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Enzymes can precisely control the speed and selectivity of Confined Proton-Electron Transfer

chemical reactions by modifying locally the solvent—reactant interactions. To

extrapolate these attributes to heterogeneous catalysts, we have employed He CH H.C cHs

thermoresponsive poly n-isopropylacrylamide (p-NIPAM) brushes bonded to 7/ :

<
silica spheres containing palladium. These polymers can form hydrogen bonds N
with water molecules at low temperatures (<32 °C) allowing the polymer to stay
swollen. Detailed reaction kinetics of nitrite hydrogenation showed that p- » O
NIPAM decreases the apparent activation barrier by a factor of 3 at low
temperatures. Diffusion-ordered spectroscopy nuclear magnetic resonance and
ab initio molecular dynamics simulations showed that when p-NIPAM is
present, water molecules near the surface are less mobile. This confinement
perturbs the water interaction with the metal, reducing the barrier for the
proton—electron transfer reduction of nitrite. Notably, this enhancement
vanishes at high temperature as the polymer collapses on itself exposing the Pd to unconfined water. The fully reversible nature
of this process opens the door for creating homeostatic catalysts with controlled water-confinement.

proton—electron transfer, solvation effects, poly(N-isopropylacrylamide), temperature responsive catalysts,
homeostatic catalysis, polymer coated catalysts

molecules selectively depending on their solubility in the
polymer matrix.”~” This enabled an unprecedented level of
control over the conversion of molecules based on their
interaction with the stimulus-responsive polymer above and
below the critical solubility threshold.

The first kinetic model of egg-shell nanoreactors with
stimulus-responsive behavior was developed by Carregal-
Romero et al.® for the electron-transfer reaction between
hexacyanoferrate(III) and borohydride ions using Au nano-
particles encapsulated on poly isopropylacrylamide (p-
NIPAM) with different extents of cross-linking. This polymer
has a characteristic lower critical solution temperature limit
(LCST) of 32 °C. That means that at temperatures above the
LCST the solubility of the polymer in water drastically
decreases due to entropic contributions to the Gibbs free
energy of the system. In this case, the system was described
using a pseudo-first-order kinetic model in which the observed
kinetic constant was defined as the result of the coupling of the

Water-catalyst interactions have proven to be critical for
catalytic reactions in aqueous environments. " Enzymes are a
prototypical example of fine manipulation of water-active site
interaction to achieve high activities and selectivity at mild
temperatures. Designing programmable catalysts that can sense
the operating environment and manipulate accordingly the
activity and selectivity of the active site is a major challenge.
Over the past decade, stimulus-responsive polymers that
undergo sharp transitions from swollen to collapse state have
been used to modify the solubility of a catalyst in the reaction
solvent and to change the accessibility of the active site to the
reactants. In the first one, the catalyst is recovered by applying
an external stimulus (e. g., pH, heat, light, or magnetic fields)
that triggers a change in the conformational structure of the
polymer from swollen to deswollen, initiating the flocculation
and precipitation of the catalyst out of the reaction media. This
facilitates the catalyst separation and recycling.” In the second
approach, the mass transfer of molecules toward the active site

is reversibly strained as the polymer collapses onto its globular May 1, 2024
configuration due to the application of the external stimulus.” May 22, 2024
Removal of the external stimuli leads to the polymer swelling, May 22, 2024

allowing the unrestricted diffusion of molecules. Because the June 28, 2024

catalytic activity was regulated by the permeability of the
molecules through the polymer, it was possible to convert
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Figure 1. Synthesis strategy for the growth of p-NIPAM brushes on Pd/SiO, catalysts (a), scanning electron microscopy (SEM) of SiO, spheres
[b(i)], high-resolution transmission electron microscopy (HR-TEM) of Pd/SiO, [c(i)] and Pd/SiO,-p-NIPAM [d(i)] catalysts together with the
particle size distribution of SiO, [b(ii)] and Pd clusters for uncoated [c(ii)] and polymer-coated catalysts [d(ii)]. Dynamic light scattering (DLS)
measurement and schematic diagram of controlled entropy and enthalpy changes at different temperatures (e).

first-order surface reaction kinetics (k,) and mass transport
(kq) through the polymer layer (eq 1) at temperatures below
and above the LCST.

Ko = k7 + kg (1)

This work argued that at low temperatures the activation
barriers measured were those corresponding to the diffusion of
the reactants at infinite dilution in the aqueous media (~10KkJ/
mol). At high temperatures (>32 °C), the polymer density
increases leading to a drop in the porosity and an increase in
tortuosity that lowered the effective diffusion. The authors
explained that the observed higher activation barriers were
caused by the more difficult diffusion process (~30 kJ/mol).
Upon increasing the content of cross-linking in the polymer
gel, the extent of gel shrinkage upon reaching the LCST was
drastically reduced, which in turn lowered the activation
energies previously observed above the LCST. In a subsequent
study, the groups of Ballauff and Dzubiella® reported that the
nature of p-NIPAM-reactant interactions exerted a remarkable
influence on the rate of reactions, allowing hydrophobic
molecules to be converted selectively at high temperatures.
This was attributed to a more favorable partition of the
hydrophobic reactants into the polymer matrix (i.e., lower
Gibbs free energy of transfer from the bulk to the polymer)
above the LCST of p-NIPAM even under constrained porosity
and tortuosity. In this case, the diffusion rate of the limiting
reactant through the polymer layer was derived following the
Debye—Smoluchowski theory.”
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The theory predicts that as the p-NIPAM environment
becomes more hydrophobic above the LCST, the partition of
molecules into the polymer matrix increases exponentially for
the more hydrophobic reactants, while the opposite occurs for
the hydrophilic substrates. This theory has been successfully
employed to describe multicomponent reaction processes
occurring in stimulus-responsive nanoreactors.” The main
drawback of this approach is that the interactions between the
polymer and surface reacting species are neglected when the
system is free of mass transport effects. That is, the kinetics
observed in an uncoated catalyst were assumed to be equal to
those measured in a polymer-containing catalyst in the
solvated state of the polymer (k,). More recent studies have
shown, however, that this simplification leads to important
deviations between theory and experimental observations.”” "'
These results indicate that polymer—reactant interactions are
key for both diffusion and reaction of molecules when catalysts
are functionalized with p-NIPAM polymeric brushes.

The present contribution challenges this model and aims at
studying the interplay of the polymer-solvation effects on the
surface reaction kinetics (k,) in the absence of any mass
transfer limitations (i.e., kg > k). We developed a Pd-
containing catalyst supported on pore-less SiO, spheres of ca.
500 nm that contained p-NIPAM brushes grown from the
surface hydroxyl groups using atom transfer radical polymer-
ization (ATRP). In these catalysts, all Pd atoms are readily
available for reaction, and no internal mass transport
limitations are expected, as there are no pores. In addition,
we employed high mixing rates (500 rpm) to ensure

https://doi.org/10.1021/jacsau.4c00389
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Table 1. Characterization Data of Parent Catalyst (Pd/SiO,), Polymer-Coated Catalyst (Pd/SiO,-p-NIPAM), and Support

Material (SiO,)

sample SEM XRF CO-chemisorption TEM N, physisorption
Pd
particle size  Pd loading mean Pd particle dispersion  specific surface area  theoretical specific surface
(nm) (wt %) Pd dispersion (%) size (nm) (%) (m*/g) area sz/g)
Si0, 500 7.5 6.4
Pd/SiO, 500 0.17 58.5 2.1 52.0 7.9 6.7
Pd/SiO,-p-NIPAM 500 0.15 19.9 1.9 57.5 9.2
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Figure 2. Inverse laplace transform analysis of demonstrative 1H water DOSY NMR data for the particle slurries above and below the LCST. (a)
Pictorial representation of the data obtained during a DOSY NMR measurement and subsequent analysis; contribution and diffusion coefficient of
the two catalysts at 25 and 40 °C (b) Pd/SiO,, (c) Pd/SiO,-p-NIPAM, alongside a representative image of their states.

instantaneous equilibration of gaseous reactants in the aqueous
slurry of the catalyst, thus eliminating gas—liquid and liquid—
solid transport limitations. As proxy of the activity of the metal
in the presence of polymers, we studied the hydrogenation of
nitrite (NO,”) on Pd/SiO, with and without p-NIPAM
brushes. By combining rigorous kinetic measurements,
transition state theory treatments, ab initio molecular dynamics
(AIMD) simulations, and electrostatics, we have demonstrated
that stimulus-responsive polymers can induce solvation effects
that alter the apparent reaction barriers for the nitrite
hydrogenation by modifying the mobility of water molecules
near the active site and the electronic properties near the active
sites to different extents depending on the solvation state of the
polymer. Here, precise control over the apparent barrier was
possible simply by modifying swelling of the p-NIPAM brushes
with the temperature. These results highlight the important
role that water confinement near the active sites has on the
reactivity of metal catalysts while opening new opportunities
for dynamic manipulation of activity and selectivity using
polymer coatings.

2658

The combination of techniques employed to characterize the
functionalized Pd catalyst provides a complete picture of their
structure and composition. Figure 1a illustrates the growth of
p-NIPAM brushes on Pd/SiO, catalysts by leveraging the
surface hydroxyl moieties of the colloidal SiO, particles. This
structure was confirmed independently using SEM and HR-
TEM. From Figure 1b(i), it is clear that SiO, particles
produced via the Stobér process are nonporous and spherical
solids with a narrow particle size distribution of ca. 500 nm.
TEM characterization of the parent Pd/SiO, and polymer-
coated catalyst (Pd/SiO,-p-NIPAM) revealed that the metal
clusters were ca. 2 nm (Figure 1c,d).

A slight decrease in the metal cluster size was observed upon
functionalization of Pd/SiO, with p-NIPAM polymers. This
drop was attributed to the detachment of larger Pd clusters
observed during the polymerization steps. Further TEM-EDS
mapping images showed that the Pd particles were well
dispersed on the Pd/SiO, and Pd/SiO,-p-NIPAM catalysts
and that no residues from the ATRP process are left on the
surface (Figure S2). The TGA (Figure S1) shows the weight
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loss increase with polymerization time, and when the
polymerization is above 6 h, the polymer length increases
slowly. Upon functionalization with the p-NIPAM polymeric
brushes for over 22 h, it was possible to achieve a polymer dry
thickness of ca. 7 nm [Figure 1d(i)]. These observations were
in line with DLS measurements, as shown in Figure le. The
stimulus-responsive behavior of the polymer-coated catalyst
(Pd/SiO,-p-NIPAM) was confirmed by measuring the average
hydrodynamic diameter of the particles at different temper-
atures (25 to SO °C). At temperatures below 30 °C, the
particle size remained stable at ca. 640 nm. Increasing the
temperature above 32 °C led to a rapid drop in the particle size
to ca. 514 nm. This would indicate that the film thickness of
the polymer varies from 70 to 7 nm as temperature increases
from 25 to 50 °C. In these polymers, the strong interaction of
water molecules with the ammine moieties of the polymer
dominates at low temperatures (enthalpic driven swelling,
Figure le left). At high temperatures, the entropic contribution
to the Gibbs free energy overtakes the enthalpic affinity,
leading to the collapse of the polymer on itself (Figure le
right).

An interesting characteristic of these pore-less catalysts is
that the metal dispersion is essentially unaltered even after the
growth of the p-NIPAM brushes using ATRP (see Table 1).
For the Pd/SiO, catalyst, the Pd metal loading was 0.17 wt %,
while the Pd dispersion was 56% based on CO chemisorption,
corresponding to an average Pd particle size of ca. 2.0 nm. This
is in good agreement with the estimated Pd particle size
obtained by TEM (ca. 2.1 nm). In the case of Pd/SiO,-p-
NIPAM, the mean Pd particle size was similar, ca. 1.9 nm
[Figure 1d(ii)]. Surprisingly, the Pd dispersion obtained from
CO chemisorption indicated a much lower value (ca. 19.9%).
This difference can be associated with the partial blockage of
the Pd surface by the polymer brushes during CO
chemisorption in the gas phase. Similar observations were
reported by Zhao et al.'”> when using poly(vinyl alcohol)
(PVA) and polyvinylpyrrolidone to cover Pd nanoparticles
during nitrite reduction. To estimate the metal dispersion, we
employed the mean particle size obtained from TEM, resulting
in a value of 57.5% (Section S6 of the Supporting
Information).

Since p-NIPAM is a stimulus-responsive polymer that can
interact with water molecules in a distinct manner at
temperatures above and below the LCST (32 °C), one could
use nuclear magnetic resonance (NMR) to determine the
mobility of water molecules interacting with the polymer near
the surface. To achieve this, the Pd/SiO, catalysts with and
without p-NIPAM coating were dispersed into concentrated
slurries with small amounts of water (1.63 g of catalyst/ml).
This was equivalent to two water solvation layers on the pore-
less catalysts, allowing us to probe the water microenviron-
ment, unlike in previous descriptions.13 Diffusion-ordered
spectroscopy (DOSY) was used to examine the water mobility
(Figure 2a). This technique can shed light into the
translational motion of molecules, namely, by biexponential
fitting of the diffusion decays.'” This has been successfully used
in the past to identify populations of confined water molecules
even in small quantities. '

Diffusional motions of water were investigated herein by
inverse Laplace transform to interrogate the multiple environ-
ments present in the system. In each experiment, we studied
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the diffusion of water at low and high temperatures. As it can
be observed in Figure 2, for the Pd/SiO, catalyst at low and
high temperatures, the dominant diffusion coeflicient is that of
“fast” water, which displayed a diffusivity that similar to that of
free water (ca. 2.3 X 10~ m? s7')."” In contrast, on the
polymer-coated sample, two types of water molecules were
observed at low temperatures (Figure 2b,c). At low temper-
atures (25 °C), a population of “slow” moving water was
observed. These water molecules display diffusion coeflicients
that are 2 orders of magnitude slower than the rest of the water
molecules (Table S3). While the fraction of “slow” diffusing
water seems small, the drastic change in the diffusion
coefficients would indicate that these water molecules are
essentially confined inside the p-NIPAM layer. Here, one must
remember that for these pore-less catalysts ca. 1.2% of the
water molecules are influenced by the surface of the particles
(Section S10 of Supporting Information). Thus, the observed
population of “slow” moving water of 6.4 + 0.1% is rather
significant.

In this scenario, one could argue that this “slow-moving”
water does not necessarily interact with the metal supported on
the silica but rather with the polymer at the liquid-p-NIPAM
interface. To rationalize, it is important to consider that the 10-
fold swelling observed in our coated catalyst resembles that of
silicon-SiO, wafers functionalized with p-NIPAM at high
grafting density.'"'® That is, on our SiO, spheres, one would
expect a high number of polymer brushes per unit area. Hence,
it is possible that the smaller self-diffusion coeflicient of water
herein observed is linked to the molecules close to the Pd/
SiO, surface, where the polymer is highly packed. Notably, at
higher temperatures, only “fast” diffusing water molecules
could be observed. This would suggest that these local
interactions near the interface fade as the polymer collapses on
itself.

While the altered water mobility in the presence of p-NIPAM
was experimentally observed using DOSY NMR, the exact
molecular arrangement or distribution of the interfacial water
at the interface of polymer-coated catalysts remains elusive. We
thus performed AIMD simulations to obtain the distribution
profile on both catalyst surfaces (i.e, Pd and Pd-p-NIPAM).
We adopted a very simplified model, in which two NIPAM
monomers were included in water to represent the polymer
(Figure 3b). The vertical distribution of water with respect to
the metal surface is calculated over a 15 ps time window after
25 ps pre-equilibrium (Figure S11). Within the 6 A range
(Figure 3c), there are two peaks observed in both systems,
indicating specific water arrangement in the first layer. The first
peak located at around 2.3, A with respect to the surface,
corresponding to strong surface-bound water molecules (a).
The second peak, water (b) is centered at around 3.0 A. These
water molecules form H-bonds with water detected in the first
peak. One of the two NIPAM moieties, located slightly above
the first layer of water, was found to narrow the distribution of
the interfacial water, which is well represented by the
disappearance of the tail in the distribution at around S A
(Figure 3c). We further investigated the dynamics of the
interfacial water and their interplay with the NIPAM species
and reactive intermediate (NO). We first analyzed the vertical
movement of water molecules (a) in the presence and absence
of p-NIPAM to compare the mobility of water molecules
(Figures 3d and S13).

https://doi.org/10.1021/jacsau.4c00389
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Figure 3. (a,b) Atomic structure of the water interface on Pd and Pd-
p-NIPAM with surface-adsorbed NO, a key reaction intermediate.
Element colors (Pd: deep blue; C: cyan; H: white; O: red; and N:
blue). (c) The interfacial water layer distribution above the metal
surface at the Pd-water interface (shaded area) and Pd-NIPAM-water
interface (solid lines). The intergrate area under each line (area) equal
to one. The first peak indicates the interfacial water layer. (d)
Dynamic interactions of interfacial HyO molecules. The dash line
presents the position of water layer average to time. The solid line
presents the location of one NIPAM monomer presented by the
carbon and the reactant intermediate NO presented by the O
averaged over AIMD simulations.

Here, we obtained a slightly reduced motion along the
vertical direction for the surface “bound” water molecules (a)
in the presence of NIPAM moieties. While it is true that the
vertical diffusion obtained in AIMD cannot be directly
compared with the NMR data, the results herein are consistent
with the reduced mobility of water in the presence of the

polymer.
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The relative difference in the calculated mean square
displacement (MSD) of interfacial water as shown in Figure
S13 is very subtle as compared to the diffusivity measurement
in DOSY, which is likely due to the fact that we only had two
NIPAM moieties rather than the real NIPAM polymer in the
AIMD simulations. Furthermore, considerable differences are
observed when the vertical dynamics of individual water
molecules are analyzed with average value. As shown in Figure
3d, for the waters (a) contributing to the first peak at 2.3 A, the
presence of NIPAM (located at 3.3 A) appears to restrict their
vertical diffusion away from the surface. That is, the dynamic
distribution of surface-bound water has been confined by the
carbon chain in the NIPAM to a narrower distribution than it
is otherwise in the absence of NIPAM. Our analysis on the
MSD suggests that the presence of NIPAM introduces slow
dynamics of the water molecules directly in contact with the
metal, which is qualitatively in line with the experimentally
observed smaller diffusivity at the Pd-water-NIPAM interface
at the low temperatures (Figure S13).

Considering the change in water mobility and its interaction
with the metal surface on the p-NIPAM coated catalyst, one
expects this catalyst to perform differently when changing the
temperature is changed above and below the LCST. To study
this effect, we conducted a detailed kinetic study on the
reactant concentration and temperature using Pd/SiO, and
Pd/SiO,-p-NIPAM catalysts over a broad range of hydrogen
pressures and nitrite concentration.

Before we dive into kinetic data, keep in mind that internal
and external mass transfer effects have been excluded under the
reaction conditions herein employed, allowing us to confine
our findings to the kinetic regime (Section S7 of the
Supporting Information). First, we studied the impact of the
polymer on the selectivity of the reaction. Here, it was
observed that, at the same conversion level (ca. 10%),
increasing the temperature led to higher ammonium selectivity
on both catalysts. This trend agrees with 1previous literature on
reduction of nitrites using Pd catalyst. "*° Notably, in the
presence of polymer a significant enhancement in ammonia
selectivity was observed (ca. 4-fold higher) regardless of the
temperature employed (Figure S4). This suggests that the p-
NIPAM polymer brushes promote NH,* formation. In this
reaction, the ratio of nitrogen to ammonia selectivity is
determined by the hydrogen and NO surface coverage.
Essentially, when higher hydrogen coverages or lower NO
coverage are present NH," formation increases at the expense
of nitrogen.u_23

To decode the underlying cause for these differences in
selectivity, we employed rigorous reaction order investigations
on the Pd/SiO, and Pd/SiO,-p-NIPAM catalysts (Figure 4).
For this purpose, we employed two temperatures (25 and 50
°C) and in the case of NO,”, we assessed the effect of the
partial pressure of hydrogen by measuring the reaction orders
between 0.03 and 0.8 bar.

The reaction order of nitrite on Pd/SiO, at a high hydrogen
partial pressure (0.8 bar) varied from 0.7 to 0 as the
concentration of nitrite increased. This trend was observed
at low (25 °C) and high (50 °C) temperatures. For the Pd/
SiO,-p-NIPAM catalyst, a different trend was observed when
varying the temperature. At temperatures below the LCST (25
°C), first-order kinetics in nitrite was observed. In this case,
increasing the nitrite concentration further led to saturation

https://doi.org/10.1021/jacsau.4c00389
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Figure 4. Effect of nitrite concentration on the TOF using Pd/SiO, and Pd/SiO,-p-NIPAM catalysts with 0.8 bar H, (a,b) and 0.03 bar H, (c,d);
effect of hydrogen pressure on the TOF at 1 mM nitrite concentration (ef).

kinetics as indicated by the plateau of the TOF. Notably, at
temperatures above the LCST, when the polymer becomes
hydrophobic and collapses, there was no inflection point, and
the reaction order was ca. 0.3 across the concentration window
herein explored. Negative reaction orders in nitrite were
observed on both catalysts when the reaction was conducted at
a lower hydrogen partial pressure (Figure 4c,d). The negative
reaction orders suggest that hydrogen and nitrite compete for
the same active sites on both catalysts. Detailed inspection of
the data reveals that in the Pd/SiO,-p-NIPAM catalyst, nearly
zero-order dependence with nitrite concentration was observed
with values of —0.2 and —0.1 at 25 and 50 °C, respectively.
These less—negative reaction orders in the p-NIPAM coated
catalysts can be attributed to weaker interaction of nitrite or
nitrite-derived surface species on palladium.

For the hydrogen order investigation, initially a positive
reaction order of ca. 1.4 and 1.2 was observed at low and high
temperatures, respectively (Figure 4e). When the hydrogen
pressure ranged from 0.01 to 0.1 bar on Pd/SiO,. Increasing
further the hydrogen partial pressure decreased the order to ca.
0.S. These high hydrogen orders on Pd/SiO, at low pressures
are key, as explained in our previously work’* suggests that
there are two colimiting steps determining the rate of the
nitrite hydrogenation, including the sequential hydrogen
insertion on NO* as well as HNO* surface species. The
detailed derivations are shown in the Section S8 of the
Supporting Information. In sharp contrast, in the case of
polymer-coated catalysts, the reaction rate showed a weaker
dependence on the hydrogen pressure. In fact, at hydrogen
pressures above 0.5 bar, the reaction order dropped from ca.
0.5 to 0 at 25 °C. These data indicate that increasing the
temperature above the LCST of p-NIPAM to 50 °C leads to an
early onset of saturation kinetics, which suggests higher surface
coverages of hydrogen (Table S1). These results would
support the idea that in the presence of p-NIPAM the higher
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selectivity toward ammonium is induced by the larger
concentration of hydrogen and/or lower NO coverage on
the catalyst surface.

To connect the observations on water mobility and selectivity
to the presence of polymer coatings, we estimated the apparent
barriers at temperatures below and above the LCST of the p-
NIPAM using low and high concentrations of hydrogen in the
range of 22 to 50 °C. As expected, for the Pd/SiO, catalyst a
constant activation energy barrier was observed throughout the
entire temperature range (Figure 5). When the reaction was

(a) 0.6f (b)
03
08}
0.0 36+1 kJ/mol 32+1 kJ/mol
Iy T 1.0}
g 03 e
£ £ .2t
0.6
.4t
+3 kd
.09 . .“_ kl/llnol ‘
3.1 3.2 3.3 34 34 3.2 33 3.4
10°1/T(K") 10°1T(K™)

Figure S. Arrhenius plots for the nitrite hydrogenation using (a) Pd/
SiO, and (b) Pd/SiO,-p-NIPAM at 0.03 bar hydrogen pressure and 1
mM nitrite concentration.

conducted at low hydrogen pressure (0.03 bar), the apparent
energy barrier was 36 + 1 kJ mol™". This value is slightly higher
than those reported in the literature (23, 26, and 31 kJ
mol™")."”?*** Here, one should consider that this energy
barrier was obtained at low hydrogen pressure, while the values
in the literature were obtained at a higher hydrogen partial
pressure (e.g., 0.32 bar). In fact, we observed that when the
reaction was conducted at 0.6 bar (Figure S3a), the activation
energy barrier decreased to 29 + 1 kJ mol™’, highlighting the
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Table 2. Enthalpy and Entropy of Activation for the Pd/SiO, and Pd/SiO,-p-NIPAM Catalysts and Excess Enthalpy and

Entropy Estimated for the Polymer-Coated Catalyst

temperature

°C) Pd/SiO, Pd/SiO,-p-NIPAM excess
0+ p-NIPAM,§ p-NIPAM,+ 0
ASAPP()# (J/mol K1) é{ﬁﬁlpol) A(JS;\ rp;ll’ol K1) Al-gﬁﬁp/mol) ASAPP°’¢ (J/mol K1) (Ak?/?gpol)
22-32 —34.8 36.4 —124.2 11.4 —89.4 —25.0
32-50 —58.4 31.6 —23.6 —4.8
importance of surface coverage on the apparent barriers for plays a key role in this reaction by facilitating the hydro-
this reaction. genation via proton—electron transfer (PET). To explore the
Strikingly, the polymer-coated catalyst showed two distinct interplay of the reaction kinetics with the nature of the water,
activation energies as the temperature increased (Figure Sb). the reaction was conducted using D,0 and D, to replace H,0O
Essentially, when the reaction was conducted at temperatures and H, (see Section S11 of the Supporting Information).
below the LCST of p-NIPAM (swollen state), a low apparent The results show a strong kinetic isotope effect (KIE) for the
activation barrier of 11 k] mol™" was observed. Increasing the Pd/SiO,-p-NIPAM catalyst at 25 and 50 °C with values of 2.1
temperature above the LCST (collapse state) led to a higher and 2.6, respectively, while in the case of the uncoated catalyst
apparent barrier (about 32 kJ mol™'). The lower activation these values were 2.4 and 1.5 for the same temperatures (Table
energy barriers obtained when the polymer was in the swollen S4). While the differences between the two catalysts at low
state suggests that there is a strong link between water temperatures are minor, the strong KIE indicates that
confinement and the catalytic activity of metal-supported hydrogen is involved in the rate-determining step (RDS).
catalysts. Here, one would argue that either hydrogen from the gas or
the liquid water could be involved in the RDS. Recently, we
To assess the nonidealities of the solvation layer near the active rep o.rted that these KIE eﬁ'?cts and temPerature.-dependent
sites one could use transition state theory treatments as bamers are also observed during the redu.ctlon of mtrol_)enzene
proposed by Flaherty et al? In this case, we leverage the 1n. water, ethano},o and water-NMP solutlo.ns when using Pd/
kinetic observations and the detailed reaction kinetics to derive $i0,-p-NIPAM. When proton donatmg SOIV?ntS were
the rate expression (2). The detailed derivation is shown in employed, the reaction rates were .substantlally higher than
Section S9 of the Supporting Information. those observed on the nonprotonic solvents. Furthermore,
when using D,O and D, gas, a rather strong KIE is observed
r kT A Sg,;ip +A S;,Pi; A Hg,;ip + A Hz‘i)ip on coated and uncoated catalyst, while in the case of H,0 and
—=—z¢ exp| — D, gas, the effect was negligible, suggesting the water is
L R RT involved in the RDS. Similar observations have been made by
H P2 NO. T others when studying hydrogenation reactions of metals
[H,"7[NO, '] @) supported on zeolites. In these studies, when water and
Here, L is the total number of active sites, r/L = TOF, k, is the Qeuterigm gas were employed, the KIE diminished, which is in
Boltzmann constant, h is the Planck constant, T is line hw1th the herein proposed proton—electron transfer
thermodynamic temperature, and AS, %% and AH, oF are mechamsm. ] ) )
the enthzllpl)y and entﬁ)py of the transitiopr}; state in the rg%erence At this point, however, we still miss .the fundam.ental 11n1.<
state. Here, the initial state is that of the reactants in the liquid between p 'NI.PAM .and the surface chemls.()rbed species (NO*
phase, while the end state corresponds to the activated and H*), which ultlmately define the barriers fqr the. re?ctlon.
complex. The estimated excess entropy (ASAPPW) and For this reason, we examlne'd the surface.speaes binding on
enthalpy ( AHAPpb’#) of activation in the polymer coated the Pd s.urface'for both Pd/SiO, and Pd/ SlOz—p—NIPAM using
catalyst is obtained by assuming that the parent catalyst (Pd/ AIMD simulations (Figure 6¢). The strength of surface binding
Si0,) is the reference state. Here, one can estimate the excess is manifested by the vibration frequency of surface H in
quantities using the results obtained for the polymer-coated vacuum, water, and water with p-NIPAM. Through Fourier
catalyst (Figure S10a). The implicit assumption in this Transform analysis of the vertical height of surface-bound
equation is that the polymer coating on the Pd/SiO,-p- hydrogen relative to the Pd surface in vacuum, we obtained a
NIPAM catalyst is responsible for the observed AS Appo,¢ and vertical .frequency of hyd.rogen V.ibration of ca. 30 THz F.igure
AH APPOA: for the reaction (Table 2). S14. This result agrees with previously measured perpendicular
This analysis reveals that when the reaction is conducted at vibrational mode of hydrogen bonded in a 3-fold hollow site
low temperatures (22—32 °C), below the LCST of p-NIPAM, over clean Pd surfaces.”” Next, we studied how the presence of
there is an enthalpic enhancement of the reaction rate. p-NIPAM affected the vertical motion of hydrogen at the Pd-
Essentially, the enthalpy of activation for the transition state water interface. The competitive adsorption of water and
decreased by ca. 25 k] mol™" on the Pd/SiO,-p-NIPAM. hydrogen has been discussed in literature as the interfacial
This stabilization, however, comes at the expense of losing charge transfer between water and metal may destabilize the
degrees of freedom in the system, which causes a drop in the surface hydrogen adsorption.”® The extent of destabilization
entropy of activation. Here, one could imagine that when the can be interpreted in terms of Stark effects in which the local
polymer is present, the arrangement and mobility of the water electric field induced by the presence of the water is strongly
molecules surrounding the chemisorbed species are modified. coupled to molecular orientation at the interface.””
As a result, the rate toward hydrogenation of the species is Notably, upon addition of p-NIPAM, the hydrogen vertical
altered as well. In our previous study,”* we showed that water vibrational frequency shifts to slightly lower values, and the
2662 https://doi.org/10.1021/jacsau.4c00389

JACS Au 2024, 4, 2656—2665


https://pubs.acs.org/doi/suppl/10.1021/jacsau.4c00389/suppl_file/au4c00389_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/jacsau.4c00389/suppl_file/au4c00389_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/jacsau.4c00389/suppl_file/au4c00389_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/jacsau.4c00389/suppl_file/au4c00389_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/jacsau.4c00389/suppl_file/au4c00389_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/jacsau.4c00389/suppl_file/au4c00389_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/jacsau.4c00389/suppl_file/au4c00389_si_001.pdf
pubs.acs.org/jacsau?ref=pdf
https://doi.org/10.1021/jacsau.4c00389?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as

gt (b)

H — NOHPA-NIPAMr<ycsT

-3--

},T<LCST
H, AG/I[JV Pd-NIPAM

(c)

= — Pd II\IIPAM - Pd-H,0

T 1.25f 2

©

£1.00

E=

r

e

g 0.75

2

§osop . . ‘ . .

26 28 30 32 34 36
- Time Step (ps;
(d); P (ps)

E T T

T 400F —— Pd-NIPAM
T

2

a

£

<

©

<

2 A

E [o] AT A i Lill . . v A (Ao Lol
2 10 15 20 25 30 35 40 45 50
> Frequencies (THz)

Figure 6. Illustration of the water—catalyst interactions near the metal
active sites and the corresponding change in hydrogen activation for
(a) Pd/SiO, and (b) Pd/SiO,-p-NIPAM (not at scale). (c) AIMD
simulations of the vertical height of surface-adsorbed hydrogen,
defined by the vertical distance between hydrogen and the Pd(111)
surface in Pd/SiO, (gray) and Pd/SiO,-p-NIPAM (pink). (d) The
vertical vibrational frequency analysis of the H on Pd.

peak becomes sharper (Figure 6d). This suggests that the more
structured water in the presence of p-NIPAM facilitates the
interaction between the interfacial water and surface hydrogen.
This is a rather unexpected result as one would anticipate that
for the polymer to induce a reduction in the apparent barrier,
the bonding of the species prior the transition state must be
stronger. In fact, previous work has shown drastic changes in
the apparent barriers as pH was varied from acidic to basic,*
which was attributed to the reorganization of water molecules
and the alteration of local electric fields.”" Here, one must keep
in mind that these observations were reported when changing
the concentration of protons by several orders of magnitude
(2—3 to 10—12), which is not the case in the present study.
We intentionally controlled the pH by continuously feeding
carbon dioxide as a buffer.

Alternatively, one could imagine that p-NIPAM binds to
metal and modifies the binding of the kinetically relevant
species, as reported in the case of self-assembled monolayers.
This type of ligand effect is often reported in the case of
sulfide-containing molecules that strongly bind to the metal,
altering the site accessibility and surface binding. However, in
previous studies, we showed via XPS characterization that p-
NIPAM does not change the electronic structure of Pd.”~"
Hence, these differences emerge only when water molecules
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are present, suggesting that the ligand effect cannot explain
these results.

In this line, the subtle effect of p-NIPAM on the hydrogen
binding would suggest that changes in the apparent barriers
and reaction orders are linked with both the energetics of the
transition state and the binding of the reactive species.

To rationalize this proposition, one must note that the
surface hydrogen is shuttled to the NO through the H-bonded
water network via a positively charged transition state. This
more pronounced interaction between H and the confined
water can thus assist the proton shuttling. The positively
charged transition state is further stabilized by a larger
dielectric constant in the presence of p-NIPAM (see discussion
in Section S16 and Figure S15). This combined effect likely
reduced the true barrier required to form the activated
complex (Figure 6a,b). Meanwhile, the tighter interaction
between the transition state and this more structured water
likely leads to reduced entropy of the transition state, in line
with the observed lower entropy of activation (see Table 2),
following an enthalpy—entropy compensation. While it is true
that at this stage our argumentation is speculative, we hope
that it can trigger further discussions on the underlying effects
that water confinement can induce on catalytic systems
containing polymeric coatings.

We have demonstrated that water confined in polymeric films
can induce reversible changes in the microsolvation environ-
ment near the surface metal catalysts. When these coatings are
based on thermoresponsive polymers (e. g, p-NIPAM) the
behavior can be tuned simply by changing the operating
temperature. DOSY NMR characterization indicated that the
population of slowly diffusing water molecules is significant
when the polymer is swollen at low temperatures. The lower
mobility of water was confirmed by AIMD calculations that
showed that on these catalysts, water molecules are essentially
confined by the polymer near the metal surface. The confined
water is strongly interacting with p-NIPAM polymers, which
decreases the strong electric fields induced by the presence of
water molecules near the metal surface. This favors the
stabilization of the transition state, lowering the apparent
barriers of activation while increasing the ammonium
selectivity when the polymer is in the swollen state. Upon
collapsing at temperatures above the LCST the polymer—water
interactions are disrupted, and the structure of the water
molecules near the active sites returns to its original
configuration, leading to higher barriers and lower ammonium
selectivity. We anticipate that these results will pave the way
for developing programmable catalysts capable of mimicking
the self-regulating nature, high activity, and quantitative
selectivity of enzymes.

The Supporting Information is available free of charge at
https://pubs.acs.org/doi/10.1021/jacsau.4c00389.

Full details of the catalyst characterization, materials and
methods, catalyst preparation, mass transfer assessment,
kinetic measurements, NMR analysis, and AIMD
simulations (PDF)
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