like to talk about a rather recent issue 

in ED studies that is related to the shortcomings of the radial functions used in the 

multipole model, and commonly referred to as core scaling or deformation. Although 

initially reported as far back as 40 years ago by Bentley and Stewart,[59] the 

problematic description of the inner core ED due to the use of scattering factors based 

on gas phase single atom calculations has only recently been systematically studied. 

The explanation for this time lapse is likely due to the very significant improvement in 

data quality that has emerged from improved technology in all matters of diffraction 

analysis more than results from a lack of interest. This current small section will 

outline the problem and its explanation allowing its use in several subsequent 

chapters in this thesis (see for instance Chapter 7). In fact, my first observation of the 

phenomenon was in the study of a Mg-dimer (see Ch. 5.5) that took place prior to the 

publication of a more systematic study on diamond and silicon by Fischer et al,[60] and 

which is – due to its meticulous execution – nowadays often quoted as the starting 

point for the modern analysis of the phenomenon.  

Without revealing any of the compound specific details that will appear in due 

time, the problem is related to the use of node-less radial functions in the existing 

flavor of multipole modeling programs. This is a severe limitation in flexibility of the 

model, in particular in the core region. The valence orbitals that participate in 

chemical bonding are not node-less. So, when the spatial appearance of these orbitals 

is altered as a result of the onset of chemical bonding in a real physical system, it will 

unavoidably also have an effect in the core region, and whether or not this is visible 
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depends on the level of detail that a given experiment provides. However, the changes 

in the core regions cannot be accommodated by the existing model in its current state 

and a spherical residual density in the core region is the usual symptom for this 

problem. To remove the residual, I and others showed that instead of improving radial 

functions by adding nodes to these, it can be done by artificially allowing a 

modification of the radial functions associated with the inner core electrons. However, 

if there is structure to the residual density, which is not unexpected as the chemical 

bonding is highly anisotropic, it may be necessary to also refine multipoles for the core 

density. Whether or not this approach is an improvement to the model is debatable. 

Certainly, the description of the valence density is improved; if the deficient 

description of the core region is unnoticed, the valence function will unavoidably try 

to remove such residuals. For instance, if the problem is manifested in a positive 

residual on the atomic position, the valence functions will disproportionately contract 

in an attempt to come to the rescue, resulting in a false valence ED. 

In the case of diamond, there is only one node for the 2s valence electrons, and a 

simple radial change for the core electrons cures the problem. It is noteworthy, that 

changing the radial behavior of the core electrons has almost exactly the same effect as 

changing the thermal parameter, and in fact for the light 2nd period atoms the thermal 

parameter can fully absorb the error. For Si, however, there are two nodes and this is 

not possible, and the behavior is more complicated. This is also what we have seen for 

Ga, as described in Chapter 7. In the paper by Fischer et al.,[60] an excellent illustration 

showing how the valence orbitals are the root cause to the problem, and this is 

reproduced below in Figure 1-3. 

 

Figure 1-3. Laplacian distribution from the valence NBO density in Si(SiH3)4, showing the 
concentration of ED opposite the Si-Si bond in the L-shell.  

In this section I have described both the fundamentals of ED studies as well as a 

selection of new developments that I expect to see thrive in this field of science in the 

coming decades. It is not meant to be exhaustive and more detailed concepts are 

described in the subsequent chapters in the context where they have been used. 

 

  



12 
 

 

 

 

 

 

CHAPTER 2 ELECTRON DENSITY STUDIES OF 

HYDROGEN BONDS 

 
This thesis is arranged such that the complexity is progressively increasing, and so it is 

only natural to begin with studies of the lightest element, hydrogen, which could be expected to 

be straightforward. Nevertheless, it poses significant challenges to address the nature and 

strength of hydrogen bonds using experimental ED methods for several reasons. Firstly, the 

hydrogen is devoid of the core electrons that would otherwise give us a handle on the thermal 

parameter through the de-convolution of electron and thermal contributions; secondly, the 

electron redistribution into the bond, in particular for weak hydrogen bonds, is rather small and 

approaches the detection limit with the method and certainly requires exceptionally accurate 

data. Nevertheless, the hydrogen bond is ubiquitous in chemistry and biology and is one of the 

most important intermolecular interactions that exist. It is a rather directional interaction and 

its use allows for structure-directing properties that are otherwise difficult to achieve, i.e. it 

governs the packing in many crystal structures. For instance, the helical structure of DNA is due 

to hydrogen bonding and many enzymatic processes are entirely dependent on chains of 

hydrogen bonds to deliver substrates at particular locations. The list of chemistry for which the 

hydrogen bond is absolutely essential is long, and for this reason it has been studied intensively 

with ED methods. 
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2.1. Introduction  

While the concept of hydrogen bonding dates back 100 years,[61-62] it is still under 

intense scrutiny and it has been the subject of numerous review papers and books.[63-

64] The present chapter on hydrogen bonds will thus not provide an exhaustive review 

of the subject for which I instead refer the reader to a recent review that I co-

authored.[65] I will rather put two influential hydrogen bond studies which I carried 

out in the last decade into perspective by describing a selection of related studies that 

have appeared concurrently. The findings of these studies have helped pave the way 

for the current understanding of the ubiquitous hydrogen bond, as outlined in the 

next section. 

2.2. Characteristics of the hydrogen bond 

The hydrogen bond (HB) is to a first approximation a rather simple interaction 

which is mainly electrostatic in nature, providing a pathway for an attractive 

interaction between a hydrogen atom donor (D-H) and a hydrogen atom acceptor (A). 

The energetic stabilization of the system due to the presence of a hydrogen bond 

ranges from 44.6 kcal mol-1 for the strongest HB known to exist (in FHF-), to almost 

zero for the weakest examples of HBs. However, despite the apparent simplicity of 

these bonds, many physical properties have been invoked to correlate with the 

strengths of these. An additional complication is that for the stronger HBs it is no 

longer adequate to describe the bonding as purely electrostatic. Thus, both 

geometrical and electronic considerations are required to reach a comprehensive 

understanding of these fascinating bonds. 

As mentioned above, the energy of hydrogen bonds spans a wide range. As a first 

classification scheme, they can be characterized as either weak or strong. The former 

HBs are fundamentally important when building crystal structures and hold a 

prominent role in crystal engineering.[66] Primarily these bonds are of the C-H…O 

type, or alternatively involving π-clouds as acceptor “atom”.[64] Despite their 

importance, this group of HBs will not be treated further here. Instead, I will 

emphasize the medium to strong O-H---O hydrogen bonds. To understand the nature 

of the bonding in this type of bonds, the group of Gilli in Padova has advocated a 

geometry-based model.[67] Among their many significant contributions, they have 

subdivided these in three different categories:[67] resonance-assisted hydrogen-bonds 

(RAHB) and positively or negatively charge-assisted hydrogen bonds (CAHB). For 

RAHB systems, they established an empirical correlation between the delocalization in 

the π-system of the keto-enol system and the donor-acceptor distance. From the O…O 

distance they proposed a prediction of the degree of delocalization from the 

expression: corr = 3.47(3)-1.25(10)*d(O…O) where the delocalization parameter, , can 

also be directly calculated from the geometry as   32.015.0 Qdist  with Q derived 
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from the four bond distances in the OCCCO-fragment (Q = d1-d2+d3-d4, see Figure 

2-1). 

 

Figure 2-1. Scheme showing the definitions of distances used in the RAHB method. 

 

As the second example of this chapter will outline, this model is not universal as 

otherwise claimed;[68] in fact, outliers are available but seem to have been neglected 

during the creation of the theory! For example, the HBs in the compound 2-acetyl-1,8-

dihydroxy-3,6-dimethylnaphtalene which will be treated in Chapter 2.6 cannot be 

predicted by the governing rules as set out in the RAHB theory. 

To understand the nature of the bonding in HBs, use of the ED is a particularly 

useful approach which may reveal details not obtainable from other methods, and 

certainly provides information that is complementary to other characterization 

techniques such as spectroscopy. In particular for strong HBs where the question of 

covalency becomes important, a study of the ED is relevant. The topological analysis 

of the density in HBs was early on introduced in this field and in fact one of the most 

cited papers (by Koch and Popelier[69]) on the use of the topology of the ED is one that 

systematically outlines eight required criteria for an interaction to be accepted as a 

true hydrogen bond. The criteria cover both local and integrated properties, but only a 

subset of the conditions can be experimentally verified and to make a full checklist a 

theoretical wavefunction must be present as well. 

Application of the local form of the virial will then provide the potential energy 

density. This seminal contribution enabled for one thing the empirical development 

by Espinosa et al. of a correlation between topological properties and bond 

dissociation energies,[70-71] which has become an increasingly used tool to obtain bond 

energies directly from the ED, although it occasionally has been mistakenly used in 

systems for which the correlations are not valid, or at least require very significant 

extrapolation. 

The understanding of hydrogen bonding was further improved with the 

introduction of the source function (SF) by Bader and Gatti, which describes the 

contribution from a given basin denoted by i to the point r:[72]  

 
𝑆(𝐫, Ω𝑖) = −

1

4𝜋
∫

∇2𝜌(𝐫′)

|𝐫 − 𝐫′|
𝑑𝐫′

Ω𝑖

 (5) 
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The SF concept can be interpreted such that the value of the density at any given 

point, r, results from the action of the Laplacian at all other points, r’, taking into 

account the distance between the two points. Summing S(r,r’) over all points in space 

then fully recovers the ED, (r) at r. It became immediately clear that the SF is an 

immensely powerful property and its potential has been examined for many types of 

bonding.[73-75] Chapter 2.5 describes some details from the first implementation of the 

method, applied to a range of hydrogen-bonded complexes ranging from medium 

strength to low-barrier HB and all the way to the strong HBs. 

2.3. Seeing hydrogens with X-rays – once and for all shedding the invisibility 

cloak 

In this chapter devoted to describing ED studies of HBs, of which the hydrogen 

atom is obviously an essential element, a section must necessarily be devoted to the 

possibility of seeing this apparently elusive element; well, at least elusive in terms of 

detection using X-rays. Especially within the protein diffraction community (where 

there is no excuse) and among organic chemists in general (who, on the other hand, 

may be excused as they are not diffractionists by education) the fundamental 

misconception that hydrogen atoms are not detectable by X-ray diffraction is thriving. 

Hydrogen only has one electron, which is a valence electron, and thus there is no 

unperturbed core electron. However, X-ray diffraction probes the total ED of the 

sample and, thus, the ED around hydrogen also contributes to the diffracted intensity, 

although only in proportion to its scattering power. It is also not a question of 

resolution of the data, as the scattering factor for hydrogen, being based only on one 

valence electron which is slightly more diffuse than the usual core electron, vanishes 

already at values of sin()/ around 0.6 Å-1, which means that above this limit the 

hydrogen atom does not contribute to the X-ray scattering. The question is then 

whether the accuracy of the measurement of the (low-order) structure factors, which 

again is a result of the quality of the sample among many other factors, allows the 

observation of features of the order of 1 electron. If this is not a warranted claim, it is 

equivalent to saying that it is impossible using X-rays to tell the difference between 

carbon, nitrogen and oxygen, which of course in the large majority of cases is 

nonsensical. Any standard small-molecule crystal structure determination will provide 

clear indications of the presence of hydrogen atoms, and if not included in the model 

clear signs of the missing hydrogen atoms will appear in the residual density maps. It 

may be compared to another feature of same magnitude, namely that of structural 

disorder; it is relatively straightforward to model disordered atoms with occupancies 

of 5-10% and sometimes even less. Thus, we can rest reassured that hydrogen atoms 

are visible with X-ray diffraction. However, an accurate description of its position and 

in particular its thermal motion is not as straightforward as the next section will 

outline. 
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2.4. Position and thermal motion of hydrogen atoms 

Compared to the rather simple task of locating a hydrogen atom using diffraction 

data, it is an entirely different matter to accurately describe its thermal motion. 

However, as hydrogen is abundant in most types of structures in this thesis, as well as 

most other molecular systems, it is imperative to have a clear strategy for treating 

these atoms, even when they are not central to the chemical properties of the 

compound. 

To do this, we may resort to neutron diffraction. While atoms scatter X-rays 

proportionally to Z2, the magnitude of diffraction of neutrons from the atomic cores is 

much more randomly distributed across the periodic table. In fact, hydrogen has a 

negative scattering length (b, which is the neutron equivalent of the X-ray scattering 

factor), and is comparable in absolute magnitude to that of uranium! Thus, neutron 

single crystal diffraction is the perfect tool to study the thermal parameters for 

hydrogen atoms; the problem is that it requires rather large crystals which it is often 

not possible to prepare. Recent technical developments, particularly at so-called 

spallation neutron sources, have increased the neutron flux to the extent that crystals 

down to dimensions of 0.5 mm may be used in the future. In addition, accessibility is 

also limited at these few large international facilities. 

Nevertheless, with neutron data at hand, preferably collected at the same 

temperature as the X-ray data, the recommended approach is to compare the thermal 

parameters for the non-hydrogen atoms resulting from the neutron and X-ray 

refinements, and from this comparison devise a scaling scheme that is then applied to 

the neutron thermal parameters for the hydrogen atoms. A pioneering study of this 

kind was published early on;[8] in fact, this study by Coppens where he introduces the 

X-N approach represents a starting point for experimental ED studies. A more 

complete statistical basis for the comparison of X- and N-derived thermal parameters 

was later laid out by Blessing.[76] However, despite all the good intentions, the number 

of X-N ED studies in the literature remains rather limited, as is evident from our 

recent summary,[77] and reproduced here in Table 2-1. It is clear that values of |U| on 

the order of 10-4 Å2 are the limit of what is achievable, and that data collection 

temperature is important to minimize.  

Table 2-1 Comparison of ADPs obtained separately from X and N refinements. The citations for 
each entry in the Table can be found in the original reference.

[77]
 

Compound T (K) # Non-H <|U|> (Å
2
) <Uii,X/Uii,N> <(U/(U))

2
>

1/2
 

1 10 15 0.00076(45) 0.97(21) 8.71 

Cu(OH2)6(SO4)2(NH4)2
 

9 10 0.00031(23) 0.97(7) 3.14 

Ni(NO2)2(NH3)4
 

9 5 0.00018(27) 0.96(5) 1.33 

BIPa
 

28 50 0.00091(80) 1.01(2) 1.42 

KHC2O4
 

11 7 0.00030(3) 0.99(1) 0.9(1) 

MoO(O2)(HMPA)(dipic)
 

28 27 0.00134(40) 1.32(1) 1.76 

-glycine
 23 5 0.00083(86) 0.80(11) 3.88 
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1-methyluracil
 

21 9 0.00021(24) 1.03(8) 1.02 

L-alanine
 

23 6 0.00176(165) 0.62(5) 9.64 

2-methyl-4-nitroaniline
 

10 11 0.00150(139) 1.28(21) 4.54 

MBADNP
 

20 21 0.00223(189) 1.81(26) 8.41 

Acetamid
 

23 4 0.00273(190) 1.62(15) 11.14 

Co(OD2)6SO4 25 12 0.00094(72) 1.17(28) 3.59 

Xylitol
 

122 10 0.00113(103) 1.23(10) 5.94 

Adenosine
 

100 19 0.00124(109) 0.83(4) 3.51 

Nit(SMe)Ph
 

114 19 0.00186(127) 1.16(9) 2.18 

Alloxan
 

123 7 0.00049(39) 1.02(5) 0.63 

Beryllium metal
 

298 1 0.00008(7) 1.00(3) 0.68 

Rubrene XMM-N 100 11 0.00021(17) 1.01(3) N/A 

Rubrene XHAR-N 100 11 0.00175(203) 0.98(16) N/A 

 

For the systems where neutron-sized crystals are not available, a number of 

alternative methods have been developed. They all separate the thermal motion of 

atoms in two parts, originating from the internal and external modes of the crystal, 

respectively. The largest contribution comes from low-frequency external modes, 

which are the collective vibrational modes that travel through the crystal. Internal 

modes have much higher frequency and thus smaller amplitudes, and are intra-

molecular in origin. The most widely used method is the one that is denoted SHADE 

and developed by Anders Madsen,[78] and which I will briefly outline in the following. 

In addition, Roversi and Destro have devised an approach that includes spectroscopic 

information[79] while Spackman has shown a way to obtain purely theoretical 

values.[80] 

The SHADE approach uses a rigid-body analysis of the non-H atoms to 

approximate the external contributions to the thermal motion of hydrogen atoms. The 

rigid-body analysis assumes that the molecule behaves as a rigid body and its 

movement can be described by translation (T) of the molecule as a whole and libration 

(L) around its centre of mass. In addition, correlation (S) between the translation and 

libration is also refined, and it is abbreviated as a TLS analysis.[81] The internal 

contribution is then obtained by identifying the type of hydrogen, governed by its 

surrounding atomic environment. The procedure then adds to these external 

contributions the internal contributions that come from a database, which has been 

generated from neutron diffraction results and theoretical calculations. Recently, the 

research group in Warsaw led by Wozniak suggested guidelines for best practice of 

hydrogen atom thermal parameters,[82] which endorses the use of SHADE if neutron 

data are not present.  

As a final note to this section, we recently published a comparative study of 

hydrogen atom thermal parameters in two light-atom crystal structures.[83] The 

motivation for the study was twofold; firstly, to highlight the high-quality diffraction 

data that are available at BL-12 (TOPAZ) at SNS, and secondly to compare different 

methods for obtaining accurate thermal parameters following claims that Hirshfeld 

atom refinement (HAR) is now matured to a state where it can provide accurate 



18 
 

 

anisotropic thermal parameters even for hydrogen atoms.[84-86] The study included two 

different compounds, both purely organic compounds without strong hydrogen 

bonds. Only for one of the compounds, the organic semi-conductor rubrene, was it 

possible to compare with HAR since this requires the presence of only one molecule in 

the asymmetric unit. The values of <|U|> for rubrene, using the multipole model 

derived non-H U-values to compare with neutron values, resulted in the lowest value 

ever seen for a 100 K structure (bottom part of Table 2-1). What is more conspicuous is 

the much worse agreement between the HAR derived U-values and the neutron 

values. 

2.5.  BIPa and source function 

As mentioned above the first example in this chapter presents the first ever use 

of the SF; however, at the time the implementation of the method only allowed its use 

with theoretical wavefunction. Nevertheless, it provided the first evidence that the SF 

contribution from the hydrogen basin correlates strongly with the hydrogen bond 

strength. The background for the study was the discussion of an unusually strong N-

H…O hydrogen bond in the active site of the serine proteases.[87-88] The HB within this 

active site is created by three amino acids, referred to as the catalytic triad. The 

function of this enzyme is to break esters and amides by nucleophilic attack and 

creation of an oxyanion hole.[89] This assists the creation of a transition state which 

has been proposed to be further stabilized by the existence of a low barrier HB (LBHB) 

between the histidine and aspartic acid residues surrounding it.[87-88, 90-91] At present, 

this suggested mechanism has not been proven. However, a recent combined neutron 

and X-ray structural study of a pancreatic elastase system captured in the tetrahedral 

transition state showed indeed a very short N...O separation of only 2.60 Å, similar to 

what is found in this compound, but at the same time the hydrogen was clearly 

localized near the nitrogen,[92] thus providing no conclusive answer to whether or not 

the LBHB exists in this class of enzymes.  

Our contribution to shed light on this dispute was to synthesize a model system 

using three different small molecules (betaine, imidazole, and picric acid, abbreviated 

BIPa, compound 2-1) co-crystallized in such a fortunate three-dimensional geometrical 

arrangement resembling the transition state. The asymmetric unit of the crystal 

structure is shown below in Figure 2-2.  
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Figure 2-2. ORTEP
[93]

 drawing for compound 2-1. In the following, ORTEP drawings are shown 
with 50% probability ellipsoids, if nothing else is mentioned. 

The structure contains three different HBs all of the type N-H---O of differing 

lengths. The crystals were sufficiently large to enable single crystal neutron studies 

providing anisotropic thermal parameters for the hydrogen atoms. There were clearly 

no LBHBs in the structure, as could probably also be outlined from the geometry 

alone, with N---O distances in the range from 2.61 Å to 2.68 Å, and clear localization of 

the hydrogen near the nitrogen. However, two other important lessons became 

apparent from the subsequent analysis. Firstly, because of the existence of neutron 

data, it was possible to carry out a more complex description of the electronic 

deformation parameters for hydrogen atoms than is otherwise possible when the 

thermal motion of these is approximated as isotropic. The refinement of quadrupole 

parameters for H in the multipole model surprisingly resulted in significant 

anisotropic density deformation for the longest of the three HBs, as shown below in 

Figure 2-3. 
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Figure 2-3. Laplacian distributions in the three HBs in 2-1. Numbers in the boxes indicate the N-
--O bond length, followed by the density and the Laplacian in the H…O bcp. The contours are 
shown at 2,4,8*10

n
 eÅ

-5
, with n in the range from -3 to +3. Solid lines show negative Laplacian, 

while dashed lines show positive Laplacian. 

 

The significant pointed character of the valence charge concentration of H3A 

towards the acceptor may be an indication of developing covalency in the HB. 

Deviations from sphericity of the hydrogen charge concentration have been seen in 

other, significantly stronger HBs,[94-95] supporting that it is a sign of increased strength 

of this interaction. The trend was reflected in the energy of the HB approximated from 

the energy density and the Espinosa relationship,[71] which gives 17.5, 18.3, and 13.0 

kcal/mol for the three HBs, respectively. The observation and description of the 

strongly directional hydrogen density clearly dismisses the notion of a purely 

electrostatic character of the HB. The devil in the detail here is that the H3A HB is 

longer than expected for the onset of covalency. The most direct outcome that is taken 

from this study was that the traditional assumption of hydrogen as an isotropically 

vibrating atom only electronically distorted by the atom it is directly bonded to is not 

universally valid. To recover the true density we have to use a combined X-N study. 

The observation of significant strength of the H3A HB in 2-1 prompted us to 

exploit the newly arrived SF as a new tool in the study of HB. In the process, we 

included two other compounds as examples of strong HBs. The study resulted in a few 

guidelines that since has been confirmed in further studies, while it also provided the 

first graphical representation of the SF as scalable circles with radii proportional to the 

source contribution for each atom, as shown below in Figure 2-4 for the three systems 

and has since been adopted by many others. 
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Figure 2-4. SF contributions to selected HBs, reproduced from reference [96]. 

 

The trends that can be summarized from these results are that the three atoms 

(donor, hydrogen, acceptor) contribute more than 85% of the total density at the bcp 

in the LBHB and single-well HB (SWHB) in comparison to between 55 and 62% in the 

localized HBs in 2-1. However, this hides the fact that the sum of the source from the 

donor and the acceptor atoms is nearly constant (56% to 61%). The consequence is a 

clear correlation between hydrogen bond strength and source contribution. For weak 

HBs, the value of S(H) is negative (thus acting as a sink for the density, or in other 

words the density distribution within the H basin causes a negative effect at the bcp). 

As the HB becomes stronger the S(H) increases to sizeable positive values, eventually 

to the point where it contributes more than donor atom, resulting from a 

redistribution of the Laplacian distribution and the closer proximity to the position of 

the bcp. 

2.6. The compound “yellow” – an outlier to the RAHB theory  

As mentioned above we have studied compounds that do not comply with the 

RAHB theory.[97] The problem is that in compound 2-2 shown below in Figure 2-5 the 

delocalization is not at all as complete as the short O---O distance suggests; in fact, 

the (d) formula predicts systems with d(O---O) equal to 2.376 Å to be completely 

delocalized, while the formula contains no hints to what will happen when d(O…O) 

becomes even shorter. In this compound, the d(O---O) value is found by single-crystal 

diffraction to be 2.4031(7) Å, suggesting corr = 0.466 equivalent to almost complete 

delocalization, while from calculation using C-O and C-C bond lengths a dist-value of 

only 0.319 is found, i.e. the π-system is significantly more localized than expected from 

the O…O separation. Interestingly, the system exhibits two different RAHB systems, 
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both involving atoms in the OCCCO framework from the naphthalene backbone. The 

degrees of delocalization in the two systems are highly similar, which is not at all 

reflected in the O---O distance, which is 0.2 Å longer in the other HB system. The goal 

with this study was thus to determine the factors governing this departure from 

adhering to the RAHB guidelines.  

 

 

Figure 2-5. Ball-and-stick diagram of 2-acetyl-1,8-dihydroxy-3,6-dimethylnaphtalene, compound 
2-2. 

 

The study was complemented with extensive theoretical calculations to 

compensate for the lack of neutron-sized crystals and consequent accurate hydrogen 

atom position and displacement parameters. The theoretical calculation predicts a 

molecular geometry similar to the experiment and places the hydrogen atoms 

localized next to the oxygen atoms at typical O-H distances. At the same time the 

calculations found a very low energy barrier in the transition from the experimentally 

realized structure to the one in which the proton had migrated to the other oxygen 

atom, clearly categorizing the HB system as a short, strong HB with only one position 

for the hydrogen and non-negligible covalent contributions to the bonding between 

hydrogen and both oxygen atoms. One would intuitively expect that the hydrogen 

position would be at the midpoint between the two oxygen atoms. However, keeping 

in mind the strong asymmetry in the environment which is created by the bifurcation 

of the central oxygen, the location of the hydrogen is likely to be displaced regardless 

of the character of the HB. For instance, the short, strong hydrogen bond in 

nitromalonamide[98] is far from symmetrical due to intermolecular interactions which 

will have the same effect on the HB as the bifurcation in this compound. The 

asymmetrical position, which we would also expect to find experimentally, is thus 

explained by the bifurcation. 

The observation then of two similar RAHB systems in terms of π-delocalization 

in the backbone but highly different O---O distances could be explained by the 

difference in steric hindrance on the sides of the naphthalene part. By performing 
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theoretical calculations on a molecular system lacking the methyl-group to the lower 

left we found an O---O distance increased by 0.07 Å to 2.46 Å; however, the π-

delocalization remained virtually unchanged. Despite this increase in d(O---O), 

energy calculations consistently characterized the HB as a short, strong one. In 

support of this transition-state energy based view is again the SF which must be said 

to act as a very delicate gauge of the nature of the bond: for the original sample, the 

hydrogen contributes significantly with 17% of the density at the HB bcp, while in the 

right HB the hydrogen contribution is -1%, obviously describing two entirely different 

HBs. In the sterically relieved compound, the value for the strong HB has changed to 

9%, indicating that the steric bulk created by the methyl group leads to the creation of 

a stronger HB. 

The study provided some ideas for the reason that the two RAHB parts did not 

result in identical hydrogen bonds. It was shown that delocalization in the π-backbone 

is competing with delocalization in the naphthalene aromatic moiety which cannot be 

simultaneously achieved, and thus the RAHB rules are not fully applicable, and in fact 

in the derivation of the rules certain studies were discarded based on their deviation 

from the correspondence with the model itself. Furthermore, the theoretical study of a 

number of additional (imaginary) compounds showed that the relief of steric strain 

relaxed the structure and increased both O---O distances while maintaining a short, 

strong HB. It is thought that removal of further bulky groups would make the two 

sides even more identical, and that the presence of some degree of steric hindrance is 

partly responsible for the continued existence of the strong HB on the left side of 2-2.  

2.7.  Outlook and future perspectives 

The previous section described without a doubt that the understanding of these 

short HBs is not complete and that there is still plenty to learn. In particular, the 

RAHB theorem seems to be resting on a rather shaky foundation and outliers may 

easily be found. To further estimate the validity of the RAHB theory, we have initiated 

studies of additional hydrogen bonded organic systems which apparently contradicts 

the predictions from RAHB based on the geometries. A number of published crystal 

structures have been located in the Cambridge Structural Database for which the 

values of  calculated by the two methods give profoundly different values, primarily 

with the observed d(O---O) being much shorter than the delocalization suggests. In 

addition, I have eliminated the influence of intermolecular interactions on the 

delocalization or O---O distance by enforcing a shortest distance to nearest neighbor 

from either of the two keto-enol oxygen atoms of more than 3 Å. The result is three 

particularly interesting structures, two named according to the CSD as PINHOJ and 

CESMIW, and shown in Figure 2-6, along with a crystalline phase of curcurmin (not 

shown). The success of a study of one of these three compounds requires the use of 

neutron sized crystals to ensure that the hydrogen position and its thermal motion 
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can be properly described. Synthesis and re-crystallization of these compounds is 

currently being pursued.  

 

Figure 2-6. Ball-and-stick diagrams showing the two new structures for elucidation of the RAHB 
concept. 
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CHAPTER 3 ELECTROSTATICS ON 

MOLECULAR SURFACES OF PHARMACEUTICALS 

 
The surface of a molecule is a rather elusive concept. If we consider a molecule in the 

gas phase its ED decays exponentially with the distance to the molecule but reaches zero only at 

infinity. Thus, a non-zero definition is needed to indicate that the border of the molecule has 

been reached. This is typically done by using a small value of the ED, or alternatively a distance 

to the nearest atom. Regardless the definition, when we discuss a molecular surface we implicitly 

mean that this is as close as other molecules will be able to get, and no further. The evaluation of 

certain properties on this surface is expected to carry a lot of predictability of the chemical 

reactivity of a given molecule. In particular, the electrostatic interaction provides a meaningful 

surface property as it is relatively long-range, and it is therefore a realistic indicating property to 

exploit in studies of the reactivity. This chapter is devoted to the experimental determination of 

the electrostatic potential on a given molecular surface and its implications. One caveat that is 

not easy to get rid of is the fact that when probing the electrostatic potential the probe itself, 

which in this case is close packing of molecules in a symmetrical arrangement in a crystal 

structure, it influences the potential to some unknown extent and thus makes direct 

transferability to the real working environment, for pharmaceutical compounds often dissolved 

in some biological fluid, difficult. Despite these drawbacks, this chapter concludes with 

quantitative analysis of the electrostatic requirements for a particular type of pharmaceutical 

compound. 
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3.1. Definitions of molecular surfaces  

There exist a number of different flavors or definitions of molecular surfaces that 

have been in use concurrently for the last 30 years or more. One way to distinguish 

them is whether or not they use a small molecule to probe and locate the surface 

based on geometry alone. The Connolly and the solvent-accessible surfaces, 

originating in the field of protein structures, are traced or outlined by imagining the 

movement of a spherical probe with a well-defined radius (typically that of a water 

molecule) around the molecule in a distance such that is always “touching” it, i.e. its 

surface is always a van der Waals radius away from one of the constituent atoms.[99] 

The surface traced by the probe surface closest to the molecule is the Connolly 

surface, while the larger surface traced by the center of the probe is called the solvent-

accessible surface. A different approach is to define the surface by the collection of all 

points where the ED is a given number, commonly a value of 0.001 au is chosen. It is 

the latter molecular surface that turns out to provide the most interesting connections 

to the molecular reactivity. In addition to these surfaces, the Hirshfeld surface (HS) of 

a molecule is gaining popularity, which is primarily due to the fact that it is calculated 

based on the independent atom model, i.e. directly from a normal structure 

determination, and that it is extremely easy to find. The method to find the HS 

involves the determination of a weight function that at any point is given by the total 

ED at the point from the molecule in question, divided by the value of the ED in the 

same point from all molecules in the crystal. In close proximity to a molecule, this 

fraction is close to unity but falls off quickly when the distance to the molecule is 

increased. The HS is defined as the unique surface that is spanned by all the points 

where the weight function is 0.5. It should be noted that the HS does not fill up the 

entire space, but leaves intermolecular voids interspersed between the molecules, 

which is useful for other purposes, such as gas storage, catalysis etc. 

3.2.  Electrostatic potential and chemical reactivity 

The reason to utilize the EP in the studies of chemical reactivity is based on the 

definition of the potential, equating it with the energy that is required to move a 

positive unit charge from infinity to a particular point. Therefore, the electrostatic 

potential can be directly related to, say, the basicity of a nucleophile. The deeper the 

electrostatic potential, the more attracted will a positive charge be. Conversely, a 

highly electropositive site will attract negative charges. There are thus strong reasons 

to investigate the electrostatic potential in connections with chemical reactivity. 

The EP can be derived both in reciprocal and direct space, however, we focus 

here on the derivation from the multipole parameters, i.e. in direct space. One 

approach to analyze the EP could be to simply look for the extrema of the function; 

however that will be close to the nuclei and thus not useful for this purpose. Instead, it 

turns out that the analysis of the EP on the molecular surface, as defined from the iso-
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density surface, holds several interesting opportunities, as pioneered by Politzer & 

Murray.[100-101] They showed that by deriving a number of different statistical properties 

from the molecular EP mapped on the surface they could refine what they called a 

general interaction property function for a range of macroscopic properties. Most 

notable was perhaps the potency for groups of drugs,[101] but also a long range of other 

properties, e.g. boiling points and critical constants, heats of vaporization, sublimation 

and fusion energies, solubility and solvation energies, viscosities, liquid and crystal 

densities, ionic lattice energies, and others.[102-103] 

The link between the EP and chemically interesting properties has thus already 

been established, and the possibility to obtain an experimental description of the 

molecular surface is therefore of great interest in the ED community. Nevertheless, 

only a few examples of studies of the molecular surface overlaid with different 

properties had seen the light of day in the beginning of the century, despite showing 

great potential for visualization of the tiny differences in chemical reactivity that exist 

between similar molecular fragments.[104-105] However, these studies did not attempt to 

adopt the predictive approach presented by Politzer and Murray.  

It is noteworthy that the method is based on the notion that the drug-receptor 

interaction takes place in two steps, first the delivery to the receptor site, and 

subsequently the re-orientation within the cavity and the bonding between drug and 

receptor. The interactions that govern these dynamic processes are all non-covalent in 

nature, and the bonding is primarily electrostatic. Molecules interact with their 

environment through long range forces and the properties of surfaces are crucial for 

understanding these fundamental processes.[106]  

ED methods have previously been used to obtain inner moments of the ED, such 

as the electrostatic potential or the electric field. The groups led by Ghermani and 

Bouhmaida have studied the ED and derived electrostatic potentials for a range of 

small pharmaceutical molecules.[104, 107-112] They have also used the electric field 

extensively to calculate electrostatic forces acting on the individual atoms using the 

Maxwell stress tensor. The field of molecular docking and recognition that drives this 

research field work towards experimental determination of the electrostatic potential 

is intimately connected to intermolecular interaction energies. One can think of it as a 

two-step process where the initial recognition or attraction is energetically very small, 

controlled by the interaction between the electrostatic potentials that the guest and 

host have at some separation. Then, when the first interaction is attractive, the 

compounds get closer and ultimately fit together and form bonds, most likely weak 

van der Waals type interactions. The total interaction energy is another matter of 

great interest, which for instance is very significant for crystal structure prediction, 

crystal growth, polymorphism etc. Related to this, as a final note, it should be 

mentioned that the interaction energy between molecules in a crystal structure is 

becoming more readily available using only the IAM density that results from a 

normal structure determination and included in a new version of Crystal Explorer.[113] 
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Inspired by the work by Politzer and Murray we therefore initiated a study of two 

different types of drugs that will be described in this chapter. The first study concerns 

a Cu-complexed ciprofloxacin structure and a qualitative analysis of the EP on the 

molecular surface, while the second study of two highly related anti-ulcer drugs is 

more ambitious by providing attempts to correlate the function of the drugs with the 

distribution of EP extrema across the molecular surface.  

3.3.  Copper-complexed ciprofloxacin 

Background 

Ciprofloxacin (abbreviated cfx with the molecular structure shown in Figure 3-1) 

belongs to the much larger group of quinolone-based antibacterial drugs, of which the 

first members have been in use for over 40 years.[114] Cfx is a particularly successful 

broad-spectrum antibiotic compound that hits multiple targets and reduce the risk for 

development of resistance,[115] which is a major concern in drug development. Many 

attempts to improve the function and reduce the risk for antibiotic resistance have 

been made through structure–activity relationships with the introduction of 

substituents in nearly every position of the aromatic ring system. A common 

structural trait for quinolones in use is that they have a carboxyl group in the C-3 

position and a carbonyl group in the C-4 position. This is believed to enable the 

formation of strong hydrogen bonds with DNA bases or alternatively coordinate to 

Mg2+ ions that bind to the DNA phosphate backbone and are in this way crucial to the 

antibacterial activity. Introduction of a fluorine atom in the quinolone molecules 

significantly enhanced their antibacterial activity as well as their pharmacological 

properties, although the origin of this improvement is not known. Cfx gained 

importance in the treatment of anthrax that was for a brief period the weapon of 

choice in biological warfare post-9/11.  

 

Figure 3-1. The molecular structure of ciprofloxacin. The C-3 position is where the COOH group 
is attached, while the C-4 is double-bonded to O. 

 

Besides the pure quinolones, there are reports of a diversity of metal–quinolone 

complexes being isolated and characterized, primarily with copper as the metal ion.[116-

118] From these studies it became unsurprisingly clear that the most frequent metal 
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chelating mode is through the ring carbonyl and carboxylate oxygen atoms. The metal 

ions supposedly play a major role in the drug function with magnesium[119-122] and 

copper[118, 123-125] often involved. Tests of biological activity (antibacterial activities, DNA 

gyrase inhibition) of various Cu–cfx complexes support the idea that metal-bonded 

quinolone is important for activity. In complexes with the metal and the quinolone in 

a 1:1 ratio the metal site is rather exposed to the surroundings and it therefore seems 

reasonable to assume that this type of complex interacts more easily with other 

biomolecules. 

Thus, the combined knowledge of the correlation between the EP on the 

molecular surface and drug potency as well as other properties and the importance of 

metal complexes of cfx renders studies of the surface properties of these highly 

interesting. This work attempts to go one step further in the understanding of the 

relationship between the structure of a molecule and its biological activity which is 

one of the central themes of medicinal chemistry. In the following I describe the 

lessons that we learned from studies[126] of the EP on the molecular surface of Cu-

complexed cfx (3-1). The cfx molecule of 3-1 appears in its stable zwitterionic form and 

coordinates to the Cu2+ ion through a carbonyl and one oxygen-atom from the 

carboxylate group. In addition, the Cu is coordinated to three water molecules, 

forming a square pyramidal configuration (Figure 3-2).  

 

Figure 3-2. ORTEP drawing of compound 3-1.  

Electrostatic potential  

The ED experiments were carried out using a conventional X-ray source at 100 K, 

while the multipole modeling proceeded without significant problems, as indicated by 

a featureless residual density map (Figure 3-3).  
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Figure 3-3. Residual density map in the Cu-O1-O3 plane. All residual density maps herein are 
shown using contour intervals of 0.1 eÅ

-3
, with positive residuals indicated by full lines and 

negative residuals with dashed lines, zero line is dotted. 

Figure 3-4a shows the EP around cfx based only on the multipole ED belonging 

to the atoms in the cfx molecule. It should be noted that this EP indirectly contains 

the influence of the crystal field, i.e. any polarization, or perturbation of the EP of the 

cfx that has occurred compared to the isolated molecule due to the presence of the 

solvent water molecules, the Cu atom and even the neighboring molecules, although 

the effect is small. In this context it should also be remembered that the EP can be 

expanded in terms of the moments of the ED, which means that the EP cannot be 

recreated from the monopoles, or atomic charges, alone. Figure 3-4b shows the same 

view, however now also including the contribution from the Cu atom in the EP 

calculation. Figure 3-4 displays a number of interesting features of the zwitter-ionic 

cfx molecule. The first visual impression is that the un-coordinated cfx (Figure 3-4a) is 

mostly electronegative on the molecular surface (the proportion of the surface with 

electronegative signature is 69%) and increasingly so towards the carboxylate end, 

where the Cu ion is located in the coordination compound. At the other, positively 

charged, end of cfx there is a slightly electropositive region which will have to interact 

with potential electronegative regions of the target active site when docking takes 

place. The presence of the fluorine atom in cfx compared to other quinolone 

molecules leads to an expansion of the electronegative surface region at the expense of 

electropositive regions. Since there is apparently no fundamental change to the EP 

associated with the incorporation of a fluorine atom, it is unlikely that it participates 

significantly in any bonding interaction during reaction with the active site, and it can 

easily be imagined that functional materials may be prepared without this particular 

F-atom. On the other hand, Mitscher has suggested that the addition of a fluorine 

atom to the ring system increases its DNA gyrase potency and enhances cell 

penetration.[127] On the basis of the EP that is shown in Figure 3-4, it is reasonable to 
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conclude that only small changes to the topology of the EP are sufficient to change 

molecular properties, and it may be speculated that the main action of the fluorine is 

in geometrical control, perhaps lowering the energy barrier for molecular recognition.  

The molecular EP is changed significantly when Cu is included in the calculation 

(Figure 3-4b). In particular, the electronegative regions near O(1) and O(3) are 

absorbed by the positively charged Cu. As expected, the effects are smaller in regions 

further displaced from Cu with only slightly decreased electronegativity resulting in a 

completely neutral cyclopropyl group and a somewhat more electropositive N-end. 

Furthermore, Figure 3-4b illustrates clearly that the downwards pointing carboxylate 

oxygen (O(2)) is the most exposed HB acceptor when the other two potential 

acceptors (O(1) and O(3)) are occupied by metal coordination bonds. 

 

Figure 3-4. The EP mapped on the 0.001 au isodensity surface of Cu-cfx. The left surface is based 
on the cfx molecule alone, while the right includes the contributions from the whole Cu-cfx 

complex. The color gradient is red-yellow-green-blue, with the extrema representing positive 
and negative, respectively.  

When a drug such as cfx is sold at the drug store it comes in a solid formulation 

that is administered orally. It is then absorbed by the body before it starts working, 

and thus the individual molecule does not experience the crystal field as we have 

described it here, when it starts interacting with the target macromolecule. The 

possibility exists that it may even dissociate from the metal ion, and change 

conformation or exhibit highly dynamic behavior. However, at physiological pH, the 

zwitterionic nature of quinolones is the preferred form (regardless of pH) and the 

presence of a Cu ion stabilizes this form, suggesting that in fact the Cu-cfx as 

described here is a stable compound and a reliable model for the conformation of in 

vivo cfx. The redistribution of charge within the molecule (causing monopolar 

charges) and within the individual atoms (causing higher moments) is the main cause 

for the EP on the molecular surface, and the level of redistribution of electrons due to 

the crystal field is vanishing compared to that caused by bond formation. Or in other 

words, it can be anticipated that the molecular orbitals are almost unperturbed by the 

crystal field.  
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Thus, if we believe that the EP shown above is a fair representation of the EP that 

is seen and felt by the surroundings in vivo, then two regions are located that are likely 

to be the main components in controlling the course that cfx takes when a 

complementary target cavity EP is found. These two regions are the strongly HB-

donating and positively charged tert-amino-end (to the left side of the molecule) and 

the carboxylate/carbonyl HB-accepting end. These two ends have to be paired by EP-

matching groups before molecular recognition has a chance. The F atom is opposite 

the cyclo-propyl group, and both these groups are only weakly contributing to the EP 

but instead impose steric demands on a docking site. It is also clear that the presence 

of Cu changes the EP behavior, but the current study cannot clarify whether the metal 

atom remains in the position or not during dissolution in the biological fluids. The Cu 

atom is clearly quite strongly bonded to the cfx molecule, and the topological analysis 

of the ED shows that the axial water ligand is less tightly bonded and it is therefore 

likely that it is this particular Cu-O bond which is first severed during the initial stages 

of drug-receptor interaction. Such a loss of a water molecule would leave behind an 

exposed electrophilic Cu site that is rather reactive, and if the metal atom is 

continuously coordinated when the crystal structure is dissolved, this is a strongly 

reactive site which will play a very active part in the molecular docking process. Due to 

the relative concentrations of metals in the biological fluids, the copper atom may be 

replaced by magnesium which is much more abundant. This may infer other 

mechanisms of interactions to the complex, as magnesium is keen to appear in 

octahedral coordination geometry. One consequence of the preferred octahedral 

coordination in the case of magnesium can be seen in one of the crystal structures of 

Mg-cfx.[128] Herein, a polymerization has taken place in which each Mg coordinates to 

four different cfx molecules, two of which are bi-dentately coordinated through the 

keto and carboxylate oxygen atoms, while the other two are coordinated through the 

nitrogen atom that in Cu-cfx appears protonated, but in Mg-cfx has lost this proton 

(Figure 3-5). Unfortunately, an ED study of this compound was not possible due to 

poor crystal quality and severely disordered solvent molecules. Nevertheless, from the 

polymeric nature of the crystal structure alone it is obviously difficult to predict what 

the monomeric species in solution looks like and there is no immediate link between 

the analysis of this crystal structure and the behavior of the molecule in vivo. It should 

be noted that other Mg-cfx coordination compounds exist,[129-130] but in all cases the 

Mg-ion is found to coordinate more than one molecule of cfx. Whether the Mg-

complexed cfx exist in solution is not known. 
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Figure 3-5. ORTEP drawing of 3-2. For maximum clarity, the coordination sphere around Mg has 
been filled only with single atoms from symmetry related cfx molecules. 

 

3.4. Cimetidine and famotidine, anti-ulcer drugs 

About anti-ulcer drugs and their chemical activity 

The development of cimetidine and later on famotidine represents one of the 

first examples of a multi-billion dollar drug being constructed in a rational approach 

and in some sense has influenced the way that current medicinal chemistry works. 

They belong to the class of histamine H2-receptor antagonists that were discovered by 

Black and co-workers.[131] It has been established that for any antagonist activity at the 

H2-receptor, there has to be present a number of structural features, which include 

both the five-membered hetero-aromatic ring and the sulfur atom belonging to the 

alkane chain, see Figure 3-6.  

 

 

Figure 3-6. Schematic drawings of cimetidine (left) and famotidine (right). 

 

Besides their fundamental importance in the treatment of peptic ulcers, the 

drugs also exhibit polymorphism in the solid state which is a key research area for 

particularly drug companies, as patents are directly related to the known crystal 

structures. Hence, by discovery of a new polymorph the patents can be bypassed, 

which pose a threat to drug manufacturers and an opening to new players in that 

market. However, I postpone the discussion of polymorphism in crystals to Chapter 4 
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where it will be presented alongside a discussion of the similar effect of Z’>1. Instead, 

in this chapter I focus on the EP-mapping on the molecular surfaces.[132] Suffice to 

mention here that of the two significantly different molecular geometries of 

famotidine, polymorph A is slightly thermodynamically favored over polymorph B, 

which on the other hand is kinetically favored.[133] There is a similarly rich 

polymorphism in cimetidine which exists in at least four different crystal forms,[134-135] 

however, only form A is treated here due to a lack of sufficiently accurate data for the 

other polymorphs. 

Electron density distribution and molecular surface potential distribution 

The molecular structures of cimetidine and famotidine are depicted in Figure 

3-7. Their overall structure gives the clear impression that the cimetidine A (cA, 3-3) 

and famotidine A (fA, 3-4) have similar and rather open structures compared to 

polymorph B of famotidine (fB, 3-5), which exhibits a closed form. The closed 

structure in 3-5 is held together by additional hydrogen bonding between the two ends 

of the molecule.  

 

 

 

Figure 3-7. ORTEP
[93]

 pictures of (top) 3-3 and (bottom left) 3-4 and (bottom right) 3-5. 

 

Before proceeding to the analysis of the EP-mapping on the surfaces, there are a 

number of points of interest from an ED perspective, which are worth mentioning. 
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The first relates to the problems that have been observed in the modeling of sulfur 

atoms. Sulfur exists in a number of oxidation states and the neutral atom scattering 

factor which is used for the description may not fit all these different states properly. 

To a large extent the multipole model contains the required flexibility to 

accommodate these differences by fitting the radial -parameter. However, in some 

cases this is not sufficient and the default values for the l-dependent exponents in the 

Slater function (denoted l) may need to be optimized. These issues originate in the 

fact that the multipole model was constructed using node-less single-zeta Slater 

functions to describe the radial behavior of the valence density;[13] an approximation 

which is currently being shown to be clearly invalid, due to the increased access to 

accurate high-resolution data, and described in detail in Chapter 1.3.[60, 136] The sulfur 

atoms in the current compounds were modeled with modified -values obtained from 

a preceding study on the ED in taurine,[137] and which have since been used in other 

studies.[138-139] The motivation for this discussion is that the quality of the data and 

hence the subsequent multipole model may be estimated by the success in properly 

describing the sulfur atoms. Figure 3-8 shows the residual density in a selected plane 

of 3-4. The small residuals (maximum values of  is 0.2 eÅ-3 near the sulfur atom 

and nearly vanishing in all other places) clearly indicate that the multipole modeling 

of the ED is successful, and able to fully account for the observed ED. 

 

Figure 3-8. Residual density of 3-4 showing the thiazole ring. 

This encouraging result leads to the question of how the ED is distributed 

around the sulfur atoms. Figure 3-9 shows three-dimensional Laplacian isosurfaces for 

cA and fA near the thioether S-atoms. These figures clearly illustrate the two lone-

pairs of S as well as the two charge concentration (CC) regions in the covalent C-S 

bonds. The distributions of the four CCs are very close to tetrahedral in both 

molecules, as expected. The chemical bonding within the molecules is not showing 

any surprising features and therefore no further description of it will be presented 

here, but further details are given in the original paper.[132] 
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Figure 3-9. Lone pairs on S in (left) 3-3 and (right) 3-4 as illustrated by the Laplacian 
distribution. The isosurfaces are shown at values of the Laplacian of -4 and -5 eÅ

-5
, respectively. 

 

Mapping of electrostatic potential on isodensity surfaces 

The final part of this section will describe the EP-mapping on the molecular 

surfaces. It should be kept in mind that the purpose of this study was to reveal 

whether distinctive features of the EP-mapping on the molecular surfaces could be 

found and if so, whether these possess the potential for correlation with drug potency. 

The EP mapped on the surfaces is shown below in Figure 3-10.  
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Figure 3-10. EP-mapping on the molecular surface in 3-3 (top), 3-4 (bottom left) and 3-5 (bottom 
right).  

Common to all three structures is that they possess significant charge separation 

with a large pronounced electronegative area separated from a similarly-sized mainly 

electropositive surface, which is in accordance with the large molecular dipole 

moment found in all three crystal structures. It is highly interesting to note that while 

the molecular dipole moments derived from the multipole moments are 18.1(7) D and 

20.8(15) D for 3-4 and 3-5, respectively, the corresponding values calculated for gas 

phase molecules (based on the experimental in-crystal geometry) are significantly 

smaller at 7.3 and 7.9 D, and decrease even further if the geometries are optimized. 

This increase of the molecular dipole moment in crystals is a well-known 

phenomenon.[140-141] 

The similar overall structure of 3-3 and 3-4 is reflected in the shape of their 

respective molecular surfaces but only partly so in the EP mapped on these surfaces. It 

is nevertheless clear that the two polymorphs, 3-4 and 3-5, cannot be accommodated 

in the same receptor pocket with the same energetic benefits, while 3-4 and 3-3 are 

much more similar and may exhibit similar function. This will be quantified below. Let 

us first consider the individual surfaces. A statistical analysis (Table 3-1) of the 

individual three surfaces which includes the separation of electronegative and 

electropositive regions shows that the famotidine in both conformations exhibits 

almost equal amounts of electronegative and electropositive areas, while the 

electropositive regions clearly dominate the surface of 3-3. This is also reflected in the 

fact that the average EP is positive for 3-3 but negative for both famotidine 

polymorphs. Additional differences emerge between cimetidine and famotidine, 

among which is the large difference between the overall minimum and maximum; 

these are numerically quite close for 3-3 while both 3-4 and 3-5 exhibit large maxima 

but the minima are similar to the one for 3-3. The large maxima are associated with 

the amine hydrogen atoms, which are not present in cimetidine. On the other hand, 3-

3 and 3-5 are similar and consequently deviate from 3-4 for the values of the overall 

average of electronegative and electropositive areas, respectively. Considering the fact 

that 3-4 and 3-3 are the solid-state modifications that are being sold commercially, the 

lack of consistent resemblance of these two in terms of EP-statistics, suggests that this 

approach is not in itself able to provide correlations. Instead, when considering the 

geometrical distribution of the extrema of the EP on the surfaces, some significant 

consistencies emerge. 

Table 3-1. Statistical analysis of the EP on the surfaces. 

Properties of the EP 3-4 3-5 3-3 

Positive surface area 147(47%) 163(52%) 175(62%) 

Negative surface area 167(53%) 151(48%) 107(38%) 

Total surface area (Å
2
) 314.0 313.6 282.5 

Global minimum (Å
-1
) -99.0 -116.9 -102.7 

Global maximum (Å
-1
) 172.8 179.1 111.0 
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Average positive (Å
-1
) 39.1 41.5 31.6 

Average negative (Å
-1
) -39.6 -54.7 -48.0 

Total average (Å
-1
) -3.0 -6.2 1.7 

 

It is obviously possible to locate a number of local maxima and minima in the EP 

on these surfaces. However, it will be most sensible to focus on the extrema as these 

are likely to provide the largest energetic contribution to the orientation and 

stabilization of the structure in the cavity that the molecule is intended for. In this 

process, we found that the use of the two highest maxima and the absolute minimum 

provided important information. Joining these three points in the three systems give 

us three triangles, as shown in Figure 3-11. 

 

Figure 3-11. Schematic drawing of triangles connecting selected extrema in the EP on the three 
molecular surfaces. Numbers indicate distances between extrema in Å. 

This pharmacophore approach explicitly makes a distinction between 3-3 and 3-4 

on one side and 3-5 on the other, and simultaneously provides a picture of the 

electrostatic requirements for a drug that targets the histamine H2-receptor. 

Obviously, the model is an approximation as it ignores the three-dimensional shape of 

the molecule which is not unimportant, but these three particular points on the 

surfaces represent strong electrostatic interactions with the receptor and will 

contribute strongly to the stabilization energy, and considering this the exceptional 

similarity between the triangles representing 3-3 and 3-4 is remarkable. 

It is easy to imagine more advanced uses of this approach: the number of 

extrema can be increased at the user’s desire and more advanced shapes will result; 

however, the agreement between complicated shapes is not immediately visible by eye 

and requires instead the calculation of similarity indices. It is also possible to let the 

thickness of the arrows represent the value of the EP (or the product of EP at the two 

connecting sites) which could also provide a cut-off criteria if more than three arrows 

are wanted. This latter approach is used in the most recent version of Hirshfeld 

surface analysis,[113] in which arrows between neighboring molecules represent their 

mutual interaction energies. The method presented here is generally applicable to 

other kinds of drug-receptor interactions and there is thus significant scope for the 

development of the methodology. 
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3.5.  Outlook 

The two separate sections in this chapter show some of the first results of 

analysis of molecular surfaces using the experimental ED method. At the time that 

these studies were carried out, the mapping of properties on surfaces was just in its 

infancy, in particular when trying to use experimentally derived properties. Hence, no 

dedicated software was available. This meant that software originally meant for other 

purposes had to be employed and adapted, which was a time-consuming process. In 

the intervening period since their appearance the access to the molecular surface and 

in particular the mapping of relevant properties on it has been very significantly 

improved by the development of a dedicated computer program (MOLISO) for that 

purpose.[142] Another significant development that has occurred in the meantime is the 

development of a whole methodology to analyze intermolecular interactions through 

an analysis of the molecular Hirshfeld surfaces.[143-144] The approach is entirely based 

on the independent atom model, thus it is able to derive all properties from the 

coordinates for the atoms alone. It was recently applied to rationalize intermolecular 

interactions in molecular crystals by EP-mapping on the HS, in an approach where the 

EP is calculated ab-initio from the atomic coordinates resulting from a structural 

analysis.[145] The explanations for the complementarity seen between the EP on the 

surface and the surrounding molecules were kept at a qualitative level, however, the 

extension to include a more quantitative geometrical analysis of the EP extremes as 

done above is straightforward. However, what is required before this can be done is an 

evaluation of the differences between the EPs based on experimental molecule-in-

crystal and theoretical isolated molecule derivations. It is clear from the present study 

that the dipole moments between the two methods are significantly different, and this 

dipole moment plays a major role in the calculation of the EP from summation of 

molecular moments. 
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CHAPTER 4 ELECTRON DENSITY AND 

MOLECULAR SIMILARITY 

 
Polymorphism is a solid-state property that in this context is interpreted as the 

existence of more than one crystal structure of a given molecule with different intermolecular 

interactions and hence different unit cell dimensions. For many systems, only one polymorph 

has ever been discovered, but this may be due to a lack of searching. The concept of 

polymorphism attracts a lot of attention in the pharmaceutical and related industries for one 

golden reason: money. If a compound shows itself in a different polymorphic disguise it is 

patentable, and obviously lots of efforts are devoted to the discovery of new polymorphs of 

existing drugs. However, as soon as two different polymorphs are dissolved on their way to the 

bug they are meant to destroy in the body, or whatever function they may have, any difference 

between the two may easily be irreversibly lost, and along with it the polymorphism. 

A related situation occurs when two identical molecules choose to pack in a crystal 

structure without being related by any symmetry. In this case the electron densities of the two 

are not necessarily the same – but how similar are they? If you assume that atomic electron 

densities are transferable, such that an atom in a given coordination is the same for ALL atoms 

in such coordination then the electron densities should be identical. In this chapter we search for 

an answer to the latter question. 
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4.1.  Introduction 

One issue that has been of central interest to the ED community for many years 

is the question of transferability.[146-147] One of the absolute central results of the AIM 

theory is that each atomic basin is a closed system and that the laws of quantum 

mechanics apply individually to these separate spatial regions.[39] Theoretically, it was 

shown that atoms in similar environments have highly similar electrostatic moments 

and shapes. For instance, as shown by Bader et al.[148-151] the dipole moments defined 

for methyl and methylene groups are transferable within the hydrocarbons, as are the 

other properties such as net charges, energies and volumes. Given the fact that the ED 

can provide AIM properties it is natural to pursue the transferability experimentally, 

and several research groups have worked on this continuously in the last decades.   

The problem has been approached in conceptually different ways; however, they 

share the same target which is the amino acids, and not without reason as, if the 

approach turns out to be successful, it enables the construction of the total ED of 

protein molecules.[152] The first systematic method was pioneered by the group of 

Lecomte in Nancy who determined the experimental ED of all naturally occurring 

amino acids using X-ray diffraction and from these multipole models constructed a 

database of multipole parameters, called ELMAM2.[153] In the invariom approach, 

developed by Dittrich et al.,[154] atoms are compared based on their geometric 

environment and a complex nomenclature has been developed to uniquely identify 

atoms in different settings. When this atom type is firmly established, the 

corresponding multipole parameters are extracted from a database which has been 

completed by refinements using theoretical structure factors calculated for a large 

range of small molecules. There are other methods available,[155] and common to all of 

them is that they depend on the atomic transferability. It is therefore of continuous 

interest to examine experimentally whether atoms in similar environments are indeed 

similar in terms of the ED, and whether experimental ED studies can at all provide 

data of sufficient accuracy to answer that particular question. There have been recent 

claims that the interaction density (which equals the difference between the ED of a 

molecule in the crystal field and the ED of the gas phase molecule) cannot be 

measured experimentally.[156-157] One of the reasons for this lack of capacity is 

attributed to the inflexibility of the multipole model, as described in Chapter 1.3. 

There are (at least) two ways to obtain experimental information about the 

transferability of molecular EDs, which both have pros and cons. The first method 

includes finding two or more polymorphic forms of the compound in question. The 

other method requires the crystallization with two molecules in the asymmetric unit. 

Both methods will provide independent information about the ED in two different 

modifications of the molecule and their similarity can be used to estimate the degree 

of transferability. The existence and access to two different polymorphs of the same 

compound with equally good diffracting crystals of each is extremely rare. 
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Furthermore, since it requires two independent experiments, it will invariably provide 

data with different extents of systematic errors included. On the contrary, having the 

two conformations in the same crystal structure alleviates this problem. However, the 

information is then no longer independent, since all atoms in principle contribute to 

all structure factors and the least squares procedure is then relied upon to remove this 

dependency. In both cases will there be differences in intermolecular interactions and 

molecular conformations, and it is not easy to generalize which method provides the 

most similar environments. One consequence of this is that the two different 

molecules exhibit quite substantial differences in thermal motion, and the degree to 

which this may perturb the molecular densities is unclear. Subject to this list of 

reservations, the study of two identical but crystallographically different molecules in 

one experiment is as close as it is possible to come to a situation without differences in 

systematic errors, and in this chapter I describe two examples of this approach. 

Only a few ED studies on systems with more than one molecule in the 

asymmetric unit have been published in the literature,[158-160] and the ones presented in 

this chapter represent a relatively large fraction of these, despite the fact that they 

represent 9% of all published crystal structures in the Cambridge Structural Database 

(version 5.34).  

4.2. 9-ethyne-9-fluorenol 

ED modeling 

In this first study,[161] the experimental ED distribution of the compound 9-

ethyne-9-fluorenol has been studied and in the original paper but not here also 

compared to high-level theoretical results, but the latter results are not presented 

herein. The first aim of this study was to examine whether the experimental ED of the 

two molecules could be refined independently, and secondly, if so, how different they 

turned out to be, in relation to the different surroundings they were exposed to. The 

crystal structure contains a number of weak intermolecular C-H…π interactions, which 

are definitely playing a role in molecular recognition processes and in the control of 

crystal growth. It is a matter of debate whether such weak interactions can be properly 

described from experimental EDs.[162] The molecular structure of one of the molecules 

is shown in Figure 4-1.  
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Figure 4-1. ORTEP drawing of 4-1. 

In the attempt to quantify the differences in the EDs of the two independent 

molecules, four multipole models were prepared of different complexity and imposing 

different levels of constraints on the parameters. Throughout, non-crystallographic 

mirror symmetry in the molecular planes of the aromatic parts was imposed. An 

electro-neutrality constraint prevented intermolecular charge transfer. In model I, no 

additional constraints were imposed on either of the two molecules in 4-1 (hereafter 

called A and B). Model II treated the two molecules A and B as identical. In Model III, 

the two molecules were independent, but the two halves of each molecule were 

identical to the other half of the same molecule. In model IV all four half molecules 

were constrained to be identical. Naturally, the ethynyl and hydroxyl groups are not 

part of the imposed constraints. It is noteworthy that the number of multipole 

parameters in model IV is reduced to close to one quarter of the number in model I. 

The two molecules A and B of 4-1 are not geometrically completely 

superimposable, with one particular bond (C(12)-C(13) being more than 0.01 Å longer 

in B than A. This may originate in different crystal fields felt by the two molecules, 

which is also supported by the different HSs as shown in Figure 4-2. The two HSs are 

dominated by the intermolecular hydrogen bonds between the two molecules 

(d(O…O) ~ 2.77 Å) shown as the two red areas approximately perpendicular to each 

other. This corresponds well with the square that is formed by hydrogen bonds 

between four molecules (Figure 4-3), and in this respect the molecules are similar. 

However, molecule B accepts two, rather strong, C-H… bonds from the other 

molecule while molecule A only accepts one. Some of these interactions are visible as 

the minor red regions on the surface (see Figure 4-2). 
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Figure 4-2. HSs of the two molecules, molecule A to the left and molecule B to the right. Values 
of dnorm are shown in the range from -0.5 to +0.5 eÅ

-3
. 

 

 

Figure 4-3. The four hydroxyl groups forming the square of hydrogen bonds are indicated with 
dotted lines. 

 

In the analysis of the differently constrained density models, the first thing to 

note is that the four models result in almost identical R-values of 3.4-3.5% despite the 

hugely different number of variables, illustrating that condensing the residual from 

thousands of differences between observed and calculated structure factors is clearly 

not sensitive enough to reveal the small differences that we search for here. Thus, 

differences between models were instead sought for in a topological analysis of the 

ED. For model I, this reveals a number of interesting trends of which the most 

conspicuous is the consistent difference in the position of the bcps between A and B. 

In a majority of the C-C bonds in the aromatic rings, the bcp shifts from a position 

closer to one atom in molecule A to a position closer to the other atom in molecule B. 

This alternation of bcp positions is not found to correlate with differences in any of 

the other properties.  

If we think of the bcps as forming a framework, then we can create a 

multidimensional, so-called ‘bcp’ landscape or space, and analyze the similarity of the 

two landscapes that come from each of the two molecules. The method, denoted 

Quantum Topological Molecular Similarity or QTMS, was created by Popelier et al., 
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who invented this approach to address structure-activity relationships in a more 

fundamental, density-based way.[163-165] There is significant freedom in how to set up 

this multidimensional space, i.e. which properties at the bcps to use in the 

comparison. In the implementation that is used here, three values are compared for 

the two molecules: the ED, bcp, the Laplacian of the density, 2
bcp, and thirdly the 

direct distance from one atom to the bcp. It is also common to include other 

properties, such as the ellipticity etc. However, using these three values, the average 

value for the 18 different bonds not involving hydrogen atoms is 0.33. To put the 

number in perspective, the average value for the same bonds from a topological 

analysis of Model II (note that in this model the multipoles are constrained to be 

identical in the two molecules, thus clearly smaller differences in topology are 

expected) is 0.06, which primarily is due to differences (likely of numerical origin) in 

the Laplacian. There is ample scope to modify the flavor in which the QTMS method 

has been implemented; for instance, the density values are generally much more 

similar than are the values of the Laplacian and a weighting scheme may be 

appropriate, but has not been used. Regardless of the exact flavor of QTMS used, the 

condensation of the difference between the two molecular EDs, or at least the 

topology of these, into one single number is useful. In this case, the number is small 

for model II, and the two EDs are highly similar.  

The atomic charges from integration over the atomic basins provide another clue 

of the differences between molecules. Models II and III have hydrogen atomic charges 

for both ethynyl-hydrogen and the eight aromatic carbon-bonded hydrogen atoms 

+0.15 higher than Models I and IV. This corresponds well with an average relative 

excess negative charge of -0.09 on the twelve aromatic carbon atoms (C(4) to C(15)) in 

Models II and III. It is interesting to compare the two molecules (A and B) in Model I 

to estimate the influence of the slightly altered ED distribution. Considering first C(9) 

and C(10), we observe that they carry virtually identical charges in both molecules in 

Model I. This occurs despite the highly significant difference between A and B in the 

position of the C(9)-C(10) bcp and can be explained by a simultaneous change in the 

position of the bcps in the other bonds in which C(9) and C(10) participate in order to 

oppose the effect, and the net result is equally large atoms. Secondly, if we consider 

atoms C(5) and C(8) in Model I, we find that they possess atomic charges differing 

more than 0.1 e. In A, C(5) is positive and C(8) is negative while exactly the opposite is 

the situation in B. The same trend can be found for C(11) and C(14), although the 

values here may not be significantly different. These results are the results of a 

variation in delocalization (probably caused by the different crystal fields) within the 

aromatic system that obviously disappears upon the implementation of chemical 

constraints in the refinement procedure. 

In summary, we observe that the variation in crystal field may be responsible for 

a significant change in the molecular ED distribution. These differences influence also 

the molecular EP distribution calculated separately for molecule A (Figure 4-4a) and B 
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(Figure 4-4b) using Model I. In close proximity to the molecules the EP maps look 

identical which fits perfectly with the low value found from the QTMS analysis. 

However, further away from the molecule there appears to be some asymmetry in 

molecule B, which is present to a lesser extent for molecule A, as seen in the direction 

of the zero contour. This asymmetry in the EP is in agreement with the differences in 

atomic charges that are found.   

 

Figure 4-4. Electrostatic potential calculated for atoms of (left) molecule A and (right) molecule 
B using the density Model I. Contours are shown at ±10

-6
×1.5

n
 eÅ

-1
, with integer values of n in the 

range from 0-50. 

Conclusions 

The study of 9-ethynyl-9-fluorenol has shown that the determination of the 

differences between the EDs of two independent molecules in the asymmetric unit, 

which possess close to identical molecular geometries but different intermolecular 

interactions, is not an easy task. What transpires from this section is that the global R-

value is not sufficiently sensitive to distinguish between a model that allow differences 

between the two molecules and a model which does not; a highly flexible model that 

allows the separate refinement of two independent EDs leads to differences that are 

visible when derived properties of the ED such as the EP are examined but hardly 

apparent in the topology of the two molecules. It seems that the differences in crystal 

fields have a more significant impact on the intramolecular charge transfer than on 

the intramolecular bonding.  

4.3. Tetrafluoro-isophthalonitrile 

The second example outlines the ED study of tetrafluoroisophthalonitrile (4-2, 

see Figure 4-5). While initially studied for a variety of reasons,[166] I will here mainly 

discuss the comparison of the ED in the two independent molecules of the asymmetric 

unit that are present in this compound. In the original publication, the ED of this 
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compound featured alongside an isomer of it (tetrafluoro-phthalonitrile, tfpn), and 

one of the interesting findings that will only be mentioned briefly here resulted from 

the fact that the compounds are devoid of hydrogen, thereby alleviating the need for 

either neutron data or equivalently advanced methods to derive hydrogen thermal 

parameters. However, the abundant presence of fluorine atoms also caused some 

problems due to the difficulties of refining the ED of this element.[167]  

 

 

Figure 4-5. ORTEP drawing of the asymmetric unit of 4-2. 

It is natural to begin with a comparison of the molecular geometries of the two 

independent tfipn molecules in the crystal structure. In both molecules the C(5)-F(5) 

bond appears longer than the other C-F bonds (Table 4-1), which is to some extent 

confirmed by theory, although the bond C(5B)-F(5B) is significantly longer than 

expected. Generally, the experimental fluctuations are not directly reproduced by 

theory. For the aromatic C-C bonds, the experimental values are on average slightly 

shorter than those found from theory and have a slightly different distribution around 

the ring.  

Table 4-1. Bond distances in tfipn. 

Bond Exp(A) Exp(B) Opt 

C(2)-F(2) 1.323(1) 1.323(1) 1.328 

C(4)-F(4) 1.327(1) 1.327(1) 1.325 

C(5)-F(5) 1.331(1) 1.339(1) 1.330 

C(6)-F(6) 1.327(1) 1.329(1) 1.325 

N(1)-C(11) 1.157(1) 1.161(1) 1.154 

N(2)-C(22) 1.155(1) 1.162(1) 1.154 

C(1)-C(11) 1.429(1) 1.425(1) 1.424 

C(3)-C(22) 1.424(1) 1.426(1) 1.424 

C(2)-C(1) 1.388(1) 1.395(1) 1.397 

C(2)-C(3) 1.396(1) 1.389(1) 1.398 

C(3)-C(4) 1.397(1) 1.398(1) 1.402 

C(4)-C(5) 1.382(1) 1.390(1) 1.389 

C(5)-C(6) 1.388(1) 1.386(1) 1.389 

C(6)-C(1) 1.398(1) 1.392(1) 1.402 
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The ED is more susceptible to changes in the surroundings which make the 

topological features a more sensible choice for comparisons than purely geometrical 

considerations. Nevertheless, it also collides with a problematic feature of the highly 

polar C-F bonds, which to some extent invalidates the comparison of different bonds 

using the topological properties. The problem originates in the fact that the Laplacian 

distribution contains a positive region between the two atoms, as shown in Figure 4-6. 

This surprising feature seen for a covalent bond, i.e. a bond where a negative Laplacian 

is expected, warrants an explanation at this point. It may be envisaged that the 

significant polarity of the bond leads to accumulation of density at the electronegative 

atom at the expense of the interatomic region. This in turn increases the depth of the 

minimum in the density profile along the bond compared to a homopolar bond, and 

with increasing polarity this depth increases. This minimum contributes positively to 

the Laplacian, while the density increases in the two perpendicular directions towards 

the bcp giving negative contributions; at some point a transition will occur and the 

positive contribution will exceed the negative contribution and a positive interatomic 

region of the Laplacian develops. 

   

Figure 4-6. The experimental (left) and theoretical (right) Laplacian distribution for 4-2. 
Contours as in Figure 2-3. 

 

The reason that the polarity of the bond is a problematic issue can be seen in 

Figure 4-7, in which the ED and the Laplacian along the bond path are shown. The bcp 

is on a very shallow part of the density, and displaced towards the electropositive C-

atom, which puts it within the valence basin of this atom and as seen close to a rapidly 

changing part of the Laplacian curve (Figure 4-7b). This means that only small 

deviations in the position of the bcp between models, or slight differences in the 

valence densities, may lead to large differences in 2
bcp, which is what is seen in this 
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case, and in fact in most systems of polar bonds. In this case, it turns out that the sign 

of the Laplacian cannot be reproduced by theory. With these reservations in mind, the 

bcp properties at the four C-F bonds in the two molecules are rather similar, the 

values of the density and the Laplacian for molecule A are 1.932(10) eÅ-3 and –

13.48(1.16) eÅ-5, respectively, and for B: 1.908(144) eÅ-3 and –11.75(9.58) eÅ-5, 

respectively. The large internal differences for molecule B that are apparent as high 

values of the rmsd are due to the anomalous C(5B)-F(5B) bond. If we apply the QTMS 

approach,[163-165] the result is an average value of 1.25 for the 14 bonds in the structure, 

corresponding to rather dissimilar topologies. With Figure 4-7b in mind, it is not 

unexpected to see that this is primarily caused by differences in the Laplacian as the 

bcp is on the steep part of the curve, close to the beginning of the valence shell 

belonging to carbon. The same situation is seen for the polar CN bond. Whether this 

analysis then portrays two molecular EDs that are truly different is not unambiguously 

answered; the accurate location of the bcp in a very shallow minimum as in Figure 

4-7a is very susceptible to small errors in the observations, i.e. systematic errors in the 

data, and a minute movement of the bcp has a significant impact on the value of 


2
bcp. It could be taken to indicate that the QTMS is not the ideal tool to compare ED 

distributions given its strong dependence on the exact layout of the bcp space.  

 

Figure 4-7. The ED (in eÅ
-3

) and the Laplacian (in eÅ
-5

) along the bond path for a representative 
C-F bond.  

To steer free from these complications, this sensitivity of the topology to small 

fluctuations as described above can be reduced by instead determining a non-local 

property such as the atomic charge, i.e. the integration of the ED over the atomic 

basin (Table 4-2). The fluorine atoms in molecule A are extremely similar, with 

experimental charges slightly higher than theoretical values (not shown), while the 

fluctuations of the charges in molecule B are notable. Again, F(5B) can be identified as 

an outlier. The equivalent theoretical charge is -0.59(1) for all F-atoms. A simple 

interpretation of this distribution of charges would be to conclude that the 

surroundings of molecule A (or at least those parts seen by the F-atoms) are relatively 

constant while this is not the case for molecule B. This implies that the atomic charges 

are strongly affected by the immediate crystal field, which was also concluded in the 
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previous section. As I will show in the following, this analysis finds support both in the 

crystal structure and different distribution of intermolecular interactions around the 

two independent molecules. 

Table 4-2. Experimental atomic Bader charges (q()).  

Atom q() A q() B 

F(2) -0.72 -0.74 

F(4) -0.71 -0.67 

F(5) -0.72 -0.85 

F(6) -0.71 -0.66 

 

An extremely efficient way of illustrating the intermolecular interactions is to 

show the HSs, as is done below in Figure 4-8. The two HS are actually quite similar, 

and show only weak intermolecular interactions of F...F, F... and N... types. This is 

even better summarized in the related fingerprint plots (FP), which condense the 

information by dividing the HS in small areas and for each little pixelated area the 

distance to nearest internal (di) and external (de) atom is calculated. Obviously, there 

will be many identical combinations and these are then plotted in a histogram against 

the values of di,de. The number of interactions of a given (di,de) combination is 

reflected by the color in the plot, with dark blue representing low numbers and lighter 

colors showing increasing frequencies of a particular distance-pair. For tfipn, the FP 

plots are shown in Figure 4-9, in which it is clear that the interactions for molecule A 

are significantly shorter than those for molecule B, but overall the bonds are quite 

long and interactions rather weak.  

  

Figure 4-8. HS for (left) molecule 1 and (right) molecule 2 of 4-2. 
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Figure 4-9. Fingerprint plots for A and B. 

 

A number of bcps that relate to these weak intermolecular interactions can be 

located and they are visualized in Figure 4-10, while some of the topological 

parameters are provided in Table 4-3. What is particularly noteworthy is that all four 

fluorine atoms of molecule A are involved in intermolecular interactions while the 

only fluorine atom in molecule B that participates in any interaction is F(5B), which in 

fact participates in the shortest of all intermolecular interactions. F(5B) is also the 

atom which is an outlier in both topology and atomic charge.  

Table 4-3. Topological analysis of intermolecular interactions. The superscript indicates a 
symmetry-related atom. 

Bcp# Bond bcp (eÅ
-3

) 
2
bcp(eÅ

-5
) d1-2(Å) 

1 F(6A)-F(4A)
i 

0.04 0.7 2.899 

2 F(2A)-F(5B)
i 

0.05 0.8 2.862 

3 F(5A)-N(1A)
i
 0.05 0.7 3.010 

4 F(5A)-C(2A)
i
 0.06 0.8 2.951 

5 F(4A)-C(2B)
i
 0.04 0.6 3.136 
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Figure 4-10. Intermolecular interactions involving the molecule A (left) and B (right) of tfipn. 
The orange balls represent the position of the intermolecular bcps. 

 

4.4.  Conclusions and Outlook  

The two examples herein contain some important conclusions as well as 

providing relevant pointers for future studies. Let me first highlight how this short 

chapter fits into the overall line of thought that this thesis attempts to convey. It 

emphasizes a challenge that ED studies face, namely that of achieving higher accuracy 

as this is absolutely necessary for reliable determination of the small ED differences 

that exist between polymorphs, as well as for determination of the weak signal from 

the valence electrons in heavy-atom containing structures, to mention but a few of the 

future directions of this field.  

The most conspicuous conclusion that can be taken from this chapter is the fact 

that both systems agree that the charges are sensitive to crystal field changes, as 

evidenced by the striking agreement between F-atom charges in molecule A of 4-2, 

against a larger spread in molecule B in the same crystal structure. The same applies to 

some extent in 4-1. In comparison to the original published works, the additional use 

herein of the HS analysis enables a faster and more global evaluation of the two 

geometries, and applied to these systems it shows that for 4-2 the two molecules are 

not experiencing the same environment, while their molecular structures remain 

almost exactly superimposable. This brings me to the discussion of transferability. The 

emergence of ED databases, whether they are derived from theory or experiment, is 

based on the assumption that electron densities for a particular atom in a particular 

bonding environment (with which I mean the immediately covalently bonded atoms 

plus perhaps the next neighbors) are unchanged regardless of the more distant 

electrostatic environment. Thus, databases of multipole parameters have been created, 
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and for instance the ED of a protein can in principle be extracted from these 

databases. Obviously, such a representation is closer to reality than the independent 

atom model that is otherwise used; however, as this chapter has shown using two 

different small molecules, the transferability may not be as good as expected. A given 

side chain that is taking an active role in the recognition and operation of the protein 

of which it forms a part is actually likely to change its electrostatic features as the 

immediate surroundings change, i.e. when water molecules appear or disappear or a 

substrate approaches, and that is neglected in this approach. 

This work is not exhaustive or conclusive, and further experiments on other 

systems are required to establish the validity of the differences seen here. In essence, 

what it boils down to is whether the differences that have been made clear in the 

above signify a factual difference or if it can be ascribed to fluctuations caused by 

errors in the data of different origin. Future studies to get closer to an answer to that 

question will benefit from the continuous improvement in data quality, as well as 

taking advantage of more advanced descriptors of the data such as the residual density 

analysis.[36-37] There is no doubt that the question of transferability will continue to be 

debated as it can be imagined that the molecular modelling community will want to 

include non-spherical ED distributions in their models, which will put the question of 

transferability to the front.   
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CHAPTER 5 METAL-METAL INTERACTIONS 

AND THE INFLUENCE OF EXPERIMENTAL NOISE 

– HOW SMALL EFFECTS CAN WE MEASURE 

CONFIDENTLY? 

 
There has been some controversy about the nature of bonding between metal atoms in 

molecular compounds. Usually, bonding types are distinguished as belonging to one of three 

classes; ionic, covalent or metallic, although the opinion that the metallic bond is nothing but a 

covalent bond has been voiced. In a molecular crystal, which is strictly not polymeric, the 

metallic bond cannot be present as it requires complete electronic delocalization over the entire 

entity which is only possible in a metal. Nevertheless, in many molecular systems the interesting 

chemical unit is a number of metal atoms directly or indirectly bonded to each other, thereby 

contributing interesting physical properties to the system, i.e. being small molecular conductors 

usable in molecular electronics. The nature of the chemical bonding between these atoms is not 

straightforward and its elucidation using experimental ED methods is hampered by the fact that 

the value of the density in the interatomic region is rather small. One of the explanations of this, 

and one which also haunts the studies of metal-ligand bonding as the subsequent chapter shows, 

is the fact that the outer atomic shell corresponding to the valence electrons of the metal is only 

weakly locally concentrated to the extent that it is not visible in a plot of the Laplacian function 

of the density, which enhances local concentration and depletion regions. Thus, in an attempt to 

experimentally study the metal-metal bonding we are looking to find small differences in ED 

right next to heavy (i.e. electron-rich) atoms, and this puts strong demands on the data quality. 

In this chapter, besides showing examples of the very interesting chemistry that happens in such 

systems, I also go beyond the simple statement that data have to be of high quality by describing 

a quantitative analysis of the influence of measurement errors on the ensuing multipole 

parameterized ED and subsequent topology, and ultimately on the nature of chemical bonding. 
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5.1.  Introduction 

The continuous improvement of the experimental ED method that happened 

during the 1990’s influenced mostly the branches of chemistry in which the nature of 

the chemical bonding was undetermined and where theory was still struggling. 

Therefore, it is not surprising that the method was applied frequently to organo-

metallic transition metal complexes, and the appeal of the approach became even 

larger with the access to a topological analysis of the experimental data. One 

particularly interesting group of compounds in this class is the poly-nuclear complexes 

with potential direct metal-metal interactions, and which will be the subject of this 

chapter. 

Direct metal-metal bonding in molecular complexes has been known for many 

years, and the strengths of these interactions can be exceedingly strong and possess 

multiplicity of up to five.[168-170] Orbital-based arguments are convincingly able to 

describe the nature of these bonds in great detail, while it is less clear-cut how the 

bonding is for the weaker M-M interactions. One particularly difficult question is to 

determine the influence of bridging ligands on the MM bonding. Macchi et al.[171] 

showed by analysis of the theoretically calculated ED at a selection of points along a 

reaction coordinate involving the movement of a carbonyl ligand from an initial 

position coordinating to one metal through an intermediate bridging state in which it 

is equally close to both metals and to a final state located on the other metal, that only 

when the CO-group forms a bond path to one and only one metal will there be a 

separate MM bond path.[171-172] 

A comprehensive summary of the characteristics of chemical bonding using 

density-based approaches has been provided by Gatti in 2005,[43] building upon very 

elaborate work by Macchi and Sironi from 2003.[172] Gatti emphasizes that the nature 

of the chemical bond cannot be revealed simply by evaluation of the size of the ED at 

the bond critical point (b) or the sign of the Laplacian (2
b) for bonds including 

heavy atoms and metals, but that a more elaborate analysis including for instance the 

energy density (H), the delocalization index () and the integrated density over the 

interatomic surface (IAS) is necessary. The switch to using these descriptors is, 

however, not possible from experiment alone, and therefore provides an incentive for 

researchers to combine theoretical and experimental analysis. Specifically, he points 

out that for Co-Co interactions in cobalt-carbonyl complexes which I will be 

discussing in the first part of this chapter, there is significant electron sharing as 

evidenced by a (Co,Co) of 0.5, and similarly more than one electron is shared in the 

Co-C bond to the carbonyl ligand. In addition to the value of , he promotes the 

additional evaluation of the integrated charge on the shared surface to illustrate the 

diffusiveness of the valence density. In some bonds, the value of the b is small, 

however, IAS is large, such as is found for Co-Co bonds, while for ionic interactions, 

the density is entirely depleted from the interatomic region and distributed within the 
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two atomic basins which also gives H>0. The results of these benchmark papers[43, 172] 

dealing with the nature of chemical bonding were efficiently summarized in tabular 

form, and parts of Table 4 from that paper[43] is conveniently reproduced here, where 

also light atom to light atom bond properties are also shown for the purpose of 

completeness. 

Table 5-1. Bond classification scheme based on topological properties of the ED. Reproduced 
from Table 4 in the original reference.

[43]
 

The classification based on the atomic valence shell and on both the local (bcp) and integral properties 

 b 
2
b Gb/b Hb/b (A,B) 

∮ (𝒓𝑆)𝑑𝒓
𝐴𝐵

 

Bond between light atoms       

Open-shell (covalent bonds); e.g. C-
C, C-H, B-B 

Large <<0 <1 <<0 ~Formal bond order Large 

Intermediate interactions (polar 
bonds, donor-acceptor bonds; e.g. C-
O, H3B-CO 

Large Any 
value 

≥1 <<0 <Formal bond order Large 

Closed-shell (ionic bonds, HBs, van 
der Waals interactions; e.f. LiF, 
H…O, Ne…Ne 

Small >0 ≥1 >0 ~0 Small 

Bonds between heavy atoms       

Open-shell (e.g. Co-Co) Small ~0 <1 <0 Formal bond order 
(unless bond 
delocalisation occurs) 

Medium/large 

Donor acceptor (e.g. Co-As) Small >0 ~1 <0 <Formal bond order Medium/large 

 

The main lesson that this large body of work teaches us is that the Laplacian no 

longer reveals the nature of the chemical bonding between atoms when we move 

beyond the 2nd period. Covalent bonding between light elements leads to significantly 

negative values of the Laplacian indicative of electronic localization in the interatomic 

region with the exceptions shown in the previous chapter on polar bonds, but this is 

not mirrored by heavier elements where the Laplacian is always close to zero or 

positive. The reason is that the Laplacian recovers the shell structure for lighter 

elements but this one-to-one correspondence of radially separated regions of negative 

Laplacian and the atomic shells (K, L, M, N...) gets gradually weakened as the atomic 

number increases and eventually disappears starting at the 3d transition elements and 

all the way up to bromine.[173] In this way, the dichotomous classification of chemical 

bonds in shared or closed shell types is no longer easily available from an analysis of 

the Laplacian. The energy density allows for the identification of three regimes of 

bonding, which are denoted shared shell, transition region and closed shell, 

respectively, thereby adding a region between the two extremes which catches the 

bonds that are not so easily characterized. 

In this chapter I focus on the nature of the chemical bonding between metal 

atoms in molecular systems. In particular, I will study the interaction between two Co 

atoms in ligand-bridged systems. One of the reasons that it is mainly bonds involving 

Co atoms was the appearance of a theoretical study by Finger and Reinhold,[174] in 

which they approach the chemical bonding in carbonyl-bridged cobalt dimer systems 
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using theoretical methods. They report how on the one hand the topological analysis 

of  does not recover a bcp between the two metal atoms while topological analysis of 

the energy density on the other hand is more sensitive and shows a stabilizing 

interaction. Their work was based on the pioneering work by Cremer and Kraka[175] 

who studied the importance of the energy density in describing the nature of chemical 

bonding. 

The nature of the chemical bonding between metal atoms in related metal 

dimers had also been studied using experimental ED methods, and in fact led to some 

controversial and rather questionable results that I mention briefly here: Bianchi et al. 

studied the experimental ED distribution in two polymorphs of a carbonyl-bridged 

dimer, Co2(CO)6(-CO)(-C4H2O2).
[176-177] In both cases Bianchi discovered a bcp, but 

the values of bcp were largely deviating with values of 0.46 and 0.76 eÅ-3. What was 

further concerning was that the bond path in one of the compounds followed a course 

that was significantly displaced away from the interatomic line, and deviated towards 

the carbonyl bridge, not away from it as would otherwise be assumed. The data was 

later re-analyzed by Farrugia,[178] and he found no evidence for a bcp in either of the 

two polymorphs, thereby re-establishing the consensus that ligand bridged metal-

metal systems do not possess bcps, as Macchi and Sironi had shown previously.[172] 

The idea for the project on the chemical bonding in Co-Co compounds was 

initially conceived with alkyne-bridged metal-carbonyl [Co(CO)3]2(-alkyne) 

complexes in mind. If we apply the 18-electron rule to such systems, the neutral Co-

atom has seven 3d-electrons and two 4s electrons, and assuming that each ligand 

(where the alkyne counts as just one ligand) donates two electrons it adds up to a total 

of 17 electrons on Co, or one too few to obey the rule. The 18-electron rule and a full 

shell is then obtained by the creation of a single Co-Co bond. This will also support 

the non-magnetic ground state as found experimentally as well as the lack of line-

broadening in NMR spectra. However, as just described above, no bcp is found 

between the two metals which seems to contradict this simplistic theory. This chapter 

outlines my contributions to reconcile the differing observations, and as will be clear 

theory is pivotal to reveal the true picture. 

A number of other ED-based studies on multiple metal-metal bonded systems 

have been carried out,[168, 170, 179] but they bear no direct relevance for the present 

studies. 

5.2.  Co-Co interactions or not – the ED in a Co-Co complex 

In fact, my interest in the nature of the bonding for MM interactions originated 

from organometallic chemistry and the Pauson-Khand reaction[180-181] which involves 

the activation of an alkyne by reaction with a Co2(CO)8 moiety and subsequent 

creation of a substituted pentenone. The intermediate in this reaction is an adduct 

between an alkyne and Co2(CO)6, with the original triple-bond reduced approximately 
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to a double bond. The Co-C bonding to the alkyne moiety is in this case of interest as 

this is a key parameter in determining the reactivity of the alkyne. 

The compound that was being studied as an active compound in the Pauson-

Khand reaction did not provide sufficiently good crystals for an experimental ED 

study, and was studied only theoretically. However, we managed to synthesize and 

study[182] a similar compound (5-1) shown below in Figure 5-1, for which experimental 

data were measured and will be described before the theoretical results of the original 

compound. 

 

Figure 5-1. (left) ORTEP drawing of compound 5-1. (right) Overlay of the two different 
molecules in compound 5-1. The rms distance between non-H atoms in the two different 

molecules is 0.13 Å. 

 

The diffraction data for 5-1 was collected both at the synchrotron at 10 K and 

using a conventional in-house X-ray source and the crystal kept at 100 K. Interestingly, 

the crystal structure contains two different molecules in the unit cell with the 

implications this brings, as discussed at length in the previous chapter (Chapter 4). 

The compound was prepared for the purpose of studying the Co-Co and Co-C 

bonding, so any discussion about the difference between the two molecules will be 

reduced to a minimum here. The two crystallographically independent molecular 

geometries are almost identical as shown in Figure 5-1, with the exception of a torsion 

angle involving the cyclohexyl group, which is likely related to the efficiency of the 

crystal packing. 

During the analysis it became immediately apparent that describing the ED in 

the Co2C2 region is not straightforward. In particular, consistent location of all Co-C 

bcps within the molecular core was difficult to achieve from the experimental model, 

in contrast to theory as we will see later. To illustrate this, Figure 5-2 shows contour 

maps of the total density in selected Co-C2 triangles, with bond paths superimposed 

on top of it. 
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(a)                                                              (b)         

Figure 5-2. The total density in two CoC2 planes of 5-1, with the bond paths overlaid. 

 

These figures demonstrate the central issue which is due to the high and flat ED 

in the region between the Co on one side and the alkyne on the other side. The two 

neighboring Co-C bcps in this triangle are, if present at all, only separated by a short 

distance, and the combined effect of experimental noise and perhaps lack of flexibility 

of the multipole model are of the same order as the difference between the values of 

bcp and rcp (0.01-0.03 eÅ-3). The end result is an unstable topology witnessed by the 

near coalescence of a bcp and the rcp, in what is called a catastrophe situation (an 

example is shown in Figure 5-2a), a situation which has been addressed previously in 

experimental electron densities.[183-184] In one of these works,[183] the situation in the M-

C regions (in which the C-atom is part of a cyclic π-hydrocarbyl, significantly different 

to the present alkyne) is referred to as chaotic, and it is even concluded that a “search 

for underlying causes of ‘missing’ bond paths in terms of the experimental data quality, 

refinement procedures, or multipole models, etc., is likely to be a futile one”. I disagree 

with this particular statement, as I interpret it as indirectly signaling an indifference to 

the fine details of the ED. On the contrary, I find it of high importance to accurately 

and meticulously establish the limitations of the experimental ED approach and which 

is one of the main messages of this thesis; that accuracy is the key to success and that 

these studies help us see how far we have come towards our goal. In fact, it is only by 

comparison with theoretical analysis for complicated systems like the present that 

inadequacies in the underlying physical model or the experimental approaches can be 

disclosed.  

The existence of very low temperature synchrotron data for this compound 

provided access to highly accurate data well suitable to discuss the above-mentioned 

difficult topology. The excellent fit of the multipole model is shown below in the 
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residual density maps in two of the four CoC2 maps, thus fulfilling the first 

prerequisite of low noise. 

 

 

Figure 5-3. Residual ED maps using only data below 0.9 Å
-1
. 

 

Despite the excellent fit, Figure 5-2a above which comes from the synchrotron 

data showed that the topological analysis did not provide all Co-C bcps, with a total of 

two of the possible eight bcps missing. Those bond paths that are found are all 

inwardly curved with the significant part of the curvature appearing close to the 

carbon atoms; the extent of the deviation of the bond path away from a straight 

interatomic line results from the competition between -donation from the alkyne to 

Co perturbing the total density towards the inner part of CoC2 and the opposite effect 

from π*-back-donation to the alkyne that occurs on the outside of the triangle. The 

equilibrium situation witnessed here suggests substantial π*-back-donation; however, 

this is not mirrored in an increased C-C bond distance which is 1.34 Å, comparable to 

the bond length of 1.33 Å found in ethylene.  

In contrast to this lack of consistency in the experimental topology of these 

electron rich regions of the molecule, the theoretical density gives a very clear picture 

of the bonding with all Co-C bond paths found and less inwards perturbation of the 

bond paths. This is despite a difference between bcp and rcp of only 0.03-0.05 eÅ-3, 

and the position of the rcp is slightly shifted towards one of the bcps, as is indicated 

below in Figure 5-4 (the black curve representing theory is asymmetrical, and the rcp 

is closer to the bcp which has the lower value of bcp). Thus, multipole modeling of 

noise-free theoretical structure factors can consistently reproduce the topology and 

sustain the separation of rcp and bcp; however, the clear asymmetry of the resulting 

topology indicates that some information is lost in the Fourier transformation of the 

ED to provide theoretical structure factors. It may be dependent on the exact value of 

the sin()/-cutoff that is used, but this has not been investigated. Prompted by this 

observation, we chose to initiate a more elaborate analysis of the effect that inherent 



61 
 

 

experimental errors associated with counting statistics have on the resulting topology. 

This was carried out for an analogous compound which is presented in the following 

section (Ch. 5.3) as an interlude before returning to the nature of the bonding between 

these alkyne-bridged cobalt atoms. 

 

 

Figure 5-4. The density behavior across from bcp-rcp(or midpoint)-bcp. Curves are drawn with 
zero at the bcp or the midpoint, and moving to the left (negative distance) or the right (positive 

distances) for the different CoC2-triangles in 5-2. 

 

5.3.  The ED in a Co-tetramer – assessing the influence of experimental noise 

on critical topological situations 

As just mentioned, we wanted to investigate the problem with missing bcps as 

observed in 5-1 in more detail and therefore decided to perform a combined 

experimental and theoretical ED study on a related compound with particular focus 

on the effect of experimental errors.[185] The molecular structure of this compound 

resembles a dimer of the previous molecule, with a di-yne and two Co2(CO)8 moieties 

reacting to form the structure shown below in Figure 5-5, referred to as compound 5-2.    
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Figure 5-5. ORTEP drawing of the tetranuclear Co compound, 5-2.Hydrogen atoms have been 
omitted for clarity. 

 

The experimental part of the study was based on data collected at a conventional 

source at 100 K and a full multipole model was refined giving an excellent fit.[185] Our 

primary interest was naturally directed towards the Co-C bonding, and interestingly 

all eight Co-C bcps can be consistently found, although in two of the four CoC2 planes 

the topology is close to a catastrophe situation. On that background, uncovering the 

correct topology might in fact qualify as a local criterion for success in refinement. The 

overlay of the molecular graph on top of the gradient of the density is very similar to 

the same picture for the first compound as shown here in Figure 5-6.  

 

 

Figure 5-6. Plots of the gradient of the ED with molecular graphs overlaid for different triangles 
in 5-2. The right is close to a catastrophe, while the left is a more stable structure. 

 

Again, the difficulties found in experimentally separating the bcps from the rcps 

are not nearly as pronounced in the theoretical analysis, which shows nearly straight 

bond paths; however, we can still recognize some asymmetry in the positions of the 

critical points as was also clear above. It is thus clear that even for a purely theoretical 

density, the topological landscape is vulnerable with three critical points within 0.5 Å 

of each other, rendering the whole setup very susceptible to external influence. In the 

previous study[182] two particular effects were specifically pinpointed as possible causes 

for the disruption of the structure, these two being 1) the inflexibility of the multipole 

model and 2) the level of experimental errors. In the following these two effects are 

assessed independently. 

The first effect was examined by Fourier transformation of the theoretical density 

and subsequent refinement of a multipole model using the resulting synthetic 

structure factors, and a comparison with the primary density (PD). This is an 

important approach which is becoming increasingly used in mainstream ED studies as 

it provides a theoretical model that is more appropriately compared to experimental 
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results, as it includes the same bias from the least-squares multipole model as the 

experiment.[186] Based on the resulting multipole-projected theoretical density all Co-C 

bcps were clearly retrieved; however, there is a distinct drift towards a merging of the 

rcp with one of the bcp. In the PD, the rcp is asymmetrically placed about 0.26 Å from 

one bcp and about 0.42 Å from the other. While the larger value hardly changes for 

the multipole model, the smaller is halved such that the bcp-rcp distance is now only 

0.11 Å, and the minimum in the density profile along the bcp-rcp-bcp is nearly 

vanishing. The obvious conclusion is that the multipole model has a clear blurring 

effect on the density which can have a serious impact on the consistency and 

reliability of the resulting topology. 

The second effect that was subsequently examined was the influence of noise, 

which is naturally inherent to an experiment, if nothing else then in the form of 

unavoidable counting statistics, but absent in the theoretical calculation. The 

procedure to add random noise to the theoretical structure factors was as follows: the 

noise was calculated as the experimental measurement errors multiplied by a factor 

which was extracted from a random number between -1 and 1 in a Gaussian-weighted 

distribution. To study the statistics of the distribution, 1000 different “noisy” 

theoretical data sets were produced, all of which were used to refine a multipole 

model. The combined influence of projection through the Fourier transformation and 

noise was clearly visible in the topology, which became variable and unpredictable. 

The result is summarized in Figure 5-7, condensing the information in a pie chart. The 

correct topology (magenta slice) is only recovered in 41% of the cases, while in 45% of 

the cases (blue, red and light blue slices) one of the two bcps that are closest to its 

associated rcp actually fuses with it in one of two triangles. In 14% of the cases (green 

slice) a catastrophe has happened in both triangles, while in a very small fraction one 

bcp can be located only in one of the triangles. This certainly depends on the level of 

noise added, and while the extent in this study was chosen carefully to resemble a true 

experiment, it is likely that setting different parameter values will provide 

distributions different from the current. We have decided not to investigate this issue 

further; we have proven our point by showing that counting statistics alone is adding 

sufficient uncertainty to the experimental observations for a consistent correct 

topological assignment in this particular bonding environment to be unattainable.  
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Figure 5-7. Pie chart outlining the distribution of different topologies occurring when noise is 
added to projected structure factors. 

 

5.4.  Assessing the nature of Co-Co bonding in alkyne bridged systems 

Returning to the primary chemical question of Co-Co bonding in this type of 

complexes, the results coming from compounds 5-1 and 5-2 are virtually identical and 

therefore only those for 5-1 will be used in the following summarizing discussion.  

The topological analysis does not give a bcp between the two metal atoms, and 

this situation repeats for every experimental and theoretical model. In the realm of the 

AIM theory this is equivalent to a lack of chemical bonding, and what this means is a 

matter of continued discussion.[187] As mentioned previously, what sparked my interest 

in these systems in the first place and provided an alternative description of the 

bonding was a theoretical paper by Finger and Reinhold,[174] in which the importance 

of the energy density is shown and evidence is provided that this property, not the 

topology of the ED, defines the two Co atoms in Co2CO9 to be chemically bonded. The 

work by Finger and Reinhold is based on the work carried out by Cremer and Kraka in 

1984,[175] addressing exactly this issue suggesting that chemical bonding may be 

specified more precisely by analysis of the energy density in situations with low 

bonding ED found, as in-between two metal atoms. The kinetic energy density, G, is 

derived from the Laplacian and the ED, while the potential energy density, V, is 

related to G and the Laplacian, as outlined in Ch. 1.2, in an approximation that is only 

valid in regions with low and slowly changing values of the ED. 

Since the energy density in the expression by Cremer and Kraka can be 

calculated using an approximation,[188] it can be calculated from a model of the 

experimental ED. The necessary condition is to find a local minimum in the energy 

density as a sign of chemical bonding between two atoms; however, this is not found 

for compound 5-1 as shown below in Figure 5-8. It does give a minimum along the Co-

Co axis, but is steadily increasing in the perpendicular direction. In addition, the 

energy density along the interatomic direction is primarily positive with the exception 

of approx. 0.6 Å around the midpoint. It is, however, negative in the entire range in 

the perpendicular direction. Interestingly, the behavior of the energy density 

calculated from the wave function deviates from the experimental equivalent in a 

number of ways: along the bond it is consistently negative, while in fact it should 

mimic the shell structure of the atom and hence a positive value may be expected for 

the outer core depletion zone as it is seen in the experiment. Besides, it is a local 

maximum at the bond midpoint along this same direction. In the perpendicular 

direction, it has a minimum slightly below the Co-Co bond, which matches the 

expected direction for any potential orbital overlap. The answers from the energy 

density are thus not conclusive. Negative energy density, meaning that the potential 
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outweighs the kinetic energy density, does indicate a stabilizing interaction. However, 

the SF provides additional insight.  

 

Figure 5-8. The behavior of the total energy density for compound 5-1 along the Co-Co line (left) 
and perpendicular to it and passing through the midpoint (right).  

 

Figure 5-9 shows the local source, LS, evaluated along the Co-Co line, using the 

midpoint (mp) as the reference point. In a thorough review based on theoretical 

applications of the SF to metal containing interactions, Gatti and Lasi[75] showed by 

way of example using two variants of Co2(CO)x, where different values of x were used, 

that the LS can distinguish bonded from non-bonded interactions. In fact, this 

originates in the behavior of the Laplacian near the mp where it approaches values 

around 0.1 au, or 2.5 eÅ-5 (naturally strongly dependent on the compound), for the 

non-bonded case and an order of magnitude smaller for the bonded interactions. The 

effect on the local source is that it presents a significant dip near the mp which is 

absent in the bonded case. In the experimental data we found a value of the Laplacian 

near the mp close to 2.5 eÅ-5 and clearly corresponding to the situation in which there 

was no bonding.  

 

Figure 5-9. Local SF along the Co-Co line evaluated at the bond mp for compound 5-1. 

 



66 
 

 

In the following discussion of the integrated SF it is relevant to remember that 

the ED at any point, thus also at the bond mp, follows from the cause and the 

influence function operating everywhere else. Thus, observing that the integrated 

source contribution from the Co atoms to the mp is negative means that these regions 

overall contribute negatively, i.e. act as sinks, to the ED at that particular point. In case 

of the presence of a bcp this negative contribution would probably be significantly 

less, or possibly positive. Table 5-2 entails strongly negative contributions from the Co 

atoms, in stark contrast to the theoretical positive contributions. The present data are 

therefore in complete accordance with the expectation that any Co-Co bonding is 

weak. 

Table 5-2. SF contributions for 5-1. 

Atom SA, eÅ
-3 

S(%) Stheo,eÅ
-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 

 

The bond delocalization index derived from the theoretical wavefunction and 

illustrated for the central interactions in Figure 5-10 is in accordance with this being a 

rather weak metal-metal interaction, and significantly weaker than the Co-C bonds. It 

is also seen that the alkyne C11-C12 bond has a bond order of only ~1.4, significantly 

less than even a double bond, which may be explained by the presence of *-

backdonation from the metal atoms. 
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Figure 5-10. Theoretical bond delocalization indices for 5-1. 

 

Singlet biradical behaviour 

In the process of the theoretical treatment of this compound, it turned out that 

significant spin contamination of the solution was present and that more advanced 
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methods than standard DFT calculations were required to get the correct solution. By 

use of a truncated version of the dimer compounds, in which the bridging alkyne had 

been converted to acetylene, it was apparent that the symmetry-broken unrestricted 

solution is a substantially lower energy solution than the restricted singlet state. The 

resulting multi-reference state is a singlet diradical state with partial occupation of the 

Co-Co bonding and anti-bonding orbitals. The latter was found by visual inspection of 

those natural orbitals from these calculations which had populations significantly 

away from the restricted values of either two or zero; the largest deviation was seen for 

orbitals almost entirely based on the in-phase and out-of-phase combination of 

Co(d(z2)), respectively. The other orbitals included both Co and alkyne-C atoms. The 

color-coded spin density map is shown using iso-surfaces in Figure 5-11, which clearly 

displays the opposing spins, originating in an anti-ferromagnetic interaction between 

the two Co-atoms. 

 

Figure 5-11. Spin density of UHF solution, plotted at 0.05 au isosurface.  

 

The co-existence of both metal-metal bonding and anti-bonding orbitals is the 

origin that no bcp is found in the compound. The concentration of electrons that 

inevitably follow from a populated in-phase combination of two d(z2) atomic orbitals 

on neighboring Co atoms is partly cancelled by the significant population of the out-

of-phase, or anti-bonding, combination of the two atomic orbitals, which has a node 

on the Co-Co interaction line. Furthermore, it is noteworthy that the maximum 

overlap in the bonding orbital is slightly off the line that joins the two Co atoms 

directly, and displaced away from the bridging alkyne, in contrast to the finding by 

Bianchi et al., casting additional doubt on the validity of the latter results.[176] 
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Figure 5-12. Co—Co bonding/anti-bonding pair of d(z
2
) orbitals on Co in acetylene model of 5-1.  

 

Now, it is possible to project the aspherical ED around Co, parameterized in the 

form of multipoles, into atomic d-orbitals by making the approximation that no strong 

metal-ligand interactions take place and that the major interaction is electrostatic.[189] 

Using this assumption, d-orbital populations as shown in Table 5-3 are obtained. 

Before discussing the values in the Table, it is instructive to discuss the coordination 

sphere of Co. It is bonded to three carbonyl groups and the two C-atoms from the 

alkyne, and its octahedral geometry (however rather distorted) is completed by the 

other Co atom. The coordinate system that is used here to define the d-orbitals is such 

that the z-direction coincides with the Co-Co direction. In the t2g/eg scheme that 

results from octahedral coordination, this means that the d(z2) orbital is higher in 

energy, as is d(x2-y2). In the approximation that we are dealing with a high spin 

divalent Co atom (d7), these orbitals should both contain around 1 electron and the 

three remaining orbitals around 1.6. This is quite close to what is found experimentally 

(except for Co(2A)), even with this highly distorted geometry which is likely to lead to 

deviations. It can be interpreted as an indication that the projection of molecular 

orbital-based ED into an atomic orbital picture does not distinguish between bonding 

and anti-bonding molecular orbitals, so that estimation of d-orbital populations does 

not allow us to denote the presence or absence of bonding or anti-bonding orbitals. 

Table 5-3. d-orbital populations for 5-1. Relative populations in percentage are given in 
parentheses. 

 d(z
2
) d(xz) d(yz) d(x

2
-y

2
) d(xy) Pv 

Co(1A) 0.99 (16.7) 1.21 (20.4) 1.22 (20.7) 0.95 (16.0) 1.55 (26.3) 5.92 

Co(1B) 1.15 (19.4) 1.42 (24.0) 1.22 (20.6) 0.88 (14.9) 1.25 (21.1) 5.91 

Co(2A) 0.85 (14.3) 1.17 (19.7) 1.44 (24.4) 1.30 (22.0) 1.16 (19.6) 5.92 

Co(2B) 1.07 (18.2) 1.35 (22.9) 1.39 (23.5) 1.06 (18.0) 1.02 (17.3) 5.90 

 

If we continue to analyze the atomic charges, found by integration over the 

atomic basin, we find that the alkyne carbons are negatively charged, and that the 

terminal carbon is less negatively charged than the other carbon. This results from 

back donation of density from metal-based d-orbitals (most likely the d(xy) orbital) 

into the *-orbitals of the alkyne. This description of the bonding finds support in the 

length of the alkyne bond which is closer to the value expected for a C=C double bond 
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than of an alkyne. This corresponds well with theoretical bond orders that in 

agreement with other recent work suggest a C-C bond order of 1.38 (Figure 5-10). 

Table 5-4. Atomic charges and volumes from integration over atomic basins for compound 5-1. 

Atom qexp Vexp,001(Å
3
) qcalc Vcalc,001(Å

3
) qtheory  Vtheory,001(Å

3
) 

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 

 

5.5. The nature of the Mg-Mg bond in low oxidation-state dimer 

The studies of the Co-Co complexes in Chapter 5.2 and onwards may naturally be 

followed by a description of the nature of the Mg-Mg bonding in the significant mono-

valent Mg-dimer system (5-3),[136, 190] see Figure 5-13. The Mg-Mg bond in this complex 

is kinetically protected from disproportionation reactions by the surrounding bulky -

diketiminate ligands, which ensure a relatively high thermal stability of the 

compound. The compound has particularly interesting applications as a facile, 

selective two-center/two-electron reducing agent in both organic and organometallic 

synthesis, where its chemistry is being explored.[191-192] It has shown reducing capacity 

where other traditional reducing agents fail.[192]  

 

Figure 5-13. ORTEP drawing of 5-3. Hydrogen atoms have been omitted for clarity. 

The Mg-dimer system is just one interesting example from a wide range of novel 

complexes that has been produced by the group of Cameron Jones at Monash 

University having in common the existence of a main-group metal in unusually low 

oxidation state.[193] A subsequent chapter (Chapter 7) will explore the peculiar 

electronic structure of some of these complexes with particular emphasis on Ga(I) 

systems. However, in this chapter the focus will be on the chemical bonding and what 
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surprisingly turned out to be the first experimental verification of a non-nuclear 

attractor (NNA) in a molecular complex, present in-between the two Mg-atoms.  

The compounds in this class are generally difficult to handle as they are sensitive 

to air and moisture, with decomposition rates between minutes and hours. The 

selection and mounting of the crystals are done in a glove box, while they are 

transferred to the goniometer within seconds and inserted rapidly into the cold stream 

which effectively quenches the decomposition by excluding air and moisture. The X-

ray data for this compound were collected at a temperature of 89 K at a conventional 

diffractometer. The thermal parameters of the molecule as a whole and for the atoms 

furthest away from the center in particular, are rather large (Figure 5-13) which 

contributes to reducing the intensity of the high order data – in fact, several attempts 

to carry out the experiment at synchrotron sources using liquid He cooling to reach 

down to 10 K were all in vain due to the lack of significance of the high order data. 

Thus, this system represents a case where even cooling to the minimum achievable 

temperature does not significantly improve the statistics of the data. This is an 

inherent drawback for this system, and is a side-effect coming from the use of the 

large bulky groups providing steric protection for the central metal-core. A serious 

consequence is that the resolution of the data for this compound could not be 

increased above 1.0 Å-1. 

To describe the substantial thermal vibration, a TLS analysis was performed 

which essentially fits a molecular rigid-body motion to the atomic displacement 

parameters. The advantage of doing this is that an anisotropic description for the 

hydrogen atomic displacement parameters can be performed. The best TLS-model for 

this compound includes four different attached rigid bodies, equivalent to 

substituents that are free to librate separately from the other parts of the molecule 

around a pre-defined libration axis. 

Our initial analysis of the bonding in this complex was based entirely on the 

experimental data. Nevertheless, we successfully refined a full multipole model with 

satisfactory statistics, considering the inherent problems of crystal quality, and the 

subsequent analysis portrayed the chemical bonding between the two Mg atoms as 

covalent. The evidence was presented in the form of an analysis of the topology, the 

energy density along the Mg-Mg bond, and the SF. The value of bcp is very low (0.1 eÅ-

3) while the Laplacian is close to zero, but positive. The energy density is negative in a 

range of 0.5 Å on either side of the bcp along the Mg-Mg bond path (see Figure 5-14). 

The SF added evidence to this interpretation by being significantly positive for the Mg 

contribution to the Mg-Mg bcp. Important for the subsequent discussion, this 

multipole model could not account for a positive residual density of 0.39 eÅ-3 centered 

on the Mg-site. 
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Figure 5-14. Behavior of , 
2
 and H along the Mg-Mg line in 5-3, derived from the experimental 

multipole model. 

In a follow-up study of 5-3,[194] theoretical structure factors up to a resolution of 

1.1 Å-1 were calculated for a pruned version of the molecule placed in a 20 Å3 cubic unit 

cell and used in a multipole refinement. It became immediately clear that positive 

residual density systematically persisted right on the position of the Mg-atoms even 

for the most advanced model. Several attempts to increase the flexibility of the model 

to accommodate this density were made; however, it turned out that only by going 

beyond the frozen core approximation which is achieved by means of refining a -

parameter for the radial dependency of the core density could we remove the residual. 

By allowing the core to contract by 0.2%, equivalent to a -parameter for the core of 

1.00264(3), the spherical residual density contour lines centered on Mg were reduced 

from 0.4 to 0.05 eÅ-3. It was then obvious to include the modified description of the 

core in the analysis of the experimental data, which did in fact have some residual 

density centered on the Mg atoms. Interestingly, by copying the contracted core into 

the experimental model and fixing it at these theoretical values reduced the residuals 

significantly. At the same time, the valence density having 3s character is significantly 

changed: based only on experimental data the -parameter modifying the radial 

distribution of the approximately single valence electron was unusually high at 1.40(2) 

while after including the modified core it changed to 0.784(1). In other words, prior to 

the introduction of the core scattering the model shows the picture of a significantly 

contracted valence electron while afterwards it is shown to be much more diffuse. 

Thus, the modification of the core based on theory has a significant, however indirect, 

impact on the valence density distribution. What is even more interesting is the 

fundamental effect this has on the total density: a topological analysis surprisingly 

reveals a non-nuclear attractor (NNA) between the two Mg-atoms. The NNA is a local 

maximum of the ED in all three directions, which means that even along the Mg-Mg 

interaction line the density at the mp is not at a minimum but a maximum. 
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Figure 5-15. The 2D and 3D (zero value isosurface) Laplacian distribution in the Mg-dimer. 

 

Figure 5-15 shows a representation of the Laplacian in the Mg-Mg region. The 

Laplacian isosurface (2
 = 0) shows the electronic concentration and the spatial 

outline of the NNA, which adopts the shape of a circular disc. Locating the atomic 

boundary of the NNA within the AIM theory reveals a rather large volume and a 

charge of 0.8 e- within this volume.  

The presence of an NNA changes the topological landscape. In the topological 

description the NNA represents an isolated atomic basin, however without a nucleus. 

Therefore, it must also be topologically connected to its neighboring atoms through 

bcps. The existence of a NNA in molecular systems has never been observed before, 

while their presence in metal clusters has been shown theoretically,[195-196] and a single 

case of an experimental verification of this has been seen in hcp Be-metal.[197] NNAs 

have also been observed in F-centers in sodalite structures,[198] and they are also 

present for solvated electrons.[199] In the latter two examples, their existence is 

undisputed as the value of  at the position of the NNA is significantly higher than at 

the surrounding bcps. However, this is not the case for the metal-clusters or in the 

present molecular system. The difference between NNA and bcp is 0.01-0.03 eÅ-3 from 

experiment which is the same order of magnitude as the experimental uncertainty of 

the ED. Seen in connection with the unexpected nature of the topology, the NNA 

remains questionable for reasons discussed below. 

Topological analysis of the wavefunction consistently reveals the NNA in this 

system, indifferent to the Hamiltonian or the basis set used. In the present case, the 

BP86/6-31G+(d,p) level of theory has been used. There has been significant discussion 

in the literature about the reliability of the NNA, most notably in bcc alkali metal solid 

state structures. Luana et al.[195] attempted to reconcile the controversy by thorough 

theoretical work on all the alkali metal ions. Among other approaches, they chose to 

study dimers and tetrahedrally distributed tetramers of the elements as 
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approximations for nearest neighbors and the special crystallographic 12d site in the 

bcc crystal structure, respectively. The credibility of this method is supported by the 

assumption that the ED at any given point is primarily the result of the atomic density 

from only the nearest atoms. Another approximation they test is whether or not the 

promolecule density will lead to identical topologies and NNA existence. In the 

promolecular description, the existence of an NNA between two atoms in a dimer 

entity is inextricably related to the sign of the curvature of the radial distribution of 

the density. In a monotonically decaying density this is naturally convex and there will 

be a normal bcp at the midpoint. However, for Li and less so for Na, there is a non-

convex region that coincides with the equilibrium bond distance and establishes an 

NNA in the Li2-dimer. For Na2, the region of concavity is far from the bond distance. 

By SCF calculations, the picture is more complex; however, the conclusion remains 

that only for Li will the NNA exist at room pressure and temperature. Furthermore, in 

a paper by Esquivel et al.,[200] the non-convexity of the radial density – which in the 

promolecule picture is a necessary but not sufficient requirement for an NNA – is 

found to be restricted to the atoms with Z in the ranges 3-6, 16-32, and 45-92, thereby 

ruling out the presence of an NNA in solid Mg (Z=12). The overall conclusion that 

comes from the work by Luana et al. is that the presence of an NNA is predictable 

from the exact decay of the radial density and the interatomic distance, and is mainly 

governed by the atoms in the immediate vicinity of the two atoms in question. 

The above considerations are concerned with metallic solids, in which the 

oxidation state of the atoms is necessarily zero. The situation is different in the 

molecular compounds in which the metals have partly lost their valence electrons. On 

the other hand, the unbridged Mg-Mg interaction is relatively well-isolated from the 

contributions from other atoms and the same approximation as used for the alkali 

metals may apply. In addition, since Mg in this compound exists in the +1 oxidation 

state, the Mg2(+I) dimer is valence isoelectronic to the Li2 dimer that forms the 

foundation for the work by Luana,[195] and the discovery of an NNA in the present 

compound may therefore not be so surprising. The existence of the NNA has very 

recently been found theoretically in bimetallic cyclopentadienyl-sandwiched 

complexes,[201] for the main-group metals: Be, Mg, Ca, while it was not found for the 

transition metals: Ni, Cu, Zn. Li et al. included ELF analysis to discriminate the NNA 

from the regular bcp situations, while also pointing out that the NNA is present only 

when the bond distances are larger than the sum of the atomic radii, thereby 

corroborating the finding of Luana et al. that the appearance of the NNA is simply a 

special combination of isolated atom pairs at a particular interatomic distance.  

Theoretically, the existence of an NNA in sodium is more controversial, and 

while the dispute may have been settled by the findings of Madsen et al.[196] that the 

NNA is not observed at room temperature and ambient pressure, the work by Luana et 

al. suggests that it is borderline and that the application of external pressure may have 

a significant impact on the topology in this system, and may even be able to induce 
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the presence of an NNA. The following section describes how we have approached a 

verification of this hypothesis by combining experimental high-pressure 

crystallography with theoretical calculations. 

However, prior to accounting for the HP properties of the NNA, a short note on 

the possible influence of the NNA on the reactivity of the compound is appropriate. 

The Mg-dimer compound is a very efficient two-electron reducing agent; however, it is 

unknown if the oxidized product remains a dimer or if the molecule is broken in two. 

It could reasonably be speculated that the localized electron in the NNA basin, as 

illustrated in Figure 5-15, is elusive and may easily be the first to leave the complex, 

and the subsequent disruption of the Mg-Mg bond leaves behind an unprotected 

mono-nuclear Mg(+I) moiety that is extremely reactive and will reduce a nearby 

reactant immediately. Whether these speculations are correct or not remains to be 

examined.  

NNA under pressure 

Obviously, it is not possible to experimentally probe the existence of a NNA 

under pressure as the quality of the diffraction data resulting from a diamond anvil 

cell setup is much degraded compared to a normal experiment. However, in 

combination with theory, it is still possible to reach meaningful insight from such an 

experiment. Our approach included crystal structure determination of the Mg-dimer 

compound at different pressures and subsequent gas-phase theoretical calculations 

using as input the experimentally determined geometry. The question of whether or 

not the NNA continued to show up was then probed from the theoretical density. 

The experimentally determined unit cell dimensions and Mg-Mg bond distances 

as a function of pressure are shown in Figure 5-16. The compressibility of the Mg-Mg 

bond is clearly shown as a decrease of ca 3%, compared to ambient conditions up to a 

pressure of 1.9 GPa. Above 2 GPa the crystal quality deteriorated to a state in which 

data could no longer be collected. 
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Figure 5-16. Relative unit cell dimensions and Mg-Mg bond length (in Å) as function of external 
pressure. Lines are only shown to guide the eye. Results from four different pressure points are 

shown.  

 

The theoretically calculated EDs at these pressure points showed an increase in 

the value of  at the midpoint (mp) but a similar increase in the value of  at the 

NNA-Mg bcp, thus persistently giving the same topology as at ambient conditions. To 

probe this further, the molecular density was calculated for a range of Mg-Mg 

distances (for a truncated molecule, but it is reasonable to assume that this 

approximation should have insignificant influence on the obtained results), and the 

difference between the ED at the midpoint and at the bcp was derived (see Figure 

5-17). As long as this difference is positive, the NNA exists. The plot thus shows a wide 

stability window of the NNA, and using simple linear extrapolation from Figure 5-16 & 

Figure 5-17 suggests that pressures in excess of 6 GPa will be required to compress the 

Mg-Mg distance to values below 2.5 Å and even shorter which seems necessary to 

remove the NNA.  

 

Figure 5-17. Difference between the ED evaluated at the NNA and the bcp (NNA-bcp).  

It thus appears that the existence of the NNA in this particular molecule is less 

sensitive to external perturbations than expected, and that chemical modifications 

having the effect of extending the Mg-Mg bond length would not result in a disruption 

of the NNA, unless the bond length is increased by an inconceivable 0.3 Å, relative to 

the value at ambient conditions. 

 

5.6. Conclusions  

This chapter has shown some of the complications that inherently accompany 

experimental ED studies on transition metal systems and will be even more apparent 

in the more complicated systems treated in subsequent chapters. The studies of the 

Co-Co alkyne bridged complexes that started the chapter clearly supported earlier 
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findings that seeing chemical bonding through the eyes of QTAIM and its topological 

analysis there is no direct bonding between the two metal atoms as a bond path is 

notably missing. The answer is, however, less clear-cut when we take advantage of 

other measures such as the energy density or the SF, which both indicate significant 

interatomic interaction. This is in accordance with thorough theoretical analysis that 

shows the compounds are in fact singlet bi-radicals and that both bonding and anti-

bonding combinations of metal d-orbitals are occupied leading to a low, but non-

negligible bond delocalization index.  

An equally important finding was the observed difficulties attaining sufficiently 

accurate data that would lead to consistent and reproducible topologies in the 

electron-rich CoC2 triangles; counting statistics applied to noise-free theoretical data 

clearly showed the inability of the multipole model to disregard these errors and the 

correct topology was only found in a minority of attempts, while catastrophe 

situations had often lowered the number of bcps found. On the other hand, the 

multipole model was almost capable of reproducing an exactly matching molecular 

graph which indicates that the model inflexibility is not to blame at this point. 

The NNA found in the experimental ED in the Mg-dimer compound still stands 

unrivalled in the literature, and accumulating evidence from theoretical studies were 

shown to indicate that it is indeed a true feature, not an artefact. If the point has been 

missed by the reader, let me here emphasize that it has been placed in this chapter 

together with the Co-alkyne complexes because in both types of systems we are 

chasing the exact same level of detail, i.e. as little as a few hundredths of an electron, 

which is a severe challenge to experiments and experimentalists. However, this is also 

at the heart of this dissertation; to undertake studies that challenge the methodology.  
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CHAPTER 6 METAL ELECTRON DENSITIES 

AND METAL-LIGAND INTERACTIONS 

 
ED studies of transition metal coordination complexes are very well-represented in the 

literature, and many possible explanations can be invoked to explain this. One likely reason is 

that compounds belonging to this very broad class of compounds are often utilized by Nature to 

accomplish a myriad of chemical processes and inspired by the fact that evolution has optimized 

many processes it remains a great ambition to be able to understand and potentially mimic such 

natural processes. Another, simpler, explanation is that it is possible!  
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6.1. Introduction 

The nature of chemical bonding in transition metal complexes is a field in which 

ED studies have contributed strongly, and continues to do so, as this remains the only 

method to validate theoretical methods. The analysis to a large extent follows the lines 

given above in Ch. 5.1, where the focus was on metal-metal bonding while in this 

chapter we devote our attention to the more widespread metal-ligand bond, where 

ligand in this context means a 2nd row element coming from an organic molecule. 

Recent pioneers in this field are Macchi & Sironi, who made seminal contributions to 

the understanding of chemical bonding in metal-organic complexes through the use of 

experimental and theoretical ED studies.[171-172, 184, 202] Many other groups have made 

interesting contributions to the description of the chemical bonding between a central 

transition metal and its neighboring atoms, including the groups led by Farrugia,[183, 

203-204] Scherer,[205-209] Stalke,[210-212] to name but a few. Excellent reviews covering 

metal-ligand bonding have been published over the years.[15, 213-214] These studies all 

add support to the condensed tabulated understanding which I presented in the 

beginning of Ch. 5.1. The present chapter focuses on my contributions to this subject 

during the last ten years or so. It is intended also to illustrate the development in 

complexity over this time period that mirrors the change in ED studies in general with 

focus on more complicated things such as for instance magnetic interactions. In 

analogy to the emphasis being moved towards more complex problems in chemical 

bonding, more advanced analysis tools have also been introduced to meet these 

demands. Details of these have been superbly summarized by Gatti,[43] and are for the 

most part tools that require access to the density matrix, either directly obtained from 

a pure theoretical calculation or by allowing the information contained in 

experimental structure factors to influence a theoretical calculation such as the X-ray 

restrained wavefunction refinement as implemented in TONTO,[49] or density matrix 

refinement as coded in the program MOON,[51] as already mentioned in Chapter 1. 

However, these latter methods are still facing challenges in terms of their applicability, 

being limited at the time of writing this to systems that have separated molecules, i.e. 

no polymeric structures and no disorder is allowed. The presence of more than one 

molecule in the asymmetric unit remains another unsolvable situation and thus 

charge transfer or ionic systems are obviously not candidates for these approaches, 

yet. Therefore, the notable exceptions that rely solely on the ED, such as the SF, are 

still of major importance. 

6.2. General metal-ligand binding in two mono-nuclear Co-complexes 

In this first section, I will discuss two related compounds. We studied the 

experimental ED in two optical isomers of a monomeric Co-compound, --[Co(R,R-

picchxn)(R-trp)](ClO4)2H2O), (6-1) and -1-[Co(R,R-picchxn)(R-trp)]-(CF3SO3)2), (6-

2), where picchxn is N,N´-di-(2-picolyl-1,2-diaminocyclohexane) and R-trp is the R-
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tryptophane anion.[215] The molecular structures are shown below in Figure 6-1. The 

access to independent ED distributions of two isomeric structures opens several 

interesting possibilities, of which a number were presented in our original paper.[215] 

These included the study of non-covalent interactions and their effects on the 

structure and ED, as well as an evaluation of the degree of transferability of ED 

properties between closely related molecules and the extent to which the experimental 

multipole approach can reproduce this transferability. 

 

Figure 6-1. ORTEP drawings of the two molecular complexes, showing (left) the - isomer (6-1) 

and (right) the - isomer (6-2). 

 

Both systems provide large crystals, and single-crystal neutron data were 

collected to assist the modeling of the ED. However, only for the  isomer was the 

neutron data of a quality that allowed an X-N model to be completed. In an otherwise 

unrelated study[216] in which we evaluated our success in building a high-quality beam 

line D3 at the German synchrotron Hasylab, we found that one of the most important 

methods to determine the quality of an X-ray data set was by comparison of the X-ray 

derived thermal parameters with equivalent ones from single crystal neutron 

experiments. There are several statistical numbers to implement in the comparison,[76] 

as described in detail in Chapter 2.4, and we focused for these systems on the simple 

average absolute difference between U-values. Using this scheme for comparison, the 

data for these two isomers are of high quality, and for the -complex even containing 

reliable anisotropic thermal parameters for the hydrogen atoms.  

The current chapter highlights the interactions between metal and ligands. In 

the present approximately octahedral low-spin Co3+ complexes, the d-electron 

configuration is 𝑡2𝑔
6 , which if present will lead to accumulation of the d-electrons in all 

corners of a cube, such as is also nearly confirmed from the experiment and shown in 

Figure 6-2. The deviations from the cubic disposition of the maxima are consistently in 

the same direction such that when looking along O1-N5, the deviation which in one 

complex is two charge concentrations merged into one and in the other compound 

almost the disappearance of a separate charge concentration region. This is likely 
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related to the position of a carboxylate group facing this region. The picture conveyed 

by Figure 6-2 is that the bonding between Co and the ligands may be primarily 

electrostatic in nature; however, the -donation from the ligands can be quantified by 

a topological analysis and the evaluation of properties at the bcps. In addition, it can 

also be estimated from the d-orbital populations which can be derived from the 

multipole parameters under the assumption of negligible covalent contribution to the 

bonding. 

 

 

Figure 6-2. Isosurface mapping of the Laplacian function in the region close to Co for 6-1 (left) 
and 6-2 (right). The isosurface is rendered at a value of the Laplacian of the ED of -2250 e Å

-5
 for 

6-1 and -1600 e Å
-5

 for 6-2. The coordinate systems show the directions to three ligands. 

 

The first fact that jumps out is the differences between the different topological 

parameters shown below in Table 6-1, a fact that I will return to in the next section in a 

quantitative manner. Of interest in the understanding of the nature and even 

strengths of the chemical bonds are the comparisons of the energy densities, which 

are also shown in Table 6-1. As described in Chapter 1.1, bonds with a negative value 

for the total energy density, H, may be described as containing a significant covalent 

contribution, which in this system must be in the form of donor-acceptor bonding 

where the ligand donates into the assumed empty eg orbitals on the Co. On the 

contrary, a positive value of H and G/-values in excess of 2.0, suggests a mainly 

electrostatic bonding character. Judged by these standards, only the Co-N bonding has 

significant covalent contributions. This argument is, however, not necessarily valid for 

bonding to different ligand atoms, i.e. the Co-N and Co-O bonds are not expected to 

give the same characteristics, as the radial behavior of the ED for O and N are not 

exactly the same. Thus, a comparison of the bonding to N and O using the value of 

Hbcp as an absolute measure for the covalent contribution is questionable. Using 

instead the value of the Laplacian, this is found to be significantly higher for the Co-O 
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bonds, coming from a smaller negative curvature perpendicular to the bond (1+2). 

The curvature along the bond (3) is in the same range for all Co-L bonds. The lower 

value of (1+2) may come from the lower value of bcp for the Co-O bond, requiring 

less steep rise in  along the associated directions. All in all, this points to more 

covalent contributions in the Co-N bonds, not to be confused with these bonds being 

stronger. The trans-effect is visible, as the bonds Co-N3 in 6-1 and Co-N1 in 6-2 that 

face the Co-O bond have significantly lower values of different topological properties 

than the other Co-N bonds. This indicates a rather strong Co-O bond, despite the 

smaller apparent covalent contribution.  

Table 6-1. Topological analysis. First line 6-1, second line 6-2. 

Bond bcp 
2
bcp d1-2 d1-bcp -1 1+2 3 -V H G/ρ 

Co-O(1) 0.549(5) 18.27(1) 1.922 0.927 2.17 -3.82 22.09 1.02 0.13 2.09 

 0.612(3) 17.46(1) 1.901 0.906 2.58 -4.42 21.88 1.12 0.05 1.91 

Co-N(1) 0.662(5) 15.36(1) 1.966 0.923 2.91 -5.27 20.64 1.17 -0.05 1.69 

 0.570(4) 14.34(1) 1.944 0.912 2.08 -3.62 17.96 0.96 0.02 1.73 

Co-N(2) 0.742(5) 15.02(1) 1.949 0.926 4.10 -7.14 22.16 1.33 -0.14 1.60 

 0.728(5) 14.17(1) 1.929 0.917 4.16 -7.04 21.21 1.28 -0.14 1.56 

Co-N(3) 0.640(5) 15.15(1) 1.954 0.924 2.88 -4.91 20.06 1.12 -0.03 1.70 

 0.691(4) 13.79(1) 1.958 0.931 3.26 -6.15 19.93 1.19 -0.11 1.56 

Co-N(4) 0.774(5) 16.16(1) 1.928 0.913 4.12 -7.17 23.34 1.43 -0.15 1.65 

 0.662(5) 15.65(1) 1.945 0.915 2.73 -4.85 20.49 1.17 -0.04 1.71 

Co-N(5) 0.658(5) 15.38(1) 1.953 0.920 2.63 -5.14 20.52 1.16 -0.04 1.70 

 0.643(4) 13.76(1) 1.972 0.930 2.79 -5.19 18.94 1.09 -0.06 1.60 

 

This may be due to a larger electrostatic contribution to the bonding, which in 

turn may be visible in the atomic charges. The oxygen atomic charges are slightly 

higher than the nitrogen charges; however, the latter exhibit a relatively large spread 

and it is not clear whether this is in fact the situation. The oxygen atom is in both 

systems significantly larger in volume, and also the most negatively charged basin, and 

does indicate that the oxygens carry most charge. 

The second point[215] was an analysis of how reproducible the topological 

properties are. The connectivity of the two isomeric compounds is the same, which 

would automatically lead to the same building block density, as transferability 

methods do not recognize differences in torsion angles. The access to the two 

independent EDs therefore once again puts us in a situation where we are able to 

estimate the validity of these approaches. There are a variety of methods to carry out 

such an analysis; a simplistic approach would be to analyze the bonds individually, but 

it is possibly more rewarding to assume a more global perspective. To facilitate the 

latter, we implemented the QTMS. The outcome of the QTMS is a number reflecting 

the average rms difference between four properties evaluated at all common bcps: the 

density, bcp, the Laplacian, 2
bcp, the distance from atom to bcp, d, and the 

ellipticity, . The original papers on the use of QTMS discovered a value of 0.37 for the 
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difference between p-NH2 and p-NO2 benzoic acids, while here we found a value of 

0.77. Thus, the comparison of the bonds in bcp space corroborates the findings from 

the crude comparison of multipole parameters that the transferability of atomic 

properties is not straightforward in this case due to the different geometries, and that 

the two sets of atomic densities are not superimposable. Of course, these conclusions 

are subject to certain restrictions, the most important being that the two experiments 

are completely independently carried out and thus the errors will not be at the same 

level. For one thing, it should be remembered that the hydrogen atoms are treated 

with anisotropic adps for 6-2 while this was not possible for the other compound, and 

that this may have an influence on the difference between the two results. The 

transferability issue was also discussed in Chapter 4.2 and shall not be further treated 

here. 

 

6.3.  The ED in an oxidized tri-nuclear complex 

For the last 15 years I have maintained an interest in a particular class of oxido-

centered tri-nuclear iron compounds since subjecting these to intense studies in my 

PhD work. The structures of these compounds feature a central O2- ion connected to 

three iron atoms, all four atoms almost exactly composing a plane. Each pair of iron 

atoms is joined by two bridging carboxylate ligands, and are further coordinated to an 

apical ligand in the trans-position opposite to the central O2-. If the apical ligands are 

neutral and the bridging carboxylates possess a negative charge of -1, the molecule as a 

whole will be neutral if the three iron atoms are in oxidation state +III, +III, and +II, 

i.e. in a mixed valence (MV) state. This group of complexes is chemically very stable 

and has been known and studied for many years.[217-218] The interest in them arises 

from the fact that the “extra” electron is far from stationary and moves readily among 

the three iron sites, at a rate that is highly temperature dependent as well as being 

strongly influenced by the intermolecular interactions, and less so by external 

pressure.[219] The existence of an itinerant electron makes it an attractive model system 

for the electron transfer that occurs in many biological processes, where polynuclear 

transition metal complexes often function as essential constituents of the active site, 

for instance in photosystem II,[220] as well as other systems.[221] 

During my PhD thesis work, I established by experimental ED studies on two MV 

compounds, [Fe3O(O2CCMe3)6(NC5H5)3] and [Fe3O(O2CCH2Cl)6(H2O)3], and the 

oxidized congener of the latter, that the central 3-oxygen appears in the expected sp2-

hybridized state in the oxidized compound (i.e. exhibiting three clearly visible lone 

pairs in the Fe3O-plane, each directed towards an iron atom), while it features a 

surprising sp3-type distribution of the ED in the MV compound.[222] Since this 

discovery I have searched for other MV compounds in order to verify this conspicuous 

behavior; however, they are rare for at least two reasons: firstly, the crystals quickly 

oxidize in the solid state in the presence of air and secondly, the valence-trapped state 
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is difficult to isolate as electron transfer may be present even at the lowest 

temperatures.  

In the course of searching for new compounds, I discovered an interesting and 

structurally very simple compound, [Fe3O(formate)6(formate)3].H2O.(-picolinium)2, 

which belongs to the oxidized type. All three ligands in the apical positions are 

deprotonated and the overall charge of the metal-organic molecule is thus -2, which is 

countered by the presence of two -picolinium cations in the structure. The 

interesting main molecule is cut in half by a mirror plane and there are thus only two 

different Fe-atoms in the structure (see Figure 6-3). The two Fe-O bond distances are 

different, which is due to the uneven distribution of ligands around the main molecule 

in the crystal structure, and the ensuing different bonding patterns. The two 

symmetry-related Fe(2)-atoms are apically coordinated to formate ligands, which, via 

the oxygen atoms not coordinating to Fe(2), act as donor for very short hydrogen 

bonds to the cationic picolinium. The N…O distance is 2.6832(5) Å, and it can be 

termed a +CAHB in the vocabulary of Gilli.[68] The formate that coordinates Fe(1) in 

the apical position is also involved in hydrogen bonding, to the solvent water 

molecule. However, the O…O for that interaction distance is beyond 2.8 Å and is 

therefore best described as a weak HB. These structural differences in the 

intermolecular interactions are mirrored by substantial differences in bonding in the 

central Fe3O moiety. 

 

Figure 6-3. ORTEP drawing of 6-3. The mirror plane has been applied to complete the molecule. 
Dashed lines indicate hydrogen bonds. 

The diffraction data that formed the basis for the results presented here came 

both from a conventional experiment carried out at 100 K using a diffractometer at 

Aarhus University, as well as from synchrotron data where the crystal was cooled to a 

temperature of around 15 K.[223] Both data sets are of excellent quality, verified by low 

agreement factors and rigid-bond deviations. The conclusions coming from the two 

independent measurements and subsequent density models are in the main in good 

agreement and for that reason no distinctions are made between the results. It is, 
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however, important to note that this adds yet another example to the relatively few 

high-resolution synchrotron experiments that are found in the literature.[16]  

The ED in the central region of interest is depicted by an isosurface plot of the 

Laplacian of the density (Figure 6-4). This explicitly shows the clear and expected sp2 

hybridization in accordance with previous findings. The sizes of the Laplacian 

isosurfaces reflect that the concentration of density is higher in the Fe(2)-O(1) bond 

than in that to Fe(1), which corroborates the observed differences in the bond 

distances: the longer Fe(1)-O has the lowest accumulation of ED in its associated lone 

pair on O(1). 

 

Figure 6-4. Isosurface Laplacian (
2
 = -150 eÅ

-5
) maps of the central O(1). Fe(1) coordinates to 

the right. 

There is a particularly interesting feature in the ED of this compound that 

warrants its presence herein, which is the distribution of electrons around the two 

different Fe sites. Around Fe(1) the Laplacian shows six maxima that sit almost exactly 

on the Fe-ligand bonds. This is exactly the opposite of the expected distribution in a 

nearly octahedral coordination as this one, where more or less pronounced 

concentrations are anticipated between the ligands in the direction from Fe(1) towards 

the faces of the octahedron that is formed by the nearest neighbor atoms. The 

distribution around Fe(2) is different in the sense that in the plane perpendicular to 

the Fe(2)-O(1) bond, the maximum charge concentrations are offset with respect to 

the Fe-ligand bonds by ca 30, while charge concentrations are realized along the 

Fe(2)-O(1) and the Fe(2)-N bonds as for Fe(1). For both Fe-atoms this situation can be 

summarized by the d-orbital populations, which have been extracted using local 

coordinate systems defined with the Fe-O(1) direction as the z-axis, and the xy-axes in-

between the equatorial ligands. Under these circumstances, we found the d-orbital 

populations shown in Table 6-2, that in the case of Fe(1) clearly show the surplus 

density in the d(z2) and d(xy) orbitals, which are involved in -type bonding with the 

ligands. The d(yz) orbital that would be responsible for -bonding with the central 

O(1) holds the least amount of density, clearly signaling that this type of bonding is 

not present in this complex. The orbitals are more evenly filled for Fe(2) although with 

d(z2) also here holding the largest population. The relative distribution of the 
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electrons in the d-orbitals between the eg and t2g sets is approximately 44:56, which is 

rather close to the expected 40:60; however, the presence of six electrons (and not five 

as expected for an Fe(III) ion) indicates significant electron donation from the ligands 

to the iron atoms, and possibly covalent bonding.  

Table 6-2. d-orbital populations. 

Atom d(z
2
) d(xy) d(x

2
-y

2
) d(yz) d(xz) SUM 

Fe(1) 1.44 1.33 1.23 0.94 1.18 6.11 

Fe(2) 1.37 1.19 1.17 1.21 1.15 6.09 

 

The relatively strong Fe-ligand interactions can also be found from the 

topological analysis of the ED, showing significantly negative total energy densities.[223] 

6.4. Studies of magnetic interactions using the ED 

Background 

One of the themes that will undoubtedly feature more prominently in future 

experimental ED studies is that of magnetic compounds, and perhaps molecular 

magnetism in particular. This owes to the fact that molecular magnetism is a rapidly 

growing field of scientific research thanks not least to the discovery of single-molecule 

magnetism more than two decades ago.[224] Since that fascinating event, the field has 

developed vastly and following the initial focus on poly-nuclear transition metal 

complexes[225] most recent working single-molecule magnets are now exploiting the 

intrinsic anisotropy of lanthanide ions.[226-227] The main driving force is the quest for a 

molecule that – at a feasible temperature – maintains the magnitude and direction of 

an externally induced magnetic moment when the external field is removed. 

The origin of magnetism is the unpaired electrons and the distribution of these. 

This can experimentally be probed using polarized neutron single crystal diffraction, 

using measurements of the so-called flipping ratio, i.e. the ratio of diffracted intensity 

for up versus down direction of the incoming polarized neutron beam.[228] The 

resulting spin density is the difference between the two ED distributions coming from 

- and -electrons. This constitutes the obvious link to the total ED which is the sum 

of the two distributions. This relationship has recently been exploited by Deutsch et 

al. who developed a program (MOLLYNX) for the joint refinement of electron and spin 

density when both single crystal X-ray and polarized neutron data were available, 

leading to a more accurate description of the spin density.[229] The access to the spin 

density provides direct information on the nature and origin of the magnetic 

interactions in a crystal. As will be shown below the visualization of the spin density 

on selected atomic sites shows the distribution of magnetic moments on the molecule 

and the sign of the density, illustrating spin delocalization and polarization effects, 

respectively.[230]  
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Recently, Gatti presented a modified form of his celebrated SF[72, 231] which 

operates not on the total density but on the spin density, thus the name spin SF.[232] 

This will allow a quantitative analysis of the degree of spin delocalization and 

magnetic exchange pathways in materials by providing numbers describing the extent 

to which the unpaired electrons communicate through different pathways, be that 

chemical bonds or through space. It is of interest here to make a distinction between 

the spin SF and the normal SF; in contrast to the normal SF, a negative contribution to 

the spin SF has a direct physical interpretation, as it comes from a region of space with 

a dominating positive spin density Laplacian and the effect is that it will decrease the 

spin density at the reference point. The spin SF thus has a lot of potential in the 

understanding of magnetic communication pathways, but it is still in its infancy and 

will be developed in the coming years. 

Spin density in a metal dimer complex 

The remainder of this chapter will be used to describe the study of a particular 

family of compounds which I have studied during the last couple of years. A 

representative ORTEP drawing of the family is shown in Figure 6-5. These compounds 

are bi-metallic moieties which are bridged by one water and two carboxylate 

molecules. Each of the metal ions is further coordinated to one negatively charged 

carboxylate, one neutral carboxylic acid and an N-based neutral ligand. In the systems 

that I have worked with the ligands have been pivalate and pyridine, giving rise to the 

molecular formula [M2(H2O)(piv)6(Hpiv)2(py)2], where M = Co or Ni. 

There are two primary reasons for choosing these particular compounds. Firstly, 

they exhibit interesting magnetic properties which have been intensively studied by 

the Winpenny group at University of Manchester, with whom I collaborate on this 

project.[233-234] It is surprisingly difficult to determine whether the magnetic interaction 

between the two metal ions is ferromagnetic or antiferromagnetic from an analysis of 

the magnetic susceptibility measurements. The reason for this is that other effects 

such as magnetic anisotropy due to spin-orbit coupling are dominant for the Co(II) 

system. Secondly, they comprise a family of compounds that yield large, well-

diffracting crystals amenable for neutron diffraction. In addition, the systems were 

thought to be fully ordered, which turned out to be wrong, at least at liquid-nitrogen 

temperatures while the disorder is likely to have disappeared at very low temperature 

(10 K, unpublished neutron data). In summary, the compounds constitute structurally 

simple, but magnetically challenging, systems ideal for benchmarking purposes. 
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Figure 6-5. ORTEP drawing of 6-4, where M = Co. All methyl and phenyl hydrogen atoms and 
minor disordered parts have been omitted for clarity. 

The current work is aimed at completing a joint spin and ED study of these 

compounds. Thus, as a first step flipping ratios were collected using polarized neutron 

diffraction on a large, oriented single crystal of the M = Co complex at LLB in 

Orsay.[235] As is well-known the flux of neutrons is limited, and with the added 

reduction from the instruments required to revert the neutron spin, it is no surprise 

that it is essential for flipping ratio measurements that the crystal is large and that the 

magnetic signal is maximized. The latter is proportional to the magnetization density, 

and so a large external field is applied to align the molecular magnetic moments and 

reach a magnetically saturated state. It is important to apply this field along the easy 

axis which in this case had previously been determined by single-crystal 

magnetometry.[234] The experimental flipping ratios were subsequently modeled using 

a multipole approach available in the program FullProf,[236] although in this case 

limited to the spherical monopoles. Unfortunately, the significance of the flipping 

ratios was not particularly convincing and in the near future the experiment will be 

repeated at the ILL to complete this study. However, a preliminary spin density map 

coming from the LLB data is shown below in Figure 6-6. The map contours display the 

summed spin density from 2 Å below to 2 Å above the plane. It is conspicuous that the 

two Co sites exhibit large and positive spin densities while the O(7) shows weakly 

negative spin density, suggesting spin polarization. However, it should again be 

emphasized that the data quality was low and furthermore that theoretical 

calculations do not find any sign of negative spin density on the bridging water oxygen 

atom.  
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Figure 6-6. Spin density distribution in the Co(1)-O(7)-Co(1) plane of 6-4. The Co atoms are 
located at the centres of the red circles, while O(7) is above and in-between the two Co. 

ED study of Co and Ni compounds 

In addition to the problematic neutron data, repeated attempts to measure X-ray 

diffraction data at a correspondingly low temperature (below 20 K is essential to reach 

the same energy level) have so far not been successful. Instead, we have collected 

conventional liquid N2 temperature data in combination with unpolarized neutron 

diffraction data for both the M=Co and the M=Ni compounds, allowing an X-N 

modeling which encompasses the refinement of anisotropic thermal parameters for 

hydrogen, as described in detail in Ch. 2.4, and subsequently completed a multipole 

refinement.[237] 

As hinted at above, we surprisingly found a structural disorder in the pyridine 

ring in both systems at this temperature, which is best described as a libration around 

an axis through the nitrogen atom perpendicular to the ring. The disorder distribution 

at 100 K was close 75:25, while 90 K X-ray data reduced the disorder to 85:15, 

suggesting that it has in fact a dynamical origin. The presence of disorder in the ligand 

complicated the multipole modelling as a free refinement of multipoles on nearly 

overlapping atoms is not possible. However, assuming that the pyridine ring is only 

very slightly affecting the magnetic properties of the molecular center we proceeded 

by constraining the multipole parameters for the major and the minor part to be 

identical, and in this way completed the model despite the disorder. A plot of the 

residual density in the pyridine rings is shown in Figure 6-7 illustrating both that this 

procedure is indeed viable, but also that the current model is not perfect and that in 

fact more complex disorder may be present, or the assumption of equal MM in the two 

parts is untrue, or that the disorder degree is not well-determined. 
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Figure 6-7. Residual density maps of the pyridine ring planes for Co (left) and Ni (right).  

With respect to the magnetic properties of these compounds, the ED allows for 

an analysis of the SF and the d-orbital populations, while the accompanying 

theoretical calculations also provided delocalization indices. The model that best 

describes the magnetic susceptibility data is one in which the intra-molecular 

magnetic interaction between the metal atoms in both systems is weakly 

ferromagnetic. This is reflected in this ED study which depicts two highly similar 

complexes in terms of multipoles and topological properties. Common to both 

systems, no bcp is connecting the two metal atoms, suggesting the presence of a 

magnetic super-exchange pathway. The theoretical delocalization indices between the 

two metals are vanishingly low at 0.005. The corresponding values for the M-O bonds 

are in the range from 0.25 to 0.40, with slightly higher values for Ni compared to Co.  

The super-exchange pathway is very likely through the water bridge, as also 

indicated by the non-negligible spin density on O(7) described above. It could be 

speculated that if the M-O(7)-M act as the preferred pathway for super-exchange then 

the SF would to some extent reflect this by presenting large contributions from all 

three atoms at the two bcps that combine the three. However, this is not so for Co, 

where at the Co-O(7) bcp the two involved atoms contribute about 69%, but the other 

Co in fact acts as a sink of -1.8%. The same behavior is seen for Ni. There will 

undoubtedly be more conclusive answers coming from the combined electron and 

spin density modeling, and the subsequent analysis of the spin density. 

6.5. Conclusions 

The examples that have been hand-picked for this chapter come from a larger 

series of papers on metal-organic systems that have emerged from our laboratory, [73, 

238-239] both as molecular and network structures. They have the feature in common 

that they all possess an interesting physical property for which an explanation or 

understanding has been sought in the ED. The materials can have catalytic or 

magnetic properties, or be able to host different guests within cavities in porous 

structures, which is also seen in purely organic systems.[240]  In general, reaching a 
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theoretical description of the ED in such extended and heavy systems is not 

straightforward and knowledge of the experimental ED is of significant value.   

The results that have been highlighted in this chapter were chosen to show that a 

topological analysis and the possible subsequent derivation of energy densities, 

combined with d-orbital analysis and SF evaluation, as well as the graphical depiction 

of the Laplacian distribution, in particular, is able to provide very detailed, 

quantitative descriptions of the anisotropy in the ED in the near vicinity of metal 

atoms, which is the entire purpose of this process.  
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CHAPTER 7 LOW-VALENT MAIN GROUP 

METAL COMPLEXES – CHEMICAL BONDING 

AND DIRECTIONALITY OF LONE PAIRS 

 
In recent years there has been a flurry of exciting reports of the isolation and 

subsequent characterization of molecular species with metals – coming both from the main 

groups and the transition metals – in unusually low oxidation states. These complexes come 

equipped with unusual properties, but are also inherently difficult to isolate in the solid state as 

they are notoriously air and moisture sensitive, which makes any subsequent physical 

characterization exceedingly difficult. However, their superior properties are more and more 

often exploited in chemical processes and for that reason studies of their properties are of crucial 

importance. As a piece in this puzzle, I describe in this chapter three examples with focus on the 

description of monovalent Ga species, while the Mg-dimer described above, made up of 

monovalent Mg-ions, also fits very well into this chapter. The studies presented in this chapter 

are the direct result of an ongoing collaboration with Professor Cameron Jones from Monash 

University in Melbourne, with whom I spent a three months’ research stay in 2010-2011, and who 

is one of the founding fathers of this field of chemistry.  
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7.1. Low-valent main group metal chemistry 

It is commonly assumed that main group elements such as Ga and Ge appear in 

their highest possible oxidation states in molecular materials, which is +III and +IV, 

respectively. However, it is in fact possible to stabilize and isolate species in which 

these elements appear in the lower oxidation states of only +I and +II.[241] Once this 

was realized it was soon also discovered that the properties of these entirely new 

systems were truly different to those of the normal oxidation state compounds. Their 

reactivity is found to resemble that of transition metal complexes, and thus a whole 

new range of potential catalysts are suddenly available where before more toxic and 

expensive compounds were relied upon. Other uses of these compounds are already 

being exploited or are foreseen in organic synthesis and materials chemistry. The 

range of interesting chemical properties of these new compounds is intimately tied to 

the electronic properties of the low oxidation state element, and much effort has been 

devoted to this subject, not least by application of theoretical methods. In 

combination with theory, it is also vital to study these properties using experiment 

and in this chapter I present theoretical and experimental results from two such 

systems, while a third purely theoretical study has also been included.  

  

7.2. ED study of a Ga(+I) compound 

The first study[242] that I present here is that of a monovalent Ga-compound (7-1) 

shown in Figure 7-1. The compound was synthesized at Monash University where the 

single crystal X-ray diffraction data were also collected. It was clear from screening of 

a selection of crystals that the diffracting power of the compound was falling off 

relatively quickly with scattering angle, a problem which may easily be explained by 

the large vibrational amplitude of the exterior parts of the molecule as also seen in 

Figure 7-1, even at this low temperature of 90 K. However, these large peripheral 

groups which are primarily responsible for the weakening of the diffraction data are 

on the other hand absolutely vital for the stability and survival of the compound when 

it is found in solution, taking on the role of steric protection of the low-valent element 

by reducing the risk for accidental and detrimental encounters between the Ga and 

any itinerant scavenging solvent molecules. 

 



93 
 

 

 

Figure 7-1. ORTEP drawing of compound 7-1. The weak interactions between H and Ga are 
indicated with dashed lines, while all other hydrogen atoms have been omitted for clarity. 

Complex 7-1 has a high content of hydrogen atoms, and these atoms need to be 

accurately modelled if the details of electron localization around Ga are to be 

described with any confidence. The hydrogen atoms in this complex are only involved 

in weak hydrogen bonding and their anisotropic thermal parameters can therefore be 

reliably estimated from a rigid body analysis as available with the program SHADE.[78]  

This study provides another example (following the Mg-Mg compound described 

in Chapter 5.5) in which the core density is clearly not well-described by the common 

multipole model, leading to large and unacceptable, nearly spherical residual density 

features centered on the Ga atom. To circumvent this problem, previous experiences, 

and the near-sphericity of the residual, suggested that the radial behavior of the inner 

electrons had to be modified. At this point it should be noted that the atom-centered 

multipole model describes the atomic scattering factor as a sum of contributions from 

each electron assigned to a given orbital. These scattering factors are derived from 

theoretical calculations on non-interacting, neutral gas phase atoms, and it is the 

departure from this configuration that is modeled when the multipole model is used 

for refinement. The standard set of refinable parameters in use in the multipole model 

does not allow the user to change the radial behavior of the inner electrons. This is 

only possible to do for the valence electrons, although there is some freedom left for 

the user in deciding which electrons belong to the core and which to the valence. 

However, regardless of how the electrons are partitioned, in the standard application 

of the model only one radial scaling parameter is possible for any one atom and this 

applies to the valence shell, as shown in Eq. 1. This restriction can be circumvented by 

a simple but efficient trick which involved artificially accepting that subsets of the 

atomic configuration for Ga form independent “sub-atoms”, and for these “sub-atoms” 

all electrons are placed in the “valence” shell with the result that their radial behavior 

is now a refinable parameter. In this study, the ED of the “sub-atoms” representing the 

original core of the Ga atom was constrained to remain spherical; however, the core 

ED can easily be made anisotropic which has recently been exploited by other 

authors.[60] 
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For the present compound, it was found that a more advanced scheme than that 

implemented for the Mg-dimer described in Ch. 5.5 had to be used to significantly 

reduce the residual density contours. The description of the inner s- and p-electrons, 

of which there are 18 for Ga, had to be separated from the 10 3d electrons. A third 

independent set of parameters described the true valence electrons (i.e. the 4s24p1 

electrons). The result of this model, based entirely on experimental data, was 

significantly different -parameters for the (sp) and d electrons at values of 0.964(1) 

and 1.046(2), respectively. These values compared exceptionally well with the values 

obtained from refinement against theoretical structure factors (0.958 and 1.059). 

Figure 7-2 illustrates the significant improvement of the fit that follows the 

introduction of “core” scaling parameters: the maximum residual which has its center 

coordinates very close to the Ga position is lowered from 0.9 to 0.3 eÅ-3. 

 
a)                                                                    b) 

Figure 7-2. Residual density maps for A in the Ga-N-C-N plane: (a) based on a single core scale 
factor for Ga; and (b) based on separate scaling of (sp) and d core electrons for Ga. 

As mentioned above, Ga is in the formal oxidation state +1 in this compound, 

suggesting that it has two 4s electrons in the valence shell. However, theoretical 

calculations had previously shown that the exact nature of the valence orbital included 

some degree of mixing-in of the 4p orbital, bringing some directionality to the 

otherwise spherical valence electrons. The Laplacian of the density viewed in two or 

three dimensions is commonly used to highlight local accumulation and depletion of 

ED and is therefore an ideal tool to examine the exact nature of the valence electrons; 

for this compound, the result of this is shown in Figure 7-3a. 
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a)                                                              b) 

Figure 7-3. Laplacian of the ED for a) all atoms, and b) the Ga valence only. Contours as in 
Figure 2-3. 

It seems obvious from Figure 7-3a that near Ga there is no asphericity visible in 

the valence region. However, this is contrasted by the view gained from the static 

deformation density (not shown here, see ref [242]), where surplus density is apparent 

near Ga on the side opposite to the ligand, when compared to the neutral, gas phase 

atom. To capture the same information from the Laplacian, it turns out to be 

necessary to visualize only the valence electrons from Ga as shown in Figure 7-3b, 

which is calculated based only on Ga 4s and 4p electrons. It appears that the density 

from the less than three valence electrons on Ga is “swamped” by the core density to 

the extent that it becomes invisible in the Laplacian based on all electrons. It is 

different to the situation seen in the ED of more familiar d-block metal ions, in which 

the regions of valence electron concentrations and depletions are clearly visible, also 

when the total density is analyzed. 

The projection of the EP on the 0.001 au iso-density surface is shown below in 

Figure 7-4. The surface exhibits a large electronegative area which covers the end of 

the molecule around the Ga, with a minimum of -22.4 kcalmol-1. This picture of a 

rather strongly electronegative region facing outwards away from the molecule 

provides some support to the existence of polarized lone-pair density on Ga. Not 

shown here, but found in the original publication,[242] is the three-dimension 

distribution of the Laplacian around Ga which shows a more complicated structure 

than anticipated from Figure 7-3. The reason for this is the presence of Ga...H contacts 

in the crystal structure and although they are not to be considered hydrogen bonds 

based on the Koch and Popelier criteria,[69] they must certainly be influential in the 

stabilization of the molecule. 
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Figure 7-4. EP on the molecular surface, calculated from multipole parameters and plotted 

using MOLISO.
[142]

 

Before a more theoretical description of the directional lone pair on Ga, it is of 

interest to look at the bonding between Ga and the organic ligand, which is mediated 

by two Ga-N bonds. These bonds, determined from topological properties at the bcps 

(Table 7-1), exhibit the expected low values of bcp and small, positive values of 2
bcp 

which stand in stark contrast to the more typically covalent N-C bonds. However, even 

for the Ga-N bonds the potential energy density, V, dominates and the total energy 

density, H, is negative, suggesting significant covalent character of these bonds, and 

the ratio G/ is around 1.0 which is another indication of covalency. 

Table 7-1. Topological properties at selected bcps from experiment (first line) and theory 
(second line) 

Bond  (eÅ
-3

) 
2
(eÅ

-5
) d(1-2) (Å) V (hartree Å

-3
) H (hartree Å

-3
) G/ (hartree e

-1
) 

Ga(1)-N(1) 0.56(1) 
0.50 

5.44(2) 
5.27 

2.091 -0.74 
-0.65 

-0.18 
-0.14 

1.00 
1.02 

Ga(1)-N(2) 0.56(1) 
0.49 

5.39(2) 
5.20 

2.094 -0.74 
-0.64 

-0.18 
-0.14 

1.00 
1.01 

N(1)-C(1) 2.40(2) 
2.27 

-26.49(8) 
-27.09 

1.350 -4.71 
-4.72 

-3.30 
-3.31 

0.62 
0.62 

N(2)-C(1) 2.41(2) 
2.27 

-24.95(8) 
-27.01 

1.351 -4.71 
-4.72 

-3.30 
-3.31 

0.62 
0.62 

N(3)-C(1) 2.30(2) 
2.14 

-24.48(8) 
-24.59 

1.373 -4.34 
-4.42 

-3.03 
-3.07 

0.61 
0.63 

 

Of interest for the understanding of the intra-molecular bonding as well as the 

investigation of the lone pair are the integrated atomic properties, such as atomic 

charges and higher moments, as well as the theoretically, but not experimentally, 

accessible atomic overlap matrix (AOM). These are summarized in Table 7-2. Firstly, it 

is clear that the atomic charges are quite discordant between experiment and theory, 

and no clear-cut answer to the atomic charge is possible based on these numbers. It 

should be mentioned that the integration of the experimental data for technical 

reasons was done using a grid-based approach,[243] not by using the multipole 

parameters as is otherwise commonly done. However, all electrons were accounted for 
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in this process and the integrated Laplacian for each basin was very small as required, 

and there is no anticipation that this should be the origin of the difference between 

experiment and theory. 

In support of the existence of a directional lone pair on Ga is the significant value 

of the dipole moment suggesting that the centroid of the density is shifted away from 

the rest of the molecule into what could be a directional lone pair.  

Integration of the overlap matrix over the individual atomic basins (only possible 

using a theoretical wavefunction) provides the AOM from which values for the extent 

to which electrons are localized or delocalized (in the form of localization and 

delocalization indices) can be obtained, i.e. participation in chemical bonding. When 

all electrons of Ga are included in the analysis the density is highly localized (final 

column in Table 7-2: 97.3%) while if only applied to the valence electrons, the value 

drops to 67.3% which corresponds to a significant extent of delocalization. Not 

unexpectedly given the nature of the ligand, the other atoms shown in Table 7-2 are 

also significantly delocalized. Another use of the AOM is to extract bond orders, by 

estimating how much the Fermi correlation extends across basin surface 

boundaries.[244] This analysis leads to bond orders of 0.49 for the two Ga-N bonds, 

while values just above 1.0 are found for the C-N bonds in the guanidinate moiety. The 

latter values reflect simply the delocalized nature of the bonding in the ligand, while 

the former value for Ga-N is also a sign of significant electron sharing in these bonds. 

This finding correlates well with significantly negative values of the total energy 

density in the Ga-N bonds (evaluated at the bcp), while the positive values of the 

Laplacian at the bcp are in contrast and show that the sign of the Laplacian at the bcp 

is a poor estimator of bond nature when third period or heavier elements are involved. 

Table 7-2. Integrated atomic properties (values given in au). First line gives experimental 
results, second line gives the theoretical results. Basin volumes are given in parentheses. 

 QAIM (VolAIM) QBADER AIM Loc (%) 

Ga(1) +0.04(182.5) 
+0.62(217.6) 

+0.19(202.3) 
+0.63(245.7) 

1.02 
1.71 

 
97.4 

N(1) -1.14(78.9) 
-1.24(82.6) 

-1.15(78.2) 
-1.24(79.3) 

0.20 
0.22 

 
78.3 

N(2) -1.15(79.5) 
-1.24(82.0) 

-1.13(74.8) 
-1.25(78.4) 

0.22 
0.22 

 
78.3 

N(3) -1.16(69.2) 
-1.07(67.9) 

-1.15(66.2) 
-1.08(66.5) 

0.06 
0.13 

 
76.6 

C(1) +1.12(33.5) 
+1.43(31.3) 

+1.14(33.6) 
+1.43(34.2) 

0.01 
0.07 

 
60.7 

  

In the next section I will use of the electron localizability indicator[46-47, 245] (the 

variety known as ELI-D, to be specific) in the description of the nature of the Ga atom 

and its chemical bonding. 

 

7.3.  Electron localization in Ga(I) compounds 
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The background for doing this study[246] was two-fold: 1) to shed more light on 

the capability of an extended version of the multipole model to model the core region 

density of Ga more accurately, and 2) to describe in greater detail the localization of 

the lone pair electrons of Ga(I), primarily by including an evaluation of the ELI-D 

descriptor. Both these intentions follow naturally from the previous study described in 

Ch. 7.2. In order to more accurately pinpoint these two subjects, the study was based 

entirely on theoretical data thereby avoiding among other the influence of random 

experimental noise which has previously been shown to have a “smoothing” effect on 

the modelled density and potentially erase the small details targeted herein.[185] In 

addition, for computational efficiency and economy the original structure has been 

modified to a smaller entity by computational surgery converting the iso-propyl 

groups into hydrogen atoms and replacing cyclohexane by methyl, giving compound 

7-2. This approach has previously been validated when the region of interest is within 

the core of the molecule – obviously it will not work if it is an inter-molecular effect 

that we are probing, which is not expected to be the case here. In addition to the 

trimmed version of the molecule, a related Ga(III) compound is also studied by 

theoretical means, obtained by coordinating two I- ions to the Ga (7-3). Both 

structures are shown below in Figure 7-5. 

 

Figure 7-5. Ball-and-stick diagrams of the two theoretically generated molecules, 7-2(left) and 7-
3(right). Hydrogen atoms have been omitted. 

Theoretical structure factors were generated up to values of sin()/ of 1.75 Å-1 

for compound 7-2 and up to 1.40 Å-1 for 7-3. Figure 7-6 shows residual density maps for 

the phenyl group in compound 7-2 from the conventional frozen-core multipole 

model and using two different resolution cut-offs. From this Figure, it is immediately 

obvious that it is not just “heavier” elements such as Ga that exhibit core 

deformations. This is in full accordance with a recent paper on diamond by Fischer et 

al.,[60] showing that even carbon atoms exhibit significant core deformations. They 

specifically mention three requirements for the observation of core deformation; one 

of them is the use of diffraction above 1.40 Å-1. However, using the theoretical 

structure factors for 7-2, we clearly witness the appearance of spherical residual 

features at a significantly lower resolution; in fact, already at a medium resolution of 
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1.0 Å-1, admittedly using very low contour intervals of 0.01 eÅ-3 which is nevertheless 

justified by the noise-free theoretical data, negative circular residual features are 

clearly discernible. The magnitude of the residuals continues to grow with the increase 

in resolution as more and more data containing larger relative errors are added to the 

Fourier summation. At 1.6 Å-1 it is obviously wrong, as seen in Figure 7-6b, where an 

additional positive ring of residual density has appeared surrounding the negative 

“mountain” on the core position. 

      
a)                                                   b) 

Figure 7-6. Residual density maps for compound 7-2, using (left) medium resolution data, 1.0 Å
-

1
, and (right) high resolution data, 1.6 Å

-1
. The contour interval is chosen to be 0.01 eÅ

-3
, with 

dashed lines indicating negative values and positive values shown with solid lines. 

It is noteworthy that the residual nearest the atomic position is negative. This 

has to be interpreted such that the multipole model sums to densities that are too 

high compared to the “true” density. In other words, the multipole model has to be 

modified in such a way that density is removed from this region. Using the modified 

core scaling approach that is explained in Ch. 1.3, this requires -values associated 

with the core that are smaller than unity which is exactly what is observed when the 

refinement is carried out, where values of (1s) are found about 1% below 1.0 for both 

7-2 and 7-3. This is conspicuous because the effect in diamond is exactly the opposite; 

the residual density before the introduction of a modified model is positive at the 

position of the carbon atoms, requiring a contraction of the core density. It may be 

reasonable to assign this difference to the different hybridization schemes of the two 

compounds, sp3 in diamond and sp2 in the phenyl group, compared to the s2p2 atomic 

configuration that is used for the atomic form factor.  

Turning the attention to the modeling of the Ga atom, it transpired that a more 

complex model was required than the one used in the description of the experimental 

data presented above in Ch. 7.2. In this case, the use of three independent scaling 

parameters for the different radial regimes associated with (1) an inner core having the 
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electronic configuration of Ne, an outer core consisting of (2) ten 3d electrons, and (3) 

eight 3s and 3p electrons. Furthermore, very significant differences were found for the 

two different types of Ga, in terms of scaling and population parameters, which is 

again unsurprising given the fact that 7-3 is nominally void of valence electrons and 

since they are the reason for the changes, their absence would also mean less core 

deformation – this is also borne out, as the effects are smaller, but still significant, for 

compound 7-3. 

As explained earlier, the refinement of core deformation parameters is not 

merely an academic exercise, but influences the valence density that is used in the 

description of the nature of chemical bonding. In the case of Ga, we are tracking the 

nature of the remaining two electrons that we expect to occupy a lone pair, primarily 

of s-character. As we saw above in Ch. 7.2, the Laplacian map of the total experimental 

density does not reveal any signs of a directional lone pair. However, an analysis of 

only the valence electrons did. This is even clearer here, where the Laplacian of the 

valence density alone shows a maximum in the valence shell that we can associate 

with local concentration and anisotropy of the lone pair, see Figure 7-7.  

 

Figure 7-7. The Laplacian calculated from the theoretical valence density of Ga in 7-2. 

It is not satisfactory to be unable to expose the lone pair charge concentration 

without having to resort to a subset of the ED. Thus, we examined the nature of this 

directional lone pair using another approach based on the electron localizability 

indicator (ELI) in the variant called ELI-D.[46] It is proportional to the average number 

of same-spin electrons in a region enclosing a fixed fraction of a same-spin electron 

pair. The more an electron is localized in a particular part of space, the more it avoids 

other same-spin electrons and, therefore, more charge is needed in the region to 

create a fixed number of same-spin electron pairs. Consequently, the more localized 

the electron is, the higher the ELI-D value is. We calculated the ELI-D for 7-2 using 

DGRID,[247] and the result is a clear lone pair, pointing away from the organic backbone 

(Figure 7-8). It is noteworthy that this picture results from an analysis of the total 

wavefunction, suggesting by example that the ELI-D is more sensitive than the 

Laplacian towards details at this level. A topological analysis of the ELI-D and 



101 
 

 

subsequent integration over individual basins reveals a population of 2.3 electrons in 

the lone pair region and 27.5 electrons in the core, which is perfectly matching the 

expected values. The lone pair region roughly covers a semi-sphere around the Ga, 

while there are no signs of the lone pair on the side of Ga towards the C and N atoms. 

Near the N atoms, and facing the Ga, are two bonding basins which each contain 

around 3.5 electrons, while no lone pair basins are found near N. The high occupation 

of these bonding basins seems to encompass the electrons that are expected to partake 

in -bonding in the guanidinate moiety.  

 

Figure 7-8. The ELI-D 1.52 isosurfaces for 7-2. C, N and Ga atoms are shown as black, blue and 
pink balls. 

 

7.4. Chemical bonding in a one-coordinated Ga(I) complex 

The chemistry of mono-valent Ga-compounds such as those described in the 

preceeding section, as well as a range of other low-valent main group metal compound 

species, is continuously being explored in the group of Prof. Jones. Very recently, they 

managed to synthesize and isolate a series of truly one-coordinated group 13 metal 

complexes using bulky ligands.[248] The most recent compound that has been 

investigated by ED methods is the one shown below in Figure 7-9. The nature of the 

chemical bonding in these rare one-coordinated metal complexes – in fact, the 

indium(I) compound reported in the same work was one of the first ever of this type – 

is therefore an extremely interesting target. However, although suitable crystals form 

from the dedicated approaches by the synthetic chemists, they are air- and moisture-

sensitive to the same extent as the other compounds in this chapter, and only for the 

Ga(I) analogue (7-4) did we manage to obtain suitable crystals for an experimental ED 

study.  
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Figure 7-9. ORTEP drawing of compound 7-4.  

The first presentation of the complex included a description of the chemical 

bonding based on visual analysis of the frontier orbitals.[248] In summary, the authors 

found signs of N-Ga -bonds in the HOMO, while only insignificant amounts of -

bonding between a full p-orbital on N1 (which is found to be HOMO-1) and the empty 

p-orbital on Ga with the right orientation (identified in the calculation as LUMO+9). 

The Ga-N -bond is described as being quite polarized from atomic charges of Ga 

(+0.87) and N(-1.37), while the bond index is 0.32. However, caution is advisable when 

interpreting chemical bonding based only on a subset of more or less randomly 

selected MOs in large molecular systems such as this one containing a large number of 

occupied and often highly delocalized Kohn-Sham MOs. In this way, it may be 

practically possible to see any type of MO simply by choosing different MOs and 

isovalues for the isosurface representations. Thus, to avoid this I will in the following 

describe the rather different conclusions that we reached based on a determination of 

the ED combined with analysis of wave function based descriptors. 

The single crystal experiment is once again a technical challenge, and crystal 

mounting is carried out in a glove box. In addition to this complication, the data 

collection was occasionally haunted by ice formation on the crystal which required 

manual frame rejection. This class of compound, sharing rather floppy, loosely bound 

phenyl rings on their periphery, has in common the presence of rather large librational 

amplitudes of the peripheral phenyl groups which add significantly to the damping of 

the high-angle reflections. Thus, for this compound the highest possible resolution 

regardless of the exposure time is 1.0 Å-1. Despite these complications, the R(int) is 

satisfactory. However, the multipole model gave large residuals, which were located in 

the vicinity of the atomic positions and could be mistaken to originate from core 

deformation. In fact, attempts to model these as such were successful in the sense that 

the residuals were practically removed, but the physical meaning of the resulting 

model was doubtful at best, and it was discarded. Instead, theoretical structure factors 

were obtained from a gas phase calculation based on the experimental molecular 

geometry. 
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As we may now anticipate, the multipole model is not sufficiently flexible to 

describe the ED in the core region. Again we see (Figure 7-10) that even for the modest 

experimental resolution, but using theoretical data, the core density can clearly not be 

resolved properly even for the carbon atoms, while the Ga description is entirely 

unsuitable. To reach a fitting model, radial scaling of the core was allowed, separating 

the description of the 18 s- and p-electrons from the 10 d-electrons. Furthermore, core 

scaling of the 1s electrons of C and N atoms was introduced. The result is seen in 

Figure 7-10. Similar to the effect seen in Ch. 7.3, the required change is an expansion of 

the core. It is noteworthy that this model apparently fixes the core problems on the Si 

site, and again emphasizes the fact that a proper treatment of the core is absolutely 

essential; here, it apparently correlates with the ED on other atoms. 

 
a)                                        b) 

Figure 7-10. Residual ED plots in the Ga-N-Si plane for a (left) conventional and (b) split-core 
multipole model, using data to sin(θ)/λ of 1.0088 Å

-1
.  

In the following, I focus solely on the analysis of the N-Ga chemical bonding 

using the theoretical data. A topological analysis of the primary ED obtained directly 

from the calculated molecular wave function provides values at the Ga-N bcp of bcp 

and 2
bcp of 0.7 eÅ-3 and 7.5 eÅ-5, respectively, in clear contrast to the higher value of 

bcp (1.9 eÅ-3) and the negative 2
bcp value of -17.7 eÅ-5 found at the bcp for the 

typically covalent C-N bond in the complex. However, the significantly negative 

energy density, Hbcp, of -0.3 au Å-3 indicates some electron sharing in the bond, i.e. 

showing that covalency is not insignificant for this bond. This is in some sense 

supported by the SF; the contributions to the density at the Ga-N bcp from the two 

atoms amount to more than 80%. The delocalization index tells us that 0.72 electron 

pairs are being shared between the two basins, yet again indicating a shared 

interaction. The integrated ED over the shared surface between the two basins is 1.44 

eÅ-2, which is a rather large value and once again indicative of electrons being shared 

between the two atoms.  

All these numbers indicate clearly that the N-Ga interaction seems to have a 

significant covalent character, but we have not yet established whether it is truly of -

type as found in the original theoretical analysis by Jones et al.[248] Before elaborating 
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on this, a few general comments are appropriate: all three bonds to the central 

nitrogen seem to be single bonds, but the CN(Si)Ga group is planar. This contradicts 

common bond theory, as a pyramidal geometry around an sp3 hybridized nitrogen 

would then be expected with one lone pair above the pyramidal moiety. This could 

possibly be concealed by atomic disorder involving inversion of the pyramid; however, 

this would leave a trace in the model in the form of an elongated thermal ellipsoid for 

N1 perpendicular to the CNGaSi plane, which is not seen. The molecular geometry is 

thus inconsistent with three covalent single σ-bonds from N1 and a N1 lone pair. In the 

following, we therefore seek an explanation for the planar N1 geometry by examining 

the spatial distributions of the density and related properties, such as the ELI-D.  

Zooming in on the N1 basin, the most conspicuous result from the Laplacian 

distribution is that four maxima are found at a distance of 0.4 Å from N1, distributed 

in a tetrahedral arrangement around the atom, see Figure 7-11. There are two bonded 

charge concentrations (BCC) in each of the N-C and N-Si bonds; however, towards Ga 

two maxima are found, one above and one below the interaction line. The same 

features are exactly reproduced by the ELI-D analysis, albeit the distances from N1 to 

the maxima are slightly different. A topological analysis of the latter ELI-D 

distribution (not shown) reveals N-C and N-Si bonding basins and two lone pair 

basins pointing from N1 towards Ga in a scissor grasp but no bonding basins. The 

missing BCC along the Ga-N internuclear axis and the missing Ga-N ELI-D bonding 

basins question a covalent -type Ga-N bond. In summary, these observations might 

more correctly be interpreted as the results of a primarily electrostatic interaction 

between N1 and the positive charged Ga featuring an sp3 hybridized N1 atom with two 

-bonds to C and Si and two lone pairs pointing towards Ga, placed above and below 

the interatomic axis. 

 

 

Figure 7-11. -
2
(r) maxima (pink) and ELI-D maxima (green) around N(1) and Ga(1). Maxima 

positioned at the atomic centers have been omitted. Two different projections of the C-N(Si)Ga 
plane are shown. 

 

We now turn our attention to the possible existence of a lone pair on Ga. A 

search for maxima in the Laplacian distribution is futile, revealing no maxima in the 

expected region of directional Ga lone pair. On the other hand, there is one Ga lone 
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pair basin recovered using the ELI-D, but its position is displaced 1.8 Å away from the 

atomic position in the direction opposite the Ga-N bond (see the green circles in 

Figure 7-11). The integrated charge in the ELI-D lone pair basin is as expected around 2 

electrons (2.4 to be exact) but its distant location makes it unreliable as a lone pair. It 

should be noted that the wavefunction is based on the calculation of a single gas phase 

molecule; a dimer calculation, or even better a crystal calculation would likely not 

retrieve this basin. At present, there is thus no conclusive answer to the nature of the 

Ga lone pair; what can be said is that the valence density analyzed on its own has 

significant structure, but it is considered a small perturbation on a pure atomic s-type 

lone pair, which is why it is very difficult to physically locate.  

 

7.5. Conclusions 

This chapter has described three examples of main group metal-containing 

molecular systems in which the metal, in this case Ga, appears in an unusually low 

oxidation state, triggering unusual chemical properties of the system. The scarcity 

with which such novel systems appear in the literature makes it imperative to perform 

experimental studies to complement theoretical approaches. However, it is also clear 

that these systems possess inherent difficulties that are prohibitive for such 

experimental ED studies, both due to their sensitivity to air and moisture making the 

data collection difficult, as well as the bulky and flexible, but at the same time 

protective, peripheral ligands which contribute strongly to a large overall thermal 

motion that quenches high-angle data. The last section presents an example where 

theory and experiment go hand in hand to provide very interesting chemical insights 

into the nature of the chemical bonding in this system. The distribution of density 

maxima in the metal-amide systems provides an explanation for the planarity of such 

systems which has not previously been put forward, and this result emphasizes why 

experimental studies of this class of compounds are relevant despite the difficulties 

associated with its execution. At this stage, we may extract the most important general 

lessons that emerge from this chapter: 1) the core deformation is relatively large for 

Ga(I) in all cases, and 2) the directional Ga lone pair is not recovered in the total 

density but can be seen in the valence density only, as well as in the ELI-D 

distribution. 
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CHAPTER 8 ELECTRON DENSITY STUDY OF 

HEAVY ELEMENT CONTAINING INORGANIC 

MATERIALS 

 
Up to now, the dissertation has been concerned with molecular systems and their 

properties, and the single-crystal has often been used only as a means of amplifying the signal 

from the individual molecules. However, one of the frontiers that continue to challenge the ED 

community is of a completely different origin, and is related to materials science. The properties 

of materials are most often a solid-state effect and thus are inextricably linked with the crystal 

structure. The major problem that this imposes is that very often these materials include heavy 

elements, high crystal symmetries, and nearly perfect crystallinity. The latter properties will all 

introduce systematic errors in the diffraction data, and this chapter outlines how we have 

recently been very successful in finding solutions to these problems to the extent that reliable 

and very accurate ED distributions can now be obtained also for network structures. 
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8.1. ED in the empty skudderudite structure, CoSb3. 

Our quest for an accurate determination of the ED in the empty skudderudite 

guest structure, CoSb3, embodies very well the complications associated with 

seemingly simple crystal structures containing heavy elements. This particular 

compound is an important host-guest material which is used to engineer high-

performance thermoelectric materials.[249] When it is doped the overall thermal 

conductivity is significantly lowered, which is a key target in thermoelectric research. 

From a structural point of view, the guest atom occupies cages within the crystal 

structure. However, the electrostatic environment in the cages has never been 

experimentally studied, although their characterization is essential to make any 

speculations about the bonding between a guest atom and the host framework, which 

is likely to affect the thermal and electronic properties of the compound. The atomic 

charges and to a smaller degree the higher electrostatic moments of the atoms are 

particularly important contributors to the electrostatic environment within the cages, 

and the determination of these is an essential scientific achievement. The structural 

layout is shown in Figure 8-1.  

  
a)                                                 b) 

Figure 8-1. Structure of CoSb3 depicting the CoSb6 octahedra and the Sb4 unit (a), and the 
covalent view with 20 atom cages (b). 

 

Theoretically, the nature of the chemical bonding has been studied, and a 

number of theories have surfaced, without any consensus having been reached. Briefly 

summarized, the theories have to account for the diamagnetic properties of CoSb3 (the 

magnetism comes from the nearly octahedrally coordinated, low spin Co atom). This 

has been obtained in two ways, either by assigning a charge of +3 to Co from the loss 

of the two 4s and one 3d electron, leading to a 3d6 configuration when covalent 

bonding is neglected.[250] In an octahedral low spin state, this explains the lack of 

magnetism. Alternatively, the properties may be explained by the so-called Dudkin 
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model[251] in which the 3d(eg) band mixes with the Sb 5s and 5p bands and allows for 

occupation of the eg orbitals without leading to magnetism. As will be shown below, 

the latter model is more appropriate to explain the experimental findings that are also 

strongly supported by recent DFT theory. 

From an experimental ED point of view, this compound is one of the most 

challenging systems, despite only two unique atoms in the asymmetric unit. And the 

reasons for this are many. In the ED experiment, we aim to model the valence 

electrons while assuming a fixed core (for the purpose of this explanation, this is a 

sufficient approximation; the details of the breakdown are covered in Chapter 1.3). The 

proportion of diffraction that originates from the valence electrons relative to that 

which comes from the core can be efficiently summarized in one single number, 

coined the suitability factor by Stevens and Coppens.[252] The higher the number, the 

higher is the proportion of valence electrons and the more suitable is the compound 

for an ED study. Typical values of the suitability factor for organic or metal-organic 

structures are in the range from 1-10; for CoSb3 it is 0.01. Hence, this is an extremely 

challenging study which puts very high demands on the accuracy of the data. In other 

words, it can be explained as attempting to extract small values that reside on top of a 

large background signal. However, an additional complexity is that the background, 

which here is the core contribution, is coupled to the valence density as this provides 

the atomic position and thermal parameters that have to be deconvoluted before the 

density can be modelled.  

Inorganic solid-state materials are in general hard and form very good crystals 

with extremely good long-range order. For that reason, such crystals often exhibit 

extinction effects which can severely dampen the intensity of the strong low-order 

reflections. This is particularly troublesome for high-symmetry crystal structures 

where the number of reflections in the low angle regime is low; even more so as they 

contain the majority of the information about the valence ED that is sought after. 

Extinction effects can therefore severely damage the data with failure to retrieve an 

accurate ED model as a consequence. Extinction can to some extents be modeled by 

methods suggested by Becker and Coppens,[253] but for loss of more than 20% of the 

intensity it is rarely successful. It is also established that the uncertainty of the ED is 

amplified on sites of high symmetry,[254] which in CoSb3 coincides with the cage 

centroid which guest atoms are assumed to occupy. The result of this, although not 

easy to predict, is that the residual density in this region will be large, and it is difficult 

to determine the existence of a guest atom, fully or partially occupying the site. 

Absorption effects will also be significant, as this scales almost linearly with the atomic 

number cubed (Z3) and has to be corrected.  

Some of these issues could be solved by using different experiments such as 

electron diffraction[255] or -ray diffraction[256-257], but the former cannot handle the 

size of the unit cell for CoSb3. -ray diffraction has been used for ED studies of 

elements and proven its worth, but such an approach has not been applied to CoSb3.  
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The solution to the above list of complications is to combine the use of highly 

intense synchrotron radiation on a minute crystallite cooled to extremely low 

temperature. As is hopefully evident in this thesis, and recently documented in a 

feature article,[258] we have perfected our skills in low-temperature single crystal 

synchrotron diffraction, and are now in a unique position to tackle this. In fact, 

besides the subsequent analysis of the chemical bonding that resulted from a 

particular synchrotron study, we have thoroughly examined a range of different data 

sets on CoSb3 from other sources and established that the present results are only 

attainable using this exact combination of source, crystal and temperature.[21] 

The data collected at SPring8 beamline BL02B1 extended to a resolution of 1.67 Å-

1. In addition, theoretical structure factors were generated using WIEN2k.[196] A 

multipole model was refined using the theoretical data leading to -parameters that 

could be used in the refinement against the experimental data. A free refinement for 

the radial -parameters using the experimental data did not properly converge for all 

the different datasets and this approach was instead adopted. For the Spring8 data, 

however, convergence was possible for a free or unconstrained refinement, leading to 

a model called UMM, in contrast to the constrained model, called KKRMM 

(abbreviation for ,’-restrained multipole model). A comparison of the static 

deformation density maps in one CoSb4 plane is shown in Figure 8-2. The picture 

clearly illustrates the depletion of density in the region occupied by the eg atomic 

orbitals on Co, and an opposite concentration of density in the t2g orbitals. There is 

also a sign of concentration of density in the Co-Sb bonding region, which could 

indicate covalency and electron sharing. It is clear that the KKRMM model better 

matches the theoretical model than the UMM, which is a conclusion that is similarly 

conveyed by the Laplacian in the Sb4 plane, shown in Figure 8-3.  

 

Figure 8-2. Contour plots of the static deformation density in the plane of the CoSb4 unit for 
the theoretical data (left) and the SPring8 data fitted with the KKRMM model (middle) and the 
UMM model (right). The contour step size is 0.03 e/Å

3
. Full, blue contours are positive. Dashed, 

red contours are negative. 
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Figure 8-3. Contour plot of the Laplacian in the plane of the Sb4 unit for the theoretical 
multipole fitted data (left), the KKRMM-fitted experimental data (middle) and the UMM-fitted 

experimental data (right). Positive contours are plotted with blue, dashed lines; negative 
contours with full, red lines. 

 

Despite these differences in static deformation density and Laplacian between 

the models, the topological analyses of the densities are similar and carry the same 

message, namely that the bonding is not ionic but has a rather large degree of 

covalency. For instance, this is shown by the negative values of the total energy 

density, or in other words that the potential energy density dominates at the bcp, 

which shows that electrons have a tendency to accumulate in this region, the 

signature of a covalent contributions. Graphically, the covalency may be illustrated as 

in Figure 8-4 for theory and KKRMM and using the longer of the two Sb-Sb 

interactions as example. The red curve traces the Laplacian between two Sb atoms at 

the given distance as it would appear from the IAM model, i.e. the atoms are strictly 

non-interacting. The onset of chemical bonding leads to a clear lowering of the 

Laplacian by about 1 eÅ-5, and the interatomic Laplacian is very close to zero in the 

central 0.5 Å of the bond.  

 

Figure 8-4. The Laplacian plotted along the direction of the long Sb–Sb interaction for the 
theoretical data (left) and the experimental KKRMM model (right). The black and blue lines 

are the multipole density along the bond path and the straight line connecting the atoms, 
respectively, and the red line is the IAM density. Triangles mark the position of the b.c.p. and 

the star marks the position of the b.c.p. for the direct theoretical density (WIEN2k). 

 

 



111 
 

 

Overall, the analysis of the density bears witness of an, at least partially, covalent 

network structure which poorly fits the highly ionic representation that has been 

brought forward occasionally. Instead, the covalency is likely the cause of interaction 

between the eg orbitals of Co and the 5s, 5p orbitals of Sb, while the fully occupied t2g 

orbitals are more susceptible to a description using atom-centred functions as done 

here. The separation of the ED into Bader atomic basins using the zero-flux surfaces 

leads to experimental atomic charges of -0.63 for Co and +0.22 for Sb. That is, the Co is 

negatively charged, very far from the trivalent state that has previously been 

introduced to describe the diamagnetism.  

This convincingly shows that the ionic picture of bonding in CoSb3 is completely 

wrong, and it has some impact for the understanding of the thermoelectric properties. 

There is an extremely large difference in the electrostatic environment in the center of 

this cavity if it is surrounded by eight trivalent ions, or on the other hand by a 

covalently bonded network of Co and Sb low-charged atoms. The dipole moment of 

the Co atom is vanishing, while a larger moment is present for Sb. As I will show again 

in Section 8.3 in the analysis of the bonding in FeS2, the approximation of non-

interacting, atom-centered d-orbital functions on 3d transition metals in network 

structures is false and will lead to wrong conclusions. The present study of CoSb3 

makes it clear that mixing of ligand and eg orbitals is a necessary abstraction to 

understand the solid-state properties. Thus, if the premises are right and accurate data 

are collected to meet the challenges, the application of the ED method does not stop 

at molecular crystals but is equally valid for network structures with huge benefits. 

8.2. Hypervalency in deceivingly simple potassium sulfate, K2SO4. 

The concept of hypervalency is prevalent in chemistry textbooks and is 

continuously a source of confusion among chemistry students when they learn about 

the octet-rule amongst 3rd period elements. Furthermore, the occasional and 

sometimes random use of d-orbitals to complement the contributions from s- and p-

orbital to chemical bonding is in stark contrast to the otherwise strict rules of 

scientific thinking. The presence of the hypervalent bonding description in chemistry 

textbooks is also contradicted by theoretical chemistry, which is converging on an 

orbital picture including dnsp3 hybrid orbitals; however, the d-orbitals only act as 

polarizing functions. It is obvious that the ED is ideal for examining the validity of the 

hypothesis of hypervalency, and it is in fact difficult to understand that it has not 

materialized before this study.  
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Figure 8-5. Two views showing the crystal structure of K2SO4, and the sulfate ion. 

 

The compound chosen for this purpose was K2SO4, (for different structural 

representations, see Figure 8-5) which crystallizes in the orthorhombic space group 

Pnma with four formula units in the cell, and K-ions interspersed among the SO4
2-

-

anions. One of the main reasons for choosing this compound is that it is highly ionic 

and represents one of the best examples of a truly divalent sulfate-anion. Despite its 

apparently simple structure, complications quickly arose when attempting an 

experimental ED study of the compound. One of the most challenging aspects is the 

description of the K-atom, which is not completely ionized. Instead, a very low 4s-

electron population had to be modelled based only on very few low-order reflections. 

This is problematic due to the fact that the crystals are of very high quality and the 

low-order reflections are thus prone to extinction effects. The solution to this problem 

is the use of an extremely small crystal in combination with a high-intensity 

synchrotron X-ray source. The experiment was thus carried out at ChemMatCARS at 

APS using a crystal of dimensions 20-30 m and liquid He-cooling. With this 

experimental setup it was then possible to obtain extinction-free, high-resolution data 

enabling the refinement of an excellent multipole model of the density, indicated by 

the low residuals in Figure 8-6. 



113 
 

 

 

Figure 8-6. Residual density map of K2SO4 using the final multipole model.  

 

The existence of hypervalency of the sulfur atom is equivalent to stating that the 

S-O bond orders are in excess of unity, where bond orders represent the number of 

shared electron pairs, and thus clearly violating the octet rule in the case of sulfur. A 

variety of ED-based tools can be employed to examine the nature of the bonding and 

as it will transpire in the following they convey a united picture of highly polarized, 

single -type bonds with a bond order not higher than 1. 

 

Figure 8-7. Laplacian along the three different S-O bonds. 

 

Figure 8-7 shows the behavior of the Laplacian along the S-O bond. It is 

immediately obvious that the bonds behave very similarly, and that the bcp is 

positioned on a very steep part of the curve, closer to S than O, a testament to the 

strong polarization of the bond.  

  The bonding in the anion is summarized in Figure 8-8; the blue spheres around 

each oxygen atom indicate the location of the non-bonded maxima (NBM) in the 

Laplacian, corresponding to the lone pairs (LP). Three LPs suggest sp3 hybridisation of 

the oxygen and thus S-O single bonds, but the hypervalent picture of multiple S-O 

bonds cannot be completely ruled out on this basis. 
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Figure 8-8. Bonded (BM) and non-bonded (NBM) maxima for the S-O interactions. The small 
blue spheres represent the maxima found within the oxygen VSCCs and close to the oxygen 

nucleus (~0.35Å from the O nucleus) while the small orange spheres are the ones lying along 
the S-O bond paths, closer to the sulphur atom (~0.74Å from the S nucleus) but still located in 

the oxygen basins. The values of  and its Laplacian (italic) are given for each maxima. The 
small black spheres mark the position of the BCPs. 

 

Additional evidence against hypervalency comes from the SF. The S and O atoms 

both act as sources of ED at the S-O bcp, but O almost twice as much as the S atom, as 

is expected for a polarized bond. The remaining three O’-atoms are the sources of 

almost as much density at the S-O bcp as the S-atom, strongly indicating that these 

atoms are important for the bonding. This is corroborated by the high delocalization 

index, (O,O’) = 0.22, between neighboring O-atoms, which indicates that there is 

some electronic exchange amongst the oxygen atoms. The delocalization index, 

(S,O), is 0.92, or slightly lower than that expected for a covalent single bond or 

alternatively for a highly polarized single bond with partial double bond character. 

Artificially shortening the S-O bond surprisingly leads to a decreased delocalization 

between S and O, and at the same time it increases the exchange among the oxygen 

atoms and the polarity of the S-O bond. If the bonding was hypervalent, the 

shortening of the bond would lead to higher exchange, and hypervalency is therefore 

ruled out. The shortening also leads to movement of charge from the NBM to the 

oxygen basin, and from S to O, so that the bond is even further polarized and the 

degree of electron sharing diminishes. Resonant forms play a role in the bonding by 

enabling significant exchange between the oxygen atoms; however, it is unnecessary to 

label the bonding as hypervalent. In other words, the ED in the sulfate ion is partly 

delocalized as one would expect in a hypervalent description of the sulfate ion, 

including S-O bond orders higher than one, however, the S-O bond is so polarized 
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that the actual number of electrons shared between S and O in each S-O bond is 

limited to one, whereby the octet rule for sulfur is fulfilled. 

 

8.3. ED in the pyrite and marcasite forms of FeS2 

Iron sulfide, FeS2, is a material that has attracted a lot of attention for a long 

period of time. Currently, the main interest in this apparently simple binary 

compound is governed by its potential use as a high-efficiency photovoltaic device and 

thin-film absorber, as well as being used as a starting point for the inverse design of 

new, more complex structures with improved properties.[259-260] In the solid state, FeS2 

appears in two different polymorphs, known as pyrite (cubic) and marcasite 

(orthorhombic), and it is the pyrite structure that holds the technological promise, 

although its use may be limited by the crystal morphology.[261] Thus, it is not 

surprising that fundamental knowledge of the electronic structure of FeS2 is in high 

demand, as is evidenced by the large number of studies published on the subject.[261-

264] Experimentally, its electronic structure is ideally derived from X-ray diffraction 

data. However, as outlined previously, inorganic network structures pose significant 

challenges in terms of large systematic errors related directly to the strong scattering 

properties and high symmetry of the crystals and this is reflected in the small number 

of published ED studies on compounds belonging to this class. In spite of this, we 

managed to obtain exceptionally good descriptions of the ED in both polymorphs of 

FeS2 based on synchrotron diffraction data from tiny crystals. 

The crystal structures (Figure 8-9) of cubic pyrite (space group Pa̅3) and 

orthorhombic marcasite (Pnnm) consist of two distinctive structural entities: the first 

are the slightly distorted FeS6 octahedra which in pyrite are all corner-sharing while 

both corner- and edge-sharing (the latter along the c-axis) is found for marcasite. The 

second trademark structural entity in the crystal structures are the S-S interactions, 

also called dumb-bells, which stack in a ladder-like fashion along the c-axis in 

marcasite. 

 

 

Figure 8-9. The crystal structures of pyrite (left) and marcasite (right) represented in terms of 
FeS6 octahedra. S atoms are shown as small yellow spheres. The unit cells are indicated by black 

lines; the a-b plane of marcasite is in the plane of the paper. 
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The questions of atomic configurations and the nature of the interatomic 

chemical bonding in both pyrite and marcasite have been addressed by several authors 

without leaving any clear-cut conclusions. The marcasite structure is characterized by 

having two different Fe-S interactions, the equatorial one (of which four identical ones 

exist) being slightly longer than the axial Fe-S bond. The single unique Fe-S bond in 

pyrite is longer than both the Fe-S bonds in marcasite. On the other hand, the S-S 

bond is significantly shorter in pyrite than in marcasite. The explanation for this is 

that increased involvement of the tetrahedrally coordinated S-atom in the S-S bond 

concomitantly decreases the other three S-Fe bonds.  

Approaching the chemical bonding in marcasite from a theoretical viewpoint led 

to the proposal of a so-called expansion model in order to explain the longer 

equatorial Fe-S bonds.[265] Along the c-axis of the marcasite structure, the FeS6 

octahedra share edges leading to a rather short Fe-Fe separation. The filled dxy orbital 

on neighboring Fe atoms is thus in quite close proximity, and the reasoning behind 

the expansion model is that repulsion between these electron clouds causes the 

expansion along this direction. Other models include sp3d2 and sp3 hybridization on 

Fe and S, respectively, with ensuing significant covalent contributions to the Fe-S and 

S-S bonds. Any successful model has to be in accordance with the observed 

diamagnetism and semi-conducting properties of the compound, which in many cases 

have led authors to suggest an ionic Fe2+(S2)
2− configuration. However, as will be 

shown here, this simplified picture is not valid as the atomic charges are significantly 

smaller but still in full agreement with the physical properties. 

With these considerations forming the basis, the experimental ED study set out 

to answer the two major questions about the nature of the bonding of the different 

interactions as well as the atomic charges. In addition, it is interesting to examine 

whether d-orbital basis functions constitute a valid approximation for the description 

of the valence density around Fe, despite the expected covalent contributions to the 

Fe-S interactions. 

Experimental considerations – obtaining the ED 

Crystals of pyrite are generally of extremely good quality and diffract X-rays 

strongly, while the marcasite crystals are smaller and plate-like but still very strongly 

diffracting. Thus, both absorption and extinction effects may be significant sources of 

systematic errors for both compounds. To limit the influence of these effects, X-ray 

diffraction was collected using tiny crystals with dimensions of around 10 m at the 

ultra-bright high-energy X-ray source at ChemMatCARS beamline ID-15-B. The 

crystals were cooled to 15 K using a liquid He-flow. A number of issues had to be 

considered in the subsequent process of multipole modeling, and one of the notorious 

problems is how to best describe the 4s electrons that are usually considered fully 

transferred to the ligand; however, sulfur has electronegativity not much higher than 

Fe and it is therefore not necessarily a good approximation to adopt this approach for 
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FeS2. Therefore, in this case the number of 4s electrons on Fe were refined 

independently from the number of 3d electrons, in a model where only the latter 

contributed to the asphericity of the valence density distribution. Another problem is 

related to the choice of exponent in the radial Slater type function for sulfur. A 

number of combinations have previously been used[137, 266] and we used here the 

combination nl = (2,4,6,8) for l = 1-4, which provided the best correspondence with 

theory as well as affording the best description of the data. The resulting model 

corresponded well with the data, as witnessed by a rather flat residual density map 

(Figure 8-10).  

 

Figure 8-10. Residual density for all data in the FeS4 plane of pyrite (left) and one of the FeS4 
planes of marcasite (right) obtained from multipole refinement against experimental data. The 

increment in the contours is 0.1 eÅ
-3

. Positive contours are plotted with full, blue lines. 
Negative contours are plotted with dashed, red lines. The dotted, black lines are the zero 

contours.  

 

Chemical bonding in FeS2 

The 3-dimensional static deformation density plots centered on Fe are shown in 

Figure 8-11. For pyrite and, less obvious, for marcasite, the surplus density is 

accumulated in the directions of the faces of the distorted FeS6-octahedron, clearly 

outlining the preferential occupation of t2g orbitals, and suggesting that the d-orbitals 

form a convenient basis for describing the valence density distribution. However, 

further away from the Fe atoms there is accumulation of density compared to the IAM 

density, located close to the midpoints of the Fe-S bonds (Figure 8-12). 
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Figure 8-11. Experimental static deformation densities around Fe for pyrite (left) and marcasite 

(right) plotted using isosurface values of 0.25 eÅ
-3

. 

 

Figure 8-12. Static deformation density in the FeS4 planes of pyrite (left) and marcasite (right). 
One or two positive contours are seen in the regions between the Fe and S atoms. Contour 

interval is 0.1 eÅ
-3

. 

The accumulation at these points suggests that weak electron sharing may 

actually occur between Fe and S, involving the eg orbitals on iron. As expected, the 

plots indicate that the axial, shorter Fe-S bonds in marcasite are stronger than the 

longer, while there is no conclusive difference between pyrite and marcasite. These 

observations are supported by the topological analysis of the density, which provides 

significant negative total energy densities for all Fe-S bonds. 

Turning to the S-S bond, it is clearly a covalent bond based on all derived 

parameters. The accumulation of density is shown in Figure 8-13 and it appears slightly 

stronger for pyrite than marcasite, which is in agreement with the shorter bond 

distance in pyrite. Again, as for the Fe-S bonds, this is also reflected in the topological 

and energy density results. Thus, the ED provides a picture of clear and unsurprising 

covalent S-S bonds as well as partly covalent Fe-S bonds. 
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Figure 8-13. Contour plots of the experimental static deformation density containing the S-S 
dimer in pyrite (left) and marcasite (right). The contour interval is 0.05 eÅ

-3
.  

In general, the local atomic projection of the electronic structure that results 

from the refinement of an atom-centered multipole model provides a wholly different 

picture compared to the density-of-states (DOS) that result from solid-state 

calculations. In some sense, the methods reflect two different views of chemical 

bonding, the former in direct space while the latter is a representation of bonding in 

reciprocal space. However, as we show below, agreement between the two approaches 

is in fact particularly beautiful in these systems, provided that careful considerations 

are made.  

Consider the calculated DOS shown in Figure 8-15 and note that in the semi-

conducting FeS2, the conduction band above the Fermi level is empty. For pyrite, there 

is near-degeneracy of the t2g orbitals, as well as the eg orbitals, due to the 

crystallographic symmetry. The spatially localized, non-bonding character of the t2g 

orbitals in both compounds is reflected in the DOS by the appearance of narrow bands 

just below the Fermi energy level and almost vanishing contribution to the bands 

above the Fermi level. The eg orbitals, on the other hand, contribute significantly 

above the Fermi level and therefore mix with the sulfur valence states which are 

present at the same energy. As seen in Figure 8-15, some of the mixed Fe(eg)-S(3s3p) 

states are below the Fermi energy and are thus populated. On the other hand, the 

non-bonding t2g orbitals also contribute to the states above the Fermi level and are 

thus not fully populated. Now, when the electronic structure is being created from the 

DOS, the valence band will be completely filled, providing a diamagnetic structure, 

but with the approximate atomic d-orbital neither completely full nor entirely empty.  
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Figure 8-14. Approximate Fe d-orbital splitting in the symmetry of FeS2. 

In marcasite, having a lower crystallographic symmetry, the t2g orbitals are no 

longer degenerate; the dxy orbital is higher in energy (Figure 8-14). The energy 

difference between dxy and the degenerate pair dxz,dyz depends on the elongation and 

the angular geometry of the equatorial Fe-S bonds. In the DOS, the maximum in the 

number of states involving the dxy orbital appears closer to the Fermi level and has a 

higher total number of states below the Fermi level than the degenerate set of dxz,dyz 

orbitals. Again, as in pyrite, the eg orbitals mix with the sulfur orbitals to create 

populated bonding states. These considerations are also fully supported by the 

experimental d-orbital populations, given in Table 8-1. The significantly increased 

population of the dxy orbital in marcasite compared to the dxz,dyz orbitals and relative 

to pyrite is a result of the dxy orbital being anti-bonding for the equatorial Fe-S bond. 

Thus, the population of the dxy state leads to a lengthening of the Fe-S bonds and a 

lowering of the dxy energy. 



121 
 

 

 

Figure 8-15. Total and atom-projected DOS and Individual Atomic Orbitals projected DOS of 
the Fe d orbital states for pyrite (top) and marcasite (bottom), obtained from periodic DFT 

calculations in WIEN2k using experimental FeS2 geometries. 

 

Table 8-1. Fe d-orbital populations (in %) for pyrite and marcasite. The populations are 
evaluated from the multipole populations with respect to the coordinate system obtained from 
WinERD for which the axes are, as far as possible, oriented along the Fe-S interactions of Fe in 

the two structures. The values in square brackets are obtained from the direct theoretical ED in 
WIEN2k using the same local coordinate systems as those that are used for the multipole fitted 

theoretical density. 

 Pyrite Marcasite 

experiment Theory experiment Theory 

dxy 26.7 25.9 [24.5] 30.7 28.4 [26.3] 

dxz 25.7 25.0 [24.5] 24.3 23.8 [23.5]  

dyz 25.7 25.0 [24.5] 24.2 23.8 [23.5] 

dz2 11.5 12.5 [13.3] 12.8 13.7 [14.2] 

dx2-y2 10.5 11.6 [13.3] 8.1 10.3 [12.4] 

Ptotal (e) 6.1(2) 6.01(1) [6.21] 6.0(1) 5.98(1) [6.21] 

 

The atomic charges that result from integration over atomic basins comply fully 

with the above given picture of significant electron sharing between Fe and S, with 

values of +0.6 and -0.3, respectively, much less than the fully ionic divalent iron.  

8.4. Concluding remarks 
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The studies in this chapter have brought very interesting chemical knowledge to 

the fore. The highlights have been the clear dismissal of strong ionic contributions to 

the bonding in the CoSb3 skudderudite structure by finding small atomic charges and 

strong fingerprints of covalent contributions using different properties based on the 

ED. The chapter also described how ED methods were used to determine that the use 

of hypervalency to describe the bonding in a common sulfate ion is absolutely 

needless, and in fact incorrect, and that the S-O bonds are strongly polarized single 

bonds by all accounts. The final example describing the ED in two polymorphs of iron 

sulfide based on synchrotron diffraction data helped to create a unified picture of the 

chemical bonding that explains the diamagnetism, chemical bonding and atomic 

charges without invoking any ab-initio models, however, in full accordance with such 

approaches. 

In retrospect, it is interesting to note that the first study of this chapter on CoSb3 

was in fact initiated at the turn of the last century, i.e. as one of the first of the many 

studies presented in this dissertation, but it was finalized as one of the last. Needless 

to say, this demonstrates that we have reached the highest level of complexity and that 

we are at the limit of what can realistically be tackled with the ED methodology, in its 

current state and based on currently available data. It also documents that this 

dissertation represents work that has been at the frontline of ED-based research for 

the last decade or more.  
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CHAPTER 9 CONCLUSIONS AND OUTLOOK 

 
The final chapter in any thesis is traditionally a look into the crystal ball and often 

contains a number of sometimes educated guesses on where the field is going and why. And I see 

no reason to break with tradition as this is absolutely relevant to discuss how the method and its 

use in chemistry can and will be improved. It obviously holds the risk of being a quite subjective 

section in which the future of the field can be mixed up with my future in the field, which 

represents two pointers that may not necessarily be parallel. However, I aim to contribute to 

bringing this field towards new goals, and thus trust there is a large degree of overlap in what I 

want to do and what will happen.  

 

  



124 
 

 

9.1. The future of ED studies 

As the thesis has shown, the last couple of decades have seen the applications of 

ED studies move from the relatively simple primarily organic systems that are by now 

equally well described in silico to more complex inorganic systems with heavy 

elements where theoretical calculations are still not standard and fully competitive. 

However, Moore’s law is still more or less valid meaning that computers are 

unceasingly getting faster and faster, and will be able to approach more and more 

complicated systems. Thus, the role of ED studies in “simple” systems will gradually all 

but vanish. Simple in this context means ordered as opposed to dynamic or static 

disorder, small non-interacting molecular units, made up of 2nd period elements only. 

This means there is instead time to develop the method to cope with more difficult 

systems, and I want to present what I believe will be in the headlines in the years to 

come. But before I do this, I should emphasize that this development is intimately 

related to the development of more and more accurate equipment; the most 

important part that will witness a tremendous attention in the near future will be the 

X-ray detector, as single photon counter devices are becoming increasingly available 

(for every trip I make to synchrotron facilities, the number of Dectris® detectors has 

grown). This class of detectors will revolutionize the X-ray diffraction experiment by 

collecting basically every single diffracted photon with almost zero noise, meaning 

that the accuracy of the weak reflections will be improved many times. We are now in 

a transition period (a good indicator is that Bruker® has stopped selling CCD-based 

detectors, and although many alternative non-scientific explanations for that decision 

circulate in the community, it is a fact) and the price tag on the pixel-detectors will 

drop significantly in the near future meaning that many home-based laboratories will 

suddenly have the possibility to get one. The single-photon counters are based on a 

silicon plate which is not well-suited to energies much above 15 keV which means that 

a new semi-conducting detecting material has to be engineered before they will be 

widespread at hard-energy X-ray end stations at synchrotrons. Good candidates for 

such new materials are GaAs or CdSe, but both are still technologically challenging to 

produce in the required sizes, but when these problems are solved, the potential 

applications are amazing. One of the buzzwords that will be heard more and more 

often in the years to come when attending crystallography meetings will be shutterless 

operation; underneath this word is hidden the fantastic attribute of single-photon 

counting detectors that they can be read out almost instantaneously (in a matter of a 

few ms the number of events in a pixel is transferred to the PC and it is again ready to 

accept new photons) and this removes the need for a shutter, the crystal is instead 

simply continuously rotated while the pixels are read out at a given rate. The intrinsic 

uncertainty in shutter timing is thus removed and replaced by a much smaller error 

due to the nearly instantaneous read-out. 
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Just as the detectors, the X-ray sources are also being developed and the latest 

technology that has moved into the ordinary university lab is a metal-jet anode. A 

closed system of circulating liquid Ga or Hg enables a much better heat dissipation 

and thus higher power can be achieved. This method is another step on the way to 

producing lab-based X-ray sources that close the gap to the synchrotron. Obviously, 

synchrotron sources are also being developed and the X-ray free electron laser is 

appearing around the globe. However, its impact in single crystal diffraction is not 

expected to be large as no single crystal can survive the blast of intensity that hits in 

about a femtosecond. This technique is not just an improvement on ordinary methods 

but instead breaking completely new ground. Nevertheless, the XFEL will in the next 

decade undoubtedly provide some of the most striking results of X-ray science. 

Well, I promised to give my guesses of where the ED method is moving towards. 

I believe that more and more focus will be placed on out-of-equilibrium states. This 

could include excited states, prepared by irradiation of light, or it could be under the 

influence of an external force such as pressure or the application of an electric field. 

All these things have been attempted before, but it has very often failed due to the 

lack of sufficiently accurate data. This hindrance is gradually getting less critical due to 

the improved technology, and there are researchers out there that continuously 

challenge the limits of the methods and stand ready to seize the opportunity when it 

appears. Another concept that will occupy the minds of those in this field is the 

development of analysis tools, and as I have mentioned before the improved 

derivation of experimentally weighted wavefunctions will be interesting to follow. 

However, just as important in my opinion is the development of joint electron and 

spin density determination using a combination of X-ray and polarized neutron 

diffraction. This will be particularly interesting to apply to molecular magnets, which 

is a strongly growing field of research. Here, lanthanides and actinides are taking on 

very prominent roles, and a central relationship between the electron density 

distribution of the unpaired electrons and the magnetic properties is widely 

anticipated, but never experimentally confirmed. Thus, there is very significant 

motivation to apply our ED studies to these complicated systems.  
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