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Sulfur-Bridged Annulene-TCNQ Co-Crystal: A Self-
Assembled ‘‘Molecular Level Heterojunction’’ with Air 
Stable Ambipolar Charge Transport Behavior
     Scheme  1 .     Chemical structure of  meso -diphenyl tetrathia[22]annulene[2,1,2,1] and TCNQ and 
the molecular structure of the resulted DPTTA-TCNQ complex.  
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 In recent years, ambipolar organic fi eld-effect 
transistors (OFETs) have attracted growing 
research interest because of their poten-
tial applications in the organic circuits and 
organic light-emitting transistors. [  1  ]  Till now, 
ambipolar transistors have been realized by 
two major ways: single component transistors 
based on an ambipolar transport material [  2  ,  3  ]  
and two-component transistors with the com-

bination of  p -type and  n -type semiconductors. [  4–6  ]  Ambipolar 
transport materials are particularly desirable concerning the 
construction of complementary-like circuits, as the fabrication 
processes could be signifi cantly simplifi ed when two unipolar 
materials were replaced with an ambipolar material. Despite 
the huge progresses in organic semiconductors, the ambipolar 
transport materials are still rare with respect to unipolar mate-
rials, and it is still a great challenge in design and synthesis 
of   π  -conjugated systems that could fulfi ll the requirement for 
achieving both stable  p -type and  n -type transport in ambient 
condition. As an alternative choice, construction of heterostruc-
tures with  p -type and  n -type semiconductors constitutes an 
effi cient way to realize ambipolar operation. For example, bi-
layer heterojunction, [  4  ]  bulk heterojunction [  5  ]  and lateral hetero-
structure [  6  ]  have been successfully demonstrated to fabricate 
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ambipolar transistors. These achievements allow construction 
of heterojunction with molecular level order possible, namely a 
cocrystal of existing  p -type and  n -type organic semiconductors 
which offer the advantage similar to that of the one component 
ambipolar organic semiconductors and avoid the complicated 
synthesis processes. Here, we present the ambipolar transport 
behavior of a crystal of neutral donor-acceptor complex formed 
by  meso -diphenyl tetrathia[22]annulene[2,1,2,1] (DPTTA) and 
tetracyanoquinodimethane (TCNQ) in 1:1 ratio ( Scheme    1  ). 
Donor-acceptor   π – π   interaction is one of the main nonbonding 
interactions for self-assembly and self-organization of organic 
molecules, which has been widely studied for the construction 
of molecular machines, molecular switches and so on. [  7  ]  With 
charge neutrality in nature, it will be easy to tune the energy 
level by choosing appropriate molecules to form the complex. 
Such neutral complex system provides a novel strategy for the 
construction of ambipolar devices and has great potential for 
light-emitting transistors.  

 Tetrathia[22]annulene[2,1,2,1]s are porphyrin like aromatic 
macrocycles, which display  p -type transport properties in 
vacuum deposited thin fi lms. [  8  ]  Among these materials, the 
 meso -diphenyl substituted one, DPTTA was a moderate electron 
donor with a HOMO energy level of −4.88 eV and possesses 
hole mobility of 0.25 cm 2  V  − 1  s  − 1  in thin fi lms. [  8b  ]  TCNQ is a well 
studied organic electron acceptor, which possesses high electron 
mobility up to 1.6 cm 2  V  − 1  s  − 1  in single crystals. [  9  ]  Due to the 
coplanar structure of DPTTA and TCNQ, a donor-acceptor com-
plex is expected to form when these two molecules are mixed 
in the same solution. It could be observed from the UV-vis 
absorption spectrum that no charge transfer occur between 
DPTTA and TCNQ in the ground state in chlorobenzene with 
a concentration of 1 mg ml  − 1 (Figure S1). The single crystal of 
DPTTA-TCNQ complex suitable for X-ray analysis was obtained 
by slow evaporation of the aforementioned solution. The crys-
tallographic data were summarized in Table S1. The com-
plex forms a triclinic unit cell and belongs to  P -1 space group 
with the unit cell parameters  a   =  7.842(1) Å,  b   =  10.332(1) Å, 
bH & Co. KGaA, Weinheim 2603wileyonlinelibrary.com
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     Figure  1 .     Crystal structure of the DPTTA-TCNQ cocrystal. A) Molecular structure of DPTTA-TCNQ with 50% probability ellipsoids; Crystal packing of 
DPTTA-TCNQ: B) Alternative stacking pattern and C) Overlap pattern between DPTTA and TCNQ (view perpendicular to the DPTTA plane).  
 c   =  11.203(1) Å,   α    =  99.911(6) ° ,   β    =  94.616(9) ° ,   γ    =  92.692(8) ° . 
The molecular structure of DPTTA-TCNQ in crystal is shown 
in  Figure    1  A. The center tetrathia[22]annulene[2,1,2,1] moiety 
of DPTTA adopted a nearly coplanar structure with S(1), S(2), 
S(1A) and S(1B) derived from the mean plane of 0.05, 0.07, 
−0.05 and −0.07 Å, respectively. A dihedral angle of 3.46(4) °  was 
observed between the molecular plane of DPTTA and TCNQ. 
The intermolecular distance between DPTTA and TCNQ is 
around 3.4 Å, slightly less than that of the typical distance for 
van der Waals interaction, while a strong non-bonding interac-
tion between N(2) and C(8) (3.158 Å) could be observed between 
these two molecules. It has been suggested that the degree of 
charge transfer in a complex can be estimated by the geometry 
of TCNQ. [  10  ]  The ratio  c /( b   +   d ) related the length of three bonds 
in TCNQ (indicated in Figure S2) was 0.476 for DPTTA-TCNQ 
     Figure  2 .     A) Optical images of numbers and individual DPTTA-TCNQ cocrystal microribbons 
obtained by the drop-casting method. B) Power diffraction pattern of the ribbons. The peaks 
were indexed with lattice constants of the bulk crystal.  
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complex, which is the same as the value in 
neutral TCNQ (0.476). This result indicates 
that there was no charge transfer between 
TPTTA and TCNQ. This was further cor-
roborated by the measured CN stretching 
frequency (2224 cm  − 1 ), which is very close to 
that of the neutral TCNQ (2223 cm  − 1 ). [  11  ]   

 Similar to that of the complexes of TCNQ 
with other acene donors such as tetracene, 
perylene and coronene, DPTTA and TCNQ 
stack alternatively into a one dimensional 
column structure along the  a -axis, the same 
molecules in different columns show same 
tilt angles (Figure  1 B). With the relatively 
small volume, TCNQ molecules were isolated 
4 wileyonlinelibrary.com © 2012 WILEY-VCH Verlag G
from each other by the adjacent DPTTA molecules. The face-to-
face stacking resulted in complete overlap between TCNQ mol-
ecule and half of the DPTTA plane (Figure  1 C). Although, there 
is no continuous separate   π  -stacking of donor or acceptor mol-
ecules in the crystal, the lateral interactions between DPTTA 
molecules or TCNQ molecules in adjacent columns could be 
observed, which could serve as the conducting channels for 
hole and electron, respectively. This issue is discussed in detail 
in the following section concerning with the intermolecular 
electronic coupling (or transfer integral). 

 For transistor device fabrication, a drop-casting method 
was employed for the preparation of microcrystals of DPTTA-
TCNQ complex, which is a simple and easy-going technique to 
grow high-quality single crystals of organic semiconductors. [  12  ]  
As shown in  Figures    2  A, microribbons of single crystal of the 
mbH & Co. KGaA, Weinheim Adv. Mater. 2012, 24, 2603–2607
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     Figure  3 .     A) Schematic diagram and B) optical image of the device with an individual single 
crystal. C) Transfer and D) output characteristics (channel length,  L   =  43.7  μ m, channel width, 
 W   =  6.0  μ m) of the device.  
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neutral donor-acceptor complex with a width from several 
micrometers to tens of micrometers, and a length from tens 
to hundreds of micrometers was obtained by evaporating of a 
drop of a mixture of DPTTA and TCNQ in chlorobenzene on 
OTS/SiO 2 /Si substrate (for details, see the Experimental sec-
tion). The powder X-ray diffraction patterns of the ribbons 
(Figure  2 B) showed an intense peak at (001), (002) in the crys-
tallographic data of DPTTA-TCNQ cocrystal, which was totally 
different from that of the simulated diffraction patterns of pure 
DPTTA and TCNQ. This indicates that the structure of the 
micrometer crystals was identical to that of the bulk crystals of 
DPTTA-TCNQ complex. And the growth direction of the crystal 
is determined to be along  a -axis, the stacking direction (indi-
cated in Figure S3).  

 Au source/drain electrodes were thermally evaporated on to 
the microcrystals to construct transistors with the bottom-gate 
top-contact geometry.  Figure    3  A and 3B show a schematic rep-
resentation and an optical microscopy image of one cocrystal 
transistor with this structure. 20 devices were measured in air 
and at room temperature and all of them showed typical ambi-
polar properties. The typical transfer and output characteristics 
of the heterojunction microribbon device measured are shown 
in Figure  3 C and 3D. From the transfer characteristics, the 
electron and hole fi eld-effect mobilities (  μ  ) were calculated as 
0.03 cm 2  V  − 1  s  − 1  (  μ   e ) and 0.04 cm 2  V  − 1  s  − 1  (  μ   h ), respectively. It 
should be noted that the devices experienced no obvious deg-
radation in mobility after a period of two months storage in 
the ambient environment. The performances of the transis-
tors were stable in air, indicating the excellent environmental 
stability of these ambipolar transistors. CMOS-like inverters 
have been constructed in a very simple way using two identical 
transistors built on one single crystal. As shown in the circuit 
schematic, a common gate (Si) has been used for both the tran-
sistors. With negative supply ( V  dd ) and input ( V  in ) voltages, the 
inverters work with a maximum gain of 10 (Figure S4).  
© 2012 WILEY-VCH Verlag GmbH & Co. KGaA, WeinhAdv. Mater. 2012, 24, 2603–2607
 Recently, ambipolar transport behav-
iors have been observed in single crystals 
of mixed-stack charge transfer complexes 
(BEDT-TTF)(F 2 TCNQ) [  13  ]  and DBTTF-
TCNQ [  14  ]  (BEDT-TTF  =  bis(ethylenedithio)-
tetrathiafulvalene, DBTTF  =  dibenzotetrathi-
afulvalene). Very high charge carrier mobili-
ties have been predicted theoretically on 
such charge transfer complex crystals by Zhu 
et al. [  15  ]  Besides these TTF-like donor based 
crystals, there are also theoretical predictions 
on ambipolar behaviors of acene-TCNQ com-
plexes, [  16  ]  but no experimental achievements 
have yet been reported with acene-TCNQ 
crystals. For achieving ambipolar transport in 
single crystal of charge transfer complex, a lot 
of conditions should be satisfi ed simultane-
ously, such as matching of the Fermi energy 
of electrodes with the energy level of frontier 
orbitals of the semiconductors; proper con-
tact of the surface of dielectric substrate and 
the crystal; high quality crystal with suffi cient 
low concentration of trap state and structure 
defects; crystal structure with electronic band 
structure favoring to the hole and electron transport. So, it is 
really a great challenge to achieve ambipolar OFETs based on 
one single crystal. [  17–19  ]  Here, DPTTA-TCNQ is the fi rst example 
of neutral donor-acceptor complex crystal which displays typical 
ambipolar transport behaviors. Comparing to ambipolar tran-
sistors based on two different type organic single crystals (such 
as single-crystalline sub-micrometer-sized ribbons of F 16 CuPc 
and CuPc), [  17  ]  organic/inorganic hybrid single-crystals [  18  ]  and 
even single-crystalline  p - n  junction nanoribbons, [  19  ]  this donor–
acceptor cocrystal provides a novel easy processible approach 
towards ambipolar OFETs and CMOS-like circuits based on 
micro-scale crystals. 

 As the fi rst example of co-crystals without charge transfer 
between the donor and acceptor molecules but displays ambi-
polar transport properties, DPTTA-TCNQ provides good oppor-
tunities for further theoretical investigation on transport prop-
erties of such binary component system. Here, we would like to 
present some preliminary calculation results on this aspect. 

 Regardless of charge transport mechanism, charge mobility 
will increase with electronic coupling and decrease with local 
electron-phonon coupling (reorganization energy). Therefore 
electronic structure calculations have been performed through 
B3LYP functional and 6-31G(d) basis sets implemented in 
Gaussian09, [  20  ]  essentially similar reorganization energy has 
been found (for electron 256 meV and hole 232 meV). 

 As can be seen from Figure S5, the valence band (VB) and 
conduction band (CB) widths are 326 and 327 meV, respectively, 
with the largest dispersion occuring along the stacking direc-
tion and all other directions possessing small contribution to 
the bandwidths. Nearly mirror symmetry between the CBs and 
VBs has been found, which suggests that the electronic coup-
lings (transfer integrals) for hole and electron are very similar 
along the stacking direction. The bottom of VB is dominated 
by the highest occupied molecular orbitals (HOMO) of donor, 
and the top of CB by the lowest unoccupied molecular orbitals 
2605wileyonlinelibrary.comeim
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     Figure  4 .     Illustration of the most important charge transport pathways 
and electronic coupling for hole and electron. (A) Hole:  t direct   1   =  0 meV, 
 t  2   =  8.1 meV,  t  3   =  7.6 meV. (B) Electron:  t direct   1   =  0 meV,  t  2   =  10.9 meV.  
(LUMO) of the acceptor. Intermolecular bonding (antibonding) 
interactions induce valence (conduction) dispersion. However 
it should be noted that acceptor (donor) molecule also contrib-
utes to the VB (CB) width via the super-exchange effect in the 
electronic coupling. 

 Molecular stacking and direct D-D (A-A) electronic coupling 
6

     Figure  5 .     Transfer integrals along stacking direction based on energy-splitting method.  t eff   1   =  
( E  L + 1 - E  L )/2  =  63 meV,  t eff   2   =  ( E  H-1 - E  H )/2  =  62 meV.  
through space is illustrated in  Figure    4  . The 
direct electronic coupling along   π   stacking is 
zero, other directions also display relatively 
small direct coupling. In case of the alter-
natively mixed donor-acceptor stack, super-
exchange effects must be considered. [  21  ]  We 
built D-A-D and A-D-A clusters to evaluate the 
acceptor (donor) bridge contribution to the 
electronic couplings between donor (acceptor) 
mole cules and effective electronic couplings 
can be obtained through molecular orbital 
splitting method. [  15  ]  The detailed calculation 
approach to compute the effective transfer 
integrals along the stacking directions is 
illustrated in  Figure    5  . The obtained transfer 
integrals are similar for hole and electron 
(62, 63 meV), in good agreement with the 
band-structure. This rationalizes that the hole 
and electron mobilities are observed close 
each other along the  a -axis in the crystal.   
wileyonlinelibrary.com © 2012 WILEY-VCH Verlag G
 In contrast to bulk heterojunction, this mixed donor-acceptor 
stacking complex offers construction of a heterostructure at 
molecular level order, which could be named as “molecular 
level heterojunction”. High performance and stability could be 
expected when device fabricated based on such crystalline mate-
rials. More importantly, this ‘‘molecular level heterojunction’’ 
was self-assembled from a solution-grown mixed-stack donor-
accptor complex based on DPTTA and TCNQ. Devices based on 
such high ordered structure exhibited ambipolar behavior with 
stable balance hole mobility of 0.04 cm 2  V  − 1  s  − 1  and electron 
mobility of 0.03 cm 2  V  − 1  s  − 1  in ambient atmosphere. It provides 
a novel easy-to-process approach to realize ambipolar transport 
and has great potential for low-cost devices and CMOS-like 
circuits. 

  Experimental Section 
  Materials  : Meso -diphenyl tetrathia[22]annulene[2,1,2,1] was 

synthesized as reported. [  8b  ]  TCNQ were purchased from Aldrich Chemical 
Company and purifi ed by gradient sublimation once before use. 

  Growth of the Micro-crystals and Device Fabrication : The SiO 2 /Si 
substrate was heavily doped n-type Si wafer with a 500 nm thick SiO 2  
layer and a capacitance of 7.5 nF · cm  − 2 . Bare substrates were successively 
cleaned with pure water, piranha solution (H 2 SO 4 :H 2 O 2   =  2:1), pure water 
and pure isopropanol. Treatment of Si/SiO 2  wafer with OTS used in the 
present study was carried out by vapor deposition method. The clean 
wafers were dried under vacuum at 90  ° C for 0.5 h in order to eliminate 
the infl uence of the moisture. After cooling to room temperature, a little 
drop of OTS was placed on the wafers. Subsequently, this system was 
heated to 120  ° C and maintained for 2 h under vacuum. Micrometer-
sized single crystals of the donor-acceptor complex were conducted by 
using the drop-casting method. A chlorobenzene solution containing 
DPTTA and TCNQ (1–2 mg mL  − 1 , molar ratio 1:1) was poured over the 
substrates and the solvent evaporated at room temperature. Drain and 
source Au electrodes (40 nm thick) were deposited on the crystal by 
thermal evaporation with a copper grid as the shadow mask. 

  Measurements : UV-vis spectra were taken on a Hitachi U-3010 
spectrometer. SEM images were obtained with a Hitachi S-4800 SEM 
(Japan). X-ray diffraction (XRD) was measured on D/max2500 with CuKa 
source (  κ    =  1.541 Å).  I – V  characteristics of the OFETs were recorded 
with a Keithley 4200 SCS and a Micromanipulator 6150 probe station 
mbH & Co. KGaA, Weinheim Adv. Mater. 2012, 24, 2603–2607
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in a clean and shielded box at room temperature. X-ray crystallographic 
data were collected with a Bruker Smart-1000-CCD diffractometer, using 
graphite-monochromated Mo K α  radiation (  λ    =  0.71073 Å). The data 
were collected at 113 K and the structure was resolved by the direct 
method and refi ned by the full-matrix least-squares method on  F  2 . The 
computations were performed with the SHELXL-97 program. [  22  ]  The fi nal 
refi nement was anisotropic for all non-H atoms. 

  Quantum simulations : Based on crystal structure data, fi rst-principles 
band structure calculations are performed by the projector-augmented 
wave method with the LDA functional as implemented in VASP. [  23  ]  
A plane-wave cutoff energy of 450 eV and 4  ×  4  ×  4 Monkhorst–Pack 
k-mesh are adopted in calculation. 
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