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The two-photon absorption (TPA) properties of four TPEB [tetrakis(phenylethynyl)benzene] derivatives (TD,
para, ortho, and meta) with different donor/acceptor substitution patterns have been investigated experimentally
by the femtosecond open-aperture Z-scan method and theoretically by the time-dependent density-functional
theory (TDDFT) method. The four compounds show relatively large TPA cross sections, and the all-donor
substituted species (TD) displays the largest TPA cross-section 0 = 520 4= 30 GM. On the basis of the
calculated electronic structure, TD shows no TPA band in the lower energy region of the spectrum because
the transition density is concentrated on particular transitions due to the high symmetry of the molecular
structure. The centrosymmetric donor—acceptor TPEB para shows excitations resulting from transitions
centered on D—7—D and A—m—A moieties, as well as transition between the D—z—D and A—7—A moieties;
this accounts for the broad nature of the TPA bands for this compound. Calculations for two noncentrosymmetric
TPEBs (ortho and meta) reveal that the diminished TPA intensities of higher-energy bands result from
destructive interference between the dipolar and three-state terms. The molecular orbitals (MOs) of the TPEBs
are derivable with linear combinations of the MOs of the two crossing BPEB [bis(phenylethynyl)benzene]
derivatives. Overall, the characteristics of the experimental spectra are well-described based on the theoretical
analysis.

1. Introduction

Over the past decade, two-photon absorption (TPA) has re-
emerged not only as an interesting spectroscopic phenomena
but also as a process that can be harnessed to provide for
technologically useful applications such as 3D-microfabrication
and fluorescence imaging.! The evolution of molecular design
to increase TPA cross sections, 0®, has in many ways mirrored
the analogous evolution of organic chromophores for other
nonlinear optical (NLO) processes. It started with relatively
simple one-dimensional, conjugated molecules (—z—) appended
with electron-donating (D) and/or electron-withdrawing sub-
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stituents (A).! This provided several possible molecular ar-
rangements (e.g., D—z—D, D—7n—A, D—A—D, A—D—A), but
all conjugation pathways were unidirectional. Molecular design
then evolved into more complex structural motifs that often
incorporated multidimensional conjugation pathways that fea-
tured numerous conjugated circuits between donor and acceptor
substituents.? As such, there are now many examples of TPA-
active molecules with two- or three-dimensional frameworks.
Most recently, for example, Rumi and co-workers have shown
that the TPA cross sections for all donor and donor—acceptor
tetrastyrylbenzenes (TSBs, Figure 1) and analogous tet-
rastyrylpyrazene (not shown) do not benefit from the presence
of two-dimensional conjugation in comparison to their linearly
conjugated analogues.? Tao and co-workers, on the other hand,
indicate that TPA properties are enhanced by terminating TSBs
with N,N-diethyl- and N,N-dibutylaniline groups,* but given that
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Figure 1. Molecular structures of DSBs, TSBs, TSBPs, and TPEBs.

the TPA cross-section values reported in this latter study are in
line with those of Rumi et al.,’ it seems likely that the 2D
framework was not necessarily beneficial. A similar finding was
reported for TSBs terminated with pyridyl groups, whereby two-
dimensional conjugation brought about little enhancement in
0.5 Ma and Yang have explored TPA for tetrastyrylbiphenyl
(TSBP) terminated with N,N-diphenylaniline groups, in both
solution and solid state.® They, however, find a TPA cross-
section for the two-dimensional TSBP that is three times that
of the linear DSB analogue, and values in the solid state for
TSBP are over 6-fold higher than for the corresponding DSB
derivative.”™® Up to the present date, the TPA studies for
molecular materials have been extended to compounds having
multidimensional structures including purely organic and or-
ganometallic compounds such as porphyrins.’

Our own investigations of two-dimensional chromophores
have centered on an alternative structural platform, that of the
tetra(arylethynyl)benzene (TPEB) framework. Our recent NLO
work used the ultrafast Z-scan method to compare the TPA
properties of a pair of quadrupolar D/A TPEB chromophores,
TD and para (shown in Figure 2).!> The all-donor substituted
species (TD) displays a peak TPA cross-section 6® = 520 4
30 GM that is more than twice that of the D—A species (para)
0® =240 £ 20 GM. Given the increasing general importance
of optimizing TPA systems, coupled with the unclear picture
of how multidimensional chromophores might lead to enhanced
TPA performance, we sought to elucidate the mechanisms of
TPA cross sections for TPEB derivatives through time-depend-
ent density-functional theory (TDDFT) methods. The results of
this study are reported herein through comparisons to our
experimental results.

10,11

2. Methods

2.1. Experimental Method. TPEBs used in the present study
were prepared according to the procedure previously described
in the literature.!

One-photon absorption (OPA) spectra of TPEBs dissolved
in tetrahydrofuran (THF) were recorded with a UV—vis
spectrophotometer (Shimadzu UV3150). TPA spectra in THF
(5—11 mM) were obtained with the open-aperture Z-scan
method using a femtosecond optical parametric amplifier
pumped with Ti:sapphire regenerate amplifier system (Spectra-
Physics OPA-800 and Spitfire) operating at a 1 kHz repetition
rate. Typical duration of the output pulses was 125 fs. The
Rayleigh range of the Z-scan setup was 4—8 mm, depending
on wavelength, and was longer than the 1-mm cuvette optical

Ohta et al.

path length L, satisfying the thin sample condition.'? The details
of this setup have been reported elsewhere.'* Open-aperture
traces were measured as a function of different incident powers
(corresponding to the peak on-axis optical intensities, /o, in the
range of 10—150 GW/cm?) for each sample and wavelength.
The recorded traces were analyzed by curve fitting to a model
function by assuming the simultaneous TPA process induced
by an optical pulse having the Gaussian profiles in time and
space.!> From each curve fitting, the two-photon absorbance ¢,
= o@ILN/hw was obtained, where 0@ is the TPA cross
sections, N, is number density of the sample, and Aw is the
photon energy. Good linearity was found for g, against the
incident power (therefore against I;) at each wavelength,
showing that contributions from the excited-state absorption
previously reported at a longer time scale for these systems'?
was negligible under the present measurement conditions.®
MPPBT® and 1,4-bis(p-dibutylaminostyryl)-2,5-dimethoxyben-
zene (compound 8 in ref 17) were measured under the same
experimental conditions as references for confirmation of the
absolute ¢® values reported here.

2.2. Calculation Method. For the theoretical simulations of
OPA spectra, the same equations used previously'® are used
for calculating the molar absorption coefficient &(w).

107 47
€)= [ oM o (M P)g(@) (M

where N, is Avogadro’s number, w is the angular frequency of
the incident light in s™!, 7 is the refractive index of the sample,
and g(w) is the normalized spectral shape function. My, is the
transition moment between the ground (g) and excited (f) states.
By adopting the usual dipole approximation, My, is expressed
by the matrix element of the dipole moment operator as

M,, = (flé-plg) @)

where € is the unit vector along the polarization direction of
the incident light and z is the dipole moment operator. In the
present spectral simulation, the following Lorentzian function
is used as the normalized shape function g(w).

r
glw) = 1 fgz 2 G)
”(wfg —w) + T,

where Iy, is the damping constant in s~

The TPA cross-section spectrum ¢'®(w) for the case of single-
beam experiments is expressed as

4w
o®(w) = LM, P g 2w) “
cn

where M, is the two-photon transition matrix element having
the same dimension as the dipole polarizability, expressed as

_ 2 _'._'” _'._'!!
Mfg(z) = i;me lkxfli) 18) 5)

a)kg

It should be noted here that the definition of the two-photon
transition matrix element tensor My, in this paper is somewhat
different from the one used previously.'®!° In eq 5, both ground
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Figure 2. Molecular structures of TPEBs and the parent BPEBs studied.

(k = g) and final (k = f) states are included in the summation
as the intermediate state for noncentrosymmetric systems. In
this case, eq 5 can be divided into two terms as

M, = Z (f1E-Filk)kIE-Elg) | Ay (KIE-Tlg)
12 W, — p”
k=g 8
k=f

(6)

where Al is the difference between the dipole moments of
the excited and ground states: Ay, = (flalfy — (glilg). In the
derivation of eq 6, the two-photon resonance condition, wy, =
2w, is used. The first summation term in eq 6 is called the three-
state term, which appears in any system irrespective of the
symmetry property, and the last term is called the dipolar term,
which disappears in the centrosymmetric systems.

The orientationally averaged TPA probability (M*I*) can
be expressed for the linearly polarized incident light as

), X,),2

XY,
@2 |1
(M PPy = % Z MooMys* + 2MgMy5*) ()
o

where M,z is each component (o, 5 = x, y, z) of the two-photon
transition matrix element and is expressed in terms of the
corresponding component of the dipole transition moments as
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where Aug* is each component of Atig,. In the case of the
noncentrosymmetric systems, from the division in eq 6, the
orientationally averaged TPA probability (IM;*I*) can be
divided into the following three terms as

+ T + T

dipolar Cross

(C))
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where
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where ¢ is the angle between the two vectors Afiy, and (flzilg).
Here Tipree-staie and Tiiporar are the three-state term and the dipolar
term at the level of the TPA probability, respectively, each
coming from the products within the first terms of eq 6 and the
products of the last term of eq 6, respectively. T 1S the cross
term between the first and last terms of eq 6. In the actual TPA
spectral simulation, a damping constant I'y, is incorporated in
the denominator of the first summation of eq 8, as wy, — w —
Wy, — @ — il'y,. For the normalized shape function g(2w), the
Lorentzian function is again used:

I
¢w) = + L (13)
(a)fg 2w)" + T

In previous studies,'® a diagonal approximation was used in
which the cross term between the three-state and dipolar terms
of eqs 6 and 8 and also the products between the three-state
terms having different intermediate states (k = k) in the
calculation of eq 10 were neglected; T 1S then neglected,
and Tipree-state 1S €Xpressed as

Az Ik )1
(1 + 2cos’ )
15h2 ,g‘ (0, — 0 ¢
k=f

three-state

(14)

where 6, is the angle between the two vectors (flulk) and (klzlg).
In the present study, however, this approximation was elimi-
nated, and full calculations were carried out because we have
found that the cross term of eq 12 often contributes significantly
to the resultant TPA cross-section, as will be shown later.
For discussing the quantitative influence of the one-photon
resonance on the TPA intensity in the three-state terms, the two
quantities, Tipree-stae(@fe/2) and Tipree-siae(0), are introduced. Here
Tinree-state(Wpo/2) expresses the Tipee-sue(@) value at the two-photon
resonance condition, @ = wyg/2, expressed as a function of the
frequency of the incident light. On the other hand, Tipee-siae(0)
expresses the value at the zero frequency and should be
considered as the static limit of Tiyee stre(@). The ratio R of
the two quantities is introduced as an index representlng the
influence of the one-photon resonance on the TPA intensity for
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each TPA allowed state. Using the R{? value, the three-state
term of the TPA probability may be expressed as the product
of effect of resonance and pure transition moment factor

Tthree—state(wfg/z) R @ Tthree state(o) (15)

Employing the R/ value, important electronic excited states
that are the origin of double resonance can be specified. The
R/ value is approximately equal to the square of the ratio Ry
between the scalar component of the transition polarizability
tensor and its static value previously introduced!” when only
one component of the two-photon transition matrix element
tensor is significantly large.

The molecules analyzed by calculation are shown in Figure
2. The experimental TPA properties of TD and para have been
reported by Slepkov et al.'? In the calculations, the dibutylamino
groups are replaced with dimethylamino groups, as done
previously.!® The validity of this approximation is based on
previous findings that symmetrically substituted stilbenes with
amino groups having alkyl chains longer than methyl groups
do not give TPA cross sections significantly different from that
with dimethylamino groups.'®® The molecular geometries used
for the present calculations were the same as those previously
optimized for the ground state of each molecule, which were
obtained with the 6-31G(d) basis set by the DFT method with
B3LYP parametrizations using the Gaussian program package.”
The geometry data are available in the Supporting Information
of ref 10. The optimized molecular structures belong to the point
symmetry groups D, C;, Cy, and C,,, for TD, para, ortho,
and meta, respectively. While the structures of para and ortho
deviate overall from C,, and C,, symmetry, respectively, the
deviation is very small. Thus, the structures in ref 10 were used
without any modification, but in discussing the symmetry
property, the point groups C,;, and C,, are assumed for para
and ortho, respectively, for convenience.

All excited state properties including the TPA properties were

calculated by the TDDFT/B3LYP method with the same
6-31G(d) basis set using both the Gaussian 03 program?* and
the DALTON 2.0 program?? for the same geometries optimized
for the ground states. It is known that the Gaussian program
has somewhat different parametrization for the B3LYP func-
tional from that in DALTON 2.0, but the resultant excited
state property is almost the same. For example, the difference
in the excitation energies is within 0.01 eV, so it is valid to
equate both parametrizations for convenience. The TPA proper-
ties can be calculated by two methods using the DALTON 2.0
program.”® One is to calculate the second-order transition
moments (keyword TWO-PHOTON) and the other is to
calculate the transition moments between the excited states
(keyword DOUBLE RESIDUE), both of which are based on
the quadratic response calculations (keyword QUADRA). The
former method calculates directly each component of the two-
photon transition matrix element M,® at two-photon resonance
condition, w = wy/2. However, it is difficult to describe the
dispersion behavior around the one-photon resonance in the TPA
spectral simulation and to use the values for further analysis
such as decomposition into each contributing term as in eq 9
or calculation of the static limit of the three-state term as
Three-siae(0). Therefore, for the TPA spectral simulation, the latter
method was mainly employed, and each component of the two-
photon transition matrix element was calculated using the sum-
over-state formula within the limited number of the excited
states. For this purpose, the lowest 34 excited states were taken
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Figure 3. The experimental (a) OPA and (b) TPA spectra of the centrosymmetric TPEB, all-donor TD and para, and (c) OPA and (d) TPA spectra

of the noncentrosymmetric TPEB, ortho and meta.

into account for TD and the lowest 20 excited states for the
other molecules. For these spectra, this choice is sufficiently
robust since these states cover the whole range of the photon
energy of incident light used experimentally. The higher excited
states can contribute to the TPA spectra as the intermediate states
in eq 6 or 8. The contribution of such states is not expected to
be large because of anticipated small transition moments with
the ground state. The validity of this choice is checked through
the comparison between the calculated values of each compo-
nent of M;® using the above two procedures.

3. Results and Discussion

3.1. Experimental OPA and TPA Spectra of TPEBs.
a. Centrosymmetric TPEBs. Figure 3a shows the experimental
OPA spectra of TD and para in THF. TD has the largest
absorption peak at 3.32 eV in the OPA spectrum. The second

largest absorption peak is observed at 3.04 eV with a shoulder
at 2.80 eV. A final band is observed at higher energy at 4.25
eV. The OPA spectrum of para has the largest peak at 3.29
eV, which is very close to that of TD, with a broad, weak
shoulder around 2.5 eV. At the higher energy side, a weak
absorption band is observed around 3.9 eV, which is less distinct
than that of TD.

Figure 3b shows the experimental TPA spectra of these
samples. TD is found to have a strong TPA band centered at
1.75 eV (AE = 3.49 eV) with a cross-section of 520 GM. At
the higher energy region, another less distinct TPA band is
observed at 2.0 eV (AE = 4.0 eV). On the other hand, para
has a single low-energy TPA band centered at 1.65 eV (AE =
3.31 eV). It should be noted that the peak cross-section for para
(240 GM) is much smaller than that of TD (520 GM). Moreover,
a large enhancement of TPA cross-section is observed at the
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TABLE 1: Assignment of the Main Observed OPA and TPA Bands of TPEBs

experimental calculated
AE, eV TPA cross sections
(A, nm)“ 0@ (GM) AE (eV)  symmetry orbital picture®
TD
OPA  2.80 (443) sh 2.68 S1(Bay) H (b)) — L (ay) (0.93)
3.04 (408) 2.90 S»(Bsuw) H — 1 (bsy) — L (a,) (0.88), H (by,) — L + 1 (by,) (0.44)
3.32 (373) 3.26 S4(Bsyw) H (by,) — L + 1 (by) (0.85), H — 1 (bsy) — L (a,) (—0.38)
4.25 (292) 4.26 S16(Bsy) H — 5 (bsy) — L (ay) (0.89)
TPA  3.49 (710)* 520 3.45 Ss(A,) H — 3 (a,) — L (a,) (0.93)
3.86 Ss(A,) H -2 (b)) =L+ 1 (b (091)
4.00 (620)* 340 4.05 So(B1,) H -3 (a,) — L + 1 (b (0.98)
4.18 S14(Ap) H — 1 (bsg) — L + 2 (bsy) (0.75)
4.51 Sas(Ag) H (byy) — L + 7 (bye) (0.62), H — 1 (bsy) — L + 2 (bs,) (0.51)
4.60 Sas(B1g) H — 1 (bsg) — L + 7 (by) (0.89)
para
OPA 2.5 (500) sh 1.87 S(By) H (by) — L (ay) (0.97)
2.64 S4(By) H—1(a,) =L+ 1 (by) (0.99)
3.29 (377) 2.87 Ss(By) H (b)) — L + 2 (a,) (0.71), H — 2 (by) — L (a,) (0.63)
2.93 Se(By) H — 2 (by) — L (a,) (0.70), H (by) — L + 2 (a,) (—0.63)
3.9 (320) wk 3.29 Sg(By) H (b)) — L + 3 (a,) (0.77), H — 3 (by) — L (a,) (—0.54)
342 Si0(By) H — 3 (by) — L (a,) (0.80), H (by) — L + 3 (a,) (0.55)
TPA  3.31 (750)* 240 3.21 S1(Ap) H—-2(by) =L+ 1(by (0.77), H— 1 (a,) — L + 2 (a,) (0.59)
3.34 So(Ay) H—-1(,)—L+ 2@, (0.73), H—2 (b)) — L + 1 (by) (—0.56)
>4.24 (856)* >600 3.76 S14(Ay) H — 3 (by) — L + 1 (by) (0.80), H— I(a,) — L + 3 (a,) (—0.55)
ortho
OPA  3.03 (409) 2.37 S3(A)) H — 1 (ap) — L (ap) (0.82), H (b;) — L + 1 (by) (0.51)
3.84 (323) 3.39 So(A}) H — 3 (ap) — L (ap) (0.68), H (b;) — L + 3 (by) (—0.62)
TPA  2.88 (860)* 420 2.37 S3(A)) H — 1 (ap) — L (ap) (0.82), H (b;) — L + 1 (by) (0.51)
>4.24 (856)* >400 3.98 Si9(A1) H — 5 (ap) — L (ap) (0.98)
meta
OPA  2.96 (420) 2.38 S3(B») H (a) = L + 1 (b)) (0.70), H — 1 (b;) — L (ay) (—0.66)
3.81 (325) 3.32 So(B») H—-2(a)— L+ 1(b)(0.82), H— 3 (b)) — L (ay) (—0.49)
TPA  2.64 (940)* 400 2.18 Si(A) H (ay) — L (a») (0.93)
2.38 S3(B») H (a) = L + 1 (b)) (0.70), H — 1 (b;) — L (ay) (—0.66)
2.42 S4(A)) H-1(b;)—L+1(b)(0.97)
>4.24 (856)* >400 391 S15(By) H — 4(b;) — L (ay) (0.93)

“sh = shoulder, wk = weak. Excitation energy and the corresponding wavelength of the incident light. The photon energy is doubled for the
excitation energy of a TPA bands (shown with *). *H and L stand for HOMO and LUMO, respectively. Value in the parentheses is the

coefficient of each electronic configuration.

higher energy region up to the measurement limit (2.12 eV,
AE = 424 eV), as described previously.'?

In the case of the centrosymmetric molecules TD and para,
the parity selection rule holds. Therefore, it is valid to consider
that the OPA and TPA result in the excited states having
different origins, even if OPA and TPA allowed states are
present at energy levels near to each other. These spectroscopic
parameters are summarized in Table 1 with the tentative
assignments of the main OPA and TPA bands for all four
TPEBs, which will be discussed in the later sections.

b. Noncentrosymmetric TPEBs. Figure 3c shows the ex-
perimental OPA spectra of ortho and meta in THF. As seen in
the figures, the OPA spectra of ortho and meta are very similar
to each other in peak positions, intensities, and spectral shapes.
This is also true for the TPA spectra (Figure 3d). The largest
OPA peaks are observed, respectively, at 3.84 and 3.81 eV for
ortho and meta with the second largest peaks located around
3.03 and 2.96 eV. In the TPA spectra, ortho has a peak at 1.44
eV (AE = 2.88 eV), whereas meta has a peak at 1.32 eV (AE
=2.63 eV), with almost the same magnitude of the cross-section
(420 and 400 GM, respectively). At a photon energy higher
than 2.0 eV, both spectra show enhancement in the TPA cross-
section. These spectroscopic parameters are also summarized
in Table 1.

It is worth noting that the shape of the OPA and TPA spectra
differs considerably from each other, even though the TPA

transitions occur to the same excited states where the OPA
transitions occur because of the noncentrosymmetry of these
molecules. This discrepancy is discussed in a later section with
the assignment of the transitions.

3.2. Calculated OPA and TPA Spectra of TPEBs. Figure
4 shows the simulated (a) OPA and (b) TPA spectra of the two
centrosymmetric TPEBs (TD and para) and the simulated (c)
OPA and (d) TPA spectra of the two noncentrosymmetric
TPEBs (ortho and meta). The simulations are made on the basis
of eqs 1 and 4 for the OPA and TPA spectra, respectively, where
all the damping constants AL in the equations are assumed to
be 0.248 eV, which corresponds to a wavenumber of 2000 cm ™!,
so as to reproduce the distinct nature of peaks in the observed
spectra. Full numerical data calculated for the excited states used
for the simulations are available in the Supporting Information,
where Tables S1, S2, S3, and S4 show the calculated excitation
energies, symmetry species, main contributing electronic con-
figurations, oscillator strength, and TPA probability of the
excited states of TD, para, ortho, and meta, respectively. Here
the TPA probabilities (IMy®I*) calculated by the two methods
mentioned above are listed. As mentioned previously, the
calculated molecular structures of para and ortho can ap-
proximately be considered to have the C,, and C,, symmetry,
respectively. Therefore, the irreducible representation in Tables
S2 and S3 is described in terms of the C,, and C,, symmetry,
respectively.



TPA Properties of 2D s-Conjugated Chromophores

One-photon absorption spectra

1.210° T
—a—TD-TPEB
5 == =para-TPEB
= 110 |
€
©
s
= 810° |
ko]
k3]
] 4
8 610"+
s
B ]
2 410"
©
k<
2 4
= 210" -
e~
0 1 1 1 1 1 1
1 2 3 4 5 6
Photon energy (eV)
(@)
Two-photon absorption spectra
1400 |
. [ |=2—TD-TPEB
<§5 1200 - | == =para-TPEB
<
S L
‘g 1000 C
(2]
(23
8 L
5 800
s L
o
:6_‘. L
5 600
(7] L
Qo
©
c L
S 400
o - 4
<
?. o 4
£ 200 / ]
[ L /v/ 4
[ , |
0.5 1 1.5 2 2.5 3

Photon energy (eV)

(b)

J. Phys. Chem. A, Vol. xxx, No. xx, XXXX G

One-photon absorption spectra
110° S A

—=2A—ortho-TPEB
=¥ =meta-TPEB

Molar absorption coefficient (M'ecm™)

Photon energy (eV)
(c)

Two-photon absorption spectra

800 ———
7005
eoof
soof
4005
3oof

200 |

—#— ortho-TPEB ]
—¥ -meta-TPEB ]

0.5 1 1.5 2 2.5 3

Two-photon absorption cross section (GM)

100 |

Photon energy (eV)

(d)

Figure 4. The simulated (a) OPA and (b) TPA spectra of the centrosymmetric TPEB, all-donor TD and para, and (c) OPA and (d) TPA spectra

of the noncentrosymmetric TPEB, ortho and meta.

a. Centrosymmetric TPEBs. Figure 4a shows the calculated
OPA spectra of TD and para. We can see that the calculated
spectra simulate nicely most of the features found in the
experimental spectra. For TD, not only the largest peak in
3.0—3.5 eV with a broad shoulder at the lower energy region
but also a small peak at 4.0 eV observed for the experimental
spectra (Figure 3a) are successfully reproduced in the calculated
spectrum. For para, an underestimation of about 0.4—0.6 eV
is found in the calculated excitation energies. For example, the
largest OPA peak appears at 2.93 eV in the calculation, which
should correspond to the peak at 3.29 eV in the experiment.
This underestimation may be due to the B3LYP parametrization
used for the present TDDFT calculations. However, if this
underestimation is taken into account, the calculated spectrum
well-simulates the experimental one (Figure 3a) in the spectral
shapes.

Figure 4b shows the calculated TPA spectra of TD and para.
For TD, the largest TPA band at 1.5—1.9 eV and a broad

shoulder in the lower energy region (Figure 3b) are reproduced
well in the simulated spectrum. Moreover, a smaller peak
observed at 2.0 eV is also found in the calculated spectrum,
although the calculated excitation energies are somewhat
overestimated about 0.3 eV. For para, the TPA bands in
1.3—1.8 eV are well-reproduced in the calculated spectra, except
the relative magnitude against that of TD. Moreover, the
observed increase in the higher energy region of 1.8—2.2 eV
also appears in the calculated spectrum. The relative magnitude
of 1.3—1.8 eV bands for para against that of TD is much larger
than observed experimentally. The reason of this is not yet clear;
nevertheless, the calculated spectra reproduce the general
features of the experimental TPA spectra.

b. Noncentrosymmetric TPEBs. Parts c and d of Figure 4
show the calculated OPA and TPA spectra, respectively, of
ortho and meta. The calculated OPA and TPA spectra simulate
well the experimentally observed spectra (Figure 3c,d) even for
the noncentrosymmetric TPEBs, although the calculated excita-
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tion energies are underestimated for both OPA and TPA spectra,
which can reflect the common defect in the TD-B3LYP
approximation for the CT systems. The relative magnitude of
the spectra is well-reproduced not only for the OPA but also
for the TPA spectra.

By using the similarity in the spectral shapes for both
centrosymmetric and noncentrosymmetric TPEBs, we can make
assignment and further interpretation of the main bands of
experimental OPA and TPA spectra, which are summarized in
Table 1.

3.3. Interpretation of the Experimental OPA and TPA
Spectra Based on the Calculation Results. For further
interpretation of the experimentally observed spectra, it is useful
to discuss the spatial distribution of the molecular orbitals
concerning OPA or TPA excitations, particularly in comparison
to those of the constituent parts, D—az—D, A—x—A, and
D—x—A BPEBs (see Figure Sla—c, Supporting Information).
Figure 5 shows the orbital maps of four occupied and four
unoccupied sr-orbitals near the HOMO and LUMO of (a) TD,
(b) para, (c) ortho, and (d) meta. From the figures, it is clear
that the TPEB MOs are derivable from linear combination of
the MOs of the two crossing BPEB [bis(phenylethynyl)benzene]
derivatives. This finding is quite useful for analysis of the
observed OPA and TPA spectra, and hereafter, the respective
BPEB derivatives will be called parent BPEBs. The degree of
the mixing strongly depends on the configuration of peripheral
donor or acceptor groups. In the centrosymmetric TPEBs, the
symmetry properties of MO such as parity (gerade or ungerade)
are preserved from the parent BPEBs. Figure 6a shows such
mixing of the MOs near the HOMO and LUMO of the parent
BPEBs of D—z—D and A—m—A types in the centrosymmetric
TPEBs (TD and para). Figure 6b shows similar mixing of the
MOs near the HOMO and LUMO of the parent BPEBs of
D—a—A types in the noncentrosymmetric TPEBs (ortho and
meta).

a. Centrosymmetric TPEBs. TD. In the case of TD, the
71-MOs near the HOMO or LUMO can be described by linear
combinations of those of two equivalent parent BPEBs, as
shown in Figure 6(a). In the parent BPEB, the MOs with gerade
(g) and ungerade (u) character appear almost alternatively near
the HOMO or LUMO, where the HOMO belongs to g symmetry
(byg in the D, point group) and the LUMO to u symmetry (b,
in Dy;). As the result of the orbital mixing of the two BPEB
molecules, both HOMO — 1 and HOMO of TD have the g
symmetry, where the HOMO — 1 belongs to bs, and the HOMO
to by, Likewise, both LUMO and LUMO + 1 have the u
symmetry, where the LUMO belongs to a, and the LUMO + 1
to by, as shown in the calculated orbital maps of TD in Figure
5a. The HOMO — LUMO transition in the parent BPEB is one-
photon allowed and two-photon forbidden. Similarly, all transi-
tions from HOMO — 1 (bs,) or HOMO (b,,) to LUMO (a,) or
LUMO + 1 (by,) are also one-photon allowed and two-photon
forbidden for TD, which restricts both its OPA and TPA
spectroscopic properties. For example, due to parity in the
centrosymmetry, the appearance of the TPA allowed (g) states
for TD are very sparse (as shown in Table S1, Supporting
Information).

In the Supporting Information, tentative assignment of OPA
and TPA bands and possible virtual transition paths of main
TPA bands of TD are described in detail. On the basis of the
assignment, it turns out that several mechanisms govern the
intensities in the TPA bands characteristic to TD in addition to
the parity selection rules. One is that among the two symmetry-
allowed species, the states with the A, symmetry show relatively
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larger TPA intensity than those with the B, symmetry. For
example, the observed TPA peak with the strong intensity at
1.75 eV is assigned to two excited A, states, Ss and Sg, which
show larger TPA intensity than the S; state, which belongs to
the By, symmetry. This is due to the factor of 1 + 2 cos® 6, in
eq 14. Another mechanism which governs the relative TPA
intensity is a magnitude relation between the conjugate-pair in
terms of the alternancy symmetry having the same spatial
symmetry species, discussed in the previous paper.'3* For
example, the Ss(A,) and Sg(A,) states together should form a
conjugate-pair, and usually, the TPA intensity becomes larger
for one state and smaller for the other. However, in the present
case, the two states show similar TPA intensity. It is found that,
due to the breaking of the alternancy symmetry, the main
transition path can be different between the two states.
Moreover, it is probable that the different transition paths
negatively contribute to the total transition moment for the
Sg(A,) state. This can be regarded as an example of destructive
interference between different transition channels as proposed
by Cronstrand et al.’

Para. In case of para, there is a crossing of the D—7z—D
and A—mr—A structures present in the parent BPEBs. Therefore,
the MOs near the HOMO of para are similar to those of
D—x—D and the MOs near the LUMO are similar to those of
A—m—A, as shown in Figure 6a. This can be confirmed from
the comparison among the orbital maps of para (Figure 5b)
and the parent BPEBs (Figures Sla,b, Supporting Information).
The transitions within the D—z—D or A—7—A moieties are
similar to those of the parent D—z—D or A—s—A molecules.
In the Supporting Information, tentative assignment of OPA and
TPA bands and possible virtual transition paths of main TPA
bands of para are described in detail. In the case of para,
besides the parity selection rules, the larger orbital overlaps,
which lead to larger transition densities between the orbitals at
each step of the transitions, are found to be more critical in
determining the TPA intensities. As shown in Figure 5b, the
orbitals tend to be localized on either of the D—s—D or
A—m— A moieties. Therefore, transitions between the same type
of moieties gives larger transition densities. For example, the
excitations to the S;(A,) and Sg(A,) states occur within the
D—n—D or A—m—A moieties. The experimental TPA bands
around 1.3—1.8 eV can be assigned to these states. However,
there exist transitions from the D—sz—D to A—s—A moieties
in the relatively lower energy regions. This characteristic of
excitations of para affects the spectroscopic properties of both
OPA and TPA.

Centrosymmetric chromophore para thus shows excitations
with variable composition, including transitions within the same
D—m—D or A—m—A moieties, as well as transition between
the different moieties. This can account for the presence of the
shoulder band at low energy in the OPA spectrum and/or the
broad nature of the bands in the TPA spectrum. On the other
hand, the molecular structure of TD is highly symmetric, and
the orbitals and the transition densities are highly delocalized.
Therefore, there is no TPA band in the lower energy region
and the delocalized transition density is considered to be
concentrated on particular transition paths. This can be the origin
of the larger TPA cross-section observed for TD. Overall, the
origin of each band in OPA and TPA spectra for the two
centrosymmetric TPEBs is successfully explained by the present
calculations.

b. Noncentrosymmetric TPEBs. Ortho and Meta. Two
noncentrosymmetric TPEBs (ortho and meta) can be considered
to belong to the C,, point group, where ortho and meta have
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the symmetry axis along the long and short axes of the
molecules, respectively. In this point group, the excited states
due to the m—m* excitation belongs to either of the A; or B,
symmetry, both of which are, in principle, OPA- and TPA-
allowed. Comparison of Tables S3 and S4 (Supporting Informa-
tion) indicates that symmetry species of the lower excited states
are different from each other. This originates from the fact that
the ordering of the symmetry of the four orbitals from the
HOMO — 3 to HOMO changes from a,, by, a,, and b, for ortho
to by, ay, by, and a, for meta, as shown in Figure 6b. This can
be understood from the relationship of how the symmetries of
the HOMO and LUMO of the central benzene ring are correlated
with orbital symmetries in the different circumstance (e.g., in
the C,, point group with the different symmetry axis, as shown
in Table S8, Supporting Information). For example, the lowest
excited S, state belongs to B, for ortho and to A, for meta,
and in both states, the main configurations correspond to the
HOMO — LUMO transition. However, when the shape of
molecule is considered as a rectangle, it is found that the
directions of both transition moments are along the short axis
of the rectangle. Thus, the common directions in the rectangular
molecular shape rather than the common symmetry symbol are
found to be primary responsible for the ordering of the excited
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states. It is also found that the similarity in the OPA spectra
between ortho and meta reflects the common direction of the
transition moments in the molecular shape.

Contrary to the OPA properties, the difference between the
A or B, states becomes important for the TPA properties. For
the molecules with the C,, symmetry like ortho and meta, the
A, excited states generally show stronger TPA intensities than
the B, excited states. This results from the fact that for both of
the three-state and dipolar terms in eq 9, the A, state shows
three times intensity of the B, state when the permanent and
transition dipole moment values are the same. This situation is
summarized for C,, symmetry in Table S5 (Supporting Informa-
tion) and shows some differences in the TPA properties between
ortho and meta, even though experimental and simulated TPA
spectra appear similar to each other.

¢. Classification of Excited States of Ortho and Meta. From
the orbital pictures for the transitions to the lower w—m* excited
states of ortho and meta shown in Tables S3 and S4 (Supporting
Information), it is found that the excited states of the two TPEBs
can be classified into two groups. One group is composed of
the Si(B,), S»(A1), S3(A), and S4(B») states for ortho and the
S1(A)), S2(B»), S3(B»), and S4(A ) states for meta, the transitions
to which are the (HOMO — 1, HOMO) — (LUMO, LUMO +
1). The other group consists of the Ss(B,), S¢(B2), S7(A)), Ss(A)),
Sg(A]), Slo(A]), S]](Bz), and S|4(B2) states for ortho and the
Ss(A1), Se(B2), S7(A1), Ss(B2), So(B2), Si0(B2), Sii(Ay), and
S14(A,) states for meta, the transitions to which are due to the
superposition of the (HOMO — 3, HOMO — 2) — (LUMO,
LUMO + 1) transitions and the (HOMO — 1, HOMO) —
(LUMO + 2, LUMO + 3) transitions, giving rise to the eight
excited states in total. Furthermore, the excited states in each
of the two groups do not mix electronic configurations (see
Tables S3 and S4, Supporting Information).

This separation can be considered to be the result of linear
combinations of MOs of the two identical noncentrosymmetric
BPEB of the D—7—A type, as shown in Figure 6b for the
TPEBs. The first group originates from the HOMO — LUMO
transitions in the parent BPEB. Generally, the transition to the
lowest excited state corresponds to the HOMO — LUMO
transition having a strong intramolecular charge transfer (CT)
character from the donor to acceptor groups for the polar
molecules like the parent BPEB. The four lower excited states
of the TPEBs also reflect such CT character. The second group
originates from the HOMO — LUMO + 1 and HOMO — 1 —
LUMO transitions in the parent BPEB.

On the basis of the classification above, a rough assignment
of the OPA and TPA spectra can be made. The second largest
OPA band at 2.9—3.1 eV in Figure 3c and the TPA band around
1.3—1.5 eV in Figure 3d can be due to the excited states in the
first group. On the other hand, the largest OPA band at 3.8—3.9
eV can be due to the excited states in the second group. The
corresponding TPA bands do not appear in the simulated spectra
in spite of the strong OPA intensities. This is characteristic of
the TPA spectra of the two molecules, and the mechanism of
this diminishing intensity from OPA to TPA is discussed in
the next subsection. As mentioned above, the mechanisms which
govern the OPA intensities are similar to each other for ortho
and meta, but those for the TPA intensity are slightly different.
In the Supporting Information, tentative assignment of OPA and
TPA bands for ortho and meta and differences in the mecha-
nisms are described in detail.

d. Destructive Interference in TPA Intensities of Ortho and
Meta. Next, the mechanism of diminishing intensities from OPA
to TPA observed for the bands in the second group of the
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noncentrosymmetric TPEBs, which show strong OPA but weak
TPA intensities, is discussed. As discussed previously,'s® two
terms can contribute to the total TPA cross sections for the case
of the noncentrosymmetric systems, that is, the dipolar and three-
state terms shown in eq 6. The relative importance of the two
terms can vary depending on the character of the excited states.
The dipolar term becomes dominant when the state has a large
transition moment with the ground state, which can be observed
in the OPA intensities, and also large difference in the permanent
dipole moments with the ground state. The three-state term
becomes dominant when the transition moment between the
ground and another intermediate excited state is large and the
state itself has a large transition moment with the intermediate
exited state. Resonance enhancement can be expected from the
three-state term. In the lowest excited state, it is natural to
consider that the dipolar term contributes much more than the
three-state terms, because the intermediate state, which is
necessary for the three-state term, always lies in the higher
energy region for the lowest excited state and the energy
denominator in the equation becomes larger. In fact, on the basis
of this consideration, the TPA intensities for the lowest excited
states in most noncentrosymmetric molecules have been dis-
cussed only with the dipolar terms. On the contrary, for the
excited states other than the lowest state, both terms can
contribute concurrently to the total TPA intensity.

There are several possibilities that lead to TPA intensity that
are small despite large OPA intensities. One is the case where
the difference in the permanent dipole moment with the ground
state is small and the transition moments with other excited
states are also small. Alternatively, the possibility can be
considered where the cross term negatively contributes and the
cancellation in total TPA intensity occurs, even if each term
has sufficiently large values. Figure 7 shows the spectral
simulation of the decomposition into the contributing terms
including the cross term for the (a) ortho and (b) meta. Large
negative values in the cross terms are observed in the region
over 1.5 eV. It can also be seen in Tables S9 and S10 that, for
the So(A;) and Sg(A;) states of ortho and for the S;y(B,) and
So(B,) states of meta, large cancellation occurs to give small
TPA intensities even though the three-state terms have large
values. This can be regarded as another type of constructive or
destructive interference between different transition channels.?’

This kind of the interference effect was previously discussed
by Delysse et al.?® Following Delysse et al., when only one
excited state (k) contributes as the intermediate state to the three-
state term and, for example, all the transition moments are
collinear, the TPA probability can be described by the following
equation in the present formulation.

]2

This leads to a simple relationship among the amounts of
the three terms as T o5 = + Tihwee-state L dipotar, Where the sign is
indicative of the constructive (+) or destructive (—) interfer-
ences. In fact, it can be seen in Tables S9 and S10 (Supporting
Information) that some excited states of the two molecules
approximately satisfy the relationship. The destructive interfer-
ence effect can account for why the bands in the second group
do not show large TPA cross sections in the experimental
observations.
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Conclusions

In this paper, the results of our analysis on the TPA properties
of model two-dimensionally extended 7z-conjugated TPEBs are
reported by comparing each spectral band experimentally
observed with those of the present MO calculations. The
theoretical spectra simulated from the calculations reproduce
well the experimental spectra observed not only for OPA but
also for TPA. On the basis of the calculations, the origin of all
spectral bands was specified at the levels of electronic configu-
rations or orbitals. It is revealed that the TPA properties vary
depending on the species or positions of the substituents for
the two-dimensionally extended systems. The all donor substi-
tuted TPEB, TD, is highly symmetric, and MOs near the HOMO
or LUMO are highly delocalized. This concentrates large
transition densities on specific transition paths, which gives rise
to larger TPA cross sections than other centrosymmetric systems,
such as para TPEB. In para, different types of the transition
paths are allowed. From these observations, it is found that the
primary factor to control the TPA properties is the molecular
symmetry. For the symmetric molecules, it is possible to control
the TPA strength by adjusting of the molecular structure so as
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to concentrate the transition densities to some specific transition
paths. The two noncentrosymmetric TPEBs, ortho and meta,
show similar spectra in both OPA and TPA. However, the
present analysis indicates that the origins of TPA can be
different. The origin of the TPA spectra of ortho, which shows
the transition moment along the long axis of the molecule for
the important excited states, is more like that of one-dimensional
D—m—A molecules. On the other hand, for meta, there exist
the excited states specific to the two-dimensional molecules, in
which the directions of the transition moment and the dipole
moment are perpendicular to each other. Additionally, it should
be pointed out that no TPA bands are observed that correspond
to the strongest excited states observed in the experimental OPA
spectra of the two TPEBs, ortho and meta, irrespective of the
fact that all the excited states should be symmetry-allowed for
both OPA and TPA transitions due to lack of the centrosym-
metry. The present theoretical analysis reveals that this is due
to the destructive interference between different transition paths
with different characters. This phenomenon can be considered
a sort of purely quantum mechanical effects, which are expected
for processes concerning multiphoton transitions like TPA 2728
This finding may lead us to another way of controlling the TPA
properties in the molecular systems, for example, enhancement
of the TPA strength using the constructive interference among
different transition paths.
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