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Abstract

The long wavelength absorption band of the isolated Photosystem II reaction center was directly excited at five
wavelengths between 655 and 689 nm to study the effects of excitation wavelength and intensity on both excitation energy
transfer and charge separation processes. Subpicosecond transient absorption measurements were made monitoring princi-
pally the bleach of the pheophytin a Q, band at 544 nm. At all pump wavelengths, the kinetics require three exponentials
(1-3, 10-25 and 50-100 ps) to be fit properly. The pump energy was varied by a factor of twenty-five (40-1000 nJ), with
no apparent effect on either the rates or the amplitude ratios of the three components, although clear evidence of nonlinear
behavior was observed at the higher excitation energies. The dependence of both the rates and amplitude ratios of the three
components upon pump wavelength will be discussed in terms of excitation energy transfer occurring on a 30 ps timescale.
Selective excitation into the short and long-wavelength sides of the composite Q, band give identical transient spectra at 500
ps, indicating near-unity efficiency of excitation energy transfer. At 1 ps, the spectra are quite different, calling into question
the extent of ultrafast (~ 100 fs) excitation energy transfer. The time after the excitation pulse at which the transient crosses
A A =0 was found to be a highly sensitive measure of both the excitation energy and the identity of the pigment pool that
had been excited.

1. Introduction transfer and charge separation processes has been an
area of great interest ever since. The original isoia-
tion procedure for the PSII RC complex resulted in a
preparation containing four-to-five chlorophyll a (Cht
a) per RC. Later, more stable preparations were
produced by substituting dodecyl B-maltoside for
Triton X-100 [4], resulting in a stoichiometry of six
Chl a, two pheophytin a (Pheo a), two B-carotene,
and one cytochrome b-559 heme per RC [1]. The
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One of the two primary charge separation events
in oxygenic photosynthesis occurs in the reaction
center (RC) of photosystem II (PSID) [1]. The PSII
RC, the D,-D,—cytochrome b-559 complex, was
first isolated by Nanba and Satoh in 1987 [2] (see
review, [3]) and understanding its excitation energy
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chlorophyll-like pigments all absorb within the RC
composite Q, band; the peak wavelength of the
combined bands is at about 676 nm at room tempera-
ture for a sample immediately after removal from the
isolation column. The primary electron donor, P680,
is believed to peak at 680-682 nm [5,6] and is
considered to be either a Chl a dimer [7,8] (analo-
gous to the bacterial special pair) or a multimer of
several Chl a [9,10]. Of the two Pheo a, only one is
active (again, analogous to the bacterial system),
with the peak of the active one at ~ 682 nm (almost
isoenergetic with P680) [11,12] and the peak of the
inactive one at ~ 672 nm [12,13]. The accessory Chl
a molecules which are not part of P680 (four, if
P680 is a dimer) are also believed to peak at ~ 670
nm (see Ref. [1]), although it has been suggested that
at least one Chl a not associated with P680 absorbs
near 680 nm [14]. Excitation energy transfer links the
pigments on the blue side of the composite Q, band
(the ““blue’’ pool) with the active redox pair on the
red side of this absorption band (the ‘‘red’” pool). It
has been suggested that the ‘‘blue’’ pool itself is
divided into two groups, one of which undergoes
rapid (subpicosecond) excitation energy transfer to
the *‘red” pool [15], and the other, weakly coupled
to P680, undergoing excitation energy transfer on a
tens of picoseconds timescale [16-18]. Only at low
temperatures are the two main pools directly observ-
able as separate peaks [9]. This tremendous spectral
congestion greatly complicates efforts to understand
the PSII RC and is in sharp contrast to the well-re-
solved absorption bands of the chromophores of the
bacterial RC (see reviews, [19,20]).

While the fate of the charge-separated state in the
isolated PSII RC has been well established (recom-
bination to yield the excited singlet or the triplet
state) [1], the nature of the excitation energy transfer
and charge separation processes has been widely
debated (see review [21]). Near room temperature,
the RC kinetics have been studied by both time
resolved Chl a fluorescence [22-24] and transient
absorption techniques [15-18,25-33]. While the
time-resolved fluorescence measurements are hin-
dered by the presence of processes occurring faster
than the time resolution of the instrument, the tran-
sient absorption measurements are hampered by the
lack of unambiguous indicators differentiating exci-
tation energy transfer from charge separation. Never-

theless, there are a number of features of transient
absorption spectra that have been used to attempt to
decipher the kinetics. Much of the work has been
done probing the composite Q, band itself [15-
17,25-28,31-34]. Because of the spectral congestion
of the six Chl a and two Pheo a pigments in this
band, it is difficult to use bleaching as an indicator of
ground state depopulation of a specific pigment or
group thereof. Furthermore, the small Stokes shift of
the fluorescence (3—4 nm) [6] causes the main stimu-
lated emission band to be superimposed upon the
bleach, further complicating the interpretation of the
kinetics. On the other hand, the Qy(l,O) stimulated
emission sideband at ~ 740 nm has been used as a
monitor of the population of the fluorescing state
free from the effects of the Q, bleach [29,32,33].
The loss of Pheo a ground state population due to
both excited singlet state formation (i.e., ' “Pheo a)
and charge separation can be monitored at the Pheo
a Q, band at ~ 544 nm [18,28,30-33]. While the
data from this feature are complicated by the pres-
ence of bleaching due to '* Pheo a (from both direct
excitation of and excitation energy transfer to Pheo
a), it is still probably the best indicator of charge
separation that has been found so far.

Virtually all of the time-resolved experiments on
PSII RCs near room temperature have detected both
a ~3and a ~ 20 ps component in the kinetics. The
controversy as to which component is related to
excitation energy transfer and which is related to
charge separation is as much about the interpretation
of the data as the data itself. Experiments at cryo-
genic temperatures, however, are all in agreement
that 1-2 ps is the measured time for charge separa-
tion [6,34,35], and 80~100 ps is the time for excita-
tion energy transfer-limited charge separation (at 77
K) [34]. While several experiments with subpicosec-
ond time resolution have been performed near room
temperature that selectively excited each of the two
pigment pools [15,16,29,36], the extremely broad
bandwidth of the ‘‘red’’-pool excitation pulse (~ 17
nm) [15] forced an excitation wavelength of 694 nm
(i.e., far out into the wing of the band) to achieve
any selectivity, thus precluding the use of more than
one wavelength for excitation of the “‘red’’ pool. We
have undertaken a new transient absorption study
that utilizes an optical parametric amplifier (OPA) as
a pump source. Wavelength tuning with the OPA can
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be achieved in a few minutes, allowing the same
sample to be utilized for multiple excitation wave-
lengths. This device provides sub-200 fs time resolu-
tion with near transform-limited spectral bandwidths
[37]. These narrow bandwidths (~ 6 nm) allow us to
investigate the pump-wavelength dependence of the
kinetics across the composite Q, band. Experiments
comparing selective excitation of the two pigment
pools have the potential to provide insight into the
identification of excitation energy transfer and charge
separation processes, as selective excitation of the
“‘blue’” pool necessitates the occurrence of energy
transfer, while selective excitation of the ‘‘red’’ pool
minimizes the occurrence of inter-pool energy trans-
fer. Thus, differences in the ‘‘blue’’- versus ‘‘red’’-
pool kinetics can be ascribed to energy transfer from
the ‘‘blue’’ pool to the *‘red’’ pool.

Transient absorption kinetics were measured at
the peak of the Pheo a bleach, and transient spectra
were taken over the 500 to 610 nm wavelength
region. At 1 ps, excitation into the ‘‘blue’’ pigment
pool of the composite Q, band results in a signifi-
cantly different transient spectrum than excitation
into the ‘“‘red”’ pool. The difference in the two
spectra is shown to be very similar to the transient
spectrum of ' “Chl a in vitro. At long time (500 ps),
the spectra and hence charge separation yields are
indistinguishable, indicating near-unity quantum
yield for excitation energy transfer from the ‘‘blue’’
pool to the ‘‘red’’ pool. The kinetics of the Pheo a
bleach are triple exponential at all excitation wave-
lengths used. Finally, the time at which the decay
crosses A A =0 is shown to be a powerful indicator
of pump intensity and the identity of the pigment
pool that had been excited [18].

2. Materials and methods

D,-D,-cytochrome b-559 PSII RC complex was
isolated from PSII-enriched appressed membrane
fragments obtained from market spinach [4]. PSII
membranes (120 mg Chl a) were pelleted; resus-
pended in 50 mM Tris-HCI (pH 7.2), 30 mM NaCl,
and 4% Triton X-100 at 1 mg Chl a/ml, and
incubated with stirring for 1 h. All manipulations in
this procedure were done at 4°C in the dark. The
solubilized material was then centrifuged for 1 h at

32000 X g, and the supernatant was loaded onto a
buffer-equilibrated 1.6 X 20 cm Fractogel TSK-
DEAE 650S (Supelco) column. The column was
then washed with 50 mM Tris-HCI (pH 7.2), 30 mM
NaCl, and 0.05% Triton buffer using an FPLC sys-
tem (Pharmacia) until the absorption of the eluent at
670 nm was about 0.03 cm ™! (the spectrum of the
eluent is like that of an isolated RC except that the
red absorption peak was at 670 nm). At that point,
the column was washed with 150 ml of 50 mM
Tris-HCI (pH 7.2), 30 mM NaCl, and 0.03% n-
dodecyl B-D-maltoside (DM) to remove Triton. The
RCs were then eluted with a 30-200 mM NaCl
linear gradient in the same buffer. Green fractions
obtained at around 125 mM NaCl were pooled,
desalted and concentrated within 1 h using a Cen-
triprep 50 Concentrator (Amicon), and stored at
—80°C until use. These RCs contain about 6 Chl aq,
2 B-carotenes, and 1 cytochrome b-559 per 2 Pheo
a.

Experiments were performed on Chl a in tetrahy-
drofuran (THF) solution at room temperature. Chl a
was isolated from spinach [38]. The sample was
purified on a TLC plate in the dark immediately
prior to preparation of the solution. The peak of the
Q y band was at 664 nm, with an absorbance of 0.62.
A peak extinction coefficient of 79 000 [39] was used
for calculation of the sample concentration (7.8 X
107% M). The THF was distilled from lithium alu-
minum hydride and stored over molecular sieves
under N,.

A sample temperature of ~ 5°C for the PSII RCs
was maintained by flowing ice-water through the
cooling jacket of a 1 cm path length fused silica
spectroscopic cell (Starna). The rate of sample degra-
dation is greatly decreased by keeping the sample at
this temperature (as compared to room temperature).
No significant changes in either the composite Q,
band peak position or the second derivative of the
band were discernible after at least an hour of illumi-
nation. The sample was continuously stirred; this
avoided accumulation of RCs in the triplet state in
the sample volume interrogated by the laser beam.
Steady-state spectral measurements were done with a
Shimadzu UV 160 spectrometer.

Transient absorption measurements were per-
formed with an optical parametric amplifier [37]
(OPA) pumped by the second harmonic of an ampli-
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fied Ti:sapphire laser system operating at 1.3 kHz.
The pulse length of the pump pulses was ~ 180 fs,
and bandwidths (FWHM) of ~ 6 nm (near trans-
form-limited) were typical. A white light continuum
was generated from the amplified fundamental in a
fused silica block, and was split into a probe beam
and a reference beam. The polarization purity of both
the pump and probe beams was very high, as both
beams pass through calcite polarizers before reach-
ing the sample. Like all of the previous work on PSII
RCs done in our laboratory [18,25,31,35], the probe
beam was polarized at the magic angle (54.7°) with
respect to the pump beam. This polarization configu-
ration, unlike having the two beams with parallel or
perpendicular polarizations, allows direct observation
of population kinetics without artifacts due to polar-
ization phenomena. The importance of measuring the
isotropic kinetics (either by direct measurement with
the magic angle configuration or by calculation from
both parallel and perpendicular data) should be
stressed, as data on PSII RCs using the parallel
polarization configuration continue to be presented
[16,36].

Pump and probe beams were crossed in the sam-
ple with a spot size (diameter) of ~ 250 um. Pump
energies were varied from 40 nJ to 1.0 uJ. At 100
nl, the energy density of the pump (the parameter of
interest when comparing to other work) was ~ 200
wJ/cm?. Both the probe and reference beams were
focused into a monochromator with both the en-
trance and exit slits set at a 4 nm bandwidth. After
exiting the monochromator, the intensities of the two
beams were measured by separate Si photodiodes.
The photodiode output was captured by gated inte-
grators and digitized by a 12-bit A /D board. Every
other pump pulse was blocked by a mechanical
chopper, and a A A value was calculated for each
pair of pulses. Kinetic scans were typically the aver-
age of 10-20 delayline passes, with each point of
each pass being the average of 100 laser shots. The
scans were broken down into three temporal regions,
with 100 fs per point from —3 to +17 ps, 1 ps per
point from 17 to 122 ps, and 5 ps per point from 122
to 600 ps. Each data set was individually fit to a
triple exponential decay and a nondecaying compo-
nent using a grid search routine. Transient spectra
were measured by setting the time between the pump
and the probe pulses at a fixed delay and scanning
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Fig. 1. Steady-state absorption spectrum of the composite Q, band
of isolated PSII RCs in a 1 cm cell. Superimposed are the
excitation profiles (product of the pump and RC spectra — see text
for details) for the five pump wavelengths. The actual spectral
bandwidths for the pump pulses (not shown) are ~ 6 nm (near-
transform-limited).

the wavelength of the monochromator (0.75 nm per
point). Thus the spectra presented are direct spectra,
not ones calculated from the results of global analy-
sis fits of kinetic scans at numerous wavelengths.

Pump wavelengths of 655, 665, 675, 683, and 689
nm were used. The effect of the finite bandwidth
(~ 6 nm) of the pump pulses on the absorption of
the RCs can be calculated by taking the product of
the normalized spectral intensity profile of the pump
pulse and the absorption spectrum of the RC. Fig. 1
shows these ‘‘excitation profiles’’ for the five pump
wavelengths superimposed upon the spectrum of the
composite Q,, band of the RC. Selective excitation of
the “*blue’’ side of the Q, band can be achieved
with 655 and 665 nm pump wavelengths, whereas
683 and 689 nm pump wavelengths result in selec-
tive excitation of the ‘‘red’’ side of the band. A
pump wavelength of 675 nm excites the peak of the
band, and no selectivity is achieved. It should be
noted that the spectral intensity profile of the pump
is similar for all wavelengths, and that the structure
of the excitation profiles for 655 and 689 nm in Fig.
1 is due to the much higher sample extinction coeffi-
cient at the center of the Q, band. For all five pump
wavelengths, the peak of the excitation profile is
within 1 nm of the pump wavelength.
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The five pump wavelengths chosen correspond
roughly to the peak, half-maxima and quarter max-
ima wavelengths for the composite Q, band absorp-
tion. The true optical density of the sample for the
actual laser pump pulses can be determined by inte-
grating the excitation profile over wavelength and
dividing by the integrated pump spectral intensity
profile:

j[pump( A)ODsample( /\) da

OD
Mump(A) dA

effective

; (1)

where [, is the normalized pump spectral inten-
sity profile, OD, ., (A) is the optical density of the
sample as a function of pump wavelength, and
OD¢recrive 18 the true optical density of the sample for
the finite bandwidth laser pulses. Sample concentra-
tions were adjusted to keep the OD near 0.5 at the
excitation wavelength, with relative concentrations
of 4:2:1:2:4 for 655, 665, 675, 683 and 689 nm,
respectively; the calculated optical densities (using
Eq. 1) are 0.47, 0.53, 0.38, 0.47, and 0.38. For the
665 and 683 nm pump wavelengths, the OD at the
peak of the Q, band was ~ 0.8, which corresponds
to a RC concentration of ~2 X 107 M.

Some discussion at this point is warranted about
the various ways to display the intensity dependence
of observables over the different pump wavelengths.
The transient absorption signal is directly propor-
tional to the number of photons absorbed by the
sample. For a given pump energy, this quantity
changes as a function of pump wavelength due to
two factors: the optical density of the sample (as
discussed above), and the change in the number of
photons (a small effect — about 5% between 655 and
689 nm). Much of the intensity-dependent data dis-
cussed below will compare excitation wavelengths of
665 and 683 nm. As the correction for absorbed
photons between these two wavelengths is only 3.5%,
the correction will be ignored and the data will be
displayed simply as a function of incident pump
energy. Because the correction is significantly higher
(as much as 20%) between the other pump wave-
lengths, that data will be presented in terms of
absorbed photons per cm?. We will also use an
alternative way to display the data which clearly
show the effects of multiple excitation of RCs at

high pump energies (vide infra), where the data will
be displayed in terms of absorbed photons per RC. It
should be noted that the experiments on Chl a in
THF will show that, at high pump energies, the
absorption of the sample becomes sublinear. No
correction for this phenomena is made in any of the
figures: the number of photons absorbed is always
calculated assuming linear absorption.

3. Results
3.1. Kinetics at 544 nm with 200 nJ pump pulses

Transient absorption kinetics probing at 544 nm
are shown in Fig. 2. The pump energy is 200 nJ and
the wavelength is 683 nm. The data are fit to a triple
exponential decay (two exponentials did not produce
satisfactory residuals) and a component that does not
decay on the sub-nanosecond timescale of the exper-
iment. Typical lifetimes of the triple exponential
decay with the 683 nm pump are 1-2, 10-15 and
60-70 ps. The nondecaying component (hereafter
referred to as the shelf) presumably reflects the fully
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Fig. 2. Transient absorption kinetics probing at 544 nm in isolated
PSII RCs. The pump energy and wavelength are 200 n} and 683
nm, respectively. Inset shows the same data on a shorter timescale.
The triple exponential fit to the data is shown in both. The large
oscillations near ¢ =0 are due to the buffer/cell system, and are
unrelated to the PSH RC dynamics. Note the °‘zero-crossing’’
time of ~ 11.5 ps.
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Table 1

Averages and standard deviations for the fit parameters to the kinetic data at 544 nm using a pump energy of ~ 200 nJ

Apump Ttast Afasx %0 A fast Tint A int % A int Tslow A slow %o A slow Shelf

(nm) (ps) (ps) (ps)

665 27404 0.0044 21 +2 2+2 0.0125 60 +3 98+ 16 0.0039 19+ 4 — 0.0069
+0.0005 +0.0012 +0.0008 +0.0005

683 1.6 £ 04 0.0034 20+3 1342 0.0077 46 +2 64 +5 0.0057 34+ 4 -0.0076
+ 0.0006 +0.0008 +0.0009 +0.0010

The data are fit to a triple exponential decay and a nondecaying component (see text for details).
The amplitudes of the three decay components are given as both absolute amplitudes and as a percentage of the total decay amplitude.

charge separated state of the RC (P680*-Pheo a~ ),
which has been shown by nanosecond experiments
to have a lifetime of 36 ns at ambient temperature
[40]. The difficulties in reliably fitting a triple expo-
nential decay with the modest signal-to-noise (typi-
cally about 50 at this pump energy) inherent in
transient absorption experiments is well known. It
was thus imperative to scan the data until they
reached a ‘‘flat” (on the timescale in question)
baseline, and to record at least several factors of “‘e”’
in the decay of the slowest component. This was
especially important given that the relative amplitude
of the slow component was 20-30% (see below) in
our case; i.e., it is weak enough to be difficult to fit,
yet strong enough to cause a nontrivial effect on the
other components if it is not fit properly. When we
fit our data out to only 70 ps, it is well fit to a
biexponential with 2 and 21 ps lifetimes. These
lifetimes closely match those of Klug et al. [32],
whose data extended to only 70 ps in spite of the fact
that the transient was still clearly decaying at that
time.

The inset to Fig. 2 shows the same data up to 16
ps only. The ultrafast oscillations around ¢=0 are
due to an interaction of the pump and probe pulses
with the buffer/cell system, and have been observed
before by Hong et al. [41]. This signal is roughly
linear with pump energy, and as such it cannot be
removed by going to lower pump energies. The data
are fit only after the oscillations have completely
damped out, which is 300-400 fs after the peak of
the positive transient. Also shown in the inset is the
““zero-crossing’’ time (see below), which is simply
the time after the excitation pulse at which the decay
crosses AA = 0 while probing at 544 nm.

The result of averages of the fits of multiple scans
at pump wavelengths of 665 and 683 nm are given in

Table 1. For all scans used in this table, the pump
energy was 200 to 220 nJ, and the probe wavelength
was 544 nm. The average at both wavelengths is
over six scans, with each scan having a ‘‘signal-to-
noise”’ (S /N) ratio ranging from 46:1 to 84: 1. The
S/N ratio is calculated by dividing the total decay
amplitude (i.e., AA at ~ 350 fs minus AA at long
time) by the RMS deviation of the fit. The S/N at
665 nm is slightly better than at 683 nm simply
because of the larger amplitude at r = 0 when pump-
ing into the blue side of the band (vide infra). The
amplitudes of the components are given both as
absolute amplitudes and as a percentage of the total
decay amplitude.
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Fig. 3. Absolute amplitudes of the three kinetic components to the
triple exponential fit of the transient absorption decay at 544 nm
as a function of pump energy with an excitation wavelength of
683 nm in isolated PSH RCs. The lines are linear fits to the data
for pump energies up to 200 nJ.
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3.2. Intensity dependence of kinetics

The amplitudes of the three kinetic components as
a function of pump energy with an excitation wave-
length of 683 nm and a probe wavelength of 544 nm
are shown in Fig. 3. Error bars (+10) are given,
where applicable. All three components are linear
with pump energy up to 200-250 nJ. Above this
point, all three amplitudes continue to increase, but
at a lesser slope. Similar results were obtained with a
665 nm pump wavelength (data not shown).

In order to determine whether the sublinear be-
havior at high pump energies as seen in Fig. 3 affects
any of the three kinetic components differently, we
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Fig. 4. Relative amplitudes of the three kinetic components to the
transient absorption data probing at 544 nm in isolated PSII RCs
as a function of pump energy. (A) 683 nm pump. (B) 665 nm
pump. The dashed lines are the averages of the values for the
intermediate component at each pump wavelength. Note the inde-
pendence of the data with respect to pump energy, and the larger
amplitude of the intermediate component with the 665 nm pump.
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Fig. 5. Time constants for the triple exponential decay of the
transient absorption signal at 544 nm in isolated PSII RCs. Data
for pump wavelengths of 665 and 683 nm are shown. Dot and
dashed lines are the averages over all pump intensities for 665 and
683 nm, respectively. (A) slow component, 7, ; (B) intermediate
component, 7i,; (C) fast component, 7, . For all three compo-
nents, the 665 nm time constants are slower than the 683 nm ones.
Note the absence of any intensity dependence of the time con-
stants.

have plotted the amplitudes of the components on a
percentage basis as a function of 683 nm pump
energy in Fig. 4A. The largest component is the
intermediate component, with 47 + 5% of the ampli-
tude. This percentage is independent of the pump
energy over the range investigated, and the dashed
line is the mean of all of the values. The amplitude
of the fast component is ~ 20%, and that of the slow
component is ~ 30-35%. There is no statistically
significant trend in the percentages of the fast and
slow components up to 500 nJ, and the difference at
0.9-1.0 uJ is fairly small.

Fig. 4B shows similar data, but for a pump wave-
length of 665 nm. Once again, the intermediate
component is dominant (60 + 4%), and its percent-
age is also independent of excitation energy. The
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amplitude percentage of the intermediate component
when pumping at 665 nm is significantly higher than
when pumping at 683 nm, and will be discussed
below in terms of excitation energy transfer. The fast
and slow components vary from 15% to 25%, with a
change in one at the expense of the other. The trend
toward the fast component becoming greater (and the
slow component weaker) at pump energies above
700 n] is probably not statistically significant, as
there is only one scan per point in that region.

The dependence of the lifetimes on pump energy
for 665 and 683 nm excitation pulses is shown in
Fig. 5SA-Fig. 5C. With 683 nm excitation, 7, and
Ty are both clearly independent of pump energy,
with average time constants of 64 + 9 and 12 + 2 ps,
respectively. For 665 nm excitation, 7, and T,
have average time constants of 105 + 21 and 21 + 4
ps, respectively, with no apparent dependence upon
pump energy. One should note that, for 7, all of
the 665 nm time constants are slower than the slow-
est one for 683 nm excitation. This same behavior is
also seen for 7, in Fig. 5B. Fig. 5C shows data for
T While the scatter on these data make it difficult
to prove the absence of any intensity dependence,
none clearly stands out. The time constants for 7,
with 665 nm excitation are generally slower than
those for 683 nm excitation, with averages of 2.3 +
0.7 and 1.6 £ 0.6 ps, respectively.

3.3. Intensity dependence of t = 350 fs amplitude

Fig. 6 shows the amplitude of the transient ab-
sorption signal at ~ 350 fs after the excitation pulse
for pump wavelengths of 665 and 683 nm as a
function of pump energy. The amplitude at earlier
time cannot be accurately determined, as the large
oscillations from the buffer/cell system mask the
behavior of the RCs at that time (see Fig. 2 inset).
The amplitudes in this figure were derived from the
fits to the data. As long as the data are well fit at
early time (which it is), this method is preferable to
picking the amplitude at a single arbitrary time de-
lay, as the latter is susceptible to the inherently
greater noise of a single point. For a given pump
wavelength, this amplitude can be used as a measure
of the total excited state population (at least in the
linear regime). For both pump wavelengths, the am-
plitude is linear up to 200-250 nJ, and then in-
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Fig. 6. Amplitude of the transient absorption signal at 544 nm
~ 350 fs after the laser flash (i.c., the earliest time at which the
data can be measured free from artifacts due to the buffer/cell
response) as a function of pump energy for pump wavelengths of
665 and 683 nm in isolated PSII RCs. Linear fits to the data for
pump energies up to 200 nJ are also shown.

creases at a lesser slope. Note that at all pump
energies, the amplitude is greater for ‘‘blue’’-pool
excitation than for ‘‘red’’-pool excitation.

3.4. Intensity dependence of Chl a in THF

In order to gain insight into the cause of the
deviation from linearity of the ¢ = 350 fs amplitude,
we investigated the behavior of Chl a in THF upon
laser excitation. Although Pheo a is also present in
the composite Q, band of the PSII RC, its spectral
contribution is relatively minor compared to that of
Chl a, which dominates because of both the relative
pigment oscillator strengths and the stoichiometry.
For this reason, only Chl a was used for the in vitro
experiments, two of which were performed. The first
was to make the laser act like simple spectrophotom-
eter: the laser intensity was measured before and
after the sample, thus determining the percent trans-
mitted energy, which of course allows a calculation
of the absorption of the sample. This was done at
many different pump energies from 10 to 850 nJ. At
the lowest pump energies, the measured optical den-
sity (~ 0.57) matches that measured by a UV-Vis
spectrophotometer, taking into account the effect of
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Fig. 7. Chl a in THF experiments. Squares show the absorbed
photons per cm? as a function of incident photons per cm?.
Deviation from linearity is due to populating a nontrivial fraction
of the chromophores in the excited state during the pump pulse.
The straight line (73% absorption) is determined from the spec-
trum of the sample in a UV-Vis spectrometer, adjusting for the
effects of the finite bandwidth of the pump pulse. Asterisks show
the transient absorption signal at early time probing at 544 nm.
Note that the deviation from linearity for the transient absorption
data is virtually identical to the deviation of the absorbance
measurement.

the finite bandwidth of the pump pulse as was
discussed in Section 2 for the RCs. As the pump
energy was increased, the optical density decreased,
getting as low as ~ 0.22 at the highest pump energy
used.

The second experiment was to measure the ampli-
tude of the transient absorption signal at early time
(the signal decays on a nanosecond timescale) at 544
nm for the Chl a in THF solution as a function of
pump energy. Fig. 7 shows these data, along with the
percent transmission data described above reformu-
lated in terms of absorbed photons /cm? versus inci-
dent photons/cm?. As one can see, the two curves
have essentially the same form. This should not be
surprising, as the transient absorption signal is di-
rectly proportional to the number of absorbed pho-
tons. The straight line corresponds to 73% absorption
(the low-energy limit). Below 1 X 10" incident pho-
tons /cm?, both sets of data are well fit by the line.
The sublinear behavior of the sample optical density
(and therefore the transient absorption signal) is sim-

ply a result of the pump intensity being high enough
to go beyond the linear regime in which Beer’s law
holds.” The deviation occurs because a nontrivial
fraction of the sample is in its excited state at high
pump intensities [42]. These excited pigments can
interact with another photon in the pump pulse and
result in stimulated emission, resulting in the *‘loss”’
of a previously excited pigment.

Is the sublinear behavior of the t = 350 fs ampli-
tude data in the isolated PSII RCs simply a measure
of the same phenomena? The highest reasonably
linear point for the Chl a in THF experiments was at
~ 0.29 incident photons per molecule, which corre-
sponds to 0.21 absorbed photons per molecule (as-
suming linear, i.e., 73%, absorption). If we multiply
this by 3.5 (for simplicity, assuming three Chl a per
pigment pool, plus one Pheo a with half of the
oscillator strength), this gives 0.74 absorbed photons
per RC for selective excitation of either pigment
pool. This is roughly the upper limit of linearity
(corresponding to 250 nJ for 665 and 683 nm) for
the #=350 fs data in Fig. 6. Since the point of
deviation from linearity is quite consistent for the
Chl a in THF and the isolated PSII RC measure-
ments, and the same sublinear behavior is observed
in both samples, it seems quite reasonable to con-
clude that the behavior is due to the same phe-
nomenon, l.e., a deviation from Beer’s law linear
absorption. Thus, the nonlinearity of the = 350 fs
data for the isolated PSII RCs has nothing to do with
the presence of multiple pigments within each RC
(e.g., the possibility of annihilation phenomena). The
sublinear behavior of the amplitudes of all three of
the individual kinetic components (see Fig. 3) is
presumably another manifestation of the Beer’s law
deviation, as the sublinearity begins at the same
energy as with the ¢t = 350 fs data, and it affects all
three components equally (see Fig. 4).

3.5. Intensity dependence of the shelf

With sufficiently high pulse energies, it is possi-
ble to excite multiple chromophores in the individual
RCs. Of course, each RC is limited to a single
charge separated state, as there is only one active
redox pair per RC. Therefore, the saturation of charge
separation is an excellent indicator of multiphoton
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Fig. 8. Amplitude of the nondecaying component (shelf) at 544
nm as a function of absorbed photon density at different pump
wavelengths in isolated PSHI RCs. For pump wavelengths of 665
and 683 nm, the data are linear up to ~ 250 nJ. Deviations from
linearity are due to multiple excitation of individual RCs at high
pump energies, and both the point of deviation from linearity and
the saturation value of the shelf are dependent primarily on
sample concentration, which is higher as the excitation wave-
lengths gets further from the composite Q, band peak (see text for
details).

excitation of individual RCs, and the amplitude of
the Pheo a bleach is arguably the best indicator of
the extent of charge separation occurring in the
sample. The amplitude of the shelf of the transient
absorption signal at 544 nm (equivalent to AA at
~ 500 ps; i.e., after all excitation energy and charge
transfer is complete) is plotted in Fig. 8 as a function
of absorbed photons per cm? at all five pump wave-
lengths. The data for 665 and 683 nm are linear up to
~ 250 nJ, and then saturates at a slightly higher
value for pump energies between 0.5 and 1.0 ulJ.
The data for both wavelengths fall on the same
curve, with the equivalence in the linear regime
indicating that the quantum yield for charge separa-
tion is the same for both excitation wavelengths.
This implies that the quantum yield for excitation
energy transfer (i.e., for excitation at 665 nm) is near
unity. At 655 and 689 nm the composite Q, band
oscillator strength is roughly half of that at 665 and
683 nm, and the sample concentration was therefore
set to be double. As with the 665 /683 nm data, the

655 /689 nm data lie on the same curve, thus indicat-
ing that the quantum yield for excitation energy
transfer and charge separation is unchanged by going
out further into the wings of the Q, band. At the
highest pump intensity, the shelf for 655 and 689 nm
excitation is twice that of the 665 and 683 nm data,
as would be expected since twice as many RCs are
excited at saturation at these wavelengths as are
excited at 665 and 683 nm. Similarly, the saturation
level of the shelf for the 675 nm data is roughly half
of that for the 665 and 683 nm data.

3.6. Zero-crossing time

The time at which the transient absorption decay
for a probe wavelength of 544 nm crosses AA =0
appears to be a useful monitor of a number of
parameters, including the pump energy density, the
sample activity, and the identity of the pigment pool
that has been excited [18]. Fig. 9A shows the ‘‘zero-
crossing’’ time with 655, 665, 683, and 689 nm
pump wavelengths for pump energies in the range of
40 to 1000 nJ. The two lines are linear fits to the 665
and 683 nm data. The 655 nm data appear to fit a
line of lesser slope but identical intercept as the 665
nm data. Likewise, the 689 nm data appear to have
the same intercept as the 683 nm data, but also with
a lesser slope. Thus, in the low intensity limit, the
zero-crossing time is independent of wavelength
within each of the pigment pools, but is quite differ-
ent between the two pools. This implies that the
zero-crossing time is related to pigment pool-specific
phenomena.

The difference in slopes for the two wavelengths
within each pigment pool is an indication of what is
responsible for this phenomena. Since the slopes are
different, it is clear that the zero-crossing time is not
simply a function of the pump photon flux. Fig. 9B
shows the same data plotted against absorbed pho-
tons per RC. Now the 689 nm data actually fall on
the same line as the 683 nm data, and the 655 nm
data fall on the 665 nm data line. This indicates that
the phenomena responsible for the intensity depen-
dence of the zero-crossing time is related to muitiple
excitation of RCs. It is also unambiguous from Fig.
9B that the zero-crossing time is specific to which
pigment pool is excited. Not surprisingly, data at
pump wavelengths of 675 nm (data not shown) give
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Fig. 9. Zero-crossing time (time after the laser flash at which the
transient absorption signal crosses A A = 0; see Fig. 2) in isolated
PSII RCs for a probe wavelength of 544 nm. Lines in both (A)
and (B) are linear fits to the 665 and 683 nm data for all pump
energies. (A) As a function of absorbed photons per cm?. Note the
lesser slope but similar intercept for 655 nm excitation as com-
pared to 665 nm excitation, and similarly with 689 and 683 nm
excitation wavelengths. (B) As a function of absorbed photons per
RC, which shows effects of multiple excitation of individual RCs.
All *‘blue’” pool excitation data now lie on the same line, and all
*‘red’”’ pool data lic on a different line.

zero-crossing times in-between those for selective
excitation of the two pools.

The longer zero-crossing time for the ‘‘blue”
excitation is consistent with the data presented ear-
lier in the paper. Since ‘‘blue’’ excitation results in a
higher amplitude at z =0 than ‘‘red’”’ excitation, it
therefore would take longer to reach AA=0 for
““blue’’ excitation if the decay profiles were identi-
cal. As discussed above, all three decay constants are
slightly slower for ‘‘blue’” excitation than for ‘‘red”’,
so this too contributes to a longer zero-crossing time
for “‘blue’’ excitation.

The increase of the zero-crossing time with in-
creasing pump energy is also consistent with the data
presented earlier in the paper. In a completely linear
regime, doubling the pump energy should be simply
equivalent to multiplying the amplitude of the decay
curve by a factor of two, which will of course leave
the zero-crossing time unchanged. As shown earlier
(see Figs. 6 and 8), increasing the pump energy into
the regime where multiple excitation of individual
RCs occurs results in complete saturation of the
shelf, but the ¢ =0 amplitude continues to increase,
albeit at a lesser slope. Since neither the rates nor the
relative amplitudes of the kinetic components change
to any appreciable extent as a function of pump
energy, the decay profile remains fundamentally un-
changed. The net result of the same decay profile
starting at a higher positive value but ending at the
same negative value is that the point at which the
decay crosses zero increases in time.

The zero-crossing time is also a measure of sam-
ple activity. As the sample degrades and the shelf
rises (A A more positive, indicating less charge sepa-
ration), the zero-crossing is pushed out in time.
Badly degraded sample do not even cross the base-
line (data not shown). The zero-crossing times that
we have measured with low pump energies (~ 10 ps
with 683 and 689 nm pump wavelengths) appear to
be shorter than any previously found in the literature
for direct excitation into the ‘‘red”’ pool (18-30 ps)
[28,30,32].

3.7. Transient absorption spectra

Transient absorption spectra were recorded at sev-
eral time delays for both 665 and 683 nm excitation
using 250 nJ pump pulses. The same sample was
used for all spectra presented here, although other
samples were measured and produced identical re-
sults. A weak but nonzero transient spectrum before
t=0 (due to a small fraction of RCs in the triplet
state from the previous pump pulse 1.5 ms earlier)
was recorded and subtracted from the transient spec-
tra at positive temporal delays. Fig. 10A shows
transient spectra at a delay of 500 ps from 500 to
610 nm. Within the signal to noise of the data, the
spectra with 665 and 683 nm excitation wavelengths
are identical over the entire region. Thus, after exci-
tation energy transfer and charge separation are com-
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Fig. 10. (A) Transient absorption spectra at 500 ps after the laser
flash for pump wavelengths of 665 and 683 nm in isolated PSII
RCs. The data, including the Pheo a bleach region, are identical
to within the S /N, indicating identical degrees of charge separa-
tion. (B) Transient absorption spectra at 1.0 ps after the laser flash
for pump wavelengths of 665 and 683 nm. Also shown is the 665
minus 683 nm difference spectrum. Note the absence of any
feature in the difference spectrum in the region of the Pheo a
bleach, indicating identical depopulation of the Pheo a ground
state at this time for both pump wavelengths. The same PSII RC
sample was used for all four spectra. Also shown is the transient
absorption spectrum of Chl a in THF, which is strikingly similar
to the 665 minus 683 nm difference spectrum.

plete, the RCs are spectrally indistinguishable. This
confirms the conclusion of equal quantum yields for
charge separation reached earlier based solely on the
data of the shelf value at 544 nm (see Fig. 8). The
spectra clearly show that not only is the absolute
value of long-time A A at 544 nm independent of
pump wavelength, but the depth of the feature (with
respect to the shoulders at either side) is independent
as well. This is significant as it is really the depth of
the Pheo a bleach that is the measure of the popula-

tion of P680*—Pheo a~ (and '*Pheo a), not the
position of the peak relative to AA =0.

The transient absorption spectra at 1.0 ps for 665
and 683 nm pump wavelengths are shown in Fig.
10B. At this time, the spectra are clearly quite
different, and the 665 minus 683 nm difference
spectrum is also shown (on the same scale). The
general trend is for the difference in the transient
absorption spectra to be greater at shorter probe
wavelengths. The difference (at 544 nm at 350 fs)
was seen earlier in Fig. 6. The absence of any feature
in the difference spectrum in the region of the Pheo
a bleach signifies that the extent of depopulation of
the Pheo a ground state at 1.0 ps is independent of
excitation wavelength. A measurement of the depth
of the bleach with respect to the red shoulder at 558
nm confirms that the depth is the same for the two
excitation wavelengths. The depth of the bleach at
1.0 ps is already ~ 50% of the maximum depth (cf.
Fig. 10A). The spectrum of the Pheo a bleach region
at 500 fs (data not shown) is indistinguishable from
that at 1.0 ps. Our data are in sharp contrast with that
of Rech et al. [16], which show no significant differ-
ence in the 520-580 nm region as a function of
“‘red’’ versus ‘‘blue’’ pigment pool excitation at 3
ps. We have also compared the spectra at both 8 and
50 ps, and the differences between 665 and 683 nm
excitation are still present, albeit diminishing (recall
at 500 ps, the spectra are indistinguishable). Also
shown in Fig. 10B is the transient absorption spec-
trum of Chl a in THF at 14 ps (the in vitro Chl a
spectra do not change on this time scale, so these
data can be legitimately compared to the 1.0 ps
spectra of the PSII RCs). This spectrum has been
rescaled and vertically shifted to match the PSII RC
difference spectrum. The features of the PSII RC
difference spectrum are very similar to those of in
vitro Chl a, indicating that the state from which
excitation energy transfer takes place in the PSII RC
is (not surprisingly) an excited state of Chl a.

4. Discussion
4.1. Subpicosecond excitation energy transfer

The large differential in amplitude near t=0
(e.g., at ~ 350 fs) that is manifest in Fig. 6 at all
pump energies for 665 and 683 nm pump wave-
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lengths probing at 544 nm is a new observation. The
same phenomena exists over virtually the entire
500-610 nm wavelength region at 1.0 ps (see Fig.
10B), and is still present in transient spectra taken at
50 ps. The transient absorption signal at any given
wavelength is a combination of stimulated emission,
ground state photobleaching, and absorption of the
transient species. There is no stimulated emission in
this wavelength region. The contribution due to
photobleaching of Chl a is fairly small because of its
weak ground state absorption in this wavelength
region. Fig. 10B clearly shows that the depth of the
Pheo a bleach is identical at 1.0 ps for the two pump
wavelengths, so there can be little or no contribution
of Pheo a bleaching to the 665 minus 683 nm
difference spectrum. Assuming that there is no sub-
picosecond electron transfer occurring (there is no
evidence for it), the differential in the amplitudes for
the two pump wavelengths must be due to differ-
ences in the excited state-excited state extinction
coefficients of the two pools of excited chro-
mophores. Interestingly, the difference spectrum
looks very similar to the transient spectrum of * Chl
a in vitro, and probably represents the excited singlet
state of a ‘‘blue’’-pool Chl a from which the slow
energy transfer process occurs (see below). Regard-
less of the exact nature of the cause of the differ-
ences in the transient absorption spectra, the impor-
tant fact is that there is a difference, meaning that
excitation energy equilibration at 1 ps is far from
complete, in contrast with the 100 fs equilibration
proposed in 1992 by Durrant et al. [15]. In 1994,
Rech et al. proposed [16] that while the main pool of
the ‘‘blue’’ pigments equilibrates on the 100 fs
timescale, energy transfer from a secondary pool to
the main ‘‘blue’” pool occurs on a much slower
timescale (tens of picoseconds). While our data can-
not rule out the existence of subpicosecond energy
transfer, the magnitude of the differential between
the two spectra at 1.0 ps calls into question the
extent of subpicosecond equilibration that could be
consistent with our observation. Furthermore, it has
been suggested by Schelvis and Aartsma [43] that the
observations which Durrant et al. [15] have inter-
preted as being due to subpicosecond energy transfer
between the ‘‘blue’” and ‘‘red’’ pigment pools may
actually be a manifestation of exciton scattering
within the P680 dimer itself.

4.2. Slow excitation energy transfer

In order to estimate the time for excitation energy
transfer from the ‘‘blue’’ pigment pool to the ‘‘red”’
pool, we have simulated the kinetics based on the
average fit values given in Table 1. The 683 nm
calculated curve was then subtracted from the 665
nm curve, with the resulting curve shown in Fig. 11.
Since the difference between the decays for the two
pump wavelengths is due to the absence of the slow
energy transfer step for ‘‘red’’-pool excitation, the
decay of the difference curve must be related to
energy transfer. The vast majority (89%) of the
amplitude of the difference curve decays with a time
constant of ~ 29 ps, although a small fraction de-
cays with a > 100 ps time constant (see Fig. 11).
While the actual energy transfer rate cannot be deter-
mined from this number without knowledge of the
kinetic scheme for energy and electron transfer pro-
cesses in the RC, it does provide an estimate. This
energy transfer process also manifests itself as the
increase in the amplitude (both absolute and relative)
of the intermediate component for 665 nm excitation
as compared to 683 nm excitation, as seen in Fig. 4.

T =29 ps (89%)

-
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Fig. 11. Simulation of the excitation energy transfer kinetics. The
fit parameters in Table 1 were used to calculate *‘average’’ decays
at 544 nm for 665 and 683 nm pump wavelengths with 200 nJ
pulses. The solid curve is the 665 minus 683 nm data. The dashed
curve is a biexponential fit to the difference curve, with over 89%
of the amplitude of the decay belonging to the 29 ps component.
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4.3. Intensity dependence

Several ways of monitoring the effects of increas-
ing pump intensity on the RC dynamics point to
~ 250 nJ per pulse (for 665 and 683 nm) being the
maximum allowable energy for linearity for the spot
size used in our experiments. We have both in-
creased (into the nonlinear regime) and decreased
(within the linear regime) the intensity by a factor of
4-5 from this point, without any apparent change in
either the relative amplitudes or the time constants of
the three components of the triple exponential fit to
the data (see Figs. 4 and 5). We see no evidence of
the appearance of an additional kinetic component
that can be ascribed to annihilation phenomena, as
has been seen for light harvesting complexes of PSII
(LHC II) [44]. Since the isolated PSII RC has signifi-
cantly fewer pigments than LHC II, it should be less
susceptible to annihilation phenomena. Nevertheless,
at the highest pump energies used in this study, a
significant number of RCs should be multiply ex-
cited (see below), and one might expect annihilation
to occur in these RCs. A possible explanation for the
absence of any observed annihilation at high pump
energies may be that it is occurring on a timescale
that is difficult to observe given the triple exponen-
tial decay of the RCs. For the LHC II complexes,
annihilation was easily discernible as a ~ 25 ps
component appearing on a ‘‘natural’’ nanosecond
long decay. Furthermore, (any) annihilation may not
be occurring with a single rate constant, further
complicating its detection. There has been recent
evidence for the appearance of an additional kinetic
component in isolated PSII RCs at higher excitation
energies, but this observation is complicated by the
use of an excitation wavelength of 400 nm, which
excites the high-energy Soret band of the Chl a and
Pheo a molecules without any selectivity [33].

At 200 nJ per pulse with pump wavelengths of
665 and 683 nm, we estimate a sample average of
~ 0.7 absorbed photons per RC, assuming linear
absorption (the deviation from Beer’s law at this
pump level is estimated to be less than 15%). To
gain insight into the distribution of unexcited, singly
excited, and multiply excited RCs, we have done a
simple statistical simulation. We start with a sample
of n RCs and 0.7n photons, all of which will be
absorbed. All RCs start in the ground state (i.e., none

are in the triplet state), which is a reasonable as-
sumption given the 650 Hz repetition rate of our
pump pulses and continuous stirring of the sample.
Each photon is ‘‘absorbed’ one-at-a-time, with the
probability of absorption by a RC of a given excita-
tion state being proportional to the number of RCs in
that state. No attempt to take into account the effects
due to sample thickness were made, so the simula-
tion treats the system as an infinitely thin sample.
With 0.7 absorbed photons per RC, we estimate 50%
of the RCs are unexcited, with almost 70% of the
excited RCs being singly excited.

4.4. Charge separation

It is instructive to consider the simplest behavior
that could be anticipated from the RCs given a set of
experiments that compare direct excitation of P680
at one pump wavelength with excitation of the acces-
sory Chl a at a different pump wavelength. Direct
excitation of P680 would result in charge separation,
and would be observed as a single exponential decay
at probe wavelengths appropriate for P680" and
Pheo a™. Excitation of the accessory Chl a would
result in the serial processes of excitation energy
transfer to P680 followed by charge separation, and
would be observed as a either a single or biexponen-
tial decay, depending on the relative rates of energy
transfer and charge separation, and whether energy
transfer is directly observable at the probe wave-
lengths. Obviously, neither case resembles the ob-
served data. Even in the relatively straightforward
case of (primarily) direct excitation into P680, a
triple exponential decay ensues. The simplistic as-
signment of the relative degree of charge separation
to each of the three kinetic components based on
their relative amplitudes is probably not warranted,
given the large shift to lower A A between 1 and 500
ps for the entire transient spectrum (in the 500-600
nm region, see Fig. 10), the exact origin of which is
not clear.

Insight into the mechanism of primary charge
separation in bacterial reaction centers has been
gained from pre-reduction of the bacteriopheophytin
primary electron acceptor with chemical reductants,
such as sodium dithionite [45]. A similar strategy can
be employed to reduce Pheo « in the PSII RC prior
to flash excitation [2,18,46]. Pre-reduction of Pheo a
to Pheo a~ prevents further photochemical reduction
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of this species. Under these conditions the transient
absorption spectra and kinetics of the PSII RC should
reflect only processes involving excited states of the
remaining pigments, and possibly, earlier charge sep-
arated intermediates (if any exist) such as P680* Chl
a~. Our results indicate that there is a delicate
balance between the conditions needed to achieve
high yield pre-reduction of Pheo a and those neces-
sary to avoid degradation of the protein. We have
developed an experimental protocol which allows us
to measure the transient absorption spectra and kinet-
ics reproducibly in pre-reduced PSII RCs. Prelimi-
nary results using wavelength selective excitation of
P680 indicate that both the amplitudes and time
constants of each of the three kinetic components
change in the ‘‘closed’” PSII RC relative to those in
the ““open’’ PSIHI RC [18]. It is quite likely that there
is a great deal of ‘‘heterogeneity’’ in the protein
environment of the pigments in the RC [21]. Given
this and the close relationship between energy trans-
fer and charge separation within the PSII RC, it is
likely that all three kinetic components reflect the
charge separation process in differing degrees. The
data are complex and further experiments are in
progress to ascertain whether the pre-reduction strat-
egy will allow us to formulate a model for the charge
separation process that accounts for all of the data.

5. Conclusions

Transient absorption kinetic data probing at 544
nm show that for both ‘‘red’’ and ‘‘blue’’ excitation
of the composite Q, band, the ensuing signal has a
triple exponential decay. Excitation into the ‘‘blue”’
side of the band results in an increase in all three
time constants, and an increase in the relative ampli-
tude of the intermediate component. The difference
decay for the two excitation wavelengths decays
primarily with a ~29 ps time constant, and is
attributed to excitation energy transfer. A very large
amplitude difference at early time for the two excita-
tion wavelengths is present, and calls into question
the extent of 100 fs energy transfer between the two
pigment pools.

The pump energy intensity dependence shows two
distinct types of sublinear behavior. The intensity
dependence of the amplitude of the transient signal

near t= 0 is shown to be similar to that of Chl a in
vitro, and is ascribed to a simple deviation of Beer’s
law linear absorption due to a nontrivial population
of excited chromophores. The intensity dependence
of the shelf amplitude and the zero-crossing time are
correlated with the number of absorbed photons per
RC, and are related to the limit of one charge
separated ion pair per RC. Saturation effects appear
at lower energies when pumping into the peak of the
composite Q, band, and at higher intensities when
pumping further into the wings. While the highest
energies result in the complete saturation of the Pheo
a bleach, there is no evidence for any kinetic changes
that could be attributed to annihilation processes.

The zero-crossing time is shown to be an impor-
tant indicator of the identity of the pigment pool
being excited, the pump energy density, and sample
activity, and its value can be determined without
fitting the decay. Furthermore, unlike the absolute
amplitudes at either ¢ =0 or at long time (i.e., the
shelf), which also do not require fitting to be estab-
lished, the zero-crossing time is relatively indepen-
dent of the mode matching of the pump and the
probe beams, and as such is less susceptible to
experimental artifacts.

The results of this work show that a careful
examination of the excitation wavelength depen-
dence of the kinetics of the Pheo a bleach reveal
kinetics sufficiently complex to make assignment of
one of the three kinetic components to charge separa-
tion very difficult, if such an assignment is even
possible. However, these results will serve as a
foundation on which to base other, more sophisti-
cated experiments such as liquid He temperature
experiments (where excitation energy transfer is uni-
directional), studies involving pre-reduction of Pheo
a, and experiments that measure the actual rate of
growth of the Pheo a bleach. Hopefully such experi-
ments will enable the development of a model for
energy and electron transfer within this protein that
is consistent with the data that have already been
obtained on this complex nanostructure for photo-
chemical energy conversion.
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