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We have grown the charge-transfer salt of the electron acceptor 7,7,8,8-tetracyanoquinodimethane (TCNQ)
and the electron donor tetracene using physical vapor transport. The crystal structure was solved by single-

crystal X-ray diffraction and the symmetry was found to be triclinic (space gRl)p The 1:1 complex

grows by alternating face to face stacking of tetracene and TCNQ molecules. Calculations on the electronic

band structure show that the tetracef€NQ complex is an indirect band gap semiconductor and provide
insight in the conductive properties of tetraceffECNQ.

1. Introduction
Organic charge-transfer salts are interesting compounds in
which the interchain transfer integral can be changed with
composition, pressure, and temperature, leading to a delicate tetracene

balance of interactions that gives rise to a rich variety of physical
phenomena. These include charge ordering, spin-Peierls ground N N
state, antiferromagnetism, spin density waves (SDW), metal- \\ a //
licity, and superconductivityIn particular, the acene?,7,8,8- \ /ﬂ (/
tetracyanoquinodimethane (TCNQ) systems are interesting for e N

electronic applications, as they are semiconductors with a // \__/ © \
N/ \N

relatively small band gap and a moderate charge-transfer
between constituent molecules. Both the value of the energy

gap and the charge transfer can be tuned by the nature of the 7,7,8,8-tetracyanoquinodimethane

acene molecule and stoichiometry. (TCNQ)
In this article, we present the single-crystal growth, crystal Figure 1. Bond-line formula of tetracene (upper panel) and 7,7,8,8-
structure, and electronic band structure of tetracéf@NQ tetracyanoquinodimethane (lower panel). The size of the bond lengths

complex. The separate constituents were studied by differenta, b, ¢, andd are correlated with the degree of charge transfer between
research groups. Their chemical structure diagrams are presentedonor and acceptor.

in Figure 1. Tetracene is a p-type semiconductor with the highest

mobility at room temperaturey = 1.3cn?/Vs?, reported for alternative layers of the p-type semiconduatenexathienylene
transistors fabricated on single crystals and with a,Sj@e (0-6T) and n-type semiconductoi§are evaporated on top of
dielectric chemically treated with octadecyltrichlorosilane (OTS). each other, ambipolar field effect transistors can be successfully

TCNQ is an n-type semiconductor for which mobilitiesuof= fabricated* Solution-processed single layers of heterogeneous
1.6 cn¥/Vs were measured for transistors fabricated with blends, consisting of interpenetrating networks of p-type and
“vacuum-gap” dielectrié. n-type semiconductors, also showed ambipolar transistor be-

Tetracene and TCNQ, similar to most organic semiconduc- havior> However, even if they are attractive for organic
tors, exhibit only unipolar conduction. The absence of ambipolar €l€ctronic devices in thin films (polycrystalline or amorphous),
behavior is a severe limitation for the organic electronic devices 9rain boundaries and disorder localize and trap the charge
for the fabrication of complementary metal oxide semiconductor- C&Ters. Here, we propose to incorporate tetracene p-type
like circuits. For many materials, this is not an intrinsic property, Sémiconductor and TCNQ n-type semiconductor in one single-
but rather a result of a high-energy barrier for either electron Crystal that could combine the electrical properties of the
or hole injection from the metal electrodes, which is caused by Séparate constituents and eventually exhibit ambipolar conduc-
the relatively large band gap of organic semiconductors. fion. The study of the conduction in the cocrystal can give a
Different strategies were proposed to overcome this problem. 900d insight in the interplay between the effect of chemical
Most of them involve separate steps to build n-type and p-type Structure a_nd molecular orientation on the electronic transport.
transistors. Experiments on thin films have shown that if Electronic structure calculations on several pentacene deriva-

tives have shown that the band structure depends sensitively

* Corresponding author. E-mail: t.t.m.palstra@rug.nl. on the stacking of mole(?ulé?,A multitude of crystal structures

t University of Groningen. is possible if we combine a donor and acceptor molecule in

* University of Nijmegen. one crystal structure.
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TABLE 1: Crystal Data, Details of the Structure

Ar gas in : Ar gas out Determination, Data Collection, and Refinement of
‘ emperature gradient > ‘ 1 Tetracene-TCNQ at 100 K
AV Al i chemical formula ©HaN4.CigH1o
e - - - : ""*’ A formula weight g mot? 432.48
TCNQ tetracene crystallization area ggggeetgt;rrz)gup Ptgdlmc
e | ; T T - T - a(d) 7.170(2)
500} ~ | b (A) 8.599(2)
i \O\q T2 c(A) 8.840(2)
< 40— & V (A3 542.9(2)
N e S ] o 85.638(3)
SO B 88.905(4)
30— 1 . ] 1 — 1 y 87.587(4)
0 10 30 40 60 Zrormula 1
x (cm) pcalc (g CNT° 3) 1.323
Figure 2. Crystal growth setup. TCNQ and tetracene source materials data collection method ¢ andw scans
are placed in the hot part of the tube and the molecules in the gas ©ange 0 2.84-25.02
phase are transported by the argon inert gas to the crystallization region. unique d_ata 1889
The temperature profile of the growth tube is shown in the lower panel. 1 Of refined parameters 186
final agreement factors
. WR(F?) = [¥ W(Fo* — F?)7]
The crystal structures of various charge-transfer salts of 13 W(Fod)]¥2

TCNQ with different acene donors have been publishéd.
Previous attempts to grow similar materials involved the use

weighting scheme

WR(F?) = 0.1929
w = 1[o%Fe)

+ (0.105%)2 4 0.4694;

of solvents. Solvent inclusions are disadvantageous in semi-
9 whereP = max{Fo? + 2F2)/3

conductor applications. In our method, tetraceMENQ coc-
rystals were grown by physical vapor transport without the use

R(F) 0.0652
of solvents. For Fo larger than 4.@(Fo)
goodness of fitg) 1.077

S= [YIw(Fe® = FAF/(n — p)]*?
Pmin, _0-23;Pmax, 0.29

2. Experimental Methods residual electron density (eff

We have grown cocrystals of tetracene with TCNQ using
physical vapor transport in a horizontal glass tube under a stream
of argon!! The gas was obtained from AGA with purity of
99.999%. We removed water and other impurities from the
incoming gas stream by an additional filter consisting of active
carbon combined with AD; and copper. The growth tube setup
is presented in Figure 2 (upper panel). The inner tube in which
the crystallization takes place has a diameter of 25.8 mm, and
the outer, furnace tube has a diameter of 30.1 mm. A
temperature gradient was applied by resistive heating of two

heater coils around th . The temperature profile is shown . - .
eater coils around the tubes. The temperature profile is sho were performed using graphite monochromated-Mat radia-

in Figure 2 (lower panel). The temperature was controlled using tion. The structure determination was rather comolicated. as th
two thermocouples. Prior to growth, the inner tube was cleaned on. the structure dete ation was ratner complicated, as the
CCD detector revealed multiple reflection spots for each

with soap, demiwater, acetone, and alcohol and was baked OUtreerct'on hich showed profiles with anisotropic mosaicity and
overnight in argon flow to remove water and other solvents. If lon, whi wed profiies wi ! P! icity

water is not removed properly, the cyano-nitrile groups of persistent \_Neak scattering_power. Three sets of frames were
TCNQ can hydrolyze at elevated temperature to amines andcollected with an exposure time of 30s and an angular step width

eventually to carboxylic acids even in an oxygen-free atmo- Ofg'?' . tal details about the structure determinati £100
spherel? The presence of hydrolyzation products can be detected K dXF:e“ml?n ? € a's a fc_:u N i’ fucture ae e_rmlcr;a_l 'O_P %I 1
in the IR spectrum as distinct peaks at 3300 and 1700'cm » data coflection, and retinement are summarized in fable 1.

characteristic to stretching vibrations in carboxylic acids.
Yellow-colored powder of TCNQ and orange-colored powder B
of tetracene (Aldrich 99.5%, with no further purification) were The unit cell was identified as triclinic, spacegroRp. The
placed in separate alumina boats. The boats with the sourcecrystal is close to monoclinic symmetry. However, attempts to
materials were arranged in the growth tube at positions that assign higher symmetry were not successful.
correspond td; = 478 K (TCNQ) andTl, = 459 K (tetracene), The crystal structure of tetracen@ CNQ cocrystal is similar
respectively, as shown in Figure 2. The molecules in the vapor to that of complexes consisting of an acene donor (e.g.,
phase are transported by the argon gas, and they crystallize irperylene® coronen8 and TCNQ acceptor. In general, the crystal
the cold part of the tube. An optimum argon gas flow level is structure can be considered as a rigid TCNQ structural
15 mL/min. This yields needle-shaped crystals formed with framework reinforced by intermolecular bonding of CN side
typical dimensions of 5< 0.1 x 0.05 mm. Below a flow level groups. The acene is encapsulated in such a framework with
of 10 mL/min, long brittle needles were obtained. Dark brown slight rotational disorder. Tetracene molecules and TCNQ
1:1 tetracene TCNQ cocrystals form at temperatures around molecules are stacked face to face in an alternating manner
T =423 K. The crystals are needle-shaped and their dimensions(Figure 3) with a separation which is slightly less than the typical
can be controlled by the growth time. Typical growth time is distance for van der Waals interaction3.4 A at 100K). The
around 3 days. molecules are not perfectly parallel, rather their molecular planes

The single-crystal diffraction experiments were performed on
a Bruker SMART APEX CCD diffractometer. A crystal
fragment, cut to size to fit in the homogeneous part of the X-ray
beam with dimensions of 0.66 0.11 x 0.05 mm, was mounted
on top of a glass fiber and was aligned on the diffractometer.
The diffractometer was equipped with a 4K CCD detector set
60.0 mm from the crystal. The crystal was cooled fast using a
Bruker KRYOFLEX and the measurements were performed
after the temperature was stabilized. Intensity measurements

3. Results and Discussion
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c TABLE 3: Comparison between Calculated and Measured
> Bond Distances
atomI-atom?2 X-ray diffraction calculated
a N11-C15 1.154(4) 1.169
N12—-C16 1.152(4) 1.169
C11-C12 1.451(4) 1.432
Cl2-C13 1.434(4) 1.436
Cl2-C14 1.378(4) 1.405
C14-C15 1.431(4) 1.415
C14-C16 1.440(4) 1.414
Cl1—H11 0.91(3) 1.089
C13-H13 0.95(3) 1.089
C21-C22 1.364(5) 1.374
C22-C23 1.438(4) 1.424
Figure 3. Molecular packing in the tetracer@CNQ 1:1 cocrystal. ggiggg iig%g:g %382
The stacking is projected along thecrystallographic axis. C25-C26 1'406(4) 1'410
TABLE 2: Fractional Atomic Coordinates of the g%:g%g igggggg 133?
Non-Hydrogen Atoms in Tetracene-TCNQ at 100 K Co1-H21 1.05(4) 1088
atom X y z UedA?) C22—-H22 1.02(3) 1.089
NIl 0.6578(3)  05095(3) —0.1797(3) 0.0303(8) coahad ‘1)'3283 1090
N12 0.6507(3) 0.1603(3) —0.5102(3)  0.0305(8) ConHos 113(2) 1088
c11 0.5293(3) 0.1529(3) 0.0392(3)  0.0199(8) C50-H29 0.99(4) 1089
c12 0.5503(3) 0.1128(3) —0.1169(3)  0.0196(8) : :
C13 0.5176(3) —0.0445(3) —0.1495(3 0.0212(8 . .
Cc14 0-6007E3g 0.223(2(?3) _0_2298E3; 0.0187E8; Iengths of the partlally charged TCNQ molecule in the tet-
C15 0.6320(4) 0.3815(3) —0.2010(3)  0.0225(8) racene-TCNQ complex at 100 K are
C16 0.6272(4) 0.1869(3) —0.3853(3)  0.0229(8)
c21 0.1802(4) 0.3590(4) —0.4342(4) 0.0435(11) a=1.345 A
c22 0.1326(4) 0.2082(4) —0.4009(3)  0.0335(10) b=1.451 A
c23 0.0868(3) 0.1522(3) —0.2479(3)  0.0243(8) o A
c24 0.0379(4) —0.0007(3) —0.2092(3)  0.0234(8) c=1.378
C25 —0.0040(3) —0.0540(3) —0.0585(3) 0.0202(8) d=1.431A Q)
C26 —0.0527(4) —0.2086(3) —0.0188(3) 0.0235(8)
Cc27 0.0945(3) 0.2597(3) —0.1308(3)  0.0241(8) The calculations derived from the X-ray diffraction experiments

C28 0.1473(4 0.4164(3) —0.1711(4 0.0325(10 . i

Co9 0_1880% 0.4640§4; _0_3184§4; 0_0390&1; show that the 1:1 tetracerd CNQ complex present a limited
charge transferz = 0.1. This value is significantly lower than

for typical organic charge-transfer complexes (e.qg., tetrathiaful-

valene-TCNQ"9), but similar to what is reported for other

i ) ) . acene-TCNQ system8.Strictly speaking, acereTCNQ com-

The alternative stacking of the two different constituent ,ayas should in this respect not be called charge-transfer salts.
molecules in the complex occurs along terystallographic The band structure of tetracer8CNQ complex was calcu-
axis, which is also the primary axis of crystal growth. The Iong 546 using ab initio simulation package VASP (Vienna ab initio
axes of the planar donqr and acceptor molecules make a small; ., 1ation Packag#} 22 based on density functional theory
angle of 3.3. The one-dimensional character of th@verlap  (pET) in the generalized gradient approximation (GGA). This
is expected to cause anisotropy in morphology and electronicig 4 | potential method that does not make any approximation
properties. _ _ to the shape of the potential. This is important because organic

The structure was solved by direct methods, using the semiconductors usually possess lower symmetry as compared
program SIR-972 The positional and anisotropic displacement to traditional solids. The method based on DFT implies that
parameters for the non-hydrogen atoms were refined. A pand gaps are usually underestimated; however, the band
subsequent difference Fourier synthesis resulted in the |003ti0”topo|ogies are accurately described. The electronic band struc-
of all the hydrogen atoms, which coordinates, and isotropic tyre calculation methods were successfully applied to a number
displacement parameters were refined. The fractional coordinatesf organic semiconductor materidfs4-26
of all the atoms in the tetracer@CNQ cocrystals are presented  prior to the band structure calculations, the atomic positions
in Table 2. obtained from X-ray diffraction measurement were optimized

As derived from the single-crystal X-ray diffraction experi-  with a force tolerance of 10 meV/ A. Some of the interatomic
ments, the stacking distance between the alternative moleculesjistances are listed in Table 3.
in the crystal is relatively smalr¢3.4 A at 100K). In Figure 5 the band structure along three directiX(a),

The degree of charge transfer can be calculated from theY(b*) and Z(c*) is shown. On the basis of the band structure,
geometry of the TCNQ molecule, determined from diffraction tetracene-TCNQ is found to be an indirect band gap semicon-
experiment$? The neutral TCNQ molecule presents typical ductor with a valence band maximum ¥t We are able to
values for the bond lengtles b, ¢, dpresented in Figure 1. As  predict the conductive properties of tetracef€NQ from the
it gets charged in the cocrystal due to the presence of the electrorrelative widths of the conductive and valence bands.
donor tetracene, the bond lengthand c in Figure 1 dilate, The electron conductivity will be the highest ¥direction
whereas bond lengthsandd tend to shrink. The differences  while the highest hole conductivity is expected¥irdirection,

b—c and c—d follow the degree of charge transfer with null  as follows from the relative widths of the valence and conduction
values in the case af = — 1, andb—c = 0.069 andc—d = band. However, we have not yet obtained reproducible results
— 0.062 for the neutral molecule. The values for the bond for ambipolar conduction in tetracen@ CNQ. The analysis of

make an angle of 1°7in the ab plane and an angle of 1%4in
the ac plane, respectively.
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by alternation of the donor and acceptor molecule alongthe
crystallographic axis, the primary axis of crystal growth, and
the charge transfer between the two constituent molecules is
0.1. The electronic band structure calculations show that
tetracene- TCNQ complex is an indirect band gap semiconduc-
tor with a valence band maximum ¥t
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