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Abstract

This work reports a new protocol for achieving microscopic structural information from theoretical (quantum-
chemical (QC) and molecular dynamic (MD) calculations) and experimental methods (X-ray diffraction). The Lennard-
Jones (L-J) parameters of the force field (FF) fit satisfactorily the X-ray diffraction results of the liquid samples.
The study has been carried out on SOCI, and SO,Cl, molecular liquids. © 2001 Elsevier Science B.V. All rights

reserved.

1. Introduction

In this work, we propose a new protocol to
obtain microscopical structural information by
combining the action of different theoretical and
experimental techniques.

X-ray diffraction on liquid sample provides
important structural information about short-
range ordered state of matter. Unfortunately,
these measurements do not often admit univocal
interpretation. In fact, there is no method for ob-
taining all the partial radial distribution functions
(Dy(r), i,j=1,...,N, where N is the number of
different atomic species) by a single diffraction
pattern, however, it is extended in the reciprocal
space.

In case of liquid phase, averaged model in
coordinate space must be proposed and tested in
terms of capability to fit experimental results
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(taking into account that different models having
this property may exist). The model includes both
intermolecular distances and the intramolecular
ones and it is dependent on several independent
parameters. Their reduction, simplifying the
model, decreases its arbitrarity. This can be done
by adding further information from other exper-
imental techniques (electron diffraction, for in-
stance) or theoretical calculations. We will refer
to the first case as an empirical or semi-empirical
model and in the other case as an ab initio
model.

At this point, molecular dynamics (MD) sim-
ulations are a great interesting tool in the inter-
pretation of the experimental data. The MDs
simulation allows to know about structural in-
formation on the single atomic kind needed for
the interpretation of experimental data at a mi-
croscopic level. In this work, a well-adapted
force field (FF) based on Lennard-Jones (L-J)
and coulombic interaction was used to repro-
duce, with good agreement with the experimental
data.
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2. Experimental section

The measurements were carried out by em-
ploying an X-ray energy scanning non-commercial
diffractometer [1,2] equipped with an X-ray gen-
erator (water-cooled W target having 3.0 kW
maximum power), a solid-state detector connected
to a multichannel analyzer (MCA) by means of an
electronic chain, a collimating system, step motors
and sample holder. The X-ray source is a Seifert
tube which produces an X-ray beam at 60 kV and
50 mA, whose white Bremmstrahlung component
was used. The L fluorescence lines present in the
8-11 KeV range do not disturb the measurements
since they are intensively absorbed by the sample
and are out of the energetic region of interest. A
Seifert and Rich high-voltage power supply, whose
stability is better than 0.1%, was used. The de-
tecting system consists of EG and G liquid nitro-
gen cooled ultra-pure Ge SSD (ORTEC, model
92X) connected to a PC 286 via ADCAM hard-
ware and Maestro II software. The current pulse
coming out of the detector is suitably amplified
and converted into a digital signal and it is visu-
alized onto a computer screen through a MCA.
The collimating system is composed of four slits
with adjustable width W, purposely placed to re-
duce the X-ray beam angular divergence. The X-
ray tube and detector holding arms can rotate
around a common center in order to reach the
desired 20 scattering angle. The movement is ac-
complished by step motors by means of a me-
chanical setting. In this way, a reproducibility
within 0.001° for the scattering angles is obtained.

The transmission geometry is employed in order
to make absorption correction easier [3].

Since the intense absorption in the low-energy
range would largely extend the acquisition time
and, on the other hand, uncertainty about polar-
ization of the primary X-ray beam at high energy
would cause valuable errors, the usable part of the
incident beam energy spectrum must be the central
one [3].

For this reason a set of several angles must be
chosen for covering entirely the g-space region of
interest, by paying attention to maintain a partial
superposition (fixed at about 30%) between a zone
and the next one, which is indispensable to nor-

malize the experimental data. Since the incident
beam energy range used was 50 keV, the following
numerical values of the scattering angles (20) have
been obtained: 26.0°; 21.0°; 15.5°; 10.5°; 8.5°; 3.5°;
3.0°; 2.0°; 1.5°; 1.0°; 0.5°. The liquid sample holder
is a thin amorphous quartz cell.

According to the expression for the intensity of
the diffracted radiation that is

Iows(E, E',9) = KIy(E)P(E,9) A% (E, 9) {ICoh (E, V)
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the experimental data correction is necessary, and
is divided into two categories: the first one being
sample independent, and the second one, on the
contrary, being connected with the sample’s
chemical-physical characteristics. These correc-
tions are common to all samples studied, regard-
less of the chemical composition, and must be
crowned by eliminating the possible fluorescence
peaks, whenever the sample contains heavy ecle-
ments. This is done in such a way, that the ex-
perimental X-ray data enable us to obtain the
structural information in terms of the reduced
intensity, qi(q).

3. Results and discussion

In this chapter, we discuss in detail our appli-
cation of the theoretical and experimental tech-
niques used in this work.

3.1. X-ray diffraction data

Referring to what has been stated previously,
by the correction and the elaboration of the dif-
fraction data, the static structure functions i(q), in
the form of ¢i(q) M(q) (M(q) being a modification
function) were calculated.

The aim of the X-ray scattering is to determine,
through Fourier transformation of the reduced
intensity, the radial distribution function (D(r)).

The Fourier transformation of the i(q) function
gives the radial distribution
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D(r) = 4nr’p, +% /quax qi(q)M (g) sin(rq)dq.
(2)

Here p, is the average electronic density of the
sample.

If the single molecule geometrical parameters
were known, the number of free variables de-
creases simplifying thus the theoretical model and
allowing to focalize the attention on the intermo-
lecular organization which is the most interesting
data for us.

To determine the structural properties of the
single molecule, theoretical quantum-mechanical
calculations were carried out. In fact, supposing
that the geometry of the isolated molecule is the
same as that in the liquid state, it is possible to

Table 1

attribute a peak of the D(r) to a given atomic
couple and to test the reliability of the X-ray
method (Figs. 3 and 4). Otherwise, if there were
the right number of peaks, but were slightly dis-
placed, one would conclude that a distortion of the
molecule in the liquid phase, with respect to its
isolated form, is a consequence of the interaction
with the other ones.

3.2. Ab initio calculation

The Gaussian’94 package programs were used
to run the geometry optimizations of SOCI,
(Table 1) and SO,Cl, (Table 2) molecules. The
study was carried out on the second order of the
Moller—Plesset theory employing all the active
orbitals and with the B3-LYP density functionals

Theoretical parameters obtained at different levels of theory and results from gas electron diffraction (G.E.D.) and liquid X-ray dif-

fraction for SOCI, molecule (distances in A and angles in degrees)

SOCl,
MP2 B3-LYP G.ED=* X.D.P
6-311 + G(3d) 6-311+ G(3d,f) 6-311 + G(3d)
ds o 1.442 1.437 1.440 1.442 1.440
ds | 2.123 2.073 2.132 2.075 2.087
do_ci 2.912 2.860 2.917 2.840 2.840
deia 3.180 3.102 3.223 3.087 3.087
0-S-ClI 108.1 107.8 107.9 106.3 105.8
Cl-S-Cl1 97.0 96.9 98.2 96.1 954
#Taken from Ref. [5].
° This work.
Table 2

Theoretical parameters obtained at different levels of theory and results from gas electron diffraction and liquid X-ray diffraction for

SO,Cl, molecule (distances in A and angles in degrees)

SO,Cl,

MP2 B3-LYP G.ED. X.D.b

6-311+G(3d) 6-311+G(3d.0) 6-311+G(3d)
dso 1.422; 1.418 1.422 1.418 1.418
ds o 2.038 2.005 2.059 2.012 2.012
do i 2.817 2785 2.836 2.797 2.797
derci 3.125 3.078 3.167 3.089 3.090
0-S-Cl 107.7 107.7 107.7 108.0 108.0
Cl-S-Cl 100.2 100.3 100.5 100.3 100.3
0-S-0 123.5 123.5 1232 123.5 123.5

#Taken from Ref. [5].
®This work.
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Fig. 1. SOCI, (a) and SO,Cly; (b) molecules.

(Tables 1 and 2). Several polarized basis sets were
used for the geometry optimizations.

The effects of different levels and basis sets on
the equilibrium geometry of the molecules can be
seen from the values reported. As it may be ob-
served, for the SOCI, (Fig. 1(a)) and SO,Cl,
(Fig. 1(b)) molecules, there is a good agreement
with the experimental geometry [4] at the MP2 and
B3-LYP levels when the largest basis sets are used,
but the best results were obtained at the MP2 level
with the most extended basis set adopted.

The inclusion of multiple polarization functions
in all atoms makes the theoretical data closer to
the experimental ones. In particular, the most
satisfactory agreement with the gas-phase electron
diffraction and the X-ray diffraction data of the
molecular liquids was accomplished for the SOCl,
and SO,Cl, molecules when one f function was
added to the largest basis set used for the MP2
computations. As a general observation, the use of
multiple d and f polarization functions shortens
the molecular bonds with respect to the values
determined from MP2 calculations employing a
less extended basis set. This effect indeed makes
the calculated equilibrium geometries of SOCI,
and SO,Cl, molecules comparable with the ex-
perimental ones, determined for liquid and gas-
eous species.

3.3. Molecular dynamics

In these studies a four/five-site all-atom poten-
tial has been developed, respectively, for SO,Cl,
and SOCI,. The molecules are considered as rigid
bodies whose geometry has been derived from ab
initio calculations (Tables 1 and 2). Fixed atomic

charges and L-J potentials are assigned to each
atom in order to reproduce van der Waals and
coulombic interactions.

l/tot = UL—J + UCouh (3)
where
o\ 12 N
Uy =Y 4 ( 'f> - (_,> 7 (4a)
7 Tij Tij
UCoul = Z % (4b)
iz U

are, respectively, 6-12 (¢~ ) L-J potentials, usual
coulombic charge pair interactions (Table 3). The
MD simulations were carried out using a slightly
modified version of the program MOLDY (for
technical programming details we refer to the us-
er’s guide on web site www.earth.ox.ac.uk/~keith.

MD simulations were performed on systems
consisting of 256 molecules in a cubic simulation
cell of 32.444 A for SO,Cl, and 31.416 A for

Table 3
L-J parameter and atomic charge used in MD simulations

SOCL

c (A) 4¢ (k calimol) qle)
S 3.535 1.051 0.568
0 3.137 0.946 ~0.349
al 3.456 1.261 -0.109
S0,Cl,

o (A) 4¢ (k cal/mol) q(e)
S 3.610 0.857 1.043;
o 3.203 0.773 ~0.398
al 3.529 1.030 -0.124
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SOCI,. Simulations were carried out in an NVE
microcanonical ensemble. Since from the equi-
partition theorem [5] each degree of freedom in the
system has the same average kinetic energy given
by (K) = KgT/2, where K is the system’s kinetic
energy and (O) is the average of a generic ob-
servable O of the system over the microcanonical
ensemble. The effective temperature is therefore
given by ensemble average of its kinetic energy

600

2 & | s

i=1 i=1

Here K; is the instantaneous kinetic energy of the
ith degree of freedom, g the number of degrees of
freedom and N is the number of molecules. It is
always desirable that a simulation can be con-
ducted so that the temperature is the supplied
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Fig. 2. Experimental and theoritical structure functions calculated using the parameters given in Tables 1 and 2.
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parameter rather than the kinetic energy. This re-
quires some kind of technique in order to fix the
average kinetic energy at the required value. Initial
kinetic energies may be constructed randomly
following the Maxwell-Boltzmann distribution at
the desired temperature. Unfortunately, initial
conditions fall usually far away from the equilib-
rium status in the direction of a too high potential
energy that during the dynamic will be eventually
converted into kinetic energy, raising the temper-
ature above the desired value. In order to remove

this problem we rescaled at periodic intervals lin-
ear and angular velocities by a factor

gKgT
=y 5T ©)

where T is the desired value and T is the “instan-
taneous” system temperature. Such a periodic
scaling can be viewed as a series of kicks which we
give to the system in the direction of the thermo-
dynamical equilibration, and consequently MD
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Fig. 3. Exprerimental radial distribution function and peak shape calculated using the theoretical function reported in Fig. 2.
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during rescaling of velocities does not generate the
correct statistical ensemble. Only after reasonable
time of equilibration (namely 50 ps for both mol-
ecules), with a time step of integration of 0.001 ps,
we started accumulating microscopical configura-
tions for the thermodynamical averages. Once the
system is suitably equilibrated, the total energy
fluctuates less than 0.5%. In order to get statisti-
cally significative microscopical configurations we
save snapshot of the system every 0.1 ps for
SO,Cl, and every 0.05 ps for SOCI,. We fixed such
a conservative time interval in order to be sure to
have statistically decorrelated configurations.

The structure of a liquid can be analyzed in
terms of the atomic g,;(r) defined by

guﬁ—plz<z5(r—f?—ff)>, ()

i#]

where the angular brackets denote the averages
over the distribution probability, N the total
number of atoms, o and f§ are the labels for dif-
ferent atomic species. RDF can be calculated with
the following procedure [S]: we fixed a length in-
terval (20 A in our simulations) which is divided
into a certain number of histogram bins (200),

socl,
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Fig. 4. Exprerimental radial distribution function in Diff(r) form and theoritical function obtained from MD calculation.
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every accumulated snapshot we update by a his-
togram of pair distances so that

3Nnhis(b)
4mpN,Nyt|(r + or)’ — r3} ,

gup(r+or) = (8)

where V; is the total number of the ith atomic type.
It is important to stress that integrating gSS(r) be-
tween 0 and the first minimum provides informa-
tion about the coordination number which is the
average number of first neighbor molecules. In X-

ray diffraction experiments the measurable quantity
is the total intensity of scattered radiation as a
function of the scattering angle 20 that uses electron
units per stoichiometric unit which can be expressed
by Carbone et al. and Allen and Tildesly [3,6]

Ig) = Zf +ig), 9)

where g = 4nsin(g)/As is the magnitude of mo-
mentum transfer related to the scattering angle 60
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Fig. 5. The S-S, S-O, S-CI (a) and O-O, O-Cl, CI-ClI (b) partial correlation function obtained from MD calculations.
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and wave length 1, and the summation is extended
over the m atomic types. The quantity x;/? is the
atomic independent scattering factor in stoichio-
metric unit: namely x; is the stoichiometric con-
centration of the i-type atom and f; is the related
scattering factor which is assumed to be real. The
second term on the left-hand side of (9) is the
structural function contribution due to interfer-
ence. The I(qg) is related to RDF according to

ita) = 3 xoufifi(a). (10)
where

i () = X ey Sinter) o

(@) 4np0/0 ) -1 e )

Comparison of the MD and X-ray diffraction data
has been performed using a slightly modified
structure function obtained by multiplying the
function ¢i(¢g) by a modification function M(q)

_ @ —Kq?
@ ZC

where K = 0.01 A, for the purpose of cutting
spurious high-frequency modes. All the data pre-
sented hereafter are obtained back by Fourier
transformation of the function ¢i(¢)M(g) which
gives the Diff() RDF that allows a more sharp
confrontation of data.

4. Analysis of results

By comparing the X-ray diffraction results of
liquid samples with those of gas-phase electron
diffraction and ab initio calculations we may con-
clude that the molecular structure does not un-
dergo significant changes due to the physical state
(Figs. 2 and 3).

In the case of SOCI,, agreement between the
MD and X-ray diffraction results allows us to
employ microscopic data to obtain structural in-
formation concerning the liquid (Fig. 4). The
partial distributions (Figs. 5(a) and (b) are con-
sistent with a model with direct interaction be-
tween sulfur and oxygen (S-O) at 3.0 A. This
model takes into account the double peak at 4.3
and 5.2 A.

From a numerical integration of distribution
function of S-S distance between 0.0 A and its first
“real” minimum value, one might conclude that
the first coordination shell consists of 12 mole-
cules. Similar conclusions cannot be drawn for
SO,Cl, since a good agreement between MD and
X-ray diffraction has not been achieved yet.

Some questions still remain unsolved about the
adopted procedure. For example, we are still
considering whether FF optimization to reproduce
structural data of liquid samples might be used
without any comparison with other experimental
results such as the thermodynamical data or ab
initio calculation.
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