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Absteact

Chlorophyll b (Chl #) in model systems occurs in several forms, The relationship between these forms and the forms oceurring in organisms
is not yet clear. Chl b aggeegation has been investigated less than that of Chl a. in this papes, several spectral features, e.g. fluorescence
lifetimes in the picosecond time range, time- resolved delayed luminescence spectra, photoacoustic spectra and photopotential generation of
Chl b embedded in model systems ( poly( vinylaleohol) film or nematic liguid crystal), were measured,

The decay of the uorescence of Chl b in polymer films can be analyzed, to a good approximation, on the basis of the following three
exponential components: 33004300 ps, 400-900 ps and 40-71 ps. These decays arc tentatively related to the emission of **dry’* monomers
and dry and wet dimers and oligomers respectively. The delayed luminescence spectra of the same samples in the microsecond range (at 8-
295 K) arc located in a similar spectral range to the fluorescence spectra. The intensity ratio between the delayed luminescence and prompt
fluorescence is higher in the long-wavelength region, in which the oligomer emission is observed, than in the short-wavelength region, in
which the emission of monomers and small aggregates predominates. The yicld of thermal deactivation of the aggregated forms is higher than
that of the monomers. The differencas hetween the lifetimes of the various forms can be explaincd by the competition between the emission
of prompt fluorescence, thermal deactivation and energy trapping (which is, in part, later deactivated as delayed luminescence).

The excitation energy transfer from **dry’’ monomers to aggregated forms is not very effective. The most effective process ol excitation
trapping lollowed by delayed luminescence emission occurs in oligomers of Chl b. On the basis of photopotential generation, the deiayed
luminescence is due, at least in part, o pigment ionization followed by slow charge recombination. The kinetics of photopatential generation
and decay depend on the aggregation of the pigment.

Keywords: Chlorophyll b; Fluorescence lifetime: Delayed luminescence, Dye aggregation; Polymer film;, Nematie liquid ceystal, Photoacoustic spectia,
Photopotential gencration

1. Introduction Poly(vinylalcohol) (PVA) film is a mawix in which both

“dry"* and *“‘wet’’ forms of Chls are present | 13], whereas

Chlorophyll b (Chi &) plays an important role as an in nematic liguid crystals (LCs) predominantly **dry"* forms
antenna pigment of several photosynthetic organisms [ 1]. A with a low degree of aggregation are observed [ 17-21].

knowledge of the interactions of Chls with macromolecules On the basis of previous results [ 2], Chl ¢ and Chl b at a

as well as the state of aggregation in various environments
may be helpful in understanding the function of these pig-
ments in organisms. Therefore the propertics of Chls in var-
ious model systems have been widely investigated {2-12].
In most cases, the features of Chl a have been described. Chl
b, which exhibits different aggregation propertics from those
of Chi a [13-15], has been investigated in less detail. The
model of Chl a dimers has been proposc [9], whereas
the structure of the small aggregates of Chl b has not been
clucidated [16]). It is known that Chl b aggregation in
“dry’* [14,15] and ‘“‘wet” [16] solvents is different.

concentration of 10" * mol 1" in PVA film form large vlig-
omers which can be observed under a fluorescence micro-
scope. Chl a oligomer formation requires the participation of
water molecules [6]. The average dimensions of these Chl
oligomers depend on the pigment concentration, and are dif-
ferent for Chl a and Chl b located in the same matrix. In
addition, the olizomer rigidity, checked by film mechanical
deformation, is different for Chl g and Chl 5 {22]. Atcon-
centrations of the order of 10 *mol1 ', Chlain PVA occurs
predominantly as ‘‘monomers’” and “‘hydrated dimers’’
[13,23]. In the same range of concentration, Chl b is aggre-

* Corresponding author. Tcl.: +48 61 782344; fax: +48 61 782324; gated differently from Chl a, as suggested by pt‘C\/i()u&“ilW‘cﬁ:
¢-mail: dfrackowiakpoznlv.tup.edu.pl. tigations in several model systems | 14,24,25] and by in vivo
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investigations [21]. Previously [8,131, we have reported the
emission lifetimes of Chls in PVA films measured in the
nanosecond time region. The nanosecond emission involves,
predominantly, prompt fluorescence excited by light absorp-
tion in molecules which are inefficient in excitation transfer
to other pigment forms and in deactivation by other non-
radiative pathways.

Inthis paper, we present, for Chl b in PVA, the fluorescence
decay in the picosecond range. Such data provide information
on the processes of excitation energy transfer between the
various forms of Chl b and/or on other non- radiative path-
ways of de-excitation of the absorbed energy. We report the
delayed luminescence (DL) of Chl b in PVA. The decay in
the microsecond time range provides information on the
energy trapped in the investigated system and emiited as DL.
The photoacoustic spectra of the same sample enable the
efficiency of thermal deactivation of the various forms of Chl
b to be evaluated. Photopotential generation, investigated for
Chl b in nematic LCs, indicates whether the illuminated pig-
ment located in anisotropic surroundings can serve as an
electron donor or electron acceptot, and whether the recom-
bination of the ionized pigment occurs stowly in a time range
comparable with the DL emission.

2. Materials and methods

Chl b was cxtracted from nettle leaves and column chro-
matographed on starch by the method described by Iriyama
etal. [26]. An cther solution of the pigment was introduced
into 20% (w/w) PVA<water solution and mixed until the
ether had evaporated. The PVA-~pigment viscous mixture
was diluted with 10% (w/w) PVA=water solution to the
appropriate pigment concentration and a film was prepared
as described previously {27]. Two concentrations of Chl b
in PVA film were prepared (¢, =4%10"% mol 1~! and
€= 13X10" mol 1Y),

In order to prepare samples in LCs, an ether solution of
purified Chl b was evaporated in a stream of N, and the
pigment was dissolved in an LC mixture: N-(4-ethoxyben-
zylidene)-4-butylaniline (EBBA) and N-(4-methoxyben-
2ylidene)-4-butylaniline (MBBA) (weight proportion,
3:2).EBBA and MBBA ( Aldrich Chemical Co.) were used
without further purification. The following concentrations of
Chl b in LC were prepared: 1.0X 10" mol 1-*, 1.4 10"?
mol 1™ and 4% 10~% mol 1", The LC solutions of Chl b
were placed in a photoelectrochemical cell. The construction
of the cell has been described previousty [28,29].

The fluoreseence lifetimes were measured using a picosec-
ond and nanosecond time-correlated single-photon-counting
flucrometer at The Center for Fluorescence Spectroscopy,
University of Maryland, Baltimore, MD. The impulse
response of this instrument was 50 ps full width at half-
maximwn (FWHM) with an MCP-PMT Hamamatsu R2809
red-sensitive detector. Excitation was achieved using pulses
of 380 or 680 nm light with a pass duration of § ps. The source

of light was obtained by pumping an Nd:YAG mode-locked
laser (2 W at 532 nm, FWHM =100 ps) a=d a Piridin 1
cavity-dumped dye laser (whose output was frequency dou-
bled). The frequency repetition was 1 MHz. Fluorescence
emission was detected at 660 + 15 nm and 680 + 15 nm using
bandpass interference filters (Ditric Optics, Inc., Hudson,
MA) or broad-band filters (RG-715, Andover Corporation,
Salem, NH; Corning 7-60, Optical Products Dep., Corning,
NY). Data were analyzed using IBH time-domain software
(IBH Consuitant, Ltd.).

Absorption spectra were measured with a Zeiss Specord
M40; steady state fluorescence and DL time resolved spectra
were obtained with apparatus constructed in Poznan.

The excitation light source in the DL apparatus consisted
of a nitrogen and dye laser (type LD2C, PRA Laser Inc.,
Canada). The pulse duration was about 200 ps (FWHM),
The intensity at the excitation wavelength was sufficiently
low to avoid non-lincar effects. The emission receiver was
an R728 (Hamamatsu) photomultiplier operating in a single-
photon-counting regime. Signals were collected in a multi-
channel analyzer (NTA-1024, version 4k, Works for
Electronic Measuring Gear, Hungary) and computer proc-
cssed. This apparatus has been described in detail elsewhere
{30]. All DL spectra were laken with some additional delay
(500 ns) with respect to the laser peak in order to eliminate
the contributions from prompt fluorescence. This means that
the photon-counting procedure was started with this **addi-
tional delay*’ with respect to the exciting laser peak, In order
to measure DL at various temperatures, the sample was
located in a cryostat (closed cycle refrigeration system,
model TSL-22, Cryophysics SA, Switzerland). For aniso-
tropic samples, the polarized light spectra were also taken.

The photoacoustic spectra were measured with a single-
beam spectrometer as described previously [31,32].

Photopotentials were measured for Chl b solution in LCs
located in an electrochemical cell [28,29]. ‘The sample was
sandwiched between semiconducting transparent electrodes
and illuminated by a 75 W Xe lamp. The arrangement used
for photopotential investigations has been described in detail
previously [33].

3. Results

Fig. 1 presents the absorption spectra of Chl b in ether
solution and in PVA film at two concentrations of the pig-
ment. At the higher concentration (¢, =1.3X 10" *mol 1~ '),
in the film sample (curve 2), a band with a maximum at 465
nm predominates in the Soret band region, and in the red
region, in addition to an absorption peak at 658 nm which is
observed at the lower concentration, a new maximum at 630
nm appears. This shows that the pigment at higher concen-
tration appears in an aggregated form contributing to the
absorption bands at 465 and 680 nm. The positions of the
absorption maxima of the various forms, evaluated from the
absorption and fluorescence excitation spectra observed at
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Table 1

Regions (nm) of fluorescence ( F) and absorption or fluorescence excitation (A) of various forms of Chl b in model < stems

Matrix *‘Dry’’ monomers of mMOnomers
interaction with matrix molecules

Small aggregates (**dry’* and *‘wet’")

Oligomers

F PVA 653-658 [13], 655 [1s] 670-675 [ts] 670-710 [28], 710-740 [ 13].
756-760 [ts)
LC 670 [24} 725, 735, 760 [24]
Others 644-657 [15) 664 [13]
Ao PVA 650 [ts], 650 [13]. 655 [2:] 670 [1s] 635 {28], 680685 [ts]
LC 6635 {ts]
Others 645 [16], 645 [34] 652 [15], 665 [16]. 665 [34]
Ascen PVA 465 [ts], 467 [13], 468 [24] 416 [1s] (*dry’*), 567470 [ts] 450 [13], 465 28]
LC 470 [ts]
Others 457 [16], 460 [1s) 415 [15]
[ts], data from this study.
a2, a6 eo shows that the aggregated forms of Chl b exhibit a much

eX:] o

Absorbance (g u )

00 A " T
350 450 550 650 750
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Fig. 1. Absorption spectra of Chl b in ethy! ciher (curve 1) and PVA film
(curve 2, ¢, = 1.3X 1074 me? 1! (right scale); curve 3, c;=4X 107" mol

17" (T=295 K).
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Fig. 2. Absorption specira of Chl b in LC: curve 1, ¢, = 1.0X 10 mol 1™,
curve 2, ¢ = 1.4 107 * mol 17! (right scale).

room and low temperatures and from the polarized cxcitation
spectra (Figs. 4-6, see later), arc given in Table 1. The Soret
band of Chl b in both PVA samples is much broader then that
in ether (Fig. i), which is in agreement wiih the results
obtained for Chl a bonded to macromolecules [35,36]. This

broader Soret band than the monodispersed pigment. From
the ratio of the red o the Soret baig in the absorption of the
pigment in ether and PVA (Fig. 1), Chl b is not pheophytin-
ized [37]. The change in band shape is therefore due 1o
pigment aggregetion,

The absorption of Chl b in LCs is shown in Fig. 2. The
comparison of this spectrum with those reported previously
(17-21] (Table 1) shows that, at both concentrations, the
pigment is only aggregated to a low degree. It is practically
in the monomeric state [21]. In nematic L.Cs, Chl b is strictly
monomeric up to 107* mol 17" because of the strong inter-
action with the solvent [24]. This monomeric form exhibits
a fluorescence maximum at 670 nm. At much higher concen-
trations, maxima at longer wavelengths appear (725, 735 and
760 nm) [24]. This shows that, even in dry solvents, addi-
tional emission du.* o pigment interactions is observed, The
absorption changes are not sufficiently large to explain
(assuming a reasonable Stokes shift) the observed long-
wavelength emission. Therefore it is expected that the
observed emission is due to excimers. Excimers are casily
formed in oriented samples at high pigment concentrations.
The fluorescence measured at different frequencies of light
modulation [14) shows (hat the emission in the 765 nm
region is not monoexponential. This emission exhibits a very
long lifetime (7 ns) due to the superposition of fluorescence
with DL of these aggregated forms.

Fig. 3 shows the fluorescence spectra of PVA samples
containing Chl b. The shape of the emission spectrum
depends on the excitation wavelength and pigment concen-
tration. At 380 nm excitation, used for lifetime measurements
(curve 5), the emission intensities in the shorter wavelength
region (600-700 nm) and longer wavelength region (about
750 nm) are comparable.

Fig. 4 shows the fluorescence excitation spectra of a PVA
sample containing Chl b in four spectral regions: 635, 675,
700 and 760 nim (highly aggregated oligomers). In the Soret
band region at 675 nm, the maximum at 416 nm predomi-
nates, but that at 467 nm is also well resolved. At 760 nm,
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Fig. 3. Fluorescence spectra of Chl b in isotropic PVA (T=295 K): curves
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Fig. 4. Fluorescence excitation spectra of Chl & (¢3) in PVA at various

repions of Auorezcence observation: 1, 638 nm; 2, 678 am; 3, 700 nm; 4,
760 am.
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Fig. 5. Fluorescence excitation spectra of Chl b (¢, ) in stretiched PVA film
for polarized VVV and VHV components (V, vertical; H, horizontel; the
frst and last letters refer to the polarization of the exciting and fluorescence
hight beams respectively, and the middle letter refers to the position of the
stretching axis of the polymer matrix; 7=295 K).

the Soret maximum is located at 469 nm. In the Soret band,
the excitation spectra of the various forms are better resolved
than in absorption where all the components are hidden in the
broad band located at 400-500 nm. This difference is due to
the similar absorption coefficients of all Chl b forms, but the
differeni efficiency of excitation of emission in the various
spectral regions. In the red region of excitation, a broad band
at 650-~715 nm appears, in which, in addition to the main
maximum at 650 nm, several long-wavelength shoulders can
be seen. From Figs. 3 and 4, it follows that Chl b embedded
in PVA film exhibits several emission bands: 655 nm, 670-
675 am and long-wavelength maxima differing in various
samples (Table 1). The excitation band at 416 nm (Fig. 4)
is probably due to similar **small dry aggregates' of Chl &
as reported by Mazurek at al. [ 15]. The absorption in the red
band region of several forms (monomers and small aggre-
gates) probably overlaps giving a simiiar emission at about
670 nm. In PVA, at least two main forms (monomers and
small aggregates) of Chl b are present and several highly
aggregated clusters.

The ratio of the red to the Sorct band depends on the
wavelength of observation of fluorescence (Figs. 4 and §),
but in all cases this ratio is higher than in the absorption
spectrum, This effect, also observed previously {38], is pre-
dominantly related to the various orientations of the absorp-
tion transition moments (TMs) of the different aggregated
forms of Chl & with respect to the emission TMs of the
observed fluorescence, This supposition is supported by the
polarized fluorescence excitation spectraof stretched samples
{Fig. 5). As a result of film stretching, various forms are
differently reoricnted changing the ratio of these bands. In
addition, photoselcction by polarized light influences the
shape of the excilation spectrum, as observed by comparison
of the VVV and VHV components (V, vertical; H, horizontal;
the first and last letters refer to the polarization of the exciting
and fluorescence light beams respectively, and the middle
leuter refers to the position of the stretching axis of the poly-
mer matrix). The same conclusion can be obtained from the
anisotropy coefficients of the excitation specira, defined as
r.= (VVV~VHV)/(VVV +2VHV), which differ in the
various spectral ranges. Values of the excitation emission
anisotropy at the excitation maxima are r,(468) =0.023,
r.(650) =0.015 and r.(664) = —0.001. This shows that the
various forms are differently oriented.

As can be seen in Fig. 6, a decrease in temperature changes
the shape of the fluorescence excitation spectrum. This sug-
gests that the equilibrium between various forms is shifted
with a change in the sample temperature. Observations were
made within the region of long-wavelength emission of the
oligomers (760 nm). The contributions from all forms of Chl
b can be distinguished in this spectrum, which shows that
some transfer of excitation energy between the various forms
of Chl & occurs. At low temperature, the excitation maximum
at 685 nm predominates. This shows that the concentration
of the aggregated form of Chl b absorbing at 685 nm increases
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Fig. 6. Fluorcscence excitation spectra (red part) of Chl b (¢,) in isotropic
PVA at various temperatures. Observation of fluorescence at Ay == 760 nm;
1,295K;2,200K; 3, 100K, 4, 8 K.

a1 the expense of the other forms when the temperature is
decreased.

In dry solvents, small aggregates are predominant [24]. In
such systems at high concentration, the red band is shifted
towards longer wavelengths and some structure appears
[15]. The observed Stokes shift is much lower than usual for
Chl b [37,39], suggesting the superposition of the absorption

and emission of various ‘‘forms’* with different fluorescence _

yields. The same conclusion can be drawn from the occur-
rence of structure in the red absorption band. A very low shift
between the positions of the monomer and various aggregated
forms in the red absorption range and in the emission spectra
is very characteristic of dry solvents. The fluorescence band
of Chl b in the solvents used reaches 655 nm at high concen-
trations, but this position depends strongly on the type of

solvent. For example, Chl b in monolayers [13] exhibits a
main fluorsscence band at 664 nm.

Okada et al. [ 16] have investigated the aggregation of Chl
b in hydrated solvents (‘‘wet’” sample according to Ref.
[341), and have found that the monomer and small aggregate
absorption bands are located at 645 and 665 nm respectively.
A model of the aggregates was not proposed, but the equilib-
rium between the monomers and small aggregates shifted
with changing concentration. From a comparison of the
results of Okada et al. [16] and Mazurek et al, [15], it car-
be concluded that *‘wet’’ aggregation causes a larger spectral
shift of the red band than aggregation in a dry solvent, From
a comparison of our data with the maxima of various forms
reported in the literature (Table 1), we can see that the exact
position of each maximum depends on the solvent used, but
large differences are observed between aggregation in dry
[14,15] and hydrated | 16] solvents. In PVA, from previous
results [13], **dry’’ and *‘wet"’ forms are present. From the
well-resolved excitation spectra measured in the Soret band
region (Fig. 4), two types of Chl b small aggregates can be
proposed: **dry’* with absorption at416 nm, and *‘wet’* with
absorption at the long-wavelength side of Chl & monomers
(470 nm). Monomer absorption is hidden between these two
bands of dry and wet small aggregates, and it is not casy to
establish its position,

Table 2 shows the data obiained from lifetime analysis. In
all cases, analysis on the basis of three components provides
the best fit. The analysis on the basis of different numbers of
exponents is shown in Fig. 7. A monoexponential decay pro-
vides very high values of y* (from 20 to 47), and therefore
the values of 7 obtained in this case are not shown in Table
2. Previously [13], the fluorescence decays measured for
Chls in PVA in the nanosecond time range were also analyzed

Table 2

Fluorescence lifetimes (1) of Chl b (¢,) in PVA films (analysis on the basis of two or three exponential components)

Sample Aoxc Agonis 7 Ay T A; ) Ay X

(nm) (nm) (ps) (%) (ps) (%) (p%) (%)

U 380 660 3952431 76 6413 24 - - 2.69
4878 450 67 900 + 56 il 395426 2 1.18

U 380 680 4302 440 72 76+ 4 28 - - 2.79
5233454 65 716 38 10 428+19 25 117

U 380 >S5 4353+ 190 20 7543 80 - - 5.81
4809 4930 16 632460 9 857427 15 .38

u 680 760 2947474 n 17345 67 - - 5.36
4303 + 61 26 41349 34 65.3+34 40 1.91

s 380 660 3487 +34 75 15616 25 - - 4,23
4265 +34 64 637421 18 465134 18 1.08

S 380 680 36344139 69 166 +5 k]| - - 3.49
4376 £ 35 61 543115 19 542426 20 0.95

S 380 >715 3581 4.45 27 38144 73 - - 2,00
3659+ 27 25 44145 62 712459 13 1.25

s 680 760 1521443 39 8619 61 - - 5,99
3305463 20 484 4 11 n 30.34:2.5 48 1.88

U, unstretched films; S, 200% stretched films. A, amplitude contsibution.
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Fig. 7. Example of the decay curve of Chl b (¢,) in PVA: 7, lifetime of
component. £, amplitude.

on the basis of three components. In the present set of meas-
urements for Chl bin PVA, 7, = 33004300 ps, 7 = 400-900
ps and 7, = 40-71 ps. The exact values depend on the wave-
length of fluorescence excitation and emission. The fitting
involves a mathematical procedure in which the amplitude
and r values of the components are varied. The analysis of
strongly overlapping spectra cannot provide univocal values
of the lifetime components without the application of global
analysis [40}. Some information on the contributions to
experimental decay from the various forms can be drawn
from the r values measured at various wavelengths of exci-
tation and emission (Table 2).

From Table 2, it can be seen that, on excitation at 380 nm,
which is absorbed by all forms {7,8,13,23], with observation
of fiuorescence in the long-wavelength region (oligomeric
form region) (A>715 nm), a strong contribution from the
shortest (60 ps) component is obtained; however, on exci-
tation at the same wavelength with observation in the mon-
omer region {a1 660 nm), a large contribution from T, (about
5000 ps) is observed, which must therefore be related to the
*“dry’* monomer. A similar result is observed at 680 nm,
since in this region the contribution from monomers is still
strong; however, when the observation is shifted to 760 nm
with excitatiun at 680 am, the contribution from 7, (about
400 ps) increases. This component can be related to small
aggregates. Film stretching causes an increase in the 400-
500 ps component, suggesting an increase in emission of
small aggregates as a result of film elongation. This indicates
that the TMs of small aggregates exhibit a smaller angle with
respect to the PVA planc in stretched than in isotropic films

D. Frgckowiak et al. / Journal of Photochemistry and Photobiology A: Chemistry 94 (1996) 43-51

or that film stretching causes an increase in the concentration
of this form. The contributions to 7 from oligomers ()
decrease as a result of film stretching. Therefore their TMs
exhibit a larger angle with respect to the PVA plane in
stretched than in isotropic films or their concentration
decreases as a result of film deformation. The oligomer cor-
tribution ( 73) increases when fluorescence observation at 760
nm is used.

Time-resolved DL spectra taken at various temperatures
are shown in Fig. 8. Comparison of the prompt fluorescence
spectrum corrected for photomultiplier sensitivity and ana-
lyzed on the basis of gaussian components with the similarly
corrected and analyzed DL spectrum of the same sample
shows that the oligomer contribution to DL is strong in com-
parison with that of small aggregates and monomers (Table
3). The ratio of the surface arca under the gaussian compo-
nent related to oligomers (maximum at 760 nm) to the sum
of the surface areas of the short-wavelength gaussians belong-
ing to small aggregates and monomers is equal to 1.4 for DL,
but 0.69 for prompt fluorescence. The DL intensity is much
lower than that of prompt Ruorescence. The occurrence of
the contribution to DL from all forms shows that all forms
have their own traps. From Fig. 8, it can be seen that the DL
intensity depends on the temperature. As a resuilt of cooling
of the sample to 100 K, the DL intensity is strongly increased

N 770 nm

Deloyes tuminescence (counts 7 channel )

000k te) 770nm
T 295K

SO0

Waovelength (nm)

Fig. 8. Time-resolved delayed luminescence spectra of Chl b in isotropic
PVA at various temperatures: (a) 290 K; (b) 100 K; (c) 8 K (A, =425
nm). Time windows: curve 1, 0.5-5.5 pus; 2, 5.5-10.5 us; 3, 10.5-15.5 ps;
4,205-25.5 ps.
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and the DL of the aggregates with respect to the DL of other
forms increases (Fig. 8).

The absorption and emission bands of all forms strongly
overlap; therefore efficient excitation energy transfer between
monomers and aggregated forms can be expected. Because
of this strong overlapping of the absorption spectra, it is not
easy to select one form on excitation. Variation in the exci-
tation wavelength changes the contributions to absorption due
to the various Chl b forms, If we assume similar oscillator
strengths of Chl b in all forms, the surface areas under the
gaussian components of absorption are proportional to the
number of absorbing Chl b molecules. In the oligomer emis-
sion region (760 nm), the excitation spectrum surface arca
of the component in the monomer region (648 nm) is com-
parable with the monomer concentration evaluated from
absorption analysis. This suggests inefficient energy transfer
from monomers to oligomers. In the casc of efficient excita-
tion enorgy transfor between these forms, a much longer 7
value than 5 would not be observed. Let us suppose for
simplicity that all oligomeric forms can quench other forms.
With this assumption, a comparison of the lifetime of the
monometic form of Chl b in PVA in the presence of **olig-
omeric quenchers™ (7(DA)) with that of Chl & (in dry
solvent, e.g. ether) in the absence of ‘‘quenchers’’ (7(D))
enables the yield of energy transfer ( ¢y ) between monomers
and aggregated forms to be evaluated since it is proportional
to (1=7(DA))/ (D). This yield of energy transfer from
monomeric forms to all aggregated forms must be low
because, in ether at low concentrations of Chl b, 7= 5100 ps
is usually obtained and the most reasonable value of the
monomeric Chl b lifetime (Table 2) is about 7=4900 ps.
Therefore the influence of energy transfer on the lifetime of
the dry form can be neglected. The evaluation of quenching
would be much more complicated if a different distribution
of small aggregates in PVA was assumed, but the sequence
of lifetimes (Table 2) shows that the monomeric form is not
efficiently quenched by aggregates.

The photoacoustic spectrum of Chl b in PVA is shown in
Fig. 9. On the basis of this spectrum, the ratio of thermal
deactivation at 676 nm to that at 650 nm is equal to about
1.4. This shows that moncdispersed and aggregated forms of
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Fig. 9. Photoacoustic spectrum of Chl b (ca) in PVA (frequency of light
modulation, 7.75 Hz; phase shift between modulated light and acoustic wave,
- 120°).

Chl b differ in the amount of excitation lost as heat. In the
Soret band, in the short-wavelength region, the photoacoustic
spectrum cannot be measured because of the contribution
from PVA. Some of (he aggregated forms absorb in this
region, and therefore the thermal deactivation at 440--460 nm
is much lower than that in the red band v-here the absorption
of all forms is strongly superimposed. A comparison of Figs.
0 and 1 shows that the thermal deactivation yields of the
various forms of Chl b are very different: they are higher for
aggregated than for monomeric forms. Because of the low
DL intensity, other paths of deactivation besides DL emission
must compete with fluorescence in the case of small aggre-
gates and oligomers. Therefore it cannot be excluded that
excitation trapping is followed not only by DL emission but
also by thermal deactivation of the trapped energy. Aggre-
gates lose a larger proportion of excitation by conversion into
heat than monomers.

Previously [23,30], we have established that the DL of
Chl a in PVA and other solvents is due (o the formation and
recombination of radical pairs delayed by electron trapping
and occurs without triplet state participation. It seems that the
DL of Chl b has similar character.

Photopotentials were measured only for LC solution,
because of technical problems with such measurements in

Table 3
Examples of gaussian resolution analysis of prompt fiuorescence and delayed luminescence of Chl b (¢,) in PVA
Spectrum T Acxe Monomer Small aggregate Oligomer
(K) (nm)
A Area H-W A Area H-W A Arca H-Wu ,
{(nm) (%) {em™") (nm) (%) (em™") (nm) (%) (em™")
Prompt 295 425 676 K 0.70 702 20 0.54 760 41 0.75
fluorescence 435 676 38 0.70 702 22 0.54 760 40 0.75
380 676 K 0.76 702 25 0.54 760 41 0.75
Delayed 295 425 676 21 0.70 702 21 0.54 760 58 0.75
luminescence 100 425 676 8 041 702 19 0.54 760 73 0,773
8 425 676 8 041 702 22 0.54 760 70 075

H-W, half-width.
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Fig. 10. Photopotential kinetics of Chl b in LC cell: (a) ¢, = 10X 107 mo!
17 (b)Y ey =4X% 10" mol 1",

the case of PVA film [28]. The electrochemical cell filled
with unpigmented LC does not exhibit measurable photopo-
tentials. Even at very low pigment concentrations (10”5 mol
1), photopotentials are generated (Fig. 10). The photo-
potential kinetics depend on the pigment concentration, The
absorption spectra (Fig. 2) show strong interaction of the
pigment molecules with LC giving similar maxima shifts as
observed previously [ 17-21]. The positions of the maxima
are only slightly shifted with an increase in pigment concen-
tration, indicating a low content of ground stale aggregates
of the pigment, The influence of the pigment concentration
on the photopotential, as well as previous results suggesting
efficient formation of pigment excimers in LC solutions {41],
sugpest the participation of excimers in photopotential gen-
eration. This may be confirmed by further experiments, but
on the basis of Fig. 10 we can conclude that Chl & in aniso-
tropic systems can serve as an electron donor. This supports
our mechanism of DL generation.

The results presented show that the aggregation properties
of Chl b differ strongly from those of Chi a. Chl b can form
several, slightly different (in terms of their spectral proper-
ties) complexes with medium molecules as well as pigment
aggregates with and without water participation
[6.15,16,42). In the case of Chl b, bot:» * dry”* and “‘wet”
dimers can take part in the formation of large oligomers.
Large aggregates can trap the excitation energy more effi-
ciently than monomers and small aggregates.
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