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Picosecond studies at 77 K of energy transfer in chloroplasts at low and high 
excitation intensities 
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Spinach chloroplast chlorophyll fluorescence at 685 and 735 nm (F6s s and F73 s) has been time-resolved with a 
low-jitter streak camera system. Measurements are reported largely for 77 K, using single 30-ps 532-nm 
excitation pulses with pulse fluences of 2.1012 to 2 .  I016 photons, cm -2. A slightly fluence-dependent delay 
(16 + 3 ps) found for the rise of F73 s relative to F6s 5 is too small to correspond to transfer into the species 
emitting F73 s from the species emitting F6ss. The rise of F735 is biphasic at lower intensities and monophasic 
at higher intensity. The delay in the rise of F6s 5 is smaller than approx. 2 ps. The time-resolved F6s 5 is fit with 
a three-component model in which energy is transferred from a large pool of antenna chlorophylls to a small 
pool closely connected to the reaction center, all exciton annihilation occurring in the small pool. The F73 s 
hiphasic rise and its sensitivity to excitation fluence is explained by a similar but independent model. Data at 
our lowest intensities are consistent with those obtained by a photon-counting method using very low 
intensity excitation. 

Introduction 

Time-resolved fluorescence data have been used 
for over 10 years as an indicator of the locus of 
relaxed electronic excitation energy in algae, chlo- 
roplasts, and subchloroplast particles [1]. The 
primary feature in early picosecond pulse data 
obtained was an anomalously short intrinsic flu- 
orescence lifetime. Exciton annihilation, as sug- 

* Also now at: Department of Radiation Biology and Bio- 
physics, School of Medicine and Dentistry, University of 
Rochester, Rochester, NY 14642, U.S.A. 

I Present address: ATT Bell Laboratories, Hoimdel, NJ 07733, 
U.S.A. 
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gested by several authors [2-4], was shown to be 
the cause of most of the systematically shortened 
fluorescence traces [5]. This effect was subse- 
quently used to study excitation diffusion in 
spinach chloroplasts and the topology of the pho- 
tosynthetic unit [6,7]. Another line of investiga- 
tion, using photon-counting methods (see, for ins- 
tance, Refs. 8-10), has employed excitation inten- 
sities sufficiently low that nonlinear effects are 
virtually certain to be absent. 

Time-dependent fluorescence meaurements ob- 
tained at high excitation intensities have been er- 
ratic even when the nonlinear effects have been 
recognized explicitly and taken into account in the 
analyses. In Fig. 1 we show a selection of time 
parameters measured subsequent to pulse excita- 
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Fig. 1. Selected fluorescence response parameters in various 
species and under various conditions, as a function of excita- 
tion pulse intensity. Symbols: circles (O, O) represent I/e-de- 
cay times of F6s 5 and squares ([], II) represent 10-90% rise-times 
of F735; the other symbols ( ×, A, zx) each represent the lifetime 
parameter in one component of a multiexponential fit to spinach 
chloroplasts (O, II, A), Chlorella (0, m), wild-type barley chlo- 
roplasts (zx). The points marked × refer to various species. The 
dashed lines merely aid the eye in correlating the data in two 
sets of measurements (E and G) and have no particular quanti- 
tative significance. Error bars represent ranges quoted in refer- 
ences, and in case G the spread consistent with kinetic fits 
(vertical direction) or an estimated 10% error in energy de- 
termination (horizontal direction). References: A, Reisberg et 
al. [17]; B, Beddard et al. [12]; C, Pellegrino et al. [14]; D, Yu et 
al. [16]; E, Campillo et al. [4]; F, Campillo et al. [13]; G, 
present work. Most data shown here are representative of 
77-90 K, with some at 300 K (case B) and in the case of D no 
appreciable temperature dependence occurred. 

tion to illustrate this point  [4,9-17]. Probably the 
data  scatter problem is caused partially by the use 
of  widely varying conditions, species and instru- 
mentation,  partially by details of  interpretation, 
and partially by signal-to-noise limits in measure- 
ments  involving streak cameras. The last is largely 
responsible for the lack of measurements  in the 
10tl-1013 fluence range. In the range below 1011, 
there are three clusters of data points, one around 
100 ps, one around 450 ps. and another around 
2000 ps. These represent the lifetimes used in 
fitting linear combinat ions  of exponentials to 685 
n m  fluorescence. Reisberg et al. [17] believe that as 
many  as three different lifetime components  are 
ultimately nescessary for this type of analysis of 
the fluorescence around 685 nm. Another  feature 

of Fig. 1 is the spread of the data on 735 nm 
rise-times (the square points). This will be dis- 
cussed in the Experimental results and the Analy- 
sis sections. 

Although the fluorescence of chloroplasts at 77 
K originates in a variety of emitters [18], two 
wavelength regions have dominated high-intensity 
research. F685, around 685 nm, can be regarded 
loosely as the fluorescence from light-harvesting 
chlorophyll  (LHC),  and from chlorophyll  antenna 
molecules associated primarily but not exclusively 
with System II (PS II). F735, around 735 nm, 
originated in System I (PS I). F~85 has a rise which 
follows the 532 nm excitation as faithfully as if the 
excitation were directly into the emitting states 

(less than 2 ps delay time). F73 s has a 10-90% 
rise-time (reported variously from 20 to 150 ps) 
usually attributed to the time of  energy transfer to 
a species called C-705 [19]. As the excitation inten- 
sity increases, the 1 / e  decay time of  F685 decreases. 
That  of  the F735 has not been seen to decrease. The 
fluorescence yield of  both emissions drops off at 
high intensities [20]. Fluorescence at 695 n m (  F695) 
is associated with System II (PS II), but  because of  
its complexity, time-resolved measurements have 
not been analyzed in detail [17]. 

The purpose of the present investigations has 
been to make studies of the type just described 
with special at tention to reproducibility and with a 
physical approach to the fitting of the data. The 
next section describes the materials and methods 
followed by a section in which the experimental 
results are described which are in the form of 685 
and 735 nm fluorescence intensities as a function 
of time after pulse excitation. The fourth section is 
an analysis of the results in terms of the several 
possible kinetic schemes. The final section con- 
tains a summary and comments  on proposed ex- 
tensions of the work. 

Materials and Methods 

1. Sample preparation 
Spinach leaves were obtained from a local su- 

permarket.  Chloroplasts were prepared following 
the procedure of Breton et al. [21] in a buffer 
solution of  0.4 M sucrose, 20 mM KC1, and 20 
m M  Tris buffer with no Mg 2÷ added (pH 8 at 
4°C). Final solutions at 65-70% glycerol buffer 



were prepared to an absorbance of up to 0.15 at 
532 nm, to ensure uniform sample excitation. Sam- 
ples were kept dark and on ice until use. Chloro- 
plast suspensions were placed in a glass cuvette of 
path-length 1 or 0.5 mm. Each sample was mounted 
on a copper sample holder attached to the cold 
finger of a closed cycle helium refrigerator system 
(CTI-Cryogenics). To minimize the creation of 
freezing cracks, the samples were cooled rapidly to 
220 K and then slowly by 20-K intervals to 80 K. 
From room temperature to 200 K the samples 
were kept under constant illumination (0.1 W / c m  2 
in the 520-540 nm region) to insure that the 
reaction centers of Photosystem II were frozen 
into their closed state. Once in the range 77-80 K, 
the samples were maintained to within 1 K by the 
cryogenic system. 

2. Excitation pulses and fluorescence detection 
We excited the samples with single, 30-ps, 532- 

nm laser pulses from a frequency-doubled active- 
passive mode-locked N d : Y A G  (neodymium3÷ : 
yttrium aluminum garnet) laser system [21] at a 
repetition rate of about 0.5 Hz. A Schott 2 mm 
BG18 filter (Schott Optical Glass) was placed after 
the doubling crystal to block any remaining 1064 
nm laser light. Schott glass neutral-density filters 
were used to control the incident pulse energy. To 
insure excitation by the pulse only, a 530 nm 
interference filter was placed over the sample 
chamber entrance window. At low intensities a 
cylindrical lens was used to create a spatially nar- 
row incident pulse to permit maximum time reso- 
lution. To obtain high intensities a spherical lens 
was used. The angle between the incident beam 
and the normal to the sample surface was approx. 
30 ° . The average energy of the excitation pulses 
was measured with an Rj-7200 Energy Ratiometer 
(Laser Precision Corporation). The single-pulse 
fluence of the 532 nm excitation ranged from 
2 -10  ]2 to 2 -10  ]6 photons,  cm -2 per pulse. The 
sample was masked to maximize the spatial uni- 
formity of the excitation intensity and to minimize 
collection of fluorescence not from the primary 
excitation region. Nonuniformity is a special prob- 
lem when nonlinear effects are under study [23]. 

F685 and F735 were measured independently by 
placing, respectively, a 14-nm-bandwidth, 685-nm 
interference filter and a 30-nm-bandwidth 735-nm 
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interference filter (Pomfret Research Optics) be- 
fore the streak camera collection lens. In addition, 
cutoff filters (Schott RG-645 and RG-715, respec- 
tively) were used to eliminate scattered 532-nm 
radiation and unwanted fluorescence. Time pro- 
files for the incident 532 nm pulses were obtained 
by measuring the 532 nm light scattered from the 
sample. 

Fluorescence was collected at 90 ° to the excita- 
tion and imaged with an f /1 .9  achromatic lens on 
the photocathode oJ a streak-camera tube which 
was driven with a solid-state deflection circuit [24] 
(see Fig. 2). This system allows for simple addition 
of many single-shot measurements for signal aver- 
aging with relative time-axis deviations (jitter) of 
less than approx. 2 ps. Typically 100-400 shots 
were summed. 

The image generated by the streak camera was 
amplified by a four-stage magnetically focused 
intensifier (EMI) and then imaged onto a silicon- 
intensified target (SIT) vidicon detector which is 
read by an optical multi-channel analyzer system, 
OMA-II (Model 1216 detector controller and 
Model 1215 system processor, E G & G  Princeton 
Applied Research). The amount of background 
noise accumulated was reduced by gating the 
vidicon detector using a high voltage pulser (Model 
1211, E G & G  Princeton Applied Research). 

30 ps 1.064 Km 
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Fig. 2. Schematic of the low-jitter, signal-averaging streak 
camera. The photoconductive switch synchronizes the image- 
converter-tube ramp with the arrival of the excitation pulse at 
the sample [24]. 
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The detection system gain was adjusted to yield 
the best signal-to-noise for the lowest level of 
excitation and remained at these settings for all 
measurements. The wide range of excitation level 
required the use of neutral density filters to at- 
tenuate the fluorescence collected at the higher 
excitation fluences to prevent the signal from 
saturating the system. This is why the signal- 
to-noise ratio of the data presented does not in- 
crease dramatically as the excitation level in- 
creases. 

The focused spatial image diameter varies less 
than one OMA channel in the range 530-735 nm. 
This diameter and the time per OMA channel for 
the data presented were, respectively, 12 channels 
and 1.226 ps per channel for Figs. 4 -7  and 14 
channels and 0.947 ps per channel for Fig. 3. 
There were 470 OMA channels used to detect the 
time-dispersed fluorescence image generated by 
the streak camera. 

3. Data acquisition and analysis 
We operate the OMA-II  in 'open system', which 

allows the implementation of custom data acquisi- 
tion and reduction routines. In particular, an alter- 
nate background subtraction routine has been 
implemented [25] in which the instrument back- 
ground (which originates mostly in the SIT-vidi- 
con tube) is subtracted out immediately after each 
laser firing. This method effectively cancels the 
long-term instrumental background drift caused 
by temperature fluctuations in the detector array 
and allows detailed meaurements of very small 
signals (yield, approx. 10 -6)  which are a small 
fraction of the instrumental background level. 

The data presented in this paper have been 
corrected for nonlinearity in the system's response 
to signal intensity and non-uniformity in the chan- 
nel-to-channel response in the detector. The time 
axis is calibrated using the multiple reflections of a 
30 ps, 532 nm pulse from a 125 ps etalon [26]. The 
deviation from the average number of OMA chan- 
nels per 125 ps interval is not more than 15% and 
typically not more than 5% during the first three 
quarters of a full scan. All corrections and fittings 
were performed on the OMA-II  or another LSI-11 
based computer work station. 

Experimental results 

1. Connection with photon-counting results 
Since early streak-camera research involved high 

fluences, well above 101~ units *, there was con- 
cern that exciton annihilation and other nonlinear 
effects would compete with physiologically inter- 
esting decay mechanisms and render fluorescence 
interpretation difficult. A number of laboratories 
thus began to use photon counting techniques with 
excitation fluences in the 106-1011 range. The 
temporal resolution of present photon counting 
systems is limited by their impulse response widths, 
at best about 150-200 ps [17], as compared with 1 
to 2 ps resolution in a streak camera. Deconvolu- 
tion techniques in photon  counting allow 
determination of lifetimes as short as 25 ps under 
optimal conditions [26]. 

Reisberg et al. [17] analyzed their photon- 
counted F685 of spinach chloroplasts at 77 K in 
terms of a linear combination of three exponen- 
tials. We have measured F685 under excitation 
fluences as low as 2-1012 units, which from a 
physiological viewpoint can still be regarded as 
' ve ry  high intensity', but the spinach chloroplast 
appears to respond in a linear fashion. To show 
this we might simply compare the data of Ref. 17 
with ours, but our excitation pulses and system 
responses were different. We have therefore taken 
the three-exponential linear combination of Ref. 
17 as the true delta function response of the fluo- 
rescing system and convolved it with our pulse. 
This is the smooth solid line in Fig. 3, along with a 
curve typical of /7685 at  an excitation fluence of 
2.2.1013 units. The excellent agreement of these 
curves demonstrated linear response to our satis- 
faction. The fluorescence yield has also been found 
to remain constant up through similar intensities 

[201. 
Photon-counting curves and our streak-camera 

curves are in reasonably good agreement for the 
rising phase of the 735 nm fluorescence, also, but 
only if the lower limiting values of the exponen- 
tial-fitting lifetime parameters of Ref. 17 are used. 
In Fig. 3, the long and medium components are 

* In this section all fluences will be stated in units of photons 
per cm 2 per pulse. Note that intensities are in units of fluence 
per unit time. 
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Fig. 3. F6s 5 and F735 from 77 K spinach chloroplasts at an 
excitation fluence of 2.2.1013 photons per era2; 200 shots 
averaged per curve. The excitation pulse (dashed curve) is 
measured by time-resolving the 532 nm fight scattered by the 
sample. The smooth curves are the simulated responses to a 
gaussian excitation pulse of 30 ps FWHM (full width at 
half-maximum), using the de.convolution parameters of Reis- 
berg et al. [17] for a comparison of photon-counting and streak 
camera results. These parameters are for F68 ~ a a = 13, ~'a = 1520 
ps; a 2 = 49, ~2 = 320 ps; a 3 = 38, "r 3 = 140 ps and for F73 s are 
a1=46, ~'1=2200 ps, a2=10, ~'2 =400 ps, a_ = - 4 4 ,  and 
r = 100 5:50 ps, where a~ is the relative amplitude of the ith 
deconvoluted decay component and r~ is the respective lifetime. 
For this and all theoretical curves in subsequent figures, a 
gaussian pulse modelled directly after the measured excitation 
pulse is used as the excitation profile in kinetic equations. 

f ixed at 2200 and 400 ps, respectively,  for all three 
smooth  curves. Whereas  Re!sberg et al. quote  a 
range  of 50 -150  ps for the short  component ,  only  
the 50 ps  l imit  is consis tent  with our  data.  Ho ld ing  
this cons tan t  and  re laxing the long c o m p o n e n t  to 
3000 ps removes the agreement  in the range above  
300 ps. We can make  the d is t inc t ion  among  short-  
t ime componen t s  because  of our  greater  t iming 
precision,  but  we cannot  make  s t rong s ta tements  
abou t  the long- t ime componen t  because  of  the 
l imi ted  t ime du ra t ion  of  our  measurements .  

2. In tens i ty  dependence  o f  f luorescence decay 
24.  F68 ~. Fig. 4 shows the t ime-course  of  F685 

under  a sequence of  fluences, 1.6.1014 through 
2.0.1016 units.  Resul ts  ob ta ined  at 2.4- 1012 units 
are  ident ica l  to those observed at 2 . 2 - 1 0  ~3 units  
(Fig.  3), within the noise of  the measurement .  We  
can faci l i tate  a quant i ta t ive  descr ip t ion  of  these 
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Fig. 4. Time-resolved F6s 5 form 77 K spinach chloroplasts and 
its dependence on excitation fluence (units: photons per cm 2 
per pulse). Experimental curves are normalized and in arbitrary 
units. Fluences and the number of shots averaged are 1.6-1014 
(200 shots), 5.6.10 l* (100 shots), 2.6. l0 is (100 shots), 8.2.10 iS 
(100 shots) and 2.0.1016 (100 shots). The smooth curves are 
theoretical fits generated by summing the three components of 
the coupled model (see Fig. 9b and Table I). 

results  by  referr ing to the s implest  equat ion  for 
exci ton annih i la t ion  kinet ics  [28,29]: 

dn 
"-~ = l%n o - fin - Tn 2 (1) 

in which n is an exci ta t ion density,  I the exci ta t ion 
l ight density,  a 0 the ground-s ta te  absorp t ion  
cross-section,  n 0 the dens i ty  of  ch romophores  being 
excited,  fl a f i rs t -order  decay  constant ,  and  T the 
b iomolecu la r  decay  or  ' ann ih i l a t ion '  constant .  Eqn. 
1 is easily solved in the  s teady state or  under  
de l ta - func t ion  exci ta t ion or  by  in tegra t ing  numer i -  
cal ly for a given I ( t ) .  The f luorescence of  the 

system is p ropo r t i ona l  to f lon( t ) ,  where  flo is the 
na tu ra l  rad ia t ion  rate. In  the s teady-s ta te  case, 
Eqn. 1 leads to the wel l -known fluorescence yield 
resul t  [29]: 

~F(I~) = #oflln(1 + ~ )  (2) 

were ~0 is the low-fluence yield ( f l o / f l )  and  1, is 
the in tegra ted  absorp t ion  f l o o n o d t .  

A n  impor t an t  character is t ic  of  the f luorescence 
da t a  of  Fig. 4 is that  it cannot  be fit to the solut ion 
of  Eqn. 1. I t  is poss ible  to force fit any  one curve 
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with a single/3 and y, but different values would 
be needed at different intensities. The resolution 
of this problem is that more than one decay com- 
ponent  appears in the data. This is consistent with 
the known heterogeneity of  77 K chloroplast fluo- 
rescence (see subsection 3B, p. 99). 

It is also clear that Eqn. 2, being based on 
single-component kinetics, cannot  be a completely 
meaningful  basis for unders tanding the chloroplast 
fluorescence yield (e.g., Ref. 30) unless one compo-  
nent dominates.  

2B, FT.~s. Fig 5 contains F735 data at six fluences 
ranging from 4.9.1013 to 2.0.1016 units. In the 
range of 4 . 9 . 1 0  ~3 down to 2.4.1012 units, no 
appreciable change in the fluorescence time profile 
could be seen within the noise of  the measurement.  
There is a noticeable change in apparent  lifetime 
under  the higher excitation. It has been generally 
held [1] that intrinsic exciton annihilation processes 
do not affect the 735 nm emitting pool, but  this 
belief was based on experiments reaching fluence 
of  only 2.6-1015 units [20]. Theoretical curves 
shown as smooth solid lines in Fig. 5 are based on 
the model of the Analysis section. The annihilation 
constant  required for these curves is one or two 

orders of magnitude smaller than is the typical of 
antenna chlorophyll  aggregates in vivo [1]. 

3. Intensity dependence of fluorescence rise-times 
3,4. F~ 5. The long-term stability of  the solid- 

state deflection circuit used here enables time-axis 
registrations of  fluorescence traces to an accuracy 
(approx. 1 ps) much smaller than the pulse width. 
In the 3-year series of  measurements reported here, 
we have never observed a delay due to transfer 
processes occurring between excitation at 532 nm 
and emission at 685 nm. The F6s s rise-time is 
characteristic of a directly excited emitter display- 
ing rapid intermolecular relaxation. If indirect ex- 
citation via energy transfer occurs, it does so within 
2 ps, or it contributes a relatively small amount  to 
the fluorescence observed. This result is consistent 
with and tends to strengthen the known limit of 
the intramolecular chlorophyll  a relaxation time 
(less than 10 ps [31]) under similar conditions. 

There is an intensity dependence of the rise- 
curves which must  be due to a nonlinear effect. 
One possibility is ground-state depletion ( 'satura-  
tion'). However, we have generally found in kinetic 
fitting that this is a small effect, since there is 
usually a small percentage of chlorophylls excited 

100 200 500 400 
TIME (ps) 

Fig. 5. Time-resolved F735 from 77 K spinach chloroplasts and 
its dependence on excitation fluence (units: photons per cm 2 
per pulse). Experimental curves are normalized and in arbitrary 
units. Fluences and the number of shots averaged are 4.9.1013 
(400 shots), 1.6-1014 (200 shots), 6.9.1014 (100 shots), 2.6.1015 
(100 shots), 8.2.1015 (100 shots) and 2.0.1016 (100 shots). The 
theoretical fits shown are the time-courses of the third compo- 
nent (only) of the model defined by Fig. 9d, and the parameters 
in Table I. 
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Fig. 6. High-time-resolution F685 dependence on excitation 
fluence (units: photons per cmz per pulse), at 77 K. The 
intrinsic rise-time is less than 2 ps, the resolution of the system. 
The measured excitation pulse is shown as the more symmetric 
dashed curve ( . . . . . .  ). Fluences are 5.6.1014 ( . . . .  ), 2.6.1015 
( . . . . . .  ), 8.2.10 is ( ) and 2.0.1016 units ( . . . . .  ). One 
OMA channel equals 1.226 ps. 
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even at high intensities. Another possibility is 
'lifetime reduction' by exciton annihilation, which 
better describes the intensity dependence seen in 
Fig. 6. 

3B. F735. Fig. 7 shows the rise of F735 on an 
expanded scale. The behavior is different from 
that of F685 in two major respects. First, there is a 
delay, seen as a shift, of 16 + 3 ps from the corre- 
sponding half-maximum of F685. This is mani- 
fested in a 10-90% rise-time of 90 + 10 ps at lower 
intensities, which drops to 55 + 10 ps at high 
intensity. Such a small observed rise-time cannot 
be related simply to a rate constant because the 
pulse must be deconvolved and the kinetics con- 
sidered (see the Analysis section). Second, there is 
a change from biphasic to monophasic rise with 
increasing excitation fluence (Fig. 5). The second 
phase of the rise can be seen setting in at t = 25 ps 
in Figs. 7 and 3. 

The/7735 risetime is observed to vary most widely 
in previous experiments (Fig. 1; [13,14,17 and 32]). 
With the exception of the data from the CUNY 
group [14,16] (and in a weaker sense that of Butler 
et al. [32]) all previous 735 nm rise-times are in the 
range of 50-150 ps. The main differences in Refs. 
14 and 16 are the higher temperature (at least 90 
K) and use of a shorter pulse (6 ps). Neither of 
these would seem likely to explain the discrepancy, 
but a temperature dependence of the rise sufficient 
to do so would be very interesting. With respect to 
the 50-150 ps range, the tendency in our data for 

03 

~c 

Q.~O 

~JO 

O0 

/ 
t' 

/ 
/ 

/ 
/ 

/ 
! 

/ 
/ 

// f .  x y', 

/ f '  f.s...' 
• f , . t . -  

-30 -2O -I0 0 

~1 . " .-" t~ -~ p. "~ \ .t ..~, j / r "  "~ P" " f l  

f /  ,'" \ ,~,.~¢~" " ,  

'(i': I I '" i'" ,'"'l'-.--k_, I , 
I0 20 30  40 50 60 

Time (ps) 
Fig. 7. Same as Fig. 6, except with emission at 735 nm. 
Fluences are 1.6-1014 ( . . . .  ), 6.9-10 TM ( . . . . . .  ), 2.6.10 is 
( ), and 2.0-1016 units ( . . . . .  ). 

a biphasic rise, disappearing at high intensities, 
helps explain why workers with lower time resolu- 
tion and varying intensities could disagree widely. 
A further complication is the known heterogeneity 
of 'Fv35' [33-36]. Our biphasic rise is in agreement 
with certain details of the data of Campillo et al 
[13] which have been neither appreciated nor reex- 
amined since their appearance. 

4. Remarks 
The time-resolved data presented are repre- 

sentative of our measurements. Three of at least 
twenty sample data sets were discarded because of 
gross differences from published data [13,17] and 
from our typical results. Our steady-state 77 K 
chloroplast fluorescence spectra are similar to other 
measurements [37,48] and we have seen some minor 
variability in the relative peak heights of F685, F695 
and F735, possibly due to seasonal changes [37]. 
Such variations could affect our measured decay 
profiles for F685 which contain a significant contri- 
bution from F695. This may explain our few incon- 
sistent data sets but, since a majority of our results 
are characterized by a single set of curves, slight 
variations in steady-state emission apparently have 
minor effects on our time-resolved fluorescence 
measurements. 

Analysis 

1. Background 
An earlier analysis of time-resolved chloroplast 

fluorescence by Campillo et al. [13] was made 
semiquantitatively with the two-component model 
shown in Fig. 8a. The elements LH1, LH2 and PS 
II were treated as a single species emitting at 685 
nm. The equations appropriate to low-intensity 
excitation on this model are: 

dnll 
dt =G(t)--( K + t~H)nll 

d n  1 
d---z = Knl l (  t ) -  # ln l  

where n refers to excitation density and G(t)  is a 
source function. Campillo et al. were able to inter- 
pret their data with the constants fli = (1.5 ns)-1, 
K = (140 ps) -1, and an intensity-dependent value 
for (fill + K )  of (900 ps) -1 at low fluences and of 
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Campillo et al. considered the different rates 
observed for the decay of nil (F6~ 5) and the rise of 
n I (F73 s) as evidence that a two-component model 
was inadequate for describing their data. They 
proposed but did not work out the predictions of 
the three-part model of Fig. 8b, in which the 
existence of two rates, k and K, were to handle the 
dual-rate problem. Part II '  of the model would 
have low fluorescence yield because of the rapid 
transfer to part  1. 

Although very little theoretical work has been 
devoted to explaining picosecond time-resolved 
fluorescence data in photosynthesis [38], yields as 
a function of picosecond pulse intensity have re- 
ceived a great deal of theoretical attention [6,7, 
32,39-41]. With remarkably few model assump- 
tions it has been possible to deduce sizes of photo- 
synthetic domains (regions over which excitation 
diffuses). The theories employed do not predict 
time dependences because they involve probabili- 
ties, not rates; and when time does enter, averages 
are taken quite early in the theory. 

The formalism we employ is capable of predict- 
ing both time dependence and yields. For practical 
reasons, we consider a small number of kinetic 
populations, usually three. Our formalism enables 
not only wavelength-specific absorption and emis- 
sion predictions, but also highly specific considera- 
tion of non-linear effects. 

Fig. 8. (a) and (b) Elementary two-part and three-part models 
proposed earlier [13] and used for semiquantitative analysis of 
chloroplast fluorescence. The decay rates refer to fluorescence, 
while k and K are excitation transfer rate constants. Back- 
transfer paths are not labelled and are discussed in the text, as 
are other aspects of the diagrams. (c) A composite kinetic 
model forming the basis of separate fits to the 685-nm and 
735-nm fluorescence data. Numbers in quote marks represent 
peak wavelenghts of hypothesized component fluorescence 
bands. As subsequently used, the rate constants K and k' are 
large, of the order (20 ps)-1, while k is moderate, of the order 
(200 ps) -1, and K' is as yet unspecified but helps determine the 
decay of 'I1'. 

(139 ps)-~ at higher fluences (2- 1014 units). Varia- 
bility in flu was interpreted as due to annihilation 
effects. The value of K -1 given by these authors 
was quoted as the 10-90% rise-time of F735. The 
actual value of K, as obtained by fitting the solu- 
tion for n~(t) to the observed rise-time, is (37 
ps ) -  1 

2. Ooeruiew 
Oxygen-evolving photosynthetic organisms can 

regulate the relative flow of excitation energy into 
Systems I and II, making best use of that energy 
when System II is closed [40]. The early idea that 
this spill-over occurs passively through a connect- 
ing set of antenna molecules has recently been 
challenged (see, e.g., Ref. 43). Under  various con- 
ditions of light saturation, salt concentration and 
phosphorylation, which have been found to con- 
trol "System-II-System-I transfer', freeze-fracture 
electron-microscope studies indicated actual physi- 
cal movement  of antenna chlorophylls from the 
region of System II to that of System I at physio- 
logical temperatures (see, for example, Refs. 
44-46): thus, in a real sense the cross-sections for 
absorption are modified, not the energy-transfer- 
ring mechanism. These results have created serious 
problems for the traditional interpretation of the 



relationship between the 685 and 735 nm fluores- 
cence time-courses. The newer picture is not 
without challenges, however; Haworth and Melis 
[46] have presented evidence that System I absorp- 
tion cross-sections do not change under phos- 
phorylation. 

We have chosen to analyze the present data on 
considerably revised models mainly because of the 
new energy distribution viewpoint. Fig. 8c shows 
the underlying scheme adopted tentatively in this 
paper. Systems I and II are kinetically distinct. 
Part of the light-harvesting chlorophyll feeds 
population I' (the antenna chlorophyll of System 
I) and part feeds population II. Population I' feeds 
the emitters of F735, C-705. It is assumed that all 
the fluorescences of LHC, I', and II are included 
in the 685 nm data, while only that of C-705 is 
included in the 735 nm data. Essentially the rate 
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constants k and K are adjusted to provide the 
biphasic rise at 735 nm, while K' and other decay 
constants and annihilation rates provide the decay 
phase of F685. 

While some F695 emission [47] is present in our 
F6s 5 measurements, we have not conclusively asso- 
ciated it with one of the kinetic populations in our 
F685 analysis. Because of overlapping emission 
around F695 [35], its time-resolved fluorescence is 
complex and difficult to interpret [17]. 

3. Kinetic fits to time-resolved data 
3A. F685. We first try a simple sum of three 

exponential terms. Such an analysis, unless done 
with close attention to the complete eigenvalue 
problem for three-component kinetics, can only 
describe three decoupled fluorescing populations 
as sketched in Fig. 9a. Table I and Fig. 9a show 

TABLE I 

PARAMETERS USED IN THE FITS TO INTENSITY-DEPENDENT FLUORESCENCE 

See the Appendix for details. The generic symbols refer to the general schemes of Fig. 11 and Eqn. A-l ,  and are not to imply any 
particular connection between the 685 and 735 nm cases. 

Parameters Generic Quantities 
and units Symbols 

685 n m  fluorescence 

Independent Coupled Coupled 
(Fig. l l a )  (Fig. l l b )  (Fig. 11c)a 

735 nm fluorescence 
Coupled 
(Fig. 11d) 

Chromophore density Nlo 8.1019 8-1019 8-10 TM 8-1019 
( cm-3 )  N2o 8.1019 6.1019 8.1019 8-1019 

N3o 8.10 TM 1.3.1019 1.10 TM 8' 1019 

Lifetime (no ~'1 50 75 75 1 200 
coupling, no ¢2 375 375 1 200 75 
annihilation) (ps) % 1200 1 200 10 000 1500 

Ground-state  o 1 0.6.10-17 1.5.10-17 1.5-10 - 17 3.10-17 
absorption cross- o 2 1.0.10-17 1.5.10-18 1.5.10 - 17 3.10 - 17 
section (cm 2) 03 1 .8 .10-  is 1.9.10-17 0 3 . 1 0 -  is 

Excitation "tl 0 0 0 6-10 - 9 
annihilation "/2 4 - 1 0 -  9 6 . 1 0 -  9 2.5-10 - 9 1 .2 .10-  s 
rate (cm 3. s - 1 ) "/3 0 0 0 5 .10 - 11 

Transfer rate at low N:0 k21 0 k '  = 75 - 1 k '  = 63-1 k = 50-1 
intensity (Niokij N3ok32 0 K ' =  0 k T = 667 -1 K = 16 -1 
is the rate from N2ok23 0 0 k" = 1 250-1 0 
j to i) (ps -1)  

Parameters assumed k12, kls ,  0 0 0 0 
zero in all models ks1, all 

oI'S, k~2 

a These parameters are highly tentative and produce only a qualitatively satisfactory intensity dependence. 
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our fitting parameters. The necessary nonlinearity 
implicit in our data is reproduced with only one 
nonlinear effect, namely, annihilation in popula- 
tion II. The parameter  needed, 72 = 4 • 1 0  - 9  c m  3 • 

s -1, is typical of those introduced by various 

(a) 

F685 

50 ps 375ps 1200ps 

(b) 

75 ps :375 ps 
0 

1200ps 

(c) 

75 ps 1200ps IOns 

(d) 

F755 

1200ps 75ps 1500ps 

Fig. 9. Models for the basis of fluorescence emission. Fluores- 
cence is contributed by each population with a time noted 
except for pool 3 in (c), which is explicitly a trap. (a) Independ- 
ent population model, in which annihilation occurs in compon- 
ent 2. (b) Proximal antenna annihilation model, in which 
component 2 received excitation by transfer from component 1, 
and is again the only component in which annihilation takes 
place. The times given are the assumed lifetimes of the compo- 
nents in the absence of annihilation and trapping. (c) Similar to 
(b), except that a long-time component is simulated in popula- 
tion 2 by back-transfer from population 3. (d) Similar to (c), 
used for 735 nm case. Whereas in (a) these times are merely 
parameters, an attempt is made in the text to explain the values 
in (b). 

authors to understand yield data [1]. The choice of 
72 is quite critical and must be kept within 20% for 
a given set of other fixed parameters. As in all 
cases below, the parameters for this model were 
found by integrating the differential equations and 
adjusting the parameters according to a combina- 
tion or our qualitative judgments as to fit and as 
to reasonableness on model grounds. The fits ob- 
tained were comparable to those shown in Fig. 4 
which use the model described in Fig. 9b and 
Table I. Excitation was simulated accurately by a 
gaussian with a full width at half-maximum of 30 
ps, 

We make no interpretation of the numbers ob- 
tained on this independent population model, but 
note that the lifetimes are consistent with those 
found elsewhere in different contexts (see Fig. 1) 
and with those known for certain isolated chloro- 
plast components. One criticism of this approach 
is that it provides no information on the most 
important feature of the organization of the light- 
harvesting antenna proteins and photosystems, that 
of being a coupled energy-transfer network. 

A somewhat more interesting situation sur- 
rounds the fit on a model, Fig. 9b, which we call 
the proximal antenna annihilation model. Since 
the light-harvesting chlorophylls (LHC) emit at 
680 nm [33-35,48], leaving the bulk of F68 s t o  

originate in Photosystem II antenna, annihilation 
is taking place in close competition with trapping. 
That is, rapid diffusion of excitation out of the 
LHC pool leads to a minimum of annihilation in 
the bulk but when the excitations have been fun- 
neled to the vicinity of the reaction center, their 
density is higher and annihilation is important. We 
have been able to reproduce our time-dependent 
results with a sum of three components described 
by model 9b and the parameters in Table I. Com- 
ponent 2 is the proximal antenna, which we simu- 
lated by keeping a normal density but lowering the 
molecular cross section for absorption. This means 
that annihilation processes can attain normal rates 
in this component,  but the excitation must come 
generally from population 1. As suggested by the 
independent model, a population with very short 
life-times exists. We could not find a good fit with 
"fl = l / k "  > 100 ps, and because we chose l / k "  = 

75 ps the calculated overall lifetime of component  
1 is really 37.5 ps in this model. The fits are shown 



as smooth heavy curves in Fig. 4. 
Chlorophyll densities were taken initially as 

8.1019 cm -3 (see, for example, Ref. 49) and the 
cross-sections close to those of chlorophyll a at 
532 nm (see, for example, Ref. 31). The resultant 
weighted cross-sections are very close to the ob- 
served value in vivo [50]. The 375 ps lifetime of the 
annihilating pool is consistent with a room-tem- 
perature value of 400 ps + 100 ps obtained inde- 
pendently by dual-pulse methods at room temper- 
ature [51]. 

The 75 ps intrinsic lifetime require for compo- 
nent 1 is unusual, but it will probably be clarified 
in a scheme which simultaneously handles both 
emission components. 

The third component, life time 1200 ps, may 
represent fairly poorly connected chromophores, 
back-transfer from traps to the emitting pool (Fig. 
9c), or a conbination of these. It is not im- 
mediately evident in our data on superficial in- 
spection, because of our relatively short measure- 
ment duration. Nonetheless, we need the third 
component for the fit and not merely to link with 
other studies at longer times. An attempt to fit the 
data using the model of Fig. 9c was not too 
successful, but the best-fit parameters are shown 
in Table I. This model might be interpreted as the 
F695 component of our F685 being the third, long- 
lived component. Consider that F695 has been asso- 
ciated with System-II photochemistry [46], and a 
long lifetime component has been associated with 
F695 [35] and with back-transfer [17]. 

3B. F735. The biphasic rise of F735 suggests the 
model of Fig. 9d, in which a 'nearby' pool of 
excitations first flows into the fluorescing species 
at a high rate K. After this pool's initial popula- 
tion is transferred, the 'distant' pool supplies exci- 
tation at a limiting rate k. We are assuming that 
only the third component contributes to fluores- 
cence at 735 nm. 

Fig. 5 shows our theoretical fits using the 
parameters in the last column of Table I as smooth 
heavy curves. As the excitation intensity increases, 
annihilation in the distant pool reduces the excita- 
tion available for transfer to the nearby pool, and 
ultimately that is the only one contributing to the 
fluorescent component. This does not occur for 
F6s 5 because of the rapid transfer from the distant 
to the proximal pool. 
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Since we used a 30 nm filter at 735 nm, spectral 
inhomogeneity in emitters [33-36] may be causing 
the difficulty we found in getting good inter- 
mediate-intensity fits. 

4. Intensity dependence of fluorescence yield 
Using the simple method described in the Ap- 

pendix, we have computed the fluorescence yield 
as a function of incident excitation intensity for 
the kinetic parameters shown in Table I including 
corrections for excited-state absorption. We have 
also integrated our fluorescence curves and have 
made absolute determinations of the total emis- 
sion relative to that at low intensity. When a 
reasonable amount of excited-state absorption is 
included, which we take to be (1-3)-times the 
ground state cross-section [31], and transfer-rate 
saturation is defeated by the term k '  (see Appen- i j  

dix), the theoretical yield predictions at high inten- 
sities change considerably but the predicted time 
dependences do not. This shows that these addi- 
tional nonlinearities, particularly excited-state 
cross-sections, are technically important but unfor- 
tunately have the main effect of obfuscating the 
interpretation of yield measurements. 

Because the certain unresolved problems with 
fluorescence yield fitting which are, nonetheless, 
resolvable in principle, we regard our kinetics fits 
as preliminary, particularly the specifics of the 
long-time component. We are confident that a full 
explanation of the yields as well as time-courses 
will lead to a picture not unlike the present one, 
although somewhat different in numerical detail. 

Summary 

We have presented time-resolved data on the 
pulse-excited fluorescence of spinach chloroplasts 
at 685 and 735 nm, which bridge the gap between 
the linear, low-intensity limit in which photon 
counting is used and the very nonlinear high-in- 
tensity limit in which streak camera data with a 
lower signal-to-noise ratio have been previously 
available. We have demonstrated explicit agree- 
ment with the low-intensity results and have clari- 
fied the nature of the rising phase of the 735 nm 
fluorescence. We have also shown the feasibility of 
matching the data with the results of directly 
integrating model kinetic equations, a process 
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which reverses the usual analysis: deconvolution is 
replaced by convolution and the the use of arbi- 
trary fitting parameters is replaced by true kinetic 
modelling. The proximal antenna annihilation 
model is fairly successful in describing 685 nm 
fluorescence data versus intensity. While more 
supporting evidence is needed to justify this 
scheme, it incorporates an important idea, namely 
that there is rapid transfer from the LHC pool to 
another pool in which the majority of the annihila- 
tion processes occur. Although the relatively large 
number of parameters in our procedure precludes 
simple optimization, the directness of the ap- 
proach compensates for the absence of assurance 
that unique set or the 'best '  set of parameters has 
been found. What we have found are sets that 
work and are physically reasonable. It is important 
to reemphasize that one and only one set of equa- 
tions explains the data without changing any 
parameters as the excitation intensity passes into 
the nonlinear region. 
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Appendix. Three-component kinetics with nonlin- 
ear terms 

The three-component formalism used in the 
Analysis section and illustrated in Fig. 10 is based 

on the following set of equations: 

d N l ( t )  
dt [N'°-N'(t)][°'l(t)+k'2N2(t)+k'3N3(t)] 

1 -Nl(t ) --+[N20q., -N2(t)]k2,+[N30-N3(t)]k3] 

+ YiNt(t)+o(l(t)} (A- l )  

dN2(t ) ( . . . . . .  for N, with cyclic ) 
d t  \ p  . . . .  tation of labels 1 ~ 2 ~ 3 ~ 1 -k']2N](t)Nz(t) 

(A-2)  

dN3(t  ) = [ . . . . . .  forN, with cyclic 
(A-3) 

d t \ p e r m u t a t i o n  o f  l a b e l s  1 ~ 3 ~ 2 ~ l f 

The factor N~o - N~(t) is the number (or number 
density) of ground-state molecules of type 1 if N~0 
is the total number and Nt(t  ) the number of 
excited molecules of type 1. Therefore, if N~(t) is 
the number of molecules of type 1 in the first-ex- 
cited singlet state, this factor is approximately the 
number of ground-state molecules of type 1. If 
they have an absorption cross-section o~ (in cm 2) 
and there is an intensity I( t)  (in photons per cm -2 
per s), and if the absorption process leads to 
production of first-excited-state molecules, then 
the term [ N l o - N l ( t ) ] o l I ( t  ) acts as the primary 
source term for the quantity N~(t). Stimulated 

I/T3, Io', I N 

• ~ r 

i~ ~ 

/ \ 
I t 
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Fig. 10. The k ine t ic  scheme of the equa t ions  discussed in the 
append ix  is total ly  symmet r ic  under  pe rmu ta t i ons  (123) except  
tha t  popu la t ion  2 may  have  the extra  loss te rm k~2 (see text). 



emission is not included here, as we consider 
broad-band systems in which the excitation light is 
not in resonance with the emitted light. 

The second term, [Nlo-Nl(t)]k12N2(t), pro- 
vides transfer from population 2 to population 1, 
and k u is a bimolecular rate in the usual sense (in 
cm 3. s-I  if the N~0 are number densities). If there 
are fewer groundstate molecules of type 1, there 
must be less transfer which produces 'N{s'. In 
simpler kinetic schemes the nonlinear aspect of 
such a transfer rate is ignored and Nlok u is a 
simple rate called %2 or F12. Similar remarks hold 
for the k13 term, and for the k21 and k31 terms by 
which the N 1 population loses to the others. 

The remaining loss terms are straightforward: 
N J r  1 is the rate of loss of population 1 by 
monomolecular processes (fluorescence, radiation- 
less decay and intersystem crossing). Incidentally, 
although one of the populations here could easily 
represent triplets, the equations were developed 
for picosecond processes in which triplet buildup 
is negligible. The term ")'1 N1 (t) 2 represents annihi- 
lation and o{I(t)Nl(t ) the net loss of population 1 
through excited-state absorption. 

An extra loss term k{2N2(t)Nl(t ) has been in- 
cluded for a particular application in which trans- 
fer from population 2 to population 1 proceeds 
despite the depletion of the number of ground-state 
molecules in population 1. Five more similar 'in- 
terpopulation annihilation' terms could be in- 
cluded. 

Eqns. (A-1)-(A-3) have been solved by numeri- 
cal integration, using either the actual pulse shape 
for I(t) or a Gaussian when appropriate. The 
results may then be integrated to obtain the num- 
ber of quanta emitted by species 'i ': 

N, =- (~,~o/~,) 7 N,(t)d, 
t = 0  

and the total number of quanta absorbed by both 
the ground and excited states of species ' i ' :  

Di= 7 l(')[°i(Ni°-Ni)+°[Ni]dt 
t - - O  

Here ~io is the normal quantum yield of species ' i '  
alone ~i0 = rJTio, where rio is its natural radiative 

105 

lifetime. The yields: 

N, 
~i D1 + D2 + D3 

are then proportional to measured quantum yields 
of fluorescence where the model applies and they 
satisfy the restriction: 

i 
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