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ABSTRACT

A novel mechanochemical method for the simulation of molecules and molecular crystals under hydrostatic pressure, the eXtended Hydro-
static Compression Force Field (X-HCFF) approach, is introduced. In contrast to comparable methods, the desired pressure can be adjusted
non-iteratively and molecules of general shape retain chemically reasonable geometries even at high pressure. The implementation of the
X-HCFF approach is straightforward, and the computational cost is practically the same as for regular geometry optimization. Pressure
can be applied by using any desired electronic structure method for which a nuclear gradient is available. The results of the X-HCFF for
pressure-dependent intramolecular structural changes in the investigated molecules and molecular crystals as well as a simple pressure-
induced dimerization reaction are chemically intuitive and fall within the range of other established computational methods. Experimental
spectroscopic data of a molecular crystal under pressure are reproduced accurately.

Published under license by AIP Publishing. https://doi.org/10.1063/5.0024671

I. INTRODUCTION

The field of high-pressure chemistry has seen tremendous
progress within the past few decades.' Pressure-induced changes in
the rate, mechanism, and equilibrium of chemical reactions have
opened up new avenues in chemical synthesis.”’ Using diamond-
anvil cells,” pressures of several hundred GPa have been realized
experimentally, meaning that pressures as high as in the Earth’s core
are now available in the laboratory.” Not surprisingly, the geome-
tries of molecules,” ” the lattice constants of crystals,”'* and crystal
phases'”'* have been found to change under pressure. However,
many of the pressure-induced structural changes of molecules and
crystals can only be inferred indirectly by interpreting the concomi-
tant changes in the spectroscopic properties, e.g., the wavelengths
and intensities of absorption.

As a result, the demand for computational tools that pre-
dict structural and spectroscopic properties of molecules as well as
chemical reactivity at high pressure is increasing. Methods that

model the influence of pressure on periodic chemical systems have
been described in the realm of molecular dynamics'>"* and ab initio
molecular dynamics (AIMD)."*"* At the single-molecule level, sev-
eral electronic structure methods for the simulation of molecules
under pressure are available."’ A particularly notable example is the
eXtreme Pressure Polarizable Continuum Model (XP—PCM),N 2 in
which pressure is applied to an atom or a molecule via a surround-
ing medium. In the XP-PCM, pressure is modeled by decreasing the
size of the cavity inside which the system is placed and simultane-
ously increasing the Pauli repulsion of the surrounding medium.
The XP-PCM has been used, e.g., in the simulation of chemical reac-

. 21-23 . c . . . 2425

tions and for investigating changes in spectroscopic, " elec-
.2 27 :

tronic,” and structural”’ properties of atoms and molecules under

pressure.

A straightforward alternative to model molecules under pres-
sure has its roots in quantum mechanochemistry.”® The earliest
quantum mechanochemical method for the application of pres-
sure is the Generalized Force-Modified Potential Energy Surface
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(G-FMPES) model,”’ " which builds on the FMPES scheme,” a
protocol to optimize molecular geometries under external forces.
In the G-FMPES, mechanical forces compress a molecule toward
its geometric centroid during geometry optimization. A variation
of this method, the Hydrostatic Compression Force Field (HCFF)
approach,” differs from the G-FMPES mainly in the definition of
the surface area and the calculation of the pressure that is applied
to the molecule. The HCFF has been used to calculate the pres-
sure required to trigger spin-crossover in octahedral metal-ligand
complexes.”” A drawback of the quantum mechanochemical pres-
sure models, however, is that the pressure that is applied to the
molecule cannot be defined a priori. Instead, the applied pressure
is calculated from empirical parameters that are specified by the
user, meaning that the desired pressure has to be adjusted itera-
tively. A second drawback is that in some cases, e.g., in extended
molecules, unreasonable molecular geometries are found by the
G-FMPES and HCFF due to the tendency of the molecule to mini-
mize its surface area under compression. Hence, both the G-FMPES
and the HCFF work the best for molecules that can be approximated
as spherical.

In this paper, a new member of the family of mechanochem-
ical pressure models, the eXtended Hydrostatic Compression Force
Field (X-HCFF), is presented. It builds on the HCFF approach
but avoids the deficiencies of the previous mechanochemical pres-
sure models in that (1) the user has full control over the pres-
sure that is applied to the molecule and (2) the pressure is applied
truly hydrostatically, i.e., the compression of extended molecules
can be simulated realistically. It is shown that structural param-
eters calculated with the novel X-HCFF model are of the same
quality of those calculated with previous computational methods
in both single molecules and molecular crystals and that experi-
mental spectroscopic parameters can be reproduced accurately in
the investigated test systems. Moreover, a pressure-induced chem-
ical reaction is reproduced. The implementation of the X-HCFF
approach is straightforward and only requires a surface tessellation
routine, which is typically implemented in connection with implicit
solvent models in many quantum chemical program packages, as
well as a nuclear gradient code for the desired electronic struc-
ture method. While the calculations presented in this paper were
all carried out with Density Functional Theory (DFT),”"" wave-
function based methods can of course be used instead. The com-
putational cost of an X-HCFF calculation is virtually identical to the
cost of regular, pressure-free geometry optimization. The X-HCFF
model will be available in a future release of the Q-Chem program
package.”

The rest of this paper is structured as follows: After establish-
ing the theoretical foundation of the X-HCFF approach in Sec. II,
the performance of the method is tested in Sec. III. In particular,
comparisons are made against structural parameters of molecules
under pressure calculated with the HCFF (Sec. I1I A) and XP-PCM
(Sec. 11T B). The performance of the X-HCFF for the description
of molecular crystals under pressure is tested by comparing against
results calculated with periodic DFT (Sec. III C) as well as against
experimental Raman spectra under pressure (Sec. III D). Finally,
the dimerization of carbon dioxide under pressure is investigated in
(Sec. I1I E) to demonstrate the capability of the X-HCFF to describe
a simple pressure-induced chemical reaction. Possible routes for
future developments are pointed out in Sec. I'V.
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Il. THEORY
A. Theoretical background of HCFF

As the X-HCFF is based on the HCFF approach, the theoreti-
cal background of the latter shall be summarized first. In the HCFF,
mechanical forces pointing toward the non-mass-weighted molec-
ular centroid are applied on the nuclei to compress a molecule.’
As motivated in the literature for the closely related G-FMPES
approach,” " the force acting on each atom is potentially unique,
with the largest force acting on the outermost atom and the forces
on the inner atoms being scaled by the distances of these atoms to
the geometric centroid of the system. Using this condition as well as
the definition of the pressure, P = F, /A, where F, is the normal com-
ponent of the force at the surface and A is the surface area, the mag-
nitude of the force f“** pushing an atom i toward the molecular

1
centroid is calculated in the HCFF scheme as

i
|ff_ICFF| :_Pguess'AvdW' . > (1)

Tmax

where Pguess is a user-defined guess for the pressure that is applied to
the molecule, A,qw is the molecular van der Waals surface area, r; is
the distance of the atom i to the molecular centroid, and r.y is the
distance of the outermost atom to the centroid. The van der Waals
surface is used as the definition of the molecular surface, since the
surrounding medium, which applies pressure to the molecule, e.g.,
in a diamond-anvil cell, is in contact with the molecule at its van
der Waals surface. The forces f:'[CFF are then added to the nuclear
gradient during geometry optimization, leading to compression of
the molecule. As in other quantum mechanochemical optimization
techniques,”’ the optimization converges if the externally applied
force (in this case all forces fF“™) and the internal restoring forces
cancel. The pressure acting on the molecule has to be calculated
a posteriori via

(eI

>
AvdW

2

Pucrr =

where (| f]) is the average force acting on the atoms. Typically,
Pguess overestimates Pucrr. Hence, the pressure that is applied to the
molecule cannot be specified directly and instead needs to be cal-
culated from a user-defined parameter, which is one of the major
drawbacks of the mechanochemical models of pressure that have
been developed. Moreover, since the forces are acting toward the
molecular centroid, molecules tend to minimize their surface areas.
As a result, unreasonable compressed geometries can ensue’’ and
extended molecules can fold into sphere-like objects, which is not
the expected behavior in hydrostatic compression experiments.

B. The X-HCFF approach

Both problems are circumvented in the X-HCFF approach. The
basic idea that pressure is mediated to the molecule via its van der
Waals surface, e.g., during hydrostatic compression in a diamond-
anvil cell, is carried over from the HCFF to the X-HCFF. In many
quantum chemical program packages, the van der Waals surface is
calculated by superimposing atom-centered spheres, removing the
overlapping regions and tessellating the surface using a Lebedev
grid [Fig. 1(a)].” Instead of compressing the molecule toward its
centroid, in the X-HCFF, truly hydrostatic compression is achieved
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FIG. 1. (a) van der Waals surface of the water molecule approximated by a Lebe-
dev grid, leading to a tessellated surface. (b) Basic idea of the X-HCFF approach
for the water molecule with a reduced number of tessellation points, taking one of
the hydrogen atoms as an example. The blue spheres represent the tessellation
points created by the van der Waals sphere around the hydrogen atom under con-
sideration, whereas the transparent spheres are the tessellation points associated
with the other atoms in the molecule. Dotted lines connect the tessellation points to
the hydrogen atom, and the blue arrows depict the resulting gradient contributions.
For clarity, the force contributions of only three tessellation points are shown. The
thick black arrow represents the resulting force that arises when adding up each
individual gradient contribution for the hydrogen atom. Arrows are not drawn to
scale.

by applying the forces perpendicular to the van der Waals surface at
each tessellation point [Fig. 1(b)].

Each surface tessera j has an area Aj, and the van der Waals
surface is calculated as Ayqw = Z]N"“S Aj, where Ntess is the number
of tessellation points. In the X-HCFF, the force f; j acting on the atom
i that stems from the pressure on the surface tessera j acts along the

ARTICLE scitation.org/journalljcp

connecting line between the atom 7 and the tessera j and points away
from the latter [blue arrows in Fig. 1(b)]. Using again the definition
of pressure, this force can be calculated via

) 3)

where P is the pressure that is applied to the molecule, r; is the posi-
tion of the atom i, and rj is the position of the tessera j. The net force
acting on the atom i is then calculated by summing up the contribu-
tions from each surface tessera that lies on the van der Waals sphere
around the atom i [blue spheres in Fig. 1(b)],

Niesoo
fi= > fi 4)
j

When calculating the gradient contribution for an atom, the tesserae
that lie on the van der Waals spheres around the other atoms are
ignored. Since the force contributions from tesserae on opposite
sides of the atom cancel and there are no tessellation points along
the connecting line between two atoms, the resulting force contribu-
tion pushes the atoms toward one another, leading to compression
of the molecule. The forces calculated for each atom via Eq. (4) are
added to the nuclear gradient during geometry optimization, which
converges when the external force due to pressure and the internal
restoring force of the molecule cancel. Since the tessellation is car-
ried out anew in each optimization step, the tessellation field reacts
to the updated molecular geometry. As a result, the forces applied
to the atoms are adjusted each time such that the input pressure P
is applied to the molecule. However, the X-HCFF ansatz does not
strictly guarantee that the gradient contributions on all atoms add up
to zero in all cases, which is required to prevent translation and rota-
tion of the molecule. While in all investigated systems the resulting
net gradient contribution was extremely small, it was split up evenly
and added to the nuclear gradient of each atom.

For the a priori definition of the pressure, it is crucial to pick a
specific scaling factor of the van der Waals radii. In implicit solvent
models, a scaling factor of 1.2 is commonly applied to the van der
Woaals radii to account for the intrinsic distance between the solvent
molecules and the solute.”” However, it has been found that the van
der Waals radii decrease upon application of pressure,” which can
be traced back to the compression of the electron density that is not
described by the mechanochemical models of pressure. As a com-
promise, the unscaled van der Waals radii by Bondi'’ are used in the
X-HCFF approach. Since upon application of pressure the van der
Waals radii decrease with a slope that is individual for each atom™
and the resulting differences in compressibility of different atoms
have an impact on the geometries, the X-HCFF will likely be the
basis for more sophisticated pressure models that include the com-
pression of the electron density to lead to a more realistic description
of chemical systems under pressure. Beneficially, however, the only
remaining parameter in the X-HCFF model is the number of tes-
sellation points per atom. The dependence of the results on this
parameter is tested in Sec. I1I B.

It should be pointed out that the scope of the mechanochemical
models of pressure, including the X-HCFF, is limited to molecules,
since the utilization of the nuclear gradient precludes the treat-
ment of atoms. This can, however, be achieved with the XP-PCM
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approach
electronic configuration of atoms under pressure.

and was indeed used in the past to determine the

26,39

I1l. RESULTS AND DISCUSSION

A. Comparison between X-HCFF and HCFF

To showcase the difference between the X-HCFF and the
HCEFF, an aliphatic molecule is compressed using both approaches.
While the HCFF was shown to deliver physically meaningful and
chemically intuitive results for molecules that can be circumscribed
onto a sphere,”’ the method performs poorly for butane under a
pressure of 50 GPa (Fig. 2): Since strong forces point toward the
molecular centroid and these forces are strongest for the outermost
atoms, the molecule tends to minimize its surface and folds into a
sphere-like object. This situation is reminiscent of planets and stars,
in which gravitational forces pull each particle toward the center,
resulting in (roughly) spherical shapes. The creation of a sphere-
like geometry is a general feature of the HCFF and can also be
observed in many other molecules, which limits the applicability
of the method. In the present case, this leads to SCF convergence
failure. Moreover, the applied pressure is smaller than the initially
chosen value [cf. Egs. (1) and (2)], thus preventing the a priori
adjustment of the desired pressure.

The X-HCFF approach, on the other hand, is not afflicted
with these disadvantageous features. While the bond lengths in the
molecules are shortened by pressure and bond angles change (cf. the
supplementary material, Tables S1 and S2), the extended shape of
butane is retained at 50 GPa (Fig. 2). This is due to the fact that
each atom is being pushed inward orthogonally to the surface, lead-
ing to compression of the covalent bonds and not to the creation
of a sphere-like geometry. Therefore, the X-HCFF is more generally

HCFF:

X-HCFF:

FIG. 2. Molecular geometries for butane at a pressure of 50 GPa as calculated
with the HCFF®® (top; shortly before convergence failure) and X-HCFF (bottom)
approaches at the PBE*!/cc-pVDZ*? level of theory with 302 tessellation points
for each atom.

ARTICLE scitation.org/journalljcp

applicable for the simulation of molecules under hydrostatic pres-
sure than the HCFF.

B. Structural parameters in trans-1,3-butadiene
as a function of pressure

To judge the dependence of structural data calculated with the
X-HCFF on the number of tessellation points, trans-1,3-butadiene
is used as a test case. Here, values between 6 and 1202 tessellation
points per atom are adjusted. Focusing on the central carbon-carbon
bond length in trans-1,3-butadiene, it can be observed that with the
exception of the smallest number of tessellation points, the results
converge quickly (Fig. 3). With the increasing pressure, the bond
length decreases with the same slope for all values between 26 and
1202 tessellation points per atom. Similar results were obtained for
all other investigated systems during testing. This is a profitable fea-
ture of the X-HCFF because the number of tessellation points is the
only empirical parameter in the model and the results are virtually
independent of the precise choice of this parameter. As the cost of
the calculation is influenced only insignificantly by the number of
tessellation points per atom, a value of 302 is used in the remainder
of this paper.

Since trans-1,3-butadiene was treated previously with the XP-
PCM,” this molecule provides a testing ground for the performance
of the X-HCFF in comparison with another computational method
for the simulation of molecules under pressure. Comparing the
bond lengths in trans-1,3-butadiene calculated with the XP-PCM
and X-HCEFF (Fig. 4), it becomes apparent that the pressure-induced
decrease in carbon-carbon bond lengths is more pronounced in the
X-HCFF than in the XP-PCM. In addition, the X-HCFF curve for
the central carbon-carbon bond is smoother than that in the XP-
PCM. In agreement with chemical intuition, the X-HCFF predicts
a significantly higher compressibility of the central carbon-carbon
bond compared to the terminal carbon-carbon bonds, due to the
lower double bond character and the accompanying lower force con-
stant of the former. Hence, the X-HCFF offers the possibility to
calculate the structural changes induced by pressure reliably, which

1.46

1.45

1.44

C-C bond length (A)

1.43 : :
0 5 10 15 20 25

Pressure (GPa)

FIG. 3. Dependence of the central C-C bond length in trans-1,3-butadiene on the
number of tessellation points (Ntess) per atom, calculated with the X-HCFF at the
B3LYP**%°/6-31G(d,p)"° level of theory.
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—o— C1=C2

1.34

Bond length (A)

1.33 -

1.32

—@— C2-H7
C1-Hé
—e— C1-H5

1.09

1.08

0 5 10 15 20 25
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FIG. 4. Bond lengths in frans-1,3-butadiene at different pressures. Circles con-

nected by solid lines denote the X-HCFF results. Crosses connected by dotted

lines represent literature values (Ref. 20), calculated with the XP-PCM. In both
cases, B3LYP/6-31G(d,p) was taken as the electronic structure method.
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is traditionally considered a challenging task due to the scarcity of
available computational models.” Turning to the carbon-hydrogen
bond lengths, the results of the X-HCFF and XP-PCM are more
similar, with the difference that the bond lengths calculated with
the X-HCFF again decrease more smoothly. In particular, the
X-HCEFF finds a monotonic decrease in one of the terminal carbon-
hydrogen bond lengths (C1-HS5 in Fig. 4), while this is not the case
for the XP-PCM.

A comparison between the X-HCFF and the HCFF in the
case of trans-1,3-butadiene can be found in the supplementary
material (Figs. S1 and S2). As in the case of butane (Sec. III A),
the HCFF delivers unphysical geometries at high pressure. In addi-
tion, the decrease in bond lengths under pressure calculated with the
HCEFF is up to an order of magnitude more pronounced than in the
X-HCFF and shows non-monotonic behavior. Since the HCFF and
G-FMPES differ mainly in the definition of the surface area, it can be
seen that the X-HCFF outperforms the previous mechanochemical
models of pressure also in the case of trans-1,3-butadiene. Further
comparisons between the X-HCFF and previous mechanochemical
pressure models are refrained from in the remaining part of this
paper.

These results demonstrate that using a single trans-1,3-
butadiene molecule as an example, the X-HCFF affords continuous
curves showing the progressive decrease in bond lengths with the
increasing pressure, in agreement with chemical intuition, and that
the decrease in bond lengths is proportional to the external pressure.
Extensive test calculations on a wide variety of molecules need to be
carried out to judge how general this trend is.

C. Structural parameters in a molecular crystal
as a function of pressure

The performance of the X-HCFF when treating molecular crys-
tals is tested by calculating structural parameters of 7-nitrotetrazolo
[1,5]furazano[4,5-b]pyridine 1-oxide (NFP), for which reference
values calculated with a periodic implementation of DFT are avail-
able.”” The focus of the present study lies on intramolecular geomet-
ric changes and not on changes in the lattice parameters, so that a
single NFP molecule is subjected to pressures between 0 GPa and
100 GPa with the X-HCFF model. As can be seen in Fig. 5, the
X-HCFF results can compete with those obtained via periodic DFT.
Despite the differences in the approaches and the applied electronic
structure levels, which lead to deviations in the bond lengths at
0 GPa, many of the bond lengths in NFP decrease with roughly the
same slope in both approaches. Notable differences include the bond
lengths N10-N12 and N8-014, which remain almost constant and
even increase occasionally in the periodic calculations, whereas they
decrease monotonically in the X-HCFF. It can be hypothesized that
these differences can be traced back to crystal packing effects that
are not captured by the X-HCFF. However, one can state that the
structural parameters calculated with the X-HCFF for the molecu-
lar NFP crystal are chemically intuitive, and for many bond lengths,
the agreement with periodic calculations is remarkable, which is an
encouraging result considering that only a single molecule is treated
with the X-HCFF. Nevertheless, in the future, a careful calibration of
the size of the system investigated with the X-HCFF, i.e., the num-
ber of molecules subjected to pressure in the geometry optimization,
needs to be carried out to determine the influence of the chemical
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the clearest criterion for its reliability is the direct comparison with
experimental data. Experimental structural data of molecules and
crystals under pressure are typically inferred from spectroscopic
observables. A notable example is the pressure-induced increase in
the wavenumber of the Raman-active C-H stretching vibration in
the molecular crystal 2-amine-1,3,4-thiadiazole (ATD), which has
been reported recently.”® It was found that the wavenumber of this
vibration in the ATD crystal increases linearly with the increasing
pressure.

Applying the same pressures as in the experiments to ATD
with the X-HCFF approach at the PBE/cc-pVDZ level of theory and
subsequently calculating the Raman spectra yield virtually identical
changes in the Raman spectrum (Fig. 6), provided that the calculated
wavenumbers are scaled with the ratio between the experimental
1.5 (3096 cm™ ') and the calculated (3171 cm™") signal at 0 GPa. The full

—o— C1-C5 set of scaled and unscaled calculated wavenumbers of the Raman-
I IC\I:?O?S 12 active C-H stretching vibration in ATD at different pressures can
145 —e— C2-N11 be found in the supplementary material (Table S4). Since experi-
: N12-N13 ments are free from the approximations made in other approaches
—e— N8-O14 for the simulation of molecules under pressure to which the X-HCFF
was compared in Secs. III A-III C, the accurate reproduction of the
experimental spectroscopic data presented here emphasizes the use-
fulness of the X-HCFF in the simulation of chemical systems under
pressure. The results suggest that both the experimental geometric
= e X N changes and the accompanying response of the Raman spectra of
=z 1359 3 d the ATD crystal are captured accurately by the X-HCFF.
5
3 TR S NH,
ey s
1.25 N
ATD
3120
w36 Reference
115 ‘ s ; —@— X-HCFF (scaled)

0 20 40 60 80 100

Pressure (GPa) 3110

FIG. 5. Selected bond lengths in NFP at different pressures. Circles connected
by solid lines denote the X-HCFF values, calculated with PBE/cc-pVDZ. Crosses
connected by dotted lines represent literature values (estimated graphically from

Ref. 47), calculated with Density Functional Theory (DFT) for periodic systems. 3100

Wavenumber (cm'1)

3090

environment in the crystal on the structural parameters of an indi- 0 1 2 3
vidual molecule.

Pressure (GPa)
D. Comparison with experimental Raman spectra

FIG. 6. Wavenumbers of the Raman-active C—H stretching vibration in ATD at dif-
under pressure

ferent pressures, calculated with the X-HCFF at the PBE/cc-pVDZ level of theory.
Although comparisons of structural data of single molecules The maxima of the peaks in the experimental Raman spectra presented in Ref. 48
and molecular crystals calculated with the X-HCFF and other were taken as the reference values. The X-HCFF values were scaled such that
. the experimental and calculated peaks at 0 GPa coincide.
approaches are helpful to judge the performance of the new method,
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E. Pressure-induced dimerization of carbon dioxide

To test the applicability of the X-HCFF approach when describ-
ing pressure-induced chemical reactions, the dimerization of carbon
dioxide under pressure is investigated as an example. This reaction
has been described previously using ab initio molecular dynamics
(AIMD) simulations” and has been proposed as an intermediate
step in the formation of polymeric CO; under pressure.

Starting with a van der Waals complex of two CO, molecules
with a lateral distance of 3.15 A between each other, the application
of pressure with the X-HCFF at the PBE/cc-pVDZ level of theory
leads to a continuous decrease in the distance between the two CO,
molecules up to 90 GPa (Fig. 7). Between 90 GPa and 100 GPa,
the distance between the CO, molecules decreases sharply, mark-
ing the formation of covalent bonds in the resulting CO, dimer.
A further increase in pressure leads to only a minor compres-
sion of the C-O bonds within the four-membered ring of the CO,
dimer. Interestingly, carrying out pressure-free geometry optimiza-
tion using the CO, dimer created at 100 GPa as an input structure,
the dimeric geometry is retained, emphasizing the metastable nature
of the dimer that was described previously.”” However, in the AIMD
simulations, the CO, dimer was observed as a short-lived species
at pressures of 20 GPa and 50 GPa, which is lower than that in
the X-HCFF calculations. A possible reason for the higher pres-
sure required to form the CO; dimer using the X-HCFF is that in
contrast to AIMD simulations, thermal oscillations are not taken
into account. Such fluctuations, however, lead to molecular oscil-
lations and could deliver crucial energy required to overcome the
reaction barrier. Similar effects have been discussed as the reason
for the overestimation of rupture forces by static quantum chemical
methods when describing mechanochemical processes.”® Detailed
calculations will need to be carried out to reliably compare the pres-
sures required to induce chemical reactions calculated by dynamic
and static simulation techniques.

The pressure-induced dimerization of CO,, which was suc-
cessfully described with the X-HCFF, demonstrates that the predic-
tive power of the new method is not limited to pressure-dependent

0O=—C—0

0 50 100 150

Pressure (GPa)

FIG. 7. Distance d between the carbon atom of a CO, molecule and an oxygen
atom of another CO, molecule as a function of pressure, using the X-HCFF at the
PBE/cc-pVDZ level of theory. After dimerization occurs at ~100 GPa, d denotes
the C-O bond length in the four-membered ring of the CO, dimer.
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structural and spectroscopic properties but also has high poten-
tial in describing chemical reactions under pressure. In this case,
a minimum on the potential energy surface under pressure, which
was revealed by previous AIMD simulations, could be repro-
duced at the computational cost of a quantum chemical geometry
optimization.

IV. CONCLUSIONS AND OUTLOOK

In this paper, the eXtended Hydrostatic Compression Force Field
(X-HCFF), a novel mechanochemical method for the simulation
of molecules and molecular crystals under hydrostatic pressure,
was introduced. The X-HCFF method avoids common problems
of related approaches and accurately reproduces computational and
experimental structural and spectroscopic reference data in a variety
of test systems. The straightforward implementation and the user-
friendly and inexpensive computation make the X-HCFF a useful
method for calculations of structural and spectroscopic properties
as well as chemical transformations of molecules and molecular
crystals under hydrostatic pressure.

In the future, careful benchmarks of various density functionals
and wave-function based methods will be carried out to determine
the optimal electronic structure method that reproduces experimen-
tal structural and spectroscopic data most accurately. Moreover, it
is planned to leave the realm of small test systems and evaluate
the applicability of the X-HCFF when treating crystallites. A par-
ticularly interesting question is whether pressure-induced changes
in lattice constants'’'* can be reproduced by using a quantum
mechanochemical method. The ability of the X-HCEFF to go beyond
the treatment of single molecules and deliver chemically meaning-
ful results for the dimerization of carbon dioxide is very promising
in this regard. Another future route is provided by AIMD simula-
tions, with which the X-HCFF can be combined easily, to simulate
the time evolution of structural changes of molecules under pres-
sure. This will be particularly useful in modeling pressure-induced
adsorption and desorption processes of, e.g., industrially relevant
gases on surfaces. Furthermore, more complex chemical reactions
under pressure, e.g., Diels—Alder reactions, will be treated with the
X-HCFF in the future.

Finally, it is important to note that in the X-HCFF approach,
molecules react toward hydrostatic pressure only through force-
induced compression of the nuclear scaffold. While this opens up
the interesting possibility of relating the strain induced by the com-
pression with chemical reactivity,”” one must acknowledge that in
X-HCFF pressure does not interact directly with the electrons, but
only indirectly through an altered arrangement of the nuclei. A
computational method that simulates the influence of pressure on
molecules via interactions with the electron density is currently
under development.

SUPPLEMENTARY MATERIAL

See the supplementary material for structural data for butane
calculated with the X-HCFF; structural data for trans-1,3-butadiene
calculated with the X-HCFF and HCFF; Raman signals in ATD cal-
culated with the X-HCFF; and initial geometry of the carbon dioxide
dimer.
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