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ABSTRACT: This work characterizes the adsorption, structure, and binding j—/
mechanism of oxygenated organic species from cyclohexane solution at the Organic ” ‘ Organic
liquid/solid interface of optically flat alumina-supported palladium nano- liquid " ~" liquid

particle surfaces prepared by atomic layer deposition (ALD). The surface- ‘ﬂ'.
specific nonlinear optical vibrational spectroscopy, sum-frequency generation -
(SFG), was used as a probe for adsorption and interfacial molecular structure.
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the aerobic heterogeneous oxidation of 1-hexanol at the liquid/solid interface
of Pd/Al,Oj catalysts. Single component and competitive adsorption experi-
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ments show that 1-hexanoic acid adsorbs to both ALD-prepared alumina

surfaces and alumina surfaces with palladium nanoparticles, that were also prepared by ALD, more strongly than does 1-hexanol.
Furthermore, 1-hexanoic acid adsorbs with conformational order on ALD-prepared alumina surfaces, but on surfaces with palladium
particles the adsorbates exhibit relative disorder at low surface coverage and become more ordered, on average, at higher surface
coverage. Although significant differences in binding constant were not observed between surfaces with and without palladium
nanoparticles, the palladium particles play an apparent role in controlling adsorbate structures. The disordered adsorption of
1-hexanoic acid most likely occurs on the alumina support, and probably results from modification of binding sites on the alumina,
adjacent to the particles. In addition to providing insight on the possibility of catalyst poisoning by the overoxidation product and
characterizing changes in its structure that result in only small adsorption energy changes, this work represents a step toward using
surface science techniques that bridge the complexity gap between fundamental studies and realistic catalyst models.

B INTRODUCTION

Selective oxidation processes can be heterogeneously cata-
lyzed using oxide-supported metal nanoparticles maintained
under an organic solvent.' "> In an effort to achieve predictive
capabilities for improved catalyst design and performance, a molec-
ular level understanding of the interactions between the adsorbates,
the solvent, the catalyst, and its support is needed. While ultrahigh
vacuum studies have elucidated molecular adsorption and reaction
pathways on pristine single-crystal surfaces with great success,'* ™’
few fundamental molecular surface science studies address
catalytically relevant surfaces that are in contact with liquids or
high-pressure gases.”'>'®~** Such studies show that molecular
behavior at liquid/solid interfaces differs dramatically from the UHV
environment. ***** These findings are important because even
modest changes in the molecular structure can modify reactionz rate
and selectivity by modulating activation barriers to reactant adsorp-
tion, chemical reaction, and product desorption.'®>~

Here, we demonstrate these concepts for the specific example
of poisoning in one of the most extensively studied reactions that
takes place at the interface between a nonionic organic liquid and
an oxide-supported metal nanoparticle catalyst, namely the
heterogeneous selective oxidation of alcohols to aldehydes.*>*
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Using vibrational sum frequency generation (SEG),*'™*® we

probe the adsorption behavior and molecular level conform-
ational ordering of 1-hexanoic acid, and follow its displacement
of 1-hexanol on amorphous alumina surfaces containing Pd nano-
particles prepared by atomic layer deposition (ALD). We elucidate
the role of 1-hexanoic acid as a surface poison and show that the
presence of palladium particles on an oxide surface results in a
molecular-level structural change in 1-hexanoic acid adsorbates.
The heterogeneous selective oxidation of alcohols to alde-
hydes has been developed as a widely used alternative to
homogeneous oxidations requiring environmentally damaging
oxidants.** It possesses additional relevance as a model reaction
for other selective oxidations for which improved catalysts are
needed.*® ' The reaction can be carried out at the liquid/solid
interface of a supported or grafted palladium or noble metal
catalyst with molecular oxygen as the oxidant.>”**3*7 Exten-
sive research in developing these catalysts has produced exquisite
selectivity to aldehydes without overoxidation as measured by
the composition of the effluent. 3568,47,52-5% However, Baiker
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Scheme 1. Schematic Depicting the Preparation of Surfaces by ALD
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and co-workers have shown that carboxylates or molecularly
adsorbed carboxylic acids may be present on the surface and
suggest that these species act as catalyst poisons.”**** The oxide
support in these reactions is known to act as a base or oxidant to
dehydrogenate the reactant,”® and poisoning it or the metal
particles decreases catalyst effectiveness. However, it is not known
if a carboxylic acid or carboxylate species hinders the reaction by
blocking reactive sites on the metal particles or if it does so on the
support. Likewise, it is not known what the concentration thresh-
old is for catalyst poisoning, i.e. what mole fraction of carboxylic
acid in the liquid phase shuts down access to adsorption sites for
the alcohol reactant.

B EXPERIMENTAL APPROACH

In the experiments, we employ ALD (which is a method developed for
the preparation of thin, conformal films that has recently been extended to
produce operational supported metal nanoparticle catalysts®®~®?) to prepare
flat surfaces containing palladium nanoparticles on amorphous alumina
(Scheme 1). By characterizing the surfaces with grazing incidence X-ray
diffraction (GIXRD) and X-ray photoelectron spectroscopy (XPS), along
with previous work using scanning transmission electron microscopy
(STEM), scanning electron microscopy (SEM), and quartz crystal micro-
balance (QCM) measurements,””**%> we determine that the particles have
3 nm diameter with monodisperse size distribution (0 < 1nm), supported on
1-nm-thick amorphous alumina at a particle density of 1 — 2 x 10"> cm ™.
After exposure to the organic liquids used in this work, particles contain some
palladium oxide and may increase in average size by a small amount (see
Supporting Information). We then use vibrational SEG spectroscopy”®** =%
to directly probe the alcohol reactant and acid overoxidation product within
the anisotropic interfacial region of the ALD substrates in contact with binary
and ternary solutions containing cyclohexane solvent.

Materials. a-Al,O; substrates were purchased from MTTI crystals
(two sides polished, 1 mm thick, 0.5 in. X 0.5 in, C plane), washed and
sonicated in methanol, dried under nitrogen, and cleaned in an oxygen
plasma cleaner (Herrick) prior to introduction into the ALD chamber,
where they were subjected to further ozone treatment before deposition.
Trimethylaluminum (97%), palladium hexafluoroacetylacetonate (99%),
and formalin (ACS reagent grade), the precursors for ALD, were all
obtained from Sigma-Aldrich (Milwaukee, WI). Formalin is composed of
37% formaldehyde and 10—15% methanol in water; methanol acts as a
stabilizer to prevent polymerization. Cyclohexane-d,, (99.6 atom % D),
hexanoic acid (99.5+%), and 1-hexanol were obtained from Aldrich
(Milwaukee, WI), while 1-hexanoic-d;; acid (98.8 atom % D) was
obtained from CDN isotopes (Pointe-Claire, Quebec, Canada).

ALD Reactor. Al,O; and Pd ALD were performed using a viscous
flow reactor system similar to one previously described.”® Ultrahigh-
purity nitrogen (99.999%) was used as both the carrier and purge gas
with a mass flow rate of 360 sccm. The system pressure was between 1
and 2 Torr. Two precursors, A and B, are alternately dosed and purged
through the reactor. The ALD time sequence for one AB cycle can be
written as t; —t, —t3—t, where t; is dose time for A, t, is purge time for A,
t3 is dose time for B, and t, is purge time for B, all in seconds.
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Ozone Treatment. After the samples were loaded into the ALD
reactor, an in situ ozone treatment (Pacific Zone Lab111 ozone gen-
erator) was performed at 100 °C for 20 min before beginning ALD to
reduce the amount of organic material on the substrate before deposition.
Ultrahigh purity oxygen (99.999%), flowing at 200 sccm, was used as the
oxygen source. The ozone reactor pressure was maintained at 2 psi, and
ozone output was set to 75% at 5.2 V.

ALD Alumina Film Growth. To grow Al,Oj; using ALD, trimethy-
laluminum (TMA) and 18.2 MQ cm ™~ Millipore water (Marlborough, MA)
were alternately dosed and purged at 100 °C. Ten cycles of TMA/H,O were
deposited on the cleaned a-Al,O; substrates using the time sequence
2—10—2.5—30 s resulting in a film 1 nm thick.*®

ALD Pd Particle Growth. Pd ALD has high nucleation density on
amorphous ALD M203.63 Therefore, all -Al,O5 substrates used for Pd ALD
were first coated with a layer of ALD AL, O3. Pd ALD was grown at 200 °C
using palladium hexafluoroacetylacetonate (Pd(hfac),) and formalin. "%
Twenty-five cycles of Pd(hfac),/HCHO were deposited on the ALD ALOs
surface using the time sequence 10—30—10—30 s. In the early stages of Pd
ALD, nanoparticle size is controlled by the number of cycles.”

Sum Frequency Generation. Descriptions of SEG*/ #4671
and the broadband SFG setup used in this work’***”>”* can be found
elsewhere. SFG experiments were performed in an internal reflection
geometry at room temperature, with the a-Al,O; serving as both a
substrate for the ALD surface and an optical window. Directly following
sample preparation, the sample was clamped onto a small-volume
(0.15 mL) Teflon cell, containing a port for injection and removal of
solution.”*** The IR and visible laser beams for SEG were focused on the
interface between the ALD-modified surface and organic liquid solu-
tions. SFG spectra were collected in the SSP polarization combination,
which requires that a component of the IR transition dipole be oriented
along the surface normal for signal to be produced.***7*7* The SEG
spectra in this work are the average of seven acquisitions of 90 s each.
SFEG frequency was calibrated using the IR absorption bands that appear
in the SFG spectrum of gold when a polystyrene film was placed in the IR
beam path.”® Following the hybrid scanning—tuning method of Esen-
turk and Walker,*® spectra were collected at three different input TR
frequencies, and summed together. Where noted, the SFG intensities
obtained were then normalized to the nonresonant frequency-dependent
intensity of a gold sample (also in internal reflection geometry),”***”*”> and
in other cases the spectra shown are not normalized in order to avoid
singularities, but the values of intensity obtained from the spectra are
appropriately corrected. Spectra were fit with interfering Lorentzian line-
shapes plus a small constant nonresonant signal, where each peak was
allowed to have a phase of 0° or 180°.>***”>”® Global fitting procedures were
employed (using built-in functionality of IGOR-Pro version 4.09A Carbon,
WaveMetrics) in which frequency and line width were fit as global variables
over all concentrations in order to isolate the amplitudes as the concentra-
tion-dependent variables.

B RESULTS AND DISCUSSION

Under liquid perdeuterated cyclohexane-d;, (cyclohexane-d;,),
ALD alumina substrates exhibit a small resonant SFG signal due
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Figure 1. SFG spectra of 1-hexanoic acid adsorbed from liquid cyclohexane-d, , solutions onto ALD alumina (A) and ALD alumina with 3 nm palladium
particles (B). Fits to the data are shown in blue, and vertical lines mark the frequencies of vibrational bands. The data are not normalized, but the resulting
numbers plotted in the figures that follow are normalized to the signal from gold to account for frequency-dependent differences in infrared power. The
SFG spectra are shown for 0.084% 1-hexanoic acid on both the ALD alumina surface and ALD alumina with 3 nm palladium particles, normalized to the
signal from gold and referenced to the signal without added 1-hexanoic acid (C), with a vertical line marking the contribution from the CH, symmetric
stretch which is a measure for conformational disorder. This plot shows a direct comparison between the two surfaces.

to a small amount of adventitious organic material acquired in the
ALD chamber (see Supporting Information). The invariance of the
signal strength with number of ALD cycles indicates that the CH
oscillators in the adventitious material are removed by the ALD
precursors during each cycle and remain only on the surface upon
completion of all deposition cycles, which is in agreement with
QCM measurements by Wind and George.”” Small SFG signal
intensities obtained from samples containing palladium particles
(see Supporting Information) are attributed to either similar
deposition of organic material in the ALD reactor or to formalin,
having well-known vibrational bands in the 2800—3000 cm '
region,éo’78 and hexafluoroacetoacetonate (hfac) ligands, as evi-
denced by F 1s peaks in the XPS spectra, that are used during the
ALD process but not quantitatively removed during it. The presence
of hfac, formalin, and their derivatives on the surface cause only a
very small loss in the number of hydroxyl surface sites, as demon-
strated by Goldstein and George using transmission FTIR.”® These
findings point to a means for optimizing ALD procedures using SFG
as a sensitive probe for surface species in assessing the quantitative
nature of ALD reactions. Despite the SFG signals from adventitious
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material, its contribution to the SFG signal intensity is much less
than that of adsorbed hexanol or 1-hexanoic acid, and 1-hexanoic
acid may displace the material upon adsorption (see below).
Therefore, we chose not to calcine the materials under investigation
here after ALD in order to prevent oxidation, sintering, agglomera-
tion, and changes in morphology of the palladium particles,"*”
which in turn control adsorption and reactivity on the particles.***!

SFG spectra of binary mixtures of 1-hexanoic acid in cyclo-
hexane-d;, on ALD alumina with and without Pd nanoparticles
(Figure 1) show vibrational bands that were assigned on the basis
of well-established literature data 66871757582 787 Briefly,
the symmetric stretches of the CH; and CH, groups of the
1-hexanoic acid alkyl tail appear at 2871 cm ™' and 2851 cm ™!,
respectively. The peak at 2933 cm™ ' is assigned to the CHj
Fermi resonance, and the peak at 2947 cm ™" is assigned to the
asymmetric stretch of the CH; group. While the CH, asymmetric
stretch is not well resolved, its amplitude is expected to be low for
perpendicularly oriented alkyl chains.

Using the concentration-dependent SFG spectra of hexanoic
acid and 1-hexanol,®® we determined the binding constants for
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Figure 2. Peak amplitudes of the CH; symmetric stretch (markers) and
fits of the data to a Langmuir adsorption model (lines) of 1-hexanoic acid
on ALD alumina with 3 nm palladium particles (blue filled squares,
uneven dashed blue line), 1-hexanoic acid on ALD alumina without
palladium particles (blue empty squares, dotted blue line), 1-hexanol on
ALD alumina with 3 nm palladium particles (red filled circles, solid red
line), and 1-hexanol on ALD alumina without palladium particles (red
empty circles, dashed red line), each at the interface of a solution of the
analyte in cyclohexane-d;,. The peak amplitudes (left axis) are obtained
from spectral fitting of SFG spectra as a function of mol % (top axis) and
approximate concentration in molar (bottom axis), referenced to signal
from the surface under pure cyclohexane-d;,, and normalized to
saturation coverage. The error bar represents the average reproducibility
of SFG peak amplitude.

these two species (Figure 2) from the normalized and properly
referenced SFG amplitude of the CH; symmetric stretch. The
adsorption behavior is certainly more complicated than can be
accurately described by the standard Langmuir adsorption model.*®
For instance, a Portion of adsorbates may interact with the surface
irreversibly,”>*' the presence of the Pd nanoparticles introduces
multiple adsorption sites, and adsorbate—adsorbate interactions
are likely present albeit relatively weak when compared to that of
longer chain molecules.”**"** Nonetheless, these departures
from Langmuirian adsorption are not systematically evident in
the data, either because the departures from that model are
in opposite directions or simply because SFG is not sensitive
enough to detect them. Each SFG measurement was made after
the signal reached a constant value, and this work therefore
addresses presumed equilibrium behavior rather than the kinetics
of adsorption. By fitting each isotherm with the Langmuir
adsorption model, we obtain, as a first-order approximation,
binding constants K,g4s for 1-hexanoic acid and 1-hexanol using
the fractional coverages in comparison to signal saturation which
is normalized to one. We also obtain the associated standard free
energies of adsorption, AG®_g,, referenced to a standard state of
9.28 M, the concentration of pure cyclohexane-d;, at 298 K
(Table 1). 1-Hexanoic acid adsorbs to both surfaces more
strongly than 1-hexanol. Given the error in parameters resulting
from fits to the data, this analysis reveals a 8 —40-fold difference in
K,4s between the two adsorbates on ALD alumina, and a 40—60-
fold difference in K 4 between the two adsorbates on the ALD
alumina surface with Pd nanoparticles. This corresponds to a

Table 1. Binding Constants K*, 4, and Standard Free Energies
of Adsorption AG®, 4, Approximated with a Langmuir
Adsorption Model”

adsorbate surface K s [M71] AG®,4, [KJ mol™']
1-hexanoic acid alumina/Pd 6 x 10*(2) —21.1 (7)
1-hexanoic acid alumina 4 x 10*(2) —20. (1)
1-hexanol alumina/Pd 12 (2) —11.8 (4)
1-hexanol alumina 20 (5) —13.0 (6)

“One standard deviation in the last significant figure is listed in
parentheses.

5.4—8.6 kJ/mol differece in AG® 4, between the two adsorbates
on ALD alumina and an 8.2—10.4 kJ/mol difference in AG® 4,
between the two adsorbates on ALD alumina with Pd nanopar-
ticles. On the other hand, the comparison of AG® 4 values between
the two surfaces reveals that the presence of Pd nanoparticles does
not change AG® 4, significantly for either adsorbate by more than
the uncertainty associated with the experiment, and that the
difference between the two surfaces is within the bounds
attributable to thermal noise.

In the above result, 1-hexanol and 1-hexanoic were adsorbed
separately to the surfaces, and thus adsorption of the two species
to entirely separate sites could be ruled out. Thus, to address our
central question regarding the molecular origin of catalyst
poisoning in selective heterogeneous alcohol oxidation by over-
oxidation products, we conducted competitive adsorption ex-
periments in which 1-hexanol was first adsorbed to the surface
from a 9% solution in cyclohexane-d,, followed by exposure to
solutions with a constant 9% concentration of 1-hexanol, but
with increasing amounts of spectrally silent 1-hexanoic acid-dy;
(Figures 3 and 4). These experiments show that addition of just
0.02 mol % 1-hexanoic acid-d; begins to displace hexanol, half of
the hexanol is displaced upon addition of 0.5 mol % 1-hexanoic
acid-d,;, and all hexanol is removed with addition of 5 mol %
1-hexanoic acid-d;;. The competitive adsorption behavior on
surfaces both with and without Pd nanoparticles is consistent with
a Langmuir competitive adsorption model (shown in Figure 4),
which assumes a single type of binding site for 1-hexanoic acid-d;
and hexanol. This result emphasizes the significance of catalyst
poisoning, since the reactant and overoxidation product compete
for the same sites. Note that the process of adding spectrally
silent hexnaoic acid-d results in signal levels that are even lower
than the signal produced by adventitious material that was
present before adding adsorbates (vide supra). This provides
evidence that in addition to displacing hexanol, carboxylic acid
species also displace organic material that originated in the ALD
chamber or that this material reorients in the presence of
hexanoic acid in a fashion that suppresses its SFG response.

The results presented here do not provide evidence pointing
to 1-hexanoic acid binding primarily to palladium but rather
suggest that hexanol and hexanoic acid adsorb to alumina binding
sites, as evidenced by the nearly identical adsorption energies
obtained for the organic species on ALD alumina with and
without Pd nanoparticles, and the similar displacement of hexanol
by hexanoic acid on both surfaces. This result is consistent with
studies carried out under aqueous® and organic solvent®****'
environments which suggest that 1-hexanoic acid molecules
preferentially adsorb to sites on the alumina surface. However,
recent results for unsaturated carboxylic acids suggest that
palladium plays a role in modulating binding.”® Experiments
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Figure 3. SFG spectra of 9% 1-hexanol in cyclohexane-d,, adsorbed on ALD alumina with 3 nm palladium particles (A) and ALD alumina without
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Figure 4. Amplitudes of the CH; symmetric stretch peak in the SFG spectra
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independently measured K. values of the two species on ALD alumina with
3 nm palladium particles (dashed blue line) are plotted for comparison.

on a surface fully covered with palladium would be necessary to
confirm that binding occurs on alumina rather than palladium
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sites; however, samples with palladium loading equivalent to full
coverage prepared either by ALD or by an electron beam result in
SEG spectra dominated by nonresonant response of the metal
with no resonant signals from adsorbates upon 1-hexanoic acid
addition (see Supporting Information).

Despite the lack of a significant difference in AG°,q4, for
1-hexanoic acid on surfaces with and without palladium particles,
the molecular conformation that it adopts in the presence of
nanoparticles could nonetheless indicate a measurable interac-
tion with palladium. The ratio of the CH; symmetric stretching
signal to the CH, symmetric stretching signal, which is often used as
measure of molecular ordering,****~% shows that the conforma-
tional order increases dramatically as a function of 1-hexanoic acid
concentration when the Pd nanoparticles are present (except at
concentration >10 mol % where there is a decrease, probably due to
formation of multilayer structures™), while very little change in this
ratio is observed when Pd particles are absent (Figure S). On the
surfaces with no palladium particles, on which no change in
conformational ordering is observed, 1-hexanoic acid is likely adsorb-
ing in an ordered manner on the large domains of uninterrupted
alumina. In contrast, on the surfaces with palladium particles, the low
degree of conformational order at low surface coverages implies
interaction with the nanoparticles that causes only small changes in
adsorption energy and is otherwise undetectable without a surface-
specific probe for molecular structure.

Several types of interactions may lead to disordered adsorp-
tion of 1-hexanoic acid on surfaces with palladium nanoparticles.
Given that the coordination strength of carboxylate to the

dx.doi.org/10.1021/ja2067274 |J. Am. Chem. Soc. 2011, 133, 17816-17823
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stretch of 1-hexanoic acid adsorbed from liquid cyclohexane-d, , solutions
onto ALD alumina with 3 nm Pd/ALD alumina (empty blue circles) and
ALD alumina (filled red circles ), each as a function of 1-hexanoic acid mol
%. Signal for each experiment is referenced to the ratio at 0 mol %.
Vertical error bars represent the propagation of one standard deviation in
the ratio from the several repetitions of the experiment after referencing
to the signal present under pure cyclohexane-d;,, while horizontal error
bars depict one standard deviation in the concentrations, if they were
different among trials.

alumina surface scales with the polarizability of the aluminum
atom,”®”! which often results in increased binding affinity for
that site,”” it is likely that hexanoic acid molecules interact more
strongly with hydroxyl groups bonded to aluminum atoms
adjacent to Pd nanoparticles than with aluminum atoms that
are far away from them. Other forces may promote interaction
with palladium particles that could result in conformational
disorder, including the attractive interaction via dispersion forces
between the hexanoic acid alkyl tails and the Pd nanoparticles or
possibly partial back-bonding interactoins.”>~®” These interac-
tions could lead to the observed differences in molecular ordering
observed for the ALD alumina surface in the presence and
absence of Pd nanoparticles, while not drastically changing the
observed binding constant due to the relatively low density of
these sites. If these sites were located at the junction between
alumina, the Pd nanoparticle, and the solvent, then the number of
strongly bound 1-hexanoic acid molecules would scale linearly
with particle circumference. Providing qualitative support for this
hypothesis is the observation that no significant changes in
ordering with concentration are observed on surfaces with 1 nm
rather than 3 nm palladium particles (Supporting Information),
which have one-third as many nanoparticle perimeter sites; there-
fore, conformational disorder may be below detection limit. Future
research could obtain quantitative confirmation that adsorption
occurs at the nanoparticle parameter by measuring structures of
adsorbed molecules on different surfaces containing particles of
various sizes.

B CONCLUSIONS

In conclusion, we have used synthetic surface chemistry and a
variety of advanced characterization methods including non-
linear spectroscopy to demonstrate an example in which we
bridge the gap between realistic complex catalyst materials and
methods used to elucidate their surface chemistry, and do so at

the liquid/solid interface. SFG was used as a tool for determining
the adsorption behavior of 1-hexanoic acid on supported palla-
dium nanoparticle surfaces prepared by ALD, which has recently
emerged as a method for controlled catalyst synthesis. By utilizing
the conformal deposition afforded by ALD, thin oxide films were
prepared with supported palladium nanoparticles of defined size
on flat surfaces amenable to study at the organic liquid interface by
coherent surface spectroscopy techniques such as SFG.
Adsorption of 1-hexanoic acid occurs on ALD alumina
surfaces, and on ALD alumina surfaces with palladium nanopar-
ticles. 1-Hexanoic acid becomes more ordered with increasing
adsorbate concentration for surfaces containing 3 nm Pd parti-
cles, but molecular ordering does not increase with concentration
for surfaces with smaller palladium particles or no palladium
particles. Thus, even though adsorption isotherms do not indicate
a significant role for palladium in modulating adsorption energy
for 1-hexanoic acid, the palladium particles play a role in inter-
acting with adsorbates to modulate their structures. Furthermore,
1-hexanoic acid has a much higher binding constant than 1-hex-
anol and leads to its displacement in competitive adsorption
experiments. Since carboxylic acids are known to be overoxidation
products of selective oxidation reactions, their relative binding
strengths in relation to those of alcohols is important for predict-
ing catalytic reaction rates and catalyst poisoning due to site-
blocking. For instance, the relatively low bulk concentration at
which 1-hexanoic acid displaces 1-hexanol could be another factor
explaining why oxidation, specifically of primary saturated alco-
hols, must be conducted at low conversions in order to obtain
good selectivity.” The synergistic effects of adsorbate binding
strength and the molecular structures they adopt on catalysts
containing metal nanoparticles supported on oxides may lead to
catalyst deactivation through poisoning sites on the support.

B ASSOCIATED CONTENT

© Supporting Information.  Particle size and coverage, graz-
ing incidence X-ray diffraction, SFG signals on a-Al,O3;, ALD
alumina and ALD alumina with 3 nm palladium particles with no
added adsorbates, X-ray photoelectron spectroscopy of ALD
alumina with 3 nm palladium particles, and a similarly prepared
50 cycle Pd film, CH; and CH, symmetric stretching amplitudes
as a function of 1-hexanoic acid concentration, SFG signals from
Pd films prepared by 50 cycles Pd ALD and by electron beam
under 1-hexanoic acid solutions, SFG signals from 1-hexanoic
acid adsorbed to a-Al,O;, 1-cycle ALD alumina and 10-cycle
ALD alumina surfaces, SFG spectra of 1-hexanol adsorbed to
ALD alumina and ALD alumina with 3 nm palladium particles,
and GIXRD of samples after exposure. This material is available
free of charge via the Internet at http://pubs.acs.org.
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