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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 efS8Dx 10-°C cnt* 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 ties1213 In noncentrosymmetric molecules, TPA into the
. . strongly one-photon-allowed state is usually modeled using a
Over the past few years, two-photon absorption (TPA) in two-state approach; the description of TPA in centrosymmetric

organic materials has attracted considerable attention due to a

number of possible applications exploiting the 3D selectivity molecules relies in many cases on a three-state approach,

of nonlinear absorption processes, including 3D microfabrica- '“C'“di”Q asingle dominant one-photgn state as an inter_med_iate
tion and 3D fluorescence microscoppdditionally, nonlinear (for details, see the methodology section). These approximations

absorbers are attractive for optical-limiting purpo%e®o are usually also applied in ab initio studies for which the
optimize the materials used in these applications, a better C@lculation of a large n_umber of excited states can be difficult.
understanding of the relationship between the chemical structure!t has already been pointed out by Cronstrand é tiat, for
of a chromophore and its TPA cross sectio i6 essential. symmetrically donor-substituted stilbene derivatives, a second
To achieve this goal, synthetic and spectroscopic efforts have,intermediate state can contribute significantly, requiring the
in many cases, been supported and guided by quantum-chemicalepPlacement of the three-state approach by a four-state approach.
simulations'~6 The theoretical description of the TPA response  In the present contribution, we compare the convergence
is usually based on a perturbative treatment of the frequency-behavior for an acceptetr—acceptor system (449,10-
dependent nonlinear optical respohisg calculating the imagi-  dihydrophenanthrene-2,7-diyl)-dig@propyl-2,2-difluoro-1,3,2-
nary part of the second-order hyperpolarizabijiyor on a direct (2H)-dioxaborine), chromophork and an accepterdonor-
evaluation of the TPA tenso®,%1°In principle, the calculation acceptor chromophore (4:@N-n-hexylcarbazole-3,6-diyl)-di-
of both Im{y) and S require a summation over all eigenstates (6-iso-propyl-2,2-difluoro-1,3,2(®)-dioxaborine), chromophore
of the unperturbed Hamiltonian. However, convergence of the Il, see insets in Figures 1 and 2. In both cases, dioxaborines
nonIinear_optical constants is usually observed upon including (DOBs) serve as acceptor groups; while they are linked to the
only a finite number of state’d.Convergence can actually be  cenptral bridging unit in positionsara with respect to the €C
expected to be faster for TPA than for hyperpolarizabilities due pond petween the two arylene moietitied jihey are attached
to the resonant nature of the nonlinear absorption process. 4 the carbazole unit in positiomsetawith respect to the €C
To be able to relate the calculated and measured trends to g,gnq linking the two arylene groups Ih. Therefore| adopts
small number of microscopic parameters such as transition 5 quasilinear roughly centrosymmetric arrangement of the two
energies and transition dipoles, approximate expressions for Hop groups, whilell is V shaped. The TPA properties of

otr ? havz lcl)e((ajn deivelo dpfed. t‘rl]'hes? alr et'similﬂr] o the Ies.se';t.ilal'chromophord are well described by the usually employed few-
state models developed for ne caiculation ot hyperpolarizablii- giate models, but for compounid, a multitude of channels is

- - - X found to contribute to the TPA response. It should also be
T Part of the special issue “Alvin L. Kwiram Festschrift”. .
* Author to whom correspondence should be addressed. E-mail pointed out that, apart from these fundamental aspects, these

egbert.zojer@chemistry.gatech.edu. chromophores are promising candidates for practical applica-
ggghlﬁ]ir‘s“c’ﬁgsmﬁgg't?;’:g-z tions. For exampld) has been applied as an efficient sensitizer
Il Georgia Institute of Technology. for the deposition of 3D metallic silver Iiné_é.Thus, an in-
B University of Antwerp. depth understanding of their TPA response is highly desirable.
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Figure 1. Calculated (top) and measured (bottom) TPA cross-sections
of compoundl as a function of the energy of the incident photons.
The vertical bars in the upper graph correspond todipeak values
calculated using the TPA tensaby), while the continuous line is
derived from Im{) (dsog. The data points in the low-energy region
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Figure 2. Calculated (top) and measured (bottom) TPA cross-sections
of compoundll as a function of the energy of the incident photons.
The vertical bars in the upper graph correspond todtheak values
calculated using the TPA tensabrfy), while the continuous line is
derived from the Imy) (dso9. The data points represented by large

of the bottom graph, represented by large circles, were obtained with circles in the bottom graph were obtained with the femtosecond laser
the femtosecond laser system, while the data represented by small (solidsystem, while the data represented by small circles were measured with
squares were measured with the nanosecond optical parametric amplithe nanosecond optical parametric amplifier. Note that the energy axes
fier. Note that the energy axes of the two plots are shifted by 0.2 eV of the two plots are shifted by 0.35 eV to ease the comparison between

to ease the comparison between theoretical and experimental resultstheoretical and experimental results.

Il. Experimental and Theoretical Methodology

Details for the synthesis and characterization of compdund
are provided as Supporting Information, while the corresponding
information for compoundl has previously appeared (see
supplementary information in ref 15). The molecules investi-
gated experimentally contain-propyl (1) or iso-propyl (1)
chains on the DOB units; il , 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) methdflusing either 6-ns pulses (10 Hz)
from an optical parametric amplifier (Spectra-Physics MOPO)
or 100-fs pulses (82 MHz) from a mode-locked-Biapphire
laser (Spectra-Physics Tsunami) for excitafiénin these
experiments, the TPF intensity is determined as a relative
measure of the product of the TPA cross sectioand the
fluorescence quantum efficienay and it is assumed that the
guantum 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
no product (coumarin 307 in methanol for the femtosecond
measurement$, p-bis-(0-methylstyryl)benzene (bis-MSB) in
cyclohexan®17 for the nanosecond experimentsjat< 710

nm, and fluorescein in aqueous NaOH solution (pHA19r
nanosecond pulses dt > 710 nm)!® The samples were
dissolved in dichloromethane (Aldrich, spectrophotometric
grade) at concentrations of1-2 x 10°® M (femtosecond
measurements) and0.5—-1 x 10~ M (nanosecond measure-

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 standafby (= 70% for
nondeoxygenated solverdf) The determined QYs are 72% for
moleculel and 65% for moleculédl .

To calculate the TPA cross sections, we started from
molecular geometries optimized with the semiempirical AM1
Hamiltonian?® 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 compoumhdn which dihydrophenanthrene
is replaced by a biphenyl urfitwe 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 il twisted in a chiral manner and ih
twisted such that the molecule adof@ssymmetry (compare
with Supporting Information).

Excited-state energies, state dipoles, and transition dipole
moments were obtained by coupling the intermediate neglect
of differential overlap (INDO% Hamiltonian to a multireference
determinant single- and double-excitation configuration interac-

ments). To ensure that the measured signals were solely due tdion (MRDCI)?® scheme using the Mataga-Nishimoto poteftial



Limitations of Essential-State Models J. Phys. Chem. B, Vol. 108, No. 25, 2008643

to express the Coulomb repulsion term. (Details concerning the (i) for TPA into the one-photon state in noncentrosymmetric
chosen Cl active space are available as Supporting Information.)molecules

I1l. Evaluation of the TPA Cross Section L4 MgAuge’
0 =K
2—state 1n2C2€ Qh T

®3)

The TPA cross sections were evaluated from the imaginary
part of the second hyperpolarizabilify using the perturbative
sum-over-states (SOS) appro&cldsod, including the elec-
tronic coupling among the 300 lowest-lying excited states.
Alternatively, we also calculated the TPA response using the
TPA tensorSy (01en).? In fact, it can be showd§ that for TPA 4 M. 2\ 2
into a particular excited state, both approaches become equiva- Os rate™= KZL—(E e/2)29‘3—9é 4)
lent (unless one approaches the double-resonance limit with the T e Y (Ege — E4e/2)T
two-photon active state at nearly twice the energy of the one-
photon resonance, as will be briefly discussed below). In the Auge is the change in state dipole mome#t and K, are
following, we will, therefore, give only the mathematical numerical factors, whose actual value depends on the relative
expressions fodten, as these are more straightforward to orientation of the change in state dipole and the transition dipole

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

interpret than the more complex expression jfges given in momentst Equation 3 is obtained from the two terms in eq 1
ref 25. DeV|at_|ons betweetisos and dren will be discussed for which e = g ande = €; eq 4 is derived if a single
when appropriate. intermediate statgells included and\uge or Mge are negligible.

For degenerate TPA to a particular two-photon excited state |t is usually applied to describe TPA in centrosymmetric
lei.e., the simultaneous absorption of two photons from one molecules. Equation 3 is frequently referred to as the two-state

monochromatic laser beangy is given by model and is related to the dipolar té¥h(D-term). Equation 4
o _ is called the three-state approach and is related to the so-called
. Mge MeeJ MgeJMee two-photon term (T-term). As pointed out in ref 14, effective
S'= Z + 1) values have to be used fMes (and alsoAugd), if these

e \Ege ™ Bgol2  Ege ™ Egel2 quantities are not parallel to thdge direction.

Mge andMeg are the trz_ansition dipoles between the ground state IV. Results and Discussion

lgdand an intermediate state[Jand betweenedand |€[] o
respectively. Eqe and Ege are the corresponding transiton ~ The TPA spectra of compoundsndll are shown in Figures
energiesi and] refer to the Cartesian coordinates. Also here, 1and 2, respectively. The spectrum measured #dominated
unless otherwise stated, 300 intermediate states are considereY @ single maximum at 2.03 eV with a shoulder around 1.92
in our calculations. In an isotropic medium and for a linearly €V In the low-energy region, we find a weak peak at 1.65 eV.
polarized excitation sourc& is related to the corresponding The nature of the excited states involved will be briefly

TPA cross section vi&-27 discussed below and is described in detail in ref 21 for similar
molecules. Above 2.3 e\ starts to rise again and one can
. 3Lt 1(Ege)? - o expect significant cross sections upon approaching a double-
Orey, =——— —|— Z(Se.”Se.” +25'S.") (2 resonance situation. For chromophdre we find three pro-
2n2c260h 15\ 2 B} nounced peaks at 1.48 eV, around 1.75 eV, and at 2.12 eV.

Here, the investigation of the main maximum is complicated

L is the local field factor andh the refractive index of the by the tuning gap of the nanosecond-MOPO laser. The achieved
medium?28 Combining the cross sections from eq 2 for all TPA- maximum cross section of 52¥ 10759 cn* s/photon lies in
active stategeDwith normalized line-shape functions yields the range of previously studied highly efficient TPA chromo-
the TPA response. The line-shape functions are chosen to bephorest
Lorentzians with the full widths at half maximum (fwhm) At this point, it has to be noted that a simple comparison of
identical to twice the dampin§ used in the SOS approach. peak values can sometimes be misleading; while the maximum

In the top parts of Figures 1 and 2, we show the results cross section is more than 30% higherlinthan inl, the
derived from the SOS approacbspg as continuous lines.  integrated TPA response for the main peaks is in fact larger in
Originally, we assume a damping factdér of 0.1 eV in chromophord (an exact quantification is difficult because of
accordance with previous studi€$he vertical lines denote the  the missing data points around the main maximurti )nThis
energies of the TPA-active states and the lengths of these liness a consequence of the different peak widths observed in the
correspond to the peak values for TPA into the particular state two materials. From a practical point of view, whether wide or
|€[Jas derived frong:. For compoundl , this yields calculated  narrow TPA features are to be preferred depends on the
spectral features with widths comparable to those seen specparticular application and the frequency tuneability of the
troscopically. For compounid the experimentally observed TPA  available lasers.
peaks are, however, significantly broader than the calculated In general, we find a very good overall agreement between
ones, which can be mainly attributed to vibronic effeét$o the measured and calculated data; the main difference is an
account for these effects, we have convoluted the calculatedoverestimation of the excited-state energies by the quantum-
Jsosin compound with a normalized Gaussian function, whose chemical calculations. As far as the theoretical studies are
width has been chosen to be 0.165 eV to match the fwhm of concerned, the results fa¥sos (lines) anddten (bars) are

the experimental spectra. virtually identical (bearing in mind that additional broadening
The approximate expressions usually derived from egs 1 andhas been applied tdsosin Figure 1).
2 for a Lorentzian line-shape function with a fwhm Dfare The only deviations are found in the region above 2.6 eV in

(assuming that a single one-photon stef&@ominates the linear  Figure 2, where one-photon resonant contributions toy)m(
absorption): renderdspshegative. This is related to the fact that jfhénd,
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consequentlydsos contain not only TPA contributions, but 0 20 40 60 80 100 120 140
depend on the overall nonlinear absorption cross section, as can e T T T T
be shown for instance by solving the damped nonlinear wave L ]
equations. Thus, upon approaching the region of linear absorp- 14+ —
tion, effects such as ground-state bleaching can contribute to 1211
the intensity-dependent absorption coefficient. Although terms -
similar to the microscopic description of ground-state bleaching %ﬂ 1.0 R
can be identified in the negative resonances in the SOS z 0.8F
description of Img), one should realize that the perturbative 3 0.6 [
description we have applied (which, e.g., assumes an identical & Uor
2}

damping for all excited states) cannot provide a proper descrip- 04+
tion of those effects. One of the reasons for that is that the 02k
lifetimes, which correspond to the damping factors in the SOS r --0---2.20 eV ;
expression, are related to the dephasing times of the system, 0.0 U:, A T ST U S T
while ground-state bleaching is determined by the total incoher- 1.6F . —
ent lifetime of the $ state. Therefore, the description of TPA 14 ]
by dsos at energies relatively close to one-photon absorption '
features has to be considered with care. . 1.2 B

TPA in compound is characterized by a weak peak at 1.65 1.0
eV (1.89 eV) and a strong peak at 2.03 eV (2.20 eV) in the E 0.8 L r
experimental (theoretical) spectrum. As can be seen frgm ch) 0.6 - 1
the bars in the upper graph), the strong peak is a superposition %2 4.0 ]
E)f two-photon exgilct)ati(?n iﬁto) several efcﬁed states. Kdgtailed © g4l 1.67 eV-
analysis of the quantum-mechanical description of the weak low- 02 --o---2.14 eV |
energy state and the dominant high-energy state reveals that L ]
both are dominated by single-particle excitations from the 0.0 8 b 2,49 eV

HOMO to the LUMO + 1 and from the HOMO- 1 to the UNEUNEUNEUNR B S S S E
LUMO. As will be discussed in more detail below, TPA in 0 20 40 60 80 100 120 140
compound can be reasonably well described using the three- Number of intermediate excited states

state model. Applying eq 4, it appears that one of the main gigyre 3. Evolution of the TPA-tensor calculated cross section into
origins for the different TPA cross sections of the states at 1.89 the most dominant excited states of chromophbesdil as a function

and 2.20 eV is a largevlee for the higher-lying state. The latter  of the number of intermediate states. An intermediate state number of
can be explained by the different signs with which the (HOMO O refers to the contribution arising from the dipolar term given in the
— LUMO + 1) and the (HOMO- 1 — LUMO) determinants 2-stqte approgch in eq onvergediS the value obtained upon including
enter in their Cl descriptions. Such effects are discussed in detai 300 intermediate states.

for analogous molecules with a biphenyl and a fluorenyl (rather
than dihydrophenanthrene) core in ref 21.

The situation is considerably more complex in chromophore
Il (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 furthgr contribution due to the change in state dipole mentioned above.

complicated by the fact that, for all analyzed excited states in It corresponds to includinge®and S as intermediate states in
compoundll, a multitude of different channels contribute to eq 1. As shown in Figure 4, the inclusion of Gives rise to a
_the actual value of; as a result, the es_sentlal-_statc_a mOd?'S given significant increase of the cross section associated with TPA
In €gs 3and 4 can no longer be applied. This will be discussed into ;. This is due to two new channels (b and c in Figure 5).
in more detail below. _ ) Channel b is a typical T-type channel (as described by eq 4),
Figure 3 shows that for both investigated chromophdries arising from the square of the “d, x M,—," term of the S
has converged well upon including about 20 intermediate states.tensor (i.e., the term in which .Splays the role of the
An expansion of that region is, therefore, given in Figure 4. intermediate statgf). Channel c combines the ‘M; x Auo1"
Here, the value oﬁ/_éco,]\,ergedfor zero intermediate states_ IS component of th& tensor with the “M., x M_.,” component,
defined as the contribution that originates from a change in the thys mixing a contribution involving a state dipole change with
state dipole moment (i.e., the terms in eq 1 in which the one that only contains transition dipole moments. Such com-

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

Again, the situation is considerably more complex in com-
poundll. To illustrate this, we have plotted in Figure 5 the
main channels giving rise to TPA into;.SChannel a is the

intermediate state is eithggllor the target TPA stat¢e)  binations are usually not included in the simple two-state and
equivalent to eq 3. Changes in state dipole upon excitation three-state models.
obviously make no significant contribution in chromophaore The next intermediate (one-photon-allowed) state to be

this is expected, since the molecule is close to centrosymmetric.considered in the summation for compouhds Ss. Its inclusion
In compoundll, this type of channel plays a significant role  results in anothed increase by about 40%. As bothoMs and
only for TPA into the $ state, which gives rise to the peak at M5, are relatively small, the contribution from the direct
1.67 eVv. combination of these transition dipoles in a T-type fashion
The inclusion of $into the summation (i.e., one intermediate  (“Mo-3 X M3—~1" X “M -3 X M3-1") is only minor. The main
state in Figure 4) already accounts for most of the converged contributions upon includings8hus come from combining the
TPA into the two analyzed states in molecul¢s, and S, top new “Mp-3 x M3-1" component with the “M-1 x Auo—1"
part of Figure 4). In facty is overestimated by around 30% for and “My—> x M2 1" components, giving rise to channels d and
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0 5 10 15 20 dipoles involved. This makes channel g equivalent to the
1 e e A B e B “interference term” described for the generalized four-state
6 ] model in 14.
14 A further complication is that all channels depicted in Figure
1.2 B 5 result in off-diagonal elements of the TPA tensor, as at least
< F two of the coupled transition dipoles and/or state dipole changes
& 1.0 are orthogonal. The channels depicted in Figure 5 are those most
2 0.8+ strongly affecting) into S;; however, as shown by the evolution
S 0.6 L ] in Figure 4, channels involving higher-lying one-photon-allowed
w - I: ] states also contribute.
“© 04 1.89 eV ] For TPA into the next analyzed peaks(8t 2.14 eV), the
02} : ev ] situation is similarly complex. There, the largest component of
—0—2.20 eV 1 the Stensor is the one that combines the two parallel transition
0.0 T N B R dipoles My-1 and My—s (‘M o—1 x M1—5" term of theS tensor).
1.6 Q . Thus, the single most significant channel contributing to TPA
1.4 L ) OOO ] into S is a T-type expression containing these two transition
3 dipoles (reminiscent of channel b from Figure 5). There is,
1.2 C however, a significant number of other one-photon-allowed
3 1.0 states (in particular S S;, Ss, and S»), which give rise to
5 0.8 i additiopal_c_:hannels (see also e\_/olutionéoin Figure 4). The_
§ 0'6 L mhost sul;nlflfcarl]nt channels mvolvmg Iihese sSIaIeE. ahrg thledmlxﬁd
S 06 . channels of the same type as g in Figure 5, which include the
Pre) 0.4 L = 1.67 eV ] “Mo-1 x My-5" term of the S tensor. For the TPA peak at
r --0---214 eV 1 2.49 eV (&), one encounters a situation similar te\@th the
0.2 K ] main difference being that the components of teensor
0.0 R s 2.49 eV ] involving S; and $ as intermediate states are of comparable
L A T magnitude, which gives rise to an even larger number of mixed
0 5 10 15 20 channels with significant contributions to
Number of intermediate excited states The discussion in the previous paragraphs indicates that the
Figure 4. Evolution of dren in | and Il when including up to 20 ma,“n dlﬁgrehge between compouridandll is thatinll there
intermediate states into eq 1 (i.e., zoom into in Figured@yivergedis exists a significantly larger number of moderately to strong one-
the value obtained for including 300 intermediate states. photon-allowed states than ih all of these have to be

considered as intermediate states in eq 1. This assessment is
e in Figure 5. A property of channel e, which distinguishes it fully supported by the linear absorption spectra of the investi-
from the channels discussed before, is that it combines two gated molecules, which are shown in Figure 6. While the
different terms of th& tensor, which both only contain transition — absorption spectrum dfis dominated by the S— S; transition
dipoles. The main contributions from including the next one- and its vibronic sidebands, one finds a large number of relatively
photon active state pare related to channels f and g. They strong peaks in chromophote. This is related to the strong
reduce the overall cross section due to the signs of the transitiondeviation from inversion symmetry in the molecular structure

) AM]} M3, M3,
3 4.6D 4.9D 35D
2 D D

MY M)

03 05

M M,

(=1 0—=2

7.1D 7.2D 4.1D 3.2D

(a) (b) (©) d () (H (e)

Figure 5. Sketch of the channels that most strongly contribute to TPA into thstafe in chromophor . The horizontal bars denote the ground
state|00and 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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