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Neutron diffraction measurements have been carried out on aqueous 10, 25, and 33 mol% LiBr solutions. The SLi/"Li
isotopic substitution technique was applied to determine the local structure around Li* in these solutions. The least-squares
fitting analysis was successfully adopted both for the observed Li* difference interference function, Api(Q), and for the
Li* distribution function Gri(r). The nearest neighbor Li*---O distance in the solutions was obtained to be 1.96+0.02
A, which agrees well with that reported in previous neutron diffraction studies. The average hydration number of Li*
decreases from ca. 6 for the 10 mol% LiBr solution to ca. 4 for the 25 mol% LiBr solution. The tetrahedral hydration
structure around Li* appeared to stay even in the 33 mol% LiBr solution. The Li*---Br™ correlation was found at 3.4 A in
the 33 mol% LiBr solution. This value rather suggests the formation of the solvent-shared ion pair, Li*---D,0---Br™.

In highly concentrated aqueous solutions containing con-
siderable amounts of solute ions as compared with solvent
water molecules, not only the hydrogen-bond interaction be-
tween water molecules but also the electrostatic interaction
among solute ions plays an important role for various prop-
erties of the solution. Studies on the microscopic structures
in aqueous lithium halogenide (LiX) solutions are one of
the most useful means of investigating these interactions in
highly concentrated aqueous solutions because of the very
high solubility of LiX to water.

The hydration structure of Li* in aqueous solu-
tions has been investigated variously by X-ray'™'® and
neutron®”®!"=2% diffraction techniques and by molecular dy-
namics (MD) simulations.>? Nevertheless, there still re-
main unsolved problems, particularly in the high concentra-
tionrange, concerning the Li*---O distance, Li*---X~ contact
1on pair formation and hydration structure of Li*. The near-
est-neighbor Li*---O distance obtained by X-ray diffraction
studies is 0.1—0.2 A larger than that determined by neutron
diffraction studies beyond experimental uncertainties. This
inconsistency may mainly arise from the difference in the
scattering mechanism between the two diffractions;*® i.e.,
incident neutrons are scattered by atomic nuclei in the sam-
ple, while X-ray photons are scattered by electron clouds be-
longing to atoms which are significantly deformed from the
spherical distribution by polarization and/or chemical bond-
ing effects. Another cause may be that the Li*---O distance
is affected by the hydration geometry around Li*, as pointed
out by Ohtaki and Radnai.” The strong concentration de-
pendence of the hydration number of Li* has been observed
in neutron diffraction'>'>** and MD" studies. On the con-
trary, according to the neutron diffraction studies employing
the first order difference method?*?” the Li*---O distance re-

mains roughly unchanged in solutions with various solute
concentrations. 1315724

The formation of Li*---X™ contact ion pairs in aqueous
lithium halogenide solutions has been reported only in the
highly concentrated LiCl solution by neutron diffraction (33
mol% LiCl),' and X-ray diffraction (25 mol% LiCl)® stud-
ies. According to Ichikawa et al., each Li* is surrounded
by 2.3 water molecules and 1.5 chloride ions' in the 33
mol% LiCl solution, leading to a tetrahedral coordination
geometry of Li*. Copestake et al. have proposed from the
results of partial pair distribution function, gcici(7), exper-
imentally obtained, that Li* is simultaneously bonded to 3
chloride ions in the 23 mol% LiCl solution, under the as-
sumption of the octahedral coordination geometry of Li*.?®
On the other hand, recent Raman spectroscopic studies have
shown that the symmetric stretching vibrational mode of
the Li*X~(H,0), complex appears around 370 and 340
cm~! in both 25 mol% LiCl and LiBr solutions.”*” Inter-
molecular hydrogen-bonded structure in concentrated aque-
ous LiCl and LiBr solutions have been investigated by H/D
isotopic substitution technique combined with the neutron
diffraction.?"*'—3¥ Clear evidence for deformation of the hy-
drogen-bonds among the solvent water molecules was ob-
tained in the concentrated solutions above ca. 15 mol% LiX.
Consequently, further structural investigations are needed to
solve these inconsistencies in highly concentrated LiX solu-
tions.

In this paper, we describe results of neutron diffraction
measurements on aqueous 10, 25, and 33 mol% LiBr solu-
tions, in which the isotopic ratio of ®Li/’Li is changed. The
concentration dependence of the hydration geometry around
Li* is discussed using the distribution function around Li*,
Gy;(r), obtained by the first-order difference method. The
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Table 1.

Structure of Aqueous LiBr Solutions

The Isotopic Compositions, Mean Scattering Lengths by; for Lithium Atom, Mean

Scattering and Absorption Cross Sections and the Number Density Scaled in the Stoichio-
metric Unit (LiBr)x(D20)—x, 6, 0a, and po, Respectively, for Sample Solutions Used in

This Study

Samples Lit% Li/% bui/1072 cm® o/ barns® 0,/ barns®  po/A
(*LiB1)g.10(D20)0.90 95.4 4.6 0.181 11.82 50.20 0.0317
("LiBr)o.10(D20)0.90 0.1 999 —0.222 11.85 042
(°LiB1)g.25(D20)g.75Y 54.1 459 0.006 11.04 71.46 0.0208
('LiBr)o.25(D20)0.75 0.1 999 —0.222 11.10 105
(°LiBr)g.33(D20)0.67 541 459 0.006 8.76 96.17 0.0279
(™LiBr)o33(D20)0.67° 75 925 —0.190 8.84 1604

a) Taken from Ref. 34. b) Calculated using total cross sections for liquid D,0.3536) ¢) For incident
neutron wavelength of 1.008 A. d) The superscript “0” denotes an isotopic mixture by; =0. e) The

superscript “nat” denotes the natural abundance.

least squares fit analysis is also applied to the Li* difference
interference function, A;(Q), in order to confirm whether
the result deduced from Gy ;(r) is reasonable.

Experimental and Data Analysis

Materials. °Li- and "Li-enriched lithium bromides were respec-
tively prepared by reacting Li,COs (95.45% °Li) and "LiOH-H,0O
(99.94% "Li, Tomiyama Chemical Co., Ltd.), with slightly excess
amounts of the concentrated aqueous hydrobromic acid solution
(Nacalai Tesque, Guaranteed grade). The product solution was
dehydrated by heating at 180 °C for two days under the vacuum.
Weighed amounts of enriched anhydrous LiBr were dissolved into
D,0 (99.9% D, Aldrich Chemical Inc., Co.) to prepare aqueous
10, 25, and 33 mol% LiBr solutions with different Li isotopic com-
positions. The sample solution was sealed into a cylindrical quartz
cell (11.4 mm in inner diameter and 1.2 mm in thickness). Sample
parameters are listed in Table 1. The coherent scattering length, b,
as well as the scattering and absorption cross sections, g; and G,
for the nuclei, Li, Br, and O, were respectively referred to based on
those tabulated by Sears.*” Scattering cross sections for H and D
nuclei within the water molecules, g; y=33.55 barns and 0; p=4.04
barns, which were calculated from the observed total cross sections
for liquid H,O and D>0,*>3® were employed for both the absorption
and multiple scattering corrections in this work. In order to reduce
uncertainties arising from the large neutron-absorption ability of
®Li, the isotopic composition of the “null mixture”, in which the
mean scattering length of Li is zero, was employed for both 25 and
33 mol% LiBr solutions.

Neutron Diffraction Measurements. Neutron diffraction
measurements were carried out using the ISSP diffractometer
(PANSI) at the JRR-2 research reactor operated at 10 MW in Japan
Atomic Energy Research Institute, Tokai-mura, Japan. The incident
neutron wavelength, A =1.008-£0.003 A, was determined by Bragg
reflections from KC1 powder. Collimations used were 40’40’ in
going from the reactor to the detector. The aperture of the colli-
mated beam was 20 mm in width and 40 mm in height. Diffraction
measurements were carried out at 25 °C, 100 °C and 130 °C for
10, 25, and 33 mol% LiBr solutions in D, O, respectively. The tem-
perature of the sample was monitored with a Cromel-Almel ther-
mocouple and controlled within + 3 °C. Scattered neutrons from
the sample were collected over the angular range of 3<26<102°,
which corresponds to 0.32<0<9.69 A~ (the scattering vector
magnitude Q =4m sin /4). The step interval was chosen to be
A(26)=0.5° in the range of 3<26<40° and A(26)=1° in the
range of 41<26<102°, respectively. The preset time was 240—
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Fig. 1. Observed scattering cross sections (do/d€2)*" for
aqueous LiBr solutions, (LiBr)x(D20);—x, x=0.10, 0.25,
and 0.33, with different isotope ratio of ®Li/"Li. Full circles
denote data points for sample solutions with higher °Li
content.

300 s for the 10 and 25 mol% LiBr solutions and 450—500 s for
the 33 mol% LiBr solution. Scattering intensities were measured
in advance for a vanadium rod (10 mm in diameter), empty cell and
background, respectively. Measured scattering intensities were cor-
rected for the background, absorption of both the sample and cell*”
and multiple scattering intensities.*® The obtained count rate for the
sample was converted to the absolute scale by the use of scattering
intensities from the vanadium rod. Details of the data correction
and normalization procedure have already been described in our
previous paper.?!

Results and Discussion

Observed scattering cross sections, (do/d£2)°h, for aque-
ous 10, 25, and 33 mol% LiBr solutions in D,O are shown
in Fig. 1. The overall features of (do/d£2)®" with different
®Li/’Li ratios look very similar at the corresponding solute
compositions. However, a systematic difference in the inten-
sity of (dg/d£2)*°" can be observed around Q=1.1 and 3—4
AT respectively, according to the difference in the scatter-
ing length of the Li nuclei. A gradual fall in the intensity of
(do/d82)°°" at the larger Q side is mainly due to the inelas-
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Fig. 2. Observed difference function'AL;(Q) for aqueous
LiBr solutions, (LiB1)x(D20)—x, x=0.10, 0.25, and 0.33
(circles). Solid lines are given by the inverse Fourier trans-
form of the observed Gri(r) in Fig. 3 in which unphysical
ripples below the first peak have been corrected.

ticity effect of deuterium atoms in solvent molecules, which
is roughly proportional to sin? .%**% In order to elucidating
the environmental structure around Li*, the first-order dif-
ference interference function,?®?”Ar;(Q), was evaluated by
the numerical difference in (do/d£2)°°" between the same
LiBr concentration solutions with different Li isotopic com-
positions, as seen in Fig. 2. The main advantage of the first-
order difference method is the cancellation of the inelasticity
distortion between individual intensity curves. The differ-
ence interference function scaled by a stoichiometric unit,
(LiBr),(D20)1_,, ALi(Q), between two solutions which are
identical in all respects except for different isotopic states
of L1, can be expressed as the weighted sum of four partial
structure factors;

ALi(Q) =Alavio(Q) — 1]+ Blavin(Q) — 11+ Clavis(Q) — 1]

+D[aLiLi(Q) — 1] + the correction term, (D)
and

A =2x(1 — x)bolbLi — bis), B =4x(1 — X)bp(bus — by,
C=2x(1 — )bg:(bLi — bi), D=x(bi> — bi;"),

where b; stands for the mean scattering length of nucleus
i. Contributions from atomic pairs which do not include
Li* are completely canceled out in A;;(Q). The correction
term in Eq. 1 results from a slight difference in the inelas-
ticity contribution in the self intensity term between °Li and
7 Li, which is negligibly small.>?® Coefficients of respective
partial structure factors in Ay;(Q) are listed up in Table 2.
In the calculation, the following values were used for the
coherent scattering lengths:* bg=0.5805, bp=0.6653, and
bp,=0.679. The Fourier transform of Ap;(Q) gives the envi-
ronmental distribution function around Li*, Gy ;(r), as shown
in Fig. 3. Gi(r) is related to the weighted sum of partial
distribution functions as follows:
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Table 2. Values of the Coefficients of a;;(Q) in Eq. 1

Samples A/barns B/barns C/barns D/barns
(*LiBr)o.10(D20)90  0.0421 0.0965 0.0055 —0.0002
(*LiB1)o.2s(D20)075  0.0496  0.1138  0.0194 —0.0031
(*LiBr)o33(D20)67  0.0503  0.1153  0.0290 -0.0039

(LiBr)xDy0h-x

x=0.10
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Fig. 3. The distribution function around Li* for aqueous
LiBr solutions, (LiBr);(D,0);—x, x=0.10, 0.25, and 0.33
(circles). Solid lines are given by the Fourier transform
of the theoretical interference term, i°°(Q), (Eq. 3) for the
nearest neighbor Li*---j pairs.

Gui(r) = 1+(A+B+C+D) ™' 2 pr) ™! / ™ DAL(O)sin (0rdQ
0
=[AgLio(r)+Bgrin(r+Cgvis: (r+DguiLi(N(A+B+C+D) ™',
2

where p is the number density of atoms in the stoichiometric
unit (LiBr),(D,0);_,. The upper limit, Oy, in the Fourier
integral was taken to be 9.69 A~ for all Gy;(r) in the present
work. The truncation effect due to the limited Q. causes
serious ripples in Gy;(r), particularity in the small r region.
In order to check the self-consistency between Ap;(Q) and
GLi(r), unphysical oscillations below the first peak in Gy ;(r)
were eliminated by setting the function values null. Gy;(r)
was then back Fourier-transformed to obtain the corrected
ALi(Q) as indicated by the solid line in Fig. 2. The corrected
Ar;i(Q) agrees well with the observed one within statistical
uncertainties, that is to say, unphysical ripples below the
first peak in Gy;(r) appeared to arise substantially from the
truncation effect. The present Gy;(r) has a similar functional
form to that already shown in previous works,'>¥ i.e., well-
resolved Li—O and Li-D peaks which indicate the presence of
distinct first hydration shell of Li* with a settled orientation
between Li* and the neighboring water molecules. As new
structural information, it can be emphasized that the present
Gyi(r) has a peak at r~3.3 A in the 33 mol% LiBr solution,
in which there are only two water molecules per one Li*.
Then we assign this peak to the nearest neighbor Li*---Br~
correlation. In addition, a broadened peak, perhaps belong-
ing to the second hydration shell, can be observed at r=4—06
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A in G(r) in both 25 and 33 mol% LiBr solutions.

In order to evaluate structural parameters relating to the

first coordination shell of Li* using the truncated Gy;i(r), we
carry out the least-squares fit for G;(r), according to the
procedure described below.
i) the theoretical interference term, i°?°(Q), consisting of
the nearest neighbor Li*---j pairs (j=O, D for 10 and 25
mol% LiBr and j=0, D, and Br for 33 mol% LiBr solution,
respectively) is introduced as follows:

Q) =>"2xny(bLi — bi)brexp (— 130 /2)sin (Qrvy) /(Qruy),
' 3)

where ny;; denotes the coordination number of atom j around
Li*. I3 and ryj; give the root mean square displacement and
internuclear distance for the Li*---j pair, respectively.

ii) i°4°(Q) is converted to the theoretical distribution function,
G*¥¢(r), through the Fourier transform, i.e.,

G (r)=(A+B+C+D)"' QP pr)”! / o 0 (Q) sin (Qr)dQ.
0
(@)

The upper limit of the integral is set to be the same value
(9.69 A—1) already used for the derivation of Gy;(r).

iii) Least-squares refinements of parameter values in Eq. 3,
such as nyy;, Iy, and r1j;, are made through minimizing the
integrated value U defined below,

u- [ " [Gu() — G=(I1dr. ®)

Lower and upper limits of the integral were chosen to be
r1=1.70 A and r,=3.00 A for the 10 and 25 mol% LiBr so-
lutions, and 71=1.60 A and r,=3.72 A for the 33 mol% LiBr
solution, respectively. In the refinement, ny;p was assumed
to be twice the value of ny o, considering the ratio D/0=2/1
within one D, O molecule. The contribution from the nearest
neighbor Li*---Br™ pair is involved only for the 33 mol%
LiBr solution. The fitting procedure was performed using
the SALS program.*"

In Fig. 3, theoretical distribution functions GAe(r),
(denoted by solid lines), given by the best fit of the first
hydration model, are compared with the observed Gp;(r).
A satisfactory agreement is obtained between G4°(r) and
G1i(r) in the range of r;<r<r, which was covered in the
fitting procedure. The values of independent parameters ob-
tained are as follows: rLi0=1.98(2) A, lLiO=0- 19(2) A, rLip=
2.71(2) A, I1;p=0.30(2) A, and ni0=6.5(5) for 10 mol%
LiBr solution, rLiO=1 94(2) A, lLiO:()- 1 8(2) A, rLiD=2.65(2)
A, Iin=0.23(2) A and npijo=4.2(5) for 25 mol% LiBr so-
lution, ri0=1.942) A, lio=0.072) A, rLp=2.51(2) A,
lLLD=028(2) A, I’lLio=3.7(2), rLiBr=3.3O(2) A, lLiBrZO-ls(l)
A, and nj5,=3.5(5) for 33 mol% LiBr solution. The average
hydration number of Li* decreases from ca. 6 at 10 mol%
LiBr to ca. 4 at 25 mol% LiBr solution. The similar con-
centration dependence of np;p has been reported in recent
neutron diffraction work for concentrated aqueous LiCl so-
lutions by Howell and Neilson.?” The hydration number 3.7

Structure of Aqueous LiBr Solutions

for the present 33 mol% LiBr solution may imply that the
tetrahedral hydration structure around Li* is retained at such
the high solute concentration. The present value of ;o for
the 33 mol% LiBr solutions is considerably larger than that
obtained for the 33 mol% LiCl solution, in which 2.3 water
molecules and 1.5 chloride ions are in direct contact with
Li*.'” The present value of the nearest neighbor Li*---Br—
distance in the 33 mol% LiBr solution is ca. 0.5 A larger than
that reported in crystalline f-LiBr-H,O (rip,=2.84 A),* in
which Br~ is in direct contact with Li*. It may be that Br™
does not directly contact with Li*, and the solvent-shared ion
pair, Li*---D,0O---Br™, is rather formed in the 33 mol% LiBr
solution. It may be expected that Br~ lies in a dip formed
by three water molecules which occupy corner sites in the
hydration tetrahedron with Li* at the central site. The present
value of r ;o for the 25 and 33 mol% LiBr solutions (1.94(2)
A) is in reasonable agreement with that reported in previ-
ous works done with the neutron diffraction method.!'—*
A slightly larger value, r.io=1.98(2) A, is obtained for the
10 mol% LiBr solution. An indication of the concentration-
dependent hydration geometry of the nearest neighbor water
molecules around Li* may be suggested through the sys-
tematic decrease of rp;p with increasing LiBr concentration.
However, the present 7 ;p value for the 10 mol% LiBr solu-
tion (rLip=2.71(2) A) seems too large when compared with
the values, rijp=2.55(2)A® and 2.52(2) A,* reported for
6.7 mol% LiCl heavy water solutions in which the hydra-
tion number of Li* is reported to be ca. 6. Further, the tilt
angle between the Li*---O axis and the molecular plane of
D, 0 molecule in the first hydration shell, calculated from the
present values of 1y ;o (=1.98(2) Ayand rp (=2.71(2) A) for
10 mol% LiBr solution, and combining with the intramolecu-
lar structure of D, O in highly concentrated LiCl solutions,*
results to be 0 °C. This value disagrees with the previous
observations.'>*¥ Before discussing the concentration depen-
dence of the hydration geometry of the water molecules in
the first hydration shell of Li* in the present system, it is
necessary to consider the effect of the statistical errors in the
high-Q region of the observed Ay;(Q) because the functional
of the present Gy ;(r) might be affected from the uncertainties
in the observed Ar;(Q) through the Fourier transformation.
Another analytical procedure which is independent of the
Fourier transform is therefore needed.

We next attempt the least-squares fitting analysis for
Api(Q) in Q-space, in order to examine the above results
obtained from the fit of Gyi(r) in the r-space and to ob-
tain structural information concerning the long-range in-
teraction in these solutions. The theoretical interference
function, Ar;°4°(Q), can be written as the sum of the short-
range (i,°*°(Q)) and long-range (i;°¥°(Q)) interaction terms
as below,*—9

ALT(Q) =i (Q)+i ™ (Q)
= “2xnyij(bLi—br)bexp (=l Q* /2)sin (Qruy) /(Qrvi)
+4mtp(A+B+C+D)
xexp (—lovii” 0 /2)[QroLijeos (Qroviy)—sin (Qroui)1Q . (6)
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Contributions from the atomic pairs in the first hydration
shell of Li*, Li*---O, Li*---D, and Li*---Br~ for 25 and 33
mol% LiBr solutions, Li*---O, Li*---D for 10 mol% LiBr
solution, are involved in i;°¥¢(Q). Parameters denoting the
long-range continuous distribution, lor;; and roL; were as-
sumed to be identical for all Li*---X (X=0, D, Br, and Li)
interactions, which leads to the reduction of the number of
independent parameters. The contribution from the second
hydration shell, which is evident in the observed Gy ;(r) for 25
and 33 mol% LiBr solutions, is also included in i,°4°(Q). The
second hydration shell of Li* can be divided, in principle,
into the contributions from Li*---O, Li*---D, and possibly
Li*---Br~ and Li*---Li* pairs; however, it seems difficult in
the present time to determine reliable structure parameters
for individual atomic pairs because of the extremely broad-
ened feature of the second hydration shell in the observed
Gi(r). Reliable parameters for the hydration geometry of
water molecules in the second hydration shell may be ob-
tained by the knowledge based on the partial distribution
functions, grio(r) and gLip(r). This will be a future research
subject. Consequently, in the present analysis, the contribu-
tion of the second hydration shell is treated as a single inter-
action, in which the coherent scattering length in Eq. 6, b;, is
assumed to the sum of deuterium and oxygen atoms within a
D, O molecule; 2bp+bg. The coordination number, nyi...p,0,
for the second neighbor shell may be regarded as the max-
imum number of D>O molecules, since contributions from
Li*---Br~ and probably Li*---Li* pairs can be involved in the
second coordination shell of Li*. The fitting range of Q was
taken to be 0.32<0<9.69 A~! using the SALS program,*”
assuming that the statistical error distributes uniformly over
the whole range of Q. In the preliminary analysis of Ar;(Q)
for 10 mol% LiBr solution, it was found that a significant
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improvement of the fit in the low-Q region is feasible by in-
troducing the contribution from the second hydration shell,
although the second hydration peak is not well-defined in
the observed Gy;(r). We therefore employed the theoretical
A1i(Q), involving the contribution from the second hydration
shell of Li*.

The result of the least-squares fit for observed Ap;(Q) is
shown in Fig. 4. A satisfactory agreement is obtained at all
compositions between observed and calculated Ap;(Q) in the
whole Q-range. Final values of all independent parameters
are summarized in Table 3. The number of water molecules
in the first hydration shell reduced from 5.6(2) for 10 mol%
LiBr solution to 3.5(2) for 25 and 33 mol% LiBr solutions,
confirming the concentration-dependent hydration number
of Li* found in the r-space fit described above. The coor-
dination numbers for the first nearest neighbor interactions,
Li*---O and Li*---Br™, from the Q-space fit, exhibit smaller
values than those obtained from the r-space fit. The dif-
ference in estimation of the overlap with the longer-range
contribution seems to be the reason for the difference in
these parameters. The contributions from the second neigh-
bor shell and the long-range continuous distribution seem
to be properly estimated in the Q-space fit, whereas these
longer-range contributions involved in the first coordination
shell in the observed Gp;(r), are ignored in the r-space fit.
Values of the coordination number obtained from the Q-space
fit is therefore considered to be more reliable. The coordina-
tion number for the nearest neighbor Li*---Br™ correlation
in the 33 mol% LiBr solution is determined to be 2.9(2),
implying that each Br~ is shared by ca. 3 Li*. Addition-
ally, although less definitively, the Li*---Br~ correlation is
identified around r=3.3 A for 25 mol% LiBr solution. The
coordination number, ny;g,=1.2(5), indicates that substan-

Table 3. Results of the Least-Square Refinements for the Observed Ai(Q) in
Q-Space”
i--j 10 mol% LiBr 25 mol% LiBr 33 mol% LiBr

ri/A 1.96(2) 1.95(2) 1.96(2)

Li*---0M)® I;/A 0.12(2) 0.10(2) 0.10(2)
n 5.6(2) 3.5(2) 3.52)

Li*--- DD ri/ A 2.58(2) 2.58(2) 2.56(2)
I;/A 0.30(2) 0.21(2) 0.30(1)
ri/A — 3.3(2) 3.37(2)

Li*---Br~ I;/A — 0.5(1) 0.14(4)
n — 1.2(5) 2.9(2)
ry/A 4.0(1) 4.63(2) 5.03(2)

Li*---D0n?  f;/A 0.73(2) 0.56(2) 0.55(2)
n; 8.2(2) 8.0(3) 12(2)

Lit---X9 roi /A 4.7(1) 5.14(2) 5.79(2)
loii/ A 0.53(2) 0.80(5) 0.57(2)

a) Estimated standard deviations are given in parentheses. b) The first nearest neighbor
interaction. c) The second nearest neighbor interaction. d) The long-range interaction

(X=0, D, Br, and Li).
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Fig. 4.  Observed Ari(Q) for aqueous LiBr solutions,

(LiBr)x(D20),-x, x=0.10, 0.25, and 0.33 (circles) and the

best fit of the theoretical interference function, A¢;*(Q),

defined by Eq. 6 (solid line). The residual function, 6 (Q),

is shown below.

tially all the lithium ions form the solvent-shared ion pair in
the 25 mol% LiBr solution. On the other hand, the concen-
tration dependence of the hydration geometry of the water
molecules in the first hydration shell can not be observed in
the results. The values of riio (1.96(2) A) and riip (2.58(2)
‘A) for 10 mol% LiBr solution obtained from the Q-space
fit are appreciably reduced compared with those from the r-
space fit, and the values are now in good agreement with
those reported in previous neutron works.''—* The fact may
suggest that an apparent intermolecular bond length obtained
from the observed Gy;(r) might be considerably influenced
by the statistical errors in the observed A;;(Q). In order to
examine the effect of such statistical uncertainties on the
distribution function, the observed Api(Q) was multiplied
by the modification function, M(Q)=exp (—0.002 Q?), and
then Fourier transformed to obtain the modified distribution
function, Gy;(r), which is shown in Fig. 5. In the modified
G1i(7), high-frequency periodical ripples which appeared at
higher-r region in the unmodified Gy;(r) (Fig. 3) are almost
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suppressed. The fact suggests that the periodical ripples in
the unmodified G;(r) are mainly due to the statistical un-
certainties in the observed Ap;(Q) in the high-Q region. It
may be concluded that the small peakes which appear in the
range of 4<r<6 A in the unmodified Gi;(r) for 33 mol%
LiBr solution does not correspond to any real structure. On
the other hand, broadened features located at r=5.0 and 7.6
A in the modified Gy ;(r) for 33 mol% LiBr solution, are con-
sidered to reflect the real ones, indicating that medium-range
order may exist in the solution. The solid line Fig. 5 rep-
resents the Fourier transform of the theoretical interference
function multiplied by M(Q), M(Q)-A;¥°(Q), calculated by
using the best-fit parameters listed in Table 3. The agreement
between the observed and calculated Gy;(r) seems again sat-
isfactory. The first-nearest-neighbor contributions obtained
by the Fourier transform of individual Li*---O, Li*---D, and
Li*---Br~ interference functions multiplied by M(Q), are in-
dicated by dotted lines. The intermolecular distance cor-

(LiBr)x(D20)1-x ]

x=0.10

0.25

. X B

6 7 8 9 10

o 1 2 3 4

5
r/R
Fig. 5. The modified distribution functions around Li*,

GLi(r) for aqueous LiBr solutions, (LiBr)x(D,0)i—x, x=
0.10, 0.25, and 0.33 (circles). Solid lines are given by the
Fourier transform of the solid lines in Fig. 4. The near-
est neighbor contributions from Li*---O, and Li*---D, and
Li*---Br~ pairs are shown by broken lines.
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responding to the second hydration shell seems to increase
with increasing LiBr concentration; however, in such highly
concentrated solutions, the contribution from the Li*---Br—
as well as Li*---Li* interactions should be involved in the
second coordination shell of Li*. Obviously, the structural
determination in the partial distribution level is needed for
describing the hydration geometry of water molecules in the
second coordination shell. Along this line, data analyses of
neutron diffraction experiments with H/D isotopic substitu-
tion technique for these solutions are now in progress.
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