
Surface Science 650 (2016) 149–160

Contents lists available at ScienceDirect

Surface Science

j ourna l homepage: www.e lsev ie r .com/ locate /susc
Adsorption of isophorone and trimethyl-cyclohexanone on Pd(111): A
combination of infrared reflection absorption spectroscopy and density
functional theory studies
Karl-Heinz Dostert a, Casey P. O'Brien a, Wei Liu a,c, Wiebke Riedel a, Aditya Savara a, Alexandre Tkatchenko a,
Swetlana Schauermann a,b,⁎, Hans-Joachim Freund a

a Fritz-Haber-Institut der Max-anck-Gesellschaft, Faradayweg 4-6, 14195 Berlin, Germany
b Institut für Physikalische Chemie, Christian-Albrechts-Universität zu Kiel, Max-Eyth-Str. 2, 24118 Kiel, Germany
c Nano Structural Materials Center, School of Materials Science and Engineering, Nanjing University of Science and Technology, Nanjing 210094, Jiangsu, China
⁎ Corresponding author at: Fritz-Haber-Institut derMax
4-6, 14195 Berlin, Germany.

E-mail address: schauermann@fhi-berlin.mpg.de (S. S

http://dx.doi.org/10.1016/j.susc.2016.01.026
0039-6028/© 2016 The Authors. Published by Elsevier B.V
a b s t r a c t
a r t i c l e i n f o
Available online 4 February 2016
 Understanding the interaction of α,β-unsaturated carbonyl compounds with late transition metals is a key pre-
requisite for rational design of new catalysts with desired selectivity towards C = C or C = O bond hydrogena-
tion. The interaction of the α,β-unsaturated ketone isophorone and the saturated ketone TMCH (3,3,5-
trimethylcyclohexanone) with Pd(111) was investigated in this study as a prototypical system. Infrared
reflection–absorption spectroscopy (IRAS) and density functional theory calculations including van derWaals in-
teractions (DFT + vdWsurf) were combined to form detailed assignments of IR vibrational modes in the range
from 3000 cm−1 to 1000 cm−1 in order to obtain information on the binding of isophorone and TMCH to
Pd(111) as well as to study the effect of co-adsorbed hydrogen. IRAS measurements were performed with
deuterium-labeled (d5-) isophorone, in addition to unlabeled isophorone and unlabeled TMCH. Experimentally
observed IR absorption features and calculated vibrational frequencies indicate that isophorone and TMCH
molecules in multilayers have a mostly unperturbed structure with random orientation. At sub-monolayer cov-
erages, strong perturbation and preferred orientations of the adsorbateswere found. At low coverage, isophorone
interacts stronglywith Pd(111) and adsorbs in aflat-lying geometrywith theC=CandC=Obonds parallel, and
a CH3 group perpendicular, to the surface. At intermediate sub-monolayer coverage, the C = C bond is strongly
tilted, while the C = O bond remains flat-lying, which indicates a prominent perturbation of the conjugated π
system. Pre-adsorbed hydrogen leads to significant changes in the adsorption geometry of isophorone, which
suggests a weakening of its binding to Pd(111). At low coverage, the structure of the CH3 groups seems to be
mostly unperturbed on the hydrogen pre-covered surface. With increasing coverage, a conservation of the in-
plane geometry of the conjugated π systemwas observed in the presence of hydrogen. In contrast to isophorone,
TMCH adsorbs in a strongly tilted geometry independent of the surface coverage. At low coverage, an adsorbate
with a strongly distorted C = O bond is formed. With increasing exposure, species with a less perturbed C = O
group appear.

© 2016 The Authors. Published by Elsevier B.V. This is an open access article under the CC BY-NC-ND license
(http://creativecommons.org/licenses/by-nc-nd/4.0/).
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1. Introduction

Chemo- and enantioselectivity in hydrogenation ofα,β-unsaturated
carbonyls on transition metals is a widely discussed topic in the field of
heterogeneous catalysis. Particularly important is the possibility to
control the selective hydrogenation of α,β-unsaturated ketones and
aldehydes, which represent a broad class of valuable intermediates for
-anck-Gesellschaft, Faradayweg
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practically important processes [1–3]. For molecules containing both a
C = C and a C = O π-bond, such as the α,β-unsaturated ketone
isophorone (3,5,5-trimethylcyclohex-2-enone), hydrogenation can
yield either a saturated ketone, an unsaturated alcohol or a saturated
alcohol. To avoid the formation of undesired products and thereby an
often difficult and costly separation of the different products, a high
selectivity towards hydrogenation of either the C = C or C = O bonds
is desirable. Over Pd catalysts, the hydrogenation of the C = C bond of
isophorone is strongly favored, yielding the saturated ketone TMCH
(3,3,5-trimethylcyclohexanone) in high selectivity (≈100%) and almost
no alcohols [4–6]. The origin of this chemoselectivity is, however, not
fully understood.
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Not only a high chemoselectivity, but even a high enantioselectivity
in hydrogenation reactions can be achieved over heterogeneous cata-
lysts using chiralmodifiers [7–10]. Compared to homogeneous catalysts
traditionally applied for enantioselective reactions, the use of heteroge-
neous catalysts has operational, economical and often environmental
advantages, so that heterogeneously catalyzed enantioselective
hydrogenation has been recognized as a promising field of research. A
number of different modifiers have been tested for the enantioselective
hydrogenation of isophorone, which is a model compound for
enantioselective hydrogenation of enones [7,11–18]. Although the
origin of the enantioselective hydrogenation of isophorone is not well
understood, Lambert et al. [19,20] have proposed a mechanism in
which the stereochemistry of the chiral modifier and the adsorption
geometry of isophorone on the Pd catalyst play a decisive role. More
specifically, strong tilting of the unsaturated bonds on Pd was put
forward to explain the enantioselective interaction of isophorone
with the chiral modifier. To the best of our knowledge, the effects of
isophorone coverage and co-adsorbed hydrogen on the isophorone
adsorption geometry have not been investigated so far in surface
science studies.

In our previous work we found that isophorone adsorbs in a flat-
lying geometry with the C = C and C = O bonds parallel to the
Pd(111) surface at low coverage [21,22]. Coverage dependent NEXAFS
studies showed that the angles of both unsaturated bonds with respect
to the surface increased with increasing isophorone coverage. The
tilting is considerably more pronounced for the C = C bond, indicating
a perturbation and strong structural distortion of the conjugated π
system [22].

In this work, infrared reflection-absorption spectroscopy (IRAS) and
density functional theory studies including van der Waals interactions
(DFT + vdWsurf [23]) were used to assign vibrational modes of
isophorone, d5-isophorone, and TMCH as well as to study the effects of
hydrogen co-adsorption. IRAS is a powerful tool not only for determin-
ing the vibrational frequencies of chemical bonds, but also –making use
of the metal surface selection rule [24–26] – for probing their orienta-
tion with respect to the metal surface. Thus, the combination of IRAS
studies at sub-monolayer coverages with DFT hold great potential to
provide detailed insights into the interaction of isophorone and TMCH
with Pd(111).

Our results show that IR absorption features of molecules at multi-
layer coverages agree well with the calculated vibrational frequencies
for unperturbed molecules. At sub-monolayer coverages, isophorone
is strongly perturbed by interacting with the Pd(111) surface. Both the
C = C and C = O bonds are oriented parallel to the surface and the
CH3 groups are oriented perpendicular to the surface. Strong perturba-
tions of the isophorone molecule are observed on pristine Pd(111),
however, this effect is reduced by preadsorbing hydrogen on Pd(111).
In contrast to isophorone, TMCH adsorbs on Pd(111) with a strongly
tilted C = O bond at low coverages.

2. Experimental details and methods

IRAS experimentswere performed at the Fritz-Haber-Institut, Berlin,
in a UHV apparatus that has been described in detail before [27].
Isophorone, d5-Isophorone, or TMCH were dosed onto the sample
cooled to 120 K through a doubly differentially pumped multi-channel
array source controlled by valves and shutters. The surface was pre-
covered with hydrogen by dosing 100 L of H2 through a second doubly
differentially pumped multi-channel array source controlled by valves
and shutters. The sources were operated at room temperature, and
the beam diameter was chosen to exceed the sample size. The
Pd(111) single crystal was cleaned prior to use by repeated cycles of
Ar+ ion bombardment at room temperature, annealing at 1000 K and
oxidation in 1 · 10−6 mbar O2 at 750 K to remove residual carbon.
The final cleaning cycle was stopped after annealing. The flatness and
cleanliness of the Pd(111) single crystal surface were checked by low
energy electron diffraction (LEED) and infrared reflection-absorption
spectroscopy (IRAS) of adsorbed CO. IRAS data were acquired using a
vacuum Fourier-Transform infrared (FT-IR) spectrometer (Bruker IFS
66v/S) with a spectral resolution of 2 cm−1 and using a mid-infrared
(MIR) polarizer and p-polarized IR light. Isophorone (Acros Organics,
98%), d5-isophorone (Quotient Bioresearch (Radiochemicals) Limited,
90%) and TMCH (Aldrich, 98%) were purified prior to the experiments
by repeated freeze–pump–thaw cycles. The stated exposures for IRAS
experiments are given in fractions of amonolayer (ML) thatwere deter-
mined by TPD experiments.

The DFT calculations were carried out using the PBE + vdWsurf

method [28], as implemented in the FHI-aims all-electron code [29].
The PBE + vdWsurf method, which accurately and effectively include
the vdW interactions and dielectric screening within the bulk, has
been demonstrate to perform very well for both strongly and weakly
bound adsorption systems [30–32]. The “tight” settings were employed
for integration grids and standard numerical atom-centered orbitals
basis sets in FHI-aims code. The scaled zeroth-order regular approxima-
tion [33] was used to treat relativistic effects for Pd atoms. We built up
four-layer Pd slabs with a (4 × 4) unit cell, and each slab was separated
by a 20 Å vacuum. The bottom two metal layers were constrained,
whereas the uppermost two metal layers and the adsorbate were
allowed to fully relax during geometry relaxations. For slab calculations,
we used a 3 × 3×1 k-pointsmesh. Based on themost stable geometries,
infrared vibrational spectra were calculated by a second derivative of
the energy from the numerical change of the forces arising from small
finite displacements. Six finite displacements were applied to each of
the atomswith a value of 0.005 Å. It should also be noted that our calcu-
lations were based on the harmonic approximations, while the experi-
mental spectra were measured at 120 K. To scrutinize the feasibility of
the calculated structures, we have also computed the anharmonic IR
spectra for isophorone on Pd(111) using ab initio molecular dynamics
simulations at 130 K. The simulations were run for up to 73 ps, and
the calculated spectra on Pd(111) agree very well with the experimen-
tally measured IR spectra showing a vanishing of C = O and C = C
stretching modes as expected for a flat-lying isophorone [22].

For isophorone and TMCH molecules in gas phase, the infrared vi-
brational spectra were calculated based on the fully relaxed structures
from the PBE + vdW method, as implemented in the FHI-aims code.
In this code the infrared spectra were calculated by a second derivative
of the energy from the numerical change of the forces arising from small
finite displacements. Six finite displacements were applied to each of
the atoms with a value of 0.005 Å.

3. Results and discussion

The adsorption of the unsaturated ketone isophorone (3,5,5-
trimethylcyclohex-2-enon), deuterium substituted (d5-) isophorone,
and the saturated ketone TMCH (3,5,5-trimethylcyclohexanone) on
Pd(111) at 120 K was studied under well-defined UHV conditions by
infrared reflection-absorption spectroscopy (IRAS). IR vibrational fre-
quencies were calculated by the DFT + vdWsurf method. The structural
formulae of normal and d5-isophorone are shown in Fig. 1a and b. In d5-
isophorone, the five hydrogen atoms attached to the C6 ring are
substituted by deuterium atoms, while the hydrogen atoms on the
CH3 groups were unlabeled. The structure of TMCH is shown in Fig.
1c). Molecular vibrations will be discussed according to the labeling of
the ring positions and methyl groups as illustrated in Fig. 1. Ring posi-
tions are labeled with numbers 1 to 6, methyl groups are labeled with
A, B, and C.

To the best our knowledge, nodetailed assignment of IR vibrations of
isophorone or TMCH is available in literature. Therefore, we compare
our experimental and theoretical assignments of IR vibrations to those
of the same functional groups in other molecules. Among a large num-
ber of IR studies on hydrocarbons with identical groups, we chose
some of the most fundamental investigations [35–52] for comparison.



Fig. 1. Structures of the isophorone (a),d5-isophorone (b)and TMCH (c).

Fig. 2. IR spectra of 3 ML isophorone (black) and d5-isophorone (gray) at 120 K on
Pd(111). The region characteristic for C–H stretching vibrations (3100–2800 cm−1),
C = O and C = C stretching vibrations (1800–1600 cm−1), and C–H and C–D
deformation and C–C deformation and stretching vibrations (1500–1000 cm−1).
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We will briefly summarize only the most relevant results. An overview
of typical vibrational frequencies of hydrocarbons can be found in a
textbook by Colthup, Daly, and Wiberley [53]. In very early studies,
Fox and Martin investigated CH3, CH2, and CH stretching vibrational
modes from an experimental and theoretical point of view. The authors
achieved a clear assignment of vibrational frequencies to CH3, CH2, and
CH stretching modes in a large number of molecules. For instance,
strong CH3 stretchingmodes have been identified in several compounds
near 2962 cm−1 and 2872 cm−1. CH2 stretching modes were typically
observed near 2926 cm−1 and 2853 cm−1. A CH stretchingmode in ole-
fins was assigned near 3019 cm−1, while the CH vibration in saturated
compounds was observed at 2890 cm−1 35,36. By using partially
deuterium-labeled molecules, MacPhail et al. could distinguish CH3

from CH2 stretching modes in n-alkyl chains [38]. Studies on stretching
modes of deuterium-labeled CD2 groups are relatively rare. Nolin and
Jones studied the IR absorption of normal and deuterium-substituted
diethyl ketone. The authors assign CH3 and CH2 stretching and deforma-
tion vibrations as well as CD3, CD2 and C = O stretching modes. CH3

asymmetric stretching appeared at 2977 cm−1 and 2936 cm−1, while
the symmetric stretchingwas observed at 2883 cm−1. A CH2 stretching
mode was identified at 2902 cm−1 and CD2 stretching at 2173 cm−1.
Moreover, the carbonyl (C = O) stretching mode was observed at
1720 cm−1. CH3 asymmetric bending modes were assigned at
1461 cm−1 and 1454 cm−1 and the symmetric bending mode was ob-
served at 1379 cm−1. The scissor vibrational mode of the CH2 group
was identified at 1414 cm−1 and thus, at relatively low frequency.
This is of particular interest for our study, since in both cases the CH2

groups are located next to a C = O group [45]. More general, Snyder
and Schachtschneider presented very extensive interpretations of IR
spectra of n-alkanes at 3000–2800 cm−1 and 1500–700 cm−1 in an ex-
perimental [40] and a theoretical [39] study. Lavalley and Sheppard in-
vestigated IR absorption features in the C–H stretching region, which
result from Fermi resonance between CH3 asymmetric deformation
overtones and CH3 symmetric stretching fundamentals [52]. A detailed
study on the vibrational modes of linear and branched aliphatic hydro-
carbons in the range below1500 cm−1was published by Sheppard et al.
Some characteristic features were observed for non-linear molecules,
such as a splitting of the CH3 symmetric deformation into two bands
for two CH3 groups attached to the same saturated C atom [37]. Colthup
found that this splitting is the result of an interaction force between two
or three neighboring CH3 groups. The same study shows that the exact
wavenumber of CH3, CH2, and CH deformation vibrations is in general
determined by the electron density at the respective C atom [41].
These references, along with DFT calculations from this work, form the
basis for our assignment of infrared vibrational modes of isophorone
and TMCH adsorbed on Pd(111).

In the following sections, we will first discuss the IR spectra of mol-
ecules in multilayers before focusing on coverage-dependent IR vibra-
tions from multilayer to sub-monolayer coverage, where the
interaction with the underlying palladium substrate becomes more im-
portant. Finally, the sub-monolayer structures of isophorone and TMCH
will be compared. The comparison of the binding properties of
isophorone and TMCH is of particular interest for catalysis, since hydro-
genation of the C = C bond in isophorone yields TMCH.
3.1. IR vibrations in isophorone multilayers

In this section, we briefly discuss the IR spectra of multilayer-
coverages of isophorone and d5-isophorone on Pd(111). A more de-
tailed assignment ofmolecular vibrations can be found in SI. The spectra
are dominated by molecules organized in an ice structure, providing a
reference for mainly non-perturbed molecules. DFT + vdWsurf calcula-
tions were performed for non-perturbed molecules in the gas-phase.
Fig. 2 displays the IR spectra of 3 ML of isophorone and d5-isophorone
on Pd(111) at 120 K. For both molecules, three main spectral regions
can be distinguished: C–H stretching (3200–2800 cm−1), C = C and
C = O stretching (1850–1550 cm−1), and C–H, C–D and C–C deforma-
tion (b1500 cm−1). C–D stretching vibrations (2300–2000 cm−1) in
d5-isophorone are not shown in Fig. 2.

The DFT-calculated vibrational frequencies agree well with those
observed experimentally in the C = O stretching region, but the DFT-
calculated IR spectrum was scaled by a factor of 0.945 with the origin
at 1661 cm−1 in order to compare the calculated vibrational frequencies
to those observed experimentally in the 3100 cm−1 to 1000 cm−1

range. It has been observed before that calculated harmonic vibrational
frequencies systematically deviate from experimental results, since
effects of anharmonicity of the interaction potential are not taken into
account and frequency scaling factors of ≈0.9 to 0.95 are typical [54].
For simplicity, we will give only the scaled DFT results in the text. The
unscaled calculated DFT values are listed in Table 1 and Table 2. Note
that a normal mode of a polyatomic molecule is a linear combination
of several internal coordinates, such as bond angle bending and
stretching. Since it is quite difficult to fully correctly describe a normal
vibration consisting of a number of changing internal coordinates in a
concise way, we decided to describe each calculated normal mode via
the most pronounced internal coordinate(s) contributing to this vibra-
tion. It should be also noted that the experimentally measured IR spec-
tra of the molecules adsorbed in the multilayers are compared to the



Table 1
Assignment of IR vibration frequencies from DFT calculations and IRAS experiments of normal isophorone and d5-isophorone in the range of C = O, C = C, and C–H stretching vibrations
(3100–1600 cm−1). Vibration modes that strongly change when switching from normal to d-labeled isophorone are printed in bold. Vibration modes that are mostly independent from
deuterium-labeling are printed with normal intensity.

Most pronounced internal
coordinate(s) of the normal mode

Vibrations isophorone/cm−1 Vibrations d5-isophorone/cm−1

DFT DFT scaled IRAS DFT DFT scaled IRAS

ν(C = O) 1661 1661 1665 1661 1661 1665ν(C = C) 1624 1626 1655 1608 1610 1620
A1 ν(CH) 3085 3006 2287 2253
A2 νa(CH3(A)) 3046 2970 2975–2930 3047 2971 2975–2930
A3 νa(CH3(C)) 3032 2957 3034 2958
A4 νa(CH3(B)) 3021 2946 3024 2949
A5 νa(CH3(B,C)) 3016 2941 3021 2946
A6 νa(CH3(B,C))

*+νa(CH2(6))
3011* 2937 3015 2941

A7 νa(CH3(A)) 2990 2917 2910 2990 2917 2910
A8 2δ(CH3) 2920–2890 2920–2890
A9 νa(CH2(6))

* + νa(CH3(B,C))
3008* 2934 ≈2940 2229 2198 2202

A10 νa(CH2(4)) 2955 2884 ≈2885 2187 2158 2184
A11 νs(CH3) (B,C)

(in phase)
2949 2878 2874–2865 2957 2886 2874–2865

A12 νs(CH3) (B,C)
(out-of-phase)

2945 2874 2948 2877

A13 νs(CH3) (A) 2942 2872 2945 2874
A14 νs(CH2(6)) 2928 2858 ≈2820 2130 2104 2087–2079
A15 νs(CH2(4)) 2908 2839 2124 2098

ν: stretch, νa: asymmetric stretch, νs: symmetric stretch.
DFT scaling factor = 0.945.
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DFT results obtained for the gas phase. Here,wemade an approximation
that the differences between the vibrational modes of the unperturbed
molecules in the multilayers and in the gas phase are only minor. More
accurate calculations should include effects arising from e.g. site sym-
metry effects, hydrogen-bonding etc., whichwill be subject of our future
investigations.

The stretching modes are labeled with A1 to A15 and the deforma-
tion modes with B1 to B20. We will refer to the respective labels in
the following discussion, in the tables, as well as in the IR spectra.

3.1.1. C = C and C = O stretching vibrations
The stretching modes of the C = O and the C = C bonds show very

pronounced bands in the spectra displayed in Fig. 2. In normal
isophorone, the most intense vibration is the C = O stretching mode
at 1665 cm−1, which overlaps with the C = C stretching mode at
1655 cm−1. The C=C and C=O stretching bands are clearly separated
in the IR spectrum of d5-isophorone, in which the C=C stretching band
appears at 1620 cm−1, exhibiting a shift of 35 cm−1 compared to the
unsubstitutedmolecule. The C=O stretchingmode appears to be hard-
ly affected by the substitution and remains essentially at the same
frequency of 1665 cm−1. The DFT study indicates that the C = O
stretching frequency is at 1661 cm−1 for both molecules, while the
C = C stretching is predicted to shift from 1624 cm−1 in normal
isophorone to 1608 cm−1 ind5-isophorone. Previously it has been report-
ed that the C = O and C = C stretching vibrations in α,β-unsaturated
ketones overlap if the two bonds have trans orientation, such as in
isophorone. The vibrational frequencies found in gas-phase studies of un-
labeled molecules agree well with our results; C = O vibrations have
been observed in the range of 1690–1655 cm−1 and C = C stretching
modeswere observed in the 1649–1618 cm−1 range [49,50,53]. Further-
more, the lower C=C stretching frequency in d5-isophorone agrees well
with previous studies, which found that the C= C stretching vibration is
lowered by 10–20 cm−1 for each substituted H atom at the C = C bond
[51].

3.1.2. C–H and C–D Stretching Vibrations
Fig. 3 illustrates the experimental IR spectra of normal isophorone

and d5-isophorone in the range of the C–H and C–D stretching
vibrations. The C–H and C–D stretching modes show multiple bands
and their assignment is more complex due to overlapping bands and
weak dynamic dipole moments. A detailed discussion of the C–H and
C–C vibrational modes is presented in the SI. Briefly, our DFT study pre-
dicts six asymmetric and three symmetric stretching modes for the
three CH3 groups, one asymmetric and one symmetric stretching vibra-
tion for each CH2 or CD2 groups, and one stretching mode for the CH or
CD group. The computed frequencies and the experimentally observed
IR vibrations are summarized in Table 1.

The DFT and IRAS results indicate that the stretching vibrations of
the CH3 groups are mostly unaffected by the deuterium-substitution
of the ring H atoms. The scaled DFT results show asymmetric stretching
vibrations of the CH3 groups in normal isophorone between 2970 cm−1

and 2917 cm−1 (from 2971 cm−1 to 2817 cm−1 in d5-isophorone) and
symmetric stretching vibrations of the same groups in the range from
2878 cm−1 to 2972 cm−1 (2886–2874 cm−1 in d5-isophorone). Exper-
imentally, broad IR absorption bands are observed from 2975 cm−1 to
2930 cm−1 and from 2874 cm−1 to 2864 cm−1 for both molecules.

Vibrationalmodes of the deuterium-substituted CD2 groups are found
at much lower frequencies than those of the CH2 groups. The DFT-
calculated frequencies of asymmetric CH2 stretching vibrations are
2934 cm−1 and 2884 cm−1, while the same modes of the CD2 groups
are 2198 cm−1 and 2158 cm−1. Experimentally, IR absorption bands
are found at 2940 cm−1 and 2885 cm−1 in normal isophorone as well
as at 2202 cm−1 and 2184 cm−1 in d5-isophorone. The symmetric
stretching vibrations of the CH2 groups are found at 2858 cm−1 and
2839 cm−1 by DFT, while those of the CD2 groups appear at 2104 cm−1

and 2098 cm−1. By IRAS, vibrations are observed near 2820 cm−1 in
normal isophorone and at 2087–2079 cm−1 in d5-isophorone.

3.1.3. Region of C–H and C–D deformation vibrations (b1500 cm−1)
IR spectra in the range of the deformation vibrations are illustrated

in Fig. 4. The vibrational modes are summarized in Table 2. A detailed
discussion can be found in the SI.

Asymmetric bendingmodes of the CH3 groups B and C are found be-
tween1475 cm−1 and 1445 cm−1, while the samemodes of groupA are
observed between 1440 cm−1 and 1430 cm−1 for bothmolecules. Sym-
metric bending vibrations of all three CH3 groups appear between



Table 2
Assignment of IR vibration frequencies from DFT calculations and IRAS experiments of normal isophorone and d5-isophorone in the C–H, C–D and C–C deformation and C–C stretching
vibrations (1500–1000 cm−1). Vibration frequencies that strongly change when switching from normal to d-labeled isophorone are printed in bold. Vibration modes that are mostly in-
dependent from deuterium-labeling are printed with normal intensity.

Most pronounced internal coordinate(s) of the normal mode Vibrations isophorone/cm−1 Vibrations isophorone-d5/cm−1

DFT DFT scaled IRAS DFT DFT scaled IRAS

B1 δa(CH3(B,C)) 1458 1469 1475–1445 1457 1468 1475–1445
1453 1464 1455 1466

B2 δa(CH3(B,C))
* + δa(CH2(4,6))

1440* 1452 1432 1445
1432* 1445 1429 1442

B3 δa(CH3(A))1 1427 1440 1440–1430 1421 1434 1440–1430
1423 1436 1419 1432

B4 δ(CH2(4,6))
(in-phase)
* + δa(CH3(B,C))

1409* 1423 1418–1408 1044 1078 1067

B5 δ(CH2(4,6))
(out-of-phase)

1397 1412 1035 1069

B6 δs(CH3(B,C))
(open-open)

1368 1384 1382

1368

1365 1381 1385
1372
1368B7 δs(CH3(A)) 1355 1372 1351 1368

B8 δs(CH3(B,C))
(open-close)

1347 1364 1344 1361

B9 ν(C6–C1–C2)
ν(C3–C4–C5)

1290 1312 1325(?)

B10 Ω(CH2(4))
δ(CH)
ν(C3–C4)

1334 1352

B11 Ω(CH2(4,6))
δ(CH bend)
ν(C1–C2)

1297 1317 1304

B12 τ(CH2(4))
ν(C6–C1–C2)

1271 1292 1283

B13 ν(C–C) in ring
a + Ω(CH2(4))
b + Ω(CH2(6))
c + δ(CH)
d + τ(CH2(4))
e + τ(CH2(6))

1251a 1274 1266

1253

1223 1247 1250

1239
1234a,b,c 1257 1214 1239

1221c,d,e 1245 1200 1225

B14 ν(C6–C1–C2)
ν(C5–CH3(C))

1178 1205 1205

B15 ν(C5–CH3(B))
δ(C–C)
τ(CH2(4))

1170 1197 1192

B16 τ(CH2(4,6)) 1131 1159 1154
B17 δ(C–C) all bonds 1113 1143
B18 τ(CH2(6)) 1101 1131 1133–1123 889

774
931
822

B19 τ(CH2(4)) 832
821

878
867

B20 ρ(CH3(A,B,C)) 1016
1002
988
972
929
920

1051
1038
1025
1010
969
961

1024
1011
989
933
920
909

1059
1047
1026
973
961
950

ν: stretch, δ: bend, δa: asymmetric bend, δs: symmetric bend, ω: wag, τ: twist, ρ: rock.
DFT scaling factor = 0.945.

1 Note that this band strongly shifts in the saturated ketone TMCH in which the immediate environment of CH3(A) is changed (see Table 4).
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1382 cm−1 and 1368 cm−1. The bending modes of the CH2 groups,
however, are strongly affected by the deuterium substitution. In normal
isophorone, DFT results show CH2 bending vibrations at 1423 cm−1 and
1412 cm−1, while CD2 bending vibrations are 1078 cm−1 and
1069 cm−1. Experimentally, IR absorption bands are observed at
1418–1408 cm−1 for normal isophorone and near 1067 cm−1 for d5-
isophorone.

3.2. Isophorone at sub-monolayer coverage

3.2.1. Isophorone on pristine Pd(111)
Fig. 5 displays IR spectra of d5-isophorone adsorbed on Pd(111) at

120 K at coverages ranging from the multilayer to the sub-monolayer
regime. While the IR spectra of isophorone at multilayer coverages are
dominated by molecules in isophorone ice, the sub-monolayer spectra
show the vibrations of isophorone molecules directly interacting with
the Pd surface. The adsorption geometry of molecules onmetal surfaces
can be deduced from their IR spectra based on the metal surface selec-
tion rule (MSSR) [24,26]. According to the MSSR, only the component
of a dynamic dipole moment perpendicular to the metal surface can
be detected, while vibrations parallel to the surface are strongly attenu-
ated by an image dipole in themetal substrate. Changes in the intensity
distribution between C = C, C = O and C–H vibrations with decreasing
isophorone coverage indicate the transition from a more random
orientation in multilayers to a favored geometry of molecules attached
to Pd(111).

At the lowest coverage of d5-isophorone on Pd(111) (1/6 ML), there
are significant absorption bands dectected in the C–H stretching and



Fig. 3. IR spectra of 3ML of normal and d5-isophorone adsorbed at 120 K on Pd(111) from
3100 to 2750 cm−1 (C–H stretching) and 2400–2000 cm−1 (C–D stretching). Clearly
assigned vibrations are indicated with bold printed labels, more tentative assignments
are labeled with normal thickness.

Fig. 4. IR spectra of 3ML of normal and d5-isophorone adsorbed at 120 K on Pd(111) from
1500 to 1000 cm−1 Clearly assigned vibrations are indicated with bold printed labels,
more tentative assignments are labeled with normal thickness.

Fig. 5. IR spectra d5-isophorone adsorbed at 120 K on Pd(111) from 3050 to 2800 cm−1

(C–H stretching), 2300–2050 cm−1 (C–D stretching), 1800–1600 cm−1 (C = C and
C = O stretching), and 1500–1000 cm−1 (C–H, C–D, C–C deformation and C–C
stretching) at different coverages. Vibrations in isophorone ice are indicated close to
3 ML spectrum (lowest trace). The wavenumbers of the IR vibrations at the lowest
coverage (1/6 ML) (topmost trace) are given on top.
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deformation regions; however, there are no band detected for the C=O
or C = C stretching modes. This intensity distribution is in sharp con-
trast to the observation at multilayer coverage, where the most intense
vibration is the C = O stretching mode. The absence of IR absorption in
the C=O and C=C stretching region indicates that these bonds are ei-
ther orientated parallel to the metal surface and cannot be seen in IRAS
because of the MSSR or are strongly perturbed by the interaction with
the Pd(111) surface. The orientation of the unsaturated C = C and
C = O bonds has been studied in more detail by previous NEXAFS and
IRAS experiments [22]. NEXAFS experiments confirmed that the C = C
and C = O bonds stay intact, but are oriented parallel to the Pd(111)
surface plane at a coverage of 0.2 ML. With increasing coverage, the
intensities of the IR bands assigned to the C = O and C = C stretching
vibrations strongly increase. For a coverage of 1/2 ML, the C = C
stretching peak at 1620 cm−1 is more pronounced than the C = O
stretching band around 1665 cm−1. With further increasing coverage,
the C = O stretching band increases rapidly and becomes the most in-
tense peak at full monolayer coverage and above. The ratio of the C =
O to C = C stretching vibration at multilayer coverage is ~6–8. The
strong C = C stretching band and the low intensity of the C = O
stretching band at 1/2 ML point to a strongly tilted C = C bond, while
the orientation of C = O bond remains nearly parallel to the surface —
this observation is in excellent agreement with our earlier NEXAFS
study.

At sub-monolayer coverage, pronounced IR absorption is observed
at 2960–2932 cm−1 and at 2885–2866 cm−1 and thus in the range of
the CH3 (and CH2) asymmetric and symmetric stretching modes. IR
absorption was not been observed at 2885–2874 cm−1 in multilayer
isophorone. Further IR absorption features can be recognized at
2920 cm−1, 2907 cm−1, and 2897 cm−1. The absorption band at
2907 cm−1 is most likely related to an overtone of a CH3 asymmetric
bending mode and will be discussed further in Section 3.2.2. Among
the CH3 bending modes, symmetric modes are intense at 1382–
1368 cm−1, while the asymmetric modes are hardly detectable at



Fig. 6. IR spectra d5-isophorone adsorbed at 120 K on Pd(111) (black traces) and on
hydrogen pre-covered Pd(111) (gray traces) in the frequency range 3100–2800 cm−1

(C–H stretching) and 1800–1600 cm−1 (C = C and C = O stretching), 1500–1100 cm−1

(C–H, C–D, C–C deformation and C–C stretching at sub-monolayer coverages. Vibrations
that are more pronounced in isophorone on pristine Pd(111) are indicated with black
labels, vibrations that are more pronounced on hydrogen pre-covered Pd(111) are
indicated with gray labels.
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1464 cm−1 and 1452 cm−1. This intensity distribution between
vibrations of the same functional group points to a strongly favored
adsorption geometry, with some CH3 dynamic dipole moments parallel
to themetal surface and others strongly inclinedwith respect to the sur-
face plane. In fact, a strong dynamic dipole perpendicular to the surface
for the symmetric bending mode and parallel dipole moment for the
asymmetric bending mode points to a CH3 group which is facing away
from the surface and is strongly inclined with respect to the C = C–
C = O plane of isophorone. IR absorption bands near 2885–
2874 cm−1, which are unique for low coverage, could either point to a
shifted CH3 symmetric stretching frequency and thus to a perturbation
of a CH3 group; or to a CH2 asymmetric stretchingmode and thus to de-
hydrogenation of a CH3 group. Note that intact d5-isophoronemolecules
do not have unlabeled CH2 groups.
3.2.2. Isophorone on hydrogen pre-covered Pd(111)
In order to study the effect of co-adsorbed hydrogen on the interac-

tion of isophorone with Pd(111), the Pd(111) surface was pre-exposed
to 100 L H2 at 120 K. Previously it has been shown that H2 rapidly disso-
ciates on the Pd(111) surface, forming a 1 × 1 overlayer of H atoms
adsorbed on threefold-hollow sites (formal surface coverage: 1 H
atom per 1 Pd surface atom) [55–57]. Note that no subsurface hydrogen
species can be formed under these conditions. Fig. 6 shows IR spectra of
d5-isophorone adsorbed on pristine Pd(111) (black traces) and on
hydrogen-saturated Pd(111) (red traces) at 120 K, with d5-isophorone
coverages ranging from 1/8 ML to 1/2 ML. While the spectra of d5-
isophorone multilayers on pristine and hydrogen pre-covered Pd(111)
are similar, significant differences are observed at sub-monolayer
coverages. Black labels indicate IR absorption bands that are more pro-
nounced on the clean Pd(111) surface, gray labels mark peaks having
higher intensity on hydrogen pre-covered Pd(111) in the low coverage
limit.
At the lowest coverages, clearly different C–H vibrational modes
appear on pristine and hydrogen pre-covered Pd(111). Stronger IR ab-
sorption of isophorone on hydrogen pre-covered Pd(111) is observed
at 2955 cm−1 and 2927 cm−1 (CH3 asymmetric stretching modes)
and at 1430 cm−1 (the CH3 asymmetric bending mode of group A). In
contrast, on pristine Pd(111), peaks appear in the C–H stretching region
at 2907 cm−1 and 2885 cm−1. The vibrational band at 2907 cm−1 is
most likely related to the overtone of the CH3 asymmetric bending
mode at 1464 cm−1, which is also unique for molecules on pristine
Pd(111). Moreover, the C–C stretching modes near 1251 cm−1 are
more pronounced on the clean surface, while the mode at 1205 cm−1

is more intense on the hydrogen pre-covered surface.
According to theMSSRwe conclude that the different distribution of

IR absorption intensities on pristine and H2 pre-covered Pd(111) point
to different adsorption geometries of isophoroneon both surfaces. Espe-
cially the differences in the C–H stretching modes indicate significant
changes in the orientation of the CH3 groups with respect to the surface
in the presence of hydrogen. Furthermore, not only geometric effects,
but also perturbation and/or chemical transformation of isophorone
could yield different spectroscopic signatures on each surface. The IR ab-
sorption near 2885 cm−1, which is unique for isophorone on pristine
Pd(111) at low coverage, might point to conversion of a CH3 to a CH2

group. This pathway seems to be suppressed in the presence of H2.
Note that the relative intensities of the C–H vibrational bands might

slightly differ for differentmeasurements at nominally the same surface
coverage, whichmight be due to the strong dipole coupling effects and/
or variation of the surface coverage.

3.3. IR vibrations and adsorption of TMCH

The product of C = C bond hydrogenation in isophorone is the
saturated ketone 3,3,5-trimethylcyclohexanone(TMCH). In this section,
we assign the IR vibrational modes of TMCH adsorbed on Pd(111) for
comparison to isophorone.

3.3.1. Assignment of vibrations in TMCH multilayers
As discussed above, scaling the DFT-calculated IR spectra is

necessary to fit the calculated values to the experimentally observed
IR vibrations. In the following discussion, DFT results are scaled by the
factor 0.954 around 1630 cm−1. The unscaled values can be found in
Table 3 and Table 4. Stretching modes of TMCH are labeled with C1 to
C15 and deformation modes with D1 to D28. We refer to the respective
labels in the following discussion, in the tables, as well as in the IR spec-
tra. A comparison of the IR spectra of TMCH and isophoronemultilayers
is shown in Fig. 7. Most importantly, there are two different peaks in the
C = O stretching region that likely result from different TMCH species.
We assign the strong peak at 1713 cm−1 to C = O stretching in TMCH
ice since it grows continuously with increasing exposure, and the
band at 1648 cm−1 to a C = O stretching mode from sub-monolayer
TMCH. These peaks will be discussed in more detail in the following
section.

The vibrational modes of TMCH are summarized in Table 3. The IR
spectrum of multilayer TMCH on Pd(111) is plotted together with the
IR spectrum of the same coverage of isophorone in Fig. 7. Fig. 7 also
shows the assignment of selected vibrational modes. For a detailed
discussion of the vibrational modes of TMCH we refer to the SI.

3.3.2. TMCH at sub-monolayer coverage
Fig. 8 shows IR spectra of TMCH on Pd(111) at 120 K from

1800 cm−1 to 1200 cm−1 at different coverages. The coverage-
dependent evolution of IR absorption features gives detailed insights
into the binding and the geometry of TMCH on Pd(111). According to
the MSSR, only the projection of the dynamic dipole moment
perpendicular to the surface can be measured by IRAS.

The IR absorption intensities in the C–H stretching (not shown here)
and the C–H deformation regions grow roughly monotonically with



Table 3
Assignment of IR vibrations of TMCH from DFT and IRAS studies in the range of the C = C, C = O, and C–H stretching vibrations (3100–1600 cm−1).

Most pronounced internal coordinate(s) of the normal mode Vibrations TMCH/cm−1

DFT DFT scaled IRAS

ν(C = O) 1693 1690 1713
ν(C = O) 1648

C1 νa(CH3(B)) 3026 2962 2975–2940
C2 νa(CH3(A)) 3023 2959
C3 νa(CH3(B))

νa(CH3(C)
νa(CH2(6))

3021 2957

C4 νa(CH2(2))
νa(CH3(A,C))
ν(CH(3))

3018 2954

C5 νa(CH3(B)
νa(CH3(C))
νa(CH2(2,6))

3016 2952

C6 νa(CH3(C)
νa(CH3(B))
νa(CH2(6))

3013 2949

C7 νa(CH3(A))
νa(CH2(6))
νa(CH3(C)
νa(CH(3))
νa(CH2(2)

3012 2948

C8 νa(CH2(4))
ν(CH(3))

2967 2905 2913

C9 νs(CH3(B) 2953 2892 2880–2865
C10 νs(CH3(A)

ν(CH(3))
2946 2885

C11 νs(CH3(C) 2943 2883
C12 ν(CH(3))

νs(CH2(2,4,6))
2936 2876

C13 νs(CH2(6)) 2931 2871
C14 νs(CH2(2))

νs(CH2(4))
ν(CH(3))

2916 2857

C15 νs(CH2(4))
νs(CH(3))
νs(CH2(2))

2912 2853 ≈ 2840

ν: stretch, νa: asymmetric stretch, νs: symmetric stretch.
DFT scaling factor = 0.954.
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increasing TMCH exposure. In the C = O stretching region, however,
there are non-trivial changes in the bands observed with increasing
TMCH exposure. At the lowest TMCH exposure (1/12 ML), a sharp
band at 1648 cm−1 is detected and a smaller, broad band is observed
at 1747 cm−1. The band at 1648 cm−1 grows slightly with increasing
exposure and is saturated at 1/6 ML exposure. The band at 1747 cm−1

does not change intensity up to 1/3 ML, and then disappears at
coverages greater than 1/3 ML. A small band at 1701 cm−1 appears at
1/6 ML exposure and increases slightly in intensity up to 1/3 ML, but
does not appear to grow furtherwith increasing exposure. At 1/2ML ex-
posure, a bands at 1713 cm−1 appears and continues to grow with in-
creasing exposure.

The IRAS series shown in Fig. 8 gives valuable information about the
interaction of TMCHwith the Pd(111) substrate. First, there are several
different peaks in the C=O stretching region that likely result from dif-
ferent TMCH species. We can assign the strong band at 1713 cm−1,
which grows continuously with increasing exposure beyond 1/2 ML,
to C = O stretching in TMCH ice. We assign the band at 1648 cm−1,
which is observed at the lowest exposure (1/12 ML) and is saturated
by 1/6 ML, to a C = O stretching mode from sub-monolayer TMCH.
The C = O stretching modes at 1701 cm−1 and 1747 cm−1 are most
likely related to TMCH species in the intermediate coverage range be-
tween sub-monolayer and multilayer ice, probably the second layer. Fi-
nally, the strong intensity of the C = O vibration at 1648 cm−1 even at
the lowest TMCH exposure (1/12 ML) indicates that the C = O bond in
TMCH is strongly tiltedwith respect to the Pd(111) surface plane at sub-
monolayer coverage. These results indicate that at low coverage TMCH
adsorbs close to perpendicularly to Pd(111) plane through the C = O
group, strongly perturbing the C=O stretching vibration.With increas-
ing TMCH coverage, several more TMCH species are formed, giving rise
to newC=Ovibrational bands. Second, the bands in the C–H stretching
and the C–H deformation regions grow roughly monotonically with
increasing TMCH exposure, and there is no indication that these
vibrational modes are strongly affected by the Pd(111) substrate.

Below 1500 cm−1, all IR absorption features of TMCH becomeweak-
er with decreasing coverage. In contrast to isophorone, a selective dis-
appearance of only some vibrations modes is not observed; the
decrease in intensity is evenly distributed through all IR absorption
features.

To better understand the influence of the Pd(111) substrate on the
C = O stretching modes of TMCH, we have performed DFT calculations
of the IR spectra of TMCH in the gas phase and of an isolated TMCHmol-
ecule adsorbed on Pd(111), which are shown in Fig. 9. The position of
the calculated C = O stretching mode of gas-phase TMCH
(1694 cm−1) is 83 cm−1 higher in wavenumber than that of TMCH
adsorbed on Pd(111) (1611 cm−1), indicating a strong perturbation of
the C = O vibrational mode of TMCH by interaction with the Pd(111)
surface. Also shown in Fig. 9 are the IR spectra of gas-phase TMCH
from the NIST Chemistry WebBook [58] and TMCH (1.5 ML exposure
at 120 K) adsorbed on Pd(111). The position of the calculated C= O vi-
brational band in gas-phase TMCH (1694 cm−1) is not the same as that
of gas-phase TMCH from the NIST database (1730 cm−1). Also, the



Table 4
Assignment of IR vibration modes of TMCH in the range from 1500 cm−1 to 1000 cm−1.

Most pronounced internal coordinate(s) of the normal mode Vibrations TMCH/cm−1

DFT DFT scaled IRAS

D1 δa(CH3(B,C))
δa(CH3(A))

1457 1465 1475–1445
1452 1459

D2 δa(CH3(A))
δa(CH3(B,C))

1446 1455
1445 1454

D3 δa(CH3(B,C))
δa(CH3(A))
δ(CH2(4,6))

1441 1450

1433 1442

D4 δ(CH2(4))
δ(CH2(2,6))
δa(CH3(B,C))

1426 1435 1435–1410

D5 δ(CH2(2,6))
(in-phase)
δ(CH2(4))
(out-of-phase)

1410 1420

D6 δ(CH2(2,6))
(out-of-phase)

1403 1413

D7 δs(CH3(B,C))
(open-open)

1369 1381 1388
1376
1364D8 δs(CH3(A)) 1359 1371

D9 δs(CH3(B,C))
(open-close)

1348 1361

D10 δ(CH(3))
ω(CH2(2,4))

1333 1347 1336

1316

1300

D11 δ(CH(3))
τ(CH2(2,4))

1314 1329

D12 ν(C5-CH3(C))
ω(CH2(4,6))
δ(CH(3))

1289 1305

D13 ν(C5-CH3(B))
τ(CH2 (2,4,6))
δ(CH(3))

1274 1290

D14 νs(C6–C1–C2)
ω(CH2 (2,4,6))
δ(CH(3))

1259 1276 1282–1254

D15 νa(C6–C1–C2)
ω(CH2(2,4,6))

1242 1260

D16 ν(C–C) + δ(C–C)
τ(CH2(2,4,6))

1233 1251

D17 ν(C–C) in ring
τ(CH2(2,4,6))

1207 1226 1235–1222

D18 ν(C4–C5–C6)
ω(CH2(2,4,6))

1197 1217

D19 ν(C5–CH3(B))
ρ(CH3(A,B,C))
ω(CH2(6))

1154 1177

D20 ν(C3–C4)
τ(CH2(2,4,6))
ρ(CH3(A,B,C)

1134 1157 1150–1130

D21 ν(C2–C3–C4)
ρ(CH3(A)

1117 1141

D22 ν(C5–C6–C1–C2)
τ(CH2(2,4,6))
ρ(CH3(A,C))

1061 1087 1095–1078

D23 ν(C3–CH3(A))
ρ(CH3(A,B,C))

1050 1077

D24 ρ(CH3 (A,C))
δ(C–C) + ν(C–C)
τ(CH2(2,6))

1018 1046

D25 ρ(CH3 (B,C)) 988 1018
D26 ρ(CH3 (A))

ρ(CH3 (B,C))
962
943

993
975

D27 ρ(CH3 (B,C))
ρ(CH3 (A))

917
909

950
942

D28 ρ(CH3 (A,B,C))
ν(C3–C4)

887 921

ν: stretch, δ: bend, δa: asymmetric bend, δs: symmetric bend, ω: wag, τ: twist, ρ: rock.
DFT scaling factor = 0.954.
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position of the calculated C = O stretching mode for an isolated TMCH
molecule adsorbed on Pd(111) (1611 cm−1) is not the same as the
C = O stretching mode from sub-monolayer TMCH on Pd(111) that
we measured (1648 cm−1). However, the difference in the position of
the calculated C = O stretching mode in gas-phase TMCH to the
calculated C = O stretching mode of an isolated TMCH molecule on
Pd(111) (83 cm−1) is almost exactly the same as the difference in the
position of the C = O stretching mode in gas-phase TMCH from the
NIST database and sub-monolayer TMCH on Pd(111) from this work
(82 cm−1).



Fig. 7. IR spectra of 1.5 ML of TMCH (black) and isophorone (gray) adsorbed at 120 K on
Pd(111) in the frequency range 3100–2700 cm−1 (C–H stretching), 1800–1600 cm−1

(C = C and C = O stretching), and 1500–1000 cm−1 (C–H and C–C deformation and
C–C stretching).

Fig. 8. IR spectra of TMCH and d5-isophorone adsorbed at 120 K on Pd(111) at 1800–
1600 cm−1 (C = C and C = O stretching) and 1500–1000 cm−1 (C–H, C–D, C–C
deformation and C–C stretching) at coverages from 1/12 ML (topmost trace) to 1 ML
(lowest trace).
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Combining the experimental IRAS results and DFT calculations, a
clearer picture of the interaction between TMCH and Pd(111) emerges,
which is very different from that of isophorone. The C–H stretching and
C–H deformation regions grow roughly monotonically with increasing
coverage, pointing to a possibly less strict ordering of molecules on
the surface. TMCH interacts with the Pd(111) surface primarily through
the C=O group. At low coverage, TMCHadsorbs roughly perpendicular
to Pd(111) through the strongly perturbed C=O group, giving rise to a
C = O vibrational band that is strongly shifted by ≈82 cm−1 to lower
wavenumber relative to that of gas-phase TMCH. At intermediate cover-
age between sub-monolayer and multilayer ice, two new C = O vibra-
tional bands appear at 1747 cm−1 and 1701 cm−1. The origin of these
peaks is not fully clear, however, they may arise from the second layer
of TMCH molecules. A C = O vibrational band from multilayer TMCH
ice appears at 1713 cm−1, which is 17 cm−1 lower in wavenumber
than the C = O stretching mode of gas-phase TMCH, and continues to
grow with further increasing coverage.
4. Conclusions

The adsorption of the unsaturated ketone isophorone and its
hydrogenation product, the saturated ketone TMCH, on Pd(111) were
investigated in this work. IR vibration modes of isophorone,
deuterium-labeled (d5-) isophorone and TMCH were studied in the
range from 3000 cm−1 to 1000 cm−1 by IRAS and DFT studies. Detailed
assignment of IR vibrations was achieved for the first time for normal
and d5-isophorone as well as TMCH at multilayers coverages.

Investigation of normal and d5-isophorone allowed for better assign-
ment of vibrational bands:

• C = C and C = O stretching modes are well-separated in d5-
isophorone, but are strongly overlapping in normal isophorone,

• CH2 stretching and bending modes can be distinguished from CH3

stretching and bending vibrations, and
• C–C stretching vibrations are separated from CH2 wag, CH2 twist, and
CH bend modes.

Vibration frequencies of isolated isophorone and TMCH molecules
from DFT + vdW calculations agree well with the experimentally
observed IR absorption features at multilayer coverages. A detailed as-
signment of vibrational modes between 3000 cm−1 and 1000 cm−1

was presented for the three molecules.
The coverage dependent evolution of IR vibrational bands provides

deep insights into the structure of isophorone on Pd(111):

• At the lowest isophorone coverage, we observed a flat-lying adsorp-
tion geometrywith the C=C and C=Obonds being oriented parallel
to the surface plane and at least one CH3 group facing away from the
Pd. This observation suggests that isophorone preserves the in-plane
configuration of the conjugated π-system in the low coverage limit.
However, dehydrogenation of a CH3 group to CH2 appears to be possi-
ble.

• For intermediate sub-monolayer coverages, the in-plane structure of
the isophorone ring adsorbed on pristine Pd(111) was observed to
be strongly distorted. The C = C bond becomes noticeably tilted
with respect to the surface plane, while the C = O bond remains still
oriented flat on the surface.



Fig. 9. Comparison of C= O stretching vibration in TMCH in different states (from top down): calculated by DFT in gas phase and adsorbed on Pd(111), gas phase spectrum according to
NIST [58], and IRAS measurement on multilayer coverage of TMCH on Pd(111) at 120 K.
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The IR spectra indicate that the adsorption of isophorone is signifi-
cantly affected by the presence of pre-adsorbed hydrogen:

• At intermediate isophorone coverages, themolecular structure is sim-
ilar to that of gas-phase isophorone.

• At low coverages of isophorone, the intensity ratio of the C–H vibra-
tions strongly points to different orientation of the –CH3 groups as
compared to pristine Pd(111). The molecules appear to be more
perturbed on the clean Pd(111) surface than on the hydrogen-
precovered surface.

• The hydrogen-induced changes in the orientation of unsaturated
bonds may have important implications for selective hydrogenation
of either the C=C or the C=O bond, i.e. via changing the typical dis-
tances of the C = C vs. C = O bonds to the surface and thus effecting
the degree of their perturbation and the hydrogenation probability.

We found pronounced differences in the structures of the saturated
ketone TMCH and the unsaturated ketone isophorone adsorbed on
Pd(111):

• TMCH adsorbs in a strongly tilted geometry with respect to the
Pd(111) surface plane, interacting with the surface primarily through
the C = O group.

• At the lowest TMCH coverage, the species give rise to a C = O vibra-
tional band that points to a considerably weakened C = O bond.

• At intermediate TMCH coverage, species with less perturbed C = O
bonds also appear.

• The C–H vibrational bands grow roughly monotonically with increas-
ing coverage, which might point to less perturbed C–H bonds and a
less strict ordering of molecules on the surface.

• The strong changes in the adsorbate's structure going from the unsat-
urated to the saturated ketone (isophorone to TMCH)may play a cru-
cial role in the selectivity of C = C vs. C = O bond hydrogenation in
α,β-unsaturated carbonyl compounds.
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