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A simple model has been developed to describe the symmetry-breaking of the electronic distribution of
Ar;—D-Ag type molecules in the excited state, where D is an electron donor and Ay and Ay, are identical
acceptors. The origin of this process is usually associated with the interaction between the molecule and
the solvent polarization that stabilizes an asymmetric and dipolar state, with a larger charge transfer on
one side than on the other. An additional symmetry-breaking mechanism involving the direct Coulomb
interaction of the charges on the acceptors is proposed. At the same time, the electronic coupling
between the two degenerate states, which correspond to the transferred charge being localised either
on Az or Ag, favours a quadrupolar excited state with equal amount of charge-transfer on both
sides. Because of these counteracting effects, symmetry breaking is only feasible when the electronic
coupling remains below a threshold value, which depends on the solvation energy and the Coulomb
repulsion energy between the charges located on Ay and Ag. This model allows reproducing the
solvent polarity dependence of the symmetry-breaking reported recently using time-resolved infrared

spectroscopy. Published by AIP Publishing. [http://dx.doi.org/10.1063/1.4982067]

l. INTRODUCTION

Symmetry breaking charge-transfer processes are encoun-
tered in molecular systems characterised by two or more
energy-equivalent charge-transfer pathways.! For example,
photoinduced symmetry-breaking charge separation has been
observed in various multichromophoric systems containing
several identical molecular units.>"'% In those cases, charge
separation takes place between one chromophore in the elec-
tronic excited state and another identical chromophore in the
ground state. In the case of a biperylene derivative, the direc-
tion of the charge separation, i.e., electron or hole transfer, was
shown to be entirely determined by the fluctuations of the sur-
rounding solvent.!! Excited-state symmetry breaking has also
been observed in multibranched molecules with DA,, or AD,,
structures (n =2 or 3), where A and D are electron-acceptor and
electron-donor groups, respectively. The electronic absorption
spectra of these molecules do not exhibit a significant solvent
dependence, contrary to the fluorescence spectra that char-
acterised a strong solvatochromism. This suggests that the
existence of a considerable dipole moment in the excited state
in contrast to the ground state has only a quadrupolar or octupo-
lar moment.!32* Moreover, the relative intensity of the S;
«— Sp and S < Sp bands in the one- and two-photon absorp-
tion spectra of these molecules points to symmetric ground and
Franck-Condon excited states.’>>>"?7 These two appar-
ently contradictory observations have been reconciled by
invoking a break-up of the symmetry in the excited state
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assisted by fluctuations of the structure of the molecule itself
or of the surrounding solvent.’®3! Although time-resolved
electronic spectroscopy confirmed the dipolar nature of the
excited state, it did not provide information on the dynam-
ics of the symmetry breaking and on its magnitude.?!?33>-3
Real-time visualization of the symmetry-breaking upon pho-
toexcitation of quadrupolar D-m-A-7m-D and A-n-D-m-A
molecules was recently reported using femtosecond time-
resolved infrared spectroscopy.’®’ The symmetry breaking
dynamics is directly reflected in the IR spectral dynamics
associated with vibrational modes localised in the two arms
of the molecules, namely, —C=C— or —C=N stretching
vibrations. It was shown that, when the electronic structure of
the excited molecules is symmetric, the frequencies of these
vibrations are the same in both branches and, therefore, a sin-
gle —C=C— or —C=N excited band is observed. However,
an asymmetric distribution of the charges leads to two differ-
ent vibrational bands. In the case of the A-7-D-7-A molecule,
the frequency splitting of the two —C=N bands increases with
the polarity of the solvent.’” The time scale associated with the
transitions from quadrupolar to dipolar excited state was found
to coincide with those of solvation, revealing that, in those
two cases at least, symmetry breaking is governed by solvent
fluctuations.36-3

Symmetry breaking in quadrupolar molecules was suc-
cessfully described in terms of an essential-state model.”®
This model considers three states, i.e., a neutral state and
two degenerate states, corresponding to the two zwitterionic
structures. The coupling between electrons and intramolec-
ular vibrational and polar solvation modes were also taken
into account. Such a description includes the ground and
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excited states and provides all information required to simulate
the electronic spectra.28 Here, we consider a linear A-m-D-
m-A molecule (ADA), which is quadrupolar in the ground
state and can be dipolar in the excited state due to sym-
metry breaking. Our aims are as follows: (i) to develop a
simple model of excited-state symmetry breaking, (ii) to deter-
mine the parameters controlling the extent of asymmetry, (iii)
to predict the dependence of the degree of asymmetry on
the solvent polarity, and (iv) to relate this dependence with
the experimental frequency splitting of the —C=N stretch-
ing bands of an ADA molecule reported in Ref. 37. The
dynamic aspects of the symmetry breaking will not be con-
sidered here. A similar approach was used to describe the
electronic structure of exciplexes in polar solvents and in par-
ticular to investigate the influence of the solvent polarity on
the magnitude of the partial charges on the donor and acceptor
subunits.>®

Il. THEORY AND COMPUTATIONAL DETAILS

We consider a linear and symmetric A;—D—Ag molecule
with identical electron-accepting groups, Ay and Ag. Although
we explicitly refer to a A;—D—Ag structure, the model devel-
oped here is also valid for D;—A-Dg systems. Excitation
of the molecule leads to the population of a quadrupolar
Franck-Condon excited state with equal amount of charge
transfer on both sides, i.e., 1 = dg = e/2. The transferred
charge e can be less than the charge of an electron. After-
ward, symmetry breaking (SB) takes place and 67, # dg, while
0L +0g = e,

AL =D —Ag =5 a7 _prl - A2 2 A0 pr %k

We first consider an ADA molecule in vacuum. The two low-
est excited states are degenerate with the electron localized
either on the left or the right acceptor, ¢; and g, respec-
tively. Taking these functions as a basis set, the Hamiltonian of

ADA is
Y ELV 0
0= .
V Ex

Due to the symmetry of the molecule, E; = Eg and we can
set E; = Eg = 0. This approach is in full agreement with the
excitonic model which is normally used to discuss the absorp-
tion spectra of quadrupolar molecules with charge transfer
excitons.?®* Here V is equal to the dipole-dipole interaction
energy. Although the exciton model is a very crude approxi-
mation for conjugated molecules, it was used successfully to
rationalize the spectral properties of quadrupolar and related
molecules.?® For the linear two-branched molecules consid-
ered here, the model predicts the existence of two excitonic
states of opposite symmetry with an energy difference of 2V,
the so-called Davydov splitting. The antisymmetric and sym-
metric excited sates can be populated by one-photon and two-
photon absorption, respectively. Consequently, the quantity
V can be determined by comparing the one- and two-photon
absorption spectra.
For an arbitrary state

Y = arpr + arer, ()
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the amplitudes a; and ag determine the charges on the accep-
tors: 6, = elar|? and 6g = elag|®. The direct electrostatic
interaction energy between the acceptors charges is
2
e
K = ad> ) (3)
LYR
EimRLr

The operator of this interaction in the mean-field approxima-
tion can be presented in an explicit symmetrical form,

He =y [(WIPLIW)Pg + (PIPRIP)P, |, )

where P and Py are the projection operators for the states
¢, and @g, respectively, Ry g is the centre-to-centre distance
between A; and Ag, and

6’2

Y Q)

 2&mRiR’

This model is relatively simplistic because it describes the
variation of the energy of a many-body system in terms of
the variation of the Coulomb interaction between two point
charges. At a phenomenological level, this drawback can be
partially accounted for by considering the “intramolecular”
dielectric constant, £;,,, to be a model parameter. As we assume
that symmetry breaking conserves the total charge on the
acceptors, 0r + 0r = e, the total interaction energy between
the charges on the acceptors and that on the donor remains
constant is, thus, not considered. It should be stressed that the
model does not account for possible structural distortions of
the molecule due to the asymmetric charge distribution that
could result in different A;—D and D—-Ay, distances.

The interaction of the molecule with the surrounding
medium can be considered within the framework of the lin-
ear response theory, because, as the acceptors are relatively
large, the electric field around the molecule is not exceedingly
strong. The free energy of this interaction varies quadratically
with the charge; for example, it is Wy, ~ (5% for the left accep-
tor. A crude estimation of this energy can be obtained with the
Kirkwood model that considers a point charge in the centre
of a cavity with an electric permittivity of &;, embedded in a
homogeneous, isotropic dielectric medium of electric permit-
tivity &;. The point charge polarizes the surrounding dielectric
medium, which in turn generates a reaction field. In the case
of a spherical dielectric cavity of radius r4 with a point charge
e at the centre, the reaction field potential inside the cavity is
expressed as*’

Opp = —— =", ©)
Td€i &
Neglecting the mutual influence of the reaction fields created
by the charges on the acceptors Ay and Ag, the solvation energy
in the state ¥ is given by the equation

W = e®pp(aj + ap). (7

Equation (6) describes the response of the medium to a
point charge. It rightly reflects the response of the medium
close to the acceptors. The response of the medium further
from the molecule is better described by the Onsager’s reaction
field. Taking into account that the total average dipole moment
of an ADA molecule is connected to the dipolar parameter,
D, by the equations (¥|a|¥) = uD, correspondingly, and
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ignoring the solvation energy of the quadrupole moment, the
solvation energy is
D% A
w2y ®)

r

d
where the dipolar parameter, D, characterizing the degree of
asymmetry of the electronic distribution in the ADA molecule
is defined as

D =a; - ag, )
e is the magnitude of the dipole moment of the ADA molecule
in the state with D = 1, and Af = f(&,) — f(n?) with f(x) = 2(x
— 1)/(2x + 1). Mathematically, this solvation energy leads to
the same result as that given by Eq. (7) due to the equality
D? = 2(ai + a;‘e) — 1. The constant —1 on the right hand side of
the equality can be eliminated by a proper choice of the origin
of the overall energy. The only difference is the dependence of
the solvation energy on the dielectric constant. One can expect
that the Onsager model is better for small solutes, whereas the
Kirkwood model can be better adapted for bulky solutes with
two separated charges.
The Hamiltonian for the interaction of the ADA molecule
with the solvent and the Coulomb repulsion of the charges can
be expressed as

Hs = =2 [(IPLIW)P, + (¥|PrI)Pe|,  (10)
where
20%A
A= —eDpp>0and A = ”3f:AIAf (11)
r
d

for the Kirkwood and the Onsager model, respectively. The
expectation values in the square parentheses reflect a mean-
field treatment of solute-solvent interaction.

Within the self-consistent field approximation, the station-
ary states of the zwitterionic forms of the ADA molecule are
determined using the stationary Schrodinger equation,

HY = EY, (12)

where H = Hy + H¢ + Hyg is the total Hamiltonian of the
molecule interacting with the surrounding medium. Inserting
Eq. (2) into Eq. (12) yields the following nonlinear secular
equations:

— /laz + 7a12eaL + Vag = Eay, (13)

- /16113e + yaiaR + Va;, = Eag. (14)

After adding and subtracting Egs. (13) and (14) term by term

and taking the normalization condition al% + a12e = 1 into
account, one obtains

(ap —ap)[(A +y)agar +V + 1+ E] =0, (15)

(ap +ag)[—(A+y)aga, —V+ A1+ E]=0. (16)
Equations (15) and (16) have the following solutions: (i) sym-
metric with a;, = ag and the energy E, = V—(4-7v)/2; (ii) anti-
symmetric with a;, = —ag and the energy E_ = -V —(1—-7v)/2,
and (iii) asymmetric and doubly degenerate with

1 1 V2
2
a; = - 24— ——— (17)
F2TN4 @y
and the energy
E,=—A. (18)
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FIG. 1. Energy level scheme of a ADA molecule as a function of coupling
strength, V.

The dependence of the energies E4, E_, and E,; on the
electronic coupling for a given value of the solvation energy
A and the Coulomb repulsion energy v is illustrated in Fig. 1.
The asymmetric solutions exist only as long as the inequality
| V |< (A1+7y)/2isfulfilled. One can see from this figure that, in
this region, the asymmetric states are below the symmetric and
antisymmetric states. Consequently, they are the most stable
states of the system. From Eq. (15), it follows that the relative
phase of the amplitudes ar and ¢ in the asymmetrical state is
determined by ara; = =V /(1 + 7).

From Eq. (17), one obtains a simple expression for the
dipolar parameter,

2
D=2d 1= 1—L2. (19)
(A+7y)
As a consequence, the degree of asymmetry is determined by
a single dimensionless parameter, V /(4 + ).

lll. RESULTS AND DISCUSSION

To determine the dependence of the dipolar parame-
ter on the dielectric constant of the solvent, we assume the
dependence of the solvation energy on &g,

2
1= f(&s) —f(n”)
1—f(n?)
for the Onsager’s model, where 19 = 2(1 — f(n®)p?/r) is

the maximum value of the solvation energy corresponding to
highly polar solvents and

, (20)

A= Q2 =fm @1)

Es

for the Kirkwood’s reaction field. In both models, 1 is con-
sidered to be a phenomenological parameter. We assume n?
and &;, to be constant for solvents of different polarity.

The dependence of the dipolar parameter D on the solvent
dielectric constant is presented in Fig. 2 for y = 21 and differ-
ent values of the ratio r = V/(4¢ + ). For a given value of the
ratio r, there is a threshold value of &; below which symmetry
breaking is not possible. Fig. 2 shows that the results based on
the Onsager and Kirkwood models are similar although there
are quantitative differences.
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FIG. 2. Dependence of the degree of asymmetry on the solvent dielectric
constant for various values of the V/(1g + ) ratio, using the Onsager (solid
lines) or the Kirkwood (dashed lines) reaction field, and assuming n* =2,
Eim = 2,andy = 2.

It should be stressed that, in this model, the magni-
tude of the dipolar parameter, D, is entirely determined by
the dimensionless parameter r. The most important predic-
tion of the model is the existence of a threshold value of
the solvent dielectric constant, which depends on r, below
which no symmetry breaking takes place. The threshold van-
ishes when V/(4 + y) < 0.5 is fulfilled in the least polar sol-
vent. In this case, symmetry is broken in the whole range
of dielectric constant and the dipolar parameter is close to
unity. As the ratio r increases, the threshold shifts toward
a higher dielectric constant and, when r > 0.5, symmetry
breaking is no longer possible at any dielectric constant. In
general, the Coulomb interaction can also depend on the
solvent polarity. For this threshold to be observed experi-
mentally, the electronic coupling should lie in the (4 +¥),,,
< 2V < (A +9),ux Window, where (A + ¥),,i, and (A +¥),0x
are the minimum and maximum values for the set of solvents
used.

The physical meaning of these trends is fairly transpar-
ent. The energy splitting of the symmetric and antisymmetric
states, which have no dipolar character, increases with the
electronic coupling and the stabilization energy of the antisym-
metric state is equal to V. On the other hand, the interaction
between the solute and the surrounding polar medium sta-
bilises the state with the maximum dipole moment, i.e., the
asymmetric state (we neglect for the moment in the Coulomb
interaction). Which of these two effect dominates depends on
the relative magnitudes of the electronic coupling and solva-
tion energy. For small V, solvation energy does not need to
be large to favour symmetry breaking. On the other hand, for
large V, solvation does not suffice to break symmetry. These
conclusions can be discussed more quantitatively. The energy
of the isolated molecule without the Coulomb interaction
Ey = (Y|Hy|¥Y) = 2Vapag amounts to —V for the antisymmet-
ric state, aj, = —ag, whereas Ey = 0 for the asymmetric state
with a; = 1, ag = 0. Consequently, the energy of the asym-
metric state is larger than that of the antisymmetric state by V.
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On the other hand, the interaction energy, Es = (¥|Hg|¥), for
the symmetrical states is larger than that for the asymmetrical
state by (4 +y)/2 (Fig. 1). Therefore, the asymmetric state is
below the antisymmetric state as long as V < (4 + vy)/2, and
symmetry breaking is possible. At first sight, this result might
appear surprising because, as solvation and Coulomb repul-
sion have an opposite effect on the total energy, one could
expect a difference (1 — ) in the denominator instead of a
sum. This apparent contradiction disappears if one considers
that the solvation and the Coulomb repulsion energies have an
opposite dependence on the dipolar parameter, D. Indeed, at
D =0, solvation energy is the smallest, whereas the Coulomb
interaction is the largest.

Real-time visualization of symmetry breaking in D-7x-
A-m-D and A-m-D-m-A type molecules has been achieved
using ultrafast transient IR spectroscopy by probing vibra-
tional modes localised in the two branches.***” In the case
of the ADA molecule, 1, these modes are associated with the
stretching of the cyano groups located on the acceptor ends
(Fig. 3). When 1 is symmetric, the molecule is characterised
by two normal —C=N stretching modes, an IR inactive sym-
metric mode and an IR active antisymmetric mode, with the
coordinates x; and x,, respectively. Given the large distance
between the CN groups in 1, hence their weak interaction,
these modes are nearly degenerate. Upon symmetry breaking,
x5 and x, are no longer normal coordinates. Accounting for a
small variation of the vibrational frequencies, the new normal
coordinates can be approximately described in the form,

X] =X, €086 +x,8in6, 22)

Xy = —X,Sin0 + x5cos0, (23)

where 6 is a rotation angle in the space of the molecular vibra-
tional coordinates. Since only the antisymmetric mode is IR
active, the relative intensities of the normal modes x; and x; are
cos? § and sin’ 6, respectively. In the experiment,?’ the inten-
sity ratio of the two IR bands is around 0.1 (Fig. 3), pointing
to sin # =~ 0.3. Considering the relations

X5 = (. +xg)/ V2, (24)

X = (xz — xp)/V2, (25)

0.8
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FIG. 3. Time-resolved IR spectra recorded with the ADA molecule 1 shown
in the top right in the —C=N stretching region in solvents of different polarity
(CHX: cyclohexane, THF: tetrahydrofuran, DMSO: dimethyl sulfoxide).3’
Only one band is visible in CHX, whereas two bands separated by Av are
present in the polar solvents, indicative of symmetry breaking.
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where x; and xg are the stretching coordinates in the left and
right CN groups, it appears that the new normal coordinates
x1 and x, are predominantly associated with the left and right
cyano groups, respectively.

The frequency splitting of the —C=N stretching bands
of 1 depends strongly on the dielectric constant of the solvent,
&, (Fig. 3).%7 As this dependence is apparently similar to that
presented in Fig. 2, the fit of the model was first performed
assuming that the band splitting, Av, is proportional to the
dipolar parameter, namely, that Ay = AD, where A is an arbi-
trary constant. A fit of the model based on the later assumption
proved to not be possible, because the predicted increase of D
with & in the region of moderate to large dielectric constant
is much weaker than observed. However, a good fit can be
obtained assuming that Av is proportional to the square of the
dipolar parameter, Av = AD? (Fig. 4), and that the Coulomb
repulsion energy, v, is independent of ;. Such a quadratic
dependence of the band splitting on D is in good agreement
with the correlation between the [—C=N]°"~ stretching fre-
quency and the fractional charge, 6~, recently calculated for
a similar compound, 1,2-dicyanobenzene.*' Similar good fits
can be obtained with different y/ 1 ratios. A variation of y/ ¢
from zero to eight has only a weak impact on the quality of
the fit. This is simply due to the fact that all the experimental
points are located in regions where a variation of y /A affects
only weakly the &, dependence of the dipolar parameter, D.
However, an increase of y /4 leads to a larger value of A and,
hence, to a smaller D. For y < Ag, D can be as large as 0.8,
whereas for y > Ay, D does not exceed 0.3.

The dependence of the band splitting on the dielectric
constant pictured in Fig. 4 emphasizes its threshold charac-
ter. A limitation of this analysis is the assumption that the
refractive index n does not change with the solvent. In real-
ity, it varies significantly and non-monotonically with changes
of the dielectric constant, €. This problem can be corrected

7m

a
o
1

Ey
o
1

A=81, V/(A;+7)=0.290, y=A,
A=1T7, VI(h+7)=0.415, y=4),

Frequency splitting, cm™
8 8
1 1

T T T T T T T
10 20 30 40

€
s

FIG. 4. Best fits of the dependence of the square of the dipolar parameter
on the solvent dielectric constant to the experimental frequency splitting of
the C=N stretching bands of molecule 1 (red squares, from Ref. 37), using
differenty /A values. The dependence of the solvation energy on the dielectric
constant is described using Eq. (20) (n2 = 2.0; 1: cyclohexane, 2: dibutylether,
3: diethylether, 4: tetrahydrofuran, 5: benzonitrile, 6: acetonitrile, 7: dimethyl
sulfoxide). The resulting values of A and V/(dg +y) are also given.
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FIG. 5. Bestfits of the square of the dipolar parameter vs. the Onsager polarity
function to the experimental frequency splitting of the C=N stretching bands
of molecule 1 (black triangles, from Ref. 37) using different y/4; ratios (the
solvents are the same as those in Fig. 4).

by a fit of AD? to Av as a function of the Onsager polarity
function, Af, as presented in Fig. 5. Here the quantity A is
defined by 4 = A;Af. The best-fit curves with Av = 0 at a
Af value located between those of the first and second experi-
mental points should be considered as of similar quality. This
arises from the threshold character of the symmetry break-
ing. The band splitting is nil for point 1 (cyclohexane, CHX),
as symmetry-breaking is not operative in non-polar solvents,
whereas it takes place in dibutylether (DBE, point 2). There-
fore, the threshold is located at 0 < Af < 0.2. According to
the present model, the absence of symmetry breaking in 1 in
non-polar solvents indicates that V > /2. For amolecule with
V < y/2, symmetry breaking should take place even in non-
polar solvents. Whereas both V and y decrease with increasing
distance between the donor and acceptor units, both quantities
vary oppositely with increasing conjugation of the 7 bridges
between the D and A units. Indeed, better conjugation favours
V as well as the screening of the charges on the acceptors
via the “intramolecular” dielectric constant, &;,, and, thus,
v should decrease.*>** As a consequence, symmetry break-
ing in non-polar solvents might be difficult to achieve with 7
bridges, but could be realised in AD,, or DA,, molecules with
saturated bridging units. In such systems, however, the elec-
tronic coupling between the D and A units might be too small
for the electronic transition from the ground to the quadrupolar
excited state to have a significant oscillator strength.

The experimental data allow a relatively precise deter-
mination of the threshold polarity above which symmetry
breaking takes place. According to the model, the polar solva-
tion energy at the threshold is such that V = (4 +y)/2. In the
case of molecule 1, the experimental results point to a thresh-
old between CHX and DBE. The magnitude of the electronic
coupling can be estimated from the splitting of the one photon
and two photon absorption band maxima that is equal to 2V
according to the model considered. Estimation of this quan-
tity from experimental spectra results in V = 1800 cm™!.3’
An additional information on the magnitudes of other model
parameters can be derived from the AE = 1600 cm™! shift of
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the fluorescence spectrum of 1 observed by going from the
apolar CHX to acetonitrile (ACN, Af = 0.62).%7 The aver-
age energy of the molecule expressed in terms of the dipolar
parameter D is

A+
E=(PH®) = —VV1-D? - 22X D2 4 constant, (26)
where the constant is independent of D. The shift of the fluo-
rescence band reflects the change of the total average energy of
the molecule upon variation of the solvent dielectric constant

and can be estimated as
AE=ED=0)—ED)=VW1-D>-1)+ A—JZ’VD? 27)
By using Eq. (19), this equation can be rewritten as

A+y =2(AE+ V). (28)

Only the sum of A and y can be obtained from Eq. (28).
Using the above experimental values of V and AE, this sum
amounts to A +y = 6800 cm™~!. Using then Eq. (27) allows
the dipolar parameter D> = 0.72 to be calculated. From the
relation Ay = AD? with Ay = 51 cm™! at Af =0.62, we find
A = T71. From the best-fits depicted in Figure 5, it appears
that this value of A is very close to that obtained assuming
y = 0.51;. Using the latter relationship, we now obtain 1,
=6070 cm™! (1 = 3760 cm™' in ACN) and y = 3035 cm™!.

These extracted y and A values are physically reasonable.
Indeed, according to Eq. (5), this Coulomb repulsion energy is
equivalent to that between two electrons at 10 A in a medium
with a dielectric constant of g;,, = 2. This distance is equal
to that between the centers of the two benzonitrile rings of
1. Furthermore, according to the Onsager model, the value
of A corresponds to the solvation energy of a dipole of about
10 D. Finally, the polar solvation energy required for symmetry
breaking to take place amounts to 490 cm™', corresponding
to Af = 0.08, i.e., somewhere between CHX and DBE, as
observed experimentally. Of course only qualitative agreement
with the experiment can be expected from this model, whose
main aim is to determine which solute and solvent parameters
play the most vital role in the symmetry breaking.

IV. CONCLUSIONS

We presented here a simple model of the symmetry-
breaking charge transfer in the excited state of symmetric
D-n—A—n—D or A—-r—D-n—A molecules. The extent of sym-
metry breaking is quantified by the dipolar parameter, D, that
is determined by a single dimensionless quantity V /(1 + ).
The model predicts that symmetry breaking is only possible
when V /(1 +7y) < 0.5. Since the magnitude of A +y depends
on the solvent polarity, increasing the latter can result in a tran-
sition of V /(A + ) through this critical 0.5 value. In this case,
the dipolar parameter, equal to zero when V/(4 +y) > 0.5,
rises quickly after passing through the critical point. The same
behaviour was observed experimentally with a ADA molecule
when going from apolar to polar solvents.?’

Here a new contribution to the break-up of the symme-
try of quadrupolar molecules, which had not been considered
before, is evidenced. It involves the direct Coulomb interac-
tion of the charges located on the acceptors. It appears that this
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Coulomb interaction can be as important as the interaction of
the charges with the polar solvent for the symmetry breaking.
In some cases, this contribution can be large enough to enable
symmetry breaking even in non-polar solvents.

It should be noted that this model could in principle be
applied to any spectroscopic quantity that reflects the extent
of asymmetry of the electronic distribution of a molecule and
is not limited to a vibrational frequency splitting. However,
unambiguous spectroscopic signatures of symmetry breaking
are still scarce.

This two-level model aims mostly at a qualitative descrip-
tion of the solvent dependence of symmetry breaking. Its main
limitation is the assumption that the charge on the central D
subunit, which is equal to the sum of the absolute values of the
charges on the two A moieties, is a phenomenological param-
eter. This quantity is considered to be a constant when the
solvent polarity is varied. Partial charge transfer with e sub-
stantially smaller than the charge of an electron can be expected
in most quadrupolar molecules. This problem could be allevi-
ated with a more elaborate description of the A;—D—Ap system
including at least three states: a locally excited A;—-D*—Ag
state and two degenerate states with charge transfer to the left
and right branches of the molecule, A; -D-Ag and A -D-Aj,.
The two-level model is only applicable if |Vps| < |AGcsl,
where Vpy is the electronic coupling between the donor and
acceptor and —AGcsy is the free energy of charge separation.
If this condition is not fulfilled, a variation of the parameters
V, A4, and y results in a change of the charge on the donor and,
hence, of the total charge on the acceptors.

The effect of the intramolecular vibrational degrees of
freedom on the symmetry breaking is not included in this
model. The interaction of electronic degrees of freedom with
antisymmetric intramolecular vibrations can also result in
symmetry breaking.”® However, the experimental data suggest
that in the systems for which symmetry-breaking dynamics
was directly monitored, such as the ADA molecule discussed
here, the process is mainly driven by solute-solvent interac-
tions, as its time scale coincides with that of solvent relaxation
and as it is not operative in apolar solvents.3¢-3
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