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Two-Photon Absorption Properties of Azulenyl Compounds Having a Conjugated Ketone

Backbone
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Two-photon absorption (TPA) properties of newly synthesized conjugated ketone derivatives that include
nonalternant azulenyl moieties in the sr-conjugation system, a,0.'-bis(1-azulenylidene)cyclopentanone (1Az),
o,0'-bis(2-azulenylidene)cyclopentanone (2Az), and o,a'-bis(6-azulenylidene)cyclopentanone (6Az) are
reported. TPA spectra of these azulenyl compounds were measured using the open-aperture Z-scan method
with a femtosecond laser. The TPA cross section at the peak position (dz)peak) of 1Az was found to be the
largest among the three azulenyl compounds, which is almost 7 times larger than that of the a,o’-bis(1-
naphthylidene)cyclopentanone (1Nph), an alternant isomer of 1Az with the same number of 7-electrons. The
small detuning energies of the azulenyl compounds compared to those of 1INph were responsible for the
large TPA cross sections. We report that a compound having an azulenyl moiety can be a promising TPA

material.

1. Introduction

In recent years, two-photon absorption (TPA) in molecular
systems has attracted increasing attention in relation to various
applications such as 3D-microfabrication,! optical power
limiting,*® optical data storage,>?-'* two-photon-excited flo-
rescence imaging,'>'¢ and two-photon photodynamic therapy.'”'8
In any of these applications, compounds with large TPA cross
sections (0?) are indispensable. Therefore, much effort has been
devoted to the development of novel compounds with large
0 1947 However, the values of 6 for compounds developed
to date still require improvement to meet the requirements of
practical applications.

From the perturbation expansion theory, it is well-known that
a large 0® value is obtained for a molecule with large transition
dipole moments and/or small detuning energy (AE).2"*! Thus,
a number of efforts have been devoted to increase the transition
dipole moments by extension!?25.2632.34.36:4243.4547 and the
improvement of planarity of the 7-conjugated system.?>26-3744
An effective and widely used strategy to enhance the transition
dipole moments is the introduction of electron donor (D) and
acceptor (A) groups at the ends of the 7z-conjugated system with
asymmetric (D—mz—A2%2327.38) and symmetric (A—x—D—n—
A192839 or D—g—A—g—D!9232627.29304044) arrangements.
On the basis of this strategy, various kinds of end and central
substituents and bridging m-conjugated systems have been
examined so far,20-23.:24.27-30.38-40
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Figure 1. Chemical structure and positional numbering of azulene.

On the one hand, decreasing AE is also an effective way to
increase 0®. Introduction of D/A groups also leads to a smaller
AE, due to the lowering of the energy levels of the excited states,
resulting in larger 0®.!° To effectively decrease AE, the use of
a TPA transition to a higher excited state that is located at almost
twice that of the lowest one-photon-absorption (OPA)-allowed
excited state has been investigated.3>#! This strategy is very
effective to decrease AE; however, the high-energy TPA
transition often overlaps with an OPA transition band. In such
a case, the net absorption is dominated by the contribution from
the OPA process, and the advantage of TPA process is
diminished in many applications. To overcome this problem
and use a small AE effectively, a molecular design to control
the separation of the excited states is very important.

In this study, we have proposed a strategy for designing a
molecule with a small AE and large separation in the energy
levels of the excited states using the azulenyl moiety. Azulene
(Figure 1), a nonalternant and simple hydrocarbon, has unique
electronic properties such as high electron affinity, low ioniza-
tion potential, and low aromatic resonance energy, together with
a nonzero dipole moment (0.8 D) whose negative end is toward
its five-membered ring.*® Furthermore, azulene exhibits an
interesting spectroscopic property; the main absorption band of
azulene is assigned to the transition from the ground state (So)
to the second one-photon excited state (S;), which is well
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Figure 2. Molecular structures of the conjugated ketone derivatives
examined. Molecular axes used for DFT calculations are also shown.

separated from the very weak transition from Sy to the first one-
photon excited state (S1).*’ Because S is located almost halfway
between S, and Sy, the electronic features specific to azulene
are suitable for obtaining small AE with regard to the S, related
TPA transition.

Unsubstituted azulene must have a small ¢*» value because
of the shorter length of its s-electron system, compared with
those of efficient TPA chromophores. However, this drawback
can be overcome by incorporating an azulenyl moiety in a large
and planar s7-electron system. This incorporation provides a large
transition moment, in addition to the small AE of the azulenyl
groups, so that an excellent TPA property is expected. Of note
is a large value of o'® that was very recently reported for a
compound having azulene rings fused to a porphyrin ring.>°

From this investigation, we report OPA and TPA character-
istics of azulenyl derivatives incorporated with a conjugated
ketone, bis(ethylidene)cyclopentanone. The derivatives have two
azulenyl groups in symmetric fashion, at both ends of the
conjugated ketone (Figure 2). The conjugated ketone backbone
bears the five-membered ring at its center, which provides
excellent planarity®! throughout the conjugated chain. Com-
pounds with this backbone are known to exhibit large TPA cross
sections.?640

Derivatives with different substitution positions of the azu-
lenyl groups, o,0'-bis(n-azulenylidene)cyclopentanone (nAz)
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where n = 1, 2, and 6 positions (see Figure 1), were
systematically investigated. It was reported that an azulenyl
group acts as a donor when the position at the electron-rich
five-membered ring is introduced into a z-electron system.>?
For example, the azulen-1-yl moiety is known to have an
efficient electron donating ability, which promotes intramolecu-
lar charge transfer from the azulen-1-yl moiety.’?>3 Some
compounds bearing the azulen-1-yl moiety have been reported
to exhibit salient second-order optical nonlinearities,>>* because
of the intermolecular charge transfer. At the same time, the keto
group of the backbone acts as an electron acceptor (A). Thus,
symmetric charge transfer from the donor groups at both
terminals to the —w—A—m— backbone can be expected for 1Az.
The same behavior is also expected for 2Az, but in a different
magnitude, because of the difference in the electron donating
ability. On the other hand, when a position at the seven-
membered ring of azulenyl group is introduced into a ;r-con-
jugated system, the azulenyl group would act as an electron
acceptor.” Therefore, 6Az was investigated for comparison.

In addition to the azulenyl compounds, compounds having
similar structures, but without the azulenyl moiety as a reference,
such as a,0'-bis(1-naphthylidene)cyclopentanone (1Nph) and
o,0-bis(p-(dimethylamino)benzylidene)cyclopentanone (DMAB-
CP), were also investigated. The former, which has naphthyl
groups instead of azulenyl groups, is an alternant structural
isomer with the same number of m-electrons. The latter has
(dimethylamino)phenyl groups, which have a Hammett’s con-
stant similar to that of the azulen-1-yl group,’* and thus, these
groups are expected to have a similar electron donating ability.

The TPA spectra of these compounds were measured by the
femtosecond open-aperture Z-scan method> for a wide range
of wavelength (600—1100 nm). The magnitudes of 0 for
three azulene derivatives were found to be considerably different
from each other, depending on the substitution position of the
azulenyl group; 1Az exhibited the largest 0% ey followed by
2Az and then 6Az. The value of 0Py for INph was smaller
than that for the azulenyl compounds; however, DMABCP
exhibited the largest 0®c among all the compounds measured
in this study. The electronic states of these azulenyl compounds
were assigned using the results of time-dependent density
functional theory (TDDFT) calculations. The AE’s of the
compounds examined in this study were estimated from the
energies of the electronic states between the first OPA-allowed
and the first TPA-allowed states.

2. Experiments

Materials. The conjugated ketone derivatives were synthe-
sized by the base-catalyzed cross-aldol condensation reaction
of cyclopentanone (1 mmol) with the corresponding aldehydes
(2 mmol) in 100 mL of ethanol and in the presence of a catalytic
amount of NaOH. All syntheses were performed at room
temperature. The crude products were purified several times by
recrystallization from chloroform. The purity was determined
using thin layer chromatography (TLC) on silica gel. The
chemical structures of the products were confirmed by 'H NMR
spectra recorded on a Bruker Avance 400 spectrometer in CDCl;
with tetramethylsilane (TMS) as an internal standard.

o,a'-Bis(1-azulenylidene)cyclopentanone (1Az). Purple solid,
yield 28%, '"H NMR (CDCls): 6 = 3.28 (4H, s), 7.30 2H, t, J
=9.7Hz), 7.39 (2H, t, J = 9.9 Hz), 7.52 (2H, d, J = 4.2 Hz),
7.72 2H, t, J = 9.8 Hz), 8.28 (2H, d, J/ = 4.2 Hz), 8.35 (2H,
s), 8.36 (2H, d, J = 8.8 Hz), 8.87 (2H, d, J = 9.8 Hz). Anal.
Calcd for Co7H500 (360.45): C, 89.97; H, 5.59; O, 4.44. Found:
C, 89.72; H, 5.69.
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o,a'-Bis(2-azulenylidene)cyclopentanone (2Az). Green solid,
yield 14%, '"H NMR (CDCly): 6 = 3.34 (4H, s), 7.20 (4H, t, J
= 9.8 Hz), 7.58 (2H, t, J = 10.0 Hz), 7.59 (4H, s), 7.98 (2H,
s), 8.33 (4H, d, J = 9.6 Hz). Anal. Calcd for C,7H»00 (360.45):
C, 89.97; H, 5.59; O, 4.44. Found: C, 89.87; H, 5.71.

o,0'-Bis(6-azulenylidene)cyclopentanone (6Az). Green solid,
yield 12%, '"H NMR (CDCl3): 6 = 3.23 (4H, s), 7.42 (4H, d, J
= 10.6 Hz), 7.43 (4H, d, J = 3.7), 7.81 (2H, s), 7.97 2H, t, J
= 3.7), 8.36 (4H, d, J = 10.6 Hz). Anal. Calcd for C,7;H200
(360.45): C, 89.97; H, 5.59; O, 4.44. Found: C, 89.87; H, 5.76.

Optical Measurements. OPA spectra of the compounds were
measured for solutions in chloroform using a Hitachi U-3300
spectrophotometer with a 1 cm quartz cuvette. The oscillator
strengths were calculated assuming a Gaussian band shape from
the OPA spectra. The solvent effects of the OPA spectra for
azulene derivatives were investigated by comparison of the OPA
spectra taken in chloroform, dimethyl sulfoxide (DMSO), and
1-methylnaphthalene.

TPA spectra were measured by the open-aperture Z-scan
method.” Details of the setup for the Z-scan measurements and
the analysis procedures have been described previously,* and
thus are only briefly mentioned. A parametric amplifier (Spectra-
Physics, OPA-800) pumped by a femtosecond regenerative
amplifier (Spectra-Physics, Spitfire) was used as a wavelength-
tunable light source. The typical pulse duration was 120—140
fs with a repetition rate of 1 kHz. The incident beam was focused
by a plano-convex lens (f = 150 mm) and the sample solutions
held in a quartz cuvette were scanned along the propagation
axis of the incident beam. The path length of the cuvette was
selected as 1 or 2 mm, depending on the sample concentration
and the magnitude of the cross section. This is shorter than the
Rayleigh range of the setup (zr = 4—9 mm, depending on the
wavelength), which fulfills the optically thin condition. The
average incident power was varied from 0.05 to 0.7 mW, which
corresponds to the on-axis peak powers of 25—347 GW/cm?.
Proportionality relations between the TPA absorbance gy and
the incident power, that is, the on-axis peak power, were
confirmed at each measurement. The sample concentrations were
made to be as high as possible to improve the signal-to-nose
ratio in the Z-scan measurements, and thus the solvents were
chosen depending on the compounds. The concentrations used
were 3.6 x 107 mol/L in DMSO for 1Az, 1.2 x 1073 mol/L
in chloroform for 2Az, 1.1 x 1073 mol/L in 1-methylnaphtha-
lene for 6Az, 1.7 x 1072 mol/L in chloroform for 1Nph, and
1.7 x 1073 mol/L in chloroform for DMABCP. The TPA
spectra were measured in the wavelength range from 600 to
1100 nm of the incident light.

Theoretical Calculations. The density functional theory
(DFT) calculations were performed using the Gaussian 03
program package.’’ The molecular structures of the three
azulenyl compounds belonging to the C, and C,, point groups
were optimized at the B3LYP level of theory using the 6-31G(d)
basis set. The molecular axes used for the calculations are shown
in Figure 2. The point groups of the more stable optimized
structures of 1Az and 2Az were C»,, and that for 6Az was C,.
For the C; molecules, the azulenyl moieties were held as planar
to facilitate the geometric optimizations. The TDDFT method
was used to obtain the OPA properties of the azulenyl
compounds at their optimized geometries in the ground state;
excitation energies, transition dipole moments and oscillator
strengths between the ground and singlet excited states were
calculated at the B3LYP level of theory using the 6-314+G(d)
basis set.
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Figure 3. One-photon absorption spectra of unsubstituted azulene,
azulenyl compounds, 1Nph, and DMABCP in chloroform at room
temperature (A). Detailed band I region of unsubstituted azulene and
azulenyl compounds (B). The asterisk indicates positions of the 0—0
band.

3. Results and Discussion

One-Photon Absorption Properties. The OPA spectra of
“unsubstituted” azulene and the five conjugated ketene com-
pounds in chloroform solution are shown in Figure 3A, and the
expanded wavelength range of 500—800 nm (2.5—1.5 eV) is
shown in Figure 3B. The azulenyl compounds were found to
have broad and weak absorption bands similar to that of
unsubstituted azulene, as shown in Figure 3B, although it was
not clear for 1Az due to the large overlap with a strong
absorption band around 500 nm (2.5 eV). The absorption bands
observed in the wavelength range of 500—800 nm are referred
to as band I. Intense absorption bands found in the wavelength
range of 300—520 nm (4.1—2.4 eV) are referred to as band II.
The absorption bands of 1INph and DMABCP were not
observed in the wavelength range of band I, but in the
wavelength range of band II. The excitation energies (E) and
molar absorption coefficients (€) at the absorption peaks, and
oscillator strengths (f) of the absorption band are summarized
in Table 1.

In the case of unsubstituted azulene, band I has been assigned
to the Sp — S, transition.*>38 The fine structure of band I can



Absorption Properties of Azulenyl Compounds

TABLE 1: Energies at Peak Positions (E), Molar
Absorption Coefficients (¢), and Oscillator Strengths (f) of
Unsubstituted Azulene and Azulenyl Compounds in
Chloroform Solution®

band I band II
E € E €
compound (V) (Lmol™'ecm™) f (eV) L mol'em™) f
azulene 1.79 170 0.011 3.64 8100 0.088
1Az 1.85 490 0.023 2.44 73600 1.354
2Az 1.72 330 0.019 2.70 49800 1.291
6Az 1.70 280 0.011 2.98 53500 1.078
1Nph 3.22 32000 0.571
DMABCP 2.65 64900 1.114

“In the case of E and € of band I, the values at the peaks of the
0—0 transitions are shown. The f of band I and band II were
estimated from the integrated value of all € corresponding to the
respective band region. & and f were calculated assuming a Gaussian
band shape.

be interpreted as a vibronic progression. Similar fine structures
were also observed for all the azulenyl compounds. The
positions of the 0—0 transitions are marked by asterisks in Figure
3B. The differences in the 0—0 transition energies of band I
between the azulenyl compounds and unsubstituted azulene were
relatively small (<0.1 eV). In addition, the values of the € of
the 0—0 transitions and the oscillator strengths for the absorption
in band I for unsubstituted azulene and the azulenyl compounds
were in the same order of magnitude. Therefore, the charac-
teristic transitions of band I for the azulenyl compounds are
considered to be similar to that for unsubstituted azulene. In
other words, band I did not show a significant change, even
when the sr-conjugated system was extended.

On the other hand, band II for the azulenyl compounds was
found to show a significant red shift compared to that of
unsubstituted azulene (Figure 3A). The nonazulenyl compounds
also exhibit strong absorption peaks in the band II region (385
nm (3.22 eV) for INph, and 467 nm (2.65 e¢V) for DMABCP).
It was comprehensively reported that for bis(arylalkylidene)cy-
cloalkanones the peak wavelength of the lowest-energy transition
is red-shifted, and the oscillator strengths are increased when
the conjugation of the sr-electron system is enhanced.’®% The
large red shifts found for band II of the azulenyl compounds
suggest that the s-electrons in the azulenyl moieties are well
conjugated with the central —7—A—m— system and that the
m-conjugation is extended throughout the entire molecule.

It is known that some efficient TPA molecules show
significant solvatochromism.®' Therefore, solvent effects on the
absorption spectra of the azulenyl compounds were examined.
The peak positions of 1Az, 2Az, and 6Az observed in
chloroform, DMSO, and 1-methylnaphthalene were almost the
same as each other. Thus, the solvatochromic effect is negligible
for these compounds.

Two-Photon Absorption Properties of Azulenyl Com-
pounds. Open-aperture Z-scan measurements were conducted
with concentrated solutions of the compounds. The solvent
effects on the OPA characteristics of the 1Az, 2Az, and 6Az
azulenyl compounds were negligible; therefore, it is reasonable
that the TPA properties can be compared with each other even
though they are evaluated in different solvents.

The TPA cross section spectra obtained are provided in Figure
4. The azulenyl compounds exhibited strong TPA in the
wavelength region employed. A relatively weak TPA peak or
shoulder (but still on the order of a few hundred GMs, where
1 GM =1 x 107% cm* s molecule™! photon~!) was observed
for 1Az and 6Az at around 1.4 eV. In addition, /® was found
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to increase significantly with increasing photon energy, larger
than 1.6 eV, for each azulenyl compound. The maximum values
(0@ max) observed at the highest photon energy employed were
close to 1000 GM or more (3280 GM for 1Az, 920 GM for
2Az, and 860 GM for 6Az). The spectral region where
significant increases in 0‘® are observed overlaps with band I
of the OPA and is also close to the intense band II. Therefore,
these increases are considered to arise from resonance enhance-
ment, i.e., the increase of TPA transition probability due to the
double resonance of the OPA- and TPA-allowed excited states.?®
On the other hand, the relatively weak TPA peaks observed at
ca. 1.4 eV are considered to be the lowest energy TPA
transitions. The peak is not clear for 2Az, because of the large
overlap with the much stronger TPA band at higher energy.
However, it is logical to consider that there is a TPA peak at
almost the same transition energy, due to the similarity of the
electronic structure of 2Az with the other azulenyl compounds.
Contrary to the azulenyl compounds, the nonazulenyl com-
pounds, 1Nph (Figure 4D) and DMABCP (Figure 4E), exhibit
quite different TPA spectra. These two compounds show a single
distinct TPA peak in the spectral region observed. The peak
0@ value (0@ peax) for DMABCP (ca. 760 GM at 1.54 eV) is
much larger than that for 1Nph (ca. 40 GM at 1.73 eV). The
unsubstituted azulene solution was also measured; however, no
measurable TPA signals were obtained.

The large 0¥« values of the azulenyl compounds in the
double resonance region are very interesting; nevertheless,
hereafter we concentrate on the lowest energy TPA transition,
because the main aim of this paper is the comparative study of
the structure—property relationship among these compounds,
which can be discussed more clearly with the lowest-energy
transitions. However, the transitions do not always provide a
distinct spectral peak as shown in Figure 4, due to overlap with
the strong double resonance bands. Therefore, the contribution
of the lowest-energy peak to the total spectral intensity was
estimated with the four-state model.?® This model assumes two
competitive TPA transitions with different final states (e; and
e,), but mediated with the same OPA-allowed state (k), both
contributing to the cross section observed at a photon energy
of E,, and is expressed as

2
o?(E,) O EP2 S x A —

(Eyg —E)" +1, (Eelg —2E)"+ I’e]g

Ay
2 2
(B =2E) + T,

where Eig, E. s, and E.,, are transition energies from the ground
state (g) to k, ey, and e, respectively. A; = lue klPluxe/*Te g, Az
= ltexPltkel*T e o, Where uye and e are the transition dipole
moments between corresponding states, and I' is the corre-
sponding damping factor. Here, all parameters were treated as
fitting parameters. The contributions of the lowest-energy peak
obtained from the best fits are shown with dotted lines in Figure
4, and the best-fit parameters are listed in Table 2. Setting A,
to zero reduced eq 1 to the simple three-state model, which
was applied for INph and DMABCP. The results are shown
with solid lines in Figure 4 and listed in Table 2. The values of
Ey, were found to reasonably close to the transition energies of
band I obtained by the OPA measurements. Thus, the OPA-
allowed excited state is the major intermediate state of the lowest
energy TPA transition.

Molecular Orbital Calculations and Assignment of the
Experimentally Observed Excited States. The calculated
results of the excitation energies, orbital pictures of the

ey
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Figure 4. TPA spectra of (A) 1Az in dimethyl sulfoxide, (B) 2Az in chloroform, (C) 6Az in 1-methylnaphthalene, (D) 1Nph in chloroform, and
(E) DMACCEP in chloroform. Curve fits were performed using the four-state models (solid line). One GM = 1 x 107 cm* s molecule™! photon™".

TABLE 2: TPA Cross Section Maxima (6% ,,,,), Photon Energies at the Position of 6® ., (Emay), and the TPA Cross Section at
the Peak Position of the Best Curve Fit Calculated by the Four-State Model with Two Final States (6/?pear)

compound solvent 0P s GM Enax, €V 0@ peak, GM Exe, €V Eepe, €V AE, eV
1Az dimethyl sulfoxide 3280 2.09 270 4+ 40 1.97 2.79 0.57
2Az chloroform 920 1.90 110 £ 30 1.68 2.96 0.20
6Az 1-methylnaphthalene 860 1.90 70 + 30 1.68 2.80 0.28
1Nph chloroform 40+ 6 3.22 3.46 1.49
DMABCP chloroform 760 £ 90 2.65 3.09 1.12

“Best fit values of the energies for transition between the ground and first one-photon-allowed excited states (Ey,) and the energies for
transition between the ground and first TPA states (Ec,s) are also listed. The detuning energies (AE) shown here were estimated using Ey, and

Ec. One MG = 1 x 1073° cm* s molecule™ photon~!.

excitation, oscillator strengths, and transition dipole moments
for the azulenyl compounds are summarized in Tables 3-5. The
calculated excitation energies are summarized in the energy level
diagrams (Figure 5) together with the energy levels of the
excited states obtained from the OPA and TPA measurements.
As shown in Figure 5, there are some near degenerate excited
states. This is reasonable, because the azulenyl compounds have

two identical chromophores, i.e., azulenyl moieties at both ends
of the ;r-conjugated system. The lowest excited states (S; and
S,) are near degenerate for all azulenyl compounds.

First, we examine transitions from the ground state to the
near degenerate lowest excited states. These two near degenerate
transitions are considered to correspond to the experimentally
observed lowest-energy OPA transition. Considering Tables 3-5,
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TABLE 3: One-Photon Absorption Properties of 1Az Calculated Using the TDDFT Method

excitation energy

n AE[S,—So] (eV) symmetry orbital picture® transition dipole moment (au) oscillator strength

1 2.04 B, a(H) — bi(L) (0.85) —0.208 (y) 0.0022
bi(H—1) — ay(L+1) (—0.44)

2 2.04 A a(H) — a(L+1) (0.85) 0.3308 (z) 0.0055
bi(H—1) — by(L) (—0.44)

3 2.57 B, a(H) — bi(L+2) (0.91) —4.6345 (y) 1.3535

4 2.65 A bi(H—1) — by(L) (0.88) —0.0722 (z) 0.0003
a(H) — ax(L+1) (0.47)

5 2.65 B, bi(H—1) — ax(L+1) (0.88) 03357  (y) 0.0073
a(H) — bi(L) (0.47)

6 2.92 Ay bi(H—1) — by(L+2) (0.83) —0.0416 (z) 0.0010
a(H) — ax(L+3) (—0.47)

7 292 A, by(H—2) — bi(L+2) (0.94) 0

8 3.25 Ay a(H) — ax(L+3) (0.72) 0.4955 (z) 0.0196

a(H=3) — ay(L+1) (0.35)
bi(H—4) — by(L) (0.35)
bi(H—1) — by(L+2) (0.30)

% Values in parentheses are the coefficients of each electronic configuration contributing to the excited state. Configuration coefficients >0.3

are listed. Data for n = 1, 2, 4, 5, and 8 show the transitions corresponding to local excitations.

TABLE 4: One-Photon Absorption Properties of 2Az Calculated Using the TDDFT Method

transition dipole oscillator

n excitation energy AE[S,—So] (eV) symmetry orbital picture” moment (au) strength

1 2.08 B> a(H) — by(L) (0.89) 0.4205 (y) 0.0090
bi(H—1) — axy(L+1) (—0.35)

2 2.08 Al bi(H—1) — bi(L) (0.89) 0.4459  (2) 0.0101
a(H) — ax(L+1) (—0.35)

3 2.65 B, a(H—2) — by(L) (0.91) —4.4591 (y) 1.2906

4 2.69 A ba(H—4) — by(L) (0.95) 0

5 2.74 A a(H) — ax(L+1) (0.89) —0.1582 (2) 0.0017
bi(H—1) — bi(L) (0.40)

6 2.75 B, bi(H—1) — ax(L+1) (0.89) —0.2785 (y) 0.0052
a(H) = by(L) (0.40)

7 297 Al bi(H—3) — bi(L) (0.81) —0.4106 (2) 0.0123
a(H—2) — ay(L+1) (—0.55)

8 3.25 Al a(H—2) — ay(L+1) (0.69) —0.500 (z) 0.0199

bi(H—3) — bi(L) (0.37)
a(H) — ax(L+3) (0.34)
bi(H—1) — bi(L+2) (0.34)

“Values in parentheses are the coefficients of each electronic configuration contributing to the excited state. Configuration coefficients >0.3
are listed. Data for n = 1, 2, 5, 6, and 8 show the transitions corresponding to local excitations.

the Sp — S, transitions are governed by the one-electron
excitation from the highest occupied molecular orbital (HOMO)
to the lowest unoccupied molecular orbital (LUMO) for all the
azulenyl compounds. Contrary to this, the MO’s involved in
the Sy — S, transition for 1Az are different from that for 2Az
and 6Az, but with some regularity. The main contribution of
the Sy — S, transition for 1Az is the HOMO — LUMO++1
transition, and that for 2Az and 6Az is the HOMO—1 — LUMO
transition. This is because LUMO and LUMO+1 are near
degenerate for 1Az and HOMO and HOMO-—1 are near
degenerate for 2Az and 6Az (Figure 6). Moreover, the orbital
pattern (Figure 6) shows that the electron distribution is localized
in the three pairs only on the azulenyl moieties. Thus, both Sy
— S; and Sy — S, transitions correspond to local excitations of
the terminal azulenyl groups and have a similar character to
the lowest-energy OPA transition of the unsubstituted azulene.
This explains why the observed lowest-energy absorption bands
(band I) of the azulenyl compounds are similar to the lowest-
energy transition for unsubstituted azulene.

Contrary to these local excitations, transitions HOMO —
LUMO++1 for 1Az and HOMO—2 — LUMO for 2Az and 6Az
are delocalized over the entire molecule (Figure 6). The excited
states, for which these transitions play a dominant role, are S3

for 1Az and 2Az and S5 for 6Az. These transitions have
oscillator strengths larger than unity and the direction of the
transition dipoles is parallel to the long molecular axis (Tables
3-5). Therefore, these transitions correspond to band II, which
exhibits strong OPA and is a manifestation of the high degree
of conjugation between the azulenyl moieties and the central
—m—A—m— moiety. The excitation energies and the relative
magnitude of the oscillator strength (1Az > 2Az > 6Az) agree
well with the experimental results for band II. This leads to the
conclusion that the excited states corresponding to band II be
assigned to S; for 1Az and 2Az, and Ss for 6Az (Figure 5).
Correspondence between the two experimentally observed
OPA bands (bands I and II) and some calculated excited states
has been established. Next, the excited states related to the TPA
transition are considered. For this examination, it is worthy to
recall the molecular symmetry and the selection rules that
distinguish one- and two-photon transitions.®? For a centrosym-
metric molecule, a TPA-allowed transition is forbidden for a
one-photon process, and vice versa (i.e., states populated by
TPA will not be populated by OPA, and vice versa). For
example, in the case of a Cy; molecule, the TPA-allowed t—r*
excited states belong to A, symmetry.*! In the present case, the
azulenyl compounds are not rigidly centrosymmetric. However,
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TABLE 5: One-Photon Absorption Properties of 6Az Calculated Using the TDDFT Method

transition dipole oscillator
n excitation energy AE[S,—So] (eV) symmetry orbital picture? moment (au) strength
1 1.90 B a(H) — b(L) (0.91) 0.2071 (x) 0.0056
b(H—1) — a(L+1) (—=0.30) —0.2796 (y)
2 1.91 A b(H—1) — b(L) (0.91) —0.3244  (2) 0.0049
a(H) — a(L+1) (—0.30)
3 2.63 A a(H) — a(L+1) (0.92) 0.1869 (z) 0.0022
b(H—1) — b(L) (0.35)
4 2.63 B b(H—1) — a(L+1) (0.92) —0.1058 (x) 0.0010
a(H) — b(L) (0.34) —0.0675 (y)
5 2.78 B a(H—2) — b(L) (0.92) —0.0444 (x) 1.1080
4.0346 (y)
6 2.78 A b(H—4) — b(L) (0.88) —0.1595 (z) 0.0017
b(H—3) — b(L) (—0.37)
7 3.06 A b(H—3) — b(L) (0.81) 0.4663 (z) 0.0163
b(H—4) — b(L) (0.38)
a(H—2) — a(L+1) (—0.30)
8 3.41 A a(H—2) — a(L+1) (0.81) 0.1987  (z) 0.0033

b(H—1) — b(L+2) (0.37)
a(H) — a(L+3) (0.35)

% Values in parentheses are the coefficients of each electronic configuration contributing to the excited state. Configuration coefficients >0.3
are listed. Data for n = 1—4 and 8 show the transitions corresponding to local excitations.
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Figure 5. Energy diagrams of the examined compounds as estimated from one-photon absorption (OPA) measurements and TPA measurements
with best-fits based on the four-state model (FSM), together with results calculated using the TDDFT method (Calc.). The ground states of the

compounds are represented by 0.

the excited states are likely to be divided into mainly TPA-
allowed and mainly OPA-allowed excited states. The mainly
TPA-allowed excited states are expected to be A; (for the Gy,
point group) or A (for the C, point group). In addition, the
transitions related to the molecular orbital localized on azulenyl
moieties are likely to be excluded as candidates for the major
TPA-allowed excited states. This is because such transitions
give much smaller TPA activity than the transition for the entire
delocalized molecule, as the unsubstituted azulene gives no
measurable signal. Thus, the first detectable TPA-allowed
excited states of 1Az and 2Az can be assigned to S¢ and S5,
respectively. In fact, the excitation energies of these states agree
well with E. g obtained from the four-state model analysis
(Figure 5). For 6Az, there are two candidates, S and S7, as the
major TPA-allowed excited state. Both states consist of two
transitions, b(H—3) — b(L) and b(H—4) — b(L). As seen in
the orbital maps in Figure 6, b(H—4) has a o-orbital character,
and the two transitions are considered to be mixed to form the

two states due to the deviation from the planar structure of the
molecule. Among the two states, S¢ has the major component
of the transition, b(H—4) — b(L), and has more character of
the o—m* transition such as S; of 1Az or S; of 2Az. It is
plausible that S¢ does not have large absorption intensities for
both OPA and TPA. Therefore, it is valid to consider that the
first detectable TPA-allowed excited state of 6Az should be S,
which has more character of the w—s* transition.

Effect of the Substitution Position of the Azulenyl Group.
As already described in the Introduction, it has been reported
that when a position in the electron-rich five-membered ring is
introduced into a st-conjugated system, the azulenyl moiety acts
as a potential donor. On the one hand, when a position in an
electron-deficient seven-membered ring is introduced into a
m-conjugated system, the azulenyl moiety acts as a potential
electron acceptor.”” On the basis of these concepts, the electronic
features of 2Az should be similar to those of 1Az. However,
OPA measurements and TDDFT calculations suggest that the
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Figure 6. Fine molecular orbital surfaces associated with the lower electronic transitions of the azulenyl compounds.

electronic properties of the azulen-2-yl group are different from
that of the azulen-1-yl group, but rather similar to that of the
azulen-6-yl group. For example, the MOs localized on the
azulenyl moieties for 1Az are LUMO and LUMO+1, and that
for 2Az and 6Az are HOMO and HOMO—1. In addition, the
0—0 transition of band I for 1Az is blue-shifted compared with

that for unsubstituted azulene, and those for 2Az and 6Az are
red-shifted. The same trend was reported in a previous paper;
that the 0—O0 transitions in band I are red-shifted when azulene
is substituted by a simple acceptor group at an even numbered
position (2, 4, 6, or 8) and that they are blue-shifted when
substituted at an odd numbered position (1, 3, 5, or 7). This
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suggests that the donor ability of the azulen-2-yl group is not
so significant and is expected to be less than that of the azulen-
1-yl group, but rather similar to that of the azulen-6-yl group.
Therefore, it follows that the azulene-2-yl group acts as an
acceptor rather than a donor in the azulene—7—A—m—azulene
backbone.

As shown in Table 1, the oscillator strengths for band I were
increased in the order 6Az < 2Az < 1Az. Therefore, the
transition dipole moments of azulenyl compounds luy,l should
be increased in the order 6Az < 2Az < 1Az. In the
D—n—A—n—D backbone, the transition dipole moments were
also increased with the increase of the donor strength of both
terminal substituents. With respect to these observations, among
the azulenyl groups, azulen-1-yl is quite likely to be an efficient
electron donor group and azulen-6-yl is likely to be an acceptor
group for a nonlinear optical compound.

To obtain greater insight regarding the difference in the TPA
activity among these compounds, the observed 0®pe, values
were plotted against the inverse square of the relative detuning
energy AEw = (Exg — '2Ee,0)/Ee,e = AEIE.,, (Figure 7). The
theoretical expression for the 0‘¥peax Of the lowest-energy TPA
peak (g — e) can be readily obtained from eq 1 by setting Ee,o
= 2E, and by ignoring the second lowest TPA transition (g —
e,) as follows2!4!

o
Upeak O A—z (2)

Erel rlelg
Equation 2 shows that the slopes of the plots in Figure 7 are
proportional to the transition dipole product |, l*luc /. Figure
7 illustrates that 1Az has a larger detuning energy, which
decreases 0Pk, compared to the other azulenyl compounds;
however, the much larger transition dipole product overcomes
the effect, resulting in a large o(z)peak. The slopes increase in
the order of 2Az < 6Az < 1Az. By comparing the order of
luxel and assuming that I' k is the same for all compounds, we
find the transition dipole between the excited states lu. x| of 1Az
is much larger than that of the other azulenyl compounds. This
is considered to originate from the electron donating character
of the azulen-1yl group. These results demonstrate that not a
simple azulenyl substitution at an arbitrary position but rather
substitution at a specific position into a sr-electron system is an
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important factor for molecular design of an attractive TPA
compound involving azulene.

Comparison with the Nonazulenyl Compounds. As shown
in Table 2, the 0@ ey Of all the azulenyl compounds were found
to be larger than that of the conventional aromatic structural
isomer 1Nph; in particular, the 0®peu of 1Az was found to be
7 times larger. On the other hand, DMABCP exhibited the
largest 0@peax Of all compounds the examined.

Figure 7 indicates that the slopes of the compounds treated
in this study can be classified into three groups: (1) DMABCP
with large slope and detuning energy, (2) 1Az and 1Nph with
moderate slope and large detuning energy, and (3) 2Az and 6Az
with small slope and detuning energy. In the case of DMABCP,
the large transition dipole product gives a large 0®pcq in spite
of the large detuning energy. On the other hand, 2Az and 6Az
exhibit larger 0@pes’s than the benzenoid isomer 1Nph, because
of their small detuning energies. The slopes of 1Az and 1Nph
were almost in the same order of magnitude. However, that of
1Az was slightly larger than that of 1Nph. In addition, the
detuning energy of 1Az was smaller than that of 1Nph. These
results show that the azulenyl compounds have larger 0®pcy’s
than the benzenoid isomer due to the small detuning energy.
Therefore, it should be concluded that the introduction of an
azulenyl group into a sr-electron system is an effective strategy
to obtain a compound with small AE, and thus large 0@pea.

Generally, the transition dipole moments of molecules based
on the scheme D—m—A—m—D should be increased with
increasing donor and/or acceptor strength.!® The slope of 1Az
was slightly larger than that of 1Nph but is considerably smaller
than that of DMABCP. These results suggest that the unsub-
stituted azulen-1-yl moiety acts as a weak donor in the
D—m—A—m—D backbone. To obtain a superior TPA compound
by utilizing the small detuning energy of azulenyl compounds,
further structural modifications are required on the 1Az back-
bone for enhancement of the donor ability and/or the transition
dipole moment. For example, introduction of a strong donor,
such as a dimethylamino moiety, at an effective position of the
azulenyl moiety and/or the further extension of the s-electron
system in the backbone should enhance lue k, *luk,ol*.

4. Conclusions

We have investigated the TPA characteristics of newly
synthesized conjugated ketone derivatives with three different
azulenyl groups in a sr-conjugated system. The OPA spectra of
these azulenyl compounds were found to exhibit a weak
absorption band in the wavelength region of 500—800 nm (band
I), and an intense absorption band in the wavelength region of
300—520 nm (band II). TDDFT calculations indicated that the
MO related to the former transition is localized at the azulenyl
moieties, and the MO related to the latter transition is a well
conjugated sr-electron system over the entire molecule. It was
found that the TPA cross sections of all the azulenyl compounds
were larger than that of the benzenoid structural isomer 1Nph.
In particular, that of 1Az was 7 times larger than that of 1Nph
at the lowest-energy TPA peak. It was determined that the reason
for this can be primarily ascribed to the small AE of the azulenyl
compounds. The present study demonstrates that azulenyl
compounds possessing small AE are potentially promising TPA
compounds. For further enhancement, modification of the
molecular design is required to increase the transition dipole
while maintaining a small AE.
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