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Abstract New method is suggested and applied f o r  an estimation of 
the delocalization length of charge carriers in photoconductive po- 
lymers based on the magnetic field effect (MFE) on the photoconduc- 
tivity (PC). The method was applied to photoconductive polymers 
PTS, PPV, PPPV, DMOP-PPV and has permitted to estimate delocaliza- 
tion lengths as large as 60 A .  It makes questionable the usage of 
Onsager’s model of charge separation for conjugated polymers (CP). 
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INTRODUCTION 

The MFE on the PC is associated with the dependence of the geminate cha- 

rge carrier recombination on the spin state of the e-h pair . A 
scheme of charge carrier photogeneration illustrating the role of the 

spin state is shown in Fig.1. Under the action of light, the e-h pairs 
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the mixing as intersystem crossing between S and T states occurring at 
the frequency w(H). The experimentally observed relative changes in the 

photocurrent as a function of H, Ai /i = [(iph(H)-I (O)l/i ( 0 )  have 

the shape of stepwise curves. This indicates that spin evolution takes 

place in the states without exchange interaction (EI). EI is responsible 

for the "selection" of the spin state during a short but close enough 

approach of pair particles and this determines the different values of 

the rate constants kerf and k t r f .  Since the MFE is studied by measure- 

ment i which is proportional to the free carrier density, then upon 

the spin "checking" in the EI region, a probability of the pair redisso- 
ciation should attain a considerable value. One can distinguish three 

main regions of the e-h pair evolution: (i) EI region (e. .h); (ii) spin 
evolution in the absence of the EI (e. . . .  .h); (iii) free charge carrier 
(e + h). Since the process of charge separation takes place inside the 

Coulomb well each of these regions is associated with certain energy of 

Coulomb interaction. An opportunity to determine activation energies of 

transitions between corresponding states of the pair, AEl and AE2. is 

connected with the measurement of the temperature dependence of the MFE 
on the PC. The spatial distribution of the regions and wave functions 

of e and h are shown schematically in the Fig.2. 

ph ph ph ph 

1 

ph 

r 'ex 'd r 1 '2 C 

FIGURE 2 Energy and positions of delocalized charges when appro- 

aching each other. Two main positions are shown: (1) with maximum 

EI and (2 )  with a small EI. rc is the Onsager radius. 

We applied this method to a number of photoconductive CP and have 

arrived at the conclusion about high values of 1 which wereas large 

as 
de 1 

60 1. As ldel has occurred t o  be comparable with r the application 
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ELECTRON DELOCALIZATION LENGTH [629]/ 105 

of 0 ’ s  model of initial charge separation to CP becomes questionable 

EXPERIMENTAL 

Structure of polymers is shown in Fig. 3 .  Samples of polymers PPPV and 

OCH, 

ppu 7 
DHDP-PPU 

-cH=cHt PPPU 

OCH3 

FIGURE 3 Structure of the polymers studied. 

DMOP-PPV were prepared by drying the appropriate solutions in chloroform 

on the quartz support. Dried layers of polymers had molecular masses M = 

9000 and 19200 respectively. Surface A1 electrodes were deposited by va- 

cuum evaporation. Samples of PPV were prepared in two stages: (i) drying 

of the water solution of the precursor on Teflon support and (ii) 

warming up of the layer at 2OO0C in vacuum for three days. Silver paste 

electrodes were applied. A Xe lamp was used as a light source and glass 

filters have cut an appropriate spectral band. DC magnetic field was 
switched on and off and corresponding changes Ai of the i were moni- 

tored. All the measurements were made on the samples under vacuum in the 
temperature range from 100 to 350 K. 

ph ph 

Fig.4 shows the plot of the ratio i /E (which is proportional to the 

rate of the free charge carrier production) against the electric field 

strength E .  Temperature dependencies of MFE for three polymers are shown 

in Fig. 5. The feature of all the curves Ai /i (T) consists in the 

presence of a maximum at the relatively low T. 

ph 

ph ph 

DISCUSSION 

MFE and Delocalization Length 

The general theoretical formula for MFE on the PC (when H >> HFI) was 

derivedzi3 in accordance with transitions shown on the scheme (Fig. 1). 

The only supposition used was that k >> kb: 
1,3 
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10: 

1: 
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L 520 

ll 1 0  100 E ,  103 U l c n  

FIGURE 4 The dependence of the ratio i /E in a.u. on the E. Wa- 
velengths between 450 and 550 nm. Solid curve is calculated by 1-D 
formula (4) with L = 520 R. 

Ph 

where K, A ,  and B are temperature independent parameters. The possible 
temperature dependence of the MFE can be connected with rate constants 

ka and k which are expected to be activated. Considering diffusion mo- 

tion of charges one can readily obtain that at mobilities of the order 
of 10-3to cm /(V s )  the spin evolution region will be inside the 

Coulomb well at the intercharge distances less than r . It is a reason 
for an activation character of the rate constant k 1= ko exp(-AE /kT). 

If the mobility of carriers is more than 10-lcm /(V s )  the spin evolu- 
tion takes place outside the rc and AE2 = 0. 

-1 

2 

C 

-1 2 2 

The half sum [lde,(e) + ldel(h11/2 gives a maximum separation bet- 

ween centers of charges in the EI region. Then an estimation of 1 (e) 

(assuming 1 (h) = 0 and the Coulomb law is valid here) is given by 
del 

del 
?id = 2e2/cAE2 (2). 

r ex y e2/c(AE2+AEl) ( 3 ) .  

The state where the EI takes place precedes the recombination. One can 

estimate the radius of this intermediate charge transfer state as 

Low limit for 1 may be obtained from ( 3 )  as 1 > 2r . 
del del ex 

The above consideration was applied to the results obtained earlier 

on the PTS4 and on the polymers studied here. Using formula ( 1 )  and 

accounting the activation character of k 

shown in Fig.5 with AEl and AE2 as parameters. One obtained f o r  PTS 
AE =0.12 eV, AE =O; for PPV AE =0.03 eV, AE2=0.14 eV; for PPPV AE1=0.07 

and k4one can fit the curves 
-1 

1 2 1 
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ELECTRON DELOCALIZATION LENGTH [63 111 107 

eV, AE =0.16 eV; for DMOP-PPV AE =AE =0.15 eV. For PTS one could evalu- 
2 1 2  

_4 

100 zoo 300 T, K 
FIGURE 5 Temperature dependence of the MFE. (XI for PPV,(+) for 

PPPV, (0) for DMOP-PPV. H I 1 kOe. Wavelengths: 475 nm; 450< A < 

550 nm and 450 < h < 700 nm respectively. Solid curves are calcula- 

ted by formula (1). See text. 

Y 

’del - ate only lower limit of 1 de >2r e x .  For po 1 ypheny 1 env i ny 1 enes 
2e2/cAE2 and for ~ = 3  lde1n60 1. The comparably large value of 1 gives 

u s  a basis to consider the lowest energy state of the e-h pair as delo- 

calized CT exciton of the Wannier-Mott type. Polymer chains in microsco- 

pic scale (upto hundreds x )  are situated in a perfect order and one 

can speculate that such an exciton belongs to two parallel chains one of 

the charges being trapped by some defect on the chain and another delo- 

calized. The size of the exciton may be evaluated by formula ( 3 )  which 

gives values of r equal to 35, 27, 20, and 15 4 for PTS, PPV, PPPV, 
and DMOP-PPV respectively. Values of r obtained are quite comparable 

with electron thermalization length usually used in the 0 ’ s  model of 

charge separation. This makes us to consider the applicability of the 

model to CP questionable. 

de 1 

5 

ex 

ex 

On the Dependence of Free Carrier Yield on Electric Field 
It is known that 1-D version of the Onsager’s theory anticipates li- 

near dependence of escape probability cp on E. Experimentally dependence 

of cp on E may be measured as a function of i /E on E (see Fig. 4). Such 
an approach is valid only if it was shown that charges recombine in the 

bulk of the material before they can reach the electrodes . Measure- 
ments of the i on the samples with different interelectrode gaps have 

shown that it is the case for the materials studied. 
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ph 
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Fig.4 shows the behavior of (p (El for PPPV. That can be described 
neither by 1-D nor by 3-D 0 ’ s  models. In the latter case it leads to un- 

reasonable values of parameter r . To rationalize the results we suggest 
that separation of charges occurs within microscopic 1-D regions. This 

model was suggested earlier418 for PTS and we believe it may be 

applied to microcrystalline polymer materials as well. The only necessa- 

ry correction which has to be made is connected with random distribution 

of 1-D regions with respect to the direction of the E. But we can use 
the effective electric field E = 0.4 E acting along the polymer chain 

in each microcrystal. In such a case 1-D formula is valid: 

C 

ef f 
4 

‘p - 1/L {[eEeffL/(4kT)I2+ 1}l” (4). 
Here L is a diffusion length, which accounts an irreversible flow of 

charges from the region of geminate recombination. It gives a good fit 
for points in Fig.4 if L=520 R (L/r z 3) is used. This value of L gives 

the size of the pair in the microcrystalline 1-D region of the polymer. 

CONCLUSIONS 

The ld e l  of electrons in CP studied is shown to be fairly large and 

is comparable with r . It makes the applicability of 1-D or 3-D 0 ’ s  

theory of charge separation questionable. 
C 

Delocalized interchain CT exciton is suggested as candidate for the 

intermediate state in the mechanism of free charge carrier generation. 

As a rule the size of the pair exceeds the r . Diffusion and drift 
of carriers in 1-D in the presence of sinks outside the Coulomb well de- 
scribe the dependence of the yield of free carriers on E satisfactorily. 

C 
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