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Example from the vision process
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Evidence for the ultra-fast isomerization

The First Step in Vision: Femtosecond
Isomerization of Rhodopsin

R. W. SCHOENLEIN, L. A. PETEANU, R. A. MATHIES, C. V. SHANK

The kinetics of the primary event in vision have been resolved with the use of
femtosecond optical measurement techniques. The 11-cis retinal prosthetic group of
rhodopsin is excited with a 35-femtosecond pump pulse at 500 nanometers, and the
transient changes in absorption are measured between 450 and 580 nanometers with
a 10-femtosecond probe pulse. Within 200 femtoseconds, an increased absorption is
observed between 540 and 580 nanometers, indicating the formation of photoproduct
on this time scale. These measurements demonstrate that the first step in vision, the
11-cis—11-trans torsional isomerization of the rhodopsin chromophore, is essentially
complete in only 200 femtoseconds.
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R. W. Schoenlein, L. A. Peteanu, R. A. Mathies, & C. V. Shank, Science 254, 412 (1991)



... and even faster isomerization
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PHYSICAL CHEMISTRY
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The Primary Photochemistry of Vision Occurs at the Molecular

Speed Limit

Philip J. M.Jﬂhn_?ﬂn,d; Marwa H. ]:'*‘;'lra'lgﬁ"_'lﬁ Alexei Halpin,ll" Takefumi Morizumi, Valentyn L. Prokhorenko,”

Jasper Knoester,” Thomas L. C. Jansen,” Oliver P. Ernst, " and R. J. Dwayne Miller®
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Two baths at different temperatures




Coherent Vs incoherent light excitation

Ultrafast spectroscopy : Schrodinger + light pulse
V(1)) = —i [y dre™ 0D (- B(7))e 17 |g)

D Vi Same light over
-7 L the ensemble
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T. Grinev & P. Brumer, J. Chem. Phys. 143, 244313 (2015)



Description of an open system
(subsystem + environment)

Wiot) = D1 lPr)[Xk)

States of the States of the
subsystem environment
What we are interested Iin What we cannot know exactly

Coupling with environment
- Population transfers between different | ;. )

Schrodinger equation (unitary) — no transfer

D)) = —iH|Dy)
Solution: quantum master equation (non unitary)
/ﬁ = [1[63 W (0),t] P =2 11| Pk)pri(P1]
(Reduced) density matrix Liouvillian: non-unitary 7

of the subsystem generator



Two baths at different temperatures

Quantum master equation : p = Lp = —i[H, p| + Lc[p] + L [f]

Radiative hot bath

(photons from sunlight) ottt ®)
at equilibrium (~5800 K) 0g || L=0060 Cd/m’ g
e L =0.030 Cd/m’

06l L=0015Cd/m’ ]
04 —

ook
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Subsystem (chromophore) time (ps)

out of equilibrium

Time scale depends on
the light intensity

K. Hoki & P. Brumer, Procedia Chem. 3, 122 (2011)



Schematic view: a 3-state toy model

hv
photons




Separation of the excitation step

Rate independent of light type - k3.

10

How to estimate this rate?



Rate theory at equilibrium

Kir)etic model:
pr. = kLrPR — KRLDL

hu Pr = krLPL — KLRDPR

To be fitted from dynamics:

ARJEL . 1) asymmetric perturbation of equilibrium
kRL 2) equilibration dynamics

-
kLR

Approximate treatment:

1) initial state from PT1 + dynamics + population evaluation - linear response
(perturbation = step function)

2) decaying exponential assumption - rate given by time derivative

- flux-flux correlation function = fluctuation-dissipation theorem
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W. H. Miller, J. Phys. Chem. A 121, 793 (1998)



Real process: long timescale ~ seconds

Radiative bath
(photons from sunlight)
at equilibrium (~5800 K)

Subsystem (chromophore)
out of equilibrium

- Non-Equilibrium Steady State (NESS)

Markovian quantum master equation with unique NESS 1

B. Brumer, J. Phys. Chem. Lett. 9, 2946 (2018)



Liouvillian: a quantum network

p=Lp=—i[H,pl+ Lclp] + Lulp (@11 [|@2) (03] |23)
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Feshbach'projection technique

Pp =Lipppp + Lipcpe
,éc :chpp T Lccpc

} Equation for populations only

J. Wu & J. Cao, J. Chem. Phys. 139, 044102 (2013)
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How to group states?

“Coarse-graining”

R
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Puis = o) (gl + 10T Byans = 12)(2]
PL — tr{Pcisﬁ} PR = tr{Ptransﬁ}

pr = kLrPr — ERLPL
PR = krLPL — KLRDPR

Extract an equation for cis and trans populations only
and valid in the steady state —. Feshbach projection
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The Feshbach-Fano projection technique:
Definitions

Quantum Master Equation in the Liouville space
p=L|p] ~ “Hilbert space squared”

Need for Liouville space projectors (acting on operators)

A A

— Hm S @mtr{Pm‘} with Pm = tr{Hm[ﬁ]} @m — thPsfi)m
f I‘{Pmps}
Projector in Hilbert space (P..., Pirans) Steady state

- Q=1- Zm 11,,  Projector on the complementary space
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|. Navrotskaya & S. J. Hammes-Schiffer. Chem. Phys. 131, 024112 (2009)



The “coarse-grained” stationary equation

p=Lp=—ilH,pl + Lcp] + Llp]

Projection Complete set of projectors: i % :Hl
Ip = ILIp + TILQp Qp = QLII) + QLOp

Solving for Qp in the steady-state Q,é =0
Qp = —(QLQ)"' QLI

Tracing for the populations

P = 2, tr{Pn(1 = L(QLQ) 1 Q) Lo }pn

e

kmn

Population master equation (only valid in steady-state) 16

L. Joubert-Doriol et al. J. Chem. Theory Comput. 19, 1130 (2023)



The “coarse-grained” dynamical equation

kmn - decay-time t®

.

P = tr{Pn (1 — L(QLQ) " Q)L }py o
+ tr{ P, Le%F 21 Q[p(0)]}
t
+> / Artr{ P Lo QL 5, ] 1pu (1)
n Y0
4+ Z tr{ P, L(QLQ) *QL[6n]}Pn
n = M

Non-Markovian: decay-time t® dictated by QL O

Dynamics governed by rates for t® <<t < t'¥

17

L. Joubert-Doriol et al. J. Chem. Theory Comput. 19, 1130 (2023)



Dynamics In the three states model

| Markovian dynamics

10721 ’_\/

(3-state)
J=2x10"5

a.u.

Exponential decay

Quantum Master Equation: Lindblad

p= —ilH,p]+ Lc|p] + Lu|p]
Hamiltonian + Cold bath + Hot bath
(Jump operators)
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L. Joubert-Doriol et al. J. Chem. Theory Comput. 19, 1130 (2023)

Time, 109 a.u.
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Dynamics In the three states model

Quantum Master Equation: Lindblad

p = —i[H,pl+ Lc[p] + Lu[p]
Hamiltonian + Cold bath + Hot bath

(3-state) (Jump operators)
J=0.02 a.u.
Non-Markovian dynamics Ny Non-Exponential decay
1077 '
0.5
10718 P
Ni_; Term 1 Hi; 0.0 "l..----:E::::unlhnn ----------------
= 407 Term 2 T e——
Position of t?/ < . Exact Pg « Model p,
Position of t" < 05 |+ Exact p, + Model p,
' Exact p, t") position
1079 « Modelp; —— 2 position
10° 10* 10° 10° 107 1000 0.25 0.50 0.75 1.00
Time, a.u. Time, 108 a.u.
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L. Joubert-Doriol et al. J. Chem. Theory Comput. 19, 1130 (2023)



NESS rates In the three states model: 3 groups

Quantum Master Equation: Lindblad

p = —i[H,pl+ Lc[p] + Lu[p]
Hamiltonian + Cold bath + Hot bath
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L. Joubert-Doriol et al. J. Chem. Theory Comput. 19, 1130 (2023)



3 groups Vs 2 groups
Quantum Master Equation: Lindblad

p = —i[H,pl+ Lc[p] + Lu[p]
Hamiltonian + Cold bath + Hot bath

Rate ky
g

L' (B+Ty)

krr = r(B4+T#)+Tu+Tc,

6 — JQ(Zblue ) r = Pgg
(2 biue I'5)2+AZ PggTP11 21

L. Joubert-Doriol et al. J. Chem. Theory Comput. 19, 1130 (2023)




A more realistic spin-boson model
(2- state 1-dimensional harmonlc oscillator)

I ; \A,>I I _Z[H(ﬁ]) ’ LH[(]B)
2l ! +Lo 1l + L&)
S l - (Has A
5 [/ hw H = N
" %Ll <A HB)
hv —
U Harmonic oscillators
0 " o ax . ” + Lindblad baths
q, a.u.

Lulpl =Tua+ng) (ppp" — 54106 — 5p0" ) + Tang (AT pp — 50476 — $p0aT)
Excitation number, T=5800K i =|A) (B] Photon absorption rate ~ ps™*

£ [5) = To(l +n) (aapal, — 3akiap — 3pakia) + Toniy) (ahpaa — 3aadlp — $paadl)

) .
Excitation number, T=300K  Annihilation Phonon absorption rate~ ps™'
22



Energy, 0.01 a.u.

“Coarse-graining” of the model

P1

Pg

|A)

P2

LI R

0 Ix 5

g, a.u.

10

First choice of projectors:

Pr = [* dq |q) (g
Pr = [ dq |g) (g

X

Rate of interest: kgL

Second choice:

P, = |A) (A Py
P, = |B) (B| P;,
P, = Py

Rates of interest: k14
ko1
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Comparison between the models

Rate, a.u.
Ii{ate 1
lg 107
k21
k
107° — k?;
KaL
kRL
10—1&
10
L'y g 107 1074 1072 10° 102
'y, 10 a.u.
3-state model, Spin-boson model,
analytic results Numerical results

Similar behavior at low I"z: k5 IS constant
while krr increases linearly 2

L. Joubert-Doriol et al. J. Chem. Theory Comput. 19, 1130 (2023)



Comparison with an ultra-fast vertical excitation

6

Vertical excitation rate:
Inverse average time of first

34 passage
m 2y Rate kg, a.u.
hl/.,-\/ A
° -5 0 9x 5 10 10~
g, a.u.
10~7

iIncoherent excitation
no radiative excitation
vertical excitation

The ultra-fast process ™
IS several orders of
maghnitude faster 107"

10° 300 10° 5800 m‘*’
Phonon temperature, K
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Conclusion & future work

T = 5800 K Projection of the

quantum master equation

1) Steady-state rates
Emn = tr{ P, (1 — L(QLO)"1Q)Lp,}

- satisfies global balance

- but non-unique 0
ILn,::@nﬂm{f%no}

Currently: measurement  om = ;52

In the Secular limit: -conserves detailed balance
-uniqueness of the rates

p=Lp

p =kp
on-equilibrium
steady state rates

A A

To do: uniquely define projectors that satisfy
physically relevant properties

2) Major differences between timescales from ultrasfast
excitation and incoherent excitation

To do: test the method on a retinal model

L. Joubert-Doriol et al. J. Chem. Theory Comput. 19, 1130 (2023)
S. Hahn & G. Stock, J. Phys. Chem. B 104, 1146 (2000)
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