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Time scale separation?

(1) Excitation Energy Transfer (EET) dynamics is
usually explored using averaged model Hamiltonians.
(2) However, the EET dynamics can occur faster than
the time scale on which these model Hamiltonians
change.

So rather than looking at

The dynamics of an average Hamiltonian (fit to
average experimental results)

we should be studying

The average dynamics of an ENSEMBLE of model
Hamiltonians, e.g. averaging dynamics over site

disorder, etc. Fluctuations, perhaps with correlations,
around INHERENT STRUCTURES - F Stillinger J.
Chem. Phys. 83, 6413 (1985).
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Parameterized Frenkel Exciton Hamiltonian: local Interpolation Model
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7 state FMO test

In principle Site dependent “spectral densities”

(a)
J() (W) = 5 Ci}éé(w —w;) = 2 w7 /(1+w?7?) 7.= 50 fs and A= 35 cm™*

Experimental fit assumes all have identical environments!
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Protein fluctuations
drive switching of
exciton delocalization
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Down Conversion

Down-conversion molecules that enable
absorbed blue light to “plug into” red

Pigment-Protein

functioning chlorophyll energy transport Complexes

and transduction networks by using
vibronic transitions and engineered
environmental dissipation e.g. in Peridinin-
Chlorophyll-a Protein (PCP), or
phycobiliproteins like PC645
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“step down transformer”

PC645)5,

PE545 from cryptophyte algae linear tetrapyrols or
“bilins” & phycobili proteins
(PC645,PC577,PE555,PC612,...)



A. Chenu & G. Scholes
Annu. Rev. Phys. Chem. 66, 69-96 (2015)

Closed structures

Open structures

Figure 2

Phycocyanin (PC)

Phycoerythrin (PE)

PC645 Chroomonas sp. CCMP270
Electronic coupling 647 cm™!

PE545 Rhodomonas sp. CS24
Electronic coupling 166 cm™!

PC612 H. virescens M1635
Electronic coupling 29 cm™’

.

PE555 H. andersenii CCMP644
Electronic coupling 4 cm™

[Hres losv lvev [JPcB

Structures of four representative phycobiliproteins from cryptophyte algae (40, 41): two phycocyanin light-harvesting complexes,

(2) PC645 and (b) PC612, and two phycoerythrin light-harvesting complexes, (c) PE545 and (d) PE5S55. PC645 and PES545 (top row) are
examples of closed structures, characterized by a large electronic coupling between the chromophores in the indicated central dimer of
bilins. PC612 and PES5S55 (bottom row) are examples of open structures, in which the electronic coupling is weak. The large 3-subunits
are colored pink and yellow, and the small a-subunits are colored cyan and gray. Abbreviations: DBV, 15,16-dihydrobiliverdin; MBV,
mesobiliverdin; PCB, phycocyanobilin; PEB, phycoerythrobilin.




Scholes, Controllable Chimeras with function

Subunits at pH 2
B

Thordarson and .
By =
co-workers N

titrated to pH 7

l 1

L? a remans unfoilded
unless chaperoned by

B spontaneously '
refolds Mixed a/p:
a will assemble with,
> and be folded by B,
forming aff dimer
p-Aggregation 1

Native heterodimer
quaternary structure
reformed

Figure 4: Schematic illustrating how we separate the light harvesting complex « and 3 subunits,
and how we can reassemble them into a functional protein. The right figure shows a single (3
subunit and, in green, how the a subunit associates with it after assembly of the tetrameric light
harvesting complex.



Site Dependent Spectral
Density Models

Moix, Cao, Huo, DFC JPCL (201 1)
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Figure 1. Energy diagrams for the eight-site model (a), the reduced
four-site model (b), and the reduced three-site model (c) used in the
calculations of Figure 3.
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OUTLINE:

(1) Spectral Density Calculations

(2) Excitation Energy Calculations

(3) Dissipative Quantum Dynamics for General Regimes

(4) Issues with Linearized Dynamics of Higher Frequency Modes
(5) Spectra (PC645/HPC645) - Influence of Protonation and
“Flickering” Pathways

(6) Quantum Dynamics and Nonlinear Spectroscopy

(7) Coherent State Density Matrix Dynamics (+PLDM)



Exciton-Phonon Coupling
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Standard Approach: Ground state (MM) MD averaged excitation energy fluctuation
correlation function. Inconsistent MM and electronic structure!
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Simple harmonic model of the standard approach Kleinekathoefer & Schulten 2002
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What about the MD time correlation function with the MM potential??

‘/w"a Duschinsky-like rotation
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An alternative approach
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FMO HR factors - gray bars (expt. Freiburg and co-workers)
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OUTLINE:

(1) Spectral Density Calculations

(2) Excitation Energy Calculations

(3) Dissipative Quantum Dynamics for General Regimes

(4) Issues with Linearized Dynamics of Higher Frequency Modes
(5) Spectra (PC645/HPC645) - Influence of Protonation and
“Flickering” Pathways

(6) Quantum Dynamics and Nonlinear Spectroscopy

(7) Coherent State Density Matrix Dynamics (+PLDM)



Parameterized Model Site Hamiltonian estimate from transition dipoles

or densities - small fluctuations
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In principle Site dependent “spectral densities”

(a)
J W (w)=23. = 25(w —w;) = 2 \wr./(1+w?*72) 7.= 50 fs and A= 35 cm ™!
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Experimental fit assumes all have identical environments
continuum of intermolecular modes
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J. Phys. Chem. A 2007, 111, 5314—5326

Scaled Second-Order Perturbation Corrections to Configuration Interaction Singles:
Efficient and Reliable Excitation Energy Methods

EP® = (Pis | VI Up®@p) + (D@5 | V| LU, @)

Single excitation of the
“CIS active” electrons

Double excitation from reference HF
wavefunction. “Direct term” that
describes excited state correlation

pairs. Double excitation of the “CIS
inactive” electrons. This
second ‘indirect” term
describes correlation with
electrons notinvolved in the
excitation.

@ P70 = <q)CIS | V] CUUSSCI)0> + <q)c1s | V]| CTT?SUlq)O)

Young Min Rhee and Martin Head-Gordon*

Department of Chemistry, University of California and Chemical Sciences Division,
Lawrence Berkeley National Laboratory, Berkeley, California 94720

Received: December 7, 2006; In Final Form: March 9, 2007

Two modifications of the perturbative doubles correction to configuration interaction with single substitutions
(CIS(D)) are suggested, which are excited state analogues of ground state scaled second-order Mgller—
Plesset (MP2) methods. The first approach employs two parameters to scale the two spin components of the
direct term of CIS(D), starting from the two-parameter spin-component scaled (SCS) MP2 ground state, and
is termed SCS—CIS(D). An efficient resolution-of-the-identity (RI) implementation of this approach is
described. The second approach employs a single parameter to scale only the opposite-spin direct term of
CIS(D), starting from the one-parameter scaled opposite-spin (SOS) MP2 ground state, and is called SOS—
CIS(D). By utilizing auxiliary basis expansions and a Laplace transform, a fourth-order algorithm for SOS—
CIS(D) is described and implemented. The parameters that describe SCS—CIS(D) and SOS—CIS(D) are
optimized based on a training set that includes valence excitations of various organic molecules and Rydberg
transitions of water and ammonia, and they significantly improve upon CIS(D) itself. The accuracy of the
two methods is found to be comparable. This arises from a strong correlation between the same-spin and the
opposite-spin portions of the excitation energy terms. The methods are successfully applied to the
zincbacteriochlorin—bacteriochlorin charge-transfer transition, for which time-dependent density functional
theory, with presently available exchange-correlation functionals, is known to fail. The methods are also
successfully applied to describe various electronic transitions outside of the training set. The efficiency of the
SOS—CIS(D) and the auxiliary basis implementation of CIS(D) and SCS—CIS(D) are confirmed with a series
of timing tests.



Standard MP2 correlation energy
SS oS
EC = EC + EC )

Correlation for same spin

1 1
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Correlation for opposite spin

oS _ ]
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But in SOS-MP2:

Ec[SOS — MP2] = cosES*[MP2]

Neglect ESS because much smaller than E©S.
Cos = empirical parameter
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Advanced Review

Spin-component-scaled electron
correlation methods

Stefan Grimme,'* Lars Goerigk? and Reinhold F. Fink3

Spin-component-scaled (SCS) electron correlation methods for electronic struc-
ture theory are reviewed. The methods can be derived theoretically by applying
special conditions to the underlying wave functions in perturbation theory. They
are based on the insight that low-order wave function expansions treat the cor-
relation effects of electron pairs with opposite spin (OS) and same spin (SS)
differently because of their different treatment at the underlying Hartree-Fock
level. Physically, this is related to the different average inter-electronic distances
in the SS and OS electron pairs. The overview starts with the original SCS-MP2
method and discusses its strengths and weaknesses and various ways to parame-
terize the scaling factors. Extensions to coupled-cluster and excited state methods
as well the connection to virtual-orbital dependent density functional approaches
are highlighted. The performance of various SCS methods in large thermochemi-
cal benchmarks and for excitation energies is discussed in comparison with other
common electronic structure methods. © 2012 John Wiley & Sons, Ltd.

How to cite this article:
WIREs Comput Mol Sci 2012, 2: 886-906 doi: 10.1002/wcms.1110




TABLE III. Computed (deviations between method and reference are shown, results were obtained with the def2-TZVPP basis set) vertical singlet excitation
energies AE (in eV) for the complete dye bench-mark set.

Method 1 2 3 4 5 6 7 8 9 10 1 12

Reference® 2.95 2.02 2.12 2.72 2.33 2.66 3.66 2.52 3.37 3.15 2.60 3.60
B-LYP -0.72 —-0.06 —0.42 —-0.35 —-0.61 -0.26 —0.43 0.15 —-0.53 —0.65 —-0.55 —1.43
B3-LYP —0.32 0.13 —-0.09 —0.43 —-0.38 —-0.02 -0.20 0.38 —0.14 —0.41 —0.30 —0.86
PBE38 —0.01 0.27 0.19 0.00 -0.19 0.18 0.01 0.55 0.15 -0.22 =0.11 -0.39
BMK 0.00 0.30 0.25 0.06 -0.15 0.20 0.04 0.55 0.17 -0.17 —-0.06 —0.36
CAM-B3LYP 0.06 0.26 0.30 0.07 —-0.11 0.23 0.04 0.55 0.24 —0.15 -0.02 -0.13
B2-PLYP -0.29 0.06 0.20 —0.13 -0.27 -0.01 -0.02 0.24 -0.07 -0.28 -0.16 —0.63
B2GP-PLYP =0.17 0.08 0.35 —0.03 -0.18 0.08 0.08 0.28 0.06 -0.18 —0.06 —0.38
CIS 0.90 0.79 1.02 0.69 0.45 0.92 0.51 1.27 1.03 0.42 0.53 0.74
CIS(D) 0.05 0.02 0.77 0.19 0.09 0.28 0.45 0.16 0.55 0.21 0.23 0.05
SCS-CIS(D)’ 0.13 0.02 0.96 0.26 0.20 0.41 0.49 0.19 0.60 0.28 0.33 0.12
SCS-CIS(D)*° —0.04 —0.30 0.74 0.03 -0.02 0.18 0.31 -0.06 0.46 0.12 0.12 —0.02
SCS-CIS(D)*! =0.17 —0.30 0.67 —0.05 —-0.11 0.09 0.24 -0.13 0.33 0.00 0.02 —-0.18
SOS-CIS(D) —0.08 —0.36 0.70 —0.03 -0.10 0.13 0.27 —0.10 0.40 0.04 0.03 —0.09
cC2 -0.26 0.04 0.51 -0.06 —-0.13 0.01 0.24 0.20 0.00 -0.10 0.01 —0.48
SCS-CC2 —0.06 0.05 0.77 0.08 0.06 0.20 0.34 0.25 0.12 0.04 0.17 -0.23

“Experimental vertical excitation energies from Table II.

(res. - exp.) / eV
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FIG. 3. Deviations for DBQ (12) in eV. All results were obtained with the
def2-TZVPP basis.

HOMO

FIG. 2. Lowest unoccupied (LUMO; top) and highest occupied molecular
orbitals (HOMO; bottom) for DBQ (12) obtained at the HF/def2-TZVPP
level of theory.
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Partial Linearized Density Matrix
(PLDM) dynamics:

Ehrenfest - like partially linearized propagator
useful for longer time propagation



Partial Linearized Density Matrix Propagation PLDM: P. Huo and D.F. Coker, J. Chem. Phys. 135 201101 (2011).
ILDM: Dunkel, Bonella, Coker, J. Chem. Phys. 129,114106 (2008).
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Path integral mapping hamiltonian propagator
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Partial Linearization in
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Partial Linearized Density

Matrix (PLDM) Dynamics:

Approximate Open System
Quantum Dynamics

P. Huo and D.F. Coker, J. Chem. Phys. 135 201101 (2011).
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Canonical transformation:

Do =Da/V2 o= qa/V2
p,=p./V2  d,=dq./V2

Full system hamiltonian dynamics:
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Iterative Implementation
(IPLDM):



Second linearized density matrix propagation segment

Dunkel, Bonella, Coker, J. Chem. Phys. 129,1 14106 (2008)
P.Huo & D.F. Coker, J. Chem. Phys. 137 22A535 (2012)
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An Algorithm:
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Intermediate mapping integrals performed by steepest descent

o, a0,) = (1/V2,1/v2) (ps,,qv,) = (0,0)

Intermediate state sums performed by importance sampled MC Focusing

\ Bonella, Coker, . Chem. Phys. 118,4370 (2003)
/
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( p11(0)] p12(0) ) ( p11(t)  pi2(t) )

p21(0)  p22(0) p21(t) |p22(t)
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Accumulating phase weights for
different branching trajectories
gives a representation of
interference effects
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C.-Y. Hsieh and R. Kapral, JCP 138, 134110 (2013)
IPLDM = “Jump FB solution”

Equivalent to exact solution of
Mixed Quantum Classical Liouville (MQCL) equation

Important properties:

(1) Exact for the spin-boson:
D. MacKernan, G. Ciccotti, R. Kapral, JCP 16,2346 (2002)

(2) Stationary solution of MQCL equation, pw.(R, P), and the
partial Wigner transform of the quantum equilibrium canonical
density matrix, /> (R, P), agree to O(h) :

S. Neilsen, G. Ciccotti, R. Kapral, JCP I 15,5805 (2001)



OUTLINE:

(1) Spectral Density Calculations

(2) Excitation Energy Calculations

(3) Dissipative Quantum Dynamics for General Regimes

(4) Issues with Linearized Dynamics of Higher Frequency Modes
(5) Spectra (PC645/HPC645) - Influence of Protonation and
“Flickering” Pathways

(6) Quantum Dynamics and Nonlinear Spectroscopy

(7) Coherent State Density Matrix Dynamics (+PLDM)






System |l

Photo System I
Harvesting,
Photo Protection
and Charge
Separation



120

~.~" ‘CP43/CP47 Ex0|ton
100 & -, RC Exciton _
E RC CT wreseres
—~ 8} { ., -
€ H —o-o —0—0—\
S 60}: .
B : Phe, - .
S a0 1 —e- —e-
20 3 e . /‘ -eo- —
"""""""" — Phe, Pt -0 -0 -o-o -0 -9 —oO
0 1 1 1 1 1
0 200 400 600 800 ;J
ocm’) Phe,” P; Acc, Phe, P,  Acc
t_J
Phe,” P (A) (B)
FIG. 2: Spectral density used in the model hamiltonian of ! !
PSIT complex[14]. The exciton state spectral density in the
harvesting complex CP43, CP47 is represented by red solid
line. The spectral density for exciton (EX) and charge trans-
fer (CT) state in reaction center are represented by green dash
and blue dotted line respectively.
Exciton Couplings (Tom Renger & Coworkers) Exciton-CT & CT-CT Couplings
BioPhys. |. 986 (2005), JACS 130 443 | (2008) Mukamel & Coworkers, |CP 133, 184501(2010)
15300 T T T VEY 15500 T T T T T T T
Exciton-Charge Transfer inter CP-RC <~10 e’ | | e Exciton-CT
“wiring” diagram 15200 | 1 15400 e CT-CT T
Light harvesting & - intra RC ~ 20-160 cm’
. 15100 1 15300 1
Reaction Center 2 Phet P2
: /]
Sub-Units 15000 | pulid iz 21 15200 | 23 c;l I P1 P2 i
E/cm’ E/cm” Phe1”AcgH
14900 1 15100 o ~\
i ,"34 cm AN
':' /
14800 | 4. 1 15000 — 18 cm'\ it e
2 24 R@e1 P'I
14700 E 14900 J
CP43 RC-D1 RC-D2 CP47
14600 1 1 1 1 14800 1 1 1 1 1 1 1




(1) Raszewski G, Saenger W, Renger T (2008) Light Harvesting in Photosystem Il Core

[ ]
Ci | |s Limited by the Transfer to the Trap: Can the Core C lex Turn inti H N |
Complexes Is Linited by he Transter o the Trap: Gan he Core Complex Tun o a arvesting Network
[ ] [ ]
Hamiltonians

y
CP43 Hjj(cm™)

35 37 41 42 43 44 45 46 47 48 49
(] -2 -3 12 16 1 -9 3 -2 (4] 1
14859  -25 3] 1 -6 -8 3 19 -12 10 -6 -1
14925 -20 -2 @ -5 -3 -4 -11 -4 13 4
14749 2 4 2 © -2 21 3 -3 4
15129 -13 -76 -11 18 -2 -1 1 -4
14925 20 10 -25 11 4 -6 9
14793 -10 o4 -3 -6 24 -24
14859 6 56 29 -16 9
14793 -50 8 3 -8
15038 -59 -9 10
15038 -15 9
14925 41
14993
11 12 13 14 15 16 17 21 22 23 24 25 26 27 28 29
11 14684  -49 -12 4 -2 -4 -1 4 -6 -2 -2 3 -2 -1 -2 -1
12 15060  -83 20 5 -6 -5 5 -20 -13 -4 6 -9 -2 4 -2
13 14793 @ -6 -59 -3 -8 32 15 2 -1@ 4 -2 -1 -3
14 14950  -47 -13 65 5 -11 -6 -1 21 -35 8 -3 4
15 14810 72 -20 -2 1 -5 -3 -6 -7 -4 13 11
16 14880 7 -3 8 -4 6 -4 9 4 1 9
17 15136 @ 4 1 6 -2 17 3 -2 2
21 14970 -17 -83 -16 20 -5 -3 3 -1
22 14810 48 929 -16 10 4 -2 6
23 15276 -13 52 @ -6 32 -7
24 14718 -12 56 37 -18 8
25 15060 -64 95 25 2
26 14860  -63 -3 2
27 14888 -12 13
28 149/0 -8



Site disorder:

CP47

CP43

p(t)

Harvesting Network Dynamics

o= 0cm™! 0=180 cm !
1 T T T T T
g T=77k, no disorder 37 — gB'gT =77 k W|th disorder 37 &CQT 300k W|th disorder 37 s
43 — 43 — 43 —
45 45 45
46 46 46
0.6 47 w— 47 v— 47 v—

0.4 0.8 1.2

—_

.6 2

0.4 0.8 1.2

0.4 0.8 1.2

—_

.6 2

§3|347 p(0

0.8

0.6

T=77Kk, no dlsorder

)=125><25|

12
14
21
22
23
24
25
26
27

EQ, T 77k W|th d|sorder12
47: p(0)=125><25] 14
21
22
23
24
25
26
27

d -

é‘,& T 300k W|th dlsordenz
47: p(0 I25><25I 14
21
22
23
24
25
26
27




Population Population

Population

06

04

02}

0.8

06

04

02}

EX and CT Reaction Center Dynamics

PSIl RC exciton dissociation - Romero

2 0.3
—
Phe
IEE?:IEE: _ Ppy P, Chly,
€4 o, = {1 0.2
he;"Acc," ——— Diabatic projected
«— thermal density
A
15500 r T T T T
.............. Exciton-CT
0 15400 | ceemeeman d
— 9, CT-CT
1, —
(D) AF’z — 15300
Aggh — Phe1 P2"
Phez* -—0'3 i B!
Phe1 15200 S 64 e’
Phe1'P12* — E/cm’ Phel Acg)® |
Phe, P | =
phe1-plccf - 0.2 15100 N
Acc1,"' K !
15000 | e\ | enif
2.1 Rc e1 pit
14900
— 0
0.2 0.4 20 40 60 80 14800 : : : ! !

t (ps) t (ps)



System |l

Photo System I
Harvesting,
Photo Protection
and Charge
Separation



Population

0.8

0.6

0.4

0.2

t (ps) t (ps)
15300 T 737

inter CP-RC £~10 cm'
15200

41 -
5100 L intra RC ~ 20-160 cm’'
15000 | Shiz?

e/
E/cm’ ‘

14900 |

a4,
14800 | 2.

i
14700 |

CP43 RC-D1 RC-D2 CP47
14600 L

(A) CP43 41

Py, —
Accy, ——
1 Phe,
Phe1 P1 x
Phe, P x

Phe, Acc1

0 02 04 06 0.8

1 10 20 30 40 50

0.1

0.05

Population

0.8 l

21
(B) CP47 22

0.1

0.05




Population

0.8

0.6

0.4

0.2

t (ps) t (ps)
15300 T 737

inter CP-RC £~10 cm'
15200

41 -
5100 L intra RC ~ 20-160 cm’'
15000 | Shiz?

e/
E/cm’ ‘

14900 |

a4,
14800 | 2.

i
14700 |

CP43 RC-D1 RC-D2 CP47
14600 L

(A) CP43 41

Py, —
Accy, ——
1 Phe,
Phe1 P1 x
Phe, P x

Phe, Acc1

0 02 04 06 0.8

1 10 20 30 40 50

0.1

0.05

Population

0.8 l

21
(B) CP47 22

0.1

0.05




Population

0.8

0.6

0.4

0.2

t (ps) t (ps)
15300 T 737

inter CP-RC £~10 cm'
15200

41 -
5100 L intra RC ~ 20-160 cm’'
15000 | Shiz?

e/
E/cm’ ‘

14900 |

a4,
14800 | 2.

i
14700 |

CP43 RC-D1 RC-D2 CP47
14600 L

(A) CP43 41

Py, —
Accy, ——
1 Phe,
Phe1 P1 x
Phe, P x

Phe, Acc1

0 02 04 06 0.8

1 10 20 30 40 50

0.1

0.05

Population

0.8 l

21
(B) CP47 22

0.1

0.05




Population

0.8

0.6

0.4

0.2

t (ps) t (ps)
15300 T 737

inter CP-RC £~10 cm'
15200

41 -
5100 L intra RC ~ 20-160 cm’'
15000 | Shiz?

e/
E/cm’ ‘

14900 |

a4,
14800 | 2.

i
14700 |

CP43 RC-D1 RC-D2 CP47
14600 L

(A) CP43 41

Py, —
Accy, ——
1 Phe,
Phe1 P1 x
Phe, P x

Phe, Acc1

0 02 04 06 0.8

1 10 20 30 40 50

0.1

0.05

Population

0.8 l

21
(B) CP47 22

0.1

0.05




Population

0.8

0.6

0.4

0.2

t (ps) t (ps)
15300 T 737

inter CP-RC £~10 cm'
15200

41 -
5100 L intra RC ~ 20-160 cm’'
15000 | Shiz?

e/
E/cm’ ‘

14900 |

a4,
14800 | 2.

i
14700 |

CP43 RC-D1 RC-D2 CP47
14600 L

(A) CP43 41

Py, —
Accy, ——
1 Phe,
Phe1 P1 x
Phe, P x

Phe, Acc1

0 02 04 06 0.8

1 10 20 30 40 50

0.1

0.05

Population

0.8 l

21
(B) CP47 22

0.1

0.05




T T T T T T T T 0.1
37 — P * -
CP43 41 s 1% RC
0.8 1 44 — | Phe1+
45 Phe1_P1+ x
o 46 Phe, Py~
g 0.6 Phe1 ACC1
<
= 0.05
g 04
Q-‘ ,,,,,
02 | e [ LN
v 0
10 30 40 v 50
S \
(p ) H System Il
15300 pEy 1550 . . . . ; : ;
.............. \Exciton-CT
15200 | 15400\ cemmmemen- \CT-CT
15100 | b 15300 l,
15000 | 2 15200 | .
E/cm’1 - E/cm'1 Phel Acc
14900 | 15100 | __r(a
14800 | 15000 | Vs
.24
14700 | i 14900 r
CP43 RC-D1 RC-D2 cpa7
14600 . . * 14800




OUTLINE:

(1) Spectral Density Calculations

(2) Excitation Energy Calculations

(3) Dissipative Quantum Dynamics for General Regimes

(4) Issues with Linearized Dynamics of Higher Frequency Modes
(5) Spectra (PC645/HPC645) - Influence of Protonation and
“Flickering” Pathways

(6) Quantum Dynamics and Nonlinear Spectroscopy

(7) Coherent State Density Matrix Dynamics (+PLDM)



PE545

MBYV - no
aspartic acid
coordination

histidine ||

histidine

Protonated MBV,g

protonated MBV g5 deprotonated MBVgg

PE545 PCé645

M.K. Lee, K. Bravaya, DFC, J. Am. Chem. Soc., 139, 7803-7814 (2017)

Deprotonated MBV,



2 B (@) (a) Al Approximate Exciton - Vibronic Lineshapes
Hoxvib = 2202 G Qi "la){al Renger & Marcus JCP | 16,9997 (2002)

]:] = ﬁex—"f{ex—vib"‘ﬁvib ﬁvib _ Za Z?(a) %[]%(a)2 4 wl(a)QQl(aD]

Hex = > o ala){al + Za?gﬂ Anpgla)(B]  (Hex eigen states) [M)=>__ a&M)|Oz> hwrk = Er — Ek

Linear Absorption [ A(w) o w ¥y liul*Du(w) | Dar(w) = Re [5 dte™ paro(t) pas = (0]uld) = 3 0

Non-Markovian, 2nd order cumulant Master Equation for reduced density matrix in secular approximation
pro(t) = —iwnopano(t) — 7 Yxp Jo ATCurkn(T)e“rxpro(t) | Crunkr(t) = Y, 3508 alValYall (5e(1)5¢%(0))

(5e*(t)0e*(0)) = (e P g =i )t/hée = 2 [ dwJ @ (w)[(n(w) +1)e™ ™t + n(w)e™]
pyo(t) = exp[—iwnrot — 4 Y i Jo dr(t — 7)Crrrcrar (T) M) n(w) =1/(e™ —1)

[DM(W) e /oo dte! Wz @m0t o[ Gar () =G (0)] =t/ i Cuk (wyk) = fooo drCrk km (T)ewMET
0

wpo = wM > kear I [Ei‘/[ = %fooo deMM(w)/w]
ReCiyy i (w) = L[(1+n(w)) S5 ME(_)]  TME (W) = 3, 108" 2ladY 206 (w)

Lmd = 3 Xk kamr | kara = 2ReCarrc(wonare) [ Gar(t) = & J57 ol () fe?) (n(e) + e 4n(e0)e™] |




5
in

w
Y
n

w
o B
PN

N ™
v w

Site / Exciton Energies [eV]
w

a HPC646 PC646 PC645 . 3am-1
% 17,8963 € MBV Jmtra x10°cm
T e MBV 5 20 52.7726 PCBS2C T T T T f 60
DBVsog T DBV, 36,085
=T T oo = PCBsgac 40
PEBso §1753.1 cm - 20
S—p— - +PCBsaD ’ Jrovn M e ¥ A L.

acB?/B%?\T : T ggg:gé m 0 — 5])' : 750 1“” 1250 1500 1750 § !

site ex ex site %0 514584
b HPCe45 PC645 = ii;;gg PCBSBC |

\l {
i

% 59.2367 f
} 625413
100

Protonated Deprotonated Kl =
MBV,, MBV,, cm™ oo . . r v . . 60
; 40.6568 DBV50C
“I wam H \ 1 D BVSOC 40
T " 34,2849 ‘ :
C645yyey “ ,
g et b
0 50 750 1000 1250 1500 1750
PC645uev ¢ 137.809
» 84.4248 T T T T T T 60
104317 MBVISA
© | 1 179.434 1 40
AT N 0 I M" i 231719 3384.9 1
V‘] c Pt o ﬁ%‘ il ' - cm 20

1500 1750

600 800 1000 1200 1400 1600 1800




OUTLINE:

(1) Spectral Density Calculations

(2) Excitation Energy Calculations

(3) Dissipative Quantum Dynamics for General Regimes

(4) Issues with Linearized Dynamics of Higher Frequency Modes
(5) Spectra (PC645/HPC645) - Influence of Protonation and
“Flickering” Pathways

(6) Quantum Dynamics and Nonlinear Spectroscopy

(7) Coherent State Density Matrix Dynamics (+PLDM)



Ultrafast Nonlinear Spectroscopy

dky + ko + ks




3 SE GSB ESA
. j 9) (gl “]. D] . ] )
B Al Pl IO
| T ,;] 9)(dl o

R R L o) (]
o ﬁﬂ 9)(gl | ﬁ;‘“ 9)(9] ﬁ'l 19) (g

/ dtg / dtQ / dtl

XEt—tg

RO (t3,ty, 1) =

(t—t3—1t2)F

t3 to, t1)

(t —t3 —ta —t1)

W"""r

A~
-

SN——"

[E—1

o

(i) (fults + ta + t1) " (2 +t1) @ (t2) 2(0))
(1)° Tr[ji(ts + ta + 1) @5 (ta + 1) 1 (t1) 17(0)5(0)]



(3) 4 N3+Nsos+ Ny de d No+N; ,
RO (ts, ta,t1) = (i)"Y 11 de, > dRN2+N12—dxt2dpt2d:rt2dpt2 G, G,
k=Ns+N;+1

Ntg Nty ’I’Lt2

N3+Na+Nqi—1 = — N3+ No+N; — — —

Py — P Re—Rin B\ .2 ]

< (™) M <M _ Fk) M <M _ _k> 5 (Paysnist — Pryins)
nt3

€ € M
"'t k=N2+Ni+1 k=N>+Ni+1

= = No+N;—1
— _ P P Z P

€

k=N1+1
No+Ni-1 5 s NotNa
P..,—P Ry — Ry— P, = 5
T T T
272 =N, +1 k=Ni+1
_ _ Ni—1
X 0 (RN1 _GRNl—l _ PNl) < H /de;de> Z /dRdeOdededpo GtoG;o
) nO
Ni—1 ¢
§ P P R _R P % 0N _ _
), T (Pt m) o (B - 20 ()
17 k=1
|g)lea)le;)l )
] [] ] ] [
A A X A X ~ X
Tr 1 I I —u . —pu I 4
] ]

PP (b1 + ta + ta) PP (tr + o) P (t1) p(0)



1

N w/we T C? -1 _
Ho =Y elif)(ijl+ Y Ayyilig) (il J(w) = Dzl = 530, 26 (w — wi) (we! = 300 fs)

1,7=0 ijEOl 10

+ 2 ZCmR 17) UHZ (P2 i Coupled Dimer

ij€01,10,11 m=1

/
\\/ ’6 >
e)

; g) 9°)

-600 -400 -200 0O 200 400 600 -600 -400 -200 0O 200 400 600 -600 -400 -200 O 200 400 600
Q; em™) Q; em™) Q; em™)
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1 i s ! i . . . . [ -

a cutoff frequency of w, = 18 cm~! and a reorganization energy of A = 50 cm~!. The PLDM calculation
presented here is averaged over only 60,000 trajectories initialized from each element of (#Xp('))) with
nonzero amplitude.
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