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Catalysts are conventionally designed with a focus on enthalpic effects, manipulating the Arrhenius
activation energy. This approach ignores the possibility of designing materials to control the entropic
factors that determine the pre-exponential factor. Here we investigate a new method of designing
supported Pt catalysts with varying degrees of molecular confinement at the active site. Combining
these with fast and precise online measurements, we analyse the kinetics of a model reaction, the
platinum-catalysed hydrolysis of ammonia borane. We control the environment around the Pt particles
by erecting organophosphonic acid barriers of different heights and at different distances. This is done
by first coating the particles with organothiols, then coating the surface with organophosphonic acids,
and finally removing the thiols. The result is a set of catalysts with well-defined “empty areas”
surrounding the active sites. Generating Arrhenius plots with >300 points each, we then compare the

effects of each confinement scenario. We show experimentally that confining the reaction influences
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Accepted 4th September 2020 mainly the entropy part of the enthalpy/entropy trade-off, leaving the enthalpy unchanged. Furthermore,
we find this entropy contribution is only relevant at very small distances (<3 A for ammonia borane),

DOI: 10.1039/d0sc04118a where the "empty space” is of a similar size to the reactant molecule. This suggests that confinement

rsc.li/chemical-science effects observed over larger distances must be enthalpic in nature.
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Introduction

In 1884, Van't Hoff realized that an energy term is associated
with every chemical transition.’ Some years later, Arrhenius
developed this further, defining the empirical relation
between reaction rate and temperature in what is known
today as the Arrhenius equation (eqn (1)). This empirical
relation describes most chemical reactions well.” Yet though
the equation itself is simple, its chemical meaning is elusive.
This is especially true for the nefarious pre-exponential factor.
The energy of activation typically corresponds to the barrier
needed to cross the transition state threshold along the
reaction coordinate. But the pre-exponential factor is some-
what of a theoretical embarrassment. All we know about it is
that it comes before an exponent, and that its value is roughly
10%-10" 57,
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This has not gone unnoticed. In the 1930s, Eyring and
Polanyi laid the foundation for what would become transition-
state theory.>® They coupled both the activation energy and
the pre-exponential factor to relatively simple first principles.
The Eyring equation assigns the pre-exponential factor as kgT/A,
corresponding to the frequency at which the reactants cross the
transition state barrier. These models were developed further at
different levels of theory, generally concluding that the
predominant factor contributing to the Arrhenius pre-
exponential factor is entropy.”®

Yet there is a catch: the models pertain to reactions in the
fluid (typically gas) phase, describing collisions between mole-
cules in a homogeneous environment.” The situation is
different for reactions at surfaces, where the most common
mechanism follows the Langmuir-Hinshelwood pathway of
reactant adsorption, surface reaction, and product desorp-
tion.">"" Treating the pre-exponential factor in heterogeneous
catalysis as a collision frequency factor is too simplistic. In most
heterogeneous catalysts, the active sites take up only a small
percentage of the surface. This means that the travel of the
reactants across the surface to the active site cannot be
ignored.”> Our goal is to isolate this travel step by sterically
confining a reaction that follows the Langmuir-Hinshelwood
pathway. By placing barriers at different distances, we hope to
understand how much space a heterogeneous reaction needs in
relation to the reactant's size.

This journal is © The Royal Society of Chemistry 2020
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Results and discussion

We used a novel synthetic approach to create confinement at
different distances from the active site. As our benchmark
reaction, we chose the platinum-catalysed hydrolysis of
ammonia borane (eqn (2)). This reaction produces large
amounts of hydrogen gas even in the presence of small amounts
of catalyst, whereas the background reaction (using only the vy-
alumina support) is negligible. The hydrogen production is
easily and accurately monitored by our novel bubble counter.*®
This device can monitor volume step sizes down to 8-12 pL,
enabling a very detailed and precise kinetic analysis. Another
advantage of this hydrolysis is that its partial reaction order in
ammonia borane is very low (typically 0.1-0.2). This small
dependence of the reaction rate on the concentration means
that we can obtain reliable kinetic and thermodynamic data
from a single experiment. The low partial reaction order
suggests a complex mechanism. Experimental data illustrates
that in such cases, the reaction still obeys the exponential
Arrhenius relation. This is because the slowest reaction step(s)
dictate the observed activation energy, provided there are no
mass transport limitations. Ammonia borane hydrolysis follows
a Langmuir-Hinshelwood mechanism, with O-H cleavage as
the rate-determining step (the exact surface species is
unknown).**>*

Pt/ALO;

NH;BH; + 4H,0 NH? + B(OH)? +3H, (2)

20—85 °C, 45 min

To isolate the contribution of the pre-exponential factor in
this catalytic system, we prepared a series of supported Pt
catalysts in stages (small Pt particles, <4 nm, were successfully
used in other confinement strategies®>*®). First, a platinum
precursor was impregnated on y-Al,O; using incipient wetness
impregnation. This was then dried, calcined and reduced to
give metallic Pt nanoparticles on alumina (see Fig. 1a and inset
in Fig. 2). A portion of these catalysts were then coated with
a monolayer of alkane thiol (Fig. 1b), which functions as
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Fig. 2 Observed activation energy versus Pt loading. Each point is an
average of roughly 300 data points. Error bars denote the 95%
confidence interval. Inset: transmission electron micrograph of 0.05%
Pt/yAl,Os. Point “A” denotes a catalyst loading of 0.01 wt% Pt/yALOs.

a template for the next step: coating the alumina support
surface with organophosphonic acids (Fig. 1c). The organo-
phosphonic acids cover the entire alumina surface with a self-
assembled monolayer, forming a hydrophobic coating of alkyl
chains.***” Finally, the thiol template was removed by reduc-
tion,”®* leaving a free zone around the platinum nanoparticle
(Fig. 1d).

This approach combines the advantages of both spatial and
chemical control around the active site. We can constrain the
area around the active site in two dimensions. Further, by using
phosphonic acids with organic residues of different lengths, we
can obtain coatings of different thicknesses. Similarly, the
length of the organic residue on the thiol hypothetically dictates
the radius of the resulting “free spaces” (see Fig. 1d).

a
Pt-S, Pt-S,P¢ Pt-r,Pq
@ = Ptparticle ik P oAl 4 s SH
: = empty space _ Ig/OH BF B _OH
AAAS NN \OH N \OH
r~—"72 v-Al, 0,4 HPA EPA

Fig.1 Schematic description of our Pt/Al,O catalysts, showing the stages in creating the confined space surrounding the Pt active sites. (a) The
plain Pt/Al,O3 catalyst (no coating). (b) After coating with the organic thiol. (c) After coating with the organophosphonic acid. (d) After removal of

the organic thiol.

This journal is © The Royal Society of Chemistry 2020
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The loading of platinum on y-Al,O; is another important
factor.***> On one hand, we want this loading to be as low as
possible, because the particle size needs to be small compared
to the coating. On the other hand, we must have sufficient Pt on
the surface to have enough reactivity for monitoring the reac-
tion. We therefore ran a series of control experiments using
catalysts with different Pt loadings to test the influence of the
loading on the observed energy of activation (E,, see Fig. 2).
High loadings result in low E, values, due to the large particle
size and additional mass transfer effects. As the Pt loading
decreases, the activation energy increases gradually, starting
from 40 k] mol " and levelling off towards 65 k] mol " as the
particles approach their lower size limit. At 0.05 wt% Pt we
reach the “sweet spot”, where the reaction rate is still high
enough to observe and the activation energy remains fairly
constant. Repeat experiments gave a standard deviation of only
0.8 k] mol " in E,, confirming the precision of our measure-
ments. Mass-transfer effects are expected to be negligible at low
Pt concentration because the particles are farther apart,
reducing neighbour interference. This means that the subtle
changes in activation energy are likely related to the particle's
size and type of exposed facets.*** Furthermore, this low
loading ensures the formation of uniform small particles. We
did not expect the active sites to be single Pt atoms, as the
activation energy still increases when the loading is reduced
even further (see point “A” in Fig. 2).** This was confirmed by
transmission electron microscopy measurements of the
0.05 wt% Pt/y-Al,O; catalyst, which showed spherical particles,
2-3 nm in diameter (Fig. 2, inset).

Next, we studied the influence of the PA coating thickness.
Batches of 0.05 wt% Pt/y-Al,O; were coated with methyl-, ethyl-,
hexyl-, and octadecyl phosphonic acid (the detailed results are
included in Fig. S1 in the ESIf). With increasing phosphonic
acid length, the reaction rate decreases. The PA should be long
enough to form a hydrophobic barrier, yet short enough so that
it doesn't cover the Pt particle. We selected hexyl phosphonic
acid (HPA) as it is sufficiently large compared to the expected Pt
particle size, and has a significant influence on the reaction (it
reduces the reaction rate ten-fold, see Fig. S1t). Pentane thiol
was selected as the thiol. Our hypothesis was that since this
thiol is roughly twice the size of ammonia borane, its removal
should give ample ‘empty space’ for the reaction to proceed.

To prove that we can indeed make this empty space around
our particle, we tested whether our catalysts would regain their
normal catalytic activity after the thiol coating is removed. Fig. 3
shows the Arrhenius plots for catalysts (a), (b), (c) and (d), when
using pentane thiol and hexylphosphonic acid. These plots are
highly precise - each Arrhenius curve represents >3000 indi-
vidual experimental measurements.”® The turnover frequency
(TOF) is calculated by dividing the reaction rate (mmol AB per s)
by the metal loading (mmol Pt; the resulting TOF values and
corresponding pre-exponential values are somewhat under-
estimated because not all Pt is available for reaction). The black
curve (a) shows the Arrhenius plot for the plain Pt/Al,O; cata-
lyst. Upon binding of the thiol (b, red curve) the catalytic activity
drops.*”** At low temperature, the slope of the Arrhenius plot is
similar to that of the uncoated catalyst. At higher temperature
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Fig. 3 Catalytic effect of coating procedure: (a) 0.05% Pt/yAl,Os3, (b)
pentane thiol coating, (c) both pentane thiol coating and phosphonic
acid coating and (d) the “free space”-catalyst after removal of the thiol.
Each data point represents a window average of 10—-50 measurements
using equal time interpolation (see ESIT for more details).

the slope seems to increase, but this is likely an artefact caused
by in situ thiol removal due to the reductive nature of the
reaction.”” Next, the phosphonic acid coating is applied,
decreasing the catalytic activity even more (c, green curve). The
presence of the phosphonic acid groups on the alumina surface
was verified by FTIR (see Fig. S31). Finally, when we remove the
thiol using a mild reduction with sodium borohydride, the
catalytic activity returns to the level of the pristine material (d,
blue curve). This supports our hypothesis of an ‘empty space’
surrounding the active site. Curiously, at higher temperatures
the slope of the Arrhenius plot is slightly reduced compared to
the uncoated catalyst (c¢f. curves (d) and (a) in Fig. 3). This could
reflect a change in activation energy, yet we expect no chemical
change in the system. A more likely explanation is that the
reaction rate is restricted by diffusion limitations around the
active site.

We then ran a systematic study comparing the effects of
short and long thiols and short and long organophosphonic
acids. Think of the organophosphonic acid as forming a fence
around the space left by the thiol. These binary options result in
four different catalyst combinations: {high fence, large space},
{high fence, small space}; {low fence, large space}; and {low
fence, small space}. Each of these catalysts requires three
synthesis steps, resulting in a total of 13 different catalysts
(there are three “duplicates”; for an overview of the synthesis
scheme see Fig. S2t). Our hypothesis was that ammonia borane
will experience confinement effects differently in the four
different catalyst combinations, and that these would result in
different E, and A values.

Surprisingly, there was no significant difference between the
four different “free space” catalysts (c¢f Fig. 4, curves (b-e)).
Ammonia borane hydrolysis was not hindered by any of these

This journal is © The Royal Society of Chemistry 2020
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confinement regimes. We concluded that the hydrolysis of
ammonia borane needs less than 0.5 nm of free space around
the Pt active site. To test this hypothesis, we ran the reaction yet
again, this time coating the Pt particles with methane thiol, the
smallest thiol. The same synthesis procedure was repeated with
both EPA and HPA. Interestingly, this catalyst did show
a difference between the different “free space” combinations (cf.
the red curve c with the blue and green curves (a) and (b) in
Fig. 5). Curve (d) in Fig. 5 shows a bend that may reflect a change
in activation energy, likely because of AB diffusion through the
HPA tails, which become more mobile at higher temperatures.

Based on these experimental results, we can now assign
a clearer chemical meaning to the pre-exponential factor for
reactions at surfaces. Reactant molecules can adsorb on the
surface at any random point (Fig. 6b). They can then travel to
the active site, where they may or may not react, depending on
their energy and configuration.**** The measured reaction rate
is an average of these {adsorption + travel + reaction} combi-
nations, where the direct adsorption can be seen as a pathway
with zero travel.

We were able to observe these “free space” structures by
transmission electron microscopy. We observed several Pt
nanoparticles that are surrounded by a clear area (Fig. 6a and
S47). These structures are only observable for a few seconds,
because the electron beam destroys the organic material.*>**’
The Pt particle size is about 3.9 nm and the free space has
awidth of about 1.2-1.8 nm. Pentane thiol has a length of about
1.0 nm, so the templating effect by the thiol is about 1.5 times
larger than anticipated. Likely, the thiol tails orient incoming
phosphonic acid molecules away from the alumina surface
when their apolar regions bind together, accounting for the
larger radius. Following the AB hydrolysis in the confined space
directly using in situ FTIR failed (data not shown), likely because

IN
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1000/T (K™

3.6

Fig. 4 Catalytic data for (a) 0.05% Pt/yAl,Os, and coated catalysts: (b)
large fence — small radius, (c) small fence — small radius, (d) large fence
— large radius, and (e) small fence — large radius. Each data point
represents a window average of 10-50 measurements using equal
time interpolation (see ESIT for full Experimental details).

This journal is © The Royal Society of Chemistry 2020
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Fig. 5 Catalytic data for free-space catalysts prepared with (a) pentyl-,
(b) ethyl-, (c) methyl- and (d) no radius using HPA as surface coating.
Each data point represents a window average of 50 measurements.
Inset: table with activation energies and pre-exponential factors.

the number of Pt-bound molecules is too small compared to the
other species in the reaction mixture.

To probe the confinement effect further, we ran additional
experiments on the dehydrogenation of ammonia borane under
water-free conditions. This reaction produces oligomeric inter-
mediates of increasing size,***° which should show a reduced
rate when the products start exceeding the size of the confined
space. The Arrhenius plots for these reactions (Fig. S5%) are
curved, because of the complex mechanism and changing rate-
determining steps. Indeed, the Pt-75Pg catalyst (with a radius of
5) was more active than the thiol-coated catalyst at the begin-
ning of the reaction, but later reduced to an activity similar to
that of the fully restricted catalyst, likely due to the increasing
size of the reacting intermediates. These results give further
evidence of the confinement effect.

Importantly, our experiments allow the direct observation of
the effect of confining the active sites on the Arrhenius plot.>
The reaction rates decrease, yet the slopes (i.e., the activation
energies, Fig. 5, table inset) remain nearly identical in each
case. This shows that the confinement only affects the pre-
exponential factor, which reduces from 1.1 x 10" s~ to 0.46
x 10" s, corresponding to a decrease in AS of 7.3 J K. It
doesn't change the chemical environment of the transition
state. To the best of our knowledge, this is the first experimental
demonstration of this effect for reactions at surfaces. If we
associate the energy of activation with the reaction enthalpy, we
see that the pre-exponential factor gives an entropy contribution
that is closely related to the reactant's approach to the active
site. We propose two pathways: “from the top” and “from the
side” (see Fig. 6b). In a normal (uncoated) catalyst, both path-
ways contribute to the catalytic activity. However, when the free
space around the active site is too small for the reactant to
adsorb, only the “top” pathway is possible. Our experiments
allow the quantification of the distance needed for the “side”

Chem. Sci., 2020, 11, 1024-11029 | 11027
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Pt-ryPg

Fig. 6 Top: (a) transmission electron micrograph of the Pt-rsPg confined space catalyst. (b) Schematic drawing of the “side approach” and “top
approach” for scenarios with a varying degree of confinement, where AB* indicates an adsorbed AB species. Bottom: cross-sectioned 3D
representation of (c) Pt/Al,Os catalyst with a large free space surrounding the Pt nanoparticles, allowing for top and side NH3BH3z approach, (d)
confined-space Pt/Al,Os catalyst prepared with methane thiol, allowing only the top approach, and (e) no-space catalyst where both side and

top approach are hindered.

pathway. In the case of ammonia borane, a gap of roughly
0.75 nm (derived from the size of the Pt-bound EPA molecule)
already allows the hydrolysis to proceed at a rate similar to that
of a totally unconstrained catalyst. Considering that the kinetic
diameter of ammonia borane is similar to that of ethane (0.44
nm), and that the radius of the free space is about 1.5 times
larger, this shows that the remaining gap of <3 A between the
molecule and the “fence” suffices to completely negate the
confinement effect.

These findings also have more general implications for
catalysts that feature confinement.**** Confinement effects
observed for enzymes and zeolite cages (which can feature
much larger gaps) are typically a trade-off between enthalpy and
entropy contributions.’**” For example, transition states are
enthalpically stabilized in tight zeolite pores, but entropically
destabilized. Our experiments separate the two contributions,
and show that the entropy contribution to confinement is
relevant only at very small distances. This means that confine-
ment effects observed in larger systems have a much larger
enthalpy contribution.

Conclusion

The kinetics of catalytic reactions at surfaces involve four steps:
reactant adsorption, surface travel, surface reaction, and product
desorption. Using a new method to synthesize heterogeneous
catalysts with well-defined “free space” surrounding active metal
nanoparticles at varying degrees of confinement, we created four
distinct tiers of confined Pt/Al,O; catalysts. We then ran precise
kinetic measurements of the Pt-catalysed hydrolysis of ammonia
borane, thereby isolating the contribution of the surface travel
step. Our results give important insights regarding the practical

1028 | Chem. Sci,, 2020, 1, 11024-11029

ratio between the size of the reactant molecule and the size of the
confined space, showing that traditional confinement effects are
due to electronic interactions. Moreover, we demonstrate that the
surface travel step is primarily reflected in the pre-exponential
factor, leaving the activation energy unchanged. Thus, we show
experimentally that for reactions at surfaces that follow the
Langmuir-Hinshelwood model, the Arrhenius pre-exponential
factor describes the travel across the surface, playing an analo-
gous role to that of substrate orientation and collision cross-
section in the fluid phase.
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