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relaxes to the ground singlet state (eq 6). Curves calculated on
the basis of this mechanism are also shown in Figure 3. In these
calculations it is assumed that 420-nm (Fe') absorption is in-
dependent of the Co!! spin state. The electron transfer from the
Co'! ZE(ty,%,) is spin permitted, but these results indicate that
this process is comparatively slow. Equations 5 and 6 are
equivalent to the electron transfer process that occurs when
Fel'l(CN)¢* reacts with Col! chelate to form the paramagnetic
bridged species Fel'=SCN-Co!l (t,,°/ty, ¢, ?). This undergoes in-
tramolecular electron transfer to form the Fel'-CN-Co'!
(t2g%/ta’eg) product (eq 5). This product further undergoes
high-spin to low-spin conversion to form the diamagnetic Fell-
CN—-Coll species that is observed® (eq 6). The intersystem crossing
(*T, <= 2E) cannot be observed directly due to the low extinction
coefficients of Coll,

This system differs from other bimetallic electron transfer
complexes where it is believed the electron proceeds via resonance
transfer between metal centers with some influence from the
bridging ligands of the ruthenium.2* The MLCT (Fe!! — CN)
transition occurs in the near-UV, thereby ruling out this possibility.
The rate of electron transfer has been found to be dependent on
the polarity of the solvent system. In less polar solvent systems
the electron transfer rates were found to be lower (Table III).
This is interpreted as being due to small relative changes between
cobalt and iron electronic energy levels. We propose that these
shifts are due to changes in charge stabilization of the respective
Fell-CN-Co!! and Fe''-CN-Co!! species.
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Abstract: Small-angle X-ray scattering has been performed on concentrated nonaqueous electrolytes (i.e., LiClO4~ and ZnBr,—ethyl
acetate systems) for the first time. The very dilute solutions show a monotonic scattering, revealing a low degree of association
between molecules of solute. For the most concentrated solutions a well-defined maximum is observed for a scattering vector
5= (10 A)! with s = 2 sin §/X. On increasing the salt concentration, the position of this maximum is shifted toward smaller
angles, whereas the characteristic ring of the solvent is shifted toward higher angles, revealing structural changes.

A. Introduction

Recently X-ray and neutron scattering by concentrated aqueous
solutions has had increasing experimental and theoretical atten-
tion.!S Indeed, the diffraction experiments can provide extensive
information about ion—-solvent, ion—ion, and solvent—solvent in-
teractions. In such aqueous systems, the scattering patterns reflect
principally the ion—water interactions, whereas the ion—ion cor-
relations are more difficult to show.! Nevertheless, the question
of the existence of some ordered structure in concentrated elec-
trolytes has been often raised.'# The presence of a weak “prepeak”
(k =~ 1 A™! with k = 4= sin 6/)\) in the scattering patterns of
aqueous systems seems to corroborate this hypothesis since it has
been interpreted as due to some metal-metal interactions,!»36:14
But it seems that water is not a good solvent in which to observe
the ion—ion correlations. Its high dielectric constant (e = 80 at
293 K), principally due to numerous dipoles by unit volume, allows
very strong ion—solvent interactions in the dilute range. (Indeed,
water, a hydrogen-bonded solvent, has a very small size and a high
dipole moment.) These interactions are still predominant on
increasing the salt concentration, even though it has been shown
that the dielectric constant of electrolytic solutions decreases'®
and that water undergoes important structural transformations.®
Nevertheless, ion—ion interactions take place but often in a less
important way. Thus, it seemed better to study nonaqueous
solutions with a solvent of low dielectric constant (few dipoles by
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unit volume and large size of the molecule), allowing strong
coulombic interactions. We chose ethyl acetate as solvent (¢ =
6.09 at 293 K). Indeed macroscopic data such as transport’ and
thermodynamic® properties of LiClO,— (or ZnBr,-) ethyl acetate
solutions and microscopic data such as EXAFS? show that ionic
clusters exist in this medium and that long-range ordered structures
can be formed. In fact, the most important result of the EXAFS
experiments performed on ZnBr,~EtOAc solutions is that these
ionic clusters involve nearly 100% of the total number of Zn?*
and Br ions even in the dilute range, whereas in water, for the
saturated solution, only 60% of the ions are embedded in such
aggregates and this ratio decreases quickly with dilution.'® A
first qualitative evaluation of the size of these clusters for con-
centrated ethyl acetate solutions has given an order of ~30 A.
If such an estimate is valuable, one would expect to observe a
specific scattering at small angles, typically for vectors s £ 9 X
102 A (s = 2 sin 6/\). For that reason, we performed
small-angle X-ray-scattering experiments on these samples.

B. Experimental Section

a, Small-Angle Scattering, The absolute scattered intensity was
measured with a spectrometer described elsewhere;!! the intensity of the
scattered radiation (monochromatic radiation Cu Ko, wavelength A =
1.54 A) was collected through a circular slit on a Si—Li detector protected
by a beryllium window. The variation of the angle was obtained by
varying the sample~detector distance, in constant steps. The thickness
of the sample was controlled by various Teflon spacers; its optimum value
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Figure 3. Average experimental deformation density in the plane of a
wing (spacing of contours 0.05 ¢ A™?).

Figure 4. Estimated standard deviations of the experimental deformation
density: (a) in the plane of one wing; (b) of the average deformation
density (spacing of contours 0.025 e A%). Outside the atomic regions,
and far from the Cr—Cr axis in (b), the esd is equal to 0.082 ¢ A~ in (a)
and 0.041 ¢ A in (b). At the chromium positions the esd culminates
at 0.6 ¢ A3 (not all contours are shown). The esd of the error due to
the spherical model used in the calculation of the scale factor was as-
sumed to be 0.5% of the total density.

the direction of the Cr—Cr bond, which is therefore unreliable in the
vicinity of each metal nucleus. In all other regions the errors may be
assumed to be essentially random. Maps of the esd of the deformation
density are shown in Figure 4, before and after averaging.'* Clearly,
in the second case the correlation between errors at averaged points needs
to be considered.

Molecular Orbital Calculations

The theoretical density maps were obtained from ab initio
LCAO-MO-SCF + CI calculations on [H,P(CH,),]4Cr, carried
out with the ASTERIX system of programs.'> The Gaussian basis
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Figure 5. Theoretical deformation density in the plane of a wing (spacing
of contours 0.05 e A3).
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Figure 6. Average experimental deformation density in planes perpen-
dicular to the Cr—Cr axis: (a) plane through the metal nucleus; (b) plane
through the midpoint of the bond (spacing of contours 0.05 e A™3).

set used for Cr was taken from the (13,7,5) set of Hyla-Kryspin
et al.!% and incremented with one p function of exponent 0.15 and
one diffuse d function of exponent 0.08. It was contracted to
[5,3,3], that is, minimal for internal and 4p shells, double-{ for
4 s shells, and triple-{ for 3d shells. Basis sets (11,7), (9,5), and
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Figure 2. Diffraction patterns (monochromatic Cu Ke). (1) LiClO,
solutions (exposition time, 5 h): (a) pure éthyl acetate, (b) x = 0.095
(c = 1.07 M), (¢) x = 0.188 (¢ = 2.14 M), (d) x = 0.222 (¢ = 2.67 M),
(e) x = 0.25 (¢ = 3.06 M), (f) x = 0.286 (¢ = 256 M), x = 0.33 (¢ =
4.28 M), (h) anhydrous solid salt. (2) ZnBr, solutions (exposition time,
5h): (a) x = 0.198 (c = 2.27 M), (b) x = 0.283 (¢ = 3.4 M), (c) x =
0.406 (¢ = 5.10 M).
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Figure 3. Position of the maximum vs. mole fraction of ZnBr, (mono-
chromatic Cu Ka).

observed ring is not a specific property of the previous ZnBr,
system. The solvent peak is also shifted toward higher angles as
shown in Figure 4. This variation of the ethyl acetate peak
position agrees very well with previous thermodynamical work,
showing that the solvent is “compressed” in concentrated elec-
trolytes.®

D. Discussion

From previous works on the ZnBr,~EtOAc system, i.e.,
transport properties® and EXAFS data,’ it was concluded that
clusters of nearly 30 A could exist in the concentrated range and
may be in the dilute one. However, a dispersed solution of such
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Figure 4. Position of both peaks (solution and solvent) vs. the mole
fraction of LiClO, (monochromatic Cu Ka).

I1(s)

arbitrary unit

1 L 3 A-!
01 02 03 S (A7)

Figure 5. X-ray intensity curve vs. scattering vector for the saturated
LiClO~EtOAc system.

aggregates would give at small angles a decreasing scattering
intensity as a function of the wave vector s. If some correlation
exists between them, a maximum would occur for s ~ 8 X 1072
A-!. Such a phenomenon is not observed down to s ~ 3 X 1072
A" since for low solute concentrations, i.e., x < 0.1, the monotonic
Laue intensity is of the same order of magnitude as that of isolated
ZnBr, molecules. However, if the clusters remain small, some
interactions between them become likely with increasing solute
concentration, and this fact must have some effect upon the ex-
perimental scattered intensity. (Indeed, our results show that the
ratio p remains nearly equal to 1.5 in the very dilute range (x <
0.0570 — ¢ < 0.6 M) but seems to decrease for higher concen-
trations (0.6 M S ¢ S 1 M) (Table I).) Moreover, it must be
noted that the average distance between isolated molecules is equal
to22 Aforc=0.15M (x =0.013),to 14 A forc = 0.6 M (x
= 0.057), and to 11.8 A for ¢ = 1 M (x = 0.091). This mean
distance must be compared with the location of the maximum (s
~ (10 A)™') which appears with high intensity for x 2 0.091
(Figure 2).

The various experiments of small-angle X-ray (or neutron)
diffraction which have been performed on concentrated aqueous
electrolytes also reveal the existence of a weak peak, situated at
0.5 ks 1A (k= 4xrsin /X = 2 7s), and several authors
have assumed that it is due to metal-metal interactions.’™ Its
position is shifted toward smaller angles at lower concentra-
tions,>!416 contrary to our observations on the ethyl acetate
systems, where the well-defined peak is shifted toward higher
angles.
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Figure 6. The three concentration ranges for the ZnBr,~EtOAc system:
¥V, = partial molar volume of solute, Ay; = molar conductivity of solution,
p = association degree determined by X-ray scattering.

On the other hand, another maximum has been observed re-
cently, with very low contrast at k ~ 0.125 A™! (s ~ 1.98 X 1072
A1) by small-angle neutron scattering of CuBr,, NiCl,, and ZnCl,
aqueous solutions,' and it has been attributed principally to the
existence of correlated ordered domains with a correlation length
of ~50 A.

Up to now, it has been difficult to determine exactly the origin
of the peak at s = (10 A)"'. Likely, both size effects and in-
terparticles interactions can play a part in the scattering. But
we can attempt to “visualize” the various structures which take
place for various concentration ranges, taking into account the
previous data obtained from thermodynamical or transport
properties,® on the ZnBr,—ethyl acetate system, for example, as
shown in Figure 6.

Nicolas and Dartyge

(i) x 5 0.1. Macroscopically, with increasing the solute con-
centration, the partial molar volume of ZnBr, remains constant
and the molar conductivity Ay begins to increase sharply; this
would mean that small charged particles are formed and that only
their concentration (not their size) would increase. Microscop-
ically, we observe a flat “monotonic” scattering revealing a low
association degree between solute molecules and a randomly
dispersed structure. Thus, in this concentration range, one would
have probably some Zn?* bounded to the -COO- group of the
solvent, small conducting (ZnBr,)?" or (Zn,Bre)?" ions, and neutral
ZnBr, molecules since the associativity is only a mean value. But
some correlations between particles begin to take place for x =~
0.06 (¢ ~ 0.6 M).

(ii) 0.1 < x £ 0.29. The partial molar volume of ZnBr, in-
creases up to the molar volume of anhydrous solid ZnBr,, and
the molar conductivity begins to decrease and then goes through
a maximum; at the same time, a “bump” appears in the X-ray
small-angle scattering. If this “prepeak” is interpreted as due to
metal-metal interactions, this would mean that bigger clusters
are formed or that some correlations between aggregates occur.

(iii) x 2 0.29. The partial molar volume V, reaches the 293
K extrapolated value of the molar volume of molten ZnBr,, i.e.,
V1 = 61 cm?, and the conductivity is still decreasing, up to satu-
ration. At the same time, a well-defined peak appears in the
scattering patterns, situated at s &~ (10 A)™; its position is shifted
toward lower angles on increasing the solute concentration, con-
trary to aqueous systems.? If the origin of this peak is attributed
to metal-metal interactions, such behavior would suggest that the
clusters would be less compact in the concentrated range than in
the dilute domain; this phenomenon would corroborate the fact
that the Zn—Br distance increases with salt concentration,® con-
trary to aqueous systems where it remains unchanged.!?

Nevertheless, another hypothesis is that the size of the clusters
increases with solute concentration and that the mean distance
between them becomes of the same order of magnitude as their
size. These two distinct hypothesis need a quantitative mea-
surement of the scattered intensity to be developed.
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