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Role of Dimensionality on the Two-Photon Absorption Response
of Conjugated Molecules: The Case of Octupolar Compounds**

By David Beljonne,* Wim Wenseleers, Egbert Zojer, Zhigang Shuai, Henryk Vogel, Stephanie J. K. Pond,

Joseph W. Perry, Seth R. Marder, and Jean-Luc Brédas

A comparative study of the two-photon absorption (TPA) properties of octupolar compounds and their dipolar one-dimen-
sional counterparts is presented on the basis of correlated quantum-chemical calculations. The roles of dimensionality and sym-
metry are first discussed on the basis of a simple exciton picture where the ground-state and excited-state wavefunctions of
three-arm octupolar systems are built from a linear combination of the corresponding single-arm wavefunctions. This model
predicts a factor of 3 increase in the TPA cross section in the limiting case of three independent charge-transfer pathways.
When taking into account the full chemical structures of representative octupolar molecules, the results of the calculations indi-
cate that a much larger enhancement associated with an increase in dimensionality and delocalization can be achieved when
the core of the chromophore allows significant electronic coupling among the individual arms. These theoretical predictions are
in agreement with the experimental determination of the TPA cross sections for crystal violet and the related compound, brilli-
ant green, and suggest new strategies for the design of conjugated materials with large TPA cross sections.

1. Introduction

Two-photon absorption (TPA) is a process in which an atom
or a molecule simultaneously absorbs two photons, which can
have the same or different energies. As a result, the species
reaches a (two-photon symmetry-allowed) excited state that is
higher than the ground state by the sum of energies of the two
absorbed photons. This process is rather inefficient and only
occurs to an appreciable extent in the presence of intense laser
pulses. Many applications now envisioned for two-photon
absorption materials rely on processes in which TPA is fol-
lowed by a second step, giving rise to a specific effect. For
example, in the case where TPA is followed by internal conver-
sion to an emissive singlet excited state, radiative decay from
that excited state back to the ground state (i.e., light emission)
can be exploited, namely for biomedical imaging.
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Conventional one-photon linear absorption spectroscopy can
be used to generate excited states that in turn can initiate spe-
cific reactions or processes. However, while the transition
probability for one-photon absorption is linearly proportional
to light intensity, that for the simultaneous absorption of two
identical photons depends on the square of light intensity, I*.
Such a quadratic dependence provides the ability to localize
the excitation with high 3D spatial resolution in the focus of a
laser beam, one of the main advantages of two-photon absorp-
tion. Another major feature is that the linear absorption of a
material can be very weak in the wavelength range where two-
photon absorption occurs, thereby allowing excitation of the
materials at greater depth than might be possible via one-
photon excitation. These are clear advantages for applications
such as imaging in absorbing or scattering media, for example
biological tissues. Also, highly transparent nonlinear absorptive
materials are of great interest in optical-limiting applications.

In the past, two-photon absorption has often been regarded
as an adverse effect by the nonlinear optics community. This is
especially true in the case of all-optical switching where two-
photon absorption leads to optical loss and damage. Conse-
quently, for a long time, efforts were made to minimize two-
photon absorption. However, as is often the case, what can be
regarded as highly detrimental in a given context, can be
exploited in other fields. Molecules with a large two-photon
absorption response are now in great demand for a variety of
applications, including two-photon excited fluorescence mi-
croscopy,? optical limiting,*! three-dimensional optical data
storage,[6"7] two-photon induced biological caging studies,®! and
nano- or microfabrication.”) Unfortunately, until recently, cri-
teria for the design of molecules with large TPA coefficient
had not been Well-developed.“o]

Recently, we proposed new strategies for the molecular engi-
neering of high TPA cross-section materials. These include the
design of: i) centrosymmetric molecular architectures of the
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type D-n-A-n-D or A-n-D-n—A (where D denotes an elec-
tron-donor group, A an electron-acceptor group, and m is a
conjugated segment) wherein the TPA enhancement upon sub-
stitution stems from the photoinduced drift in electron density
from the donor to the acceptor along a quadrupolar path;m’m
and ii) non-centrosymmetric dipolar D-ni—A structures where
the origin of the high TPA response in the lowest excited state
lies in the one-dimensional charge transfer from the donor to
the acceptor across the conjugated bridge as one drives the
geometric structure partly towards the cyanine limit.[**!

Here, we extend our analysis to compounds with increased
dimensionality. As a first step, we focus our attention on octu-
polar molecules where charge transfer upon photoexcitation
can occur along three different axes, a feature that could
enhance the TPA response. Since the pioneering work of Zyss
and co-workers some ten years ago,[M’lS] compounds with octu-
polar symmetry have been of interest for second-order non-
linear optical applications.

The potential interest of octupolar systems for TPA arises
from the fact that second-harmonic generation (SHG) measure-
ments indicate that strong two-photon resonances usually occur
with several low-lying excited states;!"") moreover, strong in-out
polarization of the m-electronic cloud (with drift of the electron
density from the core to the periphery or vice versa) has been
calculated for these excited states.'® In linear quadrupolar sys-
tems, such a centrosymmetric charge redistribution has been
shown to induce a significant enhancement in TPA cross sec-
tion.'"1?l Recent experimental and theoretical works have con-
firmed that octupolar structures are attractive materials for sec-
ond-order and third-order nonlinear optical applications,
including TPA;™ ' interestingly, it was shown that the TPA
cross section into the lowest excited state scales with the second-
order molecular polarizability as found previously for dipolar
architectures.!"”! In the context of developing a better under-
standing of structure—property relationships for TPA and of the
role of dimensionality, octupolar systems offer the possibility of
investigating the influence of the presence of three axes for
charge transfer and electronic redistribution in the excited states.

The interplay and extent of coupling among these three axes
of charge transfer is expected to influence significantly the non-
linear optical response. Therefore, we found it useful to apply
the basic concepts of molecular exciton theory to characterize
this coupling. After a brief discussion of the theoretical meth-
odology (Sec. 2), we describe the exciton molecular theory as
applied to octupolar structures in Section 3; this approach
enables us to relate the magnitude of the TPA response to the
strength of the coupling between the three arms of an octupo-
lar chromophore. In Section 4, we consider a number of repre-
sentative octupolar molecules, for which correlated quantum-
chemical calculations are performed by taking into account the
full chemical structure. Comparison between the results of
these calculations and the predictions from exciton theory pro-
vides insight into the origin of the TPA response in octupolar
architectures and suggests new routes to optimized TPA chro-
mophores. To check these ideas, we present in Section 5 an
experimental investigation of the nonlinear absorption in crys-
tal violet and a related compound, brilliant green.

2. Theoretical Methodology

The two-photon absorption cross-section, 9, is given (in vac-

uum) by:[13‘2°]

0
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where y(-w;w,w,~) is the third-order molecular polarizability,
ho the energy of the incoming photons, and ¢, the vacuum
electric permittivity. Equation 1 implies that the absorbed
photons are of the same energy. The methodology adopted
here to calculate the third-order molecular polarizability has
been described in detail previously.'' > We recall that this
formalism is based on a perturbation treatment of the interac-
tion between light and matter, which provides expressions for
the molecular polarizabilities in the form of a summation over
all electronic excited states of the molecule (sum-over-states,
SOS, approach).*!

In many cases, the full SOS expression for the third-order
polarizability can be simplified; this is especially true when a
single low-lying excited state, | >, dominates the linear optical
response.[24] In that case, the summations over the excited
states that are (electric-dipole) coupled to the ground state
|g> can be limited to that excited state alone and the sum-
mations over upper-lying excited states go over those few ex-
cited states |e’> that are strongly coupled to |e>. The longitu-
dinal (i.e., along the main chain axis) component of the
frequency-dependent third-order molecular polarizability,
Y xxxx(—@;0,0,~®), then reduces to:

Vo (C0;0,0,—0) z6713P(—a);a),w,—a))

2 2
M, Au,
(E .~ hw—iI}, \E,,~2ho—iT (E,~ho-il},)

M @

(E~ho—i}, \E . ~hw—i[, \E +ho—il})

M2 M?,
+ ge ee'
| ;(Ege—hw—i];e)(Ege,—Zhw—i]“ge, NE ~hw—il},)

where M., Auge, and E,. denote the longitudinal component
of the transition moment, the transition energy, and the dipole
moment difference between the | g>and | e> states. D is called
the dipolar term since it exclusively appears in non-centrosym-
metric systems; its expression is similar to that of the only term
appearing in the two-state expression for 3, the second-order
polarizability.?**! Term T involves upper-lying (two-photon)
excited states |e’> and is strongly dependent on the coupling
of | e’> with | e>. The third term is the negative term, N, which
is related to the linear polarizability. In the present work, all
damping factors Iy, are set to 0.1 eV; this choice of damping
factor is consistent with the width of the TPA spectra in a num-
ber of conjugated molecules and provides TPA cross sections
in good agreement with experimental data for a number of
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conjugated molecules!!! (note that, within simplified models
for TPA, the TPA cross section to excited state »n is inversely
proportional to Iy, see below).

The expression for term N only allows for the possibility of
one-photon resonances; therefore, this term makes no contri-
bution to two-photon absorption. In the D and T terms, two-
photon resonances occur with respect to le>and |e’>, respec-
tively. In the case of resonance to |e>, a two-state model ( | >,
|e>) is often appropriate to describe the peak TPA cross sec-
tion, while (at least) three states (|g>, le>, |e'>) have to be
included in the SOS procedure to describe two-photon absorp-
tion into |e’>. Within such simplified models, Equation 2 com-
bined with Equation 1 leads, for resonances to |e> and |e’>,
to Equations 3 and 4, respectively:

2 2
6 g%s(x Mgﬁ’ A'ugf
o Eeyr ®
2
2 2
6 g—)e’oc Mgf Mﬁ’f'
! 4)

(E, = ; )'’r
Here, we have assumed the same damping, I, for all excited
states and index x refers to the longitudinal component of the
TPA cross section. Note that Equation 4 is not applicable when
a double resonance situation is approached, i.e., when (Ey—
Egel2)= 1321
To compare the calculated ¢ with the value measured experi-
mentally in solution, one needs to evaluate the orientationally
averaged (isotropic) value of y, which is defined as:

L

<y>=
v 15

b

where i,j =x,y,z. For (quasi-) one-dimensional molecules, Equa-
tion 5 reduces to <y>=(1/5)y,xxx While in octupolar structures
the average value of the third-order molecular polarizability
amounts to (8/15)y .. for the xyz reference system shown in
Figure 1 (this can easily be obtained from Eq. 5 when taking
account of the following relations among the y tensor compo-
nents in a Cz, molecule: Yy, = Yyyyys Vxxyy = (1/3)yxxxx = yyyxx);
a ratio of 8/3 is thus expected as a result of dimensionality
between the isotropic y and ¢ values in octupolar compounds

Y
D
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A
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D

Fig. 1. Schematic representation of a Cs-symmetry molecule with three charge-
transfer (CT) axes; M, and Ay, denote the single arm transition dipole moment
to the lowest CT excited state and the corresponding state dipole moment differ-
ence with respect to the ground state, respectively (g is the amount of charge
transfer in the isolated arm).

and in the corresponding dipolar structures (note that a corre-
sponding increase in dimensionality doubles the norm of the
second-order polarizability).!'*

The excited-state characteristics to be plugged into the SOS
expressions for the calculation of the molecular polarizabilities
and the TPA cross sections have been computed by combining
the intermediate neglect of differential overlap (INDO)?®
method to a multireference double configuration interaction
(MRD-CI) formalism. The Mataga—Nishimoto?”! potential was
adopted to describe electron—electron interactions; this para-
meterization was found to provide, for a series of model octu-
polar molecules, excitation energies and static second-order
polarizabilities in better agreement with experiment than those
obtained by using the Ohno—Klopman potential.”! The MRD-
CI calculations were performed on the basis of an active space,
including typically from 8 to 12 & orbitals and a number of
reference configurations spanning from 4 to 8, depending on
molecular size and symmetry. The molecular geometries used
as input in the electronic structure calculations were optimized
at the Austin Model 1 (AM1)? level.

3. An Exciton Model for TPA in Octupoles

Octupolar molecules with C; or Cs;, symmetry can be re-
garded as an assembly of three dipolar-like arms, see Figure 1.
With each individual arm (a, b, or c) of the octupole, one can
associate a dominant low-lying charge-transfer excited state,
hereafter denoted a*, b*, or c*, characterized by a transition
dipole moment M,. and a difference in dipole moment A,
with respect to the ground state (corresponding to a charge
transfer, qo, from a donor end-group to an acceptor end-
group). In the octupolar system, the excited-state wavefunc-
tions of the individual arms form a reducible representation of
the Cs(,) symmetry group described by the basis (a*, b*, c*).
By using group theory and the Gram-Schmidt orthogonaliza-
tion procedure, a new set of orthonormal symmetry-adapted
wavefunctions can be constructed from the following linear
combinations:

%(a*+b*+c*);%(ZXa*—c*—b*); and%(b*—c*) 6)
In the Cy;, [C5] point group, the first function belongs to the A’
[A] representation, while the other two correspond to the two
components (denoted as o and f in the following) of the dou-
bly degenerate E’ [E] representation. We stress that both A’
and E’ excited states are two-photon allowed, while one-
photon excitations from the ground state are allowed to the E’
excited states but forbidden to the A’ state.

In the Appendix, we show how the wavefunctions of the
ground state and excited states of the octupolar molecules can
be built as an ad hoc linear combination of the isolated-arm
wavefunctions™ and evaluate the excited-state energies.

If the interaction between the individual arms is negligible,
the excitation energies are, as expected, exactly the same as
those obtained for the individual arms and the transitions from
the ground state 1A’ to the 2A” and 1E’ excited states are (acci-
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dentally) degenerate. In this case, an increase by a factor of 3 of
the TPA cross section of the octupole molecule with respect to
the isolated arm occurs (note that a similar analysis leads to an
enhancement factor 3/2 for the orientationally averaged sec-
ond-order polarizability, as predicted earlier).!!

If the arms do interact, the degeneracy of the lowest A” and E’
excited states is lifted; when denoting V' the coupling energy
between excited states localized on separate arms, the 2A” state
becomes destabilized by an energy 2V and the 1E’ state becomes
stabilized by an energy -V (see Eq. A6 in the Appendix).

The expressions for the TPA cross sections into the 1E” and
2A’ excited states can then be written as (see Appendix):

MAp,
Sppoc oM
8 E.—V,
(gT) r

6 MgApu,

8 (& _wyr (7
2

where Mge, Attge, and E, tefer to the transition parameters for

an isolated arm. It is interesting to note that from Equation 7

we expect (for positive V values) a larger TPA intensity into

the 2A’ state than in the 1E’ state, as a result of a more favor-
able detuning factor; the ratio between ¢ in 2A” and 1E’ is
2(Ege~V)'/(Ege—4V)’. We note that if V were to approach

E,/4, the energies of the lowest two excited states become

E(1E")~ Ege—Ege/4 and EQ2A’)~Eg.+2x Egc/4

and therefore EQ2QA’)~2x E(1E’), i.e., it corre-

sponds to a double resonance situation.

Two other features about Equation 7 are worth
stressing:

e For resonance to the 2A” state, although the
two-photon absorption process involves an
intermediate state, 1E’, that is different from
the target state (as is the case in the centrosym-
metric quadrupolar molecules),[“] the magni-
tude of & within this exciton picture relates pri-
marily to the amount of photoinduced charge
transfer, Aug,, along the individual arms, a situ-
ation which is typical of dipolar architec-
tures.>” The recipes that have been followed
to maximize the second-order response in one-
dimensional push—pull compounds are there-
fore also expected to apply to o.

o One can take advantage of the inter-arm cou-
pling to optimize the detuning factor and
boost the TPA response associated with the
2A’ excited state. For instance, if E,.=2.5 eV
and V=0.3 eV (realistic values for some con-
jugated octupoles, see below), the TPA cross
section in the 2A” state is predicted (Eq. A9
in the Appendix) to increase by about a factor
of 5 with respect to that in the corresponding
dipolar chromophore.

This analysis confirms that octupolar com-
pounds are potentially interesting candidates for
TPA. However, we can expect that the TPA
response in octupolar compounds will be highly

NICH3)z

might enhance or reduce the charge transfer from the core of
the three-fold symmetry structure to its periphery (or vice ver-
sa), which obviously should affect the resulting two-photon ab-
sorption cross sections; this is particularly true if there is signifi-
cant delocalization across the whole molecule through the core
as, for instance, in crystal violet (see below).

The nature and strength of the coupling depend on the
chemical structure of the octupole and can only be gauged
quantitatively by means of a “supermolecular” approach
(where the wavefunctions of the electronic states are obtained
by diagonalization of the entire Hamiltonian, allowing for reor-
ganization of the electron density in the octupole with respect
to the corresponding one-dimensional segments). The results
of such calculations are discussed in the next section.

4. Two-Photon Absorption Cross Sections of Model
Compounds

INDO/MRD-CI/SOS calculations of the TPA cross sections
have been performed on: i) four model octupolar systems; and
ii) their individual arms, which have a dipolar character, see
Scheme 1. To allow a direct comparison between the two sets

NH;

WH;
1

ner—((_))———((

h—cN
A

sensitive to the actual interactions among the
individual molecular branches. Such interactions  Scheme 1.
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of calculations, the ground-state geometry of the individual
arms in the octupolar molecules was retained for the computa-
tion of the electronic excited states and two-photon absorption
cross sections of the corresponding dipolar chromophores.
Note that a fully planar structure was considered for 1 and 3,
which both belong to the Ds;, point group. Crystal violet, 5, is
propeller-shaped with twist angles around the bond connecting
the central carbon atom to the phenylene rings on the order of
30°; the symmetry is reduced to D3, but the in-plane compo-
nents of the y-tensor largely dominate the nonlinear response,
so that the analysis described in Section 3 still applies.

The (longitudinal) dipole matrix elements and excitation en-
ergies, as calculated for the octupolar chromophores at the
INDO/MRD-CI level and on the basis of the exciton theory
developed above, are listed in Table 1; the molecular parame-
ters provided by the INDO/MRD-CI calculations on the corre-
sponding dipolar arms are also reported. Note that we found
an overall good agreement between the measured and calcu-
lated excitation energies and second-order molecular polariz-
abilities in all octupoles.’”! In Figures 2-5, the TPA spectra
simulated for the octupolar molecules and the corresponding
dipolar arms are compared; the 6 values computed for the oc-
tupolar structures are listed in Table 2. From these results, dis-
tinct behaviors can be distinguished:

i) In triaminotrinitrobenzene, 1, large differences are found
between the values predicted from the exciton model built on
the basis of the individual arms (2 or para-nitroaniline) and
those computed at the MRD-CI level. The coupling among the
branches of the octupole is weak: the splitting between the E’
and A’ states is calculated to be ~—0.05 eV (this is not too sur-
prising for side groups that are connected in meta positions of
a benzene ring); as a result, from exciton theory, one would
expect a TPA response three times as big in 1 as in 2. However,
the INDO/MRD-CI calculations yield similar peak d values for
the two compounds. We explain this discrepancy by the fact
that modeling the electronic structure and optical properties of
1 in terms of the excited states of 2 is a very crude approxima-
tion (the chemical structure of triaminotrinitrobenzene is quite
different from that of three para-nitroaniline molecules ar-
ranged in a Cs-like conformation as sketched in Fig. 1). There-

Table 1. INDO/MRD-CI molecular parameters calculated for compounds 1-8. Capital letters refer
to the dipolar arms, small letters to the octupoles. The numbers between parentheses are obtained
on the basis of the exciton theory described in the text. Unless otherwise mentioned, the values for

the dipole matrix elements correspond to the x-axis components.

iy

B

L=}
|

—il

1204 ——-2

100

TPA cross-section (10 cm” sec/ph)

15 186 1.7 18 149 20 21 22 23

Fundamental energy (eV)
Fig. 2. INDO/MRD-CI/SOS two-photon absorption spectra of molecules 1 and 2.
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Fig. 3. INDO/MRD-CI/SOS two-photon absorption spectra of molecules 3 and 4.

fore, this couple of chromophores is unfortunately not a good
choice to test the validity of the exciton model.

ii) As is the case for 1, the coupling between the branches of
the octupole is rather weak in 3: the splitting between the E’
and A’ states is calculated to be ~0.1 eV. In contrast to the pre-
vious couple of compounds, the matrix elements
computed for octupole 3 are slightly larger than
those predicted from the exciton approach. A
zero differential overlap (ZDO) analysis of the

population in the 1E” and 2A” excited states of 3

Compound [fsj] 1[‘/]%] A[l’;g]e [Zij] [nge'] EIDE] ‘;‘S] ’["S] reveals a total amount of charge transfer from
I 36 341 6562 4364 5000 each dlmthylammo d(?nor group to th_ev cyano ac':-
2 3.8 51 128 ceptor moiety located in the para position that is
3 3.49 359 112(108)  7.6(49)  9.6(6.9) comparable to that in compound 4, i.e., g=qo;
g 37 8.8 o7 246 356 8988 71(4) 87(19) hence, according to the exciton model (see Ap-
6 205 72 27 ’ ’ o o o pendix), the TPA response of the three-fold sym-
7 4.23 476  76(78)  82(41) 11.9(5.7) metry molecule 3 should be three times as large
8 432 64 8.1 as that of the one-dimensional structure 4. This is
? 221 296 m::»)j&[g][b] 43 10.11a) in agreement with the description provided by

[a] y-axis component (the y axis is defined as the axis passing through the two NEt, donor sites).
[b] Because of the reduced dimensionality, the second excited state is also one-photon dipole

allowed (along x).

the supermolecular approach.
iii) In the case of chromophore 5, crystal violet,
the model assuming weak interactions among the
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Fig. 4. INDO/MRD-CI/SOS two-photon absorption spectra of molecules 5 and 6.
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Fig. 5. INDO/MRD-CI/SOS two-photon absorption spectra of molecules 7 and 8.

arms breaks down. The coupling between the three charge-
transfer pathways of the molecule is strong, as demonstrated
by the large inter-arm interaction energy: the splitting between
the E” and A’ states is calculated to be ~ 1.1 eV. Therefore, two
well-separated two-photon absorption resonances are predicted
in the low energy region of the TPA spectrum of 5, instead of
one in 1 and 3. The matrix elements computed for the octupole
are much larger than those predicted from the exciton ap-

Table 2. Excitation energies (and 1E<M>"-2A" energy separation) and two-photon absorption
cross sections in the octupolar compounds, as computed at the INDO/MRD-CI level. The experi-
mental values for crystal violet and brilliant green in glycerol are indicated between parentheses.

o is the resonance energy.

proach and the TPA response of crystal violet is therefore
strongly enhanced by comparison with its one-dimensional
analog 6. In fact, excitation from the ground state to the lowest
excited state in 6 drives the positive charge, mainly localized
on the phenylene ring in the ground state, to the CH, group;
there is hardly any charge transfer involving the external amino
group, which explains the small dipole moment difference in
Table 1. The situation is different in 5, where the excess charge
is delocalized over the three aromatic rings (which adopt a
slight quinoid character), and a significant amount of electron
density is moved from the periphery towards the center of the
molecule upon excitation. It is also worth noting that, although
the dipole matrix elements are similar or even smaller than
those obtained in 3, crystal violet shows a larger TPA peak
associated with resonance to 2A’. This mainly arises because of
the detuning energy (difference between E(1E’) and E(2A")/
2), which amounts to ~0.7 eV in 5 and ~1.8 eV in 3 (see
Eq. 7).

iv) The results obtained for molecule 7 are in line with those
described above for crystal violet. The energy difference
between the lowest two excited states (1E” and 2A”) is large
(~0.5 eV), indicating significant cross-talk between the three
arms of the octupolar molecule. There is a large increase (by
more than a factor 2) in the amount of donor-to-acceptor
charge transfer per arm when switching from the dipolar com-
pound 8 to the octupolar molecule 7; this explains the higher
dipole matrix elements computed at the INDO/MRD-CI level
with respect to the values predicted on the basis of the charge
distribution in 8 and the exciton model. As a result, the low-en-
ergy part of the TPA spectrum of 7 shows two separate peaks
with peak ¢ values much higher than the values predicted from
exciton theory.

From these results, it clearly appears that the amplitude of
the TPA response in octupolar architectures can be modulated
through the cross-talk between the three charge-transfer dipo-
lar arms. The design of octupolar compounds with enhanced
TPA cross sections requires the exploitation of cores that allow
delocalization of the excited-state wavefunctions through
strong inter-arm interactions (such a C* or N centers) and arms
leading to an optimal ground-state polarization. The latter
requirement can be achieved by using the design routes that
have been successfully applied to the optimization of the sec-
ond-order response of dipolar push—pull compounds.”*?! In-
deed, as for the one-dimensional non-centrosym-
metric structures, the TPA response in octupoles
is controlled by the amount of charge transfer
from the ground state to the excited state, i.e., the
difference in state dipole moment (although for

strong coupling between the arms the description

Compound 1A-1E’ 1A-2A7 1E-2A’ ® 0 . X
[eV] [eV] [eV] [eV] [10% cm*s/ph)] 1S probably more complex than that given by
1 3.46 341 20.05 172 74 Egs. A8 and A9 in the Appendix). As a conse-
3 3.49 3.59 0.1 1.79 583 quence, the two-photon absorption cross section
5 246 (2.08) 3.56(-3.3) 11(1.2) 123 206 and the second-order molecular polarizability are
1.78 (1.65) 2041 (1980)
. 423 476 053 211 154 expected to show the same dependence on chem-
2.38 581 ical structure.["”]
9 2.21 (1.95) 2.96 (2.85) 0.75 (0.9) 1.10 47 We have applied the same INDO/MRD-CI
1.48 (1.48) 852 (762)

methodology to describe the excited states and
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TPA spectrum of brilliant green, 9. The reasons for looking
into the nonlinear optical response of this molecule are two-
fold. First, due to the reduced symmetry of the compound, the
selection rules for one- and two-photon excitations are ex-
pected to be somewhat relaxed, which should allow easy identi-
fication of all relevant excited states from linear absorption; in
addition, due to the similar chemical structures of 9 and 5, com-
parison between the one- and two-photon absorption spectra
of crystal violet and brilliant green should provide rich insight
into the nature of the lowest excited states in octupolar chro-
mophores. Second, for a number of practical reasons, molecule
9 appears to be an interesting target molecule for TPA; the
photophysics of compounds 5 and 9 have therefore been inves-
tigated experimentally.

The simulated TPA spectrum of 9 is shown in Figure 6. As
for 5, two peaks are calculated in the low energy part of the
spectrum. From the comparison between the excitation ener-

1200 m——
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DB 0% 10 11 12 13 14 18 16 17 18
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Fig. 6. INDO/MRD-CI/SOS two-photon absorption spectrum of molecule 9.

gies, dipole matrix elements, and wavefunctions in molecules 5§
and 9, the excited states associated with the lowest two reso-
nances in 9 can unambiguously be associated with the 1E” and
2A’ states of the corresponding Cs-symmetry structure, i.e., 5.
The mechanism for the TPA response is reminiscent of that in
crystal violet. Of course, because of the reduced symmetry, the
pseudo 2A’ state in 9 is coupled optically to the electronic
ground state through a significant oscillator strength. The exci-
tation energies and dipole matrix elements between the rele-
vant electronic states in 9, as calculated at the INDO/MRD-CI
level, are listed in Table 1.

With respect to S, the lowest two excited states are red
shifted in 9 and their energy separation (related to the inter-
arm coupling) is slightly reduced (from 1.1 eV in 5 to 0.8 eV in
9). As a consequence of the reduced dimensionality, the y- and
x-components (the x-axis is defined here as the axis from the
central carbon site to the unsubstituted phenyl ring) of the
third-order polarizability are not equivalent anymore (the iso-
tropic response is actually dominated by the yyyy and xxyy ten-
sor components). Because of weaker charge transfer from the
periphery to the core of the molecule upon excitation, the state
dipole moment difference (along x) is also smaller in 9 com-

pared to 5. Despite the fact that the transition dipole moments
between the ground state and the lowest excited state and
among the two lowest excited states are larger in 9 than in 5,
the decrease in dimensionality, the overall reduced charge
transfer (as well as, to a lesser extent, the increased detuning
energy) lead to TPA cross sections for both the first and second
resonances in 9 that are smaller than in 5, Table 2.

5. Experimental Study of TPA in Crystal Violet
and Brilliant Green

The two-photon absorption cross sections of crystal violet, 5,
and brilliant green, 9 (Scheme 1) were measured by means of
two-photon absorption induced fluorescence,'” which yields a
measure of the product 70 (with n the fluorescence quantum
yield). Calibration against a compound with known 7d, and a
measurement of # (assumed to be the same after one- and two-
photon excitations) then provides the ¢ value. While this is the
most commonly used and well-proven principle for the mea-
surement of TPA cross sections, two problems severely compli-
cated such measurements for the molecules studied here. First,
the fluorescence quantum yields (QY) of crystal violet and bril-
liant green are extremely low in liquid solution, limiting the
sensitivity of the measurements. Second, because of the nearly
doubly resonant nature of the two-photon transition, the two-
photon absorption peak for these compounds occurs at a wave-
length close to the linear absorption band. Therefore, great
care needs to be taken to distinguish the two-photon excited
fluorescence from possible spurious signals due to residual ab-
sorption in the long wavelength tail of the linear absorption
band.

The low fluorescence QY of triarylmethane dyes, attributed
to a radiationless relaxation process involving a rotation of the
phenyl groups, is known to increase significantly with solvent
viscosity.*’] Therefore, the TPA measurements were performed
in a highly viscous solvent, glycerol. As the viscosity is temper-
ature dependent, the fluorescence QY of both compounds in
glycerol was measured as a function of temperature and the
temperature at which the TPA experiments were performed
was recorded.

The linear absorption spectrum of §, as measured in glycerol,
is shown in Figure 7. The low-energy part of the spectrum shows
a dominant peak at 2.08 eV (597 nm), which can be readily
attributed to optical transition from the ground state to the low-
est doubly degenerate E’ excited state. Note that the calculated
1A’-1E’ transition energy, 2.46 eV, is in good agreement with
the spectroscopic value. A much weaker feature is measured at
~3.3-3.5 eV (376-359 nm) that we assign to the one-photon
electronic excitation to the 2A’ excited state (calculated at
3.56 eV). As pointed out above, such a transition is dipole for-
bidden in a C(D)s@) molecule but might become partially
allowed upon relaxation of the molecular geometry to a confor-
mation with lower symmetry. This assignment is supported by:

o the very weak optical cross section measured for this transi-
tion, which is consistent with a symmetry-forbidden excita-
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Fig. 7. Linear absorption (solid line), emission (dotted line), and two-photon
absorption (circles; the connecting line is a guide to the eye) spectra of crystal
violet, 5, in glycerol. The dashed line is an enlargement (30x) of the weak linear
absorption bands in the range ~350-400 nm, plotted versus twice the wavelength,
for easy comparison with the TPA spectrum.

tion (the extinction coefficient is almost two orders of mag-
nitude smaller at 3.30 eV than at 2.08 eV);

e the excellent agreement with the INDO/MRD-CI calcu-
lated energetic position for the 2A” excited state and the
resulting 1E’-2A” energy separation (in excess of 1 V).

In addition, the changes in optical spectrum when going from

5 to 9 are fully consistent with the theoretical predictions, Fig-

ure 8:

e two bands (a strong one that peaks at 1.95 eV and a weak
one at 2.85 eV) are measured in the visible range for 9,
which are both red shifted in comparison to 5;

e the energy difference between the first two excited states,
which correspond to the 1E” and 2A” states of crystal violet,
is reduced from ~1.2 eVin 5to ~0.9 eV in 9, in remarkable
agreement with the shifts predicted at the INDO/MRD-CI
level (1.1 eVin 5 and 0.8 eV in 5).

The experimental two-photon absorption spectra of com-
pounds 5§ and 9 are shown in Figures 7 and 8. Peak TPA cross
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Fig. 8. Linear absorption (solid line), emission (dotted line), and two-photon
absorption (circles; the connecting line is a guide to the eye) spectra of brilliant
green, 9, in glycerol. The dashed line is a plot of the weaker linear absorption
band versus twice the wavelength, for easy comparison with the TPA spectrum.

sections of 762x107 cm*s/photon and 673 x10™" cm*s/

photon (70=23.4x107 cm*s/photon and 20.7x10™° cm*s/

photon) were found in brilliant green for laser wavelengths of

840 nm and 880 nm, respectively. This wavelength range

matches well with the position of the second linear absorption

band. The twin structure of the TPA spectrum is likely related
to coupling to vibrational modes, although there are other pos-
sible scenarios (such as the presence of two distinct confor-
mers). The TPA spectrum of crystal violet shows a strong peak
with 6 =1980 x 10> cm*s/photon (56 =36.6 x1 10" cm*s/pho-
ton) for an incident wavelength of 752 nm, in agreement with
the position of the weak linear absorption band at 376 nm,

which we assign to the 1A’-2A” transition. We also observed a

weak TPA at around 1200 nm (1.04 eV), corresponding to the

two-photon resonance into 1E’, but we were unable to quantify
the TPA cross section in this wavelength range because the
data for the reference standards were only available up to

1050 nm. The fact that the 1E’ state is two-photon allowed also

explains the problems due to spurious fluorescence contribu-

tions observed in hyper-Rayleigh scattering measurements
using a fundamental wavelength of 1064 nm.*!

The 6 values measured when resonance into the second
(2AV) excited state is achieved are in excellent agreement with
the theoretical values and, in particular, show the same trend
(increase) from 9 to 5, Table 2 (although a direct comparison
should be made with caution since the calculated values are
sensitive to the actual choice of the damping factors and local
field factors as well as vibronic coupling have not been in-
cluded in the theoretical model). Most importantly, the experi-
mental data reported here:

e provide further evidence for the theoretical model of TPA
in octupolar compounds; in particular, it is found that inter-
actions among the arms of crystal violet and (to a lesser
extent) brilliant green remove the degeneracy between the
lowest excited states and boost the TPA cross section asso-
ciated with the higher lying 2A” state;

e confirm the high potential of octupolar structures as TPA-
active materials.

6. Conclusions

On the basis of a correlated description of the excited states,
a perturbative analysis of the two-photon absorption properties
of octupolar structures has been performed. We have first
developed a simple exciton model allowing insight into the
mechanism for two-photon absorption in Cz-symmetry archi-
tectures to be gained, where charge transfer takes place along
three main charge-transfer axes. According to the exciton pic-
ture (which is applicable in the case of weak coupling among
the three arms of the Cj structure), the TPA cross section, J, in
the octupoles should scale as three times the corresponding
values in the isolated dipolar arms. As for their one-dimen-
sional analogs, the amount of charge transferred when going
from the ground state to the excited state (and the resulting
difference in state dipole moment) is the most relevant ingredi-
ent for the achievement of high o values.
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Quantum-chemical calculations performed on the full chemi-
cal structure of a few representative octupolar molecules con-
firm the predictions of exciton theory in the limit of weak
inter-arm couplings; this is for instance the case of a benzene-
core chromophore bearing substituents in meta positions. Note
that deviations from the factor 3 increase in d can be accounted
for in the exciton model by injecting the actual amount of
charge transfer (i.e., the degree of ground-state polarization) as
calculated in the octupolar compound (the factor 3 enhance-
ment is recovered when the magnitude of the donor-to-accep-
tor charge transfer summed over the three arms of the octupole
is identical to that taking place in the isolated conjugated
branches).

The “supermolecular” calculations also suggest that much
larger enhancement factors can be achieved through proper
design of the core of the chromophore, allowing efficient cross-
talk among the conjugated arms. This is for instance the case of
crystal violet, for which ¢ is increased by more than one order
of magnitude with respect to its one-dimensional counterpart.
Strong inter-arm interactions lead to a splitting of the 1E’/2A’
excited-state energies and the appearance of two two-photon
resonances on the low energy part of the TPA spectrum. For
both resonances, the magnitude of the TPA response is con-
trolled primarily by the dipole matrix elements from the
ground state and among the lowest excited states, which to a
large extent can be related to the state dipole difference in the
isolated arms. As a consequence, the second-order molecular
polarizability and the two-photon absorption cross section to
the 1E” and 2A’ states are predicted to evolve in parallel in
octupolar molecules. In addition, in the case of large inter-arm
couplings (such as that calculated for molecule 5), the peak 6
value is expected to be higher at the 2A’ resonance, as a result
of a smaller detuning energy. Whether one can take advantage
of this effect depends on the actual width of the absorption
lines, since broad lines would result in significant linear absorp-
tion at the input pump frequency.

The potential of octupolar molecules as TPA-active materi-
als is supported by measurements on crystal violet, showing 6
values in the 2A” state comparable to those reported for quad-
rupolar[11’12’35’36] and dipolar[13’37‘38] architectures. This is quite
remarkable since no effort to optimize the TPA response in
this class of materials has been made and crystal violet is there-
fore unlikely to be an optimal molecule. In addition, the
description of the excited states as accessed by one- and two-
photon absorption spectroscopies confirms the mechanisms for
two-photon absorption in C3-symmetry molecules, as laid down
by the quantum-chemical calculations. In particular, they are
consistent with the emergence of two excited states in the octu-
pole that are both two-photon allowed; these excited states
stem from the interactions between the three charge-transfer
channels.

It would be most interesting to extend this study to the high-
er lying excited states of the one-dimensional systems (in par-
ticular the second excited state, reminiscent of the 2A, state of
stilbene and centrosymmetric derivatives, for which high TPA
cross sections have been reported)[m and their counterparts in
the octupolar chromophores. From the present work, the com-

bination of dimensionality and the pronounced electron den-
sity migration associated with excitation in the higher lying
excited states of phenylene-based oligomers is expected to
yield record ¢ values in octupolar molecules wherein a central
core such as a positively charged carbon atom or a nitrogen (to
promote inter-arm interactions) bears three phenylenevinyl-
ene-based conjugated segments end-capped with strong donor
groups (to tune the ground-state polarization). We are cur-
rently investigating this type of architectures.

7. Experimental

Compounds were obtained from Aldrich (crystal violet, brilliant green) or
Acros (coumarin 307, rhodamine B) and dissolved in spectrophotometric grade
solvents (Aldrich). For TPA measurements, concentrations in the range from
8x107 to 1x 10 M were used.

The two-photon absorption measurements on brilliant green were performed
with femtosecond mode-locked laser pulses using a Ti:sapphire laser (Spectra-
Physics Tsunami, using broadband optics) pumped by a diode pumped Nd:YVO,
laser (Spectra-Physics, Millennia V). The laser beam (up to ~100 mW average
power, ~100 fs, 82 MHz repetition rate, A==800-940 nm, vertical polarization)
was focused into a 1 cm path length glass sample cell, using an ~f/15 focusing
geometry so that the entire focal region fitted well within the 1 cm path length.
Two-photon excited fluorescence was collected at 90° to the incident beam,
imaged onto the horizontal entrance slit of a monochromator, and detected with
a photomultiplier operated in single photon counting mode. The incident laser
beam was aligned close (0.3 to 1 mm) to the emission collection window of the
cell so that reabsorption of fluorescence was negligible at the concentrations
used. Short wavelength passing interference filters were placed in front of the
monochromator entrance to fully eliminate scattered laser light.

Rhodamine B in methanol was chosen as the reference standard [10] because
its emission band overlaps with that of brilliant green, allowing us to use the same
detection wavelength (650 nm and 690 nm) for both compounds. This monochro-
matic detection eliminates the need to correct for the wavelength dependence of
the monochromator and photomultiplier efficiency. Two-photon absorption cross
sections are then derived as:

oM=L g ey ®)

where subscripts s and ref refer to the “unknown” (brilliant green) sample and
reference sample, respectively; C; are the molar concentrations, S; the measured
signals, 4 is the laser wavelength, and A’ the emission detection wavelength; Fy(1)
are the fluorescence emission spectra (as measured with a Fluorolog II fluorom-
eter), used to relate the detected two-photon excited emission intensity at a sin-
gle wavelength to the total emission. The N terms are correction factors that
account for the different refractive indices of the solvents used, which influence
both the focusing of the incident beam and the effective collection angle of the
fluorescence light (as well as causing minute changes in the reflection, hence to
the transmission 7, at the windows for both laser and fluorescence lights). These
factors are given by:

N="21T, ©)
n;

where all refractive indices are taken to be np of the solvent (neglecting disper-
sion).

The set-up used for two-photon absorption measurements on crystal violet is
shown in Figure 9. Pulses from a mode-locked Ti:sapphire laser (Spectra Physics
Tsunami, pumped by Spectra Physics Millennia V) are amplified and recom-
pressed by a stretched pulse regenerative Ti:sapphire amplifier (Spectra-Physics
Spitfire), which is pumped by a diode-pumped Nd:YLF laser (Spectra-Physics
Evolution). The amplified pulses (800 nm, 1 kHz, ~120 fs) are used to pump an
optical parametric amplifier (Spectra-Physics OPA-800CFP), the signal output
beam of which is frequency doubled to give femtosecond pulses tunable over the
wavelength range of 600-800 nm. This beam was slightly apertured down to
improve beam quality, and spectrally filtered as shown in Figure 9 using two 60°
prisms (BK7) spaced ~85 cm, and a 0.5 mm slit in front of a retroreflecting mir-
ror. This geometry also acts as a negative group velocity dispersion element, par-
tially compensating for pulse broadening in the various other optical components
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Fig. 9. Experimental set-up used for the TPA measurements on crystal violet. Mi:
mirrors; Ai: diaphragms (~2-3 mm diameter); S: 0.5 mm slit on translation stage;
M3 4: periscope (changing the polarization from vertical to horizontal); ND: vari-
able reflective attenuator; L1: lens system collimating/slightly focusing beam
onto slit S; L2: lenses focussing laser beam on sample; mirror M5 (ellipse above
sample) directs laser beam vertically down through sample cell; L3: lenses col-
lecting and imaging fluorescence light onto monochromator (mono); SWP: short
wavelength passing filters.

of the set-up. The spectra of the excitation light after this filtering were typically
~15 nm (FWHM) wide, and approximately Gaussian in shape. A weak (order of
1150) focusing resulted in an essentially collimated beam over the 1 cm path
length of the sample cell.

Two-photon excited fluorescence was again collected at 90°, and the emission
spectrum recorded using a monochromator (Acton SpectraPro-150, with
300 lines/mm grating) with liquid nitrogen cooled charge coupled device (CCD)
detector (Princeton Instruments LN/CCD-1100-PB). The emission spectra were
corrected for the wavelength dependence of the monochromator and detector
efficiency based on a measurement of the emission (one-photon excited by the
fourth harmonic of the OPA signal beam) of a dye with known, broad emission
spectrum (dansyl hydrazine in methanol, using a corrected fluorescence spectrum
obtained with a Spex Fluorolog II fluorometer). The corrected two-photon
excited emission spectra were integrated over part of the emission band (up to
~670 nm, as in the long wavelength tail of the emission scattered laser light inter-
feres with the measurement), and the missing fraction of the integrals was fac-
tored in, based on the known (one-photon excited) emission spectra of the com-
pounds. These corrected integrals are then used as a measure of NCyo, where N
is now adapted to account for a collimated rather than a focused laser beam:

N=—-17T, (10)

2
A

Measurements were calibrated against coumarin 307 in methanol [10]. The low
average laser powers used (< 1 mW), the low absorbance, and the observed quad-
ratic power dependence ensured that heating by the laser beam was negligible.
Fluorescence quantum yields were referenced at one temperature to Nile
blue A perchlorate in ethanol (QY =0.27 at 24 °C), and the temperature depen-
dence of the QY was obtained by monitoring the relative emission intensity at
the peak emission wavelength. Small changes in the shape of the emission spec-
trum were observed, but the effect (<3 % over the range 21-30°C) of these
changes on the QY was neglected. Quantum yields thus obtained for brilliant
green and crystal violet in glycerol, at the temperatures at which the TPA mea-
surements were performed [(20+1)°C and (22.2+0.3) °C, respectively] were
0.0307 and 0.0185, respectively (for crystal violet in glycerol at 25 °C, we obtain a
QY of 0.0149, which compares to a value of 0.019 reported by Brey et al. [30].
Given the many experimental difficulties (low and temperature-dependent fluo-
rescence quantum yield, proximity of linear absorption band), the experimental
uncertainty on the TPA cross sections is estimated to be on the order of 40 %.

8. Appendix: Molecular Exciton Model
for Octupolar Systems

We start with the assumption that the wavefunctions of the ground state and
excited states of the octupolar molecules can be built as an ad hoc linear combi-
nation of the isolated-arm wavefunctions, which implies weak interactions
between the arms of the octupolar system [31]. That is to say (for Cs; chromo-
phores) that the following expressions:

‘1A‘>: a® > |b° >‘cO >
‘2A'>:%(a*> b° >‘c° >+a" >‘b*>‘c” >+Ha’ > b’ >‘c*>)
(A1)
‘IE'U >z%(2>< a*> ‘b“ > ‘c” >—a’ >‘b*>‘c° >—la’ >‘b0 > ‘c* >)

‘IE'ﬁ >z%(‘u° > ‘b*> ‘c" >—‘u0 > ‘b“ >‘c*>)

describe the 1A’ ground-state, the 2A” excited-state, and the doubly degenerate
1E’ excited-state wavefunctions of the octupolar compound, respectively (with
| a’> the ground state and ‘ a*> the excited state of arm a, etc).

These expressions can then be used to relate the state and transition dipole
moments of the octupolar compounds in terms of the molecular parameters asso-
ciated with the individual arms (M,. and du,.). For the dipole matrix elements,
one readily obtains:
® the transition moments from the ground state:

24'>=0

< GS|p,[24'>= < GS|u, [24'>= < GS|u.

3 ' '
<GS B, >= [T M., <GS|u|IE; >=<GS|u 1B} >=0 (A2)
, 3 . ,
<GSl I} >= 7 M,... < GS|u,|\E} >=< G|u. 1B} >=0

we note that the oscillator strength in the octupole (sum over the squared transi-
tion dipole components) is then exactly three times that of the individual arms;
in addition, the electronic transition from the ground state to the 2A” state is
one-photon forbidden;

e the transition moments among excited states:

<IE! ,ux‘2A'>:\/gA,ugﬁ,<1Er: 1,|24'>=<1E} |u_|24'>=0

<1Ej|u,|24'>= —\gAyge,<lE/} u24'>= <1E}|u_[24'>=0 (A3)
<1E|u IE} >:%A,ugy,<1E(; wIEy >=<1E}|u[IE} >=0

e the state dipoles:

1A' 14'>= <14'|u JLA">= < 14" | [14">=0

<1E}|u,|IE, >:%A/1ge,<1E"x w 1B} >=<1E}|u|IE} >=0 (Ad)
<1E}|u |IE} >=—%A,ugy,<1E/'3 1, [1E} >=<1E}|u |IE} >=0

The excitation energies can be estimated on the basis of the expressions for
the wavefunctions given above (Eq. Al). We first assume that there is no interac-
tion among the arms, that is to say the total Hamiltonian H is given by:
H=H,+H,+ H_ (with all interaction terms H;, with i,j=a-c, set to zero). Denot-
ing the ground-state energy of each arm as E’ and its excited-state energy E*
(the excitation energy within each arm is thus given by E#*~E"), the ground-state

and excited-state energies of the octupole can be written:

<14

HlA'>=3x E*
(A5)

H|IE, >=<1E}

H\lE;g S=OXE’ +E*; < 24"

<1E} H[24' >=2xE° + E*

In this case, the excitation energies are exactly the same as those obtained for
the dipolar arms, i.e., E*-E°, and the transitions to the 2A’ and 1E’ states are
(accidentally) degenerate. If we now include the interaction terms (H;=V for
any i), the excited-state energies can be expressed as (neglecting polarization
effects):

<1E!

H|IE, >=<1E}

H|E} >=2XE’ + E*~V
(A6)
<24’

H\zA' >=0XE’ + E*+2xV

with V=<a*| <b’| H |b*> [a® the coupling energy between excited states
localized on separate arms (in the point-dipole approximation, V is proportional
to the square of the single-arm transition moment, M,.) [31]. Therefore, interac-
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tion between the three charge-transfer paths is expected to remove the degener-
acy between the 1E” and 2A’ states, which become split by three times the inter-
arm coupling energy V in the octupole.

By symmetry, the average value of the third-order molecular polarizability
(and therefore also of the TPA cross section) in three-fold symmetry compounds
is 8/15 times the (x-)longitudinal component. In the limit of very weak interaction
among the arms, the splitting between E” and A’ states in the octupolar chromo-
phore is expected to be vanishingly small (Eq. A5 holds) and the transition ener-
gies to the 1E” and 2A” excited states should be close to the corresponding value
in the isolated arm. Therefore, both the dipolar D and two-photon T terms in
Equation 2 will be resonantly enhanced through a two-photon absorption phe-
nomenon with an incoming light of half the excitation energy to the nearly
degenerate 2A” and 1E’ excited states. In this limiting case, the longitudinal TPA
cross section at the peak position of the two-photon resonance is proportional to
(sum of Egs. 3 and 4 when E,. — E,.):

2 2 2
m, (0 py, +mg,)

Earor (A7)
(7)

where small letters refer to molecular parameters in the octupole; |e> denotes
the doubly degenerate E’ excited state and le'> corresponds to the 2A” excited
state. On the basis of the relationships between the dipole matrix elements in
the octupole and in the individual charge-transfer arms (Egs. A2 to A4), Equa-
tion A7 can be rewritten as:

2 3 2 3 2
Mga(gA/tgy 70 9 M2AL

A8

Eg’(‘ 2 8 Eg(‘ 2 ( )
(=) (=) r

2 2

where capital letters refer to excitation energies, state, and transition dipole mo-
ments in the dipolar arm. In more general cases (when V is non-negligible with
respect to the line width, so that resonances to the 1E” and 2A” excited states can
be distinguished), the expressions for the TPA cross sections into the 1E” and 2A”
excited states can be written as:

P M A, 5 o6 Midw
U8 E -V, U8 E, (A9)
(ET) r (75—2'/)2’“

It is interesting to note that we can obtain some insight into the effect of
modulating the total amount of charge transfer along the three axes of the octu-
polar compound by artificially changing the value of Au,. in Equation A8. Since
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