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ABSTRACT: We carry out a theoretical study of the effect of pressure on the atomic s p—

——H
and electronic distribution of a cluster made of 155 H,S molecules. The pressure was 08 ] s

modeled by bringing the cluster into a spherical container made of 500 helium atoms
and reducing the diameter of the container. We did ab initio molecular calculations
using DFT. At the lowest pressure, the S—H—S angle between two neighboring H,S
molecules has a distribution with a mean value of 167.1°. This angle will be shorter as
pressure increases, reaching a distribution with a mean value of 125.5° at the highest
pressure. Changes in this angle result from a strong S—S interaction, displacing the H
atoms from the line joining the sulfur atoms. This rearrangement of the atomic 02
distribution generates hydrogen-rich spatial regions. We analyzed the evolution of 4 ]
Mulliken charges on S and H atoms in the cluster with pressure, finding that electrons

move from S to H atoms, suggesting that these hydrogen-rich regions should be O T 12 "5 T17s 475 760 15 seLT
responsible for the electrical conductivity and, consequently, also for the Pressure (GPe)
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superconductivity in solid H,S under pressure.

Bl INTRODUCTION

For decades, people have been interested in obtaining metallic,
superconducting hydrogen. In 1935, Wigner and Huntington'
believed that crystalline hydrogen could be metallic. Therefore,
they theoretically studied the electrical conductivity of hydrogen
in a body-centered cubic crystalline structure. At that time,
however, they argued that the experimental conditions did not
exist to obtain the necessary pressure to generate this crystalline
hydrogen. Through analysis of this cubic crystalline phase of
hydrogen, Ashcroft’ predicted that it would be a super-
conductor.

Wigner and Ashcroft’s reports inspired people to search for
the synthesis of metallic hydrogen®~° and its possible behavior
as a superconductor. The reported studies inferred that pure
hydrogen under pressure would likely be metallic but not
superconducting.’

As an alternative to looking for hydrogen-based super-
conductors, the researchers looked to hydrides. This search
culminated in the discovery of the superconducting behavior of
sulfur hydride at high pressures with a transition temperature of
203 K,” which was increased to 287.7 K by photochemically
transforming a mixture of H,S, H,, and CH, subjected to high
pressures.” Following this finding, the search for new super-
conducting hydrides led to the discovery of high-pressure
lanthanum hydrides with a transition temperature to the
superconducting state of 260 K,” also discovering that high-
pressure yttrium hydrides have a superconducting transition
temperature of 262 K."’

The atomic distribution of some of these high-temperature
superconducting hydrides has been identified by X-ray
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diffraction experiments,"”'* but almost nothing has been
studied about changes in the electronic distribution with
pressure.”'* Superconducting H,S is a simple system that
makes it well suited to study these changes. Understanding them
would help elucidate the superconducting behavior of this
hydride.

In the present manuscript, we describe the changes, with
pressure, in the atomic distribution and the electron distribution
of a 155H,S cluster. The manuscript completes previously
reported properties for this cluster.> We describe in detail how,
with pressure, hydrogen atoms redistribute in space and,
through an analysis of the Mulliken charges,16 how electrons
redistribute in the atoms of the cluster.

B RESULTS AND DISCUSSION

We built an atomic cluster of 155 H,S molecules; the cluster
morphology approximated a sphere. To build the cluster, we
made a small crystallite using the crystallography reported for
the tetragonal phase of H,S obtained under pressure.'” The
crystallite could be built with any crystallography reported for
H,S, because for our pressure simulations, the initial atomic
distribution of the cluster was expanded and subjected to
molecular dynamics at 300 K.
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To model the pressure in the 155H,S cluster, we built a
spherical container made of He atoms. The coordinates of He
atoms in the initial container corresponded to those reported for
the carbon atoms in the spherical fullerene that has 500 carbon
atoms and a radius of 9.973 A."®

This container was large enough to contain the 155H,S
cluster inside. The H—He and S—He distances were large
enough to achieve SCF convergence during DFT calculations.
By embedding the cluster in the container, its atomic
coordinates were moved to match its centroid with the centroid
of the container. For each pressure, during geometry
optimization, the coordinates of the He atoms remained fixed.

In order to lose the initial atomic distribution in the cluster,
after incorporating it into the container, the radius of the
container was expanded by 1.8 times its initial value. After that,
we performed molecular dynamics calculations at 300 K for 2.7
ps with a time step of 1 fs. We then reduced the container radius
to 1.6 of its initial value and performed molecular dynamics
calculations at 300 K for 1.0 ps with a time step of 1 fs.

Following these molecular dynamics calculations, the final
atomic distribution of the cluster was used as the initial atomic
distribution to study the evolution of its properties with
pressure. This study was carried out b?f optimizing the geometry
of the cluster in the container of He."

The different pressures were implemented by reducing the
radius of the container (Table 1). Reference 15 gives details on
the calculation of the static pressure on the 155H,S cluster due
to the variation of this radius."

Table 1. Container Radius and the Corresponding Pressure
on the 155H,S Cluster

radius (A) pressure (GPa)
13.962 0.2
12.965 1.2
11.968 5.6
10.971 17.5
9.973 47.5
9.475 76.0
8.976 125.5
8.477 208.3
7.979 361.7

For the lowest pressure (0.2 GPa), the H,S molecules interact
with each other through hydrogen-type interactions. At this
pressure, each H atom is between two sulfur atoms forming S—
H—S angles with a distribution that has a mean value of 167.1°
with a standard deviation of 6.8° (Figure 1). For the highest
pressure (361.7 GPa), the S—H—S angles had a distribution with
amean value of 125.5° and standard deviation of 9.5° (Figure 1).

As pressure increases, the S—S pair distribution function
(Figure 2) shows that sulfur atoms move closer to each other,
displacing H atoms to positions outside the line joining two
sulfur atoms. This displacement gives rise to hydrogen-rich
spatial distributions.

The previous results suggest revising the crystalline phases
reported for superconducting H,S,"""” some of which propose
that the H atoms are found between two sulfur atoms forming
S—H-S angles of 180°.

In the atomic arrangement of the 155H,S cluster at high
pressures, the H atoms move closer to each other. For example,
for the pressure of 361.7 GPa, 86 of the 310 hydrogen atoms
have a H—H bond length smaller than 1.0 A. These H atoms are
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Figure 1. Histogram for the S—H—S angle. The magenta curve
corresponds to the atomic distribution for 0.2 GPa; the green curve
corresponds to the atomic distribution for 361.7 GPa.
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Figure 2. S—S pair distribution function for different pressures.

identified in the H—H pair distribution function (Figure 3) by
the presence of the peak centered at 0.75 A. It is to remark that
this atomic distribution was generated through geometry
optimization calculations on the 155H,S—S500He cluster.

In the literature,'” the formation of the short H—H bonds
with pressure has been interpreted as dissociation of the solid

8
4 0.2 GPa
4 125.5 GPa
4 361.7 GPa
6 -
7 ]
g 4
. 4 4
g "]
S
5 ]
2 -
0 A
——— et
0 1 2 3 4 5

r (Angstroms)

Figure 3. H—H pair distribution function for different pressures.
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H,S forming H, molecules, but, in the present work, a detailed
analysis of the images of the spatial atomic distribution obtained
at the highest pressure shows the presence of hydrogen atoms
with more than two other hydrogen atoms as neighbors at
distances smaller than 1.0 A.

Interestingly, as the pressure increases, the distribution
function of the S—H pairs remained almost constant (Figure
4); this fact shows that S—H bonds do not change significantly
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Figure 4. S—H pair distribution function for different pressures.

with pressure. The slight increase observed in these bond lengths
at the highest pressure indicates a slight weakening of the S—H
interaction.

Changes in the atomic distribution with pressure must surely
be associated with changes in the electron distribution in the
cluster. Therefore, we performed a Mulliken charge analysis'® of
the cluster for each pressure during the geometry optimizations.

Figure 5 shows the result of a qualitative analysis of the
Mulliken charges associated with each atom for different
pressures. In this figure, negative charges correspond to red
while positive charges correspond to blue; a charge close to zero
corresponds to a gray color. For the lowest pressure (Figure SA),
the sulfur atoms have negative Mulliken charges, while all the H
atoms have positive charges. At this pressure, the atomic
distribution corresponds to a set of H,S molecules that interact
weakly through hydrogen bonds: the observed Mulliken charges
reflect the molecular character of the sulfur and hydrogen atoms
at this pressure.

At the pressure of 17.5 GPa, some sulfur atoms have charges
close to zero, some have positive charges, and some hold
negative charges. At this pressure, hydrogen atoms have charges
close to zero.

At the pressure of 125.5 GPa, most of the sulfur atoms have
positive charges, while the charge of the hydrogen atoms
becomes negative. This trend in the charge changes of the sulfur
and hydrogen atoms is enhanced when the pressure was 361.7
GPa.

Figures 6 through 9 give a quantitative analysis of the
evolution of these charges with pressure. These figures show
histograms of the hydrogen and sulfur Mulliken charge in the
cluster for different pressures. We used the last 20 frames of the
atomic distribution optimization process of the 155H,S cluster
to construct the histograms.

For the pressure of 0.2 GPa (Figure 6), the hydrogen atoms
have positive Mulliken charges with a distribution that has a

Figure S. Mulliken charges, the red color corresponds to negative
charges, while the blue color corresponds to positive charges; the gray
color corresponds to charges close to zero. The large spheres represent
sulfur atoms and the small spheres represent hydrogen atoms. (A) 0.2
GPa, (B) 17.5 GPa, (C) 125.5 GPa, (D) 361.7 GPa. Increasing pressure
reduces the diameter of the cluster, so to construct the figure, we scaled
the diameter of the clusters to be the same size in the figure. As a
consequence of this, the apparent size of the spheres representing the S
and H atoms increases with pressure.
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Figure 6. Distribution of the Mulliken charges of the hydrogen and
sulfur atoms for the pressure of 0.2 GPa.

mean value of 0.090 e with a standard deviation of 0.019 e
(Table 2), while the sulfur atoms have a Mulliken charge
distribution that has a mean value of —0.183 e and standard
deviation of 0.027 e.

As we increased the pressure to 17.5 GPa (Figure 7), the mean
value of the Mulliken charge distribution of the hydrogen atoms
moves to 0.045 e with a standard deviation of 0.048 e, while that
of sulfur atoms moves to —0.110 e with a standard deviation of
0.072 e (Table 2).

For the pressure of 125.5 GPa (Figure 8), the mean value of
the Mulliken charge distribution of hydrogen is negative, —0.123
e, with a standard deviation of 0.096 e, while the distribution of
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Table 2. Mean Values and Standard Deviations of the
Mulliken Charge Distribution of the Hydrogen and Sulfur
Atoms for the Different Pressures

pressure (GPa) H mean (e) H std (e) S mean (e) S std (e)
0.2 0.090 0.019 —0.183 0.027
1.2 0.085 0.023 —-0.178 0.027
5.6 0.071 0.035 —0.158 0.041
17.5 0.045 0.048 —0.110 0.072
47.5 —0.008 0.067 —0.024 0.115
76.0 —0.039 0.077 0.009 0.121
125.5 —-0.123 0.096 0.099 0.155
208.3 —0.156 0.100 0.107 0.188
361.7 —0.249 0.124 0.219 0.222
800 -| mmm Hydrogen
= Sulfur 17.5 GPa
700 4
600 ~
500 4
5
3 400
300 A
200 1
100
o T Il L} T T
-0.6 -0.4 -0.2 0.0 0.2 0.4 0.6

Charge(e)

Figure 7. Distribution of the Mulliken charges of the hydrogen and
sulfur atoms for the pressure of 17.5 GPa.
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Figure 8. Distribution of the Mulliken charges of the hydrogen and
sulfur atoms for the pressure of 125.5 GPa.

sulfur atoms has a positive mean value of 0.099 e, with a standard
deviation of 0.115 e (Table 2).

For the highest pressure, 361.7 GPa (Figure 9), the Mulliken
charge distribution of hydrogen atoms has a mean value of
—0.249 e, with a standard deviation of 0.124 e (Table 2). The
corresponding distribution for sulfur atoms has a mean value of
0.219 e, with a broad, standard deviation of 0.222 e.

Figures 6 to 9 clearly show how electrons, under pressure,
move from sulfur atoms to hydrogen atoms.

These types of histograms were quantified for all pressures
used in the analysis. Table 2 summarizes, for each pressure, the

400 mmm Hydrogen

L Sulfur 361.7 GPa

350 4
300 +
250 A

200

Count

150 4

100 A

50 4

-0.6 -0.4 -0.2 0.0 0.2 0.4 0.6
Charge(e)

Figure 9. Distribution of the Mulliken charges of the hydrogen and
sulfur atoms for the pressure of 361.7 GPa.

mean value of the histogram obtained and the corresponding
standard deviation.

To more clearly illustrate the evolution, with pressure, of the
Mulliken charges associated with the atoms in the 155H,S
cluster, we have chosen a representative H,S molecule from the
cluster and plotted, for each pressure, the Mulliken charges
obtained for the last 100 steps of the geometry optimization
(Figure 10).
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Figure 10. Evolution of Mulliken charges with pressure. The yellow
curve corresponds to the S atoms, while the green and purple curves
correspond to the H atoms.

Figure 10 shows that the Mulliken charges of S atoms move
from negative values to positive values with increasing pressure.
This movement from negative to positive values is relatively
small for pressures below 76.5 GPa, but the charge increase is
noticeably more significant at higher pressures. These changes in
the Mulliken charges of the sulfur atoms correlate with the
changes in the Mulliken charges of the hydrogen atoms, from
positive to negative values. This result indicates that electrons
move, with pressure, from the environment surrounding the
sulfur atoms to the environment surrounding the hydrogen
atoms.

The above observation is fundamental since the analysis of the
S-S, S—H, and H—H radial distributions (Figures 2 to 4) shows
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that, with pressure, hydrogen atoms move toward spatial regions
rich in hydrogen. Consequently, with pressure, the electrons
move into these hydrogen-rich regions of space. Therefore, the
electrical conductivity, including the superconducting behavior,
of the 155H,S cluster should occur in all these spatial regions
rich in hydrogen atoms.

B CONCLUSIONS

When the 155H,S cluster is under pressure, the H,S molecules
lose their molecular character. For the lowest pressure, the S—
H-S angle between two neighboring H,S molecules has a
distribution with a mean value of 167.1°. This angle will be
smaller as the pressure increases, reaching a distribution with a
mean value of 125.5° at the highest pressure. Changes in this
angle result from a strong S—S interaction, displacing H atoms
from the line joining the sulfur atoms. This rearrangement of the
atomic distribution gives rise to spatial regions rich in hydrogen.
Analyzing the evolution of Mulliken charges on S and H atoms
with pressure, we conclude that electrons move from S to H
atoms, suggesting that the hydrogen-rich spatial regions should
be the regions where the electrical conductivity and super-
conductivity of the solid H,S under pressure occur.

B METHODS

For optimization of the geometry of the 155H,S cluster, we used
DFT,*° with 6-31g as the basis set, and the generalized gradient
functional B3LYP,*' with dispersion correction to model the
exchange-correlation energy.22

Molecular dynamics calculations were performed on the
system using the canonical ensemble (NVT), with an
integration time step of 1.0 fs, and the Bussi—Parrinello velocity
rescaling thermostat.”

We did some calculations using two basis sets different from
the 6-31g basis set: the basis set 6-31g**, which includes
polarization functions in the hydrogen and sulfur atoms; and the
basis set 6-31+g, which includes diffuse functions. The results
obtained with these new basis sets were similar to those obtained
with the basis set 6-31g.

TeraChem>*** was the code used to perform the molecular
calculations. The L-BEGS>® algorithm generated the atomic
distribution of the system with minimum energy, with the
following convergence conditions: an energy threshold of 10°¢
Hartree, maximum step of 10~ Bohr, RMS step of 107 Bohr,
maximum gradient of 10~* Hartree/Bohr, and RMS gradient of
10™* Hartree/Bohr. Two workstations were used for the
calculations: one with 4 Nvidia Tesla V100 GPU cards and
the other with 4 Nvidia Tesla A100 GPU cards.

For some pressures, the atomic charges associated with the
optimized 1SSH,S cluster were obtained using the Merz—
Kollman®’ analysis method, the CHELPG”® analysis method,
and the RESP*” analysis method. These analysis methods show
the same trend of evolution of hydrogen and sulfur charges with
pressure as observed with the Mulliken analysis method (Figures
11 and 12).

The Merz—Kollman and the CHELPG analysis methods were
performed with the code Gaussian 16 Rev. A.03*" while the
RESP analysis was performed using the TeraChem code.

The VMD"?' code was used to display the images colored with
Mulliken charges, to obtain the pairwise distribution functions
and to inspect the distribution of atoms in the cluster.
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Figure 11. Distribution of the Mulliken charges of the hydrogen atoms
for the pressures of 0.2 and 361.7 GPa.
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Figure 12. Distribution of the CHELPG charges of the hydrogen atoms
for the pressures of 0.2 and 361.7 GPa.

B AUTHOR INFORMATION

Corresponding Author
Xim Bokhimi — Instituto de Fisica, Universidad Nacional
Auténoma de México, Ciudad de México 01000, Mexico;
orcid.org/0000-0002-7071-3714; Email: bokhimi@
fisica.unam.mx

Complete contact information is available at:
https://pubs.acs.org/10.1021/acsomega.2c05726

Notes
The author declares no competing financial interest.

B ACKNOWLEDGMENTS

We thank Mr. Antonio Morales Espino for technical support.,
and LAREC-IFUNAM for financial support.

B REFERENCES

(1) Wigner, E.; Huntington, H. B. On the Possibility of a Metallic
Modification of Hydrogen. J. Chem. Phys. 1935, 3, 764.

(2) Ashcroft, N. W. Metallic Hydrogen: A High-Temperature
Superconductor? Phys. Rev. Lett. 1968, 21, 1748.

(3) Hemley, R. J.; Mao, H. K. Optical Studies of Hydrogen Above 200
Gigapascals: Evidence for Metallization by Band Overlap. Science 1989,
244, 1462.

(4) Eremets, M. L; Troyan, I. A. Conductive Dense Hydrogen. Nat.
Mater. 2011, 10, 927.

https://doi.org/10.1021/acsomega.2c05726
ACS Omega 2022, 7, 42499—-42504


https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Xim+Bokhimi"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://orcid.org/0000-0002-7071-3714
https://orcid.org/0000-0002-7071-3714
mailto:bokhimi@fisica.unam.mx
mailto:bokhimi@fisica.unam.mx
https://pubs.acs.org/doi/10.1021/acsomega.2c05726?ref=pdf
https://doi.org/10.1063/1.1749590
https://doi.org/10.1063/1.1749590
https://doi.org/10.1103/PhysRevLett.21.1748
https://doi.org/10.1103/PhysRevLett.21.1748
https://doi.org/10.1126/science.244.4911.1462
https://doi.org/10.1126/science.244.4911.1462
https://doi.org/10.1038/nmat3175
https://pubs.acs.org/doi/10.1021/acsomega.2c05726?fig=fig11&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.2c05726?fig=fig11&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.2c05726?fig=fig11&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.2c05726?fig=fig11&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.2c05726?fig=fig12&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.2c05726?fig=fig12&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.2c05726?fig=fig12&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.2c05726?fig=fig12&ref=pdf
http://pubs.acs.org/journal/acsodf?ref=pdf
https://doi.org/10.1021/acsomega.2c05726?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as

ACS Omega

http://pubs.acs.org/journal/acsodf

(5) Dias, R. P; Silvera, I. F. Observation of Wigner-Huntington
Transition to Metallic Hydrogen. Science 2017, 35S, 715.

(6) Loubeyre, P; Occelli F.; Dumas, P. Synchrotron Infrared
Spectroscopic Evidence of the Probable Transition to Metal Hydrogen.
Nature 2020, 577, 631.

(7) Drozdov, A. P.; Eremets, M. L; Troyan, 1. A.; Ksenofontov, V.;
Shylin, S. I. Conventional Superconductivity at 203 Kelvin at High
Pressures in the Sulfur Hydride System. Nature 2015, 528, 73.

(8) Snider, E.; Dasenbrock-Gammon, N.; McBride, R.; Debessai, M.;
Vindana, H.; Vencatasamy, K.; Lawler, K. V.; Salamat, A.; Dias, R. P.
Room-Temperature Superconductivity in a Carbonaceous Sulfur
Hydride. Nature 2020, 586, 373.

(9) Somayazulu, M.; Ahart, M.; Mishra, A. K.; Geballe, Z. M.; Baldini,
M,; Meng, Y.; Struzhkin, V. V,; Hemley, R. J. Evidence for
Superconductivity above 260 K in Lanthanum Superhydride at
Megabar Pressures. Phys. Rev. Lett. 2019, 122, No. 027001.

(10) Snider, E.; Dasenbrock-Gammon, N.; McBride, R.; Wang, X;
Meyers, N.; Lawler, K. V.; Zurek, E.; Salamat, E.; Dias, R. P. Synthesis of
Yttrium Superhydride Superconductor with a Transition Temperature
up to 262 K by Catalytic Hydrogenation at High Pressures. Phys. Rev.
Lett. 2021, 126, No. 117003.

(11) Einaga, M.; Sakata, M.; Ishikawa, T.; Shimizu, K.; Eremets, M. L;
Drozdov, A. P.; Troyan, I. A.; Hirao, N.; Ohishi, Y. Crystal structure of
the Superconducting Phase of Sulfur Hydride. Nat. Phys. 2016, 12, 835.

(12) Li, Y,; Wang, L,; Liu, H; Zhang, Y.; Hao, J.; Pickard, C. J;
Nelson, J. R.; Needs, R. J.; Li, W.; Huang, Y.; Errea, L; Calandra, M,;
Mauri, F.; Ma, Y. Dissociation Products and Structures of Solid H,S at
Strong Compression. Phys. Rev. B 2016, 93, No. 020103(R).

(13) Durajski, A. P.; Szczesniak, R. First-Principles Study of
Superconducting Hydrogen Sulfide at Pressure up to 500 GPa. Sci.
Rep. 2017, 7, 4473,

(14) Belli, F.; Novoa, T.; Contreras-Garcia, J.; Errea, I. Strong
Correlation between Electronic Bonding Network and Critical
Temperature in Hydrogen-Based Superconductors. Nat. Commun.
2021, 12, 5381.

(15) Bokhimi, X. Atomic and Electronic Properties of a 155 H,S
Cluster under Pressure. ACS Omega 2019, 4, 10524.

(16) Mulliken, R. S. Electronic Population Analysis on LCAO— MO
Molecular Wave Functions. L. J. Chem. Phys. 19585, 23, 1833.

(17) Strobel, T. A.; Ganesh, P.; Somayazulu, M.; Kent, P. R. C;
Hemley, R. J. Novel Cooperative Interactions and Structural Ordering
in H,S-H,. Phys. Rev. Lett. 2011, 107, No. 255503.

(18) Tomanek, D. Guide through the Nanocarbon Jungle: Buckyballs,
Nanotubes, Graphene and Beyond; Morgan & Claypool Publishers, 2014.

(19) Duan, D.; Liu, Y.; Tian, F.; Li, D ; Huang, X,; Zhao, Z.; Yu, H;
Liu, B,; Tian, W.; Cui, T. Pressure-Induced Metallization of dense
(H,S)2H, with High-Tc Superconductivity. Sci. Rep. 2014, 4, 6968.

(20) Kohn, W.; Sham, L. J. Self-Consistent Equations Including
Exchange and Correlation Effects. Phys. Rev. A 1965, 140, 1133.

(21) Lee, C; Yang, W.; Parr, R. G. Development of the Colle-Salvetti
Correlation-Energy Formula into a Functional of the Electron Density.
Phys. Rev. B 1988, 37, 785.

(22) Grimme, S.; Antony, J.; Ehrlich, S.; Krieg, H. A consistent and
Accurate ab initio Parametrization of Density Functional Dispersion
Correction (DFT-D) for the 94 Elements H-Pu. J. Chem. Phys. 2010,
132, 154104.

(23) Bussi, G.; Donadio, D.; Parrinello, M. Canonical Sampling
Through Velocity Rescaling. J. Chem. Phys. 2007, 126, No. 014101.

(24) Ufimtsev, L. S.; Martinez, T. J. Quantum Chemistry on Graphical
Processing Units. 3. Analytical Energy Gradients, Geometry
Optimization, and First Principles Molecular Dynamics. J. Chem.
Theory Comput. 2009, 5, 2619.

(25) Titov, A. V.; Ufimtsev, I S.; Luehr, N.; Martinez, T. J. Generating
Efficient Quantum Chemistry Codes for Novel Architectures. J. Chem.
Theory Comput. 2013, 9, 213.

(26) Kaistner, J.; Carr, J. M.; Keal, T. W.; Thiel, W.; Wander, A.;
Sherwood, P. DL-FIND: An Open-Source Geometry Optimizer for
Atomistic Simulations. J. Phys. Chem. A 2009, 113, 11856.

42504

(27) Besler, B. H.; Merz, K. M,, Jr.; Kollman, P. A. Atomic Charges
Derived from Semiempirical Methods. J. Comput. Chem. 1990, 11, 431.

(28) Breneman, C. M.; Wiberg, K. B. Determining Atom-centered
Monopoles from Molecular Electrostatic Potentials. The Need for High
Sampling Density in Formamide Conformational Analysis. J. Comput.
Chem. 1990, 11, 361.

(29) Bayly, C. L; Cieplak, P.; Cornell, W. D.; Kollman, P. A. A Well-
Behaved Electrostatic Potential Based Method Using Charge Restraints
for Deriving Atomic Charges: The RESP Model. J. Phys. Chem. 1993,
97, 10269.

(30) Frisch, M. J,; Trucks, G. W.; Schlegel, H. B.; Scuseria, G. E.;
Robb, M. A.; Cheeseman, J. R.; Scalmani, G.; Barone, V.; Petersson, G.
A.; Nakatsuji, H. et al. Gaussian 16, Revision A.03. Gaussian, Inc,,
Wallingford CT, 2016.

(31) Humphrey, W.; Dalke, A.; Schulten, K. VMD: Visual Molecular
Dynamics. J. Mol. Graph. 1996, 14, 33.

https://doi.org/10.1021/acsomega.2c05726
ACS Omega 2022, 7, 42499—-42504


https://doi.org/10.1126/science.aal1579
https://doi.org/10.1126/science.aal1579
https://doi.org/10.1038/s41586-019-1927-3
https://doi.org/10.1038/s41586-019-1927-3
https://doi.org/10.1038/nature14964
https://doi.org/10.1038/nature14964
https://doi.org/10.1038/s41586-020-2801-z
https://doi.org/10.1038/s41586-020-2801-z
https://doi.org/10.1103/PhysRevLett.122.027001
https://doi.org/10.1103/PhysRevLett.122.027001
https://doi.org/10.1103/PhysRevLett.122.027001
https://doi.org/10.1103/PhysRevLett.126.117003
https://doi.org/10.1103/PhysRevLett.126.117003
https://doi.org/10.1103/PhysRevLett.126.117003
https://doi.org/10.1038/nphys3760
https://doi.org/10.1038/nphys3760
https://doi.org/10.1103/PhysRevB.93.020103
https://doi.org/10.1103/PhysRevB.93.020103
https://doi.org/10.1038/s41598-017-04714-5
https://doi.org/10.1038/s41598-017-04714-5
https://doi.org/10.1038/s41467-021-25687-0
https://doi.org/10.1038/s41467-021-25687-0
https://doi.org/10.1038/s41467-021-25687-0
https://doi.org/10.1021/acsomega.9b00705?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acsomega.9b00705?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1063/1.1740588
https://doi.org/10.1063/1.1740588
https://doi.org/10.1103/PhysRevLett.107.255503
https://doi.org/10.1103/PhysRevLett.107.255503
https://doi.org/10.1038/srep06968
https://doi.org/10.1038/srep06968
https://doi.org/10.1103/PhysRev.140.A1133
https://doi.org/10.1103/PhysRev.140.A1133
https://doi.org/10.1103/PhysRevB.37.785
https://doi.org/10.1103/PhysRevB.37.785
https://doi.org/10.1063/1.3382344
https://doi.org/10.1063/1.3382344
https://doi.org/10.1063/1.3382344
https://doi.org/10.1063/1.2408420
https://doi.org/10.1063/1.2408420
https://doi.org/10.1021/ct9003004?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/ct9003004?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/ct9003004?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/ct300321a?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/ct300321a?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/jp9028968?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/jp9028968?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1002/jcc.540110404
https://doi.org/10.1002/jcc.540110404
https://doi.org/10.1002/jcc.540110311
https://doi.org/10.1002/jcc.540110311
https://doi.org/10.1002/jcc.540110311
https://doi.org/10.1021/j100142a004?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/j100142a004?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/j100142a004?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1016/0263-7855(96)00018-5
https://doi.org/10.1016/0263-7855(96)00018-5
http://pubs.acs.org/journal/acsodf?ref=pdf
https://doi.org/10.1021/acsomega.2c05726?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as

