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Charge-Transfer Processes in Condensed Phases

Density of energy gaps (X = h̄ω):

FCi(ω) = h̄〈δ (h̄ω − ∆E(q)〉q,i = e−βFi(h̄ω)
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Inhomogeneous Solvent-Induced Broadening

Iabs/em(ν) =
[
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Spectral Band-Shape
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Convolution of gas-phase and solvent-induced bands:

FCi(ν) =

∫

FCi,gas(ν − x)FCi,solvent(x)dx



What do we expect to see? Steady-state spectra.

Solvent component of the band:
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Time-Resolved Spectra

Time-resolved excitation:

g

e t = 0

t = ∞

Linear response:

SΩ,i(t) =
〈Ω(t)〉i − 〈Ω(∞)〉i
〈Ω(0〉i − 〈Ω(∞)〉i

Ci(t) =
〈δΩ(t)δΩ(0)〉i
〈δΩ(0)2〉i

SΩ,i(t) = Ci(t)

TRF broad-band excitation:

g

e
t = 0

t = ∞
λi(t) = λ = Const



Marcus-Hush Theory of Electron Transfer

Two-parameters model:

∆F act =
(λ + ∆F0)

2

4λ

λ is the reorganization energy

∆F0 is the driving force.

FCi(X) = e−βFi(X)

Energy gap law is the same
for charge separation (CS)

and charge recombination

(CR)

-2 0 2 4
X

0

2

F
i(X

)

X=0

∆F
0

<δX
2
>=2λkT

-2 0 2 4
-∆F

0

-2

0

-∆
F

ac
t CS CR



The Approximation of Fixed Charges

Transition i = 1 → i = 2:

H(i) H
(i)
0 − 1
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j e
(i)
j φsolv

j

−−−−−−−−−−−→
dipolar solute

H
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0 −m0i ·R
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solute dipole moment

R is the reaction field of the nuclear subsystem of the solvent.

Marcus-Hush picture is adequate when electronic transition

changes (partial) charges of the donor-acceptor complex

(optical chromophore)



Deviations from the Gaussian (Marcus-Hush) Picture

Experimental Evidence:

• Asymmetry between CS and CR

energy gap laws

• Asymmetry between steady-

state absorption and emission

lines

• Change in the time-resolved op-

tical width



Polarizable Solute
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αi is the solute dipolar polarizability

Two sources of “polarizabil-

ity”:

• D-A coupling through

mDA

• Coupling of D and A states

to other electronic states
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Q-Model

Hamiltonian:

Hi = H
(i)
0 −m0i·Rp−

1
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Free energy surfaces:

Fi(X) = F0i +

(
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α2 = 1 + α1, α1 is the non-parabolicity parameter

α1 =
(

3

√

λ1/λ2 − 1
)−1

When α1 → ∞, the parabolic surfaces are obtained

Fi(X) = F0i +
(X − ∆F0 ∓ λ)2

4λ
, λ1 = λ2 = λ



Q-Model: Properties

Energy conservation:

F2(X) = F1(X) + X

Connection to spectroscopic ob-

servables:

λi = βh2〈δν2〉i/2 α1 = −
h∆νst + λ2

λ2 − λ1

-100 0 100
βX

0

40

80

β(
F i(X

)-
F

01
)

βλ1=40
α1 =−42 1

X0

∆F0 = h
νabs+νem

2
− λ1

2
α1

(1+α1)2

Marcus-Hush term Correction from non-parabolicity

Consistency condition:

γ =
σ2

abs

σ2
em

×

(

σ2
em − 2kTh∆νst

σ2
abs − 2kTh∆νst

)3

≡ 1



Reorganization Energy of Polarizable Chromophores

λi = ap (fi/fei)
[

∆m̃0 +2ap ∆α̃0 m0i

]2

nuclear polarization response, µp = apm
2
0

dipole moment change polarizability change

∆α̃0 = fe2α02 − fe1α01, ∆m̃0 = fe2m02 − fe1m01

fei =
[

1 − 2 ae α0i

]−1
fi =

[

1 − 2apα0i

]−1

ae is the response of induced polarization, µe = aem
2
0



MC Simulations of Transitions in Polarizable Chromophores
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Umbrella Sampling Simulations of ET Free Energy Surfaces

Solute:
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m01 = 3.6D, α01 = 4.43 Å3

m02 = 9.8D, α02 = 8.86 Å3

Solvent: polarizable water.
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γ-parameter in Nonlinear Dipole Solvation
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TRF band-shape
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Time-Resolved Correlation Functions
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Coumarin-153
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Hybrid Model

• Coupling between the D and A states is explicitely considered

• Coupling to all other states is accounted through the dipolar

polarizability

ᾱ0 = α0 − 2
|m12|

2

∆EDA

Solute-solvent coupling:





−m01 ·Rp −
1
2 ᾱ01R

2
p

−m12 ·Rp −m02 ·Rp −
1
2 ᾱ02R

2
p


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−m12 ·Rp

non-Condon coupling

Electron-phonon coupling:
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0
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electronic population



Model and Physical Picture
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Calculation Procedure
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Coumarin-153 band-shapes
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Spectral intensity and the Franck-Condon factor

Lax, Kubo-Toyozawa, Davydov, 50’s. Spectral intensity:

Iabs/em(ν) ∝ |m12|
2FCWD(diagonal matrix elements),

m12 is the transition dipole arising from the interaction with the external

electric field of the radiation

−m12 ·E0(t)

In a polar medium,

−m12 ·R

R is the solvent local field.

Iabs/em(ν) ∝ |m12|
2FCWD(m12)



Conclusions
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• The 3-parameter Q-model allows more flexi-

bility in describing electronic transitions in con-

densed phases. Simulations show that the theory

describes very accurately model systems.
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• The time-resolved generalization of the Q-

model gives the time-dependent spectral band-

shape.
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• The hybrid model including direct D-A cou-

pling + polarizability reproduces experimental

band-shapes of steady-state spectra.

4.6 4.8 5 5.2 5.4 5.6

∆−ν
st
(calc)/kK

0

1

2

3

4

5

∆− ν st s
,v

/k
K

solvent-induced

vibrational

• The solvent-vibrational coupling may be ef-

fective through the dynamic redistribution of the

electronic density between the donor and accep-

tor states.
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