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ON THE SOLVATION OF IONS IN METHANOL

A flexible three-site model for methanol was recently employed in Molecular Dynamics
simulations of 0,6 molal MgCl, and NaCl solutions. The ion-methanol and ion-ion potential
functions were derived from ab initio calculations. The structural properties of the solutions
are discussed on the basis of radial distribution functions, the orientation of the methanol mo-
lecules, and their geometrical arrangement in the solvation shells of the jons. Average potential
energies and pair interaction energy distributions are reported. The dynamical properties of
the solutions are calculated from various autocorrelation functions. Reésults are presented for
the influence of the individual ions on self-diffusion coefficients, hindered translations, libra-
tions, and internal vibrations of the methanol molecules.

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 struc-
tural and dynamical properties of methanolic solutions is still small [1].

The most extensive knowledge on the solvation of jons is based on com-

puter simulations. Structural properties of the solvation shells of Na™ and

CH;0™ were reported by Jorgensen and Chandrasekhar [2] from Monte-Carlo
(MC) calculations where one ion was surrounded by 127 methanol molecules
and of CL™ by Impey et al. [3]. Furthermore, an extended RISM analysis on
ion association in an NaCl solution in methanol has been published by Hirata
and Levy [4].

Significantly more detailed information has been deduced from Molecular
Dynamics (MD) simulations of 0,6 molal NaCl [5] and MgCl, [6] solutions.
Besides the structural also the dynamical properties of these solutions have
been calculated. A flexible methanol model has been employed in these simu-
lations which had proved its usefulness in the case of pure methanol [7]. There-
fore, the effect of the jons on the intramolecular properties of methanol have
been reported additionally.

The structure of the MgCl, solution has been compared with X-ray dif-
fraction measurements [6]. Unfortunately neutron dififraction measurements
with isotopic substitution-which proved to be a powerful tool in the deter-
mination of ion-water radial distribution functions (RDFs)-have not been re-
ported so far for electrolyte solutions in methanol. Only pure methanol has
peen investigated in this way [8].

The self-diffusion coefficients of the ions and the methanol molecules
in an NaCl solution have been measured by Hawlicka [9, 10] and can serve as
a check on the quality of the pair potential employed in the simulation. Fur-
thermore, from a series of IR studies of LiCl and MgCl, solutions in methanol

at low temperatures Strauss and Symons [11] have evaluated the effect of CI~
on the OH stretching frequency of the methanol molecules in its first solvation
shell. The use of a flexible methanol model in the simulation and the division
of all methanol molecules in the solution into three subsystems-bulk, solva-
tion shell molecules of cation and anion-enables the calculation of the single
ion effect on various properties of the methanol molecules, too.

In the next chapter the pair potentials employed in the simulations of
the solutions are described and some details of the simulations are given. In
chapter three structural, energetical, and dynamical properties of the solutions
are reported and compared with experimental data. Differences in the solva-
tion shells of the jons between methanolic and aqueous solutions fare discussed.
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2. Pair potentials

The potential describing the interaction between two methanol molecu-
les is based on a flexible three-site model, consisting of an oxygen atom, a hyd-
rogen atom, and the methyl group as a whole. The total potential consists
of an intra- and an intermolecular part:

|4 (raﬁv Pi) = Vintra (Pi) “l“ Vinter (faﬁ), (1)

where the p; are the internal coordinates and the rqp the distances between si-
tes i different molecules.

The inwramolecular potential has been chosen in the form proposed by
Carney, Curtiss, and Langhoff (CCL) for water [12]:

Vintra (0:) = 214005 + ZL:1Pi0 0y, + ZLtjrii0 0101
with p; = (ron — rgy)iron, Py = (rco — rég)re,

and pg = (%tcon — a&omn)/acon. (2)
Th gt o, and o s, 80% 2 s

the gasphase equilibrium values being energy of the methanol molecule
0,9451 A, 1,425 A and 108,53°, respectively. (in ki/mol) [7]. The notations are
The potential constants used in the simula- according to Eq. (1)
tions are given in Table 1. The strong redu- . . 5
ction of the number of parameters is based 1 2138,0 P1Ps 450,3
on the approximation that the C—O stret- p3 2241,7 PPy 5383,7
ching and the bending vibrations are harmo- 2 452,6 030s 661,3
nic, the interactions between the O—H and 3 45095
the C—O stretching vibration can be neglec- ! '
ted, and only interactions between the O—H '
stretching and C—O—H bending vibrations which are linear in p, need to be
taken into account {7]. ,

The potentials describing the intermolecular interactions can be separated
in a Coulombic and non-Coulombic term:

Vb (rap) = Gaqpe/rag + Vap (fap). 3)

The charges assigned to the three sites are go = —0,6 e, gu = 0,35 ¢ |
and gcu, = 0,25 | e |. They yield a djpole moment of 1,93 D for the gas-phase
geometry and lead to approximate agreement with the experimental dimeri-
zation energy.

The non-Coulombic parts of the 0—O, O—H and H—H potentials are
taken from the BJH model for water [13] and given by:

Voo (r) = 111889/r38 — 1,045 {exp [— 4 (r — 3,4)2] — exp[— 1,5 (r — 4,5)%]),

(4a)

Vou (r) = 26,07/r%2 — 41,79/{1 + exp [40 (r — 1,05)]} —
— 16,74/{1 4 exp [5,493 (r — 2,2)}}, (4b)
Viu (r) = 418,33/{1 + exp[29,9 (r — 1,968)]}. (4c)

While the non-Coulombic term for the CH;—H interaction is assumed to be
zero, the ones for CH;—CHj, are described by a (12; 6) Lennard — Jones po-
tential with parameters taken from Jorgensen (CH—CH,;: o = 3,86 A, € =
= 0,7584 kJ/mol; CH;—O: ¢ = 3,4 A, € = 0,7449 kJ/mol) [14].

The ion-methanol and ion-ion interaction energies were obtained from ab
initio calculations. They were calculated for each complex for several hun-
dred configurations and fitted to the analytical form:

Vﬁ (I’)= Qii/f‘l‘Ai]/r?] +Biiexp [— Cijr]' (5)

The parameters are listed in Table 2. Fig. 1 shows contours of the fitted poten-
tial surface for the Mg?+-methanol and Cl™-methanol complexes with the fons

45



in the COH-plane as example. The minimum for the Mg*t-complex was found
to be —350 kJ/mol, about 50 kJ/mol lower than for the Mg2+-water complex
[15). Tn the case of water the minimum is positioned directly in the anti-di-
pole direction, while it is found slightly off this direction for methanol. A li-
near hydrogen bond formation leads to the lowest energy minimum for both

Table 2. Parameters for the ion-methanol pair potentials according to Eq. (5)

. Q; A Byj Cij i
L ! [kJAmol—1} | [kJAmoI—1j [kimol—1j, (a—1) H Ref.
Mg O —1667,22 —721,86 4,0778-10% 4,3937 2 [6)
Mg H 972,55 —7,2096 4,2904. 10t 0,0275 2 6]
Mg C 694,68 --232,28 1,8277.104 2,6485 2 [6]
Na (6} —833,61 —172,19 2,5323-108 4,1501 2 [5]
Na H 486,27 593,29 —8,3273-102 0,9591 2 [5)
Na C 347,34 —274,93 5,1164-104 2,7930 2 i54
Cl O 833,61 127,00 1,4529- 108 3,1999 2 [6]
Cl H —486,27 —193,37 2,5086- 104 3,3082 2 [61
cl C 347,34 6,7657  5.9250.10  3.0084 9 6]
, Mg Mg 55566,5 —1479,6 1,8223-108 6,3600 6 [15]
Mg Cl —2778.,6 -+2006,5 1,1851-10° 2,6500 2 [15]
Na Na . 1389,4 991,35 1,0178. 108 5,5909 6 [5}
Na Cl —1389,4 —78,985 1,7168-10% 3,1940° 2 9]
Cl Cl 1389,4 —28672 9,1704-10° 3,3863 6 5}

the Cl"-water and Cl™-methanol complexes. It is found to be —50 kJ/mol
for methanol, which is about 10 % lower than for water. The ion-ion pair
- potentials employed here for the MgCl, solution are the basic cube contained
400 methanol molecules, & cations, and either 16 or 8 chloride ions. With
the experimental densities a sidelength of 30,14 A results for both solutions.

Fig. 1. The two basic conformations of THF

The Ewald summation was employed for all Coulombic interactions and the
shifted force potential method with a cut-of length of 15,07 A for the non-
Coulombic parts of the potentials. The systems were equilibrated during se-
veral theusand time steps before the collection of data was started. With a
time step of 0,25 fs the simulation extended over 5,5 ps for the MgCl, and
7 ps for the NaCl solution at average temperatures of 319 K and 292 K, res-
pectively. During the simulations the velocities were not rescaled in order
to get reliable velocity autocorrelation functions. - The stability of the total
energy was better than 0,5 % :
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[
3. Results and discussion

Radial Distribution Functions (RDF). In Fig. 2 the ion-oxygen, ion-
hydrogen, and ion-carbon RDFs, gog (r), are drawn together with their corres-
ponding running integration numbers. The CIT RDFs are depicted only from
the simulation of the NaCl solution. They are not very different from those
- from the MgCl, solutions as can be seen from the characteristic values of the
8ap (r) and ngg (r) listed in Table 3.

All Mg*t-methanol RDFs show g el L T A
very sharp and well-separated first 2 l
peaks. The Mg—O nearest neighbor
distance is very similar to thatfo- 0| )
und from a simulation of an aqueous
MgCl, solution. The first peaks in
gmgo (r) and gmgn (r) are narrower
and about three times as high as
in an agueous solutipn [15]. These
differences can be attributed, at least
partly, to the stronger Mg?r-metha- 0.k
nol interaction when compared with ;5 L
that of Mg?t+-water, as mentioned
above. The existence of a well defi-
- ned first solvation shell is further
established by the fact that 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 exact- 5|~
ly 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 com-
prises only about seven methanol
molecules instead of 15 water mole- 19|
cules. This difference has to be attri-
buted to the fact that only one possi-
bility exists for hydrogen bonding 5
between the methanol molecules in
the first and second solvation shell.

The peaks in the Nat-methanol
RDFs are much'less pronounced than ¢
the corresponding ones for Mg?+,
consistent with the larger size and Fig. 2. lon-oxygen, ion-hydrogen, and ion-car-
smaller charge of Na+. While the bon radial distribution functions and rynnin

rs . . integration numbers from MD simulations o
positions of the first peak in gnao (r) 0,6 molal MgCl, and NaCl solutions in metha-

and gnen (r) are very similar to pol. The CI™ RDFs are taken from the simu-
those in BJH water they are twice lation of the NaCl solution

as high [16], a result which has to

be attributed — at least partly -— to the about 10 % lower potential mini-
mum in the Nat-methanol pair potential. The solvation number for Na+
in methanol is found to be 5,8, which is exactly the same as in water. Robin-
son and Symons [17] deduced from IR overtone spectroscopy a solvation num-
ber of 5,7 for Na*t in methanol. Because of this ¢lose agreement of the solva-
tion numbers between simulation and experiment, the number of methanol,
molecules in the second solvation shell, which is not accessible by experiments,
may be estimated reliably from the simulation to be 6,2. The second hydra-
tion shell of Na* contains again about twice as many molecules [16], for the
same reasons as discussed above in the case of Mg?t. The solvation number
of 5,8 results from the fact that in 80 % of all cases Na* is solvated by 6 and
in 20 % by 5 methanol molecules. Compared to the position of the minimurm

2 4 6 r/A
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in the Nat-methanol pair potential the first maximum of gnao (r) is shifted
by 0,2 A to larger distances. In water the same shift is less than 0,1 A, which
means that the repulsive interactions between the bulky methyl groups prevent
a tighter binding of the solvated molecules. The Na*-solvent pair potentials
both in water and in methanol have their minima for an anti-dipole orientation
at a Na—O distance of 2,2 A. There is a qualitatively good agreement between
the result from the MD simulation of the 0,6 molal solution and the MC cal-
culation of one Na+t in 127 TIPS methanol molecules as far as can be judged
from the numbers given, in [2].

Table 3. Characteristic values of the radial distribution functions. Ri’ ry.
14
and L give the distances in A, where for the i-th time 8up (r) comles to unity,
L

has a maximum and a minimum, respectively. The uncertainty is at least +0,02 A.
» The values for CI™ are taken from the NaCl solution

« ’ B Ry "M, Lap, (er) Rs %] (_R’) Tm, ap (rmn)
Mg O 1,85 2,00 49,3 2,28 5,9 2,5—3,0 6,0
Mg H 2,35 2,61 17,7 2,88 5,9 3,0-3,4 6,0
Mg C 3,00 3,21 12,0 3,48 5,8 3,8—4,2 6,0
Na O 2,12 2,38 15,9 2,78 5,6 3,4 58
Na 0?2 2,10 2,30 8,0 2,66 (5,9) 3,10 5,8
Na H 2,57 2,95 6,9 3,38 5,6 3,8 5,9
Na C 3,06 3,35 5,5 3,78 5,6 4,1 6,0
Cl 0 3,02 3,28 7,0 3,80 6,5, 4,3 7,2
Cl o? 2,95 3,18 3,4 3,60 (6,5) 3,87 7,7
Ci ob 2,95 3,28 6,5 3,72 5,9 4,2 6,6
Ct H 2,03 2,35 12,7 2,97 6,5 3,4 7,0
Cl C 3,53 3,88 3,9 4,48 7,4 5,0 8,6

4 From a 2,2 molal aqueous NaCl solution [16].
b From the 0,6 molal MgCl, solutjon in methanol.

In analogy to the cations, the first solvation shell of Cl™ is more pronoun-
ced in methanol than in water. The first peak in gcio (r) is again twice as high
as in water (Table 3). The separation between solvation shell and bulk mole-
cules is sharper in methanol than in water, as can be seen from the value of -
geio (r) at rmy, which is with 0,3 less than half of the corresponding value in
water. The solvation number of Cl™ is found to be 7,2, which is similar to the
hydration number of 7,7 in BJH water. The distribution of solvation num-
bers for C1™ is much broader than for the cations (17,50, and 33 % for solva-
tion numbers of 6,7, and 8, respectively). In the methanolic MgCl, solution
the solvation number of C1™ is only 6,6. This lower value results irom the con-
tact ion pair formation in the methanolic MgCl, solution, where a Mg+ occu-
pies the place of solvent molecules and thus reduces the solvation number of
the anion (see below). This effect on the coordination and solvation numbers
is well known from simulations of concentrated electrolyte solutions [18].

The Cl—H, ClI——O, and CI—C RDFs can be compared with the results of
an extended RISM analysis of an NaCl solution in methanol [4]. The posi-
tions of the first peaks in gc.o (v) and gec (r) resulting 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 discrepan-
cies have to be attributed to the simulations as the comparjson of the Na—H
and Na—C RDFs with the MC calculations by Jorgensen and Chandrasekhar
show similar differences [2].

Ion-ion RDFs have also been calculated irom both simulations, though
because of the small number of ions in the sample and the time scale of 5,5 ps
they are of lower statistical reliability. The RDFs for the like jons do not
show any characteristic features and are, therefore not drawn here. The Mg—Cl
RDF is shown in Fig. 3. The first sharp peak indicates contact ion pair forma-
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tion. It can be seen from nmeci (r) at about 4 A 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 simulation times it will
disappear. The second peak, below 6 A, points to the existence of solvent sha-
red ion pairs. The probability for their formation seems to be about the same
as for contact ion pairs. The Na—Cl RDF gives no indication for contact ion
pair formation. For a detailed comparison of the results from the MD simu-
“lation with those from an X-ray measurement of an MgCl, solution at the same
concentration the reader is refered to Rel. [6].

Orientation of the Methanol Molecules. The orientation of the methanol
molecules in the first solvation shells of Mg?+, Na+, and Cl™ are described -
by the distributions of cos ® and cos ¥, " .
respectively. They are shown in Fig. 4 : . io : 2? 9
. where also ® and ¥ are defined in the : Pressx)
insertions. The distributions demonstrate v J}
a strong preference for a trigonal orienta-
tion of the methanol molecules surroun- 116
ding Mg®>+ and Na+t and for a linear hydro- '
gen bond formation of the first solvation @ % L .
shell molecules with CI™. The preferential ¥ I :
orientations are.the same as in aqueous e /b i
MgCl, and NaCl solutions [15, 16], but '
they are more pronounced here in accor-
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'Fig. 3. Mg — Cl™ radial distribution function and running integration number from an MD
simulation of a 0,6 molal MgCl, solution in methano! [6]

Fig. 4. Distribution of cos ® and cos ¥ for the methanol molecules in the hirst solvation

shells of Mg®T (- - - %), Nat* (—) and CI= (— — — — NaCl; ..... MgCly), respectively, cal-
culated from MD simulations of 0,6 molal MgCl, and NaCl solutions in methanol. p is the di-
pole moment vector of the methanol molecu le

0

N

l
dance with the higher and narrower first peaks in the ion-oxygen and ion-
hydrogen RDFs, as discussed above. The orientational efect of Mg2+ is signi-
ficantly stronger than that of Nat indicated by the narrower distribution of
cos @. There is no pronounced effect of the cations on the distribution of

cos V.

' In Fig. 5 the average values of cos (180 — ®) and cos ¥ are presented as
functions of the ion-oxygen distances. The almost monotonous decrease of the
preferential orientation of the methanol molecules as a function of distance
from Nat is interrupted only in the region between 34 A. Reliable conclu-
'sions cannot be drawn from this deviation as there are only a small number
of methanol molecules involved (see gnso () in Fig. 2) and consequently
the statistical significance is very limited. The sjtuation is different for Mg?+
where a high degree of orientation is sustained without interruption from the
first to the second solvation shell and where beyond 4,5 A the preferential
orientation slowly decreases in a similar way as for Na+ but in general with
slightly larger absolut values of cos (180 — ®). In Fig. 5 the results from an
MD simulation of a 2,2 molal aqueous NaCl solution are shown additionally
dor comparison [I6]. The general features are very similar but the absolute
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values of cos (180 — @) are much smaller demonstrating that the orientatio-

nal arder around an Na* in water does not reach as far as in methanol and is
significantly less pronounced. ‘

he average value of cos ¥ (r)-shown in the upper part of Fig. 5 — is al-

most one over the range of the first peak in gcio (r), in agreement with the

strong preference for a linear hydrogen bond formation between Cl™ and the

methanol molecules in its first solvation shell. It remains high (0,7—0,8)

up to about 6 A in the NaCl solution and decreases rapidly beyond this dis-

tance. This is again a significantly farther ranging orientational order than

in the aqueous case [16]. The comparison with the methanolic MgCl, solution -
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Fig. 5. Average values of cos @ and cos (180 — ¥) as functions of -ion-oxygen distances,

calculated from MD simulations of 0,6 molal MgCl, (dashed) and NaCl (full) solutions in me-

thanol, @ and ¥ are defined in the insertion of Fig. 4. The dotted line has been calculated from
a simulation of a 2,2 molal aqueous NaCl solution [16]

Fig. 6. Distribution of cos & where & is defined as the oxygen-%on-oxygen angle calculated

for the methanol molecules in the first solvation shells of Mg*t (dashed), Na™ (fuil) and CI—
(dotted) from MD simulations of 0,6 molal MgCl, and NaCl solutions in methanol

shows that the solvation shell of Cl™ is much less disturbed in the NaCl so-
lution at the same concentration. The methanol molecules at shorter dis-
tances, corresponding to the shoulder in geio (r) below 3 A, show an energe-
tically less favourable orientation. They might belong at the same time to the
first solvation shell of Mg?+ and CI™ (solvent shared or contact ion pairs as
discussed, above) and where Mg** dominates the orientation. The second peak
“in (eos ¥ (r)) has no equivalent in gcio (r). The preferential orientation of
' the methanol molecules in the MgCl, solution relative to both ions extends
significantly further than the one of the water molecules in an aqueous so-
lution of equivalent concentration [15].
 Solvation Shell Symmetries. The geometrical arrangement of the me-
thanol molecules in the solvation shells of Mg2+, Nat and Cl~ has been inves-
tigated by calculating the distribution of cos ¥, shown in Fig. 6, where ¥ is .
defined in the insertion. The solvation shell of the cations is octahedrally
structured as demonstrated by'the maxima at 90° and 180°. As the volume
of the first solvation shell-defined by r,, — is smaller for Mg?+ than for Na+
but has to accomodate the same number of methanol molecules, the sterical
hinderance of the methyl groups prohibits larger deviations from the octra-
hedral geometry and more pronounced maxima. For the first solvation shell
of CI™ with its 7,2 methanol molecules no symmetry is found. P (cos @) shows
a practically uniform distribution over the whole range except for the exclu-
ded volume effect for cos ¢ > 0,8, which results from the finile size of the
methanol molecules. ' ’

Interaction Energies. The average energy of two methanol molecules as
a function of their 0—O distan¢e, (Vum (r)), and of a methanol molecule in
the field of a Mg?t, Nat, and CI” as a function of. the ion-O distance,
(Vienm (r)), are presented in Figs. 7 and 8, respectively. The integrated
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Fig. 7. Average fpotential energies of two methanol molecules as funetions of their 0—0 dis-
tanee (left) and of a methanol molecules in the field of an ion (right) together with the running
integrated interaction energies according to. (4).calculated from simulations of 0,6 molal MgCl,
‘(dashed) and NaCl (full) solutions and in pure methanol (dotted)
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Fig, 8. Normalized pair interaction energy distributions for methanol-methanol from siinula
tions of 0,6 molal MgCl, (dashed) and NaCl (full) solutions and pure methanol (dotted)
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interaction energies, . as defined by:

Vi.(r) = 4ripm | @ao () (Vam (1)) r2dr, (6)
0 .

are drawn additionally. pm is the number density of the methanol molecules
and o denotes either, a methanol molecule or one of the ions.

In order to investigate the influence of the ions on the interaction energies
between two methanol molecules, {Vmm.(r)} and Vi (r) for the 0,6 molal MgCl,
and NaCl solutions are compared in Fig. 7 with those of pure methanol [7].
The comparison demonstrates that the ions strongly disturb the hydrogen bond
formation of methanol. Obviously the 0,6 molal NaCl disturbs the methanol
structure much less than the MgCl, solution at the same concentration.

Table 4. Average valtles of bond lengths, bond angles, and dipole moments
for the methanol molecules in the bulk and in the first solvation shells of the jons

ROH/R Rco/}x . RCH/Z’\ “COH ®/D
bulk 0,966 - 1,427 1,939 106,7 1,99
Mgt 0,981 1,434 1,918 103,6 2,09
Nat 0,966 - 1,427 . 1,940 106,8 1,99 -
foilm 0,965 1,426 1,937 106,7 1,99

The reduction of the minimum in (Vmm (r)) by a factor of more than two
in the MgCl, solution results mainly from the interactions between the metha-
nol molecules in the first solvation shell of Mg2t. They are forced into energe-
tically unfavorable orientations relative to each other by the strong influence

- of the Mg?+. Their O—O distances in the octahedral symmetry are 2,83 A,
which is about the same distance as for the methanol dimer. The positive in-
teraction energies in the distance as for the methanol dimer. The positive in-
teraction energies in the distance range 3,3—4,0 A which are very similar in
both solutions seem to result from the combined effect of both ions on the
relative orientation of two methanol molecules as it can occurinear jon pairs
and solvent shared ion pairs. A second minimum in (Vmm (r)) exists around
4,6 A which almost coincides with the second peak in goo (r) and indicates
an energetically favorable orientation of two methanol molecules in this dis-
tance range. The relatively small disturbance of the solvent structure by Nat+
and Cl™ leads to a reduction of the integrated interaction energy by only 25 %,
which is much less than for the MgCl; solution where the reduction amounts

- to about 60 %.

The average potential energies of the methanol molecules in the field of
the ions and their integrated interaction energies are also depicted in Fig. 7.
‘The positions of the minima in the (Vom (r)) coincide for Nat and Cl™ with
those of the first peaks in the corresponding RDFs. It indicates that there is
no steric hindrance between the methanol molecules in the first solvation shells
of these two ions which could prevent them from occupying the energetically
most favorable distances. In the Mg?t case it is positioned slightly below
that point. For ClI™ the minimum is about 10 % less deep than the pair po-
tential minimum as a consequence of thermal motions and the interactions
with other neighboring methanol molecules. For Na+ the depth is about the
same. Unlike Cl' the minimum in (Vmgm (r)) is deeper than the pair potential
minimum. In spite of the same effects’being active as in the chloride case they
are overcompensated by the strong effect of the Mg?+ on the intramolecular
geometry of the methanol molecules (Table 4 and discussion below), which re-
sults in an increase of the dipole moment and consequently a more negative
pair interaction energy relative to the ab initio calculations where the gas
phase geometry was employed.

The curves for V5 (r) show that for Mg?+ the first solvation shell is ener!
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getically well defined and a second one is indicated, while for Nat and CI™
even the first shell is not very pronounced. The far ranging preferential orien-
tation of the methanol molecules relative to the catigns, as demonstrated ir
Fig. 5, is also reflected in (Vam (r)) which even at 9 A is different from zero.

Consequently Vi (r) has not reached its limiting value at that distance. The
first solvation shell contributes more than half of the total integrated inter-
action energies for all ions.

The pair interaction energy distribution for methanol — methanol in-
teractions in the 0,6 molal MgCl, and NaCl solutions are compared in Fig. 8
with that for pure methano! [71. At the negative energy side both distributions
are very similar, indicating that the hydrogen bond structure of methanol is
disturbed only slightly in the solution. The enhancement of the probability
density in the range of positive interaction energies in both solutions is a
consequence of the energetically unfavorable relative orientation of two me-
thanol molecules in the solvation shells of the ions. .

The ion-methanol pair interaction energy distributions, P (Vionm), are
depicted in Fig. 9. The positions of the peaks at the negative energy side prac-
tically coincide with the depth of the minima in (Vom (r)). The narrowness of
the distributions is in accordance with the relatively narrow distributions of
the orientations of the methanol molecules in the first solvation shells of the
jons as shown in Fig. 4. The weak second solvation shell of Nat, which can
be seen from gnao () in Fig. 3, appears also from an energetical point of view
as a shoulder at about —30 kJ/mol. In the case of Mg?t+ the second solvation
shell leads even to a separate peak. For C1~ the position of the maximum at
negative energies appears slightly below—50 kJ/mol for both solutions in ac-
cordance with Fig. 7. There is a strong increase at the positive energy side
with a shoulder at about 25 kJ/mol in the case of the MgCl, solution. These
positive energies seem to result from methanol molecules which belong at the
same time to the solvation shell of Mg2+ and CI~ and where the strong efiect
of Mg+ forces the molecules into an energetically unfavorable orientation
relative to Cl™.

The seli-diffusion coefficients have been derived from the velocity auto-
correlation functions with the help of the Green — Kubo relation:

D = lim = OS (PO o)) at, ’ M

where the averages are calculated according to:

1 Nt N .
@O0 ®) = 7= X ¥ o)+t 1), ®)

=1 j= '

and where N denotes the number of particles, Nr the number of time averages,
and v; (f) the velocity of particle j at time ¢.

The normalized velocity autocorrelation functions for the ions and for
the center of mass of all methanol molecules in the 0,6 molal MgCl, and NaCl
solutions are shown in Fig. 10. In addition, they have been calculated separa-
tely for three methanol subsystems in the solutions, namely bulk methanol
and the methanol molecules in the first solvation shells of the cations and the
anions, in order to study in single ion effect on the translational motions of
methanol. They are depicted also in Fig. 10. the first solvation shells are assu-
med to extend 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 2,5 ps is used in all cases
for the evaluation of the self-diffusion coefficients. Their statistical error is
estimated to be 40,2 . 107" ¢cm¥/s. It should be mentioned that because of
the small Stokesradius of the 3-site PHH methanol model the calculated sclf-
diffusion coelficients for methanol are expected to be about 30 % larger than
the experimental ongs [7] in accordance with the seli-diffusion coefficient cal-
culated from the simmlation of the six-six PHH methanol model [19]. The
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) o | various self-diffsion coefficients in
L : the MgCl, solution are found to be
' 2,2, 0,6, and 2,0 - 107° cm?/s for
. smethanol, Mg?+, and CI—, respec-
tively. For the three methanol sub-
systems they have been calculated
to be 2,4, 0,5, and 2,0 x10™° cm?/s
for bulk methanol, solvation shell
of Mg+ and CI7, respectively. Exe-
rimental self-diffusion coefficients
for Mg+ in methanol could not be
] found in the literature. The very low
\ value for Mg+, which is similar to
the one for Sr2+ and Li%t in water
(20, 211, is a consequence of its
strong interactions with the solvent
molecules in the. first solvation
shells as can’be seen from the spect--
ral densities of the hindered trans-
Fig. 9. Normalized ion-methanol pair:inte-
raction energy distributions from simula-
. tions of 0,6 molal MgCl, (dashed) and
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Fig. 10. Normalized velocity autocorrelation  functions (0 (0) - ©°())/{v (0)2) for the
methanol molecules (center of mass), the cations, and the anions (left) and separately for bulk
methanol (a) and the methanol molecules in the first solvation shells of C1— (b) and the cations

{c) (right) calculated from MD simulations of 0,6 molal MgCl, (dashed) and NaCl (full) solir-
tions

lational motions of Mg2*+ discussed in the next section. This is, furthermore,
confirmed by the seli- diffusion coefficient 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. The self-diffusion ‘coefficients of CI” and of the metha-
nol molgecules in its first solvation shell are found to be nearly the same and
only about 20 % lower than that of bulk methanol. The value for Cl~ cal-
culated from simulations of various aqueous electrolyte solutions in only
about half of that found here [20].

For a better comparison of the data for the NaCl solution with experi-
mental ones all self-diffusion coefficients have been extrapolated to 298 K with
the help of the experimentally determined temperature dependencgs [221.
‘The seli-diffusion coefficient for the sodium ion, D+ = 1,2 - 107° cm¥s,

is in very good agreement with the measured value for an infinitely dilute

o4



NaCl solution’in methanol of 1,22 - 107° cm?¥/s [9]. The self-diffusion coeffi-
cient of the methanol molecules in the first solvation shell of Nat is about
50 % larger than that of the ion itself. This shows the much weaker Nat-me-
thanol interaction than the Mg?+-methanol one. The remaining influence of
the Nat on the mobility of its solvation shell molecules remains significant
when the self-diffusion coefficient is compared with that of bulk metharol,
which has been calculated to be 2,7 - 107° cm?/s. While the self-diffusion co-
efficients of the three methanol subsystems are not accessible experimentally,
the value for all solvent molecules in' the 0,6 molal NaCl which is with 2,6 X
X 107° cm?/s slightly lower than that for bulk methanol compares favorably
S— with the experimental one 2,23 X
A ‘ s x 107° cm?/s for a 0,16 molal NaCl
' 10 solution [10]. The value of Da- =
= 0,9 - 107" cm?/s/from the simulation
of the 0,6 molal NaCl solution can be
compared with a measured one of
1,} - 107" cm?/s for a 0,013 molal so-
lution [9]. There is a further decrease
with increasing NaCl concentration

1 1 Tempont¥?
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Fig. I1. Spectfai densities of the hindered translations of the ions and of the methanol mole”
cules (in arbitrary units) calculated from MD simulations of 0,6 moldal MgCl, and NaCl solu”
‘tions separately for bulk methanol (—---), and the methanol molecules in the first: solva®

tion shells of CI~ (from the NaCl solution) (- - - -), Mg>t (— — —) and Nat (—)

Fig.-12. Total spectral densities of methanol(in “arbitrary units) calculated separately for the

motecules in the bulk (fuil) and in the first solvation shells of CI™ (— — —) and Mg”¥ (.....)
from an MD simulation of a 0,6 molal MgCl, solution

expected from the experiments but an extrapoltion to significantly hig-
her concentrations seems not to be warranted because of a lack of data.
The seli-diffusion coefficient for the methanol molecules in the first
solvation shell of Cl~ is found to be 1,6 - 107> cm?/s. Similar to the effect of
Na+ on its solvation shell molecules this value is significantly larger than
that of the ion itself but much smaller than the one for bulk methanol.

Hindered Translations. The spectral densities of the hindered translatio-
«al motions have been calculated by Fourier transformation:

o

. (v(0) =0 (1))
f(m)._- / WO cos (wf) dt 9
from the normalized velocity autocorrelation functions as shown in Fig. 10
and are presented in Fig. 11 %Ior the ions and separately for the three methanol
subsystems. A

The Cl~ spectrum (shown here only for the NaCl solution as it is quite
similar to that for the MgCl, solution) has a double peak with maxima at 35
and 125 cm—'. In accordance with the assignment in the case of aqueous solu-
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tions [23] the low frequency peak can be attributed to the motion of the bare
anion while interactions of Cl= with its neighbourhood lead to the peak at
the higher wavenumber. Different from the aqueous case, where the second.
peak is reduced to a shoulder, the same height of both peak demonstrates
again that the interactions of Cl— with methanol are significantly stronger
than with water. The main peak in the spectrum of the hindered translations
of Nat appears at 200 cm—! with a small'satellite peak at 260 cm—!. Because
of the stronger Na+-methanol compared with the Cl™-methanol interactions
none of these frequencies can be assigned to the motion of the bare Nat. The
Mg?+ spectrum shows a single peak at about 500 cm~! (Fig. 11). This high"
frequency for the hindered translation is expected from the velocity autocorre-
lation function (Fig. 10) 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

Table 5. Frequencies, in em™!, 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?T, Na™ and CI™. The statistical uncertainty of the peak
) positions is estimated to be 410 cm™! :

first solvation shell off

bulk methanot

cl— Nat+ Mg2-+
libration 534 522 540 628
CO stretch 1045 1045 1043 1064
COH bend 1406 1404 1407 1440

OH stretch 3344 3368 3291 2997

the ion can move only together with its six solvation shell molecules and this
complex is further hindered by hydrogen bond formation between first and
second solvation shell.

The maxima in the spectral densities of the hindered translations of the
methanol molecules in the bulk and in the solvation shells of CI™ and Na+
appear at 35, 50 and 130 cin—!, respectively. The small difference in the posi-
tion of the maxima as well as the strong similarity in the whole range of the
spectral densities for bulk methanol and the methanol molecules in the first
solvation shell of ClI™ (Fig. 11) are in accordance with the conélusion drawn
above from most of the properties discussed that the C1™ has only a small in-
fluence on the properties of its surrounding methanol molecules. The Na+
causes not only an almost 100 cm—! blueshift of the maximum but results also
in a very broad distribution in the spectral densities which is similar in shape
to the one for the solvation shell molecules of Mg?+ except that in the Mg?+
case the maximum is shifted by about 200 cm—! relative to bulk methanol.

Librations and Intramolecu’ar Vibrations. It has been demonstrated in
a preceding paper [7] that the methanol model employed in these simulations
describes correctly the gas-liquid frequency shift of the intramolecular vibra-
tions, The change of the intramolecular O—H distance on condensation cor-
responds to this shift according to the empirical proportionality factor between
the O—H stretching frequency and the O--H distance of 20 000 cm~/A [24].
As the model describes correctly the intramolecular changes upon hydrogen
bond formation it is expected that the effect of the jons on the intramolecular
properties of methanol can also be calculated reliably from these simulations.

In order to calculate the single ion effect on the intramolecular geometry
and the vibrations, the 400 methanol 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 4. The fotal spectral den-
sities of the vibrational motions have been calculated separately for the three
subsystems as the weighted sum of the Fourier transforms of the normalized
velocity autocorrelation functions of the three sites in the methanol molecule.
. The results for the MgCl, solution are shown in Fig. 12 and the positions of
- the peak maxima are listed in Table 5.
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In the limits of statistical uncertainty the spectral of the librations as
~ well as those of the CO stretching and COH bending vibrations are not affected
by Na* and Cl—, as can be seen from Table 5. But the Na+ shifts the OH stret-
ching frequency of its solvation shell molecules to the red by about 50 cm—!
relative to pure methanol. In the case of Cl— a blueshift of about 25 em—! has.
been calculated from the simulation. This small difference would hardly be'’
considered significant if there would not be strong indications for such a blue-
shift caused by Cl~ from IR measurements of LiCl and MgCl, solutions at a
temperature of —125 °C by Strauss and Symons [11]. The difference between
the experimental blueshift of 100 ecm—! and the 24 cm—! calculated from 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 ef-
fect result from Raman measurements of LiCl solutions in ethanol by Ya-
mauchi and Kanno [25] at liquid nitrogen temperatures who attributed a
blueshift of similar size (100 cm—') to the Cl—ethanol interactions.

The Mg* causes a blueshift of the librational, the C—0O stretching and
the COH bending frequencies and a strong redshift of the O—H stretching fre-
quency ‘of the methanol molecules of its first solvation shell relative to bulk
methanol (Fig. 12 and Table 5). The blueshift of the librational frequencies
and the bending vibration seems to be significant while the one of the C—O
stretching vibration is hardly outside the limits of statistical uncertainly.
There is no information from experiments on ion induced frequency shifts
in the range below 2000 cm—!.

The redshift of the O—H stretching frequency of methanol caused by
Mg?t is of similar size as the shifts which result from the interactions of Ca?+
and Lit 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 stret-
ching vibrations by the simulations have recently been confirmed experimental-
ly for several divalent cations [28]. Strauss and Symons concluded from their
IR measurements of pure methanol and of a 1,2 molal MgCl, solution at
—125 °C that Mg?+ causes a redshift of the O—H stretching frequency of abo-
ut 120 cm—!. This shift is significantly smaller than that calculated here from
the simulation. Considering the difficulties in attributing measured ire-
quency shifts to single ion efects it is satisfying to see that the three site model
of methanol employed in the simulation describes, at least qualitatively, the
effect of the ions on the intramolecular properties of methanol. According to
the relationship mentioned above, the shiit of the O—H stretching frequencies
caused by the ions are in good agreement with the changes in the average
O—H distances of the solvation shell molecules as given in Table 4. -
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A MODELLING STUDY OF THE CONFORMATIONAL
MOTIONS OF TETRAMYDROFURANE IN VARIOUS
‘ ENVIRONMENTS

Model potentials for tetrahydrofurane (THE), including inter- and intramolecular con-
tributions and suitable for Molecular Dynamics (MD) computer simulation studies, are con-
structed from literature data. In one instance the CH,-gronips are treated in the united atom
approximation (ome force center per group) while a second model includes all intramotecular
degrees of freedom. The intramolecular motions are studied mainly by MD simulations of iso-
lated T%—Il;l_xix;:t‘)lecules, THF molecules entrapped in clathrate hydrates, and of agueous solu-
tions o . , ) :

1. Introduction

Molecular Dynamics (MD) computer simulations are a very powerful
tool for the study of condensed phases. Accurate and reliable microscopic in-
teraction potentials are an essential prerequisite for such studies. For small
molecules it is sometimes possible to neglect the intramolecular motions and
the deformations of the molecular geometry due to the environment of the
molecule, For larger molecules, however, these features can no longer be ig-

nored nor neglected. They may even

— ¢ . play a crucial role for the structural
a QC and dynamical properties of the con-
c/,F e densed phase [1, 2]. :

The propertiels of cyclic molecules
. ) . in liquids and solids provide, among’
?}g{FI The two basis conformations of others, a good example for the impor-
tance of molecular flexibility. Tetra-
hydrofurane is such a molecule; many conformations of the ring are either
directly. thermally accessible, or small perturbations of the intramolecular
potential due to intermolecular interactions in the solid or liquid may render
them accessible. There is spectroscopic evidence [3] that the equilibrium
geometry of THF is nonplanar. Two such geometries can be distingushed for
the THF ring: the envelope (E) form and the twisted (T) form. They are
sketched in Fig. 1.
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