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ABSTRACT: The synthesis and the nonlinear optical (NLO) properties of crosslinkable
copolymers based on a novel NLO azo-dye chromophore bearing two functions: one used
the free-radical copolymerization, that is, the methacrylate group, and the other one
used for the crosslinking process, that is, the carboxylic acid function, are described.
Copolymerization of this new monomer with glycidyl methacrylate leads to novel
soluble crosslinkable NLO copolymers bearing free epoxy and carboxylic groups. The
poling process, before crosslinking, is achieved at a temperature (T,) close to the glass
transition temperature,T, (<70°C), of the copolymers. At this temperature, no reaction
takes place between epoxy and carboxylic acid functions. In fact, crosslinking begins to
start at a higher temperature, T, (T, > T, ~ T,). After the optimization of the poling
and crosslinking processes, the NLO crosslinked polymer with 30 mol % of the chro-
mophore exhibits a T, of 157°C and a high quadratic susceptibility (ds3) of 30 pm/V at
1320 nm. This coefficient is stable at 85°C for several weeks. © 1999 John Wiley & Sons,

Inc. J Appl Polym Sci 74: 974-982, 1999

Key words: difunctional azo-dye chromophore; glycidyl methacrylate copolymer;
crosslinkable electrooptic polymers; thermally stable electrooptic properties

INTRODUCTION

There is a great potential for the use of polymer
materials for communication systems both as pas-
sive and active components. In the last area,
many works showed that specific polymers pro-
vide good opportunities to build optical compo-
nents such as electrooptic modulators.'”®> Modu-
lators are one of the main elements of a telecom-
munication optical network. It is well known that
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some highly conjugated molecules, with a high
dipole moment in the molecular plane, yield
strong electronic nonlinear optical (NLO) effects.
To give rise to quadratic NLO properties (such as,
e.g., the Pockels effect), molecules (such as or-
ganic chromophores) must be acentric toward the
electric field. For this reason, a planar-conjugated
molecular group is inserted between a powerful
electrodonor group and a powerful electroacceptor
group. These molecules are grafted onto the poly-
mer backbone to form side-chain NLO polymer
materials. To make a noncentrosymetric mate-
rial, a strong electric field is applied on the poly-
mer film at a temperature close to the glass tran-
sition temperature (7,) of the polymer to pole
NLO groups.
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At the beginning of the 1990s, a full polymer
Mach-Zehnder modulator was reported by Maohl-
mann.* The main problem of this kind of material
is the decay over time of the NLO effect due to
relaxations of the dipole alignment, induced dur-
ing poling, and this is the main cause which hin-
ders the development of polymer electrooptic
modulators. Only a few laboratories are specifi-
cally working on these relaxation phenomena.” It
is worthwhile to note that a thoroughly stable
electrooptic coefficient is needed in the range of
—20 to +85°C.

To enhance the stability of the poled structure,
some authors tried to lock the NLO orientation by
using a polymer structure yielding a high glass
temperature, such as polyimide® and maleimide,
or by using interpenetrating networks® (IPNs).
High T,’s improve the stability of the NLO prop-
erties; however, a slight decrease of the electroop-
tic coefficient still occurs after a long time. More-
over, a very high poling temperature and then a
high thermal stability of the chromophore are
required for the processing of NLO polyimide ma-
terials.? Crosslinking of functional moieties con-
tained in the polymer close to the NLO chro-
mophore could be a second way to enhance the
stability of the NLO materials. Crosslinking us-
ing a sol-gel technique'® or photocrosslinking!
processes have been already described. However,
photocrosslinking with an azo-dye chromophore
induces a photofading effect and, thus, the NLO
properties were dramatically reduced.'?> On the
other hand, other works were devoted to the si-
multaneous curing and poling of multifunc-
tional'®> NLO groups such as double-end
crosslinkable (DEC) NLO chromophores'* or
thermosetting resins based on epoxy prepolymers
bearing NLO groups'® or on NLO polyurethane
prepolymers.'® However, these processes need
very careful adjustments of the poling—curing
technique.

In the following work, we performed a new
method which results in the crosslinking between
the NLO chromophore and the polymer backbone.
In the first step, a difunctional NLO azo-dye-chro-
mophore is synthesized: one function is involved
in a free-radical copolymerization and the second
one is used during the crosslinking process. In the
second step, this NLO chromophore is copolymer-
ized with another monomer bearing a functional
group which will react with the crosslinking
group of the chromophore at a temperature (T,)
much higher than the poling temperature (7),).
Before carrying out the synthesis of such a copoly-

mer, we also took into account all the require-
ments needed for the waveguide fabrication and
the electrooptic effect. Thus, we take care of the
different NLO group synthesis steps which will
not yield the cancellation of the electrooptic coef-
ficient and, of course, will not hinder the following
chemical reactions such as those of grafting, po-
lymerization, and anchoring. These last points
are the main difficulties toward the realization
route of a stable electrooptic polymer.

Because difunctionalized NLO groups are not
available, we undertook to design such a NLO
group and then a new polymer, taking into ac-
count the synthesis requirements. The first re-
quirement concerns the crosslinking function,
which, after the poling process, must not lower
the hyperpolarizability of the NLO chromophore.

Second, the other specifications concern the
NLO group properties. Thus, the chromophore
has to yield a large hyperpolarizability and bear a
polymerizable group such as a methacrylic moi-
ety. The chemical structure of this electrooptic
monomer is given by the following formula:

H, HO,C

CH,=CCO,CH,CH,.
CH,CHY{

Nitro- and tertiary amines were chosen as effi-
cient acceptor and donor groups, respectively, and
placed at the end of the m-extended molecule in
order to obtain a large electrooptic coefficient.
Moreover, the carboxylic group (crosslinking
group) is placed on one of the aromatic groups in
order to perform anchoring after the poling pro-
cess. Because of its location and its electronic
configuration, the anchoring function retains a
high level of the hyperpolarizability. This mono-
mer can undergo free-radical copolymerization
with the methacrylic monomer bearing the second
crosslinking function. This function could be an
epoxy one. We describe in this article the synthe-
sis of a difunctional monomer, its copolymeriza-
tion with glycidyl methacrylate (GMA), and the
poling and crosslinking processes to yield elec-
trooptic copolymers with stable NLO properties.

EXPERIMENTAL

Instrumentation

'H-NMR spectra were recorded on a Bruker
WP200 spectrometer with TMS as the reference.
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Chemical shifts are reported in ppm: s = singlet,
d = doublet, t = triplet, q = quadruplet, and m
= multiplet. IR spectra were obtained on a Nico-
let 510P FTIR spectrometer with an accuracy of 2
cm ! Solid samples in KBr pellets were used.
Differential scanning calorimetry (DSC) analyses
were performed on a Perkin—Elmer DSC4 appa-
ratus at a heating rate of 5°C/min (for the melting
point) and 40°C/min (for the 7, measurement)
under nitrogen. The T, was defined as the mid-
point of the transition. Ultraviolet-visible (UV-
vis) spectra were taken on a Varian Super Scan3
spectrophotometer. Thermogravimetric analyses
(TGA) were performed on a TA Instrument TGA
51 apparatus with a heating rate of 10°C/min
under nitrogen. The weight-average molecular
weight (M,,) and index of polymolecularity (Ip) of
the copolymers were determined by size-exclusion
chromatography (SEC) with a Spectra Physics
Winner Station apparatus equipped with two col-
umns, PLgel 3 um Mixed-E (300 mm length),
from Polymer Laboratories using poly(methyl
methacrylate) (PMMA) standards. The detection
was achieved with a Spectra Physics SP8430 dif-
ferential refractometer using tetrahydrofuran
(THF) as the eluent (1 mL/min).

Materials

2-(N-Ethylanilino)ethanol (from Aldrich, France)
and 2-amino-5-nitrobenzoic acid (from Lancaster,
France) were used as received. Methacryloyl chlo-
ride and GMA (from Aldrich) were distilled just
prior to use. 2,2'-Azobisisobutyronitrile (AIBN)
was purified by crystallization, twice, from meth-
anol. All other solvents and reagents (from Al-
drich) were analytical grade and were used with-
out further purification.

Synthesis of 2(N-ethylanilino)ethyl Methacrylate (1)

Under argon, 8.7 g (5.27 mmol) of 2-(N-ethylani-
lino)ethanol, 5.33 g of triethylamine (5.27 mmol),
and 10 mg of hydroquinone were dissolved in 150
mL chloroform. To this mixture cooled at 0°C,
6.05 g (5.79 mmol) of methacryloyl chloride was
added dropwise. Then, the solution was stirred
17 h at 40°C. After cooling at room temperature
and washing twice with 150 mL of water, the
organic layer was dried over anhydrous sodium
sulfate. The solvent was evaporated and the prod-
uct obtained was purified by column chromatog-
raphy [silica gel (Chromagel Silice 60 A.C.C.),
dichloromethane/pentane (7/3 v/v)]. After vacuum

drying, an oily product was obtained. Yield 8.0 g
(65%).

H-NMR [CO(CDy),): 6 = 1.20 (t, J = 7.0 Hz, 3H,
—NCH,CH3); 1.95 [s, 3H,=C(CH3)CO,—I; 3.45 (q,
J = 7.0Hz, 2H, —NCH2CH,); 3.70 (t, J = 6.2 Hz,
2H, —NCH2CH,0—); 4.31 (t, J = 6.2 Hz, —NC
H,CH20—); 5.60 [m, 1H, CH2=C(CH,)—]I; 6.1 [m,
1H, CH2=C(CH;)—]; 6.8 (m, 2H, Ar. ring); 7,3 (m,
3H, Ar. }ing).

Synthesis of 4’-[N-(2-methacryloxy ethyl)-N-
ethyllamino-4-nitro-2-carboxyazobenzene (1)

In a 250-mL one-necked flask, 4.68 g (2.57 mmol)
of 2-amino-5-nitrobenzoic acid was added to a so-
lution of 50 mL of NaOH (0.5N). To dissolve the
acid, it was necessary to warm the solution to
70°C. Then, 11 mL of concentrated hydrochloric
acid (10N) was slowly added. The solution was
cooled at 0°C and 1.77 g (2.57 mmol) of sodium
nitrite in 4 mL water was added gradually with
stirring to obtain the diazonium salt. After 1 h at
0-5°C, the solution was filtered and 6 g (2.57
mmol) of methacrylate I was added dropwise to
the filtrate with stirring at 0°C. The mixture was
further stirred overnight at 20°C. The precipitate
was collected by filtration, washed with water,
and purified by column chromatography [silica
gel (Chromagel Silice 60 A.C.C.), dichlorometh-
ane/diethyl ether (9/1 v/v)]. After vacuum drying,
a deep purple powder was obtained. Yield 5.8 g
(53%).

Mp = 115°C. 'H-NMR (CDCly): (cf. Scheme 1) &
= 1,32 (t, J = 7.0 Hz, 3H, Ha); 1.93 (s, 3H, He);
3.62 (q, J = 7.0, 2H, Hb); 3.81 (t, J = 5.9 Hz, 2H,
He); 4.41 (t,J = 5.9, 2H, Hd); 5.60 (m, 1H, Hf); 6.1
(m, 1H, Hf); 6.85 (d, J = 8.9 Hz, 2H, Hh); 7.77 (d,
J = 8.8Hz, 2H, Hi); 8.08 (m, 1H, Hj); 8.34 (m, 1H,
Hk); 9.1 (m, 1H,H1); 14.1 (broad signal, Hg). UV-
vis (ethanol): 520 nm (A,,.); IR (ecm ™ 1): 3450 cm ™ *
(m, v, —OH), 2980-2960 cm ! (w, v,, —CH—),
1724 cm ™! (s, v, C=0 ester), 1700 cm ™! (s, vy,
C=O0, acid), 1635 cm ! (w, v, CH,=C—), 1605
em ! (s, —CH=CH— of Ar. ring), 1518 cm ! (s,
Vasym —NOy), 1337 ecm ™ (8, vgym, NO,); 1165 cm ™!
(s, vy —C—O—C—), 835 cm ! (m, Voop
CH,=C—).

Copolymerization Procedures

The synthesis of copolymers P-III, containing 30
mol % of monomer II, is described below as a
representative example: a 100-mL Schlenk flask
equipped with an argon outlet and a magnetic
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Scheme 1 Synthesis of difunctional NLO azo-dye chromophore II.

stirrer was charged with 30 mL of THF, 1.311 g
(9.23 mmol) of GMA, 1.686 g (3.96 mmol) of mono-
mer II, and 216 mg (1.319 mmol/10 mol %) of
AIBN. This mixture was placed under an argon
atomosphere, stirred, and kept at 60°C for 36 h.
Then, the copolymer was purified by two repre-
cipitations from THF/methanol and dried until a
constant weight in a vacuum at 40°C. Yield 2.09 g
(70%).

'"H-.NMR (CDCly): 86 = 0.6-1.5 (m, —CH,—
C(CH3)—, from monomer II and GMA;
—NCH,CH3, monomer II); 1.7-2.2 [m, —CH2—
(CH3)—, from monomer II and GMAJ; 2.5, 2.75,
and 3.15 (m, —CH,—CH—CH2, protons of epoxy
ring from GMA); 3.4-4.5 (m, —O—CH,—CH/,
GMA, CH;CH2NCH2CH2—O0O—, monomer II);
6.9 (m, H of Ar. ring, ortho of amino group); 7.75
(m, H of Ar. ring, meta of amino group); 8.3 (m, H
of Ar. ring, meta of NO,); 8.5 (m, H of Ar. ring,
ortho of NO,); 9 (m, H of Ar. ring, ortho of CO,H).
IR (KBr): 3450 cm '(m, v, —OH), 2980-2960
em ! (w, v, —CH—), 1730 cm™ ! (s, v, C=0
ester), 1601 cm ! (s, —CH=CH— of Ar ring),
1518 ecm ™! (8, vqym —NOy), 1340 em™" (s, vy,
NO,); 1136 cm ™ * (s, v, —C—O—C—), 903 cm !
(w, vy, —C—0O—C—, epoxy ring).

Analyses and physical characteristics of the
synthesized copolymers are given in Table I.

Polymer Films Preparation and Poling Procedure

The copolymers were dissolved in 1,1,2-trichloro-
ethane. The solutions, 140 g/L, were filtered
through a 0.2-um PTFE membrane and were
spin-coated (speed: 1500 rpm) onto glass or quartz
substrates. Prebaking of the samples was done
immediately after spin coating at 80°C for 1 h.
The film having a thickness of 1.5 um was poled
by applying a corona voltage around 5 kV at 1 cm
of the film. While the electric field was main-
tained, the sample was placed on a hot stage at
the temperature of poling, 7, for 15 min. There-
after, anchorage of the chromophores occurs when
the film is heated at the crosslinking tempera-
ture, T, for 20 min. The film was cooled to room
temperature before removing the electric field.
The second-order NLO properties of the poled
polymer were measured according to methods al-
ready described.!”

RESULTS AND DISCUSSION

Synthesis and Copolymerizations of Difunctional
NLO Azo-dye Chromophore I1

The synthetic route to the difunctional electroop-
tic monomer is shown in Scheme 1. The key step
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Table I Analyses and Physical Characteristics of NLO Crosslinkable Polymers

Initial Mol Fraction  Final Mol Fraction  Yield M, 2
Polymer of Chromophore of Chromophore? (%) T, (°C) (Ip) Refractive Index® (1.32 um)
P-I 0.10 0.08 73 50° 9300 1.54
(94°) (2.1)
P-1I 0.20 0.17 73 40> 12,300 1.57
(112°) (2.8)
P-II1 0.30 0.30 70 65° 16,500 1.62
(157°) (4.1)
P-Iv 0.40 0.35 70 — 25,400 —
6.1
P-v 0.50 0.40 72 — 16,900 —
4.9

@ Determined by 'H-NMR.

b T, of copolymer observed during the first run from 50 to 200°C at 40°C min.
¢ T, of the crosslinked copolymer found during the second run from 50 to 200°C at 40°C/min.

4 PMMA standards.
¢ Refractive index determined from prism-coupling method.

of the synthesis of the chromophore, II, is the
formation, in situ, of the diazonium ion of 2-amino-
5-nitrobenzoic acid. The diazotization is carried
out, first, in basic medium, to dissolve the 2-amino-
5-nitrobenzoic acid and then the chlorohydric acid
and, at last, sodium nitrite was added to generate
the diazonium salt. Diazotizations and azo-cou-

—ECHZ— %:I%X—ECHz— %:Is—]—;
P 1%

) ¢H,
, TJH H,
Q NCH,CH,
CH,
N
|
N
CO,H
NO,

Scheme 2 Chemical structure of crosslinkable NLO
copolymer.

pling reactions need to be carried out at as low a
temperature as possible (generally 0-5°C).'® The
electrophilic substitution between the diazonium
salt and the aromatic amine takes place selec-
tively in the para position of the aromatic ring of
I. Indeed, the two 'H-NMR signals of the aro-
matic protons of I, at 6.8 (2H) and 7.3 ppm (3H),
become two characteristic doublets of a para sub-
stitution, one located at 6.85 ppm (Hh) and the
other at 7.77 ppm (Hi) (see Fig. 1).

The azo-dye monomer II was copolymerized
with GMA under free-radical conditions with
AIBN as the inititiator at 60°C. At the end of the
copolymerization, all the copolymers are soluble
in THF and 1,1,2-trichlororethane. The physical
characteristics of the polymers are gathered in
Table I. The molar compositions of the polymers
were evaluated by 'H-NMR. Thus, the intensity
of the signal in the aromatic range corresponding
to the protons of the chromophore moiety (8 from
6.8 to 9 ppm, 7H) was compared to the three
well-defined intensities of the signals of the ep-
oxy-ring protons, located between 2.5 and 3.15
ppm (3H). As shown in Table I, the molar frac-
tions of the chromophore in the polymers are close
to the initial fractions, indicating similar reactiv-
ity ratios of the two methacrylic monomers. This
result is corroborated by a recent study of Na-
varro-Rodriguez et al. in which the reactivity ra-
tios, r; and ry, determined by the Fineman—Ross
method, of MMA and GMA were 0.4 and 0.62,
respectively.'® The yields of the free-radical copo-
lymerizations are close to 70%. Copolymers P-I,
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Figure 1

P-I1, and P-III, just before crosslinking, exhibit
very interesting low 7,’s (from 40 to 65°C). So, the
poling process can be achieved at a sample tem-
perature, T, in the range of 70-80°C. The T}’s of
the crosslinked copolymers increase with increase
of the chromophore content from 94°C for P-I to
157°C for P-III.

The refractive index of a polymer is a function
of the chromophore content: The higher the mol %
of the chromophore, the higher the refractive in-
dex. The T5, T, and Ty, which are the temper-
atures at 5, 10, and 20% weight loss (measured by
TGA), are 255, 280, and 300°C, respectively, for

PPM

'H-NMR (CDCl,) of the difunctional NLO azo-dye chromophore II.

polymer P-III. These temperatures correspond to
the thermal degradation of the azo-dye chro-
mophore.

Poling and Crosslinking Procedure for
the Polymer P-111

First, the characteristic temperatures (T, and T,)
were determined, on a polymer film (1.5 um), in
order to begin the poling process and afterward
the anchoring process. The poling process is
achieved at a sample temperature, T),, close to the
T,’s of the copolymer. As the T, of copolymer P-III
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Figure 2 Normalized OD versus time at different
temperatures of the epoxy absorption band at 903 cm !
for the electrooptic polymer P-III containing 30 mol %
of the NLO unit.

is 65°C, the poling of the chromophores can be
achieved at 70°C under an electric field applied by
the corona method for 15 min. The next step is the
anchoring process, which has to be done at a
temperature, T, higher than the poling one. On
the other hand, the two functions must not react
at the poling temperature to ensure an optimum
chromophore orientation in the electric field.
Therefore, the anchoring kinetic is studied to de-
termine the more efficient temperature to achieve
the crosslinking between the NLO poled mole-
cules and the epoxy function of the copolymer. By
FTIR, crosslinking can be assayed by diminution
of the epoxy-ring vibrational mode at 903 cm ™ !. A
plot of the normalized optical density (OD) at 903
cm™ ! versus the time at different temperatures is
shown in Figure 2.

These curves show that crosslinking does not
occur at the poling temperature (7, = 70°C). On
the other hand, the reaction involving epoxy and
carboxylic functions is thoroughly achieved, for
example, after 20 min at 150°C. It can be noticed
that the epoxy functions are more consumed than
are the carboxylic functions involved, which is
due to other chemical reactions between hydroxy
and epoxy groups or hydroxy and carboxylic
groups.?® Consequently, some dissolving tests are
performed after heating the electrooptic film. The
insolubilty of the polymer, in THF, is observed
after a few minutes at 150°C. Then, the crosslink-
ing occurs at this temperature and not at the
poling temperature.

NLO Properties and Thermal Stability

Electrooptic characterizations were evaluated in
order to determine the electrooptic yield and the
thermal stability of the NLO properties. The di-
chroic spectrum of the P-III film (thickness 1.5
pm) for each of the process steps is given in Fig-
ure 3. An expected decrease is observed of the OD
due to the corona poling. The absorption maxima
of the copolymer are slightly blue-shifted. This
hypsochromic effect is due to the anchorage of the
chromophore into the copolymer backbone.

To determine the electrooptic coefficient, the
measurements of the second harmonic generation
(SHG) were performed by a 1320-nm laser source.
The d5 coefficient reaches 30 pm/V at 1320 nm,
which is a good level to exploit the NLO effects.
The temporal stability of the polymer film was
studied by the decay of the SHG signal, I, , as a
function of temperature, and Figure 4 shows the
behavior of the SHG yield by the copolymer, P-
III, after crosslinking, and by the well-known
MMA-Dispersed RED1 grafted copolymer (MMA-
DR1) with a chromophore molar fraction of 0.3.%!

As a result of the anchoring process, the new
electrooptic polymer retains a high NLO level
over a range of temperatures up to 120°C, where-
upon the SHG signal decreases. Other studies®!
confirmed the high and stable electrooptic coeffi-
cient of this copolymer. Thus, the coefficient 34
reaches 12 pm/V at 1320 nm, which makes it
possible to exploit the stable Pockels effects in
order to perform high bit rate optical modulation
in integrated optics. Furthermore, the electroop-
tic coefficient, rs4, is stable at 85°C for several
weeks.'”

2.0

1.2+

Absorbance

0.4 —

T 1 |
400 463 525 588 650

Wavelength (nm)

Figure 3 UV-visible spectra of the electrooptic poly-
mer P-III (1) after baking, then (2) after the poling
process and (3) after the anchoring process.



SYNTHESIS OF NOVEL NLO AZO-DYE CHROMOPHORE 981

P-111

T T At
R i, st e Py,

I, (a.0)

MMA-DR1 1Y

+

50 100 T (oC)

Figure 4 Second harmonic generation signals from
1320 nm of polymer P-III and a classical electrooptic
polymer based on the Disperse Red 1 chromophore (30
mol %) versus temperature.

CONCLUSIONS

In this article, the design and the realization of an
efficient method to thermally stabilize electroop-
tic polymers were reported. As a matter of fact,
the relaxation of chromophores remained the
main problem which hinders the use of electroop-
tic polymers. To prevent this phenomenon, one of
the best methods seems to be the anchoring of the
chromophore after the poling process. The diffi-
culty of this method is probably the synthetic
route of the electrooptic copolymer because it has
to preserve the anchoring function without can-
celing the electrooptic yield. This work consisted
of designing and making a polymer which fulfills
all the requirements needed. The synthesis of
such a polymer was described. A new NLO azo-
dye chromophore including a carboxylic function
and a methacrylic moiety was synthesized. Then,
polymerization was performed with a comonomer
bearing a side-chain epoxy function. This func-
tional group is expected to react with the carbox-
ylic function of the chromophore at the end poling
process. In such a way, NLO groups can be locked
in the electric field direction. With a polymer con-
taining 30 mol % of the chromophore, this method
offers the opportunity to make a thermally stable
electrooptic polymer with an electrooptic coeffi-
cient of 12 pm/V at 1320 nm stable at 85°C for
several weeks.

The authors wish to thank Miss J. Liang from CNET -
Laboratoire de Bagneux for the NLO measurements
and France Telecom, CNET-LAB, for support of this
work (Contract 92 8B 057).
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