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ELECTRICALLY CONDUCTIVE MACROMOLECULES VIA
COFACIAL ASSEMBLY TECHNIQUES
] by
Carl W, Ditkf Joseph W. Lydingf Karl F. Schocu, Jr.f

2 Carl R. Kannewurf] and Tobin J. Marks™

Department of Chemistry, Department of Electrical Engineering
and Computer Science, and the Materlals Research Center
Northwestern University
Evanston, Illinois 60201

INTRODUCTION
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There is currently great interest among chemists and physicists in the
design and properties of synthetic molecular materials with the character-
istics of metals (1). Recognized prerequisites for high electrical conduc-
tivity in organic and metal-organic solids include certain essential spacial
and electronic relationships between component molecules. In particular, at

i least one set of the molecular constituents must be arrayed in close proximi-
: ty and in crystallographically similar environments. In addition, this spe-
. cies must be in a formal fractional oxidation state, commonly referred to as
"mixed valence,'" "incomplete" charge transfer,'" or "partial oxidation." The
1 combination of these features provides both a structural pathway for charge
j conduction and an electronic environment that reduces bandwidth, band-filling,
! and coulombic impediments to carrier mobility. A successful, first-genera-
| tion synthetic strategy for the construction of such mixed valent lattices
. has involved the cocrystallization of planar, conjugated metallomacrocyclic
‘{ donor molecules with halogen electron acceptors (2). In optimum cases, the
] result has been crystal structures composed of segregated, partially oxidized
: donor stacks and off~axis arrays of halide or polyhalide counterions. Fur-
{ thermore, the degree of partial oxidation can be readily determined from the
stoichiometry and resonance Raman/iodine MHssbauer characterization of the

?1 form(s) of the halogen present (2,3).

Although straightforward and sometimes successful, the cocrystalliza-
tion strategy provides minimal flexibility in terms of acceptor selection and
offers little control over stacking architecture. Both donor-donor and donor-
acceptor interactions are completely at the mercy of largely unpredictable
and uncontrollable intermolecular forces. We recently reported a new, suc-
cessful approach to control of molecular stacking and lattice architecture
4 in low-dimensional mixed valence materials (4). It involves the assembly of
71? well-characterized metallomacrocyclic subunits into cofacial arrays, followed
2 by partial oxidation using techniques we have previously developed (2,3).

L | The general approach {s schemati{zed below. Such structures offer the excit-
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ing possibility of assembling a wide variety of new conductive polymers with
stringent control over primary and secondary structure as well as over per-.
formance and processing characteristics. Furthermore, such macromolecules
offer a unique opportunity to experiment with bandwidth, acceptor identity,
cohesive forces, and lattice dynamics in a low~dimensional material. In this
contribution we elaborate upon our intial results involving Group IV phthalo-
cyanines (Pc) (M = Si, Ge, Sn; X = 0; A = I) and begin to examine the afore-
mentioned parameters by introducing a variety of new dopants (A) and bridging
functionalities (X).

EXPERIMENTAL

The precursor compounds M(Pc)Cl,, M = Si, Ge, Sn, were prepared as de-
scribed elsewhere (4). These were converted into the corresponding (M(Pc)o]
polymers by hydrolysis and then dehydration at 400 C/10°% mm (4,5). The
[M(Pc)ORO], polymers were prepared by reaction of the MPcCl, compounds with
HOROH diols in pyridine (6). Doping was carried out by reacting the powdered
polymers with solutions of the appropriate dopant (4,7). Potassium was in-
troduced by heating the polymer with potassium metal in a sealed, evacuated
Pyrex tube. This material was handled under inert atmosphere at all times.
Stoichiometries of the doped polymers were established by elemental analysis.

Electrical conductivity measurements were performed on compressed poly-
crystalline samples using four-probe ac or dc van der Pauw techniques. Data
were acquired with a computer-controlled transport analysis system (8). X-
ray powder diffraction studies were carried out with a Picker 6147 diffracto-
meter using CrK, radiation. Resonance Raman spectra were acquired on spin-
ning solid samp?%s using Art(51458) excitation. Magnetic susceptibility
studies were carried out with a Faraday balance.

RESULTS AND DISCUSSION

Condensation of dihydroxy silicon, germanium, and tin phthalocyanines
yields polymers in which the phthalocyanine macrocycles are rigidly held in
a face-to-face orientation (eq.(1)). Doping with iodine produces, as indi-

nM(Pc)(OH)z—Z—-) [M(Pc)O]rl + nH,0 ¢))

cated by resonanchkaman spectroscopy (Figure 1), materials of formal stoi-

chiometry {IM(Pc) ¥ 0] (I;)x}n for x £ 1 . Oxidation is accompanied by large
increases in electrical conductivity (Table I) with the general trend for the
doved materials being oStz'QGe>> Ogp * i.e., correlating inversely with Pc-Pc

TABLE I, ELECTRICAL CONDUCTIVITY DATA FOR POLYCRYSTALLINE SAMPLES
OF HALOGEN-DOPED [M(Pc)O]n MATERIALS.

Activation Interplanar

fomeusd ool gt Enerm G0 sesciae(h
[ x .
i[sx(pc)o?xo.,.,}n 2 x 1072

{S1(Pc)0) L 50} 1 x 10-2

tUS1(Pe)O)Br ooy 6 x 10°2

[Ge(Pc)O] <10~ 3.51(2)
t[Ge (Pe)OT L 0 3 x 102 0.08%0.006 3.51(2)
{[Ge(Pc)O)T106) 5 x 102 0.06+0.003

Ge(Pc)0) o4} n 6 x 10-2 0.05:0.007

UGe(Pc)O]1aq} o 1 x 107!

[Sn(Pc)O] <10°* 3.95(2)

2 x 10°* 0.68%0.01 t

{{sa(pe)oft 1 x 10°* 3.95(2)
fsn(Pe)o) rﬂ"n




interplanar spacings determined from X~-ray powder diffraction and structures
of model compounds (9). The temperature dependence of the conductivity
(Figure 2) can be fit approximately to a thermally activated model (eq.(2))

O= co G-A/kr (2)

with the activation energies (Table I) following the general trend
agi<8ge KBgq ° The conductivity parameters for the {[Si.(!’c)ollx}n poly-
me}s are compstable to those for pressed pellets of the "molecular metal”
Ni(Pe)I (10), suggesting that the partially oxidized siloxane and possibly
germyloxane polymers are also "metal-like" in the chain direction. Further
support for this contention is derived from static susceptibility measure-
ments on the doped polymers, which reveal weak, nearly temperature indepen-
dent paramagnetism,

The cofacially connected macromolecules provide an informative environ-
ment for testing the characterisitcs of various dopants, since the uncertain-
ty as to whether or not stacking occurs has been virtually eliminated., Oxi-
dizing quinones form conductive solids with a variety of organic donors, but
curiously not with metallophthalocyanines (11). Since there is reason to be-
lieve that the latter donors form integrated stack structures (DADADA) with
these large, planar acceptors, doping experiments were carrfed out with the
locked-stack cofacial polymers; the result is a broad new class of conductive
macromolecules (Table II, Figures 3 and 4). The preliminary conductivity

TABLE II. ELECTRICAL CONDUCTIVITY DATA FOR POLYCRYSTALLINE SAMPLES
OF COFACIAL POLYMERS WITH VARIOUS DOPANTS

Empirical Activation
Dopant Formula o (F'cmt)300°K Energy (eV
undoped [s1(Pc)0], 3x10°
I {ts1(re)oltiss} 1.4 : 0.04 = .001
Br {[Si(Pc)O]BrwJ}n 6 x 107
K {ls1(Pc)0lKug} 2x107°
Fir {Is1(Pc)0IF1023 5 7.2 x 107 0.13 £ .001
Chl {Is1(rc)olchlass} 6.9 x 107% 0.13 % .002
Brl fist(Pc)0lBries 3 5.8 x 107¢ 0.15 £ ,001
DIQ {s1(pc)0IDDQosg) 2.1 x 107 0.08 * .001
DHB {s1(Pc)0lDHB,, J 3.8 x 107° 0.19 # ,005
CIA {s1(ecrolcrae,z 1.8 x 10°° 0.14 £ 001

Flr= fluoranil; CH1 = choranil; Brl = bromanil; DDQ = dichlorodicyano-
quinone; CIA = chloranilic acid.

data roughly parallel the oxidizing strengths of the organic acceptors. In
principle, doping with electron donors could also lead to high conductivity,
and although alkali metal doping of metallophthalocyanines yields insulators
(11), the first result with [Si(Pec)0], and potassium indicates a significant
increase in conductivity upon doping ?Table 11).

In an effort to modify the scacking architecture and bandwidth, polymers
were prepared with organic bridging groups (eq. (3)). These functionalities
nS1(Pe)Cl, + n/2 HOROH ———> [S1(Pc)ORO]_ + 2nHCl @3)

R = ~CH,CH; ~ , p=C¢H,, =(CHz)y0~, -CHaC(CH;)CH;~

increase the interplanar spacing while still maintaining a continuous mole-
cular array. In all ~ases the polymers can be doped with iodine, and Raman
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spectroscopy indicates that oxidation occurs (Figure 1). In most cases, Iy
is the predominant polyiodide present. As can be seen in Table III, the
electrical conductivity roughly parallels the inverse of the interplanar

TABLE III. ELECTRICAL CONDUCTIVITY DATA FOR POLYCRYSTALLINE SAMPLES OF
COFACIAL POLYMERS WITH VARIOUS BRIDGING GROUPS

Compound Bridging Group UQQd cm.‘2300°l(
{s1(pc)0l1, 59 -0- 1.4
{{s1(Pc)OCH,CH,0] 140} o -OCH ,CH,0- 1.5 x 107

{51 (Pe)OCH,C(CHy ) 2CH01 141 3}, -OCH;C(CH,);CH,0- 2.7 x 10™°
{s1(Pe)0(p-CeHy )OI Loa 3, -0 0~ 1.0 x 10~°
{Is1(Pc)0(CH) 1001155 -0(CH;) 4 00- 1.7 x10"°

spacing. The temperature dependence of the charge transport for the
-0CH,CH,0~ bridged material is ifllustrated in Figure 2.

These preliminary results and recent data on isoelectronic f[M(Pc)F]Ix}
Croup IIIA analogues (12) underscore the potential of the cofacially assem-
led metallomacrocycle polymers for delving into the factors which stabilize
and accentuate the molecular metallic state. They also suggest ways to tai-
lor new materials for optimum performance and processing characteristics.
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IODINE RESONANCE RAMAN SPECTRA
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Figure 1, Resonance Raman spectra
. (,=5145] )of fodine doped polymers.
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