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Organic and polymeric second-order nonlinear optical
(NLO) materials have attracted much attention in the past
two decades because of their potential applications in the
fields of telecommunication, optical data storage, and optical
information processing.1 Generally, high performance electro-
optic elements, especially those for frequency doubling
application, require both high nonlinearities and low optical
loss (high transparency). Traditional organic chromophores
are organic molecules that contain electron-donating and
electron-accepting groups connected via a conjugatedπ
system, i.e., so-called D-π-A structure. Generally, the first
nonlinear hyperpolarizabilityâ of a molecule increases with
increasing length of the conjugatedπ system and increasing
strength of the donor and/or acceptor on the basis of the two-
state model.2 Unfortunately, an increase in theâ value is
accompanied by a bathochromic shift due to a larger
π-conjugated length and/or stronger donor and acceptor
ability. Therefore, there is always a tradeoff between
nonlinearity and transparency.3,4 To resolve this problem,
three kind of methods have been developed in designing
organic chromophores with both highâ value and good
transparency, (1) employing a special conjugated bridge5 or

using different types of conjugation bridge combinations,6

(2) optimizing the combination of different donors (D) and
acceptors (A),7 (3) employing dual (mutiple) charge-transfer
chromophores, such as octupolar,8 Λ-shaped,9 and X-
shaped,10 etc. Willand11 and Katz12,13 synthesized polymers
or oligomers in which D-π-A units were assembled in a
head-to-tail arrangement as a part of the backbones of the
polymers or the oligomers. The polymers or oligomers that
the D-π-A units were connected to in series possessed a
dramatic enhancement in the EFISH signal (µâ) relative to
an equivalent concentration of the D-π-A unit as a
monomer. However, achieving the nonlinearity-transparency
tradeoff of the chromophores is still one of the major
challenging topics. Therefore, we have recently designed and
synthesized a series of novel chromophores (Figure 1) in
which 9,10-dihydroanthracene is employed as molecular
backbone, on which two D-π-A units are incorporated in
a nonconjugated fashion and fixed at nearly the same
orientation. The chromophores with two D-π-A units
connected in parallel exhibited a remarkable enhancement
in â.

The synthesis of the novel chromophores was achieved
by a two-step reaction (Scheme 1), in which the key
intermediate 1,8-dihydroxy-9,10-dihydroanthracene was pre-
pared by the reduction of 1,8-dihydroxyl-9,10-anthraquinone
with Zn/NaOH, followed by the diazo-coupling with aromatic
diazonium salt solutions. Their1H NMR, 13C NMR, IR, and
MS spectra data were in accord with the assigned structures.

The Hyper-Rayleigh scattering (HRS) technique at 1064
nm was employed to measure the first hyperpolarizabilities
(â).14 The excitation source was a Q-switched Nd:YAG laser
system (Continuum Precision II 8010) producing an∼8 ns
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duration and∼1 cm-1 spectral width laser output with a
repetition rate of 10 Hz.p-Nitroaniline (pNA) was used as
the external reference.15 HRS spectra shown in Figure 2 have
been measured using fluorescence spectrometer (Edinburgh,
FLS920).16 We can see no fluorescence background in the
HRS measurement. The fundamental limits forâ0max were
also calculated. These data show that experimentalâ0 values
are much lower than the fundamental limit. Because the HRS
signals in Figure 2(1) are quite linear with the concentrations
of the solute, any concentration-dependent effect, such as
the aggregation and hydrogen bonds, could be ignored. An
effect on local fields from solvent could also be ignored,
because the D-π-A units of the novel chromospheres are
the same as that of the corresponding monomers, and the
refractive index change of the solutions for the mono-D-
π-A unit and the double D-π-A unit chromophore is
neglectable. The linear and the nonlinear properties of the
novel chromophores and the corresponding mono-D-π-A
unit reference compounds are summarized in Table 1. It can
be seen that the first hyperpolarizabilities (â) of the chro-
mophores (1a-5a) with two nonconjugated D-π-A units
are remarkably increased compared with the corresponding

mono-D-π-A unit reference compounds (1b-5b). The
enhancements per D-π-A unit from 1.2 to 2.0 are observed.
Because of the nonconjugated connection between two
D-π-A units, the absorption bands of new chromophores
are only slightly shifted to longer wavelengths compared with
the corresponding reference compounds (Table 1). For
instance, their absorption maxima in THF solutions are red-
shifted for only 8.2-10.7 nm. Therefore, an important
advantage of these chromophores is that the resulting
remarkable increase in the first hyperpolarizabilities is not
accompanied by a large unfavorable red shift of the absorp-
tion band.

To explore the origin of the pronounced increase of the
nonlinear second-order optical response of the chromophores
with two nonconjugated D-π-A units, we determined the
crystal structure of3a (Figure 3) by Bruker CCD X-ray
diffraction.17 It is found that the two D-π-A units in a
single molecule are nearly arranged in the same direction
because of the fixing action of the two methylene bridges.
The crystal structure data also indicated that all atoms in
each D-π-A unit exist almost in the same plane and the
planes of the two D-π-A systems in a single molecule
make an angle of 10.1° on average. Di Bella et al.18 reported
a theoretical analysis of the NLO response for a hypothetical
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Figure 1. Chemical structures of chromophores (1a-5a) with two
nonconjugated D-π-A units and their corresponding mono-D-π-A unit
analogues (1b-5b).

Scheme 1. Synthesis of Chromophores with Two
Nonconjugated D-π-A Units

Figure 2. Measurement of the first hyperpolarizabilities (â); (1) HRS
intensities versus molar concentration of2a and2b. Solid lines are linear
fitting of the experimental data; (2) Hyper-Rayleigh scattering spectra of
chromophores (1a-5a).
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pNA dimer based on a two-level model using the SOS
perturbation. According to the estimation, the NLO response
would have a sharp increase when two D-π-A units of a
hypotheticalpNA dimer are arranged in the same direction
and the distance between them is less than 3.3 Å. In the
present case, the two D-π-A units in a single molecule
are nearly arranged in the same direction and the limited
distance is 2.531 Å (C4-C6) and 2.578 Å (C11-C13) from
the crystal structure data. It implies that the novel chro-
mophores can exhibit large second-order NLO responses.
As we know, the signal of HRS is a kind of scattering, which

is incoherent. However, in our case, the two parallel D-π-A
units of the chromophores are fixed in close proximity. Thus,
the radiation from the two D-π-A units would be coherent
if they are close enough. The partial coherent HRS signal
should be the main reason for enhancement.

In summary, we have synthesized a series of novel NLO
chromophores with two non-conjugated D-π-A units
oriented at nearly the same direction, and found that they
possess much higher first molecular hyperpolarizability (â)
values than the corresponding mono-D-π-A unit reference
compounds, and these increasedâ values are not ac-
companied by a large red shift in the absorption band. We
expect that this methodology may provide a new opportunity
for dealing with the nonlinearity-transparency tradeoff. The
synthesis of further chromophores and the detailed investiga-
tion of the reason for the dramatic increase in the first
hyperpolarizability are currently in progress.
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Table 1. Linear and Nonlinear Properties of Chromophores 1a-5a and 1b-5b

λmax (nm)a

chromophore AcOEt THF MeOH red shiftb in THF (nm) â (×10-30esu)c in THF â0 (×10-30esu) in THF
â enhancement

per D-π-A unit

1a 393.2 398.0 398.6 10.0 277 105 2.0
1b 381.5 388.0 382.9 70 28
2a 361.0 367.0 362.7 9.7 252 117 1.2
2b 353.0 357.3 355.0 108 52
3a 361.8 365.0 361.8 9.8 185 86 1.3
3b 352.0 355.2 353.8 72 35
4a 361.8 366.0 361.8 10.7 142 66 1.4
4b 352.9 355.3 353.8 50 24
5a 361.8 365.4 362.0 8.2 211 97 1.3
5b 353.5 357.2 354.6 84 42

a AcOEt ) ethyl acetate; THF) tetrahydrofuran; MeOH) methanol.b The red shift data ofa compared withb. c At 1064 nm,withp-nitroaniline (pNA)
as the external reference.

Figure 3. Molecular structure of3a, shown with 30% probability level
displacement ellipsoids.
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