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® Outline

e Experimental systems

e Proton vibrational dynamics in interfacial PCET
e simulations of quantum dynamics with RDM approach
e dynamics and isotope effects in model systems

e Quantum-classical dynamics of PCET involving solvent
relaxation
e solvent classical dynamics in the uniform continuum model
e short time scale issues
e how do we apply theory to model real systems

e Future directions
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i Motivation

® Photoinduced PCET processes in excited states

Ultrafast PCET in CH3OH/TiO2(110) Tyrosine oxidation models
system Time-resolved transient
TR-2PP experiments spectroscopy
(H. Petek, 2006) (T. Meyer, 2008, 2010)
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@ .
Questions

e Role of excited proton vibrational states and vibrational
relaxation?

e Origin of isotope effects on relaxation time scales
e Role of nonequilibrium solvent dynamics
e PCET mechanisms (EPT, ET/PT, PT/ET, combination)?
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(1) Proton vibrational dynamics
in interfacial PCET
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o Photoinduced Interfacial PCET

Ultrafast PCET in CH30OH/TiO2(110) system: TR-2PP experiments

B. Li, J. Zhao, K. Onda, K. D. Jordan, J. Yang, and H. Petek, Science 311,
1436 (2006)

PCET |
e

CONDUCTION BAND
|

E
¥ DEFECT STATES
PT between adsorbed CH3sOH and
: axial oxygen atom on TiO2(110
70, et O] Y surface : )

® two relaxation time scales

@ fast: <30 fs (polaron formation or surface Ti-O
relaxation?)

Slope = 2.22

Decay time for CH;OD (fs)

@ slow: up to ps range, depends on coverage (solvent
relaxation?)

50

e no slow component for low coverages (< 1 ML) B

0 20 40 60 80
Decay time for CH;OH (fs)

(A8) ABJaug

Tuesday 25 October 2011




PENNSTATE

W Photoinduced Interfacial PCET:
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Model Hamiltonian with strong system-bath coupling (large reorganization
energy):
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W PCET Dynamics via RDM Approach

Second order perturbation theory for weak (renormalized)
interaction and strong system-bath coupling:

Markovian master equations for reduced density matrix (RDM)

_

- A I/Vrm kn(t A kn rm rm,rm(t)
k,n
- A Van ,rm t S A rmkn k ,kn(t)

Transition probabilities: Wi min = #\

11, ez oo o 0 GrEL ENE/h e o 50N
Wi rm= m\\/,k\ SmU., dtd@ W Wh i) g K00

Vrk‘z sz l'J'. dte G- U+Ely ENt/M Git) & (O)¢

Approximations:

e fast bath relaxation (bath is always at equilibrium)
[ J

- Markovian dynamics
discretized electronic states in the conduction band of semiconductor

no direct proton vibrational relaxation (usually much slower) - only through PCET
transitions
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w Interfacial PCET: model

UI, UII
with minima at ro,r',and r'" (r'—=r"=0.5 A)

Energy

£
P P

Proton coordinate

Models with three harmonic proton potentials U°,
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[
r°=r"" (large shift)
H/D electronic populations
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@ Interfacial PCET: Summary

e Multiple PCET transitions
among highly excited vibronic
states (with coherent proton
wave packet) - NO ISOTOPE
EFFECT - femtosecond
timescale

Energy

e PCET transitions among lower
vibronic states (strong
dephasing) - PRONOUNCED
ISOTOPE EFFECT - picosecond
timescale

Proton coordinate
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(1) Photoinduced PCET in polar
solvents: Role of non-equilibrium
solvent dynamics
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@ PSIl biomimetic systems

Photoinduced EPT in hydrogen bonded base
adducts
with 4-nitro-4’-biphenylphenol

/—\ H*
: [OZNOQH?!-BU} —_—

- ON 0 —-"H-NH,-t-Bu
-

Gagliardi , Westlake, Kent, Paul, Papanikolas, Meyer, Coord. Chem. Rev., 254, 2459,
(2010)

e initial charge transfer (n7*) excitation prepares
the proton in highly excited vibrational states

e pump 388 nm: EPT in the excited state

'{na*-ICT)

i(na*-ICT-EPT)

e relaxation occurs on a subps timescale .
(~200 fs) and involves coupled proton 355
vibrational and solvent modes -

ON-OH-B  ON-O-*H-B
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@ PSIl biomimetic systems

Photoinduced EPT in hydrogen bonded base
adducts
with 4-nitro-4’-biphenylphenol

/—\ H*
: [OZNOQH?!-BU} —_—

"“O,N 0 —-"H-NH,-t-Bu
»

Gagliardi , Westlake, Kent, Paul, Papanikolas, Meyer, Coord. Chem. Rev., 254, 2459,
(2010)

e initial charge transfer (n7*) excitation prepares
the proton in highly excited vibrational states

e pump 388 nm: EPT in the excited state

e relaxation occurs on a subps timescale .
(~200 fs) and involves coupled proton 355

'{na*-ICT)

i(na*-ICT-EPT)

388

vibrational and solvent modes 2

e pump 355 nm: excited state PT after
vibrational and solvent relaxation (ps = .
'

timescale) SIS BT
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& Interaction with polar solvent

Uniform Dielectric Continuum Model

(1a)r1a1a(r),£ D1a(r),£ P, () (2a)r5,0,(r) £ D, (r) £ P, (r

EPT

ET

FapopF) ® T oa0n(0) = Fipa(F) + FppF) = 1p,(1)

15
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Interaction with polar solvent
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W

Uniform Dielectric Continuum Model
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Interaction with polar solvent
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Uniform Dielectric Continuum Model
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Interaction with polar solvent
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Uniform Dielectric Continuum Model
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W Interaction with polar solvent

e solvent degrees of freedom = inertial polarization vector field
P(r)

e electron-proton vibronic Hamiltonian parametrically depends
on solvent polarization field

F 'Ia'la(rp’P) VPT VET \VEPT
Tp+; \VPT h1a1a(rp’P) \VEPT VET
[ VET \VEPT h1a1a(rp’P) \VPT
\VEPT VET VPT h1a1a(rp’ P)

hy(r,,P) = hXr,)- UP)D,(r)aV

Gas-phase / \ Interaction with

potential polarization

[Basilevsky, Chudinov, Newton, 1994; Soudackov, Hammes-Schiffer, 1999]
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W Interaction with polar solvent
Vibronic free energy surfaces

e Generalized Marcus model

e polarization field P(r) can be rigorously mapped onto scalar
solvent coordinate(s) - differences in interaction energies
(“Zusman energy gap coordinate(s)”).

e electron-proton vibronic Hamiltonian parametrically depends on
solvent coordinate(s) - diagonalization provides vibronic free

energy surfaces

U,(Z,Z.) = S(Z,,Z)+ W, (Z,,Z,)

/ \ AN

free energy of self (free) energy of the vibronic energy including
n-th vibronic state polarization field solute-solvent interaction
(depends on reorganization energidfjom vibronic Hamiltonian)

[Basilevsky, Chudinov, Newton, 1994; Soudackov, Hammes-Schiffer, 1999] 18
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@ Interaction with polar solvent

Four-state model: 2D vibronic free energy surfaces

diabatic vibronic free energy surfaces ground state adiabatic
(only ground vibrational states shown) vibronic free energy surface
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@ Solvent dynamics

How system evolves on free energy vibronic surfaces

Solvent inertial polarization dynamics - generalized
Langevin equation

Dynamical Generalized Random
operator force field
Fluctuations of \ \aJ[P] /
o arizatior F P(r,t) = - + R(r, 1)

Felderhof 1977 <

Ovchinnikova 1985 )
exact r . z()
transformation 2t = |

2 ()

Fluctuations of

scalar variables s I _ _ [ -
{z): (f' %)Z(t) = Vn iz + F(t)
dM —>Dynamical (relaxation) Regular Random
operator forces force

Complex dielectric function
20
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@

Solvent dynamics

How to obtain an explicit form of the dynamical operator

21
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& Solvent dynamics

How system evolves on free energy vibronic surfaces

Onodera model of dielectric relaxation — ordinary Langevin

equations:
ft th(t) ‘Vez\t) - —W - Igz + F(t)
Acceleration term Friction Regular Random
(with effective mass) force forces force

Solvent parameters from solvent dielectric

- e - e
function gw) = e + ' 0 . '
e longitudinal dielectric relaxation time 7= (1- lth)(1 - IWtO)
gooTD/g()

e short time rotational relaxation period 7,

(from molecular moment of inertia) : 1 1 1
e dielectric constants ¢, ¢, ; inverse Pekar 0 4_p o ) ;
factor ) 0

22
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W Non-adiabatic dynamics

How system evolves on free energy vibronic surfaces

Mixed quantum-classical nonadiabatic dynamics:
Tully’s Fewest Switches Surface Hopping

X/
(Fm|—=HIF )

d,,(2) = <Fm‘_ n>= e,(2)- e, (2

>
>

solvent

e classical trajectories along solvent coordinates evolve on the adiabatic
surfaces

e quantum amplitudes are propagated by solving TDSE (between classical
timesteps)

e trajectories are allowed to “hop” or “switch” between surfaces (with
probabilities depending on the magnitude and direction of the
nonadiabatic coupling vector dmn)

e swarm of trajectories is propagated in time and the time-dependent

23
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i PCET mechanisms

from analysis of dynamical trajectories

0

-10

Z, (kcal/mol)
b5 b & &
o o o o

|
o]
o

|
~
o

—25 20 156 -10 -5 0 5
Z, (kcal/mol)

e concerted pathways
EPT: (1a) - (2b)

e sequential pathways
PTET: (1a) —» (1b) —» (2b)
ETPT: (1a) — (2a) — (2b)

e complex branching pathways + vibrational
relaxation

24
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W Model PCET systems

Model | Model Il

Model | - collinear PCET system

e strong electron-proton electrostatic
coupling

estates 1la and 2b lower in energy than 1b

and 2a grthogonal PCET system
(bidirectional PCET)

Model Il
eweak electron-proton electrostatic
coupling

25

Tuesday 25 October 2011




PENNSTATE o o
o Initial Conditions:
Franck-Condon excitation to 1a vibronic manifold

Y(t=0)) = 1) m) = AcOJF,)
Initial proton wavepackets

Initial solvent distributions
Ulh

Energy

025 0 025 [fp[A]

Type A
e solvent out of equilibrium with respect to ET (shift along Z. coordinate)

e proton vibrational wavepacket - ground vibrational state of 1a electronic state

Type B
e solvent out of equilibrium with respect to both ET and PT (shift along Z. and Z,

coordinates)
e proton vibrational wavepacket - shifted towards 1b state (coherent mixture of
26

vibrational states of 1a electronic state)
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o Simulation results
Concerted EPT: Collinear PCET model IB

(b)
3 10
E | it s 2b.
© 0
(&) -
—
Q-10’
b
— 30
(@]
S ‘SM
—
@ 0
(&)
. b
= _yg [ e
Q
2 2 >_30 s . a
0 2 4 6 8 10 0 2 4 6 8 10
t [ps] t [ps]

e at t=0: coherent mixture of vibrationally excited states (proton is
shifted) and solvent highly out of equilibrium

e at t =oo: ground vibronic state with equal populations of 1a and 2b
minima

27
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Simulation results
Concerted EPT: Collinear PCET model IB

AN e e e
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i Simulation results
Concerted EPT: Collinear PCET model IB

t =0.00 ps

(b)

10

0

-10

30
15
0

Ye [kcal/mol] Yy [keal/mol]

e Mechanism (fast EPT followed by vibrational relaxation)
e during initial 0.5 ps - fast concerted EPT (1a—2b) in excited states

e subsequent proton vibrational relaxation to the ground vibronic state (~10-20

ps)
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o Simulation results
Combination of EPT and ETPT: Collinear PCET model IA with bias

(@)

1.0
0.8
° 0.6
Q 04
0.2
0.0
1.0
osf ~~ | 88 k------- da
© 0.6
o 0.4
0.2
0.0

5 10 15 20
t[ps]

e at t=0: Higher excited vibronic states and solvent highly out of
equilibrium

e at t =oo: 1-st excited vibronic state with entire population in 2b
minimum (bias)
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Simulation results

Combination of EPT and ETPT: Collinear PCET model IA with bias
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i Simulation results
Combination of EPT and ETPT: Collinear PCET model IA with bias

(@) (b)

1.0 = 20
0.8 -0 g

- 0.6 =l = 10}

& 31 §

Q. 0.4 31 £ o
0.2 =5 =
0.0 > _10
1.0 = 20
0.8 2

© 0.6 = 0

S ©

Q 04 ©
0.2 °

0.0

e Mechanism (combination of EPT and sequential ETPT)

e during initial 3 ps: combination of ET (1a—2a) and EPT (1a—2b) in excited
states

e following ~20 ps: combination of PT (2a—2b) and proton vibrational
relaxation
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i Simulation results
Sequential ETPT: Orthogonal PCET model lIA

(@) (b)
1.0 —_ 20
o]
-0 £ ———
g 0.6 -1 ©
QU 04 -2 2 O -
0.2 "o —10 TSR .
>
o0 2
08 e %
o E 15 Hﬂ
B T 0
QC 0.4 &
0.2 o ~15 P GELa%a]
0.0 >~ -30

t [ps] t [ps]

e at t=0: ground and 1-st excited vibronic states; solvent out of
equilibrium along along ET solvent coordinate

e at t =oo: ground vibronic state with equal populations in all 4
minima

29

Tuesday 25 October 2011




PENNSTATE

W Simulation results
Sequential ETPT: Orthogonal PCET model lIA
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Simulation results

Sequential ETPT: Orthogonal PCET model IIA

(@)

1.0
0.8
0.6 —
0.4 -2
0.2
0.0 SR e————
1.0 - la
0.8 -1b
o 0.6 - 2b

C 0.4

0.2

0.0

Pad

(b)

Ye [keal/mol] Yp [kcal/mol]

20

t = 0.00 ps

e Mechanism (sequential: fast nonadiabatic ET followed by slower adiabatic

PT)

e during initial 200 fs: fast nonadiabatic ET (1a—2a) and relaxation to ground

state

e following ~10 ps: adiabatic (over-the-barrier) PT (1a—1b and 2a—2b)
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a3 Simulation results

Complex mechanism: Orthogonal PCET model IIB

(@) (b)
1.0 = 20
O
0.8 E 10F _ o 1g/2a |
s 3 o
: L. i A el bi2hbe
0.2 >~o.
0.0 -20 i
1.0 — 30 .
il O L Lol a
0.8 B ) g 15 b
© 0.6 -2a ]
= 2ot © t"
QC 0.4 . 2 O
0.2 ‘_CD‘ =151 T2 .2a/2b ]
0.0 > -30
0 2 4 6 8 10 0 2 4 6 8 10
t [ps] t[ps]

e at t =0: higher excited vibronic states (coherent mixture due to
proton shift); solvent out of equilibrium along along both ET and
PT solvent coordinates

e at t =oo: ground vibronic state with equal populations in all 4
minima
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W Simulation results

Complex mechanism: Orthogonal PCET model IIB
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@ Simulation results

Complex mechanism: Orthogonal PCET model 1IB

() (b) t =0.00 ps
1.0 [ 20 -
o}
0.8 £ 10| _ sl
° 0.6 % Or ’M
Q 04 2 /M ,
0.2 = _qo [T S —
0.0 > 20
1.0 % 30
g.g 3 25; £ 15|z - ~lailey
S 0. -2a ) v
QC 04 A 12t-~
0.2 o -~ 2aj2b .
0.0 > -30
0 2 4 6 8 10 0 2 4 6 8 10
t [ps] t [ps]

e Mechanism (highly collective with branching)

e initial ~1 ps: fast relaxation to the central region of strong nonadiabatic

couplings

e following ~10 ps: multiple nonadiabatic transitions down the central funnel
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S(1), C(1)

1.0

0.5

Limitations of the continuum

A

C343”

| .'; L ]

I

H4 1
q Aq |

Time (ps)

Jimenez, Fleming, Kumar, Maroncelli.
Nature 369, 471-473 (1994)

e B s

L1

0.2H"

|~

Model
« with a single timescale

—

Model
with two timescales
\_ .2
L
0.5
Time (ps)

1

Continuum model with Onodera dielectric function

e model with single relaxation period may not be good enough for
most of the dipolar solvents (as demonstrated by MD simulations
and experiment)

e may be missing short relaxation timescale associated with fast

motions in the first solvation shell

e practical implementation of solvent dynamics is restricted to
Debye-like models of dielectric relaxation with maximum of two
relaxation periods
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(eH Molecular solvent model

Ben Auer

Work in the final stages (Ben Auer)...

e 4-state EVB [A. Warshel] for PCET reaction complex + explicit
molecular solvent

e adiabatic vibronic states are obtained by quantization of the proton
on the fly

e surface hopping with classical dynamics on the adiabatic vibronic
surfaces (with Hellman-Feynman forces calculated on the fly)
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i Future directions

@ Implementation of models with multiple relaxation time scales

@ Applications to real systems: T. Meyer’s experiments

® need accurate gas-phase surfaces for excited states (work in progress -
Brian Solis in collaboration with Massimo Olivucci, Universita di Siena)

Brian Solis Massimo Olivucci
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