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We report spectroscopic and quantum-chemical investigations comparing the two-photon absorption (TPA)
properties of a bis(dioxaborine)-substituted derivative of biphenyl with those of a bis(dioxaborine) carbazole
derivative. The former molecule is close to linear and centrosymmetric, while the dioxaborine groups of the
latter are in a V-shaped arrangement, due to their linkage to the 3 and 6 positions of the bridging group. For
both systems, we find sizable TPA cross sections (on the order of 360-530× 10-50 cm4 s/photon). Interestingly,
while the TPA response in the biphenyl-based system can be well described on the basis of the traditional
three-state model, a significantly larger number of excited states needs to be considered for the carbazole
derivative. We present a detailed comparison of the convergence of the theoretical approaches and an analysis
of the various channels that contribute to the TPA response in molecules with low effective symmetries.

I. Introduction

Over the past few years, two-photon absorption (TPA) in
organic materials has attracted considerable attention due to a
number of possible applications exploiting the 3D selectivity
of nonlinear absorption processes, including 3D microfabrica-
tion1 and 3D fluorescence microscopy.2 Additionally, nonlinear
absorbers are attractive for optical-limiting purposes.3 To
optimize the materials used in these applications, a better
understanding of the relationship between the chemical structure
of a chromophore and its TPA cross section (δ) is essential.

To achieve this goal, synthetic and spectroscopic efforts have,
in many cases, been supported and guided by quantum-chemical
simulations.4-6 The theoretical description of the TPA response
is usually based on a perturbative treatment of the frequency-
dependent nonlinear optical response7 by calculating the imagi-
nary part of the second-order hyperpolarizabilityγ8 or on a direct
evaluation of the TPA tensor,S.9,10 In principle, the calculation
of both Im(γ) andS require a summation over all eigenstates
of the unperturbed Hamiltonian. However, convergence of the
nonlinear optical constants is usually observed upon including
only a finite number of states.11 Convergence can actually be
expected to be faster for TPA than for hyperpolarizabilities due
to the resonant nature of the nonlinear absorption process.

To be able to relate the calculated and measured trends to a
small number of microscopic parameters such as transition
energies and transition dipoles, approximate expressions forγ
or S have been developed. These are similar to the essential-
state models developed for the calculation of hyperpolarizabili-

ties.12,13 In noncentrosymmetric molecules, TPA into the
strongly one-photon-allowed state is usually modeled using a
two-state approach; the description of TPA in centrosymmetric
molecules relies in many cases on a three-state approach,
including a single dominant one-photon state as an intermediate
(for details, see the methodology section). These approximations
are usually also applied in ab initio studies for which the
calculation of a large number of excited states can be difficult.
It has already been pointed out by Cronstrand et al.14 that, for
symmetrically donor-substituted stilbene derivatives, a second
intermediate state can contribute significantly, requiring the
replacement of the three-state approach by a four-state approach.

In the present contribution, we compare the convergence
behavior for an acceptor-π-acceptor system (4,4′-(9,10-
dihydrophenanthrene-2,7-diyl)-di(6-n-propyl-2,2-difluoro-1,3,2-
(2H)-dioxaborine), chromophoreI , and an acceptor-donor-
acceptor chromophore (4,4′-(N-n-hexylcarbazole-3,6-diyl)-di-
(6-iso-propyl-2,2-difluoro-1,3,2(2H)-dioxaborine), chromophore
II , see insets in Figures 1 and 2. In both cases, dioxaborines
(DOBs) serve as acceptor groups; while they are linked to the
central bridging unit in positionspara with respect to the CsC
bond between the two arylene moietities inI , they are attached
to the carbazole unit in positionsmetawith respect to the CsC
bond linking the two arylene groups inII . Therefore,I adopts
a quasilinear roughly centrosymmetric arrangement of the two
DOB groups, whileII is V shaped. The TPA properties of
chromophoreI are well described by the usually employed few-
state models, but for compoundII , a multitude of channels is
found to contribute to the TPA response. It should also be
pointed out that, apart from these fundamental aspects, these
chromophores are promising candidates for practical applica-
tions. For example,II has been applied as an efficient sensitizer
for the deposition of 3D metallic silver lines.15 Thus, an in-
depth understanding of their TPA response is highly desirable.
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II. Experimental and Theoretical Methodology

Details for the synthesis and characterization of compoundI
are provided as Supporting Information, while the corresponding
information for compoundII has previously appeared (see
supplementary information in ref 15). The molecules investi-
gated experimentally containn-propyl (I ) or iso-propyl (II )
chains on the DOB units; inII , the nitrogen atom bears an
n-hexyl group; these alkyl groups are replaced by methyl groups
in the calculations.

TPA spectra were obtained by the two-photon-induced
fluorescence (TPF) method,16 using either 6-ns pulses (10 Hz)
from an optical parametric amplifier (Spectra-Physics MOPO)
or 100-fs pulses (82 MHz) from a mode-locked Ti-sapphire
laser (Spectra-Physics Tsunami) for excitation.5,6 In these
experiments, the TPF intensity is determined as a relative
measure of the product of the TPA cross sectionδ and the
fluorescence quantum efficiencyη, and it is assumed that the
quantum efficiencies after two-photon excitation are the same
as those after one-photon excitation. The TPA cross sections
are then obtained by calibration against a compound with known
ηδ product (coumarin 307 in methanol for the femtosecond
measurements,16 p-bis-(o-methylstyryl)benzene (bis-MSB) in
cyclohexane16,17 for the nanosecond experiments atλ < 710
nm, and fluorescein in aqueous NaOH solution (pH 11)16 for
nanosecond pulses atλ > 710 nm).18 The samples were
dissolved in dichloromethane (Aldrich, spectrophotometric
grade) at concentrations of∼1-2 × 10-6 M (femtosecond
measurements) and∼0.5-1 × 10-5 M (nanosecond measure-
ments). To ensure that the measured signals were solely due to

TPA, the dependence of TPF on the incident intensity was
verified in each case to be quadratic.

Fluorescence quantum yields (QYs) were determined using
a Spex Fluorolog 3 fluorometer with 9,10-diphenylanthracene
in cyclohexane as a reference standard (Φfl ) 70% for
nondeoxygenated solvent).19 The determined QYs are 72% for
moleculeI and 65% for moleculeII .

To calculate the TPA cross sections, we started from
molecular geometries optimized with the semiempirical AM1
Hamiltonian.20 We note that the DOB substituents are twisted
relative to the dihydrophenanthrene or carbazole cores. Thus,
several conformers can exist that belong to different symmetry
groups and have significantly different state dipole moments.
For the analogue of compoundI in which dihydrophenanthrene
is replaced by a biphenyl unit,21 we have, therefore, extensively
tested the influence of the molecular conformation on the
predicted TPA response. We found only a minor effect on the
TPA cross sections and virtually no influence on the position
of the TPA maxima. For the results discussed below, the
conformations used were similar to those depicted in Figures 1
and 2 with the rings inI twisted in a chiral manner and inII
twisted such that the molecule adoptsCs symmetry (compare
with Supporting Information).

Excited-state energies, state dipoles, and transition dipole
moments were obtained by coupling the intermediate neglect
of differential overlap (INDO)22 Hamiltonian to a multireference
determinant single- and double-excitation configuration interac-
tion (MRDCI)23 scheme using the Mataga-Nishimoto potential24

Figure 1. Calculated (top) and measured (bottom) TPA cross-sections
of compoundI as a function of the energy of the incident photons.
The vertical bars in the upper graph correspond to theδ peak values
calculated using the TPA tensor (δTEN), while the continuous line is
derived from Im(γ) (δSOS). The data points in the low-energy region
of the bottom graph, represented by large circles, were obtained with
the femtosecond laser system, while the data represented by small (solid)
squares were measured with the nanosecond optical parametric ampli-
fier. Note that the energy axes of the two plots are shifted by 0.2 eV
to ease the comparison between theoretical and experimental results.

Figure 2. Calculated (top) and measured (bottom) TPA cross-sections
of compoundII as a function of the energy of the incident photons.
The vertical bars in the upper graph correspond to theδ peak values
calculated using the TPA tensor (δTEN), while the continuous line is
derived from the Im(γ) (δSOS). The data points represented by large
circles in the bottom graph were obtained with the femtosecond laser
system, while the data represented by small circles were measured with
the nanosecond optical parametric amplifier. Note that the energy axes
of the two plots are shifted by 0.35 eV to ease the comparison between
theoretical and experimental results.
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to express the Coulomb repulsion term. (Details concerning the
chosen CI active space are available as Supporting Information.)

III. Evaluation of the TPA Cross Section

The TPA cross sections were evaluated from the imaginary
part of the second hyperpolarizabilityγ, using the perturbative
sum-over-states (SOS) approach25 (δSOS), including the elec-
tronic coupling among the 300 lowest-lying excited states.
Alternatively, we also calculated the TPA response using the
TPA tensorSe′ (δTEN).9 In fact, it can be shown26 that for TPA
into a particular excited state, both approaches become equiva-
lent (unless one approaches the double-resonance limit with the
two-photon active state at nearly twice the energy of the one-
photon resonance, as will be briefly discussed below). In the
following, we will, therefore, give only the mathematical
expressions forδTEN, as these are more straightforward to
interpret than the more complex expression forγSOS given in
ref 25. Deviations betweenδSOS and δTEN will be discussed
when appropriate.

For degenerate TPA to a particular two-photon excited state
|e′〉 (i.e., the simultaneous absorption of two photons from one
monochromatic laser beam),Se′ is given by9

Mge andMee′ are the transition dipoles between the ground state
|g〉 and an intermediate state|e〉 and between|e〉 and |e′〉,
respectively.Ege and Ege′ are the corresponding transition
energies.i and j refer to the Cartesian coordinates. Also here,
unless otherwise stated, 300 intermediate states are considered
in our calculations. In an isotropic medium and for a linearly
polarized excitation source,Se′ is related to the corresponding
TPA cross section via10,27

L is the local field factor andn the refractive index of the
medium.28 Combining the cross sections from eq 2 for all TPA-
active states|e′〉 with normalized line-shape functions yields
the TPA response. The line-shape functions are chosen to be
Lorentzians with the full widths at half maximum (fwhm)
identical to twice the dampingΓ used in the SOS approach.

In the top parts of Figures 1 and 2, we show the results
derived from the SOS approach (δSOS) as continuous lines.
Originally, we assume a damping factorΓ of 0.1 eV in
accordance with previous studies.4 The vertical lines denote the
energies of the TPA-active states and the lengths of these lines
correspond to the peak values for TPA into the particular state
|e′〉, as derived fromSe′. For compoundII , this yields calculated
spectral features with widths comparable to those seen spec-
troscopically. For compoundI , the experimentally observed TPA
peaks are, however, significantly broader than the calculated
ones, which can be mainly attributed to vibronic effects.29 To
account for these effects, we have convoluted the calculated
δSOSin compoundI with a normalized Gaussian function, whose
width has been chosen to be 0.165 eV to match the fwhm of
the experimental spectra.

The approximate expressions usually derived from eqs 1 and
2 for a Lorentzian line-shape function with a fwhm ofΓ are
(assuming that a single one-photon state|e〉 dominates the linear
absorption):

(i) for TPA into the one-photon state in noncentrosymmetric
molecules

(ii) for TPA into higher-lying states, which are not dipole-
coupled to the ground state

∆µge is the change in state dipole moment.K1 and K2 are
numerical factors, whose actual value depends on the relative
orientation of the change in state dipole and the transition dipole
moments.14 Equation 3 is obtained from the two terms in eq 1
for which e ) g and e ) e′; eq 4 is derived if a single
intermediate state|e〉 is included and∆µge′ or Mge′ are negligible.
It is usually applied to describe TPA in centrosymmetric
molecules. Equation 3 is frequently referred to as the two-state
model and is related to the dipolar term30 (D-term). Equation 4
is called the three-state approach and is related to the so-called
two-photon term (T-term). As pointed out in ref 14, effective
values have to be used forMee′ (and also∆µge), if these
quantities are not parallel to theMge direction.

IV. Results and Discussion

The TPA spectra of compoundsI andII are shown in Figures
1 and 2, respectively. The spectrum measured forI is dominated
by a single maximum at 2.03 eV with a shoulder around 1.92
eV. In the low-energy region, we find a weak peak at 1.65 eV.
The nature of the excited states involved will be briefly
discussed below and is described in detail in ref 21 for similar
molecules. Above 2.3 eV,δ starts to rise again and one can
expect significant cross sections upon approaching a double-
resonance situation. For chromophoreII , we find three pro-
nounced peaks at 1.48 eV, around 1.75 eV, and at 2.12 eV.
Here, the investigation of the main maximum is complicated
by the tuning gap of the nanosecond-MOPO laser. The achieved
maximum cross section of 527× 10-50 cm4 s/photon lies in
the range of previously studied highly efficient TPA chromo-
phores.4

At this point, it has to be noted that a simple comparison of
peak values can sometimes be misleading; while the maximum
cross section is more than 30% higher inII than in I , the
integrated TPA response for the main peaks is in fact larger in
chromophoreI (an exact quantification is difficult because of
the missing data points around the main maximum inII ). This
is a consequence of the different peak widths observed in the
two materials. From a practical point of view, whether wide or
narrow TPA features are to be preferred depends on the
particular application and the frequency tuneability of the
available lasers.

In general, we find a very good overall agreement between
the measured and calculated data; the main difference is an
overestimation of the excited-state energies by the quantum-
chemical calculations. As far as the theoretical studies are
concerned, the results forδSOS (lines) andδTEN (bars) are
virtually identical (bearing in mind that additional broadening
has been applied toδSOS in Figure 1).

The only deviations are found in the region above 2.6 eV in
Figure 2, where one-photon resonant contributions to Im(γ)
renderδSOSnegative. This is related to the fact that Im(γ) and,
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consequently,δSOS contain not only TPA contributions, but
depend on the overall nonlinear absorption cross section, as can
be shown for instance by solving the damped nonlinear wave
equations. Thus, upon approaching the region of linear absorp-
tion, effects such as ground-state bleaching can contribute to
the intensity-dependent absorption coefficient. Although terms
similar to the microscopic description of ground-state bleaching
can be identified in the negative resonances in the SOS
description of Im(γ), one should realize that the perturbative
description we have applied (which, e.g., assumes an identical
damping for all excited states) cannot provide a proper descrip-
tion of those effects. One of the reasons for that is that the
lifetimes, which correspond to the damping factors in the SOS
expression, are related to the dephasing times of the system,
while ground-state bleaching is determined by the total incoher-
ent lifetime of the S1 state. Therefore, the description of TPA
by δSOS at energies relatively close to one-photon absorption
features has to be considered with care.

TPA in compoundI is characterized by a weak peak at 1.65
eV (1.89 eV) and a strong peak at 2.03 eV (2.20 eV) in the
experimental (theoretical) spectrum. As can be seen fromδTEN

(the bars in the upper graph), the strong peak is a superposition
of two-photon excitation into several excited states. A detailed
analysis of the quantum-mechanical description of the weak low-
energy state and the dominant high-energy state reveals that
both are dominated by single-particle excitations from the
HOMO to the LUMO + 1 and from the HOMO- 1 to the
LUMO. As will be discussed in more detail below, TPA in
compoundI can be reasonably well described using the three-
state model. Applying eq 4, it appears that one of the main
origins for the different TPA cross sections of the states at 1.89
and 2.20 eV is a largerMee′ for the higher-lying state. The latter
can be explained by the different signs with which the (HOMO
f LUMO + 1) and the (HOMO- 1 f LUMO) determinants
enter in their CI descriptions. Such effects are discussed in detail
for analogous molecules with a biphenyl and a fluorenyl (rather
than dihydrophenanthrene) core in ref 21.

The situation is considerably more complex in chromophore
II (see Figure 2); first, due to the strong deviation from a
centrosymmetric structure, the strongly one-photon-allowed
peaks also gain two-photon activity. An analysis of the factors
determining the TPA cross sections for this molecule is further
complicated by the fact that, for all analyzed excited states in
compoundII , a multitude of different channels contribute to
the actual value ofδ; as a result, the essential-state models given
in eqs 3 and 4 can no longer be applied. This will be discussed
in more detail below.

Figure 3 shows that for both investigated chromophoresδTEN

has converged well upon including about 20 intermediate states.
An expansion of that region is, therefore, given in Figure 4.
Here, the value ofδ/δconvergedfor zero intermediate states is
defined as the contribution that originates from a change in the
state dipole moment (i.e., the terms in eq 1 in which the
intermediate state is either|g〉 or the target TPA state|e′〉)
equivalent to eq 3. Changes in state dipole upon excitation
obviously make no significant contribution in chromophoreI ;
this is expected, since the molecule is close to centrosymmetric.
In compoundII , this type of channel plays a significant role
only for TPA into the S1 state, which gives rise to the peak at
1.67 eV.

The inclusion of S1 into the summation (i.e., one intermediate
state in Figure 4) already accounts for most of the converged
TPA into the two analyzed states in moleculeI (S2 and S4, top
part of Figure 4). In fact,δ is overestimated by around 30% for

the two analyzed states and gradually decreases to the converged
value with the biggest steps occurring upon including the weakly
one-photon-allowed S3 and S15 states.

Again, the situation is considerably more complex in com-
pound II . To illustrate this, we have plotted in Figure 5 the
main channels giving rise to TPA into S1. Channel a is the
contribution due to the change in state dipole mentioned above.
It corresponds to including S0 and S1 as intermediate states in
eq 1. As shown in Figure 4, the inclusion of S2 gives rise to a
significant increase of the cross section associated with TPA
into S1. This is due to two new channels (b and c in Figure 5).
Channel b is a typical T-type channel (as described by eq 4),
arising from the square of the “M0f2 × M2f1” term of theS
tensor (i.e., the term in which S2 plays the role of the
intermediate state|e〉). Channel c combines the “M0f1 × ∆µ0f1”
component of theS tensor with the “M0f2 × M2f1” component,
thus mixing a contribution involving a state dipole change with
one that only contains transition dipole moments. Such com-
binations are usually not included in the simple two-state and
three-state models.

The next intermediate (one-photon-allowed) state to be
considered in the summation for compoundII is S3. Its inclusion
results in anotherδ increase by about 40%. As both M0f3 and
M3f1 are relatively small, the contribution from the direct
combination of these transition dipoles in a T-type fashion
(“M 0f3 × M3f1” × “M 0f3 × M3f1”) is only minor. The main
contributions upon including S3 thus come from combining the
new “M0f3 × M3f1” component with the “M0f1 × ∆µ0f1”
and “M0f2 × M2f1” components, giving rise to channels d and

Figure 3. Evolution of the TPA-tensor calculated cross section into
the most dominant excited states of chromophoresI andII as a function
of the number of intermediate states. An intermediate state number of
0 refers to the contribution arising from the dipolar term given in the
2-state approach in eq 3.δconvergedis the value obtained upon including
300 intermediate states.
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e in Figure 5. A property of channel e, which distinguishes it
from the channels discussed before, is that it combines two
different terms of theS tensor, which both only contain transition
dipoles. The main contributions from including the next one-
photon active state (S5) are related to channels f and g. They
reduce the overall cross section due to the signs of the transition

dipoles involved. This makes channel g equivalent to the
“interference term” described for the generalized four-state
model in 14.

A further complication is that all channels depicted in Figure
5 result in off-diagonal elements of the TPA tensor, as at least
two of the coupled transition dipoles and/or state dipole changes
are orthogonal. The channels depicted in Figure 5 are those most
strongly affectingδ into S1; however, as shown by the evolution
in Figure 4, channels involving higher-lying one-photon-allowed
states also contribute.

For TPA into the next analyzed peak (S5 at 2.14 eV), the
situation is similarly complex. There, the largest component of
theS tensor is the one that combines the two parallel transition
dipoles M0f1 and M1f5 (“M 0f1 × M1f5” term of theS tensor).
Thus, the single most significant channel contributing to TPA
into S5 is a T-type expression containing these two transition
dipoles (reminiscent of channel b from Figure 5). There is,
however, a significant number of other one-photon-allowed
states (in particular S2, S3, S8, and S12), which give rise to
additional channels (see also evolution ofδ in Figure 4). The
most significant channels involving these states are the mixed
channels of the same type as g in Figure 5, which include the
“M 0f1 × M1f5” term of the S tensor. For the TPA peak at
2.49 eV (S9), one encounters a situation similar to S5 with the
main difference being that the components of theS tensor
involving S1 and S2 as intermediate states are of comparable
magnitude, which gives rise to an even larger number of mixed
channels with significant contributions toδ.

The discussion in the previous paragraphs indicates that the
main difference between compoundsI andII is that inII there
exists a significantly larger number of moderately to strong one-
photon-allowed states than inI ; all of these have to be
considered as intermediate states in eq 1. This assessment is
fully supported by the linear absorption spectra of the investi-
gated molecules, which are shown in Figure 6. While the
absorption spectrum ofI is dominated by the S0 f S1 transition
and its vibronic sidebands, one finds a large number of relatively
strong peaks in chromophoreII . This is related to the strong
deviation from inversion symmetry in the molecular structure

Figure 4. Evolution of δTEN in I and II when including up to 20
intermediate states into eq 1 (i.e., zoom into in Figure 3);δconvergedis
the value obtained for including 300 intermediate states.

Figure 5. Sketch of the channels that most strongly contribute to TPA into the S1 state in chromophoreII . The horizontal bars denote the ground
state|0〉 and the various excited states. The straight arrows symbolize the transition dipoles and the curved arrows the change in state dipole
moment between the excited state and the ground state.
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of II . This demonstrates that a close inspection of the linear
absorption spectrum of a material can allow one to estimate
the extent to which approximate essential-state models will
prove helpful in understanding the TPA response of a chro-
mophore.

V. Summary and Conclusions

We have discussed the TPA properties of two bis(dioxa-
borine)-substituted chromophores, which are promising candi-
dates for applications exploiting nonlinear absorption. The focus
of the present contribution was to determine under which
circumstances approximate essential-state models can be applied
to analyzeδ and how the convergence behavior of perturbative
descriptions of TPA is influenced by properties such as the linear
absorption spectrum.

We have found that the three-state model works reasonably
well to understand the nonlinear optical response in the
quasilinear para-substituted dihydrophenanthrene (compoundI ).
However, this model fails to properly describe the second
chromophore, which has a V-type shape. In this molecule, a
suitably large number of one-photon-allowed intermediate states
must be included for a proper theoretical treatment. Thus, care
has to be taken when using essential-state models to analyze
the TPA response of molecules in which a large number of
excited states contributes to the linear optical response.
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