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New Advances in the Study of Local Structure of Molten Binary Salts
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Accurate extended x-ray absorption fine structure measurements of molten RbBr and CuBr are
analyzed and compared with computer simulations and neutron diffraction results. Advanced multiple-
edge ab initio methods are used for data analysis. The short-range cation-anion pair distribution
function of liquid RbBr is found to be in agreement with previous molecular dynamic simulations
confirming the accuracy of present theoretical models. In liquid CuBr, due to the exceptional short-
range sensitivity, direct evidence for nearly covalent bonding is obtained, improving previous neutron
diffraction determinations. Possible important consequences of present results for experimental studies
of binary liquid systems are addressed. [S0031-9007(96)02158-8]

PACS numbers: 61.10.Ht, 61.20.Qg, 61.25.—f, 78.70.Dm

Molten salts are of large applicative interest due toCuBr showing that reliable information on local structure
their peculiar thermodynamic, transport, and electrochemief binary liquids and new insights on short-range inter-
cal properties, but deserve special attention also fronactions in the so-called superionic melts can be indeed
the standpoint of basic physics [1,2]. The microscopicobtained. As a matter of fact, a few ND experiments us-
structure of simple ionic liquids has been investigated sinceng the isotope substitution techniques are available for
a long time using both theoretical and experimental meansnolten binary systems for a variety of reasons. Quite of-

Alkali halides are considered the prototype of ionicten, there are practical difficulties in the use of suitable
bonding, and reliable expressions for the interatomic poisotopes or mixture of isotopes allowing independent mea-
tentials are currently available. Numerous computer simusurements of the partial structure factors. Moreover, the
lations using different techniques were performed forsignal-to-noise ratio and th@ extension of some(Q)
molten alkali halides (see, for example, [1,2] and ref-measurements are sometimes unsatisfactory. Short-range
erences therein). On the experimental front, the locastructural information obtained from accurate EXAFS (ex-
structure of several molten alkali chlorides was in-tended x-ray absorption fine structure) data can nicely com-
vestigated using neutron diffraction and the isotopicplement previous diffraction measurements and provides a
substitution technique (see [3] and list in Ref. [2]). Gen-direct experimental test for computer simulations of lig-
erally speaking, a good agreement between partial pairids. Pair distribution functions of liquid RbBI-RbBr)
distribution functions derived from diffraction measure- obtained by molecular-dynamic (MD) simulations [7] are
ments, theoretical models, and simulations was achievedhere directly compared for the first time with experimen-

Several other binary systems are conventionally classital results. Neutron diffraction results [5] on liquid CuBr
fied as “mainly ionic,” including a few superionic com- (I-CuBr) are compared with present experimental data
pounds. For example, copper and silver halides showhowing the importance and usefulness of performing ac-
a complex phase diagram in the solid phase and attaicurate EXAFS measurements on liquid systems.
rather large values of ionic conductivity before melting The EXAFS spectra were measured at the EXAFS 4
occurs. Neutron diffraction (ND) experiments of liquid beam line of the Laboratoire Pour I'Utilisation du Rayon-
CuCl and CuBr showed that the local structure differsnement Electromagnetique (LURE, Orsay) equipped with
considerably from those of molten alkali halides. Re-a double-crystal Si(311) monochromator. Low-noise EX-
markably enough, since the first pioneering experiment o\FS spectra have been recorded at the Br, Cu, andRb
I-CuCl [4], featureless Cu-Cu pair distribution functions edges in both solid and liquid phases using sample prepa-
were found [4,5]. On the contrary, the halide-halide andration techniques and high-temperature devices described
Cu-halide distribution functions were found essentially ofelsewhere [8]. EXAFS data were analyzed using a novel
ionic character. Theoretical explanation of this behaviomultiple-edge [9]ab initio data-analysis approach based
is still a challenge, although the use of interaction mod-on the GNXAS method [10].
els including the imperfect ionicity of the bond has been Both solid and liquid phase spectra were analyzed using
attempted [6]. multiple-scattering (MS) theory and taking account of

In this Letter, we report the results of accurate multi-the well-known background features associated with the
edge x-ray absorption experiments on molten RbBr anflls3d] and[1s3p] double-electron excitations in Br and
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Rb K-edge spectra [11,12]. EXAFS studies of solid CuBr

_ (" SPNRC P C)
[13] and RbBr [11,14] have been previously reported; here Xa(k) fo dr4mrpyga (r)Yap (1K)

we shall concentrate on structural analysid-8fbBr and %
I-CuBr measured & = 730 + 5 and= 520 * 5°C. + f dr4mr’pagls) (r) i (r. k)
The EXAFS structural signaly, (k) related to the 0
a component (Cu, Rb, or Br) of the RbBr and CuBr + (Va0 + i) + - (@)
binary liquids have been simulated using model partial
pair distribution functionsg,;(r) and g..(r) taken from The y® terms in Eq. (1) are the irreducible two-body

literature. In the case of RbBr the results of a MDMS signals defined in Ref. [10]. The®®)(r) functions
computer simulation [7] were used. In Fig. 1, upper partare short-range well-defined peaks of the partial pair
we compare the experimental Rb and Rkedgek y(k)  distribution functions, while the effective two-body MS
EXAFS signals (Expt) with the results of the simulation <'y((t2a)i1)> are the result of the average using the tails of the
(Calc). The residual curves show that the agreement igartial distribution functions.
good although a refinement of the signal can still be Using the decomposition of Eq. (1), it is possible to
attempted. perform a reliable refinement of the short-range part
A very different result is obtained if we calculate the g®)(r) of the radial distribution [9,15,16] using model
EXAFS signal of CuBr. In this case, a ND experi- long-range tails (those of Refs. [5,7] in the present case).
ment was carried out using isotopic substitution of coppePhysical constraints on the(r) shape, related to the
and partialg,,(r) functions evaluated. In Fig. 1, lower correct thermodynamic limit ((— 0 in the structure
part, the experimental Rb and Giredge EXAFS signals factor), have been used in the refinement process of the
(Expt) are compared with those calculated (Calc) starting-RbBr andl-CuBr structures.
from the positive-defined maximum entropy; (r) deter- In Fig. 2 the multiedge best-fit MS calculations (Fit) are
mination [5]. The agreement is very poor. The amplitudecompared with the EXAFS experimental spectra (Expt)
of the calculated signal is roughly the same as found irf I-RbBr. The decomposition of the calculated signal is
theI-RbBr case, but that of the experimental spectrum igjearly shown in the figure. The dominant signa;lqgg-
at least 5 times bigger (note the change of scale in the fig- ©) .
ure). A refinement of the short-range structure is clearl rRb andy(s)-RbBr, are those rela(tse)d to the first peak of
necessary. the groe:(r) distribution function grpp(r)]. The other
The refinement of the short-range structure can beignals, related to thgr,r, andgg;s, distribution func-
carried out using a convenient decomposition of thdions and to the tail of thgrps: One, are comparatively of
structural signaly, (k) associated with model partial pair small amplitude, and we shall not discuss them in detail.
distribution functions,
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k(A7) FIG. 2. Best-fit calculated signals associated with the short-
FIG. 1. Experimental EXAF% y (k) spectra (Expt) of-RbBr  range part {/g;) and the tail of the partial distribution functions
(upper part) and-CuBr (lower part) compared with calculated for I-RbBr. The total best-fit curves (Fit) are compared with
signals (Calc) based on computer simulatiohdRl§Br) and experimental data (Expt). The agreement is good as shown by
previous diffraction experiments$-CuBr). the residual curve (bottom).
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The overall agreement between experimental and calcu- The reconstructedec,s(r) of [-CuBr is shown in
lated spectra is excellent. Fig. 3, lower panel, and it is compared with that deter-
The refinedggrpe:(r) distribution is shown in Fig. 3 mined using ND. The EXAF$cus:(r) shows a narrower

(upper panel) and compared with the result of the MDwell-defined first-neighbor peak (FWHM 0.3 A). The
simulation [7]. The shape of the first peak is exactlyremarkable difference between the EXAFS and ND de-
reproduced, although a shift of about 0.07 A towardterminations should not surprise the reader. The sharper
longer distances is found. The shift is slightly largergcug:(r) is perfectly compatible with the original ND data
than the estimated error bar [9] on the foot of the first[5], within the noise level. In Fig. 5 we compare the
groe: (1) peak. The origin of this small discrepancy could experimentalSc,g,:(Q) ND measurement with the curve
be assigned to possible inaccuracies in the short-ranggbtained through back transformation from the,g.(r)
part of the interatomic potential. In fact, the importancerefined using EXAFS data, and with the origis4lD) de-
of including ion polarization in the “rigid-ion” force rived in Ref. [5] using the maximum-entropy method. It
model was already recognized by the authors in Ref. [7]is clear that the EXAFS and maximum-entropy curves are
However, the overall agreement is very good and thidboth compatible with experimental data within the noise
confirms the quality of well established potentials andevel, as confirmed by? analysis. These two curves,
computer simulation procedures for ionic melts. however, correspond to remarkably different short-range
The result of the multiedge EXAFS data analysis ofgcyup:(r) curves as shown in Fig. 3. By comparison the
I-CuBr is shown in Fig. 4. The Cu and BK-edge corresponding EXAFS signals differ by nearly 1 order of
EXAFS spectra are basically explained by the largemagnitude as shown in Fig. 1 (lower panels). This is a
amplitudeyg;-CuBr signals associated with the first peaktypical case in which very precise structural information
of the gcus:(r) distribution function. The quality of the can be gained by EXAFS experiments taking advantage
fit is excellent, as shown by the residual curve. There i®f the exceptional short-range sensitivity. In comparison,
no evidence of a Cu-Cu signal while a quite small signathe ND investigation is limited by the low contrast in the
related to thezp,s: (r) is found to contribute to the BK-  iSotopes scattering lengths that, with a few exceptions, is
edge EXAFS. These curves are compatible with previoud rather general occurrence.
results on thegcucu(r) and ggs:(r) distributions. Here Present findings on-CuBr shed some light on the
we shall discuss in detail only the-g.(r) distribution, ~debate on the nature of the like-unlike ion interaction
for which accurate information has been derived. in “superionic” melts, and, of course, are likely to be
extended to the CuCl case, usually considered as ref-
erence compound for “superionic” melts. In fact, it

25 3 35 4 45 5 is now clear that a simple ionic interatomic potential
4
E T I T T T T I T T T T I T T T T l T T
= 3 - 7®g BrCu 7@ g CuBr
5 ef
& f
1 :_ 7(2)(3) BrBr
0 z¢ . - 7@)(““) BrCu 7(2)(M) CuBr
6l ;5 7@ oy BrBr 7® CuCu
o~ E g —Fit 1-CuBr 1-CuBr
\é 41— E ~~wExpt Br K—edge Cu K—edge
g f
=11} 2
P Sy - [ o025 [ o025
o Deeth Residual Residual
5 2 25 3 35 4 PR AR | NIt pip ey
r (&)
1 | 1 1 1 1 I 1 1 i 1 | 1 1 1 1 I 1 1 1
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MD simulations. Lower panel: comparison between previ- ) ) ) )

ous gcup:(r) determination by neutron diffraction (ND) and FIG. 4. Be(szt-flt calculated signals associated with the short-
present EXAFS refinement. Dashed and dot-dashed curves arange part {/(S;) and the tail of the partial distribution functions
the short-range part and the tail of the distribution functions.for I-CuBr. The total best-fit curves (Fit) are compared with
The error bars indicate the estimated accuracy of the EXAF®xperimental data (Expt). The agreement is excellent as shown

refinements. by the residual curve (bottom).
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RO T T T T T T T . bution function, improving our knowledge on fundamen-
C ] tal processes in the so-called “superionic” melts which
15 - represent an example of transition between ionic and non-
ionic liquids.
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