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ABSTRACT: Benzothiadiazoles are important electron acceptors and are frequently employed as electron-deficient components of 
donor-acceptor polymers. We report the effect of nitrile-functionalities on the reactivity, steric hindrance, optoelectronic properties 
and dielectric permittivity in dicyanobenzothioadiazole (DCNBT). Dielectric spectroscopy in the bulk and in solution assisted by 
DFT-calculations revealed that these molecules can be engineered to engender maximum values of the dipole moment and of die-
lectric permittivity due to the strong electron-withdrawing effect of the nitrile groups. The self-assembly in the bulk was investigat-
ed by X-ray scattering performed on single crystals, fibers (2D-WAXS) and thin films (GiWAXS). Combining these results, we 
found a switching of dielectric permittivity of the 4,7-alkylthienyl-substituted dicyanobenzothiadiazole at the transition from the 
liquid crystalline to the isotropic phase with values capable of competing with the best known rod-like liquid crystals.                   
Keywords: Donor-Acceptor-Compounds; Dielectric Permittivity; Benzothiadiazole; DCNBT; Thiazole; Dipole Moment; 

The dipolar properties of low band gap materials play a 
fundamenetal role in the process of charge generation and 
charge separation. For example, pushing the limits of organic 
photovoltaics relates to methods of increasing dielectric 
permittivity.1 The latter depends on the number density of 
dipoles, their values, and the orientation correlations between 
them. However, the dielectric permittivity of most organic 
materials is low and Coulombic attraction between electron-
hole pairs (e.g. excitons) can lead to significant recombination 
losses that limit the power conversion efficiency. The exciton 
binding energy is: 

!" # $%
&'()(*

        (1) 

where e is the elementary charge, εo is the permittivity of 
free space, ε is the dielectric permittivity of the medium and r 
the electron-hole separation. A way to circumvent these losses 
is by increasing the dielectric permittivity of the material that 
effectively increases Coulombic screening of charge carriers. 
Although low ε values represent one of the most critical 
drawbacks in organic photovoltaics, only little attention2,3 has 
been paid to engineer organic materials with high 
permittivities.  

In organic electronics, conjugated donor-acceptor 
copolymers (D-A copolymers) have been the subject of 
intensive research over the last two decades resulting in 
materials that combine low bandgap4-6 with high charge carrier 
mobilities7-10 and high open-circuit voltages11-13 due to proper 
adjustment of molecular orbitals in fullerene-based bulk-
heterojunction solar cells. The present work targets donor-
acceptor materials that combine high dielectric permittivities 
with low LUMO energies via incorporation of a highly dipolar 

acceptor unit. In this context, within D-A copolymers, 4,7-
dithieno-2,1,3-benzothiadiazole (9) represents a repeat unit of 
particular interest that allows for the fine tuning of 
optoelectronic properties by means of functionalization of the 
electron-deficient 2,1,3-benzothiadiazole (BT) in 5,6-
positions.14 The comparison of the different BT derivatives, 
presented in Figure 1, reveals that the compound that best 
combines the lowest LUMO with the highest dipole moment is 
5,6-dicyano-benzothiadiazole (DCNBT). Thus, synthetic 
chemists have faced the challenge to synthesize a 4,7-
functionalized DCNBT unit facilitating cross-coupling 
reactions. 4,7-Dibromo-benzo[c][1,2,5]thiadiazole-5,6-
dicarbonitrile (1) can be readily afforded from 4,5-diamino-
3,6-dibromophthalonitrile (2). We recall here that a solution 
investigation by dielectric spectroscopy assisted by DFT 
calculations revealed that 2 possesses a record high dipole 

Figure 1: Calculated E(HOMO) E(LUMO) energies (eV) and 
dipole moments (Debye) for molecules in vacuo at the DFT-
B3LYP level of theory. Basis set: 6-31g** for HOMO/LUMO 
calculations and aug-cc-pVTZ for dipole moments. 
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moment. However, 2 cannot be directly employed in OPVs as 
it suffers from a high LUMO.15 

With regards to photovoltaics it has to be mentioned that 
4,7-thienyl-substituted BT-derivatives cannot be used in solar 
cells directly, but represent well-defined model compounds to 
illustrate differences in dipolar dynamics between highly 
dipolar and less dipolar compounds, since polymers containing 
them as repeat units have potential to provide excellent OPV-
materials. Here, our study on is two-fold: First, we explore the 
effect of cyano substitution on the central BT unit (4 vs. 10). 
The introduction of variable dipole moments changes the 
energetics by an additional contribution reflecting dipole-
dipole interaction energies that can further trigger self-
assembly. Enhanced self-assembly is important for 
prospective processing of organic electronics, such as in inkjet 
printing.16 Secondly, and in view of the importance of side 
chain engineering in solution processed organic electronics, 
we study the effect of alkyl side chain substitution (4 vs. 5). 
By combining dielectric spectroscopy with DFT calculations 
we show that these compounds can be engineered to have high 
dielectric permittivities and first molecular hyperpolar-

izabilities. We further explore the response of the dielectric 
properties to external stimuli, such as temperature, and show 
that the compounds have switching permittivities over a 
narrow temperature range. A switching permittivity at the 
phase transition from centrosymmetric crystalline (or liquid 
crystalline) to the isotropic phase gives insight into the 
properties of a field-induced oriented amorphous film (or 
matrix). 

Heeney and co-workers, who prepared 3 through a less 
straight-forward route17, noticed steric hindrance of nitrile 
functions to adjacent thiophenes. The torsion of the thienyl-
DCNBT bond leads to a deviation from the mean molecular 
plane (see crystal structure in Figure 2), which is consequently 
a disadvantageous factor for the indispensable π-π-interaction 
in organic electronics18. Alternatively, arylenes like thiazoles 
have gained growing interest due to their ability to lower the 
energy of molecular orbitals19 and increase crystallinity via 
interaction of the nitrogen lone pairs with e.g. antibonding 
orbitals of Sulphur atoms in adjacent thiophenes.20 Thus, 
suitable derivatives have been synthesized and investigated 
with respect to steric hindrance between the DCNBT-unit and 

Scheme 1: Synthetic procedures for (a) of 4,7-dibromobenzo[c][1,2,5]thiadiazole-5,6-dicarbonitrile (1) and (b) oligoarylenes
for dielectric studies (3-5) and investigations of reduced steric hindrance (6-8). 
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adjacent aryl-substituents via X-ray measurements made on 
single crystals. As the oligoarylenes 3, 6-8 represent important 
model compounds for optoelectronic applications, the deter-
mination of electronic and photophysical properties was of 
significant importance. 

Synthesis 
Parallel to our work15,21 , several groups have recently syn-

thesized functionalized 5,6-dicyanated benzothiadiazole17,22,23, 
benzotriazole23,24 and quinoxaline.23 Those approaches either 
hinge on already aryl-substituted precursors or optimized 
towards C-H-activated aryl-aryl-coupling. Our route however, 
represents a more convenient approach, since the brominated 
species 1 can undergo transition metal catalyzed coupling 
reactions under established25,26 conditions. 

Starting with 4,5-diamino-3,6-dibromophthalonitrile (2), 
ring-closure with thionyl chloride facilitated 1 after 30 h at 
55°C (Scheme 1). We found that longer reaction times and 
higher temperatures caused nucleophilic substitution of bro-
mine by chloride. Furthermore, we were able to increase the 
yield of 52% to 80% via distillation of the remaining thionyl 
chloride under reduced pressure, instead of work-up with 
cooled potassium carbonate solution. The 4,7-dibromobenzo-
[c][1,2,5]thiadiazole-5,6-dicarbonitrile (1) can undergo transi-
tion-metal catalyzed cross-coupling with tin compounds via 
Stille reaction. Here we found that using Pd2(dba)3 instead of 
Pd(PPh3)4 catalyst resulted in higher yields. Thus, we were 

able to increase the yield from 25% to 65%. The non-cyanated 
derivatives 4,7-bis(4-hexylthiophen-2-yl)benzo[c][1,2,5]-
thiadiazole (10) and 4,7-bis(4-hexadecylthiophen-2-yl)benzo-
[c][1,2,5]thiadiazole (11) have been synthesized by the same 
procedure in yields of 60% and 82% respectively. 

Figure 2 shows the crystal structures of several model com-
pounds. Whereas a steric hindrance in 3 noted by Heeney17 
and to a similar extent in the trimethylsilylated derivative23, 
can be observed, a successive reduction of the displacement 
out of plane regarding the central DCNBT-unit is visible in 6-
8. Strikingly, the 2-thiazole-substituted molecule (6) suffer 
from a higher torsional (24°) angle than the 5-thiazole-
analogue (7, 7° and 9° respectively), which reveals a higher 
steric hindrance of the cyano-groups and the nitrogen lone pair 
compared to the C-H-substituent. Comparison of 7 with 3, on 
the other hand, shows a reduced torsion between thiazole and 
DCNBT. Furthermore, the different orientation of the two 
thiazoles in 6 suggests an almost vanished hindrance. Howev-
er, due to the strong electron-withdrawing character of both 
coupling partners the yields of the thiazole-compounds were 
very low. The compound with the least steric hindrance, com-
pound 8, was obtained from a Sonogashira coupling reaction 
with 1-(tert-butyl)-4-ethynylbenzene in moderate yield of 
47%. Although a torsional angle of 63° is observed here, this 
compound exposes the least steric hindrance and occurring 
torsion is based on packing effects in the solid state. 

Figure 2: Crystal structures show successive reduction of steric hindrance of the cyano-groups attached to the central benzothiadiazole-unit 
with neighboring substituents. Torsional angles between aromatic units in compound 8 originate from packing in solid state (the crystal 
structures are illustrated as ORTEP drawings with thermal ellipsoids set at 50% probability overlaying spacefill-drawings to visualize the 
steric hindrance between neighboring aryl substituents). 

It should be noted that the crystal structure has been measured at a different temperature previously (CCDC: 1020253).17  
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Optoelectronic Properties 
The synthesized oligoaryles 3 and 6-8 show strong fluores-

cence under black light illumination (see Figure 3), which 
encouraged us to investigate optoelectronic properties via 
determination by absorption spectroscopy, fluorescence spec-
troscopy, measurement of fluorescence quantum yields and 
cyclic voltammetry. Figure 4 shows the optical absorption 
spectra in the visible range and fluorescence of the model 
compounds 3, 6, 7 and 8, while Table 1 summarizes their 
optical properties (detailed absorption spectra from 250-800 
nm can be found in the supporting information). Generally, the 
extinction coefficients are roughly within the same range. In 
comparison with compound 3 all derivatives exhibit a hypso-
chromic shift of the absorption. Additionally, all compounds 
exhibit high quantum yields of 87% to 93%. Comparing the 
DCNBT-derivatives with non-cyanated derivatives (e.g. com-
pound 9: 72%27), an increasing effect on the quantum yield is 
exposed. Compound 8 reveals the highest quantum yield and 
the highest molar extinction coefficient. Remarkably, 8 is also 
the compound with the lowest Stokes shift in this row of mod-
el compounds. With the exception of 8 all compounds have a 
Stokes shift of about 120 nm. The lower shift in 8 is probably 
caused by lower vibrational loss from ground state to the ex-
cited state in solution, due to lower dihedral rotation-energy of 
ethynyl-substituents in this row of oligoaryles. 

 
Figure 3: Photograph of compounds 3, 6, 7 and 8 under black 
light illumination with 365 nm. 
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Figure 4: Normalized Absorption in the visible range and 
fluorescence spectra of model compounds 3, 6, 7 and 8. 

 
 

Table 1: Photophysical properties obtained from absorp-
tion and fluorescence spectroscopy of model compounds 3, 
6, 7 and 8 (detailed spectra of each compound can be found 
in the SI). 
Com
pd. 

λmax abs 
(nm) 

λonset 
(nm) 

λmax em 
(nm) 

Stokes 
shift (nm) 

ε 
(L M-1 cm-1) 

ΦF 

3 298, 446 517 565 119 28.1 x 103 0.91 
6 286, 416 485 539 123 27.4 x 103 0.92 
7 286, 416 484 538 124 31.4 x 103 0.87 
8 300, 458 509 536 78 43.9 x 103 0.93 

In general cyclic voltammetry (measured from solution us-
ing THF as solvent with concentrations of 1 mg/ml, see Table 
2) revealed high electron affinities of the model compounds of 
3.56 eV to 3.83 eV. Arylethynyl-substituents are weaker do-
nors compared to thiophene but also allow different π-π-
conjugation since the connecting carbon-atoms are sp-
hybridzed, which affects planarity, thus 8 compared to com-
pound 3 has a higher electron affinity. Since the incorporation 
of more electronegative atoms causes a higher electron affini-
ty, 6 and 7 show higher electron affinities than 3, as expected. 

Computational results 
The presented oligoarylenes contain a dipole moment in 

each arylene unit. Depending on their relative orientation, the 
overall molecular dipole moment, and consequently, the die-
lectric permittivity of the compound can be tuned. To assist 
the experimental studies on the dipolar dynamics and static 
dielectric permittivity, a theoretical treatment is employed for 
compounds 3 and 9 along with their alkylated derivatives 4, 5, 
10 and 11. (Computational method via a variety of appropriate 
functionals suitable for calculation of total molecular polariza-
bilitiy (α), first hyperpolarizability (β) and HOMO-LUMO 
visualization for 3, 4 and 5 results are given in S.I.; Table S2) 
The calculated dipole moments, are given in Table 3 (level of 
theory: DFT-CAM-B3LYP). 

Table 2: Calculated HOMO- and LUMO-energies and 
measured electron affinities by cyclic voltammetry 
Com-
pound 

E(HOMO, 
calc) / eVa 

E(LUMO, 
calc) / 

eVa 

∆E(HOMO-
LUMO) / 

eVa 

E(0/-) / 
Vb 

EA / 
eVc 

Eopt gap 
/ eVd 

3 -6.09 -3.39 2.70 -1.24 3.53 2.40 
6 -6.41 -3.63 2.78 -0.97 3.83 2.56 
7 -6.61 -3.69 2.92 -1.01 3.79 2.56 
8 -5.59 -3.46 2.13 -1.13 3.69 2.44 

aLevel of theory: DFT, B3LYP, 6-31g*. bFirst reduction potentials 
measured by cyclic voltammetry (CV) in THF with Bu4NPF6 as the 
electrolyte against Fc/Fc+ as an internal standard (−4.80 eV) at 0.1 mV/s. 
cCalculated from CV measurements [EA = −4.80 eV −E(0/−)]. dCalculat-
ed from the onset of the optical absorption. 

Hyperpolarizabilities are of importance in the description of 
the nonlinear optical response of materials. Interestingly, the 
total molecular polarizability (α) is unaffected by conforma-
tional changes but its value is increasing upon addition of 
alkyl groups. On the other hand, as shown in Table 3, the 
molecular first hyperpolarizability (β) is significantly affected 
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5

both by the addition of alkyl groups and by conformational 
changes. 

The theoretical treatment in vacuo of compounds 3-5 and 9-
11 revealed several conformations with reference to the central 
thiadiazole unit (I: anti-anti, II: syn-anti III: syn-syn) resulting 
in various permanent dipole moments of the compounds (see 
Table 3 and Tables S3 and S4). 

In general, the presence of the two cyano-groups in DCNBT 
induces a strong electron withdrawing effect and generates a 
reverse dipole moment vector with respect to that found in BT 
(see Figure 1). Evidently, molecules 3-5 can be tuned to en-
gender maximum values of the dipole moment. The confor-
mation that most ideally combines the highest dipole moment 
and first molecular hyperpolarizability is orientation I (Table 3 
and S4). Subsequently, we employ compounds 4, 5 and 10 
possessing variable dipole moments (from 0.7 D to 8.0 D) and 
investigate their self-assembly and dynamics. 

Thermodynamics and self-assembly 
The phase transformations in compounds 10 (possessing a 

weak dipole), 4 and 5 (both having stronger dipoles) can be 
discussed with respect to the DSC traces and POM images that 
provide, respectively, the crystallization/melting heats at the 
transition temperatures and the presence of superstructures. 
The POM textures of 4 and 5 are distinctly different from 
compound 10 suggesting crystalline (Cr) and liquid crystalline 
(LC) textures, respectively (Fig. S1). Furthermore, the POM 
image of 10 obtained under isothermal conditions (at 294 K) 

displays a smectic liquid crystalline texture. This is in sharp 
contrast to the spherulitic textures obtained for 4 and 5, typical 
of crystalline phases. In DSC, for 10, two exothermic peaks 
are seen at 299 K and 305 K and three endothermic peaks at 
318 K, 332 K and 336 K. In addition, for 4 and 5 two crystal-
line phases are evident in the cooling curve. The transition 
temperatures and corresponding heats are summarized in 
Table 4. 

4 crystallizes in a centrosymmetric structure with a P-1 
space group, as observed by single crystal analysis (see Table 
S11). The crystal structure of 5 was investigated with wide-
angle X-ray scattering from extruded fibers and the results are 
illustrated Figure 5. The figure depicts intensity contour plots 
as a function of temperature together with tour some repre-
sentative 2D patterns. The 2D WAXS patterns and contour 
plots reveal a set of strong equatorial peaks indexed as (00l) 
together with a set of meridional peaks. The meriodional peaks 
at temperatures below 346 K, correspond to the 
,12/10, ,0210, ,107/0, ,203/0 reflections from a triclinic unit 
cell with parameters a=0.82 nm, b=0.985 nm, c=2.86 nm and 
α=92.8o, β=95.14o, γ=110o (called CrB). At higher tempera-
tures there is a transformation to another triclinic unit cell with 
parameters a=0.9 nm, b=0.95 nm, c=2.89 nm and α=92.8o, 
β=96.7o, γ=109.7o (called CrA). The phase transformation is 
evident in the intensity contour plot with the bifurcation of the 
,203/0 reflection. Finally, the CrA structure melts at 384 K 
(isotropic phase, I). 

  

   

 

 I II III  

 

µo / α / β 

3 7.2 / 47.4 / 206.7 6.6 / 47.7 / 209.8 6.0 / 48.0 / 213.6  
 4 8.0 / 73.0 / 280.4 6.5 / 73.4 / 198.5 5.3 / 73.9 / 138.8  
 5 8.0 / 111.2 / * 6.5 / 111.6 / * 5.2 / 115.1 / *  
       

 
 

   

 

 I II III  

 
µo / α / β 

9 0.2 / 44.0 / 8.7 1.1 / 43.9 / 5.4 2.1 / 43.7 / 4.4  
 10 0.7 / 70.2 / 39.3 0.7 / 70.5 / 63.0 2.9 / 69.7 / 12.8  
 11 0.7 / 107.7 / * 0.7 / 108.4 / * 3.0 / 110.5 / *  

Table 3: Calculated dipole moments µo (debye), total molecular polarizabilities α (× 10-40 C2m2J-1) and first hyperpolarizabili-
ties β (debye-ang**2) of  3, 4, 5 and 9, 10, 11 in various conformations. Level of theory: DFT-CAM-B3LYP. Basis set: for 
molecules 3 & 9 is aug-cc-pVDZ, for molecules 4 & 10 is 6-311++G(2d,2p) while for 5 & 11 is 6-31+(d,p). Blue arrows repre-
sent the vectors of dipole moment (not proportional to the calculated value). Arrows of dipole moments point to the positive 
end. The star (*) instead, denotes that first hyperpolarizability values for molecules treated with the 6-31+G (d, p) basis 
set are not reported because this basis set expansion is not sufficient for the accurate prediction of this property. Atom 
color code: Blue=Cyan, Grey=Carbon, Yellow=Sulfur, White =Hydrogen.  

d1         d2 

d1         d2 
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Table 4: Transition temperatures and associated heats on 
cooling and subsequent heating (rate: 10 K/min). 

 Sample Transition Temp. / K ∆Η / Jg-1 

C
oo

lin
g 

10 I→LC 299 62 

4 I→Cr 337 73 

5 I→CrA 365 137 

 CrA→CrB - - 

H
ea

tin
g 

10 LC→I 336 68 

4 Cr→I 368 80 

5 CrB→CrA 346 - 

 CrA→I 384 135 
An identical CrB crystal structure is found for spin-coated 

thin film of 5 by the analysis of the grazing inci-dence WAXS 
pattern in Figure S2b. The out-of-plane position of the (001) 
reflection is characteristic for an edge-on arrangement of the 
molecules, whereby the overall crystallinity is reduced in 
comparison to the extruded fiber sample. In contrast to 5, 
compound 4 shows higher order and a crystal structure which 
corresponds well to the unit cell determined in the single crys-
tal analysis (Figure S2a, Table S12). Thereby, the molecules 
are also organized in an edge-on fashion on the substrate as 
evident from the in-plane π-stacking peak and the out-of-plane 
(001) reflection. 

Dielectric permittivity and dipolar dynam-
ics 

Experimental molecular dipole moments were evaluated 
both in solution and in the bulk state by dielectric spectrosco-
py (details in SI) at 25°C using a Novocontrol Alpha frequen-
cy analyzer (frequency range from 10-2 to 107 Hz). Dilute 
solutions in THF (4, DCNBT and 1 due to low solubility in 
less polar solvents) and in chloroform (molecule 4) were pre-
pared and the dielectric permittivity was measured as a func-
tion of solute concentration (Figure S4 and Table S1). Since 
both the solute and the solvent are polar we have employed the 
modified Onsager equation according to Böttcher28-30. Solu-
tion-based measurements generally showed high dipole mo-
ments of the cyanated compounds in the range of 6.1-
7.7 debye, which is lower than the most polar benzenes15 or 
quinones31, but as high as p-nitroaniline32. Whereas the slight 
decrease in dipole moment from 7.7 ± 0.4 (DCNBT) to 6.7 ± 
0.5 (compound 1) is clearly attributed to the substitution of a 
proton by an electron-withdrawing bromo-substituent, the 
situation with molecule 4 is different. Here, measurements in 
two different polar solvents (THF and chloroform) revealed 
different dipole moments (7.6 ± 0.2 debye and 6.1 ± 0.3 de-
bye, respectively). This finding likely reflects different con-
formational preferences (anti-anti, anti-syn) of the molecule as 
predicted by DFT calculations (see Table 3). 

In the bulk the dielectric permittivity is a sensitive probe of 
phase transformations. In addition, it contains information on 
the effective dipole moment (as compared to gas phase or 
solution dipole moment) of the compounds. Figure 6 shows 
the dielectric permittivity of 10, 4 and 5 under isochronal 

conditions obtained on cooling and subsequent heating. In all 
cases there is an abrupt reduction/increase in dielectric permit-
tivity on cooling/heating through the crystalline-to-isotropic 
(in 4 and 5) or the LC-to-isotropic (in 10) transitions. The 
corresponding transition temperatures are very close to the 
ones obtained from DSC and reveal a pronounced hysteresis. 
At temperatures corresponding to the isotropic phase the die-
lectric permittivity scales as 1/T. Kirkwood and later Fröhlich 
addressed the precise form of the static dielectric constant of 
polar liquids with short-range interactions between molecules. 
The theory has considered an infinite continuum of dielectric 
permittivity33,34, εS', and within this a spherical region contain-
ing No elementary dipoles that were treated explicitly. Based 
on these assumptions, the dielectric permittivity can be ex-
pressed as: 

Figure 5: (Top-left) WAXS intensity contour plots corresponding 
to 5. The horizontal dashed line indicates the CrB to CrA phase 
transformation and the horizontal dotted line indicates the re-
spective transition temperature from CrA to the isotropic (I) 
phase. (00l) peaks indicative of a lamellar arrangement. (Top-
right) 2D-WAXS patterns obtained from extruded fibers at 323 K 
(top) and 373 K (bottom) during heating, corresponding to the 
CrB and CrA phases, respectively. (Bottom) Equatorial and me-
ridional scattered intensity distributions in the 2D diffraction 
patterns at 323 K and 373 K. The scattered intensity maxima are 
assigned by the hkl indices of the corresponding lattices. 
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4′6 # 47 + 9
:()
;< =%

>?@
AB
C           (2) 

Here, N0/V is the number density of dipoles expressed as 
(ρ/M)NA, where ρ is the mass density (defined above) and M is 
the molar mass, F=ε'S(ε∞+2)2/[2(ε'S+ ε∞)] is the local field, µ is 
the dipole moment and g is the dipole orientation correlation 
function 

< # 1 + 〈∑ ∑ =F∙=H	
FJH

KB
FLM 〉

AB=%
         (3) 

Considering only nearest neighbor orientation correlations, 
the above expression for the reference dipole surrounded by z 
equivalent nearest neighbors reduces to g=1+z<cosθ>. Here, θ 
is the angle between the reference dipole and one of its z near-
est neighbors. We should keep in mind that what is measured 
in DS in the bulk is the effective dipole moment, µeff

2=g*µ0
2, 

where µo is the gas-phase dipole moment obtained from the 
simulations (Table 3). As we have shown in an earlier study 
on dipole-functionalized discotic liquid crystals35, the latter is 
sensitive to the actual packing (i.e., crystal structure in the 
solid state). The effective dipole moment measured in the bulk 
(by DS) can be very different from the solution or gas-phase 
dipole moments (DFT) and this is shown in Table 5. Here the 
effective dipole moment for the three compounds was calcu-
lated from the dielectric permittivity values and the dipole 
orientation correlation function through Eqs. 2 and 3.The 
effective dipole moments for the three compounds calculated 
through Eqs. 2 and 3 are shown in Table 5. For 10 there are 
two configurations that result in low dipole moments (0.7 and 
0.8 for orientations I and II, respectively) as observed experi-

mentally (µeff=1.0 D). Contrast this with compounds 4 and 5 
where the experimental values of the effective dipole moment 
are substantially lower than the ones obtained from solution 
studies and simulations for all three orientations. As an exam-
ple, for 4, the resulting dipole orientation correlation function, 
g, assumes a value of 0.1, indicating that dipoles have pre-
ferred orientation correlations with large θ’s. However, the 
most interesting feature of the permittivity curves in Fig. 6 is 
the large switchable permittivity of 4 within a narrow tempera-
ture range36-38. The change in εS' for 4 at the phase transition 
(∆ε~11) exceeds the one found in some semifluorinated azo-
benzene derivatives and is close to the well-known liquid 
crystal 5-CB (∆ε~14)39. Because of their solid state packing, 
compounds with longer alkyl chains exhibit lower dielectric 
permittivity and are therefore less favorable with respect to the 
design of photoactive materials for bulk-heterojunction solar 
cells. 

The dipolar dynamics within the different phases were in-
vestigated by frequency-dependent measurements under iso-
thermal conditions. Of particular interest are the dynamics of 
10 with the liquid crystalline order. The resulted dynamics are 
depicted in Figure 7 as a function of inverse temperature. 
Figure S3 gives representative loss curves of 10 at some se-
lected temperatures. Different, partially overlapping processes 
are evident in the dielectric loss curves in addition to the con-
ductivity contribution. The dynamics of rod-like liquid crystals 
in the nematic phase reflect different modes: the rotation of 
molecules about the short molecular axes gives rise to a slow 
process (called δ); the precession of long molecular axes about 
the director leads to a faster process (called α); the rotation 
about the long molecular axes is even faster. These dynamic 
features are distinct within the nematic phase because the 
nematic potential hinders rotation about the short axis. The 
intensity of the two modes varies as it depends on the orienta-
tion of the director with respect to the external electric field. 
For example, a director aligned parallel (perpendicular) to the 
electric field favors relaxation through the slower (faster) 
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Figure 6: Dielectric permittivity of 10 (top), 4 (middle) and 5
(bottom) as a function of temperature under isochronal conditions 
(frequency of 1.33x105 Hz) obtained with a cooling (blue) and 
heating (red) rates of 5 K/min. Note the large hysteresis in all 
compounds and the large switchable permittivity of compound 4. 
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Figure 7: Temperature dependence of relaxation times for 10 in 
the usual Arrhenius representation. In the isotropic phase (I) there 
is a single process (triangles) that on cooling into the liquid crys-
talline phase (LC) gives rise to two relaxations: a fast α process 
(spheres) and a slower δ process (squares). Lines are fits to the 
VFT equation. The phase transition temperature is indicated by 
the vertical line. 
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process. Independent of the dielectric strength, the relaxation 
times, τ(T), both the α process and the δ process obey the 
Vogel-Fulcher-Tammann (VFT) equation, τ = τ0 exp(B/T-T0), 
where τ0 is the relaxation time in the limit of very high tem-
peratures, B is the activation parameter and T0 the “ideal” glass 
temperature located below the glass temperature Tg. The B, T0 
and Tg parameters assume values of 2300±500K, 176±10 K 
and 238±3 K for the δ and 2300±400 K, 176±8 K and 238±3 
K for the α process. 

According to the theory of Martin, Meier, and Saupe40, the 
splitting of the dynamics to processes α and δ originates from 
the nematic potential with a magnitude that depends on the 
nematic order parameter, S, defined as S=<(3cos2θ-1)>/2. The 
brackets denote a statistical average and θ is the angle between 
the long molecular axis and the preferred direction. According 
to the theory, the retardation factor, g(S), can be obtained from 
the difference in the time scales of the δ- and α-processes as 
log(τ(δ)/τ(α))~g(S).41,42 It has limiting values g(S=0)=1 (iso-
tropic state) and g(S→1)→∞ (fully ordered nematic struc-
ture). For S<0.8, the following analytic expression has been 
proposed 

log <,R0 # 1.069	R + V.99:
,9W60M.XBY − 0.106       (4) 

For log(g(S))~4 as experimentally observed (Fig. 5), Eq. (4) 
gives an orientational order parameter with a value of 0.45. 

Table 5: Dielectric strength (∆ε), permittivity, local field 
(F), and effective dipole moment, µeff, obtained from DS 
for molecules 10, 4 and 5. 

Samples T∆ε (Κ) εs ε∞ F M (g/mol) µeff (D)a 

10 174 4.08 3.55 3.58 468.74 1.0 
4 2529 12.66 5.68 8.03 518.76 2.6 
5 189 4.95 4.45 4.78 799.29 1.2 

a The density values employed in the calculation of the dipole moments 
were 1.28, .32 and 1.22 g/cm3, respectively for 16, 4 and 5. 

In conclusion, dicyanobenzothiadiazole molecules can be 
engineered to engender maximum values of the dipole mo-
ment and of the first molecular hyperpolarizability. These 
properties can be further fine-tuned through the rather small 
energy barriers of the different conformers. A synthetic strate-
gy is provided by substitution of thiophenes with thiazole or 
ethenyl-substituents spacers in donor-acceptor polymers, re-
spectively. 

This molecular engineering approach has profound effects 
on the thermodynamic properties, the self-assembly and dy-
namics. Molecules possessing strong dipole moments crystal-
lize and form spherulitic superstructures whereas molecules 
with weaker dipoles form liquid crystalline structures. Moreo-
ver, all compounds exhibited switchable dielectric permittivity 
with temperature. In particular compound 4 revealed a large 
increment in ∆ε (~11) over a narrow temperature interval that 
is comparable to the best known rod-like liquid crystals (e.g. 
comparable to 5-CB37). This finding is of particular interest for 
the design of new solar cells. In this respect, materials pro-
cessing high dielectric constants are known to improve the 
charge carrier separation in the photoactive phase2 or the het-
erojunction of the donor and the acceptor phase3. Lastly, by 
employing the gas phase dipole moments -the latter obtained 

from simulations- allowed calculating the dipole orientation 
correlation function in the bulk state. 

Conclusion 
Based on 4,7-dibromobenzo[c][1,2,5]thiadiazole-5,6-dicar-

bonitrile (1), we synthesized small molecules incorporating 
thiophene (3, 4, 5), thiazole (6, 7) and phenyl-acetylene moie-
ties (8). Single crystal analysis of the latter showed a reduced 
steric hindrance. A resulting blue-shifted UV-vis absorption 
due to lowered donor-strength was observed in 6, 7 and 8. 
However, high fluorescence quantum yields have been ob-
served for all model compounds. 

The thienylated derivatives (3, 4, 5 and 9, 10, 11) were in-
vestigated with respect to their dipole moments and dipolar 
dynamics via dielectric spectroscopy with input from DFT 
calculations. It was shown that these molecules can be engi-
neered to engender maximum values of the dipole moment 
and of the first molecular hyperpolarizability. A remarkably 
high dipole moment of DCNBT and of 1, as compared to BT, 
has been measured via dielectric spectroscopy. All compounds 
exhibited switchable dielectric permittivity with temperature. 
In particular, compound 4 exhibited a large increment in die-
lectric permittivity (∆ε~11) over a narrow temperature interval 
that is comparable to the best known rod-like liquid crystals 
(e.g. 5-CB). 

Although the dielectric permittivity of thienyl derivatives is 
low at ambient temperature, reflecting the liquid crystalline or 
crystalline structures - the latter caused by the centrosymmet-
ric crystal unit cell - they are still promising for the design of 
donor-acceptor copolymers. In D-A copolymers composed of 
arylenes the absence of crystalline order warrants high dielec-
tric permittivities with values comparable to the ones found in 
the isotropic phase of the thienyl derivatives (e.g. 4). An in-
duced orientation of dipolar units at temperatures above the 
glass temperature, e.g. via corona poling43,44, could further 
enhance the permittivity of donor phases in bulk heterojunc-
tion solar cells. This suggests a molecular approach towards 
decreasing exciton binding energy by “adjusting” the magni-
tude of dielectric permittivity. This approach, when imple-
mented in OPV, could substantially improve charge carrier 
separation and increase power conversion efficiency. 
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The crystal structures of 1 (CCDC: 1533970), 3 (CCDC: 
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