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ABSTRACT: Herein we employ classical molecular dynamics simulations using the Drude oscillator based polarizable force
field, quantum chemical calculations, and ONIOM multiscale calculations to study a) how an external field orders the
solvent environment in a chemical reaction and then b) whether, in the absence of this same applied field, the ordered
solvent environment alone can electrostatically catalyse a chemical reaction when compared with the corresponding
disordered solvent. Our results show that a 0.2 /A external electric field, which is below the threshold for bond breaking
of solvent molecules, leads to significant ordering of bulk methanol solvent and the ionic liquid [EMIM][BF4]. Importantly,
in the absence of this same field, the ordered solvent lowers the activation energy of the hydrogen-transfer reaction of
o-alkylphenyl ketones in excess of 20 kcal/mol when the solvent is methanol, and by over 30 kcal/mol for [EMIM][BF4].
Even a 0.1 V/A external field has effects of ca. 10 and 20 kcal/mol respectively. This work suggests a possible strategy for
scaling electrostatic catalysis by applying a pulsed external field to the reaction medium to maintain solvent ordering,
while allowing the reaction to proceed largely in the absence of an external field.

INTRODUCTION catalyst, can be used to catalyse chemical reactions and
alter their outcome.’®2?*> The charged group can be a
Lewis acid, or an acid or base, whose charge and hence
electric field, can be altered with pH. While again much of
the work to date has been computational, experiments
have validated these predictions in a growing number of
systems.17-20.26.27 Others have shown that electrostatic ef-
fects are responsible for the catalytic effect of metal ion
clusters on gas-phase reactions?®3% and that electrostatic
effects are of general importance in heterogeneous catal-
ysis. 3t

The role of the electrostatic environment in catalysing
chemical reactions has long been an important research
field. Two classical examples are Marcus theory®? and en-
zyme catalysis.>® In Marcus theory, solvent reorganization
is the driving force for electron-transfer reactions, though
internal reorganization can also be large. One of the ex-
planations for enzyme catalysis is that the enzyme can
stabilize the polar transition state via electrostatic inter-
actions.> %7

In recent years, much research has been directed at har-
nessing electric fields for catalysing and manipulating
chemical reactions beyond enzymes.®1° While much of
this work has been computational, experiments have
shown that external electric fields (EEFs) delivered via
scanning tunnelling microscopy (STM) can catalyse bond
forming!! and bond breaking reactions.'> While these ex-
periments are difficult to scale for chemical synthesis, we
have shown that the electric fields from remote charged
functional groups, embedded on the substrate or a

Despite these advances, there remain fundamental barri-
ers to taking full advantage of electrostatic catalysis. On
the one hand, the use of charged groups is an effective
and scalable way to exert very precise electrostatic con-
trol over chemical reactions. However, the magnitude of
such effects can be compromised by solvent attenuation,
particularly as the solubility of charged species in low po-
larity solvents is often low. Use of external electric fields
avoids solubility issues but STM experiments are very
smallin scale, while scale-up using electrodes has thus far



resulted in electrochemical reactions.'?> While these may
be useful in their own right,3? and while the electric fields
undoubtedly influence the electrochemical processes
themselves,®3 34 the use of external fields to afford signif-
icant electrostatic catalysis in solution is yet to be realised.

To use external electric fields for electrostatic catalysis al-
ternative approaches are required. One such approach is
to use external fields to orient the solvent environment.
The ordering of the solvent and ionic liquids (ILs) induced
by external electric field has already been reported by
several groups. For example, Foroutan-Nejad and co-
workers found EEFs can break the solvation shell and thus
affect the ion-receptor interactions.3 Laird and co-work-
ers reported that the structure of the solvent framework
and associated dielectric properties can be changed by an
electric field.3® Matta and co-workers showed that the
electric field of a laser pulse can be used to eliminate (or
even invert) a potential energy barrier of a reaction. 3738
The ordering of the network of ionic liquids, which offer
many advantages,®>*! can also be changed by factors in-
cluding electric field, temperature, the length of the side
chain of cations and metal surfaces, as shown by Wang,
Voth and Padua.*>#

Recent computational work has shown that external
fields can both order the solvent environment and cata-
lyse chemical reactions.**>° However, given the propen-
sity for external electric fields to trigger electrochemical
reactions, a more practical question is whether, in the ab-
sence of a field, local electric fields within the ordered sol-
vent environment itself are sufficient to catalyse a chem-
ical reaction. Thus, solvents could be pre-ordered with a
field and then reactions would be allowed to proceed
without the external electric present. This could be car-
ried out by pulsing the applied potential, thereby mini-
mising exposure to the external potential. While in a nor-
mal electrochemical cell the potential beyond the double
layer is negligible, bipolar cells®* could address this prob-
lem. Or indeed, solvents could be pre-ordered in other
ways such as using microfluidics.
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Figure 1. The scheme (a) of hydrogen-transfer reaction of
o-alkylphenyl ketones. The optimized structures of reac-
tant (b) and transition state (c) of this reaction and the
direction of the EEF. For more details of the reaction, see
Ref.?* The structures are rendered using CYLview pro-
gram.>?
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In this work, we use both Drude oscillator based polariza-
ble classical molecular dynamic (MD) simulations and
multiscale quantum chemical calculations to determine if
an ordered solvent environment is enough to catalyse a
chemical reaction in the absence of an applied electric
field. As a case study, we examine a hydrogen-transfer re-
action of o-alkylphenyl ketones taken from our recent
work (Figure 1).2* We consider two solvent environments,
methanol and the ionic liquid [EMIM][BF4], where EMIM
is the 1-Ethyl-3-methylimidazolium cation.

RESULTS AND DISCUSSION

Classical molecular dynamics simulations using the Drude
oscillator based polarizable force field,>®> quantum
chemical calculations, and ONIOM multiscale calculations
were used to study the ordering effect of an external field
on the solvent environment in a chemical reaction, and
the effect of this solvent environment in the absence of
the applied field. Figure 2 shows the general workflow
used to order the solvent in the electric field and simulate
its effects on the reaction in Figure 1. Full computational
procedures and parameters are provided in Supporting
Information.
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Figure 2. The workflow to calculate the activation energies. The CL&Pol (KSDrude) force field>®>8 was used for the ionic
liquid (IL) and OPLS-AA force field® for the methanol and solute. Force-field parameters and polarizabilities were taken
from the literature and/or calculated using published methods®-%® and are provided in Tables S1-S6 of the Supporting
Information. The simulation box, with periodic boundary conditions, initially has a size of 25A and 34A for methanol and
the IL, respectively. Molecular dynamics simulations are performed using the Nosé-Hoover thermostat and barostat, with
time steps of 0.5 fs and 0.4 fs for simulations in methanol and [EMIM][BF4] respectively. From the last 5 ns NVT simula-
tions we extract 100 snapshots using the cut function of Travis program.®’ The energy in each snapshot is calculated
with ONIOM®8(M062X5%/def2-TZVPP7?:PM771). The number of snapshots required to obtain an accurate barrier height is
determined by benchmarking using high-level quantum chemical results obtained with methods presented in Ref. 727>

Full details of all calculations are in the Supporting Information.

Effect of External Fields on the Solvent Environment. To
visualize how the environment is ordered under the influ-
ence of external electric field, the representative snap-
shots obtained with MD simulation of TS solute in meth-
anol solvent and [EMIM][BF4] ionic liquids under 0 and 0.2
V/A electric field are shown in Figure 3.

It can be seen from Figure 3 that the distribution of meth-
anol solvent molecules in the simulation box changes ob-
viously after 0.2 /A external electric field is applied. In
Figure 3(a), methanol solvent molecules are distributed
randomly. While in Figure 3(b), most O atoms of metha-
nol, point to the right because the external electric field
is pointing to the left and the O atoms have negative par-
tial charge. Conversely, the methyl groups which have a
positive partial charge point in the opposite direction.

Thus, the internal electric field runs from left to right, op-
posite to that of external electric field.

In contrast, the change of the distribution of [EMIM][BFa]
resulted from the external electric field is less obvious.
One possible reason is that ionic liquids environment has
two types of molecules (cation and anion). Unlike metha-
nol molecules, the cations and anions move inde-
pendently of one another. Besides, cations and anions can
form strong electrostatic interactions with their near
neighbours that drown out higher-level ordering. This
competition between external electric field and the elec-
trostatic interactions between ions can also be found in
the work of Wang.** The use of stronger fields can over-
comes this,** however, because the bonds of
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Figure 3. Snapshots obtained without and with 0.2 V/A external electric field of the TS solute molecule in methanol ((a)
and (b)) and in [EMIM][BF4] ionic liquids ((c) and (d)). For clarity, only non-hydrogen atoms of the solute molecule are
shown in VDW drawing method. Only C (in green) and O (in red) atoms of methanol molecules ((a) and (b)) are shown.
Only N (in blue, atom N3 in Figure 4(d) below) and B (in pink) atoms representing the mass centres of respectively cations
and anions of [EMIM][BF4] ionic liquids ((c) and (d)) are shown. All pictures are rendered using VMD program’®. The

external electric field is applied along the z direction.

methanol solvent might be broken under higher electric
field,”” as reported by Saitta and co-workers, we do not
consider electric fields larger than 0.2 V/A for all environ-
ments.

Although the ordering of ionic liquids is less obvious, it
can be confirmed by the results of radial distribution func-
tion (RDF) in Figure 4. The RDF in normal and ordered
ionic liquids are obtained using Travis program.®’” Only the
distance from 0 to 1700 pm are shown here. Full details
can be found in Table S8. The distance between the cation
and the nearest anion is around 500 pm, but the radial
distribution function g(r) obtained in normal ionic liquids
is much larger than that in ordered ionic liquids. This can
be explained by comparing the simplified structures of
normal and ordered ionic liquids in Figure 4(b) and (c). In

normal ionic liquids, the cations and anions usually form
the alternative charge structures, like Figure 4(b), as
shown in Figure 2 of the work of Izgorodina and co-work-
ers.”® When an external electric field is applied, the struc-
ture can be changed to Figure4(c) where closer cation-
cation and anion-anion distances become possible. The
most classical example for this is probably the electro-
chemical double-layer, for example, see Figure 3 in the
work of Sharma and co-worker’® This point has been also
discussed in the works of Kaneko® and Kornyshev8!. With
the change from normal ionic liquids to ordered ionic lig-
uids, the closer cation-cation and anion-anion pairs be-
come possible, thus the number of nearest cation-anion
pairs decreases. Thus, our calculated RDF in Figure 4(a)
indicates the ordering of ionic liquids does happen alt-
hough it is less obvious in Figure 3(d).



5
(a)
” ——Normal ILs
4 .
——OQOrdered ILs
3 J
=
O
2 -
1 .
0 r T v
0 500 1000 1500 2000

Distance (pm)

Figure 4. (a) Radial distribution function (RDF) between [EMIM] C2 atoms and [BF4] B1 atoms in normal and ordered ionic
liquids. (b) and (c) respectively a simplified model of normal ionic liquids and ordered ionic liquids where the interactions
between the centre cation and nearest anion are labelled. (d) and (e) respectively the structure of cation and anion and
their atomic index, pictures are rendered using |Qmol program®?.

Effect of Ordered Solvent Environment on Reactions. Fig-
ure 5 shows the activation energy in normal and ordered
environment. We again stress that these species are cal-
culated without the external field present; the field
strength refers to that used to order the solvent environ-
ment. The energy used to calculate activation energy is
obtained by averaging the ensemble of snapshots (full de-
tails can be found in Table S9-510).
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Figure 5. Calculated activation energy obtained in metha-
nol solvent and the ionic liquid [EMIM][BF4] without ex-
ternal electric field, as a function of the field strength
used to order the surrounding solvent environment.

From Figure 5 we can see the activation energy in both
methanol solvent and [EMIM][BF4] ionic liquids are de-
creased in the presence of the ordered solvent environ-
ment. In methanol, the activation energy changes

substantially from 44.20 kcal mol™ in normal methanol
solvent to 36.96 kcal mol™ in ordered methanol solvent
formed by 0.1 V A electric field and then change to
24.19 kcal/mol in ordered methanol solvent formed by
0.2 V A electric field. Similarly, the obtained activation
energy decreases from 44.34 kcal mol™ in normal disor-
dered ionic liquids to 21.03 and 13.49 kcal mol™ in or-
dered ionic liquids formed by respectively 0.1 and 0.2 V
A1 external electric field.

The electrostatic origin of the barrier-lowering is evident
in Figure 6, which shows representative snapshots from
the MD simulation without and with the 0.2 V A~* electric
field. Also shown are the corresponding dipole mo-
ments of the system and the reaction axis.® The reac-
tion axis is the direction along which the electrons reor-
ganize from reactant-like to product-like bonding (in this
case the local dipole moment across the forming and
breaking bonds). A field aligned parallel but opposite to
the reaction axis stabilizes the transition state. Without
an external electric field, solvent molecules are randomly
distributed, and the dipole moment is almost is perpen-
dicular to the reaction axis. With the external electric
field, the dipole moment is larger, its direction is nearly
parallel to the reaction axis and its polarity is primed to
stabilize transition state, hence accounting for the barrier
lowering observed.
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Figure 6. Representative snapshots from the MD simulation (a) without and (b) with 0.2 V A% electric field. The dipole
moment direction is in blue while the black dashed line represents the reaction axis.® Note that the length of the blue
line in (b) has been scaled; the magnitude of the dipole moment in (b), 146.46 Debye, is over four times of that of (a),
37.06 Debye. (c) The electrostatic potential (unit in a.u.) within the isolated transition state, as calculated in continuum

water.

We note that the actual activation barrier decrease meas-
ured from experiment might be smaller than that we cal-
culate. The reasons are two-fold. First, in our MD simula-
tion, the external electric field is identically applied to all
particles in the system while the electric field strength felt
by different particles in experimental electrochemical cell
should be different and depend on the distance from the
charged electrodes. However, as noted in the introduc-
tion the use of bipolar electrochemical cells could address
this problem.

Second, we assume the solvent remains ordered through
the whole reaction process. The relaxation from ordered
solvent to normal disordered solvent is ignored. Thus, a
time-dependent non-equilibrium simulation should give
more accurate results. However, these are beyond scope
of the present work. Instead, we note that experimental
studies report that liquid solvents such as methanol relax
on the order of 0.1 to 10 ps, & which is faster than the
timescale of our reaction. However, for ionic liquids relax-
ation times are slower, and can tuned be through cation
and anion choice. Typically, relaxation times of the order
of 1s are observed over temperature ranges of 300-
330K,3* & but longer times of up to 100s are frequently
reported.®® These are longer than the corresponding half-
life the reaction studied here in the ordered ionic liquid
(10%-10's at 0.1V A! and 103-10*s at 0.2V A for 300
and 330 K respectively).

CONCLUSION

Summing up, we propose a new strategy for electrostatic
catalysis. Using ordered solvent and ionic liquids to cata-
lyse reactions is environmentally friendly and can

effectively solve the solvent-attenuation problem in cur-
rent electrostatic catalysis. Results of the hydrogen-trans-
fer reaction of o-alkylphenyl ketones obtained by combin-
ing polarizable classical MD simulation with ONIOM en-
ergy calculation indicate that both ordered methanol sol-
vent and [EMIM][BF4] ionic liquids can help decrease ac-
tivation energy significantly. Using larger electric field
strengths can make the environment more ordered,
which provides stronger electrostatic catalysis effects.
Currently we are undertaking experimental work in our
group to validate the computational predictions. How-
ever, tentative experimental support for our work comes
from the results of Slattery and co-workers, who showed
that liquid-crystalline ionic liquids (ICILs) can work as an
ordered reaction medium driven by the temperature
change to change the exo/endo ratio of the Diels-Alder
reaction.®” More generally, our work suggests that elec-
trostatic effects on solution-phase catalysis should not be
ignored when studying other ordered environments such
as at electrochemical interfaces or in nanoconfined envi-
ronments.
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