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ABSTRACT: A significant enhancement in the Menshutkin Sy2
reaction between 1-methylimidazole (MeIm) and methyl thiocya-
nate (MeSCN) is observed when the reaction is confined in the
nanoscale silica pores of MCM41 and SBA1S. The experiments in
the silica pores are conducted without the surrounding bulk reaction
mixture. The influences of temperature, pore radius, and surface
chemistry on the kinetics of the confined reaction are analyzed with
time-dependent infrared spectroscopy, molecular dynamics simu-
lations, and ab initio calculations. The rate constant of the pseudo-
first order reaction increases with decreasing pore size, and the
activation energy is found to decrease by 5.6 kJ/mol in the smallest
pore studied (2.8 nm) relative to the bulk reaction. The rate
constant dependence on pore size is accurately described by a two-

bulk Menshutkin S,2 (k;)

2.8nm
[ ]

k=3.1x103h?

reaction rate, k

k=2.3x103h?

inverse pore radius, 1/R silica surface catalyzed (k;)

state model in which molecules within the 4.6 A interfacial layer experience a 2.4-fold rate constant increase relative to those reacting
at the bulk rate further away from the interface. The removal of polar silanol groups from the silica surface via passivation with
trimethylsilyl chloride results in bulk-like kinetics despite a reduction in the pore diameter, demonstrating the role of silanols as
catalytic sites. Electronic structure calculations of the energy profile on a model silica surface confirm that silanol groups, particularly
those of the vicinal type, can reduce the activation energy and reaction endothermicity through the donation of hydrogen bonds to

the reactant, transition state, and product complexes.

1. INTRODUCTION

The energy profile of a chemical reaction can change
dramatically when it is confined in a nanostructure.'””
Hence, confinement is being increasingly explored as a strategy
to promote and control reactions. Reaction kinetics can be
enhanced when interactions between guest molecules and the
interface arrange them in a preferential configuration for
reaction, stabilize the transition state, or promote increased
local reactant concentrations.”” If multiple products are
possible, changes in the relative stabilities of their transition
states can alter selectivity.” These effects have been mainly
studied through simulation by comparing calculated energy
profiles in model nanostructures, such as carbon nanotubes
(CNTs), to those in the gas phase.’™® In contrast, few
experimental studies have selectively probed the kinetics of
nanoconfined reactions, making the evaluation of models
difficult.

Of the many reactions of interest, the Menshutkin Sy2
reaction” is notable for its use in the study of solvent and
medium effects on chemical reactivity.'°~'* This special class
of S\2 reactions involves the alkylation of a formally sp* or sp®
hybridized nitrogen atom'”

Nu + RL > NuR" + L~ (1)
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where Nu and L represent the nucleophile (amine) and leaving
group, respectively. The nucleophilic attack occurs on the
opposite side of the substrate (RL) relative to the leaving
group, resulting in the typical Sy2 transition state consisting of
a S-coordinated carbon atom.'® Since the reaction involves the
formation of ionic products from neutral reactants, it is heavily
influenced by the nature of the solvent, and large increases in
the reaction rate have been observed with increases in solvent
polarity and polarizability.'*~ "

Recently, calculated energy profiles for the Menshutkin
reaction between NH; and CH;Cl showed that the polarizable
surface of CNTs stabilizes charge separation over the course of
the reaction, implying a rate enhancement for the confined
reaction.”™'> In contrast, the energy barrier for the conven-
tional Sy2 reaction between Cl~ and CH;Cl was found to
increase in CNTs.”” The increased barrier was attributed to
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destabilizing C—H---7 interactions between the transition state
and electron cloud of the CNT surface. These results indicate
that, depending on the nature of the reaction, the same
nanostructure property can induce opposing effects on
reactivity. However, these predictions remain challenging to
verify owing to heterogeneity and impurities in CNT
structures,®" difficulty in encapsulating reactants,” and a lack
of well-defined probes of confined kinetics.

The uniform and tunable (~2—50 nm diameter) cylindrical
pores of mesoporous silica'”'® offer a well-defined medium for
studying confined reactions. Although these materials are
typically used as catalyst supports, the pure forms exhibit
complex activity in certain reactions.” ™" The mesoporous
silica MCM41 was found to be an effective catalyst for the
acetalization of cyclohexanone with methanol.'” The rate
initially increased with decreasing pore diameter until a
maximum was obtained at ~1.9 nm, with further pore size
reductions decreasing the rate.'” Similarly, yields for the
intramolecular cyclization of N-phenylanthranilic acid in-
creased significantly with decreasing pore diameter,” and the
material was later shown to be an effective catalyst for the
synthesis of a-aminonitriles and imines in the Strecker
reaction.”’ However, because the silica was mixed with the
bulk reaction mixtures in the above cases, the kinetics did not
exclusively reflect those of the confined volume. For example,
the diffusion of reactants and products in and out of the pores
can strongly influence the observed rates.””

In the present work, the influence of surface catalysis and
confinement on reaction kinetics is studied by observing a
Menshutkin reaction in mesoporous silica (Figure 1). Care was

H2
o) 3! Menshutkin S\2 %
N2 C1 Reaction
—_—
a N~ Os:

Melm

MeSCN [Mmim]*[SCN]

4.2 nm

8.3 nm

Figure 1. (a) Optimized molecular structures of Melm, MeSCN, and
[Mmim]*[SCN]~ with atom labels, and the corresponding reaction
pathway. (b) MD simulation snapshots of the MeIm and MeSCN
confined in the silica pore models of different size. (c) Silica surface
model for the electronic structure calculations.

taken to fully condense the reactants, 1-methylimidazole
(Melm, nucleophile) and methyl thiocyanate (MeSCN,
substrate; Figure la), in the pores (Figure 1b) and eliminate
all external bulk reaction mixture. In this reaction, the
nucleophilic N2 atom of Melm attacks the electrophilic C1
of MeSCN, leading to the loss of the SCN™ leaving group
(Figure 1a). The carbon bonded to the two nitrogen atoms of
Melm is referred to as C2. The results are compared to the

same reaction in bulk solution. The concentration of the SCN™
leaving group is monitored in real-time with Fourier transform
infrared (FT IR) spectroscopy, yielding pseudo-first order rate
constants for the reaction. The temperature dependence of the
rate constant in the smallest pore studied (2.8 nm) is
contrasted with that in bulk solution, showing that the pore
reduces the activation energy barrier by 5.6 kJ/mol.

The rate constants increase as the pore diameter decreases in
the order 8.3, 4.2, and 2.8 nm. The trend is quantitatively
described by a two-state model in which molecules within the
surface layer experience a 2.4-fold rate constant increase over
those reacting at the bulk rate in the pore interior. Chemical
passivation of polar silanol groups on the surface deactivates
the catalytic activity of the silica, implicating silanols in the rate
constant enhancement. Electronic structure calculations on a
model silica surface (Figure 1c) confirm that silanol groups,
particularly vicinal ones, donate hydrogen bonds to key
complexes over the course of the reaction, reducing the
activation energy barrier and reaction endothermicity.

2. EXPERIMENTAL PROCEDURES

2.1. Sample Characterization, Preparation, and Measure-
ment. The BET surface areas,” BJH pore diameter distributions,™*
and pore volumes of the investigated mesoporous silica samples
(Table 1) were characterized with N, (g) sorption isotherms taken at
the Soft & Hybrid Materials Facility (SMF) at the Stanford Nano
Shared Facilities (SNSF).

Table 1. Surface Areas, Pore Diameters, and Total Pore
Volumes of Mesoporous Silica Samples

materials Sger (m?/g)  pore diameter (nm) V; (em®/g)
SBA1S 520 + 60 8.3 + 0.1 1.50 + 0.10
SBA15 560 + 80 42 + 0.5 0.62 + 0.06
MCM41 950 + 70 2.8 +£0.1 0.82 + 0.0
MCM41-Si(Me), 621 = 15 23 +0.1 0.51 + 0.01

Representative sorption isotherms and pore diameter distributions
can be found in the Supporting Information, SI. The hydroxyl groups
on the pore surface of the 2.8 nm MCM41 sample were replaced with
Si(Me), groups as previously described to yield the MCM41-Si(Me),
sample.”~>” The synthetic procedure and FT IR spectrum of the
passivated material are detailed in the SIL

The 1:10 MeSCN:Melm reaction mixture was confined in the
porous materials by mixing them with the solution, filtering the
particles, and equilibrating them in a home-built flow chamber to
ensure that excess bulk solution was removed while fully filling the
pores. The detailed procedure is described in the SI. The percent
mass losses from the materials subjected to thermogravimetric
analysis (TGA) were consistent with the measured pore volumes,
confirming the reliability of the method.”®

The silica samples containing the confined Menshutkin reaction
were assembled in a sample cell as previously described.”® FT IR
spectra were acquired every 30 min for the initial 20 h of the reaction.
The sample was then heated up to 356.2 K and the spectra were taken
until the reaction was complete. The fractional yield of SCN™ over the
course of the reaction was computed from the time-dependent
spectrum of the CN stretch mode as discussed in the SI.

3. RESULTS AND DISCUSSION

3.1. Linear IR Spectrum. In Figure 2, the normalized,
background subtracted CN stretch vibrations of the MeSCN
(Figure 2a) and SCN~ (Figure 2b) in bulk and confined Melm
are compared. The physical characteristics of the pores used in
this study are given in Table 1. The band centers and line
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Figure 2. Normalized, background subtracted FT IR spectra of the
CN stretch mode of (a) MeSCN and (b) SCN™ in bulk MeIm (black
curve) and in MeIm confined in the unpassivated 8.3 (brown curve),
4.2 (blue curve), 2.8 (red curve), and passivated 2.3 nm (green curve)
silica pores.

widths are listed in Table 2. Nanoscale confinement has little
influence on the peak center of MeSCN, which is 2154 cm™ in
every pore system. However, the full width at half-maximum of
the confined line shape is slightly broadened compared to that
of the bulk line shape. This slight broadening likely results
from the formation of hydrogen bonds (H-bonds) between the
CN and silanol groups on the pore wall for a small fraction of
the MeSCN molecules, leading to a broader range of transition
frequencies.”” The CN can accept an H-bond from the mildly
positive H2 of Melm (Figure 1a),”° but this interaction is
substantially weaker than the acceptance of an H-bond from
the surface silanols. The additional H-bonds formed with the

silica surface lead to greater inhomogeneous broadening of the
spectrum relative to that in the bulk liquid. The increased
width on the blue side is consistent with the blue-shift
observed for the CN stretch of acetonitrile confined in
mesoporous silica, which was attributed to hydrogen bonding
between the CN and OH groups on the pore surface.’’ In the
case of SCN7, the peak center blue shifts very slightly upon
nanoscale confinement (Table 2), which is also consistent with
the observations for acetonitrile.”" It was previously found that
axial H-bonds, or H-bonds involving a C—N-D angle of more
than 120°, induce a blue shift in the CN stretch of SeCN™ in
D,0.”® The formation of axial H-bonds between SCN~ and
silanol groups on the pore surface may be responsible for the
observed blue shift in the silica pores.

As discussed in the SI, section E, monitoring the time-
dependent areas of the MeSCN and SCN™ nitrile stretch bands
provides the time-dependent concentrations of these species.
The normalized, time-dependent spectra of MeSCN and
SCN™ at 296.2 K in bulk MeIm and Melm confined in the 2.8
nm silica pore are plotted in Figure 3a,b, respectively. The
SCN™ spectra are normalized to the peak of the long time
spectrum. The MeSCN spectra are normalized to the peak of
the earliest spectrum shown in the figure. The insets show an
expanded view of the growth of the SCN™ data at relatively
short times (hours). Note the scale difference on the insets’
vertical axes. As the reaction proceeds, the MeSCN peak area
decreases while the SCN™ peak area increases. At very long
time, the MeSCN peak completely disappears and the SCN™
peak reaches a maximum, indicating that the reaction has gone
to completion. Comparison of Figure 3a,b shows that the
SCN™ absorption grows more rapidly when the reaction
mixture is confined in silica pores, demonstrating that the
reaction rate is accelerated in the pore relative to bulk solution.

3.2. Rate Constant: Temperature Influence. The time-
dependent fractional yields of SCN™ in the bulk reaction
mixture (Figure 4a) and confined in 2.8 nm pores (Figure 4b)
are shown as a function of temperature in Figure 4. At room
temperature, the reaction is slow in both systems; the yield is
just below 3% in 16 h. However, at elevated temperature the
reaction proceeds much faster, and a yield of up to 90% is
obtained at 356.2 K in the same time.

As discussed in the SI, section E, the growth of [SCN™] can
be approximated as linear at short time. Linear fits to the data
at early time are displayed in Figure 4a,b. The rate constants, k,
obtained from the slope of the lines, are listed in Table 3. The
bulk rate constant at 336.2 K increases 33-fold relative to that
at 296.2 K, consistent with the ~25-fold rate constant
enhancement of imidazolium-based ionic liquid Menshutkin
reactions with a temperature increase from 298.2 to 333.2 K.**
At the highest temperature studied, 356.2 K, the rate constants
in the bulk and pore increase 127- and 89-fold, respectively,

Table 2. FT IR Line Shape Parameters

center (cm™) fwhm? (cm™")
sample MeSCN SCN™ MeSCN SCN™
bulk 21543 £ 0.1 20549 + 0.1 9.9 + 0.1 154 £ 0.1
8.3 nm 2154.1 £ 0.1 20585.7 + 0.1 10.3 + 0.2 154 + 0.1
4.2 nm 21543 £ 0.1 2055.8 + 0.3 104 + 0.3 154 £ 0.2
2.8 nm 21542 £ 0.1 2055.5 £ 0.2 104 + 0.1 154 + 0.2
2.3 nm MCM41-Si(Me), 2154.5 £ 0.1 20553 £ 0.1 10.7 + 0.2 158 £ 0.3

“fwhm: full width at half-maximum.
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Figure 3. Time-dependent normalized, background subtracted FT IR 4 6 8 10 12 14 16 18
spectra of MeSCN and SCN™ at 296.2 K in (a) bulk MeIm and (b) in ¢ (h)
Melm confined in the 2.8 nm silica pore. The insets show an
expanded view of the SCN~ spectra at early reaction times (note r
different vertical scales). C [ e Pore
e = Bulk
relative to their values at 296.2 K. Although the relative 2F
increase is smaller in the pore system, at each temperature [
within the investigated range, the pore rate constant is higher < 3F
than the bulk rate constant. This indicates that the reaction - [
rate is enhanced when confined in the silica pore. The S 4f

confinement-induced rate constant enhancement increases
with decreasing temperature.

The temperature-dependent rate constant for a thermally
activated process can be described by the Arrhenius equation

k= Ae /T )

where A, E,, and R are the pre-exponential factor, activation
energy, and ideal-gas constant, respectively. The influence of
the silica pore on the reaction is further quantified in Figure 4c,
which displays a plot of In k vs 1/T (Arrhenius plot). A linear
fit to the data yields A and E, from the intercept and slope,
respectively. The activation energies in the pore and bulk
systems are 65.9 and 71.4 kJ/mol, respectively, indicating that
the pore has a catalytic effect on the reaction. The catalytic
function of the pore is analyzed further in sections 3.3 and 3.4
below. The pre-exponential factor also decreases from 7.12 X
10° h™! (bulk) to 1.35 X 10° h™' (pore). Therefore, E, and A
have opposite influences on k in the pore.

The reduction in the pre-exponential factor can be analyzed
further by considering Eyring’s transition-state theory (TST)
expression for the rate constant at fixed pressure”

r Ea,pore = 659 kJ/mol
-5 :— Apore = 135&109 h-l

I Eabulk = 71.4 kJ/mol
OF Abui=7.12810° h!

I R B | 1 [T R

2.8 2.9 3.0 3.1 32 33 3.4

1/Tx103 (K

Figure 4. Time-dependent fractional yield of SCN™ in (a) the bulk
reaction and (b) the confined reaction in the 2.8 nm silica pore as a
function of temperature. (c) Arrhenius plots for the bulk and 2.8 nm
pore systems.

kpsr = kB_T Ki= kB_T e—AT'G"/RT

hce® hce® (3)
where kg, h, ¢°, K%, and A*G® are respectively the Boltzmann
constant, Planck’s constant, the standard-state concentration
(usually 1.00 M), the equilibrium constant between the
transition state and reactants, and the standard free energy of
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Table 3. Temperature-Dependent Rate Constants in the
Bulk and 2.8 nm Pore Systems

k x 10% (h™")
systems 296.2 K 3162 K 336.2 K 356.2 K
bulk 1.8 11.7 59.8 228.9
2.8 nm pore 3.1 18.5 85.8 276.3
pore/bulk ratio 1.79 1.58 1.44 121

activation. For a bimolecular ideal-gas phase reaction, eq 3 can
be written in a form analogous to eq 2°°

2
e'kgT eA¢S°/Re—Ea/RT
hce (4)

where A*S° is the standard entropy of activation.

The conventional TST expression cannot account for
nonidealities such as high pressure and solvent effects,'
which are clearly important to the Menshutkin reaction.'’™"?
Kramers extended the theory by modeling a chemical reaction
as a classical particle of mass, m, moving in a one-dimensional
asymmetric double-well potential U(x).***° The remaining
degrees of freedom of the surrounding molecules were
incorporated as a heat bath at temperature T, which influences
the reaction coordinate through a fluctuating force &(t)
(Brownian motion) and a damping force —myi, where y
represents a constant damping rate (friction). For moderate-
to-strong friction, he obtained the following result for the rate
constant:

kTST =

/4 + o) - r/2,
TST
@y, Q)

where @y’ is related to the curvature of the potential at the
position of the transition state.***® The term  is called the
transmission coeflicient. x accounts for recrossing of the barrier
from products to reactants, which lowers the rate constant. For
nonzero ¥, k is always less than unity, showing that krgr is an
upper bound on the rate constant.

Combining the results of Eyring and Kramers, the prefactor
A can be expressed as

k = kkpgr =

A= (/4 + o )? = y/2 |k T (AS/R
a)b hCo (6)

Thus, the reduced prefactor in the pore relative to the bulk
system can occur by several mechanisms. One possibility is a
decrease in A*$°, which would indicate that the transition state
entropy is closer to that of the reactants in the pore than in the
bulk (the results of section 3.4 below lend support to this
possibility). A decrease in @;, which reflects a decrease in the
curvature of the potential at the transition state, could also
lower the prefactor by making the barrier more difficult to
traverse (in general, broader barriers are more difficult to cross
by diffusion). However, we propose that the decrease results
primarily from a relative increase in the friction, y. The
coefficient y is a measure of the strength of the interaction
between the reaction coordinate and the surrounding medium.
It has often been interpreted”’ ™"’ specifically in terms of
Stokes clrag,41 which gives y = 6znr/m, where n and r are the
viscosity of the medium and radius of the spherical particle. In
this interpretation, the increased friction reflects an increase in
the viscosity of the liquid in the pore, which is mainly the
Melm solvent.

We have performed measurements of the rotational
dynamics of the MeSCN in bulk and confined Melm using
IR polarization selective pump—probe experiments.*”~** The
rotational dynamics are significantly slowed in the silica pore,
which is consistent with previous measurements on the
orientational relaxation of selenocyanate (SeCN~”) in silica
confined D,0.”" In that work, the SeCN~ dynamics were bulk-
like in the pore center, but exponentially slowed for SeCN~
molecules closer to the pore surface. A distance decomposition
of the rotational dynamics of MeSCN calculated in the model
silica pores also shows gradual slowing of the dynamics as the
molecule approaches the surface. The Stokes—Einstein—Debye
relation for rotational diffusion predicts a direct relationship
between the rotational correlation time and the viscosity, or 7
« 7. Therefore, a confinement induced “effective viscosity”
increase would also explain the reduction of the Arrhenius pre-
exponential factor in the pore. Indeed, Kramers demonstrated
that in the strong friction limit of eq 5, k o y~1*® which based
upon the above arguments gives A o 777" o 7', This result
has been shown to successfully predict the viscosity depend-
ence of biomolecule folding rates’” " and the transition rates
of dielectric particles in double-well optical traps.*”*’

3.3. Rate Constant: Pore-Size Dependence. The
reaction rate enhancement in the pore was further investigated
by measuring the formation of the SCN™ product as a function
of the pore size (Figure Sa). In Figure Sb, the observed k
(black points) are plotted as a function of the reciprocal pore
radius (1 /Rp) The data are shown in Table 4. The rate
constant increases with 1 /RP, i.e., decreasing pore size. As the
pore size increases, k approaches its bulk value. An increase in
the rate constant with decreasing pore size was also observed
for the acetalization of cyclohexanone with methanol in
MCM41."” However, a key difference between this work and
previous studies is that here the reaction mixture has been
removed from the exterior of the pores (section 2 and SI,
section C). Thus, the observed signals originate only from the
reactants and products in the silica pore, providing a direct
probe of the kinetics occurring in the confined volume.

The measured rate constant represents an ensemble
averaged quantity. The spatial variation of the rate constant
in the pore can be considered to quantitatively model the size-
dependence of k. We tested the ability of the two-state, or
core—shell, model”***~** to reproduce the data. The two-state
model has found success in describing the behavior of certain
molecular properties subject to confinement.”****”*’ For
example, in reverse micelle lamellar structures, it has been
demonstrated that the water dynamics and FT-IR spectra of
the hydroxyl stretch divide into a surface layer one water
molecule thick, the shell, and water molecules not at the
surface, the core.*””* The silica pores studied in this work have
approximate cylindrical symmetry. Therefore, the dependence
of the property of interest on distance from the pore center, r,
provides a complete description of the system. We assume that
the rate constant takes on a value in the interfacial, or shell,
layer, ky, and another value in the core region of the pore, k. ky,
is taken to have the value observed in the bulk reaction
mixture. For a pore of radius R, and shell thickness A, k(r) is
given by

k(r) = ky + (kg = ky)0(r — (R, — A)) (7)

where O(x) is the Heaviside step function. The spatially
averaged rate constant, k(RP), is calculated by integrating k(r)
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Figure 5. (a) Time-dependent fractional yield of SCN™ in the 2.8
(red points), 4.2 (blue points), and 8.3 nm (brown points) pores at
296.2 K. The data for the reaction in the bulk (black points) and
passivated silica pore (green points) are also shown. (b) Measured
(black points) and calculated (red curve) rate constants from the two-
state model, assuming a uniform reactant density throughout the pore
and an interfacial width of A = 5.02 A, as a function of reciprocal pore
radius (I/Rp) at 296.2 K.

Table 4. Rate Constants in the Bulk and Pore Systems at
296.2 K

systems kx 10° (h7™h)
bulk 1.8
8.3 nm 23
4.2 nm 2.7
2.8 nm 3.1
2.3 nm MCM41-Si(Me), 1.9

weighted by the probability of finding the reactants between r
and r + dr, f(r)dr, over the entire pore:

KR = [ RO Od =k + = k) [ 0
®)

where f(r) is the probability density function for the reactants.
If the reactant density is uniform throughout the pore, f(r) is
given by

probe radius of zero.’® Treating MeIm as a sphere, this gives a
diameter of D = 5.02 A. The fit of eq 10 (red curve) to the
measured rate constants (black points) using A= 5.02 A and k;
= 1.8 X 107 h™!, is shown in Figure Sb. Despite this rather
crude estimate of the interfacial thickness, A, the fit is a
reasonable description of the trend of increasing reaction rate
with decreasing pore size. A slight curvature is evident in the
both the data and fit in Figure Sb. This nonlinear dependence
on 1/R,, is represented by the second term in brackets in eq 10.
The nonlinearity, and therefore curvature of the fit, increases as
the interfacial thickness becomes a larger fraction of the pore
radii investigated. The only parameter allowed to vary in the fit
was the surface rate constant, k, which was found to be 4.0 X
1073 h™". Therefore, the model suggests that molecules within
5 A of the silica surface react approximately twice as fast as
molecules in the core of the silica pores.

Although it is a useful conceptual framework, the conven-
tional two-state model is unrealistic in its treatment of the
confined liquid as a continuum with uniform density. The
model treats the ratio of the shell area to the total pore cross-
sectional area as equivalent to the ratio of the molecules in the
shell to the total number of molecules. This ratio of the shell
area to the total area is the term in brackets in eq 10. However,
the equivalency between the ratio of the areas to the ratio of
the number of molecules breaks down when the density of the
reactants is not uniform throughout the pores. In this case, the
relevant quantity of interest, the ratio of shell molecules to
total molecules, is given in general by the final integral in eq 8.
In order to compute this integral, the probability density f(r)
must be determined.

Molecular dynamics (MD) simulations of the silica pores
and reactants were performed to compute f(r). The
construction of the silica pore models, the nature of the
surface, the pore filling procedure, the force fields and charges,
and comparisons to experimental results are discussed in detail
in the SI. The simulated probability densities for the C1 and
C2 atoms of MeSCN and Melm (see Figure 1a), respectively,
are shown in Figure 6a—c for the 8.3, 4.2, and 2.8 nm pores.
The distributions are plotted as a function of the minimum
distance between the C atoms and nearest pore O atom, d. The
relationship between r and d is given by R, = r + d. The
probability densities are peaked at distances close to the pore
surface, indicating that the densities of the reactants are
nonuniform near the interface (Figure 6). Note that although
f(d) appears similar to a radial distribution function (rdf), it is
a different quantity. In contrast to an rdf, the integral of f(d) is
one by definition. Also, whereas an rdf approaches a value of
one as the distance becomes very large (indicating a uniform
liquid density), f(d) goes to zero as the pore center is
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Figure 6. Probability density functions of the MeIm C2 atom and
MeSCN Cl1 atom in the (a) 8.3, (b) 4.2, and (c) 2.8 nm pores as a
function of the distance, d, between the C atom and nearest pore O
atom. Snapshots of the 2D probability distribution of the Melm
center of mass in the pores are displayed as insets. The inset axes are
in angstrom units.

approached and the available volume goes to zero. It can also
be seen that f(d) linearly decreases for large d, which reflects a
uniform density and linearly decreasing layer volume as the
center is approached (analogous to eq 9). The insets to Figure
6a—c display 2D contour plots of the Melm center of mass
positions in the different silica pore models in the xy-plane.
The Melm surface layering is evident for all pore sizes. The
layering gradually disappears as d increases, particularly in the
8.3 nm pore where four distinct Melm layers are discernible
followed by unstructured liquid in the pore interior. Four
layers are also observed in the 4.2 nm pore; however, the bulk-
like liquid in the core region is almost absent. In the 2.8 nm

pore, no uniform liquid exists in the core. Similar structural
features have been observed for water and ionic liquids
confined in porous silica.”®>'~°

The interfacial thickness, A, can be more precisely defined
using the probability densities in Figure 6. The first minimum
in f(d) arises from the location in between the first and second
layers of molecules where the density is lowest. We therefore
define the width of the shell to be the distance from d = 0 to
the first minimum in f(d) for the MeIm C2 atom. The location
of the first minimum is insensitive to the pore size (Figure 6a—
c), giving a value of A = 4.6 A for all pores. This value is only
about 0.4 A smaller than the value obtained by treating MeIm
as a sphere and taking its diameter, as discussed above. The
integral of f(r) over the interfacial region is the ratio of shell
molecules to the total number of molecules, which is the
quantity needed to model the pore-size dependent rate
constants. Using this value of A and the f(r) shown in Figure
6a—c, we numerically integrated eq 8 in a global fit to the
measured rate constants, with k; being the single adjustable
parameter. The measured rate constants (black points) and
calculated rate constants (red points) are shown in Figure 7.
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Figure 7. Measured (black points) and calculated (red points) rate
constants from the two-state model, using the probability densities in
Figure 6, which yield an interfacial width of A = 4.6 A, as a function of
reciprocal pore radius (1/R,) at 296.2 K. The measured rate constant
in passivated MCM41-Si(Me); (orange point, lower right) is also
shown for comparison.

The agreement is excellent. This procedure yields k, = 4.36 X
107> h™". This result for k, is only 7% larger than the result
obtained by fitting the data to the two-state model of eq 10,
using A = 5.02 A.

The surface rate constant, k, (4.36 X 10~ h™"), is ~2.4 times
larger than the bulk rate constant, k, (1.8 X 107> h™'). It is
interesting to note that at 296.2 K, a ratio of k(R, = 2.8 nm)/k;
= 9.5 instead of 1.8 is obtained if the pre-exponential factor is
assumed to be constant and solely the activation energy change
between the bulk and the pore (Figure 4c) is considered.
Therefore, the reduction in the pre-exponential factor, A, in the
pore relative to the bulk plays a significant role in reducing the
magnitude of the rate constant enhancement. As discussed in
section 3.2, the decrease in A is correlated with the slowing of
MeSCN rotational dynamics observed upon confinement in
the 2.8 nm pore. The observations are consistent with similar
experiments on the dynamics of SeCN™ in D,O confined in a
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2.4 nm silica pore.”® Relative to the spatially averaged
dynamics, the SeCN™ dynamics near the silica surface were
remarkably slower. This is almost certainly the case for
confined MeSCN and Melm. Therefore, A near the pore
surface is expected to be smaller than the average value
determined in section 3.2 for the 2.8 nm pore. If the surface
prefactor is smallest and the rate constant is highest near the
surface, the activation energy for the reaction at the surface
should be lower than the overall 65.9 kJ/mol value observed
experimentally. It is possible to obtain an estimate for both the
surface activation energy, E,, and surface prefactor, A,
Expressing k, at two temperature points using eq 2 and taking
the ratio of the two equations provides an expression for the

surface activation energy, E,

E o= R, k(T,)
(L -T) | k(T)
_ RIL T KTG) — (- 2)k(T)
(L, - T) Xk (T) (11)

where y, = / R‘; _ af(r) dr. The final form of eq 11 was obtained

by using eq 8 to write k(T,) in terms of the pore and bulk rate
constants, k(T,) and k,(T,). To obtain E,, T, and k,(T,) were
fixed to 296.2 K and 4.36 X 107> h™!, respectively. The values
of the pore rate constant, k(T,), and the bulk rate constant,
ky(T,), were measured at three additional T, temperatures
316.2, 336.2, and 356.2 K (Table 3). In principle, only two
temperature points, T, and T,, are needed to compute E,.
However, to improve the reliability of the calculation, all T,
points were taken into account by varying E,, in the least-
squares sense, to obtain the best agreement with the three E,
values predicted from the three temperature points. The result
is E, = 64.3 + 0.5 kJ/mol. Using eq 2 and k, = 4.4 X 10> h™"
gives A, = 9.4 X 10° h™. As expected, both the activation
energy and prefactor at the silica surface are lower than the
same quantities averaged over the entire pore volume.

The above analysis demonstrates that the increased rate
constant in the pore can be attributed to a surface-localized
enhancement of the reaction rate. Solvent effects are known to
have a substantial influence on the rate of Menshutkin
reactions.'”'? In particular, polar solvents can stabilize the
charge separation that occurs in the transition state
structure.'”"? These considerations suggest that the solvent
structures at the silica surface can stabilize the transition state.
The polar, H-bond donating silanols (SiOH) at the surface are
likely a key component of these structures.”’ The silanol
densities on the surfaces of MCM41 and SBAL1S are typically in
the range ~2—3 OH groups/ nmz,56 somewhat lower than the
maximum density of ~4.6 OH groups/nm* for a fully
hydroxylated surface.’”*® To test the role of the surface
silanols in the rate constant enhancement, we measured the
rate constant in passivated 2.8 nm MCM41 (MCM41-
Si(Me);) at 296.2 K (Figure Sa, green points), which is
shown in Figure 7 (orange point, lower right corner). The rate
constant is 1.9 X 10* h™" (Figure 7), which is significantly
lower than that in the unpassivated MCM41 (3.1 X 107> h™")
and nearly identical to the bulk rate constant of 1.8 X 107> h™*
at the same temperature. We note that the passivation reduces
the effective pore diameter from 2.8 to 2.3 nm (Table 1), and a
reduction in the pore size is normally associated with an
increase in k (Figures S and 7). Therefore, the results implicate

the silanols in the rate constant enhancement. Both reactants,
Melm and MeSCN, can accept H-bonds from the silanol
groups through their o (nitrogen lone pair) and =«
orbitals.*”*”° The formation of H-bonds between the
reactants and surface silanols is responsible for the increased
layering of the reactants at the surface as observed in Figure
6a—c. The increased local concentration of reactants at the
surface may contribute to the reaction rate enhancement.
Additionally, the intermolecular interactions at the surface can
orient MeIm and MeSCN preferentially for an Sy2 substitution
reaction and stabilize the separation of charge. This possibility
is explored in the following section.

3.4. Reaction Energy Profile. To further examine the
catalytic effect of the silica surface on the Melm/MeSCN
reaction, density functional theory (DFT) calculations of the
reaction energy profile for the hypothetical gas phase reaction
were compared to those for the reaction on a SiO, surface
model without surrounding solvent.”" This approach is similar
to that of Halls and Schlegel,5 Giacinto et al,"> and Tavares et
al.* The authors used DFT methods to compare the reaction
energy profile of the gas phase Menshutkin reaction between
ammonia (NH;) and methyl chloride (CH,;Cl) to that of the
same reaction confined in CNTs. Their analyses focused on
the relative energies of stationary points on the potential
energy surface referred to as the reactant binding complex
(CR), transition state (TS), and product binding complex
(CP). The authors found activation energies, or the energy
difference between the TS and CR (AE*), in the range of
~137—148 kJ/mol for the gas phase reaction. When confined
in various types of CNT structures, the activation energies
decreased on average by ~40—50 kJ/mol with respect to those
in the gas phase reaction.”®"

In the present work, the results of the rate constant
measurements gave a smaller activation energy of 71.4 kJ/mol
for the bulk reaction and an activation energy reduction upon
confinement in the 2.8 nm silica pore of 5.6 kJ/mol. It is not
surprising that the calculated gas phase energies are
significantly higher than those observed experimentally given
the exclusion of the solvent, which adds a significant degree of
stabilization.”> The comparison is not perfect since both the
Menshutkin reaction and confining material investigated here
are different from that studied by the above authors. However,
given the computational expense, we also adopt the procedure
used by these authors. Details on the silica surface model and
electronic structure calculations are presented in the SIL

The local surface structures on silica are complicated to
model due to surface roughness and the presence of several
types of surface silanol groups with different properties.”>**
Individual silanol groups are classified as “H-bonded” or
“isolated” depending on whether they do or do not form H-
bonds with other silanols. If two silanols share a common
oxygen vertex, they are referred to as “vicinal”. “Geminal”
silanols have an Si atom that is coordinated to two OH groups.
The SiO, model (SiO,-3 with 4.6 OH per nm?)®" used here
features all of these silanol types.

The Menshutkin reaction proceeds through an Sy2
mechanism in which the nucleophilic N2 of MeIm backside
attacks the electrophilic C1 atom of MeSCN (Figure 1a). We
hypothesize that MeSCN adsorbs onto the silica surface with
its methyl group pointing away from the surface, situating the
methyl for effective backside attack. This likely occurs through
the formation of an H-bond between the CN group and a
silanol OH. Thus, the most stable MeSCN configuration on
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the surface was obtained before the transition state calculation
was performed. Various adsorption configurations, including
their energies, are shown in Figure 8. H-bonds form between
the OH groups and the N or S atom of MeSCN in all cases
(Figure 8). The adsorption energies are negative, indicating
that the H-bond interactions are stabilizing and favor the
adsorption. In Figure 8c—e, the CN bond is oriented roughly
normal to the surface. For this orientation, the energy is most
negative when the CN bond is located near a vicinal silanol
(Figure 8c) and becomes progressively more positive in the
order geminal (Figure 8d) to isolated (Figure 8e). The large
negative energy in the vicinal case results from the added
adsorption stabilization offered by the donation of two H-
bonds to MeSCN from the two silanols. Figure 8a,b displays
MeSCN configurations near vicinal sites in which the CN
bond is oriented roughly parallel to the surface. The
configuration where the SCN group is nearly flat and the
silanol density is highest has the most negative adsorption
energy (Figure 8b). In total, three H-bonds between the OH
groups on the surface and the N atom (and S atom) are
obtained. This configuration was used in the transition state
calculation.

The back-side substitution pathway was chosen in the
calculation; steric repulsion arising from the interaction
between the nucleophile and the leaving group in the front-
side pathway renders it highly unfavorable in most cases.’®
Optimized CR, TS, and CP structures in the gas phase and the
SiO, surface systems are compared in Figure 9a. The relevant
geometric parameters are included in Table S1. Comparison of
the calculated configurations for the gas phase and silica
surface indicates that the SCN groups are stably adsorbed by
the silanol groups on the surface via strong H-bond
interactions (Table S1).

The reaction energy profiles are shown in Figure 9b. Note
that the CR is the zero energy reference point for both the gas
phase and silica surface reaction calculations in the figure. The
energy barrier, AE*, is the energy difference between the TS
and CR. The reaction energy, AE", is the energy of the CP
with respect to the CR. The calculated AE* in the gas phase is
121.5 kJ/mol. This value is consistent with the ~137—148 kJ/
mol range of AE* obtained for the gas phase reaction between
NH, and CH;Cl and the AE* of ~137 kJ/mol calculated for
the gas phase Menshutkin reaction between Melm and
chloroethane to produce the ion pair 1-ethyl-3-methylimida-
zolium chloride (EmimCl).®* As discussed above, the
calculated AE*s for Menshutkin reactions are generally larger
than 100 kJ/mol, which is large when compared to
experimental results.”” In this context, the calculated AE*
obtained here is reasonable, and the qualitative trends can be
compared to previous calculations. The AE* for the surface
reaction (76.0 kJ/mol) is reduced relative to that in the gas
phase, in qualitative agreement with the reduced activation
energy barrier observed in the 2.8 nm pore relative to the bulk.
The calculated gas phase barrier reduction is about 37%.

As discussed above, the transition from a hypothetical gas
phase reaction to the reaction in the presence of a surface is
expected to significantly overestimate the true barrier
reduction because the influence of a solvent is not included
in this approach. Indeed, in section 3.3 the experimental
activation energy at the surface was found to be 64.3 kJ/mol.
When compared to the bulk activation energy of 71.4 kJ/mol,
this value represents a 10% reduction. Thus, although the
quantitative changes predicted from the DFT gas phase
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Figure 8. Adsorption configurations and interaction energies for
MeSCN close to different types of silanol groups on the silica surface.
Panels a—c correspond to vicinal silanols with different MeSCN
configurations. Panels d and e show adsorption configurations near
geminal and isolated silanols, respectively.

calculations are significantly different, the qualitative trends are
consistent with the measurements on the Menshutkin reaction
in the bulk liquid and nanoconfined liquid. The calculations
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Figure 9. (a) Optimized geometries of reactant binding complexes
(CR), transition states (TS), and product binding complexes (CP)
and (b) reaction energy profiles for the MeIm/MeSCN reaction in
the gas phase and surface systems. The zero energy reference point for
both the gas phase and surface systems is the energy of the
corresponding CR.

support the conclusion that silanol groups on the surface can
act as catalysts by decreasing the reaction energy barrier. In
addition, AE® decreases from 11.2 kJ/mol in the gas phase
system to —26.7 kJ/mol in the surface system. Therefore, the
stabilization of the CP on the surface can reduce the
endothermicity of the reaction, in this case, the formerly
endothermic reaction becomes exothermic, which was
previously calculated for the simplest Menshutkin reaction in
CNTs.* The reduction in AE® on the silica surface system
compared to the gas phase is 37.9 kJ/mol, whereas reductions
of around 100 kJ/mol were calculated originally by Halls and
Schlegel upon confinement of the reaction in CNTs.
However, exothermicity found here is greater than previously
reported for CN'Ts.® This is a consequence of the fact that AE®
calculated for the gas phase reaction between Melm and
MeSCN is significantly lower than that for NH; and CH;CI by
over 100 kJ/mol,>*"* which is notable given the similar AE*
energies obtained. The calculations indicate that the present
reaction is more thermodynamically favored compared to the
one between NH; and CH;CL

4. CONCLUDING REMARKS

The kinetics of the Menshutkin reaction between Melm and
MeSCN confined in mesoporous silica were investigated as a
function of temperature, pore size, and surface chemistry using
FT IR spectroscopy, MD simulations, and ab initio
calculations. Pseudo-first order rate constants were obtained

from the growth of the absorption of the CN stretch of the
SCN™ product at early time in the bulk and pore systems. The
rate constants are larger in the pore systems for all investigated
diameters (2.8, 4.2, and 8.3 nm) and temperatures, which is
consistent with previous studies.”®'

The temperature dependence of the rate constant in the
bulk and the 2.8 nm pore follows an Arrhenius trend. The
activation energy for the reaction in the pore is 5.6 kJ/mol
lower than in the bulk. The increase in rate constant with
decreasing pore size can be quantitatively described by a two-
state model,**®® in which the pore is partitioned into a shell
region with enhanced kinetics and a core region with bulk
kinetics. The effectiveness of the two-state model in describing
the pore-size dependence of the rate constant indicates that the
enhancement is mainly a surface effect that does not change
with confinement size. The average rate constant increases
with decreasing pore size as molecules in the shell become a
larger fraction of the total reacting population. While the
reduced surface activation energy ultimately favors the reaction
in the shell, the pre-exponential factor, which decreases in
tandem with the slower interfacial solvent dynamics, disfavors
the reaction. The role of surface silanols in the rate constant
enhancement was confirmed by observing the reaction in
passivated 2.3 nm MCM41 (MCM41-Si(Me);), which was
only slightly faster than in bulk solution and much slower than
in the unpassivated 2.8 nm MCM41. Simulations of the MeIm
probability density near the silica surface show that the
interfacial layer thickness, A = 4.6 A, is independent of pore
size. This value yields a 2.4-fold rate constant increase in the
shell relative to the core.

The calculated reactant adsorption energies on the silica
surface show that vicinal sites where the SCN group is oriented
parallel to the surface are most stable. This configuration
increases the number of H-bonds formed between the surface
and the MeSCN while orienting the methyl group away from
the surface for effective attack by the Melm nucleophile.
Additionally, the H-bonds increase the electrophilicity of the
methyl group by directing electron density toward the N
terminus of the molecule, increasing the reactivity. These
changes are reflected in the reduced activation energy on the
silica surface relative to the gas phase. This is consistent with
the present experiments and the reduced barrier calculated for
the reaction between NH; and CH,Cl confined in a CNT.>®
The calculations further show that the silica surface can
stabilize the product binding complex, making the formerly
endothermic reaction in the gas phase exothermic in the silica
pore. This effect is predicted to occur in CNTs as well. >

This work overcomes the existing difficulties associated with
selecting, characterizing, and observing Menshutkin reactions
in porous host materials. The rate constant trends, kinetic
heterogeneity modeling, and mechanistic insights presented
here can inform future investigations of nanoconfined reactions
and aid in the development of design principles that tailor
nanostructured materials for reactions of interest.
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