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In situ reflection—absorption infrared spectroscopy at the
liquid—solid interface: decomposition of organic molecules on
polycrystalline platinum substrates
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The room-temperature adsorption and surface chemistry of several categories of organic molecules used as reactants or solvents
in liquid-phase catalysis, of carboxylic acids, esters, aldehydes, acetone, alcohols and ethers in particular, were characterized in situ
on polycrystalline Pt in the presence of the liquid phase by reflection-absorption infrared spectroscopy (RAIRS). For carboxylic
acids and esters it was found that the propensity for decomposition and CO formation follows a formic acid >> methyl formate,
ethyl formate > acetic acid, propionic acid, acrylic acid, ethyl acetate sequence. For aldehydes and acetone, the observed trend is
formaldehyde > acetaldehyde > acrolein, crotonaldehyde > propionaldehyde, acetone. Virtually no adsorbed CO was detected
when Pt surfaces were exposed to liquid solutions of either alcohols or ethers. The observed trends could be correlated with the
corresponding molecular structures. They are discussed in the context of previous results obtained from studies under ultrahigh

vacuum (UHV) and under electro-oxidation conditions.
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1. Introduction

In most heterogeneous catalytic processes, the cata-
lysts are solids and the reactants are present in either gas
or liquid phases. Compared with the gas—solid counter-
part, liquid—solid heterogeneous catalysis offers some
attractive features, including mild reaction conditions,
narrow product distributions, and better suitability for
the production of large pharmaceutical or fine chemi-
cals. Much effort has been devoted to the development
of liquid—phase heterogeneous catalysis for selective
oxidations [1,2], photochemistry [3], hydrogenations [4],
enantioselective synthesis [5] and acid-base reactions
[6,7], among others, but less work has been carried out
on the elucidation of the molecular aspects of this
catalysis [8,9]. In situ characterization methods, in
particular optical spectroscopies such as sum frequency
generation (SFG) [10], infrared spectroscopy (IR) [11-
13], and surface-enhanced Raman spectroscopy (SERS)
[14,15] promise to play an important role in this
endeavor.

We in our laboratory have been using reflection—
absorption infrared spectroscopy (RAIRS) both under
ultrahigh vacuum (UHV) [12,16,17] and in liquid—-solid
interfaces [18-21] to extract fundamental information
on the surface chemistry of catalysis. In particular, the
adsorption of cinchona alkaloids from CCly solutions
onto polycrystalline Pt surfaces has been studied

*To whom correspondence should be addressed.
E-mail: francisco.zaera@ucr.edu

recently with the aid of a special liquid cell for in situ
RAIRS studies [18-21]. The adsorption of these chiral
cinchona alkaloids is of great interest because they can
act as modifiers to impart chirality to Pt catalysts for the
enantioselective hydrogenation of a-ketoesters [5]. Our
studies on the adsorption of cinchona from solutions
have demonstrated the applicability of in situ RAIRS to
probe catalytic liquid—solid interfaces, and have pro-
vided some insights on the role of both adsorption
geometry and the nature of the solvent and dissolved
gases into defining the enantioselectivity of this catalysis
[18-21]. In this report, another case study of liquid—solid
interfacial chemistry, the adsorption and decomposition
of simple organic molecules on polycrystalline Pt
surfaces under realistic conditions, is presented.
Understanding the chemistry of common organic
reactants or solvents on catalytic surfaces is key to the
development of catalytic processes. In particular, some
solvents may react on the surface of the catalyst to form
CO or other potentially poisoning byproducts. Adsorbed
CO is known to retard, or even completely inhibit,
reactions such as olefin hydrogenation [22,23], fuel cell
conversion [24], and enantioselective hydrogenation [25].
Vibrational spectroscopy, in conjunction with tempera-
ture-programmed desorption (TPD), cyclic voltammetry
(CV), and other surface-sensitive techniques, have been
used to develop detailed mechanisms on the decompo-
sition of many organic molecules on metal single crystals
in both UHV and electrochemical settings [26-35].
However, extrapolation of the results from these studies
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to liquid-phase heterogeneous catalysis is not always
straightforward. Therefore, to probe the possibility of
CO formation during liquid-phase catalysis, especially
during liquid-phase hydrogenations with transition met-
als such as Pt where the performance of catalysts is quite
sensitive to any CO adsorption [23,25], in situ character-
ization under conditions similar to those of the working
catalysts is highly desirable.

In this work, the possible room-temperature decom-
position of several categories of organic molecules,
including carboxylic acids, esters, aldehydes, acetone,
alcohols, and ethers, to adsorbed CO on liquid—Pt
interfaces in the presence of H, is surveyed. In situ
liquid—solid RAIRS data were obtained as a function of
the concentration of the organic solutions, and the ease
of CO formation from these reactants and solvents was
probed as a function of molecular structure.

2. Experimental

The in situ RAIRS experiments reported here were
conducted in a homemade liquid—solid RAIRS cell
designed for single-reflection IR experiments using a
Mattson Sirius 100 FTIR spectrometer. A picture of
the optical arrangement used in the IR compartment is
provided in figure 1. The IR beam that emerges from
the interferometer of the FTIR instrument is first
passed through a linear polarizer, mounted on a
rotational stage for the selection of s- or p-polarized
light. That beam is then focused through a transparent
CaF, prism onto a polished polycrystalline Pt disk with
mirror-like finish, and the reflected light collected and
refocused into a mercury—cadmium—telluride (MCT)
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Figure 1. Photograph of the optical arrangement in the in situ liquid—
solid RAIRS setup used in these experiments. The IR beam exits a
commercial Mattson FTIR spectrometer through a port located in the
left-hand side of the picture, and is made to travel to an MCT detector
by sequentially passing it through a linear polarizer, a parabolic
focusing mirror, the CaF, prism and polished Pt surface of the liquid—
solid IR cell, a collimating mirror, and a final focusing mirror.
Additional arrangements are made for gas and liquid sample intro-
duction and for the electronics used to pretreat the Pt disk, as
described in more detail elsewhere [19,20].

detector. The liquid solution is trapped between the Pt
disk and the CaF, prism used to let the IR beam in
and out of the cell. More details on this setup are
reported elsewhere [19]. Similar arrangements are
common in electrochemical studies [34], and have
proven quite useful for the in situ characterization of
liquid—metal interfaces.

The Pt sample was cleaned before each experiment by
electrochemical oxidation-reduction cycles (ORCs) in
0.1 M KCIlOy for 1 h. The electrolyte was then displaced
by water, the Pt sample pressed tightly against the prism
to form a thin liquid film, and two reference IR spectra
recorded, with p- and s-polarized light respectively. The
Pt disk was pulled back, the water displaced by the
organic solution to be studied, and H, bubbled through
the liquid at a rate of 0.85 cm®/min for 0.5 h to maintain
the reduced state of the Pt surface [20]. Finally, the Pt
disk was again pressed against the prism, and new
p- and s-polarized spectra were recorded. The resulting
p/s ratio traces were divided by the equivalent back-
ground p/s data obtained with the water film. All the
reported spectra correspond to averages from 512 scans,
taken with 4 cm™' resolution. All the experiments were
carried out at ambient temperature (295 + 2 K).

Formic acid (EM, 98+ %), formic-">C acid (99
atom% '*C), acetic acid (99.99 + %), propionic acid
(99.5+ %), acrylic acid (99%), methyl formate (99%),
ethyl formate (97%), ethyl acetate (99.5+ %), formal-
dehyde (37 wt% aqueous solution), formaldehyde-'*C
(99 atom% '*C, 20 wt% aqueous solution), acetalde-
hyde (99.5+ %), propinaldehyde (97%), acrolein (Afla
Aesar, 97%), crotonaldehyde (99+ %), acetone
(99.94+ %), methanol (99.9%), ethanol (99.5+ %),
1-propanol (99.7%), iso-propanol (99.5%), 1-butanol
(Fisher, 99.8%), ethyl ether (EM, 99+ %), and isopro-
pyl ether (99%) were all purchased from Aldrich unless
otherwise indicated, and used as obtained. MilliQ water
was used to prepare the KCIO4 electrolyte solutions, and
distilled water was used to prepare the aqueous solu-
tions of the organic compounds. H, (Liquid Carbonic,
99.999%) CO (Matheson, 99.5+ %), 3*CO (Matheson,
99+ %), and O, (Matheson, 99.99%) were used as
supplied.

3. Results
3.1. Carboxylic acids and esters

In situ RAIRS spectra recorded after exposure of the
Pt surface to aqueous formic acid (HCOOH) solutions
of various concentrations are displayed in figure 2. In
this and all following figures, most traces correspond to
the results from independent experiments starting with
clean platinum, except for those where a surface
initially exposed to the organic solution is subsequently
flushed with pure water (the bottom trace in this case).
Clear decomposition of the formic acid to carbon
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Figure 2. RAIRS data summarizing the surface chemistry of aqueous
formic acid solutions on polycrystalline Pt at room temperature.
Shown are spectra obtained for the resulting adsorbed carbon
monoxide as a function of the concentration of the formic acid.
Appreciable CO formation is seen for concentrations as low as
0.005 wt%, and CO coverages close to saturation are reached with
concentrations above 1 wt%. The resulting high-coverage CO layer is
not readily removed by water flushing.

monoxide is evident in all the cases reported in fig-
ure 2. Even for concentrations as low as 0.005 wt%
(ca. 0.001 M) of formic acid, a peak at 2010 cm™
corresponding to the C-O stretching frequency of the
resulting CO adsorbed on the platinum surface is still
appreciable. A CO coverage close to saturation is
obtained with a 1 wt% concentration solution, and no
obvious increase is seen with more concentrated solu-
tions. The CO coverage obtained with the 20 wt%
formic acid solution decreases somewhat after flushing
the cell with 20 mL of water, as indicated by a weaker
CO peak, also red-shifted from 2054 to 2040 cm”!, seen
in the bottom trace of figure 2. Further water treat-
ments do eventually remove all of the adsorbed CO
from the surface (data not shown), probably because of
surface oxidation by oxygen from air dissolved in the
water [13,20]. The formation of adsorbed CO from
aqueous formic acid, as seen here, may explain a
previous finding that the addition of small amounts of
formic acid decreases the rate of liquid-phase hydroge-
nation of ethyl pyruvate on Pt catalysts [36]: the
resulting CO on the Pt surface is likely to block ethyl
pyruvate adsorption sites.

It is worth mentioning that the peak positions for
the high-coverage CO in figure 2 are slightly lower
than those of saturated CO at the H,O/Pt and CCl,/Pt
interfaces (2054-2058 vs. 2059-2067 and 2074—
2080 cm™") [19,20]. This difference may be explained
not only by the H, treatment used in our experiments
after the introduction of formic acid solutions (the co-
adsorption of H, on Pt causes a red shift of the CO
peak [11,20,37]), but also by the lower surface coverage
of CO resulting from the deposition of other species
from decomposition of the organic molecules. Unfor-
tunately, the identification of these surface moieties
was not possible in our experiments because of the
strong IR absorption of the liquid-phase species, the
signals of which do not completely cancel out by
ratioing p/s spectra [13,34]. Also to note is the absence
of detectable signals for bridged-adsorbed CO around
1800-1860 cm™' (not shown). In fact, on Pt, the
bridged-adsorbed CO peaks are always much weaker
than the linearly adsorbed CO peaks at 2000—
2100 cm™' [11,13,34]. In addition, IR absorption by
water vapor in the path of the beam interferes with the
observation of that inherently weak peak [38], and
therefore the absence of detectable features below
1900 cm™! does not provide a clear indication of the
absence of multiply coordinated surface CO.

In contrast with the case of formic acid, virtually no
adsorbed CO is detected when the Pt surface is
exposed to acetic acid (CH3;COOH), propionic acid
(C,HsCOOH), or acrylic acid (CH,=CHCOOH); the
decomposition of those longer-chain carboxylic acids on
Pt is not apparent under our experimental conditions. In
terms of the surface chemistry of esters, figure 3 sum-
marizes the infrared spectroscopy results obtained for
neat methyl formate (HCOOCH;), ethyl formate
(HCOOC,Hs), and ethyl acetate (CH;COOC,Hs).
When the Pt surface is exposed to methyl formate, two
clear and strong bands are seen in the reported wave-
number region at 2069 and 2133 cm™'. They are ascribed
to the liquid methyl formate film trapped above the Pt
surface; their positions and relative intensities referred to
the other bands of methyl formate agree well with
standard IR data [39]. In addition, a small CO feature
centered at 2004 cm™' is also detected. After replacing
the methyl formate with 20 mL of water, the bands due
to methyl formate disappear, but the CO peak remains,
albeit blue-shifted to 2027 cm™'. Similar formation of
adsorbed CO is seen when Pt is exposed to ethyl
formate, but not to ethyl acetate. For the latter case, the
infrared bands seen at 1892, 2013 and 2089 cm™! in the
presence of the organic liquid are assigned to the ethyl
acetate itself [40], while the additional small features
observed below 2000 cm ™ are due to water vapor in the
path of the IR beam [19,34]. In summary, methyl
formate and ethyl formate do decompose to form CO on
Pt, but their conversion is not as facile as that of formic
acid.
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Figure 3. RAIRS data to probe the possible formation of adsorbed
CO from several liquid esters. The main spectral features seen during
exposure of the Pt surface to the neat esters (traces la, 2a, and 3a) are
ascribed to the liquid-phase molecules, and disappear after the liquids
are flushed with water (traces 1b, 2b, and 3b). Nevertheless, small
peaks at 2027 and 2033 cm™! due to adsorbed CO are still observable
in the cases of methyl and ethyl formates, respectively. No evidence for
the formation of adsorbed CO from ethyl acetate was obtained.

3.2. Aldehydes and acetone

The IR results obtained after exposing Pt surfaces to
formaldehyde (HCHO) solutions are collected in
figure 4a. Even for concentration as low as 0.01 wt%
(ca. 0.003 M), a peak corresponding to linearly bound
CO is detected at 2017 cm™', indicating that the decom-
position of formaldehyde to carbon monoxide on Pt is
quite facile even at room temperature. The resulting CO
IR peak gradually increases in intensity, and blue shifts
with increasing concentration up to 5 wt%, at which
point the surface coverage of CO is slightly below
saturation. The area of the IR peak corresponding to
adsorbed CO decreases by about 15% after the 37 wt%
solution is flushed once with 20 mL of water, while its
position shifts from 2052 to 2044 cm™!. This CO peak
almost completely disappears from the IR spectra after
a second water rinsing (data not shown).

The formation of adsorbed CO from acetaldehyde
(CH3CHO) on Pt surfaces was studied next. As seen in
figure 4b, no adsorbed CO is observable when Pt is
exposed to a 0.05 wt% aqueous acetaldehyde solution,
but some CO is detected when the concentration reaches
1 wt% (ca. 0.2 M). The CO coverage on the surface

increases with acetaldehyde concentration, but the yield
of adsorbed CO is much lower than those obtained with
formaldehyde (figure 4a): the CO coverage derived from
a 40 wt% acetaldehyde solution is comparable to that
obtained with a formaldehyde solution with concentra-
tion as low as 1 wt%. The CO IR peak from acetalde-
hyde decomposition, centered at 2031 cm™', decreases to
some extent and blue-shifts reproducibly to 2040 cm™'
after the 40 wt% solution is displaced by 20 mL of
water.

The adsorption of propionaldehyde (C,HsCHO),
acrolein (CH,=CHCHO) and crotonaldehyde (CHj;
CH=CHCHO) on Pt was probed as well. Because
these long-chain aldehydes are almost immiscible with
water and also have high volatilities and strong smells,
20 wt% alcoholic (instead of aqueous) solutions were
used. As summarized in figure 5, a common band at
1924 cm™" is seen for all those solutions. This band is
assigned here to the liquid ethanol solvent based on the
following facts: (1) A similar peak is seen in the IR
spectra of gaseous and liquid ethanol in the absence of
Pt [39,40] as well as in our blank tests with pure
ethanol; (2) large intensities for that peak are seen in
both spectra recorded with p- and s-polarized light;
(3) the band intensity of this feature varies propor-
tionally with those of other ethanol bands when the
thickness of the liquid film is varied; and (4) this band
disappears after the alcoholic solutions are displaced
by water. Aside from the 1924 cm™' band ascribed to
ethanol, some additional small features assignable to
the aldehydes are also observed in the 2050-2200 cm ™
range in figure 5. Peaks centered at 2017 and
2015 cm™! are observed when Pt surfaces are exposed
to acrolein and crotonaldehyde solutions, respectively.
Those CO peaks remain after water flushing, even if
blue-shifted to 2031 cm™'. The formation of adsorbed
CO from both acrolein and crotonaldehyde on Pt(111)
around room temperature has been previously reported
under UHYV conditions [29,30]. In fact, the deactivation
of the catalyst during the liquid-phase hydrogenation
of crotonaldehyde on Pt/SiO, has been ascribed to the
formation of adsorbed CO [41]. In the case of
propionaldehyde, no CO peak is detected initially in
our IR experiments, but a small feature centered at
2017 cm™' is marginally detected after water flushing.
Nevertheless, the final CO coverage is much lower than
that originated from either formaldehyde or acetalde-
hyde (figure 4).

In our prsent study, no adsorbed CO from the
decomposition of acetone (CH3;COCHj3) was detected
on Pt at ambient temperature either before or after
acetone displacement by water, indicating that the
reactivity of that organic, a constitutional isomer of
propionaldehyde, is much lower than that of formalde-
hyde. Acetone decomposition to CO on a Pt foil under
UHYV has been reported to start about room tempera-
ture, but to peak around 433 K [42].
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Figure 4. RAIRS data for the formation of adsorbed CO from aqueous solutions of formaldehyde (a, left) and acetaldehyde (b, right) as a
function of concentration. CO formation is facile with formaldehyde, where CO saturation is reached on the Pt surface with concentrations as low
as 5 wt%. High, although lower, reactivity is observed with acetaldehyde. The high coverage of CO produced by the decomposition of these

aldehydes survives a subsequent flushing treatment with water.

3.3. Alcohols and ethers

Figure 6a displays IR data obtained after exposing
Pt to methanol (CH30H) solutions. No CO peak is
detected for concentrations below 5 wt%, but a band
develops at 2021 cm™! when the concentration reaches
20 wt%, and keeps on growing and shifts to 2038 and
2046 cm™' for 80 wt% and pure methanol, respec-
tively. However, although that feature appears in the
wavenumber region typically associated with linearly
bound CO, it nevertheless seems not to correspond to
adsorbed CO, but to be associated with the liquid
methanol instead. Several reasons can be provided for
this conclusion: (1) a small but distinct peak is
unambiguously seen in this region in IR spectra of
gaseous and liquid methanol [39,40]; (2) the intensity
of the peak seen in the methanol/Pt system varies
proportionally with other methanol bands, and disap-
pears after water flushing (at least some adsorbed CO
usually remains after such treatments, see figures 2-5);
(3) the peak in the trace for 80 wt% methanol is
almost twice as intense as that of a saturated CO
monolayer on the Pt surface, and is centered at
2038 cm™! instead of ca. 2060 cm™'; (4) comparable
2038 cm™! bands are seen in the spectra taken with
both p- and s-polarized light; and (5) the intensity of
this band changes with film thickness (the distance

between Pt surface and prism). Results from addi-
tional experiments designed to further check this
assignment are reported in figure 6b. The first two
traces at the top of that figure corroborate that when
Pt is exposed to methanol, a big band at 2046 cm™'
appears both in the absence and in the presence of
H,. Thereafter, when CO is bubbled into methanol, an
additional peak develops at 2062 cm™'; the difference
of the traces obtained after minus before introduction
of the CO highlights the feature due to CO adsorption
after the CO input. After flushing this cell with 20 mL
of water, the methanol band at 2046 cm™! is almost
totally removed, while the peak associated with the
adsorbed CO still remains. Finally, additional water
removes that CO as well. These experiments not only
put in evidence the potential problems associated with
in situ studies of liquid—solid interfaces such as this,
but also show that methanol does not readily form
CO on Pt surfaces under our experimental conditions,
a result that contrasts past electrochemical work [33].
It is also worth pointing out that, under UHYV,
methanol begins to decompose to CO on Pt(111) and
Pt (110) single-crystal surfaces at temperature as low
as ~200 K [33,43].

Additional experiments were performed with etha-
nol (C,HsOH), 1-propanol (C;H,OH), iso-propanol
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Figure 5. RAIRS results from Pt surfaces, both after exposure to
propionaldehyde, acrolein or crotonaldehyde dissolved in ethanol, and
after flushing those systems with water. Adsorbed CO from acrolein or
crotonaldehyde decomposition is detected by the weak features above
2000 cm™" which become clearer after flushing with water. The

formation of adsorbed CO from propionaldehyde, on the other hand,

is not apparent in these experiments. The large peak at 1924 cm™' is

due to the ethanol solvent.

[CH3CH(OH)CHj3;], 1-butanol (C4H9OH), ethyl ether
(C,H50C,Hs) and isopropyl ether [(CHs3),CHOCH
(CH3),]. Virtually no CO was detected on those cases
in the presence of bubbling H, or O,. For the case of
ethanol, a rather faint CO peak appears with concen-
trations as low as 0.1 wt%, but the CO surface
coverage in that case never reaches values higher than
3% of saturation.

3.4. Isotope labeling

Finally, a few additional experiments were performed
using selected isotope-labeled molecules to corroborate
that the CO detected in our previous experiments does
originate from the decomposition of the organics used.
For reference, spectra for saturation coverages of '*CO
and '*CO on Pt were first obtained by bubbling each of
those gases through the IR cell filled with H,-saturated
water. As shown by the top two traces of figure 7, IR
peaks develop at 2064 and 2013 cm™' for '*CO and
13CO, respectively, both of similar integrated intensities
(corresponding to similar saturation coverages). It is
worth noticing that the experimental value obtained

with '*CO is quite close to that expected using a simple
harmonic oscillator model (2018 cm™") [44].

The decomposition of 1 wt% formic-"*C acid was
tested next. A weak '*CO peak appears in that case at
~1965 cm™! (figure 7, third trace from the bottom), a
value that should correspond to a vibration at
2012 ecm™" if "*CO were produced from formic-'>C acid
instead. However, the experimental value measured with
a 1 wt% formic-'>C acid solution is 2057 cm™! instead
(figure 7, third trace from the top). In view of the
intensity and position of the resulting '*CO peak in these
experiments, it’s clear that the surface coverage of *CO
is significantly lower than saturation. This suggests that
the propensity of the adsorbed formic-'*C acid towards
decomposition may be lower than that of the regular
formic-'>C acid [45]. Alternatively, these results could be
a reflection of small changes in adsorption coverages
due to the presence of contaminants in the formic-'">C
acid solution, or, perhaps more likely, to isotopic
dilution in the case of the '*C-labeled compound.
Nevertheless, it is clear that the general conclusion that
the adsorbed CO seen by IR originates from the
decomposition of the adsorbed organic molecules still
holds true.

A similar shift in C-O vibration is observed for the
case of a 1 wt% formaldehyde-'">C solution, where a
3CO peak is observed at 1984 cm™" (figure 7, bottom
trace). Again, while the corresponding peak for '*CO
from formaldehyde-'’C  would be expected at
2029 cm™', a '2CO signal at 2044 cm™' was observed
experimentally instead (figure 7, second trace from the
bottom). However, in this case the frequencies and the
integrated IR signals for the '*CO and '*CO are both
much closer to the expected values (the signal for *CO
being only about 15% smaller than that for '*CO),
suggesting closer final CO coverages with both iso-
topes.

4. Discussion and conclusions

As mentioned in the Introduction, some organic
molecules, including many liquid reactants and solvents
commonly used in catalysis, may decompose on solid
surfaces to form other adsorbed species. UHV studies
have furnished detailed mechanisms for these reactions
at vacuum-solid interfaces, but extrapolation of those
results to liquid—phase heterogeneous catalysis is not
always straightforward. Electrochemical studies have
added to our understanding of liquid—solid interfaces,
but the presence of both electrochemical potentials and
strong electrolytes, as well as the rather low concentra-
tion of organic molecules often used in those systems,
confine the scope of their applications. In order to
determine the potential effect of liquid decomposition in
heterogeneous catalysis, in situ characterization of
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Figure 6. RAIRS results to probe the possible decomposition of methanol on Pt surfaces. The main bands seen in (a) increase with methanol
concentration in aqueous solution, and are ascribed to the methanol trapped in the liquid film between the Pt and prism surface; they disappear
after the methanol solutions are displaced by water (a, bottom trace). No CO from decomposition is seen in these experiments. The ability to
detect adsorbed CO in methanol solutions was tested by the sequence of experiments shown in (b), where CO is bubbled through methanol, after

which the cell is flushed with water.

liquid—solid interfaces under more realistic conditions is
required.

In this report we have provided results from in situ
RAIRS studies on the room-temperature surface chem-
istry of some organic molecules on Pt. In particular, the
possible decomposition of several categories of organic
compounds, including carboxylic acids, esters, aldehy-
des, acetone, alcohols, and ethers to CO on polycrys-
talline Pt was tested. Among carboxylic acids and esters,
decomposition to adsorbed CO proved quite easy for
formic acid, possible with methyl formate and ethyl
formate, and fairly slow for acetic acid, propionic acid,
acrylic acid, and ethyl acetate. For aldehydes and
acetone, CO formation followed a formaldehyde >
acetaldehyde > acrolein, crotonaldehyde > propional-
dehyde, acetone trend. Finally, virtually no adsorbed
CO was detected when Pt surfaces were exposed to
methanol, ethanol, I-propanol, iso-propanol, 1-butanol,
ethyl ether, and isopropyl ether. Of all the organic
solutions probed in this study, only formaldehyde and
formic acid decompose to form close-to-saturated CO
layers on Pt surfaces.

The marked differences in reactivity reported here
seem to be related to the structure of the organic
molecules. First, it appears that molecules containing
C=0 groups (such as aldehydes, carboxylic acids, and

esters) are more likely to decompose to adsorbed carbon
monoxide than those with C—O single bonds (such as
alcohols and ethers). It is reasonable to propose that the
C=0 group, with its higher bond order than C—O, may
be a more direct precursor to the production of adsorbed
carbon monoxide [33,46]. This is certainly the case in
organometallic systems, where decarbonylation steps are
quite facile. Moreover, surface-science studies on ad-
sorbed alcohols have indicated that, after a facile
conversion to the corresponding alkoxide, decomposi-
tion occurs via f-hydride elimination to form aldehydes
or ketones [33,46-50]. It can be inferred from this study
that this dehydrogenation may be slower than the
subsequent steps which lead to the adsorbed CO, at least
under the hydrogen-rich conditions used in liquid-phase
catalytic hydrogenations. Note that under vacuum the
initial dehydrogenation step is often favored instead [51].

A second generalization arising from this work is that
the substituent groups linked to the carbonyl moiety in the
organic molecules play an important role in determining
the kinetics of surface decomposition to CO. Clearly,
molecules with smaller substituents (such as—H and —-OH)
are easier to decompose. [t may very well be that the trends
in reactivity reported here are accounted for by steric
effects resulting from substitutions around the central
carbonyl moiety with alkyl or alkoxide groups.
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Figure 7. RAIRS data to indicate the kinetic isotope effects associated
with the dissociative adsorption of formic acid and formaldehyde
liquid solutions on Pt surface. The saturation coverages of '*CO and
13CO were first determined by titration of Pt surfaces with gaseous
12CO and '*CO bubbled through water. Compared with the '*C-
containing formic acid and formaldehyde compounds, the '3C-labeled
samples manifest lower reactivity. These points to the potential
importance of C-H or C-C bond-scission steps in the mechanism of
decomposition of these organic compounds.
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