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The linear and nonlinear optical properties of charged pusiii 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-eonjugated 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 _\_\N \) /.
photoinduced charge transfer (CT) for the important molecular _/_/ AN
class of charged pustpull polyene molecules (which are also '
called hemicyanines) in polar environments. Hereafter, we Figure 1. Example of charged pustpull polyene.
designate such charged pugbull molecules via the notation

CPPP. The so-called “pustpull” compounds are conjugated \H

guasi-one-dimensional molecules containing an electron-donat- \

ing group (D) and an electron-withdrawing group (A) interacting N 0w N. _S
via am-conjugated system (cc). A charged example is shown \f
in Figure 1 and is in contrast to the “normal” or noncharged W‘/N
push—pull polyenes, which we will designate by PPP, illustrated "0 j
in Figure 2. Figure 2. Example of “normal” pushpull polyene.

By the photoinduced CT terminology used above, we mean
a CT that is induced by optical excitation such that the charge Molecular nonlinear optiés (NLO) has attracted major
distribution of the Franck Condon accessed electronic excited attention for the past two decades, in large part owing to its
state differs significantly from that in the ground electronic state. applications in various fields, including telecommunications,
In the most primitive and limited picture, there is a CT from optical data storage and optical information proces3iogtical
the donor to the acceptor group in the electronic transition. This power limitation? microfabrication, and optical imaging of
photoinduced CT is to be distinguished from the situation where biological medi& Considerable experimental and theoretical
after excitation a subsequent chemical reaction occurs, as inwork has been dedicated to the design of molecules with
for example, photoisomerization, twisted intramolecular charge optimized NLO responsés’ The linear and nonlinear optical
transfer, or excited-state proton transfer. properties of such compounds can be significantly influenced

The photoinduced CT for the CPPP and the PPP families is by the polarity of their environmest? This feature certainly
central for two extensively studied experimental contexts: (a) Must be taken into account, because most potential applications
their linear spectroscopy, that is, absorption and fluorescence,involve condensed media, in which local electric fields can
and the influence of the environment thereupon; (b) their significantly influence the molecular NLO responses. Accord-
nonlinear optical properties in polar environments. We now give ingly, significant effort has been devoted to the investigation
an overview of these contexts, beginning with the second. of electric local field and polarity effects on optical linear and
nonlinear responses of pushull dipolar compound&-7
* To whom correspondence should be addressed. Fax: (33) 144 3233 Most such efforts have focused, however nautraldipolar

25.TE-maiI: hynes@chimie.ens.fr. molecules. For a different molecular clasharged cationic
¢EC9'e Normale Suipeeure. push-pull chromophores, such as stilbazolium derivatitfes,
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B University of Colorado. condensed media and are particularly promising for assorted
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applications, ranging from second-harmonic generation and feature that this degree of ground state mixing caaltered—
electrooptical material&to high-resolution imaging of biologi- by different donor and acceptor groups, intervening chains, and
cal cells?2® Amphiphilic styryl dye derivatives have been used, solvent environmentsthat needs to be comprehended and
for example, for imaging of biological processes such as fusion exploited by molecular engineering and choice of environment
and adhesioht and are particularly promising as voltage- to optimize the NLO properties.

sensitive probes for real-time in vivo monitoring of cellular This strongly electronically coupled two VB state perspective
membrane electric potentiads.2* These two uses are at the has not been much employed in the discussion of spectroscopic
heart of the design of neuroelectronic devices, coupling neuronsproperties, but as will be seen, it provides both a natural,

and silicon chipg? convenient, and illuminating description of the spectroscopy and
The optical properties of such charged pughll chro- a direct connection to NLO properties.

mophores are known experimentally to be responsive to the Our major focus will be on the CPPP molecule in a polar

environment and local electric field%2” In fact, the spectro-  environment in theabsenceof any counterion. However, our

scopic behavior of hemicyanine dyes (e.g., Figure 1) with analysis in the general case for both normal and charged
increasing solvent polarity is quite unusual: the absorption polyenes is valid for the charged polyene together with its
spectrum is blue-shifted, while the fluorescence spectrum is red-counterion; we only neglect the counterion when applying the
shifted, that is, the absorption energy increases, while the general model in specific model applications within. We also
emission energy decreas®€s3® We emphasize that such justify the neglect of the counterion. We shall see, for example,
behavior is doubly unusual. First, the absorption and fluores- that the anomalous spectroscopic behavior can already be
cence spectra shift iappositedirections; second, a more polar predicted without any influence of a counterion.

solvent shifts the absorption spectrum to lthee As discussed After the work presented here was completed, we became
in detail in section 2, such opposite shifts of absorption and aware of the work of Fromher%,in which a correct qualitative
fluorescence spectra are unexpected for absorption and emissioexplanation of the anomalous spectral shifts was given. As
processes involving the same excited electronic state. In thedescribed in more detail within, the present work goes consider-
simple (and common) view in which one only considers the ably beyond the Fromherz analysis in its generality and
equilibrium solvation of the ground and excited states, the predictions. Thus, for example, our treatment is able to account
solvent polarity shifts of the absorption and fluorescence would for the fact that these anomalous shifts will not always be
be in the same direction. In addition, the observed blue shift in observed for CPPP. Further, a considerable portion of the
absorption is rather uncommon for pugbull polyenes. theoretical description is sufficiently general that it can provide

There have been some previous attempts to explain aspect& starting point for the modeling of the linear and nonlinear
of these anomalies, but they are too restrictive, focusing solely optical properties of polyenes in complex media such as
on the absorption blue shift, and unfortunately are incorrect membranes. In addition, our analysis is couched directly in terms
because when extended to the emission behavior, these explanaf a two electronic level, two VB state formulatieimvolving
tions predict a blue shift, in contradiction with experim&hnt233 strong electronic coupling between the VB st&té$%*-which

In what follows, we focus on both the explanation of the allows a simple and direct discussion of the NLO properties,

above-described unusual spectroscopic behavior and the treatWNich have not been previously treated.

ment of the NLO properties of the CPPP molecular class of Wg mgke several explicit restrictions in our development.

chromophores. These are, in fact, intimately connected: a correct! N€ first is that, as noted above, we are here only concerned
treatment of the absorption and its solvatochromism is required With photoinduced CT and related matters and not with any

to account for the NLO properties and their environmental ©xcited electronic state reactibtiThe second is that the polyene
sensitivity. electronic structure should be satisfactorily described in terms

of two VB components, which is evidently not always the cdse.
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,
formulation of Barzoukas and Blanchard-Desce was first ac- 25 Well as the influence of .the molecglar size and the.donor
complished in refs 16, 17, and 41. and_acceptor group separation. In section 5, we s_pe_C|aI|ze toa
particular model, involving a MarcusBorn description of

di The t.WO \ﬁii’gte forrrlplat;)on IS par'\tllf(u)larly useful I]or thteh .various solvation terms, to make explicit the conclusions of the
Iscussion OF NLEL) properties because résponses have e'rpreceding sections. Section 6 discusses the CPPP NLO proper-
fundamental origin in the feature that the ground and excited

. . . . . . ties and their contrast with those for PPP. Summarizing remarks
(adiabatic) electronic states ameixturesof the (diabatic) VB g

states, the latter being strongly electronically coupled. This are given in section 7.
essential point can be illustrated by consideration of the (linear)
polarizabilityo.. This will be largest when the ground electronic
state is close to an equal mixture of the VB states; the molecule 2.1. Traditional Picture. 2.1.1. Traditional Picture for
is then easily polarizable over these states. Further, it is the Normal PolyenesPush-pull polyenes can be described by two

To this end, we employ and extend the basic formulation of
the previous theoretical work of Thompson et'&ft7 which is
couched within the fundamental framework of a two valence
bond (VB) state descriptidfh1617:3437 and includes explicitly
both the influence of nonequilibrium solvatiemequired by the
Franck-Condon nature of the spectroscopic transitioasd 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 groifpand by Barzoukas
and Blanchard-Desce and their collaboraféi$:4° The simul-
taneous inclusion of the geometric bond alternation coordinate
and a nonequilibrium solvation coordinate in the two VB state

2. Qualitative Analysis



6034 J. Phys. Chem. A, Vol. 107, No. 31, 2003 Laage et al.

SCHEME 1 polar excited state. A more polar solvent should therefore shift
Qy an 4y -Q both the absorption and emission spectra to the red. If the
DWA DWA counterion is ignored, DccA— TDccA, the conclusion of the
n

argument is not clear, because the relative “polarity” or degree

of interaction with the solvent of the ground- and excited-state

SCHEME 2 charge distributions is perhaps no longer obvious. Nonetheless,
in the standard view in which one only considers the equilibrium

N V4

Q O *an 1Gr solvation of the ground and excited states, the absorption and
NPPZ A - D\ N A _ g i - l : p
W c \’N ¢ fluorescence solvent polarity shifts would be in the same
L R direction.

And yet, experimentally, when the solvent polarity is
resonance valence-bond (VB) states of fixed charge and increased, if the emission wavelength indeed shifts to the red,
geometric character: the neutral (N) and zwitterionic (Z) forms the absorption wavelength shifts to the bHi€23342The
(see Scheme 1). In the neutral state, the charge transfer betweetiaditional picture cannot explain this behavior. First, it predicts
the two endgroups is very limited, and the charg€3 remain that absorption and emission spectra always shift in the same
small; by contrast, in the zwitterionic state, the charge separationdirection, provided that the excited state involved is the same.
is significant, resulting in chargesQ; on the endgroups. In  In addition, the absorption blue shift is only predicted when
addition, the sequence of single and double bonds in the polyenicthe ground state is more polar than the excited state, which is
bridge is reversed in the two VB states, as is required by the rather uncommon for pustpull polyenes but occurs in some
different charge distributions. well-known cases such as MOED and polar merocyariihes.

For simplicity, in the qualitative discussion that follows, we For the CPPP, if the counterion is included, the image DccA
use a primitive electronically diabatic perspective: the ground C~ — "DccA C~ for the absorption depicts a large dipole
state is identified as the lower state among the N and Z statesmoment increase and thus a red shift with increasing solvent
(usually the N state), while the excited state is identified as the polarity. If the counterion is neglected, the direction of the
other VB state (usually the Z state). absorption solvent shift will depend on the relevant relative

In the extremely well-known traditional pictuféthe solva-  Stabilization of"DccA versus DccA.
tochromic behavior of a molecule in solution can be predicted  Thus we have to (and will) explain two essential points: (a)
by the comparison of its dipole moments in the electronic ground the fundamental origin of the anomalous behavior and (b) why
and excited stategg anduey, respectively. If the excited state  the traditional picture fails to predict that behavior.

exhibits a larger dipole moment than the ground state, it is 2 > Correct Qualitative Description. The rigorous develop-
preferentially stabilized by the solvent and the energy gap ment of the theoretical formalism to explain the CPPP anoma-
between the two states decreases if the solvent polarity increasesqoys solvatochromism requires a detailed analysis and will be
that is, the absorption and emission spectra both shift to the yresented in later sections. Here we present the key ideas, in a
red. Conversely, if the ground state is more polar than the excited simple context, that form the basis of that rigorous development.
state, a more polar solvent shifts the absorption and emission We study the solvatochromism of a CPPP of which the

spectra to the blue. With this traditional approach, when the electron-accenting and electron-donating arouns A and D have
sameexcited state is involved, absorption and emission wave- -€pting . g groups A and .
the same size, and we ignore the counterion (this picture is

lengths always shift in the same direction when the solvent . )
g 4 therefore relevant only for polar solvents, in which the

!Jnoltairlstysgzﬁlgr?.(;s. (We will only use this primitive description electros_tati(_: interaction between the catior_lic pquene an(_j the

2.1.2. Failure of the Traditional Picture for Charged Poly- counterion is screened by the solvent and in which there_ is no

enes.While normal PPP are globally neutral and do not bear agg.regauon.of the charged polyene molecules). We also Ignore

any net charge, in cationic pushull polyenes, a positive charge the issue _of |nte_rnal geome_tnc re_arrangement_s in the transitions.
In our discussion, we will shift the description from the

is present on the polyene and balanced by a counterion. The . . ; NS .
latter can be either free or attached to the acceptor endgroupelectron|caIIyd|abat|cVB description—in which those VB states

by a nonconjugated bridge, typically an alkyl chéfdror these are uncpupledto the eIectronicall;adiabaticpne, in which .the.
CPPP molecules, we will again use two VB states, but this time adiabatic ground and eX(:lteq states are different comblnatlo_ns
they bear a positive unit net charge, located either mainly on of th‘? VB states. These mixiures arise f_rom _the electronic
the acceptor group (state L) or mainly on the donor group (state coupling between the V.B states, which s quite largel (
R : ; - eV143439 and cannot be ignored.

) (Scheme 2). Again, the bonding pattern of the conjugated
chain is reversed between the two VB states. Upon excitation from the electronic ground state to the excited

We can again first apply the standard point dipole approach Staté; & CT occurs from one endgroup to the other. Therefore,
to predict the spectral behavior with increasing solvent polarity. the solvent configuration, which was in equilibrium with the
In the ground state, the polyene positive charge is mainly locatedcharge distribution of the ground-state molecule, is out of
on the acceptor group, and at equilibrium, the counterionisC equilibrium wlth the new charge dlstrlbuthn of the_ I_:ranck
nearby: DccA C~. The ground-state dipole moment is due to _Condon excited state. Hence, the_absorptlon transition energy
the charges on A and C and, because of the proximity of the iS thesumof two contributions, as illustrated in Figure 3: the
two groups’ |s qu":e sma” On the other hand, |n the exc”:ed fII’St IS the energy gap betWeen the equﬂlbl’ated adlabatIC ground
state, the positive charge is mainly located on the donor and excited state¥3* the second is the (adiabatic) solvent
endgroup, and just after the optical transition, the counterion reorganization energy in the excited stat&”, that is, the
has yet not moved and is still close to the acceptdbccA difference between the nonequilibrium (nuclear) solvation free
C~. The excited-state dipole moment is thus much larger becauseenergy of the excited-state evaluated in the ground-state
the charges are far apart. In the standard picture, we shouldequilibrium solvent configuration and in the excited-state
thus have the case of a weakly polar ground state with a highly equilibrium solvent configuration.
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G Through this very qualitative approach, we have highlighted
[} e 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
As and emission energi&ss — Eeny 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
TAg 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 polafify.
S 2.3. Comparison with the Fromherz Approach.As noted
Figure 3. Schematic picture of the electronically adiabatic ground- in the Introduction, the blue shift in absorption and red shift in
and excited-state free energy surfaces in the solvent coordinate. Theamjssion with increasing solvent polarity for charged ptish
energy gap,Vey" between the equilibrated adiabatic ground and || polyenes have already been interpreted by FronfRetere,
excited states apd the solvgent reoer)zqanlzgtlo.n energies in the adlabatlta/e briefly discuss his approach and indicate how the present
ground and excited stateA; and A", are indicated. 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,Eaps + Eem, IS approximately constant for several
hemicyanine dyes (charged pugbull polyenes) and over a
) ! wide range of solvent polarity. He concludes that the solvation

Eaps= V‘g‘;"a+ AL Egm= Vf;;"a— Al 1) energies of the ground and excited states are similar and that
their charge distributions are reversed. Fromherz models the

To elucidate the solvent polarity influence on the absorption charge distribution as sums of a point charge plus a point dipole,
and emission transition energies, we first focus on how the adia-Which are mirror images in the ground and excited states.
batic equilibrium energy gap and the adiabatic solvent reorga-  Starting from this description, he correctly accounts for the
nization energies are affected by a solvent polarity increase. Inanomalous solvatochromism, assigning the blue shift to the
the present illustrative case, the two endgroups have identicalenhancement of a solvent reorganization energy with increasing
sizes. Hence, whether the positive charge is on one endgroupsolvent polarity and the fluorescence red shift to the same type
or the other, the electrostatic interaction energy with the solvent of effect for the excited-state emission. These shifts were
is the same, and a more polar solvent solvates in a similar successfully formalized within a Marca®orn model.
manner the ground and excited states. Thus, to zeroth order, We consider that Fromherz’s qualitative interpretation of the
we can assumvgg'a does not change with solvent polarity. spectral behavior is surely correct and that that work represents

On the other hand, when the solvent polarity increases, the a significant pioneering contribution. However, there are some
solvent reorganization energy increases, both in the ground andmportant limitations of the basic model and, more significantly,
in the excited states. This follows from the feature that the of the formulation of the problem, which the present treatment
reorganization free energies measure the free energy differencéemoves, as now discussed.
for a given state created in a nonequilibrium environment Inthe Fromherz model, a single spherical cavity for the whole
compared to that in its equilibrium environment. polyene is used; this cannot properly describe polyenes with

Thus when the solvent polarity is increase@g'a remains long bridges between the donor and acceptor moieties, for which
nearly unchanged, whereas batf and A increase. From eq  each endgroup should be embedded in its own cavity. Our
1, we immediately see that this implies that the absorption formulation is not so limited and can, for example, accommodate
energy increases while the emission energy decreases, that igwo distinct cavities. In this manner, the two donor and acceptor
the absorption spectrum exhibits a blue shift and the fluorescenceendgroups can be surrounded by media with different dielectric
spectrum a red shift. Thus, the peculiarity of those so-called constants, and this could be used for a (very simplified)
anomalous spectral shifts follows naturally; it does not lie in description of this type of molecule inserted in a biological
the presence of the counterion. membrane, as is the case when this molecule is used to probe

If we now turn to endgroups with different sizes, the the cellular potentiad®??Stated generally, the present formula-
electrostatic interaction energy with the solvent is different in tion is sufficiently general to open the way for applications to
the ground and excited states: a more polar solvent preferentiallymodeling of CPPP in biological membranes.
solvates one adiabatic state. Hence, in this case, increasing the Further, the change in the bond length pattern along the chain
solvent polarity changes the adiabatic equilibrium g@ﬂ'a, between the ground and excited states is not taken into account;
which affects the absorption and emission transition energiesin our formulation, this inclusion has the important effect of
in the same direction (see eq 1). The effect originating from providing an additional reorganization energy beyond that of
the different sizes of the two endgroups modulates the magnitudethe solvent.
of the absorption blue shift and the fluorescence red shift found In the Fromherz formulation, a key role is played by the
previously and, if large enough, can even change the directionconstancy of the sum of the absorption and emission energies,
of those shifts. Eans+ Eem Of charged polyenes over a range of molecules and

adia

absorption

Similarly, for fluorescence, the emission transition energy is
the differencebetween the adiabatic equilibrium energy gap
Vﬁﬂ'aand the solvent reorganization energy, but this time in the
adiabatic ground stateyd.
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SCHEME 3 and geometric coordinates in the L and R VB staigsind A4
ot ot o QFs are the geometric and solvent reorganization energies, which
DWA DWA are supposed to be the same for both VB states. Similady, to
n n Aq measures a certain nonequilibricraquilibrium energy
L R difference due to the geometrical coordinate; if, for example,

the R state in Scheme 3 is created at the geometry of the L
solvent polarities. This is however too restrictive and not state, its geometry will relax to its proper one, the energy change
generally correct. For example, the CPPP rhodamine 700involved beingly. The solvent reorganization energies and the
exhibits a red shift both in absorpti®hand in emission for equilibrium solvation energies depend on the solvent polarity,
increasing solvent polarity. Further, the formulation does not in a fashion made explicit later.
give the conditions that have to be fulfilled for the anomalous ~ Those two (diabatic) VB states are strongly electronically
behavior to be observed, a feature provided by the presentcoupled, resulting in the electronically adiabatic ground and
formulation. excited states. Thus, the ground- and excited-state wave

But perhaps most importantly, the Fromherz formulation functions, W, and We, are mixtures of the two VB configura-
assumes that there are fixed charge distributions for the groundtions, 1 and g, and can be expressed4s
and excited states with no possibility of describing their changes

in different environments. By contrast, the present formulation, gex gex
expressed in terms of electronically coupled VB states to v = /1_ MIX ¢q W, + /1+ MIX e " )
generate the electronically adiabatic ground and excited states, 9.ex 2 L 2 R

automatically accounts for shifting electronic structures of the
chromophore, an effect that is critical for the description of The |\/||xgq and MIXEE parameters measure the relative pro-

CPPP nonlinear optical properties. portions of the two VB states in the equilibrated ground and
) ) excited states, respectively; their values range frolp where
3. Theoretical Formulation the considered adiabatic state corresponds to the pure L diabatic

3.1. Two VB State Description.We now give a rigorous  State, to+1, where the adiabatic state is the pure R diabatic
development of the qualitative picture sketched above and build State. _ _ _ _ _
a general analytic model, both for CPPP and for PPP molecules. The adiabatic ground- and excited-state free energies are given
To construct a general model describing both the normal by
(globally neutral) and charged pushull polyenes, we use the

two VB states in Scheme 3, labeled L and R for left and right, GL(q 9 + GR(q 9
respecti i G**a,9) = : —F
pectively, where the charges on the endgroups are indepen q, 2
dent.
1
In the CPPP case, we neglect the counterion. We have already 5«/(GR(q,S) — G(g,9)* + 4t* (4)

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 obserkfethat

the counterion has very little effect on the absorption enéfgy.
The nonequilibrium solvation of normal puspull polyenes

wheret is the electronic coupling between the two VB states.

The coupling for pushpull molecules is inferred to be large

in the 1 eV rangé#3439Such a large value for the coupling

highlights the important point that the two VB state description

has already been studied within the framework of such a two is only an effectlve'descrlp"uon. Thmkmg in terms of .tW(.)
uncoupled VB states is attractive because it gives a useful insight

VB state model in ref 16, and our formulation here will proceed into the behavior of those molecules, for example, their nonlinear
along the same lines. We consider two coordinates: a geometric ’ p'e.

one,q, to account for the single/double bonding pattern reversal optlcal properties. Yet.those two VB. states then .have to be
and a solvent coordinates, measuring the slow nuclear mixed with a self-consistently determined electronic coupling

polarization of the solvent. The fast electronic polarization is to progucedtr}(_e requw_eddproperUes gf tEe electronlcablly adl_ab?nc
considered to be always equilibrated. Both coordinates arefgrour:h an |(7éei<ctlte bstates, Wf tlr? lturn O?t tto eqU|te|_ar
supposed to be harmonic, and the free energies of the two VB rom e pure Vb states because o7 fhe jarge eiectronic coupiing.
states are (see Figure 4) The energy gap be_tween tla(_ahabat_lcgrognd and excited-
state surfaces in a given configuratioqs] is related to the

s— % 2 TRV energy gap between tliabatic states in the same configuration,
GH(q,9) = G5 + A4 oo + 4 qR qOL) Vail(@,8) = GR(a,8) — G-(a.9)
- QB — %
R R S —_ £ 2 q p— qg 2 Gex(qls) - Gg(qls) = V (Vdia(q’s))z + 4t2 (5)
G (a,s) = Vo + G5 + 44 R by =l @
'55 - £ B~ % The absorption and emission transition energies are therefore

directly related to the diabatic energy gap in the global minimum
We focus first on quantities associated with the two diabatic of the energy surfaces of the adiabatic ground and excited states,
VB states. The free energies are referenced to the gas-phaseespectively.
free energy of the L stateVp is the gas-phase energy gap In these global minima, both the molecular geometry and the
between the equilibrated VB stat@t(e) and GS(e) are the solvent orientational polarization are at equilibrium. The ground-
respective equilibrium solvation free energies of the VB states state equilibrium values of the geometric and solvent coordi-
when both the electronic and orientational polarizations of the nates, notedj, ands], are found by the conditionaG¥ds =
solvent are equilibrated;is the static dielectric constant of the  5G¥adq = 0. Similarly, for the adiabatic excited state, the global
solvent;%‘R and qg'R are the equilibrium values of the solvent minimum position satisfie8G®/ds = dG®/aq = 0. The resulting
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S S
Figure 4. Schematic pictures along the solves} &nd geometricd) coordinates of (a) the diabatic free energy surfaces, where the diabatic
equilibrium free energy ga| e';‘, and the total diabatic reorganization energly;+ Aq, are indicated and (b) the resulting adiabatic ground and
excited electronic free energy surfaces, where the adiabatic equilibrium free energyii?amnd the adiabatic reorganization energies in the
ground and excited stateA%®* are indicated.

geometric and solvent equilibrium coordinates for the ground We assume that the electronic couplingjs independent of
and excited states dfe solvent polarity. Hence, when paying attention to the polarity
dependence, egs 7 and 8 become, respectively,

L R R_ L
gex _ Go T 0o o~ o

o + MIX @*(0gy™ <85 ) ,
oo o Euns o) = v (Vi o)) + 48
L
+ — .
r="3 5,9 > %Mlxg'E’(qgaex,%ex) ©) Vabs.erk€) = Vo + AG(e) =~ (g T ALMIXENe) (9)

We have adopted the convention in which we keep the samewhereAG; is the differential equilibrium solvation free energy
meaning for the MIX parameter, both in the adiabatic ground of the two diabatic state§ — GL. The detailed forms of the
and excited states: MIX= —1 always designates an adiabatic equilibrium solvation energies and of the nonequilibrium solvent
state that is the pure L state, and MiX+1 corresponds to @  reorganization energies will be deferred until section 5, to keep
pure R state. Note however that the equilibrium value of MIX the analytic model as general as possible. The geometric
in the excited state is different from what it is in the ground reorganization energy, does not depend on the solvent polarity
statex? and therefore plays no role in the solvatochromism interpreta-

From the locations of the minima on the adiabatic ground- tjgn. However, as has been shown elsewR&ieyvaries with
and excited-state surfaces, eq 6, the absorption and emissiofhe polyene and it must be included in the model for comparison

transition energies are with experimental values. It can be determined in a fashion
similar to that in ref 16.
E = GH( L) — G L) = /(Vdia 24 442 3.2.1. Absorption Energy.he change of the adiabatic energy
abs.em ea a0 abs.nl 7) gap, Eaps(eq 9), with the solvent static dielectric constantis

related to the change in the diabatic energy g@s
with the diabatic energy gals

) ia ia
alt;as,em: VO + GE - GlS_ - (lq + AS)MIXg’le: dEabS: Eabs%s (10)
i , e e
Vee = (g + AJMIX 3 (8) abs

3.2. AnalySiS of the Influence of the Solvent PO'al’ityNOW and the Change in‘/git?s (eq g)’ can be decomposed into three
that we have set up the explicit adiabatic framework, we turn contributions
to the study of the influence of solvent polarity on the absorption
and emission transition energies. ,

According to egs 7 and 8, a change in the solvent polarity dVoes dAG dig dMIXg,

h iti iag i i I = - MIX3,— + A, (12)

affects the transition energies in two ways. First, a more polar de de 9 de de

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 sectionand the last term actually depends oBag{de and d/2%/de
2.1.1) because of its larger dipole moment, and for charged because from the definition of MIX (eq 3), M%is related to
polyenes, it is the state in which the positive charge is located VA2 and Eps®
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.The combination of eqs-912 yields the polarity dependence

ia
g — _ ‘abs
MIXeq— = (12)
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of Eaps excited state exhibits a red shift or a blue shift as the solvent
; polarity is increased.
dEabS: _ MIXeq(e) Within the framework of the two electronically coupled VB
de _AqtAde) state model, when a given VB state is lower in energy than the

. g 2/ \\32
(1 MIXeq (€) other, it is predominant in the composition of the adiabatic

di{(€) ground state, but this also implies that it has a minority weight
Fra— MIXZ(€) de ) (13) in the adiabatic excited state. We recall that our convention is

that the MIX parameter has the same meaning for both the
The sign of this derivative gives the direction of the shift of adiabatic ground and excited states. Therefore, for the same
the absorption spectrum with increasing solvent polarity: a given configuration of the solvent polarization and of the
positive derivative corresponds to a blue shift (hypsochromic molecular geometry, the signs of MBnd MIXe* are opposite.

shift), whereas a negative derivative corresponds to a red shiftThis implies that in the counterpart of eq 12 for M the

(bathochromic shift). sign differs:
BecauseMIXefe)| < 1, then [1— MIXef(€)]®? = 1. In

addition, the conditiond; + A¢(€))/(2]t]) < 1 is always fulfilled

because it is equivalent to assuming that there is a single

minimum along MIX in the adiabatic ground st&feThus, this

denominator will always be positive.
Therefore, the sign of the derivative is determined by the

2|t

ia
abs

E

MIX &= (15)

em

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

numerator, ,
fluorescence shifts results
dAG(e) di (e))
- _ g S g s
Nopd€) = —MIX eq(e)( i MIX gq€) 4 (14) dE,, MIX EE(E)
The lefthand term ofNap{e) shows that the direction of the de 14 Ag T As(e)(l — MIX {e))¥?
absorption shift is determined in part by the nature of the 2|t eq \€
predominant VB state in the adiabatic ground-state composi- dAG(e) dig(e)
tion. In the righthand term appear the two effects of the sol- i MIX go(€) % (16)

vent polarity: on the equilibrium gap and on the solvent
reorganization energy. Here we give a general discussion of
this term. This excited-state emission relationship eq 16 differs from the
In this righthand term, the change in the solvent reorganization analogous expression eq 13 for the ground-state case only in
energy is weighted by the composition of the ground state. Whenthe sign of the second term in the denominator, for the reason
the solvent polarity increases, the solvent reorganization energyexplained above. The denominator is always positive, so the
increases as well, which means, for example, that in the ground-sign of that derivative, that is, the direction of the fluorescence
state equilibrium solvent configuration the excited-state charge shift, is determined by the numerator
distribution becomes more destabilized, that is, raised in energy.

When the solvent polarity increases, the further the solvent dAG(e) die)
configuration is from the equilibrium configuration, the more N = MIX & S MIX X s 17
\ : . : em(€) ed(€) ed(€) 17
it feels that increase in polarity. Consequently, when one VB de de

state is largely predominant, the charge distribution in the
adiabatic ground state resembles that of that VB state, and the  gq,ations 13 and 16 are the key relationships for predicting
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 ati AG d th vent ati
highly out of equilibrium with the ground-state solvent config- solvation energyAGs, and the solvent reorganization energy

uration. Therefore, in that case, a change in the solvent polarity "2V Nnot yet been made explicit, and therefore, there is as yet

does not affect the ground state but destabilizes further the"© dependence on the solvent model or on the polyene net

excited state. charge (neutral or cationic). These two equations are therefore
In the opposite situation in which the adiabatic ground state Very general; they should predict the solvatochromic shifts for

is composed of the two VB states in similar proportions any molecule that can be described through a two coupled VB

(|v||xgq: 0), the two VB states also have comparable weights State model, in any kind of environment described in a

in the excited state. The adiabatic ground-state equilibrium continuum fashion.

solvent configuration lies between the equilibrium configurations

pf the L and R states. Therefore vv_hen the SO'VG"F poanty 4. Conditions for the Observation of an Anomalous

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 changédiis weighted Using egs 13 and 16, we now seek the conditions neces-

by Mngq . . sary to observe an anomalous solvatochromism, that is, a shift
3.2.2. Fluorescence Emission Ener@efore applying the f the ab i d . tra i ite direc-

relationship eq 13 to specific cases, we now derive the O' h€ absorplion and emission spectra in opposite direc

fluorescence equivalent of eq 13 in a fashion completely tions.

analogous to that for absorption, to determine whether the Such shifts imply that the derivatives of the absorption and

fluorescence from a molecule in its equilibrated electronic emission energies with respect to solvent polarity have opposite

the direction of the absorption and fluorescence shifts when
solvent polarity increases. The expressions for the equilibrium

Solvatochromism
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signs, that is,
dEabsdEem
de de = (18)
We now define the important ratio
dAG(€)
de
ple) = 19)
dife)
de
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M

—
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+ -

Up
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+ -

Figure 5. Electric dipoles used in the point dipole approach for charged
polyenes.

For the ratiop, the prefactors vanish, leaving only the sign,
_ j\l,|ER2 o EL2| dv
JUEr— E)?*aV

To proceed, we need more explicit expressions forBhand

14 (25)

and with this and the use of eqs 13 and 16, the condition eq 18 Er electric fields, taken up next.

can be reformulated as

~MIXEMIX e)[o() — MIXSfe)ll(e) — MIX Efe)] <
0 (20)

If one VB state is the minor contributor in the ground state, it
is the major contributor in the excited state, so IQH)Qnd
MIX & have opposite signs, and the latter condition reduces to

q
[p(€) = MIXZ(e)lp(€) — MIXE{e)] <O

Because by definition MIX®* both vary between-1 and+1,
to fulfill the above conditionp must satisfy

(21)

ol <1 (22)

that is, going back to the definition eq 19, the anomalous

behavior requires that, when the polarity increases, the diabatic

solvent reorganization energy must incredaster than the
equilibrium diabatic gap decreases.
If that condition is realized, therenay exist a value of

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 stdigs,
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

Ex(M) = QN(%UD - %UA);
o A
Q
E,(M) = Qz(%up - %uA) - S @9)
o ra N

whererp andrp are the distances between the pdvhivhere
the electric field is evaluated and each endgroup, ahdnd
up are unit radial vectors pointing away from each endgroup

MIX ¢, around which the solvatochromism is anomalous and ang towardM. The fieldsEy and E are proportional in the
eq 21 is satisfied, that is, condition eq 22 is necessary but not4iig of the endgroup charge3/Qu.

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 energhGs(¢), and for
the solvent reorganization enerdy(¢). Those expressions are
valid both for the normal and charged polyenes in a solvent
modeled by a linear dielectric continulhWith E. and Eg
denoting the vacuum fields of the L and R VB states,

AGe) = — %(1 - %)( [ ExEqdV — E -E_ dV)
—_ %(1 = %) [(EZ—E3av

2de) = %(i - 1) [AEr—E)PaV (23)

and the two derivatives with respect to the solvent polarity are

dAG, 1 5 5
= A fE - Ed

di

S_

1 2
@ =50 JUEn— BP0V (24

Then using eq 26 in eq 25 gives

-2 Zn

TN Y -
BT S
Qn Qn

and becausf)z| > |Qn|, we infer thatp < —1 and the condition
eq 22 for the anomalous behavior can never be fulfilled; no
anomalous behavior is possible for PPP.

4.2. 1s 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 CPPPhe
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

This confirms in a rigorous and general framework that a more here as well be associated with each VB state, to give a
polar solvent always increases the solvent reorganization energysimplified model of the charge distribution, as represented in
that is, it tends to increase the Stokes shift. Figure 5.
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) L 2 [ T T T
D A Cllr
Rea £
Figure 6. Cylindrical cavity of length_ and radiug around the charged =

polyene and its counterion embedded in a dielectric continuum of
dielectric constang.

However, the comparison of the interaction energies of these
two dipolesua andup, with the solvent would lead to the wrong
physical image. Indeed, beause of the larger charge separation
in the D stateyup > ua and the solvation energy of the D state 0 )
would be much larger than that of the A state. In fact, provided r[A]
that the two endgroups have similar sizes, the solvation free rigyre 7. Effect of a change in the cavity radiuson |o| for Roa =
energies of both VB states are very close: the distance betweeno A, Ric =4 A, L = Roa + Rac + 2r, andQr = Q. = 1.
the point charges is large enough so that the charges can be

15 20

3=
—_
o

considered to be solvated nearly independently (this is obvious [ ' ' ' 16

for the two endgroups that are separated by a long polyenic

chain; this is more of an approximation for the endgroup next | 44

to the counterion but our goal here is only to extract the origin

of the failure of the point dipole picture for charged polyenes). [ 12

The point dipole representation is an effective model that is

qualitatively valid for the normal polyenes for which the 10 YA

magnitude of the partial charges changes between the two VB 15

states but that is invalid for the charged case, for which the

difference in the dipole moments of the two states is only due | 4 -4

to the shift of a charge, which has little effect on the solvation

energy. B . | | 1-6
4.2.2. Influence of the Relat Donor and Acceptor Sizes 4, 5 0 5 10

and SeparationTo 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 Figure 8. Contour plot of Epaincharge Edipoie)” With the electric fields
displayed in Scheme 2 (see section 2.1) 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

c - Q'-u . 1— Q'-u 1 » dipole representation with a spacing o&210 au.
L= 2YA D [of . L .
rA2 rD2 rC2 We now consider the electric fielHr — EL. corresponding
1- Qg Qs to the difference between the charge distributions in the L and

1 ) . -
Eg > Up T —Up — —Uc (28) R VB states, which appears in the definition |pf (eq 25).
Fa ) e Independently of the cavity shape, the difference at each point
o - between the point dipole and point charges representation of
In contrast to the situation for the PPP, the two electric fields this field can help to determine which volume around the

are not proportional. :
. . . polyene must be forbidden to the solvent to suppress the
The value ofp| (eq 25) depends on the integration domain, . 5ma10us behavior. Figure 8 displays the square of the

thoelltelz'e o'jroth:nz:lc;vge?hi\sloljuem:n?én::rlee ivﬂvzgguanr%u?ﬁa:h& difference between the point dipole and point charges electric
polyene. Y. P ; Sields Epointcharge— Edipoid)? in @ plane. This confirms that the

polyene is embedded in a cylindrical cavity with finite radfus area responsible for the difference is close to the molecular axis.

and length_ (see Figure 6). In addition, we consider the limiting . . .
case wher®r = Q_ = 1. We therefore predict that the anomalous behavior vanishes

Effect of a Change in the Cavity Diameter. For a fixed for charged “polyenes” with bulky conjugat.ed bridges. Naturally,
donoracceptor distancéioa, we first examine the influence ~ Such bridges can no longer be polyenic indeed, but our whole
of an increase in the cavity radius The influence orjp| (eq approach is valid for any kind of conjugated bridge. This
25), and therefore on the presence of an anomalous behaviordisappearance of the anomalous behavior is exactly what is
is presented in Figure 7. For smajlthe solvent molecules are observed_for several cationic COﬂjUgated_ defum:ceptpr mol-
allowed to come close to the molecular axis between the two €cules with bulky bridges, like rhodamine 700, thionine, or
sites of the charge transfer, the A and D groups; the Chargeresorufm‘.” Those molecules are yvell-knqwn doracceptor
distribution that is seen by the solvent can be well approximated compounds and belong to the (wide) family of charged push
by separate point charges| < 1, and the anomalous behavior puII_ molecu!es. Our approach can thus successful_ly describe
is possible. However, whenincreases, the solvent molecules their behavior, whereas Fromherz's approach relied on the
are kept further away from the charges and the effective electric @ssumption that the suBws+ Eem remains constartt, which
field that they feel resembles more and more that of a dipole i not the case here.
formed by the positive charge of the polyene and the negative Effect of a Change in the Cavity Length. For a fixed cavity
charge of the counterion. Hendp| becomes larger than one, radius ¢ = 5 A), we now examine the influence of an increase
and no anomalous behavior is possible, as was shown in sectiorof the donor-acceptor distanceRpa, and thus an elongation
4. of the cavity. Figure 9 shows th#t| regularly decreases with



Charged PushPull Polyenes in Solution

1.6 T T T y T T T
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Figure 9. Effect of a change in the doneacceptor distancépa, on
lol forr =5A Rac=4A, L =Rop + Rac+ 2r, andQr = Q. = 1.

increasing lengthiRpa; the two sites D and A between which

J. Phys. Chem. A, Vol. 107, No. 31, 2008041

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

dAG(e) 1, , _af1 1 1
L A
dife) 1 o 1,1 1

T Ee e Ry @

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 gapAGs. 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 pf eq 19,

confirms the result, eq 27, that was found in the general case

the charge transfer occurs move farther apart, and the chargedf a normal polyene with the point charge description: when
distribution resembles less and less the one of a point dipole,the solvent becomes more polar, the equilibrium diabatic gap
and more and more that of two widely separated point charges.AGs decreases more rapidly than the diabatic solvent reorga-

This explains the transition between a regime in which no
anomalous behavior is possiblg|(> 1) to a regime in which
it is allowed (p| < 1). We therefore predict that for extremely

nization energy increases. Thiectionof the shifts is governed
by the changes in the equilibrium energy gap, which tend to
shift both spectra in the same direction; but #raplitudeof

short conjugated bridges, the anomalous effect should disappearthose shifts is affected by the nonequilibrium contribution arising

However, for all of the CPPP molecules of which we are aware,

from the larger solvent reorganization energy, which tends to

the distance between the endgroup centers is too large to allowincrease the Stokes shift.

such an effect to be observed. Experimental investigation of

5.2. Charged PolyenesVe now turn to the case of a charged

CPPP molecules with shorter separations would thus be of polyene and again consider the key rati@q 19. As explained

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 definitiop, @&q
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 MareB®rn

modeP*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 coordinaie
5.1. Neutral Polyenes.In the Marcus-Born model of
solvation, the solvation free energy of the two VB states

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

2 - 2 1—
Gi(e) = (1 - _)(TA + ( ZrSL) n QL(RDA QL))
1
D L

presented in Scheme 1 for the PPP case (displayed in sectiorwhereQ_r is the charge magnitude as defined in Scheme 2.

2.1)is

1

NZgy— (1L~ 2f1 1
Gs (6) - (1 e)QN,Z (ZYD +

2r,

&)

whereQy z is the charge magnitude on the donor and acceptor

groups in the neutral and zwitterionic statgsandra are the

radii of the solvent cavities surrounding those two endgroups,

and Rpa is the distance between their centers. Thus, the
differential solvation energy of the two VB states is

Q) (i +

@) (30)

AG (9= Gl - &l = (1 1)@ -
1

2r,

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

is

+2 i) (31)

A= (_ - 2rn Ropa

oo

@ ez

Thus, the difference between the solvation energies of the
two VB states is

AGye) = G5(e) — Gg(e)

=31 Je+ - pe-f+

2
— ]|+ [=—=]| (34)
ol 1)
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

1

1_2
+rA RDA) (35)

The two corresponding derivatives with respect to the solvent

2de) = —(———)(1 Q-

oo

QR)(D
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dielectric constant are adiabatic ground state and of the less stable VB state in the
adiabatic excited state. A last key feature to note is the much
dAG{(e) _ 1 1, 1 smaller sensitivity of the electronic structure upon solvent
de 2_62(QL T~ DIQr— QL)(E + [ polasréliitg)igfor the CPPP compounds than for the normal poly-
enes’®
i) + (l—i)] 5.3. Role of the Endgroup SizesHere we examine the
Roa o Ta influence of the endgroup sizes on the existence of an anomalous
dife) 1 (1 1 2 solvatochromism, restricting our attention to the CPPP case. For
= —2(QL +Qr— 1) (— + = - —) (36) ease of exposition, we use simple charge distributions for the
de 2¢ ' Ta Roa two VB states with a full negative charge either on the acceptor

or on the donor group, that iQz = QL. From eq 36, it is clear

We pause to note that f@, = Qg = 0.5, the two derivatives that for the same endgroup size case 0, and the condition

are zero because the two VB states are the two limiting forms o] < 1 (see eq 22) for the possibility of an anomalous behavior

of a cyanine struc_tur%-?. is fulfilled. In addition, forp = 0, from eq 21, the condition for
Here again, as in the case of normal polyenes, eq 36 ShOWSthe existence of the anomalous behavior reduces to

that the CPPP case solvent reorganization energy increases when

the polarity increases, which has already been shown in the MIX 9 ()MIX (e) < 0 37

general case in eq 24. But the key difference with normal ed€) ed) (37)

polyenes is t_hat a more _po_lar solvent does systematicall'y which is always the case because by definition @4‘(& and

reduce the diabatic equilibrium energy gap; the change in theMIXiz(e) have opposite signs. Thus for any value of the

energy gap depends on the relative sizes anq ch_arges_ of t.hesolvent polarity, the absorption and emission spectra shift in

endgroups, as can be seen from eq 36. A widening d|abat|cOpposite directions

eiquilibrium energy gap tﬁndlj to Sh:tl both the absorption and But if one endgroup is larger than the other, then the VB

fluorescence spectra to the blue, while a narrowing energy gap . : . f -

tends to shift both spectra to the red. (Here, one should keep insta’te in which the charge is located on the smaller endgroup is

. oo . - preferentially solvated by a polar solvent. This modifies the
mind that because the equilibrium energy gap is definetiGs o . .
— GR — GL, a positive derivative of the gap with respect to the equilibrium energy gap between the diabatic states. From eq 8,

. . . . _there are now two competing effects, the increase in the solvent
dlele_ctrlc (?(_)nstant means tha_t the gap widens only when this reorganization energys and the change in the diabatic equi-
gia%ls p_)rc;]snrlvfe,rthatirl]s whrﬁan IS n:o:e Stﬁblﬁtth?nﬁ arc]j? gg“ﬁ librium energy gap/e. If the difference between the solvation

I)b | herefore, a .g € pg a}[h ;? eff, ¢ gth al atic energies of the two VB states is large enough to compensate
:glweln{lurgo?n:rr\gi?gﬁ Vghfrns’ t(gn d t(I)S sh'(?tc tﬁg abgorartgoer: for the increase in the solvent reorganization energy, the change

Vtr m gth Izbll BUt fg); the fluor ' n ner p Ith in the adiabatic equilibrium energy gap governs the spectral
spgc u foth ed' l:L:et-' u 'Ic')b the fluoresce c? edetgy, h‘fte shifts (as in the case of PPP); otherwise, the directions of the
widening ot the diabatic equiliorium energy gap tends 1o shift - only reflect the increase in the solvent reorganization
it to the blue, while the larger solvent reorganization energy energy
ter}l’f(’atgosl’cgttc;::rg?ot;?s:s OId.irection is governed by the ratio For example, for a CPPP witQz = Qu andrp = ra and

. X with a distance between the endgrodfiss much larger than

eq 19, of d\Gdde and didde, eq 36, and its value is clearly g g

determined by the relative sizes and charges of the endgroupst[he'r radiirap, from use of eq 32, the conditigp| < 1 implies

To add some insight on our conclusions both for the normal 1 1 1/1 1
and charged polyenes, the evolution with solvent polarity of E o a Q(E a) (38)
some key quantities are plotted in Figure 10. Parameters of the
prototypical polyenes used for these plots are provided in Table that is,
1. The two upper panels, Figure 10a, first show that, as expected,
in the neutral PPP case, both the absorption and emission Fa
transition energies decrease when the solvent polarity increases b~ 3 (39)

(red shift), while in the charged CPPP case, the absorption . o .
energy increases and the emission energy decreases. Figure 10Bhus if the donor cavity is more than three times smaller than

details the different contributions to the diabatic gef% this the acceptor cavity, the anomalous behavior disappears.
highlights that in the PPP the solvatochromic behavior is due  Experimentally, for all of the charged pushull polyenes
to the decrease of the equilibrium diabatic g¥ff, in more of which we are awaré;3°3347the donor and acceptor end-

polar solvents, compared to which the change in solvent groups are similar in size, and this effect has not yet been
reorganization energys, remains negligible. On the other hand, ©observed. While our results indicate that a rather large size
in CPPP, the diabatic equilibrium ga ei;?' remains constant, disparity for donor. and acceptor groups is required, it gould
while the increase in the solvent reorganization energy goVemsnonetheless be of interest to search for this effect experiment-
the solvatochromic behavior. We recall that though we discuss ally.

here the more intuitive diabatic quantities our theory is fully

adiabatic and all adiabatic quantities can be inferred with eq 8. & Charged Polyenes and NLO

In addition, Figure 10c shows the change in the @gﬁ( We now apply the preceding theory to examine the NLO
values: while in the PPP case, a more polar solvent reducesproperties of CPPP and their contrast with those of PPPP. As
the free energy gap between the two VB states and increasewe see, it is now a simple matter to discuss these, given our
the mixing in the composition of the adiabatic electronic wave theoretical formulation. The NLO propertiea, (8, y, ...) all
functions, in the CPPP case, the nearly constant equilibrium depend on the absorption energy and not on the emission energy.
adiabatic gap and the increasing solvent reorganization energieBecause the main interest of the anomalous behavior are the
tend to increase the weight of the more stable VB state in the shifts of the absorption and emission energies in opposite
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Figure 10. Spectroscopic behavior with solvent polarity of a neutral and a charged-pusitpolyene, of which the key parameters are detailed

in Table 1: (a)Eabs Eem (b)

Vaa 2

eq’

TABLE 1: Parameters of the Prototypical Polyenes the

Behaviors of Which Are Presented in Figures 10 and 11

parameter neutral charged
ra (A) 4 4
ro (A) 4 4
Roa (A) 10 10
Vs (eV) 1.6 1.6
t(eV) 1 1
Q% —0.3 +0.7
L +0.3 +0.3
QR -0.7 +0.3
xR +0.7 +0.7
Aq (V) 0 0

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,

(c) Mlxgq, Mlxgg. For each property, the scale, even if shifted, is identical for the neutral and charged cases.

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

2t2//‘cs2
a=-———
(Eapde))

whereucs is the charge shift dipole momentes = 1z — un.
For charged pushpull 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

(40)

there are important polarity effects and consequences for the

optimal molecular design for the NLO properties, now discus-

sed.

1—M|Xg 1+M|Xg
Q=1 - Q)+
l—MIXg 1+ MIXg
Qn= 2 QL+ 2 (1-Qp) (41)
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We now choose the particular case in whicgh = Q. = 1 In a similar fashion, the second-order polarizability can be
because this simplifies greatly the notation; the generalization derived (see ref 16)
to other charge magnitudes is straightforward. Equation 41

reduces to 5 6\/§gat2/,tcss (50)
(Ead))’

Note that$ depends on the sign efcs and therefore on the
orientation of the molecule with respect to the electric field.
From use of eq 12, the derivative @fwvith respect to solvent

e Polarity is

Qon= %(1 + MIX ) (42)

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

30C%ucs’ dE
. 1 % = |\/||xgq—”§‘°‘(|\/||xgq 2_ %) - 6D
Vg=Qp¥p + QuW, = E(IPD +W,) + ENHX g(qJD — W, Eabs
(43) As shown in Figures 10c and 11b for the model neutral polyene,
Because the electric fielHl is constant throughout space, MIX ¢, = —1/v/5 corresponds to a maximum 6f Becausg is
proportional to &/de, the 8 values of PPP and CPPP follow
Wo—Wa=(p—r)V¥ = —(rp —ra)F = —ucF  (44) oppositetrends with solvent polarity for similar values of

MIX g, Whereas for PP reaches a maximum at MP{ =
whererp andra are the positions of the two endgroups and —1/v/5, it becomes a minimum for CPPP. It is important to

where the charge shift dipole moment is defined as note however that the trends are oppositdy if the MIXJ,
parameter describing the ground-state electronic structure is the
Ues=Tp —Ta (45) samein the PPP and the CPPP. But this will generally not be

) o o ) the case because Mga(is much more sensitive to solvent
with the elementary chargeimplicit. This is the dipole moment  o|arity in the PPP than in the CPPP (see Figure 10c). Thus,
of the charge distribution resulting from the difference between ¢, he ppp example studied in Figures 10 and [MIX?

U |
the charge distributions of the R and L forms. " ed
By definition, the polarizability is . = —Y, 9V,/aF? taken decreases and crosses the critical valug¢5l/and hencep

— ; . . g reaches a maximum; on the other hand, in the CPPP tase,
for F = 0. We only consider the case in which the electric field MIX O] | | tant and ins | thaviEf
F is parallel to the D-A molecular axis, that isq = o, with | eq|t's ”leafty CO”Z a;]n an :Emalnts argert orany hed
ucs positive whermrp — ra has the same orientation Bslike solvent polarity, and hence, the extremum IS never reached.

in the normal polyene case. Because the ground state MIX Therefore, the_se two polyenes do not exhibit opposite trends
for the 8 polarity dependence (except in the very low solvent

function is polarity range, see Figure 11). As a final remark, we note that
Ve — V. there is an advantage of CPPP over PPP for the molecular
MIX = — (46) engineering of optimize@ values because in this case it is
A (Vg — VL)2 + 4t possible to act not only on the sign of the (I\@Q@ — 1/s) term
but also on the sign ofExdde, which can be different for the
this yields former but is fixed for the latter (see section 4.2).
The third-order polarizability is given by (see ref 16)
dMng _ _ 4t2;u (47) 24(\/dia 2 tz)tz 4
dE (Vg — V)2 + 42)%2 Y= eq . Hcs (52)
Eabs
and thus
and with use of eq 12 again, its derivative with respect to solvent
2t 2 polarity is
= ZHes (48) o
(Eapd€)) dy  210%cg o 2 3 %Eus
————G(Mxeq —?)d— (53)
Because both the coupling,and the VB state dipole moments € Eabs <

are polarity independent, the polarity dependence. & )
This shows that for both normal and charged polyenes, the

2 2

da _ “Olkes AEsps (49) composition MIX, = i\/% corresponds to an extremum in
e (Eqpde))® G 2

The comparison of the trend between PPP and CPPP relies
The first ratio in the right-hand term is negative, so wi&gps on the same arguments as fhérend, except that the value of
increases, that is, when the absorption spectrum is blue-shifted MIX g, at the extremum ofy is different than the value of

o decreases. That relation is valid for all kinds of polyenes, Mlxgq at the extremum of.

neutral or charged. Unlike normal polyenes, for most of which, = These simple model calculations serve to emphasize the
with increasing solvent polarity, the absorption spectrum is red- important point that the conditions that would be optimal to
shifted and thereforel increases, charged polyenes exhibiting maximize a particular nonlinear response for a CPPP can be
the anomalous behavior will display the opposite trendofor quite different from those of a PPP. They also show that the
o decreasewith a larger solvent polarity. NLO properties for CPPP are much less sensitive to the solvent
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4.2.2) is to employ short BA 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 puspull 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 Fra@adndon
transitions, as well as an internal geometric coordinate describing
shifts of the alternating carbon singidouble bonding pattern
in the interveningz 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
240k i experimentally. Further, it can be directly applied to predict the

\ solution polarity dependence of the nonlinear optical properties
N e ] of the charged pushpull polyenes, of which the large values
20 ——L———— L . . 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
experiment-along the lines of the comparison made for neutral
push-pull polyenes in ref 17when 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
2005 ——35""20""36 20 50 8070 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
polarity than those in the neutral case because of the vanishinglargely developed for the CPPP in homogeneous environments
differential equilibrium solvation, for example, for similarly ~Such as polar solvents, a significant portion of the theoretical

sized donor and acceptor groups. The remarkable stability of framework was not restricted to a homogeneous environment.
the CPPP NLO properties with respect to a change in their The combination of the basic formulation presented here with

: . of .
environment would initially suggest that they are in fact not & PoissorBoltzmani® description of the inhomogeneous

sueh good probes of membrane potenial Inded, his weakETL O SN POVEE = bl el o e
sensitivity toward the environment is observed experimentally P Py 9

for the solvatochromism of CPP®Pas well; the spectral shifts development.

with increasing solvent polarity are much smaller than what is Acknowledgment. This work was supported in part by the
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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 ]
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suggests several promising directions for this: use donor and ) . .
(2) For current trends in molecular NLO, see, for instance, the special

agceptor groups W.ith very different sizes or usfe_tl’u"(y ConjUQa.ted issue ofChemical Physicslevoted to molecular nonlinear optic&hem.
bridges (see section 4.2.2). A further possibility (see section Phys.1999 245,
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key parameters are detailed in Table 1.
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