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Abstract

Hyper-Rayleigh scattering with a conventional 1064 nm laser source is employed to study the conformation of substituted
poly-norbornene polymers that contain the non-linear optical chromophores as pendant groups. The dispersion-free

Ž .first-hyperpolarizabilities b of the polymers and pendant chromophores are determined and compared. A large0

enhancement of the b values for the polymer samples is observed. Each of the chromophores is found to contribute 39% of0

its b value to that of the polymer, in close agreement with the result of a simple calculation. This agreement supports the0

syndiotactic polymer conformation already predicted with the open-force-field calculation. Two-photon absorption-induced
Ž .fluorescence TPF exists for most monomers but not for polymers in this study. The absence of TPF in the polymers may be

due to the excited-state electronic interaction between pendant chromophores. q 1999 Elsevier Science B.V. All rights
reserved.

Ž .Hyper-Rayleigh scattering HRS has been shown
to be a useful technique for determining the first

Ž . Ž .hyperpolarizability b of non-linear optical NLO
w xchromophores 1–4 . It is more straightforward than

the electric-field-induced second-harmonic genera-
Ž .tion EFISH technique. It can also be applied to the

ionic chromophores and the octopolar molecules to
w xwhich EFISH cannot be applied 5 . Recently, Kau-
Ž .ranen et al. have applied HRS also EFISH to

investigate the second-order optical non-linearity of
polymers which contain NLO chromophores as side
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w xgroups 6,7 . The b values of the polymers were
enhanced with respect to those of free NLO chro-
mophores. This supports the prediction that the poly-
mer backbone is very rigid and the NLO chro-
mophores are attached to the polymer backbone in a
non-centrosymmetric arrangement. Furthermore, the
NLO chromophores are orientationally correlated and
hence contribute coherently to the b value of the

w xpolymers 6,7 . On the contrary, no b enhancement
was reported for NLO chromophores incorporated in

w xthe polymer with a flexible backbone 8 . These
results show that the rigidity of the polymer back-
bone is essential to the b enhancement. As shown
by Kauranen et al., HRS cannot only be used to
determine the b values of the NLO chromophores
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but can also be used to investigate the rigidity of the
polymer backbone and the orientational correlation
of pendant NLO chromophores.

Recently, we employed HRS with laser wave-
lengths longer than 1064 nm to measure and com-
pare the dispersion-free first hyperpolarizabilities
Ž .b of the NLO chromophores and the substituted0

Ž .poly-norbornene SPN polymers that contain NLO
w xchromophores as side groups 9 . Large b enhance-0

ments for the polymer samples were observed. The
enhancement was linearly proportional to the number
of pendant chromophores. This further supports the
polymer-chromophore structure mentioned above.
We also estimated the conformation of the SPN
polymer using HRS along with the semi-empirical

Ž . Ž .molecular orbital MO and open-force-field OFF

w xcalculations 9 . The MO and OFF calculations
showed that the syndiotactic and isotactic forms are
two possible conformations for the polymer. For the
polymer without pendant groups, the syndiotactic
form assumes a curved and stretched chain while the

w xisotactic chain results in random coils 9 . Grafting
pendant chromophore groups to the backbone further
stabilizes the syndiotactic conformation due to chro-
mophore–chromophore interactions. As a result, the
polymer backbone becomes more stretched and its
side-chain chromophores are aligned fairly well with

w xorientational correlation 9 . The calculations also
showed that the side groups are all perpendicularly

Ž .attached to the polymer backbone us908 and fan
w xout at 1208 looking along the polymer chain 9 . The

b enhancement for the polymer samples measured0

Ž . Ž .Fig. 1. Chemical structures of the eight molecules studied in this work. n is the number of chromophores 1a–d in the polymers 2a–d .c



( )C.-C. Hsu et al.rChemical Physics Letters 311 1999 355–361 357

with the long-wavelength HRS supported the theoret-
w xically predicted syndiotactic conformation 9 . In this

work, we employed the conventional short-wave-
Ž .length 1064 nm HRS to measure the b values of

the polymers and their pendant chromophores. The
result is in line with our previous conclusion about
the conformation of the SPN polymers. Furthermore,
a calculation based on a simplified structural model
for the syndiotactic polymer was performed to sup-
port experimental observation.

Fig. 1 shows the chemical structures of the sam-
ples studied. Samples 1a–d, are the substituted nor-
bornene monomers. Samples 2a–d, are the SPN
polymers that have in order 13, 26, 27, and 44,
repeating units of the monomers shown above. The
simplified structure of the syndiotactic polymer is
shown in Fig. 2, where we assume the polymer
backbone is stretched along the z-axis and the side-
chain chromophores are all perpendicularly attached

Ž .to the polymer backbone us908 and uniformly
distributed, i.e. y608-f-608. CHCl was the3

Žsolvent used in this work. A solution of pNA para-
.nitroaniline in CHCl was used as an external refer-3

Ž y30 . w xence b s23=10 esu 1,2 . The experimen-pNA
w xtal details have been described elsewhere 3,4 .

The HRS intensity I from a two-component2v

solute–solvent system at very low concentration is
proportional to the square of the incident laser inten-

w xsity I 1,2 ,v

2 2 2² : ² :I sG N b qN b I exp y´ N l .Ž .2 v 1 1 2 2 v 2

1Ž .
² :In this equation stands for orientational aver-

age. Subscripts ‘1’ and ‘2’ stand for solvent and
solute, respectively. N refers to the number density.
G is a constant related to the scattering geometry,
local field correction factors at v and 2v, and other
instrument factors. The exponential term describes

Fig. 2. The theoretical syndiotactic conformation of poly-norbornene polymer. The polymer backbone follows the z-axis. The arrows
denote b tensors of side-chain chromophores.m, k k k
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Ž y1the re-absorption of the HRS signal. ´ l mol
y1 .cm is the extinction coefficient of the sample

solution at the second harmonic wavelength and l is
the effective path length that the I light travels in2 v

the partially absorbing solution. Considering the inci-
dent laser beam as propagating along the laboratory
X-axis with Z polarization, the HRS signal is col-
lected in the Y-axis with no polarization preference.
For the solute and solvent, the orientational average
of the b squared can thus be written as

² 2: ² 2 : ² 2 :b s b q b . 2Ž .ZZZ X ZZ

The orientational average of the b squared in the
laboratory frame can be transformed to the molecular

w xframe as follows 10,11 ,
1 6 9

2 2 2² :b s b q b b q bÝ Ý ÝZZZ i i i i i i i j j i i j7 35 35i i/j i/j

6 12
2q b b q b , 3Ž .Ý i i j jk k i jk35 35ijk ,cyclic

1 2
2 2² :b s b y b bÝ ÝX ZZ ii i i i i i j j35 105i i/j

11 2
2q b y b bÝ Ýi i j i i j jk k105 105i/j ijk ,cyclic

8
2q b , 4Ž .i jk35

where i, j, and k, are the Cartesian axes in the
molecular frame. Considering molecules with a
quasi-linear structure such as the reference sample
pNA and the monomer samples 1a–d, the molecular
first hyperpolarizability tensor can assume only one
major component b , k being the conjugation axis.k k k

For chromophores with a quasi-linear structure, the
² 2:b obtained with the scattering geometry de-
scribed above can thus be expressed as

² 2: ² 2 : ² 2 :b s b q b , 5Ž .ZZZ X ZZ

6
2 2² :b s b . 6Ž .K K K35

For molecules with different symmetry, terms other
2 Ž . Ž .than b in Eqs. 3 and 4 need be considered ink k k

order to obtain the transformation between the
² 2:macroscopic b and the molecular first hyperpo-

w xlarizability tensor components 10,11 .
Since the HRS signal is partially absorbed by the

samples, plotting I rI 2 as a function of the concen-2 v v

Ž .tration of solute N leads to a curved line as shown2

in Fig. 3. After removing the absorption effect, a
linear plot of I versus N with a slope of m is2 v 2 2

obtained as illustrated in Fig. 3. According to Eq.
Ž .1 , the slope m can be written as2

² 2:m sG b . 7Ž .2 2

In the external reference method, the HRS signal of a
reference sample with a quasi-linear structure is used
to determine the first-hyperpolarizability of the
unknown sample. The unknown and the reference
samples are dissolved in the same solvent and are
measured separately under the same experimental
conditions. As a result, the G constant for both
samples is identical. The first hyperpolarizability of
the unknown sample measured with the HRS tech-
nique b HRS can then be determined from the first-
hyperpolarizability b of the reference and ther, k k k

ratio of the slope of the sample to that of the
Ž .reference, m rm ,2 r

1r21r2m 352 1r2HRS 2² :b ' b s b ,Ž .r ,k k k 2ž /ž /m 6r

8Ž .

where the subscript ‘r’ stands for the reference sam-
Žple and the subscript ‘2’ stands for the solute quasi-

Ž . 2Fig. 3. Plots of corrected I exp ´ N l r I and uncorrected2 v 2 v

I r I 2 versus the number density of sample 1a in CHCl . The2 v v 3

solid lines represent the theoretical fit to the experimental data
points.
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.linear chromophores or SPN polymers . In obtaining
Ž . Ž .Eq. 8 , we have applied Eq. 6 to the reference

sample. For chromophores with a quasi-linear struc-
ture such as the monomer samples 1a–d, the first
hyperpolarizability b HRS is obtained by applying

Ž .Eq. 6 to the monomers first and then combining
Ž .with Eq. 8 to give,

1r2mmHRSb ' b ,Ž .m r ,k k k ž /mr

1r235
1r2HRS 2² :b s b s b , 9Ž . Ž .m m m ,k k kž /6

where ‘m’ stands for monomer. For the unknown
samples with a non-linear structure such as the poly-
mer samples 2a–d, we have b HRS for the unknown
polymer,

1r2mpHRSb ' b ,Ž .p r ,k k k ž /mr

1r235
1r2HRS 2² :b s b ,p pž /6

1r235 1r2HRS 2 2² : ² :b s b q b , 10Ž .Ž .p p ,ZZZ p , X ZZž /6

where the subscript ‘p’ represents polymer and use
Ž . Ž .has been made of Eq. 5 rather than Eq. 6 as in the

case of monomers. The polymer first-hyperpolariza-
Ž .bilities in Eq. 10 are to be related to those of the

pendant chromophores in the discussion below.
For all monomer and polymer samples studied in

Ž .this Letter Fig. 1 , we summarize in Table 1 the first
hyperpolarizabilities b HRS, measured with the 1064
and 1480 nm lasers, and their dispersion-free coun-
terparts b calculated from the un-damped two-state0

w xmodel. The 1480 nm data taken from Ref. 9 are
repeated for comparison. Also shown in the table are
the molecular weight, the number of chromophores
in a polymer chain n , and the absorption maximumc

l . The absorption spectra of the monomer and themax

polymer samples are similar although the polymer
l are slightly blue-shifted from those of the cor-max

responding monomer samples. This has also been
observed in other polymer systems with NLO chro-

w xmophores attached to the side chains 6–8 , and it
agrees with the conjecture that the electron conjuga-
tion localizes in the side-chain NLO chromophores
of the polymers, from there the optical non-linearity
mainly arises. As such the non-linearity contribution
from the polymer backbone can be neglected. As

HRS Ž .shown in Table 1, the b 1064 nm values are all
HRS Ž .much larger than the b 1480 nm values. This is

attributed to more favorable one- and two-photon
resonance enhancements for the 1064 nm experi-
ment. After correcting for resonance enhancements,

Table 1
Ž HRS .First hyperpolarizabilities b , measured; b , dispersion free of the monomer and polymer samples studied0

a HRS y30 y30Ž . Ž . Ž .Sample M PDI n l b 10 esu b 10 esuw c max 0
b c dŽ . Ž .grmol nm Ž . Ž . Ž . Ž .1480 nm 1064 nm 1480 nm 1064 nm

1a 313 475 59 211 31 34
Ž .2a 4 228 1.1 13 469 329 955 178 171

e e1b 387 450 108 416 54 97
e eŽ .2b 10 000 1.9 26 435 874 1525 459 421

1c 432 495 65 758 32 80
Ž .2c 11 700 2.9 27 487 557 2591 283 332

1d 385 393 42 229 28 90
Ž .2d 17 000 1.3 44 384 726 1146 459 478

M is molecular weight, n is the number of chromophores attached to the polymer chain, and l is the wavelength of the absorptionw c max

maximum.
a In CHCl solution.3
b w xFrom Ref. 9 , measured at 1480 nm.
c w x HRSFrom Ref. 9 , determined from the b measured at 1480 nm.
d Determined from the b HRS measured at 1064 nm.
e w xFrom Ref. 9 , measured at 1360 nm.
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Ž . Ž .the b 1064 nm and b 1480 nm values become0 0
Žclose except for samples 1b–d. The larger b 10640

.nm values of monomer samples 1b–d are caused by
the two-photon absorption induced fluorescence
Ž . w x Ž . Ž .TPF 12 . The b 1064 nm and b 1480 nm0 0

values of the polymer samples are close, and it
indicates that the TPF contribution to HRS disap-
pears in polymers with correlated chromophores.
This observation is different from a previous study

w xwith a flexible polymer backbone 8 . The absence of
TPF in the polymers may be due to the excited-state
electronic interaction between pendant chro-
mophores. Since the linear absorption spectra of the
monomer and polymer are similar, no electronic
interaction in the ground state can be assumed. How-
ever, the excited-state electronic interaction may de-
crease the population of the excited state and sup-
press the TPF intensity of the polymers. Without the

Ž .TPF contribution, b 1064 nm will generally agree0
Ž .with the b 1480 nm indicating that the un-damped0

two-state model is appropriate for the measured sam-
Žples. Even with the TPF contribution, the b 10640

.nm values of the monomer samples are still unam-
biguously smaller than those of the polymer samples.
Note that samples 1a and 2a both have no TPF and
the b of 2a is enhanced five times with respect to0

that of 1a. The b enhancement for the polymer0

samples help us to deduce the same conclusions that
w x Ž .we drew in our previous work 9 . That is: 1 the

conformation of the substituted poly-norbornenes is
Ž .syndiotactic, 2 the backbone of the substituted

Ž .poly-norbornenes is rigid, and 3 the pendant side-
group chromophores are orientationally correlated,
and each chromophore contributes coherently to the
first hyperpolarizability of the polymer. From this
experimental result of samples 1a and 2a, the b

HRS
p

can be written as

b HRS s0.39n b . 11Ž .p c m ,k k k

This indicates that each of the pendant chromophores
contributes 39% of its monomeric value to that of
the polymer, which agrees with our previous obser-

w xvation using the long-wavelength HRS technique 9 .
Since the non-linearity contribution is only from

the pendant NLO chromophores, the first hyperpolar-
izability of the polymer can be calculated from the
vector sum of all contributions from the chro-
mophores. Consider the simple theoretical model of

the syndiotactic conformation for the polymer as
illustrated in Fig. 2. By projecting the b tensorm, k k k

of side-chain chromophores onto the polymeric coor-
dinate and vector – summing over all of them, the
non-vanishing polymeric b tensors follows

pr3 2sin f cos f d fH
ypr3

b sn by y x c m ,k k k
pr3

d fH
ypr3

s0.21n b , 12Ž .c m ,k k k

pr3 3cos f dfH
ypr3

b sn b s0.62 n b .x x x c m ,k k k c m ,k k k
pr3

dfH
ypr3

13Ž .

Using the Kleinman symmetry and substituting Eqs.
Ž . Ž . Ž . Ž .12 and 13 to Eqs. 3 and 4 , we obtain

1 6
2 2² :b s b q b bp ,ZZZ x x x x x x x y y7 35

9
2 2² :q b by y x p ,ZZZ35

s0.088n2 b 2 , 14Ž .c m ,k k k

1 2 11
2 2 2² :b s b y b b q b ,p , X ZZ x x x x x x x y y y y x35 105 105

s0.013n2 b 2 . 15Ž .c m ,k k k

Ž . Ž . Ž . HRSSubstituting Eqs. 14 and 15 to Eq. 10 , the bp

of the polymers is found to be

b HRS s0.76n b . 16Ž .p c m ,k k k

Ž .As shown by Eq. 16 each monomer contributes
76% of its b value to that of the polymer, which is0

about twice the experimental observation. That the
calculated result is higher likely arises from the
assumptions made. First, the polymer is assumed to
be syndiotactic with a stretched out backbone struc-
ture, to which the perpendicularly attached linear
chromophores are uniformly distributed between
y608 and 608. Second, we neglected the interaction
between pendant chromophores, with which individ-
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ual chromophores would have contributed less to the
polymer’s first-hyperpolarizability. It is noticed that,
for the poly-isocyanides polymer, the difference be-
tween experimental observation and theoretical pre-

w xdiction is somewhat larger 6 . Thus our assumption
of the syndiotactic conformation of the SPN poly-
mers is after all not unrealistic.

In conclusion, the conventional short-wavelength
Ž .1064 nm HRS technique was used to study the
conformation of the SPN polymers. The results agree

w xwith our previous observation 9 using the long-
wavelength HRS technique. The large b enhance-
ment on the SPN polymers, which we obtain both
theoretically and experimentally, provides further
support to the syndiotactic polymer conformation.
The theoretical prediction of the enhancement, though
based on a simple model, agrees reasonably well
with the experimental observation. TPF exist for
most monomers but not for polymers in this study.
The absence of TPF in the polymers may be due to
the excited-state electronic interaction between pen-
dant chromophores.
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