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ligands, charge on the complex, geometry of the complex, and
ionization of coordinated water have a smaller effect (0.1 ppm)
on the C(2)-H resonance of the coordinated imidazole than
coordination with about a 0.5 ppm change from imidazolium.
C(2)-H exchange was found for coordinated imidazole and
N-methylimidazole, but the metalated imidazoles exchanged
much more slowly than the analogous methylated (107%) or
protonated species.’ In neutral regions, coordination inhibits
exchange but, in basic regions, may enhance exchange de-
pending on the relative concentrations of positive species to
metalated species in solution. Using *C NMR spectroscopy,
we have been able to determine that in the 4-methyl complex
the quaternary carbon is adjacent to the ionizable H. The
histidine in the Co(en)HisHCI* complex is tridentate with the
cis configuration. The information on these model systems
should be useful in identifying histidines coordinated to metal
in proteins, as well as helping to identify the source of the pH
6-7 ionization in carbonic anhydrase.
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The synthesis, characterization, and complete structural determination of the layered system Mngg,Cug 5sPS; are reported.
A room-temperature single-crystal X-ray diffraction (XRD) study and powder EXAFS measurements at the manganese
and copper K edges (15 and 300 K spectra) have been performed. XRD shows the existence of disorder and leads to
metal-sulfur distances inconsistent with EXAFS data. This puzzling difference has been overcome and has proved very
helpful for leading to a detailed picture of the metallic sites. It is shown that besides the classical [S;PPS;] entities two
distinct types of pseudooctahedra are randomly distributed within the layers: (a) [MnSq] entities with the expected Mn-S
= 2.61 A distances and (b) [S;Cu-~-CuS;] bimetallic entities with center-to-apex distances of 2.83 A.

Introduction

In recent years, there has been an increasing interest in
intercalated layered systems of the MPS; family (where MUt
is a transition-metal ion), which exhibit promising electrical
and magnetic properties.? The structural versatility of these
layer-type systems is well illustrated by In, /30, ,;PS; (O stands
for a metal vacancy)? and Cr, /,Cu, ,,PS;,* for which it was
established that the occupancy of all the pseudooctahedral
intralayer metallic sites was not a strict requirement for the
stability of these two-dimensional frameworks.

In other respects, quite high concentrations of intralamellar
metallic vacancies were shown to be tolerable by the 2D
structure in a series of intercalation compounds
MU,_ 0,PS;,2x[C*], where M is Mn, Zn, and Cd and C*
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represents cationic species like alkali, metallocenium, and
ammonium ions.* However, no evidence for a superstructure
was ever found in the X-ray powder diffraction patterns of
these new intercalates.

During the course of our search for ordered intercalated
systems, we have prepared several lamellar compounds of
general formula M,;_ M’,,PS; with M = Mn and Cd and
where Ml = Cu and Ag monocations were supposed to be
distributed in an ordered manner over interlamellar sites. The
synthesis, characterization, and complete structural deter-
mination of the Mngg,Cug,cPS; compound are reported
hereafter.

In the present work, the conjunction of X-ray diffraction
(XRD) results with EXAFS data proved to be invaluable;
consequently, special emphasis is given to the complementarity
of these two techniques.

Experimental Section

Synthesis. When the pure (~99.9%) elements Mn, Cu, P, and
S in 3/g:2/6:1:3 ratios were heated at 750 °C for 2 weeks in evacuated
quartz ampules, a polycrystalline powder of Mn,_,Cu,,PS; with x
= 0.13 was obtained. Subsequent treatment by chemical transport
led to small green monocrystalline platelets suitable for X-ray dif-

(5) Clement, R, J. Chem. Soc., Chem. Commun. 1980, 647.
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Table I. Positional and Thermal Parameters in Mn, _,Cu,,PS, (X10%)

Mathey et al.

T‘G x _V z 611 aZZ 633 Bll 613 623
Mn 0.846 (6) 0 0 3327 (1) 71 (2) 105 (2) 20 (D) 36 (2)
Cu 0.120 (3) 5736 (6) 2305 (7) 1671 (3) 32(M 188 (1) 10 (2) 63(7) -2(3) -1(3)
P 1 549 (2) 1686 (2) 0 44 (3) 57(2) 14 (1) 22 (2)
S(1) 1 7614 (2) 2504 (2) 0 69 (1) 74 (2) 36 (1) 41 (2)
S(2) 1 2426 (1) 2532 (1) 1601 (1) 106 (2) 81 (2) 20 (1) 23 (2) -17 () -6 (1)
¢ Occupancy factor.
fraction analysis as well as for spectroscopic experiments on oriented Characterization

samples.

X-ray Diffraction Study. Single-crystal Weissenberg studies (Cu
Ka) revealed that Mn,_,Cu,,PS; is monoclinic and belongs to the
B2/m, B2, or Bm space group (first setting of ref 16). Some spots
present a broad and diffuse character, and no superstructure could
be found. Accurate lattice parameters were determined with an
Enraf-Nonius CAD-4 diffractometer using Mo Ke radiation and were
found to be @ = 6.090 (4) A, b = 6.815 (4) A, ¢ = 10.5398 (6) A,
and y = 107.11 (3)° at 22 °C; the volume of the cell is 418 A3, and
the calculated density with Z = 4 is 3.04 g cm™. Intensity data were
collected from a hexagonal prismatic crystal of approximate dimensions
0.30 X 0.25 X 0.05 mm with the above-mentioned diffractometer.
The intensities of 752 spots were measured in the 0—32° range with
use of the 26 scan technique with A9 = 3.3 + 1.4 tan 4. A total of
700 independent reflections with intensities greater than 3o(l) were
corrected for Lorentz and polarization factors; absorption corrections
were performed with a program adapted from de Meulanaer and
Tompa.® The transmission factors lie in the 0.32-0.78 range with
a linear absorption coefficient u(Mo Ka) = 4.66 mm™.

EXAFS Data Collection and Analysis. EXAFS spectra of
Mnyg 3Cuq ,6PS; were recorded at both the manganese and copper K
edges (E, K-edge values: 6543 and 8992 eV, respectively) on the
EXAFS I spectrometer at LURE (the French synchrotron radiation
laboratory) described by Raoux et al.” Measurements were made
at two different temperatures (15 and 300 K) on a thin layer of
powdered sample (20 X 5 mm?, 10 mg at Mn edge, leading to ux =
1.6-2.7 before and after the edge; 20 mg at Cu edge, leading to ux
= 2.1-2.6%%). Pure MnPS; and K,Cu(S,C,0,),, whose spectra were
previously recorded,®® were also used in this work as model compounds
with known metal-sulfur distances.

The data analysis was carried out by following a well-known
procedure thoroughly described.!® It includes (i) data reduction from
w(hv) (linear X-ray absorption coefficient vs. the photon energy) to
k[x(k)], where x(k) is the EXAFS modulation above the threshold
E, and k the photoelectron wave vector k = [(2m./#?2) (hv - Eg)]'/2,
(ii) Fourier transform of k*[x(k)] to obtain the radial distribution
F(R) = FT {k3[x(K)1}, (iii) Fourier filtering, and (iv) least-squares
fitting of the filtered spectra to the standard EXAFS formula

KN,
dx) = T

: i

sin [2kR; + ¢;(k)]e 20 g 2RiX

where N; represents the number of atoms at a distance R; from the
absorber (Mn or Cu), g, is a damping coefficient due to thermal and
structural distribution of distances, A is the mean free path of the
photoelectron (an average value of 8 A has been used in this work),
and fi(k) and ¢;(k) are the amplitude and phase shift functions
(tabulated values of Teo et al.!! have been used throughout this work).
Moreover, the E, value was fitted as a variable parameter. The usual
accuracy of 0.01-0.02 A for the determination of R; depends on the
phase shift transferability and was checked on the model compounds.
On the other hand, the values obtained for g, which is related to the
amplitude of the EXAFS signal, must not be used as absolute
structural parameters. They were used in this work only to compare
distance mean square deviations in similar environments.?

(6) de Meulenaer, J.; Tompa, H. Acta Crystallogr. 1968, 19, 1014.
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Plenum Press: New York, 1981; pp 13-58 and references therein.
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Analyses. The composition and the value x = 0.13 of the title
compound were established by full elemental analysis and with a
CAMEBAX electronic microprobe instrument using Cu;PS, and
MnTiO; as standards. Although there is some scatter among indi-
vidual values of metallic percentages, these analyses indicate that x
= 0.13 and that Mn!! vacancies are balanced by 2x = 0.26 Cu!
monocations. Nevertheless a slight deviation from the ideal stoi-
chiometry in manganese and/or copper cannot be totally ruled out.
Anal. Calcd for Mn_,Cu,,PS; with x = 0.13: Mn, 24.96; Cu, 8.63;
P, 16.18; S, 50.23. Found by chemical analyses (values averaged over
four distinct sets of measurements): Mn, 24.3; Cu, 8.2; P, 16.2; S,
49.6. Found by microprobe on the XRD-investigated single crystal:
Mn, 22.3; Cu, 9.3; P, 15.8; §, 52.6.

Physical Measurements. The magnetic susceptibility investigation
was performed with use of the Faraday method between 4.2 and 300
K. The xy vs. temperature curve strongly recalls the behavior observed
in MnPS; intercalates.'> The slope of the high-temperature-range
linear part of the curve is consistent with the presence of Mn'! as the
only magnetic centers. XPS and Auger spectra recorded at 240 K
on polycrystalline samples of Mn,_,Cu,,PS; (x = 0.13) also reveal
that no Cu'! centers are present. The UV-visible (850-200 nm)
absorption spectrum compares with those obtained for the MnPS;
layer compound;? in agreement with the above susceptibility and XPS
results no additional features attributable to d—d transitions arising
from possible Cull centers were detected in the visible range of this
electronic spectrum. As far as the vibrational characterization is
concerned, it turns out that only a complete IR and Raman study
down to very low frequency can provide the basis of a significant
comparison with MnPS;. These vibrational characteristics together
with conduction and more detailed magnetic properties are described
elsewhere.'

Structure of Mngg;,Cuy 26PS,

X-ray Diffraction (XRD) Determination of the Structure.
The cell parameters of Mngg,Cu, ,6PS; are closely related to
those of FePS;.!* Therefore, the refinement was carried out
in the centrosymmetric space group B2/m, giving at first an
occupancy probability of 1 to the S, P, and Mn atoms on the
S, P, and Fe positions of the model structure. This step led
to a reliability factor R = 0.18. The ensuing difference Fourier
map revealed an important cloud located around the z = !/,
coordinate, which was unambiguously attributed to copper
atoms. At this stage, with the thermal parameters kept iso-
tropic, the refinement on the Mn and Cu site occupancies led
to an R factor of 0.10. The strongly anisotropic behavior of
copper atoms was set up in the following step of refinement
upon introducing the @;; anisotropic thermal factors, whereupon
the R factor dropped to 0.05. Full-matrix least-squares
techniques including zerovalent scattering factors'® were used
according to Busing.!” Further correction for secondary
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Mnl_xCuZxPS:; (x = 0.13)

Table II. Interatomic Distances (A) and Angles (deg) in the
[P,S,] and [Mn,_,Cu,,P,8,] Octahedra®

p-pvi 2.196 (3) P-S(2) 2.024 (1)
P-S(1Y) 2.023 av 2.023
P(YH)-P-S(2) 105.70 (5)  S(1¥)-P-8(2) 113.09 (5)
P("H-P-S(1Y) 105.46 (8)  S(2i)-P-s(2¥H 112.92(8)
Mn-S(1%) 2.638 (1) Mn-§(2}) 2652 (1)
Mn-S(21) 2.640 (1) av 2.643
S(1Y)-S(2) 3.376 (2) S(2h-s(2ih 3.587 (2)
S(2i)-s(2¥% 3.374 (2) S(1hH-s(2%) 3.585 (2)
S(1Y-s(2ih 3.818(2) S(1H-s(11v 3.923 (2)
$(2)-S(2th 3.826 (2) S(2)-8(2Y 3.962 (2)
S(1H-S(2h 3.587 (2)

Cu-S(1) 2.082 (3) Cu-S(2'1) 2.076 (3)
Cu-S(2) 2.068 (3) av 2.075
S(1H)-Mn-s(2i)  85.56 (5) S(H-Mn-S(1V)  96.09 (6)
S(1)-Mn-S(21)  85.39 (5) $(2)-Mn-S(2Y) 96.95 (5)
S(11)-Mn-S(2)  85.34 (5) S(2H)-Mn-S(11)  177.09 (3)
S(2H-Mn-S(11Y)  92.40 (5) S(2H-Mn-S(21)  176.71(5)
S(2-Mn-S(21)  92.89 (6)

S(1)-Cu-S(2)  119.6 (1) S(2)-Cu-s(2¥h  119.9 (1)
S(1)-Cu-SQ¥H)  119.1(2)

@ Superscripts indicate equivalent positions as follows: (none)
X, 3, 2;() Yo =x, =y, Vo~ 25 (i) =x, -y, z; (i) =2 + X, ¥, Y2 — 23
(V) =2 +x, 9, o+ 2,00 1=, p, 2; (Vi) =x, =y, -z; (vil) Y, - %,
-y, Y, +z.

extinction!® yielded a conventional R = 0.041 = Y [F, -
|Fd1/ S F,and R, = 0,039 = [ w(F, - |F))/ TwF 272 with
w = 1/0*(F). The final fractional atomic coordinates and
anisotropic and equivalent thermal parameters are given in
Table I. Distances and angles (Table II) have been calculated
by using ORFFE.!® The final difference map was featureless
except for two peaks (0.13 ¢ A=) inz = 0 and z = !/, regions.

All further attempts to improve the picture either by in-
troduction of fractional copper atoms in these two extrapo-
sitions or by refinement within noncentrosymmetric space
groups were unsuccessful.

Description of the Structure. The structure of Mnggs-
Cu;24PS; (Figure 1) is clearly related to that of FePS;!* and
Cry2Cyy /ZPS3.“ Like these known systems, the title compound
has a layered structure built on ABC stacking. An “empty”
layer (or van der Waals gap) alternates with a “filled” layer
containing phosphorus pairs and manganese and copper atoms.
Each cell is made up of two [P,S4] and two [Mn,_,Cu,,S¢]
octahedra. From the ultimate step of the refinement procedure
it turns out that the latter octahedra are occupied simulta-
neously by 0.85 £ 0.02 Mn in central positions and 2(0.12 £
0.01) Cu atoms located on two eccentric positions close to the
sulfur layer planes. It is clear that the same sulfur octahedron
cannot accommodate both the two copper and the manganese
atoms even with the above-reported occupancy probabilities.
Actually, this picture reflects the disordered distribution of
85 + 2% [MnS;] octahedra, very similar to those in the MnPS;
and FePS; structures, together with 12 & 1% of a new type
of [S;Cu-CuS,] octahedra. These percentages compare quite
well with the stoichiometric coefficients found by chemical
analyses; furthermore, such a disorder can be related to the
broadness of the observed reflection spots.

Considering now the metal-sulfur distances extracted from
the XRD data analysis (Table IT), the Mn-S distances are
almost the same (although slightly larger: mean value 2.643
A) as the corresponding distances of 2.60 A found in the

(17) Busing, W. R. Acta Crystallogr., Sect. A: Cryst. Phys., Diffr., Theor.
Gen. Crystallogr. 1971, A27, 683.

(18) Becker, P.; Coppens, P. Acta Crystallogr., Sect. A: Cryst. Phys., Diffr.,
Theor. Gen. Crystallogr. 1974, A30, 129, 148.

(19) Busing, W. R.; Martin, K. O.; Levy, H. A. Oak Ridge Natl. Lab.
[Rep.], ORNL-TM (U.S.) 1964, ORNL-TM 306.
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Figure 1. Projection of the structure of Mn,_,Cu,,PS; (x = 0.13)
along [001]. Small, medium, and large open circles indicate sulfur,
copper, and manganese positions, respectively. Solid circles indicate
phosphorus positions. Numbers represent relative positions (X1000)
along the ¢ direction.

MnPS; compound;® it is also clear that the Cu-S distances
are correspondingly abnormally short (mean value: 2.075 A)
compared to the expected value; 222 this striking feature will
be discussed later on. In addition, the two Cu! ions present
a fairly large anisotropic thermal factor in the direction per-
pendicular to the sulfur plane. The center of the two ellipsoids
is located 0.142 (5) A inside the [S;Cu--CuS;] octahedron,
and the corresponding intercopper distance is 3.003 (9) A.
These results together with the observation of temperature-
dependent low-frequency modes in the Raman spectrum of
Mng,Cug6PS; strongly suggest that the Cul may be re-
sponsible for some ionic conductivity.'* Finally the P-S bond
length (Table II) agrees with the values found in any com-
pound of that family, including FePS; (P-S = 2.030 A)!* and
Cr1/2Cu1/2PS3 (P_S = 2.034 A).4

EXAFS Results. The k[x(k)] spectra of Mng g,Cug ,5PS,4
and of model compounds at both Mn and Cu edges are given
in supplementary material. The corresponding radial distri-
bution functions are presented in Figure 2. From these F(R)
spectra, several qualitative conclusions are readily accessible:
(i) The Mng,Cuy ,6PS; spectra at the manganese edge (Figure
2, parts ¢ (300 K) and d (15 K)) show two peaks and seem
very similar to those of MnPS, (Figure 2, parts a (300 K) and
b (15 K)). These two peaks and their temperature dependence
were already interpreted for the model compound® in terms
of Mn-S distances (first peak) and of a mixture of Mn-Mn
and Mn-P distances (second peak). This similarity indicates
that the partial substitution of some Mn!' jon by Cul ion pairs
has not significantly affected the symmetry of the remaining
manganese sites since the latter peak has been shown to be
sensitive to any change in the local structure (as is shown by
its dramatic reduction upon intercalation®). (ii) The radial
distributions at the copper edge in Mng5,Cu,,4PS; (Figure
2, parts g (300 K) and h (15 K)) show an intense first peak
and a complex structure above 2.5 A. The latter structure is
strongly temperature dependent. Both modulus and imaginary
part of the first peak compare well with those of the Cu—S peak
(2.28 A) of the mode! compound K,Cu(S,C,0,), (Figure 2,
parts € (300 K) and f (15 K)); as the shifts in the Cu-S
distances between the unknown and the model compounds are
smaller than 0.1 A, a first estimate of these distances in the
title compound is 2.19-2.20 A. (iii) The set of irreducible
differences observed between the spectra of Mngg,Cug26PS;
at Mn and Cu edges (metal-sulfur distances, higher distance
contributions, and temperature dependence) strongly supports
the diagnosis of two distinct environments for Mn and Cu ions.
Consequently, any occupancy of the Mn!! vacancies at the
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Figure 2. EXAFS radial distribution functions F(R) = FT {k3[x(k)]} of Mn,_,Cu, PS; (x = 0.13) (traces c, d, g, h) and of the two model
compounds MnPS; (traces a, b) and K,Cu(S,C,0,), (traces ¢, f). Results at 15 and 300 K are given for both Mn and Cu edges (the absorbing

metal is underlined in the formula): (—) £{F(R)| (the modulus of the Fourier transform); (---) Im [F(R)] (the imaginary part of the Fourier
transform).

Table II1. Three-Shell Fits (in Two Steps) of EXAFS Spectra at the Mn Edge®

_ Mn-S Mn-P Mn-Mn?
compd T.K g, A R A g, A R A 0, A R A %pb
MnPS, 300 0.08 2.58 0.08 3.66 0.08 3.50 1.8
15 0.05 2.60 0.02 3.66 0.02 3.49 1.6
Mn, ,,Cu, ,,PS, 300 0.08 2.59 0.08 3.66 0.08 3.51 1.5
15 0.05 2.61 0.02 3.65 0.02 3.51 1.3

9@ Slight differences are observed between these values and those previously published;® this is due to the use of an improved program allow-
ing the fitti fasi lue f ly th 1 f th d k. b p= ph(max) 215

g itting of a single value for two parameters, namely the two o values of the second peak. p Ek(mm) (xmptl - xtn) *k%/
f;;:éxnm!?,f))xexpu’- k* is the residual factor. € The corresponding figures are given in the supplementary material. &(min)= 3 A™'; k(max) =
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Table IV, Single-Shell F'its of EXAFS Spectra at the Cu Edge®

Cu-S§
compd T,K o, A R A %op
K,Cu(8,C,0,), 300 0.07 228 15
15 0.05 2.28 1.9
Mn, ,.Cit, 5 PS, 300 0.08 221 2
15 0.06 2.22 2.5

4 dygp(Cu-S)=2.28A° b The corresponding figures are
given in the supplementary material.

Table V. Metal-Sulfur Distances As Obtained by the Two
Methods?®

M-S XRD dist, A EXAFS dist, A
Cu-~S 2.075 + 0.007 2,22 £ 0.02
Mn-§ 2.643 £ 0.009 2.61x0.02

% The EXAFS values are those obtained at 15 K since the
thermal vibration distance distribution at 300 K is responsible for
a systematic error of -0.01 to -0.02 A.®

center of the sulfur octahedra by a significant amount of Cu!
ions can be definitely ruled out. Tables III and IV summarize
the least-squares fitting results for the Mn and the Cu edge,
respectively. Only the first shell was fitted in the latter case,
while as previously done on MnPS,,% a two-step fit over three
shells has been performed and has proved satisfactory. The
Mn-S, Mn—-Mn, and Mn-P distances are in excellent agree-
ment with the values Mn-S = 2.59 A, Mn-Mn = 3.52 A, and
Mn-P = 3.68 A calculated for MnPS; from powder X-ray
diffraction data by assuming a structural isomorphism with
FePS,.!5 As qualitatively discussed above, these results nicely
confirm that in Mngg,Cug,cPS; the Mn site is very similar
to the Mn site in the model compound. Also, the Cu-S dis-
tance fitted at 2.22 A in Mng;,Cug,PS; is very close to the
first qualitative estimate. Nevertheless, in order to prevent
any error due to a fit on a false minimum, several attempts
using different Ro,_g and E, starting values in the ranges
2.05-2.35 A and 8970-9000 eV were also carried out. Sur-
prisingly enough, it was impossible to find any refinement of
the EXAFS data leading to a Cu-S distance close to the
“crystallographic” value of 2.07 A proposed in the above XRD
section.

In other respects, all attempts to identify the nature of and
to fit the outer peaks have failed: these contributions to the
EXAFS spectrum probably arise from too many types of atoms
with too complex a distribution of distances to allow a detailed
EXAFS analysis. An unambiguous location of the Cu! ion
in the Mn, 3,PS; framework is therefore impossible from the
EXAFS data only.

Discussion

The metal-sulfur distances obtained either by XRD ex-
periments or by EXAFS measurements at both Mn and Cu
edges are given in Table V. Besides a small deviation (~0.03
A) between the two Mn-S distances with dygp(Mn-S) >
dexars(Mn-S), a large inconsistency between the two Cu-S
distances with dyxgp(Cu-S) << dgxaps(Cu-S) is obvious. The
origin of this enormous discrepancy (almost 0.15 A) was in-
vestigated with very careful consideration of each stage of the
experimental procedures and data analyses; but no step, neither
in XRD nor in EXAFS, could be incriminated to account for
this difference. However, upon consideration of the usual
range of experimental values for such Cu'-S linkages?>*2 on
the one hand and the sum of the covalent radii ro, + rg = 1.35

(20) Brown, D. B.; Zubieta, J. A.; Vella, P. A.; Wrobelski, J. T.; Watt, T.;
Hatfield, W. E.; Day, P. Inorg. Chem. 1980, 19, 1945.

(21) Eller, P. G.; Corfield, P. W. J. Chem. Soc., Chem. Commun. 1971, 105.

(22) Siiman, O. Inorg. Chem. 1981, 20, 2285.
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+ 1.04 = 2.39 A2 on the other, it is clear that the EXAFS
distance is much more likely to be correct. Moreover, as this
result is obtained by assuming a Gaussian distribution of the
Cu-S distances, it could be slightly shorter than the true
averaged value if the distribution is asymmetric (even at 15
K if this distribution is partially static).?* Notwithstanding,
its use within the XRD structural picture produces a series
of other inconsistencies and obviously no settlement of the
problem will be achieved by following this course.

Although less apparent than the preceding contradiction,
another serious divergence lies between the Cu~Cu XRD
distance (3.003 A) and the EXAFS data. At 15 K such a
distance should correspond to a peak in the radial distribution
function F(R) of the EXAFS spectrum at the Cu edge. If we
assume that the second peak of the experimental spectrum
(Figure 2h) located at ~2.9 A represents this Cu--Cu con-
tribution, the true copper—copper distance should be expected
in the 3.2-3.3-A range since a shift of 0.3-0.4 A is known to
occur between the observed position of a Cu-+Cu peak and the
true corresponding distance.”> Obviously an important overlap
between the Cu-+Cu peak and some Cu-S and Cu-P con-
tributions (see Figure 2h) precludes a more precise location
through filtering and single-shell curve fitting, but again this
EXAFS estimation apparently contradicts the XRD results.
Moreover, neither the first contradiction above depicted (Cu-S
distances) nor the second one (Cu--Cu distances) can be ov-
ercome by changing only the Cu! ion positions in the Mngg,PS;
framework determined by XRD. If, for instance, the Cu-S
distances are changed from 2.075 to 2.22 A, a copper to sulfur
plane distance of about 0.8 A (since S(11)-S(2!) = S(20)-S(2)
3.587 A) (Table II) is obtained. With use of this value and
for obvious reasons of steric hindrance, the two Cu! ions cannot
coexist inside the [S;Cu-+CuS,] octahedron described in the
above XRD section.?®  All these divergences set a very
puzzling problem whose solution arose from the following basic
ideas:

(i) It is not surprising to observe inconsistency between sets
of data obtained by methods based on drastically different
principles. On the one hand, XRD assumes the existence of
a long-range order and gives information averaged over all the
unit cells of the crystal under study. This leads first to a crude
and unrealistic description of the structure with indistin-
guishable [Mn,_,Cu, S¢] octahedra, interpreted upon further
considerations by means of a disordered distribution of [MnSg]
and [S;Cu--CuS;] distinct octahedra. On the other hand,
EXAFS leads directly (and because of its sensitivity to the
short-range order only) to the Cu and Mn ion local environ-
ments. These determinations, locally averaged when large
distance distributions occur, are independent of the parameters
of the unit cell, of the stoichiometry, and thus of the per-
centages of each kind of octahedra. In other respects, EXAFS
is unable to give a picture of the complete structure.

(ii) There is no “a priori” reason for expecting identical sizes
in the S skeletons of the [MnS¢] and [S;Cu-~CuS;] octahedra.
Actually the XRD experiment averages not only the atomic
content of each octahedron but also its dimensions, yielding
finally “indistinguishable” entities where “distinguishable” ones
do coexist. Clearly, the distinction between these two kinds
of octahedra with their true (unaveraged) dimensions would
have been inaccessible without the EXAFS data; meanwhile
no correct description of the copper environment and “a

(23) Pauling, L. In “The Nature of the Chemical Bond”, 3rd ed.; Cornell
University Press: Ithaca, NY, 1967; p 246.

(24) Eisenberger, P.; Brown, G. S. Solid State Commun. 1979, 29, 481,

(25) Martens, G.; Rabe, P.; Schwentner, N.; Werner, A. Phys. Rev. B:
Condens. Matter 1978, 17, 1481,

(26) Michalowicz, A.; Vlaic, G.; Clement, R.; Mathey, Y. In “Proceedings
of the International Conference on EXAFS and Near Edge
Spectroscopy”; Springer-Verlag: West Berlin, 1983; p 222.
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Figure 3. Schematic representations of the Mn and Cu sites in
Mn,_,Cu,,PS,; (x = 0.13): (A) XRD-averaged site; (B) manganese
site; (C) copper site. The center-to-sulfur distance of 2.83 A is
calculated with the assumption that the three types of sites [MnSq],
XRD-averaged octahedron, and [S;Cu--CuS,] are homothetic.

fortiori” no correct description of the whole structure would
have been reached without the XRD data. The dimensions
and the atomic arrangements of the two distinct octahedra are
compared with those averaged by XRD in Figure 3. The
presence of two Cu! ions in 13% of the octahedra (Figure 3¢)
induces an expansion of these latter with respect to the 87%
of more classic [MnS] octahedra (Figure 3B). This relative
dilatation is responsible for the weak but significant increase
(0.03 A) observed on the Mn-S distances upon averaging the
center-to-apex distances over the totality of the octahedra.
Assuming that a homothetic relationship links the three oc-
tahedra under consideration in Figure 3, these center-to-apex
distances turn out to be 2.643 (2.22/2.075) = 2.83 + 0.04 A
in [S;Cu++CuS;] (see Table V and Figure 3C). Correspond-
ingly, as 87% of the octahedra are smaller (Figure 3) than the
[S;Cu--CuS,] ones, the Cu-S distances drop dramatically from
their local EXAFS value of 2.22 A (Figure 3C) to the ab-
normally short XRD-averaged value 2.075 A (Figure 3A).
Considering now the last kind of pseudooctahedron in the
structure, namely the [S;PPS;] entity, its local dimensions
slightly depend on the size of its neighboring [MnS¢] and/or
[S;Cu«-CuS;] entities with which it shares sulfur atoms.
In that case the conjunction of XRD and EXAFS mea-
surements fails in resolving the problem of the distribution of
these different [S;PPS;] entities and does not allow us to
determine their true dimensions. All these pseudooctahedra
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indeed have the same atomic content and therefore both
methods will give averaged information. Consequently an
EXAFS experiment carried out at the phosphorus edge would
be worthless.

Turning back to the problem of the Cu--Cu distance within
the [S;Cu--CuS;] entities, a simple calculation based again
on an homothetic correspondence between XRD-averaged
(Figure 3A) and EXAFS (Figure 3C) octahedra gives a value
of 3.003(2.22/2.075) = 3.21 A, which compares well with the
EXAFS estimation.

Therefore, as far as Mn or Cu environments are concerned,
the apparent “mismatch” between XRD and EXAFS data for
the Mngg,Cuy,6PS; compound appears to be understood. Still
better, if it is overcome in spite of the disorder existing among
the distinct octahedra, a quite detailed description of each
metallic site becomes accessible. With the knowledge that
disorder exists in a wide variety of solids, such a positive result
deserves to be underlined. As a matter of fact many XRD
structural determinations are likely to be only qualitatively
correct since XRD averaging over several kinds of sites could
have led to erroneous distances.

Clearly a much better insight into the structure of disordered
solids could be expected if (i) the disorder occurs over a rea-
sonable number of sites, (ii) each kind of site is associated with
a particular type of atom, and (iii) in complement to XRD
study and as a probe of the local environment for each kind
of site, EXAFS measurements can be performed at the cor-
responding edges.

Such a new approach was recently experienced in the case
of the KCl,_,Br, systems.”” In these solid solutions, the two
distinct sites are isomorphous but the lattice relaxation around
the dilute bromide ion is inaccessible through XRD only.
EXAFS measurements performed at the Br edge were reported
to differ by 0.06-0.08 Xe from the XRD-averaged values and
have led readily to the magnitude of the relaxation. However,
the informative power of the XRD and EXAFS methods when
used in conjunction is still better illustrated by the present
results on Mng3,Cuq,,PS; compound, where both distinct
atomic contents and distinct site geometries exist and are
satisfactorily described.
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