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Influence of shape on crystal structure and optical properties of 
heterocyclic conjugated molecules.
Elisa Guzmán,a Yu Yan,a Peter Müller,b Justin Amengual,c Mu-Ping Nieh,d and Samuel W. Thomas 
IIIa*

Organic optoelectronics are increasingly important due to their tunablilty, flexibility, and solution processability. Tuning 
optical properties of these materials as solids relies on the balance of weak non-covalent interactions that dictate crystal 
structure, but are difficult to predict. Our research aims to improve our understanding of how electrostatic interactions can 
direct and facilitate intramolecular interactions that dictate emergent properties of crystalline materials. This paper focuses 
on exploring how multi-fused thiophene ring systems that are popular in modern organic optoelectronic materials impact 
intramolecular interactions, while also investigating the role of molecular shape. In these examples, the shape of heterocyclic 
systems correlate with the crystal structures: while the bent heterocyclics show no discrete and discernable intramolecular 
interactions, those with bent shapes interact cofacially with one of the electron poor ArF pendants by twisting the arylene 
ethynylene backbone. Two of the control molecules, which bear non-fluorinated benzyl ester substituents, show 
intramolecular edge-face interactions, and several of these molecules show clear polymorphic behavior. These findings 
further our understanding of how discrete interactions can be altered not only by electrostatics, but also by shape, allowing 
for increasingly nuanced control over the crystal structures and optical properties of optoelectronic materials.

Introduction 
Conjugated organic materials present properties that are 

essential in numerous current and emerging applications,1 
including luminescence for light emitting displays,2-4 sensing,2 
and imaging,5 as well as quasiparticle mobility for transistors 
and photovoltaics.6, 7 They also offer the boundless molecular 
design possibilities that organic chemistry brings. Through a 
combination of experimental and theoretical advances, these 
materials have realized remarkable progress in the 
performance of devices through an expanding structural 
diversity of materials—including both small molecules7-9 and 
conjugated polymers10, 11— that are, designed, synthesized, 
tested, and optimized. 

While we have sophisticated understanding and tools for 
predicting behavior of these materials in the gas phase or dilute 
solution, however, solid-state behavior depends on many weak 
non-covalent interactions.12, 13 This especially includes non-
specific and ubiquitous dispersion forces, which typically 
comprise the largest fraction14 of the lattice energy and can 
result in numerous accessible low-energy crystal forms for the 
same molecule. Subtle differences in packing can yield 
substantial differences in both intramolecular torsion and the 
intermolecular aggregation between chromophores, which 
together control the key performance parameters in functional 
devices, such as charge mobility15, 16 or luminescence color and 
efficiency.17 Unfortunately, even given the critical importance 
of solid-state packing of these materials, reliable approaches to 

controlling or predicting the packing18 of conjugated materials 
have lagged well behind other aspects of their development.

The approach of crystal engineering, which relies upon 
discrete non-covalent interactions to design and synthesize 
solid-state structures,13, 19 has become increasingly important in 
conjugated materials. While hydrogen bonding and halogen 
bonding involve structural elements that are not common 
features of most conjugated materials used in devices, 
chalcogen bonding and aromatic interactions feature structural 
units that are found in many conjugated materials. In area of 
aromatic interactions, an electrostatic “polar-” model, while 
insufficient to explain all observations and trends, can 
rationalize the trends observed. For example, edge-face 
interactions and slipped co-facial interactions are typical in the 
herringbone and bricklayer packing motifs of fused aromatic 
systems.20 The cofacial interaction of non-fluorinated (ArH) and 
heavily fluorinated arenes (ArF) side chains with a chromophore 
is another commonly used type motif in crystal engineering of 
functional materials. 21, 22 Studies of optoelectronics23-25 that 
focus on polymeric donor-acceptor moieties either with26-28 or 
without29-35 thiophene units have shown non-covalent 
interactions of fluorinated rings impact crystal structure and 
properties of the devices. Other materials, including 
electrophosphors with metal centers,36 discotic liquid crystals37 
and fluorescent dyes38 also use fluorination for directional non-
covalent interactions. 

In several papers,39-47 we have described how fluorinated 
benzyl benzoates, when part of arylene-ethynylene (AE)-based 
conjugated materials, can undergo intermolecular and/or 
intramolecular pendant ArF-chromophore ArH cofacial 
stacking. The short tether of the linker to the benzylic ester 
pendant requires the AE backbone to twist out of coplanarity 
for the ArF-ArH interaction to occur. Having the triple bond with 
a low barrier of rotation between the chromophore and benzyl 
benzoate pendants allow for the molecules to access multiple 
configurations, as integrating molecular flexibility has been 
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show to improve device performance.48 Examining the F5 side 
chains (we note that fluorination has been shown to improve 
device performance)49 and the H5 counterpart, which removes 
this directional non-covalent cofacial stacking interaction, can 
verify the impacts of the ArF-ArH interactions.

This specific interaction between the conjugated backbone 
and pendant groups (which are typically treated as ancillary 
segments of chemical space reserved for solubilizing chains) 
therefore increases band gap by reducing both intramolecular 
and intermolecular electronic coupling and can yield 
mechanofluorochomic materials39-41 and phosphorescent 
solids.44  Our results45 of structure-property investigations of 
the side chain ArF-chromophore ArH interaction in this 
structural context point to electrostatic complementarity 
between the interacting rings determining whether they occur. 
To date we have almost exclusively focused on substituent 
effects on phenylene rings on the chromophore ArH rings. 
However, large and complex fused heteroaromatic systems, 
especially thiophene-containing fused multicyclic aromatic 
structures, are common in the best performing organic 
optoelectronics.50, 51 In a recent paper47 we showed that the 
propensity for small monocyclic and fused bicyclic heterocycles 
to undergo ArF-heterocycle chromophore stacking correlated 
with the magnitude of the computed electric field 3.2 Å away 
from the plane of the heterocycle in question. Building on this 
finding, the goal of this work is to determine whether pendant 
ArF-chromophore ArH non-covalent interactions can impact the 
crystal packing of larger thiophene-based fused heteroaromatic 
systems, for which simple predictions based on electronic 
substituent effects are not possible, and which are important 
structures found in p-type materials or as the donor segment of 
donor-acceptor materials.

Results and discussion
Experimental Design and Synthesis

Each of the eight molecules studied in this work (Chart 1) 
comprises a central thiophene-fused aromatic structure that is 
commonly found in modern optoelectronic materials,52-54 
bound symmetrically to two o-benzyl benzoates through 
acetylene linkages. The pattern of these materials is similar to 
phenylene ethynylene materials we have previously 
investigated, in which the benzyl benzoate pendants occupy the 
termini of the chromophore. We prepared molecules with four 
different central aromatic cores, each of which is linked to 
either pentafluorobenzyl benzoate or unsubstituted benzyl 
benzoate pendants. Similar to previous work from our lab, the 
synthesis of these compounds followed a straightforward 
pathway. Acylation of either benzyl alcohol or 
pentafluorobenzyl alcohol with 2-iodobenzoic acid provided the 
aromatic pendants with iodinated phenyl groups. Subsequent 
Sonogashira coupling with trimethylsilylacetylene and 
deprotection with tetrabutylammonium fluoride gave the 
terminal benzyl ester units, which could undergo Sonogashira 
coupling with the dibromo derivatives of the target fused 
multicyclic arene core to yield the target compounds. The 

dibromides in these syntheses were either commercially 
available or previously reported.55

All four of the fused heteroaromatic cores—
benzodithiophene,56, 57 thienothiophene,58 dithieno-
thiophene59-61, and cyclopentadienyldithiophene62, 63—contain 
at least one fused thiophene ring and are popular electronic 

Figure 1 Single crystal structures of DTT-H5 (showing disorder in benzyl ester 
substituents) and mCPDT-H5, highlighting their intramolecular edge-face interactions 
between phenyl pendants and tricyclic aromatic cores, as well as S•••p interactions. 
Hydrogen atoms omitted for clarity. Thermal ellipsoids shown at 50%.

Chart 1. The eight new fused thienoarene-ethynylene molecules reported in this 
paper, organized by molecular shape. Each molecule comprises one of four central 
thienoarene cores and either perfluorobenzyl (F5) or benzyl (H5) pendants.
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donating heterocyclic systems in donor-acceptor materials.64, 65 
We can classify these molecules into two distinct classes of 
shapes, aspects of which we were also interested in exploring:

i) The ethynyl groups bound to tricyclic 
dithienothiophene (DTT) and dimethyl 
dithienylcyclopentadienyl (mCPDT) cores are bent 
relative to the long molecular axis of the fused 
aromatic core. This feature results from the geometry 
of the five-member central ring of the fused tricyclic 
ring system. We note that our previously reported 
dimethylfluorene-based derivative (DMF-F5) shares 
this feature.42

ii) The ethynyl groups share the long molecular axis of 
the fused aromatic core. This category includes 
thienothiophene (TT) and benzodithiophene (BDT) 
cores.

X-Ray Crystal Structures

From the eight new molecules presented here, we were able 
to isolate X-ray quality single crystals for six of these 
compounds. In addition to TT-F5 and BDT-F5, this group of 
crystal structures comprise two pairs of fluorinated (F5) and 
unsubstituted (H5) analogs with the same aromatic cores (DTT 
and mCPDT), which allows for direct comparison of the 
influence of the pendant electronics on crystal structure. 
Figures 1, 2, and 3 show these five crystal structures. Inspection 
of the crystal structures reveals several trends consistent across 
all six. One noteworthy example is the strong correlation 
between the conformations of the ester groups and the 
occurrence of intramolecular interactions between the 
aromatic pendant and the chromophore core. In each of the six 
instances of the carbonyl group having anti relationship to the 
alkyne linker, a clear intramolecular interaction between the 

pendant arene and the main chain arene exists. Conversely, in 
all four instances of the carbonyl group having a syn relationship 
to the alkyne linker, there are no intramolecular aromatic 
interactions, although intermolecular interactions of the 
pendants and chromophores do still occur. We attribute this 
trend to the short three-atom tether between the aromatic 
pendant and the arylene ethynylene, combined with energetic 
favorability of coplanar conformations of the carboxylic ester 
groups with the arenes to which they are bound.

A second key trend is the nature of the arene-arene 
interactions that these molecules undergo for the six linkers 
show anti conformations, which in this study all encompass 
molecule with ethynyl groups bent from the long axis of the 
tricyclic aromatic core. The carbonyl groups with unsubstituted 
benzyl pendants and anti conformations undergo edge-face 
interactions with the conjugated backbone. Both feature anti 
conformations of the two carbonyl groups, accompanied by 
intramolecular interactions between the faces of the phenyl 
pendants and C-H bonds of the centra tricyclic unit: as shown in 
Figure 1, DTT-H5 has a 3.40 Å distance between the 3-carbon of 
the DTT unit and the centroid of the phenyl substituent, while 
mCPDT-H5 shows a slightly elongated distance of 3.58 Å, which 
we attribute to steric buttressing of the geminal methyl groups 
on the cyclopentyl unit. In addition, these edge-face 
interactions are accompanied by roughly coplanar arylene 
ethynylene linkages (torsional angles of 9-11°). Overall these 
two molecules show nearly identical crystal packing motifs that 
feature numerous edge-face interactions of the pendant rings. 
interactions coincide with coplanar arylene ethynylene linkages 
As described above, these intramolecular edge-face  along the 
main chains of the chromophores: Finally, the sulfur atoms of 
both the DTT and mCPDT unit point directly at the faces of 

Figure 2 Edge-on (left) and top-down (right) views of the crystal structures of DTT-F5, mCPDT-F5, and the previously reported DMF-F5, all of which have bent 
tricyclic fused aromatic cores and share “half-twisted” crystal structures. Hydrogen atoms omitted for clarity. All thermal ellipsoids shown at 50%.
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another DTT or mCPDT unit, yielding chromophores arranged 
perpendicularly to each other, with S•••centroid distances of 
3.69 Å and 3.74 Å, respectively. These perpendicular 
arrangements, along with interactions between the edge of the 
pendant phenyl rings and the face of the tricyclic heterocyclic 
unit, appear to eliminate any obvious -stacking of the 
chromophores. 

Alternatively, the two fluorinated benzyl pendants with anti 
conformations undergo cofacial interactions with a main-chain 
arene, with closest atomic contacts of 3.47 Å and 3.45 Å for DTT-
F5 and mCPDT-F5, and have twisted arylene-ethynylene 
backbones (torsional angles of 45-88°). We note that a molecule 
that we reported previously (DMF-F5) that has the same 
molecular shape containing dimethylfluorene as a core instead 
of DTT or mCPDT shows the same “half-twisted” motif (see 
Figure 2 for a comparison of these three crystal structures). 
Moreover, the intermolecular interactions of these three 
molecules also show strong similarity. For example, the F5 rings 
that cause AE twisting through intramolecular cofacial 
interaction also undergoes intermolecular cofacial interactions 
with the coplanar half of the -conjugated main chain of a 
nearby molecule.  Furthermore, the F5 rings that do not interact 
intramolecularly are swung out to the side, stacking with the 
twisted benzoate ring of a nearby AE chromophore, with the 
tricyclic arene of this second molecule in the pointing in the 
opposite direction of the first. As a result of the fluorinated rings 
not fully shielding the faces of the conjugated backbones 
through co-facial interactions, inter-chromophore aggregation 
via p-stacking between the main chains of these three 
molecules is readily obvious.

Finally, the crystal structures of the fluorinated derivatives 
of the linear chromophores—TT-F5 and BDT-F5— feature high 
degrees of segregation between the fluorinated benzyl 
pendants and the conjugated backbones (Figure 3). Neither 
feature pendant ArF-chromophore ArH interactions of any kind, 
and present intermolecular F•••F interactions as the only short 
contacts of the fluorinated rings. For TT-F5 the conjugated 
backbones feature similar S/ interactions as in DTT-H5 and 
mCPDT-H5 with S•••centroid distances of 3.18 Å. Each sulfur 
atom and each face of a thiophene participates in these edge-
face interactions, resulting in stacks of these interactions 
propagating in two perpendicular directions within the crystal 
structure. The appearance of S/ interactions in molecular 
balances and protein crystal structures has previously been 
attributed to increasingly favorable dispersion interactions of 

the polarizable sulfur atom.66, 67 The conjugated chromophores 
of TT-F5 are slightly twisted, with torsional angles of 
approximately 37° between the arylene rings. The conjugated 
chromophores of BDT-F5 do not feature S/ interactions, 
instead presenting intermolecular slipped stacks of the planar 
(torsional angles of 2-4°) arylene-ethynylene units and, 
separately, the fluorinated pendants, each with 3.5-3.6 Å inter-
ring distances. While we have not been able to isolate X-ray 
quality crystals of the non-fluorinated H5 derivatives of TT and 
BDT, the fact that the fluorinated analogs do not show 
intramolecular pendant ArF-chromophore ArH interactions 
makes this crystallographic comparison less important, 
especially considering the similar solid-state optical spectra of 
the F5 and H5 derivatives of each of these two pairs of 
molecules.

Optical Properties

To understand the influence of chemical structure on optical 
properties, we measured the steady-state absorbance and 
fluorescence spectra of these molecules in CH2Cl2 (Figure 4). 
Several trends emerge in these spectra. One is that the spectral 
positions of the F5/H5 pairs of molecules do not change 
substantially for the same conjugated backbone. The 
fluorescence spectra of the F5 analogs are slightly red-shifted 
from their H5 counterparts by 2-4 nm, which we attribute to the 
inductive effects of the fluorine atoms making the benzoate 
rings slightly better electron acceptors.68 These four 
chromophores span a modest range of wavelengths in solution, 
with max values at 389 nm (TT) to 430 nm (mCPDT) for 
absorbance spectra, and 430 nm to 490 nm for fluorescence 
spectra. Spectral positions correlate with extent of -
conjugation as expected. The extinction coefficients of all 
molecules at their lowest energy max wavelengths are in the 
expected range of 30,000-60,000 M-1cm-1, and all molecules are 
reasonably fluorescent in solution, with F values between 0.3 
and 0.5 (Table 1).

All energy minimized geometries of these molecules in 
density functional theory calculations, using the B3LYP 
functional and the 6-31G (d,p) basis set, show highly coplanar 
relationships between the central heterocycles and the 
conjugated benzoate rings. Calculations and results are shown 
in the ESI starting at page S37. The lowest energy computed 
excited state for all eight molecules upon geometry 

Figure 3 X-ray crystal structures of fluorinated derivatives of the linear AE chromophores, which lack pendant ArF-chromophore ArH interactions. TT-F5 (Left) shows 
intermolecular S- interactions, while BDT-F5 (right) shows slipped stacking. Hydrogen atoms have been removed for clarity, and thermal ellipsoids are shown at 50%.

Page 4 of 11Journal of Materials Chemistry C



Journal Name  ARTICLE

This journal is © The Royal Society of Chemistry 20xx J. Name., 2013, 00, 1-3 | 5

Please do not adjust margins

Please do not adjust margins

optimization were allowed by the computed oscillator 
strengths, and all involved only the HOMO-to-LUMO 
configuration. Consistent with our experimental observations, 
the computed excited state energies of fluorinated and non-
fluorinated derivatives of each pair of conjugated heterocycles 
were nearly identical, differing within each pair by no more than 
0.02 eV. Moreover, the trend in computed excited state 
energies of these molecules follows that observed 
experimentally, with the BDT and TT derivatives having the 
highest excited state energies, and the mCPDT derivatives 
having the lowest. 

The absorbance and emission spectra of these molecules as 
drop-cast or spun-cast thin films are substantially red-shifted, in 
all cases, from their dilute solution-phase samples, with direct 
comparisons shown in Figures S11-S15. This is consistent with 
our observation that all the crystal structures in this work show 
interchromophore aggregation between the main AE chains, 
and contrasts strongly with many molecules we have previously 
reported, in which the fluoroarene pendants block 

interchromophore aggregation. For comparing the spectra of 
these solid samples, we heated these films to 100 °C in an effort 
to bias their structures to lower energy polymorphs, as we 
noted different colors of solids under different solvent 
evaporation conditions. While these molecules share some of 
the same structural features as those in our prior reports, that 
this insulation from aggregation is missing in these examples 
highlights the challenge of predicting solid state band gaps of 
solids.69 Further complicating the analysis of these data are the 
prevalence of polymorphs in these structures, which in some 
cases we have been able to correlate with single crystal X-ray 
structures using wide angle powder X-ray diffraction analysis of 
solid samples prepared with different procedures (vide infra). 

Beyond these general features of the solid-state spectra, 
some differentiation does appear when comparing the bent 
class of AE materials—DTT and mCPDT—which correlates with 
their crystal structures. While the excitation spectra of these 
solids do not show any clear trends, the max of luminescence 
emission spectra of drop-cast, annealed films of the F5 
derivatives of these molecules are blue-shifted modestly from 
the corresponding H5 analogs, by 25-30 nm, even though their 
solution-phase spectra are nearly identical, Figures S12 and S15 
respectively. This is consistent with the difference in crystal 
structures: in these two F5 derivatives, one fluoroarene stacks 
with the main chain and twists an arylene-ethynylene linkage, 
while the H5 analogs have highly coplanar backbones reinforced 
by intramolecular edge face interactions. However, the 
spectroscopic impact of a twist in the AE backbone is 
substantially smaller than prior systems we have studied45, 47 
that comprise a central terephthalate ring with two conjugated 
ArH rings as termini, in which highly twisted molecules can show 
noticeably larger bandgaps than those observed in solution for 
the same molecules. TD-DFT results reflect this mitigated 
spectroscopic effect, with the lowest energy excited states of 
the hydrogenated and fluorinated individual molecules in their 
crystallographically determined geometries not showing any 
significant difference in excited state energies, while the 
calculated oscillator strengths of the twisted fluorinated 
derivatives are substantially smaller than those for the planar 
hydrogenated derivatives.

Table 1 Optical properties of the molecules from Chart 1. 

1Solution data collected in CH2Cl2; 

max, abs
1 (nm) Eonset, abs (eV)  (M-1cm-1) max, emis

1 (nm) F  (ns)
TT-H5 389 2.90 50000 430 0.45 0.47
TT-F5 389 2.88 41000 432 0.43 0.46

BDT-H5 372 2.90 57000 427 0.46 0.69
BDT-F5 373 2.89 36000 428 0.43 0.37
DTT-H5 405 2.78 59000 451 0.50 0.68
DTT-F5 405 2.77 52000 450 0.52 0.70

mCPDT-H5 430 2.58 57000 490 0.35 0.71
mCPDT-F5 430 2.56 62000 490 0.33 0.71

Figure 4 Solution phase absorbance (top) and fluorescence (bottom) spectra of the 
eight molecules from Chart 1 in dilute CH2Cl2 solution.
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Similarly, all four solids in the linear TT and BDT class show 
luminescence that is substantially red-shifted from these 
molecules in dilute solution (Figure 5). In contrast, however, 
spun-cast thin films with linear TT and BDT backbones did not 
show substantially different spectral positions of luminescence 
spectra when comparing the F5 and H5 derivatives. This 
observation is consistent with the two crystal structures we 
have in this class—TT-F5 and BDT-F5—which show 
intermolecular co-facial interactions between conjugated 
carbon atoms on the benzoate rings with distances between 
3.4-3.6 Å. As the fluorinated pendants do not offer protection 
against aggregation or substantial twisting of the conjugated 
backbones of TT-F5 and BDT-F5, we would not expect annealed 
solids of these molecules and their H5 analogs solid to show 
substantially different band gaps. This is also reflected in the TD-
DFT computed lowest excited state energies for individual 
molecules of TT-F5 and BDT-F5 in their crystallographic 
determined geometries, which show no more than a 0.2 eV 
difference in excited state energy compared to the computed 
excited state of their energy-minimized geometries in solution.

Polymorphism

In an effort to elucidate the impact of polymorphism on the 
solid-state properties of these samples, we attempted to 
correlate luminescence properties, experimental powder X-ray 
diffraction patterns, and simulated powder patterns from single 
crystal structures (Figure 6). With the exception of TT-H5, for 
which we were able to separate yellow and orange polymorphs 
by hand, we isolated polymorphs, when possible, by screening 
various solvents, temperatures, and cooling rates, while 
observing the extent to which solids with different visible colors 
formed. More details on isolating the polymorphs can be found 
on page S3. Both of the bent arenes DTT-H5 and mCPDT-H5 
showed clear evidence of polymorph formation, as solids with 
different colors and different luminescence spectra could be 
isolated. The summary of these spectra is tabulated in Table S1, 
along with the melting point analysis based on the DSCs seen in 
Figure S16-S23. DTT-H5 yielded red and orange polymorphic 
solids with the higher-melting orange polymorph yielding a 
powder pattern matching well to that simulated from the X-ray 
crystal structure of DTT-H5 in Figure 2, considering instrumental 
smearing. For mCPDT-H5, for which red and orange solids could 
be isolated, the powder pattern of an orange polymorph 
matched the simulated powder pattern from the crystal 
structure in Figure 2, also considering instrumental smearing. 
Pictures of the isolated polymorphic solids, together with the 
matching experimental and simulated powder XRD results, are 
presented in Figure 6. Neither the mCPDT-H5 (Figure S23)  nor 
the DTT-H5 (Figure S19) exhibit a repeatable melting point of 
the isolated solid, but the isolated DTT-H5 polymorph shows 
that recrystallization by melting accesses a different polymorph. 

Several of the linear chromophores also display 
polymorphism (Figure 7). While we were unable to detect any 
polymorphism of TT-F5, we could isolate two polymorphs of TT-

Figure 5 Fluorescence emission spectra of thin films of these eight molecules 
prepared by spin casting and after annealing to 100 °C.

Figure 6 Agreement of experimental powder pattern for one polymorph for mCPDT-H5 (left) and DTT-H5 (right) with powder pattern simulated 
from single crystal X-ray structure for each. Differential scanning calorimetry for mCPDT-H5 shows cold crystallization followed by a consistent 
melting point of one polymorph, while DTT-H5 shows transition of one polymorph into another upon melting and fusing.
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H5 by hand. They display different melting points by DSC (Figure 
S17, yellow at 143°C, and orange at 156-157 °C), and 
significantly different powder X-ray diffraction patterns, 
indicating different crystal structures for these two samples. 
The other linear chromophore BDT also showed evidence of 
polymorphic solids in both the H5 and F5 compounds. BDT-H5 
polymorphs could not be separated by solution-based 
recrystallization, as only a yellow solid (mp ~ 160°C) formed 
(Figure S20). However, based on DSC and visual analysis, a 
different, orange-colored polymorph (mp 149 °C) formed 
selectively during recrystallization of the melted yellow solid. 
BDT-F5 also showed polymorphic behavior according to the DSC 
traces (Figure S21).

Conclusions
This paper describes new conjugated arylene ethynylene 

molecules with four different, fused thienoarenes commonly 
used in organic optoelectronic materials, in order to understand 
the impact of the electronics of benzyl ester side chains on solid-
state packing and optical properties. The two bent tricyclic 
chromophores—dithienothiophene and dithieno-
cyclopentadiene—show “half-twisted” arylene ethynylenes, 
with one of the two fluoroarene pendants undergoing pendant 
ArF-chromophore ArH stacking with the chromophore 
intramolecularly. Interestingly, this motif is shared with a 
similarly bent, fluorene-based chromophore. Bent molecules 
with unsubstituted phenyl pendants show electrostatically 
favorable edge-face intramolecular interactions. On the other 
hand, the linear chromophores—thienothiophene and 
benzodithiophene—lack any intramolecular stacking 
interactions. The optical properties of these solids correlate 
with these crystal packing motifs, although the trends are 
modest for these molecules, as they do not have strong donor-

acceptor character along the conjugated backbone, and all of 
which still undergo some degree of interchromophore 
aggregation. Finally, several of these molecules show readily 
separated polymorphs.

Overall, these observations suggest that in addition to the 
electronic character of the potentially interacting arenes, the 
shapes of the molecules play essential roles in determining 
whether discrete interactions of the aromatic rings occur in the 
crystal structures. While trends that connect chemical structure 
to crystal packing in these molecules are not as well defined as 
some of our previous studies, which used a central 
terephthalate  ring, they do extend the utility that the ArF-ArH 
cofacial stacking interaction can have in dictating 
intramolecular conformation of conjugated systems, and also 
open new questions as to why certain heterocyclic systems do 
show these interactions, and others do not.  More generally, 
these results reveal the possibilities for using discrete, 
directional interactions of aromatic rings for rational control 
over the conformations of conjugated molecules containing 
thiophene-rich fused heterocycles popular in high performance 
organic electronic materials.

Data availability

Crystallographic data for the TT-F5, BDT-F5, DTT-F5, DTT-H5, 
mCPDT-F5, and mCPDT-H5 has been deposited at the CCDC 
under accession numbers 2376091 - 2376096. Other data 
supporting this article have been included as part of the 
Supplementary Information.

Figure 7 Left: Manually separated orange (top) and yellow (bottom) polymorphs of TT-H5, with DSC indicating the yellow polymorph is more stable, as it reforms 
selectively upon melting and fusing. Right: DSC traces showing polymorph formation upon melting and cooling of BDT derivatives.
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