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Abstract

Atomistic level understanding of interaction aff-unsaturated carbonyls with late
transition metals is a key prerequisite for ratlaesign of new catalytic materials with the
desired selectivity toward C=C or C=0 bond hydradem. The interaction of this class of
compounds with transition metals was investigated: §-unsaturated ketone isophorone on
Pd(111) as a prototypical system. In this studfraned reflection-absorption spectroscopy
(IRAS), near-edge x-ray absorption fine structuMEXAFS) experiments and density
functional theory calculations including van der aMa interactions (DFT+vdW) were
combined to obtain detailed information on the bigdof isophorone to palladium at
different coverages and on the effect of pre-ad=biydrogen on the binding and adsorption
geometry. According to these experimental obsewmatiand the results of theoretical
calculations, isophorone adsorbs on Pd(111) imtaying geometry at low coverages. With
increasing coverage, both C=C and C=0 bonds ohmame tilt with respect to the surface
plane. The tilting is considerably more pronounfaedhe C=C bond on the pristine Pd(111)
surface, indicating a prominent perturbation armdcstiral distortion of the conjugated
system upon interaction with Pd. Pre-adsorbed lggirdeads to higher tilting angles of both

1t bonds, which points to much weaker interactioisophorone with hydrogen pre-covered
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Pd and suggests the conservation of the in-planengiy of the conjugatett system. The
results of the DFT+vdW calculations provide furthesights into the perturbation of the

molecular structure of isophorone on Pd(111).

Keywords: surface chemistry of hydrocarbons, adsmrpgeometry, isophorone, infrared
vibrational spectroscopy, model single crystal @cef

1. Introduction

Chemo- and enantioselectivity in hydrogenation og-unsaturated carbonyls on
transition metals is a topic of ongoing researchtha field of heterogeneous catalysis.
Particularly important is the possibility to tunerface chemistry of multi-unsaturated
hydrocarbons, such asp-unsaturated ketones and aldehydes, and theiradieeg, since
they represent a broad class of valuable interneslimr practically important processes.
For molecules containing both, a C=C and a Q¥fbnd, such as e.g. theB-unsaturated
ketone isophorone, hydrogenation can yield eithesaturated ketone (3,3,5-trimethyl-
cyclohexanone), an unsaturated alcohol (isophora@) a saturated alcohol
(trimethylcyclohexanol). To avoid the formation widesired products and thereby, an often
difficult and cost intense separation of the ddéfdr products, a high selectivity in
hydrogenating either the C=C or the C=0 bond isirdee. Over Pd catalysts, the
hydrogenation of the C=C double bond of isophoramestrongly favored vyielding the
saturated ketone in high selectivity (~100%) arskersally no alcohol§® The origin of this
chemoselectivity is, however, not fully understood.

Not only a high chemoselectivity, but even high reieselectivities in hydrogenation
reactions can be achieved over heterogeneous stalsing a chiral modifiéf° that renders
the surface asymmetric. Compared to homogeneouslysit traditionally applied in
enantioselective synthesis, the use of heterogeneaialysts has operational, economical and
often environmental advantages. A number of diffemaodifiers have been tested for the
enantioselective hydrogenation of isophorone, whigha benchmark test molecule for
enantioselective hydrogenation reactions of enértés® Even though the exact origin of the
enantioselectivity during hydrogenation of isophmos not well understood so far, the
specific adsorption geometry of isophorone, paldidy the tilting angles of the unsaturated
C=C and C=0 bonds with respect to the surface pl@neombination with the adsorption

geometry of the chiral modifier are usually dis@ts$o play a decisive role in rendering the
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surface chemistry chirdf*’ The effects of isophorone coverage and presenbgdsbgen on
the isophorone adsorption geometry have not bemoulhly investigated so far.

In this work, we investigate the adsorption of isomne on Pd(111). Infrared
reflection absorption spectroscopy (IRAS) and NEXAFtudies were combined to
investigate the effects of isophorone coveragehaudogen co-adsorption on the orientations
of the C=C and C=Q0rt bonds with respect to the Pd(111) surface plarear dge x-ray
absorption fine structure (NEXAFS) has been dematedd to be a powerful tool that
provides electronic and structural information ds@bed molecules. In the past two decades
it was shown that the application of NEXAFS canex¢ended from small to large organic
molecule$® ?° The determination of the orientation of large ewolles by Cls> n*
resonances is employed to study the adsorptiorrgzfnic molecules on metal surfa¢és?
Langmuir-Blodgett monolayets self-assembly of long chain alkaf®sor aromatic
molecule’. More recently high resolution beam lines enatdpéctroscopy with highly
resolved additional fine structures, such as vilwr@oupling and local vibronic excitations.
NEXAFS data of organic molecules that show vibraidine structure in superposition with
the electronic excitation were obtaifédWith regard to catalytic conversions, several
NEXAFS studies focus on the interaction of unsaadgdydrocarbons with metal surfaces.
Attempts were made to correlate chemoselectivitiiyidrogenation of multiple unsaturated
compounds with the conformation of the adsorbatethe catalyst surface as determined by
NEXAFS?2® 2 |n this study, infrared spectroscopy is used tonmlement NEXAFS in
determining the adsorbate molecular structure,elsas to provide additional information on
the geometry of chemical bonds with respect to ghbstrate. While NEXAFS probes
electronic states with very high sensitivity to dnaalsorbate coverages, IR spectroscopy is a
very established tool to study the vibrations oéroical bonds. Complementary density-
functional theory studies including van der Waalgiaction (DFT+vdW) were performed to
rationalize the experimental observations.

We show that isophorone adsorbs on Pd(111) intdyftag geometry at low coverages
preserving the in-plane geometry of the conjugatsgistem. The tilting angle of both double
bonds changes with increasing coverage, howevera tdifferent extent. Pre-adsorbed
hydrogen leads to high tilting angles of batbonds, which points to the conservation of the
in-plane geometry of the conjugatedsystem and weaker interaction with Pd. DFT+vdW
calculations confirmes the flat-lying adsorptionogeetry of isophorone at low coverages.

Both experimental and computational results suggest the C=C bond of isophorone is
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significantly perturbed by the interaction with Pladpth in terms of the electronic and
geometric structure, while the carbonyl bond appéaibe hardly affected by the interaction

with the metal.

2. Experimental Detailsand Methods

IRAS experiments were performed at the Fritz-Hdhstitut, Berlin, in a UHV-
apparatus that has been described in detail B&fdrebrief, either normal or deuterium-
labeled isophoroned{-isophorone) were dosed onto the sample cooled@KlLthrough a
doubly differentially pumped multi-channel array lexular beam controlled by valves and
shutters. The source was operated at room temperaid the beam diameter was chosen to
exceed the sample size. The Pd(111) single crysasl cleaned prior to use by repeated
cycles of Af ion bombardment at room temperature, annealinD@® K and oxidation in
1-10° mbar Q at 750 K to remove residual carbon. The final wwieg cycle was stopped
after annealing. The flatness and cleanliness ef Rd(111) single crystal surface was
checked by low energy electron diffraction (LEEMdaRAS of adsorbed CO. IRAS data
were acquired using a vacuum Fourier-Transformanefil (FT-IR) spectrometer (Bruker IFS
66Vv/S) with a spectral resolution of 2 ¢rand using a mid-infrared (MIR) polarizer and p-
polarized IR light. The surface was pre-coveredhwilydrogen by dosing 100 L of,H
Isophorone (Acros Organics, 98 %) grisophorone (Quotient Bioresearch (Radiochemicals)
Limited, 90 %) were purified prior to the experiney repeated freeze-pump-thaw cycles.
The stated coverages for IRAS experiments are givéractions of a monolayer (ML) that
were determined by TPD experiments (1 ML is defiasdthe surface coverage where the
multilayer desorption feature begins to appeahatemperature programmed desorption of
isophorone from Pd(111)). The upper limit of a mlager of isophorone is estimated to
approximately7 - 1014 molecules/cm? .

NEXAFS experiments were performed at the undulagamline UE52-PGM at the
BESSY:-II synchrotron facility in Berlin. The Pd(1)ldingle crystal was cleaned as described
above by repeated sputtering-annealing-oxidizindesy Isophorone was purified by freeze-
pump-thaw cycles prior to the exposure. Isophomwas deposited onto the Pd(111) at 100 K
by placing the crystal in front of the gas dosdre Thonolayer coverage of isophorone was
determined by the position of the Cls peak in x{aptoelectron spectroscopy that was
found to change at the onset of a multilayer foroma{data not shown) in agreement with

literature datd&” To deposit any defined submonolayer coverage ophisrone, a
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correspondingly lower exposure times were usedoWwolg deposition of isophorone onto
the Pd(111) crystal, the sample was transferreml geparate analysis chamber for NEXAFS
spectra collection. The analysis chamber was eedippith a channeltron detector with a
retarding field of 150 V for partial electron yieMEXAFS measurements. The energy of the
incident x-ray beam was scanned from 250 eV toe3bQvith a resolution of 0.1 eV in the
range of 280 eV to 300 eV and 0.5 eV elsewherectBpaere taken at incident beam angles
of 70° and 80° with respect to the sample normalhbwith horizontal and vertical
polarization with respect to Pd(111) surface. Tipectra were normalized by their C K-edge.
The pre-edge peaks were fitted by Gaussian furgtibhe absorption edge was fitted by a
Gaussian onset and a linear decrease towards higiyies'® > The orientations of the
molecular orbitals were calculated from the ratfotlee corresponding peak areas in the
spectra measured with horizontally and verticalblapzed light (the upper estimate of
accuracy is + 5"

The DFT calculations were carried out using theemtly developed PBE+vd®
method’, as implemented in the FHI-aims all-electron ¢&d&he PBE+vd\W"" method
extends pairwise vdW approaches to modelling obdi#ges on surfaces by a synergetic
combination of the PBE+vdW methBdfor intermolecular interactions with the Lifshitz—
Zaremba—Kohn theo?§ * for the non-local Coulomb screening within the KouWe
employed the “tight” settings for integration grided standard numerical atom-centered
orbitals basis sets in FHI-aims code. We used tHe&akms “tier2” basis set for light
elements (H, C, and O), and “tierl” for Pd. Thelegdazeroth-order regular approximation
(ZORA)* was used to treat relativistic effects for Pd atolve built up four-layer Pd slabs
with a (4x4) unit cell, and each slab was separhte80 A vacuum. The bottom two metal
layers were constrained, whereas the uppermostntetal layers and the adsorbate were
allowed to fully relax during geometry relaxatioR®r slab calculations, we used a 3x&x1
points mesh. Based on the most stable geometnmdsgrad vibrational spectra were
calculated by a second derivative of the energynftbe numerical change of the forces
arising from small finite displacements. Six findesplacements were applied to each of the

atoms with a value of 0.005 A.

3. Results and Discussion
The adsorption of isophorone on Pd(111) at 100 Is weperimentally studied under
well-defined UHV conditions by IRAS and NEXAFS expeents. DFT+vdW simulations of
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the vibration modes of isophorone were employelgelp the interpretation of the IR spectra.
In this section, we discuss the adsorption geomaftrigophorone, specifically focusing on
titing angles of both unsaturated bonds — C=C @D — with respect to the Pd(111)
surface. The adsorption geometry of isophorone imasstigated as a function of coverage
both on pristine and hydrogen pre-covered Pd(111).

3.1 Theunsaturated C=C and C=0 bonds/ Pd(111)

The structural formulas of normal and deuteriumssitilited @) isophorone are shown
in Figure 1. In the latter molecule, all five hydem atoms directly attached to the g
were substituted by five deuterium atoms. The Ilecta of isophorone ice, providing a
reference for a non-perturbed molecular structare,displayed in Figure 2 for normal and
ds-isophorone. For both molecules, three main spletgaons can be distinguished, which
are characteristic of C-H stretching vibrationsQ@83200 cm'), C=C and C=0 stretching
(1550-1850 cn), as well as for C-H, C-D and C-C deformation atlons € 1500 cm?).
While the exact assignment of the stretching arfdrd®tion vibrations of C-H, C-D and
C-C bonds is rather complex and will be the subgfct forthcoming publication, the
vibrational features corresponding to the C=C ar@®onds can be clearly identified. In the
normal isophorone molecule, the most intense vimat the C=0 stretching mode at 1665
cm?, which lies very close to the vibrational frequgr®55 cm' characteristic for the C=C
stretching vibration. As can be clearly seen frdra spectrum, these vibrational features
strongly overlap making the distinction of both derrather difficult. In order to overcome
this problem, the ring-substitutedi-isophorone can be used, where the C=C vibrational
feature appears at 1620 ¢nshowing a shift by 35 cfhas compared to its non-substituted
counterpart. The C=0 bond in tld-isophorone appears to be hardly affected by the
substitution in the ring and remains essentiallthatsame position as in the non-substituted
isophorone.

The adsorption geometry of molecular species adsborn metal surface can be
deduced from their IRAS spectra based on the nwmtdhce selection rule (MSSR)>®
According to MSSR, only vibrations having a projent of the dynamic dipole moment
perpendicular to the surface are visible in IRAc@e while the vibrations parallel to the
surface are strongly attenuated due to formaticemafmage dipole moment in the underlying
metal substrate. To determine the orientation @phsrone, particularly the C=C and C=0



bonds, a series of IR spectra were obtained atrdifit isophorone coverages spanning the
range from 0.25 ML up to 2.40 ML.

Figure 3a shows the IR spectra aafisophorone adsorbed on Pd(111) at 100 K at
different coverages and the spectrum of isophoroador comparison with an unperturbed
molecule. In these spectra, two vibrational regiaresdisplayed for simplicity: the region of
the C-H stretching vibrations (2800 — 3000 9nand the region of the C=0 and C=C
stretching vibrations (1665 — 1620 ¢jnAt the lowest coverage df-isophorone (0.25 ML),
there is a significant signal in the C—H stretchnegion; however, there is essentially no
signal for the double bonds: neither for the C=@tshing mode nor for the C=C stretching
mode. This intensity distribution is in a sharp ttast to the situation found for isophorone
ice (see the Figure 2 and the last spectrum showthis series), where the most intense
vibrations are that of the C=0 and C=C bonds. Thseace of absorption bands in the C=C
and C=0 stretching region indicates that these $anel either oriented parallel to the surface
and therefore cannot be seen because of MSSRramght perturbed (e.g. dissociated to
form bidentate species) by the interaction with 1Rdj. With increasingds-isophorone
coverage (0.38 — 0.75 ML), the intensity of the Giketching region increases only slightly,
but the intensity of the absorption features in tbgion characteristic for C=C and C=0
stretching vibrations changes very strongly. Foreaposure of 0.5 MLds-isophorone, a
pronounced C=C stretching signal centered arour® I8i' is observed, while the C=0
stretching peak around 1665 ¢ris hardly visible. With increasinds-isophorone coverage,
the intensity of the C=0 stretching signal at 1885" increases rapidly and becomes the
most intense peak in the spectra from 0.75 ML agbdr. The ratio of the C=0 to C=C peak
intensities at 0.75 ML amounts to approximate}yollc=c= 4 and is roughly similar to the
intensity ratio in the isophorone multilayer (eag.2.4 ML) k-=¢d/lc-c= 6-8. The intensities
lc=o and k=c are determined by integration of the IRAS peaksre

NEXAFS experiments were performed under the sanperemental conditions to
obtain quantitative information on the coverageeataent adsorption geometry of the C=C
and C=0 bonds in isophorone on Pd(111). In theeptesxperiments, two different ways of
determining the molecular tilting angles were usBuk first method is based on the use of
vertically-polarized light; the NEXAFS spectra wartained as a function of the incidence
angle of the photon beafhin the second method the incidence angle of thaybeam was
kept constant and the polarization was changed fventically to horizontally-polarized

light.*® The second method has the advantage that the sayapietry remains unchanged
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and therefore the spectra become less susceptibéxgerimental uncertainties (e.g. the
illuminated area of the sample is the same). Bo#thods were applied and the results
showed very good qualitatively agreement; howether spread of the experimental data was
considerably larger for the method one. For theésoa, we will discuss only the results of the
experiments based on the changing polarizationek@eping the sample geometry constant.
Figure 4 shows two example NEXAFS curves in horiaband vertical polarization

corresponding to 0.7 ML of isophorone on Pd(11Xhhe fitted C K-edge and indication of
the most pronounced excitations around the edge.

The pre-edge peak 1 around 284.9 eV and peak 2&286.6 eV appear much sharper
than the post-edge transitions. According to previstudies, peaks 1 and 2 are assigned to
Cls-> n*(C=C) and C1s> n*(C=0) excitation&> ?* 2° 1 %2}t should be noted that what
permits the differentiation between the C=0 and Q=Gonances is not the final state
(LUMO), but the initial state, i.e. the Cls statdsthe C=0 carbon and the C=C carbons
having different binding energies due to differehemical shifts. As long as the chemical
nature of the molecule is preserved, i.e. both @a@ C=0 bonds are not dissociated as in
the case of this study, both resonances-€1g(C=C) and C1s> n*(C=0) can be observed

as separate peaks.

In more detail, peak 1 consists of two feature2&t.8 eV and 285.0 eV, which we
correlate to excitations of Cls electrons locatedtha two different C atoms of the C=C
bond. However, they cannot be resolved as two pealevery measurement and might
appear as one feature located around 284.9 eV1(£VU). Peak 2 has its maximum at
286.6 eV (£ 0.1eV); in every recorded spectrum tstmulders appear around 286.9 eV
(x0.1eV) and 287.2eV (x0.1eV). The energy atdhce between the three features
amounts approximately 0.3 eV (x 0.2 eV), which emetatively assign to coupled excitations
of Cls > n*(C=0) electronic transitions and C=0 vibronic d@ations. Previously such
coupled electronic and vibronic excitations haveerbeobserved for various organic
molecule$’. From IRAS the energy of the C=0 bond vibratiorcaéculated to be 0.21 eV.
However, the resolution limit of the NEXAFS expeents was 0.1 eV, which is not ideal to
determine vibration frequencies. According to poersi assignments, the broad features 3 and
4 around 288.8 eV and 290.7 eV are assigned to&18,(C=C) and Cls> n*,(C=0)
transition§” *2 Both features show identical dependence on theripation of the incident

beam as the corresponding C2st*(C=C) and C1s> n*(C=0). The very broad excitation
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features 5 and 6 around 293.1 eV and 299 eV ara lkarge extend independent of the
polarization and can be attributed mainly to sev€&as - o* transitions, as reported
elsewherg& 42

C K-edge NEXAFS was measured for isophorone coesrag 0.2 ML, 0.4 ML and
0.7 ML, each with horizontally and vertically-paleed x-ray beam and incident angles of
70° and 80° with respect to the surface normal. elies of representative coverage-
dependent, step-edge normalized C K-edge NEXAFS$tigpavith incident angle of 70° is
shown in Figure 3b. The two most important featurethe spectra are the pre-edge peaks
that are assigned to the C®s n*(C=C) resonance at 284.9 eV and the Cxst*(C=0)
resonance at 286.6 eV. These peaks can be alrézahyycseen at the lowest coverages of
isophorone (0.2 ML), indicating thus that both Ca@ C=0 bonds are not dissociated upon
interaction with Pd(111). At the lowest coverage2(®IL), a flat lying geometry of the
n(C=C) and thet(C=0) bond is evident by the strong dependencdefintensity of both
pre-edge peaks on the polarization of the incitbexaim. While there is a strong resonance of
both = bonds with vertically-polarized light (black), abst no absorption is detectable with
horizontally-polarized light (grey) suggesting atflying adsorption geometry of isophorone.
With increasing coverage, the intensity of battesonance peaks with horizontally polarized
light increases relative to the resonance withie@ty polarized light, indicating that the
tilting of isophorone increases. The coverage-dépenangles of the C=C and C=0 bonds
with respect to the Pd(111) crystal plane wereuwated and are summarized in Table 2. It
should be pointed out that in general case thettres of specific bonds are not accessible
with NEXAFS. Only the angle between the substratéase normal and the direction of the
transition dipole moments of the respective €4% transitions can be determined. In this
study, we make an assumption that the geometryhefrt orbital with respect to the
corresponding double bond remains fairly consta@nuadsorption, the assumption that is
supported by theoretical calculations. Thereforeassume that the changes of the €i%
transitions corresponding to the C=C and C=0O douimeds reflect the tilting of the
conjugated fraction of the molecule. An excellegteement between the NEXAFS results
and IRAS data as well as the results of theoretiaklulations, which will be discussed in the
following, support a good validity of this assunguti

The strong polarization dependence of the pre-qugeks at a coverage of 0.2 ML
allows us to conclude that isophorone adopts esdigna flat adsorption geometry on

Pd(111) at low coverages. Since NEXAFS becomesivelg inaccurate at very small tilting
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angles of thetbonds, the formally determined tilting angle of ¥8th respect to the Pd(111)
should be rather considered as an upper limit ®firthlination angle. The possible source of
the error can be also the uncertainty of the erpantal alignment, e.g., difficulty of setting
the sample surface precisely parallel to the hoteloelectric vector, or the polarization
factor of the incident X-ray. At an intermediatevecage (0.4 ML), the C=C bond (33° £ 2°)
is slightly more tilted than the C=0 bond (28° 1).2At high coverage (0.7 ML) both
unsaturated bonds are strongly inclined. Still, @eC bond (41° + 2°) takes a tentatively
more upright position than the C=0 bond (37° = 2%e inclination angles obtained for the
highest isophorone coverages are in a good agreemitbrnthe recent NEXAFS results from
Lambertet al, where the C=C-C=0 framework in isophorone wasfbto be tilted by 42°
with respect to the surface at high isophorone emes°.

The IRAS and NEXAFS results for the coverage-depahddsorption geometry of
isophorone on clean Pd(111) are in qualitative exgent. At low coverages isophorone lays
flat on the Pd(111) surface, which results in a plete attenuation of the vibrational features
characteristic for C=0 and C=C bonds, while theaayit dipole moments of C—H stretching
vibrations are at least partly inclined and therefthe corresponding bond vibrations are
visible. As observed by NEXAFS, both C=C and C=@dware present in a non-dissociated
form, which rules out the hypothesis on scissiothete bonds as a reason for the missing IR
bands at the lowest isophorone coverages. Theastinupper limit for the inclination angle
of both 1t bonds (13°) is in a good agreement with the fldéoaption geometry of the
conjugated C=C and C=0 bonds deduced from the IB#&&. This observation suggests that
isophorone essentially preserves the in-plane gordtion of the conjugatedsystem in the
low coverage limit.

With increasing coverage, the inclination anglesboth the C=C and C=0 bonds
increase, with the tilting of the C=C bond is caesably more pronounced than that of the
C=0 bond according to IRAS. In fact, at the coverafj0.5 ML the intensity of the IRAS
absorption of the C=C bond is already comparabkh Wie intensity of this bond on the
isophorone-saturated surface, while the intendit§=O vibration is still very close to zero.
This observation indicates that the conjugatedystem of C=C and C=0 bonds is very
strongly distorted. In a gas-phase molecule, tihesebonds are lying in the same plane. If
the molecule would uniformly lift up, one would eqt identical tilting angles and, hence,
the ratio of the absorptions in IRAS=¢/Ic=c close to the ice value do/lc=c~ 6-8). The

observation of the intense C=C vibration and theeabe of the C=0 vibration in IRAS
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indicate that at intermediate coverages the C=Qlh®still nearly lying flat on the surface,
while the C=C bond lifts up resulting in a strongtdrtion of the original in-plane molecular
structure of isophorone. The higher tilting of ibopone at intermediate coverages can be
also observed in the NEXAFS data; however, thisidres somewhat less pronounced,
probably because of an absolute difference in @meerThe pronouncedly tilted adsorption
geometry at high coverages most likely originatesnf steric constraints on the surface.
Since the intensity ratio in IRASdY/Ic=c~ 4 at this coverage becomes closer to the ice value
of 6-8, diminishing distortion of the isophoron raollar structure can be concluded for the
high coverage limit. Note that the IRAS data allomore reliable conclusions on the
adsorption geometry of both double bonds sincedlaive orientation of the C-C and C-O
axes with respect to the metal surface plane isrchhed. In NEXAFs, only the angle
between the metal surface plane and the directidheotransition dipole moments of the
respective C1ex* transitions can be obtained; possible rotatiothefr bonds with respect
to the C-C or C-O axes might complicate the intetqtion of the NEXAFS spectra.

The experimental results pointing to the flat-lysdsorption geometry of isophorone at
the lowest coverage were corroborated by the thiealecalculations. In this study, the
DFT+vdW"™ method with the Perdew-Burke-Ernzerhof (PBE) fiora!™ was applied to
computationally investigate the details of the ®tatc structure of isophorone adsorbed on
Pd. The PBE+vdW"™ method is an accurate and efficient vdW-inclusagproach that
allows quantitative treatment of both weakly anbraly adsorbed molecules on metal
surfaces 444

Figure 5a illustrates the most stable adsorptioncstre found in PBE+vd®"
geometry relaxations for isophororie. agreement with the experimental observations by
IRAS and NEXAFS, isophorone was computed to adsoebflat-lying adsorption geometry
with the C=C and C=0 bonds oriented parallel tosthiestrate surface plafieThe O-Pd and
C-Pd distances for the C=0 and C=C bonds are imatige of 2.14-2.29 A, close to typical
covalent bond lengths. In contrast, carbon atomhenthree methyl groups attached to the
ring, which are highly affected by the vdW forcass lifted above the surface by 2.87 to 4.98
A. The C=C bond in the adsorbed isophorone wasdadienbe elongated by 0.1 A as
compared to the isolated molecule (from 1.35 t& % suggesting a change of the effective
bond order of the C=C bond. The carbonyl bond ss klongated than the C=C bond (from
1.23t0 1.29 A).
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To examine the feasibility of the calculated adsorp structure, the isophorone IR
spectra were calculated both for gas phase andrmts@n Pd(111) molecule using the
harmonic approximation Figure 5b, two lowest cujv@se calculated spectra were found to
reproduce the most essential features of the ewpetally measured IR spectra. The most
intense vibrational features for the isophorone plagse molecule were computed in the
range of C=0 and C=C vibrations, which are in gagpleement with the experimental
observations obtained for isophorone ice (Figur¢hd) can be considered as a proxy for a
non-perturbed molecular form of isophorone. Foratdsorbed molecule, a vanishing of C=0
and C=C stretching modes was computed as expeotea fflat-lying molecule. This
observation is in excellent agreement with the erpental IR spectra at the lowest measured
isophorone coverage (the upper curve in the Figbrand Figure 3a). For the high frequency
region of C—H stretching vibrations (2200-2900 &nthere is good qualitative agreement
between the calculated and the measured spectdsorbed isophorone. The only visible
difference appears for calculated isophorone spectat 2573 cit, which is the stretch
mode of the C-H-Pd vibration. This discrepancyemifom substantial broadening of this
vibrational band due to a very short lifetime of 8—H-Pd bond precluding its experimental
observation. To check the latter possibility,aminitio molecular dynamics simulations were
carried out at 130 K, and the anharmonic IR speftrasophorone/Pd(111) through the
Fourier transform of the dipole autocorrelation diion were calculate® The explicit
inclusion of anharmonic effects through dipole-dgpautocorrelation function leads to the
disappearance of the peak at 2573'émthe PBE+vdW IR spectra, in very good agreement
with experimental spectra. Further details willdgresented in an upcoming publication.

The vdW forces were found to significantly conttdtio the adsorption of isophorone.
The standard PBE functional predicts 0.58 eV bigdemergy for isophorone, while the
inclusion of the vdW interaction increases the gdenergy to 1.80 eV. It should be noted
that the most stable configuration (the flat lyimplecule) could not be located by PBE
calculations when starting from a random isophoroaefiguration, while it was readily
obtained using PBE+vdW. The large contributionhef ¥dW interaction to the final binding
energy can be traced back the fact that the metioyips and the ring of isophorone lie very
close to Pd(111).

Having obtained the adsorption geometries correatiyroducing the experimental
observations from IRAS and NEXAFS, we performedaaalysis of its electronic structure

and the degree of its perturbation by the inteoactith the metal surface. Figure 5¢ shows
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the side view of the electron density differenceisophorone on the Pd(111) surface, which

serves to visualize the electron density redistitiouupon adsorption. Cyan and orange

colors indicate electron depletion and accumulatiespectively. The observed strong charge
redistributions clearly indicate a substantial geatransfer between the adsorbate and the
substrate.

As a next step, the electron density redistributimtween the molecule and the
substrate was analyzed by projection of the derdditgtates (DOS) of the full adsorption
system onto selected molecular orbitals of the fnetecule’® The full details of this analysis
will be discussed in a forthcoming publication; dvewe will only briefly discuss the main
results. Three particular molecular orbitals ofpisorone were found to be mostly perturbed
by the interaction with the metal: the former HOMQformer HOMO and former LUMO.
While former HOMO and HOMO-1 of isophorone were quted to be rather localized
orbitals in the full adsorption system (mainly ltedh on the C=0O and C=C bonds,
respectively) the former LUMO is distributed ovketentirer-system. The former LUMO of
isophorone was found to be partially filled witl696 electrons and largely shifted below the
Fermi level. The occupancy of the former HOMO-1,imhalocated on the C=C bond, is
reduced from 2 to 1.57. In contrast, the occupatimmber of the former HOMO, located on
the C=0 bond, remains hardly changed. In totalth@ scope of this analysis about 1.27
electrons are donated from the molecule (HOMO aldvip to the empty band of the metal
and 1.08 electrons are back-donated from metdieéempty bands of the molecule (LUMO
and above). Combining these observations, we cdacthat the electronic structure of
isophorone is strongly perturbed by interactionhwitd(111), with notably larger charge
transfer from the C=C bond than from the C=0 bond.

In the next section, we investigate the effect oé-g@dsorbed hydrogen on the
adsorption geometry of isophorone on Pd(111).

3.2  Thegéffect of hydrogen on the geometry of C=C and C=0 bonds

The effect of pre-adsorbed H was investigated b&SRand NEXAFS measurements
that were conducted at 100 K on Pd(111). Prior ifmphorone exposure, Pd(111) was
exposed to 100 L of H At this exposure, hydrogen forms a saturatedrlafesurface-
adsorbed H species with a formal stoichiometry HtBI® The corresponding IR spectra for
isophorone exposures ranging from 0.25 ML to 0.15 &de depicted in Figure 6a (black
traces). For comparison, the IR spectra of isopradsorbed on clean Pd(111) are also
displayed (grey traces).
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The total intensities of the C-H stretching feasu¢2@800-3000 cif) were found to be
similar both on clean and hydrogen pre-covered Pg(at different isophorone exposures.
This observation might be considered as an indinatat similar isophorone coverages are
formed on both surfaces. In contrast, IR absorptiae to C=C and the C=0 vibrations
strongly changes when hydrogen was pre-adsorbest, pnonounced around the coverage of
0.5 ML. At the coverage of 0.5 ML, the C=0 vibratics clearly visible on H pre-covered
Pd(111) while the C=C vibration cannot be identifiet. On the pristine Pd(111) surface, the
situation was found to be reverse — the most ietesisrational feature corresponds to the
C=C bond, while the C=0 bond vibration is hardlgibie. At 0.75 ML, the ratio of the C=0
to the C=C vibration peak intensities{d/Ic=c~ 5) is similar to that of multilayer isophorone
on clean Pd(111) {lo/lc=c = 6-8;). At the lowest coverage of 0.25 ML the specre
essentially identical on both surfaces pointingthie flat lying adsorption geometry of
isophorone also on hydrogen pre-covered surface.

The observed coverage dependence indicates thatténaction of isophorone with Pd
is considerably affected by pre-adsorbed hydrogémle at the lowest coverage isophorone
adopts — similarly to the pristine Pd surface -laa &dsorption geometry, the interaction
changes at the intermediate surface coveragesciary, the ratio ¢-o/lc=c becomes close
to the ice (or gas phase) value, indicating thaphsrone lifts up rather uniformly and that
the conjugatedt system of two double bonds preserves to a larggeis in-plane geometry
characteristic for ice or the gas phase molecutes Behavior is in a sharp contrast for the
coverage dependence of isophorone adsorption gepmletained on the pristine Pd(111)
surface, where the C=C bond was concluded to badlir tilted with respect to the flat lying
C=0 bond and the total conjugatedsystem is significantly geometrically distortecheT
diminished distortion of the molecule in the preseof hydrogen most likely originates from
the weaker interaction of isophorone with the hgarmcontaining Pd surface, a phenomenon
which was discussed also for other hydrocarbondnsgsiems.

NEXAFS studies were performed to gain quantitatermation on the changes in
tilting angle of the two unsaturated C=C and C=dmin the presence of pre-adsorbed
hydrogen. In Figure 6b, representative C K-edgenatized NEXAFS spectra of 0.7 ML
isophorone adsorbed on clean Pd(111) (top), anaydrogen pre-covered Pd(111) (bottom)
are displayed. The angles of the C=C and the C=a@idboelative to the Pd(111) substrate
were calculated, and are given in Table 2. Ourlt®sndicate that co-adsorbed hydrogen
slightly increases the inclination angle of the Cb@hd (from 41 £ 2° to 45 + 2°) and the
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C=0 bond (from 37 £ 2° to 41 + 2°) with respectRd(111). It should be noted that the
isophorone coverages used in these experimentdame to the saturation, where the IRAS
data do not indicate any strong differences betwkeradsorption geometries of isophorone.
NEXAFS data at lower coverage, where IRAS poina &tronger influence of hydrogen pre-
covering on the adsorption of isophorone, are matlable. However, the NEXAFS data are
consistent with the observations of the IRAS experits showing in general higher
inclination angles of unsaturated bonds on the doyein pre-covered Pd(111).

It should be noted that under the reaction conditisome of the isophorone molecules
might undergo chemical transformations, e.g. padiasociation, resulting in different
surface species with presumably different adsonptieometries. Whether these eventual
species could be produced and be involved intadhetive pathway is a question that needs
to be answered in future studies. At the presem, twe cannot exclude that higher variety of
surface species might be present on Pd during @opk partial hydrogenation.

4. Conclusions

Interaction of isophorone with Pd was investigategderimentally by the combination
of NEXAFS and IRAS and theoretically with DFT+vdWrarticularly, the adsorption
geometry of the two unsaturated bonds (C=C and CmOjsophorone on pristine and
hydrogen pre-covered Pd(111) surfaces as wellasdiierage dependence of the adsorbate
structures were determined. At low coverages, INEXAFS and IRAS data point to a flat
lying adsorption geometry of isophorone on Pd(14ih the C=C and C=0 bonds being
oriented parallel to the surface plane. This oks@m suggests that isophorone preserves the
in-plane configuration of the conjugataesystem in the low coverage limit. For intermediate
coverages, the structure of isophorone adsorbegristine Pd(111) was observed to be
strongly distorted. The C=C bond becomes noticetlbdyg with respect to the surface plane,
while the C=0 bond is still oriented flat on thefage. Close to saturation, both the C=0 and
the C=C bonds lift up and the inclination angleshs entire conjugaten system increases
to around 40° with slightly more pronounced tiltinfhthe C=C bond. High tilting angles of
the entire molecule at higher coverages most likelginate from steric constrains on the
surface.

DFT+vdW calculations confirmed the flat-lying adstton geometry of isophorone at
low coverages and provided further microscopicghts into interaction of isophorone with
Pd. It was found that the C=C bond of isophororggsificantly perturbed by the interaction
with Pd, both in terms of the electronic and geometructure, showing a strong elongation
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of the bond and a large extent of the electronitiensdistribution. In contrast, the carbonyl
bond in isophorone was found to be hardly affedtgdhe interaction with the metal. The
computed IR spectra are in a good agreement watlexperimentally measured ones.

The IR spectra show that the adsorption of isopm®iie significantly affected by the
presence of co-adsorbed hydrogen, particularly quooed at the intermediate coverage.
While at the lowest coverages, isophorone exhiitat-lying geometry, similarly to pristine
Pd(111), both unsaturated bonds strongly tilt alyeat intermediate coverages. In this case,
the intensity ratiod-o/lc=c of the main vibrational peaks on hydrogen pre-cede>d(111)
indicates a rather unperturbed molecular struatdradsorbed isophorone that is similar to
the gas phase molecule. Higher tilting angles athbm bonds point to much weaker
interaction of isophorone with hydrogen pre-covelPeland suggest the conservation of the
in-plane geometry of the conjugatedystem.

With respect to the gas phase structure, the miele@ppear to be more perturbed on
the clean Pd(111) surface and considerably lestyoinogen pre-covered surface. These
coverage and co-adsorbates dependent changesaddbmption geometry of the C=C and/or
the C=0 bond are expected to have decisive infliant the selectivity in hydrogenation

reactions.
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Table 1: Assignment of NEXAFS peaks of isophorone

Peak Energy / eV Excitation Reference
1 284.9 C1s-> n*(C=C) 73,24, 29,41, 42
(1a, 1b) (284.8, 285.0)
2a, (2b, 2c) 286.6 (286.9, 287.2)  C2sr*(C=0) 294142
3 288.8 C1s> n*»(C=C) 22,75, 47
4 290.7 Cl1s> 1*,(C=0) pi
S 293.1 Cls> o* 29
6 299 Cls> o* 74,79, 47
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Table 2: Inclination angles of the unsaturated lsdndsophorone with respect to the Pd(111)

surface for different coverages of isophorone awd0Of7 ML isophorone with co-adsorbed

hydrogen.

Isophorone Coverage / ML tilting C=C bond / ° tijiC=0 bond / °
0.2 <13 (£6) <13 (£6)

0.4 33 (£2) 28 (x2)

0.7 41 (£2) 37 (£2)
H/Pd(111)+0.7 45 (£2) 40 (£2)

18
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Isophorone and Isophorone-ds Ice
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Figure 2: IR spectra of isophorone ice for reguigpper trace) andls-substituted form
formed at 100 K on Pd(111). Three main spectrabreggcan be distinguished characteristic
for C-H stretching (2800 - 3200 ¢H), C=C and C=0 stretching (1550-1850 ¢)rand for

C-H, C-D and C-C deformation vibrations {500 cm?).
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Isophorone-dg on Pd(111)
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Figure 3: (a) IR spectra ot-dsophorone adsorbed at 100 K on pristine Pd(1dad yifferent
exposures displayed for two main vibrations regidmsn 3000 to 2750 cth(C-H stretching
vibrations) and from 1750 to 1500 (C=0O and C=Cteliag vibrations). (b) NEXAFS
spectra of isophorone/Pd(111) obtained at 100 Kvsbaverage dependent orientations of

bothTtbonds.
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(a) = 5 polarized to Pd(111) (b)
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Figure 4: (a) C K edge NEXAFS of 0.7 ML isophoraned(111) at 100 K in vertical and

horizontal polarization. The spectra are normalittethe C K edge, which was fitted and is
indicated with the dashed line. The most pronouni@tsitions around the edge are indicated
with numbers 1 to 6. The assignment is given inlddb (b) Schematic representation of the

NEXAFS experimental geometry.
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(b)

IRAS: Experiment and Theory
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Figure 5: (a) Calculated structures of isophorodsoebed on the Pd(111) surface. (b)
experimental and theoretical IR spectra of gaslasl surface-adsorbed isophorone on
Pd(111); the uppermost trace - the experimentaktspa measured at 100 K; the
intermediate and the lowest traces are the cakullaarmonic IR spectra for the gas phase
and the adsorbed molecules, correspondingly. Th& pe2753 ci does not appear in the
experimental spectrum due to substantial broadeaintis vibrational band because of a
very short lifetime of the C-H-Pd bond. (c) A sidew of the electron density difference
upon isophorone adsorption on Pd(111) at its dmuiln adsorption structure, using the
value of the isosurface of 0.253A Cyan and orange indicate electron depletion and

accumulation, respectively.
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Figure 6: (a) IR spectra otdsophorone adsorbed at 100 K on hydrogen pre-eovélack

traces) and pristine (grey traces) Pd(111) fored#it exposures. Displayed are two main
vibrations regions: from 3000 to 2750 ¢niC-H stretching vibrations) and from 1750 to
1500 (C=0 and C=C stretching vibrations). (b) NEXSABpectra obtained at 100 K for 0,7
ML isophorone coverage on pristine Pd(111) (uppaces) and H pre-covered Pd(111)

(lower traces).
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