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Abstract

The effect of catalyst hydrophobicity on the kinetics of hydrogenation of aqueous phenol
was investigated. The hydrophobicity of a Pd/SBA-15 catalyst was altered by incorporating
biphenylene linkers into the framework of an ordered mesoporous silica. Partitioning of phenol
between the aqueous solution and the pores favors the hydrophobic catalyst by an order of
magnitude at room temperature, relative to the hydrophilic catalyst. The rate of hydrogenation at
75 °C is higher in the hydrophobic catalyst, as is the selectivity for the partial hydrogenation
product, cyclohexanone. Analysis of kinetic profiles measured using operando *C NMR reveals
that the hydrophobic catalyst has a larger apparent adsorption constant for phenol, which results
in higher phenol surface coverage and, consequently, faster and more selective hydrogenation to
cyclohexanone.
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1. Introduction

The catalytic hydrogenation of phenol has been extensively studied, in part due to its
industrial importance: cyclohexanone and cyclohexanol are used to produce caprolactam (the
monomer used to make nylon 6) and adipic acid (one of the monomers used to make nylon 66),
respectively [1, 2]. The conventional route to phenol starts with the alkylation of benzene with
propene, followed by cumene oxidation to phenol and acetone [1, 3]. However, phenol can also be



obtained from alternative carbon sources such as lignin [4, 5]. The prospect of renewable phenol
has further increased interest in its selective hydrogenation, because cyclohexanone is potentially
useful in the production of biofuels [6—10].

The catalytic reaction has also been explored due to its kinetic complexity. The rate and
selectivity in phenol hydrogenation depend on several factors, including the identity of the metal
catalyst, the choice of solvent, and the hydrogen source [11]. Pd-based catalysts are known to be
especially selective for cyclohexanone, with some studies reporting yields over 90 % at high
phenol conversions (above 85 %) [12—16]. The influence of catalyst hydrophobicity on phenol
hydrogenation is of current interest. One study reported higher cyclohexanone selectivity for
hydrophilic Pd/C compared to hydrophobic Pd/C [12]. Similarly, phenol hydrogenation was
reported to be faster and cyclohexanone selectivity higher for a hydrophilic Pd/Al,O3 catalyst
compared to a hydrophobic Pd/C catalyst [13]. The effect was attributed to the difference in
cyclohexanone hydrogenation rates [12], however, adsorption constants and rate constants were
not separately quantified. Molecular dynamics simulations predicted that hydrophilic supports
increase the local concentration of phenol near the Pd active sites, thereby promoting phenol
adsorption onto Pd [17]. In contrast, our recent study showed much higher adsorption of phenol
(ca. 10x) from water onto a hydrophobic biphenylene-bridged periodic mesoporous organosilica
(PMO), compared to a hydrophilic inorganic SBA-15 silica with a similar hydroxyl density and
B.E.T. surface area [18]. This apparent contradiction inspired us to investigate further to
understand how surface hydrophobicity influences phenol adsorption and selective hydrogenation
to cyclohexanone.

In this study, the effects of support hydrophobicity on Pd-catalyzed phenol hydrogenation
activity and selectivity were explored, while minimizing differences in other catalyst variables.
Two periodic mesoporous SBA-15-type materials were synthesized with similar surface areas,
pore sizes, and surface hydroxyl contents, but different surface hydrophobicities. The hydrophilic
silica support, designated T, was synthesized by templated condensation of tetracthylorthosilicate
(TEOS, Si(OEt)4). The hydrophobic silica support, designated BP, was synthesized by templated
condensation of a biphenylene-bridged disilane, (EtO);SiCsHs-CsH4-Si(OEt)3. The biphenylene
linkers incorporated into the SBA-15 framework can act as entropy hotspots for solute adsorption
[18]. Each support was modified with Pd nanoparticles to obtain catalysts with similar metal
loadings but different hydrophobicities.

Operando 3C MAS-NMR can provide high quality kinetic data for organic reactions
catalyzed by solid catalysts. Signals for individual reacting molecules are readily and
quantitatively detected in real time, especially when enhanced by selective 1*C enrichment, without
perturbing the system by sampling. This technique has been used to obtain high-quality kinetic
information for reactions at moderately elevated temperatures and pressures, including
cyclohexanol dehydration [19], glucose isomerization [20], and benzyl phenyl ether
hydrogenolysis [21]. MAS NMR rotors can be considered to be well-mixed, isothermal batch
reactors. The use of selectively '*C-labeled phenol (Scheme 1) facilitates the fast acquisition of
spectral arrays and the extraction of kinetic profiles. The performance of two catalysts with the
same Pd loading and dispersion but very different water affinities (hydrophilic Pd-T and



hydrophobic Pd-BP) was investigated in aqueous phenol hydrogenation by extracting and
analyzing kinetic profiles to obtain adsorption and rate constants for each catalyst.

Scheme 1. Pd-catalyzed hydrogenation of phenol-1-!*C, showing the locations of the isotopic label
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2. Materials and Methods
2.1. Chemicals

Tetraethylorthosilicate (98%), 4,4'-bis(triethoxysilyl)-1,1"-biphenyl (95%), Pd(Il) acetate,
and acetonitrile (>99.8%) were purchased from Sigma Aldrich. '3C-labeled phenol (1-!3C, 99 %
isotopic enrichment) was obtained from Cambridge Isotope Laboratories. Hz (both 5 % in N2, and
10 % in Ar), H, (UHP), and He (UHP) were purchased from Airgas. All chemicals were used as-
received.

2.2. Catalyst Preparation

The periodic mesoporous silicas T and BP were prepared by templated condensation of
Si(OEt)4 (TEOS) and (EtO)3SiCsHs-CeHs-Si(OEt)3, respectively, following previously described
procedures [18]. Each silica (250 mg) was used to prepare a supported catalyst (Pd-T and Pd-BP)
by modification with Pd(OAc): (5.3 mg in acetonitrile) using the incipient wetness method. Each
catalyst was dried at 80 °C in air for 3 h to remove the solvent, then heated in air at 1 °C/min to
300 °C and held at that temperature for 2 h to remove the ligands. Finally, the catalysts were
reduced at 200 °C in flowing Haz (5 % in N2). They were stored in a N»-filled glovebox until further
use. The Pd loading, measured by inductively coupled plasma (ICP) atomic emission spectroscopy,
was 0.95 wt%.

2.2. Catalyst Characterization

The hydrophobicity of each material was characterized previously [18, 22]. The relative
surface polarity of each dry material was estimated from the fluorescence spectrum of adsorbed
Prodan, recorded using a Horiba FluoroMax 4 spectrometer. The values of Amax are 509
(corresponding to a polarity slightly higher than methanol) and 473 nm (corresponding to a polarity
similar to 1-octanol) for Pd-T and Pd-BP, respectively, confirming a less polar (and therefore more
hydrophobic) environment for the Pd-BP surface [18].

The hydroxyl density of each catalyst support was measured by a stoichiometric reaction
with VOCl;, following a previously described procedure [18, 23]. First, physisorbed water was
removed by evacuation at 170 °C and 10 Torr for 7 h. The dried silica (30 mg) was then treated
with excess VOCI3 vapor for 0.5 h. Chemisorbed vanadium was extracted with a solution (0.5 mL)



of HoSO4 (1 M) and H>0: (0.26 M). The absorbance of the soluble peroxovanadium complexes
was measured at 450 nm [23], using a UV-2401 spectrophotometer (Shimadzu). A calibration
curve prepared using ammonium vanadate served to convert absorbance at 450 nm to vanadium
concentration.

Pd dispersion was determined by CO chemisorption on a Micrometrics Autochem ii 2920,
equipped with a TCD detector. One set of catalysts has a dispersion of 52 % (assuming 1 CO/Pd),
corresponding to an average particle diameter of ca. 2 nm (assuming a hemispherical particle
shape). A second set of catalysts has a Pd dispersion of 17 %, corresponding to an average particle
diameter of ca. 5 nm. In all kinetics experiments, the total catalyst loading was adjusted to keep
molpg surface cOnstant, although the amount of support necessarily changed.

B.E.T. surface areas were determined from N2 sorption isotherms on a 3 Flex Micrometrics
porosimeter, assuming an area for the adsorbed N2> molecule of 0.135 nm? [24]. The values for Pd-
T and Pd-BP are 785 and 607 m?*/g, respectively. The B.J.H. method was used to estimate the
average pore diameter, using the adsorption branch of the N2 sorption isotherm. The pore diameters
of Pd-T and Pd-BP are 5.3 and 9.4 nm, respectively. Catalyst properties are summarized in Table
S1.

The amount of phenol adsorbed at room temperature was measured by mixing 20 mg of
support (or catalyst) with an aqueous solution (1.5 mL) containing 50 mM of phenol. The mixture
was agitated for 2 h at 3000 rpm in an IKA Vortex 4 digital mixer, then centrifuged for 5 min at
3000 rpm and decanted to separate the solid. The decanted liquid was analyzed by solution-state
'"H NMR (Varian Unity, 500 MHz).

2.3 Reaction monitoring by operando MAS NMR spectroscopy

Phenol hydrogenation was monitored using operando Magic Angle Spinning (MAS) NMR
spectroscopy on a Bruker Avance NMR spectrometer equipped with a 11.7 T magnet and a MAS
triple resonance probe. A solid-state NMR rotor (i.d. 7.5 mm, volume 0.4 mL, Revolution NMR)
[25] was loaded with 1-13C-phenol (6.0 mg), catalyst (3.8 - 12 mg), and Milli-Q water (120 uL).
The rotor was pressurized with H (50 bar) at room temperature. After heating to 75 °C inside the
probe and establishing a MAS rate of 3 kHz, recording of *C MAS NMR spectra commenced.
The amount of liquid water vaporized was estimated with Aspen Plus V10 (Aspen Technology,
Inc) to be < 1 pL. Consequently, the initial phenol concentration was ca. 530 mM. The relative
concentrations of phenol, cyclohexanone, and cyclohexanol during the reaction were estimated by
integration of all signals in the regions centered near 154, 219, and 69 ppm, respectively.

NMR spectra were deconvoluted in MATLAB with nonlinear least-squares regression
analysis. The spectra were fit with either one or two mixed Gaussian-Lorentzian functions. The
chemical shift of the solution phase species was fixed at the same value for both catalysts. Peak
areas were determined by numerical integration.

2.4 Microkinetic Modelling

A microkinetic model describing the mechanism of phenol hydrogenation was developed,
using a Langmuir-Hinshelwood kinetic expression to model quasi-equilibrated
adsorption/desorption on the active sites, and rate-controlling surface reactions. The change in the



concentration of each reactive species was described as a function of time using ordinary
differential equations (ODESs). The system of ODEs was fitted to the kinetic data using nonlinear
least-squares regression in Python to estimate adsorption constants and rate constants at the
reaction temperature.

3. Results and Discussion
3.1. Qualitative effect of catalyst hydrophobicity on the rate of phenol hydrogenation

Figure 1a shows a typical NMR spectral array recorded during the hydrogenation of
phenol (64 pmol, 530 mM) catalyzed by Pd-T at 75 °C. Kinetic profiles extracted from this array
are shown in Figure 1b. Their shapes and timescales closely resemble those reported using in situ
ATR-IR spectroscopy for aqueous phenol hydrogenation catalyzed by Pt/C at 80 °C [26]. Since
our *C NMR signal intensities were optimized to be quantitative, the relative intensities reflect
the amount of each species present in the bulk solution, the catalyst pore solution, the surface of
the silica support and, in principle, the vapor phase. Under the reaction conditions used here,
phenol is observed only in solution (i.e., in the bulk solution and/or in the pores) and adsorbed on
the pore walls; vaporization is negligible. Phenol adsorbed on the Pd nanoparticles was not
detected; its signal is expected to be strongly perturbed by Knight-shift effects, however, it
represents only a very small fraction (< 0.3 %) of the total phenol present. The total integrated
NMR intensity in a typical experiment varied by less than 10 % over the course of the reaction
(Figure S1), indicating that the mass balance is stable.
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Figure 1. (a) Array of operando *C MAS-NMR spectra, showing the evolution of signals over
250 min for phenol (154 ppm), cyclohexanone (219 ppm), and cyclohexanol (69 ppm). (b) Kinetic
profiles extracted from the array of *C MAS-NMR spectra. The MAS rotor was charged with
phenol-1-13C (64 umol), Pd-T catalyst (3.8 mg, 52 % Pd dispersion, 0.18 pmol surface Pd), water
(120 pL), and H» (50 bar, 900 umol), then heated to 75 °C. The H» pressure increases to ca. 60 bar
at the reaction temperature.

In this experiment, phenol conversion was essentially complete after 90 min. Initially, it
was converted to cyclohexanone in moderate yield (max. 375 mM, 70 % yield after 80 min).
Cyclohexanone hydrogenation was slow initially but accelerated after phenol was completely
converted, suggesting that phenol adsorption on the active sites blocks cyclohexanone adsorption
and reaction. The hydrogenation of cyclohexanone is noticeably slower than the hydrogenation of
phenol.

Under identical reaction conditions, phenol was hydrogenated noticeably faster by the
hydrophobic catalyst (Pd-BP), requiring just 50 min to achieve complete phenol conversion
(Figure 2a). In addition, the shape of the phenol profile changed from the nearly-exponential decay
(i.e., approx. pseudo-first-order) observed for Pd-T to nearly linear (i.e., approx. pseudo-zeroth-
order) for Pd-BP. As well as being more reactive towards phenol, Pd-BP is also more selective
towards cyclohexanone (max. 450 mM, 85 % yield after 50 min, Figure 2b). Subsequent
hydrogenation of cyclohexanone to cyclohexanol is also faster over Pd-BP, and accelerates
abruptly when the phenol is fully converted (Figure 2¢). The same trends (faster rate and higher
cyclohexanone selectivity for the hydrophobic catalyst) were observed with the second batch of
catalysts, having lower Pd dispersion but with the same amount of surface Pd present in the reactor
(Figure S2).
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Figure 2. Comparison of kinetic profiles (points) and global curvefits (lines) for (a) hydrogenation
of phenol, (b) formation and subsequent hydrogenation of cyclohexanone, and (c) formation of
cyclohexanol, catalyzed by either Pd-BP or Pd-T. The MAS rotor was charged with phenol (64
umol), catalyst (3.8 mg, 52 % Pd dispersion, 0.18 umol surface Pd), water (120 puL), and H> (50
bar, 900 pmol), then heated to 75 °C. The pressure increases to ca. 60 bar at the reaction
temperature. The curvefits were obtained using a Langmuir-Hinshelwood microkinetic model (see
text).



3.2. Curvefitting of kinetic profiles

The kinetic profiles were analyzed using a simple microkinetic model. We assume that a
single type of Pd active site (*, of unspecified ensemble size n) is available for adsorption of
organics (displacement of adsorbed water is not described explicitly in the model, but is implied
in the formulation of the active site as *). Phenol (PhOH) and cyclohexanone (CyO) adsorb
reversibly onto the Pd sites with apparent adsorption constants K, eqs 1-2. Note that the adsorption
constants are defined in terms of bulk solution concentrations. A step representing adsorption of
cyclohexanol (CyOH) was initially included as well, but was later discarded when it turned out to
be kinetically insignificant (see below). Since H» is present in large excess (ca. 14 mol/mol phenol),
its concentration can be considered effectively constant and is not included in the site balance.
Irreversible hydrogenation of phenol and cyclohexanone occurs with pseudo-first-order rate
constants k;, eq 3-4 respectively (obviously, these are not elementary reactions).

PhOH + * 5 PhOH* Kpnow (1)
CyO + * 5 CyO* Kcvo (2)
PhOH* + 2 H, — CyO* kphow (3)
CyO* + H, — CyOH + * keyo (4)

A system of coupled ODEs based on this microkinetic model, with four variable parameters
(kpnom, Kenom, kcyo, Kcyo), was refined to each set of three kinetic profiles (see the Supplemental
Information for details). The curvefits are shown superposed on the data in Figure 2. The model
captures all of the major trends well, including the change from near-first-order phenol conversion
for Pd-T to near-zeroth-order phenol conversion for Pd-BP, as well as the abrupt onset of
cyclohexanone hydrogenation once phenol is nearly fully converted, and the acceleration of
cyclohexanol formation and subsequent near-first-order conversion of cyclohexanone to
cyclohexanol.

3.3. Quantitative effect of catalyst hydrophobicity on the kinetics of phenol hydrogenation

The best-fit values for K; and k; obtained from the curvefits in Figure 2 are given in Table
1. The rate constants krron and kcyo are both ca. 40 % higher for Pd-BP than for Pd-T, consistent
with the higher activity observed for the hydrophobic catalyst. Unexpectedly, the latter has
kpnor/kcyo = 1 while the ratio for the hydrophilic catalyst is greater than 1, despite the finding that
the hydrophobic catalyst is more selective to cyclohexanone than the hydrophilic catalyst. This
finding implies that the high cyclohexanone selectivity of Pd-BP originates in differences in
adsorption constants (Kj;), rather than in rate constants (k;).

Table 1. Comparison of fit parameters® (adsorption constants and rate constants)® for aqueous
phenol hydrogenation® catalyzed by Pd dispersed on a hydrophilic vs. hydrophobic support



Fit Parameter Catalyst

Pd-T Pd-BP
Kpnorr (M) 21 (4) 140 (40)
Keyo (M) 4.4 (1.5) 8.5 (3.3)
Kerow/Keyo 4.8 (1.8) 17 (8)
kpror (s™) 0.12(0.01)  0.16 (0.01)
keyo (s™) 0.098 (0.017)  0.16 (0.02)
kenorlkcyo 1.2 (0.2) 1.0 (0.1)

2 Obtained by curvefitting the microkinetic model (see text) to the kinetic profiles in Figure 2, to
obtain least-squares estimates of the model parameter values. Values in parentheses are 95 %
confidence intervals. Details and sample calculations are in the Supplementary Information.

® Adsorption constants do not account for the participation of water. Rate constants are normalized
per mol surface Pd and the liquid volume under reaction conditions.

¢Reaction conditions shown in Figure 2.

Consistent with this hypothesis, while both catalysts have Kpnon/Kcyo > 1, the difference
in K; values is larger for Pd-BP (Table 1). In addition, the Kc,0 values are similar for the two
catalysts, but the value of Kpnow is significantly larger for Pd-BP. This difference in Kpron values
is consistent with the change in shape of the phenol kinetic profiles in Figure 2a (i.e., closer to
linear for Pd-BP, and closer to an exponential decay for Pd-T). Specifically, the larger value of
Kpinon for Pd-BP causes the Langmuir-Hinshelwood rate law in eq 5 (derived in the Supplementary
Information) to approach the pseudo-zeroth-order limiting form in eq 6, while the smaller value of
Kpron for Pd-T approaches the pseudo-first-order limiting form of the rate law in eq 7.

_9Cpnon _ 1 __ NpakphouKphoHCPhoH (5)
dat V (1+KphouCpron+KcyoCcyo)
dCphon 1
— Lepnot o L,k 6
dt v YPaftPhoH (6)
dCphon _ 1
T a ;NPdkPhOHKPhOHCPhOH (7

The limiting form in eq 6 requires the active sites of Pd-BP to be essentially fully occupied
by phenol during the initial phase of the reaction, while eq 7 requires the active site occupancy to
be much lower for Pd-T. The surface coverages Opnon and Oc,0 were calculated using the model
fit parameters in Table 1 and are compared for the two catalysts in Figure 3. At all conversions,
the phenol coverage is larger for Pd-BP than for Pd-T. The difference increases with conversion
throughout the reaction, such that the coverage at 85 % conversion on Pd-BP (6pnor = 0.72) is
approx. double that on Pd-T (fprom = 0.38). At this point in the reaction, the amount of phenol
remaining (ca. 10 pmol) is still much greater than the number of Pd surface sites (ca. 0.2 pmol),
allowing for high coverage regardless of the ensemble requirement for phenol adsorption. As
expected, the active sites of the less selective catalyst (Pd-T) adsorb more cyclohexanone
compared to Pd-BP when phenol is present. However, when phenol is nearly fully consumed, Pd-



BP adsorbs more cyclohexanone, consistent with faster hydrogenation of the intermediate (and the
higher value of kcyo) for the hydrophobic catalyst.
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Figure 3. Fractional occupancy of the Pd, active sites (of unspecified ensemble size n) for Pd-BP
and Pd-T, by phenol and cyclohexanone in water at 75 °C in the presence of ca. 60 bar H>. The
coverage values were calculated using the model fit parameters in Table 1.

As mentioned in section 3.2, the curvefits are insensitive to the inclusion of a cyclohexanol
adsorption constant in the model. In particular, the root-sum squared error (RSSE) did not change
when a K¢,on parameter was added, Table S2. Thus K¢yor is likely much smaller than either Kpron
or Kcyo. This prediction is consistent with adsorption of phenol and cyclohexanone onto Pd being
driven by m-interactions involving the phenol ring, or the cyclohexanone carbonyl group, neither
of which is available to cyclohexanol. The adsorption of phenol on Pd(111) was computed to be
driven by a combination of o/z interactions [27].

3.4 Origin of enhanced activity and selectivity for the hydrophobic catalyst

Since the activity of a porous catalyst can be influenced by the rate of diffusion into the
pores where the active sites are located, the lower activity of Pd-T compared to Pd-BP could in
principle arise due to slower phenol diffusion into and/or through the hydrophilic catalyst pores,
leading to a lower concentration of phenol in the Pd-T pore solution. However, the porosities of
both catalysts are similar (0.24 and 0.20, respectively, Table S1). Their tortuosities are minimal,
since ordered mesoporous SBA-15-type materials have straight and highly uniform pores [28]. In
addition, the average pore diameter of Pd-T (9.4 nm) is larger than that of Pd-BP (5.3 nm, Table
S1), therefore we expect phenol diffusion to be faster (or at least, not to be slower) in the pores of
Pd-T. In fact, both mesopore diameters are much larger than the dimensions of a phenol molecule
(ca. 0.6 nm [29]), making it likely that phenol experiences bulk diffusion in the pores of both
materials [30]. To confirm that the phenol hydrogenation is not influenced by the rate of pore
diffusion, Pd-T was sieved prior to use. Although the larger catalyst particles (425-1000 pum) are
visibly different from the smaller particles (< 60 pm, Figure S3), their kinetic profiles for phenol
consumption were indistinguishable (Figure S4).
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Alternatively, the hydrophobic BP support may increase adsorption of phenol overall,
thereby increasing the phenol coverage of active sites (see below). In our recent study of room
temperature phenol sorption, we reported that the BP organosilica (i.e., without Pd) takes up nearly
10x more phenol from aqueous solutions (initial Cprox = 10 - 70 mM) than the inorganic T silica
[18]. Comparable sorption experiments were conducted with the Pd-containing materials under
the same conditions. They confirm that the presence of Pd has little effect on overall phenol
adsorption (Table S4). Since the pore volumes of the two silicas are similar (Table S1), we assume
the total amount of phenol present in the pore solutions is similar. Consequently, greater phenol
sorption by the hydrophobic material implies more phenol adsorbed on the pore walls.

NMR signals for adsorbed molecules with reduced mobility are broader than for molecules
moving freely in solution. Operando '3*C NMR experiments were therefore conducted to quantify
adsorbed phenol and cyclohexanone under reaction conditions. The catalysts with lower Pd
dispersion were used for this purpose, in order to increase the ratio of support adsorption sites to
Pd adsorption sites (the solid loading in the NMR rotor was adjusted to keep the number of surface
Pd sites constant). For both catalysts, the *C signal for solution-phase phenol appears at 154.0
ppm. At ca. 50 % phenol conversion over Pd-T, this peak is narrow and symmetrical (FWHM =
0.29 Hz) and represents 85 % of the visible phenol, Figure 4a. A broader peak at 154.8 ppm
(FWHM = 0.44 Hz) representing 15 % of phenol present as adsorbed molecules. At the same
conversion over Pd-BP, the phenol signal is broad and unsymmetrical, with a shoulder at 154.3
ppm (FWHM 0.49 Hz, Table 3). This shoulder represents 45 % of the phenol. Since the amount
of adsorbed phenol is ca. 3x higher for Pd-BP than Pd-T (at similar phenol concentrations), Pd-BP
clearly adsorbs significantly more phenol than Pd-T on its pore walls under reaction conditions.
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Figure 4. Operando '>*C MAS-NMR spectra (solid lines) in (a) the phenol region, and (b) the
cyclohexanone region, recorded during phenol hydrogenation catalyzed by Pd-T or Pd-BP. In both
experiments, the phenol conversion was ca. 50 %. Shaded areas and dashed lines show the
deconvolution results; the data are overlayed in the lowest plot. Each MAS rotor was charged with
phenol (64 pmol), catalyst (12 mg, 18 % Pd dispersion, 0.18 umol surface Pd), water (120 pL),
and H; (50 bar, 900 umol), then heated to 75 °C. The pressure increases to ca. 60 bar at the reaction
temperature.

Table 3. Analysis of operando '3C MAS-NMR spectra recorded during phenol hydrogenation?

Phase Catalyst Phenol
§/ppm FWHM/Hz Frac. Area
solution Pd-T 154.0 0.29 0.85
Pd-BP 154.0 0.27 0.55
adsorbed 154.8 0.44 0.15
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Pd-BP 154.3 0.49 0.45

Cyclohexanone
&/ppm FWHM/Hz Frac. Area
solution Pd-T 218.5 0.27 0.43
Pd-BP 218.5 0.31 0.24
adsorbed 218.8 0.44 0.57
Pd-BP 216.0 0.99 0.76

2 Reaction conditions as in Figure 4.

The 3C NMR peak for aqueous cyclohexanone appears at 218.5 ppm, with a linewidth
(FWHM) of ca. 0.30 Hz, Figure 4b. At 50 % phenol conversion in hydrophilic Pd-T, the signal
has a downfield shoulder at 218.8 ppm (FWHM = 0.44 Hz) representing adsorbed cyclohexanone
(57 %). As predicted, the fraction adsorbed on hydrophobic Pd-BP is higher (76 %), and the
FWHM is larger (0.99 Hz). Even more interesting, the peak for adsorbed cyclohexanone is shifted
strongly upfield, to 216.0 ppm. Ketones show similar behavior in less polar solvents [31-33].

The ex situ and operando experiments described above show that adsorption of phenol and
cyclohexanone is strongly enhanced on Pd-BP, relative to Pd-T. The increased driving force may
be enthalpic (stronger interactions with the hydrophobic BP surface compared to the hydrophilic
T surface), or entropic (increased degrees of freedom upon adsorption onto BP relative to T), or
both. Since the surface hydroxyl densities are very similar for both materials (Table S1), a
difference in hydrogen-bonding interactions is not a viable explanation. Phenol and cyclohexanone
may interact with the aromatic framework linkers of the BP support (e.g., n-stacking interactions
in phenol dimers are ~ 4-5 kcal/mol [34]). Entropy may also contribute to the increased driving
force for adsorption on BP. Much slower water dynamics at the water-surface interface for BP
relative to T was interpreted in terms of water molecule ordering around the nanoscale biphenylene
framework linkers [22]. This conclusion was supported by molecular dynamics simulations, which
predicted increased tetrahedral ordering of water near the organosilica surface, relative to the
inorganic silica surface. Adsorption of an organic solute could liberate this ordered water.

Note that these sorption experiments measure total phenol sorption, including phenol
adsorbed on both Pd active sites and the support. In contrast, the kinetically-derived parameters
Kpron and Opror described in the section 3.3 refer only to adsorption on the active sites. However,
increased adsorption on the BP support relative to the T support could promote migration of
adsorbed molecules to the Pd active sites. The “local” concentrations of phenol and cyclohexanone
near the Pd active sites reflects both the concentrations in the pore solution (initially, similar for
both catalysts) and the amounts adsorbed on the pore walls. The higher amounts of adsorbed
phenol and cyclohexanone on the Pd-BP pore walls relative to Pd-T results in higher coverage of
the Pd active sites for Pd-BP (Figure 3) and kinetic behavior that is closer to zeroth-order (Figure
2a).

These findings also explain the enhanced cyclohexanone selectivity of Pd-BP (Figure 2b)
despite the similarity in its rate constants (kpron = kcyo). The operando NMR experiments indicate
that Pd-BP adsorbs 3x more phenol, but only 1.3x more cyclohexanone, relative to Pd-T (Table
3). Therefore, the “local” phenol/cyclohexanone ratio is higher for Pd-BP. Once phenol is fully
converted, Pd-BP hydrogenates cyclohexanone faster than Pd-T (Figure 2b) because the local

13



cyclohexanone concentration near the active sites is higher for Pd-BP than for Pd-T (Table 3).
This explanation assumes that phenol outcompetes cyclohexanone for the active sites even though
both phenol and cyclohexanone adsorb strongly to BP. Indeed, a previous study using density
functional theory calculations predicted a much higher driving force for phenol adsorption on
Pd(111) compared to cyclohexanone [35].

4. Conclusions

In summary, hydrophobic Pd-BP catalyzes phenol hydrogenation faster than hydrophilic
Pd-T when other physicochemical characteristics are controlled. The phenol coverage on the active
sites is higher for Pd-BP, not because of faster phenol diffusion in the catalyst pores, but because
the partitioning of phenol between the aqueous solution and catalyst surface is shifted by the
support hydrophobicity. In other words, the increased support hydrophobicity enhances the local
concentration of reactants near the active sites, increasing the Pd coverage. The Pd active sites in
the hydrophobic BP catalyst are more effectively utilized than in the Pd-T catalyst, where phenol
does not fully saturate the active sites. This higher phenol coverage also makes the hydrophobic
catalyst more selective to cyclohexanone.
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