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Supplementary Text

In this supplementary text, we discuss the measurements of the lifetimes of the electronic dephasing and describe
the global fitting a pproach. We t hen present t he t wo-dimensional ( 2D) d ecay-associated s pectra ( DAS) of t he PSII
reaction center. We also show the transformation from the site to the exciton basis representation and resolve the
occupation dynamics of each pigment in the exciton basis. The Tukey window Fourier transformation is reviewed as
well. Moreover, the detailed fitting p rocedure, t he r esolved e lectronic and vibrational c oherence and t he associated
lifetimes are presented in the subsequent section. For the analysis of the 2D spectra, we also describe the exciton
model and the refined fitting of the parameters ofthe PSII reaction ce nter. Then, detailed calculations of the response
function and the 2D electronic spectra are presented in the following. In addition, we describe the modified Redfield
quantum master equation and the quasiadiabatic propagator path integral method in the last section.

I. TIME CONSTANT OF THE ELECTRONIC DEPHASING MEASURED FROM 2D SPECTRA

In this section, we investigate the time constant of the electronic dephasing extracted from the measured 2D
electronic spectra. In Fig. a), we show the 2D electronic spectrum (total and real part) and the anti-diagonal cut
(black solid line). The magnitude along the probing frequency is plotted as red solid line in Fig. b). We resolve
the bandwidth of the main peak and analyze it by a fit to a Lorentizan line shape f unction. T he fitting is performed
by the Curve Fitting Toolbox (Matlab 2021(b)) and the resulting data are shown as blue dashed line in Fig. b).
We resolve the time constant of the electronic dephasing as 165 fs. It manifests the timescale of optical dephasing
between the electronic ground and the excited states in the PSII reaction center.

II. GLOBAL FITTING APPROACH AND RESOLVED COMPONENTS OF THE DAS

Here, we briefly review t he global fitting ap proach. A detailed account is found in Ref. 33 . First, we construct a
series of 2D electronic spectra of the PSII reaction center and fit t he kinetics by several amplitude m aps A;(w,, wt)
with exponential decay components characterized by 7, i.e.,

Sleor. Tou) = 3 Aifwr ) exp(~T /7). (51)

where A;(w-,w;) is the decay associated spectrum (DAS) with the decay time ;. We extend the probing window to
500 ps in order to capture the process of secondary charge transfer. The obtained results are shown in Fig.[S2] The
data analysis yields 6 components with the decay time constants of 27 fs, 700 fs, 4.9 ps, 27 ps, 104 ps and infinity,
respectively. The fastest component with the timescale of 27 fs mainly stems from the peak broadening and the
pulse-overlap effect. The second DAS component shows clear evidence of down-hill population transfer. The positive
main peak and the negative cross peaks indicate the energy and CT dynamics occurring on the timescale of 700
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FIG. S1. (a) Anti-diagonal cut in 2D electronic spectrum at 30 fs (real total part). (b) Measured lineshape of the anti-diagonal
profile and estimate of the lifetime of the electronic dephasing by a fitted Lorentzian lineshape function. The obtained lifetime
of electronic dephasing is 165 fs.

fs. The detailed description of this component is presented in the main text. More importantly, we note that the
uncovered electronic quantum coherence in the PSII reaction center persists for 600 fs (with a lifetime of 177 {s), which
coincides with the timescale of the 700 fs-component. We thus conclude that the DAS component associated with
the decay time of 700 fs strongly relates to the coherent energy transfer in the PSII reaction center. In addition, we
also resolve the DAS components with timescales of 4.9 ps, 27 ps and 104 ps, respectively. The growth of the transfer
times manifests the multiple pathways of the secondary charge transfers in the PSII reaction center. Moreover, the
“infinity” component indicates the energy levels of the lowest excitonic states in the PSII reaction center.

III. TUKEY WINDOW FOURIER TRANSFORM

In this section, we provide the details of the Fourier transform with the Tukey window. To suppress the high-
frequency jitters, Fourier filtering in the frequency domain is employed to isolate each of these regions of interest by
a Tukey window of the form
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which, due to the flat top, conserves the amplitudes of the Fourier components of interest over a frequency range
larger than a cosine or a Gaussian window, while it still limits the artifacts arising from a pure bandpass filter. In
this work, we use the Tukey window with a = 1/5 and a Fourier bandpass filter with <700 cm~*.

IV. FITTING PROCEDURE AND RESOLVED ELECTRONIC AND VIBRATIONAL COHERENCES

In this section, we describe the procedure to treat the residuals and to disentangle the electronic and vibrational
coherences using the Curve Fitting Toolbox in Matlab 2021(b). First, we extract the time-resolved traces starting
from the raw data of the rephasing part of the 2D electronic spectra. The results are shown as black square dots in
Fig. The subsequent treatments by the Tukey window Fourier transform yield to the red solid lines in Fig. a)
to (c¢). The excellent quality of the fits of the raw data and the refined traces demonstrates the suitability of this data
treatment by the Tukey window Fourier transform. By this, we obtain refined data of the time-resolved kinetics. We
further employ the exponential functions to fit the kinetics and obtain the residuals after subtracting the kinetics.
The quality of the fitting is indicated by the magenta dashed lines in Fig. [S3{a), (b) and (c). The resulting residuals
are plotted as blue solid lines.

The obtained Fourier-filtered traces are uploaded into the curve fitting toolbox in Matlab 2021(b). The fitting
function is given as

N
Z A; exp(=T/7;) sin(w; T + ¢;) . (S3)
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FIG. S2. The 2D DAS with the corresponding resolved decay time constant. The fastest DAS component shows the lifetime
of 27 fs. The other components belong to the timescale of 700 fs, 4.9 ps, 27 ps, 104 ps and infinity, respectively.

To find the oscillation frequencies in the residuals, we Fourier transform them and plot the results in Fig. 3(b), (d)
and (f) in the main text. For the first trace of the cross peak “X”, we obtain three peaks at the frequencies of 122,
250 and 345 cm~!. Importantly, the resolved vibrations at 250 and 345 cm~! agree with the measurements of other
research groups (Ref. 29, 30, 36). From this, we start the fitting procedure by an initial guess of the frequencies at
122, 250 and 345 cm~!. We restrict the mode frequencies in a range of 5 cm™! and fix the initial guess of the lifetime
identically to 500 fs, with a range from 0 to co. With these parameters, we obtain a high quality fit with an R-square
>0.95 from the curve fitting toolbox. The trace and the resulting fits are shown as blue square dots and red solid
lines in Fig. 4 in the main text, with a confidence range of 95% (green shadow). To achieve a good fit, the first time
point has been excluded in the fitting procedure. By these processes, we are able to separate the electronic coherence
from ground-state vibrations. The frequency components and the associated decay time constants are shown in Fig.
4 in the main text. We find the frequency of the electronic coherence to be 122 cm ™!, with a decay time constant of
180 fs. Clearly, the electronic coherence lasts for two oscillation periods and completely disappears after 600 fs. In
addition, the vibrational coherences show the frequencies of 250 and 345 cm~!. The long-lived vibrational coherences
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FIG. S3. Raw data of the peaks “X”, “Y” and “Z” are plotted as black dots in (a) to (c¢). The coordinates of the cross peaks
“X”, “Y” and “Z” are (wr, we) = (14812, 14690), (14690, 14350) and (14874, 14526) cm™', respectively. The treatments of
the Tukey window Fourier transforms are shown as red solid lines and the resulting residuals are presented as blue solid lines
in (a), (b) and (c), respectively.

decay with time constants of 527 fs and 829 fs in the 2D spectra.

We repeat the same procedure for the traces in Fig. b) and (c) and we plot the filtered data as red solid lines.
The exponential fits are performed to obtain the residuals, which are plotted as blue solid lines. The residuals of the
cross peak “Y” is uploaded to curve fitting toolbox. The initial, guessed parameters of the vibrations come from the
resolved modes in Fig. 3(d) in the main text. They are 64, 262, 336 and 421 cm~!. Based on this, we put the initial
values of the vibrational modes into the toolbox and set a range of £5 cm~! for the modes. As described before,
the initial guess of the timescale is 500 fs for all the modes, with a range from 0 to infinity. The fitting procedure is
finished with R-square >0.95. The obtained results are shown in the Fig. 4(b) in the main text. All the oscillation
frequencies and the associated lifetimes are resolved by this approach. In addition, we repeat the same procedure for



the residuals of Fig. c). The Fourier transform shows the resolved modes with the frequencies 112, 248 and 356
cm~!, which are presented in Fig. 3(f) in the main text. The fitting results are shown in Fig. 4(c) in the main text.

V. 2D POWER SPECTRA OF RESOLVED VIBRATIONS

In the previous section, we have treated the time-resolved traces of the cross peaks in the 2D electronic spectra of
the PSII reaction center. However, a global data analysis needs to be performed to resolve the coherent dynamics in
all the 2D maps. For this, we process the data of the time series of the 2D electronic spectra. Based on the global
fitting approach, we resolve the kinetics of each pixel in the 2D electronic spectra and we remove the kinetics by
subtracting the components of exponential fits. We then perform the Fourier transform of the 2D residuals along the
waiting time T to obtain the coherent dynamics along the new frequency wr. We show the resulting data in Fig. [S4]
with the corresponding resolved frequencies. In order to identify the origin of these modes, the contours of the 2D
spectrum (T = 435 fs) are plotted as well and overlap with the 2D power spectra.

VI. 2D CORRELATION ANALYSIS

To verify the origin of the oscillations observed in the 2D electronic spectra, we have performed a cross-correlation
analysis of the residuals across w,; = wy. The residual R(wy, w,, T) is obtained by subtracting the globally fitted kinetics
from the real part of the total 2D electronic spectra. Then, we calculate the correlation coefficients C between two
residuals of a pair of conjugated spectral positions in the delay time window up to 2 ps. The delay time steps are
equally distributed with intervals of 15 fs. The correlation coefficients are defined as

C(wt, wr) = corr[R(wy, wr, T), R(wr,w, T)], (S4)

where the correlation is evaluated with the respect to T'.

In Fig. we depict the 2D correlation map of the residuals obtained after the global fitting of the time sequence of
the 2D spectra. It shows a negative magnitude in the upper-left and lower-right parts of the 2D spectrum. Based on
Ref. 37, the positive correlation indicates the electronic coherence, while the negative anti-correlation manifests the
vibrational coherence. Thus, the strong negative peaks at the center wavelength of the 2D spectra clearly manifest
the vibrational origin of the coherent dynamics. In the other words, due to the relatively strong Huang-Rhys factors,
the more than 48 resolved vibrational modes (Ref. 36) strongly overlap with the electronic quantum coherence, which
challenges the identification of the pure electronic coherence.

VII. MODEL HAMILTONIAN AND REFINED PARAMETERS

In this section, we discuss the model Hamiltonian and its parameters. The detailed information of the tight-binding
model and the system-bath interaction model are described in the section of the theoretical calculations in the main
text. The PSII reaction center model includes 8 pigments and 4 charge-transfer states, in total 12 singly excited
states. We also include 52 double excited states and one additional electronic ground state. Thus, the exciton model
involves 65 states. The off-diagonal elements in the Hamiltonian matrix are, in a first step, directly taken from Ref.
9 and used without further changes. The initial, guessed values of the site energies of the 8 pigments are taken from
Ref. 9. Then, the population dynamics of the density matrix and the absorption spectra of the PSII reaction center
are calculated using the modified Redfield quantum master equation. The obtained results are shown in Fig. for
different temperatures. The experimental counterparts are plotted as black square dots. Based on this, we obtain
a set of parameters of the site energies and the refined parameters of the bath spectral density. Furthermore, we
also optimize the system-bath interaction and the static disorder of each pigment by comparing the bandwidth of the
anti-diagonal profile of the 2D electronic spectrum at the initial waiting time. By this, the refined site energies, the
parameters of the spectral density and the static disorder (inhomogeneity) are further optimized to the final version
used in all the calculations of this work. We give the final form of the Hamiltonian matrix as shown in Tab. All
entries are given in units of cm™?.

The parameters of the spectral density are = 0.68 and w, = 350 cm ™!, which corresponds to the reorganization
energy of 238 cm™!. The static disorder of the chlorophylls are 50 cm ™! and of the pheophytins 70 cm~!. Due to
the strong electronic interaction due to the static dipole moment of the charge-transfer states, we assume a pretty
large value of the static disorder, i.e., § = 100, 200, 200 and 300 cm~" for the four CT states. The order of the states
follows the sites in the system Hamiltonian.
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FIG. S4. 2D power spectra of the PSII reaction center, obtained after Fourier transforming the 3D residuals along the waiting
time T. Five modes are resolved with the frequencies of 98, 117, 253, 351 and 741 cm™!, respectively. The rephasing part (real)
of the 2D electronic spectrum (T = 435 fs) is shown as contour lines to locate the origin of the vibrations. In addition, the
diagonal lines and the shifted lines according to the resolved frequencies are presented as blue dashed lines in panels (a) to (e).

VIII. THE CALCULATED ABSORPTION SPECTRA AND EXPERIMENTAL RESULTS

In this section, we show the calculated absorption spectra of the reaction center at 6, 77 and 300 K. The corre-
sponding formula used is given in the Eq. (S25) below and the resulting data are shown in Fig. They show an

excellent agreement between experimental and theoretical results.
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FIG. S5. 2D correlation analysis of the rephasing part (real) of the 2D electronic spectra of the PSII reaction center. The
positive magnitude in the spectrum shows a correlation, while the negative magnitude indicates an anti-correlation. The 2D
electronic spectrum at T = 435 fs is shown as contour lines in order to present the coordinates of the correlations.

TABLE S1. Matrix elements of the single exciton Hamiltonian in basis states. All entries are given in units of cm™*.

Poi  Pps  Chlpy Chlps Pheops Pheops Chlzpy Chlzps Pj,Pg,  Chlf, Pheop, Py, Chly, Pj; Pheop,

Ppi 14960 150  -42 55 -6 17 1 1 45 0 0 0
Ppo 150 14890 -56  -36 20 -2 1 1 45 0 0 0
Chlp, 42 56 14700 7 46 -4 3 0 0 70 0 0
Chlps 55 36 7 14850 -5 370 2 0 0 0 0
Pheop: -6 20 46 5 14800 -3 -4 0 0 70 0 0
Pheops 17 -2 -4 37 -3 14720 0 -4 0 0 0 0
Chlzpy 1 1 3 0 -4 0 15000 0 0 0 0 0
Chlzps 1 1 0 2 0 -4 0 14930 0 0 0 0
Pi,P5, 45 45 0 0 0 0 0 0 14882 0 70 0
Chlf;, Pheog;, 0 0 00 70 0 0 0 0 15692 0 40
P#,Chl;, 0 0 0 0 0 0 0 0 70 0 15542 40
P# Pheos, 0 0 0 0 0 0 0 0 0 40 40 15832

IX. TRANSFORMATION BETWEEN SITE AND EXCITON BASIS

The optimal parameters of the Hamiltonian and the reorganization energies of each site are obtained from the
spectroscopic calculations. With those, we can perform the transformation between the site and exciton bases. The
transformation matrix is shown in Tab.



(a) — =measured 6K
—calculated 6K

-

Arb. units
o o o o
N S » oo

o

— =measured 77K
1 (b) —calculated 77K
i) 0.8
c
J06
£
<04

o
N

o

N

908
s
So6
2
<04
0.2
0 1 1 1 1
14.4 14.6 14.8 15.0 15.2
w (kem™)

FIG. S6. Experimental (dashed blue lines) and simulated (red solid lines) absorption spectra of the PSII reaction center at
6K (a), 77K (b) and 300 K (c).

X. CALCULATION OF THE 2D ELECTRONIC SPECTRA OF THE PSII REACTION CENTER

In this section, we describe the details of the theoretical calculations of the 2D electronic spectra of the PSII reaction
center. The third-order polarization function which defines the 2D spectra is given by

oo (oo} oo
PO(t) = / dts / dty / dtyR(ts, to, t1)Es(t — ts) Byt — ts — to) By (t — ts — ty — t1), (S5)
0 0 0

where the response function ﬁ(tg,tg,tl) is a function of the three times t1, to and t3. It can be separated into the
summation of three parts based on the doorway-window functions (Ref. 41), which has the form

ts ¢
Rl(ts, tg,t1) = R (t3,tg,t1) + E / dt”/ dt'W, (ts,ta —t")G 0 (" — ') Dy, (¢, t1) + Wo(ts) Do(t1). (S6)
o /0 0

The doorway function D, represents the population of the vth exciton created after two interactions with the radiation
field. G, (t" —t') is the conditional probability for the vth exciton to hop to the uth exciton state during ¢ — ¢'.
Wu is the window function representing the contribution of the puth exciton to the signal. In the Markov limit, the
equation can be simplified to the form

R(ts,ta,t1) = R (t3,ta,11) + Y Wy (t3) G (t2) Dy (t1) + Wo(ts) Do(t1), (S7)

87



TABLE S2. Square of the eigenvector elements of the exciton Hamiltonian in the exciton basis with the corresponding site
index.

Chl 1 Chl 2 Chl 3 Chl 4 Pheo 5 Pheo6 Chl7 Chl 8 CT 1 CT 2 CT 3 CT 4

Exciton 1 0.0 0.0 0.0 0.00032 0.0 0.00026 0.0 0.99941 0.0 0.0 0.0 0.0
Exciton 2 0.02732 0.00348 0.017 0.0774  0.00694 0.86135 0.0 0.00038 0.00428 0.00138 0.00038 0.0
Exciton 3 0.00705 0.06694 0.55098 0.00219 0.24134 0.01652 0.00019 0.0 0.03325 0.0766  0.00409 0.00085
Exciton 4 0.3944 0.4944 0.0607 0.00014 0.0 0.03906 0.0 0.0 0.00048 0.1069 0.0 0.0
Exciton 5 0.00805 0.05411 0.02225 0.62258 0.2 0.0634 0.0 0.0 0.00449 0.03365 0.0 0.0
Exciton 6 0.00759 0.00071 0.1167 0.24 0.5126  0.02856 0.0 0.0 0.0 0.09296 0.0 0.00036
Exciton 7 0.00582 0.0223 0.01569 0.0017 0.00737 0.0006 0.0 0.0 0.795 0.00835 0.1425 0.0
Exciton 8 0.0 0.0 0.0 0.0 0.0 0.0 0.99951 0.0 0.0 0.0 0.0 0.0
Exciton 9 0.0 0.00278 0.1892 0.0 0.03022 0.0 0.0 0.0 0.0 0.7638  0.00215 0.01069
Exciton 10 0.5482  0.3542 0.02668 0.05542 0.0 0.0 0.0 0.0 0.0147 0.0 0.0 0.0
Exciton 11 0.0007  0.00106 0.00051 0.0 0.0 0.0 0.0 0.0 0.14692 0.00214 0.82555 0.02306
Exciton 12 0.0 0.0 0.0 0.0 0.0001 0.0 0.0 0.0 0.0 0.0 0.025 0.96406

and the time propagation of the conditional probability can be obtained from the equation

%Gw(t): D [KpaGaw(t) = KapGuu(t)]. (S8)

a,aFp

Here, K, = [~ dtK,,(t) and K, (t) = KE,(t) + K[, (—t). The kernel function can be calculated according to the
formula

Kﬁu(ﬂ = Kiy(T){guu’w(T) = Gupun (7) + 20000 [Guw i (T) = g (T) + 20 000] (S9)
for 7 > 0. The dots stand for the time derivative, and
Kfu(T) = exp[—i(€x — €)T = Gup,u(T) = Govww (T) + Gowun(T) + Gppn (T) = 2i(Avvvn — A ) 7] (S10)

The g, denotes the lineshape function (see Eq. 1) and A,y = —Im lim, gw,#;,,/(T). The coherent part
of the response function is written as

R (t3,ta,t1) = Rlts, ta, t1) — Y W(ts)Dp(tr) — Wo(ts) Do(tr), (S11)
w
where three terms contribute to R(ts,t2,t1) according to
R(ts,t2,t1) =Ry (ts,t2,t1) + Rir(ts, ta t1) + Rirr(ts, t2, t1),

R](tg, to, tl) =—1 Z dududyd,/ exp[—flsllj) (O, to +t1,t3 +to + 11, tl)] exp[—ieu(tg + tg) + iGV(tQ + tl)],
"%

Ryy(ts, ta,t1) = — iy dudyudydy exp[—f3)(0,t1, b5 + ta + t, b2 + t1)] exp[—ie,ts + i€, ta],
nv

*
Rirr(ts, to,ty) = — i {Z dpadyad,d, expl—f2) (b1, s + tr, by + ta + t1,0)] expl—ie, (t + to + t1) + iests + z‘eth]} :

pnro
(S12)
Here, f) and f2) are given by
F (71,72, 73, 74) =guu(Ts — 1) = Guv (T2 — T1) + G (11 — 74)
+ g (T2 — 13) — g (71 — T2) + g (11 — T2),
£ a1, 72,3, Ta) =G0 (T3 — 1) — Gua(Ts — Ta) + Gua(tz — 7a) + G (12 — Ta) (S13)

+ 9 (11 — T1) = Gua (T2 — 73) + Guu (72 — 73) — gpuw (11 — 73)
+ gaa(m2 — 73) — ga (T2 — 73) + gaw (11 — 73) — gaw (71 — T2) + Guu (11 — T2) .



The remaining terms are given by
> Wilts)Du(tr) = =iy dy explieuts — g7y, (t1)]{d} exp[—ieuts — g7, (ts) + 2iduuts] = > _doy =Y dr
m w v v (S14)
X exp[—i(€pary — €u)t3 — Guu(ts) — gov(t3) + 2gun(ts) + 2i(Aus — App)tsl}s

and

Wo(ts)Do(t1) = —zz d2d2 explie, t1 — g, (t1)] X exp[—ie,ts — gupu(ts)), (S15)

> Wiults)Gpu(t2) Dy (1) = — i Z d2 explie,ts — g5, (t1)] G (t2) x {d2 exp[—ie,ts — g7, (t3) + 2\ ts]

(S16)
- Z d 5 €Xp[— )tS - g;m(t:s) — g (t3) + 290 + 2i()‘lm - )‘Mu)t3]}~

XI. ANTI-DIAGONAL BANDWIDTH IN THEORY AND EXPERIMENT

In this section, we show the anti-diagonal profile of the calculated 2D spectra and compare it to the experimental
counterpart. We show the results in Fig. The anti-diagonal profile of the calculated 2D spectrum at T = 30 fs
(real rephasing part) is plotted as blue solid line. The experimental counterpart is shown as black square dots. Both
agree well quantitatively, which demonstrates the validity of our model and parameters to capture the main dephasing
features in our spectroscopic calculations.
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FIG. S7.  Anti-diagonal profile of the calculated 2D spectrum (real rephasing part, blue solid line) and the experimental
counterpart (black square dots). The selected waiting time is T = 30 fs at the temperature of 20 K.

XII. MEASURING OF 2D SPECTRA WITH DIFFERENT COHERENCE TIMES

In this section, we address the question of length of the coherence time 7 window in our measurement. For this, we
plot one of our 2D spectroscopic measurements at T = 30 fs. We show the measured results in Fig. We depict the
results with different colors, as indicated in the colorbar, to demonstrate the results after -400 fs is very weak and,
thus, is expected to hardly contribute to the signal in the measurement. Hence, the 7 scanning window from -450 fs
to 250 fs is long enough for the detections carried out in this work. In addition, we also plot the detected profiles of
spectra at different 7 times. In Fig. [S9] we show the photo-echo signals for different times from 0 to -350 fs.
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FIG. S9. Time-dependent measured spectral profiles for the selected coherence times of 7 = 0 to -350 fs.

XIII. MODIFIED REDFIELD QUANTUM MASTER EQUATION

The modified Redfield theory can be derived from the Nakajima-Zwanzig equation using a scheme for the separation
of the total Hamiltonian which does not treat the whole system-bath interaction term Hgp perturbatively Ref. 56
and 57. Instead, the Hamiltonian is separated as

Hy = Hs+ Hp + Y _ |p) (1| Hsp 1) (],
w

H'= Y |u)(ulHsgv) (v,

WV pFEY

(S17)

where |p) are eigenstates of Hg and H' collects the off-diagonal terms of the system-bath interaction in the exciton
basis. In this basis, Hy is diagonal and the matrix elements read

<:u| Hy ‘:U'> = €u — )‘;A,u,uu + HB(/‘)? (818)



where ¢, is the exciton energy of the system Hamiltonian and

2

Coi
A/,Ll//i,l// = Z<H’|Km|y> </J’I|Km|yl>zm (Slg)
m : mj¥mg
is the weighted reorganization energy. Moreover,
L5 [ 2 LAY
o i e 2 S Bk 1K) 2
B(1) 5 z&: me + mewg <x§ + Ek: mgwg (S20)

describes a bath of harmonic oscillators with mass me, frequency we and momentum pe, shifted according to the
coupling with the exciton state |u).

In addition to the redefinition of the system part and the bath Hamiltonian, one has to define a different type of
projection operator which only projects on the diagonal part of the system density matrix in the eigenstate basis,

N
P=>"P, with P, =REw{|u){ul}, (S21)

pn=0

where P, is the projector onto the uth excitonic state and RL, = exp(—BHp (1)) is the equilibrium density matrix of
the bath when the system is in the excitonic state |u).

Inserting these definitions into the Nakajima-Zwangzig equation, determining the H' up to second order and invoking
the time-dependent population transfer rate one obtains an equation of motion for the time-dependent populations
as

0
apuu(t) = Z(Ruuuv(t)pw - Rwuu(t)l)uu): (822)
VER

where the population transfer rates R, (Ref. 41) are given by

t
Ry (t) = 2Re/ drtr{|v) (v| exp(—iHoT)H' |p) (| RE, exp(iHoT)H'}
0

! . ) (S23)
= 2Re/ dr exp(—iwun T = Gupup(T) = Govww (T) + Govpn(T) + G (T) — 20 Avwir — Aypan)T)
0
X LG (T) = (90100 (T) = Gupugun(T) + 20000 ) [Govpu (T) = Gpugapar (T) + 20N 000] 3
The lineshape function g,,,,,/, (t) can be written as the two-time integral of the bath correlation function
t T
s () = 3 Gl K o) ! o) [ [ arrec),
ko y 0 0 (S24)
: dw e

In Eq. (S23), we have used the cumulant expansion technique up to second order in the system-bath coupling and
took the independent bath model into account. The absorption lineshape within the modified Redfield theory is given
by

Z /) RIJ«HVV(T)]' (S25)

I(w) = ReZdM/ dtexpli(w — wuo)t — Gupuup(t) — 3
17 0 vt

as detailed in Ref. 53.
The well developed modified Redfield theory has been described above. Next, based on the population transfer
term, Eq. (S22]), we derive the extended quantum master equation, in which the population terms are given as

 plt) = —ilH + (1), plt)] ~ R{p(1)}

%{p(t)}uu = Z(Rupyu(wﬂwx - Ruuuu(t)pmt)'
v#u

(526)



Here, R{p(t)},, is the diagonal term of the relaxation operator, which was described in Ref. 55 and F(t) is the
time-dependent system-field interaction term.

The off-diagonal terms R{p(t)},. in the master equation are required to describe decoherenece of excited states and
electronic dephasing between ground and excited states. Here, we use the relation 1/75 = 1/2T7 + 1/T5 to estimate
the different contributions to the dephasing rate. 1% is the transverse relaxation time, 77, 75 are called longitudinal
relaxation time and pure dephasing time, respectively (Ref. 56). In detail, 1/T = Ze#u Ryjee + Z#V R, ee and
1/Ty is given by the first derivative of the lineshape function g,,,,,,, (t). Therefore, the off-diagonal terms of the excited
states and between ground and excited states can be written as

§R{p<t)};w = %(Z Ruuee (t) + Z Ryvee (t» + guuuu (t) Puv (t),

eFE N e#v (827)

8%{10@)}#0 = %( Z Rinmnn(t) + Z Ronmm (1)) + guuuu<t) PuO(t)-

m#n n#m

XIV. MODEL OF DIMER SYSTEMS

In the last section, we have constructed a model of the PSII reaction center and optimized the parameters for the
spectroscopic calculations. Here, we study the coherent dynamics of the primary charge transfer in the dimer system.
For this, we construct a dimer model with a charge-transfer state. In the first case, we examine the coherent dynamics
of the pigments of Chlp; and Pheop;. One additional charge-transfer state Ch1$1Phe051 is included. The system
Hamiltonian is given by

€Chip: |4 Ver
HS: v €Pheop1 VCT ) (828)

Ver  Ver ecr

where the site energies are ecny,, = 14700 cm™1, €Pheop; = 14800 cm™! and ecr = 15692 cm~!. Moreover, the
excitonic interaction between two pigments is V = 46 cm~! and the couplings between exciton and charge-transfer
state is Vot = 70 cm~!. The parameters of the spectral density are n = 0.68 and w, = 350 cm™!. To take into account
the strong system-bath interaction, we assume the interaction of the charge-transfer state with the environment to
be three times stronger than the one of the pigment. For this, we assign the system-bath interaction factor to 3.0
for the charge-transfer state, the others are assumed to be 1.0. All the parameters are taken from the set of optimal
parameters based on the 2D spectroscopic calculations of the PSII reaction center. We employ the QUAPI approach to
obtain numerically exact results of the dynamics and we plot the time-evolved dynamics in Fig. The calculations
are performed at 20 K. At this low temperature, the memory timescale of the system has to be carefully treated. We
use the QUAPI parameters K, = 9 and At = 30 fs, thus, the total memory time 7 = 270 fs to achieve numerical
convergence. In Fig. we observe clear evidence of electronic quantum coherence with a period of 273 fs and
with a lifetime of 177 fs. Hence, electronic coherence persists for 600 fs at 20 K. More interestingly, the calculated
results do not show any evidence of an oscillatory dynamics in the charge-transfer state ChlglPheogl. Our model and
calculations manifest that the strong static dipole moment of the charge-transfer state results in a strong interaction
with the environment. It significantly reduces the amplitude of the electronic coherence. We may conclude that, even
at low temperature of 20 K, there is no substantial role of electronic coherence during the charge-transfer process.

We repeat the same procedure to calculate the population dynamics of the pigments Pp; and Pps. The system
Hamiltonian of the dimer is taken from the elements of the reaction-center Hamiltonian

epp, Vo Ver
H, = v €Ppy Ver | (829)
Ver Ver ecr

where the V = 150 cm™! and Vo = 45 cm™1. The site energies are ep,,, = 14960 cm~! and ep,,, = 14890 cm~!. The
site energy of the charge-transfer state is ecr = 14882 cm™!. Other parameters are exactly the same as used in the
model of the first case. We construct the dimer model and perform the calculations by QUAPI. The time-resolved
population dynamics are calculated and shown in Fig. We observe that the electronic coherence between Pp;
and Ppy persists for 400 fs at 20 K, although with the strong excitonic coupling between them (V = 150 cm™1).
Moreover, we do not observe any electronic coherence of the charge-transfer state P$2P51.
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FIG. S10. Population dynamics of the reduced density matrix of the dimer model. The population of Chlp; and Pheop:
are plotted as blue and red solid lines. They show clear evidence of electronic coherence (period of 273 fs) with the lifetime
of 177 fs. The results do not show any evidence of oscillations in the charge-transfer state ChlglPheogl. The calculations are
performed at 20 K.
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FIG. S11. Population dynamics of Pp1, Pp2 and P$2P51. The electronic coherence persists for 400 fs. There is no evidence
of electronic coherence of the charge-transfer state PgQPgl. The calculations are performed at 20 K.

Moreover, we examine the lifetime of the electronic coherence for varying temperature. We change the temperature
to 80 K and calculate the population dynamics of the dimer model. The results are shown in Fig. and
respectively. In Fig. the population dynamics of Chlp; and Pheop; are plotted as blue and red solid lines. The
dynamics of the charge-transfer state of Chl}}, Pheop;,; is plotted as black dashed line. It shows that the electronic
coherence between cofactors of Chlp; and Pheop; vanishes with increasing temperature to 80 K. However, the calcu-
lated results in Fig. show the electronic coherence in the radical pairs of Pp; and Pps. The data analysis shows
that the magnitude and lifetime of the electronic coherence is significantly reduced due to the increased temperature.
The results yield the lifetime of electronic coherence of 120 fs at 80 K.

We further increase the temperature to 300 K and present the calculated results in Fig. [S14]and Fig. respectively.
In Fig. the population dynamics of the cofactors are plotted as blue and red solid lines. The charge-transfer
state is depicted as black dashed line. No evidence of electronic coherence during the population transfer between the
cofactors and the charge-transfer process is found. Moreover, compared to the case of 80 K, the rate of the energy
transfer from the pigments to the charge-transfer state is enhanced when temperature is increased. Interestingly, the
calculations of the population dynamics between Pp; and Pps in Fig. show rather weak signatures of electronic
coherence even at room temperature (300 K). The blue and red solid lines reveal a small magnitude of electronic
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FIG. S12. Population dynamics of the cofactors Chlp:, Pheop: and the associated charge-transfer state ChlglPheogl. The
calculations are performed at 80 K.
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FIG. S13. Population dynamics of Pp1, Pp2 and P$2P51 at 80 K.

quantum coherence at initial time which rapidly disappears within 120 fs. Due to the strong electronic interaction
between Pp; and Pps, the electronic coherence could survive for more than 100 fs at room temperature. The energy
gap of Pp; and Pps in the excitonic basis is 340 cm ™!, which yields the electronic coherence with a period of 98 fs.
Thus, even at room temperature, the electronic quantum coherence between Pp; and Ppo oscillates for more than
one period in the PSII reaction center. However, we do not observe any coherent dynamics of the charge-transfer
state P$2P51, which implies that the observed coherence in the cofactors does not participate in the process of charge
transfer. Based on the estimate of magnitude of the population of the charge-transfer state, we conclude that the rate
of charge transfer is strongly enhanced by increasing of temperature.

In order to examine the role of vibrational coherence, we also study the population dynamics of two dimer systems
in the presence of an interaction with an additional vibrational mode. We pick up the vibrational mode of 340 cm™!
in the PSII reaction center and assume the Huang-Rhys factor of this particular mode to be S = 0.01. We calculate
the population dynamics of both systems and show the results in Fig. [S16] and respectively. In Fig. [S16] the
population dynamics of Chlp; and Pheop; are plotted as blue and red solid lines, respectively. The dynamics of
the charge-transfer state is plotted as black dashed line. It shows long-lived electronic coherence between Chlp; and
Pheop;. However, the oscillatory dynamics is absent in the charge-transfer state Chlf},Pheop,. The calculation is
performed at 20 K. Interestingly, the calculated results do not show any signature of vibrational coherence. This
reveals a weak vibronic interaction (S = 0.01). Furthermore, off-resonance of the vibrational mode of 340 cm~! and
the excitonic energy gap of Chlp; and Pheop; significantly reduces the magnitude of vibrational coherence. The
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FIG. S14. Population dynamcis of Chlp; and Pheop; at 300 K.
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FIG. S15. Time-resolved dynamics of the population transfer between Pp1 and Pp2 at 300 K.

calculated population dynamics of Pp; and Pps are shown in Fig. The oscillatory dynamics of the red and blue
solid lines manifests the mixture of electronic and vibrational coherence when compared to the population in Fig.
S11} However, the electronic and vibrational coherence is still absent in the charge-transfer state P{,Pp, due to the
strong system-bath interaction.

To study the role of temperature, we calculate the population dynamics of the dimer model systems for varying
temperature. In Fig. we show the population dynamics of Chlp;, Pheop; and the associated charge-transfer
state. With increasing temperature, the electronic coherence is strongly reduced. The calculations of Pp; and Ppo
show a different picture in Fig. [SI9] Here, the electronic coherence strongly mixes with vibrational coherence at
80 K. However, there is no strong signature of coherence in the charge transfer state PBQP]Sl. We further perform
the calculation of the population dynamics at 300 K and show them in Fig. and respectively. In Fig.
no evidence of electronic coherence between pigments and also the charge-transfer state is revealed. In addition,
compared to the dynamics at 80 K, the efficiency of charge transfer is further strongly enhanced by increasing of
temperature. More important, it shows only weak evidence of electronic and vibrational coherences in the process of
energy transfer of Pp; and Pps in Fig.
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FIG. S16. Population dynamics of cofactors Chlp; and Pheopi. The spectral density includes an underdamped mode with
parameters, S = 0.01 and wyip = 340 cm ™!, The calculations are performed at 20 K.
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FIG. S17. Population dynamics of cofactors of Pp; and Pp2 at 20 K. An underdamped mode is included in the spectral
density for the calculation, S = 0.01 and wyi, = 340 cm™*.

XV. THE MODEL OF THE PSII REACTION CENTER

Motivated by the numerical results for the dimer model, we extend our calculations to the PSII reaction center. The
system Hamiltonian includes 8 cofactors, which is quite challenging for the numerically exact QUAPI method. Due
to the long memory time at low temperature of 20 K, we cannot obtain converged results with the limited number of
Knax =3 in QUAPI with present-day hardware capacities. An increasing of K, induces an exponential growth of
the memory space in the computer. Thus, we only can carry out calculations of the population dynamics at 80 and
300 K. In addition, we need to turn off the underdamped mode in the spectral density to simplify the calculations,
i.e., by setting S = 0. Then, the calculated population dynamics only contains electronic coherence by construction.
We show the calculated results for 80 K in Fig. [S22] The initial relative populations are assumed to be 0.125. The
population are propagated to 3000 fs. At 80 K, the weak magnitude of the electronic coherence between Pp; and Pps
persists for 250 fs at 80 K.

Moreover, we change temperature to 300 K and keep the remaining parameters unchanged. We obtain the calculated
population dynamics of the PSII reaction center and show them in Fig. They show a quite weak magnitude of
coherence between Pp; and Pps at initial population time, which is due to the strong excitonic interaction between
them, V = 150 cm~!. There is no evidence of electronic coherence in the other electronic or charge-transfer states at
room temperature.
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FIG. S21. Population dynamics of Pp; and Pp: at 300 K. The weak oscillatory dynamics of vibrational the coherence is
present during the population dynamics of Pp; and Ppa.
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FIG. S22. Population dynamics of the PSII reaction center at 80 K. The population of the cofactors (charge-transfer states)
are plotted as solid (square dotted) lines.

XVI. UNIQUENESS OF THE MODEL PARAMETERS AND COMPARISON

In this section, we address the uniqueness of our model and parameters and also compare to other results from
Ref. 29, 30. For this, we take the parameters (site energies and electronic couplings) from Ref. 29, 30 and show
the resulting calculated 2D electronic spectra (rephasing part) in Fig. [S24, We show that, based on the modified
Redfield quantum master equation, our model and parameters show the highest fitting quality. The results which we
obtain from the model and parameters of Ref. 29 and 30 show slightly less accurate 2D spectra. This illustrates that
the model developed here and the obtained parameters are a suitable approach to calculate 2D electronic spectra
of the PSII reaction center at 20 K. Based on the modified Redfield quantum master equation and the calculations
of response functions by the doorway-window method, we cannot completely rule out the models and parameters of
other groups with advanced approaches of calculations. However, the calculations with numerically exact methods
is commonly limited by computational resources. Thus, we employ in the next section the QUAPI approach for the
calculations of the coherent dynamics in the PSII reaction center at low temperature (20 K), yet, with only the limited
dimer model with a particular CT state involved.
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XVII. NUMERICALLY EXACT QUASI-ADIABATIC PATH INTEGRAL METHOD

In this section, we briefly summarize the quasi-adiabatic path integral (QUAPI) method. For simplicity, we assume
that the interaction between the system and bath is switched on at t = 0, i. e., the initial density matrix has the form

p(0) = ps(0)p5(0). (S30)
Then, the evolution of the reduced density matrix of the system
ps(s”,s't) = trp (8" e T p(0) M | (S31)
is given by
/dso /dsl /dsN 1/dso /ds1 : /dsN (8| e HOA R B N (s [ e oA )
x (s3] ps(0) [sg') (s | €0BP [s7) - (s €M ) I (s sk ass™ s 87w sy 8 5 D)
(S32)

where the time-discretized influence functional is

_ _ _ s 12 _ +
I(sg, 87,y 8h 1,880,875 Sy_1, 83 At) = trple B (8AY/2h g=iHn sy JAL/2R

S33
_iHB(sj)At/thB(0)€—iHB(s(;)At/2h x .nefiHB(s;;71)At/QFLe—iHB(s’)At/Qh]7 ( )

X ...e
which is taken from Ref. 43. Specifically, if the bath is initially at temperature (kp3)~!, the influence functional is
given by

N ok

T=exp{-1/0" S5t — 5 )mewrsts — nisi)- (534)

k=0k’=0

The parameters i, 1}, are given by

_ 2 [ J(w) exp(Bhw/2) . , CiwAt(k—k) /
Nk = / dw W7 sinb(Fhw)2) sin”(wAt/2)e ,0<E <k <N,

T J-x
1 J(w) exp(Bhw/2) AL
nkk—zw[mdw 2 sinh(ﬁhw/Q)(l e ),0 <k <N,
INO = g/ dw J(w) (B.Xp(ﬂhw/Z) Sin2(wAt/4)e*i“’(t*At/2)y
T ) w? sinh(fhw/2) 5
S T gt W) exp(Bhw/2) (1= e—iwa/2)
27 w? sinh(Bhw/2) ’
9 [ (w) exp(Bhw/2) . ) By B
= At/4) s At/9) e iw(kAt—At/4) N
ko = /_oo dw W7 sinb(Fhw)2) sin(wAt/4) sin(wAt/2)e ,0<k <N,
2 [ J() eXp(ﬂhw/Z) —iw(t—kAt—At/4
T At/4 At/2)e~( ) N,
ey /_OO du w? smh(ﬁhw/Q) in(wAt/4)sin(wAt/2)e 0 <k<

see Ref. 43, 44. The time propagation of QUAPI is performed by the reduced density tensor
20k maqx + =+ +
¢ )(Sk » Sk1s Sk+2Akmm—1)
and the propagator matrix A%%maz_ Both are given by

+ . _
St Ak Skb2A8kman —13 (B + Akimag ) At) =
+ 2Akas + o+ + Akmas
/ dsif... / dsiyap, . 1T )X (S S g0 s Shyonn,.—1)A (S36)

X (sf, ey SerAkmarl? kAt)

A@kma) (ot

and by
k+Akmaz—1
T(2Akmaz)(sf,sf+1,...,sfﬂAkmw_l) = H Io(sf)ll( )IQ( Sy fﬁ) (s37)
n=k

+ .+ + .+
x. IAk?maJ:( Sns S'n,+Akm,m )K(Sn ’ Sn-‘,—l)'



The initial condition of the reduced density tensor can be expressed as
maz) (¢t o + -0) — —
ALk )(so , 81 7""5Akmaz70) = <s(ﬂ ps(0) ‘80 > . (S38)

Based on this iteration, we obtain the time-resolved density matrix of the system. The finite memory time of the
system can be written as 7 = Ak, At. The reduced density matrix at time ¢ = NAt is given by

ps(sni NAL) = ABFmes) (3 s8 1 = oo = 53 ap,, 1 = 0 NAD T (s7y). (539)
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