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Abstract: A reaction center is a unique biological system that performs the initial charge separation
within a Photosystem II (PSII) multiunit enzyme, which eventually drives the catalytic water-splitting
in plants and algae. The possible role of quantum coherences coinciding with the energy and charge
transfer processes in PSII reaction center is one of the active areas of research. Here, we study these
quantum coherences by using a numerically exact method on an excitonic dimer model, including
linear vibronic coupling and employing optimal parameters from experimental two-dimensional
coherent spectroscopic measurements. This enables us to precisely capture the excitonic interaction
between pigments and the dissipation of the energy from electronic and charge-transfer (CT) states to
the protein environment. We employ the time nonlocal (TNL) quantum master equation to calculate
the population dynamics, which yields numerically reliable results. The calculated results show
that, due to the strong dissipation, the lifetime of electronic coherence is too short to have direct
participation in the charge transfer processes. However, there are long-lived vibrational coherences
present in the system at frequencies close to the excitionic energy gap. These are strongly coupled with
the electronic coherences, which makes the detection of the electronic coherences with conventional
techniques very challenging. Additionally, we unravel the strong excitonic interaction of radical pair
(PD1 and PD2) in the reaction center, which results in a long-lived electronic coherence of >100 fs,
even at room temperature. Our work provide important physical insight to the charge separation
process in PSII reaction center, which may be helpful for better understanding of photophysical
processes in other natural and artificial light-harvesting systems.

Keywords: Photosystem II (PSII); quantum coherences; long-lived vibrational coherences;
time nonlocal (TNL) quantum master equation

1. Introduction

Photosynthesis is one of the most important light-driven biological processes, which
converts light energy into chemical energy through a series of photochemical events. Photon
energy absorbed by the light-harvesting antennas is funneled to the PSII reaction center
(RC). The PSII RC plays a vital role of utilizing the absorbed photons for efficient separation
of electronic charges, which eventually leads to water dissociation and oxygen generation.
PSII RC is a multi subunit protein complex, which is embedded in the photosynthetic
system and it is structure has been well resolved by X-ray crystallography [1–3]. It contains
eight cofactors, symmetrically located along the protein central axis. It contains two primary
chlorophylls, PD1 and PD2; two accessory chlorophylls, ChlD1 and ChlD2; two pheophytins,
PheoD1 and PheoD2; and two peripheral chlorophylls, ChlzD1 and ChlzD2, respectively.
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Recent studies have implied that only the D1 branch is active in the charge separation
process in the reaction center, while the D2 branch shows the capacity for the flowing of
extra energy generated by strong light excitation [4]. A detailed protein structure and the
pigment locations are shown here in Figure 1.

Figure 1. The protein and pigment structure of Photosystem II reaction center (PSII RC). The organi-
zation of pigments in the PSII RC is distinctly structured: it includes the central pair of pigments,
PD1 (red) and PD2 (blue), followed by accessory chlorophylls, ChlD1 (orange) and ChlD2 (green), and
pheophytin pigments, PheoD1 (pink) and PheoD2 (gray).

In view of its importance in the efficient conversion of light energy into charges,
an enormous amount of experimental and theoretical research work have has performed to
study the underlying dynamics of energy and charge transfer processes in the PSII reaction
center [5–7]. The photo-echo and transient absorption spectroscopes were performed to
measure the dynamics of the primary charge transfer processes in the PSII reaction cen-
ter [8]. The results show that the primary charge transfer occurs on the timescale of 1.5 ps,
while the secondary charge transfer process occurs within 25 ps. To observe a relatively
slow reaction process of the secondary charge transfer, Grondelle et al. employed the
transient absorption spectroscopy to measure the energy and charge transfer pathways
with the extended detection window of 3 ns [9]. The measured data were examined by
global and target analyses, and it showed four charge-transfer states participating in two
charge transfer processes within the timescales ranging from hundreds of femtoseconds
to nanoseconds. Two-dimensional electronic spectroscopy shows the capability of resolv-
ing energy, charge transfers and the associated coherent dynamics in pigment protein
complexes [10–15]. In 2010, Ogilive et al. employed 2D electronic spectroscopy to study
the energy and primary charge transfer dynamics in PSII reaction center [16]. The subse-
quent data analysis showed the lifetime of energy and charge transfers. Capitalizing on
the better sensitivity, they used the 2D electronic spectroscopy to investigate the role of
coherence during the energy and charge-transfer processes. The resulting data reported
that a long-lived vibrational or vibronic coherences were observed, and it enhanced the
efficiency of charge transfer [17]. Moreover, Grondelle et al. measured the 2D electronic
spectra of PSII reaction center, and the observed oscillatory dynamics have been assigned
to the vibronic quantum coherence during the energy and charge transfer processes. They
claimed that this observed vibronic coherence could prolong the lifetime of electronic
coherence and enhances the efficiency of charge transfer [18]. However, due to the spectral
congestion, the site energies of PSII reaction center have been inconsistent for different
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research groups [17,18]. Novoderezhkin et al. developed an exciton model and refined
the parameters by a simultaneous fit to the absorption, emission, linear dichroism and
circular dichroism spectra [19]. The model and the features of the CT states have been
further improved by fitting the model to additional steady-state fluorescence and Stark
spectroscopy data [20]. They showed that the refined site energies can be strongly affected
during the evolution of refined algorithm and parameters, which shows the difficulties of
obtaining the reliable site energies close to the reality. A recent study employed the mod-
ified Redfield equation and calculated the time evolved 2D electronic spectra. However,
the calculated results still show the obvious difference from experimental observations,
which further highlights the difficulty of modeling PSII reaction center with congested
absorption features [21]. Although the PSII reaction center has been extensively investi-
gated using these various spectroscopic methods, but the understanding of any functional
role of the underlying electronic and vibrational coherences are still not conclusive. Also,
the realistic site energies and the dissipative parameters between system and environment
are yet to be learn.

Temperature plays one of the most important roles in affecting the system–bath
interaction by regulating the rms amplitude and modifying the frequency distribution
of the very movements, resulting in collisional randomization of phase or decoherence.
Thus, a precise measurement of electronic and vibrational coherences can be performed at
lower temperatures. In this paper, we aim to study the PSII RC for the role of electronic
and vibrational coherences during the processes of energy and charge transfers. To study
these dynamical processes, the model and parameters are taken from our previous results
in Ref. [22]. The model could capture the precise dissipation of protein environment by
directly comparing the anti-diagonal profile of 2D electronic spectrum at initial waiting
time. By this, we could capture the reasonable timescale of electronic and vibrational
coherences. For this, we firstly construct a dimer model with two selected pigments, PD1
and PD2, ChlD1 and PheoD1. Moreover, we select two typical vibrational modes, 340 and
730 cm−1, which have been reported in Refs. [17,18,23]. Moreover, a charge transfer and
charge separation states are also included, which allows us to examine any functional role
of coherences. We employed the time nonlocal (TNL) quantum master equation to calculate
the population dynamics and the associated coherences. The subsequent data analysis
of residuals has been performed after removing kinetics by global fitting approach [24].
By this, we are able to capture the reliable site energies and excitonic couplings along with
the strength of the system–bath interaction. Our model and refined parameters reveals the
detailed dynamics of primary charge transfer and charge separation with the underlying
roles of electronic and vibrational coherences.

2. Modeling and Parameters

We firstly start from the dimer model with two additional states, charge transfer and
charge separation states. Thus, we have the electronic Hamiltonian, which shows the form

Hele = ∑
i,j
(ϵii ⟨i|+ Vij |i⟩ ⟨j|), (1)

where the ϵi is the site energy of site i and Vij is the excitonic coupling between site i and
j. Here, we assume that ϵ1, ϵ2 are the Franck exciton states, ϵ3, ϵ4 are the charge transfer
and charge separation states, respectively. To consider the role of vibrational coherence,
we select two common modes with frequencies of 340 and 730 cm−1, which were resolved
from 2D spectroscopic measurements [17,18]. We include the vibrational Hamiltonian in
the system part, which yields

HS = ∑
i,j
(|i⟩ hi ⟨i|+ |i⟩Vij ⟨j|), (2)
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where hi = ϵi + hg + κβQβ, hg = 1
2 ∑β=1,2 Ωβ(P2

β + Q2
β). Pβ and Qβ are the momentum and

coordinate of each mode, Ωβ is the frequency of the mode. κβ is the strength of vibrational
coupling. Here, we have κβ = ∆βΩβ/

√
2, where ∆β is the dimensionless shift of β-th mode.

Moreover, to consider the dissipation, we assume the system Hamiltonian linearly couple
to a reservoir of harmonic oscillators, which yields Htot = HS + Henv. Thus, we have the
system–bath interaction and bath Hamiltonian

Henv = ∑
i

∑
α

[ p2
i,α

2mi,α
+

mi,αω2
i,α

2

(
xi,α +

ci,α |i⟩ ⟨i|
mi,αω2

i,α

)2]
. (3)

Here, the momenta of the bath oscillators is denoted as pi,α, while their coordinates,
masses and frequencies are denoted by xi,α, mi,α, ωi,α, respectively. The respective coupling con-

stants are ci,α. The bath are characterized by the spectral densities Ji(ω) = 1
2 ∑α

c2
i,α

mi,αωi,α
δ(ω − ωi,α).

In this work, we assume that both modes experience fluctuations with an Ohmic spec-
tral density Ji(ω) = ηiω exp(−ω/ωc). The ηi are the damping strengths for the tuning
and coupling modes, respectively. In addition, ωc is the cutoff frequency, which is as-
sumed, for simplicity, as equal for the two baths. The reorganization energies are given by
Ri = 2ηi h̄ωc/π.

3. Results

Using the above described model and parameters, we study the population transfer
and associated coherent dynamics of two charge transfer pathways, which is given as

(PD1, PD2)
∗ → P+

D2P−
D1 → P+

D1Chl−D1 → P+
D1Pheo−D1,

(ChlD1, PheoD1)
∗ → Chl+D1Pheo−D1 → P+

D1Pheo−D1.
(4)

Firstly, we study the charge transfer of radical pair, PD1 and PD2. For this, we di-
rectly take the site energies from Ref. [22], which shows ϵ1 = 280 cm−1 and ϵ2 = 210 cm−1,
respectively. The excitonic interaction V12 = 150 cm−1. Moreover, we also select the
charge transfer state P+

D2P−
D1 and charge separation state P+

D1Chl−D1. Thus, we have the site
energies ϵ3 = 200 cm−1 and ϵ4 = 800 cm−1, which have been taken from Ref. [21]. The exci-
tonic interactions between excitonic states, charge transfer, and charge separation states
are presented in the Supporting Information (SI). In addition, we assume η1 = η2 = 1.0 and
ωc = 200 cm−1 for the spectral densities of excitonic states. Due to the strong permanent
dipole, the charge transfer (separation) state shows stronger system–bath interaction, which
yields η3 = 1.5 (η4 = 2.0). We set the cutoff frequency ωc = 200 cm−1.

We repeat the same procedure to select the site energies of excitonic, charge transfer
and charge separation states for the second pathway in Equation (4). We choose the
excitonic states ChlD1 and PheoD1, charge transfer Chl+D1Pheo−D1 and charge separation state
P+

D1Pheo−D1. The site energies and excitonic couplings are listed in the next subsection and
in the first part of the Supporting Information. With these parameters, we assume the
population is equally distributed on excitonic states at initial time and we calculate the
population dynamics.

3.1. Energy and Charge Transfers between PD1 and PD2

We firstly present the population dynamics and charge transfer of radical pair (PD1
and PD2) in Figure 2. The schematic diagram of energy and charge transfer of radical pair
are presented in Figure 2a. We set the temperature T = 77 K, and the resulting population
dynamics are shown in Figure 2b. The population transfers of excitonic states are plotted
as red and blue solid lines, respectively. The charge transfer and charge separation states
are plotted as green and magenta solid lines. We observe that, due to the strong excitonic
coupling, V = 150 cm−1, the oscillatory dynamics could persist for more than 600 fs in the
excitonic states PD1 and PD2. Although the system–bath interaction is strong, it still shows
a weak oscillatory dynamics in charge transfer and charge separation states. To further
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examine the origin of these oscillations, we perform the global fitting procedure and fit
the kinetics. The detailed fitting quality and results are shown in the second part of the
Supporting Information. After removing the kinetics, we plot the residuals of excitonic
and charge transfer states as solid lines in Figure 2c. The associated Fourier transform
is performed to identify the oscillatory information, which has been shown in Figure 2d.
We set the time step to 5 fs and the line width to 0.00095 cm. We labeled the identified
modes 300, 400 and 730 cm−1 with magenta squares. It shows a strong peak at frequency
of 300 and 400 cm−1. The frequency of 300 cm−1 quantitatively equals to the energy
gap between two excitonic states, which manifests the evidence of electronic coherence.
The peak of 390 cm−1 generally The frequency represented by this peak is a combination
of two vibrational frequencies (730–340 cm−1). The residuals in Figure 2c shows a clear
evidence of two-frequency beating in the evolution time from 200 fs to 500 fs in blue
solid line, which is observed when two beating modes are closed in frequencies (300 and
340 cm−1). In addition, we observe a relatively weak peak at 730 cm−1 in Figure 2d. We
further employ the wavelet analysis of coherent dynamics and the resulting data are shown
in Figure 2e,f, respectively. The detailed explanation of wavelet analysis is described in the
third part of the Supporting Information. The presented data of representative traces and
the rest of analysis are shown in the third part of the Supporting Information. Using this
analysis, we obtain the lifetimes of coherences centered at 300 and 400 cm−1, which show
a clear evidence of beating dynamics in (e). These coherence could persist for more than
600 fs at 77 K when the frequency of mode is close to the energy gap. In addition, we reveal
that the lifetime of vibrational coherence of 730 cm−1 presents a relatively longer lifetime,
but with a weak amplitude. Moreover, the wavelet analysis in (f) shows the lifetime of
oscillatory dynamics (300 and 340 cm−1) of the charge transfer state is relatively long,
which indicates that the coherent dynamics could play a role of charge transfer in PSII
reaction center with the strong excitonic interaction between radical pair. Furthermore,
the high-frequency mode of 730 cm−1 shows a weak evidence of oscillation in Figure 2f.

Figure 2. (a) The arrangement of pigments (PD1 and PD2). (b) The population dynamics of the
radical pair (PD1 and PD2), charge transfer (CT) and charge separation (CS) states calculated at 77 K.
Time-resolved residuals and FFT results are shown in (c,d). The peaks are marked as magenta boxes
in (d). The wavelet analysis of residuals (PD1 and CT) are shown in (e,f), respectively.
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We also examine the coherent dynamics of radial pair PD1 and PD2 at physiological
temperature. For this, we changed the temperature to 300 K in the modeling and per-
formed the calculations without any further changes. We show the calculated results in
Figure 3a. The population transfers of excitonic, charge transfer and charge separations
states are plotted as solid lines, respectively. We observe that the oscillatory dynamics
are significantly shorten due to the increase in the temperature. Moreover, the transfer
speed from exciton states to charge transfer state is dramatically increased, which has been
demonstrated by exponential fitting results in Figures S1 and S2 of the second part of the
Supporting Information. We perform the global fitting procedure and obtain the residuals
in Figure 3b. The resulting data of Fourier transform is shown in Figure 3c, and the identi-
fied peaks are marked as square with magenta color. The peak at 730 cm−1 shows a weak
amplitude and it manifests the vibrational coherence of high-frequency mode assigned
from modeling. Interestingly, we also observe two peaks at around 300 and 360 cm−1 with
relatively a stronger magnitude. The residuals plotted in Figure 3b indicates the beating
dynamics (around 300 fs to 700 fs) between two excitonic states of PD1 and PD2, even at
room temperature, which implies that the interplay of electronic coherence 300 cm−1 and
vibrational coherence 340 cm−1 could be resonantly enhanced with the strong excitonic
coupling V = 150 cm−1. The calculated results clearly show that the vibronic quantum
coherence in radical pair could persist for a relatively long time (∼600 fs), even at room
temperature. However, due to the strong dissipation, the oscillatory dynamics of charge
transfer and charge separation states are missing, which can be clearly identified from
the population dynamics and the associated oscillations in residuals from Figure 3a,b,
respectively. We further perform the wavelet analysis and plot the results in Figure 3d,e.
Based on our calculations, we only observe that the electronic coherence of charge transfer
and charge separation disappear within 200 fs, which has been shown in Figure 3e.

Figure 3. (a) Population dynamics of PD1, PD2, CT and CS states at 300 K. Residuals and FFT results
are plotted in (b,c), respectively. (d,e) show the results of wavelet analysis of PD1 and CT.

3.2. Population Dynamics of ChlD1 and PheoD1

Next, we investigate the population and charge transfer dynamics between ChlD1 and
PheoD1. The schematic picture of chlorophylls are shown in Figure 4a. For this, we firstly
assign the parameters for the modeling. The site energies of ChlD1 and PheoD1 are taken
from Refs. [21,22], and the values are 20 and 50 cm−1, respectively. The site energies of
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charge transfer and charge separation states are 740 and 510 cm−1. The excitonic interaction
between two pigments, V = 46 cm−1. The rest of excitonic couplings are presented in
Figures S3 and S4 of the second part of the Supporting Information. We use the same
parameters for the spectral densities and the system–bath interactions, except the η3 = 3.0
and η4 = 2.0. With these parameters, we calculate the population dynamics at 77 K, and
show the results in Figure 4b. The excitonic, charge transfer and charge separation states
are plotted as solid lines in Figure 4b. We also repeat the procedure to fit the kinetics and
plot the residuals in Figure 4c. We observe the clear oscillatory dynamics in exctionic and
charge transfer states. To examine these oscillations, we perform the Fourier transform
of residuals and plot the resulting data in Figure 4d. The identified peaks are marked as
squares with magenta color. We observe that, in the high-frequency region, the peak of
730 cm−1 with a weak amplitude manifests the vibrational coherence. The peak of 340 cm−1

indicates the vibrational coherence from the assigned mode in the modeling. Based on our
modeling, the electronic coherence between ChlD1 and PheoD1 is at 96 cm−1. We observe a
broadband peak at around 96 cm−1 in Figure 4d, which indicates the lifetime of electronic
coherence between ChlD1 and PheoD1 is short, even at low temperature. To determine the
timescale precisely, we perform the wavelet analysis of residuals and plot the resulting
data in Figure 4e,f, respectively. We observe, the population of excitonic state PheoD1,
the electronic quantum coherence at around 96 cm−1 (magenta dashed arrow) persists for
400 fs at 77 K. The results of wavelet analysis only show a weak evidence of vibrational
coherence at 730 cm−1 in Figure 4f.

Figure 4. (a) Pigment arrangement of ChlD1 and PheoD1. (b) The population dynamics of ChlD1,
PheoD1, CT and CS states. The time-resolved residuals and FFT results are shown in (c,d), respectively.
(e,f) show the results of wavelet analysis.

We further calculate the population dynamics at 300 K. The resulting data are shown
in Figure 5a. The residuals and the associated Fourier transform are plotted in Figure 5b,c.
We observe a clear evidence of oscillatory dynamics of residuals. Based on the Fourier
transform, we identify two peaks at 340 and 730 cm−1, respectively. These modes reveal the
vibrational coherence presented in the oscillations of residuals. Moreover, the vibrational
coherence of 340 cm−1 could be clearly observed in charge transfer state. In addition,
the associated wavelet analyses are presented in Figure 5d. However, we do not observe
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any evidence of electronic coherence of excitonic states of ChlD1 and PheoD1. Thus, we
conclude that, in the second pathway of charge transfer, the electronic coherence could not
persist for a long time, even at low temperature, due to the relatively weak magnitude of
excitonic interaction, V = 46 cm−1.

Figure 5. (a) The population dynamics of ChlD1, PheoD1, CT and CS states. The residuals and FFT
results are shown in (b,c), respectively. The wavelet analysis of ChlD1 and CT are plotted in (d).

4. Discussions

Based on the above calculations, we could conclude that the lifetime of electronic
quantum coherence between ChlD1 and PheoD1 is quite short. The spatial distance of two
pigments is longer than 3 Å, which results in a value of 46 cm−1 for excitonic coupling. This
value indicates that the interaction between ChlD1 and PheoD1 is in the intermediate region
of photosynthetic protein complexes, which is comparable to the value of other photosyn-
thetic complexes responsible for energy transfer; for instance, the Fenna–Matthews–Olson
complex and light-harvesting complex II. Thus, we safely conclude that the electronic coher-
ence between pigments within the weak or intermediate region of couplings do not persist
for a long time, even at lower temperatures. Moreover, we observe that the long-lived
vibrational coherence in the charge transfer and charge separation states, even with strong
dissipation of these states from protein environment. Due to the short lifetime of electronic
coherence, the long-lived vibrational coherences can not enhance the electronic coherence
to construct the vibronic coherence, even in the resonant case [25].

However, it shows a completely different picture of coherent dynamics in the radical
pair. Based on its protein structure, the distance between PD1 and PD2 is less than 3 Å, which
results in a strong overlap between two pigments, which naturally induce a charge transfer
state with a strong excitonic coupling V = 150 cm−1. This value of excitonic coupling is much
stronger than the averaged value in photosynthetic protein complexes, and is only present
in the reaction center. It is a unique structure in the natural photosynthetic protein complex.
Based on our modeling, we demonstrated that the electronic coherence between PD1 and
PD2 could persist for a long time, and the interplay between electronic coherence and
vibrational coherence prolong the lifetime of vibronic coherence. Moreover, this observed
coherence could survive for a relatively long time even at room temperature. We believe
this strong excitonic coupling results in the long-lived coherence, which could enhance the
speed and efficiency of charge transfer and charge separation in PSII reaction center.
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It has been calculated that a strong transition dipole and short distance in molecular
crystals results in strong excitonic couplings between molecules; for instance, the molecular
crystals of pentacene and tetracene [26]. The recent studies of population transfers and
the dynamics from singlet to triplet states in singlet fission have been intensively studied
by ultrafast spectroscopy [27,28]. More recently, Ralph et al. studied the dynamics of
singlet fission by transient ARPES, and revealed the process is fully mediated by electronic
charge-states states [29]. Based on this study, we predict that the strong excitonic couplings
between molecules could induce a relatively long timescale of electronic coherence in the
molecular crystals. However, we also uncovered that the interplay of Holstein and Peierls
modes could effectively destroy the electronic coherence by opening a new deactivation
channel between two potential energy surfaces [30,31].

5. Conclusions

In this paper, we studied the photo-induced energy and charge transfer dynamics in
two pathways of the PSII reaction center. To examine the underlying coherent dynamics
during these processes, we selected a two dimer model with charge transfer and charge sep-
aration states. Additionally, two vibrational modes were selected, and included in the dimer
system to study the interplay between the electronic and vibrational coherences. Based
on our calculations, we observed that, due to the strong excitonic interaction, the radical
pair (PD1 and PD2) shows a long-lived electronic coherence. Furthermore, we observed that,
in the strong coupling region, the vibronic coupling could prolong the oscillatory dynamics
in the resonant case. Interestingly, this observed coherence could survive for a relatively
long lifetime, even at room temperature. We imply that this coherence could be critical for
the charge transfer and charge separation dynamics in the PSII reaction center. However,
with a relatively weaker excitonic coupling, the second pathway of charge transfer between
ChlD1 and PheoD1 does not present any evidence of long-lived electronic coherence, even at
77 K. In addition, we demonstrated that, due to the short lifetime, the electronic coherence
can not be enhanced by vibrational coherence, even in the resonance case. Based on these
results, we conclude that the electronic quantum coherence could play a role in charge
transfer dynamics in PSII reaction center, but only in the case of strong excitonic coupling
in radical pair. The electronic coherence may barely be enhanced in the intermediate region
of excitonic coupling. Thus, we envision that the uncovered physical insight gained form
our work can be used for the rational design of energy and charge transfers in the artificial
light harvesting systems.
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