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ABSTRACT: Interactions between surface adsorbed species can affect catalyst
reactivity, and thus, the ability to tune these interactions is of considerable
importance. Deposition of organic modifiers provides one method of intentionally
introducing controllable surface interactions onto catalyst surfaces. In this study,
Pd/Al2O3 catalysts were modified with either thiol or phosphonic acid (PA)
ligands and tested in the hydrogenation of furanic species. The thiol modifiers
were found to inhibit ring hydrogenation (RH) activity, with the degree of
inhibition trending with the thiol surface coverage. This suggests that thiols do
not strongly interact with the reactants and simply serve to block active sites on
the Pd surface. PAs, on the other hand, were found to enhance RH when furfuryl
alcohol (FA) was used as the reactant. Density functional theory calculations
suggested that this enhancement was due to hydrogen-bonding interactions
between FA-derived surface intermediates and PA modifiers. Here, installation of hydrogen-bonding groups on the Pd surface served
to preferentially stabilize RH product states. Furthermore, the promotional effect on the RH of FA was observed to be greater when
a higher-coverage PA was used, providing a rate more than twice that of the unmodified Pd/Al2O3. The results of this work suggest
that organic ligands can be designed to impart tunable surface interactions on heterogeneous catalysts, providing an additional
method of controlling catalytic performance.
KEYWORDS: heterogeneous catalysis, catalyst modification, self-assembled monolayers, phosphonic acids, thiols, ring hydrogenation,
furfuryl alcohol

1. INTRODUCTION

Recent years have seen an increased focus on understanding
the interactions between adsorbates in heterogeneous catalysis
and how these interactions can be controlled to influence
reactivity.1−6 In liquid-phase systems, for instance, it has been
shown that the choice of solvent can significantly affect
catalytic activity and selectivity via interactions with reactants,
intermediates, or the catalyst surface.7−9 In some cases,
particularly when water is used, the solvent can control surface
reactivity by acting directly as a co-catalyst or aiding in the
transport of reactants to active reaction sites.10−12 This
approach has been further extended to gas-phase reactions,
by taking advantage of water produced in situ or by co-feeding
water into the system.1,9,13−15 Studies have also shown that
interactions between reactants and/or intermediates present
on the surface can promote activity. For example, surface
oxygen atoms have been shown to assist in O−H bond
activation on metals such as Pd16 and in C−H bond activation
on Au catalysts.17,18

One method for introducing highly controllable surface
interactions is to intentionally load the catalyst with organic
ligands, which can be chosen to exhibit desirable properties for
a given reaction. For example, self-assembled monolayers
(SAMs) deposited from various precursors, such as thiols or

amines, have been used to crowd the surface of metal catalyst
particles in order to improve reactivity through steric and/or
electronic effects.3,19,20 Additionally, it has been shown that
modifiers can be specifically designed to take advantage of π−π
interactions between an aromatic reactant and modifier,
leading to significantly higher yield in the selective hydro-
genation of cinnamaldehyde.21 More recent work has explored
the use of phosphonic acids (PAs) as surface modifiers, which
typically deposit onto metal oxide catalysts and supports.22−25

These studies have found that PA modifiers can enhance
catalyst behavior by providing steric effects, improving catalyst
stability, introducing additional active sites, or promoting the
adsorption and subsequent reaction of an adsorbate.6,26−29

Moreover, organic PA modifiers have been shown to be
surprisingly stable (to >300 °C) under high-temperature
hydrogenation conditions.5 They are also stable under
hydrothermal conditions, though oxidizing conditions are
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known to degrade the organic ligands at temperatures near 200
°C.26,27

In our previous work, we deposited PA modifiers onto Pd
and Pt catalysts to improve the activity for hydrodeoxygenation
(HDO) of aromatic oxygenates.30,31 Primarily, PAs were found
to bind to the metal oxide support and enhanced HDO
reactivity by providing Brønsted acid sites near the metal-
support interface. When Pd was used as the catalyst, however,
it was found that PAs were also deposited onto metal sites.
Furthermore, this presence of PAs on the Pd surface was
accompanied by a noticeable change in the activity for ring
hydrogenation (RH) of furfuryl alcohol (FA) to tetrahydro-
furfuryl alcohol (THFA).30 In particular, the use of
alkylphosphonic acids led to significantly enhanced RH
activity, improving the apparent turnover frequency (TOF)
by over an order of magnitude relative to the unmodified
catalyst. Two hypotheses are proposed to account for how the
RH activity might be improved by the presence of PA
modifiers on the Pd surface: (1) selective site blocking by
organic modifiers may discourage the accumulation of strongly
adsorbed furanic species on Pd,32 thus leaving more active sites
available for subsequent reactions; or (2) PAs may contribute
to promoting the RH reaction via surface interactions, either
by stabilizing a specific, favorable binding geometry or by
participating directly in the reaction mechanism.
In this contribution, we focused on evaluating these

hypotheses by studying the effects of organic surface modifiers
on the RH of furanic species, using a combined experimental
and computational approach. Pd/Al2O3 catalysts were
modified with either thiol or PA ligands, the structures of
which were varied to prepare catalysts having a comparatively
high-coverage and low-coverage of each type of modifier, as
outlined in Figure 1. The coverage of thiol modifiers on Pd has
been previously shown to be controllable by selection of
appropriate ligands. For example, use of adamantanethiol (AT)

produces a coverage near 2.4 nm−2, whereas use of 1-
octadecanethiol (C18SH) yields a coverage near 4.5 nm−2.33

Additionally, it has been shown in prior work that no thiol
uptake occurs on bare Al2O3, indicating that these SAMs reside
on the metal surface rather than the catalyst support.34

Coverages of PAs on Pd have been estimated to be <2.2 nm−2

and have also been shown to be controllable by steric bulk on
Au/TiO2.

27,30 Unmodified and modified catalysts were then
tested in the RH of furanic species containing a polar or
nonpolar substituent, that is, FA and 2-methyl furan (2MF),
shown in Figure 1. Here, we show that the use of thiol SAMs
led to consistent and significant losses of RH activity, which
trended with proportionate decreases in the active hydro-
genation surface area. PA modifiers, however, were found to
promote the RH activity when a polar substituent group was
present on the furan ring despite a reduction in the number of
active sites. These findings, along with the results of density
functional theory (DFT) calculations, suggest that hydrogen-
bonding interactions between PA modifiers and reactants can
promote hydrogenation of the furanic ring to THFA, a raw
material in the production of fine chemicals.35−40 While RH is
used here as a model reaction, RH of oxygenated furanics is an
important step in the upgrading of biomass.41−43 More
broadly, the results presented here indicate that surface
modifiers can be designed and employed to introduce desirable
intermolecular surface interactions, providing an additional
degree of freedom for directing catalyst activity.

2. EXPERIMENTAL METHODS
2.1. Materials and Sample Preparation. Pd/Al2O3 (1 wt

%, ∼3 nm particle size34), 1-octadecanethiol (98%), 1-
adamantanethiol (95%), n-butylphosphonic acid (n-BuPA)
(98%), t-butylphosphonic acid (98%) (t-BuPA), FA (98%),
2MF (98%), 200 proof ethanol, and D2 (99.6 at. % D) were
purchased from Sigma-Aldrich. HPLC-grade tetrahydrofuran
(THF) (>99.9%) was purchased from OmniSolv. Ultra-high
purity H2 and He were obtained from Airgas.
Thiol and PA modifiers were each deposited onto Pd/Al2O3

(1 wt %) by previously reported liquid deposition
techniques.34,44 Thiolate SAMs were prepared by submerging
250 mg of Pd/Al2O3 into 40 mL of 5 mM thiolate/ethanol
solution and allowing the mixture to settle for 12−16 h. The
supernatant was then decanted, and 40 mL of fresh ethanol
was added to rinse the catalyst of excess thiol. After 4 h, the
supernatant was again decanted, and the catalyst was dried in
air for 12 h before use. For the deposition of PAs, a 10 mM
solution of PA in THF was prepared, containing at least a 3-
fold excess of modifier predicted for a full monolayer (on the
Al2O3 support). The desired mass of Pd/Al2O3 was then added
to the solution, and the mixture was stirred for 12−16 h at
ambient conditions. Next, the solid was separated by
centrifugation using an Eppendorf 5804 centrifuge at 8000
rpm for 8 min and annealed at 120 °C for 6 h. The annealing
step is needed for the condensation reaction that binds the
phosphonate to metal oxide surfaces; note that this
postdeposition annealing step was not used in the preparation
of thiolate-coated samples. The catalyst was then washed three
times in the same volume of THF used to prepare the initial
deposition solution, to remove any excess PA. Finally, the
modified catalyst was dried under vacuum at room temper-
ature before use.

2.2. Catalyst Characterization. CO pulse chemisorption
was performed using an Altamira Instruments AMI-300 system

Figure 1. Proposed scheme showing the RH reactions studied, thiol
deposition onto metals (left), and PA deposition onto both the metal
and support (right). Tail structures used for each type of modifier,
and the relative expected coverages, are shown below.
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equipped with a thermal conductivity detector. Approximately,
50 mg of catalyst was loaded into a quartz U-tube reactor and
held as a fixed bed on a plug of quartz wool. The sample was
pretreated in 4% H2/Ar flowing at 50 mL min−1 by heating at
10 °C min−1 to 180 °C and holding for 2 h. After the
pretreatment, the sample was cooled to 30 °C and flushed with
He flowing at 50 mL min−1 for 10 min to remove any weakly
adsorbed hydrogen. The sample was then exposed to
sequential 500 μL pulses of a 10% CO/He gas mixture until
saturation. A 500 μL sample loop was used to calibrate the
TCD response. The surface area of the 1% Pd/Al2O3 catalyst
was found to be approximately 49 ± 4 μmol/g, corresponding
to a dispersion estimated at 53% ± 5%.
Diffuse reflectance infrared Fourier transform spectroscopy

(DRIFTS) was performed on powder catalyst samples using a
Thermo Scientific Nicolet 6700 FT-IR with a Harrick
Scientific closed cell attachment. Spectra were collected in
the hydrocarbon stretching region, using 100 scans and a
resolution of 4 cm−1, in order to confirm the identity of alkyl
tails in the surface modifiers. Spectra of the unmodified Pd/
Al2O3 catalyst were used as the background for all experiments
so that the reported spectra of the modified catalysts represent
only changes due to surface modification.
Hydrogen−deuterium exchange experiments were per-

formed to measure the effect of each surface modifier on the
catalytically active surface area for hydrogenation. Approx-
imately 0.5 mg of catalyst, along with α-Al2O3 as a diluent, was
loaded into a Pyrex tube, packed bed, continuous-flow reactor
at atmospheric temperature and pressure. The effluent of the
reactor was analyzed with a Pfeiffer Vacuum Prisma 80
quadrupole mass spectrometer. Samples were first purged in a
15 mL min−1 Ar stream for 10 min, followed by a mixture of 15
mL min−1 Ar and 5 mL min−1 H2 for at least 10 min. Next,
while continuing to flow the Ar/H2 mixture, three separate
injections of 0.2 mL D2 were slowly introduced to the feed
stream and the resulting D2 signals were measured. As a
control, the same feed stream was then allowed to bypass the
reactor, and three injections of 0.2 mL D2 were again
performed. The amount of D2 detected in the reactor effluent
with and without the presence of the catalyst was used to
calculate the D2 conversion, used as a measure of the H2/D2
exchange activity. Due to the large excess of H2 relative to D2
(∼10:1 M ratio), the conversions measured in these pulse
experiments are far from equilibrium. Data reported here were
measured at conversions below 70%, while the use of larger
catalyst masses allowed for conversions >95%, suggesting that
the reverse reaction rate of H2/D2 scrambling was negligible.
Experiments using only α-Al2O3 and no Pd catalyst did not
yield any observable conversion of D2.
2.3. Reactor Studies. Hydrogenation reactions were

performed on FA and 2MF using a Pyrex tube, packed bed,
continuous-flow reactor under atmospheric pressure. Helium
was bubbled through the desired liquid reactant and held in a
temperature-controlled bath (FA at 60 °C, 2MF at −10 °C),
and the resulting stream was mixed with H2 and make-up He
upstream of the reactor. The reactor feed streams had a gas-
phase mole fraction of YH2

= 0.10 and YH2
= 0.15 for reactions

of FA and 2MF, respectively. All reactions were run using a
30:1 M ratio of H2/reactant at a temperature of 180 °C. The
mass of the catalyst used for each reaction was varied as
needed (typically between 0.3 and 1.2 mg) to achieve a desired
conversion. Due to the low mass of the catalyst required, both

the Pd/Al2O3 catalyst and an α-Al2O3 diluent were finely
ground to a similar consistency prior to mixing, which was
found to yield consistent results in repeated measurements
with different catalyst beds. (Error bars for different catalyst
beds are reported in the results). Both the feed streams and
reactor effluents were analyzed using an SRI Instruments
8610C gas chromatograph equipped with a Restek MXT-5
capillary column and a flame ionization detector. Each reaction
experiment was run to steady state, which was defined here as
running for at least 150 min and having a conversion within
±0.5% over four consecutive measurements, taken over a
period of 1 h. Final conversions of FA and 2MF were 5−15
and 15−30%, respectively, except for C18SH-modified
catalysts which had conversions below 5% for both reactants.
Average conversions and selectivities determined from the final
steady state measurements were used to calculate the reported
reaction rates.

2.4. DFT Calculations. Density functional theory calcu-
lations were performed using a plane-wave basis set as
implemented in the Vienna ab initio simulation package.45

The generalized gradient corrected PBE exchange−correlation
functional46 was used, and the ion-electron interactions were
described using projector augmented-wave potentials47 with an
energy cutoff of 400 eV. Calculations were also performed
using the optPBE-vdW functional to account for van der Waals
interactions, and the corresponding energies are reported in
enclosed square brackets following the PBE values.48 The
Pd(111) surface was modeled by a (3 × 3) unit cell,
periodically repeated in a supercell geometry with successive
four-layer slabs separated by 20 Å vacuum. The surface
Brillouin zone was sampled using a 5 × 5 × 1 Monkhorst−
Pack mesh. Surface adsorbates and atoms in the top two layers
of the metal slab were allowed to relax whereas atoms in the
bottom two layers were fixed in the bulk truncated positions.
Optimizations were considered complete when forces fell
below 0.05 eV/Å. The periodic Pd slab was modeled using an
optimized lattice constant of a = 3.96 Å which closely matches
the experimental value of 3.89 Å.49 Binding energies (BE)
reported on Pd(111) were calculated relative to the energy of
the clean Pd(111) slab (EPd(111)) and the energy of the
adsorbed species in the gas phase (Egas)

E E EBE total Pd(111) gas= − −

where Etotal is the total energy of the slab with the adsorbed
species. The differential BEs of FA and 2MF on the PA-
modified Pd surfaces were calculated relative to the energy of
the Pd(111) slab with the specified PA adsorbate (EPA/Pd(111))
and the energy of the furanic species in the gas phase

E E Edifferential BE total PA/Pd(111) gas= − −

where Etotal is the total energy of the slab with FA or 2MF
coadsorbed with the PA species.

3. RESULTS AND DISCUSSION
3.1. Catalyst Characterization. The uncoated Pd/Al2O3

(1 wt %) catalyst was modified with either one of two thiols or
one of two PAs to probe the effect of the modifier head group
on reactivity. The thiols, 1-octadecanethiol (C18SH) and 1-
adamantanethiol (AT), were selected because they have been
shown to form well-ordered SAMs with considerably different
coverage on Pd catalysts.33,34,50,51 More specifically, the bulkier
tail group present in AT results in a more sparsely packed
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monolayer with a nearest neighbor spacing of approximately
6.4 versus 4.7 Å for C18SH (or a density of ∼2.4 vs ∼4.5
nm−2).33 In a similar vein, n-BuPA and t-BuPA were chosen
because the different tail structures are expected to result in
different PA surface coverages.27 Previous work using the more
compact n-BuPA modifier indicated a nearest-neighbor spacing
near 6.8 Å (∼2 phosphonates-nm−2), suggesting that the
density of PA modifiers on Pd may be generally lower than that
of thiols.30 Still, in comparing the performance of each coated
catalyst, the impact of both the modifier head group and
relative coverage can be examined.
Catalysts modified with thiols and PAs were characterized by

DRIFTS to confirm the presence and identity of modifiers on
the surface (Figure S1). Spectra of the thiol-coated catalysts
exhibited intense peak characteristics of C−H stretching
modes that are consistent with previous studies.33,52 For
both the C18SH and AT coatings, symmetric methylene
stretching was observed near 2850 cm−1. Asymmetric
methylene stretching was observed on the C18SH-modified
catalyst at 2920 cm−1 and on the AT-modified catalyst at 2918
cm−1, indicating that both thiols formed ordered SAMs on Pd/
Al2O3.

25,51 Consistent with the respective tail structures,
methyl stretching was detected in the C18SH coating (2954
cm−1) but was not present after modifying with AT. Thus, the
thiol modifiers maintain their tail structure during deposition
onto Pd/Al2O3 and form ordered, well-defined monolayers.
PA-modified catalysts were also characterized by clear C−H

stretching peaks indicative of the modifier tail structure and in
agreement with prior work.27,30,31 Both n-BuPA- and t-BuPA-
modified catalysts exhibited methyl stretching peaks, with the
symmetric mode observed in the range of 2870−2880 cm−1.
The asymmetric methyl stretching mode was observed at 2964
and 2956 cm−1 for n-BuPA and t-BuPA, respectively. In
agreement with the modifier structures, methylene stretching
was only detected after modification with n-BuPA, which
exhibited an asymmetric methylene stretch at 2935 cm−1. The
relatively high frequency of this stretch indicates a fairly
disordered monolayer, which is consistent with modifiers
having short alkyl chains.25,27,30,51,52 Because the t-BuPA
modifier does not contain methylene groups, the t-BuPA
monolayer structure cannot be directly assessed in this way,
though it is expected that monolayers formed by deposition of

n-BuPA and t-BuPA will be similarly disordered. This
assumption is supported by previous reports that short-chain
modifiers form more disordered monolayers.25,52 Finally, it is
expected that PA modifiers bind to both the metal oxide
support and the Pd surface, as has been shown in prior work
from our laboratory.28,30 Overall, these results suggest that all
modifier structures were preserved during deposition onto Pd/
Al2O3, and while thiols formed highly ordered SAMs on the
metal surface, PAs produced fairly disordered monolayers
present on both the metal and support. Previous work using X-
ray diffraction, nitrogen adsorption, and electron microscopy
has demonstrated that deposition of these organic modifiers on
Pd/Al2O3 and similar materials has little influence on textural
properties such as the phase of the Al2O3 catalyst support, the
total surface area of the supported catalyst, or the average
crystallite size, though in some cases the monolayers can
stabilize nanomaterials exposed to harsh environments such as
hydrothermal conditions.26

The effect of each ligand on the hydrogenation-active
surface area of the uncoated Pd/Al2O3 catalyst was determined
by measuring hydrogen-deuterium exchange rates, reported in
Table S1. As anticipated, modification with C18SH strongly
suppressed the availability of active sites for H2/D2 exchange,
indicated by the ∼93% decrease in the HD formation rate
(Table S1). This result suggests a substantial surface coverage
of C18SH, in agreement with previous reports on alkanethiol
SAMs.52 AT, which has been reported to form less-dense
SAMs due to its bulky tail, suppressed H2/D2 exchange rates to
a lesser extent (∼63%), consistent with a lower modifier
coverage.50,51 Similar large changes in catalyst activity have
been observed in studies of furfural decarbonylation (DC)
chemistry when using C18SH and AT as surface modifiers.34

Much like the thiol ligands, the two PA modifiers also had
noticeably different effects on the rate of H2/D2 exchange,
suggesting a difference in surface coverages. As predicted, the
bulkier t-butyl tail suppressed H2/D2 exchange far less than
PAs with n-butyl tails (5 and 54%, respectively), indicating a
lower coverage of t-BuPA modifiers (Table S1). In general, a
lower reduction in the H2/D2 exchange rates was observed
after deposition of PAs relative to thiols. Specifically, the
higher-coverage PA modifier reduced rates to a lesser extent
than the lower-coverage thiol modifier (54% compared to

Figure 2. (a) Rates of RH of FA over uncoated and coated catalysts. T = 180 °C, 30:1 M ratio of H2/reactant, conversion = 5−15%. Error bars
represent the standard deviation of triplicate measurements. (b) RH rates as a function of H2/D2 exchange activity.
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63%). This result is consistent with previously measured
surface coverages discussed above, which indicated that the
higher-coverage PA (n-BuPA) has a slightly lower density on
Pd than even the sparse AT modifier (nearest-neighbor
distance of ∼6.8 to ∼6.4 Å).30,33 The results of these
experiments confirm that the bulkier modifiers (AT and t-
BuPA) produce less-dense monolayers than ligands having the
same binding group but straight alkyl tails (C18SH and n-
BuPA) so that the effect of modifier coverage can be examined.
3.2. Hydrogenation Studies. Previous research from our

group demonstrated that furan RH is accelerated by n-BuPA
modifiers (and other alkyl PAs) on Pd/Al2O3 catalysts.

30 This
promotion of RH was found to originate from PA modifiers
deposited on the Pd metal (and not the support) based on
control experiments using PA-modified Pd black (where the
PA significantly enhanced reaction rates) and physical mixtures
of PA-modified Al2O3 and unmodified Pd/Al2O3 (where no
rate enhancement from the PAs was observed).30 Here, we
sought to determine whether other types of ligands could also
promote this activity. Unmodified and modified Pd/Al2O3 (1
wt %) catalysts were tested in the gas-phase hydrogenation of
FA using a packed-bed, continuous flow reactor at 180 °C and
a steady state conversion of <15%. The observed rates of RH
are shown in Figure 2a, and sample time-on-stream data
showing normalized conversions of each catalyst are reported
in Figure S2a. In agreement with previously reported results,
modification with n-BuPA was found to significantly enhance
the RH activity, exhibiting a rate (per mass of Pd) more than
twice that of unmodified Pd/Al2O3.

30 Additionally, the
selectivity to the direct RH product, THFA, was found to be
87%, compared to 58% on the unmodified catalyst. Pd/Al2O3
modified with t-BuPA, which blocks fewer Pd sites than n-
BuPA based on the H2/D2 exchange rates described above,
exhibited a similar increase in the rate of RH and a THFA
selectivity of 80%. However, the enhancement in RH was not
as great as that observed with the n-BuPA modifier despite n-
BuPA blocking a significantly greater number of sites. On the
other hand, both of the thiol ligands suppressed the RH
activity (Figure 2a) and had little effect on the THFA
selectivity. The less-dense AT modifier reduced the RH rate by
more than 25%, whereas C18SH nearly shut down the RH

pathway altogether, reducing the rate relative to the
unmodified catalyst by ∼97%. The observed reductions in
activity for the thiol-modified catalysts therefore appear to
trend with the modifier coverages, as shown in Figure 2b.
Previous work has reported similar effects of AT and C18SH
modifiers on aromatic DC reactions.34 Due to the preferred
adsorption of aromatics in a flat-lying geometry at three-fold
hollow sites, both DC and RH steps are proposed to occur
over a contiguous ensemble of sites on metal terraces, and so
site blocking by surface modifiers will similarly affect these two
reactions.53−55 Pang et al. reported on the effects of thiol
SAMs on reactions of furfural and found that AT modifiers
reduced DC rates by nearly half, while C18SH modifiers
reduced DC rates by >99%.34 Similarly, work by Lien et al.
found that modification with AT and C18SH reduced the DC
of benzyl alcohol by ∼30 and 99%, respectively. Here, the
comparable losses of H2/D2 activity and RH rates on thiol
modified catalysts (as shown in Figure 2b) further suggest that
these modifiers mainly serve to block RH-active surface sites.
We note that taking the ratio of the RH rate to the D2
scrambling rate provides a rough measure of a relative TOF for
different coatings. Based on the measured Pd dispersion of
∼53%, the TOF on the uncoated catalyst is approximately 0.3
s−1. Using the D2 scrambling rate as an indicator of surface
area, we find that the apparent RH TOF is more than 4 times
higher for the n-BuPA modified catalyst than the uncoated
surface. If the CO chemisorption uptake is instead used to
count available sites, the TOF would go up by an even larger
factor of ∼8. This is because the CO uptake is suppressed by
the PA coatings to an even greater extent than is D2
scrambling, as shown in Table S1, though overall trends are
similar.
Because modification with PAs promoted RH rates despite

the coverage of hydrogenation sites, we hypothesized that the
PAs provided a specific interaction which favored RH of FA.
To explore the generality of these observed enhancements and
the impact of the functional groups present in FA, we
expanded the reaction testing to include the hydrogenation of
2MF. Reactions were performed under the same conditions as
those used for FA, with the same ratio of H2/reactant, and at
conversions of 15−30% (except for the C18SH-modified

Figure 3. (a) Rates of RH of 2MF over uncoated and coated catalysts. T = 180 °C, 30:1 M ratio of H2/reactant. (b) RH rates as a function of H2/
D2 exchange activity. Rates trend approximately linearly, indicated by the dotted line, suggesting the effect of modifiers on the RH of 2MF is due to
site blocking. All error bars represent the standard deviation of triplicate measurements.
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catalyst which had conversions below 5%). Sample time-on-
stream data showing the normalized conversions of each
catalyst are reported in Figure S2b. In all experiments using
2MF, selectivity to 2-methyl tetrahydrofuran was observed to
be >99%. As shown in Figure 3a, none of the surface ligands
used in this study improved the RH performance of Pd/Al2O3
for 2MF. Modification with t-BuPA seemed to have little effect
on the RH rate, in line with the relatively small suppression of
H2/D2 exchange. The magnitude of RH rate suppression for n-
BuPA and AT ligands was also consistent with H2/D2
exchange rates plotted in Figure 3b (i.e., 35−40% lower
activity than the unmodified catalyst). Finally, C18SH again
strongly limited the RH pathway, appearing to essentially
eliminate the required active sites (Figure 3). Overall, the rates
of hydrogenation of 2MF followed a similar trend to H2/D2
exchange rates, indicated by the apparent correlation in Figure
3b. However, the same trend was not observed for FA
hydrogenation, particularly in the case of the PAs (Figure 2b).
This analysis suggests that the effect of surface modifiers on the
RH of 2MF is to simply block surface sites, resulting in a
proportionate loss of RH activity. For the hydrogenation of
FA, in contrast, it appears that specific interactions between the
reactant and PA modifier permit this trend to be broken so
that the presence of ligands on the surface actually enhances
the RH rate.
3.3. DFT Calculations. DFT calculations were employed

to examine how the PA head group affects the adsorption of
each reactant, FA and 2MF. Because the structure of PAs
adsorbed onto Pd and other metal surfaces is not well
understood, the energetics associated with PA deposition were
evaluated. The binding configuration for three different forms
of adsorbed methylphosphonic acid (MPA), chosen as a
simpler, model alkyl PA, was optimized on a Pd(111) surface
at a density of 1.4 phosphonates-nm−2. MPA was chosen as a
model alkyl PA to probe local interactions between the head
group and furanic reactants rather than to provide a highly
precise simulation of the modified Pd surface. However, it is
useful to note that MPA modifiers have been found to have
similar promoting effects as n-BuPA for RH of FA on Pd/
Al2O3. (The rate on MPA-modified Pd/Al2O3 was found to be
∼10% higher compared to n-BuPA, perhaps due to a slightly
higher coverage).30 The configurations tested included
molecular MPA, a dissociated phosphonate in which one O−
H bond has been activated (MPA-1) and a doubly dissociated
phosphonate in which both O−H bonds had been cleaved
(methylphosphonate, MPA-2). Comparing the energy of these
adsorbed states to MPA in the gas phase demonstrated that on
Pd(111), the first O−H dissociation was thermodynamically
favorable, whereas the second O−H dissociation to form
MPA-2 was energetically uphill (Figure S3). For this reason,
the following results focus on coadsorption of FA and 2MF
with MPA-1, although details are provided for coadsorption of
FA and 2MF with the MPA and MPA-2 adsorbates in the
Supporting Information. Because the binding of PAs onto Pd
and other metal surfaces is not well understood, the above
additional results may provide insights for future studies.
The minimum energy optimized configuration for both FA

and 2MF on Pd(111) at 1/9 monolayer (i.e., one adsorbate
per nine surface Pd atoms) coverage, before and after PA
modification, was found to be a flat-lying geometry nearly
parallel to the Pd surface. The vertical distances between the
Pd surface and the number two and four carbons of the furanic
ring (Figure S4) are reported in Table S2; the corresponding

adsorption geometries are presented in Figure 4 (MPA-1) and
Figure S5 (MPA, MPA-2). Energies reported below were

calculated both with and without van der Waals (vdW)
interactions explicitly accounted for, as described in Section
2.4; the vdW calculations are indicated in brackets. On
unmodified Pd(111), FA adsorption was 0.24 [0.30] eV more
exothermic than 2MF adsorption as reported in Table 1, with
each furanic reactant adsorbed in a similar flat-lying geometry
(Figure 4b,c). On the MPA-1 coated surface, the adsorption of
2MF was destabilized by 0.29 [stabilized by 0.06] eV, whereas
the adsorption of FA was stabilized by 0.08 [0.36] eV, making
FA adsorption 0.61 [0.60] eV more exothermic than 2MF
when coadsorbed with MPA-1 (Table 1). As shown in Figure
4, the adsorption of FA on the MPA-1 coated surface appears
to be stabilized by hydrogen-bonding interactions between
both the alcohol group and the furan ring oxygen and the PA
head group. When no furanic reactant is present, the OH
group in MPA-1 is pointed downward toward the Pd surface
(Figure 4a). When MPA-1 is coadsorbed with 2MF or FA
(Figure 4d,e), the OH group in MPA-1 tilts toward the oxygen
in the furan ring, creating a hydrogen bond (O−H bond length
of 1.74 and 1.92 Å for 2MF and FA, respectively). Additionally,
when FA is coadsorbed with MPA-1, the alcohol group in FA
is rotated with the oxygen atom oriented toward the Pd surface
and the OH forming a comparatively shorter hydrogen bond
with an oxygen in MPA-1 (O−H bond length 1.42 Å) that is
likely stronger (Figure 4d). We note that in the coverage
scenarios reported here, double-stabilization of FA by two
hydrogen bond interactions had to occur with the O and OH
of a single PA, although double stabilization of reactants by
more than one co-adsorbed MPA-1 could occur when both
functional groups are present. This may lead to an under-
estimation of the binding strength of FA in the presence of
MPA-1 in this work. Overall, the stabilization of adsorbed FA
compared to adsorbed 2MF on the PA-modified surface
indicates a specific favorable interaction, which may play a role
in the enhanced RH rates observed.
The MPA and less-stable MPA-2 modifier structures also

showed stabilization of FA relative to 2MF (Table 1, Figure

Figure 4. DFT calculated structures for the most stable molecular
adsorption of (a) once-dissociated MPA, (b) FA on Pd(111), (c)
2MF on Pd(111), (d) FA on Pd(111) modified with MPA-1, (e)
2MF on Pd(111) modified with MPA-1. Color code: red = O, gray =
C, white = H, orange = P, blue = Pd.
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S5) as well as the reorientation of the alcohol group toward the
PA modifier when compared to adsorbed FA on bare Pd(111).
When MPA was used, both FA and 2MF were moderately
stabilized compared to adsorption on the bare Pd(111)
surface. For MPA-2, the modifier was found to slightly
destabilize 2MF and stabilize FA when PBE energies are
compared and stabilize both FA and 2MF when optPBE-vdW
energies are compared, as with MPA-1. While there did not
appear to be any specific interaction with 2MF, MPA-2 was a
hydrogen-bond acceptor from FA.

4. DISCUSSION

Considering the combined experimental and computational
results reported here, we surmise that the observed reactivity
trends for thiol modifiers are primarily due to a loss of active
surface area, whereas the trends for PA modifiers cannot be
explained by simple site-blocking models. Although previous
work using AT modifiers did lead to an increase in activity for
benzyl alcohol deoxygenation, the higher rate was attributed to
the prevention of carbonaceous species buildup, and surface
DC reactions were still supressed.56 No such effects on RH due
to modification with thiols were observed here. Furthermore, it
has been shown that C18SH strongly reduces the accessibility
of terrace sites on Pd nanoparticles, whereas both terrace and
edge sites remain present after modification with AT.33,34

Thus, it is unlikely that the different effects of PA and thiol
modifiers can be explained by the ligands possibly occupying
different metal sites. It should be noted that the sulfur head
group of the thiol modifiers is expected to have a more
significant electronic influence on the Pd surface than PAs.
However, even if electronic differences are significant, they do
not appear to offer a clear explanation of why 2MF
hydrogenation rates trend with D2 exchange rates for all
modifiers, but FA hydrogenation rates do not when PA
modifiers are used.
Instead, the promotion of RH activity is likely related to our

second hypothesis that a direct interaction with PA modifiers
encourages the reaction of FA on Pd. The results of DFT
calculations suggest that this specific interaction is related to
hydrogen bonds formed between OH groups present on PA
modifiers and both the alcohol functional group and furan ring
oxygen in FA. This conclusion is consistent with the lack of
RH promotion when 2MF was used as the reactant, as it lacks
a polar functional group. Further support for this hypothesis
comes from our previous work, which compared MPA and
dimethylphosphinic acid (DMPA) surface modifiers.30 DMPA
is identical to MPA, except that one of the two OH groups on
MPA is replaced by a methyl group. As our DFT calculations
suggest that the most stable form of MPA on Pd has one OH
group cleaved, it is expected that no OH group remains
present on DMPA after deposition. When tested in the
hydrogenation of FA, it was found that MPA modification
improved RH to a similar degree as n-BuPA, while no
improvement was observed after modification with DMPA.
Thus, it appears that polar functional groups capable of

hydrogen bonding are required on both the modifier and
reactant in order to produce enhanced activity.
In previous work, it was found that PAs promoted both

HDO and RH reaction steps, and that the promotion of HDO
required a protic O−H group on the modifier.30 Here, it
appears that the O−H group is also required for promotion of
RH, serving to provide a unique surface interaction rather than
introducing new acid sites. Another interesting observation is
that while increasing the density of the thiol modifiers led to
further suppression of RH activity, the more densely packed
PA, n-BuPA provided a greater enhancement in the RH rate
per mass of catalyst of FA than t-BuPA; the rate on the n-BuPA
catalyst was roughly 20% higher. (In terms of apparent TOF,
the rate enhancement associated with n-BuPA is even greater,
nearly 80% higher, due to the fact that more sites are blocked).
The higher rate after n-BuPA modification may be due to a
higher likelihood of double-stabilization of FA by PAs on the
Pd surface, as the results of DFT calculations indicated that
PAs can interact with the alcohol group in FA as well as the
oxygen in the furan ring. Although the promoting effect of PA
modifiers appears to improve by increasing the ligand
coverage, it is expected that at a sufficient coverage, the
blocking of sites will outweigh the promoting effects; that is
that there should exist an optimal modifier coverage. Note that
determining the optimal modifier coverage is a complex task;
here, we have assumed (based on prior work with other
systems)27 that PA coverage from n-BuPA modification is
higher due to a low steric bulk of the alkyl tail group but the
precise relationship between PA group sterics, coverage, and
reaction rates is still not clear and warrants further study.
Moreover, further study is needed to identify how additional
substitution of the furyl ring (e.g., in 2,5-furandimethanol)
affects the reaction system.
To further explore the hypothesis that H-bonding

interactions can promote RH of FA, we calculated the overall
surface reaction energy for the hydrogenation of adsorbed FA
to form adsorbed THFA in the presence and absence of MPA-
1 (i.e., FA* + 4H* → THFA* + 4*, where * indicates an
adsorbed species or vacant Pd site). The strength of atomic
hydrogen adsorption is essentially unaffected by the MPA-1
coadsorbate (BE = −0.60 [−0.45] eV and −0.61 [−0.49] eV
on bare Pd(111) and on Pd(111) coadsorbed with MPA-1,
respectively). On bare Pd(111), THFA adsorbs with a binding
energy of −0.39 [−1.08] eV, giving a surface reaction energy of
ΔE = 1.10 [0.65] eV. When coadsorbed with MPA-1, similar
to FA, the hydrogen bonding interactions with MPA-1 at both
the alcohol group and ring oxygen stabilize THFA (Figure S5,
BE = −0.74 [−1.84] eV). The stabilization of THFA
adsorption by MPA-1 is shown in Table 1. Moreover, in the
case of the THFA, the stabilization due to MPA-1 is more
significant, resulting in a more favorable overall surface
reaction energy for hydrogenation (ΔE = 0.84 [0.42] eV).
We propose that the relative stabilization of the product THFA
is due to the weakening of the surface-ring interaction as the
ring becomes saturated during the reaction. The H-bonding

Table 1. Differential BEs in eV (PBE [optPBE-vdW]) of FA and 2MF Adsorbed onto Unmodified Pd(111) and Pd(111)
Modified with Various Forms of MPA

adsorbate Pd(111) Pd(111) + MPA Pd(111) + MPA-1 Pd(111) + MPA-2

furfuryl alcohol −1.00 [−1.66] −1.26 [−2.10] −1.08 [−2.02] −1.15 [−2.17]
2-methyl furan −0.76 [−1.36] −0.85 [−1.62] −0.47 [−1.42] −0.70 [−1.65]
tetrahydrofurfuryl alcohol −0.39 [−1.08] −0.74 [−1.84]
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interactions with the alcohol pendant group therefore become
increasingly important in stabilizing the adsorbate (and,
presumably, intermediate transition states). Moreover, the H-
bonding stabilization appears to lead to adsorbed config-
urations in which the ring remains close to the active site: as
seen in Table S2, adsorption of both FA and 2MF were more
in-plane with the Pd surface when modified MPA-1. The
results reported here then suggest that this “flatter” adsorption
is correlated to enhanced RH rates. Scheme 1 provides a
cartoon depiction showing how H-bonding interactions could
lead to preferential stabilization of “product-like” species.

In considering ways to tune this type of promoting effect,
one might expect that the electronic properties of the ligand
would play a role and, in particular, that its acidity (or
conjugate basicity) would be important. Previous work has
shown that modification of Pd/Al2O3 and other supported
metal catalysts with alkyl PAs creates Brønsted acid sites on the
catalyst.6,30,31 In the prior work, temperature-programmed
pyridine DRIFTS studies were used to show that the acidity of
the catalyst could be tuned via changing the acidity of the PA
precursor and that use of more acidic PAs improved activity for
reactions such as HDO that are known to occur at the metal-
support interface. However, most of the acidic sites monitored
in those studies were associated with binding to the catalyst
support rather than the metal. Preliminary studies of FA RH
(which occurs on the metal) did not show that use of more
acidic PAs (such as 2-phosphonoethanoic acid) improved RH
rates.30 Future work will investigate the possibility of using
DFT calculations to design metal-bound PAs that form
stronger H-bonds with furanic species, thus enabling stronger
promotion of reactivity.
The combined experimental and computational results of

this work suggest a valuable, relatively unexplored means of
controlling the activity and selectivity of heterogeneous
catalysts. Extensive work has been done on the use of
modifiers to crowd surfaces or introduce catalytically active
sites,6,30,31,57−59 though the approach of introducing and
controlling surface interactions on solid metal catalysts has
received less attention. One recent report, also focusing on the
effects of hydrogen-bonding interactions, found that ligands
containing hydrogen-bonding functionality significantly im-
proved the selectivity and yield in the direct synthesis of
hydrogen peroxide on Pd/C catalysts conducted in the liquid
phase.60 The work reported here suggests that these

phenomena may also be important in gas-phase reaction
chemistries. Furthermore, the proposed H-bonding stabiliza-
tion of particular surface intermediates or transition states can
complement earlier methods that have focused on the use of
monolayer tail groups for engineering specific interactions such
as π−π stacking or acid−base interactions.21,28 In other words,
both the binding/head group and the tail group of the ligands
can be designed to tune catalytic performance. In fact, previous
work with surface modifiers such as cinchonidine has indicated
that hydrogen-bonding interactions between the modifiers and
prochiral reactants can be the basis of enantioselective
catalysis.61,62 While the ligands used here contained monofunc-
tional tail groups, one could envision designing modifiers with
multiple functional groups, further bridging the gap between
highly active heterogeneous catalysts and the highly selective
enzymes found in biological systems.

5. CONCLUSIONS

Pd/Al2O3 (1 wt %) catalysts were modified with different
thiols and PAs to determine the effect of surface ligands on the
RH of furanic species. Thiol SAMs were found to suppress the
rate of RH for both FA and 2MF reactants, with the more
densely packed C18SH ligand having a much stronger effect
than the more sparsely packed AT. The degree of suppression
was consistent with a reduction in active sites due to site-
blocking by thiols, as indicated by the effect of these ligands on
H2/D2 exchange rates. PA modifiers were found to enhance
the rate of RH when FA was used as the reactant, with a higher
PA coverage providing greater enhancement. DFT calculations
showed that PAs formed hydrogen-bonding interactions with
FA on the surface, preferentially stabilizing both FA and the
hydrogenation product THFA compared to 2MF, based on the
presence of a pendant OH group in FA. Overall, the results
reported here show that PAs can be used to promote
hydrogenation on Pd catalyst surfaces and that hydrogen-
bonding interactions imparted by these modifiers can be used
to control surface reactivity.
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