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The photoconductive properties of a series of aliphatic polyrhodanines, prepared from bisrhodanine 
with dialdehydes, have been measured using a surface-type cell. The temperature dependence of the 
conductivities of these polymers corresponded to an activation energy of conduction of 0.1-6.2 eV. 
The electrical resistivity and the activation energy for photoconduction increased with increase in the 
number of methylene groups in the chain separating rhodanine groups. The large variations in the 
electrical properties were found to depend mainly on the length of the polymethylene chain between 
rhodanine groups in the polymer. In unsensitized systems, maximum photoefficiency for photo- 
current production showed a peak in the photocurrent spectrum occurring at about 554/~m for a 
number of these polymers. 

INTRODUCTION 

Many investigators have studied the photoconduction of 
polymers containing heterocyclic groups 1. It has been 
widely noted that polyvinylcarbazole, which shows a con- 
siderable photoresponse, is influenced by various sensiti- 
tizers 2'3. Relatively little work has been done on photo- 
conductive behaviour in relation to polymer structure 4,s. 
The main interest during the last few years has centred on 
the photoconductive properties of amorphous thermal 
stable polymers containing the heterocyclic groups 6. 

In the present work polymers with heterocyclic groups 
in the main chain were synthesized easily by polycondensa- 
tion between rhodanines and aliphatic aldehyde in highly 
polar solvents 7. The electric field strength dependence of 
photocurrent and dark current on the length of the methy- 
lene chains in a series of aliphatic polyrhodanines has been 
investigated. The activation energies for dark conduction 
and photoconduction were measured using a surface-type 
cell. 

EXPERIMENTAL 

Materials 
Seven aliphatic polyrhodanines were prepared by poly- 

condensation of bisrhodanines with dialdehydes (terephthal 
aldehyde, glyoxal and glutaraldehyde). Aliphatic bisrho- 
danines were synthesized through the dithiocarbamic acid 
salt obtained by reaction with aliphatic diamine, carbon 
disulphide and ammonia or potassium hydroxide. Figure 1 
shows the reaction scheme. 

The structure of the polymers was confirmed by com- 
paring the infra-red and ultra-violet spectra with these models 
corresponding to the unit structure of the polymer. The 
structure of polyrhodanines has already been established 8. 
Elemental analyses agreed with the values calculated for the 
polyrhodanines. The yields of aliphatic bisrhodanines de- 
creased with increasing length of the methylene chain, be- 
cause of a pronounced decrease of solubility of the diamine 
in water (method A). When DMF was used instead of water, 
and potassium salt instead of the ammonium salt of dithio- 
carbamic acid, good yields were obtained for deca-(DBR) 

and dodeca-methylene (DoBR) respectively (method B). 
Aliphatic polyrhodanines containing a rhodanine ring in 

the main chain were synthesized by polycondensation with 
bisrhodanine (0.01 mol) and terephthal aldehyde (TPA) 
(0.01 mol) in DMF (50 ml) using triethylamine or pyridine 
as catalyst at 130°C. Most of the polymers were precipita- 
ted during the reaction. When glyoxal (GO) and glutaralde- 
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Figure I Syntheses of monomers (a) and polymers (b) 
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Figure 2 Surface dark current vs. applied electric field for aliphatic 
polyrhodanines (at 10 -6 mmHg). (3, polymer 1, EBR--TPA; I, poly- 
mer 2, TBR-TPA; A, polymer 3, HBR--TPA; &, polymer 5, DoBR-- 
TPA; II, polymer 6, EBR--GO; 13, polymer 7, EBR-GA. EBR, ethylene 
bisrhodanine; TPA, terephthal aldehyde; TBR, trimethylene bis- 
rhodanine; HBR, hexamethylene bisrhodanine; DoBR, dodecamethy- 
lene bisrhodanine; GO, glyoxal; GA, glutaraldehyde 

hyde (GA) were used instead of TPA, polyrhodanine was 
precipitated by pouring into acetone. The yellowish poly- 
mers were washed for about 48 h with boiling acetone, for 
24 h with water and dried in vacuum. 

Photoconducti~ity o f  polymer 
The photocurrent was measured by the so-called 'surface 

cell' method. In all experiments a sample tablet (13 mm in 
diameter, 1.31 cm 2 surface area and ~ 0.5 mm thick) was 
moulded by the compression of about 100 mg of a finely 
powdered specimen at about 200 kg/cm 2. Silver electrodes 
were vacuum evaporated in the form of a comb with a 1 mm 
gap and length of 36 mm on the surface of the pellets. The 
cell thus obtained was then placed in a closed glass chamber, 
evacuated to 10 -5 mmHg, in order to remove water and 
other volatile impurities. 

A 750 W lamp was passed through the quartz window of 
the cell for measuring the photocurrent. The glass chamber 
was completely shielded with aluminium foil to exclude all 
noise. Potentials were applied by dry batteries. Portions of 
the visible spectrum were isolated with a metallic interference 
fdter. The measured values were correlated with the inten- 
sity of the incident light observed by means of a thermopile. 
The temperature of the sample was not increased on radiation, 
and in all experiments a heat absorbing filter was used. This 
fact was confirmed by setting a thermocouple in place of the 
sample. 

Experiments show that some time after the commence- 
ment of illumination a constant (steady-state) photoconduc- 
tivity is established, corresponding to steady-state values of 
the non-equilibrium carrier densities. The rates of generation 
of free carriers and of carrier annihilation must be equal 
when the steady state is reached. The steady-state photo- 

current, Ip, is defined as the difference between the current 
observed with and without illumination. All dark currents 
and photocurrents were measured in the steady state, and 
current-temperature measurements were made by raising 
the temperature in small steps, and recording the current 
after steady-state conditions were regained. 

The activation energies of conductivity were measured at 
temperatures ranging from room temperature up to about 
160°C. Studies were not carried out at higher temperatures 
because of the decomposition of the samples. The currents 
flowing through the samples were in the range 10-12-10 -14 
A and were measured with a Hewlett-Packard micromicro- 
ammeter. The micromicroammeter was connected by a 
well-insulated lead to one electrode attached to the crystal, 
and the other electrode was connected to dry batteries. The 
applied voltage varied from 6 to about 120 V. 

RESULTS AND DISCUSSION 

Structure dependence for dark current 

The specific resistivity of aliphatic polyrhodanines at 
room temperature was in the range 1012-1015 I2cm. For 
most of these polymers, the dark current Id is directly pro- 
portional to the applied voltage V, and obeys either Id = 
kV  ~ or Id = kF  a, where F is the electric field strength in 
V/cm. The dark current of typical samples is shown in Figure 
2 as a function of the electric field to the surface-type cell. 
The variation of dark current with voltage is nearly through 
the point of origin, showing that the dark current of the speci- 
mens obeys Ohm's law expect for polymer 1. It may there- 
fore be assumed that the contacts between the sample and 
the silver electrode are perfect. 

The dark current also shows a space charge effect. After 
switching on the field, the current rises to a peak value which 
then slowly decreases to equilibrium. When the field is re- 
moved, a back current is obtained. The decay of dark cur- 
rent after application of a voltage may be related to dipolar 
relaxation, tunnelling to empty traps, charge injection lead- 
ing to trapped space charge effects, and electrode polariza- 
tion. Dipolar orientation occurs within the material itself, 
and thus there should be no contact effects. The current is 
assumed to be a polarization current which decreases rather 
quickly with time. 

Each current-temperature measurement involved raising 
the temperature in small steps. The time required to reach 
equilibrium decreases with increasing temperature. The 
number of electrons released per unit from traps will gra- 
dually increase, and when the number of such electrons 
becomes equal to the number of electrons captured by traps, 
equilibrium will be realized and the steady current will begin 
to flow. When the steady state is maintained, the number of 
electrons falling into traps per unit time will be equal to the 
number of electrons escaping from traps. 

A variety of mechanisms have been invoked to explain 
the observed conductivity characteristics: for example, 
Schottky emission 9, space charge limited current ~°, the 
Poole-Frenkel effect H and impurity interpretation. Elec- 
tron tunnelling into a discrete trapping level in the dielectric 
has recently been invoked to account for the absorption 
current time dependence and the space charge build-up 12. 
The linear conjugated system is probably the most generally 
recognized structural parameter in this field of research. 
In addition, the degree of n-orbital overlap along a hetero 
ring has been the most important structural characteristic. 

The variation of dark current with polymer structure 
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Table 1 Chemical structure dependence of the photoconduct ion of  aliphatic polyrhodanines - -X-- (CH2)n--X-- ,  where X is rhodanine 

Structure of methylene chain - ( C H 2 ) 3 -  - ( C H 2 ) 2 -  - (CH2)6 -  - - (CH2) Io-  - (CH2)12-  
in polymer Photo current (A) 3 .5X 10 - ] I  2.7 X 10 -]1 5.9X 10 - lz  3 .7X 10 -12 2.7 X 10 -]2 

Structure of methylene chain --(CH2) 2 -  - ( C H 2 ) 6 -  - (CH2)3- -  - ( C H 2 ) l O -  - ( C H 2 ) 1 2 -  
in polymer Dark cu r ren t (A )  1 .3X  10 -14 8 . 0 X 1 0  - ] 5  5 .7X10  -15 5.7 X 10 - ]5  4 . 8 X  10 -15 

/photo/ /dark - (CH2)3 -  --(CH2)2- --(CH2)lO-- --(CH2)6-- --(CH2)12-- 
6130 2080 770 740 560 
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Figure 3 Relationships between specific resistivities and 1/T for 
aliphatic polyrhodanines: O, polymer 1, EBR--TPA; 0, polymer 2, 
TBR--TPA; ~, polymer 3, HBR-TPA;  W, polymer 47 DBR--TPA; 
&, polymer 5, DoBR--TPA 

Table 2 Semiconducting properties of  aliphatic polyrhodanines 

S 5 
II U 

r s-c~ .c-s ] 
I I ~--(CH2lo--N~ I I 

Structure: - + -  H C = C - - C  C--C~CH--R--~-- 
L 'o' o" J 

Activat ion 
Temperature energy ~ o  

Exp. n. - -R--  ~, ~nUh range (°C) (eV) 

1 2 TPA c 0.35 53--117 0.47 
2 3 TPA 0.31 55--131 0.68 
3 6 TPA 0.19 50--127 0.92 
4 10 TPA 0.10 50--100 1.14 

100--160 0.53 
5 12 TPA 0.24 38--105 1.18 
6 2 GO d 0.08 81 -126  0.10 

126-140 6.2 
7 2 GA e 0.05 80--135 0.42 

135--155 6.1 

a Inherent viscosity; measured at a concentrat ion of  0.2 g in concen- 
trated sulphuric acid (100 ml) at 30°C; b act ivat ion energy was 
calculated f rom linear relationship between log p and 1/T by the 
equation p = poexp(Ea/kT); c terephthal aldehyde; d glyoxal;  
e glutaraldehyOe 
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Figure 4 Relationships between specific resistivities and 1/T for 
aliphatic polyrhodanines: I ,  polymer 6, EBR-GO; [3, polymer 7, 
EBR--GA 

(Table 1) shows that the current is strongly dependent on 
the length of the methylene chains. The temperature depen- 
dence of the steady-state current obeyed the Arrhenius 
equations log I = Ioexp(Ea/kT ) or log p = poexp(-Ea/kT). 
Figure 3 shows graphs of log specific resistivity (p) against 
1/T for some samples. In a series of aliphatic polyrhodanines 
prepared from TPA, the electrical resistivity and its activa- 
tion energy (Ea) increased with increasing number of methy- 
lene groups in the chain (Table 2). 

For the aliphatic polyrhodanines, polymer 6 (EBR-GO) 
and polymer 7 (EBR-GA), the electrical conductivity above 
the softening temperature was higher than the values mea- 
sured at lower temperatures. The drastic change of conduc- 
tivity shown in Figure 4 coincided with the temperature at 
which weight loss was observed by thermogravimetric analy- 
sis; about 135°C for polymer 7, and about 148°C for 
polymer 6. 

Structure dependence for photocurrent 
The observed photocurrents were found to be strongly 
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Surface photocurrent vs. applied electric f ield for all- Figure 5 
phatic polyrhodanines i l luminated at 10 .6 mmHg by incandescent 
tungsten lamp: ©, polymer 1, EBR--TPA; II, polymer 2, TBR--TPA; 
A, polymer 3, HBR--TPA; ~ polymer 4, DBR--TPA; &, polymer 5, 
DoBR--TPA 

longer time is required for it to reach equilibrium when the 
light is switched off to neutralize the space charge. The 
electrons distribute themselves amongst the free states of 
the conduction band and the traps, and recombination takes 
place between the free electrons and the fixed holes. 

Figures 6 and 7 show graphs of log specific resistivity for 
photocurrent against l IT  for polymer I(EBR-TPA) and 
polymer 5 (DoBR-TPA) respectively for different wave- 
lengths. The values o f E  a evaluated from these plots are 
listed in Table 3. These energies may include both the 
energy of carrier formation and the activation energy of 
carrier migration. The trapping sites will be induced in the 
molecules in the immediate vicinity of the charged carrier. 
The charge carriers are, in effect, weakly trapped, the trap 
depth being proportional to the measured activation energy 
of photoconduction. If the temperature of the polymer is 
increased, traps will be destroyed by molecular motion. As 
the wavelength changes, the thermal activation energy of 
the photoconduction in the illuminated region increases 
with decrease of the photon energy. This kind of behaviour 
cannot be explained in terms of the model of excitation and 
recombination of charge carriers. 

The temperature dependence shows that mobility is an 
activated process indicating a 'hopping' model or trap con- 
trolled bond transport. These activation energies are associa- 
ted with the charge-carrier transport process. The presence 
of an activation energy suggests that absorption of a photon 
does not lead to the direct band-to-band photoexcitation 
which is observed in many inorganic crystals. These results 
show that conduction requires two or more steps in the 
development to a free carrier via a non-conducting initial 
excited state. Such highly disordered polymers would have 
many strained bonds that could lead to virtually bound 
carrier sites. 

I 0  Io 

dependent on a number of variables, the most important 
of these being: (i) the magnitude of the applied field; (ii) 
the wavelength and intensity of the incident light; (iii) the 
state of the illuminated surface; and (iv) the temperature of 
the sample. 

Photocurrent was proportional to electric field strength 
raised to an exponent higher than unit. Figure 5 shows the 
results for polymers 1-5  as described in Table 1. The photo- 
current rise times and decay times are relatively long, parti- 
cularly in the red and infra-red regions, and also vary with 
the wavelength. Thermal heating of the polymer by the il- 
lumination employed in these experiments makes a negli- 
gible contribution to the current. The order of polymers in 
relation to the value of their photocurrent is shown in Table 
1. The photocurrent will usually depend on the geometry 
and applied voltage. 

The absorption of light changes the distribution of 
electrons and holes in thermal equilibrium, so that more 
electrons (or holes) are in free states and the photocurrent 
is increased. Under steady-state conditions, the disturbance 
by light is balanced by various recombination processes 
that tend to return the electrons to their normal equilibrium 
distribution. When the light source is switched off, the cur- 
rent instantly decreases to the initial dark value. When illu- 
minated with a weak monochromatic light, however, it 
takes a few minutes to attain the peak current. Also, a 
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Figure 6 Relationships between specific resistivities and 1/T for 
each wavelength il luminated for aliphatic polyrhodanines. (polymer 
1, EBR--TPA). A, 460; B, 480; C, 550; D, 600; E, 660; F, 680 
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Figure 7 Relationships between specific resistivities and I / T  for 
each wavelength illuminated for aliphatic polyrhodanines (polymer 5, 
DoBR--TPA). A, 442; B, 652; C, 602; D, 421; E, 699; F, 555 nm 

Table 3 Activation energies of photoconduction in aliphatic 
polyrhodanines 

Polymer 1 (EBR--TPA): 
(nm) 680 660 600 560 480 460 
E a (eV) 0.23 0.29 0.26 0.26 0.15 0.07 

Polymer 5(D0 BR--TPA) 
(nm) 699 652 602 555 442 421 
E a (eV) 0.69 0.49 0.69 0.82 0.60 0.48 

* E a was calculated from the linear relationship between log p and 
l I T  by the equation p = Poexp(Ea/kT); EBR: ethylene bisrhodanine; 
TPA; terephthalaldehyde 

The large variations in the electrical properties were 
found to depend mainly on the distances between rhodanine 
groups in the polymer. The photocurrent of aliphatic poly- 
rhodanines containing o-bonded methylene groups decreases 
with increase in the number of methylene groups in the 
chain. The conformations of the rhodanine ring in the 
polymer may be important. 

The ratio of photocurrent to dark current also decreased 

increasing length of the methylene chains (Table 1). The 
values oflp/Id range from 6130 to 560 and show a strong 
dependence on the length of methylene chain in polymers. 
The mobility of the carrier may possibly decrease with the 
distances between rhodanine groups. The use of polymer 1 
and polymer 2 (TBR-TPA) as image materials in electro- 
photography or similar devices can be envisaged. Structural 
variations of polyrhodanines may lead to polymers with in- 
creased photosensitivity. 

Spectral dependence of photocurrent 
There were indications that certain specimens might be 

sensitive to near infra-red radiation. Some typical values of 
photosensitivity against wavelength are given in Figure 8. 
The intensity of the illumination source was calibrated, thus 
making it possible to present photoconductivity against 
wave length data in terms of/IA/W of incident light power. 
Most specimens showed the same maximum response at 
about 554 nm and 750 nm. The response is not consistent 
with absorption spectrum data which showed increased ab- 
sorption at about 465 nm and 285-309 nm. For longer 
wavelengths the optical absorption coefficient decreases ex- 
ponentially with wavelength. Quantitatively the thermal ac- 
tivation energy increases, by about the same amount as the 
corresponding decreases of the photon energy from the ab- 
sorption edge. This behaviour cannot be explained by the 
usual model. 

When the cell is illuminated with monochromatic light, 
the photocurrent rises instantly and reaches a maximum 
value in a few minutes. Also, when the light source is 
switched off, the current decreases to the initial dark value. 

The absorption currents that occurred in polymer dielec- 
trics can in principle be determined by considerin~ the varia- 
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Figure 8 Spectral dependence of the photocurrent of aliphatic 
polyrhodanines (at 10 -6 mmHg, by 750 W tungsten lamp with 
metallic interference filters). O, polymer I, EBR--TPA, applied 
voltage 10 V; •, polymer 3, HBR--TPA, 100 V; ~, polymer 4, DBR-- 
TPA, 100 V. 
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tion of  transient current with wavelength, temperature,  field, 
thickness and electrode materials. The introduct ion o f  car- 
riers by  intense light suggests either a direct process by simul- 
taneous absorption o f  many photons or an indirect process 
by photo- or thermal ionization of  excitons. 
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