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The crystal structure, thermal vibrations, and electron density of the charge-transfer complex
bis~thiodimethylene!-tetrathiafulvalene tetracyanoquinodimethane ~BTDMTTF-TCNQ, formally
C10H8S6

1
•C12H4N4

2! have been analyzed using 130 K single-crystal x-ray-diffraction data up to a resolution
of (sinu/l)max51.35 Å21. A multipolar pseudoatom density model was fitted against the 5145 observed data
with I .3s(I ), @R(F)50.023, Rw(F)50.022, GoF50.91# optimizing the set of (n1 ;a) parameters of the
Slater-type sulfur radial function. This electron-density study allows us to understand that the charge transfer
between ions ('0.7 e) involves only the external sulfur atom in the cation and that the charge-density-wave
behavior appearing in this complex is in relation to the external sulfur hybridization. Furthermore, the topo-
logical characterization of the electron density shows the isolated character of the external sulfur atom in
relation to the rest of the cation, and explains that charge transfer occurs via the interaction between the
external sulfur atoms and the triple bondsCwN of the anion, concentrating the transferred charge mainly on
nitrogens. The electrostatic potential calculated in the region of the charge transfer cation-anion is topologically
similar to most hydrogen bonds, showing a typical saddle point between the donor and the acceptor atoms.
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I. INTRODUCTION

Since the pioneering work of Coppenset al. in 1979,1 no
other charge-density studies involving organic metals of
tetrathiafulvalene tetracyanoquinodimethane~TTF-TCNQ!
family have been carried out. The main problems in study
these materials are due to the mechanical instability of
crystals under cooling and to their metallic behavior, lead
to a noticeable handicap for the usual charge-den
models,2–5 which are designed to fit localized charges arou
atoms. Furthermore, the presence of charge-density w
~CDW! modulates the structure, averaging the atomic po
tions along the modulation.

The one-dimensional~1D! organic conductor BTDMTTF-
TCNQ (C10H8S6

1
•C12H4N4

2) is a charge-transfer complex
for which crystalline electric and magnetic properties, ba
structure calculations, as well as the temperature depend
of resistivity were presented in a previous paper.6 The promi-
nent feature of BTDMTTF-TCNQ is that it behaves as
almost pure 1D metal, showing metallic character down
26 K. In a previous paper, we also reported the roo
temperature crystal structure@R(F)50.033, Nobs51174#.
The room-temperature crystal packing was compared
other donor-TCNQ complexes, specially in relation to t
replacement of the external groups in the donor molecule
sulfur atoms. Later, x-ray diffuse scattering, conventio
560163-1829/97/56~4!/1820~14!/$10.00
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x-ray crystal structure, and electronic properties at room te
perature~RT! and atT5130 K @R(F)50.033, Nobs55646#
were also reported with special emphasis on charge-tran
and charge-density-wave~CDW! phenomena.7 Figure 1
shows the ORTEP~Oak Ridge Thermal Ellipsoids Plot Pro
gram! view8 of the complex and the stacking along thec
axis.

The present paper is devoted to the characterization of
topology of the electron density and the electrostatic prop
ties in BTDMTTF-TCNQ, in order to understand its ele
tronic properties. TheT5130 K high-resolution x-ray-
diffraction data7 are used in this electron density study. Th
study initializes an approach in this kind of material, f
which some physical properties are not yet well understo

II. EXPERIMENTAL DETAILS

A. Crystal growth

Bis~thiodimethylene!-tetrathiafulvalene~BTDMTTF! was
synthesized as previously reported9,10 and tetracyanoquin-
odimethane~TCNQ! was purchased from the Aldrich Co
and recrystallized before use. The BTDMTTF-TCNQ~1:1!
complex was formed in a quantitative yield as a black m
crocrystalline powder when warm 1,1,2-trichloroethane so
tions of donor and acceptor were mixed. Shiny black pla
1820 © 1997 The American Physical Society
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FIG. 1. ORTEP view of~a! the cation-anion complex at the crystal geometry and~b! the stacking along thec axis. Thermal ellipsoids
(T5130 K) are at 75% probability level.
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like crystals of BTDMTTF-TCNQ were obtained by slo
diffusion ~one month! of solutions of the neutral donor in
carbon disulfide and the neutral acceptor in acetonitrile.

B. X-ray-diffraction experiment

A high-quality single-crystal specimen of 0.0630.36
30.38 mm, previously selected for the room-temperat
experiment, was used for the x-ray-diffraction experimen
T513063 K. The x-ray source was graphite monochrom
tized Mo Ka radiation from a sealed tube. Measureme
were made on an Enraf Nonius CAD4 diffractomet
equipped with a nitrogen jet stream low-temperature sys
~Soterem N-jet! installed in a dry box to prevent ice forma
tion on the crystal; the gas stream temperature was m
tored to 11063 K at the nozzle, corresponding to a tempe
ture of the crystal of 130 K as calibrated by using t
paraferroelectric KDP transition~122 K!.11

Lattice parameters@a521.205(2) Å, b512.530(2) Å,
c53.859(1) Å, b593.30(1)°, space groupC 2/m# were
obtained by a least-squares fit to the optimized setting an
e
t
-
s
,
m
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-

es

of 25 reflections with 21,2u,60°. Intensity data were re
corded asv-2u scan profiles to a resolution (sinu/l)max

51.35 Å21 for a total of 21 505 reflections in the following
way: for sinu/l<1.12 Å21 all the reflections in one hemi
sphere were collected~14 121 reflections!; after a conven-
tional refinement against these data, higher-order intens
were calculated to sinu/l51.35 Å21 and only reflections
with an estimatedI .5s(I ) were collected in the hemi
sphere. All these reflections were collected atc50°. During
the data collection three standard reflections (5,21,2),
~13,1,1,!, (28,24,3) were measured at 2 h intervals. The
total scan width~Dv! was 1.110.34 tgu with a fixed hori-
zontal and vertical detector aperture of 436 mm2. A scan
speed v5dv/dt depending on the signal-to-noise rat
(0.82,v,4.11° min21) was used for all data collection
The total exposure time was 456 h and the total experim
time was 31 days for a total of 21 505 collected reflectio
~only two nonobserved reflections up to sinu/l<1.0 Å21.!
No diffractometer or temperature problem occurred dur
the experiment. Crystal data and some experimental de
are given in supplementary material.45
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C. Data processing

Data reduction and error analysis were done usingDREAR

programs.12,13Reflection integration limits were taken from
Lorentzian model of the peak width variations. Absorpti
effects were corrected with a Gaussian integration metho14

~mcalc50.69 mm21, transmission range: 0.82,T,0.97!. A
polynomial fit to the slight decay of the standard reflectio
intensities~about;2%!, over the 456 h x-ray exposure tim
was applied to scale the data and derive the instrume
instability coefficient (̂p&51.1%) used in the calculation o
s2(uFu2)5sc

2(uFu2)1(^p&uFu2)2. The 21 505 data with
sinu/l<1.35 Å21 were averaged with the 2/m symmetry to
give 6885 unique data (I .0) of which 5145 hasI
.3s(I ). The internal agreement wasRint(F

2)50.017 and
0.019, for all data and for data up to sinu/l,0.7 Å21, re-
spectively,@Rint(F

2)50.028 for sinu/l,0.7 Å21 before ab-
sorption correction#.

III. MULTIPOLAR REFINEMENT AND CHOICE
OF SULFUR RADIAL FUNCTION

A. High-order refinement

High-order~HO! refinement strategy is commonly applie
in electron density studies to obtain the best estimation
atomic positional and thermal parameters of nonhydro
atoms, because high-order reflections are mainly core e
trons sensitive. HO refinement was performed against 1
reflections with 1.0,sinu/l,1.35 Å21 and I .3s(I ). All
positional and anisotropic thermal parameters of non-H
oms were refined, except they coordinates, and theU12 and
U23 thermal parameters of S5, C1, C7, and C8 atoms~set to
zero!, which are placed at the crystallographic mirror. Co
vergence was achieved atR(F)50.044,Rw(F)50.045, and
S50.85 @for definitions ofR(F), Rw(F), andS, see Table
I#. The residual electron density in the planes of both do
and acceptor molecules ranges 20.10,Dr res
,0.10e Å 23. An anharmonic model~third-order Gram-
Charlier! was applied to S5, but refinement did not lead
better statistical indices; no significant features were mo
ized, and the Gram-Charlier coefficients values were hig
correlated with the S5 positional parameters. Furthermore
the end of the multipolar refinement, the anharmonic para
eters had values less than the e.s.d.’s and therefore the m
was rejected. At the end of HO refinement, the rigid-bo
test15 was applied for non-H atoms: the test is excellent w
an average value of̂D&59.431024 Å 2, and the maximum
discrepancy beingD53.831023 Å 2 for the C9–N10 bond.

B. Multipolar refinement: A radial function study involving
sulfur atoms

Refinement strategy.Among the large number of elec
tron density studies~EDS! performed nowadays only few o
them have been carried out involving S atoms.1,2,16–21The
EDS based on theMOLLY model2 use Slater-type radial func
tions. TheMOLLY model describes the atomic electron de
sity as
s
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k83Rnl~k8r !Plm6ylm6~u,w!,

where rc is the spherically symmetric Hartree-Fock co
electron density,rv is the spherically averaged free-ato
Hartee-Fock valence electron density normalized to one e
tron, k andk8 are the expansion-contraction parameters
respectively, the spherical valence shell and the valence m
tipoles,ylm6 are real spherical harmonic angular function
Pn and Plm6 are the population parameters, andRnl(k8r )
the Slater-type radial functions defined as

Rnl~r !5
an13

~n12!!
r ne2ar

wheren5nl> l is required for proper Coulombic behavio
satisfying Poisson’s equation22 asr→0. Thea parameter for
each atom is set toa52^z& ~sincer}uCu2!, where^z& is the
averaged orbital exponent from the ground states of the
lence orbitals wave functions calculated for the Hartr
Fock–self consistent field~HF-SCF! free atom.23 As the total
charge for each spherical harmonic function is defined
zero @a value ofPlm6511 (lÞ0) means that one electro
moves from the negative to the positive lobes in its asso
ated spherical harmonic functionylm6(u,w)#, the net atomic
charges in theMOLLY model are calculated as

q5Z2~Ncore1Pn1P00!,

whereZ is the number of protons,Ncore is the number of core
electrons andPn1P00 is the number of electrons in the va
lence shell. In this paper,P00 is set to zero and the resultin
net charge is therefore estimated from the spherical vale
density only.

In the multipolar refinement of the title compound n
chemical constraints were imposed to any atom; only cr
tallographicm symmetry was imposed on S5, C1, C7, a
C8. The thermal and positional parameters obtained from
HO refinement, and the scale factor from all data refinem
~this value only differs from the HO scale factor by 0.2%!,
were used as starting parameters. Hydrogen atoms w
found by difference Fourier syntheses (sinu/l,0.5 Å21)
and refined isotropically. Then, their coordinates we
shifted by extending along the Csp3-H and Csp2-H bond vec-
tors to average bond distance values from neutron diffrac
~respectively, to 1.085 and 1.076 Å!.24 These distances wer
kept fixed during all further refinements. The core and rad
valence scattering factorŝj 0& for the nonhydrogen atom
were calculated from Clementi wave functions,25 and a
bound atom form factor for hydrogen26 was used by impos-
ing a startingk value of 1.16 to the scattering factor of th
free hydrogen atom. The real and imaginary dispersion c
rections to the form factors given by Cromer27 were used in
the structure factor calculations. The Becker-Coppens ext
tion model28 was initially applied, but values were found t
be insignificant; then no extinction model was finally i
cluded in the refinement.

The multipolar refinement strategy @0,sin u/l
,1.35 Å21, Nobs55145,I .3s(I )# was performed with the
following steps:~a! scale factor,~b! Pn thenk, ~c! Pn andk,
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TABLE I. Test of the sulfur radial function parameters@nl ; a(bohr21)#; a f represents the final exponential radial function parame
Least-squares statistical factors are defined as:R(F)5SD/SFobs, Rw(F)5(x2/SwFobs

2 )1/2, and S5@x2/(Nobs2Npar)#1/2, where x2

5SwD2, D5(k21Fobs)2Fcalc, w51/s2(Fobs), andNobs andNpar are, respectively, the number of data and the number of refined pa
eters.

n5nl a a f5ak8 0,sinu/l,1.35 Å21, Nobs55145, I .3s(I )

l 51 l 52 l 53 l 54 S2 S5 R(F) Rw(F) S SwD2 k21

Set A 4 4 4 4 3.60 4.06~2! 4.02~4! 0.0225 0.0219 0.910 4250 0.295 90~9!

3.85 4.20~2! 4.27~5! 0.0225 0.0219 0.910 4246 0.295 90~9!

3.95 4.24~2! 4.36~5! 0.0225 0.0219 0.910 4245 0.295 90~9!

4.10 4.32~2! 4.52~5! 0.0225 0.0219 0.910 4245 0.295 90~9!

Set B 4 4 6 6 3.60 4.49~2! 4.47~4! 0.0225 0.0220 0.914 4282 0.295 92~9!

3.85 4.60~2! 4.66~4! 0.0225 0.0220 0.913 4273 0.295 92~9!

3.95 4.67~2! 4.75~4! 0.0225 0.0220 0.912 4270 0.295 91~9!

4.10 4.78~2! 4.87~4! 0.0225 0.0220 0.912 4265 0.295 91~9!

Set C 6 6 4 4 3.60 4.38~3! 3.76~4! 0.0226 0.0220 0.913 4282 0.295 92~9!

3.85 4.54~3! 3.96~4! 0.0225 0.0220 0.912 4272 0.295 92~9!

3.95 4.60~2! 4.04~4! 0.0225 0.0220 0.912 4269 0.295 92~9!

4.10 4.68~2! 4.18~4! 0.0225 0.0220 0.912 4265 0.295 92~9!

Set D 6 6 6 6 3.60 4.78~2! 4.17~3! 0.0226 0.0221 0.916 4306 0.295 92~9!

3.85 4.97~2! 4.40~4! 0.0225 0.0220 0.914 4289 0.295 91~9!

3.95 5.04~2! 4.49~4! 0.0225 0.0220 0.914 4283 0.295 91~9!

4.10 5.11~2! 4.64~4! 0.0225 0.0220 0.913 4275 0.295 91~9!
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~d! Plm , ~e! Pn , k, and Plm , ~f! k8, ~g! positional, and
Ui j parameters for non-H atoms,Pn , k, andPlm , ~h! k8, ~i!
all refined parameters together~exceptk8! and ~j! k8. At
each step, the refinement was cycled until convergence. A
each heavy atomxyz refinement, the H atoms coordinate
were shifted according to average distances observed
neutron experiments24 and hydrogen isotropic thermal mo
tion was adjusted (sinu/l,0.5 Å21). The deformation
terms were extended to dipolar~H atoms!, octopolar~N and
C atoms! and hexadecapolar~S atoms! levels; the~nl ; a!
parameters used for H, C, and N atoms were~1;
2.26 bohr21!, ~2, 2, 3; 3.0 bohr21!, and ~2, 2, 3;
3.8 bohr21!, respectively.

Optimization of the sulfur radial function.We have re-
cently shown that the Slater radial function of second r
atoms must be optimized;29,30 thus, for sulfur we have teste
several reasonable combinations of~nl ; a! radial function
parameters~see setsA, B, C, andD in Table I!, including
the free atom value23 @a52^z&5(2z3s14z3p)/3
53.85 bohr21] and the molecule-optimized value31

(a54.10 bohr21), by performing multipolar refinements
For each initial set of~nl ; a! values, Table I shows the
statistical indices at the convergence and the refined e
nential parameter calculated asa f5ak8. The R factors are
almost equivalent from set to set and only inspection of
minimized functionSwD2 @see Fig. 2~a!# may permit us to
find some slight differences at convergence:~a! for each set
of thenl parameters,SwD2 decreases systematically whena
increases from 3.60 to 4.10 bohr21, ~b! this behavior is al-
most linear, and~c! the absolute value of the slope increas
with the value ofnl . No statistically significant difference
are found between final scale factors~see Table I! and they
only differ from the HO scale factor by 0.8%. Thus, all co
vergences are achieved with excellent internal consiste
this is also supported by the very similar results of the rig
er

m

o-

e

s

y;
-

bond tests~see later!. Furthermore, whatever the initia
choice ofa, within reasonable limits, the refineda f values
increase for both S2 and S5 atoms. This behavior is a
linear as a function of the startinga parameters@see Figs.
2~b! and 2~c!#. We also point out that, comparinga f e.s.d.’s
and rigid-bond test results, the internal S2 atoms are m
accurately parametrized than the external S5 atoms.

The residual electron density defined as

Dr res~r !5
1

V (
H

@k21Fobs~H!2Fmul~H!#eiwmule22p iHr ,

has been calculated for all sets of~nl ;a! parameters in the
C1-S2-C3 and C4-S5-C4 planes. For a given set ofn values
~set A, see Table I!, the difference mapsD„Dr res(r )…
5DrsetA,4.10(r )2DrsetA,a(r ) with a53.60, 3.85, and
3.95 bohr21, show maximum differences of 0.02, 0.01, an
less than 0.01e Å 23, respectively, at the same positions a
close to sulfur atoms. In order to discriminate between ot
n and a values we also have calculatedD„Dr res(r )…
5DrsetA,4.10(r )2DrsetX,a(r ), using X5B, C, and D with
a53.60, 3.85, 3.95, and 4.10 bohr21. The maximum differ-
ences are close to sulfur atoms, ranging:~a!
0.05– 0.07e Å 23 for set B, ~b! 0.08– 0.11e Å 23 for set
C, and ~c! 0.06– 0.08e Å 23 for set D. These differences
decrease whena increases from 3.60 to 4.10 bohr21. The
external estimates of the average error in maps defined32

^sext
2 &1/25

2

V F(
H

@k21Fobs~H!2Fmul~H!#G1/2

remain constant for all refinements at^sex&50.10e Å 23,
compared to 0.06e Å 23 of the internal estimate32
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^s int
2 &1/25

2

V F(
H

@s2
„Fobs~H!…#G1/2

.

The rigid-bond test applied for non-H atoms at conv
gence show very similar results for all refinements. In

FIG. 2. Estimation of thea parameters of the sulfur radial func
tion: ~a! SwD2 versus a, ~b! a f(S2) versus a~S2!, and ~c!
a f(S5) versusa~S5!. The three graphs are linear regressions and
a anda f values are in bohr21 units.
-
ll

cases the average value^DX,a& is (7.8560.05)31024 Å 2

and the maximumD value involving sulfur atoms is 2.1
31024 Å 2 for the S5-C4 bond~refinement with setD and
a53.85, 3.95 or 4.10 bohr21!. We therefore conclude tha
deconvolution between thermal and electron density par
eters is excellent for all the chosen sulfur radial functions

Then, because~a! D„Dr res(r )… differences are not statis
tically significant in relation to the external estimate of t
average error in maps,~b! inspection of theDr res(r ) maps
did not show any improvement compared to setA ~see
supplementary material!, ~c! rigid-bond test results are exce
lent and equivalent for all refinements, and~d! SwD2 values
are systematically minimum in each set whena
54.10 bohr21, we decide to usenl54,4,4,4 and a
54.10 bohr21 as starting values of the sulfur radial functio
in all further calculations. In conclusion, this analysis sho
also the limit and the weakness of the multipolar modeling
discriminate between most physically meaningful rad
functions.

Positional and thermal parameters from this refinem
are listed in Table II. Bond distances and angles and in
molecular short contacts, as well as the list of theF0 /Fc
data, are given in supplementary material.45

IV. RESULTS AND DISCUSSION

A. Molecular charge-density delocalization

Figure 3 shows the residual electron density in the C
S2-C3 and C4-S5-C4 planes and in the~010! plane, which is
perpendicular to the BTDMTTF and TCNQ molecules. T
Fourier summation included 3385 observed structure fac
with sinu/l,1.0 Å21 and I .3s(I ). In spite of very good
data and good convergence of the least-squares refinem
an unusually high residual density is found close to the til
rings and in the lone pair region of S5.33 This has to be
related to the very noticeable residual peaks appearing
tween stacks of molecules@Fig. 3~c!#, probably due to the
delocalization of the electron density in the intermolecu
region because of the great electron interaction betw
stacks. This also shows one of the weaknesses of the re
ment: it does not fit well the intermolecular residuals due
the limited extension of the radial functions around atom
positions and also due to the difficulty modeling electr
density features not directly assigned to specific atoms.
cause thê s2

int&
1/2 value is significantly lower than thes

residuals, we investigated whether these features~which are
more important than the noise level! could be related to some
bad measurements. After convergence of multipolar refi
ment, we rejected reflections withuFobs2Fmulu.2 @28
only from the 5145 used in the refinement with 1
,uFobs2Fmulu/s(Fobs),6.5; these 28 reflections wer
found everywhere in the reciprocal space! and we recalcu-
lated the Fourier differences in the same planes; we fo
similar residuals which magnitudes are reduced by less t
0.05e Å 23. In order to know the contribution of a deloca
ized electron density distribution between molecules to
structure factors, we considered a bath of an equidistribu
~and overestimated! r50.2 e Å 23 between BTDMTTF
molecules in the unit cell: the maximum effect obtained
the 28 rejected reflections was 1.1% for~020! and the other
reflections were affected by less than 0.5%. This effect ha

ll
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TABLE II. Fractional coordinates, anisotropic thermal parameters for non-H and isotropic thermal parameters for H atoms~with e.s.d.’s! from refinement
A (a54.10bohr21). The form of the temperature factor used isT5exp(22p2(i(j hi hj a* i a* j U ij).

Atom x y z U11 U22 U33 U12 U13 U23

S2 0.930 87~0! 20.118 03(1) 0.155 42~3! 0.008 23~3! 0.007 92~2! 0.015 28~4! 0.000 49~2! 0.002 77~2! 0.000 11~3!

S5 0.758 85~1! 0 0.576 84~4! 0.008 96~4! 0.011 01~4! 0.011 75~5! 0 0.003 62~3! 0

N10 0.699 84~2! 20.178 42(3) 20.049 79(12) 0.020 41~14! 0.011 00~11! 0.028 00~18! 0.003 88~10! 0.007 62~13! 20.002 86(12)

C1 0.970 68~2! 0 0.067 43~14! 0.007 47~13! 0.008 90~14! 0.014 56~18! 0 0.002 62~12! 0

C3 0.864 35~2! 20.053 79(3) 0.297 00~9! 0.008 20~9! 0.008 49~9! 0.012 66~12! 0.000 05~7! 0.002 26~8! 0.000 02~9!

C4 0.806 56~2! 20.108 34(3) 0.413 14~10! 0.009 88~10! 0.009 34~10! 0.014 25~13! 20.000 60(8) 0.003 23~9! 0.000 42~9!

C6 0.526 83~2! 20.098 25(3) 0.410 82~10! 0.010 09~10! 0.007 88~9! 0.014 08~13! 0.000 22~8! 0.003 59~9! 20.000 19(9)

C7 0.556 00~2! 0 0.314 41~13! 0.008 73~13! 0.008 04~13! 0.011 90~17! 0 0.002 29~12! 0

C8 0.610 57~2! 0 0.126 78~14! 0.009 23~14! 0.008 30~13! 0.013 38~18! 0 0.003 12~13! 0

C9 0.639 10~2! 20.097 02(3) 0.029 96~10! 0.011 60~11! 0.009 18~10! 0.016 01~14! 0.000 86~8! 0.004 10~10! 20.000 79(10)

H41 0.733 47(2) 20.150 44(2) 0.195 30(2) 0.010 9~24!

H42 0.816 03(2) 20.166 36(2) 0.618 28(2) 0.010 1~28!

H6 0.548 71(2) 20.172 19(2) 0.342 28(2) 0.014 0~25!
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magnitude approximately equal to the difference found
tween the multipolar and the observed structure fac
~1.5%! for the ~020! reflection. Then this highly delocalize
charge density in the intermolecular BTDMTTF regions
duces small effects on the structure factors, making very
ficult both its experimental measurement and its mode
through a multipolar refinement.

On the other hand, these residual peaks could be rel
with the CDW modulation. This instability around the ave
age positions, observed by the x-ray diffuse scattering
periment, is usually quite small, making atomic displac
ments typically about 1% of the interatomic spacing34

However, as both 4kF and 2kF instabilities are very small a
T5130 K ~they completely disappear atT580 K!,7 they do
not affect significantly the crystal structure atT5130 K and
therefore the structure factors. In that way, CDW should
be responsible for the unusually high residual peaks fo
between molecules, which could be related to the high e
tron interaction because of the very short intermolecular
tances along stacks. We then note that these very sma
stabilities at this temperature permit the electron den
study of BTDMTTF-TCNQ.

B. Deformation electron density around sulfur atoms

Figures 4 and 5 show the experimental dynamic elect
density deformation defined as35

Drexp~r !5
1

V (
H

„k21Fobs~H!eiwmul

2Fsph~H!eiwsph
…e22p iHr ,

around sulfur atoms and in the TCNQ plane, respectiv
TheDrexp(r ) maps give an estimation of the quality of me
surements and include the effects of both finite experime
resolution and convolution with the atomic thermal para
eters. In our case, they also reflect the strong electron de
interaction effect between molecules. Experimental deform
tion maps were calculated from setA with a
-
r

f-
g

ed

x-
-

t
d
c-
-

in-
y

n

.

al
-
ity
a-

54.10 bohr21; the Fourier summation included 3385 o
served structure factors with sinu/l,1.0 Å21 and I
.3s(I ).

Figure 4~a! gives the deformation electron density arou
the S2 atom in the plane bissecting the C1-S2-C3 angle.
internal S2 atom develops an extended lone pair in thesp2

hybrid orbital direction, which peaks 0.55e Å 23 at 0.3 Å
from S2 centered on the bissecting line. Figure 4~b!, which is
a view perpendicular to both Fig. 4~a! and the cation plane
shows that the S2p-electron system is polarized in th
S2 . . . S2direction~i.e., along thec axis, see Fig. 1!. Figure
4~c! ~C4-S5-C48 bissecting plane! shows that the externa
sulfur S5 develops the electron density of its lone pair
three peaks, one occupying a trigonal planarsp2 hybrid or-
bital and the other two belonging to a perpendicularpp or-
bital. Figure 4~d! @deformation electron density in the sam
plane as Fig. 3~c!# reveals that one of the twop peaks is
polarized towards the C8-C9wN10 part of the anion belong
ing to the next closest sheet, pointing out that S5 polariza
results from two S5 . . .TCNQ intermolecular effects: the in
teraction along the@100# direction and the electron interac
tion that exists with the anion of the closest neighbori
sheet.

C. Relations between the structure and the electron density

As previously described,6 cations and anions are segr
gately stacked along thec axis ~see Fig. 1!, in such a way
that each donor column is surrounded by four acceptor
umns ~and vice versa! and that molecules in stacks exhib
the commonly observed ‘‘ring-over-bond’’ overlap arrang
ment.

As shown in Fig. 5~see also short contact distances
supplementary material!, crystal packing between cation an
anion stacks is governed by intermolecular interactions or
nated from N10 and C9. Figure 5 shows the very import
interaction existing between the external S5 sulfur atom
the triple bond electron density CwN: the minimal distance
between S5 and the TCNQ anion does not concern C9
the triple bond@the angle formed by S5, the middle poin
between C9 and N10, and N10~C9! is 92.5° ~87.5°!#. This
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FIG. 3. Residual electron density from setA refinement (a54.10 bohr21! in the planes:~a! C1-S2-C3,~b! C4-S5-C48, and~c! ~010!, this
latter plane being perpendicular to BTDMTTF and TCNQ ions. In all of them, the label of the atoms which are out of plane a
projected onto the planes. Contours intervals are at 0.05e Å 23 level; solid lines are positive, dotted lines are negative, and the zero con
is omitted.
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S5 . . .~CwN! interaction induces several structural effec
~a! S5 goes into the cavity limited by TCNQ arms, leading
an angle of 0.6° between the TCNQ and C4-S5-C48 planes,
~b! nitrogens surround S5 from both sides, making TCN
arms as pincers@dS5 . . . N1053.4394 Å, a(~C8-C9-N10!
5177.0°,tC7-C8-C9-N10526.2°#, and~c! the strong interaction
between S5 and the C9-N10 TCNQ arms explains that
C4-S5-C4 plane is tilted 9.2° from the rest of the cati
plane towards the TCNQ anion. When temperature decre
from RT toT5130 K this tilt angle increase to 10.2°: as th
angle between thec axis and the perpendicular direction
TCNQ anions~34.4°! is greater than that formed by BTD
MTTF cations~24.2°!, the decrease of temperature reduc
more distances between anions than cations~dBTDMTTF
53.541 and 3.521 Å,dTCNQ53.256 and 3.184 Å,c53.928
:

e

es

s

and 3.859 Å, respectively, for RT andT5130 K! and the
resulting effect is the observed increase of this tilt angle. T
shortening of the TCNQ . . .TCNQ distance by cooling is in
relation to the decrease of resistivity6 and can explain tha
conductivity is mainly due to the electrons moving alongc
through TCNQ anions.7

TCNQ presents adeviationfrom the formal quinoid pat-
tern defined by the alternation of C-C single and dou
bonds. All these distances have intermediate values betw
single and double bonds~see supplementary material!. As
shown in Fig. 4, the maximum of the deformation electr
density at the formal C6-C7 and C8-C9 single bonds@0.55
and 0.60e Å 23, respectively, fordC6-C751.4363(4) Å and
dC8-C951.4176(4) Å# are higher than that of the forma
C7-C8 double bond@0.45e Å 23 for dC7-C851.3998(7) Å#.
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FIG. 4. Experimental electron density deformation:~a! in the perpendicular bissecting the C1-S2-C3 plane,~b! in the perpendicular plane
to both ~a! and C1-S2-C3 planes at S2,~c! in the perpendicular bissecting the C4-S5-C48 plane, and~d! in the ~010! plane ~labels and
contours as in Fig. 3!. For clarity, in ~c! the * marks a region of almost zero density.

TABLE III. Statistics of fit ~R15SuDu/SUobs and R25(SD2/SUobs
2 )1/2, where D5Uobs2Ucalc!, principal mean-square amplitude

~librational Li j and translationalTi j ! and torsion angleŝw2& of the group C9-N10 around both axes@010# and the perpendicular to TCNQ
anion passing through C8 atom. Results are given for independent cation and anion entities at both temperatures~RT andT5130 K!.

3105 (rad2) 3104 (Å 2)
b axis

^w1
2& (deg2)

perp TCNQ
^w2

2& (deg2) R1 R2L11 L22 L33 L13 T11 T22 T33 T13

BTDMTTF RT 255 ~74! 2 ~1! 0 ~2! 10 ~6! 230 ~9! 251 ~85! 303 ~49! 43 ~9! 8.3 8.0
130 K 82 ~21! 1 ~0! 0 ~1! 4 ~2! 83 ~3! 98 ~24! 85 ~14! 24 ~3! 6.7 6.4

TCNQ RT 468 ~204! 25 ~9! 13 ~11! 31 ~18! 290 ~25! 41 ~203! 0 ~144! 80 ~26! 18.0 19.4
130 K 215 ~56! 7 ~4! 9 ~4! 7 ~5! 114 ~10! 0 ~69! 17 ~62! 38 ~11! 16.1 19.9

TCNQ RT 0 ~2! 0 ~1! 0 ~1! 0 ~1! 250 ~11! 234 ~18! 335 ~22! 24 ~12! 77.5 ~9.5! 5.7 ~2.6! 8.5 8.7
130 K 0 ~1! 0 ~0! 0 ~0! 0 ~0! 95 ~4! 82 ~7! 125 ~8! 22 ~5! 36.9 ~3.7! 2.8 ~1.0! 7.7 8.4
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This effect is compensated by the more cylindrical shape
the C7-C8 bonding electron density, which involves a grea
volume of electron density deformation. All these featu
agree with an extended electronic resonance along the
ecule and with the topology of the electron density in t
molecule, which shows similar Laplacian and total electr
density at the critical points in those bonds~see Sec. IV F!.

If we compare the almost linear C—CwN group with that
found in tetrafluoroterephthalonitrile36 ~TFP! at T598 K, the
C-C distance is shorter and CwN is longer in our material
@dCwN51.1593 ~5! versus 1.149 Å anddC-C51.4176 (4)
versus 1.433 Å#. This is probably due to both charge transf
toward N10~see Sec. IV D! and to the many intermolecula
interactions involving this atom. The C8-C9 bond peak~see
Fig. 5! is '0.2 e Å 23 higher than that corresponding i
TFP, in relation with its shorter distance. However, in o
study, the CwN bond peak is also 0.2e Å 23 higher in spite
of a longer bond length. Furthermore the TCNQ nitrog
lone pair is also 0.25e Å 23 higher than that observed i
TFP. As supported by Secs. IV D and IV F, these effects
be interpreted in terms of cation charge transfer, mainly
sorbed by nitrogens. This charge transfer induces a repu
Coulombic force between C9 and N10 atoms, that comp
sate the covalent effect of a higher CwN electron density
bond peak, and makes the observed distances CwN longer
and C—C shorter in BTDMTTF-TCNQ.

The rigid-bond test shows that the highest differences
volve C8—C9 and C9—N10 bonds ~1.331023 and 3.9
31023 Å 2, respectively!: their movements are more influ
enced by the translational and the librational vibrations of
anion because these atoms are placed at the external
tions of the TCNQ arms. Table III shows the results of t
TLS ~translation, libration, screw! correction37 calculated
with the hypothesis that the cation and the anion are
independent rigid bodies. The C9-N10 group was conside
either as an attached rigid group rotating around the@010#
axis and around an axis perpendicular to TCNQ~both pass-
ing through C8!, or not. Inspection of Table III shows tha

FIG. 5. Experimental electron density deformation in the pla
C6-C7-C8 of the anion~labels and contours as in Fig. 3!.
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whereas the cation librates only around@100# direction, the
libration of the anion is found to be different if the C9-N1
group is allowed to rotate around the two axes or not. T
thermal parameters fit is much better when rotations are
lowed. In conclusion, the hypothesis of two independ
rigid bodies seems to end at realistic results if translatio
and librational motions of the anion are described allow
the rotations of the C9-N10 group.

D. Charge transfer and dipole moment

Atomic net charges and charge transfer betwe
BTDMTT and TCNQ molecules were calculated from th
multipolar refinement described previously, which gives
charge migration from the BTDMTTF cation to the TCN
anion ~see refinement I in Table IV!. We also performed
another multipolar refinement imposing that BTDMTT
transfers charge only from the external sulfurs S5 to
TCNQ anions~see refinement II in Table IV!. Refinements I
and II were performed imposing electroneutrality constra
~i.e., the total charge in the unit cell was set to zero! at each
cycle of refinement. Both refinements led to the same sta
tical indices and to statistically equivalent atomic charg
confirming the hypothesis of refinement II: charge is tra
ferred from S5 atoms~'0.34e for each S5, i.e.,'0.7e from
the cation! to TCNQ ('20.7e). In the anion, the trans
ferred charge is absorbed by the C9wN10 groups~each
group bears'20.2e, i.e., '20.8e for all CwN groups in
the anion!, mainly concentrated on the nitrogen atoms~see
discussion in Sec. IV F! and for a small part on both the C
atoms and the triple bonds~in relation with the high electron
density bond peak of the CwN bond, as pointed out in Sec
IV C!.

In the previous paper,7 x-ray diffuse scattering and tight
binding calculations agree with an electron transfer fro
BTDMTTF to TNCQ increasing when cooling; the diffus
scattering measurements and the IR and Raman frequ
measurements at RT suggest a charge transfer ofrRT
'0.5e. Furthermore, the relative variation ofDr/r when
cooling from 295 to 130 K is'12.5%, corresponding to a
estimated total charge transfer ofr130 K'0.56e. If we as-
sume that all the electron transfer comes from S5, this me
that S5 must have a net atomic charge of10.28e, in close
agreement with our result@qS5510.34(3)e#.

As initially shown,7 whereas BTDMTTF-TCNQ exhibits
relevant 4kF x-ray diffusion lines at RT~which disappear on
cooling about 80 K!, it does not exhibit a well-defined 2kF
CDW instability ~which becomes critical at low tempera
ture!. As the electronic properties of BTDMTTF-TCNQ
strongly resemble those of TTF-TCNQ~which has a well-
defined 2kF CDW!, there is no apparent reason for nonexi
ence of 2kF instability. In fact, the x-ray diffuse scatterin
experiment at 100 K shows that this instability really occu
but with a very weak scattering vector. If we suppose that
atomic net charge of S5 at RT is just 0.25e ~the charge trans-
fer from the cation to the anion at RT is 0.5e!,7 and increase
on cooling~as observed from our results!, this means that, on
average, one over four S5 atoms supply one electron to
TCNQ neighbors. However, if 4kF instabilities are much
better defined than 2kF instabilities ~on the difference with
the TTF-TCNQ complex!, this could be due to the fact tha

e
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TABLE IV. Atomic net charges~in e! in the asymmetric unit, and net charges of the ions from refinement I and refinement II. I
latter, we constrained the charge to be transferred only from S5 to the anion. In both cases, the radial function parameters for su
were those from setA with a54.10 bohr21. Atomic net charges are given with three digits in order to show the electroneutrality in
complex.

C1 S2 C3 C4 H41 H42 S5

Multipolar I 20.444~28! 10.365~21! 20.171~19! 20.500~21! 10.251~13! 10.300~15! 10.328~34!

Refinement II 20.454~26! 10.356~20! 20.178~16! 20.512~20! 10.259~13! 10.301~15! 10.336~30!

BTDMTTF N10 C9 C8 C7 C6 H6 TCNQ

10.75 20.139~19! 20.075~23! 20.074~30! 10.088~31! 20.045~19! 10.065~17! 20.75
10.67 20.135~18! 20.071~22! 20.066~28! 10.092~31! 20.039~18! 10.065~16! 20.67
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one over eight S5 atoms supply two electrons rather than
over four S5 atoms supply one electron. This hypothesi
supported by the voltamperometric studies of the BTDMT
donor:10 it is shown that the first and the second ionizati
potentials are closer~0.55 and 0.72 V! than in TTF~0.39 and
0.62 V!; in that way, S5 try to release electrons by pairs.
well as temperature decrease and charge-transfer incr
the 4kF instability becomes less favorable as more than
S5 atoms~of each four contiguous BTDMTTF molecules!
may transfer electrons to the TCNQ stacks. The nonequ
lence of the S5 atoms explains also the important resid
(0.25e Å 23) which shows up in this neighborhood@see Fig.
3~c!#.

The dipole momentm of the complex was calculated i
the crystal axis system from the multipole parameters of
finement II~as described in a previous work38!. The compo-
nents and the modulus of the dipole moment arem
5(33.6,0,18.6) andumu537(3) Debye. As long as the di
pole moment measures the anion-cation interaction an
charge transfer mainly involves S5, the angle betweenm and
the C8-S5 direction~4.8°! is intermediate between thos
found with the cation~angle betweenm and C18-C1 direc-
tion is 174.1°! and with the anion~angle betweenm and
C88-C8 direction is 2.5°!. As previously pointed out,38 the
net charges contribution ('35 Debye) is much greater tha
the atomic dipoles contribution ('2 Debye). Whereas the
large component of the dipole moment in the crystala axis is
obviously due to the position of the complex along this
rection, the component along the crystalc axis is in relation
to the relative tilt angle between the cation and the an
stacks withc @a(m,c)558.6°#.

E. Electrostatic potential of BTDMTTF-TCNQ complex
removed from the crystal lattice

Electrostatic potential calculations around the pseudo
lated molecules were performed using theELECTROS

program39 with the multipolar parameters from refinement
~plots from refinements I and II show very similar feature
see supplementary material!.45 In that way, all information
on the molecular groups~obtained from the crystal! was used
to calculate the electrostatic potential function for the do
@Fig. 6~a!#, the acceptor@Fig. 6~b!# and the complex donor
acceptor@Fig. 6~c!#. As expected, whereas the cation dev
ne
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ops a positive potential everywhere around the molecule,
cause of the preponderant contributions of sulfur a
hydrogen positive atoms, the anion develops a negative
tential everywhere around its molecular van der Waals s
face, due to the preponderant contribution of the hig
negative region N10-C9, which even overcompensates
positive contribution of the internal H6 hydrogens. The fi
positive contour in Fig. 6~a! (10.05e Å 21) and the
20.05e Å 21 outer negative contour in Fig. 6~b! do not ap-
pear in the plots because they are placed far away from b
donor and acceptor. In both cases, these latter contours
an ellipsoidal shape centered in the molecules. When b
molecules are placed at the donor-acceptor geometry pos
and negative regions are in competition in the intermolecu
region. This produces a saddle point topology in the elec
static potential. This conformation and the electrostatic
tential value at this site~'0.08e Å 21, corresponding to an
energy of'1.15 eV for a positive unit point charge! are
typical of those found for hydrogen bonds40 ~HB!. Thus, the
topological signature of the electrostatic potential in the
termolecular space between molecules involved in cha
transfer properties is a saddle in the region of maxim
interaction.41

F. Topology of the electron density

The electron density of BTDMTTF-TCNQ complex ha
been modeled and topologically characterized, with parti
lar emphasis on the properties of the intermolecular den
distribution. The topological characterization was acco
plished using thePROP program written by Souhasso
~1992!.42 According to Bader,43 the real-space pointsrCP,
where“r(rCP)50 ~called critical points, CP! and their as-
sociated topological properties~as the Hessian matrix eigen
valuesl1 ,l2 ,l3 and eigenvectors, the electron densityr and
the ellipticity «! characterize both atoms and their intera
tions. In this way, the CP’s positions as well as the Laplac
and the gradient vector field of the electron density w
calculated at the crystal geometry for the pseudoisola
BTDMTTF @Figs. 7~a! and 7~b!# and BTDMTTF-TCNQ
complex @Figs. 7~c! and 7~d!#. Negative and positive
¹2r(r ) values correspond, respectively, to regions where
electron density is locally concentrated and depleted.
cause of the relationship between¹2r(r ) and the potential
and kinetic energies through the local form of the Viria
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FIG. 6. Electrostatic potential in the planes of the pseudo
lated:~a! cation,~b! anion, and~c! the complex cation-anion. Con
tours intervals are at 0.05e Å 21; solid lines are positive, dotted
lines are negative, and the zero contour is a broken line. The m
mum value on each plot is marked by* .
theorem,43 ¹2r(r ) is negative in regions where the potenti
energy contribution of the electrons is in excess over tw
its kinetic energy. Table V shows the topological charact
ization of the (3,21) CP’s ~bonding interactions! and (3,
11) CP’s~ring interactions! in the BTDMTTF-TCNQ com-
plex. In the cation, the more negative¹2r(r ) values and the
highest r(rCP) values are found for the C1vC18 and
C3vC38 (3,21) CP’s, leading to a high concentration o
r~r ! around carbons involved in the double bonds@Fig. 7~a!#.
Their ellipticities at the CP’s@«(rCP)50.21 and 0.28, respec
tively# are the highest found in the cation, showing theirp
character, specially for the C3vC38 interaction. On the other
hand, the electron density that is concentrated inSuC co-
valent bonds is significantly smaller, and especially for t
external S5~see Table V!. The electron density at the S5-C
critical point is smaller than that observed for the cor
sponding S2-C bonds~1.08 e Å 23 compared to 1.31 and
1.34 e Å 23, respectively!, which is in relation to the longer
S5-C4 bond length. We also note that the Laplacian at
S5-C4 critical point is less negative than that observed
S2-C critical points~20.52 e Å 25 compared to22.39 and
23.10 e Å 25, respectively!; hence the kinetic energy con
tribution at the S5-C4 critical point is greater. All these o
servations show that S5 shares a significantly less elec
density with C4 carbon than S2 does with C1 and C3~which
are involved in the highest electron concentration regions
BTDMTTF!, and thus, from this point of view, S5 appea
more isolated from the rest of the cation. This effect va
dates the result of tight-binding extended Hu¨ckel
calculations,7 which shows that the external sulfur S5 orb
als do not contribute to the highest occupied molecular
bital, contrary to S2 which is involved by a significant coe
ficient of 20.40.

The concentration of electron density in TCNQ is signi
cantly higher than in BTDMTTF@see Figs. 7~a! and 7~c!#
which is obviously in relation to their associated anion a
cation characters. Whereas in the cation the electron den
is mainly concentrated around atoms involved in dou
bonds, in the anion,r~r ! is concentrated around all TCNQ
bonds, and especially around nitrogens. Looking at
¹2r(rCP) and r(rCP) values in the TCNQ carbon chain o
covalent bonds~Table V!, we found a slight increase of co
valence from C9—C8 to C6—C68 bonds. The double char
acter of the C—C bonds is better described by the bo
ellipticity than from the total electron density at the C
whereas C6vC68 has a more prominent double-bond cha
acter than C7vC8, as shown byr(rCP) and «(rCP) values
~2.25 e Å 23 and 0.23 compared to 2.01e Å 23 and 0.17,
respectively!, the later has a similarr(rCP) value compared
to the other bonds of the carbon chain C9—C8vC7—C6
~1.91, 2.01, and 1.98e Å 23, respectively! and it can be
only distinguished by the«(rCP) value~0.10, 0.17, and 0.11
respectively!. Furthermore, the bonding characteristics
C6vC68 in TCNQ are very similar to those of C1vC18 and
C3vC38 in BTDMTTF ~see Table V!. Especially noticeable
is the electron density concentration around nitrogens, as
be seen in Fig. 7~c!, where the magnitudes of the Laplacia
attain values of up to 60e Å 25 in the bond and lone pai
regions. This effect is in relation to the charge transfer fro
S5, mainly absorbed by nitrogens, as was pointed out bef

-

i-
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FIG. 7. ~a! ¹2r(r ) and ~b! “r(r ) functions of BTDMTTF in the cation plane,~c! ¹2r(r ) and ~d! “r(r ) functions of the complex
BTDMTTF-TCNQ in the C9-S5-C98 plane. In the Laplacian maps, the negative contours~solid lines! are at 4e Å 25 intervals, the positive
contours~dotted lines! are at 2e Å 25 intervals, and the zero contour is a broken line. The CP positions are marked by1.
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The triple bond C9wN10 is topologically characterized b
the very high magnitudes of bothr(rCP) and curvatures.
Whereas the high positive curvature leads to a strong de
tion of r~r ! along the bond path to the nuclear attractors,
high magnitudes of the negative curvatures~for the two per-
pendicular directions to the bond path! compensate for this
effect, inducing a very high electron density concentration
the CP. Because the magnitudes of the two curvatures
very similar, thep character along the two associated dire
tions compensates each other in the calculus of«(rCP), re-
sulting in a cylindrical symmetry of the CwN bond.

The gradient vector field ofr~r ! for the pseudoisolated
cation and for the complex are represented in Figs. 7~b! and
7~d!, respectively. These figures show the atomic basins,
the space regions associated with each nuclear attracto
r~r ! which are defined by the (3,23)-type CP’s. The trajec-
tories associated with the (3,21) CP’s define the interatomi
surfaces, which are shared by adjacent atoms. The bond
which is the interaction path between two local maxima
r~r ! and not necessarily being the shortest one, cuts per
dicularly the interatomic surface through the (3,21) CP.
The gradient vector field found around S5 in the pseudo
lated cation, is modified in presence of the anion due to
intermolecular interaction. In fact, Fig. 7~d! clearly shows
that the S5 intermolecular interaction is not be made w
N10 ~even if charge transfer is mainly absorbed by the
atoms! neither with C9~even if S5-C9 is the smallest inte
atomic distance between the two considered ions! but with
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th,
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the triple bond44 C9wN10. This interaction explains the ex
istence of the S5...~C9wN10! (3,21) CP, which is revealed
by the ¹2r(r ) map44 @see Fig. 7~c!#. In this way, the (3,
21) CP associated with the triple bond behaves as a t
dimensional attractor, which is a very exceptional case.
our knowledge this is the first experimental observation
such a critical point. As interactions involving two
dimensional attractors are unstable, the bond path will
from the (3,21) triple bond CP to the (3,23) CP of C9 or
N10, andvice versa, with a very small change in energy
because the electron density in the S5 . . .TCNQ intermo-
lecular region is very flat. In that way, even if the bond pa
flips to the three-dimensional attractors the S5 . . . triple bond
interaction will remain predominant. The low value o
r(rCP) is a reflection of the ionic character of both fragmen
of the complex. Because of the creation of two (3,21) CP’s
between S5 and triple bonds placed at both TCNQ ar
there is necessarily a (3,11) CP. This latter CP appears as
ring interaction, in the same way as for the internal rings
BTDMTTF and TCNQ, which are created by closed bo
paths going through the local maxima ofr~r !. Thus, at (3,
11) CP’s,r~r ! is locally depleted because of the surroun
ing attractors.

In summary, the minimal distance between the exter
sulfur atom and the TCNQ anion is not with C9 but with th
triple bond CP, interacting with each other in order to tran
fer the electronic charge from S5 to the anion and, throu
triple bonds, as far as nitrogens, where it is highly conc
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TABLE V. Topological characterization of the (3,21) and the (3,11) critical points~CP! in the BTDMTTF-TCNQ complex. The
l1 , l2 , l3 (e Å 25) are the curvatures of the three principal axes of the Hessian matrix,¹2r5l11l21l3 (e Å 25) is the Laplacian of the
electron density,r (e Å 23) is the electron density ande is the ellipticity value@only defined for (3,21) CP#, at the CP. The valuesdA and
dB ~Å! represent the distances from the (3,21) CP to the attractorsA andB.

CP A–B dA dB l1 ,l2 ,l3 ¹2r r e

(3,21) C1–C18 0.688 0.688 12.75,213.62,216.45 217.32 2.16 0.21
(3,21) C1–S2 0.838 0.909 12.99,27.32,28.06 22.39 1.34 0.10
(3,21) S2–C3 0.916 0.823 12,80,27.35,28.55 23.10 1.31 0.16
(3,21) C3–C38 0.674 0.674 13.38,214.47,218.47 219.56 2.32 0.28
(3,21) C3–C4 0.772 0.723 11.93,210.54,211.01 29.63 1.67 0.04
(3,21) C4–S5 0.866 0.962 11.21,25.61,26.12 20.52 1.08 0.09
(3,21) C6–C68 0.682 0.682 13.13,214.83,218.22 219.91 2.25 0.23
(3,21) C6–C7 0.721 0.715 13.48,213.29,214.79 214.60 1.98 0.11
(3,21) C7–C8 0.675 0.725 13.65,212.90,215.11 214.36 2.01 0.17
(3,21) C8–C9 0.686 0.731 14.77,212.55,213.85 211.64 1.91 0.10
(3,21) C9–N10 0.475 0.685 31.69,229.88,231.25 229.44 3.58 0.05
(3,21) S5–Triple bond 1.759 '1.606 0.65,20.06,20.10 0.49 0.04 0.61

CP Involved ring l1 ,l2 , l3 ¹2r r

(3,11) Internal ring of BTDMTTF 2.48,1.75,20.66 3.58 0.24
(3,11) External ring of BTDMTTF 2.38,2.32,20.95 3.75 0.28
(3,11) Internal ring of TCNQ 1.91,1.66,20.31 3.26 0.13
(3,11) Intermolecular ring S5-TCNQ 0.34,0.1020.06 0.37 0.03
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sis
trated. The C9wN10 CP, acting as a two-dimensional attra
tor, leads charge transfer from the donor to the acce
through the S5 . . . ~C9wN10! CP, which behaves as
bridge. That mechanism implicitly controls the electro
properties that depend on charge transfer as, for insta
conductivity and CDW phenomena. On the other hand,
charge transfer interaction between the external sulfur a
and the triple bond is topologically similar to a weak H
which is characterized by a (3,21) CP with a low value of
r(rCP) and a small positive magnitude of¹2r(rCP).

Finally, the analysis developed in this paper seem
demonstrate the important role of the S5 atom in the e
tronic properties of BTDMTTF-TCNQ. The strong interm
lecular S5 contacts introduce a stiffening in the don
acceptor chains. They are probably the origin of the block
of CDW instabilities at low temperature, retaining the me
lic state until about 26 K. However, to draw a definiti
conclusion we will perform a similar study in a related m
-
or

ce,
e
m

to
c-

-
g
-

terial of the TTF-TCNQ family, having similar properties b
without an external sulfur atom.
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