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Intermolecular interactions and charge transfer in
the 2:1 tetrathiafulvalene bromanil complex,

(TTF),-BA

The crystal structure of the 2:1 charge-transfer complex of
tetrathiafulvalene [2,2'-bis(1,3-dithiolylidene)] and bromanil
(tetrabromo-1,4-benzoquinone)  [(TTF),-BA, (C¢HyS,)—
CeBr,0;] has been determined by X-ray diffraction at room
temperature, 100 and 25 K. No structural phase transition
occurs in the temperature range studied. The crystal is made of
TTF-BA-TTF sandwich trimers. A charge-transfer estimation
between donor and acceptor (0.2 e) molecules is proposed in
comparison to the molecular geometries of TTF-BA and TTF
and BA isolated molecules. Displacement parameters of the
molecules have been modeled with the TLS formalism.

1. Introduction

Understanding strong and weak interatomic interactions
enables the design and manipulation of molecular systems
whose physical properties depend on crystal packing. The
importance of such a study is shown by many examples, such
as organic charge-transfer (CT) complexes which are built by
co-crystallization of organic planar electron donor (D) and
acceptor (A) molecules, often aromatic rings. The properties
of these complexes depend on their crystal packing which
drives the interactions between D and A to control the charge
transfer. Most studies concern 1:1 charge-transfer complexes
in which D and A form segregated (...-D-D-D—... ... -A-
A-A-...) or mixed (...-D-A-D-...) stacks. The former
generally present a high electric conductivity in the direction
of stacking (Cohen et al., 1974). The latter are usually insu-
lators or semiconductors at ambient conditions. Some of them
undergo an unusual phase transition, called a neutral-ionic
phase transition, related to the variation of the partial degree
of charge transfer (¢rc; Torrance & Mayerle, 1981; Le Cointe
et al., 1995; Garcia et al., 2007). This phase transition is
accompanied by structural modifications of the stacking, most
often with symmetry breaking, with the formation of D-A
pairs. We have recently shown the possibility of characterizing
the two microscopic control parameters (dimerization and
charge transfer) via experimental charge-density studies
(Garcia et al., 2007).

By applying temperature, pressure and light excitation
charge transfer may also be induced in 2:1 molecular
complexes, but no structural evidence has been published yet.
Previous studies concerned pressure evolution of the ionicity
of the D and A molecules from spectroscopic studies: it has
been proposed that ionicity increases with pressure (Matsu-
zaki et al., 1992; Tasaki et al., 1997), and a non-uniform charge
distribution between two moieties of the D-A-D trimer was
deduced from electron-molecular vibration coupling (Matsu-
zaki & Yartsev, 1994; Basaki et al., 1997). Moreover, this non-
uniform charge distribution has also been observed on A sites,
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Table 1

Experimental details.

For all structures: 2CsH,S,-C¢Br,O,, M, = 416.20, monoclinic, P2,/n, Z = 4. Experiments were carried out with Mo K« radiation using an Xcalibur-Saphire2
diffractometer. Absorption: integration using ABSORB (DeTitta, 1985). Refinement was on 145 parameters with 0 restraints. H-atom parameters were not refined.

293 K

100 K 25K

Crystal data

a, b, c(A) 10.3653 (7), 11.7998 (7), 11.0749 (7)
B () 110.217 (6)

V (A% 1271.10 (14)

t (mm™") 7.01

Crystal size (mm) 0.40 x 0.40 x 0.20

Data collection

Toniny Tinax

No. of measured, independent and
observed [/ > 20(/)] reflections

0.113, 0.236
18 082, 3761, 2563

(SING/A ) max (AT 0.727
Completeness (%) 92
R[F* > 20(F")], wR(F?), S 0.038, 0.105, 0.99

No. of reﬂectionsc 3761
APrmaxs APmin (€ A7) 0.71, —0.68

10.2781 (9), 11.5982 (8), 11.0418 (9) 10.2507 (6), 11.5276 (9), 10.9799 (9)

110.434 (8) 110.446 (7)
1233.44 (17) 1215.71 (15)
722 733

0.40 x 0.40 x 0.20 0.40 x 0.40 x 0.20

0.086, 0.282 0.009, 0.233

51 302, 3972, 3905 48 219, 3936, 3775
0.727 0.727

99 99

0.033, 0.083, 1.12 0.025, 0.067, 1.10
3761 3936

1.31, —0.70 0.96, —0.82

Computer programs used: KappaCCD (Nonius, 1998), DENZO and SCALEPAK (Otwinowski & Minor, 1997), CrysAlis (Oxford Diffraction Ltd, 2010), SHELXS97, SHELXL97

(Sheldrick, 2008), ORTEPIII (Farrugia, 1997), WinGX publication routines (Farrugia, 1999).

suggesting that coupled trimers may behave cooperatively
(Sadohara & Matsuzaki, 1997).

Therefore, it is essential to characterize the intermolecular
interactions which occur in these complexes. In the present
study we analyzed the evolution of the crystal structure of the
2:1 charge-transfer complex of tetrathiafulvalene and
bromanil [(TTF),-BA, (CsH4S4),—CeBryO,] from 25K to
room temperature as measured by accurate single-crystal X-
ray diffraction. Donor (TTF) and acceptor (BA) molecules are
represented below.

Br Br
H S S H
=T o s
H S S H
Br Br

2. Experimental
2.1. TTF,-BA crystallization

TTF and BA powders were purchased from Lancaster and
purified. Single crystals of (TTF),-BA were grown by subli-
mation of the component materials in a vacuum-sealed Pyrex
glass tube, which was placed in a specially designed homemade
electrical furnace, with two coils. This allows the two
compounds to be heated at two different temperatures, 7 =
388 K and 7, = 352 K, which are the sublimation temperatures
of BA and TTF, respectively. After 2 weeks dark prismatic-
like crystals were obtained.

2.2. X-ray crystallography

The temperature evolution of the unit-cell parameters
between 100 and 293 K was studied by single-crystal diffrac-
tion on an Xcalibur-Saphire2 CCD Oxford Diffraction

diffractometer, with Mo Ko radiation. The crystal was cooled
using an Oxford Cryostream N, open-flow cryostat. The unit-
cell parameters were determined from the analysis of
diffracted intensities on the same 20 images, with a fixed
detector position and four different values for ¢. The unit-cell
parameter evolution is given in Fig. S1 (supplementary
material') and does not show any structural phase transition.

The crystal structure X-ray diffraction data were collected
at 293, 100 and 25 K. An Oxford-Helijet open-flow He gas
cryostat was used for the 25 K experiment. Images were
collected at a fixed detector position using 115° w step scans
repeated at 4 different ¢ angle values. The 100 and 25 K
diffraction data were collected for a charge-density analysis
which explains the number of measured data; however, their
quality was not good enough for a physically meaningful
electron-density model. The lower number of data collected at
25 K accounts for geometrical limitations due to the He
blower during data collection.

Data processing was performed using the CrysAlis Red
program (Oxford Diffraction Ltd, 2010). Absorption was
corrected for by numerical methods based on crystal-faces
indexing with ABSORB (DeTitta, 1985). Such a correction
was deemed necessary to obtain reliable data (7, = 0.086,
Tmax = 0.282, see Table 1); it may be surprising that Ty, and
Tax are different from one experiment to another, but it is in
line with the number of reflections collected. In the room-
temperature study the total number of collected data is much
smaller and the angular conditions of the reciprocal lattice
nodes to enter the Ewald sphere are not the same, and
consequently the incoming and diffraction optical pathways
depend on the experiment. Reflections having I > 20([) were
used. The structures were solved by direct methods (Sheldrick,

! Supplementary data for this paper are available from the TUCr electronic
archives (Reference: GW5013). Services for accessing these data are described
at the back of the journal.
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Table 2

TTF and BA bond lengths (A) in TTF (Garcfa et al., 2007), BA (Garcia-
Orduiia et al., 2011), TTF-BA (Garcia et al., 2005) and TTF,-BA at 100 K
and TTF-CA at 105 K (Garcia et al., 2007).

Bond lengths in TTF and TTF-BA crystals correspond to mean bond lengths
of the independent molecules of the unit cell.

TTF BA TTF-CA  TTF-BA (TTF),-BA
C=Cenar 1340 (4) - 13678 (7) 1398 (4) 1360 (3)
C—Seenrar 1765 (7) - 17497 (4) 1725 (3)  1.760 (4)
c-—s 1752 (5) - 17423 (5) 1729 3)  1.746 (4)
c=C 132(3) - 17500 (4) 1338 (4) 1346 (4)
c=C - 1343 (2) - 1462 (4) 1358 (3)
c—C - 1491 (2) - 1371 (3) 1493 (3)
c=0 - 1217 (2) - 1241 (4) 1229 (3)
C—Br - 18615 (15) - 1.887 (3) 1.878 (3)

2008) and successive Fourier synthesis, and then refined by
full-matrix least-square refinements against F* using the
SHELXL97 program (Sheldrick, 2008). All non-H atoms were
refined anisotropically. H atoms were observed in Fourier
maps, then refined riding on their attached atoms with
isotropic displacement parameters fixed at 1.2 times the U, of
the attached atoms. The type of space group does not change
and no discontinuity is observed on the metric of the unit cell,
from 293 to 25 K, confirming that no phase transition occurs,
contrary to TTF-CA [tetrathiafulvalene chloranil (tetra-
chloro-1,4-benzoquinone) complex]. The asymmetric unit
contains one TTF molecule and half a bromanil, which lies on
the (40 0) inversion center of the P2,/n space group. All atoms
are on general positions. The final positions and displacement
parameters are given in the supplementary material together
with all the geometrical parameters. Further details on the
crystal data and experimental conditions are given in Table 1.

3. Results and discussion

No mixed or segregated stack is observed in (TTF),-BA in
contrast to the 1:1 complex (Garcia et al., 2005); in this crystal
structure the building block is a trimer. The packing mode is
more similar to the sandwich herringbone structure defined by

Figure 1
ORTEP view of the unit cell at 100 K, normal to the b axis.

Gavezzotti & Desiraju (1988) and Desiraju & Gavezzotti
(1989) for aromatic hydrocarbons than to the typical
arrangement of charge-transfer complexes, where D and A
form mixed or segregated stacks. In (TTF),-BA the special
disposition in orthogonal trimers produces layers, almost
parallel to the (101) plane, as shown in Fig. 1. Thus, in these
layers each bromanil molecule is surrounded by four TTF
molecules: two TTF molecules of the trimer and two others
belonging to two orthogonal neighboring trimers. The
resulting motif is a cage centered on the BA molecule (Fig. 2).

The relative disposition of the donor and acceptor mole-
cules of the trimer is characteristic of TTF and benzoquinone
charge-transfer complexes (Frankenbach et al., 1991) or of
complexes substituted benzoquinones like the chloranil
(Mayerle & Torrance, 1981), bromanil (Garcia et al., 2005) and
fluoranil (Mayerle & Torrance, 1981). The longest axes of each
molecule are rotated out of alignment. This rotation between
donor and acceptor molecules allows stabilization to be
achieved in the overlap of the HOMO orbital of the donor and
the LUMO orbital of the acceptor (overlap that would be
forbidden as these orbitals have opposite symmetry; Mayerle
& Torrance, 1981). In 1:1 TTF-AA charge-transfer complexes
(X being the halogen atom) the angle between the O- - -O axis
tends to be orthogonal to the longer axis of the TTF molecule
when the C—X/C—O ratio of bond lengths increases.
However, when comparing TTF-BA and (TTF),-BA, even if
this ratio is equal (1.53) for both complexes the angle between
the TTF axis and the O---O direction in (TTF),-BA
[111.6 (2)°] is not as close to 90° as those observed for TTF-
BA [90.0 (5) and 93.8 (5)°]. We can thus conclude that the
overlap between HOMO and LUMO orbitals is not optimal in
the trimer. The ground state of the 2:1 complex is thus
expected to be less ionic than for TTF-BA (gcr =~ 09¢;
Girlando et al., 1985; Garcia et al., 2005). This can be geome-
trically verified by comparing the crystal structures of TTF and
BA (in each case neutral molecules) with those in 1:1 and 2:1
complexes. Analogous to chloranil (Mayerle & Torrance,
1981), the simple C—C bonds of bromanil molecules are
related to the lowest unoccupied orbital (LUMO) which is
bonding with respect to these bonds, and antibonding with

H9" ; i | |
..01—1_?_______“_1?1»}%(:]2 S4

Co
C7"\ s2i- HIO0 CIOS3
Slii ‘(’
cg’

S1 84 ClZygpp  po' HT"

Figure 2
Intermolecular interactions in the cage at 100 K. Symmetry codes: (i)
l—x,—y, =z (i) s —x, —3+yi—z (i) +xi-y —1+z
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Table 3 .
Intermolecular interactions (A) in the (TTF),-BA crystal.

293 K 100 K 25K
Interactions in the layer
Interactions in the trimer
C8—S1- - -centroid(BA) 3.385 (4) 3.290 (4) 3.260 (4)
Br2---S4 3.753 (4) 3.662 (3) 3.636 (4)
Between the trimers
Br2. - -S4" 3.544 (4) 3.504 (4) 3.486 (4)
Interactions between the layers
S1%..82% 3.298 (4) 3.246 (3) 3.223 (4)
S4...C10" 3.609 (4) 3.514 (3) 3.495 (3)

respect to the double C—=C and C=0 bonds. Thus, when the
molecular charge increases the former should be shorter while
the latter should be longer. This tendency is clearly seen when
comparing these bond lengths in BA, TTF-BA and (TTF),-BA
crystal structures at the same temperature (100 K). Simple
C—C bonds in (TTF),-BA have values of 1.493 (3) A, equal
(within a standard deviation) to 1.491 (2) A found in the
bromanil molecule in its BA crystal (Garcia-Orduiia et al.,
2011), opposite to those found in TTF-BA, which means that
the C—C bond length is 1.458 (5) A. The double C=C and
C=O0O bonds behave in the same way with almost equal
lengths in BA and (TTF),-BA crystals (Table 2). The
geometric parameters of the TTF molecule are more sensitive
to the charge transfer and were used to estimate the gcr
charge transfer in the 1:1 complexes (Umland et al., 1988). In
the case of the 2:1 charge-transfer complexes, where the
charge transfer may involve both TTF molecules, deviation
from neutral geometry is expected to be smaller: the central
C=C bond length [1.354 (4) A at100 K] is slightly longer than
the corresponding one in the TTF crystal [1.340 (4) A], and
much shorter than those in TTF-BA [1.400 (4) and
1.397 (4) A] This small variation of the C=C bond length
may be related to the partial charge transfer (gcr) in the
complex. The HOMO of TTF is m-bonding with respect to this
bond, thus when gcr increases the C—C bond length should
increase (Katan, 1999). An approximate charge transfer of
0.2 e can then be evaluated from both the ratio (r/s) and the
difference (r — s) of TTF geometric parameters for (TTF),-
BA in the whole temperature range studied (see Umland et al.,
1988, for definitions of the r and s parameters). Hence, the
central C=C bond length of the TTF molecule in the trimer
does not change with temperature [1.354 (4), 1.360 (3) and
1360 (3) A at 293, 100 and 25 K, respectively]. Thus, based on
this criteria used by all authors when no charge-density study
is available, the molecules seem to be partially charged
between 25K and room temperature, and the resulting
complex may be written as (TTF?"),BA%*~. This assumption
is in line with the non-planarity of the TTF molecule. Devia-
tion of the non-H atoms from the mean plane of the molecule
for the three studied temperatures is reported in the supple-
mentary material. TTF is a very flexible molecule whose
conformation depends on the intermolecular interactions in
the crystal. At room temperature the largest displacement
from the mean plane defined by the non-H atoms [0.060 (3) A]

is observed for the central C8 atom. This value increases to
0.085 (2) and 0.0915 (2) A at 100 and 25 K. In the TTF-BA
structure all non-H atoms of TTF are coplanar within
4+0.012 (1) and +0.028 (1) A in high- and low-temperature
phases. In the trimer the bending angle (i.e. the dihedral angle
between each cycle of the molecule) is 4.9 (1)° at room
temperature and reaches 6.8 (1) and 7.3 (1)° at 100 and 25 K.
The torsion angles around the central C—=C bond also reflect
the distortion of the molecule: S2—C8—C11—S3 and S4—
C8—C11—C1 are not similar [—2.0 (4) and —0.7 (4)°] at room
temperature, and the difference is larger at 25 K [—3.5 (2) and
0.0 (2)°]. These geometrical parameters indicate that the TTF
molecule is more distorted than those observed in the TTF-
BA dimer units.

Therefore, when (TTF),-BA is formed the major geome-
trical changes concern the TTF molecule, contrary to TTF-BA
and TTF-CA complexes; it leads to an estimated charge
transfer of gcr = 0.2 e from each TTF, compared with 0.9 e in
TTF-BA and 0.74 (2) e in the antiferroelectric TTF-CA phase
(Garcia et al., 2007). The resulting estimated BA charge (0.4 e)
does not seem to strongly affect its geometry. Furthermore,
joint experimental and theoretical accurate charge-density
studies of TTF-BA and (TTF),-BA followed by a Bader
partitioning (Bader & Essén, 1984) should give a definitive
answer about gcr and its relation to the geometry of XA
molecules.

Several other geometrical features point to the strong
connection between donor and acceptor molecules in the
trimer. Donor and acceptor molecules are not parallel, their
mean planes form a dihedral angle of 3.20 (8)°, very close to
that observed for TTF-CA 3.0° and smaller than those found
in TTF-FA, 4.2° (Mayerle et al., 1979), and TTF-BA, 5.5 (5)
and 4.1 (6)° (Garcia et al., 2005). When cooling, this dihedral
angle remains constant but molecules become closer in line
with the thermal contraction of the unit cell. The dimensions
of the cage (Fig. 2), estimated from the distance between the
TTF and BA molecule centers, decrease from 7.38 (3) x
13.78 (3) A? at room temperature to 7.23 (3) x 13.69 (3) A?
and 7.18 (3) x 13.64 (3) A? at 100 and 25 K.

Intermolecular interactions in the cage are shown in Fig. 2
and their geometrical parameters are summarized in Table 3.
The stronger contact in the trimer takes place between the -
electrons of the benzene ring and the C8—S1 bond of the TTF
molecule. In the stacking direction and between orthogonal
trimers in the layer, intermolecular interactions between
bromine and sulfur occur: at room temperature the Br2. - -S4
[symmetry code (iii)) 1+x,i—y,—1+z] distance is
3.544 (4) A, shorter than the intratrimer Br2---S4 distance,
3.753 (4) A, and remarkably shorter than the sum of van der
Waals radii (3.80 A). All these contacts (not very common in
the literature) depend on temperature, the distances
decreasing from 3.544 (4) and 3.753 (4) to 3.486 (4) and
3.636 (4) A when cooling from 293 to 25 K. Thus, the bromanil
molecule is trapped between the four TTF molecules.

Besides all these interactions in the (010) plane the supra-
molecular architecture of the complex is based on hydrogen
bonds and van der Waals interactions between S atoms of TTF
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Table 4
Tand L tensors of the bromanil molecule in (TTF),-BA at 100 K, referred
to as the inertial system axis.

T (x 1074 A?)

158(3) 3(3) —14(4)
1532)  30)

L (deg?)

47(4) 11(1) —05(3)
13(2) —01(2)

166 (5) 2.1(2)

molecules belonging to other layers, as seen in Fig. 3. Inter-
molecular interactions are given in the supplementary mate-
rial. S- - -S contacts are characteristic of TTF derivatives; hence
it has been considered to be an important structural element
that facilitates electrical conductivity (Wudl et al, 1972;
Ferraris et al., 1973; Bryce, 1991; Yamashita et al., 1996). At
room temperature the S1'..S2" distance is 3.298 (4) A,
remarkably shorter than the sum of van der Waals radii
(3.60 A), and similar to that observed in the mixed-stack
bis(ethylenedithio)tetrathiafulvalene 2,5-dimethyltetracyano-
quinodimethane (BEDTTF-Me,TCNQ; C;HgSs—C4HgNy),
3299 A. This intercolumnar interaction in BEDTTF-
Me,TCNQ is comparable to those between D and A mole-
cules along the mixed stack, as pointed out by Hasegawa et al.
(2000). In (TTF),-BA this S-S contact is mainly along the
[101] direction, and therefore the thermal contraction in this
direction is not favorable. This result agrees with the aniso-
tropy observed in the principal linear thermal expansion/
contraction coefficients (see Fig. S1, supplementary material):
oy (10.1 x 107> K ') being much larger than the other thermal
coefficients, o, and «., 5.7 and 1.8 x 107> K~'. This large
coefficient ¢y, is related to the interactions along the stack and
may explain the distortion of the TTF planarity, as already
discussed.

Results of the thermal motion analysis (Dunitz et al., 1988;
Schomaker & Trueblood, 1998) of the bromanil molecule in
the complex, in relation to the inertial system axis, are
summarized in Table 4. For clarity, only the T and L tensors at
100 K are reported. T and L tensors at room temperature and
25 K, as well as those of the TTF molecule are given in the
supplementary material. At 100 K the T tensors of TTF and
BA molecules are almost isotropic (0.0160 & 0.0006 A2). The
bromanil molecule is trapped and coupled to four TTF
molecules, as discussed before. The occurrence of a phase
transition involving the loss of the bromanil inversion center
would imply the displacement of the molecule in a specific
direction out of the layer which cannot be foreseen from this
TLS model. This may explain the stability of the studied phase
versus T.

Finally, if the TLS parameters of TTF and BA molecules in
their crystal structures are compared with those of the 1:1 and
2:1 complexes, we note that:

(i) translation is always isotropic;

(ii) the principal axes of libration of the molecules do not
change when forming the charge-transfer complexes;

(iii) the main difference is the amplitude of the BA libration
in the trimer (4.8 deg?, at 100 K) which is much lower than that

in TTF-BA where BA molecules have a principal libration of
14.8 and 12.8 deg”.

4. Conclusions

The structures of the 2:1 charge-transfer complex (TTF),-BA
at room temperature, 100 and 25 K have been reported. TTF
and BA molecules form a herringbone packing, with ortho-
gonal trimer units yielding layers parallel to the (101) plane.
Thermal displacement analysis has been performed.
Comparison with those of the isolated molecules and the 1:1
charge-transfer complex at 100 K revealed that libration is
smaller in the 2:1 complex, where translation of TTF and BA
molecules is isotropic and quite similar. Consequently, the
donor and acceptor are strongly coupled. This observation
agrees with the molecular geometry, where the distortion of
the TTF molecule has been shown. The TTF bond lengths
indicate the existence of a partial charge transfer of 0.2 e that
remains constant with temperature. On the contrary, the BA
geometry suggests that the molecule remains neutral in the
complex. Therefore, an accurate charge estimation is needed
by using DFT calculations and high-energy synchrotron data
for precise experimental density studies followed by a Bader
topological analysis.

Thermal contraction enhances the Br---S interactions
inside and between the trimers, in a very close-packing mode.
In the [101] direction the crystal cohesion is held in place by
remarkably short S- - -S contacts. These close contacts prevent
the possibility of the existence of a phase transition with
symmetry breaking.

Figure 3
Intermolecular interactions between the layers. Symmetry codes: (i)
1—x,—y,—z (V) i—x,—i+yi-zv)1-—x -y 1-z
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