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Rational design of molecular crystals for
enhanced charge transfer properties†

Ying-Shi Guan,a Zhuolei Zhang,a Jinbo Pan,b Qimin Yanb and Shenqiang Ren *a

Here, using solution based self-assembly, we contrast a three-

dimensional co-crystal, where a [1]benzothieno[3,2-b][1]benzothio-

phene (BTBT) based donor and a tetracyanoquinodimethane (TCNQ)

based acceptor leads to a mixed stacking sequence with pronounced

intermolecular hybridization, with the donor–acceptor bilayer. Despite

a comparable increase in conductivity, we observe a co-crystal with

unique mechano-pyro-electric coupling properties.

Introduction

A key characteristic of molecular charge-transfer electronics is
their solid crystalline structure resulting in the presence of
multidimensional interfaces that have a great impact on their
electronic performance.1 Given the success of organic semi-
conductors in practical applications,2 the fundamental charge-
transfer processes in molecular donor–acceptor complexes have
been elusive. Thus, a detailed understanding of the processes
taking place between molecular donor and acceptor building
blocks is of crucial importance. Depending on their molecular
arrangement and charge-transfer degree, molecular charge-
transfer solids can be insulators, semiconductors, metals and
even superconductors.3 Molecular crystal engineering coincides
with advances in our understanding of supramolecular chemistry
and intermolecular non-covalent interactions, such as van der
Waals, H-bonding and p–p stacking interactions.4–6 Interfacial
and crystal engineering represents a paradigm for control over
new solid phases with predictable architectures and geometries.
The physicochemical properties of molecular crystalline solids
are critically dependent on the molecular component distribution
within the lattice and the properties of the individual constituent
components. In this regard, crystallization engineering opens a door
not only for the growth of new multifunctional materials but also for
the exploration of novel physical and chemical phenomena.2,7,8 In

addition, it should be noted that a controlled charge-transfer degree
can be realized by integrating molecular electron acceptor with
donor components with the electron affinity of the acceptor
molecule in the ionization energy range of the electron donor.
This has stimulated considerable research efforts in the design
of such donor materials.9–13

Here we report crystal engineering for the growth of molecular
charge-transfer crystals, consisting of [1]benzothieno[3,2-b][1]-
benzothiophene (BTBT) based donors and a tetracyanoquinodi-
methane (TCNQ) based acceptor. Scheme 1 shows the chemical
structures of BTBT based donor molecules and a TCNQ acceptor
molecule. The choice of BTBT based donor molecules is moti-
vated by their high charge carrier mobility, chemical stability and
ease of derivatization,12,13 while TCNQ is a well-studied electron
acceptor with high electron mobility.14 Furthermore, we employ
two different crystal engineering strategies for the development
of bilayer and crystal solid structures for the fundamental charge
transfer processes.15 The resulting structures reveal striking
differences in the fundamental charge-transfer processes for
multifunctionality. While the intermolecular charge-transfer
induces an increase in photoconductivity and pyroelectricity of
BTBT:TCNQ solids, comparable responses do not occur for the
bilayer microstructure. Our study suggests the exclusive formation
of three-dimensional charge-transfer complexes with pronounced
intermolecular hybridization in BTBT:TCNQ co-crystal solids.

Results and discussion

The charge-transfer complex is engineered in a bilayer arrangement,
as shown in Fig. 1a, in view of the equally crystalline nature of
Cn-BTBT (n = 0 or 10) and TCNQ. Single crystalline donor or

Scheme 1 Chemical structures of donor and acceptor molecules.
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acceptor layer structures can be grown on a water surface by
controlling the rate of evaporation.16 Fig. 1a illustrates the bilayer
geometry of donor and acceptor nanosheets, in which electrons in
the highest occupied molecular orbital (HOMO) of BTBT are
transferred to the lowest unoccupied molecular orbital (LUMO) of
TCNQ. In such a bilayer geometry, the BTBT and TCNQ nanosheets
behave as decoupled structures with virtually no hybridization
between molecular levels, in which the positive and negative charges
are separated into each layer. It can also be rationalized in terms
of the heterostructure energy band diagram, accounting for the
source of charge-transfer across the interface from the surface of
the BTBT crystal to that of the TCNQ (Fig. 1b).

The scanning electron microscopy (SEM) images and the
nitrogen and sulfur chemical analysis mapping from energy
dispersive X-ray spectroscopy (EDS) reveal a bilayer structure
(Fig. 1c and Fig. S1, ESI†). To determine the relative molecular
orientation within the films, we solved the structures through
X-ray diffraction (Fig. S2 and S3, ESI†). The bilayer samples
showed a diffraction pattern which is a combination of
Cn-BTBT (n = 0 or 10) and TCNQ patterns. The photoabsorption
spectrum (Fig. S4, ESI†) of a BTBT–TCNQ bilayer shows a clear
contribution of the BTBT and TCNQ absorption, implying the
physical integration after two materials are brought into contact.

The same phenomenon has been observed in the C10-BTBT–
TCNQ bilayer microstructures (Fig. S5, ESI†). The photoresponse
properties of the BTBT and C10-BTBT donors have been analyzed
on a bilayer heterojunction. We observe a decrease in conductivity
(Fig. 1d) by extending a long alkyl side chain of BTBT derivatives.
The large dark current in the BTBT–TCNQ bilayer suggests the
alkyl side chain effect on the charge transport of heterojunctions.
In the meantime, an increase of photocurrent under light
illumination can be observed relative to the current in the dark
in both bilayer structures. The BTBT–TCNQ bilayer structures
exhibit higher current densities under light and dark conditions
and higher photocurrent on/off ratios (Fig. S8, ESI†) than those
of the C10-BTBT–TCNQ bilayer. The introduction of a long alkyl
side chain in the BTBT donor structure produces a decrease of
photoconductivity under AM1.5 solar illumination (Fig. 1d).
This observation can be interpreted by the fact that the BTBT
molecules have a stronger charge transfer interaction with
TCNQ at the BTBT–TCNQ interface than that of the C10-BTBT
molecules. The long alkyl side chain would lead to a weaker
interfacial charge-transfer between the donor and acceptor. In
other words, BTBT–TCNQ interfaces allow efficient charge-
transfer interactions.1,17,18 To understand the difference in
charge transfer at the BTBT–TCNQ and C10-BTBT–TCNQ inter-
faces, we carry out first-principles simulations of the electronic
structures of BTBT and C10-BTBT molecules. The calculations
are carried out using Kohn–Sham theory,19 projector augmented
wave (PAW) potentials,20 and the Perdew, Burke, and Ernzerhof
(PBE) functional21 as implemented in the VASP code.22 We use
an energy cutoff of 400 eV for the plane-wave basis set and a
G-point-only k mesh for the integrations over the Brillouin zone.
As shown in Fig. 1e and f, it is clear that the density of states of
C10-BTBT in the energy window within 1 eV of the frontier
orbitals (LUMO and HOMO) is almost identical to that of BTBT.
The projected density of states of C10H21 chains (Fig. 1f) has no
significant contribution to the total density of states in the
energy window between 2 eV below the HOMO and 1 eV above
the LUMO, which indicates that the electronic states of C10H21

chains are not involved in the carrier transport under a finite
voltage. Instead, these chains behave as ‘‘insulation layers’’
between donor and acceptor states. This geometric effect is
responsible for the decrease in charge transfer and the limited
transport behavior at the C10-BTBT–TCNQ interface.

Considering the electron-donating ability of BTBT and the
electron-accepting ability of TCNQ, highly single crystalline
micro-tubes are synthesized as the mixed CT co-crystal due to
the well-matched structural relationships between BTBT and
TCNQ. The growth process is illustrated in Fig. 2a. The corres-
ponding optical microscopy images reveal the growth processes
of tubular structures of the BTBT:TCNQ complex through
solution dissolution and recrystallization processes by dropping
the TCNQ solution onto BTBT nanosheets. In brief, a droplet of
TCNQ solution dissolved in acetonitrile is dropped onto the
BTBT layer prepared via a solution epitaxy method. A dark
precipitate appears immediately with the spreading of the TCNQ
solution on the surface of BTBT. Scanning electron microscopy
(SEM) images exhibit the formation of BTBT:TCNQ micro-tubes

Fig. 1 (a) Schematic diagram of a donor–acceptor bilayer structure and the
packing arrangement of the donor–acceptor bilayer where donor molecules
and acceptor molecules are crystallized separately and laminated together.
(b) Schematic diagram of electrons from the HOMO of the donor molecules
transferring into the LUMO of the acceptor molecules. (c) The SEM image of a
BTBT–TCNQ bilayer structure. (d) Conductivity and photoconductivity of bilayer
structures with BTBT and C10-BTBT as the donor molecules. (e) Density of states
and charge distribution of the HOMO and LUMO of a BTBT molecule. (f) Density
of states and charge distribution of the HOMO and LUMO of a C10-BTBT
molecule, and the red curve is the projected density of states on C10H21 chains.
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(Fig. 2b), which reveal hollow tubular nanostructures with an
average length of B150 mm and a wall thickness of B1.5 mm.
According to the above growth processes, a growth mechanism
for 1D micro-tubes of the BTBT:TCNQ crystal is proposed.23

While the BTBT layer has limited solubility in acetonitrile, the
replacement of BTBT donor sites by TCNQ acceptor molecules
should be favored by the stronger intermolecular charge transfer
interactions to form molecular micro-tubular solids. With the
spreading of the TCNQ solution, many small BTBT:TCNQ complexes
as a unit further undergo a random aggregation and are prone to
form hollow channels among themselves. Moreover, the XRD
patterns in Fig. S6 (ESI†) reveal that the BTBT:TCNQ tubular solids
have a single-crystalline structure. Meanwhile, the molecular packing
configuration in the bulk crystal of BTBT:TCNQ (Fig. 2c–e) reveals
that the donor and acceptor molecules are nearly planar and stack
alternately along the a-axis, suggesting an intrinsic CT interaction
between BTBT and TCNQ. The UV-Vis absorption spectrum
(Fig. S7, ESI†) also confirms the strong CT interaction between
BTBT and TCNQ, with a new absorption band appearing from
600 nm to 900 nm. High photoconductivity is observed for the
BTBT:TCNQ tubular solids (Fig. S9, ESI†), while a light intensity
dependent photoresponse results from the photogenerated
charge carriers within the solids. The charge-transfer interactions
between donor and acceptor molecules have a favorable effect on
the charge transport and charge separation due to the efficient
dissociation of photogenerated excitons.24

We further explore the molecular crystal engineering effect
on the mechanical strength of the charge-transfer bilayer and

co-crystal structures through nanoindentation. Fig. 3a shows
the compressive displacement curves for BTBT–TCNQ bilayers
and BTBT:TCNQ co-crystals. The average Young’s modulus of
the BTBT:TCNQ co-crystals is 8.98 GPa, while the average
Young’s modulus of the BTBT–TCNQ bilayers is 11.04 GPa
(Fig. 3b and c). The BTBT:TCNQ co-crystal shows a lower
Young’s modulus than that of the BTBT–TCNQ bilayer structure,
due to the donor–acceptor CT complex formation through the
replacement of BTBT donor sites by TCNQ acceptor molecules. In
addition, the unique charge transfer and the exchange inter-
action between BTBT donors and TCNQ acceptors of the organic
charge-transfer (CT) complexes give rise to a permanent dipole
moment. The preferentially aligned dipoles result in a source of
polarization in molecular tubular BTBT:TCNQ solids. The dipole
induced pyroelectric properties of the BTBT:TCNQ micro-tubes
are shown by periodic cooling and heating.25–27 The short-circuit
currents of the BTBT:TCNQ crystals are measured by varying the
temperature from 295 K to 307 K. As shown in Fig. 4a, a sharp
negative current pulse (B11.2 pA) is observed when the temperature
is increased from 295 K to 307 K, and the corresponding positive
pulse is shown when the temperature is decreased to 295 K.
Furthermore, when an external magnetic field is applied (Fig. 4b
and Fig. S10 and S11, ESI†), the peak values of the pyroelectric
current are consequently increased due to external magnetic
field induced singlet to triplet conversion.28 Fig. 4c presents the

Fig. 2 (a) Schematic diagram illustrating the formation processes of
BTBT:TCNQ tubes and the relative optical images of every stage. (b) SEM
images of BTBT:TCNQ tubes at different magnifications. (c) Crystal structure
of a BTBT:TCNQ co-crystal along the a axis. (d) Crystal structure of a
BTBT:TCNQ co-crystal along the b axis. (e) Crystal structure of a BTBT:TCNQ
co-crystal along the c axis.

Fig. 3 (a) The displacement curves for BTBT–TCNQ bilayers and
BTBT:TCNQ co-crystals. (b) Ultra-fast extreme property mapping (XPM)
measurement for BTBT–TCNQ bilayers. (c) Ultra-fast extreme property
mapping (XPM) measurement for BTBT:TCNQ co-crystals.

Fig. 4 (a) The cyclic changes in the temperature of a pyroelectric nano-
generator and the corresponding differential curves, measured short-
circuit current and capacitance upon increasing the temperature from
295 K to 307 K. (b) Measured short-circuit currents under different external
magnetic fields. (c) Schematic illustration of the pyroelectric property
generation mechanism in BTBT:TCNQ co-crystals.
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pyroelectric property generation mechanism29 of the BTBT:TCNQ
crystals, while electric dipoles remain in the equilibrium state under
the constant polarization of the BTBT:TCNQ crystals. When an
external heat source is applied, the aligned electric dipoles oscillate,
which would lead to the polarization change of BTBT:TCNQ crystals,
resulting in the generation of pyroelectric current.

Conclusions

In conclusion, the fundamental charge-transfer processes are
demonstrated by employing two different crystal engineering
strategies for the development of bilayer and crystal solid
structures. In the bilayer geometry, the length of the alkyl side
chain between BTBT and C10-BTBT donors play an important
role in the charge-transfer processes by combining with the TCNQ
acceptor. When contrasting a three-dimensional co-crystal with the
donor–acceptor bilayer structure, we observe three-dimensional
co-crystal solids with unique mechano-pyro-electric coupling
properties. The results shown here facilitate the understanding
of the relationship between molecular stacking and functional
properties in molecular charge-transfer solids.

Experimental
Fabrication of BTBT–TCNQ and C10-BTBT–TCNQ bilayer
structures

We first prepared a 1 mg mL�1 of BTBT, C10-BTBT and TCNQ
with toluene in a 5 mL screw type vial and then dropped dozens
of microliters of the solutions of the two BTBT derivatives
(BTBT and C10-BTBT) and TCNQ onto a water surface respectively.
The solution spread quickly over the whole water surface. Then we
obtained their single crystalline micro-plate on the water surface
by controlling the rate of evaporation. The obtained single crystal-
line micro-plate was easily transferred to any substrate such as
glass or silicon. We first transferred a donor molecule layer onto
the substrate and then transferred an acceptor molecule layer on
the surface of the donor molecule layer to obtain a donor–acceptor
bilayer structure.

Fabrication of BTBT:TCNQ co-crystal tubes

Firstly, we prepared a 5 mg mL�1 (final concentration) of TCNQ
with acetonitrile in a 5 mL screw type vial and then dropped
dozens of microliters of the TCNQ solution onto the surface of the
BTBT single crystalline micro-plate prepared through the method
mentioned above. A dark precipitate appeared immediately with
the spreading of the TCNQ solution on the surface of BTBT.

Fabrication of bilayer structure and micro-tube devices

For the preparation of bilayer samples, patterned ITO substrates
were sonicated continuously in soap water, distilled water,
acetone and isopropyl alcohol for 10 min and then blown dry
with N2. The substrates were then irradiated with oxygen plasma
for 10 min. TFB was spun-coated on the substrates at a speed of
3500 rpm for 1 min and dried at 100 1C for 30 min. The
fabricated donor layers were transferred onto the substrates.

The devices were allowed to stay overnight, and then the
acceptor layer was transferred onto the substrates. Then the
devices were dried at 80 1C for 120 min in a glovebox. A 3.5 nm
bathocuproine layer was deposited by thermal evaporation,
followed by the deposition of 100 nm aluminum electrodes.

For the preparation of micro-tube samples, patterned ITO
substrates were sonicated continuously in soap water, distilled
water, acetone and isopropyl alcohol for 10 min and then blown
dry with N2. The substrates were then irradiated with oxygen
plasma for 10 min. TFB was spun-coated on the substrates at a
speed of 3500 rpm for 1 min and dried at 100 1C for 30 min. The
fabricated BTBT donor layers were transferred onto the sub-
strates. The devices were allowed to stay overnight and then a
droplet of solution of TCNQ dissolved in acetonitrile was
dropped onto the BTBT layer. Then the devices were dried at
100 1C for 60 min in a glovebox. A 3.5 nm bathocuproine layer
was deposited by thermal evaporation, followed by the deposition
of 100 nm aluminum electrodes.

Characterization

The SEM images were taken from an FEI Quanta450FEG.
UV-Vis spectra were recorded on an Agilent Model HP8453
UV-Vis spectrophotometer. The magnetic-field, light dependent
current and current–voltage (I–V) characteristics of the devices
are measured under atmospheric conditions with a CHI 422
Series Electrochemical Workstation with or without an applied
magnetic field, or an illumination from an OSL2 fiber illuminator
calibrated using a Newport Power Meter with Model 1918-R. A
Bruker Apex II Duo single-crystal X-ray diffractometer was used to
obtain the XRD pattern at a step of 0.31 per minute from 31 to 301.
Their mechanical properties were investigated on a TI 980
Triboindenter System.
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