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n-CONJUGATED POLYRADICALS WITH POLY(PHENYLENE- 
VINYLENE) SKELETON AND THEIR THROUGH-BOND AND 
LONG-RANGE INTERACTION 

HIROYUKI NISHIDE, TAKASHI KANEKO, SHUICHI TORIU, KOHYA 
KATOH, MASAHIRO TAKAHASHI, EISHUN TSUCHIDA, AND 
KIZASHI YAMAGUCHI? 
Department of Polymer Chemistry,, Wasedu University, Tokyo 169, Japan, and 
?Department of Chemistry, Osaka University, Toyonaka, Osaka 560, Japan 

Abstract The poly(pheny1enevinylene) skeleton was selected as a magnetic 
coupler of polyradicals, because of its developed n-conjugation, coplanarity, 
and solvent-solubility even after substitution on the phenylene ring. By 
synthesizing poly( 1,4- or 1,2-phenyIenevinylene)-2- or -4-substituted with a 
stable phenoxy or nitroxy radical, an intramolecular, through-bond and long- 
range, but strong, ferromagnetic exchange interaction was realized for the first 
time. The polyradicals were chemically stable and, even at their spin 
concentration of ca. 0.5, displayed S values of 2/2 - 4/2. 

INTRODUCTION 

There are limitations of cross-conjugated polyradicals or the radicals formed in 1,3- 
connected phenylene chains, as molecular-based magnetic, but feasible material, 
although they display a strong through-bond ferromagnetic coupling between two 
unpaired electrons in the main chain at low temperature. (i) A small number of defects 
in the polyradicals significantly prevents an increase in the resulting spin-multiplicity 
because their radicals are formed through cross-conjugated structures. (ii) Most of 
these cross-conjugated polyradicals lack chemical stability at room temperature in air. 

As another approach to magnetically responsible n-conjugated polyradicals, we 
synthesized x-conjugated linear polymers bearing pendant radical groups, which are 
also It-conjugated with the polymer backbone and have substantial chemical stability. 

An intrachain and through-bond interaction between the chain-side spins has been often 
theoretically studied for this type of polyradical. A typical example is 
poly(phenylacety1ene)-based  radical^.^.^ However, any of poly(phenylacety1ene)- 
based radicals' including all the others synthesized by other  group^^-^ have not 
displayed the expected ferromagnetic interactions to date. It was concluded that the 
poly(phenylacety1ene) structure does not have a planar polyene backbone and that the 
phenyl-C=C dihedral angle is significantly twisted. High coplanarity both in the 
polymer chain itself and the dihedral angle with a chain-side radical are essential to 
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132/[3541 H. NISHIDE ET AL. 

produce an efficient spin distribution through the K-conjugated polymer and to realize a 
through-bond exchange interaction leading to intrachain ferrornagneti~m.~*~ 

Poly(phenyleneviny1ene) (PPV) had been suggested as a potential candidate for 
the effective backbone for n-conjugated polyradicals, because of its developed 
conjugation, coplanarity, and solvent-solubility (even) after substitution on the 
phenylene ring.'." In this paper, we describe the designing of poly( 1,4- and 1,2- 
phenylenevinylene) bearing phenoxy and nitroxy radicals, which are n-conjugated with 
the main chain and as one of the polyradicals with a PPV skeleton, their n-conjugated 
structure from UV and UPS, the spin density distribution onto the PPV backbone chain 
from ESR proton hyperfine structure and from semiempirical calculations, and 
magnetic properties to reveal the through-conjugated ferromagnetic exchange interaction 
between the chain-side unpaired electrons. 

S =  

@ \ /  * 

I n* - n I = 1 nondisjoint 

*% * 
* \ /  * 

s = I n* - n 1 = 1 nondisjoint 

.*\, * * \ /  \ - 
\ / * \  ' 
* * ,  

* Fiq+=J \ /  \ \ /  

* & \ /  \ :  

. 
SCHEME 1 

MOLECULAR DESIGNING, CHEMICAL STABILITY, AND n- 
CONJUGATION 

Semiempirical calculations and magnetic measurements of the diradicals connected with 
stilbene (the dimer model of poly(phenyleneviny1ene)) revealed a quantitative spin 
coupling,'* which suggested that poly( 1,4- or 1,2-phenyIenevinylene)-2- or -4- 

substituted with a built-in radical group would show intramolecular ferromagnetic 
coupling (SCHEME 1). It also indicated that the substituted phenylenevinylene is to be 
connected through a head-to-tail bond. 

The usual synthetic route of PPV via a soluble precursor13 is not applicable 
because of the lack of head-to-tail connectivity. We synthesized the head-to-tail 
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K-CONJUGATED POLYRADICALS WITH POLY(PHENYLENEV1NYLENE) 

connected and 2- (or 4-) substituted poly( 1,4- (or I ,2-) phenylenevinylene) @- and o- 

la,b,c) via reactions of the aryl bromide with the vinyl group of p -  (or o- )  
brornostyrene derivatives using a palladium catalyst (Heck reaction). I4 

P 

.. 

0-1,2 

c: R1= SC4H9, Ph 
R 2  = OX 

= H  R3 = H, Ph - 

1: x = Si(CH3)2(bC4Hg) 1: X =  COCH3 

2: x =  ) ( 2 : x = .  ) 
SCHEME 2 

The polymers were soluble in CHC13, benzene, and THF. The UV-vis 
spectrum ofp-1 involved an absorption maximum (Amm) at ca. 400 nm suggesting a 
developed n-conjugation as 1,4-PPV. On the other hand, the UV-vis absorption of o- 

1 extended only to a dmm of ca. 300 nm with a shoulder peak at 360nm suggesting a 
non-developed n-conjugation in comparison with 0-1. This agrees with the values of 
the ionization threshold ( I th)  from UPS (ultraviolet photoelectron spectroscopy) 
spectra; the values of Zth for 0-1 (5.7-5.9 eV) are larger than those of the 
corresponding p-1 (5.6-5.7 eV).15 

Chemical oxidation of p- and o-la with fresh PbO2 in their THF solution 

including tetrabutylammonium fluoride yielded the corresponding polyradicals p- and 
0 - 2 a . l ~  After elimination of the protecting group, p- and o - l b  yielded the 
corresponding polyradicals p- and o-2b by treatment of the polymer solutions with 
fresh Pb02 or alkaline K3Fe(CN)6. 0-2c was unstable at room temperature due to the 

less hindered substituent at the inner o-position of the oxy group, and its ESR spectrum 
showed only weak signal at 220 K. Side reactions such as intramolecular oxygen 
migration probably prevent any increase in spin concentration in p-2a in which every 
tert-butyl-nitroxide group is neighboring to the vinylene group. o-2a, p-2b and o-2b 
were chemically stable even at room temperature, and the spin concentration could be 
increased by the oxidative conditions up to ca. 0.8 spin/unit. They could be isolated 
even as neat powders using a careful freeze-drying procedure. 
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134/[356] H. NISHIDE ET AL. 

SPIN DENSITY DISTRIBUTION 

The ESR spectrum of p-2a at a low spin concentration gives a three-line signal 
(g=2.006, a~=1 .39)  assigned to hyperfine coupling with a nitrogen nucleus (Fig. la), 
indicating that the unpaired spins are localized in the chain-side N - 0  group. This 
spectrum is similar to that of o-stilbene-(N-tert-butylnitroxide) (3), except for the anti- 
symmetricity attributed to alignment of the isotropic nitroxide radicals along the PPV 
main chain. The ESR spectrum of 0-2a shows the three-line hyperfine structure 

__*- 

ImM In benzene 
(spin conc. = 0 01 spin/unit) 

a 

r-- ' 1 \ ,-/ 

1mM in benzene 

b 1 mT 

g = 2.00 (spin conc = 0.25 spinhit) 

1mM in  THF 

FIGURE 1 ESR spectra of the polyradicals @-2a and 0-2a) and the corresponding 
monoradicals in THF solution at room temperature. 
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K-CONJUGATED POLYRADICALS WITH POLY(PHENYLENEVINYLEN) 

ascribed to the nitrogen nucleus at g=2.006 accompanying the multiplet caused by the 
o-PPV backbone protons (Fig. lb), suggesting that the spin density is distributed onto 
the main chain. This is supported by the spectrum of distyrylphenyl rerr-butylnitroxide 
(4), which almost agrees with that of 0-3a. These spectra have two small signals 
between the three split lines, which probably implies a partial exchange interaction 
between intermolecular radicals caused by overlapping of the Tc-conjugated and 
coplanar distyrylbenzene structure. These ESR spectra including those of the 
monoradicals 5 and 6 were simulated (TABLE I) in order to discuss the spin density 
distribution over the molecules. 

TABLE I The ESR hyperfine coupling constans (mT) estimated by the 
spectra simulation 

phenyl ring substituted vinyl or vinylene compounds with the radical radical 

o-aH m-QH p - a ~  QH aN QH 

3 1.42 

4 0.19 0.09 0.12,0.02 1.15 

5 0.1 1 0.06 0.1 1 0.03 0.17 

6 0.17 0.10 0.09 0.18 

3 4 5 6 

The proton hyperfine structure of 3 was hardly observed, indicating localization 
of the spin density on the N - 0  bond probably because of twisting of the N - 0  bond 
toward the phenyl ring. On the other hand, the hyperfine coupling constants attributed 
to 5-7 protons of the two phenyl rings and/or the vinylene for 5 sterically suggest less 
hindrance of the phenoxy group in comparison with the terr-butylnitroxide group, 
which was in contrast to the simple three line hyperfine structure of 2,4,6-tri-rerr- 
butylphenoxyl attributed to an unpaired electron localized in the phenoxyl ring. The 
spin density (p) of o-2a was also estimated using the INDO calculation as p~ = 
0.237, po = 0.737, pc = 0. I0 (o- and p - ) ,  -0.08 (m-) ,  -0.09 @-a- and m-P-vinylene) 
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136/[358] H. NISHIDE ET AL. 

and 0.09 (p-p- and m-a-vinylene). These also suggest a distributed spin density onto 

the PPV main chain. For 4 and 6, the radical moieties do not suffer the steric 
hindrance of the m- and p -  substituents on the phenyl ring, and yield the larger proton 
hyperfine coupling constants ascribed to the phenyl and the vinylene or vinyl as 
compared to those for 3 and 5, respectively. This comparison suggests that an 
effectively delocalized spin distribution into the backbone phenylene for 0-2a and 0- 

2b because of their less hindered steric structures. The ESR spectrum of 0-2a showed 
a broad signal with spin concentration and Ams=k2 transition ascribed to the triplet 

species that clearly appeared at g = 4 in 2-MeTHF glass. 

FERROMAGNETIC INTERACTION 

Magnetization (0 - 7 T) and static magnetic susceptibility (2 - 300 K at 0.5 T) of the 
polyradicals were measured using with a SQUID magnetometer. The spin 
concentration was determined from the Curie constant or the saturated magnetization at 
2K to be 0.4-0.6 spirdmonomer unit. The magnetic interaction was analyzed from the 
XmolT -T correlation (Xmol: molar paramagnetic susceptibility). No ferromagnetic 
aspect was observed for p-2a due to both its low spin concentration (0.10 spitdunit) 
and the spin localization in the N - 0  bond as previously described. For the magnetic 
susceptibility of the powder sample of p-2b and 0-2a,b, XmolT deviated upward 
from the theoretical value (XmolT = 0.375) for S = I /2 with a decrease in temperature at 
20-300K, however, it was reduced below ca. 20 K. This behavior indicates a 
relatively strong through-bond and intrachain ferromagnetic interaction, and a weak 
through-space and interchain antiferromagnetic interaction. The magnetization and 
magnetic susceptibility in frozen solution (2MeTHF or toluene) could minimize the 
interchain magnetic interaction resulting in cancellation of the decrease in xmnlT below 
20 K for the powder sample. 

The average spin coupling constant 2J (positive for ferromagnetic) and the 
average spin quantum number Fwere estimated by curve fitting of the XmolT -T data 
and the magnetization data in frozen solution, respectively (TABLE 11). The curve 
fitting of the XmolT -T data was performed using a linear triradical system including 
diradical and monoradical contamination, because the average spin quantum number 
remained as < 3/2 at the spin concentration of ca. 0.5 in this experiment. The average 
spin quantum number reply to the degree of polymerization and the spin concentration, 
i.e., is in response to the number of spins along the polyradical chain. The 27 values of 
o-2a,b are larger than that of p-2b, which is explained by contribution of the spin 
density distribution onto the phenylenevinylene backbone as previously discussed. The 

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

1:
19

 1
8 

Fe
br

ua
ry

 2
01

3 



[3591/137 

K-CONJUGATED POLYRADICALS WITH POLY( PHENYLENEVINYLENE) 

0-2b even with a spin conc. of 0.67 spinlunit reveals an value 2 312. The T C -  

conjugated and planarized poly(pheny1enevinylene)-based polyradicals possess a spin 
density distribution onto the backbone, and displayed a through-conjugated main chain 
bond and a long-range, but strong, ferromagnetic exchange interaction between the 
chain-side unpaired electrons. The ferromagnetic interaction is expected to be enhanced 
with the spin concentration, the degree of polymerization, and the spin density 
distribution onto the main chain. 

TABLE I1 Magnetic exchange coupling and spin multiplicity of the polyradicals 

n 
p-2a 0-2a p-2b 0-2b 

deg. polymn. 9 7 9 8 17 
spin conc. 
(spinlunit) 0.10 0.50 - 0.59 0.46 0.44 0.59 

- 
S 112 - 212 S 312 I312 2 312 

- 
25 (cm-') 28 ... 40 20+2  3 8 f 3  
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