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Building on results for the adsorption of benzene on Pt(111), the adsorption of benzaldehyde is in-
vestigated using density functional theory. Benzaldehyde is found to chemisorb preferentially with
its aromatic ring in the flat-lying bridge geometry that is also preferred for benzene. Across the in-
vestigated geometries, adsorption is homogeneously weakened compared to corresponding benzene
geometries. This is found to be true for very different adsorption modes, namely, η6 and η8 modes, the
latter having metal atoms inserted in the carbonyl bond. Reorientation and diffusion of benzaldehyde
is found to have low energy barriers. Aggregation of molecules in dimers bound by aryl C–H· · ·O
hydrogen bonds is investigated, and specific configurations are found to be up to 0.15 eV more fa-
vorable than optimally configured, separated adsorbates. The binding is significantly stronger than
what is found for gas phase dimers, suggesting an enhancing effect of the metal interaction. © 2012
American Institute of Physics. [http://dx.doi.org/10.1063/1.4707952]

I. INTRODUCTION

Understanding the adsorption of molecules on metal sur-
faces and the interaction between adsorbates is of key interest
in many areas, e.g., catalysis and self-assembly. In the last
decade, atomistic insight into these phenomena has emerged
based on combining scanning probe microscopy and elec-
tronic structure calculations and it is now becoming possible
to study larger systems like reactant-modifier complexes in
Orito-like reactions.1 Here, aromatic moieties play a crucial
role in the bonding to the surface and their presence has also
been suggested to play a role in reaction rate enhancement.2

Overall the adsorption of aromatic molecules is of fundamen-
tal interest and has thus received much attention from both
experimental and theoretical3 investigations. Nonetheless, the
adsorption of benzene on various metal surfaces is not yet
fully resolved. The added complexity of substituted aromatics
makes these less studied than the simpler benzene, but a num-
ber of studies do exist, e.g., for ketones2, 4, 5 and anisoles.6–8

In this paper, we revisit benzene adsorption on Pt(111),
and then perform a thorough investigation of the adsorption
of benzaldehyde as a model for aromatic ketone reactants.

II. COMPUTATIONAL METHOD

Calculations are performed using density functional the-
ory (DFT) implemented in the GPAW software,9, 10 using the
ASE interface.11 GPAW is based on real space grids and uses
the projector augmented wave method.12, 13 The primary pa-
rameter to converge with this method is the grid spacing and
we find that 0.175 Å is sufficiently fine to obtain reliably op-
timized geometries and energy differences.

We approximate single molecule adsorption on the
Pt(111) surface using a c(8 × 4) slab, i.e., 16 Pt atoms in
each layer. This corresponds to a coverage of θ = 0.40 (θ = 1

a)Electronic mail: hammer@phys.au.dk.

being the experimental monolayer saturation coverage) which
is lower than in previous studies of benzene.14, 15 Throughout
the main paper four layer slabs are used, which matches that
used in the work of Morin, Simon, and Sautet,14 where also
six layers were investigated. We estimate that thicker slabs
would stabilize adsorbates by up to 0.2 eV, see the Appendix.
Calculations are performed using a 2 × 2 k-point mesh, which
is found to be sufficient for 4 layer slabs. Using a denser mesh
changes adsorption energies less than 0.04 eV. For dimer cal-
culations we use a c(12 × 6) slab with 36 atoms in each layer,
also using a 2 × 2 k-point mesh.

The calculation cell is periodic in two directions and ter-
minated with zero-density conditions in the directions per-
pendicular to the surface. 6 Å of vacuum is used on the bot-
tom of the slab and approximately 8 Å of vacuum is used
above the adsorbed molecule. All calculations are non-spin-
polarized and performed using the Perdew-Burke-Ernzerhof
(PBE) generalized gradient approximation density functional.
The slab is setup with a self-consistent lattice constant (a
= 3.98 Å compared to the experimental value of a = 3.92 Å).

The real space grid introduces the so called egg-box
effect16 that causes calculated quantities to depend on the po-
sition of atoms relative to the grid points. To minimize this
effect, all slab calculations are performed with the bottom
layer fixed. During geometry optimization all other coordi-
nates are allowed to relax until all atomic forces are below
0.05 eV/Å.

Geometries used for vibrational analysis are further re-
laxed to below 0.01 eV/Å, and the Hessian is approximated
from the forces of geometries displaced ±0.01 Å in each
Cartesian direction. The derivatives of the dipole moment
along normal modes are similarly approximated from the dis-
placed geometries. Using a stencil with two additional dis-
placed geometries at ±0.02 Å, has been found to influence
neither frequencies nor dipole moments significantly. The
square of the dipole derivative component perpendicular to
the surface is used for simulated intensities corresponding to
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RAIRS.17 The same intensities are used for simulating inten-
sities for specular HREELS. Using the more correct expres-
sion of Ibach18 does not change our conclusions but does in-
crease the relative intensity of low frequency modes.

To find minimum energy paths and transition states,
we have performed climbing image nudged elastic band
calculations.19

III. BENZENE

A. Background

Owing to the prototypical nature of benzene, its adsorp-
tion has been the subject of a large number of both exper-
imental and theoretical investigations, many concerning the
catalytically active platinum (111) surface.20–28 The adsorp-
tion of benzene on Pt(111) is usually interpreted in terms of
the eight high symmetry adsorption geometries illustrated in
Fig. 1.

STM imaging at low temperatures reveals one primary
adsorption geometry of twofold rotational symmetry, a sec-
ondary of threefold rotational symmetry (occurring in two
orientations), as well as a higher symmetry geometry occur-
ring only near defects and other adsorbates.22 RAIRS ex-
periments display dependency on both coverage and tem-
perature, and indicate three distinct binding environments,25

one of these having a spectrum very similar to that of the
gas phase molecule. NEXAFS experiments indicate out of
plane distortions,24 which is supported by diffuse LEED ex-
periments, that also indicate twofold rotational symmetry.21

Recent HREELS results indicate lower symmetry than C2v

or multiple adsorption sites.29 The most recent density func-
tional theory studies14, 30–32 agree upon the so-called bridge30
geometry (see Fig. 1) as the most energetically favorable, fol-
lowed by the so-called fcc0 and hcp0 geometries. Simulated
vibrational spectra for the bridge30 agree reasonably well
with most RAIRS and HREELS experiments, but a secondary
site is usually assumed to replicate all observed frequencies.
From theoretical investigations, the binding of benzene to the
platinum has been suggested to involve donation and back-
donation between the molecular HOMO-LUMO orbitals and
the platinum d-states.31 The overall charge transfer was found
to leave the molecule slightly positive, and the interaction
with the metal d-states leads to a partial rehybridization of

FIG. 1. (Left) Schematic geometries for the investigated benzene adsorption
sites. The naming scheme indicates the benzene center position and the angle
between C–C bonds and the Pt–Pt nearest neighbor direction. (Right) The
energetically favorable bridge30 configuration. The apical carbon (a) is inter-
acting with its own metal atoms, while the bridging carbon (b) is sharing a
platinum atom.

the carbon orbitals from sp2 towards sp3 character, which
facilitates the experimentally observed distortion where the
C–H bonds are tilted away from the surface. Furthermore,
the C–C bonds are elongated to various degree, depending on
the investigated adsorption geometry.

The adsorption strength has been probed using tempera-
ture programmed desorption, which displays two desorption
peaks,20 corresponding to desorption energies of 1.34 eV at
low coverage and 0.91 eV at higher coverage (1.21 eV and
0.85 eV in a later study23). More recently the heat of adsorp-
tion of benzene on Pt(111) has been measured by calorimetry
showing a much stronger adsorption energy of −1.90 eV at
the coverage of θ = 0.40 used in this work.26

Calculated adsorption energies depend on calculation
methods, but in general agree better with the older TPD stud-
ies than with the more recent calorimetric measurements. This
apparent underestimation of the binding by DFT is consistent
across larger heterocyclic aromatic species, and has been at-
tributed to the inadequate description of dispersion within the
applied DFT approximations.33 Similarly, the adsorption en-
ergy of benzene on nickel is found to increase, when using
the more accurate correlation of the RPA method34 instead of
PBE DFT.

B. Results and discussion

We first consider the eight high symmetry, flat-lying ben-
zene geometries illustrated in Fig. 1: Four sites combined with
two orientations of the molecule. The adsorption energies re-
sulting from our calculations are compared with results from
the literature in Table I.

In agreement with previous theoretical studies,14, 30–32

we find that the preferred binding geometry for benzene is
bridge30, which is illustrated in Fig. 1. In this geometry, the
two apical carbons ((a) in Fig. 1) have their CH bonds tilted
34◦ from horizontal, while the bridging carbons ((b) in the fig-
ure) have their CH bond tilted 18◦. The C–C bonds are elon-
gated to 1.473 Å and 1.435 Å compared to the calculated gas
phase value of 1.397 Å. Our calculations give an adsorption
energy of −1.19 eV, which is a somewhat weaker binding than

TABLE I. Calculated adsorption energies (eV) for benzene on Pt(111).

Present work Ref. 14 Ref. 30
XC approx. PBE PW91 BP86

Pt(111) model 4 l. slab 4 l. slab 6 l. slab Pt22 cluster

Coverage 0.4 0.7 0.7 . . .
bri30 − 1.19 −0.90 −1.04 −1.06
bri0 − 0.59a −0.30 −0.45 −0.68
hcp30 − 0.51a −0.33 −0.41 −0.53
hcp0 − 0.96 −0.67 −0.76 −0.73
fcc30 − 0.42a −0.27 −0.56
fcc0 − 0.91 −0.61 −0.67
top30 Unstable Unstable
top0 0.19 Unstable
top0 (vacancy) − 1.96

aFound to be saddle points.
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the heat of adsorption measured by calorimetry: −1.90 eV.26

We estimate that approximately 0.2 eV of this deviation may
be attributed to an insufficient number of layers in our slab,
as the four layers show the weakest binding of all investigated
slabs.

The second most stable geometry has the benzene ring
centered on the 3-fold hollow hcp site, C–C bonds rotated 0◦

relative to the platinum rows. This geometry is found to be
0.2 eV less stable compared to the bridge30 configuration.
The hollow fcc site is found to be further 0.05 eV less sta-
ble, which is consistent with the literature. This small asym-
metry between fcc and hcp adsorption strength shows that
the second metal layer has a small but non-zero influence on
the adsorption. The bridge0 geometry and the even less sta-
ble hollow30 geometry are found to be saddle points, from
where the molecule may rotate with no barrier to the more
stable bridge30 and hollow0 geometries, respectively. Finally,
adsorption centered ontop platinum atoms is found to be sta-
ble (unstable) for the 0◦ (30◦) orientation but energetically
very unfavorable.

Adsorption at defect sites has been suggested as an ex-
planation for STM observation with a high degree of rota-
tional symmetry,22 we find that adsorption of benzene above
a surface vacancy (ontop0 geometry with the central Pt atom
removed) gives an adsorption energy of −1.96 eV, 0.77 eV
more stable than the preferred geometry on the clean slab.
The stronger interaction is reflected by the C–C bonds being
further elongated to alternating 1.490 Å and 1.493 Å, and in-
creased CH tilting of 41◦.

We calculate the formation energy of the Pt(111) surface
vacancy to be 1.16 eV when the excess atom is considered
to go to the bulk. This number might need correction35 since
the PBE functional is known to underestimate the surface and
cohesive energies of platinum,36 thus underestimating the for-
mation energy of the vacancy. However, even at this level of
theory it is unfavorable to form a vacancy upon adsorption
(−1.96 eV + 1.16 eV = −0.80 eV) compared to the bridge30
geometry, suggesting that only already existing vacancies are
adsorption sites.

1. Vibrational analysis

In Fig. 2, we present a comparison of recent HREELS
measurements29 to simulated spectra for the most stable ge-
ometries, bridge30, hcp0, and fcc0 (frequencies are tabulated
in the supplementary material37). All observed losses (vertical
lines) are matched closely by calculated frequencies (trian-
gles) for the bridge30 configuration. The CH stretching modes
around 3000 cm−1 are overestimated, most likely due to an-
harmonicity not being considered. Intensities are less closely
matched; a number of modes appear too weak in the calcu-
lations when comparing to the experimental spectrum, which
could be the result of non-dipole scattering in the experiment.

In Figure 3, sections of the calculated spectra are shown
along with RAIRS observations25 indicated by vertical lines.
As for the HREELS observations, we find that the bridge30
site is sufficient to explain the room temperature observations
(full lines). However, the observation of coverage and tem-
perature dependent intensity ratios of the losses at 820 cm−1,
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FIG. 2. Simulated specular HREELS spectra (three lowest spectra) com-
pared to recent experimental data taken at specular angle, 300 K, and 1 L
(top spectrum, full vertical lines) and taken at off-specular angle, 300 K,
6.5 L (dashed vertical lines). The simulated spectra are calculated by fold-
ing calculated intensities with a Lorentzian.

830 cm−1, and 900 cm−1 was interpreted as evidence of mul-
tiple site occupancy, with the band at 900 cm−1 representing
the bridge30 site and the bands at 820 cm−1 and 830 cm−1

representing the hollow sites. This latter interpretation is how-
ever not easily reconciled with the calculated wavenumber of
the single high activity mode of the hcp0(fcc0) geometry at
803 cm−1 (778 cm−1), which appears too far from the
observed losses.

A possible explanation for the variations in intensi-
ties can emerge from assigning the two losses observed at
820 cm−1 and 830 cm−1 to the three computed normal modes
at: 816 cm−1 (bending of the hcp-end apical CH), 835 cm−1

(bending of all six CH with ring breathing), and 836 cm−1

(bending of the fcc-end apical CH). Interaction between ad-
sorbates may then have different impact on the three losses,
allowing for coverage dependent intensity ratios. Such effects
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FIG. 4. Pathway and energy profile for diffusion between the most stable
benzene sites.

are also observed in the measurements of Demers-Carpentier
and McBreen,29 where the intensity ratio of the two CH
stretching losses around 3000 cm−1 is seen to vary with cov-
erage. Our calculations show that these two peaks consist
of apical CH stretching and bridging CH stretching, respec-
tively, allowing for different coverage dependencies in their
activities too.

2. Mobility

Diffusion of the adsorbed aromatic molecule across the
surface is assumed to take place with the molecule in flat-
lying geometries. The minimum energy path for diffusion be-
tween hcp0 and bridge30 is found to keep two carbon atoms
of the phenyl bonded to one platinum atom, which then acts
as a hinge for benzene to rotate around. The same mecha-
nism is also found for the bridge30 to fcc0 transition. Com-
bining two such transitions, as shown in Fig. 4, the entire
metal surface may be reached by the diffusing molecule.
The barriers for connecting neighboring bridge30 sites is
approximately 0.6 eV.

IV. BENZALDEHYDE

The effect of side groups on the adsorption of benzene
has been studied but much less than benzene itself. Substi-
tuting on a single benzene adsorption geometry, Tan et al.
found that anisole (CH3OC6H5) on Pt(111) adsorbs somewhat
weaker than benzene, and that the molecule gained a slight
positive charge upon adsorption.6 The distorted geometry of
benzene was retained, leading to a decoupling of the aromatic
system and the methoxy group. Derivatives of anisole were
investigated by Bonalumi et al.8 Their work revealed a fur-
ther weakening of the adsorption upon substitution, and it was
concluded that electron withdrawing substituents weaken the
bond by recalling electron density from the metal surface.

When adding functionality to benzene, the symmetry is
lowered and more adsorption geometries are possible. We use
the eight high symmetry geometries of Fig. 1 for the aro-
matic ring as a starting point. Disregarding molecular distor-
tion, as well as interactions between the aldehyde group and
second layer Pt atoms, 15 unique combinations of site and ro-

tation are possible. Besides geometry of the ring and the vari-
ous substitutions, one must also consider possible interactions
between the side group and the metal. After relaxation, this
leads to 17 stable adsorption geometries, these are depicted in
Fig. 5. Their adsorption energies and their relation to the ad-
sorption energies of benzene in corresponding geometries are
illustrated in Fig. 6.

From the latter figure, it is clear that the general effect of
adding the side group is a lower stability of the chemisorbed
state by up to 0.2 eV, regardless of the orientation of the aro-
matic ring. Although not visible from Fig. 6 this also ap-
plies to benzaldehyde adsorbed on a Pt vacancy, N in Fig. 5.
Thereby, the preference for the bridge30 ring geometry is pre-
served.

Focusing then on the bridge30 geometry for the ring,
there are a number of possibilities when substituting the alde-
hyde. On the bridge30 benzene two different carbon species
are present: two apical carbons with pronounced hydrogen
tilting and four bridging carbons (see Fig. 1).

Substituting on one apical carbon or the other differs only
in second layer platinum geometry, resulting in energetic dif-
ferences below 0.05 eV, while mirroring the aldehyde group
yields no influence on binding. Thus, only one apical con-
figuration is considered, denoted A. The relaxed geometry is
illustrated in Fig. 5. It has the aldehyde group tilted away from
the surface at an angle of 31◦, slightly less than the 34◦ of the
apical hydrogen of adsorbed benzene.

When substituting the aldehyde group on the bridging
carbon, mirroring the aldehyde group leads to distinct geome-
tries: B and C. The mirror plane of the aldehyde is not a mirror
symmetry plane of the platinum surface, thus different inter-
actions with the surface are possible for the two configura-
tions. B has, like A, the substituent group pointing away from
the surface, while C can have the aldehyde group either tilted
away or parallel to the surface. The tilt angles are found to be
23◦ and 21◦, compared to the benzene bridging CH bend of
18◦. In the case of parallel adsorption, the carbonyl interacts
with the underlying platinum atoms, whereby the CO bond
length is increased from the gas phase value of 1.23 Å to
1.32 Å, indicating partial breaking of the carbonyl double
bond. We denote configurations involving such interactions
with an asterisk, i.e., C*. The two different modes C and C*
are separated by only 0.05 eV, which requires a delicate bal-
ancing of phenyl-Pt interactions, the CO-Pt interactions, and
the cost of distorting the molecule.

To analyze the energetics of the adsorption modes, we
consider the adsorption energy as the sum of three terms

Ead = Emol + Esurf + Eint, (1)

Emol is a cost due to molecular distortion, Esurf is a cost
due to surface distortion, and finally Eint is the interaction
energy of the distorted compounds. The distortion energies
are calculated as the energy of the molecule (surface) dis-
torted as in the compound system, subtracted the energy of
the isolated molecule (surface) in its optimized geometry. The
interaction energy is then defined as the adsorption energy mi-
nus the two distortion energies. Ead, Emol, and Esurf are thus
directly calculated while Eint takes the value necessary to ful-
fill Eq. (1). The numbers for A, B, C, and C* are tabulated in
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A

η6μ4(bri30)
−1.14 eV

B

η6μ4(bri30)
−1.02 eV

C

η6μ4(bri30)
−0.99 eV

C ∗

η8μ6(bri30)
−1.04 eV

D

η6μ3(hcp0)
−0.77 eV

D ∗

η8μ5(hcp0)
−0.80 eV

E

η6μ3(hcp0)
−0.79 eV

F

η6μ3(fcc0)
−0.70 eV

F ∗

η8μ5(fcc0)
−0.75 eV

G

η6μ3(fcc0)
−0.73 eV

H

η6μ4(bri0)
−0.42 eV

I

η6μ4(bri0)
−0.44 eV

J

η6μ4(bri0)
−0.46 eV

K

η3μ3(fcc30)
−0.24 eV

L

η3μ3(hcp30)
−0.45 eV

M

η6μ6(top0 )
0.25 eV

N

η6μ6(vac0)
−1.91 eV

FIG. 5. Stationary geometries of benzaldehyde on Pt(111). The notation ηnμm(z) indicates bonding between n atoms in the molecule and m Pt atoms, phenyl
centered on a Pt site of type z. Pt atoms within 2.5 Å of carbon atoms are shaded.

Table II. They reflect that the CO-Pt interaction of C* yields a
substantially increased interaction energy at the cost of expen-
sive molecular distortion, which we assign primarily to C–O
bond elongation. Curiously, the 31◦ bent molecule of A has a
lower distortion energy than the molecules of the B and C that
are bent 23◦ and 21◦. This suggests that Emol is not explain-
able solely by the magnitude of the out of plane distortion.

To further investigate the bonding in the C* geometry,
we resort to the induced electron density, defined as the elec-
tron density of the surface-molecule compound, subtracted
the densities of the isolated surface and the isolated molecule
(both distorted as in the compound system). This quantity re-
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FIG. 6. Adsorption energies for the investigated benzene adsorption
sites, along with adsorption energies for aldehyde substitutions on these
geometries.

flects the adjustment of the electronic density of separated
systems when they are brought together, an adjustment re-
sponsible for the interaction energy Eint. Slices along several
planes through the induced density of the C* configuration
are shown in Fig. 7. These illustrate the binding of the car-
bonyl C and O to surface platinum atoms. For both platinum
atoms, a depletion of a region resembling the metal dz2 or-
bitals is observed along with accumulation of charge where
atomic spheres of C and O meet those of platinum.

It is interesting to note that similar energetics with and
without metal insertion in the carbonyl bond also results when
substituting on the hollow0 geometries: D/D* are separated
by only 0.03 eV and F/F* by 0.05 eV. From a thermodynamic
point of view, both adsorption modes are then expected to oc-
cur, a fact of importance to reactivity5 and selectivity38–41 in
hydrogenation reactions.

TABLE II. Adsorption energy and components hereof (eV) for selected
geometries.

mode Ead Emol Esurf Eint

Benzene bri30 η6μ4 −1.19 1.57 0.34 −3.09
Benzaldehyde A η6μ4 −1.14 1.45 0.33 −2.92
Benzaldehyde B η6μ4 −1.02 1.68 0.40 −3.09
Benzaldehyde C η6μ4 −0.99 1.65 0.39 −3.03
Benzaldehyde C* η8μ6 −1.04 2.36 0.37 −3.77
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A. Mobility

We have investigated reorientation of the CHO moiety
with the aromatic ring remaining in the same site, and move-
ment of the aromatic ring from one site to another.

Rotation of the CHO around the CC bond between the
substituent and the phenyl, transforms the apical substituted
A configuration to its own mirror image. The bridge substi-
tuted configurations B and C are connected by a correspond-
ing rotation, while C and C* are connected through the tilting
of the CHO moiety. Minimum energy paths for these transfor-

FIG. 9. From the threefold coordinated D configuration, three different C–Pt
di-σ bonds (A, B, C) may act as hinges for rotating into the corresponding
geometries A, B, C at the three neighboring fourfold sites.

mations make up Fig. 8. Only barriers lower than 0.5 eV are
present.

Rotation of the CHO moiety is seen to have comparable
barriers when the oxygen atom rotates away from the surface
or near the surface. In the case of C to B rotation with oxy-
gen pointing towards the metal, some O–Pt attraction is ob-
served near the transition state, creating a shoulder in the en-
ergy curve. This interaction also shows in a slight elongation
of the C–O bond at this rotational angle. Interestingly, a very
low barrier is observed between the states with and without
carbonyl-Pt interaction, C* and C.

Moving to the diffusion of benzaldehyde, an inspection
of the adsorption configurations reveals that from any config-
uration, A, B, C, or C*, a similar neighboring configuration
can be reached via an intermediate D configuration. The dif-
fusion occurs as the hinging mechanism already discussed for
benzene diffusion from bridge30 via hcp0/fcc0 to bridge30.
Because of symmetry, we need only consider the second part
of the diffusion process, i.e., from D to an A, B, or C/C* con-
figuration. This is illustrated in Fig. 9 that depicts how the
resulting configuration becomes A, B, or C/C*, depending on
which Pt atom is chosen for the hinging.

In Figure 10, we show barriers for the diffusion from D
to A, B, C with a barrier of ≈0.2 eV. The reverse process back
to D has a barrier of around 0.6 eV, and may occur using one
of two metal atoms as a hinge. The choice of hinging atom
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FIG. 8. Pathways and energy profiles for reorientation of aldehyde group when substituted on the apical carbon (left) and on the bridging carbon (right).
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FIG. 10. Pathways and energy profiles for diffusing from the D geometry to
the A, B, and C configurations.

determines whether the D is reached at its original orientation
or rotated 60◦.

Thus, only barriers below approximately 0.6 eV connect
the A,B, C, C*, and D benzaldehyde geometries. Based on
transition state theory, the adsorbed molecules are then able to
diffuse and reorient at rates faster than De−0.6eV/kT ≈ 100s−1,
assuming a prefactor of D = 1013s−1 and room temperature.

B. Dimer formation

Having shown in Sec. IV A that the barriers for single
benzaldehyde molecule diffusion and reorientation are low,
high mobility is expected at moderate temperatures. Thus, we
now turn to investigate how the molecules may assemble into
dimers bonded by CH· · ·O hydrogen bonds. Such bonds have
been observed experimentally for other similar molecules,42

and are believed to be a determining factor for both rate and
selectivity in catalytic hydrogenation reactions.2

A number of configurations are investigated, namely,
pairs of the most stable monomer configurations, the relaxed
geometries are shown in Figs. 11 and 12 (larger top views are
available in the supplementary material37).

The energetic cost of placing two molecules next to each
other is found to be vanishing (compare AA3 with 2A in
Fig. 11), thus ruling out significant interactions between the
aromatic rings. Once the molecules are next to each other
(AA3), one or two hydrogen CH· · ·O bonds may be estab-
lished by rotating the aldehyde groups one by one (AA2 and
AA1). Using two separated molecules in the most stable A
geometry as reference (2A), we find that the AA1 dimer has
a relative energy of −0.14 eV, with each hydrogen bond con-
tributing approximately equally. The BB dimer has slightly
stronger hydrogen bond interactions, but as a consequence of
being composed of less stable monomer geometries it has an
energy very similar to the reference system 2A. Interestingly,
the CC dimer relaxes to the C*C* dimer shown in Fig. 12,
indicating that the small barrier observed for the C to C* tran-
sition, is lowered by the nearby aromatic. In the same figure,
a number of less symmetric dimers are also depicted.

Most of the investigated dimers are found, by visual
inspection, to have two or more plausible CH· · ·O hydro-
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FIG. 11. Investigated dimer configurations composed of oppositely oriented
monomers. The energy of two separated molecules 2A is used as the refer-
ence on the energy scale.

gen bonds, while, e.g., the stronger bonded asymmetric AA4
dimer is stabilized by only one bond. To estimate the strength
of each hydrogen bond, we compare the dimer energies to that
of the separated constituents by defining the average energy
per hydrogen bond as

EHB = Edimer − Esep

NHB
, (2)

where NHB is the estimated number of hydrogen bonds.
In Table III, we list dimer energies and energies per hy-

drogen bond, along with bond distances and angles for the
possible hydrogen bonds. The geometric parameters show
quite some variation due to the constraints imposed by the

C ∗C ∗ AB AC ∗

AA4 AA5 AA6

FIG. 12. Dimer configurations complementing the symmetric dimers in
Fig. 11.
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3.0 3.5 4.0 4.5

C O distance (Å)

FIG. 13. The hydrogen bond energies of the dimers versus geometric parameters of these dimers are shown with black dots. In case of several bonds in one
dimer, the dots representing these bonds are connected with horizontal lines. For comparison, the dashed lines show binding energies of the gas phase dimers
shown in the insets. The gas phase geometries are relaxed with constraints in order to probe the dependency of the interaction strength on specific geometric
parameters of the CH· · ·O bond. For the CH· · ·O angle, the geometry is optimized with the H· · ·O distance fixed, and the two molecules constrained to two
bisecting planes. When probing the dependency on H· · ·O distance, all atoms are restricted to one plane, the bonding H and O are fixed, and the O=C direction
is fixed.

strong metal-molecule interaction. This is generally in agree-
ment with statistical analysis of Steiner that indicates that
CH· · ·O bonds are found with a wide range of bond lengths
and angles, although a tendency for linear bonds is seen, espe-
cially for shorter bonds.43 The AA6, AA4, and BC hydrogen
bonds are relatively strong when comparing to reported typi-
cal CH· · ·O strengths of 0.04 eV to 0.09 eV.43, 44 The strengths
of the hydrogen bonds in the adsorbed dimers may be com-
pared to those of gas phase benzaldehyde dimers. This is done
in Fig. 13, where the bond strengths as a function of CH· · ·O
angle and O· · ·H distance for adsorbed dimers (dots) and gas
phase dimers (dashed lines) are compared. For the gas phase
calculations, only the relevant geometric parameter have been
fixed. We observe that bond angles near 180◦ correlates with

TABLE III. Energetics of the investigated dimers and parameters for the
considered CH· · ·O hydrogen bonds.

E − E2A (eV) EHB (eV) dOH (Å) θCHO (deg)

AA1 −0.13 −0.07 2.45 162
2.42 161

AA2 −0.06 −0.06 2.46 161
AA3 0.00 . . . . . . . . .
BB −0.04 −0.09 2.53 150

2.52 149
BC 0.04 −0.12a 2.53 152
CC 0.19 . . . . . . . . .
C*C* −0.04 −0.02 2.26 139

2.24 140
AB −0.06 −0.03b 2.27 138

2.86 113
2.28 138
2.85 113

AC* −0.05 −0.01b 3.26 121
3.23 121
3.57 133
3.64 127

AA4 −0.14 −0.14 2.40 171
AA5 −0.09 −0.09 2.46 160
AA6 −0.15 −0.15 2.32 170

aUsing Esep = (E2C + E2B)/2.
bUsing Esep = (E2A + E2X)/2.

large bond strength EHB and that the bonds with significant
binding have O· · ·H distances between 2.2 Å and 2.6 Å. Weak
bonds are however also found in this range of O· · ·H dis-
tances, leading us to conclude that the angle is the determin-
ing factor for the bond strength. The strongest bond between
adsorbed molecules is approximately twice that of the opti-
mal gas phase geometry, and is very close to linear, evidenc-
ing a favorable effect of the interaction between the metal
and the phenyl. This stronger binding agrees with the sug-
gestion of Lavoie and McBreen that aryl C–H· · ·O=C bond-
ing on Pt(111) is enhanced by electron transfer from aromatic
carbon to metal.45 A similar activation effect has been pre-
dicted for aryl C–H, when electron withdrawing substituents
are present.46, 47

V. CONCLUSIONS

Using the real space grid DFT code GPAW, we find a
good correspondence between calculated and experimental
vibrational spectra for adsorbed benzene. The calculated vi-
brational spectra display sensitivity to the symmetry of the
second metal layer, and the primary adsorption site is able to
account for all observed losses. In line with previous work,
we calculate too weak benzene adsorption on the defect free
Pt(111) surface when comparing to calorimetric experiments.
This may partly be explained by too few platinum layers being
used in calculations, but is probably mostly missing correla-
tion effects in the applied DFT approximation. We add that
adsorption directly above an existing surface vacancy is cal-
culated to be energetically very favorable.

Benzaldehyde adsorption is found to be largely domi-
nated by the interaction between the aromatic ring and the
platinum surface. Thus, the adsorption geometries are very
similar to those of benzene, though benzaldehyde is up to
0.2 eV weaker bonded. The weakening is attributed to
increased energetic cost of molecular distortion upon ad-
sorption. In specific geometries, the carbonyl is able to in-
teract with the metal surface, and in these geometries the
carbonyl double bond is opened partly by interactions with
metal atoms. The adsorption energies of these geometries are
found to be remarkably similar to those of modes having the
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TABLE IV. Convergence of adsorption energies (eV) for the C and C* ben-
zaldehyde geometries.

C∗ C

k-points 2 × 2 3 × 3 4 × 4 2 × 2 3 × 3 4 × 4
2 layers −1.70 −1.59 . . . −1.45 −1.35 . . .
3 layers −1.72 −1.55 −1.54 −1.46 −1.31 −1.32
4 layers −1.04 −1.01 −1.02 −0.99 −0.95 −0.97
5 layers −1.35 −1.26 −1.23 −1.17 −1.12 −1.09
6 layers −1.21 −1.14 . . . −1.13 −1.04 . . .
7 layers −1.25 . . . . . . −1.10 . . . . . .

aldehyde group tilted away from the surface. This is caused
by a delicate balance between the cost of carbonyl bond weak-
ening and carbonyl-metal interaction, as well as competition
between carbonyl-metal and phenyl-metal interactions.

We find that C–H· · ·O stabilized dimers of adsorbed ben-
zaldehyde are up to 0.15 eV more stable than separated ad-
sorbates in optimal geometries. The strength of the hydrogen
bonds is enhanced significantly compared to the gas phase,
and a stronger preference for linear hydrogen bonds are ob-
served. Furthermore, the presence of a neighboring aromatic
ring is found to stabilize the carbonyl-metal bond slightly.
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APPENDIX: CONVERGENCE
OF ADSORPTION ENERGIES

Slabs of two to seven layers have been investigated. Re-
sults from this convergence test are shown in Table IV for two
different benzaldehyde adsorption geometries. We find that
adsorption energies show a strong dependency on the number
of layers, with two and three layers displaying the strongest
binding and four layers displaying the weakest binding. This
variation is in line with prior slab calculations14 and previ-
ously reported cluster size dependency,32 but contradicts the
findings of Gao, Zheng, and Jiang.48 Nonetheless, the depen-
dency on slab thickness is found to be rather independent from
binding geometry. Thus, the ordering of binding geometries
by energy can be trusted, even though the magnitude of ad-
sorption energies is not fully converged with respect to the
number of layers.
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