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The high-resolution quasi-elastic neutron scattering (QENS) technique has been applied to study the
translational diffusion of methanol (MeOH) and dimethyl sulphoxide (DMSQ) protons in neat solvents and
NiCl, solutions of different concentrations at 223, 297 K and 323 K. Obtained results clearly indicate that
the diffusion coefficient of the solvents decrease with (i) decrease in temperature, and (ii) increase in the
concentration of NiCl.. It is established that electrostatic interaction defined by ion subsystem govern mainly
the dynamic behaviour of solvent molecules in its electrolyte solutions irrespective of a solvent nature.

Introduction

Our ability to understand and predict the properties of disordered materials continues to be a chal-
lenge for the condensed matter theory. Within this area the non-aqueous electrolyte solutions (NAES)
perhaps remain the severest test. The ion-solvation and ion-association are the two phenomena, which
mainly govern the macroscopic properties of NAES and, hence, their technological applications. A
deeper understanding of these phenomena requires detailed information of ion-solvent and ion-ion
interactions at a molecular level.

The solvation of ions in a liquid solvent embodies
primarily the interactions between the ions and sol-
vent molecules that alter the solvent structure and its
microdynamics in solution. According to the Frank
and Wen model of the ion solvation [1] the space
around an ion can be divided into three regions, viz.
first solvation shell (FSS), second solvation shell
(SSS), and bulk solvent (Fig. 1). In bulk solvent its
properties correspond to those in neat solvent. In the
FSS solvent properties are modified significantly by
an ion, while SSS is intermediate region between
bulk solvent and FSS. It is now entirely clear that the
problems associated with the interactions of various
types in solution, the structure of the solution, and the
thermal movement of its particles are intimately re-
lated to each other.

Among the various direct experimental methods
Frank & Wen [1] as first solvation shell (FSS), (z..e., thpse methods for which the space and. time
second solvation shell (SSS), and bulk solvent d}men510ns are compgrable to the molecular dimen-
(Bulk). sions and characteristic times of molecular processes,

respectively), neutron diffraction with isotopic substi-
tution (NDIS) [2-5] and quasi-elastic neutron scattering (QENS) [6-10] offer the most powerful tech-
niques for analysing the microscopic structure and ion/molecule dynamics in ion-molecular systems.
These methods allow us to derive structural information of nearest-neighbour ion environment in
terms of pair radial distribution functions, interatomic distances and co-ordination numbers, and mo-
lecular dynamics in terms of dynamic structure factors and diffusion coefficients.

Recently, we demonstrated [11,12] the use of NDIS technique to isolate the ion-ion, ion-H and ion-
O partial radial distribution functions (RDFs), and to resolve the co-ordination/solvation structures of
the isotopically substituted ions (cation and anion) in NiCl,-MeOH solutions. Analyses of these RDFs
demonstrated that Ni*" is co-ordinated octahedrally by five methanol molecules and one chloride an-
ion. The solvation number of Cl~ was determined to be = 2. The joint analysis of the pair RDFs,

solvent

Fig. 1. Model of ion-solvation in solution with
three regions of a solvent defined according to
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gnic1(r) and gcicp(r), revealed that the electrolyte in its 1.4 molal methanolic solution mainly exists
in the form of solvated contact ion pairs, [NiCl],", with a very small content of solvated [NiCl,],’ ion-
triples.

From this point of view there is a special interest in the study of dynamic aspects of ion-solvation
phenomena in NiCl, — methanol (MeOH) solutions at different temperatures and salt concentrations by
using quasi-elastic neutron scattering technique. Another aim of this work is to elucidate a role of sol-
vent nature in dynamics of ion solvation in concentrated solutions. For this purpose the NiCl, — di-
methyl sulphoxide (DMSO) solutions were also investigated by using QENS technique.

Experimental

The aqueous solution of NiCl, was obtained by dissolving crystalline NiCl,-xH,O (Alfa, Pura-
tronic®, 99.995%) in very dilute HCI (BDH, Aristar®) solution to remove any residual products of
hydrolysis. The solutions of NiCl, were then evaporated to a solid form of NiCl,-6H,O and further
dried in a vacuum line under 1-100 Pa at gradually increasing temperatures from 25 °C to 70 °C dur-
ing one month period. Such procedure provided the water content less than 0.01%, which was moni-
tored by weighting with correspondent accuracy. Anhydrous salt, as expected, [13] was yellow-
brownish powder.

The solutions of NiCl, in MeOH (Analar, 99.8%, < 0.001% H,0) and DMSO (Fluka Chemika,
99.5 %, < 0.01% H,0) of required concentrations were made by weighing in a dried nitrogen-filled
glove box. Prior to this, however, the solvents were distilled (DMSO under reduced pressure of 3
mbar at 33° C) and dried under the 0.4 nm molecular sieves during one week.

The sample densities were measured by using Anton Paar DMA 58 densimeter. The compositions
and densities of the samples are listed in the Table 1.

Table 1. The diffusion coefficients (D) of the solvent molecules in neat methanol and dimethyl sulphoxide and
its NiCl, solutions. For the solutions these values correspond to the average

diffusion coefficient (5 ) defined by Eq. (5)

T ‘ d, g/cm’ ‘ m, mol/kg ‘ ¢, mol/dm’ ‘ X | D-10°, m%/s
MeOH and NiCl, in MeOH
223 0.857 0.0 0.0 0.0 0.394+0.03, 0.498* [10]
297 | 0.788 0.0 0.0 0.0 2.1640.07, 2.567* [10], 2.50 [14]
297 | 0.828 0.2971 0.2369 9.430-10° 1.4040.05
297 | 0.947 1.3004 1.0539 0.0400 0.69£0.07
DMSO and NiCl, in DMSO
297 1.095 0.0 0.0 0.0 0.6540.03, 0.72 [15],0.84 [16]
297 1.106 0.1219 0.1327 9.434-107 0.5940.03
297 1.139 0.5330 0.5679 0.0400 0.31 £0.06
323 1.115 0.5330 0.5559 0.0400 0.66 £0.02

* Data refer to CD;OH at 300 K and 230 K.

The quasielastic neutron scattering experiments were performed on the backscattering spectrometer
IN10 at the ILL, Grenoble, France. Spectra were measured at five equally spaced g-values in the
range 0.9 nm™ < ¢ < 3.8 nm™ with an energy window of about + 15 peV. The incident wavelength of
0.6271 nm with the resolution in momentum transfer of 0.4 nm" was used. The monochromator was
standard Si(111) and the experimental energy resolution function of =1.5 peV (HWHM) was obtained
from incoherent scattering from a sample of vanadium.

The complete experiment required measurements to be taken of the liquid sample (solvents or
NiCl, solutions) in its container, the empty container, the background, and a vanadium slab of 1 mm
thickness to give the energy resolution function.

The samples were held in a 40 mm x 40 mm flat container specially made from PTFE material with
a sample thickness of 1 mm, providing a sample volume of 1.6 cm’. All the measurements were per-
formed at three temperatures, 223 K (neat methanol), 323 K (0.53 molal solution of NiCl, in DMSO)
and 297 K (all other samples). The temperature was held constant within 1 K.
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The raw data were converted to the dynamic structure factors S(q,(o) and corrected for back-

ground and container scattering using the INX program at the ILL. No multiple scattering corrections
were applied to the data. The examples of the experimental QENS spectra are shown in Figs. 2-3.
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Fig. 2. The experimental quasi-elastic neutron Fig. 3. The experimental quasi-elastic neutron
spectra (points) and fitted Lorentzian (solid line) spectra (points) and fitted Lorentzian (solid line)
for neat MeOH at 223 K at five different g- 0.53 molal solution of NiCl, in DMSO at 297 K
values in nm™ indicated in the figure, with arbi- at five different g-values in nm™ indicated in the
trary scale on the ordinate. figure, with arbitrary scale on the ordinate.

Results and Discussion
The scattering of neutrons from a solution comprising of n atomic species is dependent on the dou-

2
ble differential cross section d’o defined by [6,8]
Qdo
dZG n on 12 n 5
ZZZblb] xixj SU (q,co)-i—mec,l-xl-Sf (q,Q)), (1)
dQdo = ; ( ) -

where x; b; and by, ; are the atomic fraction, coherent scattering length and incoherent scattering

length of species i, S; (q,m) is self-part of the scattering law, and 7ig=Ap and 7iw=AE are the

momentum and energy transfers, respectively. The incoherent scattering cross-section of the hydrogen
(H) nucleus present in all the non-aqueous solvents, including MeOH and DMSO, is so large that

d*c
dQdo

is dominated by the self-term, S (q,(o); the other terms being sufficiently small that they
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may be neglected in the data analysis. The knowledge of

should thus lead directly to the pro-
Qdow

ton dynamics, which can be identified with that of the solvent molecule itself.

For a proton obeying the diffusion equation, S}y (q,(o) is a Lorentzian of the form

sta0) =) 0| (42 +0? | @

with translational diffusion coefficient, D. This is the form to be expected when the longest ionic
binding time, 1, , present is short relative to the observation time, 1, , so that during this observation

time any proton can sample the entire range of environments present in the solution. Usually this
situation is described as the “fast-exchange limit” [6].
For the case when the solvent molecule’s binding time (usually to a cation) is longer than the ob-

servation time, i.e., when t;, > 1, , the so called “slow-exchange regime”, Sf (¢,©) takes the form,

St (g.0) = (l/h){xlquz / {(quz)z + coz} + %Dy / [(Dqu)z + wz}} : 3)

which is a sum of two weighted Lorentzians with two different diffusion coefficients, D; and D, in
the FSS and SSS (or bulk solvent), respectively. Here x; (i=1,2) denote the atomic fractions of the

two proton populations.

Bearing in mind the results of aqueous NiCl, solutions [6], one can expect the non-aqueous solu-
tions of this salt also to obey the “slow-exchange regime”. Accordingly, two separate translational
diffusion coefficients of solvent molecules, one originating from the Ni*" FSS and the other from the
rest of the solution can, in principle, be evaluated. But, due to the relatively high statistical noise
(Figs. 2-3) and narrow energy window available, the fitting procedure did not allow us to resolve more
than a single Lorentzian (see solid lines in Figs. 2-3). The experimental neutron spectra of NiCl, solu-
tions could thus be described by the scattering law in the form,

s (q,w)=(1/h)5q2/ {(qu)2 +w2}, )
where

l_) = xlDl + .X2D2 (5)
is the average translational diffusion coefficient of solvent molecules throughout the whole solution.
Clearly, the experimental spectra for neat solvents were fitted by a single Lorentzian each in the form
of Eq. (2). Then, the slopes of the plots of the half-width at half-maximum (HWHM) of the fitted
Lorentzians vs. the square of wave number (¢ in nm™) were used to calculate the corresponding diffu-
sion coefficients (Figs. 4,5). It should be noted, however, that for 0.3 molal NiCl,-MeOH solution,
only the first four points could be used because of large statistical errors in HWHM values at high ¢-
values.

The experimental diffusion coefficients, D (for neat solvents) and D (for NiCl, solutions) are
listed in Table 1 along with the available literature [10,14-16] data. The analysis of Table 1 firstly
shows that D values for neat solvents agree well with the literature data. Secondly, as the temperature
decreases the diffusion of MeOH molecules in the neat solvent and DMSO molecules in 0.53 molal
solution of NiCl, slows down drastically. Thirdly, our results clearly indicate that the diffusion coeffi-
cient of solvents decreases with increase in the concentration of NiCl,.

To understand the influence of electrolyte concentration on translational diffusion of the solvent
molecules we have plotted the reduced diffusion coefficients (D/Dy , where Dy refers to the neat

solvent) for the NiCl, solutions in MeOH and DMSO as function of electrolyte composition expressed
in molar fraction (x) (Fig. 6) and molarity (c) (Fig. 7). The inspection of these figures shows that both
the curves, for MeOH and DMSO, more or less coincide only when the solution composition is ex-
pressed in molar scale. It is implies that electrostatic interaction defined by ion subsystem govern
mainly the dynamic behaviour of solvent molecules in its electrolyte solutions irrespective of a solvent
nature. It is interesting to note that both sets of solutions, in MeOH and DMSO, have the same molar
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ratios of solute to solvent: (i) 1:105 for 0.3 molal solution of NiCl, in MeOH and 0.12 molal solution
of NiCl, in DMSO, and (i7) 1:24 for 1.3 molal solution of NiCl, in MeOH and 0.53 molal solution of
NiCl, in DMSO. Therefore, the contribution of the solvent molecules from FSS can not provide so
significant concentration decrease in translation diffusion coefficients averaged over the whole solu-
tions in accordance with Eq. (5). Clearly, electrostatic interactions affect dynamics of the solvent
molecules not only from FSS of Ni**, but also from bulk.

MeOH @ 223 K | 50 O DMSO@ 297K +10 ]

50+ O
v MeOH @ 297 K +15 v 0.1 mNiCl, in DMSO

4o O 03mNICLin MeOH +10 @297 K+5
< A 1.3mNiCl,in MeOH +5 " 08 0 os5mNiClLinDMSO |
] o @297 K
= < 30 A 05mNiCl,in DMSO
= = @ 323K +15
= = 20+ 1
X i

e = 8 8 ¥ B o 3 6 9 12 15

2 -2
g/ nm ¢%/ nm2
Fig. 4. The half-width at half-maximum Fig. 5. The half-width at half-maximum
(HWHM) of the fitted Lorentzian plotted as a (HWHM) of the fitted Lorentzian plotted as a
function of the square of wave number for neat function of the square of wave number for neat
MeOH and solutions of NiCl, in it. DMSO and solutions of NiCl, in it.

Unfortunately, as our the results of present investigation show, the QENS technique does not allow
on its own to separate translational diffusion of the solvent molecules within the cation’s solvation
shell and bulk phase. However, if the ratio of signal to noise can be increased significantly by using
more powerful source of a neutron flux, one would be able to obtain separately the diffusion coeffi-
cients of the solvent molecules from the different regions of a solution. Alternatively, some of com-
plementary computer modelling technique such as molecular dynamics simulation should be used to
elucidate all the details of ion solvation dynamics.

1.2 1:2
—e— NICI, in MeOH
1.0 N'CIZ ——— 1.0 —e— NiCl, in MeOH
—m— NICl, in
4 —a— NiCl, in DMSO
o 0.8 - 0.8
Q Q
Q 06 Q 06
0.4 04
0.2 : - . . 0.2 . - . . .
0.00 0.01 0.02 003 0.04 00 02 04 06 08 1.0
x (NiCl,) C/ mol dm™
Fig. 6. Reduced translational diffusion coeffi- Fig. 7. Reduced translational diffusion coeffi-
cient of the solvent molecules at 297 K as a func- cient of the solvent molecules at 297 K as a func-
tion of the molar fraction (x) of the solute. tion of the molarity (c).

199



Study of Ni** solvation dynamics in methanol and dimethylsulfoxide by quasi-elastic neutron ...

Acknowledgements

One of us, AKA, is grateful to the Institute Laue Langevin (ILL, Grenoble) for allocation of neu-
tron beam time, Dr. M. R. Johnson (ILL, Grenoble) and Dr. W. S. Howells (ISIS, RAL, UK) for help
with the QENS experiments and data analysis, and the University of Abertay Dundee (UAD), UK for
support of his research activities. ONK thanks the Kharkiv National University, Ukraine for providing
him the necessary resources, and the UAD for hosting his visits. AKA and ONK gratefully acknowl-
edge the Royal Society of Edinburgh (UK) to enable mutual exchange of visits between the collaborat-
ing partners from Ukraine (ONK) and the UK (AKA).

References

Frank H. S., Wen W.-Y. Discuss. Faraday Soc. 1957. V. 24. P. 133-137.

Neilson G. W., Enderby J. E. J. Phys. Chem. 1996. V. 100. P. 1317-1322.

Neilson G. W., Adya A. K. Annual Reports C: Royal Soc. Chem. 1997. V. 93. P. 101-145.

Adya A. K. in: “Molten Salts from Fundamentals to Applications”, ed. M. Gaune-Escard.

Dordrecht: Kluwer. 2002. P. 107-148.

5. Neilson G. W., Adya A. K., Ansell S. Annual Reports C: Royal. Soc. Chem. 2002. V.98. P. 273-
302.

6. N. A. Hewish N. A., Enderby J. E., Howells W. S. J. Phys. C: Solid State Phys. 1983. V. 16. P.
1777-1791.

7.  Kunz W., Calmettes P., Bellissent-Funel M.-C. J. Chem. Phys. 1993. V. 99. P. 2079-2082.

Salmon P. S. J. Phys. C: Solid State Phys. 1987. V. 20. P. 1573-1587.

9. Novikov A. G., Rodnikova M. N., Savostin V. V., Sobolev O. V. Physica B. 1997. V. 234-236. P.
340-342.

10. Bermejo F. J., Batallan F., Enciso E., White R., Dianoux A. J., Howells W. S. J. Phys. Condens.
Matter. 1990. V. 2. P. 1301-1314.

11. Kalugin O. N., Adya A. K. Phys. Chem. Chem. Phys. 2000. V. 2, P. 11-22.

12. Adya A. K., Kalugin O. N. J. Chem. Phys. 2000. V. 113. P. 4740-4750.

13. Karyakin Yu. V., Angelov I. U. Pure Chemical Substances. M.: Khimiya. 1974. P. 292.

14. Pratt K. C., Wakeham W. A. J. Chem. Soc. Faraday Trans. /1. 1977. V. 73. P. 997-1002.

15. Sacco A., Carbonara M. Holz M. J. Chem. Soc. Faraday Trans. 1989. V. 85. P. 1257-1262.

16. Packer K. J., Tomlinson D. J. Trans. Faraday Soc. 1971. V. 67. P. 1302-1310.

L=

>

Hocmynuna 6 pedaxyuro 15 aseycma 2006 e.

BeCTHMK XapbKOBCKOro HaumoHanbHoro yHusepcuteta. 2006. Ne731. Xumus. Bein.14(37). O. H. Kany-
rmH, A. K. Apita. WUccneposanne auHamuku conbsaTauumn NiZ* B MeTaHone w ammeTuncynbdokcnge
METOAOM KBa3W-yrpyroro paccesiHusi HEUTPOHOB.

C ncnonb3oBaHneM meToda kBaswynpyroro paccesHus HenTpoHoB (KYPH, QENS) Bbicokoro paspelueHus mc-
crnefoBaHa TPaHCMAUMOHHAsA AUHaMMKa aTOMOB Bogopoda monekyn metaHona (MeOH) n pumeTtuncyabdokenaa
(DMSO) B unctbix pacteoputensx u B pacteopax NiCl, pasnuyHon koHueHTpauumn npu 223, 297 K and 323 K.
|_|OJ'Iy‘~I6HHbIe pe3ynbTatbl O4HO3HAYHO YyKa3biBalOT Ha yMEHbLUEeHne KOS(beVILI,I/IeHTOB ,Ell/ld)d)y3VII/I Monekyn pac-
TBOpUTENEW a) C YMeHbLUeHeM TeMmnepaTtypsl, 6) ¢ yBenuyeHnem koHueHTpaummn NiCly. MNokasaHo, 4To AnHamuka
Monekyn paCTBOpVITeﬂeI;I B 3JIEKTPONUTHbIX pacTBOpax onpenenaeTcad rmaBHbIM o6pa30M ANeKTpocTaTn4eCKMMun
B3aI/1MO,D,eI7ICTBMﬂMM, 3ajaBaeMbiMU MOHHOM I'IO,ElCMCTeMOVI, He3aB1CUMO OT Npupoabl pacTBopUTENA.
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