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Functionalized Dithienylthiazolo[5,4-
d]thiazoles for Solution-Processable Organic

Field-Effect Transistors

Sarah Van Mierloo,™ Karolien Vasseur,” Niko Van den Brande,' Ayse E.
Boyukbayram,® Bart Ruttens,® Silvio D. Rodriguez,™9 Edith Botek,"
Vincent Liégeois, Jan D’Haen,® Peter J. Adriaensens,® Paul Heremans,"
Benoit Champagne, Guy Van Assche, Laurence Lutsen,™ Dirk J.
Vanderzande,* ¥ and Wouter Maes* @11

A series of 5’-aryl-substituted 2,5-bis(3’-hexylthiophen-2’-yl)thiazolo[5,4-d]thiazole derivatives was synthesized and these expanded
semiconductors were investigated as active materials for solution-processable organic field-effect transistors. Field-effect mobilities up to
10° cm? V' s™ were obtained, representing the first reasonable FET behavior for highly soluble thiazolo[5,4-d]thiazole-based small organic
compounds suitable for printable electronics. Thermal and electro-optical material properties were studied by thermogravimetric analysis,
differential scanning calorimetry, cyclic voltammetry and UV-vis spectroscopy. Trends in thermal and optical data were supported by (time-
dependent) density functional theory calculations. Additional X-ray diffraction, atomic force microscopy and scanning electron microscopy
studies provided insight in the relationship between the molecular structures, film morphologies and FET performances. The fibrillar
microcrystalline structure observed for the best-performing thienyl-substituted material was linked to the high mobility.

Introduction

Organic semiconductors recently receive significant attention
as functional materials applicable in organic field-effect
transistors (OFET's),™ organic light emitting diodes (OLED’s),?
and organic photovoltaics (OPV).E! Some of the particular
features of organic materials render them more attractive than
their inorganic counterparts for electronic applications requiring
large area coverage, structural flexibility and solution
processability. In the design of organic semiconductors, the
consideration of molecular properties such as oxidation
potentials, electron affinites and intermolecular -1
interactions is a crucial aspect. Several prominent
semiconducting materials have been obtained by structural
modifications of oligothiophene derivatives and their properties
have been tuned by introducing particular substituents onto the
m-conjugated backbone.”) Among these thiophene-based
(small) molecules, a number of materials containing a
thiazolo[5,4-d]thiazole (TzTz) unit have shown high field-effect
mobilities when used as active layers in both n- and p-type
OFET devices. The TzTz fused heterocycle shows some
excellent characteristics toward applications in organic
electronics. Its electron-accepting character enhances the
stability of the resulting materials toward oxygen. TzTz
compounds are generally stable under ambient atmosphere at
room temperature over a period of several months. Moreover,

the TzTz moiety has a rigid planar structure due to the fused
bicyclic ring system, which leads to efficient intermolecular -1
interactions.® Finally, 2,5-diaryl-substituted TzTz's can easily
be  synthesized starting from the  corresponding
arylcarbaldehydes and dithiooxamide.

The majority of TzTz molecules reported so far is very
poorly soluble and requires vacuum deposition techniques for
device fabrication. In order to be applicable to printing
processes, highly attractive for large area coverage at a
reasonable cost, solubilizing groups/side chains have to be
appended to the extended m-system. Such highly soluble TzTz
materials are also of particular appeal for integration (as
acceptor components) in low bandgap donor-acceptor
copolymers toward efficient organic solar cells. The interest in
the TzTz structure in this respect has increased spectacularly,
noticeably in the last year."?

In this paper, a series of highly soluble functionalized
TzTz-based semiconductors is presented. Four 2,5-bis-(5'-aryl-
3’-hexylthiophen-2’-yl)thiazolo[5,4-d]thiazole (DTTZzTz2)
molecules, i.e. Th-DTTzTz, 4-CF3-Ph-DTTzTz, 4-F-Ph-DTTzTz
and 4-CN-Ph-DTTzTz (Scheme 1), were synthesized, in which
the two 3-hexylthiophene wunits ensure solvent-based
processing.'” Functionalization, purification and charac-
terization of the molecules are considerably simplified by their
high solubility. The correlation between the molecular
structures of the synthesized DTTzTz derivatives, their thermal
and (photo)physical properties, spin-coated film morphologies
and FET performances was thoroughly analyzed.
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Supporting information for this article (cyclic voltammograms, TGA
and DSC thermal analysis data, XRD pattern of the sublimed Th-
DTTzTz material, more details on the computational procedures,
and 1H and 13C NMR spectra for all novel thiazolo[5,4-d]thiazole
derivatives) is available on the Www under
http://dx.doi.org/10.1002/cplu. 200XXXXXX.

Results and Discussion
Synthesis and (electro-optical) characterization

The novel thiazolo[5,4-d]thiazole derivatives have been
prepared through a convenient three-step synthetic protocol
(Scheme 1). The backbone unit, 2,5-bis(3’-hexylthiophene-2’-
yl)thiazolo[5,4-d]thiazole, was synthesized via the classical
condensation  approach, reacting  3-hexylthiophene-2-
carbaldehyde and dithiooxamide.®® After that, a bromination
reaction with N-bromosuccinimide (NBS) was carried out (in
DMF), affording 2,5-bis(5’-bromo-3’-hexylthiophene-2’-yl)thia-
zolo[5,4-d]thiazole (Br-DTTzTz). 2,5-Bis(4-hexyl-2,2’-
bithiophene-5-yl)thiazolo[5,4-d]thiazole (Th-DTTzTz) was then
obtained through a Stille cross-coupling reaction with
tributyl(thiophen-2-yl)stannane (Pd(PPhs)s, THF).*? On the

other hand, 4-(trifluoromethyl)phenyl-, 4-fluorophenyl- and 4-
cyanophenyl-substituted DTTzTz derivatives (4-CFs-Ph-
DTTzTz, 4-F-Ph-DTTzTz and 4-CN-Ph-DTTzTz) were
synthesized through Suzuki cross-coupling reactions with the
respective boronic esters (Pd(PPhs)s, DME, NaHCO; or K3PO,4
base). The use of the KsPO4 base provided higher yields for
the 4-CN-Ph-DTTzTz compound. All DTTzTz compounds were
efficiently purified by column chromatography (on silica) and
consecutive recrystallizations, and were isolated as red
crystals. The materials were found to be stable under ambient
atmosphere at room temperature over a period of several
months. Due to the substitution with hexyl side chains, all
compounds were nicely soluble in common organic solvents, in
particular in chlorinated solvents and ethers.
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Scheme 1. Synthetic pathway toward soluble 2,5-dithienylthiazolo[5,4-
d]thiazole derivatives.

Experimental UV-vis absorption maxima (in CHCls
solution) and cyclic voltammetry (CV) data of the DTTzTz
derivatives are summarized in Table 1. For the phenyl-
substituted compounds 4-F-Ph-DTTzTz, 4-CN-Ph-DTTzTz and
4-CF3-Ph-DTTzTz, the absorption maxima were observed at
433, 445 and 434 nm, respectively, somewhat blue-shifted
relative to Th-DTTzTz (Amax= 449 nm). On the other hand, CV
measurements (Figure S1 in the Supporting Info) of 4-F-Ph-
DTTzTz, 4-CN-Ph-DTTzTz and 4-CF;-Ph-DTTzTz revealed
oxidation peaks at 0.73, 0.83 and 0.90 V, respectively, notably
higher than for Th-DTTzTz (0.58 V). These results point to
somewhat deeper HOMO levels for the phenyl-substituted
materials, suggesting that these compounds might have a
higher stability toward oxygen. On the other hand, reduction
peaks were found at -1.88, -1.69, -1.89 and -2.01 V for 4-F-Ph-
DTTzTz, 4-CN-Ph-DTTzTz, 4-CFs-Ph-DTTzTz and Th-
DTTzTz, respectively. Similar CV results concerning the



incorporation of phenyl substituents have been reported before
for TzTz-based semiconductors.™

Table 1. Optical and electrochemical data for the dithienylthiazolo[5,4-
d]thiazole derivatives.

DTTZzTz Amax (nm) HoMOY  Lumo“  EfC gSOPM
(log &)® (ev) (eV) (eVv)  (ev)
The 449 (4.768) -5.51 -2.92 259  2.46
4-F-Ph 433 (4.714) -5.66 -3.05 261 252
4-CN-Ph 445 (4.777) -5.76 -3.25 251 247
4-CF3-Ph 434 (4.713) -5.83 -3.04 279 254

[a] Data taken from previous work."?[b] In CHCl,. [c] Evaluated from a CV
study in MeCN: 0.1 M BuysNPFs, Pt electrode, scan rate 50 mV st [d]
Evaluated from the low energy onset of the absorption spectra in CHCls.

Table 2. Calculated optical and electrochemical data for the
dithienylthiazolo[5,4-d]thiazoles as obtained from (TD)DFT calculations.

DTTzTz Age (M) E>" HOMO LUMO  E/*
&) (eV) (eV) (eV) (eV)

(fge)
Ph® 484 (1.91) 2.56 -5.20 228 292
Th 516 (1.96) 2.40 -5.10 236 274
4-F-Ph 484 (1.91) 2.56 -5.21 230 2091
4-CN-Ph 508 (2.17) 2.44 -5.45 -2.65 2.80
4-CF4-Ph 492 (2.00) 2.52 -5.36 248 2.88

[a] The Ph-substituted analogue[“] was merely used as a reference
compound for the theoretical calculations and was not included in the
OFET study. [b] Oscillator strength.

Density functional theory (DFT) and time-dependent DFT
(TDDFT) calculations, summarized in Table 2, supported the
experimentally  observed changes in  optical and
electrochemical properties upon replacing the thiophene ring of
Th-DTTzTz by substituted phenyl groups. In general, the
calculated data reflect the experimentally observed trends
rather well. The impact of the nature of the terminal aryl moiety
on the frontier orbitals and optical band gaps was further
exemplified by the topology of the HOMO and LUMO, which
are delocalized over the whole backbone (Figure 1 and Figures
S2-S5 in the Supporting Info). These differences in optical and
electrochemical properties have then been correlated to the
Mulliken charge distribution and therefore to the relative
electronegativity of the different substituents (Figure 2). So, the
smaller/larger optical and electrochemical gaps are associated
with more/less positive thiophene donor rings (directly linked to
the TzTz core) and less/more positive substituted terminal
arenes, in other words, with a better/smaller distribution of the
excess positive charge on the 2+2 external ring units, whereas
the central TzTz acceptor moiety bears a negative charge.
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Figure 1. Sketch of the HOMO (left) and LUMO (right) of the most stable
conformer of 4-F-Ph-DTTzTz (hexyl side chains were truncated to methyl
groups).
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Figure 2. Relationship between the wavelength of absorption of the lowest
energy optical transition (A¢) and the charge distribution on the ring moieties.

Thermal analysis

The DTTzTz moieties were found to be quite thermally stable,
as determined by thermogravimetric analysis (TGA), losing
less than 1% of their weight on heating up to 400 °C (Figure S6
in the Supporting Info). The thermal properties of the
synthesized compounds were further investigated by
differential scanning calorimetry (DSC). The DSC results are
depicted in Figure 3 (Th-DTTzTz) and Figure S7 in the
Supporting Info. All derivatives displayed pronounced
endothermic and exothermic peaks in heating and cooling,
ascribed to melting and crystallization, respectively. Th-
DTTzTz showed indications of thermally induced side reactions
in the DSC experiments. During cooling, crystallization was
seen at about 145 °C in the first cycle. These crystals melted at
about 177 °C in the subsequent heating. When this cool-heat
process was repeated, the crystallization peak shifted to lower
temperatures, while the melting peak remained mostly
unchanged, except for a shoulder appearing at lower
temperatures. The results after five cycles can be seen in
Figure 3 (dashed line). This observation can most likely be
explained by a limited amount of undesirable side reactions at
more elevated temperatures, as virtually no mass loss is
observed below 400 °C. For comparison, the non-alkylated
analogue showed a single high temperature melting endotherm
at 280 °C.®¥ Introduction of a solubilizing alkyl side chain is
indeed expected to lower Tn,.
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Figure 3. DSC thermogram of Th-DTTzTz showing heating and cooling
cycles at 20 K min™. The dashed line shows the result after 5 cycles.

The 4-CF3-Ph-DTTzTz material displayed a melting
endotherm at 173 °C, whereas the insoluble non-alkylated
analogue showed a sharp melting endotherm at 298 °C (Figure
S7 in the Supporting Info).® For 4-F-Ph-DTTzTz, in addition to
a melting peak at 188 °C and a crystallization peak at 165 °C,
a broad endotherm and exotherm were noted between -10 °C
and 60 °C, in both heating and cooling (Figure S7 in the
Supporting Info). This might be ascribed to a transition
between a liquid crystalline and crystalline form. Finally, the 4-
CN-Ph-DTTzTz compound exhibited a sharp exotherm at
161 °C during cooling, in addition to crystallization at 193 °C,
adding up to about 54 J g*. Upon heating, two very small
endothermic peaks were followed by a large melting peak,
adding up to 58 J g™*. At a slower cooling rate of 5 K min™, the
exotherm at 161 °C disappeared, but the exothermal enthalpy
remained 54 J g'. The sharp exotherm at 161 °C probably
corresponds to the formation of a less stable polymorph that
reorganizes to a more stable form upon heating (Figure S7 in
the Supporting Info). In summary, although the four
synthesized DTTzTz compounds have the same core structure,
their crystallization and melting behavior showed significant
differences and is complicated by polymorphism and/or liquid
crystalline transitions. The considerably higher transition
enthalpy in heating for Th-DTTzTz (50 kJ mol™) as compared
to the other DTTzTz compounds (22 kJ mol™ for 4-CFs-Ph-
DTTzTz, 29 kJ mol™ for 4-F-Ph-DTTzTz, and 39 kJ mol™ for 4-
CN-Ph-DTTzTz) points to a higher crystallinity for Th-DTTzTz
(Table S1 in the Supporting Info).

Solution-processed OFET characteristics

Subsequently, the electronic and morphological properties of
solution-casted thin films of the functionalized TzTz
semiconducting materials were investigated, with the goal to
obtain good OFET characteristics. Transistor performance was
mainly evaluated by the thin film hole mobility (u) extracted in
the saturation regime and by the threshold voltage (Vr), which
are listed in Table 3. For the 4-CN-Ph-DTTzTz derivative,
several spin-coating conditions were tested (with optimization
of concentration, solvent, spin-coating speed and acceleration),

but unfortunately no suitable layers for OFET measurements
could be obtained. Although optimized spin-coating conditions
were found for 4-CFs;-Ph-DTTzTz (5 mg mL? in 1,2-
dichlorobenzene, 3000 rpm, 5000 acc, 60 s), hole mobilities of
the films calculated in the saturation regime were found to be
only around 2x107® cm? V* s™. The 4-F-Ph-DTTzTz material
showed a slightly better performance for the same optimized
spin-coating conditions, with a calculated hole mobility of 1x10~
5 em?> v! st On the other hand, the Th-DTTzTz
semiconductor afforded a noticeably better FET performance
with a hole mobility of 1.58x107® cm® V™ s (spin-coating
conditions: 5 mg mL™ in 1,2-dichlorobenzene, 3000 rpm, 3000
acc, 60 s).

Table 3. Organic field-effect transistor characteristics of bottom
contact devices made from the DTTzTz derivatives.

Threshold Voltage

DTT2T2 Hole mobility on/loft
W) (sz V—l S_l) Ratio (V1)
Th 1.58 x 10° 10° 1.4
4-F-Ph 1x10° 10 3.4
4-CF4-Ph 2x10° 10° 2.2
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Figure 4. FET characteristics for a bottom contact device made from Th-
DTTzTz: Iy and I@.”2 versus Vgs plots at Vps =20 V.

Figure 4 shows the obtained transfer characteristics for
the Th-DTTzTz device, with lg, Vps and Vgs representing the
source-drain current, source-drain voltage and gate voltage,
respectively. It must be emphasized that, despite the rather
poor film-forming characteristics inherent to small molecules,
the Th-DTTzTz films showed reasonably high hole mobilities.
For the analogous non-alkylated Th-DTTzTz material,
processed by vacuum deposition, a mobility of 0.02 cm? V* s7*
was reported, i.e. one order of magnitude higher.®@ From a
structural point of view, the best result for the Th-DTTzTz
derivative does not come as a real surprise, as the additional
thiophene unit is expected to increase the hole affinity. On the
other hand, film morphology and crystallinity also have a major
impact on device performance, and the noticeable differences
in thermal properties within the DTTzTz series already hinted
to large differences in crystallization tendencies.



Morphology studies

To investigate the molecular organization of the DTTzTz
molecules on the transistor surface and evaluate a possible
correlation with the observed hole mobilities, X-ray diffraction
(XRD), atomic force microscopy (AFM) and scanning electron
microscopy (SEM) studies were carried out. The observed
XRD diffraction patterns are shown in Figure 5. The results
were quite similar to earlier reported data for the unsubstituted
analogues.® The thin films of Th-DTTzTz displayed high
crystallinity, with a strong primary diffraction peak, pointing to
an ordered crystalline structure. This high crystallinity is likely
to be the reason for the high hole mobility observed. On the
other hand, the crystallinity of the 4-CF;-Ph-DTTzTz and 4-F-
Ph-DTTZzTz derivatives was rather poor, whereas the 4-CN-Ph-
DTTzTz film showed even less evidence of a crystalline phase.
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Figure 5. XRD patterns of thin films of 4-CN-Ph-DTTzTz (15.23 nm, red), 4-
CF3-Ph-DTTzTz (14.25 nm, green), 4-F-Ph-DTTzTz (25.75 nm, black) and
Th-DTTzTz (23.60 nm, blue).

Figures 6 and 7 show optical microscope and SEM
images obtained for the different spin-coated films, revealing
large differences in morphology. The Th-DTTzTz films showed
an anisotropic fibrillar morphology (Figure 6). On the other
hand, SEM images of solution-processed thin films of 4-CF;-
Ph-DTTzTz, 4-F-Ph-DTTzTz and 4-CN-Ph-DTTzTz indicated a
very different topography, characterized by the presence of
partially connected domains, creating a large number of grain
boundaries (Figure 7). These morphologies are in sharp
contrast to the one observed for Th-DTTzTz, and this profound
difference was further confirmed by AFM measurements
(Figure 8). The trend in morphology could clearly be correlated
to the electrical characteristics: the 4-CF3-Ph-DTTzTz, 4-F-Ph-
DTTzTz and 4-CN-Ph-DTTzTz films were characterized by the
absence of crystals on the micrometer scale and exhibited
quite poor hole mobilities, whereas the high mobility Th-
DTTzTz film showed a fibrillar microcrystalline texture. The
significantly higher hole mobility in this case might be related to
the presence of intergranular charge transport paths, as
boundaries along the fibrils could provide a smaller barrier to
charge transport.™ The thin fims were proven to be

(oxidatively) stable, as essentially identical SEM images were
obtained after storage for two months.

Figure 6. Optical microscope (left) and SEM (right) images of spin-coated
thin films of Th-DTTzTz.

(a) 4-CF,-Ph-DTTzTz (b) 4-F-Ph-DTTzTz

Figure 7. SEM images of thin films of 4-CF3-Ph-DTTzTz, 4-F-Ph-DTTzTz
and 4-CN-Ph-DTTzTz.
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(c) 4-F-Ph-DTTzTz (d) 4-CN-Ph-DTTzTz

Figure 8. AFM images (5 x 5 ym?) of spin-coated thin films of the DTTzTz
derivatives on SiO, with a rms roughness of a) 1.9 nm, b) 0.8 nm, ¢) 3 nm
and d) 1.2 nm.

Vacuum sublimed OFET

For comparison, the most promising molecule from the series,
Th-DTTZzTz, was also deposited by thermal evaporation in an
ultra high vacuum chamber at a base pressure below 5x107
Torr. The temperature of the evaporation cell varied between
200 and 220 °C. Transistors were fabricated and were



subjected to a surface treatment with pentafluorobenzenethiol
and deposition of a self-assembling monolayer of
phenylethyltrichlorosilane  (PETS). The hole mobilities
calculated in the saturation regime were found to be 2x107
cm? V* s Without applying a surface treatment, hole
mobilities of only 6x107° cm? V™ s™ were achieved. The hole
mobility of 1.58x10° cm? V™ s generated in the solution-
processed OFET’s could hence not be reached by vacuum
deposition of the same material. Although XRD studies showed
a high degree of crystallinity in the vacuum deposited films
(Figure S8 in the Supporting Info), the SEM images revealed a
high number of grain boundaries due to the presence of a large
amount of nanosized domains (Figure 9). These nanocrystals
probably result in a reduced mobility as compared to the
fibrillar microcrystals obtained after spin-coating. Furthermore,
it cannot be excluded that side reactions occurring during
vacuum deposition of the Th-DTTzTz material between 200
and 220 °C (compared to the much “softer” conditions for
solution processing), as observed in the DSC experiment
(Figure 3), might also be (partly) responsible for this reduced
mobility.
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Figure 9. Vacuum sublimed Th-DTTzTz film imaged by a) AFM (5 x 5 pmz),
displaying a rms roughness of 14 nm, b) SEM, c) 3D AFM.

Conclusion

Aiming for small organic compounds suitable for printable
electronics, we have synthesized a family of highly soluble 2,5-
dithienylthiazolo[5,4-d]thiazole semiconducting materials by a
convenient three-step protocol, and studied their thermal,
optical and electrochemical properties. FET devices were
fabricated from these materials by spin-coating active layers
from solutions in dichlorobenzene. Despite some difficulties in
film formation, the bithiophene-substituted TzTz material (Th-
DTTzTz) exhibited a fairly high hole mobility of 1.58x10~ cm?
V™ s, making it a suitable candidate for solution-processable
organic field-effect transistors. The alkyl-substituted Th-
DTTzTz showed better self-organization when deposited from
solution compared to vacuum deposited layers, resulting in
higher hole mobilities. This higher mobility might be linked to
the microcrystalline fibrillar structure observed for the solution-
casted film, whereas vacuum deposition of the same material

afforded a film with multiple nanocrystalline domains. These
results clearly show the major effects of both (subtle) structural
modifications in organic semiconducting materials and the
applied processing conditions on final device performances.

Experimental Section
Materials and Methods

Unless stated otherwise, all reagents and chemicals were
obtained from commercial sources and used without further
purification. NMR chemical shifts (5, in ppm) were determined
relative to the residual CHCl; absorption (7.24 ppm) or the *C
resonance shift of CDCls (77.7 ppm). Mass spectra were run
using a Thermo Finnigan LCQ Advantage apparatus
(electrospray ionization, ESI). Solution UV/Vis absorption
measurements were performed at a scan rate of 600 nm min™
in a continuous run from 200 to 800 nm. Infrared spectra were
collected with a resolution of 4 cm™ (16 scans) using films
drop-casted on a NaCl disk from a CHCI; solution. The XRD
measurements were performed with a Bruker D8 discover
diffractometer under 6-26 conditions. The system works in
parafocusing geometry using a Gobel mirror (line focus, mostly
CuKa; and CuKa; rays). The X-rays are detected by a 1D
detector. Electrochemical measurements were performed with
an Eco Chemie Autolab PGSTAT 30 potentiostat/galvanostat
using 0.1 M BusNPFg in anhydrous MeCN as the electrolyte
under N, atmosphere. A three-electrode microcell was utilized
containing an Ag/AgNO; reference electrode (0.1 M AgNO;
and 0.1 M BusNPFs in MeCN), a platinum counter electrode
and an indium tin oxide (ITO) coated glass substrate as the
working electrode. The respective monomers were dissolved to
their maximum solubility in the electrolyte solution. Cyclic
voltammograms were recorded at a scan rate of 50 mV s™. For
the conversion to eV, all electrochemical potentials were
referenced to a known standard (ferrocene/ferrocenium in
MeCN, 0.05 V vs. Ag/AgNOs), which in MeCN solution is
estimated to have an oxidation potential of -4.98 V vs. vacuum.
DSC measurements were performed at 20 K min™ in aluminum
crucibles on a TA Instruments Q2000 Tzero DSC equipped
with a refrigerated cooling system (RCS), using nitrogen (50
mL min?) as a purge gas. TGA experiments were performed at
50 K min™ in platinum crucibles on a TA Instruments Q5000
TGA using nitrogen (50 mL min™) as a purge gas. FET
transistors were made on a highly doped Si n*™* common gate
substrate on which 120 nm SiO, was thermally grown.
Afterwards, Au source/drain bottom contacts were defined by a
lift-off process. The measured transistors had a channel width
(W) of 5000 pm and a channel length (L) of 10 um. Substrate
cleaning consisted of subsequent rinsing with detergent,
deionized water and acetone, followed by submersion in
isopropanol. Finally, a 15 min UV-O; treatment was applied
prior to depositing the nicely soluble compounds at room
temperature by spin-coating. The FET characteristics were
then determined inside a glove box under N, atmosphere with
a Hewlett Packard Agilent 4156. SEM images were recorded
with a FEI Quanta 200 FEG scanning electron microscope.
The topography of the spin-coated and sublimed films was



studied by AFM, using a Picoscan PicoSPM LE scanning
probe microscope in tapping mode.

Synthesis

2,5-Bis(5’-bromo-3-hexylthiophene-2*-yl)thiazolo[5,4-d]thiazole
(Br-DTTzTz) was synthesized according to a previously
reported procedure.®® Material identity and purity were
confirmed by mp, MS, *H and **C NMR.

2,5-Bis(4-hexyl-2, 2-bithiophene-5-yl)thiazolo[5,4-d]thiazole
(Th-DTTzTz) was synthesized according to a previously
reported procedure.? Material identity and purity were
confirmed by mp, MS, *H and **C NMR.

4,4,5,5-Tetramethyl-2-[4-(trifluoromethyl)phenyl]-1,3,2-
dioxaborolane was synthesized according to a literature
procedure.’™ Material identity and purity were confirmed by
MS and *H NMR.

2-(4-Fluorophenyl)-4,4,5,5-tetramethyl-1,3,2-dioxa-borolane
was synthesized according to a literature procedure.®
Material identity and purity were confirmed by MS and 'H
NMR.

4-(4,4,5,5-Tetramethyl-1,3,2-dioxaborolan-2-yl)benzonitrile was
synthesized according to a literature procedure.’® Material
identity and purity were confirmed by MS and *H NMR.

2,5-Bis[5-(4-fluorophenyl)-3™-hexylthiophen-2"-yl]-thiazolo[5,4-
d]thiazole (4-F-Ph-DTTzTz). General procedure. A solution of
2-(4-fluorophenyl)-4,4,5,5-tetramethyl-1,3,2-dioxaborolane
(0.480 g, 1.76 mmol) in DME (15 mL) was added dropwise to a
stirring  mixture of  2,5-bis(5-bromo-3’-hexylthiophene-2’-
yl)thiazolo[5,4-d]thiazole (0.450 g, 0.706 mmol) and Pd(PPhs)s
(0.033 g, 28 pmol) in DME (20 mL) at ambient temperature.
Subsequently, a NaHCO; solution (1 M, 25 mL) was added.
After stirring for 24 h at 60 °C under N, atmosphere and
protected from light, the reaction mixture was diluted with water
(50 mL). The organic layer was separated and the aqueous
layer was extracted with CHCIl; (3 x 50 mL). The combined
organic layers were washed with a saturated NaHCO3 solution
and brine, dried over MgSO,4 and concentrated by evaporation
in vacuo. The reaction product was purified by column
chromatography (silica, eluent hexane/ethyl acetate 95:5) and
recrystallized from ethanol, resulting in red crystals of pure 4-F-
Ph-DTTzTz (0.250 g, 53%). *H NMR (300 MHz, CDCls, 25°C):
8= 17.60 (dd, J(H,H) = 9/6 Hz, 4H), 7.08 (t, J(H,H) = 9 Hz, 4H),
7.12 (s, 2H), 2.94 (t, J(H,H) = 8 Hz, 4H), 1.79-1.69 (m, 4H),
1.49-1.43 (m, 4H), 1.37-1.32 (m, 8H), 0.90 ppm (t, JH,H) =7
Hz, 6H); *C NMR (75 MHz, CDCls, 25°C): 5 = 163.6, 161.9,
150.9, 145.2, 144.9, 131.9, 130.7, 128.3 (CH), 127.4 (CH),
116.8 (CH), 32.4 (CHy), 31.1 (CHy), 30.7 (CH), 30.1 (CHy),
23.3 (CHy), 14.8 ppm (CHjs); UV/Vis (CHCIs): Amax (log &) = 433
nm (4.714); MS (ESI): m/z = 663 [MH"].

2,5-Bis(3*-hexyl-5"-[4-(trifluoromethyl)phenyl]thio-phen-2"-
ylhthiazolo[5,4-d]thiazole (4-CF3-Ph-DTTzT2). Synthesis
according to the general procedure: 4,4,55-tetramethyl-2-[4-

(trifluoromethyl)phenyl]-1,3,2-dioxaborolane (1.076 g, 3.96
mmol),  2,5-bis(5’-bromo-3’-hexylthiophene-2'-yl)thiazolo[5,4-
d]thiazole (1.00 g, 1.58 mmol), Pd(PPhs)s (0.073 g, 63 pmol),
DME (20 + 80 mL), NaHCO; (1 M, 65 mL); 0.698 g of red
crystals (58% yield). *H NMR (300 MHz, CDCls, 25°C): & =
7.73 (d, J(H,H) = 9 Hz, 4H), 7.64 (d, J(H,H) = 9 Hz, 4H), 7.27
(s, 2H), 2.97 (t, J(H,H) = 8 Hz, 4H), 1.81-1.71 (m, 4H), 1.49-
1.45 (m, 4H), 1.38-1.33 (m, 8H), 0.90 ppm (t, J(H,H) = 6.9 Hz,
6H); 3C NMR (75 MHz, CDCls, 25°C): 6= 161.5, 150.9, 144.7,
143.9, 137.3, 133.0, 130.4, 128.3 (CH), 126.6 (CH), 126.2
(CH), 124.7, 32.3 (CHy), 31.2 (CH,), 30.4 (CH,), 30.1 (CHy),
23.3 (CHyp), 14.8 ppm (CHa); UV/Vis (CHCIs): Amax (log €) = 434
nm (4.713); MS (ESI): m/z = 763 [MH"].

4,4'-[5,5'-(Thiazolo[5,4-d]thiazole-2,5-diyl)-bis(4-hexylthiophe-
ne-5,2-diyl)]dibenzonitrile (4-CN-Ph-DTTzTz). Synthesis
according to the general procedure: 4-(4,4,55-tetramethyl-
1,3,2-dioxaborolan-2-yl)benzonitrile (0.420 g, 1.83 mmol), 2,5-
bis(5’-bromo-3’-hexylthiophene-2’-yl)thiazolo[5,4-d]thiazole
(0.230 g, 0.367 mmol), Pd(PPhz), (0.017 g, 15 umol), DME (20
+ 50 mL), KsPO4 (0.260 g, 1.25 mmol), eluent hexane/CHCIs
20:80; 0.159 g of red crystals (64% vyield). '"H NMR (300 MHz,
CDCls, 25°C): §=7.72 (d, J(H,H) = 9 Hz, 4H), 7.67 (d, J(H,H) =
9 Hz, 4H), 7.30 (s, 2H), 2.96 (t, J(H,H) = 7.8 Hz, 4H), 1.80-
1.70 (m, 4H), 1.50-1.45 (m, 4H), 1.37-1.32 (m, 8H), 0.90 ppm
(t, J(H,H) = 6.9 Hz, 6H); *C NMR (75 MHz, CDCls, 25°C): & =
161.6, 151.3, 145.0, 143.5, 138.3, 133.8, 133.5 (CH), 129.2
(CH), 126.6 (CH), 119.3, 112.0, 32.3 (CH,), 31.1 (CH,), 30.5
(CHy), 30.1 (CH,), 23.3 (CHy), 14.8 ppm (CHg); IR (NaCl): vmax
= 2956/2925/2855 (s, saturated C-H), 2220 cm™ (m, CN);
UVNis (CHCI3) Amax (log &) = 445 nm (4.777); MS (ESI): m/z =
677 [MH'].
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2. Theoretical and computational data

The ground state geometries were optimized at the density functional theory (DFT) level of approximation by
employing the B3LYP exchange-correlation (XC) functional and the 6-31G(d) basis set. These geometries and
wave functions were employed to analyze the shape of the Highest Occupied and Lowest Unoccupied Molecular
Orbitals (HOMO and LUMO).
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Figure S2. Sketch of the HOMO (left) and LUMO (right) of the most stable conformer of Th-DTTzTz (hexyl side
chains were truncated to methyl groups).
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Figure S3. Sketch of the HOMO (left) and LUMO (right) of the most stable conformer of 4-CF3-Ph-DTTzTz (hexyl
side chains were truncated to methyl groups).
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Figure S4. Sketch of the HOMO (left) and LUMO (right) of the most stable conformer of 4-CN-Ph-DTTzTz (hexyl
side chains were truncated to methyl groups).
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Figure S5. Sketch of the HOMO (left) and LUMO (right) of the most stable conformer of Ph-DTTzTz (hexyl side
chains were truncated to methyl groups).

The vertical excitation energies AEqe, wavelengths Age, and associated oscillator strengths fge were calculated
using time-dependent DFT (TDDFT) with the same XC functional containing 20% of HF exchange and the same

basis set, which has been shown to be a suitable method for reproducing experimental trends.™ The effects of the

solvent were taken into account within the integral equation formalism of the polarizable continuum model (IEF-

PCM)? in the geometry optimization as well as to carry out the Mulliken population analysis. All calculations were

performed using Gaussian09.”!
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3. Thermal analysis data

100 100 18
1.6
80 xR 80 r 14 R
® £ 12 £
£ € o 2 60 1 3
5 < o =
2 4 2 4wt 083
< £ < 06 E
20 (] 20 - 4-CF;-Ph-DTTzTz 04 O
0.2
0 ' 0 ' 0
100 200 300 400 500 100 200 300 400 500
Temperature (°C) Temperature (°C)
100 16 100
1.4
80 12 & 80 - R
L 1 £ =
S 60 g = 60- 2
5 < o =
0] i . @ i :
= 40 0.6 % = 40 %
oo | AF-Ph-DTTzTz 04 QA o0 | 4CN-Ph-DTTzTz Q
0.2
0 - 1 0 0 1 1
100 200 300 400 500 100 200 300 400 500
Temperature (°C) Temperature (°C)
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50 K min™~, N2 atmosphere).
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Figure S7. DSC thermogralms of 4-CF3-Ph-DTTZzTz, 4-F-Ph-DTTZzTz and 4-CN-Ph-DTTzTz, showing heating and
cooling cycles at 20 K min™.

Table S1. Extrapolated onset temperatures and transition enthalpies AH

for the first cool-heat cycles given in Figure 3 and Figure S7.

Tonset (°C) AH@J g™ AH (kJ mol™)
Th-DTTzTz cool 149.9 72.6 46.4
heat 172.9 78.7 50.3
4-CF3-Ph-DTTzTz cool 147.7 28.7 21.9
heat 160.5 29.3 22.4
4-F-Ph-DTTzTz cool 49.7 11.2 7.4
cool 169.2 29.6 19.6
heat 12.2 121 8.0
heat 173.7 31.4 20.8
cool 161.0 16.7 11.3
4-CN-Ph-DTTzTz cool 193.0 375 25.4
heat 2245 58.2 39.4
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4. XRD pattern of the sublimed Th-DTTzTz semiconductor
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Figure S8. XRD pattern of the sublimed Th-DTTzTz material.
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5. 'H (300 MHz, CDCl;) and **C (75 MHz, CDCl;3) NMR spectra for the novel DTTzTz’s
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