
This article was downloaded by: [Tomsk State University of Control Systems and Radio]
On: 18 February 2013, At: 10:06
Publisher: Taylor & Francis
Informa Ltd Registered in England and Wales Registered Number: 1072954 Registered
office: Mortimer House, 37-41 Mortimer Street, London W1T 3JH, UK

Molecular Crystals and Liquid Crystals
Science and Technology. Section A.
Molecular Crystals and Liquid Crystals
Publication details, including instructions for authors and
subscription information:
http://www.tandfonline.com/loi/gmcl19

Unusual Electrical Properties of
1,6-Diaminopyrene Charge-Transfer
Complex Crystals
Tamo Tsuinabe a , Hirotoshi Goto a , Tasuku Fujinawa a ,
Hidemasa Asahi a , Hironori Ogata b , Seiichi Miyajima b & Yusei
Maruyama b
a Department of Chemistry, Faculty of Science, Hokkaido
University, Sapporo, 060, Japan
b Institute for Molecular Science, Myodaiji, Okazaki, 444, Japan
Version of record first published: 24 Sep 2006.

To cite this article: Tamo Tsuinabe , Hirotoshi Goto , Tasuku Fujinawa , Hidemasa Asahi ,
Hironori Ogata , Seiichi Miyajima & Yusei Maruyama (1996): Unusual Electrical Properties of 1,6-
Diaminopyrene Charge-Transfer Complex Crystals, Molecular Crystals and Liquid Crystals Science
and Technology. Section A. Molecular Crystals and Liquid Crystals, 284:1, 283-290

To link to this article:  http://dx.doi.org/10.1080/10587259608037930

PLEASE SCROLL DOWN FOR ARTICLE

Full terms and conditions of use: http://www.tandfonline.com/page/terms-and-
conditions

This article may be used for research, teaching, and private study purposes. Any
substantial or systematic reproduction, redistribution, reselling, loan, sub-licensing,
systematic supply, or distribution in any form to anyone is expressly forbidden.

The publisher does not give any warranty express or implied or make any
representation that the contents will be complete or accurate or up to date. The
accuracy of any instructions, formulae, and drug doses should be independently
verified with primary sources. The publisher shall not be liable for any loss, actions,

http://www.tandfonline.com/loi/gmcl19
http://dx.doi.org/10.1080/10587259608037930
http://www.tandfonline.com/page/terms-and-conditions
http://www.tandfonline.com/page/terms-and-conditions


claims, proceedings, demand, or costs or damages whatsoever or howsoever caused
arising directly or indirectly in connection with or arising out of the use of this material.

D
ow

nl
oa

de
d 

by
 [

T
om

sk
 S

ta
te

 U
ni

ve
rs

ity
 o

f 
C

on
tr

ol
 S

ys
te

m
s 

an
d 

R
ad

io
] 

at
 1

0:
06

 1
8 

Fe
br

ua
ry

 2
01

3 



Mol. Crysr. Liq. Cryst., 1996, Vol. 284, pp. 283-290 
Reprints available directly from the publisher 
Photocopying permitted by license only 

0 1996 OPA (Overseas Publishers Association) 
Amsterdam B.V. Published in The Netherlands 

under license by Gordon and Breach Science 
Publishers SA 

Printed in Malaysia 

UNUSUAL ELECTRICAL PROPERTIES OF 1,6-DIAMINO- 
PYRENE CHARGE-TRANSFER COMPLEX CRYSTALS 

TAMOTSU INABE, HIROTOSHI GOTO, TASUKU FUJINAWA, HIDEMASA 
ASAHI, HIRONORI OGATAt, SEIICHI MIYAJIMAt, and W S E I  

Department of Chemistry, Faculty of Science, Hokkaido University, Sapporo 
060, Japan 
tInstitute for Molecular Science, Myodaiji, Okazaki 444, Japan 

MARuYAMAt 

Abstract 1,6-Diaminopyrene (DAP) is a strong electron donor which can form 
charge-transfer complexes with many electron acceptors. When the acceptor is 
TCNQ, a highly conducting crystal comprising segregated-stacks of DAP and 
TCNQ is obtained. The temperature dependence is semiconducting with 
anomalously large activation energy for conduction. When the acceptor is p -  
chloranil (CHL) or 2,5-dibromo-3,6-dichloro-p-benzoquinone (DBDCQ), 
polymorphic crystals comprising mixed-stacks of DAP and CHL or DBDCQ are 
obtained. One of the polymorphs, a-form, is not conducting at the initial state, 
but becomes conducting after a mild heat treatment. It also becomes highly 
conducting only by fracture of the crystals. The ground state of the low-resistance 
phase has been found to be mainly neutral, despite its high conductivity. 

I" 

Charge transport in Ir-conjugated molecular crystals, especially charge-transfer complex 
crystals, is highly correlated with the crystal structure and the oxidation state of the 
constituents. When one attempts to obtain a metallic conductor, the difference between 
the oxidation potential of the donor and the reduction potential of the acceptor, which is 
related to a requirement for realizing a partial charge transfer,l and the symmetry of the 
HOMO of the donor and the LUMO of the acceptor, which is related to another 
requirement for realizing the segregated stacking of donors and acceptors,2 have to be 
considered. In general, half fulfillment of the above requirements, i.e., completely ionic 
segregated stacking or partially oxidized mixed stacking, leads non-conducting crystals. 

1,6-Diaminopyrene (DAP) is a rather early donor of conducting charge-transfer 
c0mplexes.3-~ Its oxidation potential is quite low; both the first and second oxidation 
potentials are about 0.1 V lower than each corresponding potential of TTF. We have 
revived this donor molecule with the intention of constructing an intermolecular 
hydrogen-bonded charge-transfer system. Such a system may be utilized to design 
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284 T. INABE et al. 

novel molecular devices.* We have found that DAP can actually form charge-transfer 
complex crystals with various acceptors, in which hydrogen bonds are formed when the 
acceptor has proton accepting sites. Systematic investigation of their properties has 
revealed that their charge transport properties are considerably different from those 
expected for ordinary charge-transfer complex crystals. In this paper, we describe their 
structures and properties with emphasizing how anomalous they are. 

DAP 

NqN 
NC CN 

TCNQ CHL DBDCQ 

DAP-TCN09 

High-quality single crystals of D P-TCNQ have been grown by co-sublimation of the 
components. The crystal obtained comprises segregated columns of DAP and TCNQ, 
as shown in Fig. 1. The crystal data at 295 K are as follows; mclinic, space group Pi, a 
= 7.937(1), b = 17.307(3), c = 3.898(1) A, a = 90.38(2), p = 93.82(2), y = 
109.77(1)', V = 502.6(2) A3, Z = 1, and R = 0.044 for 2290 independent reflections 
with Fo > 3a(F0). Hydrogen bonds are formed between the columns; between the 

FIGURE 1 Crystal Structure Of DAP-TCNQ. 
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UNUSUAL ELECTRICAL PROPERTIES OF DAP COMPLEXES 285 

amino group of DAP and the cyano group of TCNQ. Since the repeat distance in each 
column corresponds to the c dimension of the unit cell, the molecules are separated with 
an equal distance in the column. This situation does not change down to 118 K; no 
signs of dimerization were observed. 

The degree of ionization can be estimated both from the geometry of TCNQ and 
from the frequency of the CN stretching vibrational mode of TCNQ. The former gives a 
value of -0.96, and the latter does -1. Consequently, this crystal comprises completely 
ionized segregated stacks, and can be regarded as one of the non-conducting crystals. 

400 300 200 100 
I 1 

FIGURE 2 Temperature dependence of the resistivity of DAP-TCNQ. 

The temperature dependence of the electrical resistivity is shown in Fig. 2. This 
complex is actually a semiconductor. However, the value at room temperature, 10-1 R 
cm, is unusually low as a Mott-type insulator. The activation energy for conduction is 
0.26 eV. If one calculates the conductivity using this energy for thermal activation of 
charge carriers and a typical value for mobility, 1 cm2 V-l sec-l, one can find that the 
resistivity at mom temperature must be higher than 10 R cm. If one assumes that there 
already exist an appreciable number of charge carriers at the initial state by slight 
deviation from the complete ionization, the origin of the activation energy then becomes 
mysterious. It is not clear yet whether the hydrogen bonds play some critical role in the 
charge transport, it is notable that the anisotropy of conduction is small; plc/p//c 5 10. 
This indicates the possibility of charge transport through the hydrogen bonds. 
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286 T. INABE er al. 

A combination of DAP andp-chloranil (CHL) gives two kinds of 1:l charge-transfer 
complex crystals from a benzene solution.10 Similarly, a combination with 2,5- 
dibromo-3,6-dichloro-p-benzoquinone (DBDCQ) gives four kinds of crystals. Two 
polymorphs of the four have been found to be isomorphous with the two forms (a- and 
P-forms) of DAP-CHL. Structures and electrical properties of a-form of these two are 
given below. 

The crystal structure of a-DAP-CHL is shown in Fig. 3. The crystal data are as 
follows; triclinic, space group Pi, a = 8.963(1), b = 9.112(2), c = 6.730(1) A, a = 
99.59(1), p = 99.65(1), y = 114.43(1)', V = 476.0(1) A3,Z = 1,  and R = 0.040 for 
2423 independent reflections with Fo > 30(F0). The crystal data for a-DAP-DBDCQ 
are quite similar; a = 8.996(4), b = 9.284(5), c = 6.809(3) A, a = 99.30(4), P = 

99.14(4), y = 115.39(3)', V = 490.2(4) A3, and 2 = 1. Molecular arrangement in a- 
DAP-DBDCQ is practically the same as that in Fig. 3. The donors and acceptors form 
mixed-stacks along the c-axis. The hydrogen bonds between the amino group of DAP 
and the carbonyl oxygen of the acceptor are formed along the [221] direction. The N-0 
distance is only slightly shorter than the sum of the van der Waals radii. The degree of 
ionization has been estimated from the geometry and the frequency of the CO stretching 
mode of the acceptor. Both clearly indicate that the component molecules are completely 
neutral. 

a 

FIGURE 3 Crystal structure of pristine a-DAP-CHL. 
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UNUSUAL ELECTRICAL PROPERTIES OF DAP COMPLEXES 287 

The electrical resistivity of the pristine crystal is high (>lo8 R cm for both a-DAP- 
CHL and a-DAP-DBDCQ), which is consistent with the neutral ground state of the 
complex and the mixed-stack structure. When the resistivity of a-DAP-CHL was 

measured with increasing the temperature, a drastic resistivity change was observed, as 
shown in Fig. 4. The temperature at which point the resistivity drops abruptly is not the 
same for all the crystals; some crystals become low-resistance state at relatively low 
temperature, while some others persist in the high-resistance state near to 380 K. In all 
cases, the low-resistance state does not return to the high-resistance state after cooling. 

It was also noted that the resistivity of pristine a-DAP-CHL was dramatically 
decreased by compression of the single crystals into a pellet. Since the resistivity is 
almost independent of the applied pressure, this change is considered to result from 
mechanical crushing of the crystals. The resistivity is almost comparable to those values 
of single crystals transformed into the low-resistance state by a heat treatment, as shown 
in Fig. 5. This suggests that the anisouopy of conduction must be small, and in fact, the 
anisotropy, ~ i ~ l p / / ~ ,  has been found to be less than 10 by the single-crystal 
measurements. 

E 
6 . 
a 

8 
10 

6 
10 

4 
10 

2 
10 

0 
10 

300 320 340 360 380 

T I K  

FIGURE 4 Elecmcal resistivity of a-DAP-CHL single crystals. a and b are 
independent runs for different crystals. 

The X-ray crystal structure analysis of low-resistance a-DAP-CHL indicates that 

no structural change occurs by a transformation into the low-resistance state. The 
geometry of CHL is perfectly consistent with its neutral state. The infrared spectrum 
of low-resistance a-DAP-CHL consists of newly grown electronic absorption bands 
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288 T. INABE et af. 

FIGURE 5 Temperature dependence of the resistivity of a-DAP-CHL, single 
crystals, a and b, and powder compaction, c. 

and vibrational bands, which are the same as those of the neutral components. The ESR 
signal of pristine a-DAP-CHL is quite weak, indicating very low concentration of the 
ionized species. When the temperature is increased, the signal intensity suddenly 
becomes larger at nearly the same temperature region where the resistivity drop was 
observed, as shown in Fig. 6. More detailed study of the magnetic susceptibility of 

T I  K 

FIGURE 6 Paramagnetic susceptibility of single crystal a-DAP-CHL 
evaluated from the ESR signal intensity. 

low-resistance a-DAP-CHL using a SQUID susceptometer indicates that the 
paramagnetic susceptibility consists of 0.8% of the Curie-type component and 3.3% of 
the singlet-triplet-type component with Jlk = 500 K. Though these paramagnetic 
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UNUSUAL ELECTRICAL PROPERTIES OF DAP COMPLEXES 289 

components are arisen from a transformation into the low-resistance state, the 
concentration of the ionized molecules is still very small. The homogeneity of low- 
resistance a-DAP-CHL was checked by solid-state high-resolution NMR. The 13C 
NMR spectrum of low-resistance a-DAP-CHL indicates that the peaks are only slightly 
shifted by a transformation into the low-resistance state, indicating that the molecules are 
essentially neutral, there is no appreciable structural change, and the low-resistance 
phase is fairly homogeneous. These observations confirm that the low-resistance state 
essentially comprises the neutral mixed-stacked molecules. Then, the reason why low- 
resistance a-DAP-CHL is so conductive comes into question. The resistivity value of 
100 Q cm is far from the achievable value for a crystal comprising mixed-stacks of 
donors and acceptors even when the component molecules are appreciably ionized. 
There could be another charge transport mechanism in which a charge carrier can travel 
in a crystal comprising neutral mixed-stacked molecules. 

lo9 

10' 

r a  

kc 
2> 

101 [ 1 
2.0 3.0 4.0 

lo3 ?r K - I  

FIGURE 7 Electrical resistivity of a-DAP-DBDCQ (single crystal, a and 
powder compaction, b) and a-DAP-CHL single crystal, c. 

The temperature dependence of the resistivity of a-DAP-DBDCQ is shown in Fig. 
7. The resistivity drop occurs at much higher temperature compared with a-DAP-CHL. 
The final value of the low-resistance state is not so low as that of a-DAP-CHL. The 
compacted sample has been found to be also the low-resistance state, but the value is 
again much higher than that of a-DAP-CHL. Other physical properties are also slightly 
different. The signal intensity of the ESR spectra increases in the low-resistance state, 
but the paramagnetic susceptibility consists of only a Curie-Weiss-type component. The 
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290 T. INAJ3E et al. 

electron accepting ability and the shape of DBDCQ are practically the same as those of 
CHL. It is not clear yet whether the replacement of CHL by DBDCQ results in such 
differences in property. Since the combination of DAP and DBDCQ gives four kinds of 
polymorphs simultaneously, it is not quite sure that each crystal obtained is composed of 
the pure single structural fom even in the micro domain region. If there were domains 
which prevent the charge transport between the other regions, transport properties might 
be dominated by these domains. 

CONCLUSIONS 

It has been found that both DAP-TCNQ and a-DAP-CHL shows unusual electrical 
properties which cannot be interpreted with ordinary conduction mechanisms so far 
applied to other organic conductors. A common feature is the existence of hydrogen 
bonds, which seems to make the conduction anisotropy small. If this is a key of these 
unusual electrical properties and of an unconventional conduction mechanism, hydrogen 
bonding will be a powerful tool for designing charge transport in molecular crystals. 
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