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The effect of regioisomerism on the crystal
packing and device performance of
desymmetrized anthradithiophenes†

Rawad K. Hallani,a Karl J. Thorley,a Anna K. Hailey,b Sean R. Parkin,a Yueh-Lin Loob

and John E. Anthony*a

Anthradithiophenes (ADTs) are typically synthesized as inseparable mixtures of regioisomers. In this

paper, we describe the synthesis of desymmetrized anthradithiophenes containing one trialkylsilylethyne

solubilizing group, which allowed chromatographic separation of the three resulting isomers. Cyclic

voltammograms, as well as absorption and emission spectra for all isomers, were nearly identical.

However, X-ray crystallography revealed that the positions of the sulfur atoms in each isomer strongly

influence crystal packing, corroborating calculations that show the S–p interaction to be less stabilizing

than the C–H–p interaction. Isomer 3c packs in a pseudo 1-D fashion while isomers 3a and 3b pack as

isolated p-stacked pairs. Isomer 3c shows a field-effect mobility four orders of magnitude higher than

isomers 3a and 3b, presumably due to this difference in packing motif.

Introduction

Over the last decade, small-molecule organic semiconductors
have heralded remarkable advancements in the field of organic
electronics.1,2 Linearly-fused heteroaromatic molecules, particularly
those containing sulfur, are key components in high-performance
organic semiconductors.3,4 For example, 5-ringed anthradithio-
phene (ADT) and benzothieno-benzothiophene (BTBT) derivatives
have already displayed the capability to outperform pentacene
derivatives, exhibiting high mobilities and improved stability
due to their high-energy barrier to oxidation.3,5 The high
performance is surprising for the ADTs because, unlike BTBTs,
ADTs are typically prepared as a mixture of isomers due to a non-
regioselective aldol condensation that forms the ADT quinone
precursor.6,7 Because inhomogeneous materials are not usually
expected to exhibit high charge-carrier mobilities, the excellent
performance of these materials is intriguing.5,8 In the case of the
common silylethyne functionalization strategy, where two trialkylsilyl
groups direct the crystallization of the aromatic core,9 we suspected
that there would be little orientational preference for crystallization

of the chromophore, leading to a scrambling of the position of
the sulfur atoms in the crystal. A recent synthesis of isomerically
pure syn ADTs with silylethyne substituents confirmed our
suspicion, showing no orientational preference for the thiophene
rings in the crystal, and no significant change in device performance
compared to the isomeric mixture.

A recent preparation of pure anti and syn isomers of the
parent ADT reported by Mamada and co-workers10 has led us to
re-investigate the impact of isomeric purity, since their results
illustrate substantial difference in semiconductor performance
as a result of differences in the molecular geometry between the
syn and anti isomers. The anti ADT isomer possesses a center of
symmetry, which leads to a negligible permanent dipole. The
syn isomer lacks a center of symmetry, and therefore possesses
a permanent dipole moment in the direction of the short
molecular axis. Although the overall crystal packing remains
the same for both ADT isomers due to the similarity of their
molecular shape, the anti ADT isomer demonstrates significantly
higher hole mobility in top contact thin-film transistors. A
limited disorder that affects only the thiophene ring portion of
the molecule for the anti isomer decreases the potential of charge
carrier trapping, suggesting that molecules with no permanent
dipole (i.e., anti ADT) tend to experience a smoother inter-
molecular relaxation that reduces trapping and increases mobility.

Because the substitution of the ADT chromophore with two
opposing silylethyne groups inevitably leads to at least partial
scrambling of the thiophene positions in the solid state,11 we
speculated that desymmetrizing the chromophore by the addition
of only a single silylethyne group would enhance the differences
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between the now three possible isomers. By creating systems with
one un-substituted aromatic edge, differences in the positions of
the thiophene sulphur atoms should lead to differences in polarity
to aid chromatographic separation, as well as to differences in
intermolecular interactions that will influence the solid-state order
of the chromophore. We report here on the nature of these
changes to crystal packing, along with their impact on charge
transport properties.

Experimental
General

Solvents were purchased from Pharmco-Aaper. Tri-sec-butylsilyl-
acetylene was prepared by literature methods.12 All other chemicals
were used as supplied from Sigma-Aldrich. NMR spectra were
measured on a Varian Unity 400 MHz spectrometer, chemical shifts
reported in ppm relative to CDCl3. UV-Vis spectra were measured on
a StellarNet Black-Comet spectrometer, and fluorescence spectra
measured on a StellarNet Silver Nova 200 spectrometer. Melting and
decomposition points were determined by differential scanning
calorimetry (DSC) at 10 1C min�1. Cyclic voltammetry was
performed on a BAS CV-50W potentiostat under N2, at a scan
rate of 100 mV min�1 with Fc/Fc+ as internal standard in 0.2 M
Bu4NPF6 solution in dichloromethane. Single crystal X-ray
diffraction data were collected on either a Nonius Kappa CCD
or a Bruker-Nonius X8 Proteum diffractometer. The data were
refined and the structures solved as described in the CIFs.

Synthesis

The desymmetrized ADT derivatives were prepared from the
isomeric mixture of ADT quinones 1.6 We found that typical
silyl groups used on ADT were not sufficiently bulky to yield
stable, sufficiently soluble derivatives. However, addition of one
equivalent of highly-solubilizing tri-sec-butylsilyl acetylene
(TSBSA)13 gave an isomeric mixture of intermediates 214 that
was reduced in situ by the addition of sodium borohydride15

and deoxygenated to yield the desymmetrized ADTs 3a–c that
were sufficient for chromatographic separation and study. The
three isomers were separated by standard silica-gel chromato-
graphy with hexanes eluent. We note that in general, these
unsymmetrical materials were substantially less stable than the
corresponding disubstituted derivatives (Fig. S7, ESI†), and care
was taken to prepare solutions immediately before use (Scheme 1).

To a nitrogen-purged round-bottom flask was added diethyl
ether (15 mL), followed by tri-sec-butylsilylacetylene (510 mg,
2.275 mmol). n-Butyllithium (1.6 M in hexanes, 1.3 mL,
2.1 mmol) was added drop wise at 0 1C and the mixture was
stirred for one hour while allowing it to reach room temperature.
ADT quinone6,7 (560 mg, 1.75 mmol) was added to the flask,
followed by 40 mL of diethyl ether, and the reaction was left
to stir overnight at room temperature. Sodium borohydride
(323 mg, 8.75 mmol) and methanol (10 mL) were added directly
to the reaction mixture, which was stirred for a further five hours.
Deoxygenation proceeded by the addition of stannous chloride
dihydrate (2 g, 8.75 mmol) dissolved in 10 mL of 10% aqueous

HCl, and the mixture was stirred for one hour. The mixture was
then quenched with water and extracted with ethyl acetate, dried
with magnesium sulfate, filtered, and the solvent evaporated. The
crude product was purified by chromatography on silica using
hexanes as the eluent to yield 40% of isomers 3a (Rf = 0.3), 3b
(Rf = 0.26), and 3c (Rf = 0.23). The molecules were recrystallized
from hexanes.

Isomer 3a. 1H NMR (400 MHz, CDCl3): d 9.09 (s, 2H), 8.57 (s,
1H), 8.51 (s, 2H), 7.51 (d, J = 5.65 Hz, 2H), 7.40 (d, J = 5.65 Hz,
2H), 2.0 (m, 3H), 1.98 (m, 6H), 1.33 (d, J = 7.32 Hz, 9H), 1.13
(t, J = 7.29 Hz, 9H). 13C NMR (CDCl3, 100 MHz) d 139.9, 137.9,
130.4, 129.4, 128.7, 125.7, 123.8, 120.9, 120.8, 117.5, 105.1,
104.2, 19.2, 14.7, 13.8. MS (EI 70 eV) m/z 512 (100%, M+).
Elemental analysis calculated for C32H36S2Si: %C 74.95, %H
7.08. Found: %C 75.15, %H 7.16.

Isomer 3b. 1H NMR (400 MHz, CDCl3): d 9.08 (s, 1H), 9.02 (s,
1H), 8.50 (s, 1H), 8.40 (s, 1H), 8.32 (s, 1H), 7.47 (d, J = 5.60 Hz,
1H), 7.43 (d, J = 5.65 Hz, 1H), 7.36 (d, J = 5.64 Hz, 1H), 7.31 (d,
J = 5.68 Hz, 1H), 2.02 (m, 3H), 1.53 (m, 6H), 1.33 (d, J = 7.32 Hz,
9H), 1.17 (t, J = 7.29 Hz, 9H). 13C NMR (CDCl3, 100 MHz)
d 140.0, 139.2, 138.9, 137.7, 130.5, 130.2, 129.4, 129.0, 128.5,
128.3, 127.0, 123.8, 123.2, 122.9, 120.9, 120.7, 119.3, 115.9,
104.6, 104.3, 25.7, 19.3, 14.7, 13.9. MS (EI 70 eV) m/z 512
(100%, M+). Elemental analysis calculated for C32H36S2Si: %C
74.95, %H 7.08. Found: %C 76.58, %H 7.24.

Isomer 3c. 1H NMR (400 MHz, CDCl3): d 9.10 (s, 2H), 8.62 (s,
1H), 8.37 (s, 2H), 7.50 (d, J = 5.67 Hz, 2H), 7.34 (d, J = 5.67 Hz,
2H), 2.02 (m, 3H), 1.55 (m, 6H), 1.33 (d, J = 7.32 Hz, 9H), 1.17
(t, J = 7.29 Hz, 9H). 13C NMR (CDCl3, 100 MHz) d 139.9, 139.27,
130.87, 129.44, 128.93, 128.77, 123.68, 122.56, 119.8, 115.16,
115.06, 104.75, 104.63, 26.18, 26.17, 26.11, 19.75, 19.73, 19.71,
15.19, 15.16, 15.10, 14.32. MS (EI 70 eV) m/z 512 (100%, M+).
Elemental analysis calculated for C32H36S2Si: %C 74.95, %H
7.08. Found: %C 76.10, %H 7.06.

Transistor fabrication and testing

300 nm thick SiO2 grown on doped-Si wafers purchased from
Process Specialties were consecutively sonicated in acetone,
isopropyl alcohol, and de-ionized water, and then dried under

Scheme 1 Synthesis of isomers 3a, 3b, 3c.
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nitrogen. Bottom-contact electrodes were patterned onto the
wafers using photolithography and electron-beam deposition
of 5 nm Ti and 35 nm Au. The exposed photoresist was removed
by soaking the substrates in hot acetone for 30 min. To clean
the surface, the patterned substrates were subjected sequentially
to piranha solution, de-ionized water, acetone, and isopropyl
alcohol, followed by 10 min of UV-Ozone treatment and 20 min
of sonication in ethanol. The substrates were then immersed in a
7.5 mM solution of pentafluorobenzenethiol (PFBT) in ethanol
for 20 min and subsequently sonicated in ethanol to attach a
monolayer of PFBT onto the clean Au surfaces for better
organic–metal contact. The SiO2 surface was passivated with
hexamethyldisilazane spin-coated at 3000 RPM for 30 seconds.
Solutions were prepared by dissolving the isomers each in
toluene at a concentration of 2 wt%. Thin films were formed
on these patterned substrates by spin-coating the solution at
1000 RPM for 60 seconds. The films were then either thermally
annealed at 90 1C for 7 minutes or solvent-vapour annealed with
0.019 vol% of 1,2-dichloroethane vapour in N2 carrier gas for
five minutes in an enclosed chamber.16 The active area of each
device was electrically isolated from the surrounding film.
Transistor measurements were conducted in a Lakeshore probe
station under ambient conditions using an Agilent 4145B
semiconductor parameter analyzer.

Calculations

All calculations were performed using GAMESS-US software17,18

except for the electronic coupling calculations, which were
performed with NWChem.19 Molecular geometries were calculated
using the B3LYP hybrid functional with the 6-31G(d) basis set to
provide accurate geometries at low computational cost. Molecular
orbital energies were calculated with additional polarization and
diffuse functions to the basis set. The energy decomposition analysis
used second order Møller–Plesset calculations in order to include the
important dispersion terms, which are not accounted for at the
Hartree–Fock level. We initially wanted to use a basis set with diffuse
functions (6-31+G(d,p) or aug-cc-pVDZ), but those systems did
not converge. Test calculations performed on recently published
pentacene systems20 gave qualitatively similar results using the
cc-pVDZ basis set, which was used for the current calculations.

Results and discussion
Characterization of the isomers

In solution, all three isomers show nearly identical absorption
spectra with each lmax at 517 nm, and mirror fluorescence
patterns with Stokes shift of 18 nm (Fig. 1). Thin-film UV-Vis
absorption maxima of the three isomers drop-cast from
dichloromethane show a 6 nm red-shift compared to solution
absorption spectra (Fig. 1). The three isomers also show the
same electrochemical properties with reversible oxidation and
reduction (Fig. S9, ESI†). Assuming a HOMO level of�4.8 eV for
ferrocene, the HOMO and LUMO of the desymmetrized ADT
compounds were estimated at �5.2 and �2.9 eV respectively,
with an electrochemical gap of 2.3 eV. The similarity of the

molecular properties is supported by DFT single-point calculations
with B3LYP/6-31+G(d,p)-derived HOMO and LUMO energies
showing very little change between isomers (Table 1).

Recrystallization of 3a–c by slow evaporation of hexanes
solutions gave pink/red needles of 3a and 3b, and lath-shaped
crystals of 3c. Melting temperatures were measured via DSC
with isomer 3a melting at 138 1C, isomer 3b at 151 1C, and
isomer 3c at 173 1C (Fig. S10, ESI†). Single-crystal X-ray diffraction
analysis revealed that all three isomers (Fig. 2 and 3) show strong
p-stacked aromatic overlap along the long axis of the molecule, as
expected. All three isomers crystallize in a highly lamellar motif
with strong p-stacking interactions within the molecular layers,
and weak interactions between the ends of the chromophores
separating the layers – similar to the inter-lamellar interactions
seen in the unsubstituted ADTs.10 Molecules of 3a and 3b pack as
isolated p-stacked pairs, with overlapping solubilizing groups
between adjacent pairs in the stacks (Fig. 2).

In contrast, 3c packs with both pairwise face-to-face and
edge-to-face interactions, leading to continuous aromatic

Fig. 1 Normalized absorption spectra of isomers (3a, 3b, 3c) in thin films (top),
and in dichloromethane (bottom, solid line), and emission in dichloromethane
(bottom, dashed line).

Table 1 Measured and calculated HOMO and LUMO levels

Isomer
HOMO
(eV)

LUMO
(eV)

Gap
(eV)

Calc. HOMO
(eV)

Calc. LUMO
(eV)

3a �5.27 �2.92 2.35 �4.96 �2.43
3b �5.21 �2.89 2.32 �4.97 �2.43
3c �5.22 �2.89 2.33 �4.96 �2.39
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overlap in one dimension, as shown in Fig. 3. In the following
discussion, the crystal-packing motif adopted by molecules 3a
and 3b will be referred to as structure A and that of 3c as
structure C. We rationalize that this difference in solid-state
arrangement arises from the unhindered expanse of aromatic
edge in 3c allowing strong C–H–p interactions to direct crystal

packing; in the other two isomers, the presence of the electro-
negative sulfur atom yields less stabilizing S–p interactions10

leading to the observed isolation of the pairwise-stacked
chromophores in 3a and 3b. To confirm this hypothesis, we
constructed computational model systems based on the crystal
structures, running calculations to pinpoint the stabilizing
and destabilizing forces between adjacent molecules. Atomic
coordinates from the crystal structures were used to define the
geometric relationships between adjacent molecules, making it
possible to recreate each contact type by rotation of a molecule
about three angles and a three-dimensional translation. Using
these geometrical transformations, the DFT-optimized structures
of isomers 3a and 3c (with alkyl chains removed) were placed into
pairs approximating contacts in both structures. We then
performed pair interaction energy decomposition analysis
(PIEDA) using GAMESS-US17,18 (MP2/cc-pVDZ). This analysis
splits the interaction energy between two molecules into electro-
static (permanent dipole), exchange (electron repulsion), charge
transfer (induced electrostatic) and dispersion (p–p stacking)
energy terms. For the non-parallel interactions, isomer 3c
exhibits better stabilization due to edge-to-face interactions
than isomer 3a (Fig. 4). These calculations strongly suggest that
the difference in packing between the isomers is generally
related to the exchange energy and electron–electron repulsion
at contact points involving the electron-rich sulfur atoms,
despite dispersion-related stabilization by these same contacts.

Using the crystal structures obtained for each of the isomers,
the electronic coupling between pairs of molecules representing
each different type of contact were calculated (UHF/6-31G(d))
using the NWChem19 electron-transfer module (Table 2).
Although contact A for molecule 3a has the highest overall
electronic coupling, the lack of coupling to any other surrounding
molecules prevents any substantial long-range charge transport.
The nearly identical crystal packing of the anti isomer 3b
similarly shows poor long-range charge-transport characteristics.
Isomer 3c is predicted to exhibit the highest charge transport in

Fig. 2 Crystal packing of isomers 3a and 3b (3a shown here). Top: View
along the chromophore long axis showing isolated p-stacked pairs.
Interaction A-p is the p-stacking interaction, A-1 is the inter-pair inter-
action, and A-2 is the inter-layer interaction.

Fig. 3 Crystal packing of isomer 3c in side view (left) and top view (right)
showing the three different in-plane interactions (C-p, C-1, and C-2).

Fig. 4 PIEDA results for isomers 3a and 3c placed into four different
geometries found in crystal structures A and C (Full results available in
the ESI†).
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the series due to the stronger electronic coupling to multiple
surrounding molecules, leading to a 1-D charge transport path-
way in crystals or crystalline films.

Thin-film characterization

We obtained grazing-incidence X-ray diffraction (GIXD) patterns
for thin films of the three isomers and the isomer mixture under
three different processing conditions. Since the reflections in
3c’s GIXD patterns are significantly more intense than those of
the other isomers and the mixture for the same film thickness,
it is likely that films of 3c are significantly more crystalline than
the other films (Fig. 5), although full pole figure analysis would
be required to quantify the extent of crystallinity.21 Plotting
intensity vs. scattering vector, q, we include powder diffraction
traces calculated from the CIFs of the three isomers for comparison
(Fig. S11, ESI†). Although films of 3a and 3b are not very
crystalline, we believe that under all processing conditions,
these films adopt structures that are closely related to the bulk
structure, indicated by the coincidence of the primary peak,
corresponding to the (002) reflection, at q = 0.55 Å�1 in both the
experimental diffraction traces extracted from the grazing-
incidence X-ray diffraction patterns and the powder diffraction
traces derived from the single-crystal data. However, the as-cast
and solvent-vapour-annealed films of 3a and 3b likely also
contain another, unknown structure, indicated by the presence
of a peak at q = 0.4 Å�1. It is not unusual to observe thin-film
polymorphs in organic semiconductor thin films due to competing
molecule–molecule, molecule–substrate, and molecule–solvent
interactions during film processing.22,23 It appears the as-cast
films of 3a and 3b are completely converted to the known structure
by thermal annealing as the X-ray diffraction traces of the thermally

annealed films showed no sign of this peak. Films of isomer 3c
are very crystalline, and under all processing conditions adopt
the known crystal structure indicated by the coincidence of
the primary peak, corresponding to the (100) reflection, at
q = 0.35 Å�1 in both the X-ray diffraction trace extracted from
the grazing-incidence diffraction pattern and the powder
diffraction trace obtained from single-crystal data. The as-cast
film of 3c has an amorphous halo around 1.5 Å; the intensity
associated with this halo is reduced on thermal or solvent-
vapour annealing, suggesting that these post-deposition treat-
ments further crystallize films of 3c.

Charge-transport/device characterization

The hole-transport properties of the three isomers as well as the
mixture of isomers were studied in bottom-gate, bottom-
contact organic thin-film transistors, fabricated as described
in the Experimental section. The conditions used are similar to
those used to make triethylsilylethynyl (TES) ADT transistors,24,25

and were also used to form thin films for GIXD experiments. As
shown in Fig. S8 (ESI†), there is a four order-of-magnitude
difference in mobility between devices utilizing isomers 3a and
3b, with a maximum mobility of 10�6 cm2 V�1 s�1, and devices
made from isomer 3c, with maximum mobility of 10�2 cm2 V�1 s�1.
The mobility is strongly dependent on the channel length (L), and
surprisingly the highest mobilities were obtained from devices
having the smallest L (Fig. 6). The increase in mobility with
decreasing L is contrary to what one would expect if contact
resistance dominated device performance.26 Instead, this trend
suggests that channel resistance is the key factor impacting
device performance, implying that grain boundaries within
the channel are bottlenecks to charge transport.27 Assuming
uniform grain boundary density across the organic semiconductor
film, the smaller the channel area, the fewer the grain boundaries
within that channel. Thus, the mobility measured across smaller

Table 2 Hole electronic coupling (eV)

Isomer A-p/C-p A-1/C-1 A-2/C-2

3a 0.071 0.001 0.001
3b 0.057 0.006 0
3c 0.067 0.018 0.011

Fig. 5 GIXD patterns of thin films of isomers 3a, 3b, 3c, and the as-synthesized
mixture (left to right). Top row – as-cast; middle row – solvent-vapour annealed
with 1,2-dichloroethane; bottom row – thermally annealed.

Fig. 6 Summary of maximum transistor mobilities extracted at different
channel lengths under (left to right) as-cast, thermally annealed (TA), and
solvent-vapour annealed (SVA) processing conditions for thin-film tran-
sistors with active layers comprising isomers 3a, 3b, 3c, and the mixture.
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and smaller device areas would increase until the device area was
comparable to the size of a single grain. Since the mobility does
not saturate across the channel lengths explored, it is likely that
the crystalline domains are smaller than 2.5 mm.

Under all process conditions, isomer 3c consistently yields
better performing transistors compared to isomers 3a and 3b.
This observation is consistent with our analysis of the crystal
structures and electronic coupling calculations, which indicate
3c to be the most favourable isomer for charge transport. The
mobilities of devices comprising the isomer mixture are significantly
lower than those for pure 3c; however, these mobilities are
surprisingly as much as a factor of 10 higher than those for pure
3a or 3b, even though the mixture appears to adopt the same
thin-film structures as these poorly-performing isomers. A possible
explanation for this observation is the change in the orientation of
the crystallites in films of the isomer mixture compared to that of
3a and 3b (Fig. S12, ESI†). Tracking the intensity of the (002)
reflection along the azimuthal angle reveals that for the pure
isomers 3a and 3b, the intensity distribution for this reflection is
primarily centered around 01, indicating that the crystallographic
c axis is perpendicular to the substrate. In contrast, for the isomer
mixture the intensity distribution is primarily centered around 301,
indicating that the isomer mixture grows with the c axis rotated
with respect to the substrate. This rotation brings the p-stacking
axis parallel to the surface, which may explain the slight increase
in performance for the mix. We are still investigating the reason
for this change in orientation, along with the other subtle changes
in crystal packing and thin-film microstructure that can be tuned
by the presence of pure or mixed isomeric systems.

Conclusions

We report here significant structural and electronic performance
differences based on pure ADT regioisomers. Decreasing the
symmetry of the molecule by reducing the number of solubilizing
groups enhanced differences in dipoles among the isomers to
allow simple chromatographic separation. The resulting unhindered
acene edge also allows for enhanced aromatic edge-to-face
interactions, as observed in unsubstituted acenes. Edge-to-face
interactions are stabilized more strongly in isomer 3c, where the
edge contains C–H–p rather than S–p interactions. The differences
in crystal structure between the isomers gives rise to a four-order-
of-magnitude increase in the hole mobility for isomer 3c compared
to 3a and 3b.
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