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ABSTRACT: Recent measurements indicate enhanced mobility of solvent molecules
during Diels—Alder (DA) and other common chemical reactions. We present results of
molecular dynamics simulations of the last stages of the DA cycloaddition reaction, from the

transition state configuration to product, of furfurylamine and maleimide in acetonitrile at
reactant concentrations studied experimentally. We find enhanced mobility of solvent and
reactant molecules up to at least a nanometer from the DA product over hundreds of ’
picoseconds. Local heating is ruled out as a factor in the enhanced mobility observed in the

simulations, which is instead found to be due to solvent relaxation following the formation
of the DA product.

D Iumerous studies report enhancement of mobility of We model by MD simulations the response of the DA
molecules during chemical reactions, with diffusion product, reactants, and the solvent molecules during and
coefficients larger than those in the absence of the following the final stage of the cycloaddition reaction, the
reaction.'”'® Notable are reports of observation of boosted transformation from the transition state configuration to
mobility of enzymes during enzyme-catalyzed reactions,”'" of product. The reaction studied experimentally, the cyclo-

addition of furfurylamine and maleimide, occurs in acetonitrile
at a reactant concentration of about 100—300 mM, and we
carry out MD simulations at about 210 mM reactant
concentration. We examine the extent to which there is
enhancement of mobility of the molecules in solution,
specifically the acetonitrile solvent molecules, reactant
molecules, and the DA product, in response to the DA
reaction by comparing to the same system in the absence of
reaction, and we explore the origin of any enhancement. We
consider the possibility of local heating of the solution resulting

which the origin remains unknown and efforts to clarify
continue.'’™"® The enzyme-catalyzed reactions take place in
dilute solution, so that collective effects of the reaction on
other enzymes, such as, for example, collective thermal effects,
can be ruled out.'® Recently, Granick and co-workers have
reported enhanced mobility during a number of common
chemical reactions, including click reactions, ring-opening
metathesis polymerization, and Sonogashira coupling, as well
as a Diels—Alder (DA) reaction." These reactions take place at

a relatively high concentration. Some of the reactions have from the reaction and the relaxation of solvent molecules in
since been studied by others, who have noted little if any response to the reaction.

enhanced mobility,l()_22 although differences in conditions of For the MD simulations, force field models for furfuryl-
experiments and measurements contribute to different amine, maleimide, and the DA cycloaddition product were
observations.”> The boosted mobility of solvent molecules generated. The force fields are based on ab initio computa-
during DA cycloaddition reactions was found to be less striking tional results with an implicit solvent (acetonitrile). The
than that found for many of the other reactions and has not structure of the transition state (TS) was similarly computed
been subject to further experimental study to date. Motivated and used to guide the displacement of the DA product toward
by the experimental work by Wang et al,' we investigate the the TS for initial structures in the simulations. Details of tzhe ab
possibility of enhanced mobility during a DA cycloaddition initio computational work, carried out with Gaussian 16,”* are
reaction by molecular dynamics (MD) simulations. While the

DA reactions exhibited a relatively small enhancement of Received: March 27, 2022

mobility in the experiments, about 2—4%, the enhancement is Accepted: April 19, 2022

statistically significant and the reaction step where at least
much of the boost might occur, from the transition state
configuration to product, can be modeled more readily than for
other reactions.
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Figure 1. (a) Furfurylamine, (b) maleimide, and (c) exo Diels—Alder (DA) product. The bonds deformed to model the formation of product from
the TS configuration labeled as 1 and 2 in panel c and the displacements given in Table 1. (d) Depiction of atoms within the box where red
corresponds to the region with a thermostat and blue without a thermostat, where the diameter of the inner region is 90% of the average box length.
Note that, for simulations solely under NVE integration, all atoms would be depicted as blue (not shown). (e) Depiction of spherical solvation
shells of 1.12 A width, each a different color, around the DA product.

presented in the Supporting Information. Structures of the
reactants and the DA product are shown in Figure 1, and the
bonds displaced for the TS structures are labeled as 1 and 2,
with their displacement for two TS energies used in the MD
simulations listed in Table 1. We will refer to these

Table 1. Potential Energy Difference between the TS
Configuration at Two Different TS Energies and the
Product Ground State (GS) Geometry”

AErss - product bond 1 (A) bond 2 (A)
—15eV 1.82 1.79
—1.1eV 1.80 1.78
GS 1.57 1.56

“Lengths of bonds 1 and 2 indicated in Figure 1c are different for the
DA product and TS conformations.

displacements as the TS configurations for the two initial
states at energies of 1.1 and 1.5 eV in what follows. These are
the energies released by the reaction in the MD simulations.
We note that the activation volume that we have computed on
the basis of Voronoi volumes of the TS configurations and the
reactants is —65 A® (see the Supporting Information for
details), which is comparable to the value found for other DA
cycloaddition reactions.””*°

Force field parameters for all of the molecules involved in
the DA reaction were fit using the CHARMM force field”” and
the results of the ab initio computation. The full set of force
field parameters used in the MD simulations are listed in the
Supporting Information, where details of the MD simulations
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also appear. Here, we provide a summary. Simulations were
performed with Large-scale Atomic/Molecular Massively
Parallel Simulator (LAMMPS).”® Both constant volume,
constant energy simulations with a fixed number of particles
(NVE), and simulations with a thermostat (NVT) at the edge
of the simulation cell were carried out at 210 mM reactant
concentration and one DA cycloaddition molecule in the TS
configuration at a temperature of 273 K. Simulations were also
carried out for control systems at the same concentration of
reactants but no reaction, ie., a cell containing the same
concentration of reactants and the DA molecule already in the
product configuration. For each system, with initial excess
energy of 1.1 or 1.5 eV, the simulations were run 100 times and
the results were averaged. For those simulations where a
thermostat was adopted, the thermostat was used only in the
outer shell of the reaction cell, as depicted in Figure 1. In those
cases, we report only the mobility of molecules outside the
region of the thermostat. We have carried out simulations with
a thermostat because the temperature of the cell rises following
reaction for the NVE simulations, as shown and discussed
below, which could contribute to enhanced mobility.

Each simulation box was created with 1955 acetonitrile
molecules, 9 furfurylamine molecules, 9 maleimide molecules,
and 1 DA product molecule, in either the product
configuration or the TS configuration. The DA molecule was
placed at the center of the simulation cell, which started as a
cubic box with sides equal to 55.5 A, and maleimide and
furfurylamine were evenly distributed, followed by solvating
the system with acetonitrile. The system was equilibrated using

https://doi.org/10.1021/acs.jpclett.2c00886
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a NPT simulation. To control for the possibility of temperature
increase during reaction, we employed a spherical cutoff,
where, inside the cutoff, the simulation was performed under
NVE integration and, outside the cutoff, the molecules were
simulated under NVT integration with a Langevin thermostat
and a temperature coupling constant of 2.25 ps. We chose this
value to avoid artifacts of periodic boundary conditions,
accounting for the speed of sound in acetonitrile and the size
of the simulation box. Other values chosen did not change the
relative enhancement of mobility or the duration of this effect
(see the Supporting Information). The radius of this spherical
cutoff was set to 0.45 or 90% of half of the average box length
of each side, depicted in Figure 1d.

We consider first energy relaxation from the initial DA TS
configuration as it forms a product and any change in the
temperature of the system that may result from this process. In
Figure 2, we plot the temperature of the system, where, at the
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Figure 2. Thermal relaxation of the system during the transition from
the TS configuration at 1.1 eV to the DA product as modeled by NVE
(black) and NVT (red) simulations. The system returns to the
original temperature in the NVT simulation but is heated by about 1%
in the NVE simulation.

initial time, the DA molecule is in the TS configuration with an
energy of 1.1 eV. Results of the NVE and NVT simulations are
plotted. We observe that energy relaxes rapidly, within a few
picoseconds, toward equilibrium, which occurs both with and
without a thermostat. However, there is a rise in the
temperature of almost 3 K or about 1% for the NVE
simulation, whereas for the NVT simulation, the temperature
returns to the initial value. Even this small change in the
temperature has the potential to impact the mobility of the
molecules of the system, particularly because the viscosity of
acetonitrile is quite sensitive to the temperature and we are
investigating the possibility of a small enhancement of mobility
as a result of the reaction. To avoid potential artifacts that may
arise by heating the system, we present results for the mobility
of acetonitrile molecules, the reactants, and the DA product for
systems with a thermostat applied to the edge of the simulation
cell. It should be noted that this entirely classical simulation
might miss quantum mechanical effects that could slow the
rate of energy relaxation of the DA product and cooling of the
system following formation of the DA product.””~>* However,
for a condensed phase system, we do not expect a dramatic
increase in the cooling time when accounting for quantum
effects on thermalization of the DA product,” and the energy
relaxation time for the DA product is typical of that of many
sizable molecules in the condensed phase.”*~**
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We examine mobility of acetonitrile, the reactants, and the
DA product by computing the mean square displacement
(MSD) from the initial positions based on the results of the
MD simulations. The MSD of these molecules, averaged over
100 simulations, are plotted in Figure 3 for two energies for the
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Figure 3. MSD versus time for acetonitrile (blue), reactants (purple),
and the DA molecule (red). Solid lines correspond to MSD curves for
non-reactive systems, where the average slope was taken from a least
squares fit from 87.5 to 200 ps; each line starts at the origin and is
color-matched to the non-equilibrium molecular dynamics (NEMD)
results (cyan for acetonitrile). The inset corresponds to the diffusion
coefficient, D, for acetonitrile for the reactions at 1.1 eV (dashed blue)
and 1.5 eV (dotted blue), computed from a least squares fit to a 100
ps moving window. For reference, the value of D computed for the
non-reactive system is plotted as a dotted curve (cyan) along with the
value obtained from the linear fit to the MSD curve for the non-
reactive system.

TS, 1.1 and 1.5 eV. The MSD for the molecules in the systems
undergoing reaction is compared to the MSD for the same
molecules when no reaction occurs. At both energies, the MSD
for acetonitrile appears very similar for the reactive simulations
and is distinctly greater at any time than the MSD computed
from the results of the non-reactive simulations. For the
reactants, the MSD curves are also higher for the reactive
simulations compared to those for the non-reactive simulations
for both 1.1 and 1.5 eV initial energies over times to about 100
ps. Beyond 100 ps, they remain higher by about 10% than the
results for the non-reactive simulations for the 1.5 eV reaction.
For the DA product, the trends resemble those for the
reactants.

On the basis of the results plotted in Figure 3, the
enhancement in mobility of the reactants and the DA product
appears greater for the higher energy reaction than for the
lower energy reaction. We note, however, that there are
significantly more fluctuations in the data for the reactants and
DA product compared to acetonitrile. There are 38197
acetonitrile molecules outside the thermostat available for
averaging in the 100 MD simulations that were run compared
to 100 DA product molecules and 359 reactant molecules (see
Figure S1 of the Supporting Information). This accounts for
the much smoother data for acetonitrile, observed in Figure 3.
The measurements of enhanced mobility during this reaction,
as noted above, were made for the acetonitrile solvent.

https://doi.org/10.1021/acs.jpclett.2c00886
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Figure 4. (a) 1.1 eV TS and (b) 1.5 eV TS are changes in the solvent number as a function of distance plotted at times from 0.1 to 300 ps following
the reaction. (c) 1.1 eV TS and (d) 1.5 eV TS are changes with time in the solvent number in solvation shells out to about 14 A from the DA
product. A line fit to the last 100 ps of the 300 ps simulation is shown, so that the approach from earlier times can be better seen. The standard
deviation in the change in the number of solvent molecules in the last 100 ps is indicated in panels ¢ and d.

At both 1.1 and 1.5 eV, we see a larger MSD at any time for
acetonitrile over the 300 ps plotted in comparison to the non-
reactive system. Values for the diffusion coefficient, D,
obtained from the slopes of the MSD curves for acetonitrile
computed over running 100 ps intervals are presented for each
system in the inset to Figure 3. There, we see that, at early
times, to about 100—150 ps, D for acetonitrile is about 3%
higher than for acetonitrile in the absence of the reaction. Over
the next 100 ps, the value of D approaches the value when no
reaction occurs, with the approach being somewhat faster for
the lower energy, 1.1 eV reaction compared to the 1.5 eV
energy change from the TS configuration to the product. By
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300 ps, the values of D for the reactive and non-reactive
systems become similar, although they remain somewhat
higher still for the reactive system.

Enhanced mobility persists for several hundred picoseconds
following completion of the reaction based on the results of the
MD simulations. The time over which the DA product
thermalizes and the system cools following the reaction is a few
picoseconds (Figure 2), so that local heating during the
reaction is not a factor. This conclusion is consistent with
reports that exothermicity is not a requirement for boosted
mobility.l’45 Instead, we consider the response of the solvent to
the reaction, specifically solvent density changes. The analysis

https://doi.org/10.1021/acs.jpclett.2c00886
J. Phys. Chem. Lett. 2022, 13, 3763—-3769
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that we carry out resembles earlier computational studies of
water density fluctuations following ligand photolysis of
myoglobin.*® We examine the density changes in shells around
the DA product, illustrated in Figure 1. The shells are of 1.12 A
thickness from the DA TS configuration as it evolves to the DA
product. The results for the evolving density changes of
acetonitrile in these shells are plotted in Figure 4.

In panels a and b of Figure 4, we plot at 10 specific times
from the beginning of the reaction to 300 ps the change in the
number of acetonitrile molecules in a given shell from its value
at the initial time as a function of the distance from the DA
molecule. The number is obtained from the local density and
the volume of the spherical shell, and the distance that appears
in Figure 4 is the distance between the center of mass of the
DA product and the center of the shell. The 1.1 eV reaction is
shown in Figure 4a, and the 1.5 eV reaction is shown in Figure
4b. We see at early times that the curves are flat, because the
number of molecules in each shell has not yet changed in
response to the reaction. However, at times of 1 ps and
beyond, we observe changes of small amplitude at early times
and larger amplitude later. Interestingly, adjustments in the
number continue to appear over about 200 ps following
completion of the reaction, even at distances quite far from the
DA product.

In panels ¢ and d of Figure 4, we plot for the 1.1 and 1.5 eV
reactions, respectively, the change in the number of solvent
molecules in each shell as a function of time to 300 ps. Looking
at the shell closest to the DA product, we observe that the
solvent number briefly rises and then becomes smaller, relaxing
to about the final solvent number by about 200 ps. The initial
rise corresponds to the change in configuration of the DA
molecule from TS to the product, where the volume becomes
smaller and solvent molecules move on average inward. As the
solvent adjusts, the number of solvent molecules around the
DA product again becomes smaller.

Upon examination of the direction of the velocity of solvent
molecules surrounding the DA solute following the reaction,
one finds that this dynamic is anisotropic. Solvent molecules
along the direction of contraction of the DA molecule during
the change from the TS configuration to the DA product move
first toward the DA solute, within a few picoseconds, while
there is a lag time, of about a picosecond, for those solvent
molecules at a similar distance from the solute but at other
orientations (see Figure S4 of the Supporting Information). At
later times, the anisotropy becomes less apparent. By 20 ps,
nearby solvent molecules generally move away from the solute,
consistent with the dynamics observed in panels ¢ and d of
Figure 4. At longer times still, the directions become more
randomized (see Figure S4 of the Supporting Information).

The trends are similar for both the lower and higher energy
systems, although for the higher energy system, the adjustment
in the number of solvent molecules in any shell takes
somewhat longer to reach asymptotic values at long times.
For both systems, moving even a nanometer beyond the DA
molecule, we find the number of solvent molecules in the shell
adjusts to the values at long times over at least 100 ps.
Fluctuations in the change in the number of solvent molecules
in a solvation shell, indicated in the panels c and d of Figure 4,
increase with the distance of the shell from the DA molecule
and are greater for the higher energy reaction than the lower
energy reaction. Overall, on the basis of these results, we find
the relaxation of the solvent following the reaction to occur
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over the same period of time as the enhancement of mobility
of molecules involved in the reaction.

The results presented in Figure 4 indicate that, even on the 1
nm length scale, there are relaxation processes in the solvent
that occur on time scales of 100 ps or beyond. This response is
reminiscent of nanometer scale dynamic coupling between
even modest sized biological molecules, such as small
saccharides and solvent,*”*® as well as much larger solutes,
such as proteins and solvent*’™*° and DNA and solvent.*®
Computational modeling of dynamic coupling between the
biomolecule and solvent typically found a smaller effect than
that found by the experiment as a result of constraints on the
size of the simulation cell.*”*°

For the DA reaction modeled here, because of the size of the
reaction cell used in the simulations and the need to introduce
a thermostat at the edge of the reaction cell to avoid potential
artifacts from heating the cell during reaction, a larger scale
response to the reaction, beyond a roughly 1 nm radius from
the DA molecule, remains a possibility. Even if the duration of
the enhanced mobility observed in the MD simulations
reported here is orders of magnitude shorter than the reaction
rates in the experimental study, we cannot rule out the
possibility of collective dynamics of solute and solvent beyond
the reaction cell used in our simulations, which may further
enhance mobility over longer times than those that we have
found. Such long-range collective dynamics would be affected
by the concentration of reactants, yielding concentration-
dependent effects on the enhanced mobility, as observed
experimentally.’ Long-range effects of the reaction on the
solvent might be most conveniently studied using more coarse-
grained simulations. It would also be of interest to examine
other systems studied in ref 1, for which no enhanced mobility
was observed, including the Syl and Sy2 reactions, to see if
such a null effect is also found in the simulations.

In conclusion, we have presented results of MD simulations
of the last stages of the DA cycloaddition reaction of
furfurylamine and maleimide in acetonitrile, starting from the
TS configuration, at reactant concentrations studied in recent
experiments. We find enhanced mobility of acetonitrile solvent
molecules and reactant molecules up to at least a nanometer
from the DA product as well as the DA product itself over
hundreds of picoseconds. Local heating during the transition
from the TS configuration to the product is not a factor in the
enhanced mobility observed in the simulations, which is
instead due to solvent relaxation following the formation of the
DA product.
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