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Experimental and theoretical evidence of

a supercritical-like transition in an organic
semiconductor presenting colossal uniaxial
negative thermal expansiont
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Thermal expansion coefficients of most materials are usually small, typically up to 50 parts per million per
kelvin, and positive, i.e. materials expand when heated. Some materials show an atypical shrinking behavior
in one or more crystallographic directions when heated. Here we show that a high mobility thiophene-
based organic semiconductor, BHH-BTBT, has an exceptionally large negative expansion between 95
and 295 K (—216 < a, = ap < —333 MK™1), being compensated by an even larger positive expansion in
the perpendicular direction (287 < a; < 634 MK™Y). It is shown that these anomalous expansivities are
completely absent in C8-BTBT, a much studied organic semiconductor with a closely related molecular
formula and 3D crystallographic structure. Complete theoretical characterization of BHH-BTBT using ab
initio molecular dynamics shows that below ~200 K two different & and B domains exist of which one is
dominant but which dynamically exchange around and above 210 K. A supercritical-like transition from

an a dominated phase to a P dominated phase is observed using DSC measurements, UV-VIS
Received 11th January 2018 t d X- diffracti Th igin of th t ti d itive th l L
Accepted 21st March 2018 spectroscopy, an ray diffraction. The origin of the extreme negative and positive thermal expansion is
related to steric hindrance between adjacent tilted thiophene units and strongly enhanced by attractive

DOI: 10.1035/c85c00159f S-S and S+-C interactions within the highly anharmonic mixed-domain phase. This material could
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Introduction

Organic and inorganic compounds displaying negative thermal
expansion (NTE) in one or more crystallographic directions have
attracted great interest in recent years for fundamental reasons,**
as well as for their applications in functional materials.> NTE is
characterized by a negative sign of the thermal expansion coeffi-
cient o; =(91/dT)p/l, with [ being one of the crystallographic axes
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trigger the tailoring of optoelectronic devices highly sensitive to strain and temperature.

(a, b, or ¢) or one of the principal (orthogonal) axes of the strain
tensor (1-3), where usually the temperature range is indicated over
which the NTE occurs. Potential applications of NTE materials
include their use as fillers in controlled thermal expansion
composites,> as thermomechanical actuator components>® or as
precursor compounds for the design of zero thermal expansion
materials by chemical modifications.?

It has become clear that porous materials, such as metal-
organic frameworks (MOFs), are more likely candidates to display
NTE than are dense materials, whether they are organic, inorganic
or hybrid organic/inorganic. MOFs that display NTE include the
cubic empty pore MOF-5 compound’ with o, = —16 MK ', Ag
[(ethylenediamine)]NO; with aj, = a, = —89 MK *,* MCF-82 (a3 =
—218 MK ),? and [Zny(fu-L1),], (a; = —380 MK ).

Dense materials displaying NTE have mostly smaller (less
negative) linear thermal expansion coefficients, but occasion-
ally these exceed those of porous materials. Examples include
the inorganic phases Zrw,Og (a, = &4 = —9 MK ') and
Ca,Ru0; 54 (p = @ = —115 MK %), the metal-organic “wine-
rack” phases Ag;[Co(CN)g] (o, = —125 MK *),*® o-Cu-tricyano-
methanide (a, = a, = —407 MK '), and thermosalient
(phenylazophenyl)palladium hexafluoroacetylacetonate (e, =
—80 MK '),* and the organic compounds nitromethane

This journal is © The Royal Society of Chemistry 2018
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18-crown-6 (a; = —129 MK '),'® octa-3,5-diyn-2,7-diol (e, = a3 =
—204 MK )" and thermosalient N'-2-propylydene-4-hydroxy-
benzohydrazide (IMACET) (a, = a3 = —290 MK ').*® The latter
compounds are exceptional since NTE is assumed to be less
common in purely organic compounds than in dense organo-
metallic or inorganic compounds.*”*

It is clear that the mechanisms underlying the phenomenon
of NTE are likely to be different in dense and porous materials.
We present here a case study of a dense organic benzothieno-
benzothiophene structure (bis(hydroxyhexyl)[1]benzothieno
[3,2-b][1]benzothiophene (BHH-BTBT)) that displays in the
absence of an obvious structural discontinuity an exceptional
negative uniaxial thermal expansion along the crystallographic
b-axis of the same order of magnitude as that in IMACET, i.e. o}
= @, = —333 MK " at 295 K, and an average (linear) value of
—274 MK ' between 95 and 295 K. The negative thermal
expansion in IMACET appears to be the onset of a first-order
phase transition, whereas in BHH-BTBT a more complex
supercritical-like transition without obvious structural discon-
tinuity takes place as will be shown below.

The uniaxial NTE in BHH-BTBT is more than compensated
by a very high positive thermal expansion (PTE) along the g-axis
of 580 MK ™' at 295 K (linear value between 95 K and 295 K:
441 MK ™), so that the volume expansion displays a net positive
effect. Thermal expansion of most compounds does not exceed
50 MK". The negative expansion in BHH-BTBT can be labeled
as ‘colossal’ according to the classification proposed and used
by Goodwin et al.,** van Heerden et al,*® and Henke et al*®
where ‘giant’ means |a| = 25 MK %, ‘colossal’ || = 100 MK *
and ‘massive’ || = 400 MK~ '. We also show that this excep-
tional thermal expansion is completely absent in a closely
related compound, the well-known, much studied,”?* and
commercially available bis(octyl)[1]benzothieno[3,2-b][1]benzo-
thiophene (C8-BTBT, Scheme 1), despite a very similar crystal
packing.

This type of m-conjugated thiophene based material is of
particular interest in the field of organic electronics, used as
a semiconductor in organic field-effect transistors (OFETs).>*¢ In
this context, some of us recently reported thermally evaporated
BHH-BTBT based OFETs exhibiting a high mobility of up to
0.17 cm®V ' s ' measured under an inert atmosphere but also in
ambient air.”” The crystal packing features, morphology and
charge transport in organic semiconductors are intimately
related,”® so in order to obtain a deeper understanding of the
exceptional NTE in BHH-BTBT we have carried out dynamic ab
initio density functional theory (DFT) molecular calculations.
Thermal expansion was shown to be the main factor responsible
for thermal bandwidth narrowing in organic semiconductors

S

BHH-BTBT

OH

Scheme 1 Chemical schemes for BHH-BTBT and C8-BTBT.
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such as pentacene (with a slight negative thermal expansion) and
rubrene.”® The modeling of thermal expansion coefficients by
means of ab initio calculations is challenging; in most cases, they
are estimated by computing the quasiharmonic vibrational
effects at different volumes to estimate the anharmonic contri-
bution to the energy expansion.***® In the present case, because
the material is dominated by weak forces, this approach is not
expected to work, in particular for high temperatures. Therefore,
ab initio dynamic calculations at constant temperature and
pressure have been done for the first time to our knowledge for
such a large and weakly bonded compound. They give insight
into the structural and electronic changes as a function of
temperature.

Structure description and thermal expansion

We reported previously the structure of BHH-BTBT at 295 K.’ It
crystallizes in space group I2/a with two short a and b axes of 7.8
and 5.9 A, respectively, and one very long c-axis of 49.5 A (95 K,
Fig. S11). The crystal packing is very characteristic of thiophene
based OFET structures, either with BTBT cores or fused thio-
phene-based structures with, for example, dithieno-thiophene
cores, with linear or branched side chains.**** The more or less
stretched molecules stack according to a herringbone organi-
zation (Fig. S257) as layers parallel to the ab-plane in such a way
as to have close S---S and S---C contacts, responsible for the
conducting behavior of the materials. In BHH-BTBT four such
contacts below 4 A are present (Fig. 1).

The shortest S---S contact at 3.430 A is between adjacent
parallel molecules with an angle between the two planes
through the BTBT cores of strictly 0°, since they are shifted by
one lattice translation along the b-axis. These molecules are said
to be in an edge-to-edge (EE) conformation although they are in
fact largely shifted along the b-axis. The other relatively short
S---S contact (3.911 A) is between adjacent molecules which are
in a face-to-edge conformation (FE) with respect to the BTBT
cores at an angle of 53° at 95 K. This herringbone angle gy, is
very close to that in similar BTBT systems where this angle
varies between 50 and 54° (Table S3t). The FE conformation
also gives rise to two very short atomic distances (3.309 and
3.384 13) from the S atom of one molecule to the C3 and C4
carbon atoms of two different aromatic bonds (Fig. 1b). The S---
C distances to the two other carbon atoms are slightly larger
than the sum of the van der Waals radii of carbon. The
distinguishing structural feature of this thiophene based
semiconductor compared to other reported structures is the
end hydroxyl functional group which stabilizes the crystal
packing by a hydrogen-bonded network between BHH-BTBT
layers (Fig. S31).

S
L P
S
C8-BTBT
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Fig. 1

(a) View of S---Sand S---C contacts in the structure at 95 K with a parallel edge-to-edge conformation between the upper two molecules

and a tilted face-to-edge conformation between the two bottom molecules. (b) Qlose contacts between an edge sulfur and the atoms of the
thiophene ring of an adjacent tilted BTBT core. The shortest S1---S" contact (3.430 A) is visible in part (a) of this figure as the dashed line between
the two upper molecules. Symmetry codes: () 1/2 + x,1 —y, z; (i) 2 — x, 1/2 + y, 1.5 — z; and (iii)) 1.5 — x, 1.5 — y, 1.5 — z.

The normalized thermal expansion values for the three
crystallographic axes and the volume are shown in Fig. 2.
Whereas the c-axis shows a very classical thermal expansion of
less than 2% over the studied temperature range between 95 K
and 295 K, the behavior of the a and b axes is very atypical with
an exceptional NTE of the b-axis (—333 MK, i.e. nearly 6%) at
the highest temperatures and a more than compensating very
strong PTE of the a-axis (580 MK ", i.e. nearly 9%). The value of
the cell volume is mostly determined by the value of the nor-
mally increasing very large c-axis and the very large increase of
the a-axis and augments by nearly 5%. The expansion is far from
linear throughout the investigated temperature interval, but no
discontinuities can be detected. Since the structure is mono-
clinic and the @-angle varies as well with temperature the
expansivities along the a and ¢ axes are not along identical
directions at different temperatures. The difference is not large
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Fig. 2 Normalized experimental and calculated cell parameters and
volume as a function of temperature for BHH-BTBT. The inset shows
optical microscopy pictures of a crystal of BHH-BTBT at 100 K and
296 K. The crystallographic a-axis is to the right of the paper and the
c-axis perpendicular to the paper. The dotted rectangles have exactly
the same dimensions (see also Fig. S387).
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because the §-angle is close to 90°, varying between 95.8° at the
lowest temperature to 92.8° at the highest temperature. For
a better comparison with other systems the expansivities along
orthogonal axes are reported as well (Fig. S91): 287 < a4 <
634 MK, —216 < a, = a, < —333 MK %5 23 < 03 < 60 MK ™. It is
noted that there is no space group change throughout the
investigated temperature interval.

The impact of the large positive and negative expansions of
notably the a and b parameters can be seen by plotting several
geometrical parameters calculated from the atomic models
resulting from the structural refinements as a function of
temperature (Fig. 3). The principal effect is a very large tilting of
a BTBT core with respect to another in FE conformation. The
tilting is accompanied by nearly constant S---C3' and S---C4'
contact distances and a much larger increase of the S---C2' and
S---C4'" distances which were initially already longer than the
sum of the carbon van der Waals radii. A closer inspection of the
distance and angle variations seems to indicate a change of the
slope in between approximately 200 and 220 K, suggesting
a second-order phase transition. Other geometrical parameters
behave normally as a function of temperature, in particular
those related to intramolecular distances, angles, and torsional
angles showing that the conformation of the molecules hardly
changes as a function of temperature (Fig. S13 and S15%), which
is also expressed in the nearly constant eigenvalues of the
molecule’s tensor of inertia (Fig. S127).

The crystal packing of BHH-BTBT is by far not unique:
a search in the Cambridge Structural Database®® for structures
with BTBT cores yielded 14 unique hits, including BHH-BTBT,
and a search for structures with analogous bisthienothiophene
(BTT) cores resulted in 16 hits (excluding co-crystals). Of these,
depending on the side functional groups, 9 structures with
BTBT cores have very similar packing structures to that of BHH-
BTBT with alternating EE and FE orientations, and 7 structures
with BTT cores (Table S371). The crystal structures of all struc-
tures, except BHH-BTBT, have only been measured at one
temperature, mostly 300 K, since this is the usual operating

This journal is © The Royal Society of Chemistry 2018
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Fig. 3

(a) Temperature dependence of atomic distances between the sulfur atom of a BTBT core and the atoms of the thiophene ring of an

adjacent BTBT core in the structure of BHH-BTBT. For the atom labelling, see Fig. 1b. (b) Temperature dependence of the herringbone angle o1,
between the least-squares planes of BTBT cores in the edge and face positions. Two straight lines were fitted to a low and a high temperature

interval, respectively. oy, for C8-BTBT is given as well.

temperature of the functional device. The distinguishing
feature between BHH-BTBT and other structures with similar
packings is the value of the tilt angle between the BTBT cores in
face-edge orientation, which is 65° in BHH-BTBT at room
temperature and 50-55° for other BTBT structures, and 44-46°
for BTT core structures regardless whether the structure has
been measured at low temperatures or at ambient tempera-
tures. We determined the thermal expansion of C8-BTBT
(Scheme 1) whose room temperature structure was determined
previously.?” Although the crystal packing is very similar to that
in BHH-BTBT, the thermal expansion is completely different
with a normal PTE along the in-plane (i.e. the plane perpen-
dicular to the stacking direction of the C8-BTBT b-axis) and
a close to zero thermal expansion for the other in-plane a-axis
and along the stacking direction (Fig. S247%). The evolution of
the herringbone angle is between 52.6° at 125 K and 55.0° at
295 K (Fig. 3b), which is quite normal and much smaller than
that of BHH-BTBT. The presence of the hydrogen-bonded
network between the stacked BHH-BTBT layers thus appears to
be a determining factor for the outstanding NTE and PTE
properties of BHH-BTBT.

Theoretical investigations

The ab initio DFT molecular calculations have been carried out
in the P1 space group. A symmetry analysis of the optimized
DFT structures shows that the actual I2/a space group symmetry
is very well retained (Table S61). The cell parameters of the
computed BHH-BTBT structure at 0 K (called a-0K) optimized
from the 95 K experimental structure are in excellent agreement
with the extrapolated cell parameters using the experimental
negative and positive linear thermal expansion in the 95-200 K
temperature range (Fig. 2). The evolution of the average cell
parameters with temperature was determined from the
constant particle, pressure and temperature Langevin dynamics
(NPT*?). Below 200 K, the results are in excellent agreement with

This journal is © The Royal Society of Chemistry 2018

the experimental observations. The time correlation of the
a and b lattice parameters in Fig. 4 shows that the trajectory
possesses only one unique attractor around the average values
and also that there is a linear correlation between a and
b keeping the a x b product approximately constant. For
temperatures beyond 240 K a qualitative agreement for the
positive and negative expansion remains but successive runs
at the same temperature lead to a dispersion of about 10% on
a and b, whereas a x b, c and V show a dispersion of only 1%,
0.5% and 0.6%, respectively. The system thus enters a new
phase space domain beyond the pure harmonic vibrational
limit associated with large correlated fluctuations of a and b.
The a/b time correlation diagram for different runs (Fig. S287)
at 295 K shows 2 attractors for the trajectories characterized
by the (a, b)-coordinates (9.1, 5.1), called a-295K, and (7.9,
5.9), called B-295K, with the intermediate region being trav-
eled by the different runs. This suggests that above 200 K the
system does not oscillate around only one equilibrium
structure but accesses the phase space around two different
local minima corresponding to two different phases, o and B.
These two structures can be extracted by computing the
average position of the atoms corresponding to the runs
around the two different attractors (Fig. 4). One domain, a,
corresponds to a short a parameter and has a structure very
similar to the a-OK structure while the other domain, B,
having a long a parameter and a different connectivity for, in
particular, the intermolecular S---S contacts, is associated
with the metastable B-OK phase.

The total structure averaged from all different runs is in very
good agreement with the experimental structure not only for the
unit cell parameters but also for the average local bonding. This
suggests that the experimental structure at temperatures
above 200 K is a dynamic mix of both a and B domains. A
close analysis of the time-averaged o and B structures in the
high-temperature regime shows rather important structural

Chem. Sci,, 2018, 9, 3948-3956 | 3951
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Fig. 4 a-parameter versus b-parameter for trajectories from 95 to 295 K. The large crosses give the equilibrium points for the a-0K (green) and
B-0K (red) structures.

differences between them (Table 1 and Fig. S327) for the axes the « and B structures. It can be seen that the B structure is
and thus also for all derived geometrical parameters. The solely responsible for the deviating large herringbone angle o},
experimental values are always close to the mean of the values of  in the experimental structure compared to related structures.

Table1l Comparison of the averaged DFT structures at 235 K and 295 K in the two branches, « and B, and the experimental structure. Since the
DFT optimizations have been done in the P1 space group, « and y angles deviate slightly from 90°. It also implies that there are two independent
herringbone angles a1, for each structure. The interatomic distances refer to the distances in the 12/a symmetrized structure. Symmetry codes are
as in the caption of Fig. 1

a-235K B-235K 235K-exp a-295K B-295K 295K-exp
a(A) 7.9191 8.8788 8.16147 8.1376 8.8560 8.4460
b (A) 5.8957 5.2477 5.6917 5.7948 5.2953 5.5894
¢ (A) 49.6875 50.3981 49.8698 49.6180 50.1623 50.2534
a () 90.0553 89.0994 90 89.9519 89.7405 90
6 (9 95.9899 91.3073 93.819 95.5113 93.2687 92.830
v () 89.9097 89.5738 90 90.0081 89.9775 90
Vv (A%) 2307.2 2347.2 2311.5 2329.0 2348.5 2369.5
on (%) 53.73/52.86 74.17/73.56 60.46 57.22/57.05 72.59/73.35 64.86
s1ii...gi (4) 3.415 3.561 3.482 3.447 3.555 3.533
S1---8'" (A) 4.195 3.784 4.113 4.146 3.892 4.086
S1---5' (A) 3.992 4.429 4.107 4.099 4.451 4.247
S---C3' (A) 3.393 3.392 3.315 3.397 3.370 3.343
S---c4' (A) 3.420 3.345 3.415 3.429 3.652 3.444

3952 | Chem. Sci,, 2018, 9, 3948-3956 This journal is © The Royal Society of Chemistry 2018
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The different connectivities between the BTBT cores in o and
B also give rise to very different electronic structures. At 0 K (for
the stable o structure), the percolation pathway of electrons and
holes can be visualized in real space using the Fukui functions
(Fig. S28f). The conductivity can directly be linked with very
diffuse 3p, sulphur orbitals interacting with each other and with
the C4'/C4" of the mt-system of aromatic carbons for the valence
band and with the 7-system of the C4' aromatic carbons for the
conduction band giving rise to electron-hole percolation path-
ways mostly in the ab-plane.

Fig. S29t shows the time-averaged temperature-dependent
vertical Kohn-Sham band gap for three irreducible k-points
extracted from NPT dynamics. An average decrease of the band
gap of —0.8 meV K™ for all k-points between 0 and 195 K is
observed. Above 300 K, as the kinetic behavior of the system can
be decomposed into the two domains a and B, existing locally
for a time scale of larger than 10 ps, the optical band gap is
dominated by the phase with the lower band gap, in this case
the B domain. For this specific domain the band gap minimum
is not anymore for G1 but for G2/G3 and the band gap decrease
becomes —1.1 meV K. This is coherent with the experimental
UV-VIS spectroscopy results (Fig. 5) showing a decrease of
—0.39 meV K ' below 200 K and —0.53 meV K ' above 200 K.
The band gap in C8-BTBT is 0.02 meV K ', nearly temperature
independent.

The theoretical over-estimation of the gap variation is most
probably linked to the underestimation of the Kohn-Sham gaps
compared to the experimental ones. The change in behavior for
the k-points can be qualitatively understood by looking at the
full band structure from the time-averaged structures at
different temperatures shown in Fig. S31.f All a-domains
present a similar band structure with a band structure
minimum around the I'-point.

For this structure, the four highest occupied bands and the
four lowest unoccupied bands present a decrease of the band
dispersion caused by the dynamic lowering of the local
symmetry due to the splitting of the band degeneracy, which
causes the decrease of the band gap tending to an asymptotic
lower limit around 200 K. Above 200 K the B-domain starts to

100
= BHH-BTBT
e C8-BTBT
— 80
S
[
£
—~ 60
©
D
)
S 40
ul
é‘; 20
)
0
e 9% e
100 150 200 250 300

Temperature (K)

Fig. 5 Experimental evolution of the optical band gap of BHH-BTBT
and C8-BTBT as a function of temperature as determined from UV-vis
spectroscopy.
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contribute to the system dynamics, having a different band gap
because of the different connectivity of the intermolecular S---S
bonds (in particular S---S' and S---S"). Now the total band gap
decrease is determined by that of the B-domain because the
temperature increase favors the decrease of the S---S" contact
distance and the electronic delocalization inducing an increase
of the band dispersion.

Discussion

In order to explain the anomalous behavior of the thermal
expansion in BHH-BTBT we could look at analogous
compounds, but temperature-dependent structural data on
organic semiconductors are very scarce. Only one comparative
structural study was published on the acenes naphthalene,
anthracene, tetracene and pentacene,*"** which all show the
typical herringbone packing also observed in BHH-BTBT. Pen-
tacene presents negative uniaxial thermal expansion an order of
magnitude smaller than in BHH-BTBT and has a much smaller
temperature dependence of the herringbone angle. The main
reason for the negative thermal expansion in pentacene was
shown to be the librational motion along the long molecular
axis in conjunction with an increase of oy, and frustrated by
steric hindrance between the herringbone-packed molecules.
This is expected to play a role as well in BHH-BTBT since
librational motion in BHH-BTBT is twice as large (Fig. S121) as
in pentacene, but other factors enhance NTE and PTE
significantly.

The full dynamic characterization by DFT has shown that
BHH-BTBT presents two polymorphs o and B characterized by
different (a,b)-parameters and oy, angles. The phases are closely
related, the main difference being in the connectivity between
adjacent BTBT moieties leading to quite different electronic
structures (Fig. S311). The most stable phase at 0 K is & but B is
only 85 meV per molecule higher in energy, including zero-
point vibrational energies. With increasing temperature, the
BTBT moieties librate more and more around their long axis,
asymmetrically towards the B structure as it allows some elec-
tron delocalization through the S---S contact because of the
associated length reduction. This leads to a flattened anhar-
monic potential in the direction of the B structure (Fig. 6).

This strongly anharmonic frustrated rotation couples with
the a and b parameters leading to a colossal positive and
negative thermal expansion as schematized in Fig. 7. This is
also seen in the computed (a,b) trajectory at 95 K that tends to
be displaced toward larger a values (Fig. 4). For higher
temperature, the fluctuation in the a-parameter becomes more
and more important until it becomes as large as the separation
between o and B at around 200 K. Therefore o and B cannot be
considered as independent phases but as an average phase with
average properties between the o and B domains.

In contrast to a “classical” first order phase transition (Fig. 6)
where structural fluctuations are smaller than the separation
between the two different structures, the structural fluctuations
in the present case are of the order of the structural separation
between a/f domains. This is reminiscent of a supercritical
transition from a liquid to a gas with no discontinuity of the
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"classical" first-order phase transition TSSI10K

Fig.6 Schematic view of the evolution of the free energy landscape of
the e and B domains in BHH-BTBT in the case of a supercritical-like
phase transition (top) and of a conventional first-order phase transition
(bottom).

Fig. 7 Scheme for the thermal expansion of BHH-BTBT. Yellow
arrows represent the rotation of the moieties with the increase of
temperature; the blue and red ones give the direction of the negative
and positive unit cell expansion, respectively. Only the aromatic
moieties are shown (for the 155 K experimental structure). The
numbers refer to close S---S distances in A.

density. DSC measurements (Fig. S361) show a discontinuity at
210 K with a very weak enthalpy AH = 170 J mol " which is at
least an order of magnitude smaller than the energy required to
break a classical hydrogen bond (6-30 k] mol™"). Although the
small hysteresis in the DSC plot could indicate a classical one to
one first-order phase transition, this is at first sight not very
likely in view of the extremely weak energy involved in the
transition and the absence of clear discontinuities in the
evolution of the cell parameters. From the dynamic DFT
calculations we rather deduce that in analogy with supercritical
fluids this could correspond to the equivalent of a Widom line*?
which is observed above the critical point separating a pseudo-
liquid from pseudo gas dominated domains associated with
a maximum of the isobaric heat capacity and a pseudo-boiling
temperature.** This observation agrees with the classification by
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Christy® of an isosymmetric transition, i.e. a transition in which
the high-temperature phase has the same space group
symmetry as the low-temperature phase, as a crossover or
diffuse transition without discontinuity in the free-energy
derivative leading to supercritical behaviour. Isosymmetric
structural transitions are necessarily first-order according to
Landau theory and are thus discontinuous. There is however
not a minimum size on the discontinuity under the Landau
conditions, and so a weakly discontinuous isosymmetric tran-
sition may appear continuous.*®

Below 210 K, with increasing temperature the fluctuations
become extremely large and the dominant o phase contains
more and more domains that dynamically convert into B-
domains even if they are strictly less stable. As seen in the ab
initio dynamics o/B-domains are locally stable on the typical
time-scale of the dynamics (i.e. 20 ps) even if the B-domains
remain less probable than the a-domains. This creates a mix of
o/B sub-domains stabilized by entropy that interconverts with
time: on the macroscopic time and space scale, the compound
appears to be formed of a unique phase that would correspond
to the time and space averaged mix of a/B with possibly a few
domains that are pure a structures.

Around 210 K, the free energy of the a and B structures has
becomes equal, the relative a/f populations become slowly
constant and only a small fraction of the a structures converts
into B structures. From the DSC enthalpy value and the
computed energy difference between a and B structures it can be
estimated that only 2% of the a structures dynamically converts
to B structures. As the conversion from a to B structures implies
a nucleation process, this could explain the hysteresis in the DSC
curve. At higher temperatures, the fluctuations in the parameters
become even much larger than the separation between the sub-
domains that become more and more difficult to separate: o/[-
domains melt into a unique dynamic phase. The global phase
appears to be homogeneous with properties that are the average
of the two concomitant domains as proved by a comparison of
the averaged lattice and bond length properties that compare
very well with the experimental data. The increase of the thermal
expansion coefficient along a continues to increase even more
(Fig. S87) since the system explores a larger phase space in the o/
B-domain “melt”, inducing a more important anharmonic
contribution to the thermal expansion.

The transition between the low and high temperature
systems can be characterized by computing (E,.) — (2En) with
(Etor) the average total energy and (Ey,) the kinetic energy. The
virial theorem requires that (E..) — (2Eqn) = 0 for perfect
harmonic oscillators. Fig. S30f shows that for temperatures
below 200 K the computed dynamics have a moderate anhar-
monicity behavior while above 200 K there is a global increase of
the anharmonic behavior of the a-domains associated with an
important deviation from harmonicity for the B-domains.

Conclusions

In summary we have shown that the organic semiconductor
BHH-BTBT, belonging to a wider class of structurally similar
compounds based on fused thiophene units, displays extremely

This journal is © The Royal Society of Chemistry 2018
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large negative and positive thermal expansion over the investi-
gated temperature range of 200 K and that it displays anomalies
around 210 K in derived geometrical parameters as well as in
UV-VIS spectroscopy data. The unique feature of this study
combining state-of-the-art experiments and theoretical calcu-
lations is that we were able to show that there exists a low-
temperature state consisting of one domain and a high-
temperature phase consisting of two dynamic concomitant
domains permanently exchanging. The transition between the
two states is not a classical discontinuous phase-to-phase
transition, but presents a quasi-continuity of all geometric
parameters very similar to the ones observed in supercritical
transitions. Nevertheless it is responsible for the anomalies
observed in geometrical parameters derived from X-ray
diffraction experiments, UV-VIS spectroscopy and DSC
measurements. It is expected that this solid-state supercritical
transition is not an isolated case limited to an organic semi-
conductor, but that isosymmetrical transitions in other
compounds will be recognized as such as well, as was done, for
example, by Swainson et al. for the transition in ammonium
hexafluorophosphate.*®

The dynamic co-existence of the two domains is in itself not
the only factor that causes the extreme expansions but it
enhances it considerably by amplifying the anharmonicity;
steric hindrance between adjacent thiophene units is the
primary structural reason for the NTE in this compound.
Combining the excellent electrical properties with the atypical
thermo-mechanical properties could lead to multipurpose
temperature dependent electronic devices. It is not uncommon
that a NTE material exhibits coexisting negative properties,
such as a negative Poisson ratio or negative compressibility,*
but this has not yet been investigated for BHH-BTBT.

The question why BHH-BTBT has exceptionally atypical
thermal expansion, and the related compound C8-BTBT not, is
difficult to answer. The presence of the hydrogen-bonded
network between the alternating layers could be a decisive
factor in the sense that it appears to switch the orientation of
two adjacent BTBT cores in FE stacking by 180° (Fig. S277)
compared to all other BHH-BTBT structures in the CSD, but in
the absence of any structural data of other BHH-BTBT
compounds with hydrogen bonded networks, this is not more
than a hypothesis. From DFT calculations it results that the
relative orientation of two adjacent FE C8-BTBT cores is about 6
meV per core more stable than that in BHH-BTBT. With such
a small energy difference other structural factors or kinetic
effects during the crystallization could be more decisive for the
orientation that emerges.
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