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Molecular Architecture of Regularly Mixed n-Conjugated Systems Using
Diacetylene Solid-State Polymerization

SATORU SHIMADA®, ATSUSHI MASAKI®, HIRO MATSUDA’,

SHUJI OKADA" and HACHIRO NAKANISHI®

*National Institute of Materials and Chemical Research, Tsukuba 305, Japan
PInstitute for Chemical Reaction Science, Tohoku University, Sendai 980-77,
Japan

Two different sorts of m-conjugated systems, polydiacetylene and
tetrathiafulvalene, were regularly assembled in a “hybrid” organic crystal
using the solid-state polymerization of the corresponding diacetylene
monomers. The absorption spectra and the electro-conducting properties of
the polydiacetylene obtained as a “hybrid” crystal were reported.

Keywords: Polydiacetylene, Solid-state polymerization, Tetrathiafulvalene,
Electro-conductivity, Charge transfer complex,

INTRODUCTION

Polydiacetylenes (PDAs) are a unique form of m-conjugated polymers which
can be obtained as large single crystals by topochemical solid-state
polymerization.'! The topochemical reaction can be described as a
diffusionless transformation of the parent crystal into the daughter crystal. The
unique feature of the reaction is that it proceeds within the monomer lattice
and, being completely controlled by the packing of the monomer, affords to

the ®-conjugation crystals. Therefore, PDAs have almost the largest third-
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order nonlinear optical properties (x‘”) among many organic compounds,
which due to the perfectly aligned n-conjugated polymer main chain.? The x(”
values along the polymer main chain were evaluated using the thin single
crystals obtained by share growing or cutting techniques.>® It reaches to be
10 esu order in one-photon resonance.’ Such thin single crystal formation is
often difficult to make a material with good optical quality. Accordingly,
nano-meter size microcrystals of PDAs are also prepared to obtain a uniform
composite material, whose nonlinear optical properties were confirmed by z-
scan measurement to be as large as those of PDA single crystals.®’

In addition, the modified n-electron systems can be designed by using
the diacetylene solid-state polymerization because of the stereo-regularly
reaction mentioned above. For example, to obtain the longer absorption
maxmum of PDA exciton, we have synthesized several types of new PDAs
with increased number of m-electrons per repeating unit.® As the planer w-
conjugation of the main chain are regularly maintained in the crystal, the
perturbation of carbon conjugated chain affected by the electron donating or
withdrawing effect of substituents, e.g. phenyl groups, acetylenic groups, or
hetero atoms as shown in Figure 1, can be observed as absorption spectral
shifts. In the case of PDA substituted with phenyl groups, it is clearly
demonstrated that the excitonic absorption maxima increase with decreasing
the dihedral angles between the main chain and phenyl rings.g In the most
recent study, PDA having alkythio groups directly bound to the polymer main
chain showed the longest red-shift of the excitonic absorption peak, which
was at ca. 750nm."°

Although the large electron mobility of PDA in the chain direction has
been reported,'’ the electric conductivity is fairly low because of the small

number of charge carriers. Meanwhile, tetrathiafulvalene(TTF) derivatives and
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FIGURE 1  Polydiacetylenes with n-conjugation between the main chain
and the substituents.

their highly conductive charge-transfer complexes have attracted much
attention. Therefore, we have been interested in the incorporation of TTF
moieties into the PDA crystals. Such a molecular design would have
regularly mixed n-systems of PDA main chain and TTF column. It could be
so-called a “hybrid” organic crystal or m-system super-lattice as shown
schematically in Figure 2. In this paper, as the first trial of such molecular
architecture, we report the synthesis of PDA containing TTF moieties and

their electrical properties.

==

PDA

FIGURE 2 Schematic representation of molecular architecture for a
regularly mixed n-systems in a “hybrid” crystal.
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DESIGN OF SOLID-STATE POLYMERIZATION

TTF moieties were introduced to diacetylene monomers by esterification
reaction of 4—(hydroxymethyl)tetrathiafuluvalene.12 According to the crystal
engineering of molecular packing for solid-state polymerization, several
diacetylene monomers as shown in Figure 3 were synthesized, which had
amide, urethane, ester group and/or long alkyl chain. Among these derivatives,
only compound 1 and 2 could be polymerized by UV-irradiation in the solid-
state. From this result, it is concluded that the long alkyl chain in the
unsymmetrical diacetylenes plays an important role to crystallize in a
polymerizable stack. The details of the synthesis will be published

3

elsewhere.”> The polymerization behavior and properties only for compound

1 was hereafter described and for compound 2 also in a similar manner as

compound 1.
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FIGURE 3 Chemical structures of diacetylenes having TTF moieties.
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The color of the crystals of compound 1 changed to dark blue from
yellow after exposure to UV with a low-pressure mercury lamp or “Co Y-ray
irradiation as shown in Figure 4. The spectrum was measured using a KBr
pellet dispersed with crystallite of compound 1. The absorption maximum at
630nm is the same as that of the typical PDAs. After the crystal is thus
colored, X-ray diffraction pattern still show almost the same as that of the
monomer. Furthermore, the spectrum of solid-state *C-NMR is consistent
with the PDA main chain structure.”® The polymer conversion is saturated at
about 70% after y-ray dose of 300KGy. The obtained bluish polymer 1 can not
be dissolved in common solvent, but using polar solvents, e.g. dimethyl
formamide or dimethyl sulfoxide, at the boiling point the polymer became
soluble. Afier the polymer 1 was once dissolved at such high temperature,

even at ambient temperature the reddish color solution was stable.

Absorbance (0.D.)

400 500 600 700 800
Wavelength (nm)

FIGURE 4. Absorption spectral change of compound 1
in the course of UV-irradiation.
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As the absorption maximum of the solution is at 540nm, which is ca. 90nm
blue shift from that of the crystal, the conformation of polymer main chain are
disturbed by dissolving. The reddish color reversibly turned to yellow when
the temperature rose. This thermochromism is due to the typically reversible

helix-coil transition of PDA main chain.'

REDOX AND ELECTRICAL PROPERTIES

The cyclic voltammetry of compound 1 and TTF was shown in Figure 5. The
redox behavior of compound 1 is completely the same as that of TTF,'® which
exhibits two reversible redox couples at Eml +0.3 and Emz +0.67 V vs. SCE
in acetonitrile. Unfortunately, the cyclic voltammetry of polymer 1 gave no
peak because of too small concentration of the solution. However, polymer 1
formed the charge-transfer (CT) complex with TCNQ in the solution and the
CT band strongly appeared at 750 and 850nm. Furthermore, TTF skeletons
were confirmed by IR and NMR spectral measurements after UV or y-ray
irradiation. From these results, it proved that TTF moiety was incorporated in

the structure of polymer 1.

Current (LA)
<

Compound 1
'8 1 I ! 1

1.0 08 0.6 04 0.2 0
Voltage (V vs. SCE)

FIGURE 5 Cyclic voltammetry of compound 1 and TTF in acetonitrile
with Bu,NPF; electrolyte.
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FIGURE 6 Conductivity change of polymer 1 in the course of I, doping.

The electro-conductivity was measured by a four-point electrode
method in vacuo using a powder crystalline sample pelletized into a disk. The
polymer 1 is insulator with the conductivity less than 10'°S/cm.  Exposing
the disk sample upon iodine vapor, the conductivity rapidly increased to be
10°° S/cm, and then, gradually attained to 10”S/cm order as shown in Figure 6.
It has been already reported that PDAs, which have the nearly perfect crystal
lattice, can not be doped with any chemicals,'” and even PDAs with a less
perfect lattice, e.g. an amphiphilic PDA in muitilayer and so on, are doped
with iodine up to a conductivity of 10°S/cm." Therefore, the electro-
conductivity of polymer 1 doped with iodine is owing to the CT complexes of
TTF and iodine. In the solution mixture of polymer 1 and iodine, the CT band
was observed at 600nm. Namely TTF moieties incorporated in PDA crystals

can form a electro-conducting pass upon chemically doping.
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FIGURE 7 Solid-state polymerization scheme of diacetylene
having TTF moiety via 1,4-addition.

CONCLUSION

Several new diacetylene monomers having TTF moieties were synthesized and
among them only compound 1 and 2 could be polymerized in the solid-state,
proceeding via 1,4-addition. As a result of this solid-state polymerization, we
preliminary succeeded in the first trial of molecular architecture to obtain a
“hybrid” crystal, where two different ®-systems were regularly assembled as
shown in Figure 7. Desired more interesting molecular architecture, the solid-
state polymerization of diacetylene should be proceeded after the forming a
regular CT column of TTF and acceptor, e.g. TCNQ. In such a molecular
super-latﬁce combined with metallic and excitonic wires a quantum effect
between such two different sort of quasi one-dimensional n-electron systems
should be expected, however, it has not yet succeeded that the CT diacetylenes
stack into a solid-state polymerizable crystal. We consider that an
electrochemical oxidation, which is the same old trick of the preparing CT

crystals, should be promised to realize such molecular architecture for PDA
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combined with CT of TTF. Such the second trials will be in progress using all
new diacetylene-TTF compounds because there is a possibility to stack in

solid-state polymerizable crystals after the formation of CT complex.

References

[1.] G. Wegner, Z. Naturforsch, 24b, 824 (1969).
[2.] C. Sautret, J.P. Hermann, R. Frey, F. Pradre, J. Ducuing, R.H.
Baughman, and R.R. Chance, Phys. Rev., 36, 956 (1976).
[3.] M. Thakur and S. Meyler, Macromolecules, 18, 2341 (1985).
[4.] H. Nakanishi, H. Matsuda, S. Okada and M. Kato, Polym. Adv. Tech., 1,
75 (1990).
[5.] S. Molyneux, H. Matsuda, A.K. Kar, B.S. Wherrett, S. Okada, and H.
Nakanishi, Nonlinear Optics, 4, 299 (1993).
[6.] R. lida, H. Kamatani, H. Kasai, S. Okada, H. Oikawa, H. Matsuda, A.
Kakuta and H. Nakanishi, Mol. Cryst. Lig. Cryst., 267, 95 (1995).
[7.] H. Matsuda, S. Yamada, E. Van Keuren, H. Katagi, H. Kasai, S. Okada,
H. Oikawa, H. Nakanishi, E.C. Smith, A.K. Kar, B.R. Wherrett, SPIE
Proceedings, 2998, 241 (1997).
[8.] H. Matsuda, S. Okada and H. Nakanishi, Mol. Cryst. Liq. Cryst., 217,
43 (1992).
(9.] A. Masaki, H. Matsuda, S. Okada, S. Shimada, H. Takeda, H. Shinbo,
K. Hayamizu, F. Nakanishi and H. Nakanishi, ibid., 267, 15 (1995).
{10.] H. Matsuda, S. Shimada, H. takeda, A. Masaki, E. Van Keuren, S.
Yamada, K. Hayamizu, F. Nakanishi, S. Okada and H. Nakanishi,
Synthetic Metals, 84, 909 (1997).

[11.] W. Spannring and H. Bissler, Chem. Phys. Lett., 78, 371 (1981).

[12.] J. Garin, J. Orduna, S. Uriel, A.J. Moore, M.R. Bryce, S. Wegener, D.
Yufit and J.A K. Howard, Synthesis, 1994, 489.

[13.] S. Shimada, A. Masaki, K. Hayamizu, H. Matsuda, S. Okada and H.
Nakanishi, J. Chem. Soc., Chem. Commun., 1997, in press.

[14.] L. Hayamizu, S. Okada, S. Tsuzuki, H. Matsuda, A. Masaki, H.
Nakanishi, Bull. Chem. Soc. Jpn., 67, 342 (1994).

[15.] R.R. Chance, G.N. Patel, J.D. Witt, J. Chem. Phys., 71, 206 (1979).

[16.] M.R. Bryce, W. Devonport and A.J. Moore, Angew. Chem., Int. Ed.



Downloaded by [University of Haifa Library] at 10:47 20 August 2012

92/394 S. SHIMADA et al.

Engl., 33, 1761 (1994).

[17.] H. Nakanishi, F. Mizutani, M. Kato and K. Hasumi, J. Polym. Sci.,
Polym. Lett. Ed., 21, 983 (1983).

[18.] D. Bloor, C.L. Hubble and D.J. Ando, Molecular Metals, Ed. E.W.
Hatfield (Plenum, New York, 1979) p.243.



