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Second-order nonlinear optical devices can be constructed by
arranging the organic chromophores as pendants into a supramo-
lecular backbone.1-4 Enhancement of such nonlinearity has been
observed when chromophores are organized in a fixed non-
centrosymmetric arrangement as side groups of helical polyiso-
cyanide and polypeptide.1 However, no enhancement on the first
hyperpolarizabilityâ0 values was observed for chromophores
incorporated into a polymer with a flexible backbone.4 The use
of more rigid polymers such as polynorbornenes (PNB) derived
from the ring-opening metathesis polymerization (ROMP) of
norbornene derivatives in optoelectronic applications has been
briefly explored.5-7 The versatility of this methodology was
demonstrated by synthesizing liquid crystalline polymers,5 elec-
troluminescent polymers,6 and multiblock copolymers bearing
various aryl chromophores to study their steady-state emission.7

We wish to report the first examples of using dipolar conjugated

moieties as pendants on a PNB backbone for the second-order
nonlinear optical investigations.

Four different monomers1 were synthesized (Scheme 1,
Supporting Information).8 Grubb’s ruthenium catalyst (RuCl2-
(PCy3)2(dCHPh) was employed to prepare the corresponding
polymers2.8,9 The Mn and polydispersity (PDI) of2 as well as
the absorption maxima in CHCl3 solution of both1 and 2 are
summarized in Table 1. The profiles of the absorption spectra of
1 and 2 are similar, although the absorption maxima for2 are
somewhat blue-shifted in comparison to those of the correspond-
ing 1.10 Only 1d and2d exhibited fluorescence emission at 497
and 492 nm, respectively, no excimer formation being detected.
Thermogravimetrical analyses showed that polymers2a and2d
were stable at 220°C, whereas2b and2c remained intact below
180 °C.

The hyper-Rayleigh scattering (HRS) method was employed
to measure theâ0 values for1 and 2 in CHCl3 which are also
tabulated in Table 1.11,12It is interesting to note that theâ0 values
are significantly enhanced in2 in comparison with those of the
corresponding monomers1. A plot of theâ0(2)/â0(1) having the
same pendant chromophore versus the average number of
repetitive monomeric units,n, in 2 gave a linear relationship with
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Table 1. Photophysical Properties of1 and2

compd Mn (PDI) na λmax (nm)b â0 (10-30 esu)b,c â0 (2)/â0 (1)

1a 475 31
2a 4200 (1.1) 13.5 469 178 5.7
1b 450 54d

2b 10000 (1.9) 26 435 459d 8.5
1c 495 32
2c 11700 (2.9) 27 487 283 8.8
1d 393 28
2d 17000 (1.3) 44 384 459 16.4

a Number of repetitive monomeric unit.b In CHCl3 solution.c Mea-
sured at the fundamental wavelength 1480 nm.d Measured at the
fundamental wavelength 1360 nm.
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a slope 0.36 (R2 ) 0.984) and the intercept at the origin. These
results indicated that each of the pendant chromphores contributes
to approximately 36% of its monomericâ0 values to the second-
order optical nonlinearity of the polymers and that the polymers
2 have a relatively rigid structure with uniform conformation.

ROMP of norbornenes by Grubb’s ruthenium catalyst gives
the polymers having mainly trans double bonds (>90%).9

Although the 13C NMR has been extensively employed for
studying the tacticity of polymers, only a limited number of
substrates have been investigated.13 Schrock et al. reported that
polymers prepared by Mo(CHBut)-catalyzed ROMP of nor-
bornenes exhibit a much higher dielectric constant, and thus
tacticity, than the corresponding atactic polymers prepared by
employing WCl6/SnMe4.14 In addition to tacticity, rotation about
the single bond may occur, leading to conformational isomers,
syn and anti. Figure 1 shows the fully optimized structures (by
the AM1 method) of the dimers having trans double bonds without
pendant chromophores. The relative energy of the two confor-
mational isomers in each dyad are less than 1 kcal/mol, and the
barrier for the interconversion is less than 2 kcal/mol.

The geometries of the dyads given in Figure 1 suggest that the
syn conformation in the racemic dyad and the anti conformation
in the meso dyad will likely generate a linear chain with longer
persistent length. Accordingly, the constant temperature molecular
dynamics (MD) calculations were carried out on octadecamer
without a pendant group at room temperature using the open force

field (OFF) method implemented in the Cerius2.15 The equilibrium
structures obtained from MD simulation are shown in Figure 2.
The isotactic chain results in a random coil, whereas the
substituents are aligned fairly well in the syndiotactic form.16

Introduction of pendant groups may provoke interactions between
chromophores which may further stabilize the syn conformation.
Indeed, the syndiotactic form of the decamer of2b was calculated
by the MD-OFF method, and the results are shown in Figure 3.
It is interesting to note that the most stable conformation of the
polymeric backbone is linear, with good alignment of the pendant
chromophores. In comparison with the experimental results shown
in Table 1, it seems likely that the polymers2 may adopt this
syndiotactic structure and each chromophore contributes coher-
ently to the hyperpolarizability of the polymer. The strong
enhancement ofâ0 values observed in the HRS experiments can
thus be rationalized.

In conclusion, we have demonstrated the significant enhance-
ment of â0 values for the non-centrosymmetric chromophores
attached to a rigid polynorbornene backbone. The HRS method
has been used for the first time as a convenient tool for the
estimation of the tacticity of such polymers. Polymers obtained
from the ruthenium-catalyzed ROMP of norbornenes have thus
been assigned to have syndiotactic structure. The extension of
this method to other rigid rod polymers and the potential for
holographic applications17 are in progress in these laboratories.
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Figure 1. The fully optimized conformations for the syndiotactic (syn
and anti) and isotactic (syn and anti) dimers

Figure 2. (a) The equilibrium conformation of the syndiotactic octa-
decamer without pendant group. (b) The equilibrium conformation of
the isotactic octadecamer without pendant group.

Figure 3. The equilibrium conformation of the syndiotactic form of the
decamer2b viewed from the end.
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