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The adsorption of acrolein and its hydrogenation products propanal, 1-propanol, and 2-propenol on
Cu(111) was studied by reflection absorption infrared spectroscopy (RAIRS) and temperature-
programmed desorption (TPD). The experimental RAIR spectra were obtained by adsorbing multilayers
of each molecule at 85 K and then annealing the surface up to 200 K to desorb the multilayer and
produce the most stable monolayer structure on the surface. Each of the four molecules adsorbs
weakly to the surface and desorbs at temperatures below 225 K. Compared to acrolein and propanal,
the two alcohols, 2-propenol and 1-propanol, have notably higher desorption temperatures and
broadened and redshifted O-H stretches that reveal strong hydrogen bonding in the multilayers. Upon
annealing to 160 K, the OH stretches of both 2-propenol and 1-propanol disappear, indicating the
hydrogen bonding in the multilayers is not present in the monolayers. For 2-propenol, the hydrogen
bonding in the multilayer correlates with the observation of the C=C stretch at 1647 cm™, which is
invisible for the monolayer. This suggests that the C=C bond is parallel to the surface for monolayer
coverages of 2-propenol. Similarly, for propanal, the C=0O stretch peak at 1735 cm~! compared to

Received 18th August 2022, those at 1671 and 1695 cm ™! is very weak at low coverages but becomes the most prominent peak for

Accepted 23rd September 2022 the multilayer, indicating a change in molecular orientation. For acrolein, the out-of-plane bending
DOI: 10.1039/d2cp03817j modes are more intense than the C=O stretch at submonolayer coverages, indicating that the

molecular plane is mainly parallel to the surface. In contrast, the opposite intensity trend was observed

Published on 26 September 2022. Downloaded by University of Illinois at Chicago on 5/27/2023 10:23:45 PM.

rsc.li/pccp

1. Introduction

There is considerable interest in the use of catalysts to selectively
hydrogenate o,B-unsaturated aldehydes to form the corres-
ponding unsaturated alcohols." Unsaturated alcohols are used
in the production of pharmaceuticals, perfumes, flavourings,
thermoplastic copolymers with styrene, and acrylates in coatings,
printing inks, toners, and as a source of hydroxyl functionality
for crosslinking and as a resin modifier.”* Acrolein (C3H,0) is
the simplest ao,f-unsaturated aldehyde and has three possible
hydrogenation products: propanal, 2-propenol, and 1-propanol.
The absence of substituents on the C—C group to destabilize the
interaction with the catalyst surface makes it difficult to selectively
hydrogenate acrolein to the desired product, 2-propenol.’”
Generally, it has been established that thermodynamics favours
hydrogenation at the C—=C bond to form the saturated aldehyde
propanal. Therefore, kinetic manipulation is required for hydro-
genating at the C—0 bond to form 2-propenol.”

A new class of catalyst known as single-atom-alloys (SAAs)
shows great promise for selective hydrogenation reactions.®
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for multilayer acrolein, suggesting that the C=0O bonds are tilted away from the surface.

SAAs consist of catalytically active dopant metal atoms sub-
stituted into the topmost atomic layer of a relatively inert host
metal. High selectivity can often be achieved with the host
metal at the expense of reactivity, whereas high reactivity can be
achieved with the dopant metal at the expense of selectivity. In a
recent study, we have reported selective hydrogenation of acrolein
on the Ag(111), and Pd/Ag(111) SAA surfaces.’ Because H, does
not dissociate on Ag(111) and H atoms don’t spill over from Pd to
Ag sites on the Pd/Ag(111) SAA,”"° the hydrogenation reactions
were studied by exposure to atomic hydrogen. Under the most
favourable conditions, a 19% selectivity was found for the partial
hydrogenation of acrolein to 2-propenol, while the maximum
selectivity to propanal was 91%. Unlike the Pd/Ag(111) SAA, on
a Pd/Cu(111) SAA, H atoms spill over to Cu sites following H,
dissociation on the isolated Pd atoms.''"'? Therefore, the Pd/
Cu(111) SAA provides a promising surface for achieving selective
hydrogenation of acrolein using H, rather than atomic H as the
hydrogen source. To better understand the hydrogenation path-
ways of acrolein over a Pd/Cu(111) SAA, it is important to first
obtain a comprehensive set of data for the interaction of acrolein
and its three hydrogenation products with the Cu(111) surface.
Several relevant prior studies exist, although a comparative
study of all four molecules adsorbed on Cu(111) is not available
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in the literature. Low-temperature RAIR spectra have been
obtained for acrolein, 2-propenol, and propanal on Pd(111)."®
Using vibrational spectroscopy, acrolein has been studied on
various surfaces, such as Au(111),"* Pt(111),"®> Ru(001),*°
Ni(111)," Ag(111)," and a Ag thin film."” The adsorption
geometry can be inferred by analysing the intensity of the
out-of-plane modes (formyl (CHf) and vinyl (CH,) bends,
and =—CH,, wag) relative to that of the C—O stretch. Compared
to the C=0O stretch, the out-of-plane modes are much more
intense on less reactive metals such as Au(111) and Ag(111),
implying a parallel adsorption geometry. The opposite is
observed on the more reactive metals, indicating tilting at the
C=O0 groups, with the tilt increasing with increasing exposure.
We have previously shown that all possible hydrogenation
products can be produced during the hydrogenation of acrolein
on Ru(001)."® For a Pt/Ru(001) surface, the desorption yields are
minimal as most of the acrolein either desorbs molecularly or
eventually decomposes to CO and H,."® Dostert et al.’® showed
in a combined pulsed molecular beam and in situ RAIRS study of
acrolein hydrogenation on Pd(111) under isothermal conditions
that the formation of 2-propenol with nearly 100% selectivity
was possible. In studies similar to the present one, adsorbed
1-propanol has been studied on Cu(111),>° and 1-propanol and
propanal have been studied on Rh(111).>' The desorption of
propanal formed from the oxidation of propylamine on an
oxygen-covered Au(111) surface has also been reported.>* Here,
we focus on comparing results obtained on Cu(111) with our
recent study of these four molecules on Ag(111).>?

2. Experimental

The experiments were performed in two separate ultrahigh
vacuum (UHV) systems. The RAIRS experiments were done in a
dual-stainless-steel chamber UHV system described elsewhere.?*
Briefly, the upper UHV analysis chamber was equipped for low
energy electron diffraction (LEED) and Auger electron spectro-
scopy (AES) (LK Technologies RVL2000), a quadrupole mass
spectrometer (QMS) (Pfeiffer QMS200) for temperature pro-
grammed desorption (TPD), and an ion gun for sample cleaning
with Ar' sputtering. The small lower chamber was used as an IR
cell. The inner surface of the IR cell was coated with gold via
physical vapor deposition from a resistively heated evaporator.
It is equipped with two high-precision leak valves with separate
gas lines and a cold cathode gauge for pressure measurements
from UHV to 1500 Torr. The detailed design of the high-pressure
IR cell and the evaporator will be published elsewhere. All gas
exposures herein were performed in this well-baked high-
pressure IR cell. The inert gold-coated walls reduced the adsorp-
tion of potential contaminants that could be subsequently
deposited onto the crystal surface. During the RAIRS experi-
ments, the analysis chamber was isolated from the IR cell so that
the pressure in the latter could be increased up to atmospheric
pressure from its base pressure of 1.0 x 10~° Torr, while an
ion pump maintained the base pressure in the main chamber.
The RAIRS measurements were performed with a Bruker Vertex
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70v FTIR spectrometer with an external MCT detector using
1024 scans and a resolution of 4 em " (acquisition time of
4 minutes per spectrum). The TPD experiments were done in a
separate UHV chamber with a base pressure of 1 x 10 *° Torr.
This chamber was equipped with PHI 15-120 LEED optics, a PHI
10-155 cylindrical mirror analyzer for AES, a Hiden HAL201/3F
QMS for TPD, and an ion gun for sample cleaning with Ar"
sputtering. All TPD results presented here were obtained with a
linear heating rate of 0.5 K s .

The Cu(111) crystal (99.9999%) was purchased from the
Surface Preparation Laboratory, and its mounting in the chamber
has been described elsewhere.”® The surface was cleaned by Ar*
sputtering at room temperature for 60 min (Ar pressure, 5 X
10~° Torr; energy, 1.5 keV; ion current, 9 pA) followed by anneal-
ing via resistive heating at 950 K for 10 min. After 2 to 3 cycles of
sputtering and annealing, the crystal was cooled down to room
temperature, and the surface cleanness was verified by AES and
RAIRS of adsorbed CO. A 1 x 1 LEED pattern was obtained after
the crystal had been cleaned. A constant current power supply
(B&K Precision, 1900B series) controlled with a PID controller
(Eurotherm 2416) provided direct heating to the Cu(111) crystal
and maintained the temperature within 0.1 XK.

1-Propanol (>99.5%, Sigma Aldrich), 2-propenol (>99%,
Sigma Aldrich), and propanal (>99%, Acros Organics) were
purified by multiple freeze-pump-thaw cycles with a liquid
nitrogen bath. Acrolein (Alfa Aesar, 96%, stabilized with hydro-
quinone) was purified to eliminate possible decomposition
products such as ethylene by successive freeze-pump-thaw
cycles with liquid nitrogen followed by a methanol/liquid
nitrogen mixture cold bath.

3. Results and discussion

Acrolein and its hydrogenation products 2-propenol, propanal,
and 1-propanol were adsorbed on the Cu(111) surface and
studied as a function of exposure in Langmuir units (1 L =
1 x 10~° Torr s) with RAIRS and TPD. To understand adsorption
geometries and to determine if any reaction products formed
upon heating, the surface was dosed with the corresponding gases
at 85 K, then annealed to a given temperature, held there for one
minute, and cooled back to 85 K where the spectra were acquired.
In addition, TPD spectra were collected following exposures to the
Cu(111) surface at 85 K. Each of the four gases studied here
produces very similar mass fragments, which makes definitive
identification of the desorbing species difficult. For this study, the
fragmentation ratios for each of the pure compounds were
collected. Then the best mass fragments were selected for mon-
itoring the desorption of a particular compound.

3.1 Acrolein

Fig. 1a shows RAIR spectra versus acrolein exposure on Cu(111)
at 85 K. At low exposures (below 1.5 L), the IR bands seen at 923
and 991 cm™ " correspond to the in-plane CH, rocking mode
(0(CH,)) and out-of-plane wag (w(CH,)) mode and at 1181 cm ™"
to the C-C stretch. With increasing exposure, these peaks

This journal is © the Owner Societies 2022
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Fig. 1 (a) RAIR spectra (blue) of acrolein on Cu(111) at 85 K versus exposures. (b) RAIR spectra (red) after the Cu(111) surface at 85 K was exposed to 4 L of
acrolein, annealed to the indicated temperatures for 1 minute, then cooled back to 85 K where the spectra were acquired. The inset shows the structure

of monolayer acrolein on Cu(111).

redshift and increase in intensity while a new peak at 1165 cm ™"

appears and becomes prominent at high exposure. In addition,
for low exposures, the C=0 stretch is observed at 1699 cm ™,
slightly lower than its gas phase value of 1724 cm™". The peak
intensity of the C—0O stretch increases with increasing exposure
and gives rise to a secondary peak at 1651 cm™". In addition to
the C=C stretch peak at 1617 cm ™, the secondary peak, due to
the interactions of the C=0 bond with neighbouring acrolein
molecules, indicates multilayer formation. The very weak peaks
at 1366 and 1426 cm™ ', assigned to formyl CH and the CH,
bending modes, respectively, become strong at high exposures.

This journal is © the Owner Societies 2022

At high exposures and for multilayers, the C-H stretch region
shows four features. The peaks at 2769 and 2709 cm ' corre-
spond to the first overtone of the vinyl CH bend and the formyl
CH stretch, while the peaks at 2822 and 2855 cm " correspond
to the CH, symmetric and antisymmetric stretches, respectively.
The features at about 1114 and 1539 ecm™ ' remain unchanged for
all exposures and are unassigned.

The calculated vibrational frequencies for trans- and cis-
acrolein were compared to the experimental gas phase and Ar
matrix IR spectra by Puzzarini et al.>° In the gas phase, the C-C
stretch is at 1056 cm™" for cis-acrolein and at 1158 cm ™" for

Phys. Chem. Chem. Phys., 2022, 24, 24383-24393 | 24385


https://doi.org/10.1039/d2cp03817j

Published on 26 September 2022. Downloaded by University of Illinois at Chicago on 5/27/2023 10:23:45 PM.

Paper

trans-acrolein. Here, we do not observe any features indicating
cis-acrolein on Cu(111), and previous studies have shown that
trans-acrolein is the most stable form on Ag surfaces.'**
Table 1 presents the assignments of the peaks seen here to
the vibrational modes of ¢trans-acrolein and a comparison to the
peak positions previously reported for adsorbed acrolein.

Fig. 1b shows RAIR spectra (in red) after 4.0 L of acrolein was
adsorbed on the Cu(111) surface at 85 K and then annealed to
the indicated temperatures. Annealing allows more stable
adsorption structures to develop by overcoming kinetic barriers
that trap less stable structures formed upon adsorption at 85 K.
TPD results versus acrolein exposure are shown in Fig. 2. Other
results (not reported here) have shown that at even higher
exposures, a third peak develops at 115 K for a 5 L exposure and
is attributed to multilayer desorption whereas the 138 K peak
corresponds to 2nd layer acrolein molecules. The peak in the
range of 225-219 K corresponds to desorption of the mono-
layer. After annealing at 130 K, big changes are seen in Fig. 1b
in the relative intensities of the peaks; before annealing the
C=O0 stretch at 1699 cm ' is most intense, whereas after the
annealing the CH, wag at 991 cm ™' is most intense. Other
notable changes include the disappearance of the in-plane CH,
rock at 923 ¢cm™'. Comparison with Fig. 2 indicates that
annealing to 130 K should desorb the multilayer leaving 2nd
layer and monolayer acrolein on the surface. The TPD results
also imply that annealing to 145 and 160 K should desorb
the 2nd layer to leave monolayer acrolein on the surface. The
changes in the spectra upon annealing to 130 K with the out of
plane modes giving the most intense peaks suggest that 2nd
layer acrolein molecules are oriented with the molecular plane
parallel to the surface, whereas in the multilayer at least some
of the molecules are oriented with the molecular plane tilted
with respect to the surface. As noted by Itoh and co-workers, the
initial greater intensities of the out-of-plane CH, wags over the
C=0O0 stretch imply a parallel bonding geometry for acrolein on
Au(111) and Ag surfaces.'®'” Our results imply that while the
2nd layer molecules have detectable out-of-plane modes, for
monolayer molecules, which are presumed also to be oriented

Table 1 Comparison of vibrational assignments for acrolein multilayers on
respectively
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Fig. 2 TPD spectra of acrolein adsorbed on Cu(111) with increasing
exposure.

parallel to the surface, even these out-of-plane modes are too
weak to detect.

The parallel bonding geometry of the planar molecule implies
that acrolein interacts with Cu(111) through n-bonding at the
C—O0 and C=C double bonds. Although the interaction of
acrolein with Cu(111) and Ag(111) is similar, there are notable
differences. On Ag(111) the monolayer TPD peak occurs at 164 K
at the lowest coverage and shifts to 170 K at the highest coverage,
indicating that adsorbate-adsorbate interactions stabilize acrolein
adsorption. On Cu(111), the monolayer TPD peak starts at 225 K
and decreases to 219 K as the coverage increases, indicating that
adsorbate-adsorbate interactions are slightly destabilizing. The
higher temperatures at which monolayer acrolein desorbs com-
pared to Ag(111) indicates a stronger interaction with Cu(111).
This is also reflected in differences in the RAIRS results for the two
surfaces. Once the multilayer is desorbed from both surfaces, the
most intense peaks are due to out of plane bending modes.

Au, Ag, and Pd surfaces. The f and v subscripts refer to formyl and vinyl,

Mode Trans-acrolein gas phase® Ag(111)* Ag film"’ Au(111)" pd(111)" Cu(111)* Ru(001)”
p(CH,) 912 — — 918, 933 ~915 923 920
®(CHy) 959 978, 991 978, 991 964, 991 990 991 987
y(CH)¢ 972 1007 1007 1009 — 1016 —
7(CH), 993 1019 1020 1020 — 1044 —
v(C-C) 1158 1161 ~1160 1159 1164 1165, 1181 1180
6(CH), 1281 1281 1280 1275
Jo(CH)¢ 1360 1365 ~1360 1365 1365 1366 1346
0(CHy) 1420 1429 ~1430 1425 1425 1426 1425
l)( ) 1625 1612 ~1610 1614 1618 1617 1631
v(C=0) 1724 1676 1674 1672, 1686 1650 1651 —
v(C=0) — 1687, 1696 1687,1697 1703 1699 1699 1989
v(CH); 3069 2704 n/a n/a 2705 2709 2697
20(CH), — 2774 n/a n/a 2766 2769 2760
vs(CHy) 2998 2823 n/a n/a 2820 2822 2806
va(CH,) 3103 2864 n/a n/a 2857 2855 —

% This study.
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However, at low monolayer coverages the C—=O0 stretch occurs at
1676 cm™* on Ag(111), which is shifted from its gas phase value of
1724 cm ™. Attributing the 1699 cm ™" peak to the C—O stretch of
2nd layer acrolein on Cu(111) is consistent with only an indirect
interaction with the metal surface.

3.2 Propanal

Fig. 3a shows RAIR spectra of propanal versus exposure after
adsorption on Cu(111) at 85 K. Table 2 compares the peaks
observed here and their assignments with those of gas and
solid phase propanal and propanal on Ag(111), Pd(111) and

View Article Online
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Ru(001). At 0.5 L, the prominent peaks are assigned to CHj
rocking modes (858, 898, and 1095 cm™ '), the CH; asymmetric
bend (1458 cm ™ '), the C—O stretch (both 1671 and 1735 cm ™),
and the CH, symmetric stretch (2961 cm ™). At 1.0 L, a peak at
1382 cm™' appears, which is midway between peaks in solid
propanal at 1394 cm ™" assigned to the CH; symmetric defor-
mation and 1374 cm™ " assigned to the CH bend.*® A peak at
1683 cm ™ is resolved at 1.0 L and continues to grow and shifts
to 1692 cm ™" at high exposures. A shoulder to the 1382 cm ™"
peak at 1393 cm™ ' appears and becomes prominent at 4.0 L.
In the polycrystalline and liquid phases of propanal, two closely
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Fig. 3 (a) RAIR spectra (blue) of propanal on Cu(111) at 85 K versus exposures. (b) RAIR spectra (red) after the Cu(111) surface at 85 K was exposed to 4 L
of propanal, annealed to the indicated temperatures for 1 minute, then cooled back to 85 K where the spectra were acquired. The inset shows the

structure of monolayer propanal on Cu(111).
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Table 2 Comparison of vibrational assignments for propanal

Vibrational mode Gas®®*° Solid*® Ag(111)* pd(111)"? Cu(111)* Ru(001)*’
p(CHS;) — 860 — — 858 —

p(CH3) 892 897, 902 948 — 898 871
p(CH3) 1098 1095 1095 1095 1095 1095, 1076
7(CH,) 1250 1260 1248 — — —

w(GHZ) 1338 1368, 1370 1347 1358 1343 1342
5(CH) 1364 1378 1387 1370 1382 1364
5(CH3) 1409 1411, 1414 1418 1413 1417 1389
5.(CH,) 1455 1465, 1472 1460 1455 1458 1455
2p(CH;) FR v(C=0) 1693 1695 1686 1663, 1695 1671, 1695 1688
U(C:O) FR Zp(CH3] 1754 1730 1730 1728 1735, 1760 1630, 1658
U(CH) 2812 2863, 2868 — 2868 — —

US(CH3) 2906 2877, 2879 2884 2884 2884 2885
va(CHZ) 2906 2939 2944 2943 2943 2943
I)S(CHZ) 2954 2966, 2968 2960 2904 2961 —

Ua(CH_g) 2981, 2992 2981, 2982 2983 2960, 2987 2980 2979

“ This study.

spaced C—.O stretch peaks are also observed and are attrlbu.ted Propanal on Cu(111) aL

to a Fermi resonance between the C—O stretch and the first m/z 29 3L
overtone of the CCC symmetric stretch®® or the first overtone of 150 K — 2L

the CH; rock.” The 1735 cm™" peak increases in intensity with A —1L
exposure and is the most intense in the spectra for exposures of f —05L

1.0 L and above, which is a characteristic of solid propanal.*®
There is a pronounced change in the CH stretch region as the
propanal exposure is increased from 1.0 to 4.0 L. Initially, a
peak at 2961 cm " is seen, but for higher exposures, two more
peaks at lower and higher wavenumbers appear that grow in
intensity. At 1.5 L, the 2961 cm™ " peak is no longer visible.
Instead, the main peaks are at 2943 and 2980 cm ™', and a new
weaker peak at 2907 cm ™' becomes apparent. These four C-H
stretch peaks are assigned to v4(CH,) (2961 cm %), 14(CH;)
(2884 cm™), 1,4(CH,) (2943 cm ™), and v,5(CH;) (2980 cm™ ).
The formyl C-H stretch is not observed. Two other peaks at
1343 and 1415 cm™ ', assigned to CH, wag and CH; symmetric
deformation, continue to grow with increasing exposure.

The TPD results for propanal on Cu(111) are shown in Fig. 4.
A desorption peak at 150 K is observed for the monolayer,
considerably lower than seen for acrolein in Fig. 2. Above 3.0 L,
there is only a single multilayer desorption peak at 121 K,
compared to the peak at 138 K in Fig. 2 for 2nd layer acrolein.
Fig. 3b shows RAIR spectra following adsorption of 4.0 L of
propanal at 85 K and annealing to the indicated temperatures.
Only a modest change in the spectra after annealing up to 115 K
suggests that the structure adopted upon adsorption at 85 K is
retained. After annealing to 130-145 K, the prominent peaks at
858, 1095, 1343, 1695, 1735, 2943, and 2980 disappeared, while
the peak at 2961 cm ' reappeared, which was observed in
the unannealed spectrum at 0.5 L. The 130 K anneal desorbs
the multilayer, which results in marked changes in the
spectra. No peaks are observed after annealing to 160 K,
indicating complete molecular desorption, consistent with
the monolayer desorption temperature of 150 K seen in Fig. 4.

3.3 2-Propenol

Fig. 5a shows RAIR spectra versus 2-propenol exposure to the
Cu(111) surface at 85 K. For low exposures, there are four

24388 | Phys. Chem. Chem. Phys., 2022, 24, 24383-24393
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Fig. 4 TPD spectra of propanal adsorbed on Cu(111) at 85 K with increasing
exposure.

prominent peaks at 889, 925, 999, and 1030 cm !, which
are assigned to the =CH, in-plane twist, the —CH,
rock, =—CH, wag, and the C-O stretch. With increasing
exposure from 0.5 to 1.0 L, the 889 cm ™' peak becomes less
intense while the 925, 999, and 1030 cm™ " peaks increase in
intensity. For multilayer coverages at 1.0 L exposures, the
bending modes of the =—=CH,, C-H, and O-H groups and the
stretching modes of the C=C, CH,, and CH groups become
visible. As the exposure increases to 5.0 L, these peaks all
increase in intensity. Table 3 presents a complete assignment
of the vibrational modes along with the reported frequencies
of the most stable conformers of gas phase 2-propenol. Although
the broadness of the peaks may have masked peaks of the other
conformers, the values of the C-C and C-O stretch for the Gg
conformer of gas phase 2-propenol most closely match those of
2-propenol on the Cu(111) surface. In addition, During et al.
reported fundamental frequencies for solid 2-propenol obtained

This journal is © the Owner Societies 2022
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Fig. 5 (a) RAIR spectra (blue) of 2-propenol on Cu(111) at 85 K versus exposures. (b) RAIR spectra (red) after the Cu(111) surface at 85 K was exposed to
5 L of propenol, annealed to the indicated temperatures for 1 minute, then cooled back to 85 K where the spectra were acquired. The inset shows the

structure of monolayer 2-propenol on Cu(111).

by condensing the gas onto a CsI window at 77 K and included
those frequencies in their table for the Gg conformer.*' Our
multilayer frequencies match those of the solid 2-propenol
within a few cm ™. The broad O-H stretch at 3264 cm ™, strongly
redshifted from its gas phase value of 3656 cm ', indicates
hydrogen bonding between the 2-propenol molecules, even at
the lowest exposure of 0.5 L. The C=C stretch at 1647 cm ™"
appears only after a 1.0 L exposure suggesting that the C—C
bond is parallel to the surface for the monolayer. Since the C—=C
stretch is not visible for the monolayer, the extent to which

This journal is © the Owner Societies 2022

it is shifted through interaction with the Cu(111) surface is
unknown.

The TPD results in Fig. 6 reveal that the 2-propenol mono-
layer desorbs beginning at 200 K, shifting to 184 K at higher
exposures. The multilayer peak first appears as a shoulder for
the 4 L exposure and develops into a distinct peak at 159 K for a
5 L exposure. The higher multilayer desorption temperature for
2-propenol compared with acrolein and propanal is attributed
to stronger intermolecular interactions due to hydrogen
bonding. On Ag(111), similar TPD results were obtained with
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Table 3 Comparison of vibrational assignments for 2-propenol. The gas phase values are for the different rotational conformers
Vibrational mode  Gas phase (Gg)*'  Gas phase (Cg)’"  Gas phase (Ct)**  Solid®*  Ag(111)**  Pd(111)" Cu(111)*  Ru(001)”
7(—CHa,) 908 919 — — — ~910 890 —
p(—CH,) 938 — — 919 925 — 925 929
p(CH,) 918 966 — — 979 — — —
®(=CHy) 994 1000 982 994 992 1000, ~995 999 997
v(-C-0-) 1038 1103 1131 1029 1033 ~1030 1030 1022
U(*C—C—) 1115 — — 1112 1113 1113 1112 1119
7(CH,) 1202 1191 — — — — — —
d(CH) 1286 — — 1234 1231 1235 1237 1238
»(CH,) 1320 1383 1436 — — — — —
0(OH) 1371 1332 1206 1365 1368 1373 1370 1286
(5(:CH2) 1427 1412 1390 — 1407 1406 1407 —
1421 1422 1424 1424 —
1449 1449 1450 1450 1456
J(CH,) 1461 1472 — — — — — —
v(C=C) 1655 1647 — 1649 1647 1648 1647 1647
vs(CH3) 2875 2883 — 2850 2857 2850 2853 2861
va(CH,) 2933 — — 2919 2917 2920 2916 2922
vs(—CHy) 2990 3031 3034 2990 2987 2989 2988 2987
v(=CH) 3022 2999 — 3015 3015 3013 3013 3012
va(=—CH,) 3093 3102 3118 3090 3095 3092 3096 3098
v(OH) 3656 3650 3689 — 3259 3260 3259 3323

“ This study.

the monolayer peak first appearing at 205 K and shifting to
202 K with increasing 2-propenol exposure, and a distinct
multilayer desorption peak appearing at 176 K.

The results of annealing the Cu(111) surface after it had
been exposed to 4.0 L of 2-propenol at 85 K are shown in
Fig. 5b. Consistent with the TPD results in Fig. 6, annealing to
140 K leaves the multilayer on the surface and has little effect
on the spectrum. However, the 160 K anneal desorbs the
multilayer leaving only molecules bound to the surface and
causing several distinct changes; most prominently, the C=C
stretch at 1647 cm ™' and the hydrogen-bonded OH stretch
disappear. The loss of these peaks suggests that monolayer
2-propenol adsorbs with the O-H and C—C bonds parallel to

2-Propenol on Cu(111) 5L

m/z 57 4L

159 K 3L

—2L

1L
—0.5L

Desorption Rate (a.u.)

100 125 150 175 200 225 250 275 300
Temperature (K)

Fig. 6 TPD spectra of 2-propenol adsorbed on Cu(11l) at 85 K with
increasing exposure.
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the surface. The sharper peaks after annealing compared to the
low coverage spectra after adsorption at 85 K may be due to
greater structural order in the monolayer. Further annealing to
220 K should lead to complete desorption so that the remaining
features between 925-1050 cm™ " in the 200 K spectrum are due
to residual monolayer 2-propenol. If the 2-propenol interacts
with the surface by m-bonding via the C—=C bond, then the
H,C=—CH- unit should be parallel to the surface and the out of
plane CH, twist and wagging modes around 925 and 999 cm "
would be expected to be most intense, as observed. Also, after
the 160 K anneal, the C-O stretch at 1030 cm ™" is still visible
and the C-O bond in the Gg conformer would be tilted away
from the surface if the H,C—CH- lies flat on the surface.

3.4 1-Propanol

Fig. 7a shows the RAIR spectra versus exposure of 1-propanol to
the Cu(111) surface at 85 K. At the lowest exposure of 0.1 L, the
IR bands seen at 1461 and 2956 cm ™' correspond to the CH,
scissor and the CH, asymmetric stretch modes, respectively.
With increasing exposure, the initially weak peaks in the CH
stretch region at 2880, 2939, and 2963 cm™ ' become more
prominent and are assigned to the symmetric and asymmetric
CH, stretches and the asymmetric CH; stretch. In addition,
new peaks at 1237, 1349, 1383, and 1475 cm™ ' appear. Table 4
provides a complete assignment of the vibrational modes.
In the low wavenumber range, the peaks at 970, 1021, and
1062 cm™ " also appear close to gas phase fundamentals at 971,
1013, and 1066 cm™'. The modes in this range are a mix of CH;
rock, and CCC stretch internal coordinates. For multilayer expo-
sures, a shoulder at 1475 on the 1461 cm ™" peak appears and the
intensity of all peaks increases with increasing exposures. In
addition, a broad redshifted OH stretch is observed for all
exposures, indicating hydrogen bonding between 1-propanol
molecules. The peaks observed in this study are compared to

This journal is © the Owner Societies 2022
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Fig. 7 (a) RAIR spectra (blue) of 1-propanol on Cu(111) at 85 K versus exposures. (b) RAIR spectra (red) after the Cu(111) surface at 85 K was exposed to 4 L
of propanol, annealed to the indicated temperatures for 1 minute, then cooled back to 85 K where the spectra were acquired. The inset shows the

structure of monolayer 1-propanol on Cu(111).

previous studies of the gas phase and adsorbed 1-propanol on
Ag(111),? Cu(111),>° Rh(111),*" and Ru(001)*” surfaces in Table 4.

Fig. 8 shows the TPD results versus 1-propanol exposure to
Cu(111) at 85 K. The 155 K peak corresponds to 1-propanol
multilayers, while the peak at 196 K corresponds to the
desorption of the monolayer. Similar but not identical results
were observed on Ag(111) with the multilayer desorbing in the
range of 178-184 K and the monolayer peak increasing from
211 to 219 K with increasing coverage. This comparison
indicates slightly higher binding energies for 1-propanol on
Ag(111) than on Cu(111). The difference in the monolayer

This journal is © the Owner Societies 2022

binding has a slight influence on the multilayer desorption
despite the expectation that only interactions between
molecules determine the multilayer desorption temperature.
On both surfaces, the alcohols 2-propenol and 1-propanol show
higher desorption temperatures compared to the molecules
without OH bonds, acrolein, and propanal. Evidently, the
ability of the molecules to form intermolecular hydrogen bonds
is a significant factor stabilizing their adsorption on metal
surfaces.

Fig. 7b shows RAIR spectra after adsorbing 4.0 L of
1-propanol on the Cu(111) surface at 85 K and after annealing
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Table 4 Comparison of vibrational assignments for 1-propanol
Vibrational mode Gas phase® Ag(111)* Cu(111)*° Rh(111)* Cu(111)* Ru(001)*”
04(C-C-0) 971 967 972 1040 970 971
v,(C-C-C) 1013 1018 1023 — 1021 1009
p(CH;) + v(CC) 1066 1070, 1100 1103, 1074 1040 1062, 1071 1105, 1161
p(CH,) — — — — 1101,1132 1136
3(COH) 1218 1234 1239 — 1237 1228
7(CHy) — — 1294 — 1349 1292
»(CH,) 1393 1384 1365 1390 1383 1382
J(CH,)-scissor 1464 1456 1475 1495 1461, 1475 1458
vs(CH,) 2892 2877 2877 — 2880 2881
va(CH,) — 2943 2937 — 2939 2942
va(CH3) 2978 2960 2965 2970 2963 2966
v(OH) 3687 3273 3275 3205 3274 3280
% This study.
1-Propanol on Cu(111) 4L attributed the simplicity of the spectrum consisting of just a
m/z 31 —3L few extremely sharp peaks to the presence of only one of the
196 K —2L five possible conformers of 1-propanol on the surface.** While
,{ —1L the 160 and 180 K anneals have a somewhat similar effect on
f‘l —05L the spectra for 1-propanol on Cu(111), the evidence for the

Desorption Rate (a.u.)

175 200 225 250 275 300
Temperature (K)

Fig. 8 TPD spectra of 1-propanol on Cu(11l) adsorbed at 85 K with
increasing exposure.

100 125 150

to the indicated temperatures. For annealing temperatures of
140 K and below, no changes are observed. However, pro-
nounced differences are seen for the 160 K anneal, which
should desorb the multilayer according to the TPD results in
Fig. 8. No hydrogen bonding was observed in the monolayer, as
indicated by the absence of the O-H stretch, as was the case for
2-propenol. The 160 and 180 K spectra show several sharp
peaks, most prominently at 1461 and 2950 cm . Although
similar results were obtained on Ag(111), in that case the peaks
after annealing to 160 K were considerably sharper. For exam-
ple, by using an experimental resolution of 1 cm ™', the intrinsic
full width at half maximum (FWHM) of the 2948 cm ™' peak on
Ag(111) was calculated to be 4.0 cm ™", Using 2 cm ™" resolution,
we determined that the intrinsic FWHM of the corresponding
peak on Cu(111), which occurs at 2954 cm™ " after the 180 K
anneal, is 10.4 cm™'. Furthermore, other peaks of 1-propanol
on Ag(111) are even sharper, with FWHM of 1.6 and 1.1 cm™"
for the J(CH,)-scissor mode at 1455 cm ™" and the v,(C-C-C)
mode at 1015 cm ™, respectively. On the Ag(111) surface, we

24392 | Phys. Chem. Chem. Phys., 2022, 24, 24383-24393

presence of only one conformer is not as compelling due to
the greater number of peaks, particularly in the region below
1100 cm ', and their higher FWHM. The 180 K spectrum in
Fig. 7b is also similar to the unannealed spectrum of 0.5 L of 1-
propanol (Fig. 7a), suggesting that in both cases the spectra are
characteristic of the monolayer. All IR features are lost after
further annealing to 200 K, which is consistent with the TPD
results showing that the monolayer is completely desorbed by
this temperature. The absence of any peaks after the 200 K
anneal is consistent with the lack of reaction to produce any new
species, such as 1-propoxide, which forms from the reaction of
1-propanol with adsorbed oxygen on the Cu(111) surface.?’

4. Conclusions

Acrolein and its three hydrogenation products, propanal,
2-propenol, and 1-propanol all desorb from the Cu(111) surface
in distinct multilayer and higher temperature monolayer peaks
indicating that while the bonding to the metal surface for the
monolayer molecules is weak, it is stronger than the intermo-
lecular interactions between molecules in the multilayer.
The RAIR spectra for the multilayer are very similar to those
of the molecular solids. In light of the surface selection rules,
this indicates that the molecules are randomly oriented in the
multilayers. In contrast, when observed, the spectra of the
monolayer molecules feature fewer peaks, suggesting a definite
orientation with respect to the surface normal. For the planar
acrolein molecule, the lack of any observable RAIRS peaks for
the monolayer is consistent with the molecular plane oriented
parallel to the surface. For the two alcohols, 2-propenol and
1-proponal, the strongly redshifted OH stretch of the multi-
layers is absent for the monolayers indicating that the hydrogen
bonding in the multilayers is absent for the monolayer. Com-
parison to a similar study of these molecules on the Ag(111)
surface reveals differences in both the RAIR spectra and the
binding energies as reflected in differences in the monolayer
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desorption temperatures. For example, monolayer acrolein
desorbs more than 50 K higher from Cu(111) than from
Ag(111). The higher desorption temperature from Cu(111)
makes it more likely that acrolein could undergo hydrogenation
before desorption if H atoms were supplied either from adsorp-
tion of atomic hydrogen or from spill-over from an active metal
in a single atom alloy.
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