Metadata, citation and similar papers at core.ac.uk

Provided by MACAU: Open Access Repository of Kiel University

Selective Partial Hydrogenation of Acrolein on Pd:
a Mechanistic Study

Karl-Heinz Dostert, Casey P. O'Brieh) Francesca Mirabelld,Francisco Ivars-Barceld
. Smadar Attid, Evan Spadafora Swetlana Schauermahf, and Hans-Joachim Freuhd

Fritz-Haber-Institut der Max-Planck-Gesellschatir&dayweg 4-6, 14195 Berlin, Germany

2Institut fur Physikalische Chemie, Christian-Albnés-Universitat zu Kiel, Max-Eyth-Str. 2,
24118 Kiel, Germany

Abstract

—0 —0 —0
H CJ +Hy Hch H2C:/_ +Hy

N, e T
AN ‘ y modification |
of Pd(111) e Ha=

et OH
Hsc—/_ clean Pd(111) HsCf

or Pd particle modified Pd(111)

OH

!

Identifying the surface processes governing thecseity in hydrogenation ofu,(3-
unsaturated carbonyl compounds on late transitietaisis crucial for the rational design of new
catalytic materials with the desired selectivityéwds C=C or C=0 bond hydrogenation. The
partial selective hydrogenation of acrolein on §1Rd) single crystal and k®@s-supported Pd
nanoparticles under well-defined UHV conditions wasgestigated in the present study as a
prototypical reaction. Molecular beam techniqueseweombined with infrared reflection-
absorption spectroscopy (IRAS) and quadrupole mEssctrometry (QMS) in order to
simultaneously monitor the evolution of surfacecsg® and the formation of the final gas-phase
products under the isothermal reaction conditiohs dunction of surface temperature. Over a
Pd(111) single crystal, acrolein is hydrogenatethatC=0 bond to form the desired reaction

product propenol with nearly 100% selectivity i tiemperature range between 250 and 300 K,
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while over Pd/F¢D4, selective hydrogenation of the C=C bond to foroppnal occurs. We found
that the exceptionally high selectivity towards Ciséhd hydrogenation over Pd(111) is connected
to the initial modification of the catalytic suriagvith a dense monolayer of an oxopropyl surface
species. This strongly bound oxopropyl layer isrfed on the pristine Pd crystal in the induction
period from half-hydrogenation of the C=C bond gradein. Subsequently deposited acrolein
molecules adsorb via the C=0 bond and form a halfdgenated reaction intermediate
propenoxy species, which is attached to Pd viaHi single bond. The evolution of the surface
concentration of the propenoxy intermediate moetospectroscopically was found to closely
follow the propenol formation rate detected in ¢fas phase. At temperatures higher than 300 K
on Pd(111) and on Pd nanoparticles supported a@sFelecarbonylation of acrolein occurs
leading to accumulation of CO and strongly dehydraged carbonaceous species on the surface.
This process prevents formation of well-orderedriayers of oxopropyl species required for
selective C=0 bond hydrogenation resulting in ominor non-selective hydrogenation of
acrolein. At temperatures below 250 K on Pd(11f)y @ small fraction of the initially adsorbed
acrolein is converted into the oxopropyl specieddyig a partially modified surface and thus

rather unselective formation of both products pragd@and propenol.

Introduction

Selective partial hydrogenation of multi-unsatudatgdrocarbons, such ag3-unsaturated
aldehydes and ketones is of broad interest for nomsendustrial applications. The production of
unsaturated alcohols from selective hydrogenatibthe C=0 bond in unsaturated carbonyl
compounds is particularly desired in the field afief chemicals and pharmaceuticdls
Thermodynamics, however, favors hydrogenation @@kC bond to form the saturated aldehyde
by about 35 kJ/mol®. Hence, production of unsaturated alcohols requinanipulation of the
reaction kinetics by suitable catalysts. In presi@iudies on powdered supported catalysts, a
variety of metals, including Pt, Pd, Rh, Ni, Cu,,Amd Au, have been investigated to understand
and improve the activity and selectivity of thiscdon.2 Particularly over Pt group metals, the
undesired hydrogenation of the C=C bonaj-unsaturated aldehydes is strongly favored over
the desired C=0 bond hydrogenation with the seli#gtclose to 100%. The amount of steric

hindrance to adsorption via the C=C bdénalloying with other metafsand addition of surface



modifierS have been identified as key structural parametmngrolling the chemoselectivity. The
selectivity to C=0 bond hydrogenation can be ingegaby using aldehydes or ketones with
sterically shielded C=C groups, e.g. prenal instafaacrolein® ©. In another approach, partially
reducible supports like TiOwere used to provide Lewis-acid sites which aréebed to
coordinate and thus activate the C=0 bdnd.

Complementary, a large body of theoretical work arethanistic experimental studies on
well-defined single crystal surfaces have been ntedp in which the factors governing the
chemoselectivity of this process are addre8deespite these efforts, the problem of the selectiv
hydrogenation of a carbonylic grouparp-unsaturated aldehydes and ketones remains unsolved
especially for the smallest molecule (acrolein)ihngwo protective groups close to the C=C bond.
Also the nature of the reaction intermediates fatroa a catalytic surface under the reaction
conditions is not fully understood. This atomidagel information on the underlying surface

chemistry is crucial to approach rational desigseléctive catalysts for this class of reactions.

In our recent study, we investigated the partidéd®re hydrogenation of acrolein on a
Pd(111) single crystal and on Pd nanoparticles aiipg over F¢O2 model catalyst8.Figure 1
shows two possible reaction pathways of acrolertigddydrogenation leading to hydrogenation
of either C=C or C=0 bonds to form propanal or prog, respectively. We have shown that
acrolein can be hydrogenated to the unsaturatethal¢propenol) with nearly 100% selectivity
over Pd(111). However, this surface requires a froadion with a dense overlayer of oxopropyl
species that are formed in the induction periothefreaction by half-hydrogenation of the C=C
bond in acrolein. The steric constrain induced tog tensely packed surface species turns the

surface highly selective toward C=0 bond hydrogenat

In the present study, we use a combination of nubdedoeam techniques with infrared
reflection-absorption spectroscopy (IRAS) and qupdle mass spectrometry (QMS) to
systematically investigate this reaction underisanal reaction conditions in a broad temperature
range. The particular focus lies on identificatadrthe surface species formed under the reaction
conditions, both the reaction intermediates andsthectator species, as well as the adsorbates
poisoning the surface, and monitoring their forimatand evolution as a function of surface
temperature. Towards this goal, we simultaneoustyitared the evolution of the adsorbates

formed on the catalyst surface and the formatiaeattion products in the gas phase. It was found



that formation of different adsorbates, includirge toxopropyl species crucial for enhanced
selectivity, strongly depends on the surface teatpee. At 270 K a dense layer of oxopropyl
species was observed on Pd(111) that turns thacguhighly selective and allows formation of
the propenoxy reaction intermediate, which can un¢hér converted to the desired product
propenol. Below 250 K, formation of the oxopropykdayer required for selective hydrogenation
is most likely kinetically hindered, resulting imly partial modification of the surface and low
activity and selectivity towards propenol. AboveO38, acrolein shows a high degree of
decomposition on Pd(111) leading to accumulationG# and strongly dehydrogenated
carbonaceous deposits, which block the surfacgestnt chemoselective chemistry. A similar
scenario was observed on Pd nanoparticles: acstieingly decomposes to CO and carbonaceous

deposits and shows only very minor activity in Wigle investigated temperature range.

Experimental Details

All experiments have been performed at the Fritbéfldnstitut, Berlin, in a UHV apparatus
that has been described in detail previod&lyn brief, acrolein and Hhave been dosed onto the
sample through two doubly differentially pumped traahannel array sources controlled by valves
and shutters. The sources have been operatednateogperature, and the beam diameter has been
chosen to exceed the sample size. The Pd(111esinggdtal was cleaned prior to use by repeated
cycles of Af ion bombardment at room temperature, annealid@@d K and oxidation in 1- 10
mbar Q at 750 K to remove residual carbon. The final mleg cycle was stopped after annealing.
The flatness and cleanliness of the Pd(111) siogtstal surface was checked by low-energy
electron diffraction (LEED) and infrared reflectiabsorption spectroscopy (IRAS) of adsorbed
CO. The Pd/F€®, model catalysts were prepared as follows: the ¢hli®0 A) FeOs film was
grown on a Pt(111) single crystal surface by regmeatycles of Fe>( 99.99%, Goodfellow)
physical vapor deposition and subsequent oxidafith The quality of the oxide film was checked
by LEED. Pd particles<99.9%, Goodfellow) were grown by physical vapopaigtion using a
commercial evaporator (Focus, EFM3, flux calibraltgda quartz microbalance) while keeping
the sample temperature fixed at 115 K. The Pd emeeused in these experiments was 7 A. The
quality of the Pd particles has been investigatetRAS after adsorption of CO. During Fe or Pd

evaporation the sample has been biased to the gai®etial as the evaporant in the evaporator



(850 V) in order to avoid the creation of defecysnibetal ions. The resulting surfaces have been
annealed to 600 K, and stabilized via cycles ofgexy(8-10 mbar for 1000 s) and CO (8-10
"mbar for 3000 s) exposures at 500 K until the &tigles reached a stable geometry with 12 nm

in diameter2,

IRAS data have been acquired using a vacuum Fetrarsform Infrared (FT-IR)
spectrometer (Bruker IFS 66v/S) with a spectrabltgon of 2 cmt and a mid-infrared (MIR)
polarizer and p-polarized IR light. An automatedhdpupole mass spectrometer (QMS) system
(ABB Extrel) has been employed for the continuouwsnitoring of the partial pressures of the
reactants (acrolein: parent ion at 56 amgr; & 2 amu) and products (propanal: parent ion and
main fragment at 58 amu; propenol: parent ion aarh8, main fragment at 57 amu; further
fragment at 31 amu; propanol: parent ion 60 amunrfragment at 31 amu). It is difficult to
unambiguously distinguish between the two possdras of propenol — allyl alcohol (1-propen-
3-ol) and the enol (1-propen-1-ol) — by mass spewttry. Therefore, we do not specify the

propenol species in more detail.

Shortly before each experiment the sample was dthdb 600 K before cooling to the
desired temperature. In all experiments, the sampkepre-exposed tohvith a constant flux of
4.8-10° molecules/(crh s) for 5 min before exposure to acrolein with astant flux of 1.5- 1§
molecules/(crts). To improve the resolution of IR spectra in ¢berse of acrolein conversion,
additional IRAS measurements were performed witheduced acrolein flux of 0.6-10
molecules/(cr s). Acrolein (Fluka, 95% purity) was purified prio the experiments by repeated

freeze-pump-thaw cycles.

The modification of Pd surface sites before theebnsf the product formation was
investigated by IRAS measurements after CO exposurelein was dosed together with ttil
the onset of the product formation after 24 s. Sample was then cooled to 120 K and exposed
to 9-13° CO molecules/ci

Results and Discussion



Acrolein partial hydrogenation on Pd(111) in the 2P-350 K temperature range

In order to understand how the surface temperadaifects the selectivity, acrolein
hydrogenation was investigated on a Pd(111) siaglstal under isothermal reaction conditions
in the 220-350 K temperature range . Prior eacleexent, the Pd(111) surface was pre-exposed
to 4.8-16° H, molecules-cm during 300 s before the acrolein beam with the fly5- 103
molecules-cm-s! was switched on. Starting from this point, bottare were operated in a

continuous mode.

Figure 2 shows the propanal and propenol formatédes detected in the gas phase by
guadrupole mass spectrometry at seven differergeestures in the 220-350 K temperature range.
The time scale was chosen such that acrolein expasarts at time zero. No full hydrogenation

to propanol was observed ar any of the investigeegberatures.

While the amount of propanal detected in the gasehs rather small at all investigated
temperatures, the propenol formation rate exhiitéear temperature dependence with a strong
maximum near 270 K. The full dataset can be tergbtidivided into three reactivity regimes: low
activity and selectivity below 250 K, high activigyd selectivity between 250 and 300 K and the

regime of low activity and selectivity above 300 K.

At the temperatures 220 and 235 K, small amountsotifi products successively appear
with propanal evolving first at the beginning ofr@ein exposure followed by formation of
propenol. The formation rate of propanal passesutiit a maximum after about 20 s and
subsequently decreases to zero. The propenoh@esises more slowly, reaches a maximum after

50 s and then declines to zero after about 120 s.

In the intermediate temperature range 250-300 & Rti(111) surface is highly active and
selective for propenol formation. Nearly 100% sglaty towards propenol formation is observed
at 250 and 270 K, while it slightly decreases & ROIn this temperature range the reaction shows
a clear induction period: while essentially no ol can be detected in the gas phase within the
first few tens of seconds of acrolein exposure r#aetion rate strongly increases after this period
and reaches a maximum after about 100 s beforelysideclining. At 250 K and 270 K, the

induction period is 20-24 s, long while it extendsi8 s at 300 K. The formation rate of propenol



at the maximum exceeds by more than an order ohituag th rate at 220 K. Only negligible

propanal formation rate could be observed durieggtitire reaction.

By using molecular beam techniques with the knolsohite acrolein flux, we can estimate
the amount of acrolein molecules accommodated erstinface during the induction period. At
270 K, about 3.6- 20 acrolein molecules- cfrare accommodated at the surface prior the onset of
the propenol formation rate. This amount corresgotodaccumulation of approximately one
molecule of acrolein (or acrolein derivative) peurf Pd surface atoms or to a formal coverage of
0,25 ML of acrolein derivatives as referred to tlhienber of surface Pd atoms. With this, a rather
densely packed overlayer of acrolein derivative®imed prior the onset of propenol formation

and desorption into the gas phase.

At temperatures above 300 K, both propanal andgsrolpare formed in small quantities at
similar reaction rates. Propanal appears in thepbase after an induction period of about 20 s
and propenol formation is detected after an inducpieriod of about 30 s. The formation rates of
both products go through a maximum at 40 s and tleenease to zero. At temperatures above

320K, no productscould be observed.

The observed temperature and time dependence ak#otion rates suggest a complex
interplay between multiple surface processes, allycaffecting the activity and selectivity. In
order to get deeper atomistic level understandintp® observed phenomena, we followed the
evolution of gas-phase products and the surfaceiespasing IRAS simultaneously. The results
are discussed in the following sections. First vilefacus on the intermediate temperature regime
with the highest activity and selectivity towardspenol formation followed by the discussion of
the lower and higher temperature regimes charaetkhy lower activity and selectivity.

Acrolein Conversion on Pd(111) at 270 K

The time dependence of the propenol formation aat270 K shown in Figure 2 suggests
three reactivity regimegi) an induction period at the beginning of the reactvhen acrolein is

accumulated on the surface but no propenol is fdrrig the period of highest activity and



selectivity towards propenol formation afid) deactivation of the catalysts leading to a slow

decrease of the reaction rate.

In order to study the structural changes occurdagng the induction period, the Pd(111)
surface was exposed to both reactants for 24 8aK2then the surface was cooled down to 120
K and IR spectra of CO were recorded to spectqmsatly probe the availability of free adsorption
sites. Figure 3a shows the onset of the inductesiod indicated with an arrow. The IR spectrum
obtained on this surface after interruption ofrissction just after the induction period is disjldy
in Figure 3b (black line) together with the IR spam of CO recorded on pristine Pd(111) (grey
line) shown for comparison. While on the clean acefa strong IR absorption peak related to the
C-0 stretching vibration is observed, no CO-relaibdations could be detected on the Pd surface
covered with the acrolein derivatives formed durihg induction period. This observation
suggests that the adsorbed hydrocarbons musthes reimogeneously distributed over the entire
surface than accumulated in islands, as in latee some CO should be able to adsorb in the free

metal patches.

Identification of the surface species formed uritlerreaction conditions

The nature of the surface species formed on Pd{@ridgr reaction conditions at 270 K was
investigated by IRAS. Figure 4 shows three repradme IR spectra obtained in the three
reactivity regimes on the surface turning over. $aeond spectrum from top was obtained on the
surface during the first 45 s (total acrolein expes6.8- 18" molecules/crf), comprising the
induction period and the period of growing read¢yivir he third spectrum was recorded during the
next 45 s (from 45 to 90 s after the beginning ofokein exposure, total acrolein exposure
13.6-10* molecules/crf), corresponding to the high propenol formationesatThe bottom
spectrum (4) shows the composition of the deadt/aurface at the end of the experiment
(obtained between 450 and 540 s, acrolein totadsx@ 7,4- ¥ molecules/cr). In these spectra,
three spectral regions characteristic for the €fretching vibrations (3200-2700 gnC=0 and
C=C stretching vibrations (1850-1550¢mand CH deformation as well as C-O and C-C
stretching vibrations{1500 cmt) can be distinguished.



For comparison, the IR spectrum of an acrolein rfeyey adsorbed on Pd(111) at 100 K,
which was obtained after exposure of 3.64Harolein molecules- ciyis displayed at the top of
Figure 4. At this temperature, acrolein does nattrand adsorbs molecularly on Pd. The spectrum
of molecularly adsorbed acrolein was discussed etail previously.® 13 Briefly, the most
pronounced band appears at 1663'cmhich can be related to the stretching vibratbrthe
carbonyl (C=0) group that is conjugated to the GgQup, with a less-pronounced band in the
1430-1400 cm range, which is assigned to a scissor deformatiaghe methylene (C) group.

The spectrum (2) in Figure 4 obtained during tltigtion period and the period of growing
reactivity is clearly different from that of moldady adsorbed acrolein. A pronounced IR
vibrational mode appears at 1755tand a second one near 1120cithe vibration at 1755 cm
1 which is blue-shifted by 92 chrelative to the carbonyl band in acrolein, is ¢gpifor the
carbonyl stretching mode in saturated aldehydeskatohe$*, and is associated with a C=0
stretching vibration that is not conjugated to &0Qgoup. The appearance of this new vibration
under reaction conditions points to the formatida oxopropyl surface species, resulting from
partial hydrogenation of the C=C group in acrolith only one H atom. Our data do not allow
to make a more precise conclusion on whether daorblgs been hydrogenated on ther 3 C
atom to form this species; both products would dresistent with the IR vibration at 1755 ém
One of two possible structures of this adsorbast@svn on the right of Figure 4. In the course of
the reaction, the intensity of the vibrational babd 755 cnt grows and later saturates (see spectra
3 and 4), even when the reaction rate of propemwhdtion in the gas phase decreases to zero.
From this it can be concluded that the oxopropgksss is not the direct reaction intermediate for
propenol formation but rather a spectator spediethe following, we will refer to it as to the

spectator species S1.

The band at 1120 cfappears during the first 45 s of acrolein expogspectrum (2) in
Figure 4) and becomes very pronounced in spect8)mhtained during the period of the highest
propenol formation rates (45 s to 90 s). After finepenol formation rate decreases to zero, the
intensity of this band also vanishes (spectrum. (8pveral other bands at 1090tni463-
1450 cmt, 2966 cm' and 2980 crifollow a similar pattern as seen in Figure 4. Tihavior
shows that the evolution of the surface speciescésted with the band at 1120 @nis strongly
correlated with the formation rate of propenol detd in the gas phase.



The intense IR absorption features at 109¢ cand 1120 cm are present neither in
adsorbed molecular acrolein on Pd nor in acroleemand therefore cannot be related to any
distinctive vibration of an intact acrolein moleeulThe vibration at 1120 chhwas previously
assigned to a stretching mode of a saturated CHQ, o which the oxygen atom is coordinated
to a metal surfacé® 1> The IR absorption band at 1090tman be assigned to a stretching
vibration of a saturated C—C bond. In literatureCbond vibrations were reported in the range
from about 1000 crhto 1130 crt, depending on their coordination to the surf&iget3e. 15% 16
The IR absorption at 1450 chto 1463 crt appear in a range typical for gldnd CH bending
vibrations. Tentatively, we assign it to @Bsymmetric bending modes, which were reported in
the range of 1450-1475 cm*2 17 Alternatively, it could also be related to a £$tissor mode,
which typically appear at slightly lower frequenngar 1420-1430 ct'®. The vibrations at
2966 cm' and 2980 cm can be clearly assigned to C—H stretching vibratiwith the band at
2980 cmt' being related to a C—H bond, in which the C atsm part of an unsaturated C=C bond.
14a|n the region of C=0 stretching vibrations, nodBsorption feature can be found that closely
follows the evolution of the propenol formationegaAlso no O-H vibrations can be detected.
Based on these observations, the structure of ehetion intermediate can be assigned to
propenoxy species, which is the result of a hadfrbgenation of acrolein on the C=0 double bond.
To form this reaction intermediate, one hydrogemaattaches to the carbon atom in the C=0
bond thus forming a saturated C—O bond with theatibnal frequency of 1120 chin which O
is coordinated to Pd atom in g-(O) configuration (CkECH—CH—O—Pd). The C=C double
bond is still preserved in the reaction intermezlas indicated by the C—H stretching frequency
of 2980 cmt characteristic for a vynil group. Note that onlyeoadditional step — insertion of a
second hydrogen atom into the O—Pd bond is reqtiréarm the final reaction product propenol.
In the following we will refer to this surface spes as to the reaction intermediate (RI). Its
proposed structure is shown in Figure 4. The higanisity of the band at 1120 girexceeding
even the most intense C=0 vibrational band in agmoand in the oxopropyl species (S1),
additionally supports the formation of a C—O bonrtibiting a large dynamic dipole moment most

likely due to the upright orientation of the prop&g group.

It is important to note that the surface reactioteimediate is formed not on the pristine
Pd(111) surface, but on the surface strongly medifvith the oxopropyl spectator species (S1).
Indeed, about one acrolein molecule per four Pthearatoms is accumulated on Pd(111) to form



the spectator overlayer prior to the onset of pnopéormation. Microscopically, this corresponds
to a situation when every fourth Pd atom is covdredl, forming a dense spectator overlayer
structure. Most likely, a strong geometrical coafirent imposed by the S1-covered surface on the
available adsorption sites prevents acrolein adsorpvia C=C bond, thus suppressing the
competing pathway of C=C bond hydrogenation, aluvglacrolein to adsorb only via the O atom
to activate the C=0 group. Obviously, the cleanlRilj surface is not capable of activating the
C=0 group towards selective hydrogenation and tteeng modification of the surface by S1 is
required to trigger the desired selective chemistry

The fourth IR spectrum in Figure 4 was collectetérathe formation rate of gas-phase
propenol decreased almost to zero (between 450k4QAa). All features assigned to the half-
hydrogenated intermediate Rl (propenoxy species)adisent in spectrum (4). Instead, new
vibrational bands are observed at 1330'ch375 cml, in the range 2883-2892 dnand at
2942 cm'. The sharp peak at 1330 21is characteristic for the umbrella bending modthefCH
group in ethylidyne or ethylidyne-like species, @hiwere observed in previous studies on
Pd(111) and Pt(111%.2° The appearance of these new bands suggests filaatian of acrolein
decomposes in a decarbonylation reaction yieldi@ ragment (e.g. ethylidyne or ethylidine-
like species) and probably a fragment containirg@donyl group, which is in agreement with
literature data? 142 14cAs deactivation of the catalyst occurs simultaspwith the appearance
of ethylidyne-like species, it can be speculated these decomposition products block the surface

and stop the reaction.

Time resolved evolution of the reaction intermegliand the correlation with the formation rate

of propenol.

In order to find detailed correlation between tlaeletion of the reaction intermediate Rl on
the surface and the appearance of propenol in éseppase, IRAS studies with higher time
resolution have been performed. Figure 5a shovesiassof IR spectra obtained on the Pd(111)
surface turning over at 270 K. During the acqusitof each spectrum the surface was exposed to
1.2-103 acrolein molecules/cimwhich corresponds to 8 s of reaction time dispthin the time
axis in Fgure 5b. Note that after th€ §pectrum only every fourth spectrum is shown guFe

5a. Approximately in the"® or 39 spectrum, the vibrations related to RI start tpemp. The



intensities of the peaks grow until about tHe@8" spectrum following by disappearing all related

features at the end of the reaction.

Figure 5b shows the gas-phase formation rate gbgma (grey line) together with the
integral intensity of the most intense IR vibratlwand of the reaction intermediate Rl at 1120 cm
1, which can be assumed to approximately reflecttdmeentration of RI on the surface. It can be
clearly seen that the evolution of the propenalation rate in the gas phase closely follows the
concentration of Rl on the surface. Thus, the aleskstrong correlation unambiguously shows
that the corresponding propenoxy surface speceggaction intermediate that is directly involved

in the selective hydrogenation of acrolein to thepenol.

Acrolein conversion in the low temperature range

Figure 2 shows that at 220 and 235 K only smallamof both propenol and propanal are
detected in the gas phase. To study the originheflower activity and selectivity at low
temperatures we investigated the Pd(111) surfagaeglthe reaction at 220K by IRAS. Figure 6
shows a series of IR spectra obtained on thisceitiader the reaction conditions at 220 K (black)
and at 270 K (grey) for comparison with a time fegon of 45 s per spectrum. The simultaneously

detected formation rates of propanal and proper2f@ K are shown on the right.

The weak IR band near 1750 ¢nis the only band that appears in the whole sefidR
spectra at 220 K. Its vibrational frequency is amidentical to that of the oxopropyl spectator
species (S1) observed at 270 K, however, the iityenfsthis band is significantly smaller than at
270 K pointing to a much smaller concentration wbaropyl adsorbates at 220K. This implies
that only a rather small fraction of the Pd(11Lj)ace is covered by S1 at 220 K. The reaction
intermediate Rl is not formed at 220 K as indicdigdhe absence of the peak at 1120 ciirhis
observation is not surprising, as we have showrh& previous section that the reaction
intermediate Rl appears only on the surface cowsitttl densely packed overlayer of S1 species,
which is not formed at 220 K. Since there is a $@n@ount of propenol formed during the initial
stages of the reaction, there is probably only wenyor concentration of RI, which is below the

detection level of our instrument. In contrast, ibvenation rate of propenal is significantly larger



than that observed at 270 K, pointing to more ¢ffechydrogenation of the C=C bond at the S1-
free surface. In total, the surface turning ove220 K seems to consist of two regions — a rather
small region modified with the spectator S1 speaimdsch renders the surface highly selective to
acrolein hydrogenation at the C=0 bond to form pray, and a significantly larger region, which
is not covered by an ordered overlayer of the specspecies, at which C=C bond is preferentially
hydrogenated to form propanal. The latter obsesmashould mean that the second half-
hydrogenation step in C=C bond hydrogenation fiyeglrogenation of the oxopropyl spectator
species to propanal) is more effective at 220 Ktab270 K, which is rather surprising. This
behavior can result likely from the different abande of hydrogen on Pd — both on the surface
and in the subsurface — at these two reaction teatypes as hydrogen desorbs much faster at 270
than at 220 K and can have therefore significaluyer steady state concentration under the
reaction conditiong?

Acrolein conversion in the high temperature range.
Figure 2 shows that at temperatures above 300 &diivty and selectivity of the Pd catalyst
in acrolein hydrogenation strongly decreases. Weremded the origins of this behavior by

investigating the reaction at 320 K following th@peoach described above for lower temperatures.

Figure 7 shows series of time-resolved IR speditained on the Pd(111) surface turning
over at 320 K (black) and 270 K (grey) for compamisThe gas-phase formation rates of both
products at 320 K are displayed on the right. Dgithre first 45 s of acrolein exposure, two broad
IR absorption features appear at 1856'and 1800 cm and a sharp peak can be observed at
1335 cmt. At the same time, the formation rates of bothdpats increase and reach their maxima.
In the following 45 seconds, the peak at 1850 ¢ntreases in intensity and shifts to 1880%¢m
and the peak at 1335 dnbecomes more intense. During this time, both protrmation rates
rapidly decrease from their maxima at 45 s to &trgeaction times greater than 90 s. After 90
seconds of reaction, only bands at 1880'cand 1335 cm are observed and their intensity
remains constant for the rest of the reaction. Haws observed in the 1800-1880arange and
their coverage dependence are typical for CO mtdscadsorbed on Pd(115: Note that
vibrational spectra of CO are strongly affecteddipole coupling effects that result in significant

intensity shifts and “intensity borrowing” effeca$ increasing coveragé leading to non-linear



dependence of the peak intensity on the CO sudagerage. The IR vibration at 1335 ¢ns

indicative of ethylidyne (or ethylidyne-like spegjdormation, which was also observed at 270 K.

Based on the observed spectroscopic signatureanibe concluded that — in contrast to
lower temperatures — acrolein is nearly completidgomposed at 320 K to CO and ethylidyne.
The surface saturates with these two species glrather 45-90 s of acrolein exposure, which
corresponds to the dose of 6.8¥10.4- 13 acrolein molecules per énirhe minor hydrogenation
rates to propanal and propenol were formed befoeesurface was saturated with CO and

ethylidyne, indicating that the latter speciesrasponsible for deactivation of the catalyst.

Our studies at 270 K already indicated that thedpcts from acrolein decomposition are
irreversibly accumulated on the surface and angoresible for the poisoning of the catalyst. At
270 K, however, the decomposition reaction was mesketo occur to much lesser extent than at
320 as indicated by significantly lower intensitiek the band at 1330 chassociated with
ethylidyne-like species. It is interesting to nttat no significant amounts of molecular CO were
detected at 270 K, probably pointing to a less&rebof acrolein decomposition, e.g. to formation
of aldehyde-like COH fragment showing the vibraéibffequencies in the range, which is closer
to the carbonyl vibration in oxopropyl species thamolecular CO. It is likely that this species
is stable at the lower reaction temperature and doé further decompose to CO. It should also
be taken into account that at temperatures neaK32@ hydrogen surface concentration is
expected to be much lower than at 270 K due tchitbleer desorption raté A lower hydrogen
concentration may further promote the decompositibacrolein instead of the hydrogenation
pathway.

Thus, our experimental results show that the loaativity and selectivity of Pd(111) at
elevated temperatures results from the facile deradation of acrolein to ethylidyne and CO that
poison the catalyst's surface.

Acrolein hydrogenation over Pd nanoparticles suppded on FeOs at 270 K



In order to address the question of how the namosaoature of supported powdered
catalysis affects the selectivity in acrolein pErtaydrogenation, we studied this reaction over
model Pd nanoparticles supported on well-define®K&11) film epitaxtially grown over Pt(111)
single crystal. Here, we varied the particle sizddllow the structure-reactivity relationships,
which are discussed in detail elsewh&rin this report, we will focus on the surface cosition
under the reaction conditions followed by IRAS ammmpare it to the results obtained on the

extended Pd(111) surface described above.

Figure 8 shows the partial hydrogenation rates ablain to propanal and propenol
measured over 12-nm sized Pd nanopatrticles (laft)the vibrational spectra obtained on the
surface turning over (right) at 270 K. In contrastPd(111), propanal was found to be the only
gas-phase product formed on the Pd particles. @leets/e formation of propanal over Pd particles
is in excellent agreement with earlier studies igh surface area powdered catalysts showing that
only the C=C bond can be hydrogenated in acrdigiff The first IR spectrum was obtained
during the first 20 seconds of acrolein exposulleviced by the acquisition of the second spectrum
in the next 20s; both spectra are related to thegef high propanal formation rate. The final
spectrum was recorded after the reaction rate dsedeto zero and the surface turned inactive.
The IR spectra exhibit strong absorption bandsh& range from 1800-1960 cmwhich can
clearly be assigned to adsorbed molecular CO. &usly adsorption of CO was investigated on
Pd nanoparticles of different sizes in deté@iBriefly, it can be distinguished between the CO
molecules adsorbed on the regular (111) terrac®30¢1960 crt) and the edges, corners and
other low-coordinated surface sites of Pd nanogesj appearing as a sharp peak at appr. 1970
cntt The evolution of the vibrational bands in the mhgtween 1800 and 1960 €muring the
reaction strongly suggest facile acrolein decarkaiion. It is interesting to note that the
decarbonylation process occurs very effectivelyPdmparticles already at 270 K, while extended
Pd(111) was shown to only slowly accumulate acnadigicomposition products and not being able
to produce molecular CO. This difference in theasegosition behavior can be traced down to
the presence of low-coordinated sites on Pd natiolegr (edges, corners etc), which are more

active than the (111) surface in decarbonylatioaasblein to produce CO.

Spectrum 3 in Figure 8 shows the surface compositiothe catalyst after its complete

deactivation (black) and a CO spectrum obtainedreshly prepared pristine Pd nanopatrticles



plotted for comparison (grey). Both spectra shawilar intensities in the range of CO vibrations
at the regular (111) terraces (1800-1960'gmhowever, they strongly differ in the range
characteristic for CO adsorbed at the particlessdfhe band at 1970 cinwhich is associated
with CO adsorbed on the edges and corners of Rapaaticles, is absent in the spectrum collected
during the acrolein hydrogenation reaction, whiaflicates that the particle edges and corners are
blocked for CO adsorption. It should be pointedtbat the low coordinated sites are the strongest
bonding sites for CO molecufésso that on the clean Pd nanoclusters CO shouwldpycthese
sites first. The observation made in our study @@tadsorbs on the (111) terraces but not at the
edges means that these site are blocked to COpidslny some other adsorbates, which are even
more strongly bound to the edges than CO. Suchrlaass could be the strongly dehydrogenated
carbonaceous deposits (CBpecies) formed from acrolein, that were showroun previous
studies to preferentially adsorb at the edge $#tés. no ethylidyne-like species were detected on
Pd nanopatrticles as evidenced by the absence dfatiet at 1330 cry it can be concluded that
the G-fragments resulting from acrolein decarbonylatiprickly lose hydrogen atoms to form
carbon or other strongly dehydrogenatedk Gpecies that preferentially occupy the edges of Pd

nanoparticles and cannot be detected by IRAS.

Our results show that the opposite selectivityarbkein hydrogenation on Pd nanopatrticles
and Pd(111) is related to significant differencesthe surface chemistry under the reaction
conditions. Since CO production on the Pd(111)talydoes not occur at 270 K, most likely the
low-coordinated sites (edges, corners, (100) facefsPd nanoparticles catalyze acrolein
decomposition to CO and strongly dehydrogenatdaocerceous, which prevents formation of the
oxopropyl overlayer required for selective hydrogjgon to propenol. Decarbonylation of acrolein
to CO was also observed on the Pd(111) single arysbwever, only at significantly higher
temperatures. IRAS spectra showing the prefere@@ladsorption at the (111) facets of the
nanoparticles indicate that CO rapidly diffusesthte (111) terraces while the Hragments
accumulate at the particle edges and corners. Aehilbustrating this scenario is shown in Figure
8.

Conclusions



In this study, the mechanistic details of the deteqartial hydrogenation of acrolein over
Pd under well-defined UHV conditions were investagh by employing molecular beam
techniques combined witin-situ infrared spectroscopy. Well-defined Pd(111) singtgstal

surface and Pd nanopatrticles supported on the nk@gl@l/Pt(111) film were used as catalysts.

In contrast to all previous studies on powdered&élysts, where acrolein was reported to
be hydrogenated almost exclusively on the C=C bfmmching propanal, we found that the

selective hydrogenation of the C=0 bond with ne&fl§% selectivity is possible over Pd(111).

By performing combined molecular beam and IRAS expents, we identified the
composition of the surface turning over in the mf the reaction conditions resulting in the
highest activity and selectivity towards propenminfiation. The selective hydrogenation of the
C=0 bond occurs only after the Pd(111) surface dslified by a dense layer of oxopropyl
spectator species. This spectator species is fofragdacrolein by adding one hydrogen atom to
C=C bond during the initial stages of surface fieacand builds up a densely packed overlayer.
By carrying out transient reactivity measuremenhbmed with IRAS we were able to identify
the chemical nature of the reactive surface inteiate as propenoxy species and experimentally
follow the simultaneous evolution of the reactimeermediate on the surface and formation of the
product in the gas phase. The reactive intermediasefound to form only on the surface covered
by an overlayer of oxopropyl spectator species,triksly due to the geometrical constrain
imposed on the adsorbing acrolein molecules. Siraméously with hydrogenation, a slow
decomposition process of acrolein occurs on thifasa resulting in formation of ethylidyne or

ethylidyne-like species that accumulate and find#gctivate the catalyst.

The highest activity and selectivity towards progdiormation was detected for the temperature
270 K. At lower and higher temperatures, diffenegichanisms were identified to be responsible

for decreasing activity and selectivity of C=0 bdndirogenation.

In the low temperature range (220 — 235 K) onlyral§ fraction of the initially adsorbed
acrolein is converted to the oxopropyl species, andh result, unselective formation of both

products propanal and propenol occurs.



In the high temperature range (above 300 K), aeraleadily decomposes to CO and
ethylidyne, which blocks the entire Pd surface dedctivates the catalyst. Before that point,

unselective formation of both products at very staves could be observed.

Our studies on acrolein conversion over Pd nanmbestsupported on E@4/Pt(111) model
oxide films and Pd(111) at 270 K reveal a stromgcstiral dependence of the selective partial
hydrogenation. On Pd nanopatrticles, fast acrol@oarbonylation to CO and probably some
strongly dehydrogenated GHpecies occurs, which prevent formation of oxopraverlayer
required for selective hydrogenation of C=0 bonlde Tecomposition product were found to be
inhomogeneously distributed over Pd nanoclustetis @D predominantly occupying the regular
(111) terraces and GHspecies blocking the low-coordinated sites sucledgges, corners etc.
Those low-coordinated sites can be mostly resptnditr facile acrolein decomposition

preventing the desired reaction pathway to propenol

Obtained atomistic-level insights into chemoselectiydrogenation chemistry of acrolein
highlight the exceptional importance of spectatpecses which are usually formed on the
catalytically active surface under reaction comditi. Related effects are expected to play a key
role in controlling chemoselectivity in hydrogematiof all types ofo,3-unsaturated aldehydes
and ketones and hold great potential for furtheetigment of new selective powdered catalysts

such as e.g. ligand-modified nanoparticles.
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acrolein conversion on Pd nanoparticles at 270 K
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Figure 8: (a) Formation rates of propanal and propenoldaetein the gas phase over 12 nm-sized
Pd nanoparticles supported on®£Pt(111) model film at 270 K and (b) simultaneouslgorded

IR spectra on this surface. The time resolutiothefspectra is 20 s; the spectra 1 — 3 correspond
to the regions 1 to 3 indicated in (a). The uppestnpart of (a) shows the suggested model of the

inhomogeneous accumulation of acrolein decompaositegments (CO and GMH
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