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Abstract
To uncover the mechanism behind the high photo-electronic conversion efficiency in natural photosynthetic complexes 
it is essential to trace the dynamics of electronic and vibrational quantum coherences. Here we apply wavelet analysis to 
two-dimensional electronic spectroscopy data for three purple bacterial reaction centers with mutations that produce drasti-
cally different rates of primary charge separation. From the frequency distribution and dynamic evolution features of the 
quantum beating, electronic coherence with a dephasing lifetime of ~50 fs, vibronic coherence with a lifetime of ~150 fs and 
vibrational/vibronic coherences with a lifetime of 450 fs are distinguished. We find that they are responsible for, or couple 
to, different specific steps during the primary charge separation process, i.e., intradimer charge transfer inside the special 
bacteriochlorophyll pair followed by its relaxation and stabilization of the charge-transfer state. The results enlighten our 
understanding of how quantum coherences participate in, and contribute to, a biological electron transfer reaction.

Keywords Bacterial reaction center · Primary charge separation · Quantum coherence · Wavelet analysis

Introduction

Photosynthesis, consisting of a series of complex reactions, 
utilizes solar energy to power the living organisms. The total 
energy yield of photosynthesis is not high due to energy 

dissipation associated with many of the component steps. 
However, the primary processes of light harvesting, excita-
tion transfer and photo-electronic conversion are conducted 
with a high quantum efficiency. Remarkably, in Reaction 
center (RC) pigment-protein complexes, where harvested 
solar energy is converted into a trans-membrane electro-
chemical potential, the quantum efficiency for photo-elec-
tronic conversion (charges separated per photon absorbed) 
is close to an unity (Parson and Warsher 2008).

Many efforts have been made to understand this near-
unity quantum efficiency. X-ray crystal structures show 
that light-powered charge separation is accomplished 
by (bacterio) chlorin cofactors embedded in a protein 
matrix that spans the photosynthetic membrane (Feher 
et al. 1989). In the RC of the purple bacterium Rhodo-
bacter (Rba.) sphaeroides these cofactors are a pair of 
bacteriochlorophyll (BChl) a often called special pair 
(P), two monomeric BChl a (B) and two bacteriopheo-
phytin (BPhe) a (H) molecules arranged in two branches 
around an axis of quasi twofold symmetry. These cofac-
tors exhibit near-discrete absorption bands with maxima 
around 880 nm (P pair), 800 nm  (BA/BB) and 755 nm  (HA/
HB) at 77 K (Fig. S1). Ultrafast time-resolved spectros-
copy has shown that charge separation is initiated from 
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the first singlet excited state of P (P*), with an electron 
being transferred to a ubiquinone  (QA) via the intervening 
 BA and  HA that make up the “active branch” of cofac-
tors. The P∗ → P+B−

A
, P+B−

A
→ P+H−

A
 and P+H−

A
→ P+Q−

A
 

Electron transfer (ET) processes occur with time con-
stants of 1.4 ps,  ~0.5 ps and ~200 ps, respectively, at 77 K 
(Brederode and Jones 2000;; Heathcote and Jones 2012). If 
P is not excited directly, energy transfer occurs according 
to the sequence H → B → P within 200 fs (Jordanides et al. 
2001). Coherent nuclear motion coupling (Vos et al. 1993; 
Novoderezhkin et al. 2004; Eisenmayer et al. 2012) and 
mixed electronic-vibrational (vibronic) coherence between 
excitonic and Charge-transfer (CT) states (Novoderezhkin 
et al. 2015) have been revealed to facilitate both charge 
separation (Romero et al. 2014; Fuller et al. 2014; Ma 
et al. 2018) and energy transfer (Ryu et al. 2014; Flanagan 
et al. 2016; Paleček et al. 2017) processes in both purple 
bacterial RCs and their plant counterparts. While most of 
the studies on bacterial RCs involved the coherent mecha-
nism in energy transfer (Ryu et al. 2014; Flanagan et al. 
2016; Niedringhaus et al. 2018), our work focused on the 
mechanism in the detailed primary charge separation.

Reactions occurring between cofactors in photosyn-
thetic complexes are strongly influenced by their protein 
environment. This not only positions cofactor molecules 
with specific configurations at particular distances and ori-
entations with respect to one another, resulting in excitons 
delocalized in the coherent domain, but also interacts with 
cofactor molecules via system-bath coupling (Tihana et al. 
2017). Furthermore, some parts of the protein matrix can 
participate in the reaction process, for example by enhanc-
ing/reducing driving force along a reaction coordinate 
(Eisenmayer et al. 2013). The process focused on in this 
work, the primary charge separation step P∗ → P+B−

A
 , is a 

typical example. It principally consists of two sub-steps: 
a fast partial charge separation inside P ( P∗ → P∗P+δ

A
P−δ
B

 , 
with a time constant of 110 fs) and the relatively slower ET 
from P to  BA ( P∗P+δ

A
P−δ
B

→ P+B−

A
 , 1.4 ps) (Fig. 1) (Ma et al. 

2019). The fast initial sub-step is achieved through strong 
electronic coupling between the two closely apposed BChl a 
molecules in the P dimer that induces CT character into the 
lowest exciton state (Moore et al. 1999). Note that P∗P+δ

A
P−δ
B

 
is sometimes simplified as P+

A
P−
B
 , as in (Eisenmayer et al. 

2012; Ma et al. 2019). The subsequent slower step involves 

Fig. 1  Scheme for primary charge separation in mutant RCs M1 (a), 
M2 (b) and M3 (c). The X-ray crystal structures of M1 and M3 are 
from PDB records 1QOV (McAuley et  al. 1999) and 2BOZ (Potter 
et al. 2005). In M2,  BA and P are slightly tilted relative to one another 
and the weak hydrogen-bond (grey dotted line) between Tyr210 and 
 PB disappears as the result of the tyrosine at M210 position (purple 
in (a) and (c)) being replaced by a larger tryptophan (magenta in (b)) 
(McAuley et al. 2000). In M3, a water molecule (grey ball in (a) and 

(b)) linking  PB and  BA via a hydrogen-bond interaction (black dotted 
lines) is removed as a result of the glycine at M203 position (orange 
in (a) and (b)) being replaced by leucine (red in (c)). In all panels 
the dark yellow and black arrows show the two steps of primary 
electron transfer with time constants obtained from (Ma et al. 2019). 
d–f Absorptive 2D spectra at the population time of 100 fs. The grey 
points mark the location of the (P*, P∗P+δ

A
P−δ
B

 ) cross peaks, their λt 
values reflect the energies of P∗P+δ

A
P−δ
B
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at least two proton displacements with surrounding amino 
acid and water molecules to stabilize the ET product P+B−

A
 

and, as a result, charge recombination is suppressed (Ivashin 
and Shchupak 2012; Eisenmayer et al. 2013).

Quantum phenomena are believed to contribute to the 
high efficiencies of the primary steps of photosynthesis 
(Knox 1996). Numerous efforts have been made to unravel 
how exactly coherent mechanisms influence ultrafast pho-
tosynthetic processes, particularly with the development of 
two-dimensional electronic spectroscopy (2DES) during the 
last two decades (Engel et al. 2007; Thyrhaug et al. 2018; 
Anna et al. 2014; Chenu and Scholes 2015; Romero et al. 
2017a; Wang et al. 2019). Recently, different quantum beats 
with distinct dephasing lifetimes were distinguished (Thy-
rhaug et al. 2018; Ma et al. 2019; Meneghin et al. 2018), 
which suggests reasonable assignments of their origins 
as electronic, vibrational or mixed electronic-vibrational 
(vibronic) coherences (Irgen-Gioro et al. 2019; Gelin et al. 
2019; Meneghin et al. 2018).

Our recent work with three mutant RCs of purple bac-
terial Rba. sphaeroides showed that losing or suppress-
ing quantum coherence correlates with a slower electron 
transfer rate (Ma et al. 2019). All the three RCs, named 
M1, M2 and M3 (Fig. 1), were based on a mutation that 
replaces an alanine at position 260 of the M-polypeptide 
with tryptophan (AM260W). This causes the RC to assem-
ble without the  QA ubiquinone acceptor, blocking long-
lived charge separation and ensuring that the RC remains 
in an active condition during the 2DES measurements 
(i.e., charge separated states do not accumulate) (Ma et al. 
2018, 2019). The AM260W mutation does not influence 
the fast electron transfer processes associated with primary 
charge separation. In the M1 mutant, which had only this 
AM260W change, the P∗ → P+B−

A
→ P+H−

A
 ET rates were 

therefore essentially identical to those in the wild-type RC. 
The M2 mutant combined AM260W with an additional 
replacement of the tyrosine at position 210 of the M-pol-
ypeptide with tryptophan (denoted YM210W), whereas 
the M3 mutant combined AM260W with replacement of 
glycine at position 203 of the M-polypeptide with leucine 
(denoted GM203L). In each case the additional mutation 
increased the time constant of the primary charge separa-
tion, from 1.4 ps (Fig. 1a) to 260 ps for M2 (Fig. 1b) and 
25 ps for M3 (Fig. 1c), by either changing the relative ori-
entations of the cofactors and removing the dipole of the 
OH group of tyrosine M210 in M2 (McAuley et al. 2000) 
or removing the linkage between  PB and  BA mediated by a 
water molecule in M3 (Potter et al. 2005). Several frequen-
cies were revealed, principally 160 and 115  cm−1 modes 
assigned to vibrational/vibronic coherences and a short-
lived electronic coherence whose frequency was difficult 
to determine. In this work, to investigate the dynamics 
of various quantum coherences we apply wavelet analysis 

(Prior et al. 2013; Volpato and Collini 2015; Romero et al. 
2017b) to 2DES data of the three mutant RCs. The results 
identify correlations between specific coherences and 
reaction steps, providing a way to identify real electronic 
coherence and estimate its dephasing lifetime.

Material and methods

Experiment

The details of the three mutant RCs preparation, 2DES 
setup and 77 K measurements for the experimental data 
presented here can be found in Ref. (Ma et al. 2019).

Wavelet analysis

Details of the wavelet analysis, i.e., Time–frequency trans-
form (TFT), applied to the 2DES data can be found in Ref. 
(Romero et al. 2017b). In principle, the transformation is 
applied to T. Firstly, a mother wavelet function with one 
variable T, Ψ(T) , is translated into a wavelet atom function 
with two variables u and s, Ψ∗

us
(T):

Then TFT is applied to the oscillatory part of the 2D 
spectra with Ψ∗

us
(T) as effective basis:

u and s represent frequency and TFT population time (Tʹ, 
whose values were identical with population time T), so 
transformation at one specific point (λτ, λt) results in a 
time–frequency plot, STFT(u, s) , while time-resolved 2D fre-
quency maps are obtained if transforming over all the (λτ, λt) 
points. In this work, complex Morlet wavelet was chosen as 
mother wavelet function:

where Fb is a bandwidth parameter and Fc is the wavelet 
cener frequency. Fb strongly influences the frequency and 
time resolution, with opposite effects. So a range of Fb from 
0.1 to 10 has been explored with Fc fixed to 1. We selected 
the optimal values to compromise between the time and fre-
quency resolution, Fc = 1 and Fb = 3. The transformation was 
employed to the real rephasing 2D spectra over the popula-
tion time range of 0–1000 fs with 8 fs step. The time and 
frequency resolution after TFT were 14 fs and 29  cm−1.

(1)Ψ
∗

us
(T) =

1
√

s
Ψ

�

T − u

s

�

(2)STFT
(

�
�
, �t, u, s

)

= ∫
+∞

−∞

S
(

�
�
, �t, T

)

Ψ
∗

us
(T)dT

(3)Ψ(T) = (�Fb)
−0.5 exp(−2i�FcT) exp(−T

2
∕Fb)
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Results

The TFT method can not only extract the main frequency 
components from the beating signals as a Fourier trans-
form, but also reveal their temporal evolutions. TFT of an 
oscillatory trace at (λτ, λt) point in the 2D spectra results 
in a bi-dimensional time–frequency plot. The plots for the 
(P*, P∗P+δ

A
P−δ
B

 ) position are shown in Fig. 2. The positions 
(pointed out in Fig. 1d–f) were at (884.3, 902.0) nm for 
M1 and (878.0, 906.0) nm for M3. In M2, a similar posi-
tion at (882.5, 902.0) nm was chosen to compare with the 
other two, although no band corresponding to P∗P+δ

A
P−δ
B

 
was resolved.

For M1 there were two main frequency components 
centered at 160 and 220  cm−1, and one weaker component 
centered at 100  cm−1. The 100 and 160  cm−1 components 
remained until 600  fs while the 220   cm−1 component 
nearly disappeared by 200 fs. Furthermore, there seemed 
to be a correlation between the decay of the 220  cm−1 band 
and the rise of the 160  cm−1 bands.

The plot for M2 exhibited three differences from that of 
M1. First, the 100  cm−1 band was nearly invisible. Second, 
the 160  cm−1 band persisted over a longer time period up 
to 800 fs and took longer to reach its maximal amplitude 
(~400 fs, compared to ~170 fs for M1). Lastly and most 
importantly, the short-lived band located at 260   cm−1 
became much weaker.

For M3 the 100  cm−1 band was only slightly visible 
and the 160  cm−1 band evolved in a similar fashion as for 
M2. The short-lived band at higher frequency was much 
broader than for the other two RC mutants, spreading from 
250 to 450  cm−1 with a maximum at ~330  cm−1.

These results unveiled two long-lived (600–800  fs) 
and one short-lived (< 200 fs) oscillatory contributions 
coexisting in the (P*, P∗P−δ

A
P+δ
B

 ) cross peak. Compar-
ing the three RC mutants, the frequency values for the 
long-lived components were similar while the values for 

the short-lived component varied. The frequency of the 
latter (220 and 330  cm−1 for M1 and M3, respectively) 
was approximately equal to the energy gap between P* 
and P∗P−δ

A
P+δ
B

 in the corresponding RC mutant (220 and 
350  cm−1, respectively), estimated by setting the P energy 
using the peak value in the absorption spectrum (884.3 and 
878.0 nm, see Fig. S1) and the P∗P−δ

A
P+δ
B

 energy with the λt 
value of the (P*, P∗P−δ

A
P+δ
B

 ) cross peak in the 2DES spec-
trum (902.0 and 906.0 nm, respectively, see Fig. 1d–f). 
Although there were ~200 and ~330  cm−1 bands appear-
ing in the resonance Raman spectrum of P, the 220  cm−1 
beating in M1 and the 330  cm−1 beating in M3 cannot 
be with vibrational origin. It is because that (1) the life-
time of vibrational coherence should be much longer than 
200 fs and (2) vibrational coherence should not be sample-
dependent, if the 220 and 330  cm−1 beatings arose from 
vibration coherence, they both should appear in all the 
three mutants. Coherent states oscillates with a frequency 
equal to their energy difference (Engel et al. 2007), and 
thus the results indicated that the coherence between P* 
and P∗P−δ

A
P+δ
B

 has electronic character. The much broader 
350  cm−1 band for M3 reflected a disorder-induced spread 
of the electronic gap between the P* and P∗P−δ

A
P+δ
B

 levels, 
which may be enhanced when the coupling between P* 
and P∗P−δ

A
P+δ
B

 decreases as a result of removing the water 
molecule. The much weaker 260  cm−1 oscillation ampli-
tude for M2 is consistent with the observation that nearly 
no P∗P−δ

A
P+δ
B

 state is formed in the M2 RC (Ma et al. 2019).
While a TFT analysis of a specific oscillatory trace is 

already able to distinguish various coherences, a TFT anal-
ysis over the whole of a 2D spectrum provides thorough 
dynamic information on the coherences during the charge 
separation process. TFT analysis over the whole spectrum 
results in time-resolved 2D frequency maps (Romero et al. 
2017b), which are the amplitude distributions of each fre-
quency in the 2D spectra, and their corresponding evolu-
tion dynamics, i.e., the wavelet traces. Accordingly we 
investigated the coherences with conserved frequencies at 

Fig. 2  Time–frequency plots of the real rephasing oscillatory traces 
at respective ( P∗P+

A
P−
B
 ) positions for mutant RCs M1 (a), M2 (b) and 

M3 (c). Each plot is normalized to its maximal amplitude. The value 

in the right-top corner of each panel is the ratio between the maxi-
mal amplitude of the 2D spectrum at population time T = 0 fs and the 
maximal amplitude of the plot
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110  cm−1 and 160  cm−1, and sample-dependent frequencies 
at 220, 260, 330  cm−1. Because the majority of excitation 
is on P, all of the 2D frequency maps predominantly reflect 
information on P.

Time-resolved 2D frequency maps of M1 at 220, 160 
and 110  cm−1 and 30, 250 and 600 fs (i.e., STFT

(

�
�
, �t, u, s

)

 
at selected frequency u and selected population time s) 
are shown in Fig. 3a, c, e. For each frequency, wavelet 
traces at selected 

(

�
�
, �t

)

 positions (pointed by colored 
circles) are shown in Fig. 3b, d, f. For both the 160  cm−1 
and 110  cm−1 mode the shape of the 2D frequency map 
remained nearly unchanged with time (Fig. 3c, e), with 
similar evolution dynamics at different positions in the 
map. The maps were dominated by a diagonal peak at the 
P position, such a diagonal-only shape usually represent-
ing a vibrational coherence (Romero et al. 2014). The 
wavelet traces reached the maximal amplitude at round 

210 fs (Fig. 3d, f), then decayed with a time constant of 
450 fs. The behavior for the 220  cm−1 mode was more 
complicated, with the shape of the 2D frequency map 
changing with time (Fig. 3a). At 30 fs it consisted of a 
diagonal peak at the P position and two cross peaks that 
were nearly symmetrical along the diagonal, at around the 
(P*, P∗P−δ

A
P−δ
B

 ) and ( P∗P−δ
A
P−δ
B

 , P*) positions. These cross 
peaks disappeared after 400 fs. Cross peaks at T = 0 indi-
cate electronic coupling, and thus the symmetrical cross 
peaks corresponding to the P* and P∗P−δ

A
P−δ
B

 positions 
demonstrate electronic coherence between the two. As the 
wavelet dynamics show (Fig. 3b), they reached the maxi-
mal amplitude at around 100 fs (with an approximate time 
constant of ~45 fs) and then decayed with a time constant 
of 150 fs. It was noticeable that this 150 fs decay corre-
lated with the rise of the 160  cm−1 and 110  cm−1 wave-
let traces (Compare Fig. 3b with 3(d,f)). Subsequent to 

Fig. 3  Dynamics of various coherences in mutant M1: 220   cm−1 
(a, b), 160   cm−1 (c, d) and 110   cm−1 (e, f). 2D frequency maps at 
selected TFT population times Tʹ are shown in (a, c, e) and wavelet 
traces at selected positions in (b, d, f). In (a, c, e), each frequency 
map is normalized to its maximal amplitude. The value in the right-

bottom corner of each panel is the ratio between the maximal ampli-
tude of the 2D spectrum and the maximal amplitude of the frequency 
map at the same population time T. The colored circles in each 30 fs 
panel indicate the positions of the selected 2D wavelet traces in (b, d, 
f)
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this 150 fs decay, another diagonal peak rose and became 
dominant after 500 fs (Fig. 3b). It was also apparent in the 
wavelet dynamics that while the two cross peak wavelet 
traces decayed to zero, another rise and decay appeared in 
the 300–1000 fs range of the diagonal peak wavelet trace 
(Fig. 3b). This additional dynamics with an extraordinarily 
high amplitude may have arisen from an interference arti-
fact (Romero et al. 2017b) between the 220 and 160  cm−1 
frequencies, because (1) the period of the dynamic fea-
ture, ~620  fs corresponding to 57   cm−1, was inversely 
proportional to the frequency spacing between the 220 
and the 160  cm−1 frequencies (60  cm−1) and (2) the shape 
of the 220  cm−1 frequency map at long time (> 400 fs) 
resembled that of the 160  cm−1 one. To summarize, the 
time constants for the 220  cm−1 beating connecting P* and 

P∗P−δ
A
P−δ
B

 are ~45 fs and a 150 fs, and for both the 160  cm−1 
and 110  cm−1 beatings are 150 fs and 450 fs (Table 1). 

For M2, since the 110  cm−1 oscillation frequency does 
not appear in the (P*, P∗P−δ

A
P−δ
B

 ) time–frequency plot nor 
in the summary Fourier-transform spectrum (see (Ma et al. 
2019)), 2D frequency maps and wavelet traces are shown 
in Fig. 4 only for the 260 and 160  cm−1 modes. As for M1, 
the 160  cm−1 frequency map was dominated by a diagonal 
peak at the P position (Fig. 4c), but the main wavelet trace 
took a longer time, 400 fs, to reach the maximal ampli-
tude (with an approximate time constant of ~200 fs) than 
the 210 fs for M1 (Fig. 4d). It then decayed with a time 
constant of 450 fs. The shape and the timescale indicate 
that the 160  cm−1 beating also corresponds to a vibrational 
coherence. For the 260  cm−1 mode, although the frequency 

Table 1  Time constants for the 
various beating components in 
the three mutant RCs

a The 110  cm−1 component did not appear in M2

Sample-dependent component 160  cm−1 110  cm−1

Frequency 
 (cm−1)

Rise (fs) Decay (fs) Rise (fs) Decay (fs) Rise (fs) Decay (fs)

M1 220  ~45 150 150 450 150 450
M2 260  ~40 140 200 450 a a

M3 330  ~60 140 140 450 140 450

Fig. 4  Dynamics of various coherences in mutant M2: 260   cm−1 (a, 
b) and 160  cm−1 (c, d). 2D frequency maps at selected TFT popula-
tion times Tʹ are shown in (a, c) and wavelet traces at selected posi-
tions in (b, d). In (a, c), each frequency map is normalized to its max-
imal amplitude. The value in the right-bottom corner of each panel is 

the ratio between the maximal amplitude of the 2D spectrum and the 
maximal amplitude of the frequency map at the same population time 
T. The colored circles in each 30 fs panel indicate the positions of the 
selected 2D wavelet traces in (b, d)
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map did not exhibit a definite feature for electronic coher-
ence as for M1 and M3 (Fig. 4a), the wavelet trace showed 
fast rise and decay with time constants of ~40 fs and 140 fs 
(Fig. 4b), and thus it may reflect an electronic coherence. 
However, considering the particularly weak amplitude in 
the time–frequency plot (Fig. 2b), the 260  cm−1 coherence 
is actually not employed in the charge separation process. 
There is also an interference artifact after 300 fs, with 
relatively weaker amplitude than in M1.

The situation for M3 (Fig. 5) was similar to that of 
M1. The predominantly diagonal shape of the 2D fre-
quency maps and the timescales of the 160 and 110  cm−1 
frequencies indicated that they correspond to vibrational 
coherence with characteristic time constants of 140 fs and 
450 fs. The 2D frequency map of the 330  cm−1 mode at 
30 fs consisted of a P diagonal peak and two cross peaks 
at (P*, P∗P−δ

A
P−δ
B

 ) and ( P∗P−δ
A
P−δ
B

 , P*) positions. Its main 

feature reached the maximal amplitude at around 180 fs 
and then decayed with a time constant of 140 fs. As with 
M1, the short-lived 330  cm−1 beating connecting P* and 
P∗P−δ

A
P−δ
B

 has characteristic time constants of ~60 fs and 
140 fs. The interference artifact in the 350–1000 fs range 
was much weaker than in M1 and M2, consistent with 
the fact that the frequency spacing between the 330 and 
160  cm−1 modes is much further from being resonant with 
the feature’s oscillation period (~560 fs, corresponding to 
63  cm−1).

Discussion

The TFT results described above successfully distin-
guished the short-lived electronic coherence in mutants 
M1 and M3, which would not be a straightforward task 

Fig. 5  Dynamics of various coherences in mutant M3: 330   cm−1 
(a, b), 160   cm−1 (c, d) and 110   cm−1 (e, f). 2D frequency maps at 
selected TFT population times Tʹ are shown in (a, c, e) and wavelet 
traces at selected positions in (b, d, f). In (a, c, e), each frequency 
map is normalized to its maximal amplitude. The value in the right-

bottom corner of each panel is the ratio between the maximal ampli-
tude of the 2D spectrum and the maximal amplitude of the frequency 
map at the same population time T. The colored circles in each 30 fs 
panel indicate the positions of the selected 2D wavelet traces in (b, d, 
f)
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without this analysis. Furthermore the rise and decay 
dynamics of various beating components were obtained, 
helping understand which step of the charge separation 
process they couple to and the functional roles they play.

In previous work (Ma et al. 2019) we derived the fol-
lowing dynamic schemes for the three RCs:

P∗
110fs
⟶P∗P+δ

A
P−δ
B

1.4ps
⟶P+B−

A

430fs
⟶P+H−

A
  

f o r  M1 ,  P∗
260fs
⟶P+B−

A

510fs
⟶P+H−

A
 f o r  M2  a n d 

P∗
190fs
⟶P∗P+δ

A
P−δ
B

25ps
⟶P+B−

A

450fs
⟶P+H−

A
 for M3. In both M1 

and M3, the P∗P−δ
A
P−δ
B

 state forms promptly, with a time 
constant of 110 fs for M1 and 190 fs for M3, and acts as 
a charge separation intermediate. In this work, through 
TFT analysis, more complex evolution dynamics appear 
for the short-lived oscillation frequency that connects P* 
and P∗P−δ

A
P−δ
B

 . The corresponding wavelet trace consists 
of a rise and a decay component, with the time constants 
of 45 fs and 150 fs for M1 and 60 fs and 140 fs for M3.

Purely electronic charge migration driven by the elec-
tronic coherence of a superposition state is extraordinarily 
fast, e.g., on sub-femtosecond time scale for an individual 
molecule in vacuum (Wörner et al. 2017). Nuclear wave-
packet motions triggered by the superposition of electronic 
states leads to an ultrafast dephasing of the electronic coher-
ence on the time scale from a few to a few tens of femto-
seconds (Duan et al. 2017). The time constants of the rise 
component, 45 fs for M1 and 60 fs for M3, are close to the 
upper estimate of electronic dephasing timescale, ~55 fs, 
derived from the anti-diagonal width (Duan et al. 2017) 
of the P ground-state bleach band. Furthermore, they are 
similar to the electronic dephasing lifetimes determined in 
other photosynthetic proteins such as PSII RC (Romero et al. 
2017b; Novoderezhkin et al. 2017), Fenna–Matthews–Olson 
complex and light-harvesting complex (Thyrhaug et  al. 
2018; Irgen-Gioro et al. 2019; Duan et al. 2017). Thus we 
attribute this ~50 fs component to the dephasing lifetime of 
the electronic coherence between P* and P∗P−δ

A
P−δ
B

 . Com-
paring M1 and M3, the rise component is more distinct in 
M3 while it is more like an unchanged amplitude in M1. 
Furthermore, the maximum amplitude is reached earlier in 
M1 than in M3. The energy gap between P* and P∗P−δ

A
P−δ
B

 
in M3, 330  cm−1, is larger than in M1, 220  cm−1. All these 
differences reflect different electronic structures of the P 
dimer due to the CT-exciton mixing. This effect may also 
be responsible for the negligible P∗P−δ

A
P−δ
B

 state formation in 
M2. These results show that electronic coherence is essential 
for the P∗P−δ

A
P−δ
B

 state formation and as a result the rate of 
the primary charge separation.

The ~150 fs decay time constants are consistent with 
the first population time, 110 fs for M1 and 190 fs for M3 
which was assigned to the formation time constants of the 

intra-dimer CT state and the electronic dephasing lifetimes 
(Ma et al. 2019). Now with the help of TFT analysis, we 
found that 100–200 fs lifetime is overvalued for a purely 
electronic coherence, which should eliminate the interfer-
ence of nuclear motions. The ~150 fs component is there-
fore attributed to a relaxation and stabilization of P∗P−δ

A
P−δ
B

 , 
which is achieved by coupling specific vibrational modes 
(Eisenmayer et al. 2012), i.e., vibronic coherence. As a 
result, both the ~50 fs electronic and ~150 fs vibronic coher-
ences are involved in the P∗P−δ

A
P−δ
B

 formation process.
The sample-independent frequency and characteristic 

timescale of the 160  cm−1 beating indicate a vibrational 
coherence. In M1 and M3, the rise and decay time con-
stants are ~150  fs and ~450  fs, close to the population 
dynamic time constants, 110 fs/190 fs and 430 fs/450 fs for 
M1/M3 (Ma et al. 2019). The ~150 fs rise corresponds to 
the formation and relaxation of P∗P−δ

A
P−δ
B

 . The assignment 
of the ~450 fs decay is less straightforward, because it is 
close to the time constant of the third step, P+B−

A
→ P+H−

A
 , 

but appears just following the first ~150 fs component in 
the dynamic curves. It is the typical kinetic character that 
a subsequent step appears before its preceding one when 
it is faster. As a result, although the electron transfer 
sequence is P∗

110fs
⟶P∗P+δ

A
P−δ
B

1.4ps
⟶P+B−

A

430fs
⟶P+H−

A
 in M1 

and P∗
190fs
⟶P∗P+δ

A
P−δ
B

25ps
⟶P+B−

A

450fs
⟶P+H−

A
 in M3, virtually 

the 110 fs/190 fs, 430 fs/450 fs and 1.4 ps/25 ps compo-
nents appear sequentially in the dynamics. Therefore, the 
160  cm−1 vibrational coherence may start activation right 
after P∗P−δ

A
P−δ
B

 is formed and then deactivate synchronously 
with the electron transfer process from P to  BA. In M2, the 
decay time constant, 450 fs, is the same as in M1 and M3 
while the rise is a little slower. This difference may reflect 
a different activation process of this mode, bypassing the 
P∗P−δ

A
P−δ
B

 state. However, the 160  cm−1 vibrational coher-
ence itself seems to not play an essential role for charge 
separation, because its lifetime in the three mutant RCs is 
nearly invariant.

The situation for the 110  cm−1 beating in M1 and M3 is 
similar to that for the 160  cm−1 beating. The absence of the 
110  cm−1 component in M2 is correlated with the absence 
of the P∗P−δ

A
P−δ
B

 state and the much slower charge separation, 
suggesting a necessary role for the charge separation inside 
P and possibly from P to B. Theoretical studies support this 
argument, postulating that the ~110  cm−1 vibrational mode 
is coupled with the electron transfer dynamics within the 
P dimer (Novoderezhkin et al. 2004), or from P to P+B−

A
 

(Eisenmayer et al. 2012), by effectively removing the barrier 
for charge separation and initiating a directional displace-
ment of electron density. The ~150 fs rise and ~450 fs decay 
components in the wavelet dynamics may reflect its cou-
pling with P∗P−δ

A
P−δ
B

 formation and electron transfer from P 
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to  BA. If this is the case, the 110  cm−1 beating should have a 
vibronic (vibrations in the excited electronic state) character. 
Vibronic coherences eventually turn into pure vibrational 
coherence in the ground electronic state due to disorder-
induced melting (Gelin et al. 2019; Paleček et al. 2017). This 
may explain the observation that the vibrational 160  cm−1 
and the vibronic 110  cm−1 beatings have similar dynamics.

Conclusion

In this work, we applied wavelet analysis to 2DES data for 
three mutant RCs with drastically different charge separation 
rates, and distinguished electronic and vibrational/vibronic 
coherences through investigation of the spectral and tempo-
ral features of the time-resolved 2D frequency map. Further-
more, analysis of the evolution of specific modes revealed 
how they participate in sub-steps of the electron transfer 
process. Analysis of this kind will be particularly helpful 
for photosynthetic proteins containing a large number of 
nuclear degrees of freedom, where photo-induced coher-
ences are thought to play important roles in light-harvesting 
and photo-electronic conversion.
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