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ABSTRACT.

Sum-frequency generation vibrational spectroscopy (SFG-VS) and kireggsunements
using gas chromatography have been used to study the surface reactioediatesrduring
the hydrogenation of thregB-unsaturated aldehydes, acrolein, crotonaldehyde, and prenal,
over Pt(111) at Torr pressures (1 Torr aldehyde, 100 Torr hydrogen) in the temgeage
of 295K to 415K. SFG-VS data showed that acrolein has mixed adsorption spegtels- of
o(CC)-transy,-di-o(CC)-cis as well as highly coordinatgglor n, species. Crotonaldehyde
adsorbed to Pt(111) as surface intermediates. SFG-VS during prenal hydrogenation also
suggested the presence of thedsorption species, and became more highly coordinated as
the temperature was raised to 415K, in agreement with its enhanced C=0 hytilvagehze
effect of catalyst surface structure was clarified by cagiut the hydrogenation of
crotonaldehyde over both Pt(111) and Pt(100) single crystals while acquiring tréSSFG
spectra in situ. Both the kinetics and SFG-VS showed little structureiwénsiet(100)
generated more decarbonylation “cracking” product while Pt(111) had a highetnsgl for

the formation of the desired unsaturated alcohol, crotylalcohol.

1. Introduction

The selective hydrogenation of an unsaturated C=C bond in the presence of a C=0

carbonyl group of the same molecule has been a subject of much research ireasent y



Both experimental and theoretical work has been devoted to this topic and compeshensi
reviews of the subject have been publisfeddne product of this reaction, the unsaturated
alcohol, is an important intermediate in both the pharmaceutical and fragranceesdust
However, it is quite difficult to achieve a high selectivity and activity lierunsaturated
alcohol product because the hydrogenation of the C=C is thermodynamicadiy guidfy
roughly 35 kJ/mdi

The platinum group metals are the catalysts most frequently employed dusing thi

reaction, but the selectivity for the desired unsaturated alcohol is reldavefgr these
catalysts. Over platinum, the selectivity for unsaturated alcohol has been shavanave

upon alloying with another metal, for instancé 6eSr{, as well as upon the addition of
various promotePs such as potassium on the surface. Catalyst structure, such as the (111)
or (100) crystal face of a metal, has also been suggested to play a role actioa re
selectivity.

Also effecting the selectivity in the hydrogenatiorugf-unsaturated aldehydes is the
amount of steric hindrance to adsorption added to the C=C bond by the placement of bulky
groups, such as phenyl or methyl groups, on this side of the molecule. Hoang-Van et al
reported on the hydrogenation of acrolein over various platinum catalysts. BEhehnodlely
used Pt based catalysts (Pt black, Pt-Al, Pt-Si) showed greater thanl@é#isefor the
hydrogenation of the C=C to yield propionaldehyde (Scheme 1). In comparison, for the
hydrogenation of prenal, the same molecule as acrolein with two methyl gaugista the
C=C bond, Birchem et ‘akhow at 353K the dominant product to be the unsaturated alcohol, a

complete reversal of the selectivity seen for acrolein hydrogenation.



In this work, the hydrogenation of acrolein, crotonaldehyde, and prenal (Schemesd.-3)
carried out over Pt(111) while using sum frequency generation vibrational speptrosc
(SFG-VS) to monitor the surface reaction intermediates. These spectn@mcompared to
published DFT calculations to assist in the interpretation. Crotonaldehytey maction
selectivity intermediate between prenal hydrogenation and acrolein hydtiogemnsas
chosen to elucidate the effect that catalyst structure has on this reaametioR kinetics
using gas chromatography and SFG-VS spectra were taken for crotyaaldhgidrogenation
over Pt(111) and Pt(100) in the temperature range from 150K to 415K.

2. Experimental Section

Materials

Crotonaldehyde (99.5%, Fluka) and 3-methylcrotonaldehyde (97%, SigmabAlaici¢
were subjected to several freeze-pump-thaw cycles prior to use and the puaniéeshecked
by means of gas chromatography and quadrupole mass spectroscopy. Acrelemaved
in gas phase from Airgas with balance of research grade argon and pufiiy veth
guadrupole mass spectroscopy to be 99%.

The high-pressure/ultra-high vacuum system

All experiments reported here were carried out in a high-pressurbigitraacuum
(HP/UHV) system. The UHV chamber is operated at a base pressure of-2 ®ot0and is
isolated from the HP cell by a gate valve. The UHV system is equipped withgam Au
electron spectrometer (AES), a quadrupole mass spectrometer (StanfatR&sstems)
and an ion bombardment gun (Eurovac). The HP cell consists of twacQaffat windows
that allow transmission of infrared (IR), visible (VIS) and sum frequencatiadifor sum

frequency generation (SFG) experiments. The product gases in the Hie celhstantly



mixed via a recirculation pump and kinetic data is acquired by periodicatiylisg the
reaction mixture and analyzing the relative gas phase composition in adlaizegtion
detector (FID) of a gas chromatograph (Hewlett Packard HP 5890 on a 5% Ca#tiiax
packed column).

Sample preparation

Prior to each experiment, the Pt(111) and Pt(100) crystal surfaces waereccia the UHV
chamber by At (1 keV) sputtering for 20 min at approximately 3 X°Ibrr of Ar. After
sputtering, the crystals were heated to 1103 K in the presenced6® 10’ Torr and
annealed at the same temperature for 2 min. The cleanliness of the cr{ataisswas
verified by AES and the crystallographic structure verified with low gnelectron
diffraction (LEED). The samples were then transferred into the HPocellRG and kinetic
studies.

Sum Freguency generation vibrational spectroscopy

For SFG measurements, an active/passive mode-locked Nd:YAG laser (Leep@yd D
Continuum) with a pulse width of 20 ps and a repetition rate of 20 Hz was used. The
fundamental output at 1064 nm was sent through an optical parametric
generation/amplification (OPA/OPG) stage where a tunable IR (2300-cn’) and a
second harmonic VIS (532 nm) beam were created. The IR (150 puJ) and VIS (200 8J) beam
were spatially and temporally overlapped on the crystal surfacelasarigncidence of 55
and 60°, respectively, with respect to the surface normal. The generated SF®dseam
collected and sent through a motorized monochromator equipped with a photomultiplier tube
to detect the SFG signal intensity. The signal-to-noise ratio was fumttreased by using a

gated integrator while the IR beam was scanned through the spectval okgiterest. The



SFG signall® € is related to the incoming visible’€) and infraredIf?) beam intensities,

and second-order susceptibility of the megi&)( according to eq 1:
2
| 5 (@grg) o< ‘7((2)‘ | (@ys)! " (0r) 1)
((?) is enhanced when is at resonance with a vibrational mode of the molecgles,
according to eq 2:

2
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whereyng? is the nonresonant nonlinear susceptibilé§y® is the phase associated with
the nonresonant backgrourgd, is the strength of thgth vibrational modegr is the

frequency of the incident IR laser beam,is the frequency of thgth vibrational model’y is

the natural line width of theth vibrational transition, and” is the phase associated with the
gth vibrational transition. All SFG-VS spectra reported are data fit to a foeq Bf
Since the gas phase in the HP cell absorbs some of the incoming IR radiatidgitGthe S

signal was then normalized by using the following expression (eq 3):

| SFG
| SFGhorm __

- \/l IR,beforeI IR, after

3)

|'R.before g 'Raer define the IR beam intensities measured before and after the HP

where
cell. More information on the HP/UHV system and SFG measurement can be found
elsewheré*?

3. Results and Discussion

3.1. Sum Frequency Generation Vibrational Spectroscopy of Acrolein,

Crotonaldehyde, and Prenal Hydrogenation over Pt(111)

3.1.1. Acrolein Hydrogenation on Pt(111) — SFG-VS Results



Acrolein is the simplest,-unsaturated aldehyde which makes it attractive for surface
science study. As can be seen in Scheme 1, it contains only the conjugated eaudbony
alkene groups with no side groups. Using density functional theory analysisdaoétral®
examined possible adsorption modes of acrolein on Pt(111) at various coverages and
determined adsorption energies and predicted a vibrational spectrum for eachassibée
stable structures.

There are seven stable adsorption modes presented in the work mentioned abgike First
n1 adsorption mode has the oxygen atom as the only part of the acrolein molecule which
interacts with the Pt(111) surface. Tiecis andn,-trans modes involve a ditbond to two
Pt atoms originating from the C=C of the acrolein. Clearly, the cis coefdraing the one
with the oxygen of the carbonyl pointing back towards the acrolein molecule, whike in t
trans form it points away. Thg-cis andns-trans are the same as tiyeadsorption modes
with the exception that the oxygen atom of the carbonyl is pointing down to and bonding with
the metal surface. Finally tg-cis andns-trans adsorption modes are bound to the surface
via two di-c bonds, one originating from the C=C and one from the C=0.

Figure 1 shows the SFG vibrational spectrum of 1 Torr acrolein with no hydrdded a
over a Pt(111) single crystal at 295K. Five vibrational resonances are seaerdrHegion.
The “softest” vibrational resonance is present at 2785which can be assigned to athe
aldehyde C-H stretch. The aldehyde C-H in gas phase acrolein is at 280€bcanl5 cim
red-shift of this clearly identifiable mode occurs upon adsorption. To gain insighthénto t
true bonding characteristics of the acrolein to the Pt(111) surface the vibrapentah are
compared to those predicted with DFT. Although there are often several strticatires

correspond to a given vibrational frequency, one can only accept structinestifiér peaks



in the predicted spectrum are also present. In the DFT work of Loffredd, ¢halonly
chemisorption mode of acrolein with a vibrational mode near this valuerg-trens species.
The rest of the resonances are seen at 28502930 cn, 3020 cnif, and 3060 cm. The

n1 adsorption species, interacting with the Pt surface solely through the atpgenmay be
ruled out due to the absence of any modes above 316dime SFG-VS spectrum, likewise
theng-cis can be eliminated as an option. The mode observed at 285@boresponds best
with then-cis C-H aldehyde vibrational mode. The two “soft” aldehyde peaks at 2850 cm
and 2785 ci are quite indicative of the, di-o(CC) adsorption mode as none of the more
highly coordinated surface species have C-H resonances that far to the red.

Figure 2 displays the SFG spectra as 100 Torr hydrogen is added and the temigerature
raised to 415K. Upon the addition of hydrogen at room temperature the spectrum wdergoe
two changes. The soft aldehyde peak at 2785, corresponding to the-trans surface
species, disappears as well as the peak at 3020 Bme to the fact that those two modes
disappear together, as well as the fact that DFT predictg-tih@ns adsorption mode to have
absorptions in both those regions, the 3020 peek is also assigned to a C-H vibration off
of the dis bond of they,-trans species (Figs. 1,2). Upon heating the Pt(111) crystal to 370K,
a strong new peak appears at 2867 cfiihe other resonances become very weak and the
only one with appreciable signal remains at 2930.ctdpon further heating the Pt(111)
crystal to 415K, the only remaining peak is the 2867 casonance corresponding to
ethylidyne on the surface resulting from the decarbonylation of acrolein. tiylelgne is
red-shifted by about 10 ¢hfrom its usual location on a clean Pt(111) crystal, but the

coadsorption of CO and ethylidyne on Pt(111) has been previously reported to caglse a sli



red-shift in the ethylidyne pedk The observation of ethylidyne on Pt(111) after acrolein
adsorption was also noted by de Jesus and Zaesiag RAIRS.

According to the Gibbs free adsorption energy curves reported by Loffreldafet a
acrolein adsorption to Pt(111) the experimental conditions used here (1 Torma@otei
415K) likely crosses the 0 Gibbs free adsorption energy line as the tempésatised, thus
favoring desorption of the acrolein molecule. This is in agreement with the SFpactra,
as by 415K the only species remaining on the surface is ethylidyne. lthstpgak observed
at 2930 crit is indicative of a more highly coordinategicis orns-trans surface species. In
relation to the DFT calculations, it is most closely matched with#uogs species. Clearly,
then, for acrolein adsorption and hydrogenation over Pt(111) there exists a nmieed sta
adsorption mode surface species.

In a later paper Loffreda et‘aktudy the hydrogenation reaction pathway with DFT over
the Pt(111) surface. Their conclusion was that the reaction actually favotatkeoh the
C=0 carbonyl, but the desorption step of the resulting allyl alcohol has a very high ba
height compared to the reaction pathway involving the attack of the C=C and desorption of
the propionaldehyde product. Thus, they conclude the surface will build up a high
concentration of allyl alcohol, but the gas phase will show a high selectivittyfdormation
of propionaldehyde. In this work the frequency range from 2500-4000x@s studied and
there was no evidence found for the unsaturated alcohol on the surface as was proposed by
Loffreda et al’, although a species with the OH bond perfectly parallel to the surface cannot
be ruled out due to the metal surface selectiortttile

3.1.2. Crotonaldehyde Hydrogenation on Pt(111)- SFG-VS Results



The hydrogenation of crotonaldehyde (Scheme 2) has a selectivity ediatenbetween
that of acrolein and prenal hydrogenation (Sec. 3.2). The addition of the methyl group
improves the selectivity for the unsaturated alcohol, but it also adds compettigy
vibrational spectrum, especially in the C-H region. Figure 3 shows thelspdor a
multilayer of crotonaldehyde on Pt(111) at 150K in the absence of hydrogen, followssl by
temperature dependent spectra of 1 Torr crotonaldehyde and 100 Torr hydrogeg ovact
a Pt(111) single crystal from 295 to 415K. In the multilayer (bottom) at 150K, four
vibrational resonances are seen. At 2750 anstrong peak is seen for the trans aldehyde C-
H vibration. The analysis of the other three peaks at 2830 2885 crit, and 2995 cr
requires comparison to gas phase DFT calculafidosinterpretation. In this context, the
peak at 2830 cthcorresponds to the aldehyde C-H stretch of E-(s)-cis crotonaldehyde, the
2935 cn' corresponds to the symmetric stretching in the methyl side group and the 2995 cm
corresponds to both the asymmetric methyl stretch and the vinylic @tdh&s off the C=C
bond.

The spectrum recorded at 295K in the presence of hydrogen in Figure 3 shows five
vibrational resonances much different from the multilayer condensed onto Pt(1rkt)thEi
trans aldehyde C-H stretch around 2750'disappears by 295K. Four more resonances are
seen at 2865 cm 2915 cn, 2965 crit, and 2995 ci. The 2995 cm resonance has
flipped from a positive going peak to a negative going peak due to a change in its relative
phase as seen in the fit to eq. 2. Further, the absence of any peak at 2 5®etow
suggests that thg,-di-o(CC)-E-(s)-trans species is not present in significant surface
concentration at 295K in 100 TorpHAIthough the trans adsorbed species disappears as the

temperature is raised and hydrogen is added, this does not necessarily meaitonger



participating in the reaction mechanism. The trans species could reacjurclg than the
cis surface species, in which case no appreciable surface concentratiotrarigtspecies
would build up.

At 295K, once again in comparison to the DFT calculated frequéhdies frequencies
agree quite well with thg,-di-o(CC)-E-(s)-cis crotonaldehyde species (Fig. 3). As the
Pt(111) crystal is heated to 415K the only notable change is the disappearancegétive n
going peak at 2995 ¢

3.1.3 Prenal Hydrogenation on Pt(111) — SFG-VS Results

Figure 4 displays the SFG-VS spectra of 1 Torr prenal both with and without 100 Torr
hydrogen over Pt(111). A striking difference between these spectra and tloossetisfor
acrolein and crotonaldehyde is the broad —OH hydrogen bonded peak centered around 3380
cm* present even before hydrogen is added to the system. The hydrogenation of prenal ha
been shown to be quite selective for the formation of the desired unsaturated®altbiol
buildup of —OH on the surface would indeed indicate that the desorption step of the alcohol is
a rate limiting step as was proposed for acrolein hydrogenation by La#ted’ Upon
heating, the —OH vibration is red-shifted, indicating a more electron donatergation with
the surface.

Once again, by comparing the observed spectra with the DFT calculated $pettte
various adsorption modes is informative. For the spectra (Figure 4, bottom) takea fhéor t
addition of hydrogen, a peak is visible at 2720"amhich should clearly correspond to an
intact aldehyde C-H. Other than the —OH peak discussed, vibrational peaks aredaser
2845 cnt', 2915 cnit, and 3015 cm. Upon the addition of 100 Torr hydrogen, the 2720 cm

peak vanishes and the 3015 tpeak becomes much weaker. The only changes in the



spectra as the crystal is heated to 415K is that the —OH band becomes morganteres
shifted, and a new peak grows in at 2945'cnThe peak growing in at 2945 ¢ragrees well
with the growing presence of either tipedi-o(CC)-6(O)-(s)-cis, corresponding to the
asymmetric stretching in one of the methyl groups, or to the aldehydst@teh of they,-
di-o(CC)-di-c(CO)-(s)-trans species on the surface at higher temperatures. The high
temperature spectrum is reversible. After heating to 415K and then returningstia tor

295K the peak at 2945 ¢huisappears again. This is proof that it is not a cracking product or
poison on the surface, but a reversible change in surface intermediate.

3.2. Hydrogenation of Crotonaldehyde over Pt(111) and Pt(100): Kinetic and SFG-VS
Results

The hydrogenation of crotonaldehyde was carried out with 1 Torr crotogdielend 100
Torr hydrogen over both the Pt(111) and Pt(100) crystal faces to elucidate the¢heife
catalyst structure plays in this reaction. The industrially desired prochtgt alcohol, the
unsaturated alchohol, results from the hydrogenation of the C=0 (Scheme 2), while the
thermodynamically favored product, butyraldehyde, results from the hydrtge of the
C=C. Further, the temperature range from 295K to 415K was used and apparembm@ctivat
energies calculated for the reaction products over both surfaces.

Figure 5 shows the Arrhenius plots and reaction selectivities over bothsudgaes, and
Table 2 displays the apparent activation energies for all reaction pathwhg activation
energy for the formation of crotyl alcohol is significantly less than that&formation of
butyraldehyde. This is evident also in the reaction selectivities of Figuhech show a
significantly enhanced selectivity for the formation of the unsaturatediall at low

temperatures (35C). At such low catalytic temperatures however the turnover frequencies



(TOF, product molecules/Pt site/sec) are very low for all products, on the orH#t, efhile
as the temperature is raised to 180the TOF for the formation of butyraldehyde approaches
~1@ over both surfaces.

Pt(111) shows a higher selectivity for the formation of the unsaturated alcgpedtjaly at
low temperatures, while Pt(100) shows a higher selectivity for the frormait the
decarbonylation “cracking” product propylene (Fig 5). The selectivitynetadtally saturated
product butanol remained low, less than 1%, on both surfaces at the temperatures studied.

Figure 6 compares a spectrum taken over Pt(111) to one taken over Pt(100) under 1 Torr
crotonaldehyde and 100 Torr hydrogen at 295K. The vibrational features betwegao the t
crystal faces were identical here and for all temperatures studiedargbes that the
dominant surface reaction intermediates are the same for both crystafdathe
hydrogenation of crotonaldehyde. This is in contrast to theoretical work doneliBcheit
al”* which demonstrated significantly different adsorption modes for crotonaldeeyaeen
the Pt(111) and Pt(100) surfaces. However, it is consistent with the reactmivisiel® and
kinetics above which demonstrated very similar activities and seledifati¢he two
surfaces, the primary difference simply being in the barrier heightsdaaitious reaction
pathways evidenced by the differing activation energies calculatadradj for some kinetic
control of the product distribution.

4. Conclusions.

Using a combination of SFG vibrational spectroscopy and kinetic measurenamgsyeh
detailed comparison to DFT calculations, the surface species during thgicatal
hydrogenation of acrolein, crotonaldehyde, and prenal have been clarified. Thé¢hatfe

catalyst structure has on the hydrogenation of crotonaldehyde has beéatetubly



comparing both the reaction kinetics and SFG-VS spectra over Pt(111) and Bir()0)
crystals.

In the case of acrolein, a mixed adsorption state existed inclyghirig andn,-trans species
as well as more highly coordinatgglor 4 species. However, upon the addition of hydrogen
theny-trans surface species vanished. Further, as the Pt(111) crystal wdsddaeK all
of the surface intermediate peaks vanished except that of ethylidyne, fédrarmthe
decarbonylation of acrolein.

The reaction kinetics for crotonaldehyde hydrogenation showed a loweltiactieaergy
for the formation of the industrially desired crotylalcohol than for the formatidmeof t
thermodynamically favored butyraldehyde. Thus, at lower temperaturssléuogivity for the
desired product was enhanced.

For the adsorption of crotonaldehyde to Pt(111) at 150K, both cis and trans species were
found with SFG-VS. However, in the presence of hydrogen at 295K and hotter the only
surface species observed wais. This may be an indication that tpetrans species is not
stable at the higher temperature, or is simply the fastest one to react @t detsallowing
a significant surface concentration to build up. The SFG-VS data, then, agreewiticehe
reaction kinetics, given that tg adsorption modes do not have the carbonyl interacting with
the surface and the selectivity for the hydrogenation of the C=0 was low in ¢hefcas
crotonaldehyde hydrogenation.

Pt(111) and Pt(100) showed little structure sensitivity for this reaction. ThElPtfad a
somewhat higher selectivity for the formation of crotylalcohol, while Pt(h@@)a higher
selectivity for the decarbonylation “cracking” reaction. Further, the-8BGpectra of

crotonaldehyde hydrogenation over both surfaces were identical.



For the hydrogenation of prenal over Pt(111), the SFG-VS results indicated #recpret
an —OH group even without the presence of excess hydrogen. This is consistdmg with t
flipped selectivity for the hydrogenation of prenal in which the dominant product is the
unsaturated alcohol. SFG-VS spectra demonstrated the presence,uHace species
definitively. Further, upon heating the Pt(111) crystal to 415K a highly coordinated),
species grows in on the surface. This clear difference from crotonalddbydeyeees with
the difference in reaction selectivities. The C=0 of prenal interathshe surface at higher
temperatures, unlike the case for crotonaldehyde, and the C=0 is predonhgdnilyenated
in prenal hydrogenation while the C=C is predominantly hydrogenated in crotoydéde

hydrogenation.
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Figure 5. Arrhenius plots (top) and reaction selectivities (bottom) for the hydrogenation of
crotonaldehyde over Pt(111) (right) and Pt(100) (left). The major reaction ps@iac
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Pt(111) Pt(100)

Butyraldehyde 75 90
Crotylalcohol 35 38
Propylene 68 63
Butanol 59 79

Table 2. Activation energies in kJ/mol for the various products of crotonaldehyde
hydrogenation carried out over Pt(111) and Pt(100) with 1 Torr crotonaldehyde and 100 Torr
hydrogen.
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Figure 1. SFG vibrational spectrum of 1 Torr acrolein in the absence of hydrogen over
Pt(111) at 295K. The “soft” aldehyde C-H modes at 278% and 2850 cil clearly identify
the presence of,-trans and),-cis adsorption modes respectively.
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Figure 2. SFG-VS spectra of 1 Torr acrolein over the Pt(111) crystal
surface. The bottom spectra was taken in the absence of hydrogen,
then the supsequent spectra include the addition of 100 Torr hydrogen
and heating the crystal to 415K. The acrolein peaks vanish and only
ethylidyne remains as the crystal is heated.
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Torr hydrogen over the Pt(111) crystal at the temperatures listed.
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Figure 4. SFG-VS spectra of 1 Torr prenal over Pt(111) from 295K to 415K.
The bottom one is before the addition of While the rest are with 100 Torr

H.. The —OH peak indicates alcohol on the surface at all temperatures. The
“soft” modes at 2720 cthand 2845 c are indicative ofy, adsorption

species. The 2945 chpeak is indicative of more highly coordinatedor
possiblyns adsorbed prenal species.
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