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Abstract

The quenching of chlorophyll 2 (Chl a) fluorescence by oxygen was studied using bulk solutions and microdroplets of n-octanol over a
Chl a concentration range of 1.1 1M to 82 mM. Chl a exhibits significant self-quenching (concentration guenching) over this concentration
range. The technique of time-resolved fluorescence microscopy was employed to remove the effects of re-absorption. The fluorescence decay
curves measuied for both aerated and deaerated bulk selutions can be described satistactorily by a single-exponential function when the
concentration of Chl a is not higher than 50 mM. The value of the net rate constant for the fluorescence quenching by oxygen in the bulk
solutions (k,) shows a distinct dependence on the Ch! a concentration for concentrations higher than 1 mM, and reaches a value of
(2.0£0.5) X 10" M~ ' s~ ! at 25 mM. This value of k, is approximately five times larger than that obtained for the most dilute bulk solution.
The fluorescence decay curves measured for Chl a in deaerated droplets are approximately exponential, but photodegradation in the aerated
droplets is so significant that the fluorescence decays cannot be described by a single-exponential function. Instead, a sum of two exponentials
is required, with the longer lived component being attributed to the quenched tiuorescence trom Chl a. The values of both the quenched and
unquenched fluorescence lifetimes decrease with decreasing droplet size, and the net rate constant for the fluorescence quenching by oxygen
in the microdroplets (k) is dependent not only on the concentration of Chl a but a .0 on the size of the droplet. The largest value for & of
(85+12) X 10" M~ s~ was found in a 4 um droplet at a Chl a concentration of 30 mM. This droplet size dependence of the fluorescence
quenching by oxygen is ascribed mainly to enhanced energy migration in the smaller droplets, which results in an effective increase in the

quenching radius of oxygen. © 1997 Elsevier Science S.A.
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1. Introduction

The oxygen molecule is unique in that it quenches most
molecules in their electronically excited singlet, triplet, exci-
mer or exciplex states [1]. The efficiency of quenching of
these electronic states is so high that the quenching reactions
by oxygen in solution are often believed to occur at the dif-
fusion-controlled reaction rate [2]. However, this is not
always the case. As demonstrated previously [3-5], the
excited singlet state of some anthracene derivatives is
quenched by oxygen at a rate which is significantly slower
than the rate of diffusion. The mechanism and rate of quench-
ing by oxygen appear to vary from molecule to molecule,
being influenced by various factors, such as the solvent vis-
cosity, solvent polarity, fluorophore concentration and spatial
heterogeneity. Quenching of the fluorescence from chloro-
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phylls by oxygen is of particular interest because chlorophylls
play a key role in photosynthesis, being present in spatially
confined photosynthetic organelles at very high concentra-
tions under aerobic conditions [6].

The migration of the absorbed electronic excitation energy
in highly concentrated solutions is affected by re-absorption,
energy transfer and the formation of dimers and/or higher
aggregates which can act as quenching traps for the migrating
excitation energy [ 7-9]. Therefore the quenching of fluores-
cence by oxygen is usually studied using dilute solutions in
order to avoid the complications caused by increasing fluo-
rophore concentration. The effects of quenching by oxygen
in studies of self-quenching of fluorescence are often
neglected. Studies of the photodynamics of chlorophylls in
vivo often fail to include any evaluation of the consequences
of the presence of oxygen [6] on the photophysical and
photochemical behaviour of the chlorophyll molecules which
exist in chloroplasts ( which have an approximate hemispher-
ical geometry with a typical diameter of 5 um [10]) at local
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concentrations of the order of 10-100 mM [11]. Conse-
quently, the following two issues were addressed in this work:
1. the extent to which the process of fluorescence quenching
by oxygen is influenced by energy migration occurring in
highly corcentrated solutions;

the determination of whether or not the quenching process
is affected by the size of the space in which the chlorophyll
and oxygen molecules are confined.

19

2. Experimental section

The experimental details of the fluorescence decay meas-
urements using time-resolved fluorescence microscopy are
the same as those described previously [8,12-14]. The exci-
tation source was a mode-locked Spectra Pliysics model 2016
Ar* ion laser operating at 514.5 nm. Chlorophyll a (Chl a)
photodegrades more readily in aerated solutions [15] than in
deaerated solutions. The extent of photodegradation is even
more drastic in aerated droplets. Therefore, in order to min-
imize the photodegradation caused by laser irradiation, the
number of counts in the channel of maximum intensity of the
fluorescence decay curves measured for the microdroplets
was kept to 2 X 10? or less. The fluorescence emission was
detected using a Hamamatsu R928 photcmultiplier tube
mounted on the camera port of the fluorescence microscope
(Nikon XF-EFD) after transmission through a Toshiba O-
54 glass cut-off filter inserted before the photomultiplier to
remove any scattered excitation light. The diameter of the
illuminated spot was less than 10 pm. The laser excitation
intensity at the sample was measured with a Newport model
835 power meter to be less than 2 wW, which was sufficiently
low so as to avoid lasing in the droplets. The ‘‘magic angle’”
for the microscope system was determined experimentally by
measuring the fluorescence decay from a thin liquid film of
a dilute ethylene glycol solution of rhodamine 6G (R6G)
sandwiched between a coverslip and a microscope slide and
by adjusting the orientation of the probe polarizer until an
exponential decay was recovered [8,13,14]. All of the fluo-
rescence decay curves have a channel width of 20.9 ps.

Aerated microdroplets of n-octanol were prepared by dis-
persing an air-saturated n-octancl solution of Chl a in water.
A small amount of the upper layer containing the smaller
droplets was sucked into a glass capillary of approximately
100 wm inner diameter. Both ends of the glass capillary were
sealed with compound rubber prior to being mounted on the
stage of the fluorescence microscope for the fluorescence
decay measurements.

Deaerated droplets were prepared by mixing a deaerated
n-octanol solution of Chl a with deaerated water in vacuum.
To achieve this, an H-shaped cell with a glass capillary side
arm was useg, as described previously [13]. Droplets dis-
persed in water were introduced into the capillary side arm
and an appropriate droplet was selected under the microscope.
Droplet sizes were measured using an objective micrometer.
The uncertainty associated with the diameter measurements

was estimated to be approximately 25% for the droplets of
the smallest size.

Distilled water and n-octanol (guaranteed grade, Wako
Pure Chemical Industries Ltd.) were used as received. The
other organic solvents were of spectroscopic grade. The
organic solvents used in this work were not treated to remove
traces of water. The bulk sample solutions were degassed by
several repeated freeze—pump-thaw cycles. Ch! a extracted
from Spirulina (Wako Pure Chemical Industries Ltd.) was
used without further purification. This source of Chl a yielded
several peaks on high performance liquid chromatography
(HPLC) (silica-1151-N; n-hexane-isopropanol (98.4:1.4);
monitored at 430 nm) which were ascribed to a number of
chlorophyll derivatives. However, the peak assigned to Chl
a accounts for 98% of the total peak intensity.

The absorption spectra of highly concentrated solutions of
Chl a were measured using a Shimadzu A207 spectrophotom-
eter. The solutions were contained in a home-built thin cell
consisting of two optical quartz plates (50 mm X 30 mm X 2
mm). The two quartz plates were pressed together by springs
at the four corners of a metal holder {16,17]. The effective
path length of the optical cell was approximately 10 wm. The
absorption spectra of Chl a at concentrations of the order of
10 mM could be measured using this cell. The fluorescence
spectra of dilute solutions were recorded using a Shimadzu
RF 502 spectrofltuorophotometer. A Nikon XF-EFD epi-illu-
mination fluorescence microscope, fitted with a Hamamatsu
C2327 PCD photedetector (1024 channels) operating at
—20°C, was used te record the fluorescence spectra of con-
centrated solutions in a manner similar to that reported pre-
viously [18]. All of the kinetic and spectral measurements
were performed at room temperature. Oxygen concentrations
in solution were determined by gas chromatography (molec-
ular sieve 5 A), when no literature values were available
[3,19]. The water content in the n-octanol droplets dispersed
in water was determined to be approximately 5% by volume
using gas chromatography (Polapack Type Q).

3. Results and discussion

3.1. Concentration quenching of Chl a fluorescence in bulk
solution

The fluorescence from dyes in highly concentrated solu-
tions is often quenched strongly without being accompanied
by the appearance of a new emission band. Chlorophylls are
a well-known example of such molecules [20,21]. The flu-
orescence lifetime of Chl a in n-octanol was measured as a
function of concentration using a thin glass capillary to avoid
distortion due to the effects of re-absorption [8,12]. The
fluorescence decay curves measured at several Chl a concen-
trations are shown in Fig. 1. The full lines through the dots
represent the best-fit single-exponential decays, and the cor-
responding reduced residual distributions are shown in Fig. 2.
The fluorescence lifetimes calculated from these decay curves
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Fig. 1. Fluorescence decay curves (dots) measured for degassed solutions of Chi a in n-octanol contained in thin glass capillaries. Concentratiors of Chl a:
(a) 1.0 mM; (b) 7.5 mM; (c) 15 mM; (d) 20 mM; (e) 30 mM; (f) 50 mM; (g) 82 mM. Full lines are the best-fit decay curves calculated using a single-

exponential function. Curve (h) is the instrument response function.

are plotted in Fig. 3 as a function of the concentration. The
fluorescence decay curves measured for Chl q at concentra-
tions of less than 1.0 mM can be described satisfactorily by
asingle-exponential function with adecay time of 5.65 £ 0.04
ns. The fluorescence lifetime displays a systematic decrease
when the Chl a concentration is increased above 1.0 mM, but
the fluorescence decay remains exponential until the Chl a
concentration reaches 50 mM. At this concentration, the
decay curve displays a perceptible deviation fror: exponen-
tiality. The non-random reduced residual distributions
observed for decay curve (g) in the top panel of Fig. 2 illus-
trates the clear deviation from exponentiality for the decay
curve measured at a Chl a concentration of 82 mM.

A comparison of the absorption spectra measured for Chl
a in n-octanol at 0.1 pM and 10 mM does not suggest the
presence of any new absorption bands, since the relative peak
intensities and widths at half-maximum of the major bands
located at 433, 620 and 667 nm are found to be the same for
the two spectra. The fluorescence emission spectrum displays
a peak at 675 nm in dilute n-octanol solution (0.1 pM), and
no appreciable spectral shift or any new emission bands are

observed when the concentration is increased to 10 mM.
Although no spectral evidence for the formation of Chl a
dimers in n-octanol has been obtained, an analysis of the
fluorescence decay curves obtained for highly concentrated
solutions using the Loring-Anderson-Fayer (LAF) model
[22] described below enables an estimation to be made of
the concentrations of the dimer (or statistical pair [ 19]) of
Chl a, and hence the equilibrium constant for dimer
formation.

Loring et al. [22] proposed a model to describe the mod-
ification to the time dependence of the fluorescence emission
which arises as a result of energy migration and subsequent
trapping (quenching) of this migrating energy. It was
assumed in the development of this model that material dif-
fusion is negligible, back energy transfer from the trap to the
donor molecule does not occur and that the trap itself is non-
emissive. The fluorescence decays of Chl a in concentrated
n-octanol solutions satisfy these conditions, assuming that
the energy migration among the Chi a molecules is governed
by Forster-type energy transfer [23] and that the dimer
behaves as a non-emissive trap.
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Fig. 2. Distribution of reduced residuals corresponding to the analysis using
an exponential function of the fluorescence decay curves shown in Fig. 1.
Decay curves (a)—(g) from bottom to top.
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Fig. 3. Plot of the best-fit exponential decay times obtained for Chl a in
deaerated n-octanol solutions as a function of concentration.

The fluorescence decay curves shown in Fig. 1 were ana-
lysed using the LAF model [22], with the details of the
method of analysis given in Ref. [8]. The model-related
parameters used for curve fitting are the critical distance for
energy transfer from the monomer to the dimer (R}'®) and
the reduced concentrations of the monomer and dimer, from
which the equilibrium constant (Ky;p) can be calculated. The
quality of fitting is satisfactory over the v “:ole concentration
range examined, in contrast with the poor fitting of the decay
curve (g) in Fig. 1 to a single exponential. However, the
values recovered for Ry and the values calculated for Kyp,
are constant only up to a Chl a concentration of 20 mM.
Above this concentration, the values of RY® display a system-

atic decrease with increasing concentration and the values of
Kup display a systematic increase. These results imply that
higher order aggregates may be formed in significant concen-
trations at Chl @ concentrations greater than 20 mM, resulting
in the inapplicability of the LAF model. The average best-fit
values for RY® and Ky, over the concentration range 5.0-20
mM are 4.6+0.4 nm and 2.6 +0.4 M~! respectively. The
value obtained for Kyyp indicates that the mole fraction of the
dimer is less than 0.03 over this concentration range. Such a
low fraction of the dimer is consistent with the lack of spec-
troscopic evidence for dimer formation in n-octanol. This
behaviour is in contrast with the facile formation of dimers
and higher aggregates of Chl a in non-polar solvents, such as
carbon tetrachloride, for which an abundance of spectro-
scopic and thermodynamic evidence exists [24].

Although no spectral evidence could be obtained for the
formation of Chl a dimers in n-octanol, the presence of only
a minute concentration of dimers would be sufficient toresult
in considerable quenching of Chl 2 monomer fluorescence if
the migration of excitation energy among Chl @ monomers is
very efficient. The efficiency of energy migration can be
estimated using the critical distance for energy transfer
(R¥™M), defined in Eq. (1), assuming that the transfer of
excitation energy proceeds via a Forster-type mechanism

9000 In(10) i3y [ Fi Dea®)

MM 6
(Ro™) 1287°n‘N ) 7

(N

where ¢ is the fluorescence quantum yield of the unguenched
fluorophore, 2 is an orientational factor given by 0.476,
F( ) is the spectral distribution of the fluorescence emission
in quanta normalized to unity, €(#) is the decadic molar
extinction coefficient at the wavenumber ¥ and n is the refrac-
tive index of the solvent [23]. The probability of an elec-
tronically excited Chl a monomer decaying radiatively or by
non-radiative energy transfer to a neighbouring Chl @ mon-
omer is equal when the two Chl a monomers are separated
by adistance of RY™. The value of RY™ for Chl a in n-octanol
was calculated to be 5.2 nm using the absorption and fluores-
cence spectra measured in this work. The mean separation
distance r between the monomers for a solution containing a
Chl a concentration of 1.0 mM is 7.3 nm. The efficiency of
energy transfer E(r) at this concentration is calculated to be
11% using Eq. (2)
(RY™)®

( R(h)AM)G + r6
In contrast, the mean distance between neighbouring mono-
mers at a Chl a concentration of 10 mM is 3.4 nm, resulting
in a calculated efficiency of energy transfer between Chl a
monomers of 93%. This value of E(r) will be a slight over-
estimate of the actual value due to the reduction in monomer
concentration occurring as a result of dimer formation. How-
ever, the effect of this on the calculated value of E(r) is

expected to be negligible considering the very low mole frac-
tion of dimers. It is evident from these simple calculations

E(r)= (2)
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Table 1

Rate constants of fluorescence quenching by oxygen for Chl a (0.1 pM) in various solvents

Solvent [0,] (mM) 7 (cP) To (nS) 74 (ns) ky (10° M~ 1571
Methanol 2.12 0.545 5974005 5551004 0.60+0.13
Ethanol 207 1.708 5.85+0.05 5.50+0.05 0.53+0.15
1-Propanol 2.20 2.004 5.6410.05 5.32+0.05 049+0.15
2-Propanol 2.11 2.130 5.76+0.04 546+0.04 045+0.12
1-Butanol 1.80 2.640 5481+0.04 525+0.04 044+0.16
n-Pentanol 1.90 3.347 54310.05 5.20+0.04 043+0.17
2-Methyl-1-propanol 1.77 3910 5.68+0.05 5.40+0.05 0.52+0.18
n-Octanol 1.65 7.630 5.65+0.04 5.46+0.05 0.37+0.18
Benzene 191 0.603 5.8240.07 54110.05 0.68+0.20
Toluene 227 0.552 5.68 £0.06 5.15+0.06 0.80+0.18
Xylene 239 0.605 5.61 £0.05 5.13+£0.06 0.70+0.16
Carbon tetrachloride 259 0.904 52240.05 491 £0.05 047+0.15

that the very efficient transfer of excitation energy within the
Chl @ monomer ensemble, even in only moderately concen-
trated solutions, will enhance markedly the quenching of the
Chl a monomer fluorescence by ground state dimers.

The dependence of the fluorescence decay of Chl a on the
concentration is a function of the solvent. For instance, the
fluorescence lifetimes of Chl a at a concentration of 1.0 mM
in benzene and carbon tetrachloride are 4.56+0.08 rs and
4.1040.03 ns respectively, both values being significantly
shorter than those measured at 0.1 uM in these solvents (see
Table 1). It has been established [24] that Chl a dimerizes
in non-polar solvents with a dimerization constant greater
than that in polar solvents, and hence the decrease in the
fluorescence lifetimes observed in benzene and carbon tet-
rachloride at 1.0 mM can be attributed to the quenching of
fluorescence from monomeric Chl a by dimers.

3.2. Quenching of Chl a fluorescence by oxygen in bulk
solution

3.2.1. Dilute solutions

Oxygen quenches the fluorescence from C*1 a efficiently.
The energy levels of S, and T, for Chl a can be estimated
from the absorption and phosphorescence band origins
[25.26]. The energy gap between S, and T, is calculated to
be no more than 5000 cm ™!, and hence is not sufficiently
large to produce singlet oxygen ('A,=7800cm™"), which
would result if the fluorescence quenching reaction proceeded
via spin-allowed energy transfer to the oxygen molecule in
the ground state (325- ) [1,27,28]. Thus the process given
by Eq. (3) is eliminated from the quenching mechanism on
the basis of energetic considerations

Si+0,(°%; ) =T +05("Ap) (3)

Another conceivable spin-allowed quenching process is
given by Eq. (4)

$1+0,(°%; ) = T +0,(°Zg) (4)

The quenched fluorescence decay curves measured for Chl
a in dilute aerated solutions can be described adequately by

a single-exponential function. The rate constant for the
quenching of the fluorescence by vxygen (k,) can be calcu-
lated using Eq. (5)

1/7,~ 1/ 15=k,[O;] (5)

where 7, and 7, are the unquenched and quenched fluores-
cence lifetimes of Chl a in solution respectively. The values
for k, were determined for Chl a in a wide range of solvents
and are summarized in Table 1, together with the values for
7o and 7,. The values for k, are all significantly smaller than
the value for k4, the rate constant for a diffusion-controlled
bimolecular reaction, calculated using Eq. (6), where 7 is
the solvent viscosity

The logarithmic values of k, obtained for aicoholic solvents
containing a Chl a concentration of 0.1 pM are plotted in
Fig. 4 as a function of the logarithmic values of the solvent
viscosity. The dependence of k; on 7 can be described phe-
nomenologically by Eq. (7) [4]

ky=An° ™
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Fig. 4. Dependence of k, on viscosity observed in alcoholic solvents at 298

K at a concentration of 0.1 pM: 1, methanol; 2, ethanol; 3, 2-propanol; 4,

1-propanol; 5, n-butanol; 6, n-pentancl; 7, 2-methyl-1-propanol; 8, n-

octanol.
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Table 2
Concentration dependence of the rate constant of fluorescence quenching

by oxygen for Chl a in n-octanol

Chl @ (mM) 7o (nS) 7, (nS) kg (10°M™'s™)
0.0001 5.6510.04 5.46+0.05 0.37+0.18

1.0 5.65+0.05 5.03+0.04 1.3+02

5.0 5.42+0.05 4.80+0.06 14403

15 4.87+0.05 4.43+0.05 1.2+03

10 450+ 0.05 4.02+0.04 1.6+0.3

25 2.82+0.03 2.58+0.03 20+05

A good straight line is obtained for a Chl a concentration of
0.1 pM and the value of the exponent in Eq. (7) is 0.18.
The dependence of k, on 7 found for Chl a is similar to that
for anthracene [S] and 9,10-dimethylanthracene [29] in
alcoholic solvents. However, the values for k, obtained exper-
imentally are smaller than those predicted by Eq. (6) for fully
diffusion-controlled reactions. Therefore, over the viscosity
range examined in this work, the quenching of Chl a fluores-
cence by oxygen does not appear to be governed solely by
material diffusion but may involve an activated process
[4,30,31].

3.2.2. Concentrated solutions

Both the quenched and unquenched fluorescence decays
for the concentrated solutions can be described well by a
single-exponential function provided that the Chl a concen-
tration is not higher than 50 mM. The values of k, evaluated
using Eq. (5) for several concentrations of Chl a in n-octanol
are listed in Table 2. These values display an increase with
increasing Chl a concentration. The value of k, at a Chl a
concentration of 25 mM ((2.0+£0.5) X10'°° M~ ! s~!) is
approximately five times larger than that obtained for the
dilute solution. Energy migration, which is more efficient at
higher concentrations, is believed to be responsible for the
increase in the value of k, with increasing Chl a concentration.

It is not difficult to explain qualitatively the reason for the
increase in the values of k, observed on increasing the con-
centration of Chl a in the bulk solution. Excitation energy
migration among Chl a molecules, which is mediated by
dipole—dipole Forster-type interactions [32], becomes more
efficient with increasing concentration of Chl a because the
average intermolecular distance between two Chl a molecules
becomes shorter. This leads to the enhancement of the prob-
ability of an excited molecule being in the vicinity of an
oxygen molecule, thereby resulting in a significant increase
in the apparent quenching rate constant. Thus the rate constant
for a fluorescence quenching reaction mediated solely by
material diffusion in dilute solution can be modified in con-
centrated solution due to rapid energy migration among the
fluorophores. The values of k, are larger at higher Chl a
concentrations than at lower concentrations for all of the
alcoholic solvents used in this work.

It should be emphasized here that, if the effects of re-
absorption are not removed, the apparent fluorescence life-

time increases with increasing concentration, without being
accompanied by any apparent deviation from single expo-
nentiality under certain circumstances [ 14,33]. The increase
in the apparent lifetime as a result of re-absorption would be
expected to be greater for deaerated solutions than for aerated
solutions for a given concentration of a fluorophore because
the probability of re-absorption is higher the larger the fluo-
rescence- quantum yield. As a result of this, the apparent
quenching rate constant, calculated by substituting these dis-
torted apparent lifetimes into Eq. (5), increases as the dis-
tortion becomes more significant with increasing
concentration [ 33]. This type of superficial effect of concen-
tration on the k, values is absent in the present work. The
values of k, reported for Chl a [34] and many other organic
molecules [35] are larger than those obtained for dilute solu-
tions simply because of this re-absorption effect.

3.3. Quenching of Chl a fluorescence by oxygen in
microdroplets

It has been reported previously [12] that the decay of
fluorescence from ethylene glycol microdroplets containing
high concentrations of rhodamine B exhibits a dependence
on the droplet size. Recently, a significant dependence on the
droplet size of the fluorescence decay features of R6G at high
concentrations (1.0-5.2 mM) and the erergy transfer from
R6G (0.10 mM:) to malachite green (0.75 mM) has been
observed [36].

Fig. 5 shows the fluorescence decay curves measured for
10 pm diameter aerated and deaerated droplets of n-octanol
containing a Chl a concentration of 1.0 mM. The fluorescence
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Fig. 5. Fluorescence decay curves measured for degassed and aerated drop-
lets of n-octanol containing Chl a dispersed in water: (a) degassed droplet;
(b) aerated droplet. The droplet size is 10 um.
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decay curves measured for the deaerated droplets can be fitted
satisfactorily using a single-exponential function, irrespec-
tive of the droplet size, provided that prolonged laser irradi-
ation is avoided by restricting the maximum counts at the
peak intensity of the fluorescence decay curve to less than
2% 103, The fluorescence lifetimes obtained for the deaerated
droplets are denoted by 75.

The values obtained for 75 at four different concentrations
of Chl a over a range of droplet sizes are listed in Table 3.
The value of 75 at a Chl a concentration of 0.1 mM is essen-
tially independent of the droplet size, indicating that neither
intramolecular radiative nor intramolecular non-radiative
processes are influenced by the droplet size under the present
experimental conditions. However, at higher concentrations
of Chl a, the values of 75 decrease as the diameter of the
droplet decreases, the dependence of 75 on size being larger
for the droplets containing higher concentrations of Chl a.

The fluorescence decay curves measured for the aerated
droplets deviate significantly from exponentiality and so were
analysed using a sum of two exponentials. This deviation
from exponentiality is attributed to the photodegradation of
Chl a [37], and is far more extensive in the droplets than in
bulk solution. The chronoiogical change in the decay curve
observed on lacer irradiation is shown in Fig. 6. The lifetimes
associated with the two fluorescence decay components
remain unchanged on irradiation, but the fractional contri-
butions of these two components to the total fluorescence
vary such that the fraction of the shorter lived component
(approximately 330 ps) increases with increasing time of
irradiation. Therefore this component is ascribed to fluores-
cence from an unidentified photoproduct and the longer lived
component to the fluorescence from Chl a quenched by
oxygen.

The values of the net rate constant for fluorescence quench-
ing in the droplets (kg) were calculated using Eq. (8)

Y
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TIUE / NAKOSECONDS
Fig. 6. Effect of laser irradiation on the fluorescence -ecay features of Chl
a in a dropiet of n-octanol (initia! Chl a concentration, 5 mM): (a) 200 s;
(b) 400s; (c) 1000s; (d) 1600s; (e) 2200 s. The two component lifetimes
remain constant and only the fractions of the components vary with
irradiation.

where 75 and 75 are the fluorescence lifetimes of a deaerated
droplet and of the longer lived component of the double-
exponential fluorescence decay obtained for an aerated drop-
let of the same diameter respectively. The values calculated
for kg are summarized in Table 3 and display a clear depend-
ence on the droplet size. The largest value of &g,
(85+12) X 10" M~! s, was obtained for a droplet of 4
pm in diameter containing a Chl a concentration of 30 mM.
This value of ky is some 230 times greater than the value
obtained for the dilute solution of Chl a (see Table 1). In

1/ =1 /8 =k102] ® fact, to our knowledge, this value is the largest ever reported
Table 3

Rate constants of fluorescence quenching by oxygen of Chl a in n-octanol droplets dispersed in water as a function of the droplet size

Diameter (pm) 7 (ns) 75 (ns) KR (10°M~'s"')  Diameter (um) 5 (ns) 75 (ns) B 0°M's™h)
[Chla] =0.1 mM [Chla]=5.0 mM

5 539+0.12 411+027 3.6%12 4 305+0.15 237+0.15 58126

6 542+0.12 4291026 3.0%l.1 8 3.14+0.11 252+0.15 48121

8 555+0.12 4.17+026 37112 12 3404013 2731017 44121

10 535+0.12 4244027 30%12 16 429+0.14 3521021 3.1%15

15 557+0.12 455+023 25109 20 4424015 3851015 20+l.1

20 550+0.12  4.80+021 1.6+0.8 24 4541016  4.1410.20 15+1.2

27 558+0.12  5.0310.21 12407 28 487+0.16 432%0.19 16+10

[Chla] =10 mM [Chia] =30 mM

4 3.02+015 2.18+008 7.7+20 4 145+006 048+004 8512

8 3.174020 2241008 79122 8 1494006 0501004 8111

12 3134014 2471008 52%1.7 12 154+006 053+0.04 76110

16 3374016 2701009 44116 16 1994007 067+003 6045

20 3404004 2951010 2.7+14 20 2094007 095+0.04 35%4

24 3.50+0.15 309+010 23t14 24 2.2510.08 1.06+£004 3043

28 3744015  3.351008 19+1.1 28 244 1008 1.16+£004 2743
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for the fluorescence quenching by oxygen in solution [1-
4,19,23,35], and far exceeds the value of k..¢rcalculated using
Eq. (6). The possibility that the concentration of oxygen in
the droplet increases greatly when the concentration of Chla
is increased was eliminated by comparing the concentrations
of oxygen in the most concentrated and most dilute solutions
by gas chromatography. Furthermore, the concentration of
oxygen in an n-octanol solution saturated with water was
found to be practically the same as that in a pure n-octanol
solution. Therefore it is very unlikely that the concentration
of oxygen in small droplets is many times higher than that in
the bulk solution of n-octanol, although the concentration of
oxygen in the droplets could not be measured directly. Thus
the large increase in the quenching rate constant in the droplet
is not the result of a significant change in the concentration
of oxygen.

The reduction in the fluorescence decay time (75) with
decreasing droplet diameter for Chl a concentrations greater
than 0.1 mM, as shown in Table 3, indicates that either the
efficiency of energy migration among the Chl ¢ monomers is
enhanced when the Chl a molecules are confined in smaller
droplets, leading to more pronounced quenching by ground
state Chl a dimers, or that the concentration of the non-
emissive dimer increases with decreasing droplet size. The
latter possibility can be eliminated because this would be
expected to result in a reduction in the efficiency of fluores-
cence quenching by oxygen for smaller droplets. Inspection
of the data in Table 3 reveals that this is not the case.

A significantly higher efficiency of Forster-type non-radi-
ative energy transfer from coumarin-1 to R6G contained in
levitated 10 pwm diameter glycerol microdroplets compared
with that in bulk glycerol has been reported previously [ 38].
It was shown {38-40] that this phenomencn results from the
mediation of the dipole-dipole interaction by morphology-
dependent resonances (MDRs) of the particle. Furthermore,
the dependence on the droplet diameter of the fluorescence
lifetime of dilute solutions of R6G in levitated glycerol and
ethylene glycol microdroplets has been reported recently
[41-43]. This was attributed [41] to a greater proportion of
the fluorophores being able to interact with a cavity mode of
the MDR in the smaller droplets as a result of the relative
increase in mode volume with decreasing droplet diameter.
A similar dependence of the luminescence lifetime on the
droplet size has also been observed for chelated eurcpium
ions in dimethylformamide-alcohol microdroplets {44]. In
the present case, however, there is a much smaller difference
in the refractive index between the droplet and the surround-
ing medium. Therefore, as the condition for the enhancement
of energy transfer by MDR is barely satisfied, it is unlikely
that the observed effect results from the influence of MDR.
Although we are unable to provide any theoretical rationali-
zation for the observed effects, it is proposed that the reduc-
tion in 75 with decreasing droplet diameter for droplets
containing Chl a in excess of 0.1 mM, observed in the present
work, arises predominantly from the progressive enhance-
ment of the rate of non-radiative energy migration among

Chl a monomers. This results in more efficient trapping of
the available excitation energy by non-emissive dimers, lead-
ing to lower values of 75. For the same reasons, the probability
of the trapping of excitation energy by oxygen molecules also
increases, resulting in an increasing magnitude of kj with
decreasing droplet diameter. A similar many-fold enhance-
ment in the efficiency of Forster-type energy transfer with
decreasing droplet diameter has also been observed recently
[36] for droplets containing R6G and malachite green.

Heterogeneity in the quencher distribution in small drop-
lets may cause some unusual phenomena. In the present case,
oxygen is not expected to be distributed inhomogeneously in
the droplets since the solubility of oxygen differs little
between water and n-octanol. Although heterogeneity in the
distribution of Chl a is possible, particularly near the surface
of the droplets [45], no evidence for this was found in the
present work.

4. Conclusions

The quenching of Chl a fluorescence by oxygen in highly
concentrated solutions in both bulk solution and in microd-
roplets has been investigated. The rate constant of fluores-
cence quenching by oxygen in bulk solutions (k) increases
with increasing Chl a concentration. This is ascribed to
enhanced excitation energy migration among monomeric Chl
a molecules, resulting from the reduction in their mean sep-
aration distance with increasing Chl a concentration. The
values of k, for dilute sclutions of Chl 4 in alcoholic solvents
display a fractional power dependence on the solvent viscos-
ity which is typical for reactions proceeding at rates lower
than that associated with material diffusion.

The netrate constant for fluorescence quenching by oxygen
in microdroplets (kJ) displays a significant increase with
decreasing droplet diameter for Chl a concentrations greater
than 0.1 mM. The value of k7 at a Chl a concentration of 30
mM ina4 pm diameter droplet of 85 X 10'°M ~'s ™! is some
230 times larger than the value of k, in dilute solution. This
extremely large value of k7 is proposed to arise from the
enhanced migration of excitation energy within the Chl a
monomer ensemble.

Little is known about the role of oxygen as a quencher of
the light encrgy absorbed by chloroplasts [46]. However, the
effect of droplet size on k] observed in this work suggests
that there may exist an optimum chioroplast size at which the
probability of trapping of the migrating excitation energy at
the so-called ‘‘special pair’’ in photosystem II (PSII)
exceeds significantly that of the trapping by oxygen produced
in PSII as aresult of the oxidation of water [6]. The enhance-
ment of the fluorescence quenching by oxygen observed for
the microdroplets is also relevant to the interpretation of the
fluorescence decay curves measured for extracted photosyn-
thetic organelles under aerated conditions [47). At present,
however, further work is required in order to establish
whether the presence of oxygen madifies the decay features
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of fluorescence from Chl a in single photosynthetic organ-
isms, such as Euglena gracilis Z [48) or Chlamydomonas
[491], isolated photosynthetic particles [ 50] or reaction cen-
tres in the extracted thylakoid membranes [51].
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