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Figure S1. Waiting time traces from detection wavelengths ranging from a) 680 nm to i) 714 nm 
at each fluence. Each waiting time trace is an average of 3 runs, each individually normalized at 
400 fs. Shaded error bars indicate the standard error of the mean. 
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Figure S2. Waiting time trace from detection wavelength 680 nm (bulk Chl) at a pump fluence of 
39 nJ/pulse with a tri-exponential fit to the waiting time trace. The data were fit with a fixed 
intermediate time constant of 16 ps corresponding to energy transfer from the bulk to P700 (time 
constant attributed to Lee et al.1) and a slow time constant of 2 ns. The amplitudes and the fast 
time constant were allowed to vary, and the best fit gives an 892 fs time constant consistent with 
equilibration and local energy transfer within the bulk Chl. 
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Figure S3. Illustration of energy transfer between energetically connected red Chl sites under a) 
low excitation density where only one red Chl site is initially excited. Initially, there is a single 
excitation on red site 1 that transfers to red site 2. b) Under high excitation density, both 
energetically connected red Chl sites are initially excited. An excitation transfers from red site 1 
to red site 2 resulting in singlet-singlet annihilation: an excitation is promoted to a higher excited 
state (Sn) and then rapidly relaxes back to S1. The net result is a loss of 1 excitation. 
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Figure S4. Difference in the R2 value between a monoexponential decay fit to the waiting time 
trace from the pump fluence of 39 nJ/pulse (15.2 excitations per monomer, orange waiting time 
traces) and the calculated R2 value of the monoexponential fits to 39 nJ/pulse and the waiting time 
traces from the highest pump fluence of 117 nJ/pulse (45.7 excitations per monomer, blue waiting 
time traces). A ∆R2 value of 0 indicates that the monoexponential fits to the data at 39 nJ/pulse 
and 117 nJ/pulse equally well. At longer wavelengths, ∆R2 increases indicating that the 
monoexponential fit to 39 nJ/pulse is a poor fit to the data at 117 nJ/pulse. 
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FRET calculations  

We used the site energies of Yin et al. using INDO calculations on PSI of T. elongatus and 

couplings calculated by Akhtar et al. from the Synechocystis PSI structure.5, 6 For calculating the 

dipole moment of the coupled trimer or dimers, we first calculate the dipole moment directions of 

the individual chlorophylls. Dipole moment orientations of the coupled dimer or trimer were 

calculated from the U matrix of the diagonalization procedure of the dipole moments of the 

individual chlorophylls. The eigenvector for the lowest diagonal eigenvalue was used since the 

dimers are J-aggregates.7 The new resulting dipole moment was placed at the center of the Mg-

Mg distance. FRET rates were calculated using Equation S1 in accordance with work by Sheng et 

al. for Chl a in PSII.8  
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We use their reported overlap value, C = 32.26.8 The refractive index n is used as 1.55 and R is the 

distance between the average position of chlorophyll Mg atoms of the chlorophylls.9 The obtained 

distances parameters and FRET rates are summarized in Table S1.  

Transfer pairs K2 Distance (Å) Rate-1 (ps) 

A31/A32/B7 ↔ B37/B38  0.436 19.556 16 
A31/A32/B7 ↔ P700  0.998  28.870 73 
B37/B38 ↔ P700  0.0049 35.091 253087 
B31/B32 ↔ P700  0.5625 44.000 587 
B31/B32 ↔ A31/A32/B7 0.1567 69.314 571451 
B31/B32 ↔B37/B38 0.562 66.198 33704 

Table S1. Orientation factors (K2), distances, and corresponding time constants from calculated 
FRET rates. 
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Calculation of Excitation Densities 

Excitation densities of 8.1 – 45.7 excitations/monomer were calculated from the spectrally 

resolved laser excitation spectrum and linear absorbance spectrum. For transient absorption 

measurements, the pump pulse was focused to a 0.0050 mm2 spot through a 500 µm sample cell. 

At the lowest pump fluence, the power was measured to be 103 µW which corresponds to 

21 nJ/pulse with a laser repetition rate of 5 kHz. This pump fluence was multiplied by the measured 

laser spectrum shown in Figure S5 and divided by the spot size of 0.0050 mm2 to determine the 

fluence at each wavelength, 𝐼((𝜆), in units of photons pulse-1 cm-2. The spectrally resolved number 

of photons absorbed per cm2 were calculated from Equation S2, where 𝐴(𝜆) is the absorbance in 

the 500 µm sample cell. The spectrally resolved number of photons absorbed for the lowest pump 

fluence, 21 nJ/pulse, is shown in Figure S5. 

 

𝑃ℎ𝑜𝑡𝑜𝑛𝑠	𝑎𝑏𝑠𝑜𝑟𝑏𝑒𝑑	(𝜆) = 	 𝐼((𝜆) −	
)$(+)
-(%	(()

    [S2] 

 
Figure S5. Spectrally resolved calculated number of photons absorbed (red) at the lowest pump 
fluence of 21 nJ/pulse. Absorbance of PSI-only membranes in a 500 µm sample cell (black). 
Normalized laser excitation spectrum (shaded gray). 
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Müh and Zouni determined the molar absorptivity, 𝜀, of protein-bound Chl a in PSI trimers 

at 680 nm to be 5.7 × 104 M-1 cm-1.10 The molar concentration, C, of Chl a in the sample cell with 

path length 𝑙 = 0.05	𝑐𝑚 was calculated to be 155.4 µM Chl a from the measured PSI absorbance 

at 680 nm using Beer-Lambert’s law (Equation S3). 

𝐶 = .	(01(	'2)
3	4

       [S3] 

The molar concentration of Chl a was divided by 95, the number of Chl a pigments per 

PSI monomer, yielding 1.6355 µM PSI monomers. The molar concentration of PSI monomers was 

then converted to the number of complexes per square centimeter of the sample cell surface by 

multiplying by the path length, 𝑙. The fraction of PSI monomers excited was calculated by dividing 

the spectrally integrated number of photons absorbed from Equation S2 by the number of PSI 

complexes per cm2. Fractions of PSI monomers excited correspond to excitation densities of 8.1, 

15.2, 28.8, and 45.7 excitations/monomer, respectively. 

 

Diffusive Random-Walk Model of Energy Transfer at Red Chls 

Our fluence-dependent TA results at 706 nm (Figure 2) clearly show excitation-density 

dependent dynamics on a sub 10 ps timescale. While low-temperature hole burning and single-

molecule studies support that the red Chls are energetically connected on such fast timescales,11, 

12 our calculated FRET rates for transfer between identified proximal red sites does not fit with our 

experimental results. In order to understand the observed dynamics from our experiments in the 

context of existing structural and dynamic data, we test a diffusion-limited random-walk model of 

energy transfer between red Chl sites using picosecond timescale hopping between red Chl sites.  

We construct our model to output only exciton dynamics at and near the red Chls in order 

to confirm that energetically connected red Chls in trimeric PSI monomers is consistent with the 
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observed singlet-singlet annihilation. Exciton migration and trapping in PSI lies in an intermediate 

regime between trap-limited and diffusion-limited kinetics (also known as transfer-to-trap-

limited), the former limited by the efficiency of a reversible trap and the latter limited only by the 

diffusion rate to reach an irreversible trap.13-17 It is likely that energy transfer from the bulk to P700 

is a trap- limited process, while uphill energy transfer from red Chls to P700 is closer to a diffusion-

limited process.15, 18 At present, we do not model exciton migration through the extensive network 

of bulk Chls and therefore consider the kinetics to be diffusion-limited.  

Our model considers PSI monomers from trimeric and monomeric PSI. Recent work by 

Beckova et al. reports the ratio of PSI monomers to trimers in the ∆psbB mutant.19 We use a ratio 

of 0.6 monomers in trimers to 0.4 lone monomers in our model. Each modeled monomer contains 

15 sites. The trimeric PSI monomer contains three sites corresponding to the red Chl sites (distal 

site B31/B32; proximal sites A32/B7 and B37/B38). The bulk Chl sites included represent bulk 

Chl pigments (or dimers) that are physically close to each red Chl site and can transfer absorbed 

excitations to their associated red Chl site on an ultrafast timescale. Modeled lone PSI monomers 

only have two sites corresponding to red Chl sites as one of the proximal sites blue shifts when it 

is not a part of a PSI trimer such that it is no longer considered a red Chl site.18, 20, 21 The remaining 

12 or 13 sites are bulk Chls and each red Chl site is associated with 4 bulk Chl sites. Figure S6 

shows the sites used to model monomeric and trimeric PSIs.  As it is our intention only to 

reproduce our experimental TA traces at 706 nm (red Chl signal), explicitly considering all 95 

Chls in PSI falls outside the scope of this work.  
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Figure S6. Matrices used in random walk model of trimeric PSI monomer (Left) and lone PSI 
monomer (Right). Both forms of the monomer contain a distal Red Chl (red circle, column 1, row 
2). The trimeric monomer contains a pair of energetically connected proximal red Chls (red circles, 
column 4, row 6 and column 5, row 7). The monomeric PSI monomer contains a single proximal 
red Chl (red circle, column 4, row 6). In the model, excitations can hop between nearest neighbor 
pigments with probabilities determined by the time constants of the transfer process (Table S2) 
relative to the duration of the time step. 
 

We randomly populate the modeled Chl sites with initial excitations based on the 

experimental laser fluences. Based on the absorption spectrum of our sample and the experimental 

laser spectrum, approximately 5% of absorbed photons will directly excite the red Chl sites. 

Depending on the oligomerization state of PSI, we model 12 or 13 bulk sites which accounts for 

between 12 and 26 individual Chl pigments (due to the possibility that the bulk Chl sites may be 

dimeric or monomeric). Of the 95 Chls in PSI, 87 are bulk Chls; therefore, our 12 (or 13) bulk 

sites represent between 13.8% (14.9%) and 27.6% (29.9%) of the total bulk Chl pigments. In our 

model, we set absorption by the included bulk Chl sites at 15% of the total absorbed excitations. 

As a result, 20% of absorbed photons are included in our model. Thus, our experimental fluences 

corresponding to 8.1, 15.2, 28.8, and 45.7 excitations per monomer gives us average excitation 

densities of 1.62, 3.04, 5.76, and 9.14 excitations distributed across the 15 sites in our modeled 
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monomers. Figures S7 and S8 show representative samples of eight modeled monomers at T = 0 

for the lowest and highest fluences, respectively. 

 

Figure S7. Eight matrices from random walk model for the excitation fluence corresponding to 
8.1 excitations per monomer at T = 0. Each matrix is randomly populated with excitations based 
on the experimental fluence. With 20% of experimental absorbed excitations considered, there is 
an average of 1.62 excitations per monomer in the model. These matrices represent a mixture of 
trimeric and non-trimeric PSI monomers (60% of monomers are in trimers) and the non-trimeric 
monomers lack one of the proximal red Chl sites.  
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Figure S8. Matrices from random walk model for the excitation fluence corresponding to 45.7 
excitations per monomer at T = 0. Each matrix is randomly populated with excitations based on 
the experimental fluence. With 20% of experimental absorbed excitations considered, there is an 
average of 9.14 excitations per monomer in the model. These matrices represent a mixture of 
trimeric and non-trimeric PSI monomers (60% of monomers are in trimers) and the non-trimeric 
monomers lack one of the proximal red Chl sites. 
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Figure S9. Assigned Chl sites and hopping times used in the model of (a-b) trimeric PSI monomers 
and (c-d) monomeric PSI monomers giving the best fit to experimental data (Figure 3). Downhill 
energy transfer is allowed from bulk Chls (green) in close proximity to red Chl sites (red) with a 
250 fs time constant. Uphill energy transfer is allowed from bulk to red Chl sites with a 200 fs 
time constant. Excitations are allowed to transfer from a red Chl site to P700 (orange) with a 40 ps 
time constant. In trimeric PSI monomers (a-b), excitations are allowed to transfer between 
proximal red Chl sites within the same monomer with a 3 ps time constant. In monomeric PSI 
monomers (c-d), A32/B7 is treated as a bulk Chl site. a, c) Lateral zoomed-in view of a PSI 
monomer. Chl locations are shown from the crystal structure of the PSI trimer (PDB ID: 5OY022) 
using the red Chl assignments made by Akhtar et al.21 b, d) A cartoon visualization of the kinetic 
model. 
 

Figure S9 illustrates the allowed energy transfer pathways and assigned time constants 

built into the model of trimeric monomers and the analogous pathways and time constants for lone 

monomers. We only consider processes that will directly influence the dynamics at the red Chls. 

In modeled trimeric PSI monomers, exciton hopping can occur between the two proximal red Chl 

sites with a hopping time on the picosecond timescale. This hopping timescale is implied by our 
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experimental TA results, but is not suggestive of a FRET-like transfer mechanism given the 

calculated FRET hopping times in Table S1. Excitations can transfer from bulk Chl sites to the 

associated red Chls on a 250 fs timescale and back on a 200 fs timescale.1 Fast transfer from bulk 

sites effectively increases the excitation density at the red Chls and has been suggested by previous 

single molecule studies.23 During each 10 fs time step, excitations are allowed to hop to a 

neighboring site (i.e., bulk Chl to red Chl, red Chl to bulk Chl, red Chl to red Chl), or migrate to 

P700, with a probability determined by the time constants of these processes (Table S2) relative to 

the duration of the step. Back transfer between the red Chls and their associated bulk Chls is 

weighted relative to forward transfer based on the Boltzmann probabilities of transfer in each 

direction. This uphill energy transfer is entropically favorable due to the large number of bulk Chl 

sites.24 Previous reports support that the transfer rate to P700 is not strongly affected by a closed 

(oxidized) versus open (reduced) RC,16, 21, 25-27 therefore, we use a single value of 40 ps for the 

average transfer time from the red Chls to P700, which provides the best fit to the experimental data 

(Figure 3). We include a long-lived timescale component of 2 ns, as the experimental TA traces 

(Figure 2) clearly show that excitations persist at the red Chls even at the highest excitation density 

well-beyond the 10 ps window of the measurement. The long-lived component cannot be precisely 

determined because it is two orders of magnitude longer than the time window of our measurement. 

Figure S12 shows a comparison of the modeled time traces using 2 ns and 5 ns time constants, 

timescales suggested by other electronic spectroscopy studies of PSI.1, 6 The modeled decays using 

a 2 ns or 5 ns long-lived decay component are comparable.  
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Transfer Process Time 
constant 

Bulk Chls to red Chls (distal or proximal) 250 fs 
Red Chls to bulk Chls (distal or proximal) 200 fs 
Proximal red Chl to proximal red Chl 3 ps 
Red Chls (distal or proximal) to P700 40 ps 
Red Chls long-lived decay 2 ns 

Table S2. Energy transfer times used in diffusive random walk model of energy transfer at the red 
Chls as shown in Figure 3 (also reproduced in Figures S10b, S11b, and S12a). 
 

Annihilation occurs when two or more excitations occupy the same site due to exciton 

migration. In the model, annihilation reduces the number of excitations at a single site from two 

to one. A similar model was used by Dahlberg et al. to understand the membrane architecture in 

Rhodobacter sphaeroides cells.28 We use our model to generate random walk trajectories that that 

can be compared to the experimental data traces at 706 nm (Figures S10-S12).  

This random walk model can reproduce the fluence-dependence of the 706 nm signal in 

our TA data after an optimization of the hopping time between proximal red Chl sites, with the 

caveat that we do not have a complete understanding of the physical basis for the picosecond 

hopping between proximal red Chls. A red Chl-red Chl hopping time of 3 ps yields the best fit to 

the experimental data (Figure 3) but disagrees with a FRET-like hopping mechanism. Figure S13 

shows the model output for the bulk Chls. While fluence-dependent dynamics are present in the 

first 800 fs of the model, the bulk Chls show no fluence-dependent dynamics after the initial 800 

fs, in line with our experimental results (Figure 2). The model results presented in Figure S11-

S13 represent 5000 iterations of our 10 ps random walk (1000, 10-fs time steps per iteration). All 

calculations were performed in Jupyter Notebook and code is available on Github.29 
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Figure S10. Overlay of modeled red Chl waiting time traces (bold lines) using trapping times of 
a) 30 ps, b) 40 ps (this is a reproduction of Figure 3), and c) 50 ps at each excitation density with 
experimental waiting time traces from the detection wavelength 706 nm (semi-transparent lines). 
All other time constants are detailed in Table S2. Model results for trapping times of 30 ps and 50 
ps are the average of 2000 iterations; results for the trapping time of 40 ps are the average of 5000 
iterations and all are individually normalized to the maximum. 
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Figure S11. Overlay of modeled red Chl waiting time traces (bold lines) using red Chl-red Chl 
hopping times of a) 2.0 ps, b) 3.0 ps (this is a reproduction of Figure 3), c) 4.0 ps, and d) 5.0 ps at 
each excitation density with experimental waiting time traces from the detection wavelength 706 
nm (semi-transparent lines). All other time constants are detailed in Table S2. Model results are 
the average of 5000 iterations and are individually normalized to the maximum. 
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Figure S12. Overlay of modeled red Chl waiting time traces (bold lines) using a long-lived decay 
component of a) 2.0 ns (this is a reproduction of Figure 3), and b) 5.0 ns at each excitation density 
with experimental waiting time traces from the detection wavelength 706 nm (semi-transparent 
lines). All other time constants are detailed in Table S2. Model results are the average of 5000 
iterations and are individually normalized to the maximum. 
 
 

 
Figure S13. Modeled bulk Chl waiting time traces using the time constants detailed in Table S2. 
Model results are the average of 5000 iterations for each fluence and are a) individually normalized 
to the maximum (T = 0) and b) individually normalized at T = 800 fs. 
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