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Photosynthetic energy conversion starts with char?e separation (CS% in the
reaction center (RC) protein. In particular, oxygenic photosynthesis in plants begins in photosystem
Il (PSII) RC. We comprehensively investigated impacts of the protein environment and intramolecular
vibrational modes on the primary CS processes in the PSII-RC by combining quantum dynamic theories
of condensed phase electron transfer reaction with quantum chemical calculations for evaluating the

vibrational Huang-Rhys factors. We revealed that individual vibrational modes play a minor role in
promoting the CS, contrary to the discussion in recent publications. However, such small
contributions add up to make a big change of the CS rate, resulting in sub-picosecond CS almost
independent of values of the driving force. The intramolecular vibrations maintain robustness of the
CS in the PSII-RC against inherently large static disorder of the electronic energies of the
electron donor and acceptor states.



30

10

@
@

1)

2)

3
(4)

cm-
activationless
Marcus
2009 I shizaki
2010 Engel

0-1

Fleming

0-0



1)
(Yost et a, Nat. Chem. 6, 492 (2014).), (2)

(Chan et al. Science 3, 34,
1541 (2011).), (3)
(Chan et a. Nat. Chem. 4, 840 (2014)).

I (PSI)

10

PSII

Huang-Rhys

PSlI
PSlI
static disorder

10%

(1]

(2]

Br

15

A. Kao & A. Ishizaki, ‘“Non-Markovian
quantum-classical ratchet for ultrafast
long-range electron-hole separation in
condensed phases,” Phys. Rev. Lett. 120
(2018).
https://journals.aps.org/prl/accepted/69076 Y
13D591dc51495¢4d07¢32530415482bf191
N. T. Phuc & A. Ishizaki, “Control of
excitation energy transfer in condensed phase
molecular systems by Floquet engineering,”
J. Phys. Chem. Let. 9, 1243-1248 (2018).

DOI: 10.1021/acs.jpclett.8b00067
70 ,
72, 81 (2017).
https://www.jstage.jst.go.jp/article/butsuri/72
/2/72_81 1/ article/-char/ja/
G. D. Scholes, G. R. Fleming, L. X. Chen, A.
Aspuru-Guzik, A. Buchleitner, D. F. Coker, G.
S. Engel, R. van Grondelle, A. Ishizaki, D. M.
Jonas, J. S. Lundeen, J. K. McCusker, S.
Mukamel, J. P. Ogilvie, A. Olaya-Castro, M.
A. Ratner, F. C. Spano, B. K. Whaley, X. Y.
Zhu, “Using coherence to enhance function
in chemical and biophysical systems” Nature
543, 647 - 656 (2017).
DOI: 10.1038/nature21425
Y. Fujihashi, L. Chen, A. Ishizaki, J. Wang &
Y. Zhao, “Effect of high-frequency modes on
singlet fission dynamics,” J. Chem. Phys,
146, 044101.1-11 (2017).
DOI: 10.1063/1.4973981
T. Teramoto, N. H. Lewis, T. Oliver, A.
Ishizaki & G. R. Fleming, “Revealing the
excited state dynamics of betaine-30 using
two-dimensional  electronic  vibrational
spectroscopy,” International Conference on
Ultrafast Phenomena, OSA Technical Digest
(online) (Optical Society of America, 2016),
paper UTu4A 3.
DOI: 10.1364/UP.2016.UTu4A.3
K.-W. Sun, Y. Fujihashi, A. Ishizaki & Y.
Zhao, “A variational master equation
approach to quantum dynamics with
off-diagonal coupling in a sub-Ohmic
environment,” J. Chem. Phys. 144,
204106.1-8 (2016).
DOI: 10.1063/1.4950888
Y. Fujihashi & A. Ishizaki, “Fluctuations in
electronic energy affecting singlet fission
dynamics and mixing with charge-transfer
state: Quantum dynamics study,” J. Phys.
Chem. Lett. 7, 363-369 (2016).



DOI: 10.1021/acs.jpclett.5b02678

[9] Y. Fujihashi, G. R. Fleming & A. Ishizaki,
“Influences of quantum mechanically mixed
electronic and vibrational pigment states in
2D electronic spectra of photosynthetic

systems: Strong electronic coupling cases,” J.

Chin. Chem. Soc. 63, 49-56 (2016).

DOI: 10.1002/jccs.201500100

[10] D. M. Monahan, L. V. Whaley-Mayda, A.
Ishizaki & G. R. Fleming, “Interpreting
oscillations in numerically exact simulations
of 2D electronic  spectra,”  Springer
Proceedings in Physics 162, 553-556 (2015).

DOI: 10.1007/978-3-319-13242-6 135

[11] D. M. Monahan, L. Whaley-Mayda, A.
Ishizaki & G. R. Fleming, “Influence of weak
vibrational-electronic  couplings on 2D
electronic spectra and inter-site coherence in

weakly coupled photosynthetic complexes,”
J. Chem. Phys. 143, 065101.1-11 (2015).

DOI: 10.1063/1.4928068

[12] Y. Fujihashi, G. R. Fleming & A. Ishizaki,
“Impact of environmentally induced
fluctuations on quantum mechanically mixed
electronic and vibrational pigment states in
photosynthetic energy transfer and 2D
electronic spectra,” J. Chem. Phys. 142
212403.1-12 (2015).
DOI: 10.1063/1.4914302

[13]

41, 391-397 (2013).
http://jglobal.jst.go.jp/public/20090422/2013
02213906126840

[14] A. Ishizaki, “Interactions between quantum
mixing and the environmental dynamics
controlling ultrafast photoinduced electron

transfer and its temperature dependence,”
Chem. Lett. 42, 1406-1408 (2013).

DOI: 10.1246/c1.130608

[15] L. Banchi, G. Costagliola, A. Ishizaki & P.
Giorda, “An analytical continuation approach
for evaluating emission lineshapes of
molecular aggregates and the adequacy of
multichromophoric Forster theory,” J. Chem.
Phys. 138, 184107.1-14 (2013).
DOI: 10.1063/1.4803694

73

73
,2018

73 ,
,2018 3 22-25
[3] ( )
, , 2018
3 15
[4] ( )
38 ,
,2018 1 24-26
[5] ( )
2017
, ,2017
12 6-9 .
[6] ( ) A. TIshizaki, “Quantum

dynamical aspects in biophysical and
material systems,” 1st QST International
Symposium: Quantum Life Science,

,2017 7 25-27
[7] ( )
14 AMO R )
,2017 6 30 -7 1
[8] ( )
271
, ,2017 5 29
[9] ( )
) ,2017 2 7
[10] ( ) A. TIshizaki, “Interplays

between quantum effects and dynamic
fluctuations  in  photosynthetic  light
harvesting,”  Workshop  of  Quantum
Smulation and Quantum Walks 2016,
Prague (Czech Republic), 2016 11 17 -
20 .

[117 ( ) A. TIshizaki, “Interplays
between quantum effects and dynamic
fluctuations  in  photosynthetic  light
harvesting and application to an organic
photovoltaic system,” Indo-Japan Discussion
Meeting on Frontiers in Molecular
Soectroscopy:  From  Fundamentals  to
Applications on Material Science and
Biology, Kanpur (India), 2016 11 13 -
16 .

[12] ( ) , “Interplays between
quantum effects and dynamic fluctuations in
photosynthetic light harvesting,”

, , 2016 10

24 .

[13] ( ) , “Interplays between
quantum effects and dynamic fluctuations in
photosynthetic light harvesting,”




, ,2006 9 29 .
[14] ( ) A. Ishizaki, “Quantum
dynamics in photosynthetic light harvesting,”
Solar Fuel Catalyst Workshop, Seoul (Korea),
2016 5 11

[15] ( ) A. Ishizaki, “A free energy
surface description of ultrafast
photosynthetic ~ energy transfer - A
consideration of what coherence and

incoherence mean,” DOE Wbrkshop on
Optimal Coherence in Chemical and
Biophysical Dynamics, Leesburg, VA (USA),
2016 4 4-5

[16] 10

71 ,
, ,2016 3 20
[17] ( ) A. Ishizaki, “Quantum
dynamics in photosynthetic light harvesting,”
7th  OCARINA International Symposium,
Osaka City University, , 2016
03 17-18
[18] ( ) A. Ishizaki, “Fluctuations in
electronic energy affecting singlet fission
dynamics and mixing with charge-transfer
State,” Pure and Applied Chemistry
International Conference 2016, Bangkok,
(Thailand), 2016 2 9-11
[19] ( )

113 2
> >

,2016 28

[20] ( ) A. TIshizaki, “Impacts of
environmentally induced fluctuations on
quantum mixtures in energy/charge transfer
reactions and 2D electronic spectra.” The
International Chemical Congress of Pacific
Basin Societies 2015, Honolulu (USA), 2015

12 15-20

[217 ( ) A. Tshizaki, “Impacts of
environmentally induced fluctuations on
quantum mixing in energy/charge transfer
and 2D electronic spectra,” CECAM
Workshop 2015 Open Quantum Systems
Computational Methods, Hong-Kong
(China), 2015 11 30 -12 4

[22] ( )

,2015 11 20
[23] ( )

70 ,

, ,2015 9 16 - 19

[25] ( ) A. Ishizaki, “Influences of
quantum mechanically mixed electronic and
vibrational pigment states in photosynthetic
energy transfer and 2D electronic spectra,”
The 1st Mueunjae Symposium on :Chemistry
& Light,” Pohang (Korea), 2015 8 7-8

261 ( )

181

9

,2015 7 7-8

[27] Y. Fujihashi and A. Ishizaki, “Impact of
environmentally induced fluctuations on
quantum mechanically mixed electronic and
vibrational pigment states in light-harvesting
systems,” Quantum Effects in Biological
Systems 2015, Florence (Italy), 2015 6
29 -7 2 .

[28] ( ) A. TIshizaki, “Impacts of
environmentally induced fluctuations on
quantum mixing in energy/charge transfer
reactions and 2D electronic spectra,” The
15th International Congress of Quantum
Chemistry (ICQC) Satellite Meeting “Recent
Advances in Quantum Dynamics and
Thermodynamics of Complex Systems,”
Beijing (China), 2015 6 4-7

[29] ( ) A. TIshizaki, “Impacts of
environmentally induced fluctuations on
quantum mechanical mixtures in
energy/charge transfers and 2D electronic
spectra,” The 3rd Wbrkshop on Coherent
Energy Transport and Optimization in
Photosynthesis, Nanyang Executive Centre,
(Singapore), 2015 5 1-3

[30] ;

B

70

2015 3 21-24
[317 ( ) A. Ishizaki, “Impact of
environmentally induced fluctuations on
quantum mechanically mixed electronic and
vibrational states in photosynthetic energy
transfer and 2D electronic spectra,” Asian
Academic Seminar 2015, Kolkata (India),

2015 3 6-10
[32] ( ) A. Ishizaki, “Quantum
dynamical aspects in photosynthetic energy
transfer,” The Second China-Japan-Korea
tripartite  Workshop on Theoretical and
Computational Chemistry, Kobe (Japan),

2015 1 21-23
[33] ( ) A. Tshizaki, “Impacts of
protein-induced fluctuations upon quantum




mechanically mixed vibrational states in
photosynthetic energy transfer,
,2014 11 25-27
[34] ( ) A. Ishizaki, “Non-Markovian
quantum dynamical aspects in photosynthetic
energy transfer,” The XIXth International
Workshop on Quantum Systems, in Chemistry,
Physics and Biology, Taipei (Taiwan), 2014
1 11-17
[35] ( ) A. Ishizaki, “Quantum dynamic
aspects in photosynthetic light harvesting -
old roots, new shoots,” International
Symposium on Optobiotechnology, Nagoya
Institutes of Technology, Nagoya (Japan),
2014 10 4

[36] , , “Analyses of
intra-molecular vibrational modes affecting
excitation energy transfer in light harvesting

systems,” 52 R

,2014 9 25-27
[37] , 2

2014

2014 9 07-10

[38] D. Monahan, L. Whaley-Mayda, A. Ishizaki,
G. R. Fleming, “Interpreting coherence beats
in numerically exact simulations of 2D
spectra,” 19th International Conference on
Ultrafast Phenomena, Okinawa (Japan) 2014

6 7-11

[39] ( ) A. Ishizaki, “Impact of
environment-induced fluctuations on
quantum mechanically mixed electronic and
vibrational  states of  pigments in
photosynthetic energy transfer,” Institut fiir
Theoretische Physik, Technische Universitat
Dresden, Dresden (Germany), 2014 6 4
-6

[40] ( ) A. Ishizaki, “Energy transfer
dynamics in photosynthetic light harvesting
systems and their two-dimensional electronic
spectra,”  2nd  Sweden-Korea  Joint
Symposium on Advanced Spectroscopy: Light
Capture and Conversion Processes in
Biological and Artificial Systems, Ystad
(Sweden), 2014 5 30 -6 2

[417 ( ) A. Ishizaki, “Electronic and
Vibrational Coherences in Photosynthetic
Energy Transfer and 2D Electronic Spectra,”
CECAM  workshop  “Investigating  fine
quantum effects in biological systems:
Toward a synergy between experimental and
theoretical approaches”, Paris (France),
2014 5 28-30

[42] ( )

113 2
B

,2014 3 4 .
[43] ( ) A. Ishizaki, “What do we learn
about  photosynthetic  light harvesting

systems from long-lived electronic quantum
coherence?” German-Japanese Colloquium
on Frontiers of Laser Science, Heidelberg
(Germany), 2014 1 15-17

[44] ( ) A. Ishizaki, “Quantum aspects
in photosynthetic light harvesting - old roots,
new shoots,” Sxth Korea-Japan Seminars on
Biomolecular Sciences: Experiments and
Smulations, Okazaki (Japan), 2013 11
25-27

[45] ( ) A. Ishizaki, “Electronic and
vibrational wavepackets in photosynthetic
energy transfer” Workshop for Quantum
Smulations of Open Quantum Systems
Freiburg (Germany) 2013 11 13-15

[46] ( ) A. Ishizaki, “Electronic and
vibrational wavepackets in photosynthetic
energy transfer,” Vancouver-Okazaki
Workshop on Coherent and Incoherent Wave
Packet Dynamics, Okazaki (Japan), 2013
10 30 -11 2

[47] ( ) A. Ishizaki, “Quantum
dynamical aspects of efficient energy transfer
in photosynthetic light harvesting,” The 15th
Asian Chemical Congress (Singapore), 2013

8 19-23
[48] ( )
CMSI
1
2013, , 2013 8
12-16

[49] ( ) A. Ishizaki, “What do we learn
about light harvesting systems from
long-lived electronic coherence?”, Telluride
wor kshop “Quantum Effects in
Condensed-phase Systems ” Telluride, CO
(USA),2013 7 8-12

[50] ( ) A. Ishizaki, “Quantum aspects
in photosynthetic light harvesting - old roots,
new shoots,” 15th Japan-Korea Symposium
on Molecular Science  “Hierarchical
Sructure from Quantum to Functions of
Biological Systems,” Kobe (Japan) , 2013
7 2-5

[51] , 23

https://www.ims.ac.jp/research/prof/ishizaki.html

o
ISHIZAKI, Akihito



