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Abstract 

The photosynthetic pigments chlorophyll a and chlorophyll b solutions in a nematic liquid crystal were located between semiconducting 
and metallic transparent electrodes and illuminated by lamp or laser light. Cells with two semiconducting electrodes were also investigated. 
Such systems represent models of biological membranes simulating their fluid and oriented structure. The kinetics of photocurrent generation 
in the time range from microseconds to minutes were measured. The action spectrum of the photocurrent effect was established. The kinetics 
of the photocurrent genera:ed by laser flash photolysis in the chlorophyll solutions are complex and to some extent similar to the kinetics 
reported for thylakoids. For comparison, the photocurrent kinetics of stilbazolium merocyanine, a highly protonated dye, were also measured. 
In this case, on flash illumination, only one photocurrent peak was observed. This peak is due to electron tunnelling to the semiconducting 
electrode. In the case of chlorophylls, several effects, such as charge displacement and migration of the ions, are superimposed giving a 
complex photocurrent generation. The results suggest that, in the case of chloroplasts, the kinetics of photopotential generation may be 
partially dependent on the membrane structure and fluidity. © 1997 Elsevier Science S.A. 
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1. Introduction 

In recent years, several investigations of the charge transfer 
and ~i~r~t~,~ i~ ~ o r ~ , ~ e t i c  organisms have been under- 
taken. The photoelectrochemical effects were generated by 
very short flashes of light [ 1-7]. The illumination of pig- 
mented membranes of photosynthetic organisms leads to the 
generation of an electrical potential difference between the 
two surfaces of the membranes. These photopotentials, 
observed for dense suspensions of thylakoids, are explained 
as being due predominantly to the lack of compensation 
between the photoelectrons generated on the sides of the discs 
exposed to stronger illumination and those generated on the 
sides of the discs located further away from the light source 
[ 1,2,4-6]. This is called the light gradient effect [4]. Certain 
secondary effects, such as the change in the sign of the signal 
as a function of the light wavelength, were explained by light 
interference [ 5 ]. The dependence of the sign of the photo- 
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potential on the side of sample illumination, observed for 
magnetically oriented chloroplasts [7], may suggest that the 
membrane structure has some influence on electrogenic 
reactions. 

Living organisms are complex systems containing several 
mutually interacting species and an incompletely known 
structure. Therefore the mechanisms responsible for photoe- 
lectrochemical effects can be more easily established by the 
investigation of model systems. In this paper, electrochemical 
effects are investigated on liquid crystal (LC) solutions, i.e. 
on simpler systems simulating to some extent the properties 
of biological membranes. LCs are fluid and can be oriented 
easily [ 8-11 ]. The dielectric properties of chlorophyll (Chl) 
solutions in LCs are known [ 12]. The orientations of Chl 
transition moments with respect to LC molecules have been 
established previously [ 8]. Chl a and b, as obtained by res- 
onance Raman spectroscopy, exist in LCs mostly as solvated 
monomers with pentacoordinated Mg atoms [ 13]. They are 
photochemically stable in such solvents [ 8,9,13]. The appli- 
cation of an electric or magnetic field changes the orientation 
of the LC and pigment molecules in the same manner [ 14] 
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became of the "guest-host" effect° The photoelectrical Wop- 
erties of Chls and merocyanine in an LC solvent in the sec- 
onds time range have been investigated [ 10,11,15,16]. The 
electrochromic effects of both types of pigment were 
observed at a much higher electrical field than that generated 
at a semiconducting electrode [ 12,17 ]. Chl in a non-illumi- 
nated electrochemical cell is non-ionized [8,9]. Pigment 
molecules which are located in an electric field gradient due 
to a semiconducting electrede--~ample junction can be ion- 
ized by illumination with visible light [ 18]. 

Photoelectrical effects are observed not only for pigmented 
biological membranes [3A,6,19,20], but also for artificial 
systems constructed in order to convert light energy into 
electrical energy [ 21 ]. Several attempts have been made to 
apply pigments mid pigment--protein complexes, separated 
from organisms, in arrangements proposed for energy con- 
version [21 ]. The mechanisms responsible for charge gen- 
eration in both biological and artificial systems are similar. 

Previously [ 10,11 ], for the same set of dyes as used in this 
study, located in nematic LCs, but illuminated with white 
light, the kinetics of photopotential and photocurrent gener- 
ation were measured in the seconds time range. In this paper, 
faster kinetics (microseconds after the laser pulse) are 
reported and compared with previous literature data conced- 
ing LC electrochemical cells [ 10,11,22-24] and with the 
photopotenfials of organisms or their fragments [3,4,6]. In 
order to establish the effects occurring for molecules charged 
in Me dark, stilbazolium merocyanine, which is highly pro- 
tonated in LCs [ 16], was investigated. 

2. Materials and methods 

Chl a and b were purified chromatographically according 
to the method described in Ref. [25 ]. Stilbazolium mero- 
cyanine ( I - ( 6'-hydroxyl ) -4- [ ( 3,5-di-tert-butyl-4-oxycyclo- 
hexa-2,5-dienylidene)ethylidene] ) was obtained from Pro- 
fessor llona Gruda. The pigments were dissolved in a nematic 
LC mixture of p-methoxybenzylidieno-p-butylaniline 
(MBBA) and p-ethoxybenzylidieno.p-butylaniline 
(EBBA) (3:2). Both LCs (from E. Merck, Darmstadt) were 
used without purification. Solutions of two concentrations 
(10 -3 and 10 -4 M) were prepared. The solutions of the 
pigments were located in electrochemical cells. Two types of 
cell were used: one with both windows covered by semicon- 
ducting In203 layers, and the other with one semiconducting 
In203 electrode and one electrode with a transparent gold 
layer deposited in vacuo. Three cell thicknesses were used: 
10, 20 and 60 Ixm. 

Two types of experiment were carried out using arrange- 
ments similar to those described in Refs. [6,26-28]. In the 
first type of experiment (Fig. 1 (A)),  the sample was excited 
with a projector lamp with a shutter through interference 
filters. The kinetics of generation and decay of the photocur- 
rent after switching the light on and offat various wavelengths 
were recorded. The saturation of the signal was reached in 
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Fig. 1. Arrangements used in the photocurrent measurements: (A) LS, lamp; 
F, filter; SH, shutter; S, power supply; C, sample; A, mpli.fier; 1", timer; 
DSA, digital storage adaptor (DSA524, Thudby): PC, personal computer; 
Os. oscilloscope: L. lens. (B) EL, excimer laser; DL, dye laser; PH, pho- 
todiode; C, sample; B, beam splitter (other notations as in (A)). 

similar times; therefore the current intensities at the same 
time at various wavelengths can be used to calculate the action 
spectrum. In the calculation of the action spectrum, the spec- 
tral distribution of the emitted light and the transmission of 
the filters were taken into account. The electric signals were 
traced by a digital storage adaptor and an oscilloscope with 
a home-built pre-amplifier of 10 MHz and 1 Mgl input impe- 
dance. Data were stored and analyse,~ by a personal computer. 

In the second type of experiment (Fig. 1 (B)),  the samples 
were excited with a dye laser pumped by an excimer laser 
(EMG I 01 MSC, Lambda Physik, Germany). The laser pulse 
duration was about 20 ns. Different wavelengths were 
selected using the following dyes: stiibane 3 (410-454 nm; 
maximum, 424 nm), rhodamine 6G (569-606 nm; maxi- 
mmn, 580 nm) and DCMLC 65001 (631-690 nm; maxi- 
mum, 658 nm) (Lambda Physik, Germany). The light 
energy was measured with a bome-buiit Joule meter based 
on an ED-100A sensor (Gentec Inc., Canada). The laser flash 
(energy different for various dyes: 270 × 10-6 j for stilbane 
678× 10 -6 J for DCMLC 65001 and about l160x 10 -6 J 
for rhodamine 6G; pulse duration, 20 ns) was defocused in 
such a way that the surface of the sample, with a diameter of 
10 ram, was uniformly illuminated. 

3. Results and discussion 

3.1. Experiments with a projection lamp 

Fig. 2 shows the action spectra of photocurrent generation 
for the pigment solutions in LC and for LC alone. Spectra 
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Fig. 2. Action spectra of  l~hotocurrent generation: (A) curve 1 ( left scale), 
Chl a in LC between Au and ln20~ electrodes; curve 2 (right scale), Chl b 
in LC between two in20~ electrodes; (B)  curve ! (left scale), merocyanine 
in LC; curve 2 (right scale), LC alone (both between Au and In203 elec- 
trodes). All a.u. are the same. 

were taken on illumination of the sample with the projector 
lamp with a shutter and were corrected as described in Sec- 
tion 2. In Fig. 2, only the absolute values of the current 
amplitude, not the sign of the photocurrent, are shown. The 
shapes of the action spectra for Chl a and Chl b (Fig. 2(A))  
are similar to the absorption spectra of the same solutions 
reported previously [9,29]. The maximum of the photocur- 
rent action spectrum of the LC cell is located at about 
430 nm. The amplitude of the photocurrent of LC alone 
(Fig. 2(B),  curve 2, right scale) is much lower than that for 
all pigmented cells. The Chl b action spectrum (Fig. 2(A),  
curve 2, right scale) was taken for a sample located between 
two semiconducting electrodes (In203), whereas the Chl a 
solution (Fig. 2(A),  curve 1, left scale) was measured in an 
asymmetric cell with Au and In203 electrodes. The asym- 
metric cell for the same sample gives a much higher amplitude 
than the symmetric cell with two semiconducting electrodes. 
Tne short-wavelength part of the merocyanine action spec- 
trum (Fig. 2(B),  curve 1, left scale) (maximum at 430 nm) 
is due to the superposition of the absorption of the protonated 
form of the dye [ 16] and the very low LC effect. In the 580- 
680 nm region, only the absorption of the free base merocy- 
anine form is responsible for the photocurrent. In LC, the 
ratio of free base to protonated forms of stilbazolium mero- 
cyanine is very low (about 0.05) [16]. The photocurrent 
effect of Chls is stronger than that ofprotonated merocyanine. 
The evaluation of the photocurrent and absorption ratios for 
both merocyanine forms shows that the flee base form is 
more effective in photocurrent generation than the protonated 
form.  

Fig. 3 shows the kinetics of photocurrent generation after 
switching the lamp on and off for unpigmented LC located 

between Au and In203 electrodes. The generation (~'g) and 
decay (~'d) times calculated assuming a monoexponential 
course were about 0.7 s and 0.9 s respectively. Unpigmented 
cells e×hibit a f&~ter decay cf the photopotential than cells 
pigmented with Chls. The signal amplitude increase after 
switching the light on (from 4.2 to 4.8 s) is much faster than 
the decay (from 7 to 11 s) for all pigmented samples (Fig. 4), 
which is in agreement with results reported previously for 
similar samples [ 10,11]. The times of the photopotential 
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Fig. 3. Kinetics of  photocurrent generation and decay in unpigmented LC in 
the asymmetric cell. Light wavelength: (a) A=436 nm; (b) A=450 nm; 
(c) A=500 nm; (d) A =525 nm (time of signal generation ~-g- 0.7-1.0 s; 
decay time ~'d ---- !.0--1.3 S). The value of the dazk current was taken as zero. 

2000 ! , , , 
(a) 

-2000 

-4000 

~ooo ~ N " /  1 
.8oooi ', ",J" , , I 

Iv" -100 

£') .200 r ~ . ] 

I ~  -300 | l i : : 

"1- 1 0 0 [  , , , ( c ) l  Q.. 

-100 

-200 P . ~,, f "I 

. ol , , - v  , I 
0 5 10 15 20 

TIME (s) 
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semiconducting electrodes; A=675 nm (v8=4.2 s, %=8.5 s); (C) C'hl b 
in LC symmetric cell; curve 1, A=475 nm (l"s =4.2 s, ~'d = 5.5 S);  c u r v e  2, 

A = 6 7 5  nm (~'8"-4.6 s, "rd = 7.3 S) 
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increase and decay for various pigmented samples are given 
in Figs. 3-5. From Fig. 2(B), it can be seen that the photo- 
current of the unpigmented LC cell is measurable only in the 
short-wavelength region (up to 525 nm) in a cell with two 
different electrodes. When the metal counter-electrode is 
grounded, the sign of this effect is always negative, as shown 
in Fig. 3. This is in ageement with literature data concerning 
unpigmented LC cells [ 23 ]. 

The amplitudes of the signals generated in a similar 
arrangement for LC pigmented by Chl a, Chl b or merocy- 
anine are also negative, but much higher than that observed 
for LC alone. All the experiments show that electrons are 
tunnelled from the excited molecules to the semiconducting 
electrode. The kinetics of the same samples in symmetric 
cells are shown in Fig. 4(B) for Chl a and Fig. 4(C) for 
Chl b. 

When the same type of sample is located between two 
semicondueting electrodes in several cells, different direc- 
tions and amplitudes of the signals are observed for the 
various cells. Asymmetric cells give stronger and more repro- 
ducible signals. When, for the same ceil, measurements were 
performed by first grounding the dark back electrode and 
illuminating the front electrode and then grounding the front 
electrode and illuminating the back electrode, the amplitudes 
of the effect were similar, but the sign was changed. These 
effects can be caused by the nonidenticai properties of various 
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Fig. 5. Kinetics of photocurrent generation and decay in asymmetric LC 
cell with merocyanine. Light wavelength: (a) 400 nm; (b) 450 nm; (c) 525 
nm: (d) 575 nm; (e) 589 nm; (f) 700 nm ( ~8 -- 4.1-4.5 s, v,,~ 1 i-14 s). 

semiconducting electrodes or by an asymmetric distribution 
of charge in the cell caused by previous illumination. The 
charge distribution on illumination slowly decays during sev- 
eral hours of cell dark storage. A similar experiment with a 
change in role of the electrodes in the case of an asymmetric 
cell (Au/InzO3) always gives negative signals for Chls when 
the Au electrode is grounded and the semiconducting elec- 
trode is illuminated, and a similar effect when the side of 
illumination of the electrodes is changed. Similar current 
amplitudes were observed on both sides of illumination. The 
charges are generated in the vicinity of the semiconducting 
electrode [ 18,29], and therefore a similar effect on illumi- 
nation of both sides of the cell suggests that the light gradient 
only weakly influences the photocurrent generation in the 
investigated cells on steady state illumination. The light gra- 
dient effect was observed in an arrangement with modulated 
light [ 30], where the effects occurri~ a short time after cell 
illumination contributed mainly to the measured signal. 

The results obtained on changing the side of illumination 
in both types of cell show that both types of cell are asym- 
metric, but the degree of asymmetry is m~,~:h higher for the 
cell with the metal and semiconducting electrodes than for 
the cell with two semiconducting electrodes. 

The kinetics of signal generation and decay for the sample 
with merocyanine illuminated at various wavelengths are 
shown in Fig. 5. The amplitudes are dependent on the amount 
of absorbed light and therefore the kinetic slopes are not 
identical for the various wavelengths of illumination. At a 
higher density of absorbed quanta, e.g. in the region of the 
protonated form, the increase in the signal amplitude is faster 
than in the low absorption region of the free base form of the 
dye. Differences are observed between the kinetics of unpig- 
mented cells (Fig. 3) and merocyanine cells (Fig. 5) and 
between merocyanine and Chl LC cells (Fig. 4). The pho- 
tocurrent generation times ('r g) and decay times (ca) are 
given in Figs. 3-5. From Fig. 5 and Fig. 2(B) (curve 2), it 
can be concluded that both forms of merocyanine can gen- 
erate a photocurrent, but with various efficiencies. At 700 
nm, where the dye and LC do not absorb, current is not 
generated (Fig. 5 (f)).  Comparing the photocurrent ampli- 
tude of the same solution with the same illumination, but at 
various cell thicknesses (Fig. 6), we can see that the ampli- 
tude of the 10 Izm cell is the highest, much higher than that 
at 20 p.m. 

The decrease in the photocurrent amplitude with increasing 
cell thickness shows that only a thin layer of sample in the 
vicinity of the semiconducting electrode is active. The ampli- 
tude increases slightly at 60 ~m thickness. The results pre- 
sented in Fig. 6 are in agreement with the data reported by 
Sato [ 24], who has shown that the current intensity measured 
decreases with increasing spacer thickness, and the kinetics 
of current decay are different for various spacers. The small 
increase in the amplitude observed in our experiment for the 
60 ~m cell may be due to a change in kinetics with varying 
spacer thickness. The strong decrease in the current amplitude 
with an increase in the thickness of the LC layer suggests that 
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(~iffusion of the ions formed at the semiconducting electrode 
across the cell occurs, rather than only a small replacement 
of the charge. 

A linear dependence of the current signal on the light 
intensity was observed (not shown). At the light imensity 
used, practically only monophotonic effects occur. 

3.2. Laser flash experiments 

The kinetics of decay of the signal due to laser flash illu- 
mination are very complex, and dependent on the nature of 
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Fig. 7. (a)--(f) Time evolution of  the photocurrent signal generated by 
DCMLC 65001 dye laser (maximum, 658 nm) in asymmetric cell with Chl 

a in LC. Time ranges are given (last ,'d= 16 s). 

the dye and the light energy absorbed by the sample. The 
results for the Au/In203 cell with Chl a illuminated by the 
DCMLC 65001 dye laser (maximum, 658 nm) are presented 
in Fig. 7. Up to 0.07 ms, the signal increases; it then decreases 
reaching a minimum at 0.7-1.0 ms; it then increases again 
with a maximum in the region i2-20 ms; this is followed by 
another decrease with a fiat minimum at about 2000 ms and 
a slow increase to the starting value. After 50 000 ms, this 
value has still not been attained. The decay time of the signal 
is ~'d = 16 S. The time evolution of the signals after illumina- 
tion of the same sample with the rhodamine 5G dye laser 
(maximum, 580 nm) (Fig. 8) and the stilbane 3 dye laser 
(results not shown) exhibits a qualitatively similar behav- 
iour, but the exact positions of the maxima and minima of 
the signal are not identical. The three illuminations differ in 
their laser peak energies (DCMLC 65001, 680X l0 -6 J, 
rhodamine 6G, 1200x 10 -6  J; stilbane 3, 2 7 0 x  10 -6  J) and 
in their absorption wavelengths. From the photocurrent action 
spectra (Fig. 2(A)) ,  it can be seen that the illumination of 
the sample is less effective for rhodamine 6G than for 
DCMLC 65001. As a result of the different flash intensities 
compensated by the various light absorptions, similar num- 
bers of quanta are absorbed in both cases. The Chl b photo- 
current kinetics (not shown) are similar to the kinetics 
observed for Chl a. 

Much simpler kinetics are obtained for mainly protonated 
merocyanine on illumination with the DCMLC 65001 dye 
laser (658 nm) (Fig. 9). Only one maximum in the time 
range 0.07-0.1 ms is formed and in several milliseconds the 
initial value of the current is restored. 

The complex kinetics observed for both Chls are not related 
to certain specific properties of these pigments, because Sato 
and Fukuda [ 22] obtained very similar complex changes in 
the photocurrent for a nematic crystal with methyl red. In the 

1oc~ (a) 

-10O . . . .  
o.~ o.25 o..~ o.Ts ~ .~ 

TIME (ms) 
10C 

(c) 

L , 4 1 ~  

TIME (ms) 

I ~  (b) 

0 1 

~.,oo 

!= 

i , • 
2 3 4 5 

TIME (ms) 

(d) 

25OOO f~000 
TIME(ms) 

Fig. 8. Photocurrent signal generated by rhodamine 6G laser flash in asym- 
metric cell with Chl a in LC observed in various time ranges (last ~'d = 

20 S). 



! 38 A. Ptak et al./Journal of Photochemistry and Photobiology A: Chemistry 104 (1997) 133-139 

Iv '  

o~ 
oo 
L 

151 
CO) 

.1~ ~l i .5! i i l i 
0.00 O. 0.08 0.0 0.1 02 0.3 0 4 O.S 

TIME (ms) TIME (ms) 

1 ~  15 (d) 

g, ~ 10 

!° 
-5 

0.0 o.s 1.0 I.s a.0 0 + 2 a 4 s 
TIME (ms) TIME (ms) 

Fig. 9. Photocurrent signal generated by DCMLC 65001 dye laser flash in 
asymmetric cell with merocyanine in LC observed in various time ranges 
(l"s=O.OI ms, 1"d-0.2 ms). 

experiment performed by Sato and Fukuda [ 22], a tungsten 
lamp with a shutter was used and the signal was recorded by 
digital wave memory with a sampling time of 1 ms. Only UV 
radiation was cut out by the filter. In our experiments, the 
sample was illuminated by a definite wavelength and we were 
able to measure shorter signals. In both cases (this and 
methyl red) complex processes occur. These effects could be 
related to the following mechanisms: charge generation in 
the part of the pigment located near to the electrode; reorien- 
tation of the LC and pigment molecules due to the electric 
field generated by this charge; diffusion of the ions formed 
through the ceil. The slowest peaks, as proposed in Ref. [ 22 ], 
may be due to ion migration. The slow photocurrent effects 
may also be due to multistep electron transfer between mol- 
ecules of slightly different redox potential, as observed for 
polyporphyrin films [ 31 ]. The redox potentials of molecules 
located at various distances from the semiconducfing elec- 
trode are different because of the various electric fields in the 
different regions. Chls and merocyanines are different in that 
merocyanines are highly protonated; therefore, even before 
illumination, some charged species are present in the whole 
volume of the cell. Illumination only causes a change in the 
charge of the molecules located near to the electrode. Both 
protonated and free base molecules take part in the tunnelling 
of electrons to the electrode, but the free base form is more 
efficient. It seems that, in the case of Chl a and methyl red 
[24], the charges are predominantly formed as a result of 
illumination at the semiconducting electrode, and this process 
is followed by several secondary processes, e.g. charge 
migration, etc. For the merocyanine sample, these secondary 
slow processes are decreased because of the charge present 
in the dark over the whole volume of the sample. In such 
samples, the effect is predominantly due to charge displace- 

ment in the vicinity of the semiconducting electrode in the 
electric field gradient. 

Light-induced charge motions similar to those observed 
for Chl in LC occur in several biological systems, such as 
photosynthetic organisms containing Chls [ 3,4,6] and in pur- 
ple membranes of Halobacterium [ 26-28,32]. Charge sep- 
aration and displacement can be observed using several 
spectroscopic methods, and directly by measurement of the 
photopotential or photocurrent [3,4,6]. The differences 
between the photoelectrical results obtained for aqueous and 
dry samples [ 3,4,6,26-28 ] may suggest that the photovoltage 
is affected by the structure of the membrane system [ 3 ]. This 
is also suggested by the different electrical signals observed 
in "face-aligned" and "edge-aligned" chloroplasts [7]. 

4. Conclusions 

1. The model investigated exhibits certain common proper- 
ties with biological systems containing chains of electron 
donors and acceptors. In our model, the semiconducting 
electrode with its associated electric field gradient plays 
the role of electron acceptor. The system used provides an 
opportunity to follow the photocurren~ kinetics in the 
microsecond time range. Over this time scale, electro- 
chemical cells containing Chls in LC exhibit complex 
photocurrent kinetics generated by laser flash photolysis, 
which are similar to some extent to those observed for 
chloroplasts [2]. These kinetics are due to the fluid, ori- 
ented LC matrix which, in our experiments, mimics the 
biological membrane. In this matrix, the ions photogener- 
ated in the vicinity of the junction between the semicon- 
ducting electrode and the sample migrate. 

2. In the case of Chls, charge displacement and the flow of 
charge to the semiconducting electrode are observed as 
well as slow processes probably due to the different veloc- 
ities of migration of different charges in the LC cell and/or 
multistep electron transfer between molecules. 

3. The charge distribution in the whole volume in a dark 
sample, as observed for pro~onated merocyanine, prevents 
ion migration between the electrodes. As a result, only 
one photocurrent peak due to charge displacement in the 
region of the semiconducting electrode is observed. 

4. In our experimental conditions, the role of the light gra- 
dient can be neglected in comparison with the effect of 
the asymmetric properties of the cell electrodes. This 
shows that, without a light gradient, which plays a c, rucial 
role in biolGgical systems [ 3,4,6], a strong photocurrent 
can be generated by visible light in Chl molecules located 
in an anisotropic matrix with an additional gradient of the 
electric field. Such conditions can also be fulfilled for Chls 
in organisms; therefore the influence of part of the pigment 
molecules on photoionization must be taken into account 
in an analysis of the photopotential of photocurrent 
kinetics. 
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5. It has also been shown that the distribution of charged 
molecules in the matrix in which the pigment is located 
may have an influence on the kinetics of photoelectricai 
effects. It seems that the membrane fluidity and structure, 
as well as the distribution of charged species, may have 
an effect on the photoelectfical properties of biological 
samples. 
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