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Abstract-Model systems for the study of energy transfer processes are useful for the elucidation of 
the various factors governing the mechanism of energy transfer in photosynthetic systems. Here we 
describe the characterization of two systems, consisting of chlorophyll a incorporated in anhydrous 
nitrocellulose and polyvinylalcohol films. First, optical spectroscopy and time-resolved fluorescence 
techniques are used to characterize the state of the chlorophyll molecules in the films. We find that in 
nitrocellulose films the state of chlorophyll a depends strongly on the ratio of nitrocellulose to dimeth- 
ylsulfoxide in the solutions from which the films are cast. The state of chlorophyll a in polyvinylalcohol 
films does not depend on the amount of polymer originally dissolved in dimethylsulfoxide. In these 
films the pigment is monomeric at low concentrations of chlorophyll a, but aggregates are formed at 
much lower concentrations than in nitrocellulose. The latter fact is explained by the existence of pockets 
in  polyvinylalcohol, leading to high local concentrations. 

To further test the suitability of the nitrocellulose polymer films as model systems for energy transfer 
processes, time-resolved fluorescence anisotropy profiles are measured in dependence of the concentra- 
tion of pigments in the matrix. Fits of the observed decay profiles to the predicted decay show good 
correspondence, as long as no traps are present. Furthermore, the fitted decay times yield the correct 
value of the Forster radius R, as compared to the value obtained spectroscopically. We thus conclude 
that the chlorophyll a-nitrocellulose system can be very appropriate for the study of energy transfer 
processes between photosynthetic pigment, since the pigments are uniformally distributed in the matrix. 

INTRODUCTION 

Chlorophyll a (Chl a)$ is the main pigment in the photo- 
synthetic process,’ which takes place in green plants and 
most algae. In the photosynthetic process solar energy is 
converted into chemical energy. The light-harvesting step in 
photosynthesis depends on a highly efficient interpigment 
energy transfer (ET) process. Also in in vitro systems chlo- 
rophyll molecules exhibit ET.2-H Therefore, in order to elu- 
cidate the role of the different factors governing ET in the 
light-harvesting step, much research effort has been directed 
toward the preparation of stable systems in which these fac- 
tors can be studied. To this end. the Chl a molecules were 
embedded in a wide variety of matrices (such as apolar sol- 
vents, lipid bilayers, nematic liquid crystals and Langmuir- 
Blodgett. films). By comparison, relatively little attention was 
paid to the use of as a host system for Chl a. 
These latter hosts offer several major advantages over the 
former systems. The pigments are immobilized within the 
polymer matrix at room temperature, so that the orientation 
factor of the Forster theory for ET/’ is time independent. 
The pigments can also be aligned macroscopically to a high 
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degree by stretching the  film^./^-^^ Finally, the distances be- 
tween the pigments can be varied by changing their concen- 
tration in the polymer matrix provided no aggregates are 
formed. The basic assumption underlying the usefulness of 
polymer films for ET studies is that the pigment molecules 
are uniformly distributed in the matrix. 

Here we report a study of the characterization of two mod- 
el systems consisting of Chl a in anhydrous polyvinylalcohol 
(PVA) and nitrocellulose (NC) polymers. The results build 
on our previous investigationz5 of the spectral and physical 
properties of Chl a embedded in anhydrous PVA films cast 
from dimethylsulfoxide (DMSO) at concentrations below 5 
X mol/g. It was shown that in these films the Chl a is 
present in a monomeric form only. The efficient ET and 
excitation trapping observed was ascribed to the organization 
of the Chl a molecules in pocket-like structures. Here we 
focus on the state of Chl a in PVA films at higher concen- 
trations and we conclude that the Chl d P V A  system is only 
useful for the study of the ET processes in the presence of 
a large concentration of traps. 

Also the Chl a/NC films were cast from solutions in 
DMSO. We have found that the ratio of NC to DMSO in 
the solutions used determines the state of the Chl a in the 
films. Films cast from a solution containing higher NC/ 
DMSO ratios always contain NC-Chl a complexes. On the 
other hand, a monomeric state is found in films cast from 
solutions containing less than 0.5 g NC per 5 mL DMSO. 
The Chl a concentration in these films can be varied over a 
broad range covering the entire region from noninteracting 
molecules to the formation of traps. 
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The question arises now as to whether the molecules in 
the latter type of films are in fact uniformly distributed 
throughout the NC matrix. In particular it is important to 
establish that the distances between the pigments scale with 
concentration and that in unstretched NC films their mutual 
orientations are randomly distributed. The distribution of the 
pigments is most conveniently studied by monitoring the ef- 
fects of intermolecular E T  processes on the fluorescence an- 
isotropy decays. These decay curves obtained from films 
containing different pigment concentrations can be analyzed 
in terms of the generalized Master equation for the donor- 
donor ET migration, based on the Forster ET mecha- 
nism,/.?.26-.?.? No w the anisotropy decay time is inversely pro- 
portional to the square of the reduced concentration defined 
as the average number of pigments contained in a sphere of 
the Forster radius R,. For a uniform pigment distribution the 
reduced concentration is proportional to the average concen- 
tration.-’fl--’-t Consequently, the anisotropy decay time will 
scale with average concentration. Moreover, the Forster ra- 
dius R,, can be determined from the concentration depen- 
dence of the anisotropy decay time. The value for R, ex- 
tracted in this way should correspond to  that calculated di- 
rectly from the absorption and emission spectra of Chl a in 
the t i l m ~ . ” ~ ~ - ? ~  Deviations from a uniform distribution will be 
manifested in discrepancies in the values of R, obtained with 
these two methods. These discrepancies reflect both micro- 
correlations in the mutual orientations and distances of the 
pi gments.-’f’--’-’ 

A short discussion of the theoretical approach to the anal- 
ysis of fluorescence anisotropy decay in the presence of E T  
processes is first given. After the spectral characterization of 
the Chl a-PVA and Chl a-NC systems, this theory is then 
applied to the latter system for the extraction of the Forster 
radius of Chl n from the experimental decay curves. The 
results obtained are consistent with those expected for a uni- 
form pigment distribution in the NC films. W e  thus conclude 
that the Chl n-NC system can be readily used for donor- 
donor E T  studies, and in a following paper we will discuss 
the influence of stretching on these films. 

‘THEOKY OF ENERGY TRANSFEK 

The muster equution ,fiir energy niigratiori 

When light is incident on an ensemble of identical fluo- 
rescent molecules one or more molecules will undergo a 
transition into the excited state. In the absence of intermo- 
lecular interactions, for instance at low concentrations, the 
excited molecules will relax to the ground state with the 
emission of a photon. The average residence time of the 
molecules in the ensemble in the excited state is called the 
fluorescence lifetime T. In the presence of intermolecular in- 
teractions, which can be modulated by the local molecular 
concentration, an excited pigment can transfer its excitation 
energy to a neighboring pigment and energy migration over 
the ensemble takes place. When the interactions are very 
weak, for instance because the distances between molecules 
are large compared to their dimension, the excitation is lo- 
calized on one of the pigments in the ensemble at all times. 
If furthermore, the new excited state undergoes a fast de- 
phasing due to  vibrational interactions, the E T  process is 
incoherent.26J7,-35 Now the Drobabilitv P,(t) of finding Dig- 

ment i in an excited state at time t can be described by 
coupled rate equations known as the master equation of en- 
ergy migration.2x: 

List of Symbols 

Factor describing the mutual orientation of the 
emission moment of the excited molecule and the 
absorption moment of the accepting pigment. 
Wavelength in nm. 
The absorption transition dipole moment. 
The emission transition dipole moment. 
The average pigment concentration in the sample. 
The reduced pigment concentration, being the av- 
erage number of molecules within a sphere with 
a radius R,,. 
The fluorescence lifetime of a pigment. 
The natural lifetime of a pigment. 
The spectrum of the extinction coefficient against 
the wavelength. 
The unnormalized fluorescence spectrum. 
Orientational averaging factor of a pigment en- 
semble. 
Refractive index of the medium in which the pig- 
ments are embedded. 
The total fluorescence decay. 
The probability that a molecule excited at t = 0 
is still excited at t = t. 
The probability of finding pigment i in an excited 
state at time t. 
The red absorption band of monomeric chloro- 
phylls. 
The unit vector connecting the centers of mass of 
the two interacting pigments. 
The Forster distance. 
The distance between the centers of mass of two 
interacting pigments. 
The Sorbet absorption band. 
The rate of excitation transfer from molecule i to 
molecule k.  

Here the first term describes the fluorescence decay of the 
individual pigments. The second term accounts for the decay 
arising from the ET. The factors wik denote the rate of ex- 
citation transfer from molecule i to molecule k. Within the 
framework of Forster theory (valid if the pigments are sep- 
arated by distances larger than their dimensions-’6), only di- 
pole-dipole interactions are considered and the transfer rates 
are given by x--~-? 

In this expression T~ is the natural lifetime of the pigment, 
which is longer than the experimentally observed radiative 
lifetime T. The ratio T/T[) denotes the fluorescence quantum 
vield. The term R,, is the Forster radius defined as the dis- 
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tance between two molecules for which the probabilities of 
ET and fluorescence emission are equal. Then, Rik is the 
distance between the centers of mass of the two interacting 
molecules. Finally, K~ is the factor describing the mutual 
orientation of the emission moment Di of the excited mole- 
cule and the absorption moment (ik of the accepting pigment 
and is given by 

( 3 )  

where i is the unit vector connecting the centers of mass of 
the two interacting pigments. We note that the transfer rates 
for isotropic systems containing immobilized pigments are 
obtained simply on averaging K~ over an isotropic orienta- 
tional d i ~ t r i b u t i o n . - ~ ~ - ~ ~  

The natural lifetime can be calculated directly from the 
measured absorption, ~ ( h ) ,  and emission, F(h), spectra of the 
monomeric pigments embedded in a medium of refractive 
index n3’: 

K2 = [((ikGi) - 3 ((ikid(Diiik)12 

F(h)h-? d h  

~ ( h ) h - ’  dh [s - I ] .  

(4) 

1 
- == 2.88 X 10-9nnZ 
‘To 

The master equation is conventionally solved using the ini- 
tial condition P,(O) = 8,k.30-33 

The solution of the master equation for  immobilized, 
isotropically distributed pigments 

The solutions of the coupled rate equations (Eq. 1)  are 
approximated within the Gochanour, Andersen and Fayer 
(GAF) formalism by a method previously describedjO-j-’ and 
will only be summarized here. This approach utilizes a di- 
agrammatic series expansion of the Green function solution 
to the coupled rate equations for the occupation probabilities 
P,(t) of individual donors. The part of the Green function 
describing the probability N,(t) that a molecule excited at 
time t = 0 is still excited at time t later is shown to be given 
accurately by the so-called three body approximation, which 
only takes into account interactions between three pigments. 
The results of this three body model are also well reproduced 
by more heuristic appro ache^.^^-'-'^^^ Of these, the Huber, 
Hamilton and Barnett (HBB) model with a back-transfer cor- 
rection is especially appealing and will be used here for the 
sake of simplicity.-i0-3-3,3Y In the limit of a three-dimensional 
system of immobilized and isotropically distributed pig- 
ments this latter model  yield^^'-^-' 

Here, g,,,, is a factor arising from the orientational averaging 
of K~ over the pigment ensemble and is for immobilized, 
isotropically distributed pigmentsjO-’-’ equal to 0.8452. Fur- 
thermore, is the reduced concentration, being the average 
number of molecules in a sphere with radius &. For a uni- 
form distribution of pigments in the medium it is simply 
connected to the average pigment concentration p as30-j3 

4 
3 

(I = --rrRo’p. 

It can be seen from Eq. 5 that in the presence of ET pro- 
cesses the monoexponential decay of N, due to radiative 
emission is modulated by an additional exponential decay 
process whose time course varies with and whose time 
constant is directly related to the reduced concentration. 

It is now important to realize that the averaging procedure 
involved in the calculation of g,,,, needs to be modified in 
the presence of microcorrelations between the pigment mol- 
ecules. <03’ While this does not by itself modify the time 
dependence of N,(t), it will compromise the relation between 
the average and reduced concentrations. Consequently, the 
application of Eq. 5 and 6 will yield distorted values for the 
Forster radius R,. 

The observable in ET studies 

In the so-called Galanin a p p r ~ x i m a t i o n ~ ~  ET processes are 
considered to fully depolarize the electronic excitations. 
Consequently polarized fluorescence emission will only be 
observed from those pigment molecules that were initially 
excited. This approximation is generally considered to be 
valid for systems containing randomly oriented pigment 
molecules in the absence of microcorrelations. It has been 
shown?0-.i3 that under these conditions r(t) is related to N,(t) 
as: 

(7 )  

where N(t) is the total fluorescence decay (e-uT, the intrinsic 
fluorescence decay, for a pure donor system) and r(0) = 

0.2(3cos2~ - 1)  with E the angle between the absorption and 
emission transition dipole moments. 

Spectral determination of the Forster radius 

The Forster radius R, can be determined experimentally 
from the absorption and emission spectrum of a pigment 
embedded in a medium of refractive index n’j: 

F(h)~(h)h* dX 

[cm6I. (8) 
(K2) RU6 = 8.79 X 

n4 1 F(X)k2 dh 

Conventionally ( K ~ )  is taken to be equal to % to conform 
with the original derivation of the Forster theory in the limit 
of fast reorientational motions.‘.’ In fact, the incorporation of 
this value in R, results in the factor Y2 in Eq. 2. We note 
that the determination of R, in this way requires the spectra 
to be corrected for instrument response. 

The independent determination of R, from photophysical 
data serves as a check on the values extracted for this pa- 
rameter from an analysis of the fluorescence anisotropy de- 
cay curves. Systematic discrepancies are taken to be indic- 
ative of a breakdown of the assumptions of uniform, isotro- 
pic pigment distribution in the polymer matrix. 

MATERIALS AND METHODS 

Sample prepararion. Chlorophyll a was extracted from fresh spin- 
ach leaves (either obtained from the local market or cultivated in 
the laboratorv) according to the method of Temstra and Lambers4’ 



and purified using thin-layer chromatography. A stock solution of 
Chl u in acetone was stored at -25°C. The purity of this solution 
over a period of weeks was checked using isocratic reversed-phase 
HPLC.42 In this way we were able to rule out the presence of op- 
tically indistinguishable Chl u derivatives, such as Chl a'" .so and 
allomerized Chl a. 

Acetone and DMSO of analytical grade purity were purchased 
from E. Merck and from J. T. Baker Chemicals B. V., respectively, 
and used without further purification. One hundred percent hydro- 
lyz,ed PVA with an average weight of about 100 kDa was obtained 
from Aldrich-Chemie and cleaned from side product (acidic traces 
and residual acetyl groups) by the modified ethanol extraction meth- 
od described in van Zandvoort ef ~ 1 . ~ ~  The N C  powder was obtained 
from Wolff Walsroder A.G. and purified before use in the following 
way: NaOH with a final concentration of 0.01 A4 was added to NC 
powder and kept in the dark under continuous stirring for 20 h. The 
mixture was then cleaned several times with water and dried at room 
temperature under a continuous nitrogen stream. Using this method, 
acid traces and radicals in the N C  powder were removed. The prep- 
aration of the Chl rr-PVA solutions and of the dried PVA films has 
been described by us  previously.25 Chlorophyll a-NC solutions are 
prepared by mixing 5 mL DMSO with the desired amounts of dried 
Chl a. Then the NC powder is added, followed by stirring for 15 
min at room temperature. The concentration of N C  was varied in a 
range of 0.1-2 g per 5 inL DMSO. From these solutions films were 
obtained by the same evaporation procedure as used for PVA films. 
For the ET studies, only samples prepared from 0.3 g of NC in 5 
m L  DMSO were used. 

Final concentrations of Chl n in solutions were in the range of 
10~~s-10 ' M .  Final concentrations of Chl a in films were in the range 
of 5 X 10 to mol/g for NC and 10.' to 5 X 10F inol/g for 
PVA. 

The thickness of the film was chosen so that their optical densities 
were below 0.1 so as tn avoid reabsorption effects. The dried films 
were placed between thin glass plates using ultrapure glycerol (n  = 
1.52) for ensuring optical contact. The samples were sealed round 
their cdges and masked with black tape, leaving a spot of 2 inm in 
diameter for illumination. The refractive index of the NC films was 
measured with an Abbe refractometer and found to be 1.52 -t 0.01. 

Exprrirnenrs. The density of pure NC films cast from solutions 
of different NC/DMSO ratios was measured. The length and width 
of a rectangular piece of film were measured with a micrometer and 
its weight was determined with an analytical balance. This was nec- 
essary because the N C D M S O  ratio appears to influence the mor- 
phology of the polymer film. 

Absorption spectra were measured with a DW2000 spectropho- 
tometer (SLM-Aminco). The spectra of all the Chl a samples were 
corrected for the absorption of the polymer matrix. The value of the 
extinction coefficient, needed for the ET studies, was determined 
from the absorption spectra, making use of the density of NC films. 
The excitation and emission spectra were measured using an SPF 
500 SLM- Aminco spectrofluorometer. An L-format geometry was 
used. The films were mounted in a special holder so that their sur- 
faces made an angle of 45" with the incident and emitted beam. 
Excitation spectra were normalized to the highest peak and were 
measured using narrow-band emission (2 nm), while the emission 
spectra were recorded using narrow-band excitation (2 nm). Emis- 
sion spectra were normalized and corrected for instrument response 
using the known sensitivity curve of the photomultiplier tube. 

The time-resolved fluorescence intensity and anisotropy decay 
measurements were carried out at the Synchrotron Radiation Source, 
Daresbury Laboratory (UK) as described previously." The polariza- 
tion sensitivity correction factor G for the setup was determined 
using a dilute Chl a solution in acetone. In all the experiments in- 
terference and cut-off filters were used for selecting the emission 
wavelength and the suppression of stray light. The pulse profile was 
measured using either a Ludox suspension or a blank film. The data 
were collected using a standard single photon counting setup 
equipped with a Philips XP2020Q photomultiplier tube. 

Analysis. The intensity decay curves were fitted to multiexponen- 
tial functions with a reiterative deconvolution algorithm using a non- 
linear least-squares Marquardt procedure (ZXSSQ) from the IMSL 
1 i brary . 

The fluorescence anisotropy at low concentrations, in the absence 
of ET, is given by5'.5i 

N 

r(t) = r(0) 2 n,exp(-t/+b,) ( 9  

where +, and a,  are, respectively, the rotational correlation time and 
amplitude of the decay component i and r(0) is 

,..I 

r(0j 0.2(3 C ~ E  - I ) .  (10) 

Here E denotes the angle between the absorption and emission dipole 
moment. This angle is, however, dependent on  the excitation and 
emission wavelengths used. In the first, spectroscopic part of this 
paper, we will use the absence of an anisotropy decay at low con- 
centrations to demonstrate that rotational motion of the monomeric 
Chl a molecules is quenched. 

At higher concentrations, in the presence of intermolecular E T  
processes. the anisotropy decay, Eq. I needs to be modified to take 
into account a nonexponential decay behavior.'"-'' In the second part 
of the study, the anisotropy decay curves were fitted to e vEs mak- 
ing use of a reiterative deconvolution algorithm using a nonlinear 
least-squares Marquardt procedure. 

RESULTS 

Spectroscopy 

Genercil. The spectral measurements described below are 
used to characterize the state of Chl L I  pigments i n  the poly- 
mer matrix. Monomeric Chl a exhibits absorption in two 
main regions25: the Soret region, 360440 nm and the Qy- 
band, 640-680 nm. The peak positions and widths as well 
as the ratio of absorption in the maximum of the Soret band 
and in the maximum of the Q, band (WQ,) of the mono- 
meric spectrum are well established.25 The emission spec- 
trum of Chl a monomers consists of a main band centered 
at 670 nm and a much weaker band with a maximum around 
720-740 nm. Aggregation or degradation of Chl n results in 
changes in all these spectral parameters.'5 

The fluorescence intensity decay of monomeric Chl (I is 
monoexponential with a lifetime of around 5 or 6.5 ns de- 
pending on the coordination state of the Mg Do- 
nor-donor ET processes among Chl (I pigments do not in- 
fluence this behavior. In the presence of traps, however, the 
fluorescence decay becomes a complex function, which is 
not easily described in an analytical form.-'-' Here we shall 
use the deviation from the monoexponential decay process 
to monitor trap formation and the presence of different flu- 
orescent species with a distinct lifetime. 

Chl a in P VA fifilrns. The absorption spectra of Chl ( I  in 
PVA films are shown in Fig. 1 at three different concentra- 
tions: 3 x mol/g (curve I ) ,  5 x mol/g (curve 2) 
and 5 X mol/g (curve 3). The corresponding spectral 
parameters are summarized in Table 1 .  The spectrum ob- 
tained at the lowest concentration is characteristic for all Chl 
CI concentrations in the range 5 X mol/g to 4 X lo-'  
mol/g and corresponds to the monomeric spectrum of Chl 
L E . ~ ~ ~  At higher Chl a concentrations an extra peak on the red 
side of the Q,-band appears, leading to an increase in S/Qu 
and the full width at half maximum (FWHM) of the Qy- 
band. As revealed by derivative absorption spectroscopy (re- 
sults not shown), this peak i s  centered at 694-696 nm. The 
height of this peak increases with Chl a concentration. In 
order to  establish whether this peak arises from the forma- 
tion of a fluorescent species, we have measured the emission 
and excitation spectra of Chl a in PVA at different concen- 
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Wavelength tnm) 
Figure 1 .  Absorption spectra of (1) Chl a P V A  film, concentration 
between 5 X mollg: (2) Chl a P V A  film, 
5 X mollg: (3) Chl a P V A  film, 5 X mollg. 

mollg and 4 X 

trations. Interestingly, we find that the emission spectrum is 
independent of both the excitation wavelength and concen- 
tration of Chl a, see Fig. 2 and Table 2. Furthermore, exci- 
tation in the new 694-696 nm band does not lead to any 
fluorescence intensity in the 696-800 nm region. 

The excitation spectra of Chl aIPVA films over the whole 
concentration range are found to be independent of the emis- 
sion wavelength and are identical to the monomeric absorp- 
tion spectra. This shows that the absorption peak at 694-696 
nm belongs to a nonfluorescent species. The fluorescence 
emission from the Chl a P V A  films thus arises wholly from 
monomeric Chl a. 

These findings establish the formation of nonfluorescing 
Chl a aggregate in PVA films at concentrations above 4 X 

lo-' mol/g. Consequently, these systems are considered to 
be useful models for studying E T  in the presence of traps 
only below this Chl aIPVA concentration. 

The fluorescence of pure NC in DMSO solutions and cast 
films. Knowledge of the fluorescence behavior of pure NC 
is a prerequisite in the study of the behavior of Chl a in NC 
films. To this end the absorption, excitation and emission 
spectra of pure NC-DMSO solutions and NC films were 
measured in the spectral range 340-800 nm. No significant 

Figure 2. Emission spectra of Chl a in PVA films, NC-DMSO and 
NC films (low NC-DMSO ratio). 

difference was found between the spectral properties of NC 
in solution and in film (Fig. 3). These spectra show that NC 
only absorbs in the blue region (300-480 nm). The absorp- 
tion spectra for the Chl a/NC systems presented below were 
corrected for the background absorption of NC. The NC ab- 
sorption in the blue region gives rise to a broad and struc- 
tureless fluorescence band at 5 10-540 nm. The fluorescence 
is much weaker than the Chl a fluorescence and therefore 
does not distort the Chl a fluorescence measurements. 

Chl a in the NC-DMSO solutions. The absorption and 
emission spectra of Chl a in fresh NC-DMSO solutions are 
typical of monomeric Chl a25 and their parameters are sum- 
marized in Tables 1 and 2, respectively. The spectra are 
moreover independent of the NC-DMSO ratio and the Chl 
a concentration used. 

The fluorescence intensity decay of Chl a is found to be 
independent of the excitation and emission wavelength and 
is best described by a monoexponential function with a life- 
time of 4.7 ns (Table 3) .  This is only slightly shorter than 
the 5 ns reported for monomeric Chl a in DMSO and PVA- 
DMSO solutions.25 

On ageing of the Chl a-NC-DMSO solution (in a time- 
range of days) complex changes in spectral properties are 

Table 1. Absorption parameters of Chl a in solutions, NC and PVA film 

Concentration of h,  Soret L Qu FWHM 
solution (M); maximum maximum ES Q,-band 

Chl (CI in film (mollg) (nm) (nm) ( M - '  cm- ' )  SIQ, (cm-') 

DMSO 10-6 
NC-DMSO 1 0 - 6  

1 0 - 5  

NC (low ratio) 1 0 - 7  
9 x 1 0 6  

1 0 - 5  

NC (high ratio) 5 x 1 0 7  

PV A 5 x 1 0 - 7  
1 0 - 7  

5 x 1 0 - 6  

432 
437 
437 
437 
437 
437 
437 
434 
434 
440 

66.5 
668 
668 
668 
668 

6701695 
6731704 

668 
6681695 
6951668 

95 000 
86 000 
86 000 
73 000 
73 000 
73 000 

90 000 
90 000 
90 000 

I .28 
1.21 
1.23 
1.20 
1.24 
1.41 
2.10 
1.25 
1.45 
1.09 

500 
500 
500 
510 
520 
620 

1570 
520 
990 

*The esl-imated error in the FWHM is 20 cm-I. The estimated error in the extinction coefficient in the Soert maximum E~ is 5000 M-' cm-' 
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Table 2. Fluorescence parameters of Chl n in solutions, NC and 
PVA film* 

Con c e n - 
tration 

of solu- 
tion (M):  

film h,,, A,,,,,,,,,, FWHM 
Chl u in (mol/g) (nm) (nm) (cm ' )  Remarks 

DMSO 10 6 434 
NC DMSO 10 (' 437 

1 0 - 5  437 
NC film 10 ' 437 

9 x 1 0 - 6  437 
437 

N C  film 5 X 10 ' 437 
5 x 10 480 
5 x 10 ' 437 
5 x 10 480 

PVA film 10 434 
5 x 10 ' 434 
5 x 1 0 - 6  434 

674 
678 
67 8 
674 
674 
674 
674 

6781720 
674 

6781720 
674 
674 
674 

510 
5 20 
520 
530 
530 
530 
530 
550 
530 

510 
510 
5 20 

~ 

Less than 0.5 g 
per 5 mL 

1 g per 5 
1 g per 5 
2 g per 5 
2 g per 5 

mL 
mL 
mL 
mL 

*The error in the FWHM is estimated to be 20 cm-' .  

observed. This will be the subject of future studies and will 
not be discussed here. 

The observation that the spectral behavior of Chl a in NC- 
DMSO solutions does not exhibit any dependence on the 
NC/DMSO ratio does not by itself imply that a similar be- 
havior will also be found in the films. Indeed, we have found 
that the spectral properties of Chl a in films cast from NC- 
DMSO solutions depend on the NCDMSO ratios. Two 
regions can be distinguished, above and below a ratio of 
about 0.5 g NC per 5 mL DMSO. 

Chl a in NCjilms cast,from NC-DMSO solutions with less 
thun 0.5 g NC/5 mL DMSO. The absorption spectra of Chl 
a in NC films in the concentration range lo-' mol/g to 9 X 

mol/g are shown 
in Fig. 4. The latter concentration appears to be the solubility 
limit of Chl u in NC. The corresponding spectral parameters 
are presented in Table 1. All the spectra exhibited a small 
red shift of 6 nm relative to DMSO solution spectra. 

The Chl a absorption spectra for concentrations below 
mol/g are characteristic of monomeric Chl a, while at 

lo-' mol/g an extra peak at 694-696 nm is found. Moreover, 
the ratio S/Q, and the FWHM of the Q,-band are also higher 
at this latter concentration. A similar behavior was found for 
PVA films (see above) only at much lower Chl a concentra- 
tion. 

The emission spectrum of Chl a in  the films is identical 
to the monomeric spectrum and furthermore is found to be 
independent of the excitation wavelength and the concentra- 
tion (Fig. 2). The corresponding spectral parameters are 
shown in Table 2. Excitation at 694-696 nm did not give 
rise to fluorescence emission in the 700-800 nm region. 
Again, the excitation spectra are found to be independent of 
the emission wavelength observed and correspond to the mo- 
nomeric absorption spectra. We thus conclude that the spe- 
cies absorbing at 694-696 nm does not fluoresce. 

The fluorescence intensity decay of Chl a in these films 
is found to be independent of the excitation and emission 

mol/g and for a concentration of 

I I - 
340 SOQ 600 700 8 0 0  

Wavelength (nrn) 

Figure 3. ( I )  Absorption spectrum of pure NC film; (2) excitation 
spectrum of pure NC film for emission at 540 nm; (3) emission 
Tpectrum of a pure NC film for excitation at 480 nm. 

wavelength. On the other hand, the decay behavior changes 
from monoexponential for Chl a concentrations up to lo-" 
mol/g to biexponential at higher concentrations. Interesting- 
ly, the changeover occurs before the appearance of the 694- 
696 absorption peak. The lifetime in the monoexponential 
regime is 4 .44 .7  ns but shortens considerably as a function 
of concentration in the biexponential range to an average 
value of 2.0-2.4 ns at mol/g (Table 3). This indicates 
that at concentrations above 1 O-h mol/g self-quenching be- 
comes important. 

Finally, fluorescence anisotropy measurements also reveal 
distinct behavior for different Chl a concentrations. At low 
concentrations, below 3 X lo-' mol/g, the anisotropy is con- 
stant on the timescale of the fluorescence lifetime. We thus 
conclude that rotational motion of the Chl a molecules is 
quenched and that no ET takes place. The values of r(0) 
found (Table 4) are in good agreement with literature val- 
ues.25.5h--5H At higher concentrations, the fluorescence anisot- 
ropy decays, presumably as a result of the ET processes. 

Chl a in NC$lms cast from NC-DMSO solution with more 
than 0.5 g N U 5  mL DMSO. The absorption spectra for two 
films prepared from NC-DMSO solutions containing 0.5 g 
and 2 g NC in 5 mL DMSO, respectively, are shown in Fig. 
5. The corresponding parameters are summarized in Table 
1 .  The concentration of Chl a in both films is 5 X 1 0-' mol/ 
g NC. It is clear that an additional absorption peak around 
705 nm arises on increasing the NC/DMSO ratio in  the so- 
lution from which the films are cast. The appearance of this 
peak is accompanied by a broadening of the Soret band. 

In contrast with our findings in PVA films and NC films 
cast from solutions with a low NC/DMSO ratio, the addi- 
tional absorption peak now gives rise to a weak fluorescence 
band at 720 nm. This is concluded from the excitation spec- 
tra of the film cast from a solution containing 2 g NC in 5 
mL DMSO (Fig. 6). For observation at 680 nm the excitation 
spectrum corresponds to the monomeric spectrum. On the 
other hand the excitation spectrum observed at 720 nm ex- 
hibits two additional peaks at 480 nm and around 705 nm. 
Furthermore the Soret band is significantly broadened as is 
also the case for the absorption spectrum. 

The emission spectrum and its parameters for excitation 
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Table 3 .  Results of lifetime experiments" 

Chl a in 

DMSO 10-6 
NC-DMSO 10-6 
NC film 10-7 

3 x 1 0 - 7  
5 x 10-7 

1 0 - 6  
5 x 1 0 - 6  

10 
NC film (2 g on 5 mL) 3 x 10-7 

3 x 1 0 - 7  
3 x 1 0 - 7  

620 
660 
660 
660 
660 
660 
660 
660 
437 
437 
480 

680 
680 
680 
680 
680 
680 
680 
680 
680 
720 
720 

100 - 
100 - 

100 
100 
100 - 
80 20 
60 40 
70 30 

100 - 

78 22 
54 46 

- 
- 

5.4 
4.7 
4.6 
4.6 
4.6 
4.7 
3.1 
2.7 
4.6 
4.5 
4.5 

- 
- 
- 

1.3 
1.3 
1 .o 
- 

1 .o 
1.2 

"Decay curves fit to F(t) = A, X e-flI + A, X e-liT2. The estimated error in the lifetimes is 0.2 ns. 

at 430 rim and 480 nm are shown in Fig. 7 and Table 2, 
respectively, for the film cast from an N C D M S O  solution 
containing 2 g NC per 5 mL DMSO. For excitation at 480 
nm the emission spectrum of the latter shows significant de- 
viations from the typically monomeric emission spectrum 
obtained by excitation at 430 nm. In particular, a broad 
structureless band at 5 10-540 nm, typical for fluorescence 
from NC chains (see Fig. 3) is observed in addition to  a 
band at 720-730 nm. 

We thus believe that the excitation peak at 480 nm arises 
from absorption by the NC chains. This peak is absent in 
the absorption spectrum since the latter has been corrected 
for the absorption of the polymer. However, because the 
pure NC matrix only exhibits fluorescence emission in the 
510-540 nm region and not around 720 nm (see Fig. 3), the 
fluorescence in the latter region on excitation of the NC 
chains can only arise from interaction of these chains with 
Chl a pigments, e.g. via a complex. 

The fluorescence intensity decay of Chl a in the films was 
measured in order to further characterize the nature of the 
species absorbing at 480 nm and 705 nm. A monoexponen- 
tial decay behavior is observed for the emission band at 680 

nm with a fluorescence lifetime of 4 . 4 4 . 7  ns independent 
of the excitation wavelength. In contrast, the fluorescence 
decay behavior for the emission band at 720 nm is best de- 
scribed by a biexponential function and is moreover depen- 
dent on the excitation wavelength. On excitation at 437 nm 
the major decay component has a lifetime of 4.5 ns, and the 
minor component of 1 ns (Table 3). The decay behavior on 
excitation at 480 ns is characterized by two components of 
equal weights and with the same lifetimes as found for ex- 
citation at 437 nm. 

Finally, we note that the density of the NC films increased 
substantially with the N C D M S O  ratio in the solution from 
which they are cast (Table 5).  This observation has a bearing 
on the formation of the fluorescing Chl a complex at 720 
nm as will be discussed below. 

ET study of Chl a in NCfitms cast from solutions 
with 0.3 g NC per 5 mL DMSO 

The natural lifetime of Chl a in NCJilms. Since the natural 
lifetime of Chl a is expected to be influenced by the sur- 
rounding medium,sy we have determined it in the NC films 
from the measured extinction and emission spectrum using 
Eq. 4. The value of 9.4 k 1.0 ns found is subject to a 
relatively big error mainly caused by the error in the deter- 
mination of the density of NC films. This value is signifi- 
cantly smaller than those reported for Chl a in various or- 
ganic solvents, 11-15 ns. Interestingly, this implies that the 
quantum yield of Chl a in NC films is higher than that in 
these solvents, since the fluorescence lifetime is virtually un- 

Table 4. Fluorescence anisotropy measurements (r(t) = r(0)e tmc: 

using synchrotron radiation as a light source" 

NC film 1 0 - 7  395 0.17 ++  
3 x 10-7 3 80 0.2 1 ++ 
3 x 1 0 '  660 0.33 ++  

Figure 4. Absorption spectra of (1) Chl a in NC film prepared from 
solution with low NC to DMSO ratio, 5 X mol/g; (2) Chl a in 
NC film prepared from solution with low NC to DMSO ratio, lo-' 
mol/e. fluorescence lifetime. 

*The estimated error in r(0) is 0.02; emission wavelength is 680 nm 
++ means that no decay of anisotropy was observed within the 
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Wavelength (nm) 

Figure 5 .  Absorption spectra of ( 1 )  Chl a in NC film prepared from 
solution with low NC to DMSO ratio, 5 X lo-’ mol/g: (2) Chl a in 
NC film prepared from solution with high NC to DMSO ratio. 5 X 
10 mol/g. 

affected by the medium. This could be explained by the ab- 
sence of motions and collisions in the rigid NC medium. 

Spectral determination of the Forster radius. The Forster 
radius, R,, of Chl a in N C  films obtained using Eq. 8 was 
found to be 59 t 5 A. Again, the error arises mainly from 
the uncertainties in the determination of the film density. 
This value is in good agreement with those found previously 
in organic solvents (for references see Knoxj4). 

Determination of the Fiirster radius f rom Jiuoresc‘ence an- 
isotropy decays. The fluorescence anisotropy decay curves 
were acquired as a function of Chl a concentration in un- 
stretched N C  films. The reduced Chl a concentration was 
calculated from Eq. 6, assuming a uniform pigment distri- 
bution. The decay behavior was well described by r(t) = 

r (O)e- \E  with values of x 2  between 1.0 and 1.2 over the 
entire concentration range studied. The values of T, listed in 
Table 6 were found to be independent of the excitation and 
emission wavelengths. The fluorescence lifetimes and the 
values of r(0) extracted from the analysis were in excellent 
agreement with those reported by us in Table 4. Importantly, 
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Figure 6 .  Excitation spectra of ( I )  Chl (I in NC film from solution 
with 2 g NC on 5 mL DMSO, 5 X 10 mol/g, emission at 680 nm; 
(2) Chl a in NC films from solution with 2 NC on 5 mL DMSO, 5 
X 10 mollg, emission at 720 nm. 

0 
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2 
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Figure 7. Emi5sion spectra of Chl a in NC film from solution with 
2 g NC on 5 mL DMSO, 5 X 10 ’ mol/g: ( I )  excitation at 430 nm: 
(2) excitation at 480 nm. 

the fluorescence anisotropy decays to zero at long times in 
agreement with the predictions of the Galanin approxima- 
tion. 

The results (Table 6) show that in the concentration range 
between 3 X lo-’ mol/g and 10 mol/g the decay time T, 
is inversely proportional to the square of the reduced con- 
centration in agreement with Eq. 5 .  A Forster radius R,, of 
61 k 2 A is now obtained from Eq. 5 and 6. This behavior, 
however, breaks down for concentrations above 1 mol/g. 

DISCUSSION 

W e  have previously shown that Chl n is present in a mo- 
nomeric form in PVA films at concentrations below 4 X 10 
mol /g2j  The pigments are immobilized on the timescale of 
the fluorescence lifetime and are organized in a pocket-like 
structure. An efficient intermolecular E T  mechanism oper- 
ates in these pockets, but energy trapping by statistical pairs 
takes place. W e  have shown above that a nonfluorescing Chl 
a aggregate is formed on increasing the Chl a concentration 
up to 5 X 10-6 mol/g. 

The question now arises as to the nature of this aggregate. 
A large variety of aggregates and complexes of Chl a mol- 
ecules are known to exist and have been studied extensively 
in different media.9-’z.6G6y Of these only two aggregates re- 
semble those found here in anhydrous PVA films. The first 
is a Chl a-H20-Chl a aggregate found in mixtures of inor- 
ganic and organic solvents, water-methanol mixtures and in 
aqueous PVA films. The maximum of the absorption band 

Table 5 .  Density and thickness of’ NC films prepared using different 
NC to DMSO ratios in the original solutions* 

Amount Amount Thickness Density 
NC (g) DMSO (mL) (win) (g/mL) 

0.300 5.00 30  0.7 
0.500 5.00 50 1 . 1  
1 .000 5.00 100 I .4 
2 .ooo 5.00 200 1.7 

*Error in NC amount 0.002 g; error in DMSO amount 0.01 mL; 
error in thickness and density 10%~. 
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Table 6. Results of fluorescence anisotropy decay measurements on 
unstretched Chl a-NC films* 

3.4 x 111-7 1.4 X lo2’ 372 
5.7 x 1 0 - 7  2.4 X lo2’ 151 
1.1 x 1 0 - 6  4.6 X lo2’ 42 
5.6 X 1 0 P  2.3 x 1024 2 
9.7 x 1 0 - 6  3.5 x 1024 4 

*The error in the decay times is 5% 

depends on the medium but is generally centered around 700 
nm. However, this aggregate exhibits a fluorescence band 
that is absent in our case. A second argument against the 
identification of this aggregate with the species reported 
above is the anhydrous conditions under which the PVA 
films were prepared, although we are aware of the fact that 
only traces of water could lead to aggregates of Chl a with 
water.2,-’ The second aggregate is found in some H,O-DMSO 
mixtures and has been attributed to a linear [Chl a-DMSO], 
polymer.63 The formation of this aggregate was ascribed to 
the linear organization of DMSO in H,O in certain mixtures. 
W e  believe that the aggregate reported here in anhydrous 
PVA films has a similar structure. This aggregate is most 
likely formed in the final stages of the film preparation pro- 
cedure. Our findings thus suggest that the presence of water 
is not essential for its formation. W e  would like to stress, 
however, that the structure of the aggregate cannot be de- 
termined from fluorescence experiments alone. Further in- 
vestigations of the structure are currently in progress. 

The observations presented above underscore our previous 
contention that the Chl a-anhydrous PVA system is a suit- 
able model system for the study of interniolecular ET pro- 
cesses in the presence of a high concentration of traps. How- 
ever, the Chl a concentration in the PVA film must not ex- 
ceed 4 :X mol/g. In a following paper we will study the 
influence of uniaxial stretching of the films on the distribu- 
tion and state of Chl a. 

The results on the NC systems presented above clearly 
demonstrate that Chl a exists in a pure monomeric state in 
NC-DMSO solution under all the experimental conditions 
used. In contrast, the state of the pigments in NC films cast 
from these solutions depends strongly on the N C D M S O  ra- 
tio. A fluorescing Chl a complex is present in films prepared 
from solutions containing more than 0.5 g NC in 5 mL 
DMSO. We believe that this is a Chl a-NC complex for the 
following reasons. (1) Excitation of a pure NC film at 480 
nm gives rise to a broad emission band around 540 nm, 
while a Chl a /NC film exhibits emission bands around 540 
nm and 720 nm at the same excitation wavelength. ( 2 )  The 
excitation spectrum of the Chl aMC films monitored at 720 
nm has peaks at 480 nm and 705 nm. The latter peak is also 
present in the absorption spectrum. The 480 nm peak has 
effectively been removed from the film absorption spectrum 
due to the correction for absorption by the NC matrix. 

We thus conclude that a fluorescing Chl a-NC complex 
is present in the films. The fluorescence emission can be 
excited by illuminating the film either at 705 nm or at 480 
nm, the absorption peak of the NC chains. The formation of 

this complex, in which efficient E T  between the Chl a pig- 
ments and the NC chains takes place, requires a close pack- 
ing in the film. Indeed, pure NC films formed from solutions 
with a high NClDMSO ratio are found to have a substan- 
tially higher density than those formed from solutions with 
a low N C D M S O  ratio (Table 5). Further characterization of 
the Chl a-NC complex is beyond the scope of this paper but 
is currently in progress. 

The interaction between Chl a molecules in NC films pre- 
pared from solutions containing less than 0.5 g NC in 5 mL 
DMSO can be modulated simply by changing the concen- 
tration of the pigments. Aggregates are only formed at con- 
centrations close to the solubility limit of Chl a in NC, 
mol/g. This aggregate exhibits the same characteristic spec- 
tral properties as the one reported above in anhydrous PVA 
films. Nitrocellulose films containing smaller Chl a concen- 
trations exhibit spectral properties characteristic of the mo- 
nomeric state. At Chl a concentrations less than 3 X 

mol/g, the fluorescence intensity decay is monoexponential 
with a lifetime of 4.44.7 ns. Moreover, the fluorescence 
anisotropy is constant on this timescale. The value of the 
anisotropy is in good agreement with literature values for 
monomeric Chl a. We can thus conclude that the pigments 
are separated by large distances so that no E T  can take place. 
On decreasing the distances between the Chl a molecules, 
intermolecular E T  processes are induced. This happens in 
the concentration range of 3 X mol/g to mol/g, 
where the fluorescence anisotropy decays while the intensity 
decay maintains its monoexponential behavior. On increas- 
ing the Chl a concentration further up to the solubility limit, 
the fluorescence intensity decay exhibits a biexponential be- 
havior with a shortened average lifetime. This indicates the 
formation of statistical traps in the NC matrix. 

Finally, we want to establish whether the monomeric Chl 
a molecules in an NC film cast from 0.3 g N C  per 5 m L  
DMSO are distributed uniformally within the matrix. To this 
end we have used a combination of steady-state spectral and 
time-resolved fluorescence anisotropy experiments to inves- 
tigate the distribution of Chl a pigments in NC films. In 
particular we have focused on the agreement between the 
experimental observations and the predictions of donor-do- 
nor ET theory derived on the assumption of uniform and 
isotropic pigment distribution. The agreement is judged us- 
ing two criteria. In the first place, the reduced concentration 
extracted from the fluorescence anisotropy decays should 
scale linearly with the overall average pigment concentra- 
tion. Secondly, the Forster radius R, obtained from this re- 
lation should correspond with the value extracted from the 
spectral parameters. We have found that both criteria are met 
for NC films containing between 3 X lo-’ mol/g and 
mol/g Chl a. Films with a lower Chl a concentration exhib- 
ited no E T  as evidenced by a constant fluorescence anisot- 
ropy on the timescale of the fluorescence lifetime, while at 
concentrations above mol/g we found a shortening of 
the fluorescence lifetime due to trapping by statistical pairs 
and thus according to Eq. 7 the anisotropy decay becomes 
much more complex. 

We have therefore every reason to believe that Chl a pig- 
ments are uniformly distributed in the unstretched NC matrix 
at concentrations below mol/g. 

The results presented here show unambiguously that un- 



st re tched C h l  u/NC f i lms  c a s t  f r o m  so lu t ions  w i t h  less  t h a n  
0.5 g NC per 5 mL DMSO can be part icular ly  su i tab le  m o d e l  
sys tems f o r  s tudying  in te rmolecular  ET processes .  The s ta te  
and organiza t ion  of C h l  ci i n  NC fi lms af te r  uniaxial  s t re tch-  
ing wi l l  be t h e  subjec t  of our n e x t  s tudy ,  since invest igat ion 
of t h e  e f fec t  of t h e  mutua l  or ien ta t ion  of t h e  p igments  on 
t h e  process can o n l y  be car r ied  o u t  i n  uniaxial ly  s t re tched 
films. T h e  s t re tch ing  of t h e  f i lm causes m a c r o s c o p i c  and mi-  
c roscopic  a l ignment  of t h e  C h l  u molecules .  Impor tan t ly .  
s t re tched f i lms  w i t h  a l o w  C h l  u concent ra t ion .  where no ET 
processes t a k e  place,  m a y  be used i n  t h e  de te rmina t ion  of 
t h e  direct ions of t h e  t ransi t ion d ipole  m o m e n t s  i n  t h e  mo- 
lecular  f r a m e  of t h e  p igments .  
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