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Electroabsorption Spectra of Quadrupolar and Octupolar Dyes in Solution: Beyond the
Liptay Formulation
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We present theoretical models for electroabsorption (EA) spectra of polar and multipolar (quadrupolar and
octupolar) organic chromophores in solutions. Based on essential-state models for the electronic structure,
we obtain closed expressions for the EA spectra of these dyes. For polar dyes, we regain the well-known
Liptay result, which relates the EA spectrum to the linear absorption spectrum and its first and second
derivatives. For multipolar dyes, an additional contribution is found, which is due to the field-induced absorption
toward dark states: when the dark states are close in energy to allowed states, this term leads to spurious
second-derivative-like structures in the EA spectrum. This is particularly well-apparent for quadrupolar dyes
where second-derivative contributions to the EA signal are symmetry-forbidden. The extension of essential-
state models to account for slow degrees of freedom, including molecular vibrations and polar solvation,
leads to a more-realistic description of optical spectra but hinders the analytical treatment of EA. However,
numerically exact EA spectra can be obtained along the same lines that have been recently developed for
linear and two-photon absorption spectra of (multi)polar organic chromophores in solution. Essential-state
models offer the possibility for a joint analysis of linear and nonlinear spectra (including EA) of (multi)polar
dyes: reliable information can then be extracted also on molecular properties for systems where overlapping
signals from allowed and dark states would hinder the standard analysis of EA spectra.

1. Introduction

Electroabsorption (EA) spectroscopy measures the effects of
a static electric field on linear absorption spectra. It corresponds
to a third-order nonlinear response, where one of the applied
electric fields has vanishing frequency, and it is specifically
described by ¥®(—w; w, 0, 0). As all nonlinear spectroscopic
measurements, EA carries additional information, with respect
to linear spectra, and, in view of the relatively simple instru-
mentation required, it is a widespread experimental technique.! 3

The early work of Liptay set the basis for retrieving
microscopic information from EA spectra:*> working with polar
molecules in solution, Liptay demonstrated that EA spectra can
be fitted as a linear combination of the linear absorption
spectrum (S(w)) and its first and second derivatives (S'(w) and
S"(w), respectively). The fitting coefficients give information
on the mesomeric dipole moment Au that measures the variation
of the molecular dipole moment upon photoexcitation (or, more
precisely, its absolute value), and on Aaq, the variation of the
molecular linear polarizability. Along these lines, Liptay was
able to tabulate microscopic information on ground- and excited-
state properties of a very large number of molecules.’ As noted
in the original papers,*® the Liptay derivation holds true for
molecules in frozen solutions (to avoid molecular reorientation
along the field), with a single electronic excitation well-separated
from other transitions, and in the absence of a vibronic structure.
The requirements are tight, but the Liptay approach proved fairly
robust and was successfully applied to many molecules, even
in the presence of structured absorption bands."*~8 EA measure-
ments in frozen solution were also performed on mixed-valence
complexes>?~12 and on quantum dots,"® yielding important
information on the charge distribution in the excited states.
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EA was also applied to molecular crystals'+!> and polymeric
films.31617 In this context, it has been realized early that, being
limited to well-isolated electronic absorptions, the Liptay
approach becomes dangerous if forbidden (dark) states are not
far in energy from apparently well-isolated linear absorption
bands.'$722 Specifically, pseudo-second-derivative contributions
to the EA spectra can result from the electric-field-induced
mixing of allowed and forbidden states. As a result, spurious
large Au values may be estimated via a fit of EA spectra a la
Liptay. The situation is particularly dangerous in the case of
highly symmetric systems: in this case, in fact, the presence of
dark states is not obvious from linear absorption spectra and,
because of their different symmetry, dark states may be very
close to the optically allowed state, leading to large effects in
EA spectra.

Similar problems occur for EA spectra of highly symmetric
quadrupolar and octupolar chromophores in solution. These
molecules are interesting in several respects. They are exten-
sively investigated for their large nonlinear optical (NLO)
responses and, in particular, for their large two-photon absorp-
tion cross section;?3* moreover, the localization of the photo-
excited state in one of the molecular arms, in some cases, leads
to intriguing symmetry-breaking phenomena responsible for
anomalous fluorescence solvatochromism.?>2® EA spectra of
highly symmetric structures, such as quadrupolar and octupolar
dyes, may offer important information on molecular dark states
that are not accessible via linear spectroscopy. However, the
standard Liptay treatment hardly applies to these symmetric
molecules, and new approaches must be devised to extract
reliable microscopic information on the molecular properties
from experimental EA data.

Essential-state models proved extremely useful to understand
the basic physics of conjugated polymers?’ and have recently
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been adopted to describe in a unique and internally consistent
picture linear and nonlinear spectra (including EA) of a PPV-
based polymer, also accounting for electron-vibration coupling.?
Essential-state models proved also useful to describe optical
spectra of organic chromophores for NLO applications.?>-26-29733
In these molecules, electron donor (D) and acceptor (A) groups
are connected by sz-conjugated bridges to give different types
of structures, including dipolar (DA) structures, quadrupolar
(DAD or ADA) structures, or more-complex octupolar (DA3
or AD3) systems. The low-energy physics of these molecules
is governed by charge-transfer processes and the essential
electronic states just correspond to the main charge-resonating
structures. Two, three, and four electronic states are then
required to model dipolar, quadrupolar, and octupolar dyes,
respectively, and their intriguing spectroscopic behavior can be
quantitatively rationalized in a description that explicitly ac-
counts for electron-vibration coupling and for the interaction
with the surrounding solvent.?>26.29,31-33

Here, we adopt essential-state models to describe the EA
spectra of quadrupolar and octupolar chromophores. In the first
part of the paper, we limit attention to the electronic degrees of
freedom, and obtain analytical expressions relating the EA signal
to the linear spectrum: for polar chromophores, the well-known
Liptay expression is regained,"*> but new relations are found
for quadrupolar and octupolar dyes. The different symmetry of
the systems, and, specifically, the presence of dark states that
become allowed in the presence of a static field, makes the
analysis of EA spectra more complex but, in many respects,
more informative. In the second part of the paper, we extend
the discussion to account for molecular vibrations and polar
solvation. As already suggested by Liptay for dipolar molecules,
the interpretation of EA spectra becomes more delicate when
slow degrees of freedom are involved: Liptay’s expression for
the EA spectra does not apply to molecules whose linear
absorption spectra show prominent vibronic structure and/or in
the presence of inhomogeneous broadening. Reliable micro-
scopic information can be obtained under these conditions from
a detailed analysis of solution spectra based on essential-state
models that explicitly include electron-vibration coupling and
polar solvation effects. The approach allows for the joint analysis
of many different spectral properties, including, in addition to
the EA spectra, linear (absorption and fluorescence) spectra as
well as two-photon absorption (TPA) and other spectra (includ-
ing vibrational ones), which, on one hand, leads to a more
reliable definition of the molecular properties, and, on the other
hand, leads to a better understanding of the spectroscopic
behavior of the molecule of interest.

2. The Electronic Problem: Perturbative Approach to EA
Spectra

2.1. Dipolar DA Dyes. Two-state models offer the simplest
description of the electronic structure of dipolar DA chro-
mophores.?? The two basis states, IDACand IDTA™[] corre-
sponding to the neutral and zwitterionic resonating structures,
are separated by an energy gap 2z and are mixed by a matrix
element —~/2¢. The resulting eigenstates,

lg0=(1 — W2IDAO+ p"”IDTA™O (1a)
lc0= p"”IDAC-1 — m2ID"A™ O (1b)

are fully characterized by a single parameter p = 0.5[1 — z/(z?
+ 2£2)12] that measures the weight of the zwitterionic state into
the ground state, i.e., the amount of charge transferred from D
to A (D"PA~P). The ground-state dipole moment is then uop,
where py is the dipole moment of the IDTA~Ustate. Similarly,
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the excited-state dipole moment is po(1 — p). All quantities of
spectroscopic interest can be written as functions of p: the optical
transition from g to ¢ has a charge-transfer character and the
relevant squared transition dipole moment, (g2 = uo’p(1 — p),
vanishes in the two limits of a fully neutral (p — 0) or fully
zwitterionic (p — 1) molecule, where the transition energy, ﬁa)cg
= V2i[p(1 — p)]'”2, diverges. The model describes a single
absorption band whose transition dipole moment, lying along
the molecular DA axis, is also parallel to the permanent dipole
moment. Under these conditions, the Liptay treatment becomes
exact.

For a solid solution, i.e., for molecules in a random frozen
distribution, the EA spectrum (EA(w)) only has quadratic
contributions in the static field and is defined as'

EA(w) = 2@ 0) — S(®) — S(@) )
F
where S(w) is the linear absorption spectrum and S(w, F) is the
linear absorption spectrum in the presence of an applied static
field F. A perturbative expansion of molecular energies and
wave functions on F leads to a closed expression for the EA
spectrum that was first obtained by Liptay:*?

2
EA(w) =AS(w) + wBi(M) + wcd—(M) 3)
do\ do?\ o
The coefficients A, B, and C are related to the molecular
properties as follows:

3A1Lt(,',g2 - 4//£ng

A=3M| 5 (4a)

w,.

gc

20um, 2 —2u,’ 2Au, ?
B=3M M =3M &_}_lAacg (4b)
W g, W, 2 ¢
c=3man, 2 4

=MAu, (40)

where Ay, , and Ao, , are the changes in dipole moment and
polarizability, respectively, upon excitation and M is a numerical
factor accounting for orientational averaging. For linear mol-
ecules, M = 1/5 (1/15) when the oscillating electrical field is
polarized parallel (perpendicular) to F. In the two-state model
previously discussed, we can express all molecular properties
entering eqs 4a—4c in terms of the model parameters, z, v/21,
and o, or, more efficiently, in terms of p.2*33 We notice that
o only enters the definition of the total EA intensity that grows
as uo*.

2.2. Quadrupolar D-A-D or A-D-A Dyes. Prototypical
quadrupolar dyes are centrosymmetric chromophores with a
D-A-D or A-D-A motif. The essential-state model for quadru-
polar dyes accounts for three basis states, corresponding to the
neutral structure (INU= IDADD and to two degenerate structures
(1Z,0= ID*A~DU0and 1Z,0= IDA™D* (of course, analogous
structures can be written for ADA chromophores).?® The two
charge-separated states Z, and Z, are degenerate and are
separated by an energy gap 2z from the neutral state. A matrix
element —~/2¢ mixes N to Z, and Z,, whereas the direct mixing
between Z; and Z, is neglected. To better understand the physics
of quadrupolar dyes, we exploit symmetry and combine the two
zwitterionic states in phase and out of phase: Zy,— = (Z, £
Zz)/«/ 2. The antisymmetric state, Z—, stays unmixed and, as
depicted in Figure 1, it corresponds to the lowest excited state,
¢, allowed in one-photon absorption processes. The two sym-
metric states, INChnd |Z;[define a two state Hamiltonian similar
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Figure 1. Left panel: a sketch of the three-state electronic model for
quadrupolar chromophores. Right panel: the p dependence of the energy
of the one-photon and two-photon allowed transitions (units of V' 21).

to that described in the previous section. Specifically, the two
states mix into a ground and an excited state:

lgd= (1 — pANTH+ p"*1Z,. 0 (52)
leC= p" INO-(1 — p)12Z,. [ (5b)

where p = 0.5[1 — z/(z*> + 41*)?] measures the weight of the
Z state into the ground state or, equivalently, the average charge
on the central site, and is proportional to the quadrupolar
molecular moment. We define u as the dipole moment of the
charge-separated Z; state (an equal and opposite dipole moment
is, of course, assigned to Z»), so that all quantities of spectro-
scopic interest may be expressed as a function of p.>33 The
p-dependence of the frequencies of the one-photon (g — ¢) and
of the two-photon allowed transition (g — ¢) are shown in the
right panel of Figure 1.

Similar to that observed with polar DA dyes, a perturbative
treatment of the static electric field leads to a closed expression
for the EA spectrum of quadrupolar dyes. However, because
of the presence of a dark (one-photon forbidden) state, the
expression for the EA signal obtained for quadrupolar dyes has
a new term with no counterpart in the expression obtained
previously for dipolar chromophores. Moreover, the prefactor
of the second-derivative term, C in eq 3, proportional to the
mesomeric dipole moment Au, exactly vanishes in quadrupolar
dyes, so that

EA(w) = AS(w) + wBi(M) +DoT(w)  (6)
do\ o
where the last term is due to the forbidden g — e transition that
becomes allowed in the presence of the static electric field. Being
related to a dark state, this term cannot be expressed in terms
of the linear absorption spectrum S(w) and its derivatives, and
T(w) represents a normalized band shape function (that we
arbitrarily set equal to a Lorentzian). The prefactors A, B, and
D in eq 6 are related to molecular properties. The first prefactor,

2 2 2 2
/’Lgc2 _ /u;e2 +2 Uee +2 Uee 7)
a)gc W, wcewgc wgewgc

A=3M|—4

is a cumbersome linear combination of dipole moments and
energies, but the expression for B (B = 3MAuw, /2) coincides
with the Liptay result, as applied to quadrupolar molecules with
vanishing Au (cf eqs 4a—4c). Finally,

2 of 1 1 )2

D=MKu, 1 (— — —) ®)
ce gc wgc wce

involves the ¢ — e transition dipole moment and frequency. K

is the dimensional factor that transforms the dimensionless

normalized band shape T(w) into an absorbance.
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As with polar chromophores, one can use the EA spectra of
quadrupolar dyes to estimate molecular properties, relevant to
the ground and excited states. However, a complication arises:
in fact, in dipolar dyes, the EA signal is expressed as a linear
combination of the experimentally accessible linear absorption
spectrum and of its derivatives. On the opposite, for quadrupolar
dyes, one of the contributions to the EA signal stems from
forbidden states and the last term in the expansion previously
presented cannot be related to the linear absorption spectrum.
The position of the relevant feature in the EA spectrum can be
inferred from the position of the TPA band, but the 7(w) shape
cannot be deduced from any experimentally accessible quantity.

The analysis of EA spectra of quadrupolar dyes is particularly
interesting, because it offers information on dark states that is
not accessible by one-photon absorption (OPA); on the other
hand, the analysis is hindered by the appearance of features that
cannot be related to the linear spectrum or its derivatives. The
actual possibility to obtain reliable information on the properties
of quadrupolar molecules from EA spectra then is critically
dependent on the energy gap between the two excited states
and, hence, on p. As shown in Figure 1, largely neutral (p &~ 0)
quadrupolar dyes have almost degenerate OPA (g — ¢) and TPA
(g — e) excitations, so that, in the EA spectra, the features
related to the two transitions overlap, hindering the analysis of
the spectra. The situation improves as p increases and the two
excitations move apart. However, as p — 1 the frequency of
the ¢ — c transition vanishes, suggesting an instability of
quadrupolar molecules with large p. As discussed in ref 25, so
far, quadrupolar molecules with p ~ 1 have not been synthesized.

Figure 2 shows the spectra calculated for a largely neutral
quadrupolar dye. Specifically, we adopt the same model
parameters obtained in ref 25 for chromophore I. At this stage,
we do not account for electron—phonon coupling nor for
solvation effects, but we tune z to reproduce the estimated p ~
0.07 value. The top panel of Figure 2 shows OPA and TPA
spectra, both reported as a function of the transition energy
(twice the absorbed photon energy for TPA). As expected for
a largely neutral dye, the OPA and TPA bands are not far in
energy. As a consequence, in the EA spectrum (the middle panel
of Figure 2), the features related to S(w) and S'(w) are partly
superimposed with the 7(w) signal, because of the field-induced
absorption to the dark state (cf. the bottom panel of Figure 2,
where the three contributions are shown separately). Discrimi-
nating among the different contributions only on the basis of
the shape of the EA signal is almost impossible, and, what is
even worst, the overall EA spectrum closely resembles a typical
EA spectrum with a large second-derivative contribution. Under
these conditions, attempting a fit of the EA spectrum following
the standard Liptay procedure would be extremely dangerous,
because spurious second-derivative contributions would be
extracted, which would suggest sizable value for the mesomeric
dipole moment Ay, that instead vanishes by symmetry.

The situation improves for dyes with larger values of p, as
exemplified in Figure 3 for a dye with p & 0.13 and whose
parameters correspond to those obtained for chromophore II in
ref 25 (again, we neglect electron-vibration coupling and
solvation effects, and readjust z to fix p). In this case, OPA and
TPA bands hardly overlap, and, in the EA spectrum, the S(w)
and S'(w) contributions are well-resolved from the 7(w)
contribution. A fit of the EA spectrum in the region of the one-
photon absorption can follow the standard procedure (with the
exclusion, based on symmetry considerations, of the S"(w)
contribution), leading to reliable information on the molecular
properties, and, specifically, on the change of the molecular
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Figure 2. Optical spectra of a largely neutral DAD dye with p ~ 0.07
(z = 1.48 eV, /2t = 0.6 eV). Spectra are calculated imposing
Lorentzian lineshapes for the absorption processes with I' = 0.16 eV
(full width at half-maximum). All spectra are in arbitrary units: absolute
intensities of linear and third-order (EA and TPA) processes scale with
o> and uo*, respectively. Top panel: linear absorption spectrum
(continuous line) and TPA spectrum (dashed line), reported versus the
transition energy (twice the absorbed photon energy for TPA). Middle
panel: EA spectrum. Bottom panel: the different contributions to EA:
spectrum (full line), first-derivative contribution (dot-dashed line), and
T(w) (dashed line) (the second-derivative contribution vanishes for
quadrupolar dyes).

polarizability upon photoexcitation. Moreover, a second, well-
resolved peak appears at higher energies, giving information
on the location of the dark state.

A further increase of the value of p to 0.4 (cf. Figure 4,
relevant to the squaraine-dye III in ref 25) moves the energy of
the TPA state to almost twice the energy of the OPA state. In
these conditions the 7(w) contribution to the EA signal does
not interfere with the S(w) and S'(w) contributions, and the
standard Liptay analysis of the EA spectrum is possible in
the OPA frequency region. On the other hand, the intensity of
the T(w) to EA becomes extremely weak (D — 0 for w, —
e, cf Eq. 8), and retrieving information on the position of the
dark state from the EA spectrum becomes difficult.

2.3. Octupolar DA3 or AD; Dyes. Octupolar chromophores
are highly symmetric molecules, typically having DA3 (or AD3)
motif, where the D and A groups lie on the same plane. The
electronic model for this class of dyes, together with EA spectra,
have already been addressed in ref 26. Here, we briefly
summarize the main results, for the sake of completeness.
Octupolar chromophores resonate between a neutral form (IND
and three charge-separated states (1201201230, corresponding
to the three degenerate states A,DYA™ (or DA™DV). The
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Figure 3. Same as Figure 2, but for a DAD dye with p &~ 0.13 (z =
124 eV, V2t =08 eV), T = 0.14 eV.

essential-state model for octupolar dyes is then defined by four
basis states.?® The three charge-separated states have dipole
moments of equal length, o, pointing along the three molecular
arms. As previously mentioned, 2z is the energy gap between
the charge-separated states and the neutral state, whereas —~/2¢
is the matrix element that mixes INCwith each one of the three
|Z;[istates. The three arms of the molecule are interchanged by
a C; axis: the three degenerate basis states are conveniently
combined into a symmetric wave function: Zy = (Z, + Z, +
Z3)/+/3 and two E-symmetry functions that may be chosen as
c1 = (2Z; — Z, — Z3)/v6 and ¢, = (Z, — Z3)/v/2. The neutral
wave function N has the same symmetry as Z;: the two states
are mixed to give a ground state, g, and an excited state, e, that
are described by the same expressions, as reported for quadru-
polar dyes in egs 5a and 5b, but with p = 0.5[1 — z/(z> + 6£2)"
2] measuring the average charge on the central site, proportional
to the octupolar molecular moment.?® The E-symmetry states
stay unmixed and correspond to two degenerate excited states
(c; and c¢p) that are accessible via OPA. At variance with
quadrupolar dyes, all excited states can be reached by TPA,
even if the transition to the e-state largely dominates the TPA
spectrum.2°

The presence of a dark state immediately suggests that, for
octupolar chromophores, a D-like contribution appears in the
EA signal. On the other hand, the allowed c-states have
permanent dipole moments, even if the ground state is nonpolar
by symmetry. Therefore, a second-derivative contribution to the
EA signal is also expected. The perturbative treatment of the
static electric field leads for octupolar dyes to the same EA
expression as reported for DA dyes in eq 3, including contribu-
tions from the linear spectrum and its first and second derivative,
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Figure 4. Same as Figure 3 but for a DAD dye with p ~ 04, z =
021 eV, v/2r=12eV,T =0.10 eV.

but with an additional term, equal to the last term in the right-
hand side of eq 6.2° The four A-D front factors entering the EA
expression for octupolar dyes are related to molecular properties
via the following expressions that refer to an experiment where
the oscillating electric field is polarized parallel to the direction
of the static field:

2 2 2 2 2
#L' ILLL'E' #L'(’, //LL'L’ l[/t(.'('
A=§—4g12— 42— 3
(,()g{',l (Ucle a)clea)gc] a)gewgc] (UgL.l
©)
2 2 2 2
p=dflor e e ) 41, e ol
Slw w w,, S5(2 w
ce 8¢, 8¢y 8¢y
(10)
_2 2_2
Cc= 5[“0161 - SAL‘CICZ (11
LI T S S
D_ ISKAuC]e lugcl ((/Ug(r1 wC]e) (12)

Similar to that observed with dipolar or quadrupolar dyes, A
turns out to be a fairly complex expression involving permanent
and transition dipole moments and energies, so that extracting
specific information out of it is very difficult. C is directly related
to the permanent dipole moment of the degenerate excited state,
lttere,* = |there,/* (the ground-state dipole moment vanishes by
symmetry). This dipole moment also coincides with the transi-
tion dipole moment between the two degenerate ¢; and ¢, excited
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Figure 5. Largely neutral octupolar dye with p ~ 0.03 (z = 2.0 eV,
V2t =04 eV, T = 0.2 eV). Top panel: linear absorption spectrum
(continuous line) and TPA spectrum (dashed line), reported versus the
transition energy (twice the absorbed photon energy for TPA). Middle
panel: EA spectrum. Bottom panel: the different contributions to EA:
spectrum (full line), first-derivative (dot-dashed line), second-derivative
(dotted line), and T(w) (dashed line).

states, le,el> = ltee,)>2° Again, B contains the excited-state
dipole moment as well as the change in the molecular polar-
izability upon photoexcitation. Therefore, similar to that ob-
served for dipolar DA dyes, information on the excited-state
dipole moment and on the variation of the molecular polariz-
ability upon photoexcitation can be obtained from C and B.
However, as for quadrupolar dyes, the fit of the EA signal in
terms of the linear spectrum and of its derivatives may be
difficult if the dark state is located near to the allowed state, to
originate field-induced absorption features in the EA spectrum
that overlap with the EA features.

This situation is exemplified in Figure 5, which shows the
EA spectrum calculated for a largely neutral octupolar chro-
mophore (p = 0.03) for which the one-photon allowed states,
c1 and ¢, are close in energy to the one-photon forbidden state,
e (see top panel). Despite the second-derivative-like shape of
the EA spectrum, only a small contribution from the second
derivative of the linear spectrum is found (see bottom panel),
whereas major contributions are given by S(w) and S'(w), and
by the T(w) feature. In particular, this last feature is responsible
for the higher-energy part of the EA signal. A fit of the EA
spectrum that does not account for the dark-state contribution,
T(w), would, for molecules of this type, lead to unreliable
information on molecular properties.
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Figure 6. EA spectra for a quadrupolar dye with p = 0.34 (z = 0.4
eV, V2r=12 eV, I' = 0.2 eV). Full line: the exact EA spectrum
obtained from the perturbative expansion or, equivalently, as the
difference between linear spectra in the presence and in the absence of
an applied field, divided by the squared amplitude of the field. Dashed
lines: EA spectrum calculated according to the standard expression for
y(—w; w, 0,0), i.e., incorrectly using complex transition frequencies
(finite damping factors) for the Q., = w; terms in the denominator
with w; = 0 (dashed lines); results corresponding to the modified
y(—w; w, 0, 0), according to eq 14.

3. EA Spectrum as a Third-Order Nonlinear Response

We explicitly verified that the perturbative results described
in previous sections coincide with the EA spectra calculated
according to eq 2, at small F. An independent estimate of

EA spectra can be obtained from the third-order susceptibility
;34

4w
EA(w) = mlm{xi?éL(—w;w, 0,0)}=
4N

n(w)c

Im{[(—w;0,0,0) k. } (13)

where n(w) is the refractive index, ¢ the speed of light, N the
number density of molecules, and [(—w; w, 0, 0)lk is the
orientational average of the third-order molecular hyperpolar-
izability tensor measured along the laboratory I-, J-, K-, and
L-axes. For linear molecules, Y. is the only nonvanishing
component of the polarizability tensor, so that the orientational
average simply leads to a proportionality factor (M in eqs 4a—4c,
7, and 8).

Quite surprisingly, EA spectra calculated according to eq 13,
using the standard sum-over-state (SOS) expression for Y>>
do not coincide with spectra calculated either from the pertur-
bative expansion or as the difference of OPA spectra in the
presence (and absence) of the static field. The deviations are
small, but sizable, as shown in Figure 6. In the SOS expression
for y(—w; w, 0, 0), denominators appear that contain sums and/
or differences between the transition frequencies €2, and the
frequency of the applied fields, w;. The transition frequencies
enter as complex quantities, 2., = we, — ile, Where w,, is the
real transition frequency and I', is the inverse lifetime of the
excited e state. In the EA experiment, one of the applied fields
is a static field, with vanishing frequency.? To regain the exact
EA response, the expression for ¥ must be modified to enter
real transition frequencies (infinite lifetimes, I', — 0) in all the
Q. £ w; terms when w; = 0. The expression for the Py
contribution to EA then reads as follows (nonresonant terms
are omitted):
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EA spectra calculated with this expression do coincide with
spectra obtained via the perturbative expressions discussed in
the previous section, or, equivalently, with the spectra calculated
according to eq 2 at small F.

4. Interaction with Slow Degrees of Freedom: Exact
Electroabsorption Spectra of Multipolar Dyes in Solution

The essential-state electronic models discussed in the previous
section for (multi)polar chromophores have the main advantage
of leading to analytical expressions for the EA spectra. However,
electronic spectra of organic chromophores usually show a
vibronic structure that represents a clear signature of the
coupling between electronic and vibrational degrees of freedom.
Moreover, the interaction between electronic charges and the
slow orientational degrees of freedom of polar solvents leads
to inhomogeneous broadening effects that are most apparent in
absorption spectra of polar dyes,?'3 while symmetry-breaking
phenomena have been recently recognized for excited states of
multipolar dyes in polar solvents.?%20

As first discussed by Liptay,* the analytical expression for
the EA spectra of polar dyes in eq 3 does not apply in the
presence of coupled vibrations, nor does it apply for inhomo-
geneously broadened bands; therefore, it should be hardly
applicable to organic chromophores. However, it is adopted
following the assumption that molecular properties (transition
and permanent dipole moments) are approximately the same
for all transitions that contribute to the observed band.

The essential-state models presented previously for polar and
multipolar chromophores can be extended to account for the
coupling between electronic and vibrational degrees of freedom
and for polar solvation. These models proved fairly successful
in the description of linear and nonlinear spectra of several
chromophores.?>2631:36 Here, we extend the discussion to EA
spectra.

The simplest model is set for polar DA dyes, where a single
vibrational coordinate (Q) effectively accounts for vibrational
coupling. Specifically, the two basis states IDACand IDTA™(
are assigned two harmonic potential energy surfaces (PESs) with
the same frequency w, but with displaced minima along Q, to
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describe the different equilibrium geometry for the two states.
The strength of the coupling is conveniently measured by &,
which represents the vibrational relaxation energy associated
with the IDAO— IDTA~Oprocess. A direct nonadiabatic
diagonalization of the total Hamiltonian that describes both the
electronic and nuclear dynamics directly leads to numerically
exact nonadiabatic states.’’ Linear and nonlinear spectra are
easily calculated from the standard sum over state expressions
on the nonadiabatic states.

Polar solvation can be explained by describing the solvent
as a continuum dielectric medium.?® The polar molecules of
the solvent reorient around the solute to generate a reaction field
F that is proportional to the solute dipole moment. The reaction
field enters the molecular Hamiltonian, adding an interaction
term (—{F ;) plus an elastic restoring energy uolFol>/4¢ o, where
the solvation relaxation energy €, increases with the solvent
polarity. The orientational motion is very slow and can be treated
classically.®® In this approximation, each solute molecule
experiences a slightly different local reaction field. The molec-
ular Hamiltonian is then diagonalized for different F,, and
solution spectra are calculated as sums of contributions from
the different molecules, weighted according to the Boltzmann
distribution on the energies. This model for polar solvation quite
naturally explains the solvatochromic behavior of polar dyes,
as well as inhomogeneous broadening effects in polar solvents.3!-32

The same model of polar solvation also applies to multipolar
chromophores, with the only caveat that, for linear (polar and
quadrupolar) molecules, only the field component parallel to
the molecular axis is relevant, whereas in planar octupolar
molecules, two independent components of F,, in the molecular
plane must be taken into account.?® Instead, the model for
molecular vibrations is more complex for multipolar chro-
mophores, because at least one degree of freedom must be
introduced for each molecular arm. In quadrupolar chro-
mophores, two effective vibrational coordinates describe the
independent vibrations of the two molecular arms. The two
coordinates are conveniently combined into a symmetric vibra-
tion and an antisymmetric vibration.?> Similarly, for octupolar
chromophores, three effective molecular coordinates enter the
model, which combine to give a symmetric coordinate and two
degenerate E-symmetry coordinates.”® The presence of non-
totally symmetric vibrations in quadrupolar and octupolar
chromophores leads to interesting spectroscopic effects, such
as vibronic activation (through the so-called Herzberg—Teller
mechanism) of forbidden transitions,?> and symmetry-breaking
or localization phenomena, whose manifestation has been
recently recognized in the largely solvatochromic fluorescence
observed for quadrupolar and octupolar dyes.?>2

Essential-state models represent minimal models for optical
spectra of polar and multipolar dyes in solution, but the inclusion
of the coupling to slow degrees of freedom makes the pertur-
bative treatment of a static electric field too complex to obtain
a closed expression for the EA spectra. However, the EA spectra
can be calculated from F-dependent linear spectra, according
to eq 2. Alternatively, EA spectra can be obtained from y®,
according to eqs 13 and 14. Specifically, these equations also
apply in the presence of vibronic coupling, provided that the
sums in eq 14 extend to all vibrational and vibronic states.’
Extending the same treatment to account for polar solvation is
instead more delicate because local-field corrections to the static
field must be explicitly taken into account.?

The calculation of the EA spectra for dipolar, quadrupolar,
and octupolar molecules, accounting for electron—phonon
coupling and polar solvation, leads to results that can be directly

J. Phys. Chem. A, Vol. 112, No. 37, 2008 8703

o, (a.u.)

)
oo by by by by

5 — S

< 05 T S

Zos S ()

<

S

g 0

2

S 05k .
L L L J L L 1 L \ L 1 L L l L L L L | 1 L

25 3 3.5 4

Lnergy (eV) .

Figure 7. Optical spectra of a quadrupolar dye with p = 0.13,
corresponding to compound 2 in ref 25. Results refer to a polar solvent,
acetonitrile, with €,; = 0.25 eV. Top panel: linear absorption (full line)
and TPA (dashed line). Middle panel: a comparison between the exact
EA spectrum (full line) and its best fit (dashed line) obtained in terms
of a linear combination of the OPA spectrum and its first and second
derivatives. Bottom panel: decomposition of the best fit into its different
contributions: linear spectrum (S(w), full line), first-derivative (S"(w),
dot-dashed line) and second-derivative (S"(w), dotted line).

compared with experimental data. Here, we explicitly discuss
two model cases, relevant to a quadrupolar dye and an octupolar
dye. Optical spectra in Figure 7 refer to a quadrupolar dye
dissolved in a polar solvent. The model parameters refer to one
of the chromophores discussed in ref 25 (chromophore 2, p &~
0.13) and were obtained via a detailed analysis of solvent-
dependent absorption and fluorescence spectra, as well as TPA
data.”® Figure 3 in the previous section shows the spectra
calculated for a quadrupolar dye with the same value of p, but
neglecting the coupling to slow (vibrational and solvation)
degrees of freedom. Because of the lack of an underneath
vibronic structure, OPA and TPA bands in Figure 3 are narrow
and hardly overlap. The coupling to molecular vibrations leads
to the wider and partially overlapping bands in Figure 7, whose
vibronic structure is smeared as a result of inhomogeneous
broadening. Moreover, because of the presence of antisymmetric
vibrations, OPA (TPA) states with an odd-occupation number
of antisymmetric phonons become TPA (OPA)-allowed via an
Herzberg—Teller coupling mechanism, further increasing the
spectral overlap between the OPA and TPA features. In the EA
experiment, the static electric field breaks the inversion sym-
metry and allows for the mixing of OPA and TPA states that,
in the region of spectral overlap, are almost degenerate. Intense
EA signals are then expected, with a complex structure due to
the strong mixing of several vibronic states. The EA spectrum
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Figure 8. Optical spectra of an octupolar dye with p = 0.11,
corresponding to compound 3b in ref 26. Results refer to toluene as
being the solvent, modeled by €, = 0.2 eV. Top panel: linear absorption
(full line) and TPA (dashed line). Middle panel: a comparison between
the exact EA spectrum (full line) and its best fit (dashed line) obtained,
according to the standard Liptay treatment (eq 3), in terms of a linear
combination of the OPA spectrum and its first and second derivatives.
Bottom panel: decomposition of the best fit into its different contribu-
tions: linear spectrum (S(w), full line), first-derivative (S'(w), dot-dashed
line) and second-derivative (S" (w), dotted line).

in Figure 7 extends over a large spectral range, including both
OPA and TPA regions. The shape is complex, as expected, and
difficult to reproduce using the standard Liptay formulation in
terms of S(w) and its derivatives, as shown in the middle panel
of Figure 7. Specifically, the Liptay equation is bound to fail in
the high-frequency region where the contribution from the dark
state is more important. In any case, as shown in the bottom
panel of Figure 7, a fit a la Liptay would suggest a very large
contribution from the second-derivative term, which corresponds
to a large Au value. This is a spurious result, because Au = 0
for centrosymmetric quadrupolar dyes. As discussed in section
2, the second-derivative-like shape of the EA spectrum results
from the electric-field-induced activation of a dark (TPA) state
located near to the allowed OPA signal. By the way, for
quadrupolar dyes with a larger p value, the splitting between
OPA and TPA states can be large enough to allow for a separate
description of the relevant EA features also in the presence of
coupling to vibrations and polar solvation.

In Figure 8, we show results relevant to the largely neutral
(p = 0.11) octupolar dye 3b that is discussed in ref 26. In this
case, a fit a la Liptay does not reproduce the exact EA spectrum,
not even in the OPA region. Indeed, OPA and TPA bands
strongly overlap (cf. Figure 8, top panel), hindering the simple
analysis based on the linear spectrum and its derivatives. The

Sissa et al.

large spectral overlap is due, first of all, to the low energy gap
between the two degenerate c; and c; states and the e state, and
is further amplified by the fact that both types of excited states
are active in TPA processes. The OPA and TPA states are
strongly mixed by the electric field, and a reliable analysis of
EA spectra cannot neglect the 7(w) contribution.

5. Conclusions

The electroabsorption (EA) spectra of polar and multipolar
dyes in solution offer important information on molecular
properties that is well beyond that obtained by linear absorption
spectra and complementary to those offered by much more
expensive nonlinear spectroscopic techniques (e.g., TPA). The
analysis of EA spectra for molecules in solution is commonly
based on the Liptay approach. The EA signal is fitted as a linear
combination of the linear spectrum and its first and second
derivatives and the coefficients of the expansion are related to
the variation of the molecular dipole moment and polarizability
upon excitation. The Liptay analysis is simple and proved
successful. However, as discussed in the original papers, it only
applies to EA spectra related to a well-isolated and structureless
absorption band, a condition hardly met by most of organic
chromophores. In particular, highly symmetric quadrupolar and
octupolar chromophores, which are currently investigated for
applications in nonlinear optics, show fairly complex excitation
spectra, with dark states often lying in close proximity of states
reached upon one-photon absorption. Under these conditions,
the analysis of optical spectra based on the Liptay approach is
hindered by the interference of the signals relevant to the two
states. The static electric field applied in EA experiments mixes
up dark and allowed states and the analysis of the spectra
becomes more and more difficult as the two interfering states
come close.

In the first part of this work, we adopted essential-state models
for polar and multipolar dyes to obtain closed analytical expressions
for the EA spectra. This is only possible if purely electronic models
are considered, neglecting the coupling between electrons and slow
(vibrational and solvation) degrees of freedom. As expected, the
Liptay expression becomes exact for polar dyes whose essential-
state model describes just a single electronic transition. For
quadrupolar and octupolar dyes, instead, the EA spectrum is
described by an expression analogous to that obtained by Liptay,
plus an additional term that accounts for the electric-field-induced
absorption toward the dark state. This term is not related to any
feature appearing in the linear absorption spectrum and cannot be
reproduced in terms of S(w) and its derivatives. This contribution
is due to the perturbative mixing of dark and allowed state and its
magnitude increases when a dark state lies in proximity of the
allowed state, leading to second-order-derivative-like signals that
make the Liptay analysis of EA spectra extremely dangerous. This
is particularly apparent for quadrupolar dyes where the second-
derivative contribution to the EA spectrum vanishes by symmetry
(Au = 0), but second-derivative-like features appear in the EA
spectra (cf. Figure 2). Standard analysis of the EA spectra can yield
to reliable results only in cases when the dark state is well-separated
from the OPA state (as observed in Class II quadrupolar dyes).
More generally, before attacking the analysis of EA spectra for
highly symmetric dyes, it is very important to analyze nonlinear
spectra and, in particular, TPA spectra, to safely locate possible
interfering dark states.

A complete analysis of EA spectra of organic chromophores in
solution must account for the important role of molecular vibrations
and for the slow dynamics of polar solvation. Essential-state models
allow one to set up reasonably simple and tractable models for
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polar and multipolar dyes that also account for molecular vibrations
and polar solvation. However, even with these comparatively
simple models, closed expressions for EA cannot be obtained and
one must resort to numerical solutions. Here, we have discussed
results that have been obtained from exact diagonalization of the
nonadiabatic Hamiltonian for coupled electronic and vibrational
degrees of freedom, while the slow solvation coordinate is treated
classically. Vibrational coupling leads to structured absorption
bands and, hence, to EA spectra with fairly complex structures.
Moreover, in multipolar dyes, the widening of the absorption bands
due to vibronic coupling makes the observation of interference
between OPA and TPA states more likely. Even more subtle is
the role of non-totally symmetric vibrations that allow for the
mixing of states with different symmetry, further amplifying the
field-induced mixing of excited states. Under these conditions, the
standard analysis of EA spectra is problematic.

In this paper, we have discussed models for perfectly symmetric
quadrupolar and octupolar compounds. Structural deviations from
linearity for quadrupolar dyes or from planarity for octupolar
chromophores can lead to finite permanent dipole moments for
these structures. Extending the models to account for structural
asymmetry is straightforward, because it only implies a redefinition
of the matrix elements of the dipole moment operator. Small
deviations from linearity or planarity, however, only have minor
spectral effects, as demonstrated by the case of the slightly bent
quadrupolar dye 1 discussed in ref 25, whose spectra are well-
reproduced by the model for centrosymmetric quadrupoles. More
subtle (and interesting) effects are expected for chemical asym-
metry, as induced by differences in the D (or A) groups, to give
D-A-D’ (or A-D-A") structures (and analogously for octupolar
dyes). The discussion of spectroscopic effects of chemical asym-
metry goes beyond the scope of this work and will be the subject
of a forthcoming publication.

EA is a nonlinear spectroscopic technique that offers comple-
mentary information, with respect to linear absorption spectra. For
polar dyes, it may offer valuable information on the excited-state
dipole moment and polarizability; however, for more-complex
(symmetric) dyes with quadrupolar and octupolar structures, it can
also give important information about dark states, i.e., about those
states that cannot be reached upon one-photon absorption. Retriev-
ing this information from experimental spectra, however, is more
difficult and one must be aware of possible interference effects in
the EA spectra of the signals from states with different symmetry.
Slow degrees of freedom related to molecular vibrations and polar
solvation lead to EA spectra that are even more complex, further
hindering the retrieval of reliable information on molecular
properties. In this context, essential-state models play an important
role: they offer a reliable description of the low-energy physics of
polar and multipolar dyes in solution in terms of tractable models,
amenable to numerically exact solutions. Linear absorption and
fluorescence spectra, as well as nonlinear spectra (including EA,
TPA, and others) can be analyzed and quantitatively reproduced
based on the same microscopic model. Along these lines, highly
reliable molecular models can be defined as required for a thorough
understanding of the physics of an important class of molecules.
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