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Abstract:

Substituted 2,1,3-benzothiadiazole (BTD) is a widely used electron acceptor unit for
functional organic semiconductors. Difluorination or annulation on the 5,6-position of the
benzene ring are amongst the most adapted chemical modifications to tune the electronic
properties, though each sees its own limitations in regulating the frontier orbital levels. Herein
a hitherto unreported 5,6-annulated BTD acceptor, denoted as ssBTD, is designed and
synthesized by incorporating an electron withdrawing 2-(1,3-dithiol-2-ylidene)malonitrile
moiety via aromatic nucleophilic substitution of the 5,6-difluoroBTD (ffBTD) precursor.
Unlike the other reported BTD annulation strategies, this modification leads to the
simultaneous decrease of both frontier orbital energies, a welcoming feature for photovoltaic
applications. Incorporation of ssBTD in conjugated polymers results in materials boasting
broad light absorption, dramatic solvatochromic and thermochromic responses (>100 nm shift
and a bandgap difference of ~0.28 eV), and improved crystallinity in the solid state. Such

physical properties are in accordance with the combined electron withdrawing effect and
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significantly increased polarity associated with the ssBTD unit, as revealed by detailed
theoretical studies. Furthermore, the thiolated ssBTD imbues the polymer with ambipolar
charge transport property, in contrast to ffBTD based polymer which transports hole only.
While the low mobilities (10 to 10 cm? V' s™) could be further optimized, the detailed
studies validate that the thioannulated BTD is a versatile electron accepting unit for the design

of functional stimuli-responsive optoelectronic materials.

Keywords: ambipolar, benzothiadiazole, dithiolate annulation, electron acceptor, organic

semiconductor, solvatochromic

Introduction

Synthetic efforts to increase light absorption, tune energy levels, as well as alter solid state
packing and charge transport have been increasingly fruitful in boosting the efficiency of
organic photonic devices.' The ability to effectively tune optical and electronic properties
benefits greatly from a modular “donor-acceptor” (DA) approach, which involves covalent
coupling of electron-rich donors and electron-poor acceptors either directly or through a 7-
conjugation bridge.*® This approach grants control over electronic properties since the energy
levels of the donor-acceptor materials are generally dependent on the highest occupied
molecular orbital (HOMO) energy level of the donor and the lowest occupied molecular
orbital (LUMO) energy level of the acceptor. While the availability of a wide range of

electroactive building blocks has greatly driven the forefront of organic semiconductor
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applications in organic photovoltaics (OPVs organic field effect transistors (OFETs

organic light emitting diodes (OLEDs),'>'® and electrochromic devices,'”"

electron acceptors
are relatively underdeveloped compared to electron donors and have remained an active

research direction.?



One of the most studied electron acceptors is 2,1,3-benzothiadiazole (BTD),?"** which
is widely used in small molecules, oligomers and conjugated polymers. Although innately a
strong acceptor, great lengths have been taken to increase and alter the withdrawing effect of
the BTD system. By substituting the 5- and 6-positions, the electronics of BTD can be altered
while maintaining the 4- and 7- positions for coupling to electron-rich donors. The most
common substitutions are through heteroannulation** as in [1,2,5]thiadiazolo[3,4-
g]quinoxaline (TDQ),*** benzo[1,2-c:4,5-¢’]bis[1,2,5]thiadiazole (BBT),*"* and
benzo(triazole-thiadiazole) (BTzTD),”"** or attachment of electron withdrawing fluorides as in
difluoro-substituted BTD (fBTD) *-** and dicyano-substituted BTD.**' For these annulated
TDQ and BBT systems, while annulation effectively lowers the LUMO energy to give
stronger electron acceptors, it simultaneously raises the HOMO energies, which is
disadvantageous for their incorporation in electron donor materials for OPVs as it is
correlated to a decrease of open-circuit voltage.*

Herein we devised a new 5,6-annulated BTD ring system using aromatic nucleophilic
substitution (SyAr) to introduce an electron withdrawing 2-(1,3-dithiol-2-ylidene)malonitrile
group using the common ffBTD as a precursor. Early examples using dithiolates for the
annulated electron acceptors were demonstrated in the fusion of 2-(1,3-dithiol-2-
ylidene)malonitrile with quinones* or naphthalene diimide (NDI) derivatives.**“® The
fluorine atoms in ffBTD are particularly activated as leaving groups for SyAr by the electron
deficient BTD unit, and as a result they are readily displaced by 2,2-dicyanoethelene-1,1-
dithiolate to give the thiolated BTD, denoted as ssBTD. While the fluorides in fBTD
effectively lower both HOMO and LUMO energy levels relative to the parent BTD via an
induction effect, the dithiolate adduct with 2,2-dicyanoethene-1,1-dithiolate in ssBTD
provides a similar withdrawing effect through resonance (Scheme 1). This withdrawing effect

can be visualized through a zwitterionic resonance form where the anion is stabilized by two
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withdrawing groups, while the cation is stabilized by neighboring electron rich thioethers.
This annulation has the added benefit of locking the electron accepting subunit into a planar
configuration with the rest of the molecule, enforcing strong orbital overlap and conjugation.
The successful synthesis of the ssBTD unit permits detailed assessment of such an annulation
effect, in direct comparison to the unsubstituted BTD and the ffBTD precursor. Incorporation
of the ssBTD unit in conjugated polymers further allows us to evaluate how the subtle
interplay between electronic and steric effects alter key materials properties, such as

solvatochromism and thermochromism, thin film morphology, and charge carrier transport

properties.
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Scheme 1. (a) List of BTD and annulated BTD derivatives. Illustration of the electron
withdrawing effects in BTDs: (b) induction effect by fluorine in ffBTD, and (c) resonance

effect by the malononitrile dithiolate group in ssBTD.

Results and Discussion
Materials Synthesis. In order to control for solubility, ffBTD derivatives 1a and 1b were
utilized which incorporated thiophene groups with linear n-C;,H,s and a branched 2-
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ethylhexyl (2-EH) alkyl substituents, respectively (Scheme 2). These compounds were
reacted with disodium 2,2-dicyanoethelene-1,1-dithiolate (2) in DMF at 80 °C to provide the
desired products 3a and 3b which were isolated in moderate yields. To insert functional
handles, the compounds underwent clean bromination to 4a and 4b. In the reaction of 2 with
the ffBTD 1¢, which bears a longer 2-octyldodecyl alkyl chain and a bromide in the flanking
thiophene unit, the desired product 4¢ was obtained in excellent yield with the thiolate

substitution occurred selectively at the fluorinated positions over the less activated brominated

positions.
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Scheme 2. Synthesis of ssBTD derivatives via SyAr reaction with ffBTDs.

A series of conjugated polymers were synthesized by subjecting the bromides 4a-c to
Pd-catalyzed cross-coupling reactions with a variety of electron-rich bis(stannane)s (Scheme
3). Polymers P1 and P2 were obtained from the reactions between monomer 4a and thiophene
bis(stannane) (5) and bithiophene bis(stannane) (6), respectively. Such polymers have low
solubilities, presumably due to strong aggregation between polymer chains. Copolymerization

between the branched 2-ethylhexyl chain-bearing 4b and thienothiophene bis(stannane) (7)
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gave polymer P3 with slightly increased solubility, though for all three polymers the
solubility is still quite limited which significantly hinders the solution processability and

prevents their integration in electronic devices.
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Scheme 3. Synthesis of conjugated polymers based on ssBTD derivatives 4a-c and a control

polymer based on ffBTD 1ec.



To ensure better solubility, the ssBTD monomer 4¢ with pendant 2-octyldecyl chains
on the thiophene units was cross-coupled with the 2-ethylhexylthiophene-substituted
benzodithiophene (BDT) bis(stannate) 8 to give polymer P4-S. For comparison, an analogous
polymer P4-F was also synthesized from copolymerizing the ffBTD 1¢ with the same BDT
monomer 8. The introduction of branched alkyl chains on both the donor and acceptor
monomeric units resulted in vastly improved solubility for polymers P4-S and P4-F relative
to polymers P1-P3, as verified by the attempted Soxhlet fractionation. Only a small amount of
soluble species could be fractionated from polymers P1-P3 using a variety of common
solvents, with the remainder being insoluble even in high boiling point solvents such as
chlorobenzene and o-dichlorobenzene (ODCB). In stark contrast, P4-F was soluble in pure
hexane and in the case of P4-S two main fractions were obtained from hexane and THF
Soxhlet extraction.

Molecular weight analysis of these polymers was carried out using high temperature
size exclusion chromatography (SEC) using trichlorobenzene as the eluent and polystyrene as
the standard (see Table 1). The Soxhlet fraction from P1 had the highest number-averaged
molecular weight (Mn) amongst all, while the low solubility of P2 prevented characterization
even in the high temperature environment. Polymer P3 was determined to be composed of
small oligomers, as characterized by the lowest Mn and a low polydispersity. The more
soluble P4-S and P4-F had comparatively high molecular weights. The THF fraction of P4-S
has slightly higher Mn and polydispersity than that of the hexane fraction, but both had higher
molecular weights and polydispersities than P4-F. Additional thermogravimetic analysis
(TGA) of P4-S revealed good thermal stability, with a thermal decomposition onset
temperature of 235 °C (Figure S1). Differential scanning calorimetry (DSC) studies indicated

no phase change within this range.



Table 1. Molecular weight distribution of substituted benzothiadiazole polymers.”

Polymer Mn Mw polydispersity
“Molecular ‘ weight measured
P1 2.02x10* 4.16x10* 2.06
at 180 °C in P2 0 ) 0 reference to
polystyrene P3 0.53x10* 0.60x10* 1.13 standards;
R o) 4 4
bextracted by P4-F 1.02x10* 2.00x 10 1.95 hexane:
P4-S-hex” 1.37x10* 3.56x10* 2.59
“extracted by THF; “not
P4-S-THF® 1.67x10* 4.96x10* 2.98
determined due to low solubility.

Optical and Electrochemical Characterizations. To determine the effect of substitution, the
optical and electrochemical properties of ffBTD 1a and the thiolated ssBTDs 3a-b were
evaluated relative to the unsubstituted parent benzothiadiazole S1 (Figure 1 and Table 2).
Using DFT calculations, the frontier molecular orbitals and the relative energy level of these
small molecules were compared in Figure 1b (see Supporting Information for details). UV-
Vis absorption spectra indicated that both forms of substitutions on BTD resulted in slight
blue shift of the absorption maximum at the longest wavelength compared to the hydrogen
substituted S1 (Figure 1c). These experimental results were confirmed through TD-wB97xD/
6-31G** calculations (Figure 1d and Table S1). The absorption maximum at the longest
wavelength was calculated for S1 at 409 nm and corresponded to a HOMO—~LUMO
transition, which was closely followed by the HOMO—LUMO transition calculated for 1a at
408 nm. The dithiolation also introduced the appearance of a new and intense absorption band
around 400 nm, resulting in an overall wider spectral coverage than 1a or S1. Two electronic
transitions were calculated at 327 nm (HOMO-1—-LUMO) and 382 nm (HOMO—=LUMO) for

3a and assigned to the absorption maximum band and its lower-energy shoulder.






Figure 1. (a) Chemical structures and (b) frontier orbital plots of BTD S1, fBTD 1a and
ssBTD 3a (isocontour plots (0.02 au)). (c) Experimental and (d) calculated UV-vis spectra for
these molecules (plotted with a peak half-width at half-height of 0.25 eV). The vertical bars
correspond to the oscillator strengths of the calculated electronic transitions. (e) cyclic
voltammetry and (f) estimated frontier orbital energy levels of these small molecules based on

electrochemical studies. Solvent: CHCls.

Cyclic voltammetry (CV) studies provided more information to estimate and compare
the frontier orbital energy levels of these BTD derivatives (Figure 1e and 1f). Both 1a and 3a
displayed irreversible oxidation and reduction peaks during the CV scan, from which a larger
oxidation onset potential and a smaller reduction onset potential than S1 were observed,
showing that both HOMO and LUMO levels were lowered compared to that of S1.
Compound 3a had the lowest HOMO level and a LUMO only slightly higher relative to 1a. In
general, similar conclusions were obtained from DFT calculations although both the lowest
HOMO and LUMO levels were predicted for 3a (Figure 1b and Table S2).

Table 2. Summary of the optical and electrochemical properties of BTD-based small
molecules.

absorpii UV-Vis Cyclic Voltammetry K of
a Sorp 10 Compd A'max,la) A'max,onsei A'max,Zb) EHOMO ELUMO n pea °
(nm) (nm) (nm) eV) (eV) )
the lowest ST 458 527 312 ~5.40 311 energy;
Dabsorotio 1a 440 503 310 -5.61 -3.52 ek of
P 3a 455 511 404 -5.83 -3.43 p

the second lowest energy.

Solvatochromic and Thermochromic Effects. Optical studies of the BTD polymers
revealed apparent color changes in response to different solvents and temperatures, indicating

strong solvatochromic and thermochromic effects (Table 3). In pure hexane, P4-S displayed a
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green color and an optical onset of around 743 nm, corresponding to a band gap of 1.66 eV.
When the solvent is switched to CHCIs;, the color changes to pinkish red and the optical onset
of the solution absorption spectrum blue shifted to 639 nm, corresponding to an almost 100
nm negative solvatochromic shift and a band gap increase of 0.28 eV (Figure 2). Polymer P4-
F showed a similar but less pronounced solvatochromic shift of the absorption onset from 698
nm in hexane to 616 nm in CHCI;, showing a corresponding color change from blue to purple
and a band gap increase of ~0.24 eV. Though CHCI; tends to disentangle the polymer chains,
P4-F appears to remain partially aggregated in CHC]l; at room temperature, which shows a
color change from purple to light pink when heated to 55 °C. On the other hand, P4-S shows
no noticeable color change when the CHCl; solution is heated to 55 °C, suggesting that it is
almost molecularly dissolved at room temperature.

Table 3. Summary of the optoelectronic properties of the polymers.

UV-Vis UV-Vis Cyclic Voltammetry
Aggregated Disaggregated”

Compd Aonser EgOpt Aonser Egopt Eromo ELumo E gEleC
(nm) eV) (nm) (eV) (eV) (eV) (eV)
P1 817Y 1.52 800¢ 1.554 -5.35 -3.61 1.74
P2 785" 1.58 662 1.87 -5.30 -3.40 1.90
P3 822 1.51 682 1.82 -5.39 -3.54 1.85
P4-F 698° 1.77 616 2.01 -5.74 -3.66 2.08
P4-S 7439 1.66 639 1.94 -5.50 -3.59 1.92

9determined from chloroform solution at 55 °C; “determined from hexane solution;
“determined from 1:1 hexane/chloroform solution; “Not fully disaggregated, even at elevated
temperatures.
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Figure 2. UV-Vis spectra of (a) P4-F and (b) P4-S in CHCI; and hexane. Pictures in (c) and
(d) displayed the color changes of the two polymers in different solvents and in hot CHCl;,

respectively.

The hypsochromic shift in CHCIl; can be understood by a combination of factors
related to aggregation and polymer backbone deformation. A better solvation of polymer
chains was observed in CHCI; than in hexane and it was postulated that CHCl; solvent
molecules have stronger interaction with the conjugated backbone of the polymers than
hexane molecules. DFT calculations showed the existence of C-H---X (where X = N, F, S)
interactions of CHCl; molecules with the cyano groups of P4-S and fluorine atoms of P4-F
(see Figure 3 (a-d); H---X distances are in general smaller than the sum of van der Waals radii
of H and X atoms).*” These C-H---X interactions led to a loss of planarity in the backbone of

different sized oligomers calculated for both P4-S and P4-F (see Table S3 and Figure S6)
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and, as a consequence, hypsochromic shifts were found for all of them when going from
hexane solution to CHCl; solution (see Table S4). As an example, Figure 3(e) showed the
blue shift calculated for the absorption spectra of tetramers of P4-S in CHCl; solution with
respect to hexane (and for P4-F in Figure S7). Interestingly, the higher polarization effect
induced by the malononitrile dithiolate in ssBTD subunits with respect to ffBTD, as indicated
by the significantly larger computed dipole moment (7.64 D for ssBTD vs 3.02 D for fiBTD,
see Figure S8) led to stronger interactions between CHCI; solvent molecules and P4-S
backbone than in P4-F. The stabilization energy associated to the interaction of one CHCI;
molecule with a monomer P4-S is 2.3 kcal mol" higher (in absolute terms) than with a
monomer P4-F (comparing the most stabilizing interactions of CHCl; molecule with both
molecules; see Figures S3 and S4). Accordingly, the hypsochromic shift calculated for the
oligomers of P4-S is slightly larger than for those of P4-F, consistent with the experimental
observations. In addition, the calculations show that the oligomer backbones of both P4-S and
P4-F are more planar in hexane solution, which are conducive to a higher electronic coupling
between monomer repeat units and, in consequence, may facilitate an “unconventional J-

aggregate” according to exciton coupling theory,**

though the verification of this feature
warrants future photophysical studies. Hexane solvent can also solubilize the polymers via
strong interaction with the side chains and favors the polymer chains aggregation because the

interaction between the non-polar hexane molecules and the polar polymer main chain is too

weak to disentangle these chains.
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(including both explicit and implicit solvent) at the wB97xD/6-31G** level of theory.
Interactions between the (c) P4-S and (d) P4-F backbone and CHCI; solvent molecules. (e)
Simulation of the hypochromic shift found for a tetramer P4-S going from hexane solution
(blue trace) to CHCI; solution (green trace) at the TD-wB97xD/6-31G** level of theory
(plotted with a peak half-width at half-height of 0.33 eV). The vertical bars correspond to the

oscillator strengths of the calculated electronic transitions.

The solvent-dependent aggregation was further demonstrated by following the spectroscopic
changes when introducing an antisolvent. As shown in Figure 4a and 4b, two distinct phases
were observed when adding different amount of MeOH into the CHCl; solution of P4-S.
Upon increasing the MeOH fraction, the absorption maximum of P4-S redshifted

progressively until it reached a maximum wavelength at around 50% MeOH content, which
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remained constant despite further increase of the MeOH fraction. This behavior corroborates
antisolvent induced aggregation. While the polymer main chains are well solvated in CHCls,
leading to decreased chain coplanarity and weakened interchain interactions, the addition of
MeOH promoted chain aggregation due to the repulsion between the alkyl chains and the
polar solvent molecules, commensurate with a spectroscopic redshift. The plateaued peak
position suggests that a saturated aggregated state is reached. Since both hexane and MeOH
induce similar color changes, it supports that the solvation in hexane is primarily through
interaction with the side chains rather than with the conjugated main chain, thus the polymer
chains remain aggregated despite the alkyl “shell” being solvated. A superposition of
absorption spectra of P1, P3, P4-S and P4-F in CHCI; indicates that P1 is primarily
aggregated even in CHCI; based on its broad, lower energy absorption feature, which is stark
contrast to the other three polymers. This outliner suggests that linear side chains in P1
strongly promotes the polymer chain aggregation such that the CHCl;-backbone interaction is
severely screened. For the polymer P2, while its low solubility prevents a study in CHCIs, it
can be dissolved in hot ODCB which allows for a variable temperature study by UV-vis
spectroscopy (Figure 4d). An ODCB solution of polymer P2 shows a broad absorption peak
centered at 660 nm and an onset at around 850 nm at room temperature. At higher
temperatures up to 180 °C, the absorption at 660 nm decreased together with the progressive
blueshift of the onset, corresponding to a hypochromic shift of over 120 nm. The
thermochromic changes are consistent with thermally induced polymer chain deaggregation,

similar in nature as the solvatochromic behavior observed in P4-S and P4-F.
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Figure 4. UV-vis spectra of P4-S in a mixture of CHCI;:MeOH at different ratios: (a) from
10:10 to 6:4, and (b) from 5:5 to 0:10. (c) Comparison of UV-vis spectra of CHCI; solutions

of P1, P3, P4-S and P4-F. (d) UV-vis spectra of P2 in ODCB at different temperatures.

A final piece of evidence for aggregation-based chromatic behavior came from thin-
film coatings of polymers P4-S and P4-F. Despite vastly different absorption spectra in
chloroform and hexane solution, the thin films made from these solutions looked very similar,
highly resembling the coloration of the aggregated hexane solution (Figure S9). There was
slight peak broadening observed in the hexane deposited films, presumably due to an amount
of pre-aggregation in solution that was grown upon during evaporation. As the deposited
solution evaporated there were insufficient solvent molecules available to solubilize the

polymer, causing a shift to the aggregated state regardless of which solvent was used to cast

the film.
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Electrochemical studies indicated that the P4-S has a LUMO energy of -3.59 eV,
slightly higher than that of P4-F with -3.66 eV (Table 3). The HOMO level is notably higher
than P4-F by 0.24 eV. Overall, dithioannulation has been effective in lowering both HOMO
and LUMO energies of the BTD unit. In conjugated polymers, the thiolated P4-S shows more
sensitive responses towards solvent and temperature than P4-F, due to more pronounced

solvent-backbone interactions induced by the polar dithiolate substitution.

Morphological Studies. More insight of polymer aggregation behavior in the thin films were
obtained from detailed grazing incidence wide angle X-ray scattering (GIWAXS) studies of
the more soluble polymers P4-S and P4-F. Thin films of these polymers were obtained by
spincasting their CHCI; solutions onto SiO,/Si substrates, which were then placed on a
heating stage situated in an Ar-purged chamber and analyzed by variable temperature
GIWAXS. GIWAXS spectra were obtained while heating the polymer thin film samples up to
180 °C and cooling to 30 °C. As indicated by the in-plane and out-of-plane linecuts in Figure
Sa-d, each polymer adopted a bimodal texture due to the presence of both face-on and edge-
on oriented crystallites, with the face-on orientation being the predominant one persistent at
all temperatures. As the temperature was increased, the 100 peak in the in-plane direction
became significantly narrower (Figure Sa and 5c), together with the appearance of higher
order peaks, suggesting improved crystallinity of the face-on lamella with an increased
crystallite size. There were minimal changes of d-spacings for the in-plane 100 peaks and out-
of-plane 001 peaks upon annealing, in accordance with a constant inter-lamellar distance of
2.4 nm and 7i-7 stacking distance of ~0.43 nm for the face-on crystallites of both polymers.

The thermally induced crystallinity enhancement was more prominent in the case of P4-S, as

17



supported by the narrower 100 peak, the introduction of higher order peaks in the in-plane
direction, and the much narrower 001 peak in the out-of-plane direction.

More information was also obtained for the edge-on crystallites. The out-of-plane 100
peaks of both polymers (Figure 5b and 5d), corresponding to the lamella stacking normal to
the substrate, showed a noticeable thermal induced contraction as indicated by the shift of
such peaks towards larger g. The peak width remained quite broad, however, in sharp contrast
to the in-plane 100 peaks. These results indicated that while thermal annealing had a more
pronounced impact on interchain packing for the edge-on crystallites (more compact inter-
lamellar packing) than the face-on ones, the crystallite size changes for these edge-on
crystallites are much less notable than these for the face-on crystallites.

Upon cooling to close to room temperature, the high crystallinity remained, as
indicated by the retention of the peak position and width. Such variable temperature studies
revealed that for both P4-S and P4-F, the polymer chain conformations were thermally
relaxed at higher temperature, facilitating the crystallization into more ordered crystallites.
The irreversible crystallinity changes in thin films contrast with the reversible chain
aggregation/disaggregation observed in solution. This observation also validates thermal
annealing as an effective method to increase and lock-in the crystallinity of P4-S and P4-F in
thin films, a welcoming feature for device optimization via thermal annealing. Furthermore,
thermally treated P4-S was more crystalline than that of P4-F, as indicated by narrower peaks

and more high order reflections in the overlay of their diffraction patterns (Figure 5d and Se).
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Figure 5. Linecuts of variable temperature GIWAXS of P4-F in the (a) in-plane and (b) out-
of-plane directions, and linecuts of P4-S in the (c) in-plane and (d) out-of-plane directions.
For direct comparison the patterns of fully annealed P4-S and P4-F were superimposed in the
(e) in-plane and (f) out-of-plane directions.

In order to better understand the chain packing behavior, the crystal structures of both
polymers were modeled by DFT calculations in periodic boundary conditions. We found that
the m-stacked polymer chains were slipped in the backbone direction (~0.40 nm for P4-S and
~0.41 nm for P4-F) with respect to the cofacial arrangement (x-axis, according to Figure 6,
S10 and S11). The backbone of P4-F adopts a wavy shape probably due to steric hindrances

between alkylthiophene-substituted BDT subunits (Figure 6a). The slipping along the x-axis
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leads to -1t stacking interactions only in certain parts of P4-F backbone such that ffBTD
subunits interact with thiophene subunits of neighboring chains with centroid-centroid
distances of 0.43-0.51 nm (Figure 6d). Interestingly, the larger slip along the normal
direction of backbone propagation (y-axis) found for P4-S with respect to P4-F (~0.43 nm for
P4-S and ~0.17 nm for P4-F) reduces the steric hindrance and avoids bending of the chain
backbone but also hampers 7-7t stacking interactions (Figure 6b). The P4-S three-dimensional
structure is stabilized by electrostatic interactions between ssBTD subunits and thiophene
subunits of neighboring chains (Figure 6¢). Thus, the higher steric hindrances and backbone
bending computed for P4-F and the differences found in the stabilizing interactions of both

polymers could explain their distinct crystallinity.

Figure 6. Two stacked polymer chains extracted from the three-dimensional structure

calculated for (a) P4-S and (b) P4-F polymers at the HSE06/3-21G* level of theory. Dashed
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lines indicate the polymer chain shape. (c) Some interchain S---C electrostatic interactions
between ssBTD and thiophene subunits of P4-S. (d) Centroid-centroid distances between

ffBTD and thiophene subunits from adjacent polymer chains of P4-F.

Incorporation of P4-S and P4-F into OFETs. P4-F was previously used as the active
material for organic solar cells®* and fBTD-based polymers with similar structures were used
for OFETSs.’"*? Prior OFET studies suggested that despite their low lying LUMO levels, all
ffBTD-based polymers behaved as p-type hole conductors. Herein both P4-F and P4-S were
incorporated in OFETs and their carrier transport properties were compared side by side. Top
gate bottom contact (TGBC) devices were fabricated on glass substrates, using PMMA as the
dielectric layer, Au or Au-Cs,CO; as the source/drain electrodes and Al as the gate electrode.
The channel width and channel length were 4500 and 40 um, respectively. ortho-
Dichlorobenzene (ODCB) was chosen as the solvent for its ability to give continuous thin
films with good coverage on the substrates. The active layers were deposited by spincasting
into thin films from their respective ODCB solutions, followed by thermal annealing at 160 °C
for 10 min. As shown in Figure 7 and Table 4, P4-F showed a unipolar hole transport
behavior, with an average mobility of 1.9E-3 cm? V™' s, In contrast, P4-S displayed
ambipolar transport characteristics. For the lower molecular weight P4-S extracted by hexane,
it showed an average hole mobility of 2.4E-4 cm? V' s and electron mobility of 3.0E-5 cm?
V' s, The carrier mobilities were slightly lower in the case of THF-extracted P4-S, which
displayed an average hole mobility of 1.3E-4 cm? V™' s and electron mobility of 2.2E-5 cm?
Vs, respectively. Atomic force microscopic (AFM) studies revealed a root-mean-square
roughness over 6 nm for each polymer thin film, which suggested large gain boundaries due

to strong aggregation and may be accountable for the moderate mobilities (Figure 8). Despite
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the lower hole mobility, the ambipolar behavior of P4-S suggests that the displacement of the

difluoride functionality with the malononitrile dithiolate group effectively augments the

electron transport, a feature rarely reported for ffBTD based polymers.

Table 4. Summary of OFET characteristics of P4-S and P4-F. The average mobilities were

based on the test of 8-12 devices.

,uh ag2) ,uhmﬂx’b) Vth. hole #eavg,c) ‘uemax.d) Vrh, elec
IOn/IOff. hole IOn/IOﬁ.elec
Polymers (ecm?>V'gl) (cm? V') %) (ecm?> Vs  (cm*V'sh) %)
P4-F 1.9x 103 2.1x 103 10* - - - -
12+1.5
P4-S-hexane 2.4 x 10* 2.6 x 10* -30+2 10* 3.0x 107 3.5x% 107 3342 10*
P4-S-THF 1.3x 10* 1.4 x 10* -31+2 10* 2.2 %103 2.6 x 103 3442 10*

“average hole mobility; ”maximum hole mobility; “average electron mobility; “maximum

hole mobility.
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Figure 7. (a-c) Transfer and (d-f) output curves of (a) and (d) P4-F and (b), (¢), (e) and (f)

P4-S.
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Figure 8. AFM height images of thin films of (a) P4-F, (b) P4-S from hexane, and (c) P4-S

from THF.

Conclusions

This study provides the first assessment of a dithiolate substitution strategy for
annulated BTD acceptors, including the synthesis of both small molecules and the related
conjugated polymers, optical and electronical characterization of their solutions and thin
films, and in-depth molecular level understanding by DFT calculations. The annulated ssBTD
unit was synthesized via SyAr displacement of fluorides in difluorobenzothiadiazole with the
electron withdrawing 2-(1,3-dithiol-2-ylidene)malonitrile unit. Different from other known
annulated BTD units, the introduction of the annulated dicyanomethylene dithiolate
effectively lowers not only the LUMO energy level of the parent BTD, but also the HOMO
energy level. Compared to the ffBTD counterpart, the thiolated ssBTD has a similar band gap,

though the latter has exhibited more absorption features in the bluer region with higher
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extinction coefficient. When ssBTD is incorporated into conjugated polymers, the resulting
polymers show dramatic solvatochromatic and thermochromic responses in solution, which
correlate well with the electronic effect and aggregation behavior imbued by the electron-
deficient thiolation. Insight from theoretical modeling reveals that the thiolation induces a
larger dipole moment and more pronounced interactions with polar solvent molecules, leading
to conformational changes of the polymer conjugation backbone that contribute to the
remarkable solvatochroism. Variable temperature GIWAXS studies of the polymer thin films
indicated higher crystallinity in thermally treated P4-S compared to the ffBTD-based polymer
P4-F. DFT modeling of three-dimensional polymer structures revealed that both electrostatic
interactions and steric effects in ssBTD-based polymer P4-S contributed to the different chain
packing motifs from these observed in P4-F. When incorporated in OFET devices, the
ssBTD polymer P4-S behaves as an ambipolar semiconductor, in contrast to the hole-only
transporting I BTD-based P4-F. It is noted that the moderate mobilities may be a result of
inferior crystallite domain sizes and boundaries, which could be further improved via side
chain engineering. Collectively we have demonstrated that the thiolation method has a strong
influence on the electronic properties of BTDs by impacting molecular energy levels,
aggregation behavior, and ultimately the polarity of charge carriers in FET devices, validating
the potential of thioannulated BTD as a versatile electron accepting unit for the design of

functional stimuli-responsive optoelectronic materials.

Experimental Section

S1,% 1a, 1b* and 2 were synthesized according to literature methods. 1¢ was

purchased from Derthon Optoelectronic Materials Science Technology Co., Ltd.
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3a: Difluoride 1a (25 mg, 0.040 mmol) and 2 (10 mg, 0.056 mmol, 1.5 equiv.) were
added to a vial with septa cap and stir bar which was then backfilled with nitrogen. DMF (2.0
mL) was added and the vial was placed in a 140 °C bath, quickly converting the yellow
solution to brown. Once starting material was consumed as monitored by thin layer
chromatography (TLC), the solution was diluted with dichloromethane, washed with water
and brine before drying over MgSO,. The crude reaction mixture was concentrated under
reduced pressure and the residue was purified by column chromatography (gradient elution 0
to 25% dichloromethane in hexanes) to give the title compound as a bright orange solid (18
mg, 0.023 mmol, 58%). '"H NMR (500 MHz, Chloroform-d) 8 7.51 (s, 2H), 7.28 (s, 2H), 2.73
(t, J =7.8 Hz, 4H), 1.70 (t, J = 7.6 Hz, 4H), 1.26 (m, 36H), 0.88 (t, J = 6.8 Hz, 6H). *C NMR
(126 MHz, Chloroform-d) d 177.4, 152.8, 144.5, 137.2, 135.0, 131.8, 124.7, 122.4, 112.4,
68.0, 32.1, 30.6, 30.6, 29.9, 29.9, 29.9, 29.8, 29.7, 29.6, 29.5, 22.9, 14.4. HRMS for
CpHsiN,Ss (MALDI): [M]* Calcd: 774.2952, found 774.3621.

3b: Difluoride 1b (509 mg, 0.910 mmol) and 2 (253 mg, 1.36 mmol, 1.5 equiv.) were
added to a vial with septa cap and stir bar which was then backfilled with nitrogen. DMF (50
mL) was added and the vial was placed in a 140 °C bath, quickly converting the yellow
solution to brown. After no further conversion as monitored by TLC (1.5 hrs) the solution
was diluted with chloroform, washed with water and brine before drying over MgSO,. The
crude reaction mixture was concentrated under reduced pressure and the residue was purified
by column chromatography (gradient elution 0 to 90% CHCIl; in hexanes) to give the title
compound as a bright orange solid (249 mg, 0.376 mmol, 41%). '"H NMR (500 MHz,
Chloroform-d) 8 7.49 (d, J = 1.4 Hz, 2H), 7.26 (d, J = 1.3 Hz, 2H), 2.74 — 2.62 (m, 4H), 1.63
(q, J = 6.1 Hz, 2H), 1.44 — 1.28 (m, 16H), 0.98 — 0.87 (m, 12H). “*C NMR (126 MHz,

Chloroform-d) d 177.2, 152.7, 143.0, 137.1, 134.9, 132.2, 125.6, 122.3, 112.3, 68.0, 40.6,
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34.5,32.7,29.1,25.7,23.2, 14.4, 11.1. HRMS for C;;H3sN,Ss (MALDI): [M]* Calcd:
662.1700, found 662.2310.

4a: 3a (452 mg, 0.580 mmol) and N-bromosuccinimide (259 mg, 1.46 mmol, 2.5
equiv.) were added to a round-bottom flask with a stir bar which was then backfilled with
nitrogen. Dichloromethane (24 mL) was added, followed by the addition of acetic acid (24
mL). The reaction was stirred overnight after which there was no starting material remaining
as monitored by TLC. The reaction mixture was extracted 3 times with dichloromethane,
washed with water (3x) and brine before drying over MgSO,. The crude reaction mixture was
concentrated under reduced pressure and the residue was purified by column chromatography
(gradient elution 0 to 40% dichloromethane in hexanes) to give the title compound as a bright
orange-red solid (465 mg, 0.500 mmol, 86%). '"H NMR (500 MHz, Chloroform-d) & 7.38 (s,
2H), 2.68 (t, J=7.7 Hz, 4H), 1.65 (p, J = 7.9 Hz, 4H), 1.44 — 1.21 (m, 36H), 0.93 — 0.84 (m,
6H). *C NMR (126 MHz, Chloroform-d) 8 176.5, 152.4, 143.3, 137.0, 134.8, 131.2, 121.5,
115.1, 112.2, 68.7, 32.2, 29.9, 29.9, 29.8, 29.6, 29.6, 29.4, 22.9, 14.4. HRMS for
CHs,BroN,Ss (MALDI): [M]* Caled: 930.1162, found 930.2996.

4b: 3b (174 mg, 0.260 mmol) and N-bromosuccinimide (117 mg, 0.660 mmol, 2.5
equiv.) were added to a round-bottom flask and stir bar, which was then backfilled with
nitrogen. Dichloromethane (5 mL) was added, followed by the addition of acetic acid (5 mL).
The reaction was stirred overnight after which there was no starting material remaining as
confirmed by TLC. The reaction mixture was extracted 3 times with dichloromethane, washed
with water (3x) and brine before drying over MgSQO,. The crude reaction mixture was
concentrated under reduced pressure and the residue was purified by column chromatography
(gradient elution 0 to 40% dichloromethane in hexanes) to give the title compound as a bright
orange-red solid (160 mg, 0.195 mmol, 75%). '"H NMR (500 MHz, Chloroform-d) & 7.35 (s,

2H), 2.72 — 2.52 (m, 4H), 1.76 — 1.62 (m, 2H), 1.44 — 1.18 (m, 16H), 1.03 — 0.81 (m, 12H).
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BC NMR (126 MHz, Chloroform-d) d 176.3, 152.4, 142.4, 136.9, 134.7, 131.8, 121.5, 115.7,
112.2, 68.7, 40.1, 34.0, 32.7, 29.0, 25.8, 23.3, 14.4, 11.0. HRMS for C;yH3sBr,F,N,S;
(MALDI): [M+Na]* Calcd: 739.0268, found 739.0882.

4c: Difluoride 1c¢ (500 mg, 0.47 mmol) and 2 (110 mg, 0.59 mmol, 1.25 equiv.) were
added to a vial with septa cap and stir bar which was then backfilled with nitrogen. DMF (2
mL) was added and the vial was placed in a 80 °C bath, quickly converting the yellow
solution to brown. Once starting material was consumed in 1 hr, the solution was diluted with
CHCI;, washed with ammonium chloride (aq), water, and brine before drying over MgSO.,.
The crude reaction mixture was concentrated under reduced pressure and purified by column
chromatography (gradient elution 0 to 100% EtOAc in hexanes) to give the title compound as
a bright orange-red solid (506 mg, 0.440 mmol, 93%). '"H NMR (500 MHz, Chloroform-d) &
7.36 (s, 2H), 2.61 (d, J = 7.1 Hz, 4H), 1.77 — 1.69 (m, 2H), 1.39 — 1.16 (m, 64H), 0.87 (t, J =
6.8 Hz, 12H). "C NMR (126 MHz, Chloroform-d) d 176.1, 152.3, 142.5, 136.8, 134.6, 131.9,
121.4, 115.6, 112.1, 68.7, 38.7, 34.4, 33.5, 32.1, 30.2, 30.2, 29.9, 29.9, 29.8, 29.6, 29.6, 26.7,
22.9, 14.4. HRMS for CssHg,BroN,Ss (MALDI): [M]* Caled: 1154.3666, found 1154.5504.

P1: 4a (233 mg, 0.250 mmol, 1.0 equiv.), 2,5-bis(trimethylstannyl)thiophene 5 (102
mg, 0.250 mmol, 1.0 equiv.), Pd,(dba); (4.8 mg, 0.0053 mmol, 0.021 equiv.), and tri(o-
tolyl)phosphine (6.1 mg, 0.020 mmol, 0.080 equiv.) were added to an oven dried 50 mL 2-
neck round-bottom flask with a reflux condenser and stir bar. Nitrogen gas was allowed to
flow through the headspace for 30 mins. Dry xylene (11 mL) was added and the reaction was
heated to 150 °C for 4 days, with an additional 5 mL xylene added after the first day due to
solvent evaporation. Tributylstannyl thiophene (0.20 mL, 0.63 mmol) was added, followed
by 2-bromothiophene (0.20 mL, 0.63 mmol) after 4 hrs. At the following day, the reaction

mixture was concentrated and precipitated into methanol (100 mL). The polymer was
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purified via sequential Soxhlet extraction with methanol, acetone, hexanes, dichloromethane,
CHCl;, and chlorobenzene.

P2: 4a (100 mg, 0.107 mmol, 1.0 equiv.), 5,5'-bis(trimethylstannyl)-2,2'-bithiophene 6
(52.7 mg, 0.107 mmol, 1.0 equiv.), Pd,(dba); (2.1 mg, 0.0022 mmol, 0.021 equiv.), and tri(o-
tolyl)phosphine (2.6 mg, 0.0086 mmol, 0.080 equiv.) were added to a vial with septa cap and
stir bar. Nitrogen gas was allowed to flow through the headspace for 30 mins. Dry xylene (2
mL) was added and the reaction was heated to 150 °C for 4 days, with an additional 2 mL
xylene added after the second day due to solvent evaporation. Tributylstannyl thiophene
(0.10 mL, 0.32 mmol) was added, followed by 2-bromothiophene (0.10 mL, 0.32 mmol) after
4 hrs. At the following day, the reaction mixture was concentrated and precipitated into
methanol. The polymer was purified via sequential Soxhlet extraction with methanol,
acetone, hexanes, dchloromethane, CHCl;, and chlorobenzene.

P3: 4b (76 mg, 0.16 mmol, 1.0 equiv.), 2,5-bis(trimethystannyl)thieno[3,2-
b]thiophene 7 (134 mg, 0.16 mmol, 1.0 equiv.), Pd,(dba); (3.1 mg, 0.0034 mmol, 0.021
equiv.), and tri(o-tolyl)phosphine (4.0 mg, 0.013 mmol, 0.080 equiv.) were added to an oven
dried 50 mL 2-neck round-bottom flask with a reflux condenser and stir bar. Nitrogen gas
was allowed to flow through the headspace for 30 mins. Dry xylene (11 mL) was added and
the reaction was heated to 150 °C for 4 days, with an additional 5 mL xylene added after the
third day due to solvent evaporation. Tributylstannyl thiophene (0.20 mL, 0.63 mmol) was
added followed by 2-bromothiophene (0.20 mL, 0.63 mmol) after 4 hrs. At the following
day, the reaction mixture was concentrated and precipitated into methanol (100 mL). The
polymer was purified via sequential Soxhlet extraction with methanol, acetone, hexanes,
dichloromethane, CHCl;, and chlorobenzene.

P4-F: 1¢ (183 mg, 0.173 mmol, 1.0 equiv.) and (4,8-bis(5-(2-ethylhexyl)thiophen-2-

yl)benzo[1,2-b:4,5-b']dithiophene-2,6-diyl)bis(trimethylstannane) 8 (156 mg, 0.173 mmol, 1
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equiv.) were added to an oven dried 50 mL 2-neck round-bottom flask with a reflux condenser
and stir bar. The system was backfilled four times with nitrogen gas and dry toluene (12 mL)
was added. The solution was sparged with nitrogen for 15 mins before Pd(PPh;), (15 mg,
0.013 mmol, 0.075 equiv.) was added. The solution was sparged with nitrogen for an
additional 10 mins before being placed in a 90°C bath. After 3 days the reaction was
concentrated and precipitated into methanol. An attempt was made to purify the polymer via
Soxhlet extraction but it was completely soluble in hot hexanes.

P4-S: 4¢ (200 mg, 0.173 mmol, 1.0 equiv.) and (4,8-bis(5-(2-ethylhexyl)thiophen-2-
yl)benzo[1,2-b:4,5-b']dithiophene-2,6-diyl)bis(trimethylstannane) 8 (156 mg, 0.173 mmol, 1.0
equiv.) were added to an oven dried 50 mL 2-neck round-bottom flask with a reflux condenser
and stir bar. The system was backfilled four times with nitrogen gas and dry toluene (12 mL)
was added. The solution was sparged with nitrogen for 15 mins before Pd(PPh;), (15 mg,
0.013 mmol, 0.075 equiv.) was added. The solution was sparged with nitrogen for an
additional 10 mins before being placed in a 90 °C bath. After 3 days the reaction was
concentrated and precipitated into methanol. The polymer was fractionated via sequential

Soxhlet extraction with hexanes and THF.
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