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ABSTRACT: The structural and vibrational properties of the XP-PCM
molecular units of sulfur hexafluoride crystal as a function of eXtreme Pressure Polarizable Continuum Model

pressure have been studied by the Extreme Pressure Polarizable
Continuum Model (XP-PCM) method. Within the XP-PCM

model, single molecule calculations allow a consistent interpreta- , '
tion of the experimental measurements when considering the effect ) -
of pressure on both the molecular structure and the vibrational ' ‘

normal modes. This peculiar aspect of XP-PCM provides a
detailed description of the electronic origin of normal modes
variations with pressure, via the curvature of the potential energy
surface and via the anharmonicity of the normal modes. When
applied to the vibrational properties of the sulfur hexafluoride
crystal, the XP-PCM method reveals a hitherto unknown
interpretation of the effects of the pressure on the vibrational normal modes of the molecular units of this crystal.

PRESSURE PRESSURE PRESSURE

B INTRODUCTION these are interpreted in terms of curvature and anharmonicity
The study of structural and dynamic properties of both liquid of the potential energy .surface, providing useful insigll;ti on
and solid materials at high pressure, mainly carried out in the pressure effects on the intramolecular normal modes, a
diamond anvil cell (DAC),"™ is an active research field">*~” kind of analysis which is not currently available in periodic

for its implication in both applied science and technology and calculations. In the XP-PCM approach the interactions with

knowledge of atomic and molecular properties. Indeed, in a the environmenltgazrgz modeled using the Polarizable Continuum
recent paper by Cammi, Rahm, Hoffmann and Ashcroft® it has Model (PCM), ™™ properly taking into account the pressure
been envisaged that basic electronic properties along the effect by increasing the Pauli repulsion due to the external
periodic table (like atomic electronic configuration and medium on the molecule. This tuning of the pressure is
electronegativity) exhibit drastic changes at high pressures obtained by reducing the volume of the cavity hosting the
thus modulating general chemical behaviors. molecular unit.”'*'®7?!

In particular, in studying molecular crystals at high pressures, In the present paper the XP-PCM method has been applied
the general properties can be conveniently investigated with to study the vibrational frequencies of sulfur hexafluoride (SFy)
vibrational spectroscopy and some experimental findings can as a function of the pressure and how these effects can be
be achieved by comparison with computational models. A properly analyzed. Sulfur hexafluoride is an interesting
general agplrgach to model molecular crystals involves periodic candidate, since the molecular structure of isolated SF, as
systems.” ~ Accurate determination of structural and depicted in Figure 1, has a perfect octahedral arrangement
spectroscopic properties by ab initio solid state calculations (almost spherical). The high symmetry of the SF¢ molecule
requires elevated computational resources.'”'" But, even when (0,) and the limited number of atoms allow to analyze the

vibrational properties are obtained either by ab initio molecular

dynamics simulations or by crystal calculations in the harmonic

approximation'’~"? subsequent extraction of high pressure

effects on single molecule is not an easy task. ]
The recently introduced eXtreme Pressure Polarizable Received:  March 23, 2021

Continuum Model (XP-PCM)*"*7'® allows for ab initio ReVi?ed: June 17, 2021

calculations at high pressure on a single molecular unit of Published: July 15, 2021

the system of interest at a reduced computational cost. In the

XP-PCM calculations the main pressure effects on the

vibrational properties can be easily taken into account and

effect of pressure on vibrational properties at high level of
theory and to compare the results with the available
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where Z, is the height corresponding to a reference upper

G

Figure 1. Molecular structure of sulfur hexafluoride SF,.

experimental measurements.””* In fact, several IR and Raman
experiments”>~>® are available on the molecular crystal for
different phases both at ambient and high pressures.”*>°

The article is organized as follows. First, the XP-PCM theory
is briefly reviewed in the “XP-PCM Theory” section, then the
phase diagram is discussed in the “Phase Diagram of Sulfur
Hexafluoride” section. The computational procedure is
described in the “Computational Protocol and Details” section
and finally the results of the calculations are presented in the
“Results and Discussion” section, where a detailed analysis of
the vibrational properties in terms of curvature and relaxation
contributions are discussed. Final remarks are reported in the
“Conclusions” section.

B METHODS

XP-PCM Theory. Let us consider a molecular systems
embedded in the external medium of the XP-PCM model. The
electronic energy determining its potential energy surface is

given by eq 1
v+

(1)
where V,, is the nuclei—nuclei interaction contribution in the
presence of the external medium, Q(¥)-V is the PCM
electrostatic interaction term”” and V, is the Pauli repulsion
term, which describes the exchange—repulsion contribution
due to the overlap of the electron distribution of the studied
molecular system with the mean electron distribution of the
external medium (modeled by an uniform distribution outside
the cavity following the PCM approach'”*°). The repulsion
term is expressed by eq 2

7= [0 R@) ar .

where p(r) = D'6(r — r,;) is the electron density operator
(over the n electrons of the molecular system).

R is a factor representing a step barrier potential located at
the boundary of the molecular cavity, as reported in eq 3:
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(3)

where Z is the height of the potential barrier and O(r) is a
generalized Heaviside step function with a value equal to zero
inside the cavity and equal to one outside of it (D denotes the
domain of the physical space inside the cavity). The height of
the potential barrier Z depends on the volume of the cavity,
V," as shown in eq 4:
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value of the cavity volume, V;, and N is a semiempirical
parameter that gauges the strength of the Pauli repulsive
barrier originated from the external medium, and which can be
estimated by comparison of the computed pressure—volume
results of XP-PCM with the available experimental pressure—
volume data as expressed by Murnaghan equation”’ for
different phases. The height of the potential barrier Z given
in eq 4 implicitly accounts for the pressure dependence of the
properties of the external medium'® (ie., the dielectric
permittivity and average electron density).

The pressure p is computed as the negative of the derivative
of the electronic energy, eq 5, with respect to the cavity volume
V. at constant number of particles n:

{5

The cavity is defined in terms of overlapping spheres
centered on the atomic nuclei with radius related, by a uniform
scaling factor (f), to the corresponding atomic van der Waals
radii (Riyy).”" The cavity volume may be freely reduced by
decreasing the scaling factor with respect to the reference value
f° = 125378 It has been recently shown®” that the XP-
PCM model is able to faithfully reduce the van der Waals radii
of elements in agreement with available experimental data,
suggesting that the same procedure can be successfully
extended in studying molecular species.

The Pauli repulsion potential depends indirectly on f. In fact,
the repulsion potential is related both to the numeral density of

0\ 3
the external medium n(f) = n50<f7> and by a semiempirical

0
parameter yN(f ) = ( f7

be experimentally determined, where g, and E,, are conversion
factors from Bohr and Hartree, respectively.

The equilibrium geometries of the molecule under pressure
correspond to the minimum of the potential energy surface
determined by the electronic functional G,, of eq 1.

The vibrational harmonic frequencies are obtained from the
Hessian matrix of the second derivatives of G,, with respect to
the atomic displacements obtained numerically by the
gradients.

As mentioned in the Introduction, the XP-PCM helps to
achieve relevant insights on the pressure effect on vibrational
frequencies by a partition in curvature and relaxation (or
anharmonicity) contributions;”'*'” these contributions are
referred to also as direct and indirect effects, respectively.

The Effect of the Pressure on the Equilibrium
Geometry and Vibrational Frequencies and Its Direct
and Indirect Contributions. Describing the molecule as a
set of harmonic oscillators, the electronic energy G,, in eq S
can be expanded as a function of the vibrational normal mode
coordinates of the isolated molecule Q and of the pressure p, as
shown in the Taylor expansion in eq 6:

Ge’(Q' P) = Ger(Q’ 0) +p z F;Q, +p Z l—:‘iQiZ + ..

aG,,
o,

4
0.7E,a,°

N
) , with 3 < N < 6, which can

(6)
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where G,(Q, 0) is the electronic energy at zero pressure (i.e.,
that of the isolated molecule), as a function of the normal
coordinates Q; I'; and I'; are partial derivatives of G,, and their
physical meaning is summarized in the following.

Equation 7 shows that I'; is the mixed second order

derivative:
0°G, 0G
Sl P R B
PO, Q=0 P Q=0 (7)

and it represents the direct effect of pressure on the forces on
the nuclei along the normal coordinate Q;. Due to the isotropic
pressure, I'; is forced to be different from zero only for totally
symmetric (TS) normal mode coordinates. In particular, the
variations of the equilibrium geometry along the TS normal
coordinates {Q/*} are given by eq 8

L

)= -ty ie(QP
Q" (p) kip {Q,”) ©
where k; is the harmonic force constants of the i normal
mode. Equation 8 shows also how the pressure affects the
geometry not only through the coupling coefficients {I';} but
also with the normal mode force constants, {k;}, which
describe the stiffness of the normal modes.

The I'; is expressed in eq 9 by the mixed third-order
coeflicient:

2°G, ok,
b= 50 "o
po"Q, azo P )0 ©)

and it represents the direct effect of the pressure on the force
constant k; of the i normal mode. I'; could be different from
zero for any vibrational normal mode.

The total effect of pressure on the vibrational harmonic force
constants is given by eq 10:

15 g T

z iij ]
7k

kip) =k + p|T; —
(10)

where g;; is the cubic anharmonic constant coupling the
normal mode i with a totally symmetric normal mode j.
Furthermore, the effect of the pressure on the vibrational
frequencies can be partitioned into a curvature (direct) and a
relaxation (indirect) contribution,”'*'®'” as shown in eq 11:

RN
o Qp) o cur o rel (11)
with
SR
F ) %® Jow (12)
9(p) S
[ o \an Z £ )k(o) Q) (13)

where v(p) denotes the vibrational frequencies evaluated at the
equilibrium geometries and Q(0) the equilibrium geometry of
the isolated molecule.

From eqs 11—13, the pressure effect on the harmonic force
constants can be partitioned in a curvature (or direct) effect,
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represented by I';, which relates the influence of pressure to
changes in the electron density of the system, and a relaxation
(or indirect) effect, involving the cubic anharmonicities g,
which is related to the pressure induced modification of the
equilibrium geometry of the molecular system.

Equations 11—13 are of fundamental importance to analyze
the effect of pressure on vibrational properties of molecules in
the crystal. In essence, the curvature contribution, due to the
variation of the second derivative of the potential energy
surface, accounts for the confinement effect due to the
repulsive intermolecular interactions, evaluated at the zero-
pressure equilibrium geometry, while the relaxation contribu-
tion is related to the variation of the equilibrium geometry of
the molecule through the anharmonic force constants. In more
general terms, this analysis is motivated by the need to give
answer to some questions like “Why do the molecules respond
to the pressure in the way observed? Why does this response
depend on the various vibrational normal modes? Is there a
property of the normal modes that governs their response to
the pressure?”. We remark that a similar partitioning, useful to
rationalize observed frequency shifts with pressure, has
previously been carried out with a semiclassical approach by
Moroni et al.’® The XP-PCM method has the definite
advantage of accurately estimating the two contributions for
a general molecular system.

B PHASE DIAGRAM OF SULFUR HEXAFLUORIDE

The phase diagram of SF¢ has been studied as a function of
both temperature and pressure. At ambient pressure it has
been found by neutron diffraction experiments”" that at 94.3 K
a phase transition occurs from a high temperature orienta-
tionally disordered structure (space group Im3m, Z = 2) to a
monoclinic structure (space group C,/m — C3;, with Z = 6).
The molecules are found in two different sites, with site
symmetry 2/m (or C,,) or m (or C,). The reduction of
molecular symmetry and the intermolecular interactions in the
crystal produce a multiplet structure in the vibrational spectra.
The correlation diagram for the C,, site shows that the
degeneracy of the normal modes is removed. Therefore, for
molecules on this site it is expected that the A, E, and T,
should appear as singlet, doublet, and triplet, respectively, in
the Raman spectrum. The same turns out to be the case for the
two molecules on the C; site since an additional Davydov
component is only infrared active. For this latter lattice site
each component of the infrared modes should become Raman
active. In the Raman spectrum of Salvi and Schettino’” the Ay
mode shows two components which should be taken as arising
from the C,;, and C; sites. For the E; and T,, modes 4 and 3
components are observed, respectively, and could, by analogy,
be taken as arising from the molecules on different sites. No
evidence is found of Raman activation of the infrared modes or
of infrared activation of the Raman modes. This implies that in
the low temperature phase the molecular deformation of the
SF¢ octahedra is actually very small. The model used in the
present paper appears, therefore, suited for the system under
study. As a whole the internal Raman active components
should classify as 14 A, @ 7 B, in the factor group.

The SF4 phase dlagram as a functlon of pressure has been
explored by X-ray diffraction up to 32 GPa.” A phase
transition to the same crystal structure of the low temperature
phase described by Cockcroft and Fitch®' has been observed at
2 GPa (phase II). Further transitions have been observed to
occur at 12 GPa (phase III) and 24 GPa (phase IV) as

https://doi.org/10.1021/acs.jpca.1c02595
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evidenced by the appearance of new lines in the diffraction
pattern and changes in the Raman spectrum. It can be
remarked that the multiplet structure observed in phase III is
identical with that reported by Salvi and Schettino at low
temperature and ambient pressure,”” apart from the improved
resolution of the low temperature spectrum. It can be argued
that also at high pressure deviations from the octahedral
structure of the SF4 units are very small. Therefore, a geometry
belonging to the O, point group symmetry”> > has been
adopted in the initial configuration of DFT calculations.
Subsequently, the pressure effects on both the structural and
vibrational properties of SF4 have been simulated by increasing
the Pauli exchange repulsion experienced by the target
molecule properly reducing the cavity volume using the XP-
PCM method. ' #'¢~"

Computational Protocol and Details. All the calcu-
lations have been performed in the DFT framework adopting
the 6-311G(d)*® basis set with a modified version of the
Gaussian 09 rev.C.01 suite of programs:>’ The exchange—
correlation energy functional has been selected by verifying the
accuracy in reproducing the experimental S—F bond length
with some exchange and correlation functionals.

The bond length of the optimized SF4 molecule (in gas
phase) obtained with the selected exchange and correlation
functional is reported in Table 1; the computed bond lengths
are in the range between 1.588 A (PBEO and WB97XD) and
1.638 A (BLYP).

Table 1. Bond Length (A) of Isolated SF4; Molecule for
Selected Exchange and Correlation Functionals, Using the
6-311Gd) Basis Set”

functional S—F (A)
exp™® 1.561
SVWN*~*2 1.591
BLYP*** 1.638
B3LYP*** 1.603
CAM-B3LYP*® 1.589
0o3LYP*’ 1.600
PBE*** 1.622
PBEO>° 1.588
WB97XD"' 1.588

“The computed SF4 bond length is compared with experimental data
in the gas phase.*®

PBEO and WB97XD provide results in better agreement with
experiments.”® Therefore, we have decided to report the
structural and spectroscopic analysis on the basis of

calculations with the PBEO functional, unless otherwise
specified.

The XP-PCM protocol is the same employed with success in
the studies on P,S;'” and on As,S,.'® Argon has been used as
solvent, while van der Waals radius for S and F have been set
to 1.80 and 1.47 A, respectively.”® The scaling factor f has been
varied between 1.2 and 0.975, allowing to study the system in
the pressure range between 0 and 10.2 GPa for N = 3 and
between 0.0 and 24.6 GPa for N = 6, respectively. To ensure a
smooth behavior of electronic and structural properties with
pressure, the molecular cavities have been described using
tesserae with an average size of 0.05 A* (the value has been
imposed with the keyword TSARE and it is about an order of
magnitude lower than the default value which is 0.2 A?).
However, it has been verified that a value of 0.075 A’
represents a good compromise between accuracy and
computational time for the present calculations.

Analogously to XP-PCM studies on P,S;,'” and As,S,,'® the
protocol consists in a molecular geometry optimization
performed with a self-consistent procedure until the structure
convergence is reached for each scaling factor f (i.e., pressure
value). Once the equilibrium geometry has been located, the
procedure is repeated for a new cavity with a smaller scaling
factor. The convergence criteria imposed in the calculations are
Maximum force lower than 2 X 107° E,/ay, RMS force lower
than 1 X 107 E,/a,, Maximum atomic displacement lower than
6 X 107 ay and RMS atomic displacement lower than 4 X 107
ao. An ultrafine grid has been adopted for the evaluation of the
numerical integrals. All the calculations on SF4 have been
performed with values for the N parameter equal to both 3 and
6, as discussed in the following. This choice of using the
limiting values for N is based on previous works”'>'>~'">% on
XP-PCM that proved how it was possible to interpret the
experimental observable with pressure. No fitting procedures
have been carried out to further improve the agreement
between experimental and computed data.

The harmonic vibrational frequency calculation has been
carried out for all the optimized geometries. The pressure
effects on vibrational normal modes have been analyzed to
determine both the curvature and relaxation contributions. The
curvature contribution, eq 12, has been evaluated through the
calculation of the vibrational frequencies, obtained by
numerical differentiation, as a function of pressure at fixed
equilibrium geometry in vacuo. The relaxation contribution can
be evaluated numerically by eq 11 or analytically by
determining the derivative of frequency variation with pressure
as in eq 13.

Table 2. Normal Modes (cm™') of SF¢*

symm NM scaled epr Av
Th 3282 346.9 (345.7)° 12
ng 489.6 517.5 523.5 6
T 578.3 611.3 (611) 03
Eg 626.7 662.4 644 18.4
Alg 729.6 771.2 775 3.8
T 925.7 978.4 (936) 424

% free assignment
0.3 3269 Vg, antisymm degenerate bending
12 488.7 vs, symm degenerate bending
0.05 5789 v,, antisymm degenerate bending
2.9 627.1 v,, symm degenerate stretching
0.5 728.0 v, symm stretching
4.5 934.2 V3, antisymm degenerate stretching

“XP-PCM results with f = 1.20 at the PBE0/6-311G(d) level of theory. TSARE = 0.0S. Vibrational frequencies (NM) have been scaled by a factor
of 1.057, obtained through a fitting procedure for the calculated frequencies of the isolated molecule (without XP-PCM). “PR. Salvi and V.
Schettino.”” “This frequency has been obtained from the analysis of combination bands. Av represents the absolute error in cm™, while with % are
reported the absolute error in percentage. The assignment has been taken from Herzberg.”® Symmetries for the “free” molecule calculated

frequencies at the same XP-PCM level of theory are reported.
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. RESULTS AND DISCUSSION —— Murnaghan N3
Birch - Murnaghan N3
IR and Raman Spectra at Ambient Pressure. The  Mumaghan N6
isolated SF4 molecule belongs to the O, point group and —0.02 o E:lcc:,a::;";i?;; "
-0.04
o
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©
‘ ‘ T
§ -0.06
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w
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. -0.10
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Volume / A3

v3(Thy), 936 cm™? vy(Ty), 611 cm™!
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Figure 2. Graphical representation of the normal modes of SF4 with
the assignment proposed by Salvi et al.** Only one component of the
each degenerate modes is shown.

Table 3. Comparison of K, and K, Murnaghan Parameters
Obtained by XP-PCM Calculations on SF4 and
Experiments”’

N=3 N=6 exp phase I exp phase II
K, 6.46 7.79 6.3(2) 8.5(8)
K, 5.01 7.19 4 7.4(9)

consequently the vibrational normal modes can be grouped in
the irreducible representations as

=A,®E &L, ®2L,0 D, (14)
E

The normal modes with symmetry A,, E, and T, are
Raman active, whereas the two T}, modes are IR active. The
normal mode of T,, symmetry is both IR and Raman inactive,
but it has been identified and assigned by Salvi et al.””
analyzing combination bands in the IR spectrum of the crystal.

Calculated and experimental frequencies are compared in
Table 2. It can be noted that the scaled calculated frequencies
agree quite satisfactorily with the crystal frequencies.””* This
may imply that the XP-PCM approach somehow accounts for
the static field acting on the molecule albeit not (obviously) for
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Figure 3. Fit of energy values with both Murnagham27 and Birch—
Murnaghan®® equations of state. The procedure has been carried out
for XP-PCM calculations with both N = 3 and N = 6.

— N3

N6
—— exp. phase |
—— exp. phase Il

35

30

N N
o v

Pressure / GPa
-
(%,

10

80 85 90 95 100

Volume / A3

65 70 75

Figure 4. Comparison between experimental and computed
Murnaghan®’ equation of states with volume. Cavity volume and
molecular volume have been adopted for calculations and experi-
ments, respectively.

the intermolecular coupling giving rise to the Davydov
splitting.

The vibrational assignment is that reported by Herzberg>
and confirmed in several studies of the vibrational properties of
SFe.””7*%**% In particular, the three lower vibrational
frequencies are bending normal modes, whereas the others
are stretching modes.
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K
o PBEON3 K V.o
PBEO N6 P(V) == [%] _
1.62 e PBEN3 K|\V
PBE N6 P (1s)
in which Vj is the cavity volume for f = 1.20 and V(f) is the
L61 cavity volume for a certain scaling factor, whereas
K, = —V(ﬁ> and K, = (ai) .
% p=0 op p=0
< The K, and K, parameters are obtained by using a fitting
g 1.60 procedure of the electronic energy functional:
c
] K
9 K W |’ 1
T Ger(V) = _OV(f) [ 0 ] .
8 159 K, V(i) |(K,-1)
KoY
K, -1 16
1.58 ? (16)
A similar procedure has been performed using the Birch—
Murnaghan equation of state:*°
157 3K (V. 7/3 V. S/3
o= 25”3
14 14

10 15 20 25

Pressure / GPa
Figure 5. S—F bond length (in A) with the pressure (in GPa). The
results are reported for both PBE and PBEO exchange and correlation
functionals in conjunction with 6-311G(d) basis set. The equations of
linear regression are PBE N3, y = —0.00068x + 1.62246; PBE N6, y =
—0.00063x + 1.62216; PBEO N3, y = —0.00070x + 1.58786; and
PBEO N6, y = —0.00055x + 1.58770.

Table 4. Pressure Coupling Constant I'; (E;, a, ' GPa™"),
Defined in Eq 7, Harmonic Force Constant in the Gas Phase
k; (E, a,™%), Ratio I';/k; (A GPa™"), and Pressure Coeflicient
dQ,/dp (A GPa™) of SFq4

: £d
T, k, _b dQ7
k; dp
N=3 0.00123 0.7201 —0.00173 —0.00171
N=6 0.00099 0.7201 —0.00137 —0.00134

A graphical representation of the normal modes is reported
in Figure 2.

Structural Properties. The first information on the
response to pressure of SF¢ molecule has been achieved by
computing the Murnaghan®” and Birch—Murnaghan®® equa-
tion of state and comparing the results with experimental
data.”’

The relation between the scaling factor f and the pressure
can be obtained assuming that the cavity volume can be

initially described through the Murnaghan equation:”’

3
X 1+Z(K"_4)

(E)Z/s ~ 1]
v (17)

The values of both the K, and K, Murnaghan parameters
obtained by XP-PCM calculations are compared in Table 3
with experimental data by Rademacher et al.”” for both phase I
and phase II. The XP-PCM calculations have been carried out
with the N parameter equal to both 3 and 6. The Birch—
Murnaghan equation of state obtained for phase II by
Rademacher et al*® with periodic DFT calculations (PBE
+TS) provides results in excellent agreement with experiments.

The comparison of the fitting procedure with both the
Murnaghan®’ and Birch—Murnaghan56 equations of state is
reported in Figure 3. It is possible to appreciate from the
Figure 3 that the curves of the energy as function of the cavi
volume are accurately r_eg)roduced with both the Murnaghan”
and Birch—Murnaghan® equations of state, with appreciable
differences only outside the range of the computed data (cavity
volume <65 A%).

The fitting procedure has been carried out employing both
the N = 3 and N = 6 values in the XP-PCM calculations, as in
Table 3.

Since the SF4 molecular crystal undergoes phase transitions
with pressure,”” an appropriate tuning of the N parameter
allows to follow correctly the structural behavior in different
pressure ranges, as it can be appreciated in Figure 4 where both
computed and experimental Murnaghan®’ equations of state
are reported. The computed Murnaghan equation of state with
N = 3 closely resemble the experimental one for phase I,

Table 5. Calculated Frequencies (in cm™") at the Different Pressure Values (GPa) with Parameter N = 3

symmetry 0.0 0.7 1.9
T,, 346.9 348.4 350.9
Ty, 517.5 518.6 520.8
Ty, 611.3 611.7 612.8
E, 662.4 663.3 665.5
Ay 7712 772.6 775.5
Ty, 978.5 977.3 9772

2.8 39 54 7.4 10.2
352.9 355.7 359.2 364.2 3712
522.3 524.6 527.3 S31.5 537.7
613.6 615.0 616.5 619.1 622.8
666.5 668.8 671.4 675.7 682.1
777.1 780.0 783.0 788.0 795.7
976.7 977.5 978.0 980.2 98S.1
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Table 6. Calculated Frequencies at the Different Pressure Values (GPa) with Parameter N = 6

symmetry 0.0 1.0 3.0 4.6 7.0 10.6 16.0 24.6
T, 346.9 348.7 352.4 355.6 360.6 367.2 377.0 391.6
Ty, 517.5 518.8 521.9 524.5 528.7 534.0 542.3 555.3
T, 611.3 611.9 613.8 615.3 618.0 621.5 627.1 635.6
E% 662.4 663.6 667.0 669.3 673.7 679.3 688.5 702.8
Am 771.2 772.9 777.2 779.7 785.0 791.2 801.1 817.3
T, 978.5 977.6 978.6 979.1 982.2 985.4 992.3 100S.8
1] mn v L] L]
1} 11} v
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Y [ ]
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Figure 6. Experimental and computed vibrational frequencies of
normal mode Z/S(ng). The XP-PCM calculations have been carried
out with both N = 3 and N = 6. The experimental data have been
taken by Rademacher et al.”®

Pressure / GPa

Figure 7. Experimental and computed vibrational frequencies of
normal mode l/z(Eg). The XP-PCM calculations have been carried out
with both N = 3 and N = 6. The experimental data have been taken by

Rademacher et al.*

whereas the XP-PCM calculations with N = 6 reproduce the
behavior of phase II.

Pressure Effects on Bond Lengths. The different effect
due to the N parameter with increasing pressure provides
further information on the compressibility of SF¢ It is
interesting to note (see Figure S) that N = 3 and N = 6
parameters present a similar behavior for low pressure values,
whereas a marked difference occurs for higher values, as
confirmed by linear regression analysis. In fact, the correlation
coefficients for the linear regression equations for PBE are R* =
0.9907 and R* = 0.9870 for N = 3 and N = 6, respectively,
while the same coefficients for PBEQ are R* = 0.9923 and R” =
0.9989. By comparing the results obtained with both the PBEO
and PBE exchange and correlation functionals, it is possible to
note that hybrid functionals provide a better agreement than
GGA functionals with the experimental bond length®® and a
similar trend with pressure. The bond length contraction has
the same order of magnitude, but it presents a slightly
underestimated value.”” Although marked volume variations
are observed with the choice of N parameter as shown in
Figure 3, the variation of the bond lengths are less affected by
the N value. This behavior reflects on the calculated
frequencies which are usually more accurate with PBEO than
PBE. This result further suggests to use hybrid functionals in
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simulation of structural and vibrational properties by perform-
ing calculations with the XP-PCM method.

As previously observed in studying other systems with the
XP-PCM method,»'*'®'” the effect of pressure on SFg
molecular structure can be analyzed considering eq 8. In
fact, the variation of molecular structure with pressure are
related both to pressure coupling coefficient I'; and to the
stiffness of the normal modes. This analysis can be carried out
through two different approaches. In the first case, the pressure
coupling I'; (defined in eq 7) is estimated by a linear fitting of
the nuclear gradient of G,, as function of pressure evaluated at
the equilibrium geometry of the isolated molecule. The force
constant k; is determined from the calculation of the harmonic
frequencies of the isolated molecule. In the second case, the
linear coefficient (d(j—;q) has been obtained by the projection of
the atomic displacement on the eigenvector of the totally
symmetric normal mode, as function of pressure. The two
procedures have been performed for N = 3 and N = 6, and the
final results, collected in Table 4, allow to verify eq 8.

Pressure Effects on the Vibrational Modes. The
pressure effects on the vibrational frequencies have been
obtained from calculations for the SF¢ pressure optimized
geometrical structures (scaling factor, f) for both the N = 3 and

https://doi.org/10.1021/acs.jpca.1c02595
J. Phys. Chem. A 2021, 125, 6362—6373
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Figure 8. Experimental and computed vibrational frequencies of
normal mode l/l(Alg)' The XP-PCM calculations have been carried
out with both N = 3 and N = 6. The experimental data have been
taken by Rademacher et al.*®

N = 6 parameters. The vibrational frequencies of the computed
normal modes of SF as a function of pressure are collected in
Table S and 6.

Comparison with Experiments. The experimental trend of
vibrational frequencies of the T,, E, and A, modes as a
function of pressure is compared with calculations in Figure 6,
Figure 7, and Figure 8, respectively. The experimental data
refer the measuremet results for phases II, III, and IV, while it
has not been reported the vibrational frequencies relative to
phase L

The pressure effect on vibrational frequencies has been
analyzed by the numerical calculation of the frequency slope,

(j—:), which differs for the various normal modes as found

experimentally.”’ The model depends by the choice of N
parameter as discussed above. However, either N parameters
provide a semiquantitative description of the experimenatl
data, also if the computed values underestimate the
experimental results, as can be appreciated in Table 7. A
similar behavior has been obtained in studying Cg, and C;q
fullerenes under pressure.'®

Analysis of Pressure Effects on the Vibrational Frequen-
cies. In this section we present a detailed analysis of the
vibrational frequencies as a function of pressure in terms of

Table 8. Variations of Vibrational Frequencies (in cm™)
with Pressure (GPa) for N = 3 and N = 6 Parameters”

N=3
(60_@) num anal

freq Ssymm 8ij * /o) (j—:)wl (j—;)rel (j—;)mr
346.9 T, -10.5 2.39 -0.19 0.18 2.58
517.5 Ty -34.5 1.98 0.38 0.59 1.59
611.3 T, -37.0 1.14 0.5 0.64 0.63
662.4 E, -76.5 1.92 122 1.31 0.70
771.2 Alg -98.5 2.38 1.62 1.70 0.76
978.5 Ty, —108.5 0.65 2.15 1.87 —1.50

N=6

= au(p) a \™" dv ezl dv

weaomn gy (50) O (5), (5), (5)
3469 T, -10.5 1.83 —-0.12 0.15 1.95
517.5 T, -34.5 1.58 0.31 0.47 1.24
611.3 Ty, -37.0 1.00 0.37 0.50 0.63
662.4 E, -76.5 1.65 0.96 1.04 0.70
771.2 Ay —98.5 1.87 1.29 135 0.58
978.5 T, —108.5 1.14 1.61 1.48 —-0.47

“Freq and symm refer to normal mode frequencies (in cm™) and
symmetries, respectively. g; represents the cubic force constant (in
ecm™). cur and rel subscripts indicate the curvature and relaxation
terms, while anal and num superscripts refer to the calculation
approaches.

curvature (direct) and relaxation (indirect) contributions, as
given from eq 11 to eq 13. The curvature contribution has
been obtained by calculating the vibrational frequencies of SF4
keeping the geometry fixed to that of the isolated molecule but
reducing the cavity volume to increase the pressure. The

(j—;) term has been subsequently obtained through a fitting

procedure of the vibrational frequencies, which have been
reported in Table 8.

The relaxation contribution has been obtained by both the
numeric and analytic approaches, described in “Computational
Protocol and Details” section. The results with N = 3 and N =
6 are summarized in Table 8, while a graphic representation is
shown in Figure 9.

The results of the vibrational frequency analysis can be
summarized considering both the relaxation and curvature
contributions. Independent of the value of N parameter, the

relaxation term, (Z—:) , computed with both numerical and
rel

analytic approaches, grows with frequency of the normal
modes at the expenses of the curvature term. The results
obtained with either approaches, are similar and show that the

( a )num
dp rel

normal mode with symmetry T,,. The same value is found for

is positive with the exception of the lower frequency

Table 7. Comparison between Computed (for N = 3 and N = 6) and Experimental (j—;) in

freq symm N=3 N=6
517.5 Ty 1.98 1.5§
662.4 E, 1.92 1.65
7712 A, 238 1.87

4

cm'a
GPa
phase II phase III phase IV
2.73 + 047 2.17 + 0.61 1.18 + 0.22
3.83 + 0.31 3.13 + 0.04 1.58 + 0.08
4.64 + 0.33 3.55 £ 022 1.86 + 0.08

“The experimental data refer to Raman measurements by Rademacher et al.*® for the different SF, phases at high pressure.
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Figure 9. Vibrational analysis in terms of curvature (orange) and
. . . dv

relaxation (green) contribution to (5) (blue). The upper panel

refers to the results obtained with N = 3, while the lower panel refers

to the results obtained with N = 6.

a)

Figure 10. a) Electron density difference between SFq at 0.0 and 24.6
GPa (cutoff +£3 X 107°). b) The red and blue colors on the map
represent regions with increase and decrease of electron density,
respectively. The isosurface cutoff is +1.5 X 107,

anal
(j—;) 1 ; it can only be noted that for N = 6 the value for T,,
re
mode is negative, but very small. In particular, the relaxation
term is related to the anharmonicity through the cubic force
constants as discussed in eq 13. In particular, the SFq
molecules has only one totally symmetric normal mode (v,
of Figure 2), consequently the relaxation contribution has to
be ascribed to the cubic anharmonic constants g;; in eq 13; the
anharmonic constants g; are reported in Table 8. The
anharmonic character of the normal modes is more
pronounced for the higher than for the lower frequency
modes and it is more pronounced for stretching modes. This
increasing of the anharmonicity is the origin of the growth of
the relaxation term with frequencies.

The curvature term, (j—;) , shows positive values with the

cur

exception of the highest frequency mode (v;) with symmetry
T,,. While the positive values of curvature term present a
behavior similar to that found in other systems,'®'” the
negative value of vj; is rather unusual. The behavior of v; with
pressure has been rationalized considering the Pauli repulsion
due to pressure on the electronic structure of SFy, especially in
the region along the S—F bond. The electron density variation
has been analyzed in terms of Mayer bond order,””** atomic
charges,sg_63 and maps of the electron density difference. The
different methods concord in the observed results. In fact, the
Mayer bond order decreases with pressure from 0.907 to 0.893
going from O to 24.6 GPa with a difference of 0.014; the
charges on fluorine atoms increases while that of sulfur
decreases (independently by the method, as summarized in
Table 9). These results confirm an increase in ionic character
of the bond. A similar result has been obtained by the
difference of electron density maps depicted in Figure 10. This

Table 9. S and F Atomic Charges (e¢) Computed through Mulliken,*” ™" Lowdin,*” and Hirshfeld®® Partition Schemes”

S F
0.0 GPa 24.6 GPa A 0.0 GPa 24.6 GPa A
Mulliken 1.576 1.617 —0.041 —0.263 —0.270 0.007
Lowdin 1.285 1.303 —0.018 —0.214 -0.217 0.003
Hirshfild 0.598 0.604 —0.006 —0.100 —0.101 0.001

“The differences on atomic charges (A) of both S and F atoms have been computed considering the system at the pressure values of 0.0 and 24.6

GPa.

6370

https://doi.org/10.1021/acs.jpca.1c02595
J. Phys. Chem. A 2021, 125, 6362—6373


https://pubs.acs.org/doi/10.1021/acs.jpca.1c02595?fig=fig9&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.jpca.1c02595?fig=fig9&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.jpca.1c02595?fig=fig9&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.jpca.1c02595?fig=fig9&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.jpca.1c02595?fig=fig10&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.jpca.1c02595?fig=fig10&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.jpca.1c02595?fig=fig10&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.jpca.1c02595?fig=fig10&ref=pdf
pubs.acs.org/JPCA?ref=pdf
https://doi.org/10.1021/acs.jpca.1c02595?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as

The Journal of Physical Chemistry A

pubs.acs.org/JPCA

behavior substantially differs from that found in studying other
13,16,17 . . .
systems, which show an increase of electron density on
the bond regions. In the case of SFy the observed electron
structure rearrangement with pressure induces a more
pronounced variation in the normal modes with asymmetric

displacement with respect to the S—F bond.

Bl CONCLUSIONS

The XP-PCM method has been applied to compute the
structural and vibrational properties of SF4 with pressure. The
results of the XP-PCM method have been compared with both
structural and spectroscopic experimental data, showing a
resonable agreement between experiments and calculations.
Pressure effects on the vibrational frequencies have been
analyzed by considering both the contribution of curvature,

d . d .. . .
<d—y) , and relaxation, (é) , obtaining useful information
cur rel

for discriminating the importance of confinement and
anharmonicity effects. In particular, the curvature term for
the v; normal modes has been rationalized considering the
variation of electronic structure of SF¢ with pressure. In fact, it
has been observed that this behavior can be related to the
increase of ionic character of the S—F bond under pressure.
These results show how the XP-PCM method could provide
further useful information for the interpretation of the
experimental findings. The different pressure effects in
determining a more pronounced covalent or ionic character
of bonds in a molecule represent an interesting point to be
analyzed in more detail to rationalize the trend of vibrational
frequencies with pressure not only using the XP-PCM method
but other single molecule computational approaches.”**~%
Finally, it would be useful to extend this kind of analysis in
periodic DFT calculations on molecular crystalline systems,
which explicitly describe the intermolecular interactions to
achieve further information on spectroscopic properties.
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