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The linear and nonlinear optical properties of charged push-pull polyenes (CPPP) are, respectively, of interest
in connection with unusual linear spectroscopic solvatochromic behavior in solution and other polar media
and applications ranging from second harmonic generation to imaging and probing of biological systems.
The CPPP are charged conjugated quasi-one-dimensional molecules containing an electron-donating group
(D) and an electron-acceptor group (A) interacting via aπ-conjugated bridge. Here we present a theoretical
description for photoinduced charge transfer for such molecules in solution, based on a two valence bond
state electronic description together with inclusion of a geometrical coordinate for the bridge and a solvent
coordinate describing nonequilibrium solvation of the molecule. The theory both accounts for the anomalous
linear solvatochromic behavior and provides a treatment of CPPP nonlinear optical properties in solution.

1. Introduction

In this paper, we develop a theoretical description for
photoinduced charge transfer (CT) for the important molecular
class of charged push-pull polyene molecules (which are also
called hemicyanines) in polar environments. Hereafter, we
designate such charged push-pull molecules via the notation
CPPP. The so-called “push-pull” compounds are conjugated
quasi-one-dimensional molecules containing an electron-donat-
ing group (D) and an electron-withdrawing group (A) interacting
via a π-conjugated system (cc). A charged example is shown
in Figure 1 and is in contrast to the “normal” or noncharged
push-pull polyenes, which we will designate by PPP, illustrated
in Figure 2.

By the photoinduced CT terminology used above, we mean
a CT that is induced by optical excitation such that the charge
distribution of the Franck-Condon accessed electronic excited
state differs significantly from that in the ground electronic state.
In the most primitive and limited picture, there is a CT from
the donor to the acceptor group in the electronic transition. This
photoinduced CT is to be distinguished from the situation where
after excitation a subsequent chemical reaction occurs, as in,
for example, photoisomerization, twisted intramolecular charge
transfer, or excited-state proton transfer.1

The photoinduced CT for the CPPP and the PPP families is
central for two extensively studied experimental contexts: (a)
their linear spectroscopy, that is, absorption and fluorescence,
and the influence of the environment thereupon; (b) their
nonlinear optical properties in polar environments. We now give
an overview of these contexts, beginning with the second.

Molecular nonlinear optics2 (NLO) has attracted major
attention for the past two decades, in large part owing to its
applications in various fields, including telecommunications,
optical data storage and optical information processing,3 optical
power limitation,4 microfabrication, and optical imaging of
biological media.5 Considerable experimental and theoretical
work has been dedicated to the design of molecules with
optimized NLO responses.6,7 The linear and nonlinear optical
properties of such compounds can be significantly influenced
by the polarity of their environment.8,9 This feature certainly
must be taken into account, because most potential applications
involve condensed media, in which local electric fields can
significantly influence the molecular NLO responses. Accord-
ingly, significant effort has been devoted to the investigation
of electric local field and polarity effects on optical linear and
nonlinear responses of push-pull dipolar compounds.10-17

Most such efforts have focused, however, onneutraldipolar
molecules. For a different molecular class,chargedcationic
push-pull chromophores, such as stilbazolium derivatives,18

have been shown to have very large NLO responses in
condensed media and are particularly promising for assorted
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Figure 1. Example of charged push-pull polyene.

Figure 2. Example of “normal” push-pull polyene.
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applications, ranging from second-harmonic generation and
electrooptical materials19 to high-resolution imaging of biologi-
cal cells.20 Amphiphilic styryl dye derivatives have been used,
for example, for imaging of biological processes such as fusion
and adhesion21 and are particularly promising as voltage-
sensitive probes for real-time in vivo monitoring of cellular
membrane electric potentials.22-24 These two uses are at the
heart of the design of neuroelectronic devices, coupling neurons
and silicon chips.25

The optical properties of such charged push-pull chro-
mophores are known experimentally to be responsive to the
environment and local electric fields.26,27 In fact, the spectro-
scopic behavior of hemicyanine dyes (e.g., Figure 1) with
increasing solvent polarity is quite unusual: the absorption
spectrum is blue-shifted, while the fluorescence spectrum is red-
shifted, that is, the absorption energy increases, while the
emission energy decreases.26-30 We emphasize that such
behavior is doubly unusual. First, the absorption and fluores-
cence spectra shift inoppositedirections; second, a more polar
solvent shifts the absorption spectrum to theblue. As discussed
in detail in section 2, such opposite shifts of absorption and
fluorescence spectra are unexpected for absorption and emission
processes involving the same excited electronic state. In the
simple (and common) view in which one only considers the
equilibrium solvation of the ground and excited states, the
solvent polarity shifts of the absorption and fluorescence would
be in the same direction. In addition, the observed blue shift in
absorption is rather uncommon for push-pull polyenes.

There have been some previous attempts to explain aspects
of these anomalies, but they are too restrictive, focusing solely
on the absorption blue shift, and unfortunately are incorrect
because when extended to the emission behavior, these explana-
tions predict a blue shift, in contradiction with experiment.26,32,33

In what follows, we focus on both the explanation of the
above-described unusual spectroscopic behavior and the treat-
ment of the NLO properties of the CPPP molecular class of
chromophores. These are, in fact, intimately connected: a correct
treatment of the absorption and its solvatochromism is required
to account for the NLO properties and their environmental
sensitivity.

To this end, we employ and extend the basic formulation of
the previous theoretical work of Thompson et al.,16,17 which is
couched within the fundamental framework of a two valence
bond (VB) state description14,16,17,34-37 and includes explicitly
both the influence of nonequilibrium solvationsrequired by the
Franck-Condon nature of the spectroscopic transitionssand the
geometrical coordinate associated with a change in single and
double bond alternation for the ground and excited states. The
two VB state formulation for polyenic systems was introduced
in different ways by the Goddard group14 and by Barzoukas
and Blanchard-Desce and their collaborators.34,38-40 The simul-
taneous inclusion of the geometric bond alternation coordinate
and a nonequilibrium solvation coordinate in the two VB state
formulation of Barzoukas and Blanchard-Desce was first ac-
complished in refs 16, 17, and 41.

The two VB state formulation is particularly useful for the
discussion of NLO properties because NLO responses have their
fundamental origin in the feature that the ground and excited
(adiabatic) electronic states aremixturesof the (diabatic) VB
states, the latter being strongly electronically coupled. This
essential point can be illustrated by consideration of the (linear)
polarizabilityR. This will be largest when the ground electronic
state is close to an equal mixture of the VB states; the molecule
is then easily polarizable over these states. Further, it is the

feature that this degree of ground state mixing can bealtereds
by different donor and acceptor groups, intervening chains, and
solvent environmentssthat needs to be comprehended and
exploited by molecular engineering and choice of environment
to optimize the NLO properties.

This strongly electronically coupled two VB state perspective
has not been much employed in the discussion of spectroscopic
properties, but as will be seen, it provides both a natural,
convenient, and illuminating description of the spectroscopy and
a direct connection to NLO properties.

Our major focus will be on the CPPP molecule in a polar
environment in theabsenceof any counterion. However, our
analysis in the general case for both normal and charged
polyenes is valid for the charged polyene together with its
counterion; we only neglect the counterion when applying the
general model in specific model applications within. We also
justify the neglect of the counterion. We shall see, for example,
that the anomalous spectroscopic behavior can already be
predicted without any influence of a counterion.

After the work presented here was completed, we became
aware of the work of Fromherz,42 in which a correct qualitative
explanation of the anomalous spectral shifts was given. As
described in more detail within, the present work goes consider-
ably beyond the Fromherz analysis in its generality and
predictions. Thus, for example, our treatment is able to account
for the fact that these anomalous shifts will not always be
observed for CPPP. Further, a considerable portion of the
theoretical description is sufficiently general that it can provide
a starting point for the modeling of the linear and nonlinear
optical properties of polyenes in complex media such as
membranes. In addition, our analysis is couched directly in terms
of a two electronic level, two VB state formulationsinvolving
strong electronic coupling between the VB states14,34,39swhich
allows a simple and direct discussion of the NLO properties,
which have not been previously treated.

We make several explicit restrictions in our development.
The first is that, as noted above, we are here only concerned
with photoinduced CT and related matters and not with any
excited electronic state reaction.43 The second is that the polyene
electronic structure should be satisfactorily described in terms
of two VB components, which is evidently not always the case.44

The outline of the remainder of this paper is as follows. In
section 2, we present a qualitative analysis intended to clarify
the basic issues for the spectroscopic anomalies in the traditional
view, the difficulties with that view for the CPPP, and the correct
qualitative description, which is explicitly constructed in the
remainder of the paper. The theoretical formulation is con-
structed in section 3, in which the general equations necessary
for analysis of the solvent polarity influence on the spectroscopic
transitions are derived. Section 4 concerns the analysis of the
conditions necessary for the observation of anomalous solva-
tochromism and focuses attention on the validity of the
traditional point dipole view for the chromophoric molecule,
as well as the influence of the molecular size and the donor
and acceptor group separation. In section 5, we specialize to a
particular model, involving a Marcus-Born description of
various solvation terms, to make explicit the conclusions of the
preceding sections. Section 6 discusses the CPPP NLO proper-
ties and their contrast with those for PPP. Summarizing remarks
are given in section 7.

2. Qualitative Analysis

2.1. Traditional Picture. 2.1.1. Traditional Picture for
Normal Polyenes.Push-pull polyenes can be described by two
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resonance valence-bond (VB) states of fixed charge and
geometric character: the neutral (N) and zwitterionic (Z) forms
(see Scheme 1). In the neutral state, the charge transfer between
the two endgroups is very limited, and the charges(QN remain
small; by contrast, in the zwitterionic state, the charge separation
is significant, resulting in charges(QZ on the endgroups. In
addition, the sequence of single and double bonds in the polyenic
bridge is reversed in the two VB states, as is required by the
different charge distributions.

For simplicity, in the qualitative discussion that follows, we
use a primitive electronically diabatic perspective: the ground
state is identified as the lower state among the N and Z states
(usually the N state), while the excited state is identified as the
other VB state (usually the Z state).

In the extremely well-known traditional picture,45 the solva-
tochromic behavior of a molecule in solution can be predicted
by the comparison of its dipole moments in the electronic ground
and excited states,µg andµex, respectively. If the excited state
exhibits a larger dipole moment than the ground state, it is
preferentially stabilized by the solvent and the energy gap
between the two states decreases if the solvent polarity increases,
that is, the absorption and emission spectra both shift to the
red. Conversely, if the ground state is more polar than the excited
state, a more polar solvent shifts the absorption and emission
spectra to the blue. With this traditional approach, when the
sameexcited state is involved, absorption and emission wave-
lengths always shift in the same direction when the solvent
polarity changes. (We will only use this primitive description
in this section.)

2.1.2. Failure of the Traditional Picture for Charged Poly-
enes.While normal PPP are globally neutral and do not bear
any net charge, in cationic push-pull polyenes, a positive charge
is present on the polyene and balanced by a counterion. The
latter can be either free or attached to the acceptor endgroup
by a nonconjugated bridge, typically an alkyl chain.26 For these
CPPP molecules, we will again use two VB states, but this time
they bear a positive unit net charge, located either mainly on
the acceptor group (state L) or mainly on the donor group (state
R) (Scheme 2). Again, the bonding pattern of the conjugated
chain is reversed between the two VB states.

We can again first apply the standard point dipole approach
to predict the spectral behavior with increasing solvent polarity.
In the ground state, the polyene positive charge is mainly located
on the acceptor group, and at equilibrium, the counterion C- is
nearby: DccA+ C-. The ground-state dipole moment is due to
the charges on A and C and, because of the proximity of the
two groups, is quite small. On the other hand, in the excited
state, the positive charge is mainly located on the donor
endgroup, and just after the optical transition, the counterion
has yet not moved and is still close to the acceptor:+DccA
C-. The excited-state dipole moment is thus much larger because
the charges are far apart. In the standard picture, we should
thus have the case of a weakly polar ground state with a highly

polar excited state. A more polar solvent should therefore shift
both the absorption and emission spectra to the red. If the
counterion is ignored, DccA+ f +DccA, the conclusion of the
argument is not clear, because the relative “polarity” or degree
of interaction with the solvent of the ground- and excited-state
charge distributions is perhaps no longer obvious. Nonetheless,
in the standard view in which one only considers the equilibrium
solvation of the ground and excited states, the absorption and
fluorescence solvent polarity shifts would be in the same
direction.

And yet, experimentally, when the solvent polarity is
increased, if the emission wavelength indeed shifts to the red,
the absorption wavelength shifts to the blue.26,32,33,42 The
traditional picture cannot explain this behavior. First, it predicts
that absorption and emission spectra always shift in the same
direction, provided that the excited state involved is the same.
In addition, the absorption blue shift is only predicted when
the ground state is more polar than the excited state, which is
rather uncommon for push-pull polyenes but occurs in some
well-known cases such as MOED and polar merocyanines.31

For the CPPP, if the counterion is included, the image DccA+

C- f +DccA C- for the absorption depicts a large dipole
moment increase and thus a red shift with increasing solvent
polarity. If the counterion is neglected, the direction of the
absorption solvent shift will depend on the relevant relative
stabilization of+DccA versus DccA+.

Thus we have to (and will) explain two essential points: (a)
the fundamental origin of the anomalous behavior and (b) why
the traditional picture fails to predict that behavior.

2.2. Correct Qualitative Description.The rigorous develop-
ment of the theoretical formalism to explain the CPPP anoma-
lous solvatochromism requires a detailed analysis and will be
presented in later sections. Here we present the key ideas, in a
simple context, that form the basis of that rigorous development.

We study the solvatochromism of a CPPP of which the
electron-accepting and electron-donating groups A and D have
the same size, and we ignore the counterion (this picture is
therefore relevant only for polar solvents, in which the
electrostatic interaction between the cationic polyene and the
counterion is screened by the solvent and in which there is no
aggregation of the charged polyene molecules). We also ignore
the issue of internal geometric rearrangements in the transitions.
In our discussion, we will shift the description from the
electronicallydiabaticVB descriptionsin which those VB states
are uncoupledsto the electronicallyadiabaticone, in which the
adiabatic ground and excited states are different combinations
of the VB states. These mixtures arise from the electronic
coupling between the VB states, which is quite large (∼1
eV14,34,39) and cannot be ignored.

Upon excitation from the electronic ground state to the excited
state, a CT occurs from one endgroup to the other. Therefore,
the solvent configuration, which was in equilibrium with the
charge distribution of the ground-state molecule, is out of
equilibrium with the new charge distribution of the Franck-
Condon excited state. Hence, the absorption transition energy
is thesumof two contributions, as illustrated in Figure 3: the
first is the energy gap between the equilibrated adiabatic ground
and excited statesVeq

adia; the second is the (adiabatic) solvent
reorganization energy in the excited stateΛs

ex, that is, the
difference between the nonequilibrium (nuclear) solvation free
energy of the excited-state evaluated in the ground-state
equilibrium solvent configuration and in the excited-state
equilibrium solvent configuration.

SCHEME 1

SCHEME 2
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Similarly, for fluorescence, the emission transition energy is
the differencebetween the adiabatic equilibrium energy gap
Veq

adia and the solvent reorganization energy, but this time in the
adiabatic ground state,Λs

g.

To elucidate the solvent polarity influence on the absorption
and emission transition energies, we first focus on how the adia-
batic equilibrium energy gap and the adiabatic solvent reorga-
nization energies are affected by a solvent polarity increase. In
the present illustrative case, the two endgroups have identical
sizes. Hence, whether the positive charge is on one endgroup
or the other, the electrostatic interaction energy with the solvent
is the same, and a more polar solvent solvates in a similar
manner the ground and excited states. Thus, to zeroth order,
we can assumeVeq

adia does not change with solvent polarity.
On the other hand, when the solvent polarity increases, the

solvent reorganization energy increases, both in the ground and
in the excited states. This follows from the feature that the
reorganization free energies measure the free energy difference
for a given state created in a nonequilibrium environment
compared to that in its equilibrium environment.

Thus when the solvent polarity is increased,Veq
adia remains

nearly unchanged, whereas bothΛs
g andΛs

ex increase. From eq
1, we immediately see that this implies that the absorption
energy increases while the emission energy decreases, that is,
the absorption spectrum exhibits a blue shift and the fluorescence
spectrum a red shift. Thus, the peculiarity of those so-called
anomalous spectral shifts follows naturally; it does not lie in
the presence of the counterion.

If we now turn to endgroups with different sizes, the
electrostatic interaction energy with the solvent is different in
the ground and excited states: a more polar solvent preferentially
solvates one adiabatic state. Hence, in this case, increasing the
solvent polarity changes the adiabatic equilibrium gapVeq

adia,
which affects the absorption and emission transition energies
in the same direction (see eq 1). The effect originating from
the different sizes of the two endgroups modulates the magnitude
of the absorption blue shift and the fluorescence red shift found
previously and, if large enough, can even change the direction
of those shifts.

Through this very qualitative approach, we have highlighted
the twofold role of the solvent polarity. First, a more polar
solvent increases the solvent reorganization energy, both in the
ground and in the excited states, and this tends to increase the
Stokes shift, defined as the difference between the absorption
and emission energiesEabs- Eem; second, a more polar solvent
also affects the energy gap between the equilibrated adiabatic
ground and excited states, and that tends to shift both the
absorption and fluorescence spectra in the same direction, while
keeping the Stokes shift equal. In normal polyenes, the latter
effect is predominant and a more polar solvent shifts both the
absorption and emission spectra in the same direction. But in
contrast, for CPPP, in the most common case, the first effect is
predominant and that results in a blue shift in absorption and a
red shift in emission with increasing solvent polarity.46

2.3. Comparison with the Fromherz Approach.As noted
in the Introduction, the blue shift in absorption and red shift in
emission with increasing solvent polarity for charged push-
pull polyenes have already been interpreted by Fromherz.42 Here,
we briefly discuss his approach and indicate how the present
treatment goes beyond it.

Fromherz begins by ignoring the counterion for the CPPP,
which in any event could not be readily incorporated in his
model. He observes that the sum of the absorption and emission
energies,Eabs + Eem, is approximately constant for several
hemicyanine dyes (charged push-pull polyenes) and over a
wide range of solvent polarity. He concludes that the solvation
energies of the ground and excited states are similar and that
their charge distributions are reversed. Fromherz models the
charge distribution as sums of a point charge plus a point dipole,
which are mirror images in the ground and excited states.

Starting from this description, he correctly accounts for the
anomalous solvatochromism, assigning the blue shift to the
enhancement of a solvent reorganization energy with increasing
solvent polarity and the fluorescence red shift to the same type
of effect for the excited-state emission. These shifts were
successfully formalized within a Marcus-Born model.

We consider that Fromherz’s qualitative interpretation of the
spectral behavior is surely correct and that that work represents
a significant pioneering contribution. However, there are some
important limitations of the basic model and, more significantly,
of the formulation of the problem, which the present treatment
removes, as now discussed.

In the Fromherz model, a single spherical cavity for the whole
polyene is used; this cannot properly describe polyenes with
long bridges between the donor and acceptor moieties, for which
each endgroup should be embedded in its own cavity. Our
formulation is not so limited and can, for example, accommodate
two distinct cavities. In this manner, the two donor and acceptor
endgroups can be surrounded by media with different dielectric
constants, and this could be used for a (very simplified)
description of this type of molecule inserted in a biological
membrane, as is the case when this molecule is used to probe
the cellular potential.20,22Stated generally, the present formula-
tion is sufficiently general to open the way for applications to
modeling of CPPP in biological membranes.

Further, the change in the bond length pattern along the chain
between the ground and excited states is not taken into account;
in our formulation, this inclusion has the important effect of
providing an additional reorganization energy beyond that of
the solvent.

In the Fromherz formulation, a key role is played by the
constancy of the sum of the absorption and emission energies,
Eabs+ Eem, of charged polyenes over a range of molecules and

Figure 3. Schematic picture of the electronically adiabatic ground-
and excited-state free energy surfaces in the solvent coordinate. The
energy gap,Veq

adia, between the equilibrated adiabatic ground and
excited states and the solvent reorganization energies in the adiabatic
ground and excited states,Λs

g andΛs
ex, are indicated.

Eabs) Veq
adia+ Λs

ex; Eem ) Veq
adia- Λs

g (1)
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solvent polarities. This is however too restrictive and not
generally correct. For example, the CPPP rhodamine 700
exhibits a red shift both in absorption47 and in emission for
increasing solvent polarity. Further, the formulation does not
give the conditions that have to be fulfilled for the anomalous
behavior to be observed, a feature provided by the present
formulation.

But perhaps most importantly, the Fromherz formulation
assumes that there are fixed charge distributions for the ground
and excited states with no possibility of describing their changes
in different environments. By contrast, the present formulation,
expressed in terms of electronically coupled VB states to
generate the electronically adiabatic ground and excited states,
automatically accounts for shifting electronic structures of the
chromophore, an effect that is critical for the description of
CPPP nonlinear optical properties.

3. Theoretical Formulation

3.1. Two VB State Description.We now give a rigorous
development of the qualitative picture sketched above and build
a general analytic model, both for CPPP and for PPP molecules.

To construct a general model describing both the normal
(globally neutral) and charged push-pull polyenes, we use the
two VB states in Scheme 3, labeled L and R for left and right,
respectively, where the charges on the endgroups are indepen-
dent.

In the CPPP case, we neglect the counterion. We have already
shown qualitatively in section 2.2 that the counterion is not
necessary to explain the solvatochromic behavior; further, with
polyenes in which the counterion is attached via a nonconjugated
chain of variable length, it is experimentally observed26 that
the counterion has very little effect on the absorption energy.48

The nonequilibrium solvation of normal push-pull polyenes
has already been studied within the framework of such a two
VB state model in ref 16, and our formulation here will proceed
along the same lines. We consider two coordinates: a geometric
one,q, to account for the single/double bonding pattern reversal
and a solvent coordinate,s, measuring the slow nuclear
polarization of the solvent. The fast electronic polarization is
considered to be always equilibrated. Both coordinates are
supposed to be harmonic, and the free energies of the two VB
states are (see Figure 4)

We focus first on quantities associated with the two diabatic
VB states. The free energies are referenced to the gas-phase
free energy of the L state.V0 is the gas-phase energy gap
between the equilibrated VB states;Gs

L(ε) and Gs
R(ε) are the

respective equilibrium solvation free energies of the VB states
when both the electronic and orientational polarizations of the
solvent are equilibrated;ε is the static dielectric constant of the
solvent;s0

L,R andq0
L,R are the equilibrium values of the solvent

and geometric coordinates in the L and R VB states.λs andλq

are the geometric and solvent reorganization energies, which
are supposed to be the same for both VB states. Similarly toλs,
λq measures a certain nonequilibrium-equilibrium energy
difference due to the geometrical coordinate; if, for example,
the R state in Scheme 3 is created at the geometry of the L
state, its geometry will relax to its proper one, the energy change
involved beingλq. The solvent reorganization energies and the
equilibrium solvation energies depend on the solvent polarity,
in a fashion made explicit later.

Those two (diabatic) VB states are strongly electronically
coupled, resulting in the electronically adiabatic ground and
excited states. Thus, the ground- and excited-state wave
functions,Ψg andΨe, are mixtures of the two VB configura-
tions, ψL andψR, and can be expressed as34

The MIXeq
g and MIXeq

ex parameters measure the relative pro-
portions of the two VB states in the equilibrated ground and
excited states, respectively; their values range from-1, where
the considered adiabatic state corresponds to the pure L diabatic
state, to+1, where the adiabatic state is the pure R diabatic
state.

The adiabatic ground- and excited-state free energies are given
by

wheret is the electronic coupling between the two VB states.
The coupling for push-pull molecules is inferred to be large
in the 1 eV range.14,34,39Such a large value for the coupling
highlights the important point that the two VB state description
is only an effective description. Thinking in terms of two
uncoupled VB states is attractive because it gives a useful insight
into the behavior of those molecules, for example, their nonlinear
optical properties. Yet those two VB states then have to be
mixed with a self-consistently determined electronic coupling
to produce the required properties of the electronically adiabatic
ground and first excited states, which turn out to be quite far
from the pure VB states because of the large electronic coupling.

The energy gap between theadiabaticground and excited-
state surfaces in a given configuration (q,s) is related to the
energy gap between thediabaticstates in the same configuration,
Vdia(q,s) ) GR(q,s) - GL(q,s)

The absorption and emission transition energies are therefore
directly related to the diabatic energy gap in the global minimum
of the energy surfaces of the adiabatic ground and excited states,
respectively.

In these global minima, both the molecular geometry and the
solvent orientational polarization are at equilibrium. The ground-
state equilibrium values of the geometric and solvent coordi-
nates, notedqeq

g andseq
g , are found by the conditions∂Gg/∂s )

∂Gg/∂q ) 0. Similarly, for the adiabatic excited state, the global
minimum position satisfies∂Gex/∂s) ∂Gex/∂q ) 0. The resulting

SCHEME 3

GL(q,s) ) Gs
L + λs( s - s0

L

s0
R - s0

L)2

+ λq( q - q0
L

q0
R - q0

L)2

GR(q,s) ) V0 + Gs
R + λs( s - s0

R

s0
L - s0

R)2

+ λq( q - q0
R

q0
L - q0

R)2

(2)

Ψg,ex ) x1 - MIX eq
g,ex

2
ψL + x1 + MIX eq

g,ex

2
ψR (3)

Gg,ex(q,s) )
GL(q,s) + GR(q,s)

2
-

1
2
x(GR(q,s) - GL(q,s))2 + 4t2 (4)

Gex(q,s) - Gg(q,s) ) x(Vdia(q,s))2 + 4t2 (5)
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geometric and solvent equilibrium coordinates for the ground
and excited states are16

We have adopted the convention in which we keep the same
meaning for the MIX parameter, both in the adiabatic ground
and excited states: MIX) -1 always designates an adiabatic
state that is the pure L state, and MIX) +1 corresponds to a
pure R state. Note however that the equilibrium value of MIX
in the excited state is different from what it is in the ground
state.50

From the locations of the minima on the adiabatic ground-
and excited-state surfaces, eq 6, the absorption and emission
transition energies are

with the diabatic energy gaps51

3.2. Analysis of the Influence of the Solvent Polarity.Now
that we have set up the explicit adiabatic framework, we turn
to the study of the influence of solvent polarity on the absorption
and emission transition energies.

According to eqs 7 and 8, a change in the solvent polarity
affects the transition energies in two ways. First, a more polar
solvent stabilizes preferentially the state with larger or more
localized partial charges: in PPP, this is the zwitterionic, Z,
state with respect to the neutral, N, state (cf. Scheme 1 in section
2.1.1) because of its larger dipole moment, and for charged
polyenes, it is the state in which the positive charge is located
on the smaller endgroup (we can already note at this point that
the relative sizes of the acceptor and donor endgroups will be
important). A change in the relative stabilities of the VB states
alters the composition of the adiabatic ground and excited states
at their respective equilibrium positions, and thus MIX depends
on the solvent polarity as well. Second, a more polar solvent
increases the nonequilibrium solvent reorganization energies.

We assume that the electronic coupling,t, is independent of
solvent polarity. Hence, when paying attention to the polarity
dependence, eqs 7 and 8 become, respectively,

where∆Gs is the differential equilibrium solvation free energy
of the two diabatic states,Gs

R - Gs
L. The detailed forms of the

equilibrium solvation energies and of the nonequilibrium solvent
reorganization energies will be deferred until section 5, to keep
the analytic model as general as possible. The geometric
reorganization energyλq does not depend on the solvent polarity
and therefore plays no role in the solvatochromism interpreta-
tion. However, as has been shown elsewhere,16 it varies with
the polyene and it must be included in the model for comparison
with experimental values. It can be determined in a fashion
similar to that in ref 16.

3.2.1. Absorption Energy.The change of the adiabatic energy
gap,Eabs(eq 9), with the solvent static dielectric constant,ε, is
related to the change in the diabatic energy gap,Vabs

dia,

and the change in,Vabs
dia (eq 9), can be decomposed into three

contributions

and the last term actually depends on dEabs/dε and dVabs
dia/dε

because from the definition of MIX (eq 3), MIXeq
g is related to

Vabs
dia andEabs:16

The combination of eqs 9-12 yields the polarity dependence

Figure 4. Schematic pictures along the solvent (s) and geometric (q) coordinates of (a) the diabatic free energy surfaces, where the diabatic
equilibrium free energy gap,Veq

dia, and the total diabatic reorganization energy,λs + λq, are indicated and (b) the resulting adiabatic ground and
excited electronic free energy surfaces, where the adiabatic equilibrium free energy gap,Veq

adia, and the adiabatic reorganization energies in the
ground and excited states,Λg,ex are indicated.
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of Eabs,

The sign of this derivative gives the direction of the shift of
the absorption spectrum with increasing solvent polarity: a
positive derivative corresponds to a blue shift (hypsochromic
shift), whereas a negative derivative corresponds to a red shift
(bathochromic shift).

Because|MIX eq(ε)| e 1, then [1- MIX eq
2(ε)]3/2 e 1. In

addition, the condition [λq + λs(ε)]/(2|t|) < 1 is always fulfilled
because it is equivalent to assuming that there is a single
minimum along MIX in the adiabatic ground state.52 Thus, this
denominator will always be positive.

Therefore, the sign of the derivative is determined by the
numerator,

The lefthand term ofNabs(ε) shows that the direction of the
absorption shift is determined in part by the nature of the
predominant VB state in the adiabatic ground-state composi-
tion. In the righthand term appear the two effects of the sol-
vent polarity: on the equilibrium gap and on the solvent
reorganization energy. Here we give a general discussion of
this term.

In this righthand term, the change in the solvent reorganization
energy is weighted by the composition of the ground state. When
the solvent polarity increases, the solvent reorganization energy
increases as well, which means, for example, that in the ground-
state equilibrium solvent configuration the excited-state charge
distribution becomes more destabilized, that is, raised in energy.
When the solvent polarity increases, the further the solvent
configuration is from the equilibrium configuration, the more
it feels that increase in polarity. Consequently, when one VB
state is largely predominant, the charge distribution in the
adiabatic ground state resembles that of that VB state, and the
adiabatic equilibrium solvent configuration is close to that of
that same VB state. Further, the adiabatic excited state is similar
to the other VB state, of which the charge distribution is thus
highly out of equilibrium with the ground-state solvent config-
uration. Therefore, in that case, a change in the solvent polarity
does not affect the ground state but destabilizes further the
excited state.

In the opposite situation in which the adiabatic ground state
is composed of the two VB states in similar proportions
(MIX eq

g ) 0), the two VB states also have comparable weights
in the excited state. The adiabatic ground-state equilibrium
solvent configuration lies between the equilibrium configurations
of the L and R states. Therefore when the solvent polarity
increases, both the ground- and excited-state energies will be
affected in a similar way. Thus the absorption gap will not be
much affected. This explains why the change inλs is weighted
by MIXeq

g .
3.2.2. Fluorescence Emission Energy.Before applying the

relationship eq 13 to specific cases, we now derive the
fluorescence equivalent of eq 13 in a fashion completely
analogous to that for absorption, to determine whether the
fluorescence from a molecule in its equilibrated electronic

excited state exhibits a red shift or a blue shift as the solvent
polarity is increased.

Within the framework of the two electronically coupled VB
state model, when a given VB state is lower in energy than the
other, it is predominant in the composition of the adiabatic
ground state, but this also implies that it has a minority weight
in the adiabatic excited state. We recall that our convention is
that the MIX parameter has the same meaning for both the
adiabatic ground and excited states. Therefore, for the same
given configuration of the solvent polarization and of the
molecular geometry, the signs of MIXg and MIXex are opposite.
This implies that in the counterpart of eq 12 for MIXeq

ex, the
sign differs:

With this relation and eq 9, the key equation for predicting the
fluorescence shifts results

This excited-state emission relationship eq 16 differs from the
analogous expression eq 13 for the ground-state case only in
the sign of the second term in the denominator, for the reason
explained above. The denominator is always positive, so the
sign of that derivative, that is, the direction of the fluorescence
shift, is determined by the numerator

Equations 13 and 16 are the key relationships for predicting
the direction of the absorption and fluorescence shifts when
solvent polarity increases. The expressions for the equilibrium
solvation energy,∆Gs, and the solvent reorganization energy
have not yet been made explicit, and therefore, there is as yet
no dependence on the solvent model or on the polyene net
charge (neutral or cationic). These two equations are therefore
very general; they should predict the solvatochromic shifts for
any molecule that can be described through a two coupled VB
state model, in any kind of environment described in a
continuum fashion.

4. Conditions for the Observation of an Anomalous
Solvatochromism

Using eqs 13 and 16, we now seek the conditions neces-
sary to observe an anomalous solvatochromism, that is, a shift
of the absorption and emission spectra in opposite direc-
tions.

Such shifts imply that the derivatives of the absorption and
emission energies with respect to solvent polarity have opposite
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signs, that is,

We now define the important ratio

and with this and the use of eqs 13 and 16, the condition eq 18
can be reformulated as

If one VB state is the minor contributor in the ground state, it
is the major contributor in the excited state, so MIXeq

g and
MIX eq

ex have opposite signs, and the latter condition reduces to

Because by definition MIXg,ex both vary between-1 and+1,
to fulfill the above condition,F must satisfy

that is, going back to the definition eq 19, the anomalous
behavior requires that, when the polarity increases, the diabatic
solvent reorganization energy must increasefaster than the
equilibrium diabatic gap decreases.

If that condition is realized, theremay exist a value of
MIX eq

g around which the solvatochromism is anomalous and
eq 21 is satisfied, that is, condition eq 22 is necessary but not
sufficient. In what follows, we study the implications of the
condition eq 22.

For this purpose, we now introduce general expressions for
the differential equilibrium solvation energy,∆Gs(ε), and for
the solvent reorganization energy,λs(ε). Those expressions are
valid both for the normal and charged polyenes in a solvent
modeled by a linear dielectric continuum.53 With EL and ER

denoting the vacuum fields of the L and R VB states,

and the two derivatives with respect to the solvent polarity are

This confirms in a rigorous and general framework that a more
polar solvent always increases the solvent reorganization energy,
that is, it tends to increase the Stokes shift.

For the ratioF, the prefactors vanish, leaving only the sign,

To proceed, we need more explicit expressions for theEL and
ER electric fields, taken up next.

4.1. Can the Anomalous Behavior Be Observed for
Normal Polyenes?Is the anomalous behavior present for all
charged polyenes? As shown in Scheme 1 (displayed in section
2.1) for the PPP, the charge distributions of the VB states can
be modeled by point charges, and between the N and Z VB
states, the magnitude but not the locations of these charges
changes. Therefore, the electric fields of the two VB states,EN

and EZ, are proportional with the field of the zwitterionic Z
form larger than that of the N form because of the greater extent
of charge separation.

With the charge distributions shown in Scheme 1, the N and
Z electric fields are

whererA and rD are the distances between the pointM where
the electric field is evaluated and each endgroup, anduA and
uD are unit radial vectors pointing away from each endgroup
and towardM. The fieldsEN and EZ are proportional in the
ratio of the endgroup chargesQZ/QN.

Then using eq 26 in eq 25 gives

and because|QZ| > |QN|, we infer thatF < -1 and the condition
eq 22 for the anomalous behavior can never be fulfilled; no
anomalous behavior is possible for PPP.

4.2. Is the Anomalous Behavior Present for All Charged
Polyenes?Before we answer the question in the section title
via the implementation of our formalism using explicit electric
fields, it is useful to first examine why the simple dipole
approximation fails for CPPP.

4.2.1. Failure of the Dipole Approximation for CPPP.The
representation of the CPPP VB charge distributions by point
charges is shown in Scheme 2 (see section 2.1). Comparing
the two VB states, the negative charge remains on the counte-
rion, while the positive charges are shifted from one endgroup
to the other. Hence, the location of the charges changes, but
their magnitudes remain unchanged, thus differing in both
respects from the normal polyene case in section 4.1.

Of course, as in the normal polyene case, a point dipole could
here as well be associated with each VB state, to give a
simplified model of the charge distribution, as represented in
Figure 5.
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Figure 5. Electric dipoles used in the point dipole approach for charged
polyenes.
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However, the comparison of the interaction energies of these
two dipoles,µA andµD, with the solvent would lead to the wrong
physical image. Indeed, beause of the larger charge separation
in the D state,µD . µA and the solvation energy of the D state
would be much larger than that of the A state. In fact, provided
that the two endgroups have similar sizes, the solvation free
energies of both VB states are very close: the distance between
the point charges is large enough so that the charges can be
considered to be solvated nearly independently (this is obvious
for the two endgroups that are separated by a long polyenic
chain; this is more of an approximation for the endgroup next
to the counterion but our goal here is only to extract the origin
of the failure of the point dipole picture for charged polyenes).
The point dipole representation is an effective model that is
qualitatively valid for the normal polyenes for which the
magnitude of the partial charges changes between the two VB
states but that is invalid for the charged case, for which the
difference in the dipole moments of the two states is only due
to the shift of a charge, which has little effect on the solvation
energy.

4.2.2. Influence of the RelatiVe Donor and Acceptor Sizes
and Separation.To determine whether the anomalous solvato-
chromism is a general behavior of the CPPP, we need to express
the electric field associated with each of the two VB states
displayed in Scheme 2 (see section 2.1),

In contrast to the situation for the PPP, the two electric fields
are not proportional.

The value of|F| (eq 25) depends on the integration domain,
that is, on the allowed volume for the solvent around the
polyene. To analyze this dependence, we assume that the
polyene is embedded in a cylindrical cavity with finite radiusr
and lengthL (see Figure 6). In addition, we consider the limiting
case whereQR ) QL ) 1.

Effect of a Change in the Cavity Diameter. For a fixed
donor-acceptor distance,RDA, we first examine the influence
of an increase in the cavity radiusr. The influence on|F| (eq
25), and therefore on the presence of an anomalous behavior,
is presented in Figure 7. For smallr, the solvent molecules are
allowed to come close to the molecular axis between the two
sites of the charge transfer, the A and D groups; the charge
distribution that is seen by the solvent can be well approximated
by separate point charges,|F| < 1, and the anomalous behavior
is possible. However, whenr increases, the solvent molecules
are kept further away from the charges and the effective electric
field that they feel resembles more and more that of a dipole
formed by the positive charge of the polyene and the negative
charge of the counterion. Hence,|F| becomes larger than one,
and no anomalous behavior is possible, as was shown in section
4.

We now consider the electric fieldER - EL corresponding
to the difference between the charge distributions in the L and
R VB states, which appears in the definition of|F| (eq 25).
Independently of the cavity shape, the difference at each point
between the point dipole and point charges representation of
this field can help to determine which volume around the
polyene must be forbidden to the solvent to suppress the
anomalous behavior. Figure 8 displays the square of the
difference between the point dipole and point charges electric
fields (Epointcharge- Edipole)2 in a plane. This confirms that the
area responsible for the difference is close to the molecular axis.

We therefore predict that the anomalous behavior vanishes
for charged “polyenes” with bulky conjugated bridges. Naturally,
such bridges can no longer be polyenic indeed, but our whole
approach is valid for any kind of conjugated bridge. This
disappearance of the anomalous behavior is exactly what is
observed for several cationic conjugated donor-acceptor mol-
ecules with bulky bridges, like rhodamine 700, thionine, or
resorufin.47 Those molecules are well-known donor-acceptor
compounds and belong to the (wide) family of charged push-
pull molecules. Our approach can thus successfully describe
their behavior, whereas Fromherz’s approach relied on the
assumption that the sumEabs+ Eem remains constant,42 which
is not the case here.

Effect of a Change in the Cavity Length. For a fixed cavity
radius (r ) 5 Å), we now examine the influence of an increase
of the donor-acceptor distance,RDA, and thus an elongation
of the cavity. Figure 9 shows that|F| regularly decreases with

Figure 6. Cylindrical cavity of lengthL and radiusr around the charged
polyene and its counterion embedded in a dielectric continuum of
dielectric constantε.

EL )
QL

rA
2
uA +

1 - QL

rD
2

uD - 1

rC
2
uC;

ER )
1 - QR

rA
2

uA +
QR

rD
2
uD - 1

rC
2
uC (28)

Figure 7. Effect of a change in the cavity radiusr on |F| for RDA )
10 Å, RAC ) 4 Å, L ) RDA + RAC + 2r, andQR ) QL ) 1.

Figure 8. Contour plot of (Epointcharge- Edipole)2 with the electric fields
corresponding to the difference between the charge distributions of the
L and R VB states for a CPPP in the point charge and in the point
dipole representation with a spacing of 2× 10-4 au.
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increasing lengthRDA; the two sites D and A between which
the charge transfer occurs move farther apart, and the charge
distribution resembles less and less the one of a point dipole,
and more and more that of two widely separated point charges.
This explains the transition between a regime in which no
anomalous behavior is possible (|F| > 1) to a regime in which
it is allowed (|F| < 1). We therefore predict that for extremely
short conjugated bridges, the anomalous effect should disappear.
However, for all of the CPPP molecules of which we are aware,
the distance between the endgroup centers is too large to allow
such an effect to be observed. Experimental investigation of
CPPP molecules with shorter separations would thus be of
interest.

5. Detailed Model Applications

We now apply the previous results more quantitatively and
derive more detailed expressions for the solvation and solvent
reorganization free energies that enter in the definition ofF, eq
19. Again, the polyene, normal or charged, is still described by
two electronically coupled VB states. The solvent is ap-
proximated by a dielectric continuum, and the Marcus-Born
model54 is used to describe the charge transfer in solution. The
change in the bonding pattern between the two VB states is
still described by a geometric coordinateq.

5.1. Neutral Polyenes. In the Marcus-Born model of
solvation, the solvation free energy of the two VB states
presented in Scheme 1 for the PPP case (displayed in section
2.1) is

whereQN,Z is the charge magnitude on the donor and acceptor
groups in the neutral and zwitterionic states,rD andrA are the
radii of the solvent cavities surrounding those two endgroups,
and RDA is the distance between their centers. Thus, the
differential solvation energy of the two VB states is

In the same model, the (diabatic) solvent reorganization energy
is

The two corresponding derivatives with respect to the solvent
dielectric constant are then

Because the zwitterionic VB state has a much larger dipole
moment compared to the neutral VB state, a more polar solvent
preferentially stabilizes the Z state and reduces the equilibrium
diabatic gap∆Gs. This can be seen from eq 32, in which the
larger magnitude of the end charges in the Z state implies that
the derivative is negative.

The replacement of eq 32 in the definition ofF, eq 19,
confirms the result, eq 27, that was found in the general case
of a normal polyene with the point charge description: when
the solvent becomes more polar, the equilibrium diabatic gap
∆Gs decreases more rapidly than the diabatic solvent reorga-
nization energy increases. Thedirectionof the shifts is governed
by the changes in the equilibrium energy gap, which tend to
shift both spectra in the same direction; but theamplitudeof
those shifts is affected by the nonequilibrium contribution arising
from the larger solvent reorganization energy, which tends to
increase the Stokes shift.

5.2. Charged Polyenes.We now turn to the case of a charged
polyene and again consider the key ratioF, eq 19. As explained
in section 3, we can safely ignore the counterion, essentially
because it is solvated independently.

Because the charge distribution of the CPPP molecule now
corresponds to a net charge and not a dipole, the solvation free
energies differ from those for normal polyenes. Within the
Marcus-Born model, the solvation free energies of the L and
R VB states can be expressed as

whereQL,R is the charge magnitude as defined in Scheme 2.
Thus, the difference between the solvation energies of the

two VB states is

Here as in the case of a globally neutral polyene, the (diabatic)
solvent reorganization energy corresponds to a charge transfer
from one endgroup to the other, so the solvent reorganization
energy remains formally the same as that in eq 31, and the only
difference is in the expression of the charge-transfer magnitude
in terms of the new endgroup charges

The two corresponding derivatives with respect to the solvent

Figure 9. Effect of a change in the donor-acceptor distance,RDA, on
|F| for r ) 5 Å, RAC ) 4 Å, L ) RDA + RAC + 2r, andQR ) QL ) 1.
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dielectric constant are

We pause to note that forQL ) QR ) 0.5, the two derivatives
are zero because the two VB states are the two limiting forms
of a cyanine structure.55

Here again, as in the case of normal polyenes, eq 36 shows
that the CPPP case solvent reorganization energy increases when
the polarity increases, which has already been shown in the
general case in eq 24. But the key difference with normal
polyenes is that a more polar solvent doesnot systematically
reduce the diabatic equilibrium energy gap; the change in the
energy gap depends on the relative sizes and charges of the
endgroups, as can be seen from eq 36. A widening diabatic
equilibrium energy gap tends to shift both the absorption and
fluorescence spectra to the blue, while a narrowing energy gap
tends to shift both spectra to the red. (Here, one should keep in
mind that because the equilibrium energy gap is defined as∆Gs

) GR - GL, a positive derivative of the gap with respect to the
dielectric constant means that the gap widens only when this
gap is positive, that is when L is more stable than R and MIXeq

g

< 0.) Therefore, in a more polar solvent, if the diabatic
equilibrium energy gap widens, both this effect and the larger
solvent reorganization energy tend to shift the absorption
spectrum to the blue. But for the fluorescence energy, the
widening of the diabatic equilibrium energy gap tends to shift
it to the blue, while the larger solvent reorganization energy
tends to shift it to the red.

The solvatochromism direction is governed by the ratioF,
eq 19, of d∆Gs/dε and dλs/dε, eq 36, and its value is clearly
determined by the relative sizes and charges of the endgroups.

To add some insight on our conclusions both for the normal
and charged polyenes, the evolution with solvent polarity of
some key quantities are plotted in Figure 10. Parameters of the
prototypical polyenes used for these plots are provided in Table
1. The two upper panels, Figure 10a, first show that, as expected,
in the neutral PPP case, both the absorption and emission
transition energies decrease when the solvent polarity increases
(red shift), while in the charged CPPP case, the absorption
energy increases and the emission energy decreases. Figure 10b
details the different contributions to the diabatic gap,Vdia; this
highlights that in the PPP the solvatochromic behavior is due
to the decrease of the equilibrium diabatic gap,Veq

dia, in more
polar solvents, compared to which the change in solvent
reorganization energy,λs, remains negligible. On the other hand,
in CPPP, the diabatic equilibrium gap,Veq

dia, remains constant,
while the increase in the solvent reorganization energy governs
the solvatochromic behavior. We recall that though we discuss
here the more intuitive diabatic quantities our theory is fully
adiabatic and all adiabatic quantities can be inferred with eq 8.
In addition, Figure 10c shows the change in the MIXeq

g,ex

values: while in the PPP case, a more polar solvent reduces
the free energy gap between the two VB states and increases
the mixing in the composition of the adiabatic electronic wave
functions, in the CPPP case, the nearly constant equilibrium
adiabatic gap and the increasing solvent reorganization energies
tend to increase the weight of the more stable VB state in the

adiabatic ground state and of the less stable VB state in the
adiabatic excited state. A last key feature to note is the much
smaller sensitivity of the electronic structure upon solvent
polarity for the CPPP compounds than for the normal poly-
enes.48,49

5.3. Role of the Endgroup Sizes.Here we examine the
influence of the endgroup sizes on the existence of an anomalous
solvatochromism, restricting our attention to the CPPP case. For
ease of exposition, we use simple charge distributions for the
two VB states with a full negative charge either on the acceptor
or on the donor group, that is,QR ) QL. From eq 36, it is clear
that for the same endgroup size caseF ) 0, and the condition
|F| < 1 (see eq 22) for the possibility of an anomalous behavior
is fulfilled. In addition, forF ) 0, from eq 21, the condition for
the existence of the anomalous behavior reduces to

which is always the case because by definition MIXeq
g (ε) and

MIX eq
ex(ε) have opposite signs. Thus for any value of the

solvent polarity, the absorption and emission spectra shift in
opposite directions.

But if one endgroup is larger than the other, then the VB
state in which the charge is located on the smaller endgroup is
preferentially solvated by a polar solvent. This modifies the
equilibrium energy gap between the diabatic states. From eq 8,
there are now two competing effects, the increase in the solvent
reorganization energyλs and the change in the diabatic equi-
librium energy gapVeq

dia. If the difference between the solvation
energies of the two VB states is large enough to compensate
for the increase in the solvent reorganization energy, the change
in the adiabatic equilibrium energy gap governs the spectral
shifts (as in the case of PPP); otherwise, the directions of the
shifts only reflect the increase in the solvent reorganization
energy.

For example, for a CPPP withQR ) QL and rD < rA and
with a distance between the endgroupsRDA much larger than
their radiirA,D, from use of eq 32, the condition|F| < 1 implies

that is,

Thus if the donor cavity is more than three times smaller than
the acceptor cavity, the anomalous behavior disappears.

Experimentally, for all of the charged push-pull polyenes
of which we are aware,26,30,33,47the donor and acceptor end-
groups are similar in size, and this effect has not yet been
observed. While our results indicate that a rather large size
disparity for donor and acceptor groups is required, it could
nonetheless be of interest to search for this effect experiment-
ally.

6. Charged Polyenes and NLO

We now apply the preceding theory to examine the NLO
properties of CPPP and their contrast with those of PPPP. As
we see, it is now a simple matter to discuss these, given our
theoretical formulation. The NLO properties (R, â, γ, ...) all
depend on the absorption energy and not on the emission energy.
Because the main interest of the anomalous behavior are the
shifts of the absorption and emission energies in opposite
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directions, the behavior of the NLO properties with changing
solvent polarity is automatically less dramatic than the behav-
ior of the absorption and emission spectra. Nonetheless,
there are important polarity effects and consequences for the
optimal molecular design for the NLO properties, now discus-
sed.

For normal polyenes, the first-order polarizability is given
by (see ref 16)

whereµCS is the charge shift dipole moment,µCS ) µZ - µN.
For charged push-pull polyenes, the charge distribution in one
VB state is not dipolar but corresponds to a positive unit charge
(see Scheme 2 presented in section 2.1). The polarizability
definition, eq 40, still holds for charged polyenes, as we now
briefly demonstrate.

From the definition of the ground-state wave function in eq
3, the charges on each endgroup are

Figure 10. Spectroscopic behavior with solvent polarity of a neutral and a charged push-pull polyene, of which the key parameters are detailed
in Table 1: (a)Eabs, Eem; (b) Veq

dia, λs; (c) MIXeq
g , MIX eq

ex. For each property, the scale, even if shifted, is identical for the neutral and charged cases.

TABLE 1: Parameters of the Prototypical Polyenes the
Behaviors of Which Are Presented in Figures 10 and 11

parameter neutral charged

rA (Å) 4 4
rD (Å) 4 4
RDA (Å) 10 10
V0 (eV) 1.6 1.6
t (eV) 1 1
QA

L -0.3 +0.7
QD

L +0.3 +0.3
QA

R -0.7 +0.3
QD

R +0.7 +0.7
λq (eV) 0 0

R )
2t2µCS

2

(Eabs(ε))3
(40)

QD )
1 - MIX g

2
(1 - QL) +

1 + MIX g

2
QR

QA )
1 - MIX g

2
QL +

1 + MIX g

2
(1 - QR) (41)
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We now choose the particular case in whichQR ) QL ) 1
because this simplifies greatly the notation; the generalization
to other charge magnitudes is straightforward. Equation 41
reduces to

If the polyene is placed in a constant external electric fieldF
derived from the electric potentialΨ with ΨD,A being the
electric potential felt by each endgroup, the component of the
ground-state potential energy due to that electric field is

Because the electric fieldF is constant throughout space,

where rD and rA are the positions of the two endgroups and
where the charge shift dipole moment is defined as

with the elementary chargee implicit. This is the dipole moment
of the charge distribution resulting from the difference between
the charge distributions of the R and L forms.

By definition, the polarizabilityR is R ) -1/2 ∂2Vg/∂F2 taken
for F ) 0. We only consider the case in which the electric field
F is parallel to the D-A molecular axis, that is,R ) Rzz with
µCS positive whenrD - rA has the same orientation asF, like
in the normal polyene case. Because the ground state MIX
function is

this yields

and thus

Because both the coupling,t, and the VB state dipole moments
are polarity independent, the polarity dependence ofR is

The first ratio in the right-hand term is negative, so whenEabs

increases, that is, when the absorption spectrum is blue-shifted,
R decreases. That relation is valid for all kinds of polyenes,
neutral or charged. Unlike normal polyenes, for most of which,
with increasing solvent polarity, the absorption spectrum is red-
shifted and thereforeR increases, charged polyenes exhibiting
the anomalous behavior will display the opposite trend forR:
R decreaseswith a larger solvent polarity.

In a similar fashion, the second-order polarizability can be
derived (see ref 16)

Note thatâ depends on the sign ofµCS and therefore on the
orientation of the molecule with respect to the electric field.

From use of eq 12, the derivative ofâ with respect to solvent
polarity is

As shown in Figures 10c and 11b for the model neutral polyene,
MIX eq

g ) -1/x5 corresponds to a maximum ofâ. Becauseâ is
proportional to dE/dε, the â values of PPP and CPPP follow
opposite trends with solvent polarity for similar values of
MIX eq

g . Whereas for PPPâ reaches a maximum at MIXeq
g )

-1/x5, it becomes a minimum for CPPP. It is important to
note however that the trends are oppositeonly if the MIXeq

g

parameter describing the ground-state electronic structure is the
samein the PPP and the CPPP. But this will generally not be
the case because MIXeq

g is much more sensitive to solvent
polarity in the PPP than in the CPPP (see Figure 10c). Thus,
for the PPP example studied in Figures 10 and 11,|MIX eq

g |
decreases and crosses the critical value 1/x5, and hence,â
reaches a maximum; on the other hand, in the CPPP case,|
MIX eq

g | is nearly constant and remains larger than 1/x5 for any
solvent polarity, and hence, the extremum is never reached.
Therefore, these two polyenes do not exhibit opposite trends
for the â polarity dependence (except in the very low solvent
polarity range, see Figure 11). As a final remark, we note that
there is an advantage of CPPP over PPP for the molecular
engineering of optimizedâ values because in this case it is
possible to act not only on the sign of the (MIXeq

g 2 - 1/5) term
but also on the sign of dEabs/dε, which can be different for the
former but is fixed for the latter (see section 4.2).

The third-order polarizability is given by (see ref 16)

and with use of eq 12 again, its derivative with respect to solvent
polarity is

This shows that for both normal and charged polyenes, the

composition MIXeq
g ) (x3/7 corresponds to an extremum in

γ.
The comparison of theγ trend between PPP and CPPP relies

on the same arguments as theâ trend, except that the value of
MIX eq

g at the extremum ofγ is different than the value of
MIX eq

g at the extremum ofâ.
These simple model calculations serve to emphasize the

important point that the conditions that would be optimal to
maximize a particular nonlinear response for a CPPP can be
quite different from those of a PPP. They also show that the
NLO properties for CPPP are much less sensitive to the solvent
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polarity than those in the neutral case because of the vanishing
differential equilibrium solvation, for example, for similarly
sized donor and acceptor groups. The remarkable stability of
the CPPP NLO properties with respect to a change in their
environment would initially suggest that they are in fact not
such good probes of membrane potential. Indeed, this weak
sensitivity toward the environment is observed experimentally
for the solvatochromism of CPPP26 as well; the spectral shifts
with increasing solvent polarity are much smaller than what is
commonly observed for PPP (See Figure 10a). Despite this
reduced sensitivity, CPPP are preferred to PPP for biological
applications because their structure with a polar head and a
hydrophobic chain makes them easy to insert in a biological
membrane. Thus, it is important to understand how the
sensitivity can be increased, and our theoretical treatment
suggests several promising directions for this: use donor and
acceptor groups with very different sizes or use bulky conjugated
bridges (see section 4.2.2). A further possibility (see section

4.2.2) is to employ short D-A distances, but this is less likely
to be effective because this would probably produce molecules
that are less easy to insert in a membrane.

7. Concluding Remarks

We have developed a reasonably general theoretical formula-
tion for the anomalous absorption and fluorescence solvato-
chromic properties of charged push-pull polyenes in solution:
with increasing solvent polarity, a blue shift in absorption and
a red shift in emission. The theory includes the strong electronic
coupling between two VB states to describe the electronic
structure and involves the treatment of the nonequilibrium
solvent polarization necessary to discuss such Franck-Condon
transitions, as well as an internal geometric coordinate describing
shifts of the alternating carbon single-double bonding pattern
in the interveningπ chain between the electron donor and
acceptor.

The formulation successfully predicts both when anomalous
solvatochromic behavior should be observed and when it should
not. We have suggested several aspects important in this
connection, that is, the relative donor and acceptor sizes and
separation (see section 4.2.2), which should be explored
experimentally. Further, it can be directly applied to predict the
solution polarity dependence of the nonlinear optical properties
of the charged push-pull polyenes, of which the large values
are due to the strong electronic coupling between the VB states.
These results should be useful in molecular engineering issues
for such charged polyenes. Further, they can be compared to
experimentsalong the lines of the comparison made for neutral
push-pull polyenes in ref 17swhen data become available.

We noted at the conclusion of section 6 that, at least in the
relatively common case in which the equilibrium solvation of
the ground and excited states for a CPPP is similar, the NLO
properties are much less sensitive to the environmental polarity
for the CPPP compared to the neutral case. Because this would
severely reduce the value of CPPP molecules as probes for, ,
for example, membrane potentials, attention must be paid to
molecular engineering issues designed to increase the sensitivity.
Several suggestions have been made on the basis of our
developed theory.

Perhaps the most interesting and important area where further
advances are required is that of construction of a proper
theoretical framework for spectroscopic probes of biological
systems such as membranes. Such environments are strongly
inhomogeneous, and while our theoretical formulation was
largely developed for the CPPP in homogeneous environments
such as polar solvents, a significant portion of the theoretical
framework was not restricted to a homogeneous environment.
The combination of the basic formulation presented here with
a Poisson-Boltzmann56 description of the inhomogeneous
environment should provide a useful formulation for the
treatment of CPPP spectroscopy in biological media and is under
development.
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