A Molecular Dynamics and X-ray Diffraction Study of MgCl, in Methanol
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A recently developed flexible three-site model for methanol was employed to perform a Molecular Dy-
namics simulation of a 0.6 molal MgCl, solution. The ion-methanol and ion-ion potential functions were
derived from ab initio calculations. The structural propertics of the solution are discussed on the basis of
radial and angular distribution functions, the orientation of the methanol molecules, and their geometrical
arrangement in the solvation shells of the ions. The dynamical properties of the solution are calculated
from various autocorrelation functions. Results are presented for the influcnce of the individual ions on
sell-diffusion cocfficients, hindered translations, and internal vibrations of the methanol molecules. The
comparison of calculated X-ray structure and pair correlation functions with those got from a newly
performed X-ray measurement on the same solution shows good agreement.

1. Introduction

The methanol molecule is the simplest organic compound
that has both hydrophobic and hydrophilic groups and that
forms strong hydrogen bonds via the latter groups with
other solvent molecules or ions. Although methanol has
such an interesting character as a solvent, the number of
studies of structural and dynamical properties of methanolic
solutions is still small [1].

An X-ray diffraction study of a MgCl, solution in meth-
anol has been reported for the first time recently [2]. The
scattering data were evaluated on the assumption that the
methanol molecule consists of only two sites, namely OH
and CHj, because of the small sensitivity of the H atom for
X-rays. This treatment is convenient for the comparison of
the experimental data with results of simulations with a
three-site model for methanol, but the lack of information
on the hydrogen atom positions gives only limited infor-
mation on the structure of the solution. Unfortunately the
experimental concentration was almost three times as high
as that in the present simulation. The rescaling of the sim-
ulated RDFs does not make sense because of a lack of
knowledge on the concentration dependence of the various
radial distribution functions. In order to have comparable
experimental data a new X-ray diffraction measurement on
a 0.6 molal MgCl, has been carried out. A more detailed
picture could be deduced from neutron diffraction studies.
Unfortunately, up to now such measurements have been
performed (by Dore and coworkers) only for pure methanol
(see e.g. ref. [3]). A detailed comparison of their data with
results of an MD simulation with a six-site model for meth-
anol has been published quite recently [4]. The reason why
diffraction methods have seldom been applied to salts in
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organic solvents is the strongly increasing difficulties arising
in the analysis of the experimental structure function with
an increasing number of site-site interactions, Therefore, the
combined investigation of electrolyte solutions in organic
solvents by computer simulation and diffraction measure-
ments provides not only a check of the pair potentials em-
ployed in the simulations, as far the structure of the simu-
lated liquid is concerned, but also contributes significantly
to the analysis of the experimental structure function.

From a series of IR studies of solutions of electrolytes in
methanol at low temperature Strauss and Symons [5] con-
cluded that the Mg?* causes a redshift and the C1~ a blue-
shift of the OH-stretching frequency in the methanol mole-
cules of their first solvation shells. While the IR measure-
ments indicate the formation of solvent shared on-pairs only
for lithium halide solutions, conductance measurements lead
to the conclusion that ion pairs are formed also in alkaline
earth chloride solutions in methanol [6].

There is only one computer simulation of ions in meth-
anol reported in the literature. Jorgensen et al. [7] per-
formed Monte Carlo calculations for a Na* and a CH;0~
surrounded by 127 methanol molecules, where a rigid meth-
anol model was employed. Furthermore, an extended RISM
analysis on ion association in an NaCl solution in methanol
has been published by Hirata and Levy [8].

In order to investigate the effect of ions on the intramo-
lecular properties of methanol a flexible three site model has
been developed where the interactions sites are O, H and
CH; as a whole. It has been demonstrated by the remarkably
good agreement between the results of a Molecular Dynam-
ics (MD) simulation and various experimental data that
even such a simplified model is able to describe reliably the
structural and dynamical propertics of liquid methanol [9,
10]. The same model has been employed successfully in the
MD simulation of methanol-water mixtures [11] in com-
bination with the BJH model for water [12].
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As the next step in this series of investigations an MgCl,
solution has been simulated with this flexible three site
model. The results are presented in this paper. They are
compared with the corresponding data from a simulation
ol an aqueous MgCl, solution with the same number ratio
of solute to solvent and the BJH mode! of water [13].

In the next section the ion-methanol pair potentials, as
derived from ab initio calculations, are presented together
wilth some details of the simulation. The structures of the
solvation shells are discussed on the basis of various radial
and angular distribution functions. Self-diffusion coefficients
and the spectral densities of hindered translations and in-
tramolecular vibrations, calculated separately for the meth-
anol molecules in the bulk and the first solvation shells of
Mg** and Cl~., are presented, derived from the simulation
with the help of various autocorrclation functions. The re-
sults are compared with experimental data and RISM cal-
culations.

2. Pair Potentials and Details of the Simulations

The three-site model given in ref. [9] has been employed
in the simulation for the methanol-methanol interaction. It
comsists of an intra- and intermolecular part and the flexi-
bility of the molecule is rendered by a three-body potential,
similar to the BYH model of water. The equilibrium values
for ron, rco, and acon are 0.9451A, 1.425A, and 108.53°,
respectively. C denotes synonymously the carbon atom or
the methyl group.

The interaction energies for the Mg?*-methanol and C1~-
methanol super molecules were obtained from ab initio cal-
culations by use of the HONDO program [14]. DZP basis
sets for oxygen and hydrogen atoms were available in the
program while those for ions were taken from ref. [15]. We
did not use the counterpoise method because the basis sct
superposition error was estimated to be less than 2% in the
resultant interaction energy minimum, which is smaller than
the error from the basis set itself. The geometry of the meth-
anol molecule was taken from rel. [16] which gave the low-
est energy minimum among all the configurations reported
so far. The energy change due to the rotation of the methyl
group around its C;, axis is about 5.4 kJ/mol (eclipsed-stag-
gered) for the single molecule, which amounts to only 1.5%
of the binding energy of the Mg?*-methanol complex as
shown below. A staggered configuration was choosen for
the ab initio calculations.

The interaction energy for each complex was calculated
for several hundred configurations and fitted to the analyt-
ical form:
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where z,¢ and z.e are the charges on the ion i and the atom
2 of the methanol molecule. The parameters are listed in
Table 1. Fig. 1 shows contours of the fitted potential surface
for the Mg *-methanol and Cl~-methanol complexes with
the ions in the COH-plane. The minimum for the Mg*-
complex was found to be —350kJ/mol, about 50kJ/mol

lower than for the Mg®*-water complex {13]. In the case of
water the minimum is positioned directly in the anti-dipole
direction, while it is found slightly off this direction for meth-
anol. A linear hydrogen bond formation leads to the low-
est cnergy minimum for both Cl™-water and Cl~-methanol
complexes. It is found to be —50kJ/mol lor methanol, which
is about 10% lower than for water. The ion-ion pair poten-
tials employed here are the same as used for the simulation
of the aqucous MgCl, solution. They were derived from ab
initip caleulations with the contracted GTO basis set, which
is of nearly the same quality as the DZP basis set.

Fig. 1.
Contour plot of the potential energy surface for the Mg?*-methanol
(top) and the Cl~-methanol (bottom) complex. The differences be-
tween two adjacent contour lines are 20 and 5kJ/mol with energy
minima at —350.26 and — 50.35 kJ/mol for Mg?* and C1-, respec-
tively
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Table 1

Parameters for the non-Coulombic part of the ion-methano! potentials
according to Lq. (1)

i x zze¥kIAmol™! ALk ATmol~! B klmol™! (A
Mg O —1667.22 —721.86 40778 x 10° 43937
Mg H 972.55 —7.2096 42904 x 100 0027485
Mg C 694.68 23228 18277 x 10° 26485
Cl (8] ¥33.61 127.00 14529 x 10°  3.1999
Cl H —486.27 —193.37 25086 x 10° 33082
Cl C 347.34 6.7657 59250 x 10° 32984

In the MD simulation of the 0.6 molal MgCl, solution
the basic cube containcd 400 methanol molecules, 8 cations,
and 16 anions. The experimental density of 0.8237g/cm’
corresponds to a sidelength of 30.14 A. The Ewald sum-
mation was employed for all Coulombic interactions and
the shifted force potential method with a cul-of length of
1507 A Tor the non-Coulombic parts of the potential. In
order to create the initial configuration a lattice with 8
points was constructed and the ions were distributed ran-
domly on these poiats. Then the 400 methanol molecules
were placed randomly on the remaining sites with random
orientations. After this manipulation the system was equil-
ibrated during several thousand steps before the collection
of data was started. The simulation extended over 5.5 ps
with a time step of 0.25 fs. During the simulation the veloc-
ities were not rescaled in order to get reliable velocity au-
tocorrelation functions. The average temperature in the
whole run was 319 K.

3. Results and Discussion
3.1. Radial Distribution Functions (RDF)

In Fig. 2 the ion-oxygen, ion-hydrogen, and ion-carbon
RDFs, g,5(r), are drawn together with their corresponding
running integration numbers. Characteristic values of the
gxplr) and n,p{r) are listed in Table 2.

All Mg® ™ -methanol RDFs show very sharp and well-sep-
arated first peaks. The Mg— O nearest neighbor distance is
very similar to that found from a simulation of an aqueous

Table 2
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Fig 2

lon-oxygen, ion-hydrogen, and ion-carbon radiat distribution func-
tion and running integration number from an MD simulation of a
0.6 molal MgCl; solution in methanol

MgCl, solution and slightly smaller than the distance de-
rived from an X-ray investigation (2.07 A; Ref. [2]). The first
peaks in gyeo(r) and gy, (r) are narrower and about three
times as high as in an aqueous solution [13]. These differ-
ences can be attributed, at least partly, to the stronger
Mg’ *-methanol interaction when compared with that of
Mg’ *-water, as mentioncd above. The existence of a well
defined first solvation shell is further established by the fact

Characteristic values of the radial distribution functions ¢, 4r} for the 0.6 molal MgCl. solution in methanol®

x # Ry ' Gak ) Rz (R i HaglPin) e Hanlrae)
Mg (¢} 1.85 200 49.3 228 59 25-30 6.0 4.0 26
Mg H 235 2.61 17.7 2.88 59 30-34 60 44 22
My C 3.00 321 120 348 58 38—-42 60 3 1.5
Cl (¢} {2.95) 328 6.5 372 59 4.2 6.6 - -
Cl H 204 235 121 295 59 34 64 47 13
Cl C 346 385 39 4.5 78 52 9.8 - -
o O 2,63 283 35 313 19 34 22 4.7 14
0 H 170 1.90 2.6 215 1.6 25 18 — —
6] C 323 3353 21 443 6.2 4.6 6.7 - —
H H 2145 249 25 259 20 34 2.5 -

H C 300 4.13 13 - - 50 84 - -
C C 355 3.90 22 5.03 8.6 5.9 12, 7.5 1.2
Mg o] 25 29 87 34 0.2 7 03 5.7 =2

“ R, ry; and r,, give the distances in A, where for the i-th time g,;(r) comes to unity, has a maximum and a minimum, respectively. The uncertainty is at
least +0.02A. For the methanol-methanol interaction only intermolecular data are given.
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that the Mg— O, Mg—H and Mg—C RDFs become zero
at the end of the first peak and all three n(r) result in almost
exactly six nearest neighbors. Also the existence of a second
solvation shell can be inferred from the RDFs. It is again
more strongly pronounced than in the aqueous solution but
comprises only about seven methanol molecules instead of
15 water molecules. This difference has to be attributed to
the fact that only one possibility exists for hydrogen bonding
between the methanol molecules in the first and second sol-
vation shell. Similar differences between the hydration and
solvation shell as presented here for Mg** have been found
for Na* from the MC calculations by Jorgensen et al. [7].

Very similar to Mg*, the structure of the first solvation
shell of C1™ is much more pronounced in methanol than in
water. The explanation for this enhancement is qualitatively
the same as given in the preceding paragraph for Mg?*. A
second solvation shell around Cl~ cannot be identified in
Fig. 2. The running integrations of goofr) and gew(r) up to
the corresponding first minima, n(r.,), result in both cases
in a solvation number of 6.5 for the chloride ion. nee(ry)
gives a larger valuc than 6.5. This finding is different from
Mg+ and indicates an interpenetration of outer molecules
into the first solvation shell. It is an interesting feature of
the first peaks in the RDFs that their heights decrease sig-
nificantly in the order Cl—H, Cl—0, and Cl—C while in
the aqueous solution the heights for C1— O and C1—H were
found to be rather similar [13]. The difference might be due
to the competition between the two H-atoms of the water
molecule in trying to form linear hydrogen bonds with the
C1~ and the rather small energy barrier between these two
possible configurations compared with only one potential
energy minimum in the methanol case.
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Fig. 3
Mg’ — CI radial distribution function and running integration

number from an MD simulation of a 0.6 molal MgCl; solution in
methanol

The CI—-H, Cl1-0, and Cl—-C RDFs can be compared
with the results of an extended RISM analysis of an NaCl
solution in methanol [8]. The positions of the first peaks in
g and g Tesulting from the simulation appear at shorter
distances and the peak heights are in all three cases higher
than from the RISM analysis. It is not to be expected that

these discrepancies have to be attributed to this work as the
comparison of the Na—H and Na—C RDFs with simula-
tions by Jorgensen [7] show similar differences.

Ion-ion RDF’s are also available, though because of the
small number of ions in the sample and the time scale of
5.5ps of the simulation they are of lower statistical reliabil-
ity. The RDF’s for the like ions do not show any charac-
teristic features and are, therefore not drawn here. The
Mg—Cl RDF is shown in Fig. 3. The first sharp peak in-
dicates contact ion pair formation. It can be seen from
Hugr(r) at about 4A that one out of four Mg** forms a
contact ion pair. Obviously such an arrangement is rather
stable, but one might expect that at significantly longer sim-
ulation times it will disappear. The second peak, below 6 A,
points to the existence of solvent shared ion pairs. The prob-
ability for their formation seems to be about the same as
for contact ion pairs.

3.2. Comparison of MD and X-Ray Data

The experimental technique as well as the details of the
data elaboration concerning the newly performed X-ray
measurements on the 0.6 molal MgCl, solution were de-
scribed before [2]. The experimental distinct structure func-
tion was constructed according to the equation:

1) ~ T f2ih)

Hd(k) = —W—’

2

where I (k) is the normalized intensity, x, are the mole ratios
of Lthe utomic sites, f,(k) are the X-ray scatlering amplitudes
and M (k) is a modification function, defined by:
2

M =T )

The MD distinct structure function has been calculated as
a weighted sum of partial structure functions, h,s(k), cal-
culated by Fourier transformation from the site-site RDFs:

Hytk) = L‘ﬂc,ﬁ(k)hmﬁ(ki, @
with
haplh) = 4’;\}"‘ g r - (@plr) — Dsin(kr)dr , )

where ¢4 is the number density of site f. The weighting
functions ¢,4(k) were evaluated on the assumption that the
system consists of O, H, C, Mg**, and Cl~ sitcs by the
following equation:

_ 26000

Cz/{(k) Mk)

{6)

The major contributions to the total X-ray structure func-
tion result from the O—0,0—C,C—C contributions and
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the Mg** — 0O, Mg’* —C, CI~ —0, and CI~ —C interac-
tions.

The total distinct RDFs have been calculated from the
distinct structure functions by Fourier transformation:

M
Galk) = 1 + ——— [ k- Hylk)sin(kr)dk . 7
2ner o

The distinct structure functions and RDFs from the X-ray
experiment and the simulation are compared in Figs. 4 and
5, respectively. The comparison of the RDFs shows besides
an overall good agreement also some differences. The first
resolved peak has to be attributed to Mg’ ' — O interactions.
The experiment leads (o a most probable Mg** — O distance
of 206 A which is 0.06 A larger than the value found from
the simulation. The integral over this peak results in an
Mg?* —O coordination number of 6 and 6.4 for MD and
experimen, respectively. Both differences are hardly outside
experimental error and statistical uncertainty of the simu-
lation. The second peak, found at a distance of 2.83 A, is
obviously due to the nearest neighbor O —0O interactions,
while all the remaining peaks are composite ones.
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Fig 4
Distinct structure function for a 0.6 molal MgCl, solution in meth-
anol from the simulation (full line) and from the X-ray measurement
(dots)
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Fig. 5

Intermolecular radial distribution functions for a 0.6 molal MgCl,
solution in methanol from the simulation {full line} and from the
X-ray measurement (dots)

The discrepancics between experimental and MD RDFs
beyond 3 A can mainly be attributed to differences in sol-
venl-solvent interactions as can be seen from Fig. 5. In Fig.
6 the ion-solvent and solvent-solvent contributions to the
total RDF from the MD simulation are drawn separately.
The contribution of the ion-ion interactions is ncgligible
because of their very low weight in the X-ray structure func-
tion (see below).
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Fig. 6

ton-solvent (solid linc) and solvent-solvent (dashed linc) radial dis-
tribution functions from the simulation of a 0.6 molal MgCl: so-
lution in methanol

For a more detailed comparison of cxperimental and MD
data a difference structure function has been introduced by
the following equation:

AH(k) = Hqlk) ~ HSs(k), @®)

where HYs (k) is the structure function of the pure solvent
H,,., renormalized for the solution density ¢ and the mod-
ification function M:

20M (k)

0 ==
Hislk) = oM E)

HipueelK) - ©

0y is the density of pure solvent at the same temperature.

The H(k) difference structure function is composed of alt
ion-solvent interactions Hys(k) and of a contribution due to
changes in solvent-solvent interactions Hss(k} compared (o
pure solvent:

AH(k} = Hislk) + AHss(k), (10)
where
AHgs = Hgs(k) — Hstk). (1)

The corresponding difference radial distribution function
AG(r) calculated by Fourier transformation of AH(k) is
given by:

AG(r) = Gslr) + AGss(r). (12)
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These AG(r) from experiment and MD simulation, as cal-
culated from corresponding structure functions for the so-
lution and the pure solvent [9, 17], are compared in Fig. 7.
The comparison shows good agrecment between experi-
mental and MD difference functions in the range of the
nearest neighbor distances below 3.3 A. The assignment for
the peaks of difference radial distribution functions in Fig.
7 can be done based in Fig. 6. The first resolved peak in
AG({r) is obviously due to Mg’* —O first neighbor inter-
actions. The second peak at distances of 2.75A and 2.70A
for MD and experiment, respectively, represents changes in
the H- bonded O — O interactions in solution relative to the
pure solvent. This assignment is supported by AGg(r) as
calculated from the MD simulation and shown in Fig. 8.

1 L 1 1 1 1 1 I
2 [ 6 B r/A

Fig. 7

Difference radial distribution function AG(r) as delined in the text
and calculated from the simulation (full line) and an X-ray exper-
iment (dashed line)
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Fig. 8

Difference radial distribution function characterizing the changes
in the solvent structurc relative to pure solvent as calculated from
the M) simuiation

The existence of this peak at a distance shorter than the
mean nearest neighbor O — O distance shows an increased
number of short H-bonds between selvent molecules in the
solution. Such shortened hydrogen bonds have also been
found in aqueous solutions with Mg and other small cat-
ions between water molecules in the first and second hy-
dration shell both by X-ray experiments and MD simula-
tions [13, 18]. Discrepancies between experimental and MD
difference functions around 4 A may be due to a more pro-

nounced solvation shell of Mg?* and also to slightly shorter
C—0 and C—C distances in the model solution. The broad
contributions above 5 A have to be attributed to changes in
the sccond neighbor C—O and C—C interactions in the
solution and may be interpreted as a result of solvation shell
solvent-solvent interactions absent in pure methanol. Sum-
marizing the results of the comparison between experimental
and MD structure as well as radial distribution functions
one can conclude that an overal good agreement exists as
far as the primary solvation shell of the ions and their effect
on the nearest neighbor solvent-solvent interactions are con-
cerned.

3.3 Orientation of the Methanol Molecules

The orientation of the methanol molecules in the first
solvation shells of Mg?*- and Cl~ are described by the
distributions of cos® and cos'¥, respectively. They are
shown in Fig. 9 where also ¢ and ¥ are defined in the
insertions. The distributions demonstrate a strong prefer-
ence for a trigonal orientation of the methanol molecules
surrounding Mg?* and for a linear hydrogen bond forma-
tion of the first solvation shell molecules with Cl=. The
preferential orientations are the same as in an aqueous

l} ° o o
‘0 2[0 02 0

Fig. 9

Distribution of cos @ and cos ¥ for the methanol molecules in the
first solvation shells of Mg?* and C1-, respectively; calculated from
an MD simulation of a 0.6 molal MgCl, solution in methanol. g is
the dipole moment vector of the methanol molecule
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MgCl; solution [13], but they are more pronounced here in
accordance with the higher and narrower first pcaks in the
ion-oxygen and ion-hydrogen RDFs, as discussed above.

In Fig. 10 the average values of cos(180-@) and cos ¥ are
presented as a function of the Mg— O and Cl—O distance,
respectively. (cos(180-®)(r)> is rather constant (below
—0.8) up to about 4.5 A, which included the first and second
solvation shells of Mg**. Beyond 4.5 A the preferential ori-
entation slowly decreases without reaching zero even at 9 A
{cos'P(r)y is almosl one over Lhe range of the [irst peak in
geolr) in agreement with the strong preference for a linear
hydrogen bond lormation between Cl~ and the methanol
molecules in its first solvation shell. The methanol molecules
at shorter distances, corresponding to the shoulder in geofr)
betow 3 A, show an energetically less favourable orientation.
They might belong at the same time to the first solvation
shell of Mg®~ and C1~ {solvent shared or contact ion pairs
as discussed above) and where Mg?* dominates the orien-
tation. The second peak in {cos ¥(r)) has no equivalent in
gcio(r). The preferential orientation of the methanol mole-
cules relative to both ions extends significantly further than
the one of the water molecules in an aqueous solution of
equivalent concentration [13].
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Fig. 10

Average value of cos ¥ and cos (180-) as a function of ion-oxygen
distance, calculated from an MD simulation of a 0.6 molal MgCl,
solution in methanol. ¥ and @ are dcfined in the insertion of Fig, 9

3.4. Solvation Shell Structures

The geometrical arrangement of the methanol molecules
in the solvation shells of Mg?~ and Cl1~ has been investi-
gated by calculating the distribution of cos ¢ where 6 is de-
fined in the insertion of Fig. 11. The figure shows in addition
to P(cos®) the running integration number n(cos#). The
conclusion: There exists a well defined octahedral arrange-
ment of the six methanol molecules in the first solvation
shelt of Mg?* with a rather narrow distribution arround the
octahedral sites. The solvation shell of C1~ shows no sym-
metry at all. The angles # are almost uniformly distributed
except for the excluded volume effect for cos@ > 0.8.

T T T T T T T T
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Fig. 11

Distribution and running integration number of cos§ — where @
is defined as the oxygen-ion-oxygen angle — calculated for the six
methanol molecules in the first solvation shells of Mg?* (full) and
Cl (dashcd), from an M D simulation of a 0.6 molal MgCl; solution
in methanol
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Fig. 12

Average potential energy of two methanol molecules as a function
of their O — O distance and running integrated interaction cncrgies
according to Eqg. {13) for the methanol molecules in a (1.6 molal
MgCl, solution {full) and in pure methanol (dashed)
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3.5. Interaction Energies

The average potential energy of two methanol molecules
as a function of the O—0O distance, {Vyy(r)>, and of a
methanol molecule in the field of an Mg?* and Cl as a
function of ion-oxygen distance {Vy,.m{r})>, are presented in
Figs. 12 and 13, respectively. The integrated interaction cn-
crgies as defined by:

T

VN = 400 | aolr ) Vaulr)pr 2dr (13)

)

are drawn additionally. g, is the number density of the
mcthanol molecules and x denotes either a methanol mol-
ecule or one of the ions.

In order to investigate the influence of the ions on the
interaction energies between two methanol molecules
{Vamlr)y and ¥4, (r) for the 0.6 molal MgCl, solution are
compared in Fig. 12 with thosc of pure methanol [9]. The
comparison demonstrates that the ions strongly disturb the
hydrogen bond formation of methanol. The reduction of the
minimum in {¥yn(r)> by a factor of more than two results
mainly from the interactions between the methanol mole-
cules in the first solvation shell of Mg**. They are forced
into energetically unfavorable orientations orientations rel-
ative to each other by the strong influcnce of the Mg*2
Their O—O distances in the octahedral symmetry are
2.83 A, which is about the same distancc as for the methanol
dimer. The positive interaction energies in the distance range
3.3-4A seem to result from the combined effect of both
ions on the relative orientation of two methanol molecules
as it can occur near jon pairs and solvent shared ion pairs.
A second minimum in {Vy(r))> exists around 4.6 A which
almost coincides with the second peak in g,,(r) and indicates
energetically preferential orientation of methanol molecules
relative to cach other up Lo distances of 6 A. The disap-
pearance of the long range order in methanol by addition
of MgCl, becomes evident also from V3, (r), which is at 9 A
almost three times as large in pure methanot as in the so-
lution.

The average potential encrgies of the methanol molecules
in the field of Mg?* and CI~ and their integrated interaction
energies are shown in Fig. 13. While the energy minimum
in the chloride case appears at the same distance as the
maximum of the C1—O RDF, in the Mg?* case it is posi-
tioned slightly below that point. In the Cl  casc the mini-
mum is about 10% less deep than the pair potential mini-
mum as a consequence of thermal motions and the inter-
actions with other neighboring methanol molecules. Unlike
C1~ the minimum in { Fy,m(r)> is deeper than the pair po-
tential minimum. In spite of the same effects being active as
in the chloride case they are overcompensated by the strong
elfect of the Mg®™ on the intramolecular geometry of the
methanol molecules (Table 3 and discussion below), which
results in an increase of the dipole moment and consequently
a more ncgative pair interaction energy relative to the ab
initio calculations where the gas phase gecomctry was em-
ployed. The curves for F3(r) show that for Mg®* the first
solvation shell is energetically well defined and a second one

is indicated, while for CI~ even the first shell is not very
pronounced. The far ranging preferential oricntation of the
methanol relative to the ions, as demonstrated in Fig. 10, is
also reflected in {¥,(r)> which even at 9 A is different from
zero. Consequently V5(r) has not reached its limiting value
at that distance.
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Fig. 13

Average potential energy of a methanol molccule in the field of a
chloride ion (top) and a magnesium ion (bottom) together with the
running integrated interaction cnergics according to Eq. (13) cal-
culated from a simulation of a 0.6 molal MgCl, solution in methanol

Table 3
Average values of bond lengths, bond angles, and dipole moments for the
methanol molecules in the bulk and in the first solvation shells of the ions

Roy/A ReoiA RewA acon/deg. #/D

bulk 0.966 1427 1.939 106.7 199
Mg~ 0981 1434 1918 103.6 2.09
c1- 0.965 1.426 1.937 106.7 199

This strong effect of the ions on the methanol-methanol
interactions is demonstrated additionally by the comparison
of the pair interaction energy distributions which are shown
on Fig. 14 for the MgCl solution and pure methanol. The
maximum which appears in pure methanol at about 22kJ/
mol is strongly reduced in the solution and shifted to slighly
less negative energies in accordance with {Vywu(r)> in Fig.
12. Even morc impressive are the changes for positive in-
teraction energies, the number of which is strongly increased
in the solution.

The ion-methanol pair interaction energy distributions
are shown in Fig. 15. Again there are two peaks for Mg?™,
reflecting the two solvation shells (Fig. 2). For the first shell,
the maximum is positioned at about —365 kJ/mol in ac-
cordance with the minimum in {¥ygu(r)). The peak is very
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narrow in keeping with a rather narrow distribution of the
orientations as shown in Fig. 9. The maximum correspond-
ing to the second shell appears at about —100 kJ/mol and
is broader. While for C1~ only one maximum at negative
energies can be seen with an energy slightly below —50 kJ/
mol (in accordance with Fig. 13) there is a strong increase
at the positive energy side with a shoulder at about 25 kJ/
mol. These positive energies seem to result from methanol
molecules which belong at the same time to the solvation
shell of Mg?* and C1~ and where the strong effect of Mg®~
forces the molecule into an encrgetically unfavorable ori-
entation relative to Cl—.
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Fig. 14

Normalized distributions of pair interaction energics for methanol-
methanol [rom simulations of a 0.6 MgCl, solution (full) and pure
methanol {dashed)
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Fig. 15

Normalized pair interaction energy distributions for Mg’ * -metha-
nol (full) and Cl™-methanol (dashed) from a simulation of a 0.6
molal MgCl, selution

The effects of MgCl, on the structure of liquid methanol
as presented here are significantly stronger than on water
as can be seen from the comparsion with the simulation on
an aqueous MgCl, solution {13].

3.6. Self-Diffusion Coefficients

The self-diftusion coefficients have been derived from the
velocity autocorrelation functions with the help of the
Green-Kubo relation:

D = lim %_\‘ (0) - o3 dr (14)
0

e

where the averages are calculated according to:

N

1 Ny
@l0)- vy = 7= L L oot wig + 0, s
NypiVi=1j=

and where N denotes the number of particles, A7 the number
of time averages, and #,(r) the velocity of particle j at time
L.

The normalized velocity autocorrelation functions for the
ions and for the center of mass of all methanol molecules in
the 0.6 molal MgCl, solution are shown in Fig. 16. In ad-
dition, they have been calculated separately for three metha-
nol subsystems in the solution, namely bulk methanol and
the mathanol molecules in the first solvation shells of Mg?*
and Cl , in order to study in single ion effect on the trans-
lational motions of methanol. They are depicted in Fig. 17.
The first solvation shells are assumed to cxtend to the first
minima in the corresponding ion-oxygen RDFs. For a better
comparison of their different time dependences the acf’s are
drawn only up to 1.2 ps while a correlation time of 2.5ps is
used in all cases for the evaluation of the self-diffusion co-
efficients. They are found to be (22+0.2), (0.6+0.2), and
(204+0.2)-10~* cm?¥s for the methanol, Mg**, and C1-,
respectively. The self-diffusion coefficients for the three
methanol subsystems have been calculated to be (2.4+0.2),
(0.540.2),and (2.0+0.2)- 10 * cm?/s for bulk methanol, sol-
vation shell of Mg?* and Cl~, respectively.
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Fig. 16

Normalized velocity autocorrelation functions <v(0)- #(:)>/<z(0)*>
for the methanol molecules (center of mass). the magnesium ions,
and the chloride ions, calculated from an MD simulation of a 0.6
molal MgCl, solution in methanol
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Fig. 17

Normalized velocity autocorrelation functions for the methanol
molecules (center of mass) caleulated from an MD simulation of a
0.6 molal MgCl, solution separately for bulk methanol (a) and the
methanol molecules in the first solvation shells of C1~ (b) and Mg?*

(©)

Experimental self-diffusion coefficients for Mg?* in meth-
anol could not be found in the literature. The very low
value for Mg? *, which is similar to the ones for Sr** and
Li* in water [19, 20], is a consequence of its strong inter-
actions with the solvent molecules in the first solvation shells
as can be seen from the spectral densities of the hindered
translational motions of Mg?* discussed in the next section.
This is, furthermore, confirmed by the self-diffusion coeffi-
cient of the methanol molecules in the first solvation shell
of Mg?* which is in the limits of uncertainty the same as
for the ion itself (see above).

The self-diffusion coefficient of C1~ in methanol has been
measured by Hawlicka [21]. In a 0.01 molal NaCl solution
a value of 1.4-10~° cm?/s has been found for a temperature
of 298 K. As its concentration dependence has been deter-
mined only for concentrations up to 0.0t molar and the
temperature dependence is not known, a direct comparison
with the value from the simulation is not possible. As the
self-diffusion coefficient tends to decrease with increasing
concentration and to increase with increasing temperature
both effects will at least partly cancel. If in addition the
relatively large statistical uncertainty is taken into account
the simulated value seems to be quite reasonable.

The seif-diffusion coefficients of C1~ and of the methanol
molecules in its first solvation shell are found to be nearly
the same and only about 20% lower than that of butk meth-
anol. The value for Cl~ calculated from simulations of
various aqueous electrolyte solutions in only about half of
that found here [19].

The self-diffusion coefficient for all methanol molecules in
the solution (the only one which is directly accessible by

experiment) is significantly smaller than the one calculated
from a simulation of pure methanol with the same model
(2.6-10° cm?/s at 286 K [9]). This result agree qualitatively
with measurements on Nal solutions in methanol by Haw-
licka [22], where a strong decrease was found with an in-
crease in Nal concentration, when the temperature depend-
ence of the self-diffusion coefficient of methanol is taken into
account [23].

3.7. Hindered Translations

The spectral densities of the hindered translational mo-
tions have been calculated by Fourier transformation:

T <o(0) - v}y
flo) = {4@(0)5 cos(wt )de (16)

from the normalized velocity autocorrelation functions as
shown in Figs. 16 and 17 and are presented for Mg>* and
Cl" in Fig. 18 and separately for the three methanol sub-
systems in Fig. 19.
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Fig. 18

Spectral densities of the hindered translations of the magnesium
jon (full) and the chloride ion (dashed) calculated from an MD
simulation of a 0.6 molal MgCl, solution in methanol and given in
arbitrary units

The C1~ spectrum consists of a double peak with maxima
at about 30 and 125 cm ™! (Fig. 18). In accordance with the
assignment in the case of the aqueous solution [19], the low
frequency peak may be attributed to the motion of the bare
C1~ while the stronger interactions of C1~ with its neigh-
borhood — when engaged in contact or solvent shared ion
pairs — lead to the peak at higher frequency.

The Mg?* spectrum shows a single peak at about 500
cm~! (Fig. 18). This high frequency for the hindered trans-
{ation is expected from the velocity autocorrelation function
(Fig. 16) and results from the motions of Mg?' in the cage
of the firmly attached six methanol molecules in its first
solvation shell. This assignment explains also the small self-
diffusion coefficient as it means that the ion can move only
together with its six solvation shell molecules and this com-
plex is further hindered by hydrogen bond formation be-
tween first and second solvation shell.

—C
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Fig. 19

Spectral densitics of the hindered translations of the methanol mole-
cules (in arbitrary units) calculated from an MD simulation of a
(.6 molal MgCl, solution scparatcly for bulk methanol (full) and
the methanol molecules in the first solvation shells of CI7 (— — —)
and Mg?* (- )

The spectrum of the hindered translations of bulk metha-
nol shows a single peak at about 35 cm~' (Fig. 19). As
expected from the similarities in the velocity autocorrelation
functions depicted in Fig. 17 this spectrum is almost iden-
tical with that for the methanol molecules in the first sol-
vation shell of C1—, except for a blueshift of the peak max-
imum by about 10 em~' The strong interaction between
Mg?' and its first solvation shell causes not only a high
frequency motion of Mg?*, as shown in Fig. 18, but effects
also strongly the hindered translations of its solvation shell
molecules, resulting in a maximum around 225 cm~".

3.8. Intramolecular Geometry and Vibrations

It has been demonstrated in a preceding paper [9] that
the methanol model exployed in this simulation describes
correctly the gas-liquid frequency shift of the intramolecular
vibrations. The change of the intramolecular O —H distance
on condensation corresponds to this shift according to the
empirical proportionality factor between the O —H stretch-
ing frequency and the O —H distance of 20000 cm ™ /A [24].
As the modecl describes correctly the intramolccular changes
upon hydrogen bond formation it is expected that the effect
of the jons on the intramolecular propertics of methanol can
also be calculated reliably from the simulation.

In order to calculate the single ion eflect on the intra-
molecular gcometry and the vibrations, the 400 mecthanol
molecules in the solution are divided again into the three
subsystems described above. The average values of the bond
lengths and the bond angles are given in Table 3. The total
spectral densitites of the vibrational motions have been cal-
culated separately for the three subsystems as the weighted
sum of the Fourier transforms of the normalized velocity
aulocorrelation functions of the three sites in the methanol

molecule. The results are shown in Fig. 20 and the positions
of the peak maxima are listed in Table 4.

0 1000 2000 3000 V/em”

Fig. 20

Total spectral densities of liquid methanol (in arbitrary units) cal-
culated separately for the molecules in the bulk (full) and in the
first solvation shells of Ct (— — —)and Mg?" (------- ) from an MD
simulation of a 0.6 molal MgCl; solution in methanol

Table 4

Frequencies, in cm ™', of the peak maxima in the total spectral densities of
methanol calculated separately for the molecules in the bulk and in the first
solvation shells of Mg®~ and C1~¢

bulk first solvation shell of

methanol anion cation
libration 534 522 628
CO stretch 1045 1045 1064
COH bend 1406 1404 1440
OH stretch 3344 336% 2997

¥ The statistical uncertainty of the peak positions is estimated o be +10
“1
cmo .

The frequencies found for bulk methanol do not differ
significantly from thosc of pure methanol. Between bulk
methanol and methanol in the first solvation shell of C1~ a
small difference outside of statistical uncertainty has been
found only for O—H stretching frequency. Such a small
difference might not be considered really significant if there
were no strong indications for a blueshift cavnsed by Cl-
from IR measurements of LiCl and MgCl; solutions at a
temperature of —125°C by Strauss and Symons [5]. The
difference between the experimental blueshift of 100 cm '
and the 24 cm ' calculated (rom the simulation may have
to be attributed, at least partly, to the low temperature at
which the experiments were performed. Further indications
for such an effect result from Raman measurements of LiCl
solutions in ethanol by Yamauchi and Kanno [25] at liquid
nitrogen temperatures who attributed a blueshift of similar
size {100 cm ~ ') to the Cl -cthanol interactions.

The Mg** causes a blueshift of the librational, the C - O
stretching and the COH bending frequencies and a strong
redshift of the O —H stretching frequency for the methanol
molecules of its first solvation shell relative to bulk methanol
(Fig. 20 and Table 4). The frequencies of the peak maxima
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for the hindered translations are below 300 cm ™~ ', The bands
due to translational motion of methanol molecules in the
first hydration shell of Cl * and in the bulk are not resolved,
while the strong interactions of Mg* * with its solvation shell
molecules leads to a well resolved band at about 225 ¢cm ~',
The blueshift of the librational frequencies and the bending
vibration seem to be significant while the one of the C—-0O
stretching vibration is hardly outside the limits of statistical
uncertainty. There is no information {rom experiments on
ion induced frequency shifts in the range below 2000 cm .

The redshift of the O—H stretching frequency of metha-
nol caused by Mg*>* is of similar size as the shifts which
result from the interactions of Ca** and Li* with the water
molecules in their first hydration shells [26, 27]. In the case
of water these predictions of a strong cation effect on the
O — H stretching vibrations by the simulations have recently
been confirmed experimentally for several divalent cations
[28]. Strauss and Symons concluded from their IR meas-
urements of pure methanol and of a 1.2 molal MgCl; so-
lution at —125°C that Mg*™ causes a redshift of the O—H
stretching frequency of about 120 cm ™. This shift is signif-
icantly smaller than that calculated here from the simula-
tion. Considering the difficulties in attributing measured fre-
quency shifts to single ion effects it is satisfying to see that
the threesite model of methanol employed in the simulation
describes, at least qualitatively, the effect of the ions on the
intramolecular properties of methanol.
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