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X-ray absorption at the K edges of sulfur, chlorine, and transition-metal ions was investigated for two 
series of powdered materials: (TTF)14(MC14)4 (with M = Mn, Co, and Zn), BEDT-'M'F(MC14)o.e.4 (with 
M = Mn, Co, Cu, and Zn) and in (TTF)6(MnC13)3(MnC12)3.13H20. From the near-edge absorption fine 
structures (XANES) and comparison with model compounds, the stereochemistry at the metallic absorbing 
center is proposed (tetrahedral or distorted tetrahedral for all the MC1:- except for the square planar Cu 
derivative). From the extended absorption fine structures (EXAFS), bond lengths, and Debye-Waller 
factors around the metallic ions and around the heavy atoms of the inorganic and of the organic species 
from which the materials are built, are calculated. 

Introduction 
During the past two decades, a number of "organic 

metals" based on the organic donor tetrathiafulvalene 
(TTF2) and its derivatives have been r e p ~ r t e d . ~  At  the 
very beginning, organic acceptors such as tetracyano-p- 
quinodimethane (TCNQ2) were combined with TTF de- 
rivatives to build donor-acceptor complexes such as 
?TF-TCNQ.4 These materials belong to the large family 
of low-dimensional organic conductors and semiconduc- 
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Orsay Cedex, France. (b) Ecole Superieure de Physique et Chimie In- 
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(2) Abbreviations: BEDT-TTF = bis(ethy1enedithio)tetrathiafulval- 
ene, EXAFS = extended X-ray absorption fine structure, FT = Fourier 
transform, TCNQ = tetracyano-p-quinodimethane, TMMC = tetra- 
methylammonium manganese trichloride, TMTTF = tetramethyl- 
tetrathiafulvalene, Tl'F = tetrathiafulvalene, XANES = X-ray absorp- 
tion near-edge structure, XRD = X-ray diffraction. 
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Chart I 
CN CN v 

R - H : l " F  K 
R = CHa : TMlTF CN CN 

BEDT-l"F 

torsS5 In these low-dimensional materials, the direction 
of high electrical conductivity is along the stacks of TTF 
planar molecules. The short interplanar distances between 
adjacent molecules (3.39-3.47 A) allow significant ?r in- 
teractions between the molecular orbitals of the neighbors: 
The conductivity arises from the migration of ?r electrons 
along the stacking axis. 

The introduction of metallic counterions in these low- 
dimensional materials has a more recent history' and 
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created a new area of investigation at  the border between 
organic and inorganic chemistry. The versatility of both 
chemistries (numerous organic s-donor systems TTF,2 
TMTTF? BEDT-TTF,2 or s-acceptor TCNQ2-whose 
structures are given in Chart I-against numerous inor- 
ganic salta of transition-metals ions) allows one in principle 
to vary the structure and the electronic and magnetic 
properties in one or two dimensions. 

The structure and the magnetic nature (dia- or para- 
magnetic) of the inorganic counterions intercalated into 
the organic lattice are expected to play an important role 
in the diversity of physical properties of these new 
"molecular meta.lsne8 

We present in this paper an X-ray absorption study of 
three series of compounds for which no or insufficient 
X-ray diffraction (XRD2) structure determination is 
available and where the conducting properties of the ma- 
terials preclude obtaining information from visible and 
ultraviolet electronic spectroscopy. 

The aim of this work is 2-fold: first, a characterization 
of the structure of the counterions introduced in the or- 
ganic lattice with a determination of the local geometry 
around the metal and chlorine atoms; second, a description 
of the interactions between the TTF stacks with a char- 
acterization of the local surroundings of the sulfur atoms. 
We used extended X-ray absorption fine structure (EX- 
AFS) and X-ray absorption near-edge structure (XANES) 
to obtain structural information about the heavy atoms 
in the inorganic clusters and in the organic lattice as well. 

Experimental Section and Data Analysis 
Synthesis. The organometallic complexes of TTF2 and their 

derivatives were synthesized as described previ~usly.~j~".~ The 
crystallization was obtained using the electrooxidation technique. 
The following sal? were prepared: (TTF)14(MC14)4 where M = 
Mn, Co, and Zn;'J BEDT-TTF(MC14)0,3-0.4 where M = Mn, Co, 
Cu, and Zn;" and (TTF)6(MnC1J3(MnC1J3.13Hz0.~9 For clarity, 
we use simplified formulas instead of the correct stoichiometric 
one: Tl'F(MCIJo.B instead of (Tl'F)14(MClJ4 and "ITF(MnC1J0.75 
instead of (TTF)6(MnC13)3(MnC12)3.13H20. 

The samples used in physical and spectroscopic studies arise 
from different synthetic batches, but reproducibility of the syn- 
thetic procedure was carefully checked (chemical analysis, IR 
spectroscopy, conductivity, and magnetic properties). 

Physical Properties. At room temperature, some of these 
materials behave like quasi-2D molecular semiconductors. The  
electric transport and magnetic properties, already published 

Chem. Mater., Vol. 4, No. 2, 1992 485 

Table I. Summary of the Magnetic and Conducting 
Properties of Materials Studied 

(7) (a) Wudl, F.; Ho, C. H.; Nagel, A. J. Chem. SOC., Chem. Commun. 
1973,923. (b) Siedle, A. R.; Candela, G. A,; Finnegan, T. F.; Cape, T.; 
Hasmall, J. A.; Glick, M.; Ilaley, W. Ann. N.Y. Acad. Sci. 1978,313,377. 
(c) Aldoshina, M. Z.; Veretennikova, L. S.; Lubovskaya, R. N.; Khidekel, 
M. L. Zzu. Akad. Nauk. SSSR, SER. Khim. 1978,940. (d) Veretennikova, 
L. S.; Lubovekaya, R. N.; Lubovskii, R. B.; Rozenberg, L. P.; Simonov, 
M. A.; Shibaeva, R. P.; Khidekel, M. L. Dokl. Akad. Nauk. SSSR 1978, 
241, 862. (d) Kathirgamanathan, P.; Rosseinsky, D. R. J. Chem. Soc., 
Chem. Commun. 1980, 356. (0 Batail, P.; Ouahab, I.; Torrance, J. B.; 
Pylman, M. L.; Parkin, S. S. P. Solid State Commun. 1985,55,597. (9) 
Miller, J. S.; Krusic, P. J.; Epstein, A. J.; Reiff, W. M.; Zhang, J. H. Mol. 
Cryst. Liq. Cryst. 1985,120,27. (h) Kawamoto, A.; Tanaka, J.; Tanaka, 
M. Acta Crystalbgr. 1987, (243,205. (i) Geiser, U. Acta Crystallogr. 1987, 
C43,656. 6) Lequan, M.; Lequan, R. M.; Hauw, C.; Gaultier, J.; Maceno, 
G.; Delhaes, P. Synth. Met. 1987,19,409. (k) Lequan, M.; Lequan, R. 
M.; Maceno, G.; Delhaes, P. J. Chem. SOC., Chem. Commun. 1988, 174. 
(1) Mallah, T.; Hollis, C.; Bott, S.; Day, P.; Kurmoo, M. Synth. Met. 1988, 
27, A38. (m) Penicaud, A.; Batail, P.; Davidson, P.; Levelut, A. M.; 
Coulon, C.; Perrin, C. Chem. Mater. 1990,2, 117. 

(8) (a) Lequan, M.; Lequan, R. M.; Delhaes, P. Tetrahedron Lett. 
1986,26, 5293. (b) Garrigou-Lagrange, Ch.; Rozanski, S.; Kurmoo, M.; 
Pratt, F. L.; Maceno, G.; Delhaes, P.; Lequan, M.; Lequan, R. M. Solid 
State Commun. 1988,67,481. (c) Maceno, G.; Garrigou-Lagrange, Ch.; 
Delhaes, P.; Bechtel, F.; Bravic, G.; Gaultier, J.; Lequan, M.; Lequan, R. 
M. Synth. Met. 1988,27, B5. (d) Maceno, G. Thhe de l'Universit.6 de 
Bordeaux I, 1988. (e) Mallah, T.; Hollis, C.; Bott, S.; Kurmoo, M.; Day, 
P.; Allan, M.; Friend, R. H. J. Chem. Soc., Dalton Trans. 1990, 859. 

(9) Lamache, M.; Kacemi, K. E.; Lequan, M.; Lequan, R. M. Elec- 
trochim. Acta 1986, 31, 499. 

Curie electrical 
const Weiss conductivity 
cms K temp, at room 
mol-' K temD. S cm-I ref _ .  

TTF(MCl4)o.a SERIES 
TTF(M~C~)O.E ,  1.09 -4 0.15/SC 
TTF(CoC14)o.a 0.657 -4 0.15/SC 
TTF(ZnC14),,a 0.15/SC 

BEDT-TTF(MCl4)o.a+,.4 SERIES 
BEDT-TTF(MnC14)o.3_o,4 1.30 -1 0.5/SC 

BEDT-TTF(ZnC14)o.3_o,4 weak Paul1 O.O6/SC 
B E D T - T T F ( C O C ~ ~ ) ~ , ~ _ ~ , ~  0.87 -1.3 0.5/SC 

paramagnetism 
B E D T - T T F ( C U C ~ ~ ) ~ , ~ ~ , ~  0.23 6 5  50-1OO/ 

metallicn 

TTF(MnClJo.75 
TTF(MnClJo.75 3.50 -14 15/SCb 

7j, 8b 
7j, 8b 
7j, 8b 

7k 
7k 
7k 

7k 

7j 

Metallic behavior a t  low temperature. Semiconducting be- 
havior at low temperature. SC: semiconductor. 

elsewhere, are summarized in Table I: (i) most of the systems 
are semiconductors except for BEDT-TTF(CUC~,)~.~,  which ex- 
hibits metallic behavior in the 15-300 K temperature range; (ii) 
the introduction of a [MnnC13] unit in the organic mixed-valence 
compound TTF(MnC13)0.75 produces a material with a one-di- 
mensional antiferromagnetic beha~ io r .~ j  

The X-ray absorption characterization has been performed with 
materials for which the bulk physical properties are reported in 
Table I. 

EXAFS and XANES Measurements. The spectra were 
measured a t  room temperature: (i) at the metal K edges (Mn, 
6540 eV; Co, 7709 eV; Cu, 8979 eV; Zn, 9659 eV), in transmission 
mode using ion chambers, a t  LURE, on the EXAFS I11 spec- 
trometer, equipped with a double-crystal Si(311) monochromator, 
with a beam energy of 1.85 GeV and maximum stored current 
of 300 mA; (ii) a t  the chlorine (2822 eV) and sulfur (2472 eV) K 
edges, by collecting the total electron yield, a t  Daresbury SRS, 
at the soft EXAFS 3.4 station, equipped with a double-crystal 
Ge(ll1) monochromator, with a beam energy of 2 GeV and 
maximum stored current of 260 mA. 

The  spectra were recorded with 1-s accumulation time per 
channel and a stepsize of (i) a t  the metal K edges, 2 eV for an 
E M S  spectrum (lo00 eV) and 0.25 eV for a XANES spectrum 
(100 eV), (ii) at the chlorine and sulfur K edges, 0.5 eV outside 
the edge region and 0.25 eV at the edge for a XANES spectrum 
(100 eV), and (iii) at the sulfur K edge, 1 eV for an  EXAFS 
spectrum (500 eV), reduced by chlorine K edge at 2822 eV. 

Samples whose spectra were recorded in transmission mode 
were prepared by depositing thoroughly ground powders between 
two layers of Kapton adhesive tape. For a surface of 1 cmz and 
a sample mass from 15 to 30 mg, Apx is between 0.3 and 1.0 and 
total wx < 1.5. Samples whose spectra were recorded by total 
electron yield were prepared by spreading a suspension in an inert 
volatile solvent (acetone/alcohol) onto a copper or an aluminium 
plate. 

Data Processing. XANES: For the edge spectra, we sub- 
tracted a linear background from the experimental spectrum, by 
extrapolating the least-squares fitting of the preedge experimental 
points. As energy reference at the metal K edge, we used the 
maximum of the first derivative in the metallic foil spectrum, 
corresponding to the f i t  inflection point in the absorption curve 
(i.e., 6540 eV for Mn, 7709 eV for Co, 8979 eV for Cu, and 9659 
eV for Zn). The  energy calibration at the chlorine K edge was 
chosen arbitrarily at the minimum of the second derivative in the 
Ni(en),(C104)z complex (2834.5 eV). As an  energy calibration for 
the sulfur K edge, we used the lowest-energy maximum of the 
first derivative of MgSO, (2478.5 eV). The  spectrum of a thin 
metallic foil, of Ni(en)3(C104)2 or of MgS04, was recorded im- 
mediately before and after each XANES spectrum to check the 
energy calibration. K-edge spectra were normalized by taking 
the absorbance of the intersection point between the atomic 
background and the f i t  EXAFS oscillation as unit of absorbance. 
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Table 11. Energy and Absorbance at the Manganese K Edge in the Spectra of MnIWlt- Derivatives (Figure 1) 

1st EXAFS OBC compound pre-edge edge SP 
A l"F(MnC14)~.a energy, eV 6541.2 (3) 6549.5 (3) 6552.7 (3) 6570.3 (3) 

1.51 1.54 1.20 abs' 

abs 

abs 

B (N(CH3)J2MnC1, tetrahedron energy, eV 

C (NH3CHJ2MnC14 octahedron energy, eV 

a abs: absorbance. 
EXAFS: EXAFS data were processed using the classical 

plane-wave single scatteringlo approximation, where the EXAFS 
signal x ( k )  is expressed as a function of the wave vector associated 
with the ejected photoelectron by a sum of damped sine waves: 
x ( k )  = 

1 -2Rj sin (2kRj + @ ~ ~ ~ ( k ) )  
NjAj(k)  exp(-2u?k2) exp - ( W)) kRj2 

(1) 
where So is a scaling factor, N .  is the number of atoms in the j t h  
scattering shell a t  a distance kj from the absorbing atom i, g j  is 
the Debye-Wder factor, h(k)  is the electron mean free path, 
approximated in the data processing by X(k) = k / r ,  where r is 
a fitting parameter, Aj(k )  is the amplitude function relative to  
the j t h  shell, and cPii(k) is the phase shift relative to the absorbing 
i and neighboring J pair. At the metal K edge, we either used 
the amplitude and phase functions tabulated by Teo and Lee" 
or for the manganese compounds the experimental values12 ex- 
tracted from the (N(CHJJ2MnC14 model.16 At the sulfur K edge, 
we used only experimental amplitude and phase functions12 ex- 
tracted from the TTF-TCNQ model. When an experimental set 
of functions was used, the tabulated u and r fitting parameters 
are relative values with respect to the experimental model. The 
analysis was performed with a chain of Macintosh microcomputer 
programs written by one of us.13 

All EXAFS data were treated in the same way: the preedge 
region was fitted with a linear and continuous absorption back- 
ground which was substracted from the total absorption spectrum 
to give the absorption p ( B .  Then, we fitted the total absorption 
curve p(E)  with a smooth "atomic" background absorption k ( E )  
which, substracted from p(E),  gives the p ( E )  - po(E) curve. For 
the "atomic" background removal we used a polynomial fit of order 
5 or 6. The normalized EXAFS signal x(B = [PO - ~ ( E ) J / ~ ( E )  
was transformed in k space (k2  = 2m(E - Eo)/h2) to obtain ~ ( k ) .  
The weighted k"X(k) EXAFS signal (n = 3 above the metal K 
edge, n = 1 above the sulfur edge) is Fourier transformed to real 
space, using a Hamming window function with the same range 
of k.14 The reliability of the fit is determined by the agreement 
factor p: 

( 2 )  P = Z ( x e x j ( k i )  - xcalc'(ki))2/C(x,x,'(ki))2 
i i 

Results 
(1) TTF Derivatives. (1.1) Manganese Derivatives 

at the Mn K Edge and C1 K Edge (XANES Results). 
Figure 1 compares the XANES spectrum at the manganese 
K edge of ?TF(MnC14)o.B (A) of unknown stereochemical 
structure with those of two  model compounds: the (N(C- 
H3)4)2MnC14 spectrum (B), where  MnCld2- is tetrahedral 

(10) (a) Sayers, D. E.; Stem, E. A.; Lytle, F. W. Phys. Reu. Lett. 1971, 
27, 1204. (b) Kincaid, B. M.; Eisenberger, P. Phys. Reu. Lett. 1975,34, 
1361. (c) Ashley, C. A.; Doniach, S. Phys. Rev. E 1976,11,1279. (d) Lee, 
P. A.; Pendry, J. B. Phys. Rev. B 1975,11,2795. (e) Teo, B. K. EXAFS: 
Basic Principles and Data Analysis; Springer Verlag: Berlin, 1986. 

(11) Teo, B. K.; Lee, P. A. J. Am. Chem. SOC. 1979,101,2815. 
(12) (a) Lee, P. A.; Beni, G. Phys. Rev. B 1977,15, 2862. (b) Stern, 

E. A.; Bunker, B. A.; Heald, S. M. Phys. Reu. E 1980,21, 5521. 
(13) Michalowicz, A. EXAFS pour le MAC, Logiciekr pour la chimie; 

SwiM Fran aise de Chimie: Paris, 1991; pp 102-103. 
(14) (a) E h R S  Spectroscopy, Techniques and Applications; Teo, B. 

K., Joy, D. C., Eds.; Plenum: New York, 1981. (b) Cramer, 5. P.; Hodgon, 
K. 0. Prog. Inorg. Chem. 1979,25, 1. (c) Lee, P. A,; Citrin, P. H.; Ei- 
senberger, P.; Kincaid, B. M. Reu. Mod. Phys. 1981, 53, 769. 
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Figure 1. XANES spectra of TTF(MnC14)o.2s (A), (N(CH&- 
MnC4 (B), and (NH3CH3)2MnCL (C) at the manganese K edge. 
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Figure 2. XANES spectra of TTF(MnC14)o.2s (A), (N(C2- 
H&&&hC& (B), and (NH&H&,MnCl, (C) at the chlorine K edge. 

( M n - C l =  2.372 A),15 and the (NH3CH3)&InCl4 spectrum 
(C), where Mn has an elongated octahedral surroundings 
(Mn-Cl  = 2.57 (2) and 2.51 (2) A).16 

(15) Wiesner, J. R.; Srivastava, R. C.; Kennard, C. H. L.; Vaira, M. D.; 
Lingafelter, E. C. Acta Crystallogr. 1967,23, 565. 

(16) (a) Kind, R.; Roos, J. Phys. Reu. B 1976, 13, 45. (b) Heger, G.; 
Mullen, D. M.; Knorr, K. Phys. Status Solidi 1975,31, 455. (c) Heger, 
G.; Mullen, D. M.; Knorr, K. Phys. Status Solidi 1976, 35, 627. 
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Table 111. Energy and Absorbance in the Spectra of M"Cl?- Derivatives at the Metal K Edges (Figure 3) and at the Chlorine 
K Edge (Figure 4) 

Metal K edge 
chloride K edge 

absa 0.1 1.51 1.54 1.20 1.51 1.54 

SP 'M'F(MClA2s pre-edge edge 1st EXAFS osc 
A Mn energy, eV 6541.2 (3) 6549.5 (3) 6552.7 (3) 6570.3 (3) 2825.2 (3) 2827.7 (3) 

B c o  energy, eV 7709.2 (3) 7722.3 (3) 

C Zn energy, eV 9664.1 (3) 
abs 0.06 1.35 

abs 1.68 

a abs: absorbance. 

The energy values and relative intensity of the main 
spectral features are displayed in Table 11. 

The spectrum of (NH3CH3)2MnC14 (C) shows a main 
peak of high intensity, a weak preedge, which is usual in 
octahedral complexes." The edge spectrum of TTF- 
(MnCl,Jo.ze (A) is different from that of (NH3CH3)2MnC14 
(C) but resembles that of (N(CH3)4)2MnC14 (B): the in- 
tensity and energy of their preedge P are identical, the 
intensities of the main peak of their edge are almost equal. 
The firat EXAFS oscillation (E) in both spectra coincides. 
The main difference between (A) and (B) is the splitting 
in the edge (A); the energies of the two main peaks point 
at  h1.6 eV from the energy of the main edge transition in 
(B). In all the spectra (A)-(C) a weak absorption band is 
located at  57 eV above the preedge structure. 

Figure 2 shows the chlorine K XANES spectrum of 
TTF(MnC14)o.26 (A) together with the tetrahedral model 
compound (N(C2H5)J2MnC14 (B) and with the octahedral 
one (NH3CH3)2MnC14 (C). The relative intensities of the 
main edge are indicated on the figure. Similar to the metal 
K edge, the chlorine edge of (NH3CH3)2MnC14 (C) shows 
an intense main peak compared to l"F(MnCIJo,ze (A) and 
(N(C2H5)4)2MnC14 (B). TTF(MnCl,),, (A) also shows a 
splitting of the edge with peaks a t  2825.3 and 2827.7 eV. 

(1.2) TTF(MC14)0.28 (M = Mn, Co, Zn) at the Metal 
K Edge, C1 K Edge and S K Edge. XANES results: 
The experimental data for the compounds (M = Mn, Co, 
and Zn) in this series are shown in Figure 3 for the metal 
K edge and in Figure 4 for the chlorine K edge: (A) 
TTF(Mnc1d0.28, (B) ~ F ( C O C ~ ~ ) ~ . ~ ~ ,  and (C) T"WZn- 
Ch)o,28. A relative energy scale is used at the metal K edge. 
Table I11 summarizes the energy and absorbance values 
in the series at  both edges. 

At  the metal edge, the spectra are similar, except that 
the intensity of the preedge is decreasing going from the 
manganese to the cobalt compound with complete 
quenching for the zinc compound. 

At the chlorine K edge, the similarity between the three 
spectra is even more striking, in particular for the spectrum 
(B) of m(cOc14)0,28 and (C) of TTF(ZnC&)o,ze, which are 
completely superimposable. 

The XANES spectra a t  the sulfur K edge of the TTF- 
(MnC14)0.28 series are given in Figure S1.28 The three 
spectra are very similar (same energies and same intensities 
of the white lines in particular) and, as in the chlorine K 
edge, the spectra of TTF(COC&)~.~ and TTF(ZnCIJo.ze are 
the same. The XANES spectrum of T T F ( C O C ~ , ) ~ . ~ ~  (A) 
is shown in Figure 5 together with TI'F-TCNQ18bC (B) and 

(17) (a) Cartier, C. Thhe de 1'UniversiS Paris-Sud, 1988. (b) Ben- 
fatto, M.; Natoli, C. R.; Garcia, J.; Bianconi, A. J. Phys. 1986,47, C8, 25. 
(c) Garcia, J.; Bianconi, A.; Benfatto, M.; Natoli, C. R. J. Phys. 1986,47, 
C8, 49. 
(18) (a) Cooper, W. F.; Kenny, N. C.; b o n d s ,  J. W.; Nagel, A.; Wudl, 

F.; Coppens, P. J. Chem. Soc., Chem. Commun. 1971,889. (b) Phillips, 
T. E.; Kistenmacher, T. J.; Ferraris, J. P.; Cowan, D. 0. J.  Chem. SOC., 
Chem. Commun. 1973, 471. (c) Kistenmacher, T. J.; Phillips, T. E.; 
Cowan, D. 0. Acta Crystallogr. 1974, B30, 763. 
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Figure 3. XANES spectra of TTF(MCl,)o.2s where M = Mn (A), 
Co (B), and Zn (C) at the metal K edges. The value of zero energy 
is 6540 eV for (A), 7709 eV for (B), and 9659 eV for (C). 
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Figure 4. XANES spectra of TTF(MCl,)o.2a where M = Mn (A), 
Co (B), and Zn (C) at the chlorine K edge. 

'ITF1kc (C) models. The spectrum of W F ( C O C ~ , J ~ . ~  does 
resemble that of TTF-TCNQ more than that of 'ITF above 
the main edge. But the spectra of the TI'F(MCh)o.ze series 
differ from those of Tl'F and 'ITF-TCNQ in the shape of 
the main edge: indeed, there is a clear shoulder on this 
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Figure 5. XANES spectra of T T F ( C O C ~ , ) ~ , ~ ~  (A), TTF-TCNQ 
(B), and TTF (C) at the sulfur K edge. 

Table IV. EXAFS Results at the Metal K Edge in the TTF 
Derivatives 

TTF(MCl,)o,28 N U ,  A R, 8, r = k/X Eo, eV P, 9% 
Mn" 4 0.08 2.35 (2) 0.4 6551 0.3 
Mnb 4 0.03 2.36 (2) 0.4 6546 0.3 
CO" 4 0.07 2.26 (2) 0.6 7724 0.6 
Zn" 4 0.08 2.26 (2) 0.4 9689 0.4 

a With tabulated values of Teo and Lee." With experimental 
parameters. 

peak. The main difference appears between the spectrum 
of TTF and the two other ones: the white line is shifted 
to higher energy in the partially oxidized compounds, and 
so are the EXAFS oscillations. 

EXAFS results at the metal K edge: the spectra and 
their Fourier transforms are very similar, at all edges. One 
of them is presented in the supplementary material: (i) 
the EXAFS spectrum x ( k )  of the Mn complex TTF(Mn- 
ClJo,28, in Figure S2;28 (ii) the corresponding k3x(k)  Fourier 
transform (FT2) in Figure S3;% (iii) the filtered first-shell 
experimental spectrum and the simulated EXAFS spec- 
trum are shown in Figure S4.28 

The Fourier transform of the "F(MnC&)o.28 compound 
shows only a single peak Corresponding to the C1 shell. The 
results of the best fit for each compound are given in Table 
IV. 

We used the theoretical phase and amplitude functions 
given by Teo and Lee" and the experimental values for 
the manganese compound. All results were obtained in 
a k range from 3.8 to 11 A-l. 

EXAFS results at the sulfur K edge: the Fourier 
transforms of the EXAFS signal above the S-K edge for 
the three compounds of the TTF(MCl,),, series are very 
similar. Only the result for T T F ( C O C ~ ~ ) ~ . ~ ~  is presented 
and compared to those of TTF1"vC and TTF-TCNQ.lebqC 
The EXAFS signals of TTF, TTF-TCNQ, and TTF(Co- 
C14)o,2s are shown in Figure 6. The corresponding kl- 
weighted Fourier transforms are given in Figure 7. The 
k range used is the same for the three compounds, 2.7-9.0 
A-l, since the analysis is limited due to the energy position 
of the chlorine K edge (-350 eV above the sulfur edge) 
encountered in the TTF(MC14)o.28 series. The Fourier 
transforms of TTF, TTF-TCNQ, and TTF(COC~~)~.,,  are 

2 4 6 8 10 
k (8, .') 

Figure 6. EXAFS signals of TTF (+) TTF-TCNQ (-), and 
TTF(CoCl,)o,z8 (e..) (S K edge). 

I 

0 1 2 3 4 5 6 
R (4 

Figure 7. Fourier transforms of TTF (+), Tl'F-TCNQ (-), and 
TTF(CoC1,)o.28 ( a * . )  (S K edge). 

Table V. EXAFS Results at the Sulfur K Edge 
r = E ~ ,  P, 

compound N u, 8, R, A kJX eV 90 nature 
Shell 1 

TTF-TCNQ'& 2 1.74 2482 s-c, 
TTF 2 -0.004 1.74 (2) -0.17 2471 6.3 
TTF(CoClJo.28 2 0.033 1.72 (2) 4 . 2 4  2484 4.0 

Shell 2 
TTF-TCNQ'& 1 2.62 2482 s-c, 
TTF 1 ~ 0 . 0  2.63 (2) 0.09 2481 0.2 
TTF(CoCl,)o,28 1 0.027 2.61 (2) 0.07 2484 0.5 

Shell 3 
TTF-TCNQ'& 2 3.47 2482 s-s,, 
TTF 1.24 0.036 3.60 (2) -0.03 2488 0.8 

composed of three clear1 resolved peaks, at  =1.3-1.4 A, 

which can be assigned to intramolecular S-C,, S-C,, and 
intermolecular S-S distances, respectively, shown in 
scheme inserted in Figure 7. The fourth peak (at =3.8 A), 
which can be assigned in TTF to the S1-S{ and S2-S,' 
intramolecular distance, cannot be assigned so simply in 
TTF-TCNQ and T T F ( C O C ~ , ) ~ . ~ ~  since there are several 
contributions. 

We used the experimental phase and amplitude func- 
tions extracted from the TTF-TCNQ model to fit the in- 
verse filtered Fourier transforms of the first three shells. 
The results are given in Table V. The results for the third 

TTF(CoClJo,28 1.33 ~ 0 . 0  3.42 (2) 4 . 0 4  2477 0.5 

-2.3-2.4 A and =3.0-3.2 K (without phase shift correction) 
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Figure 8. XANES spectra of BEDT-TTF(MC14)o.3-0.4, M = Mn 
(A), Co (B), Cu (C), and Zn (D) at the metal K edges. The value 
of zero energy is 6540 eV for (A), 7709 eV for (B), 8979 eV for 
(C), and 9659 eV for (D). 

Table VI. Energy and Absorbance in the Spectra of M"C1,f- 
Derivatives at the Metal 11 Edges (Figure 8) 

1st 
EXAFS 

SP BEDT-TTF(MCl& preedge edge osc 
A Mn energy, 6541.4 (3) 6552.0 (3) 6570.5 (3) 

eV 
abs" 0.09 1.57 1.14 

B co energy, 7709.7 (3) 7724.8 (3) 7742.6 (3) 

D Zn energy, 9664.7 (3) 9683.8 (3) 

eV 
abs 0.07 1.42 1.10 

eV 
abs 1.72 1.05 

a abs: absorbance. 

shell result from a fitting of the inverse filtered Fourier 
transform of the second and third shell together, where 
the parameters of the second shell were kept constant. 

(2) BEDT-TTF Derivatives. These compounds were 
investigated at the metal K edges only. XANES results: 
The spectra of the series BEDT-TTF(MClr)o.3, where M 
= Mn, Co, Zn, and Cu, are presented in Figure 8 with a 
relative energy scale: (A) Mn, (B) Co, (C) Zn, and (D) Cu. 
The spectrum of BEDT-TTF(COC~,)~,~ was recorded on 
the dispersive EXAFS spectrometer, with Si(311) crystals. 

We have the same absorption bands in this series as in 
the preceding one. Nevertheless, the manganese com- 
pound does not have a split main peak. The spectrum of 
the copper compound shows a pre-edge of weak intensity 
and a well-defined shoulder in the leading edge. 

The values of the energy and absorbance of the main 
features in the spectra are presented in Table VI. 

EXAFS results: The EXAFS signal of the cobalt 
complex BEDT-"F(COC~)~.~  is displayed in Figure S5;% 
the corresponding inverse filtered Fourier transform for 
the first shell, superimposed with the best theoretical fit 
curve, is shown in Figure S6.% Table VI1 summarizes our 
fitting results for the series, obtained with Teo and Lee's 
phase and amplitude parameters." 

The fit was done with a aingle-shell fitting procedure in 
the k-space range 3.8-10.5 A-l. 

(3) TTF(MnC13)o.,5. We investigated the Mn and the 
C1 K edges. 

Table VII. EXAFS Results at the Metallic Edge for the 
BEDT-TTF Derivatives 

r = E,, P ,  
BEDT-TTF(MCIJna N u , A  R , A  k lX  eV % 

Mn 4 0.10 2.35 (2) 0.5 6551 1.8 
co 4 0.09 2.26 (2) 0.5 7723 0.7 
Zn 4 0.09 2.24 (2) 0.3 9688 0.5 

1 i  

-10 0 10 20 30 40 50 60 70 80 90 
RELATIVE ENERGY (ev) 

Figure 9. K-edge absorption spectrum of manganese in (N(C- 
HJ4)MnC13 or TMMC (A) and TTF(MnC13)o,,5 (B). 
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Figure 10. K-edge absorption spectrum of chlorine in (N(C- 
H3)4)MnC13 or TMMC (A) and TTF(MnC13)o,75 (B). 

XANES results: The experimental spectra at  the 
manganese K edge of an octahedral model compound, 
tetramethylammonium manganese trichloride (N(C- 
H3)4)hC13 (TMMC),l9 (A) and of TTF(MnC1,)o,7, (B) are 
shown in Figure 9. 

The spectra are similar but not completely equal. They 
display a weak-intensity preedge transition and an intense 
main edge. 

The chlorine K XANES spectra of both TMMC (A) and 
TTF(MnC13)0~,5 (B) are presented in Figure 10. Contrary 
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Figure 11. Schematic molecular orbitals energy diagrams for a tetrahedral complex (A) and for an octahedral complex (B). K bonding 
is not included. The 3d orbitals occupancy shown is for Mn(II), d5. 

Table VIII. Energy and Absorbance for the Spectra at the 
Manganese K Edge in Figure 9 and the Chlorine K Edge 

in Figure 10 

sp compound pre-edge edge Kedge 
A TMMC distorted energy, 6541.3 (3) 6550.3 (3) 2826.0 (3) 

manganese K edge chlorine 

octahedron eV 
abs 0.04 2.04 2.55 

B TTF(MnC18)o,,6 energy, 6541.4 (3) 6550.7 (3) 2826.2 (3) 
eV 

abs 0.04 2.00 1.39 

to those at  the metal K edge, they are very different. The 
TMMC spectrum shows an intense main edge and clear 
EXAFS oscillations, whereas the TTF(MnC1Jo.75 spectrum 
has a weak intensity at  the edge and weak EXAFS oscil- 
lations. 

The values of the energy and absorbance of the main 
features for both edges are presented in Table VIII. 

EXAFS results: Figure S728 gives the experimental 
EXAFS signal ~(k), whereas Figure 58% shows the k3x(k) 
Fl' in the real R space. The FT presents two peaks at =2.1 
and 3.0 A (without phase correction) assigned respectively 
to the Mn-ligand distances in the first coordination shell 
and to Mn-Mn distances. Figures S9 and S1028 display 
the filtered EXAFS spectrum k3x(k) vs k and the best fit 
for the first and second peaks respectively. 

Table M gives the resulta of the best fita using Teo and 
Lee's" phase and amplitude functions. The k range is 
3.8-1.04 A-l. We used a three-neighbors fitting procedure 
for the first she& two different Mn-Cl shells, one Mn-O. 
We used a single neighbor procedure for the second shell. 

Discussion 
We discuss for each series of compounds the XANES 

and EXAFS resulta for the inorganic anion. In case of the 
TTF derivatives, we complete the description of the 
structure with EXAFS results on the organic lattice. 

(1) TTF Derivatives. (A) Characterization of the 
Geometry of the Inorganic Moiety. XANES analysis: 

Table IX. EXAFS Results at the Mn Edge for the 
"WMnC1a)o.n 

shell N u , A  R , A  r = klX En,eV P ,  % 
Shell 1 

Mn-Cl 4 0.12 2.49 (2) 0.7 6552 1.0 
Mn-Cl 0.5 0.06 2.55 (2) 0.7 6552 1.0 
Mn-0 1.5 0.13 2.05 (2) 0.7 6533 1.0 

Shell 2 
Mn-Mn 2 0.15 3.28 (2) 0.3 6560 1.6 

(i) The spectrum at the manganese K edge of (N(C- 
H3),),MnC1, (Figure 1B) corresponds to a distorted tet- 
rahedron,15 whereas the spectrum of (NH3CH3)2MnC1, 
(Figure IC) is characteristic of a distorted octahedron.lB 

Pre-edge. In this energy range, which corresponds to 
transitions to bound states, the features can be interpreted, 
assuming a molecular orbital (MO) scheme, as electric 
dipole transitions of the photoelectron from the 1s level 
to an excited state, implying the first singly occupied MO 
of the 3d and 4p atomic orbitals of the metal (M(3d), 
M(4p)) and of the 3p orbitals of the chloro ligand (L(3p)). 

For a given d" confiiation, an intense preedge is found 
in complexes without an inversion center, as in tetrahedral 
symmetry. In a Td point group (see Figure ll), electric 
dipole transitions to molecular levels b*(2) are allowed. 
On the contrary, in complexes with an inversion center, 
such as an octahedron, selection d e s  forbid the transition 
from 1s to b, and e, MOs; consequently, the pre-edge is 
weak and partly takes ita intensity from quadrupole 
transition.20 

These features are clearly observed in the spectra of our 
model compounds. 

Edge. The intensity of the main peak (the so-called 
"white line") in the octahedral spectrum is larger than in 

(19) (a) Morosin, B.;,Graeber, E. J. Acta Crystallogr. 1967,23,766. (b) 

(20) Hahn, J. E.; Scott, R. A.; Hodgmn, K. 0.; Doniach, S.; Desjardina, 
Dupas, C.; ClBment, S.; Verdaguer, M., work in progress. 

S.; Solomon, E. I. Chem. Phys. Lett. 1982, 88, 595. 
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the tetrahedral. This peak is firmly established as a 
transition of the 1s electron to a p symmetry empty state. 
Earlier we proposed21 that the decrease of the intensity 
of the main edge in tetrahedral complexes compared to the 
octahedral ones is related to a reduced participation of the 
4p AOs of the metal in the b*(3) orbital: in the tetrahe- 
dron, there is an increased overlap between the metal and 
ligand orbitals due to the shorter distance, hence an in- 
creased ligand participation in the t2*(3). There is also 
some mixing of the 3d AOs of the metal in the molecular 
t2*(3) orbital. The correlated mixing of 4p-3d metallic 
orbitals, in the molecular b*(2) orbital gives rise to the 
enhanced intensity of the preedge in the tetrahedral com- 
plexes. 

The first EXAFS oscillation in the octahedral spectrum 
is at lower energy than in the tetrahedral. This is expected 
from the larger metal-ligand distances in the octahedron 
(2.57 (2) and 2.51 (2) A)'* than in the tetrahedron (2.372 

The weak absorption band at 57 eV appears independ- 
ent of the structure of the complex. We associate this 
feature with a two-electron transition. 

The description and interpretation of XANES spectra 
at  the chlorine K edge are less evolved in the literature22 
than those at  the metal K edges, but a similar analysis in 
terms of the local symmetry around the chlorine is possible 
and converges with the interpretation formulated by 
Sugiura et al.22a and Hedman et al.22d The transitions 
involved in the spectra of the tetrahedral (N(C2H5)4)2- 
MnCl, and octahedral (NH3CHJ2MnC14 model compounds 
at the chlorine K edge are essentially atomic-like. In C,, 
symmetry ( (N(C2H5),),MnC14) or in C4, symmetry 
(NH3CH3)2MnC14), the main-edge transition in both 
spectra (Figure 2) is an allowed transition of the Cl(1s) 
electron to the Cl(4p) unoccupied level. Although the 
Cl(4s) level is the lowest unoccupied one, the 1s - 4s 
transition is not electric dipole allowed. The intensity of 
the main peak for the octahedral model compound (C) is 
higher than for the tetrahedral one (B). The interpretation 
is the same as for the metal K edge. The mixing of the 
Cl(4p) atomic orbitals with the M(4p) ones in molecular 
levels of the proper symmetry is larger in the tetrahedral 
model compound than in the octahedral one due to shorter 
C1-Mn distances in the tetrahedron. Less Cl(4p) orbitals 
are locally available in the tetrahedral model; hence, there 
is a weaker intensity of the main edge in the tetrahedron. 

(ii) The local environment of Mn in TI'F(MnClJo.28 can 
now be determined by a simple comparison between the 
spectra at  the metal and chlorine K edges of (NH3C- 
HJ2MnC14 (symmetry 0,) and (N(CH3),),MnC14 (sym- 
metry Td): the manganese appears to be in a tetrahedral 
environment in TTF(MnC14)o.2s. 

The splitting of the main peak of "(MIIC~~)~.~ at  the 
metal K edge is attributed to a splitting of the Mn 4p(t2) 
orbitals. It can arise from two origins: either different 
Mn-C1 distances, or different C1-Mn-C1 angles. As EX- 
AFS su gesta an uniform distance (Mnl'-C1 = 2.36 A, Q 

the most probable situation. 
The same peak splitting is encountered in the Cl K edge 

spectrum. The Cl(4p) orbitals are equally split into two 
orbital groups because of the distortion of the structure. 

A).15 

= 0.08 1 ), the presence of different C1-Mn-C1 angles is 
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Table X. Correlation between Preedge Intensity and 3d 
Orbitals OccuDancv 

(21) Briois, V.; Cartier, C.; Momenteau, M.; Maillard, Ph.; Zarem- 
bowitch, J.; Dartyge, E.; Fontaine, A,; Tourillon, G. ThuBry, P.; Verda- 
guer, M. J. Chim. Phys. 1989,86, 1623. 

(22) (a) Sugiura, C.; Suzuki, T. J. Chem. Phys. 1981, 75, 4357. (b) 
Sugiura, C. J. Chem. Phys. 1973,58,5444. (c) Bhat, N. V. Spectrochim. 
Acta 1973, B B ,  257. (d) Hedman, B.; Hodgson, K. 0.; Solomon, E. I. J. 
Am. Chem. SOC. 1990, 112, 1643. 

pre-edge 
~ ( 1 1 )  electronic structure abs enerw, eV 

Mn 3d5 t2 f f f 0.09 6541.2 

+t 
Co 3d7 t2 + f f 0.06 7709.2 

e + +  
Zn 3d1° 12 + + + 0.00 

Table XI. Comparison between M C l  Distances (A) 
Determined by EXAFS and XRD 

tetrahedral models " ' W M c 4 ) o . ~  
metal EXAFS XRD XRD 

___ 

Mn 2.35 (2) unknown 2.37215 
2.28015 

Co 2.26 (2) 2.263 f 2.278 f 2.251 2.252 (13)2h 
2.251 * 0.0224 2.2505 

Zn 2.26 (2) unknown 2.2871b 

(iii) In this third section, we discuss the evolution of the 
spectra when changing the metal (Figure 3 and 4). 

In the case of TTF(COC~~)~.B, our data confirm the XRD 
structure;M the inorganic anion C O C ~ ~ ~ -  is a tetrahedron, 
as also is ZnC142-. 

The structural distortion, discussed above, seems to 
decrease from the manganese to the zinc: in Figure 3, there 
are two main peaks for TTF(MnC14)o.2a, one shoulder in 
the rising edge and one main peak for TTF(CoC1,),w We 
conclude that the zinc compound is the most regular tet- 
rahedron in the series, the manganese compound is the 
most distorted one with respect to the tetrahedron, and 
the cobalt compound is an intermediate case. 

If we compare the preedge in the metal K edge spectra 
for the 'ITF series, we observe a decrease in intensity from 
Mn(I1) to Zn(I1) spectra. Everything being equal, the 
intensity of the preedge probes the number of unoccupied 
d states in the transition metal. The transition intensity 
is proportional to the number of empty states: the in- 
tensity decreases going from the half-occupied d5 config- 
uration of Mn(I1) to the d7 (Co(I1)) and the totally occu- 
pied d10 (Zn(I1)) configuration (see Table X). 

The apparent relative shift of the leading edge of 
TTF(ZnC14)o,2E to lower energy with respect to TTF- 
(MC14)0.28 (M = Mn and Co) can be explained by the fact 
that the value of zero energy (which is the Fermi level of 
the metal) corresponds to 3d empty levels in metallic 
manganese and cobalt, whereas in metallic zinc it corre- 
sponds to 4p empty levels at higher energy. 

At the chlorine K edge (Figure 4), the spectra of TTF- 
(cOc14),28 and TTF(ZnC14)o.2E are very similar in shape, 
intensity, and energy position. The region above the 
XANES is the same in both spectra: the structure of the 
MC14 entity and the C1-M distances are similar in both 
compounds. The splitting of the main edge in TTF(Mn- 
C14)0,28 confirms the distortion of the anion. 

EXAFS analysis: The EXAFS analysis at  the metal 
K edge gives M-C1 distances which are comparable to 
those in the literature (Table XI). Within the error bars 
of our EXAFS results, the distances obtained by XAS and 
XRD can be considered to be equal. 

The M-Cl distances for the cobalt and zinc compounds 
are almost equal. 
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(B) Structural Characterization of the Organic 
Lattice. XANES analysis: The shift to higher energy 
of the white line (=0.7 eV) in the two partially oxidized 
compounds T T F ( C O C ~ J ~ . ~  and ITF-TCNQ18b*c compared 
to TTFl8*vC (Figure 5 )  is a clear indication that the 
charge-transfer affecta the sulfur atoms and that the sulfur 
itself is partially oxidized. The shift to higher energy is 
the sum of two effects: the stabilization of the 1s level (as 
observed in photoelectron spectroscopy) and the desta- 
bilization of the 4p antibonding levels of the sulfur. 

EXAFS analysis: A similar comparison is possible 
using the EXAFS tool. The qualitative comparison of the 
EXAFS signals (Figure 6) and Fourier transforms (Figure 

conclude that the local environment around the sulfur in 
?TF(COC~J~ .~  is closer to that in TTF-TCNQ than to that 
in neutral TTF. 

The EXAFS results for ITF are in good agreement with 
crystallographic distances1”Sc either within the molecule 
(S-C, = 1.7415 f 0.0185 A, S-C = 2.6184 f 0.0067 A) or 
between the molecules: the S-d intermolecular distance 
is found by EXAFS at  3.60 (2) A (compared to 3.62 A by 
XRDL8tbvC). The mean number of sulfur neighbors of a 
given sulfur in a neutral TTF stack is 1.24. In the stacks 
of TIT+ cations in TTF-TCNQ, this number is 2, because 
the molecular overlap for neutral molecules is less sym- 
metrical than for cationic ones.l& 

The first and second carbon shells in TTF(CoC14)o.m 
present no significant variation compared to TTF and 
TTF-TCNQ. However, the S-S intermolecular distance 
in TTF(CoC1Jo.2s is shorter (3.42 A) than the one (3.60 A) 
in TTF and closer to that (3.47 A) in TTF-TCNQ. This 
short distance is consistent with a charge transfer along 
the TTF/TTF+ stacks in TTF(COC~, )~ .~~  as occurs in 
TTF-TCNQ. This S-S intermolecular distance is in 
agreement with those reported in the literature6 and with 
preliminary XRD dataw which describe the organic lattice 
of T T F ( C O C ~ ~ ) ~ . ~  as two sets of orthogonal nonequivalent 
triads in a crystallographic plane and two isolated TTF 
molecules laying in the (100) plane of the unit cell: the 
interplanar stacking distance is 3.38 A in the symmetrical 
trimer and 3.30 and 3.31 A in the unsymmetrical one. The 
average number of backscattering S atoms obtained by 
fitting as 1.33 is in agreement with the trimeric structure 
considered as a perfect stack along the orthogonal axis of 
the TTF ring. 

The fourth peak of TTF(CoClJo.2s can be attributed to 
the S1-S{ and S2-S,’ intramolecular distance as in TTF, 
to the S-S distance between TTF molecules of different 
kind of trimers (3.58,3.67,3.75, and 3.83 A computed from 
XRDSd) and probably to S-C1 distances. 

(2) BEDT-TTF Derivatives. XANES analysis: (i) 
The spectra of complexes prepared from BEDT-TTF and 
inorganic ions MCb2- (M = Mn, Co, Zn) show a tetrahedral 
coordination around the metal as in the TTF series. 

(ii) The copper compound, which has a metallic-like 
electrical conductivity is different from the other members 
of the series; it gives an entirely different X-ray absorption 
spectrum. Earlier studies of square planar copper26 and 
ironn complexes have firmly established that the presence 

7) of TTF, TTF-TCNQ, and TTF(CoC14)o.B allow US to 

Table XII. EXAFS Results at the Cobalt K Edge in 
BEDT-TTF(CoC,),,p Comparison between Single-Shell and 

Two-Shells Fitting Procedure 
r =  Pt 

BEDT-TTF(COC&~ Ni R1, A Nz R, ,A U, A k/X Yo 
one shell 4 2.26 (2) 0.086 0.45 0.7 
two shells 2 2.34 (2) 2 2.20 (2) 0.038 0.51 0.6 
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Figure 12. Schematic drawing of the room-temperature crystal 
structure of the manganese chain in TTF(MnClg)0.76.24 

of a clear transition in the leading edge is characteristic 
of a square-planar structure. This band can be assigned 
to a z-polarized transition, to a Cu(4pJ state. 

The weak intensity of the preedge in Figure 8C is related 
to the presence of an inversion center in the square-planar 
complex with Cu(I1) d9 configuration (dipole forbidden, 
quadrupole allowed transition). 

EXAFS analysis: We have analyzed the first shell in 
the EXAFS spectrum of the BEDT-TTF(MC14)o.3 com- 
pounds, where M = Mn, Co and Zn. On one hand, the 
agreement factor p is worse than in the TTF series, in 
particular for the manganese complex. On the other hand, 
for all compounds the Debye-Waller fador is higher than 
in the TTF series. The high values of the Debye-Waller 
factor characterize a larger distribution of the ligand dis- 
tances around the metal than in TTF(MC14)o.28. 

We next attempted a two-shells fitting procedure to 
account for such a distribution of the metal-to-ligand 
distances: we have considered two different metal-chloride 
distances with 2+2 neighbors. We show these results for 
the cobalt complex in Table XII. 

The Debye-Waller factor decreases by using the two- 
shell fitting procedure, and two Co-Cl distances are found, 
one smaller than the Co-C1 distance in the one-shell fit 
and the other larger. We conclude that a distribution of 
distances around the mean value obtained by the single- 
shell fit is likely. The data analysis does not allow us to 
specify the distribution: we have either two different 
distances within a unique but distorted tetrahedron or two 
regular tetrahedrons. 

(3) TTF( MnC13)0,75 Chain. XANES analysis: The 
comparison between the manganese K-edge spectra (Figure 
9) of TTF(hhC13)0.75 and of tetramethylammonium man- 
ganese trichloride, TMMC, which is the archetype of the 
one-dimensional antiferromagnetic systems, allow us to 
conclude that in both materials the metal is in a quasi- 
octahedral symmetry. The spectra at the chloride K edge 
(Figure 10) show nevertheless that the octahedrons do not 
have the same distortions. The absence of clear EXAFS 
oscillations in the spectrum of TTF(MnC13)o.,5 can be a 
result of destructiveinterference between pha%functions 
in the 

EXAFS analysis: The EXAFS quality of fit is worse 
than in the tetrahedral complexes. Indeed, we reach here 
the limit of the EXAFS technique. A preliminary account 

(28) Available as supplementary material. See the paragraph at the 

(23) (a) Figgis, B. N.; Gerloch, M.; Mason, R. Acta Crystallogr. 1964, 
17,506. (b) Figgia, B. N.; Kucharski, E. S.; Reynolds, P. A. Acta Crys- 
tallogr. 1989, B45, 232, 240. 

(24) Gaultier, J., private communication. 
(25) Fjaer, E. Acta Crystallogr. 1985, B41, 330. 
(26) Smith, T. A.; Penner-Hahn, J. E.; Berding, M. A.; Doniach, S.; 

Hodgson, K. 0. J. Am. Chem. SOC. 1985,107,5945. 
(27) Cartier, C.; Momenteau, M.; Dartyge, E.; Fontaine, A.; Tourillon, 

G.; Bianconi, A.; Verdaguer, M., Biochimica Biophys. Acta, in press. 
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end of the paper. 



Mn, Co, Cu, and Zn salts of TTF and BEDT-TTF 

of a XRD structure in progressM gives the key to the so- 
lution of the problem (Figure 12). The compound presents 
two different Mn centers along the chain: a 
unit where Mn is at the center of an octahedron built from 
four C1 atoms in the basal plane and from two water 
molecules in apical position and a MnC14C1(H20) unit 
where a chlorine replaces one of the two water molecules 
in the preceding unit. The periodicity along the chain of 
these two units is 4 (Figure 12). 

The results confirm the XANES analysis and demon- 
strate that EXAFS can give only an averaged structural 
solution. 

Our three-shell fitting procedure gives results which 
agree with the preliminary XRD conclusionsM and con- 
firms the existence of two kinds of manganese environ- 
ments. The XRD distances are 2.46 and 2.54 A for the 
M n 4 1  shells, and 2.08 and 2.30 8, for the Mn-O distances. 

The distribution of distances for the Mn-C1 shells is 
given by the Debye-Waller factor, u = 0.12 and 0.06 A, 
respectively. We note the large Debye-Waller factor for 
the Mn-O shell (u = 0.13 A). This value is quite surprising 
because the Mn-0 distance is shorter than the Mn-C1 
distances. Indeed the values in Table VlII are to be an- 
alyzed with caution since, as we already said, we reach the 
limit of the EXAFS analysis (large number of parameters, 
weak contribution of oxygen atoms within the chlorine 
atoms signals, etc.). 

At  larger distances, as one expects in such a 1D struc- 
ture, there is a Mn-Mn shell. The distance between the 
manganese centers is fitted at 3.28 A. This value is of the 
same order of magnitude as the Mn-Mn distance reported 
in TMMC (3.24719). 
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distances and we were able to check their accuracy in the 
few cases where XRD data were available. No indication 
of close neighbors beyond the first chlorine coordination 
sphere is detected. Hence, the MX4 anions appear 
structurally insulated. Their charge and their geometries 
induce a given stacking of the organic moiety only through 
weak intermolecular contacts. At the sulfur edge, it is 
possible to distinguish clearly between the packing of 
unoxidized and oxidized stacks of TTF molecules: the 
decrease of the intermolecular S-S distances appears as 
a structural fingerprint of the semiconducting systems. 

XANES allows us to specify the stereochemistry around 
the heavy atoms, when the physical properties (here con- 
ductivity) preclude the usual electronic sepctroscopic 
characterization in the visible and ultraviolet range. Here 
XANES reveals the similarity of the geometry of the Mn, 
Co, Zn counterions in the TTF and BEDT-TTF salts as 
distorted tetrahedral species. Instead, the copper-con- 
taining counterion is found in a square-planar geometry. 
No long-range structural information can be extracted from 
this local structure but the square-planar C U C ~ ~ -  complex 
induces a particular and conducting stacking of the 
BEDT-TTF molecules, not found with the tetrahedral 
anions. 

XANES also gives insights into the electronic structure 
of the absorbing atoms: as expected, the studied metallic 
ions present edge characteristics of bivalent metallic ions, 
whereas the chlorine K edges are in line with chloride 
species. Hence there is no evident electronic interactions 
between the inorganic anions and organic entities in the 
semiconducting materials, whatever the nature of the 
metallic ion may be. The main role of inorganic coun- 
terions is to insure the electronic charge balance in the 
system. More interesting is the observation of the local 
oxidation at the sulfur atom in the partially oxidized 'M'F 
molecules revealed by the significant shift to higher energy 
of the sulfur "white line". This appears as a clear electronic 
fingerprint of the charge-transfer process. 
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Conclusion 
The results of this extensive X-ray absorption fine 

structures (XAFS) study using synchrotron radiation allow 
us to show the interest and the limits of such a technique 
applied to the structural characterization of materials. 
As for the limits, they are reached as in every absorption 

technique, when several different species belonging to the 
same absorber are present: the absorbance is the mean 
of the different signals and the conclusions may be drawn 
only about this mean. Tl'F(MnC13)o.,5 is such an example, 
even if it is rewarding that our structural analysis conf i i s  
the preliminary X-ray diffraction data. Furthermore, 
defects in the structures, which are known to be important 
in the determination of macroscopic properties, cannot be 
detected. 

EXAFS allows us to determine the metal-chloride dis- 
tances and the sulfur-neighbors distances in systems for 
which no single crystals are available, with an accuracy of 
=0.02 A. In the present case, we determine all the M-C1 


