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This study focuses on the effect of structure compression and cooling on the stereoelectronic properties of the planar n-

conjugated TTF-BTD (TTF = tetrathiafulvalene; BTD = 2,1,3-benzothiadiazole) molecule, a prototypical example in which an

electron-donor moiety is compactly annulated to an electron-acceptor moiety. Its partially oxidised iodine salt (TTF-BTD),l5,

is a crystalline semiconductor featuring segregated columns of TTF*®> units stacked via alternating short and long m-nt

interactions. We studied TTF-BTD at temperatures ranging from 300 K to 90 K and at pressures up to 7.5 GPa, using both X-

ray diffraction and Raman spectroscopy to determine the properties of the compressed samples. Periodic DFT calculations

and several theoretical tools were employed to characterize the calculated structural modifications and to predict the

structural changes up to 60 GPa. The existence of an unprecedented new phase is predicted above 20 GPa, following a

covalent bond formation between two neighbouring TTF-BTD units.

Introduction

The past decades have witnessed great progress in the
development of molecular conductive materials. Thereby, it has
emerged that the vast architectural flexibility of molecules
possessing a highly delocalized m-electron system, and the
enormous diversity of their crystal structures, allow tuning the
electrical conductivity of these materials from semiconductive
to metallic or even to a superconductive regime.'® Very early
on in the development of molecular organic conductors,
tetrathiafulvalene (TTF) assumed a key role as an electron
donor (D) building block for crystal engineers, as illustrated by
the charge-transfer salt TTF-TCNQ (TCNQ = tetracyano-p-
quinodimethane) which forms a highly conducting complex,*°
or by the conductive salt a-(BEDT-TTF),lz (BEDT-TTF =
bis(ethylenedithio)tetrathiafulvalene).!*  Generally, (BEDT-
TTF),l3 is known to have the most diverse phases of crystal
structures among BEDT-TTF salts, whereby the crystals
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comprise alternating cationic (BEDT-TTF)* and anionic I3
layers.12 In the wake of these discoveries, preparative routes to
many TTF derivatives have been reported,'3-2* whereby the
synthetic protocol for annulating electron acceptor (A) moieties
compactly to TTF units stands out.?5-28 Specifically, the electron
acceptor benzothiadiazole (BTD)?® with its electron-deficient
heterocyclic ring forms a planar and compactly fused electron
donor-acceptor (D-A) dyad with TTF.332 However, it should not
be disregarded that materials composed of molecular dyads
with a spacer unit may also feature conductive properties. For
example, TTF bridged by phenyl-vinylene to a
perchlorotriphenylmethyl radical reveals semiconducting
behaviour, though at high pressure (HP) only.33 Yet, having a
planar and compactly fused molecular system can facilitate the
manufacture of thin films for practical applications.3*

The neutral molecule, that some of us3435 obtained combining
TTF and 2,1,3-benzothiadiazole (TTF-BTD), is one notable
example of such planar rt-conjugated D-A systems. The object
of our experimental and computational study is its charge-
transfer salt (TTF-BTD),ls, obtained by iodine-induced partial
oxidation.

(TTF-BTD),l5 presents semiconductor behavior with a room
temperature (RT) electrical conductivity of ~2 S/cm and
activation energies in the range of 150-100 meV.3* It crystallizes
in the monoclinic C2/m space-group, forming black shiny
elongated plates. The planar TTF-BTD molecule lies across a
mirror plane so that only half of it belongs to the asymmetric
unit. Therefore, in the crystal structure, a TTF-BTD molecule
formally bears a formal partial charge of +0.5 to counterbalance
the negative charge of I3~ (the anion also lies on an inversion
center). In the crystal packing, the TTF-BTD molecules stack with
alternating short and long distances between the average
planes of the molecules (~3.3 and ~3.6 A, respectively, at
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ambient pressure). Thus, a more physically consistent picture is
that of one positive charge per tightly assembled TTF-BTD pair.
Because one neutral and one cationic moiety cannot be
unambiguously identified, either both forms are present but
disordered in the structure, or the charge is genuinely
delocalized over two identical molecules forming a radical
cation. Judging from the atom-atom distances, the pairs are
assembled only through non-covalent interactions and
therefore we call them non-covalent pairs or n-dimers, and the
corresponding structure is the non-covalent pair phase.
However, the activated conductivity of the compound is
consistent with an incipient dimerization of the structure and
the presence of an unpaired electron per each (TTF-BTD), pair,
which was shown to localize exclusively on the TTF units by a
spin density distribution analysis.3>

In the crystal, positive and negative moieties are segregated in
columnar stacks. The TTF-BTD pillar extends along the
crystallographic c* direction via m-it interactions, forming a
ladder with a head-to-tail alternation so that the molecular
dipole moments point towards each other and cancel out the
polarization of the crystal, which in fact belongs to a non-polar
space group. The large cavities between the stacks are filled by
the linear I3~ anions, parallel to the m-conjugated systems. The
terminal iodine atoms display short contacts to the sulfur of the
BTD moieties (~3.5 A). Other observable short contacts occur
between one of the TTF sulfur atoms and the BTD nitrogen atom
from the adjacent stack. Intra-stack S---S distances are close to
the Van der Waals distance for sulfur.

Topological analyses of the electron density distribution
addressed S-:S and C:--:C bond paths between each TTF-BTD
unit, but the electron density properties are closer to those of
closed-shell interactions (despite the presence of the
delocalized unpaired electron suggest that they are not exactly
closed-shell moieties). A non-negligible electron delocalization
was calculated between S atoms of adjacent molecules in the
stacks (0.08 and 0.06 electron pairs for the shorter and longer
interactions, respectively), while delocalization associated with
the C:--C interaction is smaller (0.03 electron pairs).3°

DFT calculations of the magnetic properties performed on a
cluster of molecules indicate that an antiferromagnetic ground
state is more stable than a metallic one: the unpaired electrons
on each (TTF-BTD), unit are coupled antiferromagnetically to
form tetramers along the mt stacks (J = -213 cm™), while inter-
stack interactions are negligible (< 0.1 cm™).3%

(TTF-BTD),l3 is a very promising starting point for electronic
and/or structural modifications at non-ambient conditions. We
therefore set out to investigate the system at temperatures
between 300 K and 90 K and variable pressure (up to 7 GPa)
using single-crystal X-ray diffraction (SCXRD) and powder X-ray
diffraction (PXRD) experiments. Experimental data were
complemented by periodic-DFT calculations of high-pressure
(HP) structures (up to 60 GPa) and their analysis with different
theoretical tools, including Fukui functions,3® semi-empirical
potential forces,3” and topological analysis of the electron
density in the frame of Quantum Theory of Atoms in Molecules
(QTAIM).38
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SCXRD at Variable Temperature. Crystals of (TTF-BTD),ls
(obtained as described in Geng et al.)3* were selected and
mounted on a glass needle with Paratone oil, and their
diffracted intensities were collected at 373, 323, 283, 173 and
90 K (see also Ref. 34 and 35). The measurements were
performed with an Oxford Diffraction SuperNova area-detector
diffractometer using mirror optics monochromated Mo Ka
radiation (A = 0.71073 A). The temperature was maintained
constant with a Cryostream 700 by Oxford Cryosystems. The
data reduction was carried out with CrysAlisPro,3 including
corrections for Lorentz and polarization effects, and an
absorption correction based on SCALE3 ABSPACK multi-scan
algorithm. The structure was solved by direct methods using
SIR97,%° and least-squares refined with SHELXL-2013%! using
anisotropic thermal displacement parameters for all non-
hydrogen atoms. Hydrogen atoms were assigned geometrically
and refined with a riding model; to each hydrogen atom was
assigned a fixed isotropic displacement parameter with a value
equal to 1.2 Uegq of its parent atom. All crystals were found to
be affected by twinning, the intergrown twin domains being
related by a 180° rotation about a*.

SCXRD at Variable Pressure. Several SCXRD experiments were
attempted at HP. Typically, a crystal of (TTF-BTD),l; was loaded
in a Merrill-Bassett diamond-anvil cell (DAC)* equipped with
0.5 mm Boehler diamond anvils*®* and a steel gasket, pre-
indented to 0.075-0.095 mm thickness and with a 0.20-0.25
mm hole diameter. A 4:1 mixture of methanol and ethanol was
used as pressure transmitting medium (PTM) and the pressure
was calibrated with the ruby fluorescence method.**4> The
diffracted intensities measurements were carried out at RT with
an Oxford Diffraction SuperNova area-detector diffractometer
using mirror optics monochromated Mo Ko radiation (A =
0.71073 A). Attempts to index the diffraction patterns with
CrysAlisPro3® showed the presence of multiple overlapping
domains that could not be properly distinguished, indicating
that the crystals fractured upon compression. Only in one case,
at 2.4 GPa, it was possible to perform a data reduction; the
quality of the measurement, however, did not allow us to
extract reliable structural information beside the unit cell
parameters.

PXRD at Variable Pressure. To overcome the problems caused
by the presence of multiple domains, a set of HP experiments
was performed on a powder sample. The powder was loaded in
a gas-driven Boehler type membrane-driven DAC equipped with
0.5 mm diamond anvils and a steel gasket pre-indented to
~0.075 mm thickness with a 0.20 mm hole diameter. Quartz
powder was added as an internal standard for pressure
calibration®® and a 4:1 mixture of methanol and ethanol was
used as PTM. The experiment was performed at the X04SA
Material Science Beamline at the Swiss Light Source, Paul
Scherrer Institute, Villigen, Switzerland,*” using the Mythen Il
microstrip detector and a 16 keV focused beam. The pressure
was raised in 0.3—1 GPa steps up to 7.5 GPa. Lattice parameters
were refined from each pattern with Topas Academic*® and
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subsequently used to determine the equation of state and the
strain tensor with EosFit7c.*?

Raman spectroscopy at Variable Pressure. Raman spectra were
measured using a Renishaw InVia spectrometer coupled to an
imaging microscope (Leica) with 785 nm excitation. All
measurements were carried out at room temperature. Pressure
was applied trough a diamond-anvil cell by High-Pressure
Diamond Optics. Sample crystals were inserted in a 0.250 mm
diameter hole in a 0.300 mm thick stainless-steel gasket with an
outer diameter of 5 mm along with ruby, used for pressure
calibration.*44> Nujol oil was added as PTM.

Periodic DFT Calculations. Periodic DFT calculations were
performed with the software CRYSTAL17°° using the hybrid
functional B3LYP. The basis set pob-TZVP>! from the CRYSTAL
library was employed for the S, N, C, and H atoms. Effective core
potential pob-TZVP was used for the | atoms.>? London-type
pairwise empirical correction to the energy, with a scaling factor
of 0.5, was used to account for dispersion effects.®®> The
experimental XRD structure at ambient pressure (AP, i.e.
0.000101325 GPa) was used as a starting guess for a geometry
optimization. The optimized structure was then used as a guess
for the calculation of the next pressure point, and so on,
iteratively. Calculations were performed at AP, 0.5, 1, 2, 5, 10,
15, 20, 30, 40, 50, and 60 GPa in the C2/m space-group.
Convergence with the pob-TZVP basis set could not be obtained
for higher pressures. The formation of a genuine covalent bond
between two TTF-BTD units was first observed for the
calculations at 50 GPa, and this structure was then used to relax
the pressure with geometry optimizations at 40, 30, 20, 10 GPa,
and AP. Calculation of vibrational frequencies was performed
for the structure at 50 GPa. An optimization in P1 space group
at the same pressure was also attempted, but it failed to
converge. Band structure and density of states calculations
were also performed for the optimized structures at AP, 50, and
60 GPa (Figures S1-S3). All the aforementioned calculations
were performed assuming ferromagnetic coupling of the
unpaired electrons; this approximation was adopted to reduce
the computational cost, since an antiferromagnetic coupling
would require more expensive supercell calculations. It is
noteworthy, in fact, that the energy difference between
ferromagnetic or antiferromagnetic structures is small and this
typically implies only a little perturbation of the crystal
geometry, while significantly affecting the magnetism. For
example, PDFT calculations at ambient pressure predict volume
differences well below 0.1% between ferro and
antiferromagnetic  coupling networks. Moreover, the
experimental geometries have been determined above the
Néel temperature (see ref 35), therefore they cannot display
structural distortions due to the magnetic ordering.
Theoretical Analysis. The topological analysis of the electron
density through QTAIM was performed with the software
TOPOND14.543> Semi-empirical potential energies and forces
were calculated with the routine described in Montisci et al.3”
up to 40 GPa (Figure S4). The additional repulsion parameters
for the sulfur atom were taken from the parametrization of
Abraha & Williams for sulfur allotropes.>® The atomic point
charges were obtained from a multipolar expansion of the

This journal is © The Royal Society of Chemistry 20xx
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electrostatic potential of the calculated crystal, structyres
assuming antiferromagnetic coupling. DPHéO Yadicalic® Of i
function3® for the non-covalent pair undergoing an addition
reaction was computed at 40 GPa and 50 GPa (respectively for
the structure before and after the reaction) with the finite
difference approximation. The wavefunctions of the anion
(N+1) and cation (N-1) structures were computed with
GAUSSIAN16°7 at the B3LYP//6-31g(d,p) level. Extraction of
electron densities from the wavefunctions and subsequent
arithmetic operations were performed with Multiwfn 3.3.9.58

Results and Discussion

The goal of our study is to observe and interpret the effects of
controlled compression on the electronic structure of (TTF-
BTD),ls. To this end, we used two kinds of experimental
techniques (X-ray diffraction and Raman spectroscopy) to
validate the structural and electronic changes predicted by
theoretical calculations. For the sake of a clear discussion, the
crystal packing of (TTF-BTD),lsis illustrated in Figure 1, where all
the relevant structural parameters are defined.

Sp—— |
g & c-Clong; 5782
cr"sn in(raf}fi—'*l:%
cszintaf Oy
Ve G0

< =¥ |
P

Figure 1. Structure and definition of structural parameters of (TTF-BTD)2I3.
Intramolecular bonds are labelled in red, while intermolecular interactions are labelled
in black.

XRD experiments. When decreasing the temperature down to
90 K, a volume contraction of ~3% was observed, with a marked
anisotropic character and the principal strain component
directed along the crystallographic c-axis. This led to a
shortening of ~2% for both C-+-Csort and C:+-Ciong (see Figure 1).
Apart from this, no other relevant structural modifications were
observed. The HP-PXRD study, instead, indicated a substantial
shrinking of ~24% up to ~7.5 GPa, corresponding to a bulk
modulus of 9.97(9) GPa. The compression was continuous and
anisotropic, and the main component of the strain tensor was
found along the c* direction (Figure 2).

J. Name., 2013, 00, 1-3 | 3
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Figure 2. The main components of the strain tensor upon cooling (a) and
compression (b) superimposed to the crystal packing of the ambient pressure
structure viewed along the b-axis. In (c) and (d), the deformation of the lattice
parameters (LP) relative to the ambient structure is reported.

The single-crystal high-pressure experiments performed were
severely limited by the tendency of the crystals to break easily
upon even moderate compression (see experimental section).
This fragility could be attributed to the presence of twin
domains, a feature that affects the samples implying two
contrasting orientations of the strain. Therefore, a detailed
analysis of the HP (TTF-BTD),ls crystal structures was possible
only from the theoretical calculations, using periodic-DFT to
simulate an ideal crystal. In contrast, only the unit cell
parameters are reliably obtained from the HP-PXRD data (see
Figure 3). The agreement between the experimental and
calculated unit cell volumes is excellent, while some
quantitative discrepancies are found for the length of the unit
cell axes taken individually. The c-axis, in particular, is ~2%
more compressed in the PXRD experiment (in keeping with the
only HP point of the single crystal experiment) compared to the
periodic DFT calculations, compensating the opposite
behaviour of the monoclinic angle 8. These discrepancies are
likely due to the temperature effects, which are not accounted
for in the DFT calculations.

Journal Name

Raman spectroscopy. Vibrational spectroscopy;.iss @ Wells
established, experimental probe of tH&lpreigate 3effetts™®
which is complementary to XRD. Discontinuities of vibrational
frequencies at variable pressure are often indicative of phase
transitions or severe changes of the intra- and intermolecular
interactions. Raman signals at shifts between 1400 cm™? and
1560 cm, corresponding to C=C stretching modes, are clues
about the oxidation state of BEDT-TTF moieties.®® They are
expected to show strong variations if pressure induces a
significant change in charge localization and hence in the
conductivity. Figure 4 shows (TTF-BTD),lz; Raman spectra
measured between ambient pressure and 2.2 GPa. The band
maxima in this region feature pressure-induced shifts between
4 cm/GPa and 7 cm™l/GPa, given in Figure 4b, without any
obvious discontinuities. Such shifts are similar in magnitude to
those reported for ligand modes in coordination compounds.6?
Change of the oxidation states, from neutral to salts, has been
shown to lead to Raman frequency changes on the order of 80
cm™ to 100 cm™.%0 Extrapolating from the measured shifts of
Raman frequencies, a pressure on the order of 20 GPa would be
required to achieve this total shift, i.e. least one order of
magnitude higher than the experimentally accessible range. The
vibrational spectra — over a much more limited pressure range
compared to the diffraction experiments — do not reflect a
pronounced change of conducting properties and indicate that
much higher pressures are required, as confirmed by the
detailed structural considerations below. While the pressure-
induced shifts are easily discernible in Figure 4, those induced
by a temperature change (between T =90 K and T = 293 K) are
smaller than 4 cm™ over the entire temperature range, as
shown in the Supporting Information (Figure S4).
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Figure 3. (a) Unit-cell volume as a function of pressure, including experimental
data from PXRD, SCXRD and DFT calculations: (b) Pressure dependence of the
normalized individual lattice parameters. Full and empty circles represent data
from SCXRD and PXRD respectively, while diamonds are data from DFT
calculations. Uncertainties are smaller than the symbols and therefore not plotted.
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Figure 4. (a) Raman spectra at variable pressure in the range of the C=C stretching
modes. Spectra are offset along the vertical axis for clarity. (b) Maxima of main
Raman peaks at variable pressure. Dotted lines indicate the trends, linear shifts of
peak maxima with pressure are given.
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Figure 5. Pressure-induced formation of a covalent bond between the TTF-BTD

moieties. The full circles with dashed lines and the open circles with dotted lines
represent the phases before and after the intra-pair reaction that produces the
covalent dimer; (a) Variation of C:Csport, C+*Ciong, C—Cintra, and the distances
between the mean planes of TTF-BTD moieties under compression; (b) Variation
of 1-+:S1, 1-+:S2, 11++-S1, and |+-S2 distances under compression (see examples of
sulphur-bonds in Beno et al. and Arkhipov et al.);6%63 (c) Crystal structure of the new
phase viewed along the b-axis at 50 GPa; C-+-Cq,o: has turned into a covalent bond,
while C---Cjong contacts are indicated by the black dotted lines. Reviewer 2 says the
dotted orange lines should be red.

Theoretical calculations. DFT calculations were carried out not
only for predicting the crystal structures at pressures for which
a detailed experimental characterization was not successful,
but also to give more insight into the nature of the interactions
occurring in the crystal and their correlation with the transport
and mechanical properties.

Given the alternation of the distances between the TTF-BTD
molecules in the columnar m-i stacks and the fact that an
unpaired electron must be shared between two molecules, a
dimeric character is expected. However, the compressibility of
the intra-pair stacking is comparable to that of the inter-pair
stacking, at least up to 15 GPa (see Figure 5a). At each pressure
point, the forces calculated based on classical intermolecular
energy decomposition schemes (electrostatics, induced
polarization, dispersion, and short-range repulsion) obviously
oppose further approach of TTF-BTD. The destabilization
progressively increases upon compression, compensated by the
energy introduced through the externally applied force. All
interactions within a non-covalent pair are stronger than the
inter-pair ones (Figure S4) because of the shorter distances, for
which the repulsive energy term dominates. Intuitively, one
would expect that only the inter-pair distances would shrink
until inter- and intra-pair distances equalise, because the
repulsive forces rapidly decrease with the intermolecular
distance. However, because we observe a very similar
compressibility for both kinds of contacts, despite the stronger
repulsion associated with the intra-pair one, we conclude that
an additional electronic factor (like an incipient covalency)
favours the intra-pair compression, not accounted for by the
classical energy terms.

Deeper insight is gained from the accurate analysis of the
electron density distribution p(r). The topological analysis of p(r)

This journal is © The Royal Society of Chemistry 20xx
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based on the QTAIM addresses bond critical points, along the
bond paths of all the interactions labeflédOi3Pigdr& 01228
expected, the compression affects the electron density at the
critical points, i.e. it increases progressively as a consequence of
the shorter distances. It is worth noting that the intra-pair
contact, C---Cqnor, features not only a larger value of electron
density but also a larger increase rate upon compression, see
Figure 6. The Laplacian is small and positive for all these
contacts, and it also increases as a function of the applied
pressure, with a steeper increase for the intra-pair one.

Aoz P ..

0.30

0.25

o

3 .
)

= -#-- C-—C short
_B0%..e C-~Clong
= -#-- C=C intra
=

Pirlpep (au)
Py

e

[ 0 50 &0

w
P(GPa) P(GPa)

Figure 6. Topological analysis of the electron density for the C-+-Cgport, C++*Ciong, and
C—Cintra at different pressures. The full circles with dashed lines and the empty
circles with dotted lines represent the phases before and after the intra-pair
addition reaction, respectively. (a) Electron density at the bond critical point; (b)
Laplacian of the electron density at the bond critical point.

The volume reduction of the inter-stacks cavities brings the I3
anions closer to the TTF moieties on the same plane, favouring
the symmetrical interactions between the terminal iodine atom
(I;) and the hydrogen atoms of the TTF (as inferred from the
appearance of corresponding bond critical points). Moreover, a
slight slide between the layers occurs, bringing I3~ in an inner
position between the two closer BTD moieties along the c-axis.
This is clearly visible in Figure 5b: while at lower pressures the
distances between the BTD sulfur atom and the central iodine
atom (I) were much longer than those with the terminal iodine
(1), at higher pressures they become comparable.

The DFT calculations enable predicting structures even above
the measurable pressure ranges, limited experimentally by the
fragility of the crystals. In the structure calculated at 50 GPa, a
bond is formed between two carbon atoms of the TTF moieties
aggregated through C---Cgort, leading to the crystal packing
shown in Figure 5c. The abrupt reduction of C::-Cgyor distance
(Figure 5a) and of the Laplacian of its electron density (Figure
6b) indicates the formation of a covalent bond between the two
atoms and therefore a genuine o-dimer. This is also reflected in
the tetrahedral geometry of the two carbon atoms and the
elongation of the C—Cjys and C—S1;,, bonds of the TTF, all
due to a sp? re-hybridization of the two carbon atoms.

Figure 7. Fukui function f(r) for (TTF-BTD), radical before and after the addition
reaction. (a) fO(r) for the non-covalent m-pair “extracted” from the crystal
structure at 40 GPa. (b) f°(r) for the covalent o-dimer extracted from the crystal
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structure at 50 GPa. Graphic elaboration performed with isovalue = 0.003 a.u. in
Avogadro.®*

Figure 7 shows the Fukui function f(r) for the dimerized TTF-
BTD moiety at 40 and 50 GPa which are, respectively the highest
pressure at which the non-covalent pair is predicted to occur,
and the pressure at which only the covalently bonded species is
predicted. fO(r) illustrates the regions of the molecule where a
radical attack is more likely, strongly indicative of the
localization of the unpaired electron. While prior to the
formation of a covalent bond the density was localized on the
entirety of TTF C—Ci,ira bonds (including the reactive C atoms),
after the reaction it is localized only on the one carbon not
involved in the newly formed bond (and on the sulfur atoms).
This suggests that also the C::Cyng interaction could be
transformed into a covalent bond. Indeed, the shortening of
C---Ciong, Which had reached a plateau in the phase of the non-
covalent pair, resumes in the new phase as well, and one can
expect that, eventually, a polymerization reaction may occur.
However, it was not possible to obtain convergence for
calculations at pressures higher than 60 GPa to substantiate this
hypothesis.

The phase of the covalently bonded dimer was also used as a
starting guess for geometry optimizations at lower pressures
(Figure 8). According to the calculations, the two phases coexist
at pressures between 10 and 40 GPa. From pseudo-enthalpic
considerations (E. + PV), the ambient pressure phase (without
the covalent dimerization) is predicted to be the most stable up
to 20 GPa, while the phase consisting of the covalently
dimerized species is favoured at higher pressures.

a 1009 - Covalent Dimer Phase b =
095% - Non-Covalent Pair Phase 40
0.90 1
204
0854 ‘o
0.80 —_—
3 2 30 40
5 0754 & E 10
2 P(GPa)
2
070 s £ 204
4 304
085 & 0
40
0.60 . 0
055 ¥ =
. 60
70

0 5 10 15 20 25 30 35 40 45 50 55 60
P(GPa)

Figure 8. Comparison between the phases containing non-covalent m-pairs and
covalent o-dimers of the (TTF-BTD),l; crystal structure. (a) Variation of the
normalized unit cell volume with pressure; (b) Difference of “pseudo-enthalpy”
(Eei+ PV) between the two phases at selected pressures. Negative values indicate
that the non-covalent mt-pair is more stable, while positive values indicate that the
covalent o-dimer is favoured.

Conclusions

We have investigated the (TTF-BTD),l; salt, a promising organic
semiconductor, at variable temperature and pressure, using
both X-ray diffraction and Raman spectroscopy, with the aim to
determine the material properties upon compression. The
theoretical calculations, used to interpret the experimental
results up to the highest pressure achievable experimentally,
predict an interesting evolution of the TTF-BTD pairing, that
eventually favours the formation of a genuine covalent bond

6 | J. Name., 2012, 00, 1-3

between two TTF-BTD units (at P > 20 GPa). The varigtions with
pressure of the electron density and its R@plEtidA%4e X HO boRY
critical points along the C:-:Cshort, C:+*Ciong, and C—Cinra bond
paths support the claimed formation of the covalent bond along
C:Cshorr and the sp3 hybridizations of the involved carbon
atoms. Moreover, the p(r),e, along C---Ciong is approaching the
values of that along C::-C¢hort right before the addition reaction
occurs. This is a strong indication that our calculations are close
to the pressure at which an extensive polymerization might
occur, and an even more interesting phase may be obtained.
The experimental difficulties (and especially the fragility of the
crystals) did not allow to validate this hypothesis. Nevertheless,
quantum chemical methods allowed a thorough study of the
modified molecular structure, its bonding situation, and the
consequences for the crystal properties.
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