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Support modification by phosphonic acid ligands
controls ethylene hydroformylation on single-
atom rhodium sites
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To investigate the ability of surface-bound ligands to control activity toward ethylene hydroformylation, we
modified site-isolated Rh;/TiO, with a series of substituted benzyl phosphonic acids. We found that
modification of the support by phosphonic acids reduced break-in times for hydroformylation by 4x and
increased absolute hydroformylation activity by up to 18x compared to unmodified catalyst at 150 °C. All
functionalized catalysts improved hydroformylation activity by at least 9x and improved selectivity by
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between 7x and 60x relative to the unmodified catalyst. Carbon monoxide probe-molecule spectroscopy
indicated that the enhancements in activity among modified samples were due to changes in the local
environment of the active Rh site. Specifically, the bite angle of adsorbed carbon monoxide, as determined

DOI: 10.1039/d5cy00684h
from infrared spectra, correlated with hydroformylation activity. These findings demonstrate that Rh; active
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1. Introduction

Atomically disperse catalysts, or single-atom catalysts (SACs),
have gained interest due to their efficient use of precious
metals and ability to facilitate reactions otherwise unfeasible
on metal nanoparticles, such as rhodium SACs for
hydroformylation."  Efforts to improve heterogenous
hydroformylation have focused primarily on the choice of
metal oxide support. For example, isolated rhodium on tin
oxide shows high selectivity and turnover frequency towards
hydroformylation; however, this catalyst has a narrow
operating range due to excess oxygen vacancy formation at
elevated temperatures, limiting coordination accessibility of
Rh centers.” Other methods to control active sites involve
complicated synthesis methods, limiting their scalability; an
example is the introduction of ReO, pair-sites.® Further work
has explored isolation of rhodium sites within zeolites
through Rh-Zn or Rh-Co complexes.*

An intriguing aspect of SACs is the opportunity to make
direct connections to design approaches typically employed
for soluble organometallic catalysts. In particular,
organometallic rhodium complexes have been extensively
studied for hydroformylation, enabling precise control of the
active site.’” For example, the introduction of electron
withdrawing/donating groups to diphosphine-rhodium
complexes results in higher hydroformylation activity for
electron deficient phosphines.® Another example is the
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sites are highly sensitive to modification of the support with organic ligands.

introduction of aromatic ligands to introduce medium-range
n-CH interactions with the substrate — promoting a desired
transition state for branched/linear aldehyde products.”®

Inspired by molecular catalysis, one potential opportunity
is to use organic surface modifiers, such as phosphonic acids
(PAs), to modify the near-site environment of SACs. Work by
Zakem et al. demonstrated that functionalization by either
alkyl and fluoroalkyl phosphonic acids promotes
hydroformylation, with higher PA coverages correlating to
higher rates.” This work suggested that phosphonic acids
impacted the activation entropy of hydroformylation, while
the apparent activation enthalpy was not strongly affected. It
is currently unknown whether it is possible to engineer near-
surface, specific chemical interactions with organic ligands
that enthalpically stabilize transition states.

Phosphonic acids have previously been used to modify the
metal oxide surface'®™* of supported metal nanoparticle
catalysts, and to provide interfacial sites at the metal-metal
oxide interface for catalytic activity.'® Recent work has
demonstrated the importance of functional group placement
near isolated rhodium sites,"* indicating potential for strong
non-covalent interactions between the tail group, adsorbed
species, and active sites. Benzyl phosphonic acids,
specifically, were shown to modulate the activity of titania for
dehydrogenation/dehydration of alcohols, with rates for
dehydration being strongly correlated to the PA dipole
moment.'" For single atom Rh catalysts deposited on TiO,,
we expected similarly strong effects due to the close contact
of the rhodium with the modified support. Therefore, here,
we investigated the impact of functionalized benzyl
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phosphonic acids on the adsorption of CO and the
hydroformylation of ethylene. We considered two hypotheses
regarding potential mechanisms: (1) modifiers with different
dipole moments may change the electrostatic binding
strength of CO (as measured by Stark tuning effects seen in
FTIR), with hydroformylation rates varying inversely with
binding strength, and/or (2) local confinement at the active
site may direct hydroformylation selectivity due to non-
covalent tail-adsorbate interactions (described by CO bite
angle measurements from FTIR), where more confined active
sites will have limited conformational freedom to perform
hydroformylation.

2. Methods

2.1. Synthesis

2.1.1. Rh/TiO, synthesis. Atomically disperse Rh/TiO,
catalysts were synthesized by previously reported strong
electrostatic adsorption methods.'*"* Sifted, vacuum-dried
titania (US Nano 3838, 5 nm nanopowder, 270 m> g”') was
added to ammonia/water to yield a ratio of ~3 m?® surface
area per mL solution at a pH of 10. The precursor, RhCl;
(Sigma Aldrich, 98%) was dissolved in ammonium hydroxide
(Fisher Scientific, 28-30%) at a concentration of 2 mg mL™"
by sonication overnight. The precursor was then diluted to
an appropriate loading to yield 0.3 wt% Rh/TiO, and added
slowly by a syringe pump at 1.5 mL per hour. The catalyst
was then calcined in synthetic air (20% O,/N,) at 350 °C for
six hours followed by reduction at 100 °C in 20% H,/N, for
two hours. Catalysts were synthesized in batches of 3.6 g and
4 batches were combined and thoroughly mixed for use in
these studies.

2.1.2. Phosphonic acid deposition. Benzyl phosphonic acid
(BnPA) (Thermo Scientific, 97%), 4-trifluoromethyl benzyl
phosphonic acid (4-F;CBnPA) (Manchester Organics, 98%),
2,6-difluorobenzyl phosphonic acid (2,6-diFBnPA),
4-fluorobenzyl phosphonic acid (4-FBnPA) (Aurum Pharmatech,
98%), and 4-methoxy benzyl phosphonic acid (4-MeOBnPA) were
used as received and deposited by a simple bulk deposition
method as previously reported."" 4-MeOBnPA and 2,6-diFBnPA
were provided by the Marder research group, with their
syntheses reported elsewhere.'® Phosphonic acids were dissolved
at 10 mM in tetrahydrofuran, in a volume corresponding to a
3-fold excess of the expected monolayer surface density of ~3
nm 2> The Rh/TiO, catalyst was then added, stirring
overnight for approximately 16 hours for self-assembly to occur.
Catalysts were then centrifuged, decanted, and annealed at 120
°C to form covalent attachments to the oxide surface by
condensation of the phosphonate head group with surface
hydroxyls. Annealed samples were then thoroughly rinsed with
tetrahydrofuran to remove excess ligands.

2.2. Material characterization

2.2.1. FTIR studies. Deposition of phosphonic acids was
confirmed by diffuse reflectance infrared Fourier transform
spectroscopy (DRIFTS). Spectra were recorded using a
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Thermo Fisher Scientific Nicolet 6700 with a Harrick Praying
Mantis. A mirror background was collected over 64 scans,
with a resolution of 4 ecm™". This was followed immediately
by sample spectra collected over 16 scans at the same
resolution.

Carbon monoxide probe molecule DRIFTS (CO-DRIFTS)
was conducted in a closed, high-temperature cell attachment
(Harrick). Samples were reduced in situ at 100 °C for 1 hour
in 20% H,/Ar at a flow rate of 50 sccm, followed by purging
at 200 scem Ar for 30 minutes. Background spectra were
collected under 200 sccm Ar at 30 °C, followed by dosing in
10% CO/He at 30 sccm for 30 minutes and subsequent
purging in Ar at 200 sccm for 30 minutes. A series of scans
were collected during dosing and purging cycles to confirm
equilibrium was reached.

2.2.2. X-ray photoelectron spectroscopy (XPS). Relative
loadings of phosphonic acids were confirmed using XPS,
using the ratio of phosphorous to titanium. XPS was
performed using a Kratos AxisSupra+ XPS system with an Al
Ko, X-ray source. Elemental analysis was done using CasaXPS
software. Charge correction was done by shifting C 1s peak
locations to 285.0 eV and peak fitting done with a Tougaard
background for survey scans and Shirley background for
component scans.

2.3. Reaction measurements

Hydroformylation activity was assessed in a stainless-steel,
pressurized, gas-phase, packed-bed reactor system connected
to a purge-packed Agilent 8890 GC-TCD-FID with a Hayesep
D column (1/8" x 6'). All catalysts were weighed and diluted
at a 1:5 ratio of catalyst:sand to ensure adequate heat
transfer. Acid purified, quartz sand was used for dilution
as-received (84878 Sigma-Aldrich, 40-150 mesh). Catalysts
were reduced in 1:1:19 H,:CO:He at 21 sccm at 7.5 bar
and 150 °C for 2 hours, then the makeup exchanged to
1:1:1:18 H,:CO:C,H,:He, maintaining 150 °C and 7.5
bar, to begin reaction measurements. The reactor outlet
was sampled by the on-line GC-TCD-FID to quantify
product formation rates. Turnover frequencies were
calculated based on the total Rh loading on the catalyst,
adjusted for the mass of deposited phosphonic acid.

3. Results

3.1. Phosphonic acid modification of Rh/TiO, confirmed
spectroscopically

The 0.3 wt% Rh/TiO, catalysts were prepared as described
above and modified with a series of benzyl phosphonic acids
including: BnPA, 4-F;CBnPA, 2,6-diFBnPA, 4-FBnPA, and
4-MeOBnPA (Shown in Scheme 1). Ligand deposition was
confirmed by the identification of specific features in
DRIFTS. The expected C-H stretching modes were observed
for all modified catalysts in the 2800-3100 cm ' range,
attributed to the methylene spacer (2920-2980 cm™') and
C-H ring stretches (3000-3100 ¢cm ™). All phosphonic acids
exhibited C-C stretches for the aromatic ring in the 1500

This journal is © The Royal Society of Chemistry 2025
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Scheme 1 Ligands used in this study, from left to right: 4-trifluoromethyl benzyl phosphonic acid (4-FsCBnPA), 4-fluorobenzyl phosphonic acid
(4-FBnPA), benzyl phosphonic acid (BnPA), 2,6-difluorobenzyl phosphonic acid (2,6-diFBnPA), and 4-methoxy benzyl phosphonic acid

(4-MeOBNPA).

em ™ range."" Spectra and specific peak assignments are
shown in the SI (Fig. S1, Table S1).

XPS was used to compare relative loadings of phosphonic
acids deposited on Rh/TiO, catalyst. Ratios of phosphorous
to titanium peak areas are shown in Fig. S2. Similar surface
loadings of phosphorous were observed across the studied
phosphonic acids, limiting activity impacts due to coverage
differences, which have previously been reported to be
important.” No significant shifts in binding energy were
observed between samples for P 2p and Ti 2p regions. Signal
intensities for Rh were too low to enable analysis of oxidation
state or loading by XPS. Further XPS analysis and spectra are
shown in Fig. S3-S5 and Table S2.

3.2. Characterization of single-atom sites by CO-probe
infrared spectroscopy

Catalysts were characterized with CO DRIFTS to verify that
the single atom character of the catalysts was maintained
after functionalization with PAs. Symmetric and asymmetric
stretching peaks for adsorbed CO appearing at approximately
2090 cm ™' and 2020 cm™ ' have been reported as unique to
the symmetric and asymmetric gem-dicarbonyl modes,
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Fig. 1
spectra plotted against the free phosphonic acid dipole.
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respectively, of isolated rhodium sites.">"’™'° This is

consistent with previous studies confirming primarily single-
atom sites, using the same synthesis method, using CO
DRIFTS and a variety of characterization techniques
including X-ray absorption spectroscopy and high-resolution
electron microscopy.®'**® The absence of peaks associated
with CO adsorption on Rh clusters in either a linear mode at
2060 cm™' or a bridge-bound mode at 1900 cm™" indicated
the absence of Rh-Rh sites (nanoparticles) at the DRIFTS
detection limit. The raw spectra are shown in Fig. 1a.
Notably, all modified catalysts showed 85-95% reduction in
CO stretching intensity when compared to the unmodified
catalyst. This is consistent with adsorption site perturbation
by phosphonic acid binding observed by Zakem et al., where
less than 10% site accessibility was reported by CO pulse
chemisorption at a monolayer of n-octyl phosphonic acid.’
Analysis of the adsorbed CO spectra across the different
catalysts revealed a correlation between peak frequency and
the estimated dipole moment of the SAM modifier. Fig. 1b
shows the peak positions of the di-carbonyl doublet plotted
against the dipole of the free phosphonic acid. The dipole
sign convention is that positive is towards the phosphonic
acid group (ie., toward the surface) while negative is away.

(b)
2105 12030 €
o T P e CJ
= {Unmodified | =
Py [9)
< 21001 12025 §
3 >
g * o
(L 2095 12020 =
o n o
c TR R A — £
Sononl o ] S
£2090 . a 12015 §
» " »
22085 12010 £
£ . £
E 208012005 &
%) 2 -10 1 2 3 £

Free Phosphonic Acid Dipole (D)

(a) DRIFT spectra for adsorbed CO on unmodified 0.3 wt% Rh/TiO, and PA-coated 0.3 wt% Rh/TiO,. (b) CO stretching frequency for left
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Table 1 CO bite angle for modified Rh/TiO, catalysts, labeled by
modifier

Modifier CO bite angle, 2« (°)
BnPA 99.5 £ 0.7
2,6-diFBnPA 101.4 + 0.8
4-FBnPA 101.7 + 0.8
4-F;CBnPA 102.0 + 0.8
4-MeOBnPA 103.6 + 0.8
Unmodified 105.4 + 0.8

Due to the symmetry of the substituted benzyl phosphonic
acids, the absolute dipole was used, avoiding the need to
make assumptions about phosphonic acid orientation to
determine the surface-normal component. The dipole values
used were previously reported from Bader charge analysis,""
with  dipole estimates interpolated from reported
substituted benzene dipole moments for 4-MeOBnPA and
4-F;CBnPA (ref. 21) using the methodology reported in the
SI (Fig. S6). This indicates that the CO stretching frequency
is correlated with the molecular dipole moment. CO
stretching frequency is often correlated to CO binding
strength, where decreased stretching frequency indicates
more strongly bound CO.?

These tuning effects are expected to be limited to
electrostatic interactions of the tail with the adsorbate, due
to the insulative methylene spacer on the substituted benzyl
phosphonic acids. By Bader charge analysis, this spacer was
shown to limit the changes to the phosphonate head group
in the bound and free state."* This would limit the through-
support and direct Rh-O-P interactions that vary between
modifiers.

Beyond Stark tuning effects, CO-DRIFTS also provides
information about the local geometry of the active site,
described by the bite angle (2a) of bound CO on isolated
rhodium sites. This was calculated using the ratio of
asymmetric and symmetric stretching peak areas, as shown
in eqn (1).>

Uncoated
——MeOBNnPA

-
N
h

Ethane TOF (min™)
o

0 5 10 15 20 25
Time (hours)
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Calculated bite angle values are compiled in Table 1.
Notably, the bite angle for the unmodified surface is the
highest, and the various PA coatings decrease the bite angle
to different extents. A larger bite angle can be interpreted
as a proxy for a less confined active site, enabling greater
mobility and flexibility of adsorbed species. The bite angles
for the functionalized catalysts are somewhat higher than
those reported for hydroformylation-active Rh/ZnO catalysts
(94-96°)." The difference in bite angle compared to Rh/ZnO
may be attributed to the use of titania as a support.

3.3. Influence of support modification on ethylene
hydroformylation and hydrogenation

Prepared catalysts were tested under hydroformylation
conditions, as described above. Ethylene and propanal were
the only products detected under these conditions.
Hydroformylation and hydrogenation activities were
calculated as turnover frequency based on the total Rh
loading. Note that this may underreport the true turnover
frequency since not all sites may be accessible, especially for
PA-modified  catalysts.  Representative  time-on-stream
activities are shown in Fig. 2.

For ethylene hydrogenation (Fig. 2a), the uncoated catalyst
showed deactivation throughout the course of the
experiment, though the rate of deactivation was highest
initially. In contrast, all PA-modified catalysts showed an
activation period over the initial ~5 hours, which was
followed by a gradual loss in activity between hours 5 and 20.
Following the initial, rapid changes in activity with time on
stream, the coated and uncoated catalysts appeared to lose
ethane formation activity at similarly low rates. For example,
4-MeOBnPA modified catalyst lost ~7% activity between
hours 10 and 20 on stream while unmodified lost ~15%.
Deactivation towards ethane has been reported previously for

(b)
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Fig. 2 Time-on-stream plots for 4-MeOBNnPA modified and uncoated Rh/TiO, catalysts under hydroformylation conditions. (a) Ethane production

rate, (b) propanal production rate.
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isolated Rh on Al,O; due to the accumulation of aldehydes
strongly adsorbed to the surface.” This is expected to be
similar for anatase titania supports, due to accumulation of
aldehydes on the surface during the break-in period and
formation of condensation products or coking,> where
modified catalysts inhibit coking effects and product
adsorption.

The time-on-stream behavior for hydroformylation showed
different trends, with an increase in activity over time for
both the uncoated and coated catalysts. The dynamics
differed for coated versus uncoated catalysts. As shown in
Fig. 2b, the uncoated catalyst exhibited a slower rise in
hydroformylation activity. This is due to the previously
mentioned adsorption of products to the metal oxide surface,
where apparent turnover frequency is obscured until the
metal oxide is fully coked.” The shorter break-in time
required for modified catalysts is consistent with the need
for the catalyst to activate by desorbing bound CO and
adsorb ethylene to enter the hydroformylation cycle, shown
in Scheme 2. This has been reported previously in
homogenous systems through FTIR studies.>® All modified
catalysts showed similar break in times, shown in Fig. S7.

Notably, all modified catalysts showed hydroformylation
rates that were approximately an order of magnitude higher
than on the uncoated catalyst, shown in Fig. 2b. In contrast,
while ethane formation rates showed different behavior as a
function of time on stream, the apparent rates were on the
same scale at all times investigated. This indicates, as
reported previously, that PA coatings selectively promote
hydroformylation, likely through their effect on CO
adsorption and reactivity.’

We next sought to evaluate possible descriptors for
hydroformylation rates on the differently functionalized

View Article Online
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catalysts. Reaction rates were quantified for the various
coated catalysts by using the average from three GC
injections collected after 4 hours on stream. We found that
this approach led to measured rates that varied by <5%
across the injections. Moreover, given the similar time on
stream behavior of the various PA-functionalized catalysts,
trends in rate across catalysts were largely insensitive to other
means of computing rates, such as computing them at
different times on stream. Measured turnover frequencies
and propanal selectivity are summarized in Table S3.

We first tested the CO symmetric stretching frequency (as
measured during CO DRIFTS, Fig. 1) as a parameter
predicting hydroformylation activity, hypothesizing that
activity may be governed by the strength of the Rh-CO
interaction. Ethylene hydrogenation and hydroformylation
rates, plotted against the symmetric stretching frequency, are
shown in Fig. 3. The ethylene hydrogenation activity showed
a weak correlation with the position of the CO stretching
frequency. However, hydroformylation rates did not show a
clear trend with CO stretching frequency, suggesting that it is
not an effective descriptor for catalyst performance. This
shows that the aldehyde production rate does not correlate
solely to electronic changes impacting CO binding strength,
as expected by Stark tuning effects observed in CO-DRIFTS,
and reported previously for Rh-ReO, catalysts.’

Phosphonic acids are known to deposit and covalently
attach primarily to metal oxides of supported catalysts;
however, the isolated rhodium sites in this case are likely to
be obstructed as well, as noted earlier on CO DRIFTS peak
intensities. Without quantitative analysis of the available
sites after deposition, it is hard to differentiate changes in
rate due to site blocking/deactivation. To mitigate this issue,
the facile hydrogenation of ethylene to ethane was used as a
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Scheme 2 Adapted ethylene hydroformylation mechanism for isolated rhodium on metal oxide. O* represent oxygen from the support. Most

steps are considered reversible, but shown here as unidirectional for clarity.
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proxy for site availability. Then, the ratio of propanal and
ethane formation rates was calculated and plotted against
the stretching frequency in Fig. 3c. This provides a direct
measure of the selectivity for hydroformylation compared to
hydrogenation, which may be a better indicator of activity on
a per-available-site basis. Similar to absolute activities, there
is no clear correlation between the relative hydroformylation
rate and the CO stretching frequency. Again, this shows that
the nature of bound CO is not directly related to
hydroformylation activity.

Site geometry differences related to adsorbate-tail
interactions or local confinement may be important in
controlling activity."* To further describe the impact of steric
changes to the hydroformylation activity, the bite angle of
bound CO can be used. In Fig. 4, the relative rate of propanal
formation is plotted against the bite angle determined from
CO-DRIFTS at 30 °C. This figure shows a strong correlation
for modified catalysts, where the relative rate increases with
bite angle. Note that the bite angle correlation does not
extend to the uncoated catalyst, which is perhaps not
surprising given the more drastic change in surface
environment around the Rh center when comparing
modified and unmodified materials. The PA-coated catalysts
were all modified by a monolayer of (substituted) benzyl-
terminated ligands, hypothetically producing relatively
uniform active site environments that are subtly perturbed by
the substitution of the benzyl ligand, whereas the active site
without modification would be expected to lack similar steric
and Rh-O-P interactions." Ellis et al made similar
observations that structure-activity relations developed for
closely related SAM-modified catalysts could not readily be
extended to different surface environments, such as SAMs
that generated different surface coverages, or to uncoated
materials.""

We also tested catalyst performance at higher
temperatures. We found that samples exposed to
hydroformylation conditions at temperatures greater than
160 °C showed rapid deactivation towards hydroformylation,

5496 | Catal Sci. Technol, 2025, 15, 5491-5499

indicating sintering. This was confirmed by post-reaction CO-
DRIFTS, shown in Fig. S8. While previous work demonstrates
that phosphonic acid monolayers can reduce sintering by
restricting surface mobility,"> hydroformylation conditions
are notably harsher due to increased partial pressure of CO
and H,, resulting in significant sintering even at moderate
temperatures.”

4. Discussion

Modification of the Rh/TiO, catalysts with various PAs
appeared to affect their surface chemistry in several ways. For
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Fig. 4 Relative rate of propanal formation to ethane formation plotted
against the bite angle of bound carbon monoxide calculated from CO-
DRIFTS. Hollow and filled squares represent initial and final activity for
the unmodified catalyst, respectively.
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example, a clear shift in the gem-dicarbonyl CO stretching
frequencies correlated with the dipole was observed (Fig. 1).
This may be indicative of electron deficiency in the isolated
Rh site and decreased binding strength of CO for modifiers
with strong negative dipole moments.” This trend in
stretching frequencies is also generally consistent with Stark
tuning slopes observed in electrochemical systems, where the
dipole of the phosphonic acid is inducing a near-surface
electric field.>® The scaling of the shift is on the same order
of magnitude of observed CO Stark tuning observed on
platinum, but estimations of the imposed field are highly
dependent on the distance between the ligand and the active
site. For example, simulations and experiments on Pt(111)
have observed a Stark tuning a rate ~43 cm™* (VA™*)™, where
estimations for this system are on the order of 50 ecm™* (V
Ay at a distance of 1.5 A between active site and dipole.
Further discussion of field estimations can be found in the
SI. Thus, generally speaking, catalyst modification with PAs
having different dipole moments could offer the opportunity
to control surface chemistry of polar surface intermediates.
However, as discussed above, this type of Stark tuning effect
did not appear to be primarily responsible for the changes in
hydroformylation rate.

The clear difference in absolute activity across all
modified catalysts indicates a change in the active site after
the introduction of phosphonic acids, such as an electronic
effect due to the presence of the phosphonate head group on
the surface. Work with rhodium-phosphonate-phosphane
complexes for carbonylation demonstrated that the presence
of weakly coordinating P—O can promote the formation of
free coordination sites.*® This would accelerate the catalytic
cycle, as presented in the formation of species 1 in Scheme 2,
a modified scheme for hydroformylation adapted from
Farpén et al., following the Heck-Breslow mechanism.>?” It
has also been shown through XANES that phosphonic acids
can create more cationic Rh sites by withdrawing electrons,"*
which would be similarly affecting the active site across
modifiers here.

We found that the bite angle of adsorbed CO correlated
relatively well with hydroformylation rates (Fig. 4). The
increased hydroformylation rate with increasing bite angles
estimated from infrared data measured by Zakem et al,
where an increase of bite angle by ~3° (determined by
graphical analysis of reported CO-DRIFTS spectra for Rh/
Al,O; catalyst modified with 1H,1H,2H,2H-perfluoro-octyl and
octyl phosphonic acids) showed a ~30% increased rate of
hydroformylation.® This relative increase in activity is similar
to that observed in Fig. 4b.

The adsorption of CO after hydrometallation is required
for hydroformylation to occur, resulting in a relatively bulky
transition state (species 4 in Scheme 2). This step is directly
related to  hydroformylation  selectivity, as  the
hydrometallated species (3) can be readily reduced to form
ethane - exiting the catalytic cycle before CO insertion. With
increasing bite angle, there may be higher flexibility of the
transition state to adsorb CO after hydrometallation of the
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adsorbed alkene, resulting in higher hydroformylation rates
instead of hydrogenation. Meanwhile, hydrogenation of the
hydrometallated species (3) would likely be unrestricted by
the nearby ligands due to the small size of adsorbing
hydrogen, consistent with the high turnover rates of ethane
regardless of surface modification. This fork in the
hydroformylation pathway has been considered to be the rate
determining  step  for  both  hydrogenation and
hydroformylation.”® This demonstrates how highly local
changes in the binding site can confer changes in selectivity
towards aldehyde products from hydroformylation.

5. Conclusion

In summary, we synthesized an array of modified Rh;/TiO,
catalysts with varying substituted benzyl phosphonic acids
and investigated these under ethylene hydroformylation
conditions. =~ We  observed great enhancement in
hydroformylation activity for all surface modified catalysts,
with activity dependent on the nature of the modifying
ligand. Here, we showed that although CO binding strength
(described by FTIR) could be systematically varied by
selection of phosphonic acids with different dipole moments,
observed for less confined systems, changes in adsorbed CO
stretching frequency were not sufficient to explain the
differences in activity for phosphonic acid modified catalysts.
We found that the bite angle of the gem-dicarbonyl species
correlated well to hydroformylation rates on modified
catalysts, consistent with different ligands providing different
degrees of conformational freedom required for
hydroformylation over isolated Rh sites. This work has
demonstrated the utility of phosphonic acids for changing
the active site of isolated rhodium catalysts for
hydroformylation. This emphasizes the importance of active
site geometry, independent of measurable bulk surface
coverages or ligand dipoles.
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