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Solvation effects in liquid-phase esterification
reactions catalyzed by hydrogen-form ion
exchange resins

Mackenzie R. Todd,? Jaeryul Park,” Mara Kuenen,? Griffin Drake,®
Mohammed Al-Gharrawi,® Luke T. Roling ©2° and Thomas J. Schwartz (2 *

Renewable carbon resources, such as biomass or CO,, are crucial for replacing unsustainable fossil-
based carbon in fuels, chemicals, and materials. However, valorization of these resources is often
impeded by high oxygen content, which must be reduced, and low molecular weight, which often must
be increased. Solid-acid-catalyzed reactions are critical for this valorization, and the reactions often
occur in solution. The well-defined structure of crystalline solid acids, such as zeolites, makes them
amenable for study, while other materials, such as the Amberlyst™ family of polymeric resin catalyst, are
harder to characterize. Here, we apply rigorous reaction kinetics measurements coupled with density
functional theory (DFT) calculations to elucidate the influence of solvation on the esterification of
butyric acid with n-butanol, used as a model reaction. We find surprising kinetic behavior, whereby the
reaction is first-order with respect to both butyric acid and n-butanol when toluene is used as a
nonpolar solvent, but the rate both decreases and becomes zero-order with respect to both butyric acid
and n-butanol when tetrahydrofuran (THF) is used as a polar, aprotic solvent. DFT calculations reveal
strong binding of THF to the sulfonate active sites on Amberlyst™, which partially explains the decrease
in rate, while strong hydrogen bonding of the reactants with the solvent lead to an overall decrease in
entropy in the bulk phase, thereby improving the thermodynamics for adsorption of the reactants to the
catalyst and causing the observed shift in reaction order.

The transition from a fossil-based to a sustainable chemical economy requires developing processes to convert renewable carbon resources into useful

products. Unlike fossil resources, renewable carbon, such as biomass or captured CO,, is highly oxygenated. This presents a significant challenge, as converting

such molecules into fuels and chemicals often requires liquid phase processing, in contrast to the traditional vapor-phase refining used for most petroleum-
derived products. The performance of conventional catalysts is often poorly understood. Here, we combine experimental and computational studies to

investigate how the choice of reaction solvent impacts complex reactions. We show that the solvent can fundamentally alter the underlying reaction
mechanism, which can impact process efficiency. The molecular-level insight developed in this work is crucial for the rational design of new catalytic systems

thereby enabling the efficient production of sustainable fuels, chemicals, and materials.

1. Introduction

resources and toward biomass resources for fuel and chemical
production.””® For example, organic materials obtained from

Increases in global temperature have inspired a range of climate
change mitigation strategies that focus on reducing the amount of
CO, released into the atmosphere by human activities." ™ One way
to reduce net CO, emissions is to shift reliance away from fossil
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forest residues are derived from carbon dioxide removed from
the atmosphere via photosynthesis." Therefore, the use of
forest products in fuel and chemical production opens a
window for nearly carbon-neutral lifecycles for societally impor-
tant materials.>?

An important challenge in this regard is that organic products
derived from woody biomass have high oxygen contents, which
can make them less stable or of lesser value to existing fossil-
based industry and infrastructure.>®”* To reduce oxygen con-
tent, one class of reactions of interest to the field of biomass
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Scheme 1 Fischer esterification decreases the oxygen content of organic
products via dehydration condensation.

upgrading is dehydration condensation.>” Condensation reac-

tions remove oxygen in the form of water, which maintains high
carbon yields, as shown for Fischer esterification in Scheme 1.
Esters are industrially relevant as solvents and specialty
chemicals, and the mechanism of Fischer esterification has
been well studied.”™" Of specific interest in biomass conver-
sion are reactions that are catalyzed by heterogeneous Bregnsted
acid catalysts, such as sulfonate resins. An example of a known
mechanism for acid catalyzed esterification has been proposed
by Vafaeezadeh and Fattahi,’*> shown in Scheme 2. In this
mechanism, the carboxylic acid first coordinates to the
Bronsted acidic proton of the sulfonate group on the acid
catalyst, with the alcohol hydroxyl associated with a sulfonate
oxygen. A C-O bond is formed between the alcohol hydroxyl
(R,OH) and the carbonyl carbon of the acid (R;COOH) in a rate-
limiting transition state, followed by rearrangement and elim-
ination of a water in a second, kinetically insignificant transi-
tion state. Product desorption regenerates the sulfonate site.
Santhanakrishnan et al® and Teo et al.™® also agree that
acid catalyzed esterification begins with the protonation of
the carboxylic acid followed by a nucleophilic attack of the
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protonated carboxylic acid by the alcohol. They describe this
nucleophilic attack as being the rate-limiting transition state.’
Lee et al.'® and Dange et al.'' both report Langmuir-Hinshel-
wood kinetic models as being the best match to data from the
esterification of n-butanol with C; and C; alcohols, respectively,
catalyzed by Amberlyst™ 70. Over Amberlyst™ 15, Ali et al.**
found that a modified Eley-Rideal model was most accurate for
fitting data from esterification of propionic acid with 1-
propanol. However, with this exception, there appears to be
more support in the literature for a Langmurian mechanism for
various esterification reactions catalyzed by acidic resins.'®'"*?

In this work, we evaluated acidic Amberlyst™ resins because
they are well-studied polymer catalysts with Brensted acid sites
that are also stable at typical reaction conditions.”**2°
We consider especially the impact of solvation on the reaction
mechanism, as Amberlyst™ 15 is often described as being
“much less sensitive to the nature of the solvent than the
conventional resin.”"” While information about the reaction rate
and mechanism of esterification is available, there are few
studies that provide insight into the impact of solvent polarity
on the reaction rate of acid-catalyzed esterification, yet solvent
effects are clearly important for understanding catalysis in these
systems.’ ™! The Amberlyst™ family of catalysts are composed of
functionalized styrene-divinylbenzene polymer backbones, with
Amberlyst™ 15 (A15) having a higher acid site density and
differing degrees of backbone crosslinking than Amberlyst™ 46
(A46)."77"° If the polarity of acid sites impacts the way the
nonpolar catalyst backbone interacts with solvents of different
polarities, then the extent of stabilization of reaction inter-
mediates may be different for those solvents. We probe these

OH

Proposed reaction mechanism for esterification catalyzed by a heterogeneous Brensted acid catalyst, as presented by Vafaeezadeh et al.*2

© 2025 The Author(s). Published by the Royal Society of Chemistry
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potential effects using A15- and A46-catalyzed esterification of
butanol with butyric acid as a model reaction, comparing
reactivity in toluene (nonpolar solvent) with that in THF (polar
solvent). We couple these reactivity measurements with density
functional theory (DFT) calculations to propose a potential
reaction mechanism that can reconcile the diverse effects
observed in the literature.

2. Methods
2.1 Materials

1-Butanol (Sigma Aldrich or Acros Organics, both >99.4%
purity), n-butyric acid (Sigma Aldrich or Acros Organics, both
>99% purity), toluene (Acros, 99.85% purity, extra-dry), and
tetrahydrofuran (Fisher, containing butylated hydroxytoluene
as an inhibitor) were all used as received. A15 and A46 were
purchased from Sigma Aldrich. The catalyst resin beads were
soaked in ultrapure water (18 MQ) overnight, then filtered and
washed with ultrapure water three times. The resin beads were
then dried under vacuum at 313 K and crushed and sieved to
between 50-100 mesh.

2.2 Catalyst characterization

Based on the procedure used by Akkaramonakolporn et al.,**
0.10 grams of washed, crushed, and dried catalyst were added
to a flask with 25 mL of a 2 N solution of sodium chloride. The
slurry was left to equilibrate for 3 hours, stirring occasionally.
The slurry was then titrated with a 1 N solution of sodium
hydroxide, with pH measured by a digital pH probe (Fisher
Scientific, Acumet AE150). The titration data were fit with cubic
spline interpolation using MATLAB. The endpoint of the titra-
tion was determined from the inflection point of the spline
curve. The endpoint was then used to determine the ion
exchange capacity as described by eqn (1),>* where C is the
concentration of NaOH solution (mol H" L"), V is volume of
NaOH solution added at titration endpoint (mL), and W is the
mass of catalyst (g).

c-v
IEC =~ (1)

The bulk density of the resin was measured by adding
0.4 grams of crushed, washed, and dried catalyst to a small
graduated cylinder. 5 mL of solvent were then added to the
cylinder. The slurry was left to equilibrate for at least eight
hours, stirring periodically. Before stirring, the volume of the
resin bed and the volume of solution were measured. Changes
in resin bed volume were measured over time to determine
effective bulk densities (corresponding to the extent of resin
swelling) in toluene, THF, and water.

2.3 Reaction kinetics measurements and analysis

10 mL batch reactors (Alltech, thick-walled glass, Teflon liners
in phenolic caps) with triangular stir bars were used to measure
reaction rates. A Fisher Isotemp stirring hotplate was used with
a silicon oil bath to maintain constant temperature (373 K) and
stirring (250 rpm) throughout the reactions. The reactors were

© 2025 The Author(s). Published by the Royal Society of Chemistry
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operated at autogenic pressure. The concentrations of butanol
and butyric acid were varied among reaction experiments. For
each reaction experiment, six batch reactors were prepared
with the same feed composition. In general, the initial liquid
volume was ca. 5 mL (comprising 4 g liquid and 0.05 g
catalyst). When removing reactors from the oil bath (after
20, 40, 60, 80, 100, and 120 minutes each), the reactors were
quenched in an ice bath to stop the progression of the
reaction. Short reaction times were used to maintain reaction
conversion less than 25%. Initial rates were determined from
a plot of concentration vs. reaction time, using only points
over which the plot was linear. The concentrations of reac-
tants and products were measured by gas chromatography
with flame ionization detection (Shimadzu GC2010, Agilent
DB-624 UI column).

Initial production rates of butyl butyrate were calculated
from initial slopes of plots of the amount of butyl butyrate
produced per mass of catalyst over time. Calculations were
performed using Microsoft Excel and MATLAB. Reaction orders
were calculated from the slopes of log-log plots of reaction
rate vs. initial reactant concentration.

The Weisz-Prater criterion was used to confirm that all
reactions were conducted in a kinetically controlled regime.
The Weisz parameter, as described by Levenspiel, is given by
eqn (2), where M,, is the Weisz parameter, n is the reaction
order, (—ry) .
volume-of-catalyst), L is the characteristic dimension of the
catalyst particles (one third of the radius in this case), Degr is the
effective diffusivity of species A inside the catalyst particle, and
Ca, is the concentration of species A at the catalyst surface,
which can be approximated by the concentration of species A in
the bulk phase where stirring rates are sufficiently high.>*

is the measured volumetric reaction rate (per-

1

:n+ 1 « (_}A)obst

M, 2
2 Derr Ca, @

To evaluate eqn (2), the reaction order and observed reaction
rate were determined experimentally. In the case of both
solvents, the maximum measured reaction rates were used to
provide a worst-case scenario. A catalyst density of 1.513 g mL ™"
was used (the “true skeletal density” according to Kunin
et al.'®) to convert specific rates to per-volume reaction rates.
A range of catalyst particle sizes was used (50-100 mesh),
so eqn (2) was evaluated at the extremes. The minimum particle
radius was 0.00745 cm, and the maximum particle radius was
0.014895 cm. The effective diffusivity was approximated as
0.0138 cm” s~ ', calculated by Yu et al for methyl acrylate
production catalyzed by A15.>* Because the rate of stirring for
all reactions was high, the reactant concentration on the
catalyst surface can be approximated by the reactant concen-
tration in the bulk solution.

2.4 Density functional theory calculations

DFT calculations were performed using the Gaussian 09 simulation
package® with the B3LYP*** functional and the 6-311++G(d,p)
basis set.”®*° The polarizable continuum model (PCM*’) with SMD

EES Catal.
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variation®' was used to implicitly model the presence of solvents.
Geometry optimizations were performed with ‘“verytight”
convergence criteria. Transition states were identified using
the QST3 algorithm and verified to contain only one imaginary
vibrational mode. For simplicity, the catalyst surface was repre-
sented as a benzenesulfonic acid molecule. All atoms were fully
relaxed in simulations.

The implicit solvation model calculates entropies in the
same fashion as for gas-phase species, leading to overestima-
tion of entropies for liquid-phase species. As it would be
prohibitively computationally expensive to obtain more
detailed estimates for these entropies, we as a first approxi-
mation corrected the DFT-calculated entropies of 1-butanol and
butanoic acid by the difference between gas- and liquid-phase
entropies of the pure species tabulated in the NIST WebBook.*>
We note that the tabulated corrections are for the respective
pure species, not for solvation in toluene or THF. As the
percentage of gas-phase entropy retained in liquid 1-butanol
(62%) and butanoic acid (64%) was similar, we corrected the
entropy of the ester product by setting the liquid entropy as
63% of the DFT-computed gas-phase value. We further com-
puted the entropy of the water product in toluene or THF as
63% of the DFT-computed gas-phase value; although explicit
values are available for pure liquid and gas water entropies, the
entropy retained by liquid water relative to gas-phase water
(37%) is likely much smaller due to the strong hydrogen
bonding in liquid water. The use of an implicit solvation model,
while necessary to limit the scope and complexity of the
calculations in this study, introduces some error due to
neglecting explicit interactions such as hydrogen bonds
between solvents, surface models, and adsorbed species. In
an absolute sense, the resulting solvation energies obtained
by the SMD method are sometimes weakly correlated with
those calculated by explicit models, depending particularly
on solvent polarity.>® While the absolute energies calculated
using our model will include some error resulting from this
phenomenon, we anticipate that some level of error reduction
for given elementary steps will occur by comparing relative
energies of similar systems, such that the uncertainty esti-
mates discussed in our kinetics analysis (+0.3 eV) will capture
such deviations.

2.5 Maximum rate analysis

Based on Gibbs free energies of reactive intermediates and
transition states, obtained from DFT calculations as described
above, a separate reaction rate equation was derived assuming
each transition state corresponded to an irreversible rate deter-
mining step with all other steps assumed to be quasi-
equilibrated. For each equation, equilibrium and rate constants
were calculated from eqn (3) and (4), respectively. These rate
equations were then used to predict reaction rates corres-
ponding to each mechanism, which were plotted over a range
of thermodynamic activities corresponding to the experimental
data collected as described above. In this analysis, the mecha-
nism with the highest predicted rate that also matches the

EES Catal.
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10 15 20 25 30 35 40
Volume of NaOH added (mL)

Fig. 1 NaOH titration curves for 100 mg of A15 (open circles) and 100 mg

of A46 (open squares) following ion exchange with 2 N NaCl. Dashed lines

indicate the location of the inflection points, equal to 33.1 mL NaOH for
Al15 and 4.5 mL NaOH for A46.

kinetic trends in the experimental data can be assumed to be
the operative mechanism.>*

—AG;

K; = e RT (3)
kT —AdTs;
k,’ = —];1 € RT (4)

3. Results and discussion

3.1 Catalyst characterization

The number of Bronsted acid sites present on each catalyst
sample was estimated from the ion-exchange capacity, deter-
mined by aqueous phase titration with sodium hydroxide,
following the method of Akkaramonakolporn et al?’ The
SO;H groups were first ion-exchanged with NaCl to form SO;Na
and H;O', which in turn was titrated with NaOH. For both
catalysts, the initial pH of the solution following ion exchange
was below 4, indicating successful deprotonation of the sulfo-
nate groups on each material. Fig. 1 depicts the resulting
titration curves, including fits used to determine the ion
exchange capacity of each catalyst. The ion exchange capacities
of both catalysts were extracted from the titration data and are
outlined in Table 1. As shown in Table 1, these capacities are
consistent with the published values from DuPont.

Results of the swelling experiments are shown as the percent
change in density of the resin bed after each experiment.
Swelling (i.e., increased bed volume) is indicated by decreases
in density, or negative percent changes in density. As shown in
Table 1, both catalysts swell to a similar extent in both toluene
and water. In tetrahydrofuran, however, both catalysts swell to a
greater degree relative to their respective swelling in water, with
A15 swelling significantly more than A46.

3.2 Reaction kinetics measurements

Before analyzing the reaction kinetics for esterification, we
verified that our data were collected in a kinetically controlled
regime, free of mass transfer limitations. To evaluate the
potential for mass transfer limitations, we calculated the

© 2025 The Author(s). Published by the Royal Society of Chemistry
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Table1 lon exchange capacities for catalysts and percent change in resin
density from start to end of swelling experiments

Catalyst Ion exchange capacity (mol H" gram™")

A15 0.0049" 0.0047°

A46 0.00095¢ 0.00008-0.0013"
Change in resin density (%)

Solvent A15 A46

Water —3.2 6.7

Toluene —4.2 5.9

Tetrahydrofuran —28 —5.6

“ Measured by titration. ” From DuPont data sheets (A15: form No.
45-D00927-en; A46: form No. 45-D00945-en).

Table 2 Weisz—Prater numbers calculated for reaction experiments with
the highest measured reaction rates

Nwe

Toluene solvent THF solvent

6.1 x 1077
2.5 x 107°

6.4 x 10°°
2.6 x 107°

Minimum particle radius
Maximum particle radius

Weisz-Prater number for the worst-case scenario (i.e., the
condition which gave the highest specific rate) for both solvents
and for the maximum and minimum radii of catalyst particles.
The calculation results are presented in Table 2. In all cases, the
Weisz-Prater number is much less than 0.15, which corre-
sponds to an effectiveness factor close to unity.>> We also
calculated the Thiele modulus and effectiveness factor directly
for one reaction condition, by comparing rates measured using
two different particle sizes (see derivation in the SI). For the A15
catalyst using THF as a solvent, we find an effectiveness factor
of 0.94, consistent with our Weisz—Prater calculations. There-
fore, we conclude that, at all conditions studied here the
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reaction rate is slower than the diffusion rate, and the data
were collected in a kinetically controlled regime.

TOFs normalized to the number of acid sites were calculated
using initial rates extracted from batch reaction data. These
initial TOFs were measured at fractional conversions below
25% and then normalized by the overall approach to equili-
brium to obtain forward reaction rates (TOFy), as described by
eqn (5).* To account for the effect of variations in the excess
reactant activity (i.e., the thermodynamic activity of species B
when measuring the reaction order with respect to species A in
an A + B reaction®®??), these forward rates were normalized
again by the activity of the excess reactant (i.e., species B), as
described by eqn (6). In eqn (5) and (6), TOF, is the initial TOF,
K.q is the overall equilibrium constant calculated from NIST
data,’” g; is the thermodynamic activity of species j, v; is the
stoichiometric coefficient for species j, where 7; is the reaction
order with respect to species j, and k¢ is the forward rate
constant. Thermodynamic activities were calculated from mea-
sured concentrations and UNIFAC activity coefficients.>%3°

TOF,
—_— 5
1 ,LH Y ( )
Keq J %

TOF; ki -d)} - a A
ng B = kf N (6)
ag ag

TOF; =

Normalized TOF =

The reaction orders, n;, used in eqn (6) were determined
iteratively, based on estimations from log-log plots of normal-
ized rate data. These kinetics measurements are shown in Fig. 2,
with the converged reaction orders presented in Table 3. Fig. 2
compares the TOFs obtained in THF with those obtained in
toluene, and the reaction orders are listed in Table 3. In this case,
the reaction order for esterification decreases from close to unity
(with toluene solvent) to close to zero (with THF solvent),

1.LE+07 1 b)

1.E+06 ©

°°

o o

1.LE+05 1

1.E+04 -
(o)

Q

1.E+03 A

Normalized TOF

- a
1.E+02 i

1.LE+01 A

1.E+00
1.E-05

1.E-04 1.E-03 1.E-02 1.E-01
Activity of Butyric Acid

Fig. 2 Esterification of n-butanol (BuOH) with butyric acid (HBu) with varying catalyst and solvent, plotted in terms of thermodynamic activity. Open
circles: A46 catalyst, toluene solvent. Closed circles: A15 catalyst, toluene solvent. Closed squares: Al5 catalyst, THF solvent. Reaction orders were
determined with respect to BUOH (a) and butyric acid HBu (b). Initial TOFs were normalized by the thermodynamic activity of HBu (a) or BUOH (b) raised
to the appropriate reaction order (see eqgn (5) and (6)). Reaction conditions: T = 373 K, cat:feed = 1:80, 250 rpm stirring, initial concentrations varied

from 0.2 to 85 mmol L%, conversion of limiting reactant <25%.

© 2025 The Author(s). Published by the Royal Society of Chemistry
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Table 3 Measured reaction rate orders with respect to n-butanol (BuOH)
and butyric acid (HBu) for esterification reactions catalyzed by different
catalysts (A15 and A46) and nonpolar (toluene) and polar (THF) solvents

Limiting reactant Catalyst Solvent Reaction rate order
BuOH A15 Toluene 0.64 £ 0.09

HBu Al5 Toluene 0.88 £ 0.07

BuOH A46 Toluene 0.82 £ 0.09

HBu A46 Toluene 0.79 £ 0.04

BuOH A15 THF —0.3 £ 0.7

HBu A15 THF 0.2 £ 0.2

Table 4 Adsorption energies for solvent and reactant molecules in the
presence of different solvents

Adsorption energy on sulfonate (eV)

Adsorbate THF solvent Toluene solvent
Solvent (THF or toluene) —0.47 —0.03
Butanol —0.42 —0.47
Butyric acid —0.24 —0.23

concomitant with a dramatic decrease in reaction rate, clearly
indicating an impact of solvent identity on the reaction.

In the case of the dramatic decrease in reactivity observed when
using THF, rather than toluene, as a solvent, it is likely that THF
adsorbs to the SO;H sites, competing with butanol and butyric
acid for free sites. That THF binds to acid sites is not without
precedent. Halawy et al’® used THF as a mildly basic probe
molecule for Lewis acid sites and Li et al.** used THF as a reactant
with a Bregnsted acidic zeolite active site. As shown in Table 4, our
DFT calculations for binding energies of butanol, butyric acid,
THF, and toluene indicate that THF binds 0.44 eV more strongly to
an SO;H site than does toluene. Indeed, THF is predicted to have a
similar binding energy to that for butanol, and both THF and
butanol have higher binding energies than butyric acid.

1.0 1
058 -
06 -
04 -
0.2
0.0
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3.3 Reaction kinetics analysis

The decrease in reaction order from ca. 1 to ca. 0 when switch-
ing from toluene to THF can be attributed to the impacts of
hydrogen bonding on the stabilization of the reacting system.
To arrive at this conclusion, we follow the same general
mechanism proposed by Vafaeezadeh et al,'” including an
additional rearrangement on the catalyst surface to correctly
orient the surface species for the second transition state. The
reaction sequence is as follows:

1. BuOH + HBu + * — Ads-

2. Ads« — 1,,
3. Iy, = Iy,
4. I, = Ic.
5. Ic. — FS.
6. FS. — BuBu + H,O + *

The reaction free energy diagram for this mechanism is
shown in Fig. 3 along with structures of the intermediate
species. It should be noted that the DFT calculations used to
estimate free energies and transition states have a typically
accepted uncertainty of £ 0.1 eV. In this case there is additional
uncertainty in the free energies due to the entropic corrections
associated with the liquid phase system,**> especially with
respect to hydrogen bonding and the use of implicit solvation
models (cf,, Section 2.4). We therefore use a maximum rate
analysis to examine the effects of an uncertainty of up to
+0.3 eV applied to the free energies of the liquid phase initial
states (i.e., the sum of BuOH + HBu) in this network (Fig. 4a);
we note that this perturbation influences only the absolute
binding strength of the reactants and that the energies of
intermediate and transition states relative to the initial
adsorbed state are unchanged. We separately considered uncer-
tainties of up to +0.2 eV in the energies of intermediate
and transition states when conducting reaction mechanism

v
beg

02 -
04

Gibbs Free Energy (eV)

-0.6
-0.8 A

-1.0 -

#

H,0"

Reaction Coordinate

Fig. 3 Reaction free energy diagram for the proposed reaction mechanism in implicit toluene (solid lines) and THF (dashed lines) solvents. Black curves
correspond solely to the results of DFT calculations, while red curves correspond to the results from fitting the DFT-calculated energetics to
experimental kinetics data. Atom colors: C (grey), H (white), S (yellow), O (red); O atoms on reactants are individually colored blue, teal, and purple

for clarity.
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an uncertainty of (a) 0.3 eV in liquid phase initial states (where the initial state is still taken as the reference state) and (b) uncertainties of 0.2 eV in the
transition states and surface intermediates.
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analyses (Fig. 4b). Importantly, while it is tempting to think of
these modifications as AAG,, values, that is not quite the case
here, as the enthalpic contribution to AG has already been
accounted for via the SMD model used in the DFT calculations.
There is likely to be some compensation effect between enthal-
pic and entropic contributions to the Gibbs free energy in this
system, as hydrogen bonding is likely to provide enthalpic
stabilization but entropic destabilization ultimately leading to
AAG values comparable to those found via rigorous simulation
of solvent molecule interactions.*?

From the reaction coordinate diagrams in Fig. 4 it is evident
that, because formation of the C-O bond requires the
highest intrinsic barrier, it may be the rate-determining step
in the esterification reaction. A rate equation can be derived
for the forward reaction rate assuming this step is rate-deter-
mining with all other steps assumed to be quasi-equilibrated.
Eqn (7) corresponds to the forward rate equation for this case,
which we evaluate for its potential to reproduce our kinetic
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trends.

_ k> K1 Cpuon CHBu
I + K1 Cuon Cuu + Kso1 Csol

It 7)
The term K;,1Cso in the denominator of eqn (7) accounts for
competitive binding of the solvent (i.e., THF or toluene).
To evaluate the applicability of this reaction rate equation
and the underlying DFT-derived energetics, we conducted
a maximum rate analysis using two fitting parameters: K;
(equilibrium forming IS* from liquid-phase HBu and BUOH),
and k, (forming TS1* from IS*), which were determined accord-
ing to eqn (3) and (4), respectively. These parameters can be fit
using the DFT-derived energetics as a starting point, modifying
the parameter values within the expected uncertainty of ca.
0.3 eV. To illustrate the potential effects of such modifications,
we show in Fig. 4 the potential energy surface corresponding to
stabilization/destabilization of the initial liquid phase (Fig. 4a)
by £0.3 eV (maintaining the reference state at 0 eV) and
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Fig. 6 Predicted reaction rate data based on eqn (7) and changes to k, by varying AG,. Plots (a) and (b) consider toluene as a solvent, and plots (c) and (d)
consider THF as a solvent. The slopes of plots (a) and (c) represent the predicted reaction order with respect to butanol. The slopes of plots (b) and (d)
represent the predicted reaction order with respect to butyric acid. Positive values (blue) correspond to destabilization of the transition state. Negative

values (red) correspond to stabilization of the transition state.
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Fig. 7 Reaction rates (expressed as normalized TOFs) calculated using eqn (7) after adjusting the values of K; and k; to fit experimental reaction order
plots with respect to BUOH (a) and HBu (b). Circles correspond to reactions with toluene as a solvent. Squares correspond to reactions with THF as a
solvent. Positive values (blue) correspond to increases in activation energy (in eV) relative to the initially calculated value using DFT. Negative values
(maroon) correspond to decreases in activation energy (in eV) relative to the initially calculated value using DFT.

stabilization/destabilization of transition states and surface
intermediates (Fig. 4b) by +0.2 eV (also maintaining the
reference state).

Importantly, while an uncertainty of £0.3 eV in the sum of
two adsorbate free energies is relatively small, it can lead to
significant variations in apparent reaction order. Fig. 5 shows
the maximum rate for each of these modifications, with rates
predicted via eqn (7). These plots show the impact of K; on
the reaction rate as AG; is adjusted within +0.30 eV. The
reaction rate orders vary from ca. 0 to ca. 1, depending on
the correction made to the value of K;. At lower values of AGy,
the reaction orders with respect to both reactants approach
unity, aligning with the data collected in toluene solvent.
At higher values of AG,, the reaction orders with respect to
both reactants approach 0, aligning with the data collected in
THF solvent.

In the case of toluene, the DFT-calculated energetics accu-
rately describe the kinetic trends without meaningful modifica-
tion (i.e., within the expected uncertainty of +0.1 eV for DFT).
For data collected in THF solvent, however, the model requires
a ca. 0.3 eV correction to AG; to capture the same kinetic
trends. We attribute the large correction to solvent participa-
tion in hydrogen bonding, which is not accurately captured by
the implicit solvent model. Hydrogen bonding between solvent
molecules should decrease the entropy of the liquid mixture by
inducing order in the solvent, which would in turn increase
the Gibbs free energy. In this case, a correction of 0.30 €V is
reasonable given the magnitude of such bond energies (~0.05-
0.2 eV per bond,** with several such bonds likely). Indeed, for
studies of solvated reactions carried out in zeolites, hydrogen
bonding in solvent networks often leads to variations in
entropy between 50-100 ] mol ™' K, which at 373 K leads to
changes in Gibbs free energy of ca. 0.2-0.3 eV, further
justifying the modifications suggested here. The data collected

© 2025 The Author(s). Published by the Royal Society of Chemistry

in the presence of THF can be accurately predicted within this
range of uncertainty.

The sensitivity of k, to uncertainty was evaluated by the
same strategy, varying the activation energy by +0.20 eV (see
Fig. 4b). Again, eqn (7) was used to estimate rates as a function
of activation energies ranging from £0.2 eV. The resulting
kinetic trends are shown in Fig. 6, where increases in activation
energy (ie., by destabilizing the transition state for step 2)
correspond to decreases in reaction rate. Likewise, stabilizing
the transition state (i.e., decreasing the activation barrier)
increases the overall rate of reaction. In both cases, the reaction
rate order with respect to either reactant does not change.

Finally, the relative rates of reaction in the presence of
toluene and in the presence of THF were compared to those
of the experimental data. The reaction rate equation given in
eqn (7) can predict, within uncertainty, the difference in reac-
tion rate when the reaction is conducted in toluene rather than
THF. To wit, the trends shown in Fig. 7 correspond to taking
the upper limit of activation energies for THF and the lower
limit of activation energies for toluene. Fig. 2 shows that the
reaction rate in the presence of THF is about 2 orders of
magnitude lower than the reaction rate in the presence of
toluene, an effect which is captured in Fig. 7 when the activa-
tion energy for reactions carried out in THF is increased by
0.16-0.20 eV and decreased by 0.16-0.20 eV for reactions
carried out in toluene. The red curves in Fig. 3 show the
reaction coordinate diagrams after correcting the energies
of the initial states, final states, and activation energies as
described.

As shown in Fig. 3, the adjustments made during parameter
fitting to experimental data essentially resulted in deepening
the energy well of adsorbed reactants and products in presence
of THF solvent relative to the reaction in the presence of the
toluene solvent. These adjustments are attributed to relatively
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low entropy of reactive species in the polar THF solvent, relative
to those in toluene, with potential solvent molecule organiza-
tion due to hydrogen bonding interactions. Such interactions
are not expected when toluene is used as a solvent, and in turn
we do not require a deepening of the well to explain reactivity in
toluene. All adjustments, however, were made within the range
of expected error for the initial DFT calculations, showing that
our proposed reaction mechanism and derived reaction rate
equation can be used to describe this esterification reaction in
the presence of either solvent, and that the use of DFT calcula-
tions was sufficient to give us an accurate starting point for rate
and equilibrium constant determination.

4. Conclusions

Experimental data showed that the form of power-law reaction
rate equations for esterification of butanol and butyric acid
depend on solvent polarity. With a nonpolar solvent, the
reaction is ca. first order with respect to both reactants. With
a polar aprotic THF solvent, the reaction is ca. zero order with
respect to both reactants, and the magnitude of the TOF for
reactions carried out in THF is much lower than that for
reactions carried out in toluene. DFT calculations were used
to propose a reaction mechanism and estimate Gibbs free
energies of all reactive species in the two different solvents.
The rate equation derived from the proposed mechanism
required adjustments to DFT-estimated parameters of
+0.30 eV to the free energies of the reactants in the bulk
solvent and +0.20 eV of activation energy for C-O bond
formation. For reactions where H-bonding is significant (i.e.,
those in THF), the required adjustments were larger than for
those without H-bonding (i.e., those in toluene), consistent
with the inability of implicit solvation models to account for
H-bonding effects. However, our results show that calculations
can be reconciled with experiments via simple parameter
adjustment within accepted levels of calculation uncertainty.
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