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Abstract: Two-photon absorption (TPA) properties of 1,3,5-tricyano-2,4,6-tris(styryl)benzene derivatives have
been investigated. Comparison of the absorption and fluorescence spectra reveals that these compounds show
large Stokes shifts, which increase gradually as the conjugation length increases. One-photon absorption and
excitation spectra are similar except that the latter exhibit several peaks near λmax. It is also found that the oneand two-photon-induced fluorescence excitation spectra are quite similar, which indicates that the one- and
two-photon allowed-excited states are the same. The peak TPA cross section values (δmax) measured with
nanosecond pulses by the two-photon-induced fluorescence method are in the range (50-2620) × 10-50 cm4
s/photon. The δmax value increases as the donor strength and conjugation length increase. A linear relationship
is observed between δmax and β, and this δ-β relationship is found to serve as a useful synthetic strategy for
the design of novel TPA dyes with the octupolar structure.

1. Introduction
Synthesis of highly active organic two-photon materials is
of considerable interest because of potential applications in
three-dimensional optical storage,1-3 two-photon fluorescence
excitation microscopy,4-8 two-photon optical power limiting,9-11
two-photon upconverted lasing,12,13 and photodynamic therapy.14 Various design strategies have been employed to synthesize organic molecules with large two-photon absorption
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cross sections. Reinhardt et al. synthesized a variety of
donor-bridge-acceptor (D-π-A) and donor-bridge-donor
(D-π-D) derivatives, in which fluorene, biphenyl, or naphthyl
groups are employed as the mobile π-electron bridge, and
showed that the TPA cross sections become large if a planar
fluorene is used as the π-center.15 The TPA property of fluorene
derivatives was subsequently optimized by Belfield by introducing a variety of donors and acceptors.16 The important role of
the π-center for the design of large TPA dyes was demonstrated
by Prasad et al., who showed that the TPA cross section of the
D-π-D chromophores based on dithienothiophene as the
π-center are larger by an order of magnitude than those of the
fluorene derivatives.17 By combining synthesis, characterization,
and theory, Marder, Perry, and Webb found that bis(styryl)benzene derivatives with donor-acceptor-donor (D-A-D)
and acceptor-donor-acceptor (A-D-A) structural motifs,
which are linear quadrupolar molecules, show exceptionally
large TPA cross sections. Also, increases of the donor strength
and the conjugation length resulted in the increased TPA cross
section.18 Our theoretical calculations also strongly support their
observations.19
In contrast to the extensive investigation on the structureTPA relationship of the dipolar and quadrupolar molecules, there
is only one report on the TPA property of the octupolar
molecule. Prasad and co-workers showed that multibranched
structure significantly increases the TPA cross section in
comparison to the singly branched counterpart,20 whereas no
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such effect was noted in the nonconjugated dendrimers.21 Macak
et al. recently carried out ab initio calculations to elucidate the
enhancement of the TPA cross section as a function of the
number of branches, and they found that the vibronic contribution to the TPA cross section plays a crucial role in that respect.22
Quite recently, we reported that 1,3,5-tricyano-2,4,6-tris(vinyl)benzene derivatives show significant to large first hyperpolarizabilities (β).23 The β values of these octupolar
molecules were found to be much larger than those of corresponding dipolar molecules, and these values increase as the
donor strength as well as the conjugation length increase. Also,
our theoretical investigation for a few series of octupolar
molecules revealed that there is qualitatively a linear relationship
between the β and TPA cross section and that both values
increase monotonically as the donor and acceptor strengths
increase.24 This result strongly suggests that the derivatives of
1,3,5-tricyano-2,4,6-tris(vinyl)benzene (2) should also exhibit
fairly large TPA cross section.
In this paper, we present the two-photon-induced fluorescence
spectra of the octupolar molecules 1-3 and the TPA cross
sections. A theoretical calculation on a series of molecules
(2a-2h) will also be presented. Then, the structure-TPA
Figure 1. Absorption spectra of 1-3.

property relationship of these molecules will be established.
2. Experimental Section
Materials. 1,3,5-Tricyano-2,4,6-tris(vinyl)benzene derivatives 1-3
were available from previous study.23 Rhodamine B and coumarine
307 were purified by repeated crystallization. HPLC grade solvents
were used without further purification.
Methods. Absorption spectra were measured with a HP-8453 UVvis system, and the fluorescence and fluorescence excitation spectra
were obtained with a Amico Bowman series 2 luminescence spectrometer. The fluorescence quantum yield was determined using rhodamine
B or coumarine 307 as the reference by the literature method.25
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The two-photon absorption cross section of the octupolar compounds
has been measured with the two-photon-induced fluorescence method
by using the nanosecond laser pulses as reported in the literature. An
OPO laser (Continuum Surelite OPO, 5 ns pulses), pumped by a
Q-switched Nd:YAG laser (Continuum SL-II-10), has been used as
the excitation source (pulse duration ≈ 5 ns, repetition rate ) 10 Hz).18b
Samples were dissolved in CHCl3 at concentrations of (0.050-1.0)
× 10-4 M, and the two-photon-induced fluorescence intensity was
measured. The plot of the fluorescence intensity against the sample
concentration was a straight line at low concentration but showed a
downward curve at higher concentration, probably because of the
formation of the aggregates. The highest sample concentration determined from the linear region was used to measure the TPA cross
section. The concentration of each sample employed in this study is as
follows: 1f, 1h, and 2d, 1.00 × 10-4 M; 2g and 2h, 2.00 × 10-5 M;
2i, 5.00 × 10-6 M; and 3i, 3.00 × 10-5 M. The TPA cross sections of
1f, 1h, and 2d were measured at 780-880 nm using coumarine 307 in
MeOH (1.00 × 10-4 M) as the reference.26 The excitation wavelength
and reference used for 2g-i and 3i were 800-1050 nm and rhodamine
B in methanol (1.00 × 10-4 M), respectively.26 The intensities of the
two-photon-induced fluorescence spectra of the reference and sample
emitted at the same excitation wavelength were determined. The TPA
cross sections were calculated by using eq 1 (see Results and
Discussion).

3. Results and Discussion
3A. One-Photon Absorption and Fluorescence Spectra.
Figure 1a,b shows one-photon absorption spectra of 1-3. The
absorption spectra exhibit a bathochromic shift by 104 nm as
the conjugation length increases from 1f to 2g. However, when
the conjugation length is further increased, the λmax slightly
decreases (compare 2i and 3i), probably because the structure
of 3i is significantly distorted to interrupt the effective conjugation. Also, the width of the absorption peak of 2g is much
broader than that of 1f, indicating either that the solventchromophore interaction strength is larger or that the number
of the one-photon-allowed excited states increases as the
molecular size increases. It is interesting to note that there appear
to be three peaks in the visible absorption spectrum of 3i,
whereas a series of compounds 2 exhibits only two peaks. Again,
this is due to an increased number of one-photon-allowed excited
(26) Xu, C.; Webb, W. W. J. Opt. Soc. Am. B 1996, 13, 481.

1,3,5-Tricyano-2,4,6-tris(styryl)benzene DeriVatiVes

J. Am. Chem. Soc., Vol. 123, No. 41, 2001 10041

Figure 2. Steady-state fluorescence spectra of 1-3.
Table 1. Absorption and Fluorescence Maxima and Stokes Shifts
of 1,3,5-Tricyano-2,4,6-tris(vinyl)benzene Derivativesa
λ(1)
max
λflmax
∆λ

1f

1h

2d

2g

2h

2i

3i

389
486
97

396
485
89

388
496
108

493
602
109

468
614
146

488
614
126

468
675
207

a In nm. λ(1) and λfl
max
max are the wavelengths of the maximum peak
in the one-photon absorption and fluorescence spectra, respectively.
∆λ is the Stokes shift.

states as the conjugation length increases. For a given skeleton,
the λmax values decrease with the change of the substituent in
the order Et2N (2g) > Ph2N (2i) > piperidyl (2h) > OMe (2d).
Note that the λmax of 2h appears at a shorter wavelength than
those of 2g and 2i, despite its stronger electron-donating ability.
This unexpected result cannot be easily explained because of a
few complicating factors. First of all, the first absorption peak
of the series of compounds 2 is associated with a few onephoton-allowed excited electronic states. Therefore, one cannot
expect that simple monotonic behavior of the HOMO-LUMO
energy gap as a function of the electron-donating strength of
the substituent would be reflected by λmax. Second, the energy
gap between the ground and excited electronic states is keenly
dependent on the solvation energy. It is likely that the local
structure of the solvation shell around each chromophore would
be different for each molecule, which could be another reason
for the unexpected pattern mentioned above.
The fluorescence spectra of 1-3 are displayed in Figure 2a,b.
It is observed that none of these spectra have multiple peaks,
which indicates that the emission occurs from the lowest excited
state with the largest oscillator strength. The peak positions of
the absorption and fluorescence spectra are summarized in Table
1. In contrast to the absorption spectra, the fluorescence spectra
exhibit systematic bathochromic shifts with increasing conjugation length. All of the compounds show large Stokes shift
ranging from 89 nm for 1h to 207 nm for 3i. As expected, the
fluorescence Stokes shift increases as the conjugation length
increases. Furthermore, λflmax monotonically increases as the
donor strength increases (OMe (2d) ≈ Et2N (2g) < piperidyl
(2h)). This means that the energy gap between the ground and

Figure 3. Single-photon excitation spectra of 1-3.

lowest excited states decreases monotonically as the chargetransfer extent of the electronic ground state increases. Note
that the electronic structure of the excited electronic state of
these octupolar molecules is close to the charge-transfer
structure. Therefore, as the donor strength increases, the chargetransfer character of the excited electronic state would increase,
and consequently, the solvation energy of the excited electronic
state becomes large, and the fluorescence Stokes shift will
increase, too. This pattern is clearly observed experimentally
(see Table 1).
3B. Single-Photon Excitation Spectra. Figure 3a,b shows
the excitation spectra of 1-3 in CHCl3 solutions with a spectral
resolution of ∼0.5 nm. The excitation wavelength was varied
from 250 to 700 nm, and the emission at 500 (1f, 1h, 2g) or
600 nm (2h, 2i, 3i) was monitored as a function of the excitation
wavelength. For instance, the spectrum in Figure 3b of 2g shows
four peaks centered at 485 nm and an additional broad peak at
325 nm. Although the positions of these two broad peaks are
similar to those observed in the absorption spectrum (see Figure
1b), the band shapes are different. Particularly, there appear
relatively sharp features near the absorption maximum wavelength. If the internal conversion efficiencies of all excited states
are identical, the single-photon excitation spectrum merely
reflects the initial absorption probability, which is nothing but
the information gained from the absorption spectrum. However,
the observed difference between the absorption spectrum and
the single-photon excitation spectrum is critical evidence that
the internal conversion efficiencies of excited states are different
from one another. This also suggests that more than one excited
state is involved in the absorption process to create the broad
band at the absorption maximum. Typically, the electronic
internal conversion from one excited state to the lowest excited
state occurs at the curve-crossing region, and its intensity is
related to the Franck-Condon (FC) factors.27 The more different
the molecular structures of two electronic states are, the smaller
the magnitudes of the FC factors are. Therefore, the larger the
(27) Atkins, P. W. Physical Chemistry, 6th edition; Oxford University
Press: Oxford, 1998.
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Figure 4. Two-photon-induced fluorescence spectra of 1-3.

difference between the absorption and single-photon excitation
spectra is, the more significantly different the molecular
structures of the electronic excited states are. Comparison of
the single-photon excitation and absorption spectra for 1-3
reveals that the difference between them is significant as the
conjugation length increases. This trend coincides with the
Stokes shift observed for this series of octupoles. This relationship is an indication that both the magnitudes of the Stokes
shifts and the differences between the single-photon excitation
and absorption spectra arise from the structural changes of the
octupoles that occur upon excitation from the ground state.
3C. Two-Photon Fluorescence Spectra and Two-Photon
Absorption Coefficients. The two-photon cross section δ was
measured by using the two-photon-induced fluorescence measurement technique with the following equation

δ)

SsΦrφrcr
δ
SrΦsφscs r

(1)

where the subscripts s and r stand for the sample and reference
molecules.18b The intensity of the signal collected by a PMT
detector is denoted as S. Φ is the fluorescence quantum yield.
φ is the overall fluorescence collection efficiency of the
experimental apparatus. The number density of the molecules
in solution is denoted as c. δr is the TPA cross section of the
reference molecule.
As can be seen in Figure 4, the two-photon-induced fluorescence excitation spectra for 1-3 are quite similar to the singlephoton absorption spectra shown in Figure 1, except that the
wavelength is doubled. Unlike the quadrupolar molecule having
an inversion center, this result shows that one- and two-photonallowed states of these octupolar compounds are more or less
the same.
Table 2 summarizes the wavelengths of the single- and two(2)
photon absorption maxima (λ(1)
max and λmax), β(0), and the
maximum values of the two-photon absorption cross section
(δmax). For all compounds, λ(2)
max appeared either at twice the
wavelength of the maximum peak (2λ(1)
max) or where there are
strong bands in the excitation spectra because the one- and twophoton-allowed states are the same. This aspect is in contrast
with the linear quadrupolar molecule where the TPA state is
not identical to the one-photon-allowed state because of the
molecular symmetry. The δmax value increases as the donor
strength and the conjugation length increase. As has been shown
previously, a stronger donor would not only increase the groundstate charge-transfer character to further increase the TPA
transition matrix element but also decrease the energy gap
between the ground and first excited state as found in the
monotonic red shift of the peak frequency of the fluorescence
spectrum. Also, both the charge-transfer character as well as

Table 2. Nonlinear Optical and Two Photon Absorption Properties
of 1,3,5-Tricyano-2,4,6-tris(vinyl)benzene Derivativesa
λ(1)
max

λ(2)
max

1f 389 800
1h 396 820
2a
(581)
2b
(595)
2c
(612)
2d 388 800
(620)
2e
(635)
2f
(654)
2g 493 990
(663)
2h 468 840
(658)
2i 488 990
3i 468 800

βexp(0) βcal(0)
25
17

BLA (Å)

Φ
0.0178
0.0165

δmax

δcal
max

14

15
17
7.2
10
13
15

-0.144 75
-0.142 80
-0.141 60
-0.141 30 0.003 29

65

22
29
32

-0.136 54
-0.135 90
-0.135 35 0.112

1948
2278
1390 2362

69

33

-0.132 50 0.0662

1430 2648

124
107

0.246
0.0325

197
295
1099
1257
1791
143 2105

2480
2620

a λ(1) and λ(2) are the wavelengths of the maximum peaks in the
max
max
one-photon and two-photon-absorption spectra in nm, respectively. The
numbers in the parentheses are the calculated λ(2)
max values. The β(0)
value is in 10-30 esu.23 BLA is the bond length alternation. Φ is quantum
yield. The unit of the TPA cross section is 10-50 cm4 s/photon. δmax is
the peak TPA cross section when the TP-induced fluorescence method
is used, whereas δcal
max is the theoretically calculated TPA cross section
when the TP absorption is assumed be directly measured. Thus, it should
be noted that the experimental δmax and theoretically calculated δcal
max
assume two different detection methods.

Figure 5. Plot of δmax vs β

exp(0).

the electronic transition frequency are expected to increase as
the conjugation length increases. A combination of these effects
would be to increase the δmax, as observed. In addition, the
values of δmax ) 2480 and 2620 GM (GM ) 10-50 cm4s/photon)
determined for 2i and 3i are comparable to those of recently
reported chromophores with the largest TPA cross sections.18
The plot of δmax versus β(0) for 1-3 is depicted in Figure 5.
The two quantities are almost linearly proportional to each other.
Although the two properties are associated with different optical
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nonlinearities, that is, β(0) is the zero-frequency-limit of the
second-order molecular susceptibility, whereas δ is the imaginary part of the third-order one, the linear relationship between
the two is believed to be a crucial guideline for the synthetic
design strategy to maximize the TPA cross section of the
octupolar molecule. This relationship was theoretically predicted
by using the simple four-state valence-bond three-charge-transfer
model in ref 28 and confirmed by comparing the ab initio
calculated β and δ for a few series of octupolar molecules.24
However, there did not exist any real experimental data to test
this linear relationship before. Qualitatively speaking, both δ
and β are increasing functions with respect to the charge-transfer
character, which is in turn determined by the electron-donating
ability of the substituted chemical group. Thus, the relationship
seems reasonable, but there is now concrete evidence that the
two quantities should be correlated with each other as discussed
in this paper.
It is also interesting to note that both δmax and β increase
dramatically upon replacing diethylamino groups in 2g with
diphenylamino groups (2i). The result could be explained by
noting that (i) NPh2 has a better cation stabilizing ability and
(ii) the additional degree of spatial delocalization of the mobile
electrons for 2i is possible. To elaborate point (i), it should be
noted that the diphenylamino group is a much weaker electron
donor than the former, as indicated by the smaller pKa value of
Ph2NH (0.9) than Et2NH (10.8) and by the more positive
oxidation potential reported for 4,4′-bis(diphenylamino)stilbene
than the corresponding dibutylamino derivative.18b,29 Hence, the
ground state of 2i would be located at slightly lower energy
than 2g. On the other hand, a larger stabilization of the first
excited state would be provided by the diphenylamino group,
into which the positive charge can be stabilized. Consequently,
the energy gap between the ground and the first excited state
would be decreased. Consistent with this interpretation is the
larger Stokes shift observed for 2i (Table 1). This would enhance
the intramolecular charge transfer from the donor to the cyano
groups to increase both β and δmax. Finally, the values of δ990,
TPA cross sections measured at 990 nm, for 2i and 3i are 2480
and 1620 GM, respectively (Figure 4). Also, the β(0) values
for 2i and 3i are 124 × 10-30 esu and 107 × 10-30 esu, respectively (Table 2). The smaller values of δ990 and β(0) for 3i are
probably due to the distorted structure of 3i, which may have
nullified this special effect (vide supra). In summary, 2g-i and
3i not only show unusually large TPA cross sections but also
emit strong two-photon-induced fluorescence, and these two
properties are important requirements for practical applications.
3D. Theoretical Calculations of the TPA Spectra. In this
subsection, we will present a series of semiempirical calculation
results for compounds 2. First of all, let us consider the first
hyperpolarizability given as

β̃ )

∑∑
m*gn*g (E

µgmµ
j mnµng
m

- Eg)(En - Eg)

(2)

where the transition dipole matrix element between |m> and
|n> was denoted as µmn and µ
j mn ≡ µmn - µgg ) µmn. Here, µgg
is the permanent dipole moment of the ground electronic state,
and it vanishes for the octupolar molecules because of the
molecular symmetry. Instead of the above SOS (sum-over-states)
expression, the finite-field method with the AM1 Hamiltonian
(28) (a) Lee, Y.-K.; Jeon, S.-J.; Cho, M. J. Am. Chem. Soc. 1998, 120,
10921. (b) Lee, H.; An, S.-Y.; Cho, M. J. Phys. Chem. B 1999, 103, 4992.
(29) Dean, J. A. Handbook of Organic Chemistry; McGraw-Hill: New
York, 1987, p 8-25.

is used to calculate β for the eight compounds, 2a-h. However,
the geometry optimization was performed by using the Gaussian
98 program with the basis set of 6-31G.30 To make direct
comparisons of the AM1-calculated β with the experimental
2
values, the orientationally averaged quantity, βcal(0) ) 〈βZZZ
〉1/2

2
) x24βzzz
/105, where βzzz is the [zzz] tensor element with the
molecular z-axis being one of the C2 rotation axes, should be
obtained (see Table 2).31 Although the calculated values, βcal(0), are quantitatively a bit different from the experimental data,
the general trend of increasing β with respect to the donor
strength is in an excellent agreement with the experiment. As
the donor strength increases from H to piperidyl group, the bond
length alternation (BLA), which is defined as the difference
between the CdC bond length of the vinyl group and average
bond length of the two CsC bonds connected to the vinyl
CdC bond, increases. Therefore, the BLA-β ( relationship
studied before is also found to be valid for the series of
compounds 2a-h, that is to say, β is a monotonically increasing
function of the BLA for the planar octupolar molecules.
Next, we shall present the semiempirical calculation results
of the TPA cross section. The TPA spectrum can be calculated
by using the following equation

δ(ω) )

4π3a0Rω2L4
15c0η2

∑f

σfg(ω)

γfg/π
2
(ω - ωfg)2 + γfg

(3)

where a0, R, c0, and η are the Bohr’s radius, fine structure
constant, speed of light, and refractive index of the solvent at
ω, respectively. The local field correction factor, L, is given as
L ) 3η2/(2η2 + 1)}. In eq 3, the TP transition probability from
|g〉 to |f〉 was denoted as σfg(ω)

σfg(ω) ) 2

/
{ΓRR(ω)Γ/ββ(ω) + 2ΓRβ(ω)ΓRβ
(ω)}
∑
Rβ

where the TP transition amplitude tensor, Γ, is

ΓRβ(ω) )

∑i

{

β
µRfi µig

ω - (Ei - Eg)/p

+

R
µβfi µig

ω - (Ei - Eg)/p

}

(4)

(5)

Because of the molecular symmetry of the planar octupolar
molecules, the tensor elements of Γ satisfy the following
relationship

|Γzz(ω)| ) |Γxx(ω)|

(6)

where the molecular x-axis is perpendicular to the molecular
z-axis and is on the molecular plane. The electronic dephasing constant of the |f〉-state is γfg, and its magnitude is
difficult to estimate experimentally. Throughout this section, it
is assumed to be 0.13 eV for all molecules 2a-h.32 In fact, the
(30) Frisch, M. J.; Trucks, G. W.; Schlegel, H. B.; Scuseria, G. E.; Robb,
M. A.; Cheeseman, J. R.; Zakrzewski, V. G.; Montgomery, J. A., Jr.;
Stratmann, R. E.; Burant, J. C.; Dapprich, S.; Millam, J. M.; Daniels, A.
D.; Kudin, K. N.; Strain, M. C.; Farkas, O.; Tomasi, J.; Barone, V.; Cossi,
M.; Cammi, R.; Mennucci, B.; Pomelli, C.; Adamo, C.; Clifford, S.;
Ochterski, J.; Petersson, G. A.; Ayala, P. Y.; Cui, Q.; Morokuma, K.; Malick,
D. K.; Rabuck, A. D.; Raghavachari, K.; Foresman, J. B.; Cioslowski, J.;
Ortiz, J. V.; Stefanov, B. B.; Liu, G.; Liashenko, A.; Piskorz, P.; Komaromi,
I.; Gomperts, R.; Martin, R. L.; Fox, D. J.; Keith, T.; Al-Laham, M. A.;
Peng, C. Y.; Nanayakkara, A.; Gonzalez, C.; Challacombe, M.; Gill, P. M.
W.; Johnson, B. G.; Chen, W.; Wong, M. W.; Andres, J. L.; Head-Gordon,
M.; Replogle, E. S.; Pople, J. A. Gaussian 98; Gaussian, Inc.: Pittsburgh,
PA, 1998.
(31) Hendrickx, E.; Clays, K.; Persoons, A. Acc. Chem. Res. 1998, 31,
675.
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Figure 6. Theoretically calculated TPA spectra of 2a-h.

required dephasing constants are different for different TPA
states, so one has to put in correct γfg values for different
|f〉-states. However, these data are not experimentally available and cannot be simply estimated from the absorption spectra. Nevertheless, the value, 0.13 eV, is found to be reasonable

on the basis of the comparison between the theoretically
calculated TPA spectra and TP-induced fluorescence spectra.
The units of δ(ω) will become 10-50 cm4 s photon-1, if cgs
units are used for a0 and c0 and atomic units are used for
σfg(ω), ω, and γfg.

1,3,5-Tricyano-2,4,6-tris(styryl)benzene DeriVatiVes
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(2)
cal
Figure 7. (a) Theoretically calculated δcal
max vs λmax. (b) Theoretically calculated δmax vs βcal(0).

To calculate the TPA cross section, δ(ω), the TPA transition
amplitude, ΓRβ(ω), in eq 5 should be estimated by carrying out
the sum-over-state (SOS) calculation. In this paper, 10 excited
electronic states will be considered for the SOS calculation. The
transition dipole matrix elements and energies of 10 excited
states were calculated by using the INDO-SDCI method.33
Although one might have to include a large number of excited
states to obtain an accurate ΓRβ(ω) value, it is believed that the
general trend of δ with respect to the structural variation induced
by the electron-donating group can be successfully described
by the numerical calculation outlined above. Furthermore, it was
confirmed that only a few low-lying excited states strongly
contribute to the TPA process of these octupolar molecules.
It is now necessary to make a quantitative comparison with
the experimental results. Noting that the first TPA peak is given
by a sum of the contributions from a few TPA excited electronic
states, one should not make a comparison of the experimentally
measured δmax presented in Table 2 with the semiempirically
calculated δcal
max value with the lowest excited state contribution
only. Thus, we first numerically calculate the TPA spectra with
eq 3 with all parameters obtained from the INDO-SDCI
calculations. In Figure 6, the numerically calculated TPA spectra
for 2a-h are plotted. Here, it should be noted that because of
the ignorance of the solvation by liquid chloroform the center
wavelength of the TPA peak is about 200 nm blue shifted in
comparison to that of the experimentally measured TPA
spectrum (compare Figure 6 with Figure 4). Other than this
obvious discrepancy, however, the existence of the second peak
at the smaller wavelength region is well reproduced by the
present calculation. The numerically estimated δcal
max values,
from Figure 6, are summarized in Table 2 (see the last column).
Overall, the order of magnitude of δcal
max is similar to those of
the TP-induced fluorescence experiment. Furthermore, the
increasing pattern of δcal
max with respect to the donor strength is
clearly observed in the present calculation. In Figure 7a, δcal
max
is plotted with respect to the wavelength at the maximum TPA
cross section. As the donor strength increases, λ(2)
max, estimated
from the theoretically calculated TPA spectra in Figure 6,
increases, and the TPA cross section also increases. This trend
can be easily understood by noting that the role of the electron-donating group is to make the extent of the π-electron
delocalization over the entire molecule large, which further
makes the transition dipole matrix elements between the ground
electronic state and the TPA excited states increase. Combining
(32) Although in refs 18 and 22 the electronic dephasing constant was
assumed to be 0.1 eV, we found that the value 0.13 eV seems reasonable
for the series of octupolar molecules considered in this paper. Nevertheless,
the general trend found in this paper does not strongly dependent on the
absolute magnitude of γfg.
(33) ZINDO program; Molecular Simulations, Inc.: San Diego, CA,
1997.

these effects together, one can explain why the TPA cross section increases as the charge-transfer character, represented by
the BLA, increases.
We next compare the finite-field-calculated β and TPA cross
section δcal
max for the series of compounds 2a-h. In ref 24, four
representative series of octupolar molecules, such as triphenylmethane dyes and triphenylamine derivatives, were considered
as the prototype octupolar molecules for the investigation of
the β-δmax relationship. There, on the basis of the effective
four-state model, it was found that the two quantities β and
δmax are linearly proportional to each other. This relationship
was confirmed by directly comparing the ab initio calculated
values. In this paper, we also confirmed this relationship
experimentally in section 3C; note that, for compounds 2d-h,
the increasing pattern of β is similar to that of δmax. Again, for
the series of compounds 2a-h, the semiempirically calculated
δcal
max values are plotted with respect to the AM1-calculated β in
Figure 7b. The linear relationship is also found for these
octupolar molecules.
4. Summary
In this paper, the TPA properties of planar octupolar
molecules have been investigated both experimentally and
theoretically. The linear and nonlinear optical properties were
also studied in detail. Overall, the effects of the conjugation
length and substituted electron donor strength on the absorption,
fluorescence, single-photon excitation detected by measuring
fluorescence intensity, and TPA cross section were investigated
in detail. Furthermore, the linear relationship between the first
hyperpolarizability and the TPA cross section of a few series
of octupolar molecules (1-3) was confirmed experimentally
with additional supporting evidence from the semiempirical
calculation. Perhaps, one of the most crucial conclusions of the
present paper is that the octupolar molecule can serve as an
alternative TPA dye for a variety of applications mentioned in
section 1. Although a number of push-pull polyenes and linear
quadrupolar molecules have been synthesized, used, and extensively studied because of their large TPA cross sections as
well as the possibility of replacing previously known TPA dyes,
here an additional structural motif based on the C3-symmetrical
molecular geometry was suggested and would be a promising
direction for further development of novel TPA dyes.
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