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Measurements of the electro-optic coefficients of polymer films based
on branched methacrylic copolymers containing azo chromophores
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The electro-optic coefficients of 20, 33 and 21 pm V! for
branched methacrylic copolymers FI, FIl and FIII, respec-
tively, with different chromophor e contents wer e deter mined
by a Teng—Man ellipsometric technique.
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Organic polymeric materias exhibiting a nonlinear optical (NLO)
response to an applied high-intensity electrical field have been
extensively studied. In particular, materials with alinear electro-
optic (EO) response (Pockels effect) were obtained to be applied
in photonic and optoelectronic devices, optical modulators and
THz switchesto increase data processing speeds by several orders
of magnitude, as compared to that of electronic processes.!? Due
to the high values of EO coefficients, r43, low values of dielectric
constant and its small dispersion, good processability and com-
patibility with diverse materials (metals, silicon, silica, etc.) organic
NL O polymerscan be considered morepreferablethan traditional
inorganic materials such as LiNbO3. The key requirement in the
development of such materialsisthe tempora and therma stability
of EO responses.

The molecular sources of polymer NLO properties are organic
chromophores, in particular, dipolar molecules end capped with
electron donor and electron acceptor groups connected by a
conjugated nt-electron bridge. Chromophores are characterized
by high dipole moment and first hyperpolarizability; they are
either introduced into a polymer matrix as guest molecules or
covalently attached to the side/main chain of the polymer.

The NLO polymer EO coefficient depends on the concen-
tration of chromophore groups (N), first hyperpolarizability (8,,),
defining the effect at the molecular level, the orientation of the
chromophores that determines noncentrosymmetric organization
in the polymeric matrix (cos39):3
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where n is the material refraction index, and F is a coefficient
that depends on local field factors. However, this simple linear
dependence of ry; on N holds only at low chromophore concentra-
tions in a matrix; when N exceeds some threshold value, this
dependence becomes nonlinear because of the aggregation of
chromophores.*

© 2016 Mendeleev Communications. Published by ELSEVIER B.V.
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One of the ways to introduce chromophores into a material
for the better relaxation stability of an EO responsein comparison
with composite materials is their covalent attachment to the
polymer backbone. To increase the chromophore concentration
and avoid undesirable dipole—dipole interaction between them
leading to aggregation and adecrease of EO characteristics, it was
proposed to use dendritic chromophore-containing polymers®® and
branched polymer structures, which provide the spatial separa-
tion of chromophores.”™®

Earlier, we studied the NL O characterigtics of linear methacrylic
copolymers with azo chromophores in the side chain.’° Here, we
present the results of the measurements of the EO coefficients of
polymer films based on branched methacrylic copolymers with
different chromophore contents: 14 mol% (FI), 21 mol% (FI1)
and 29 mol% (FI11) (Figure 1). The test polymers were syn-
thesized using a procedure described elsewhere.® The chromo-
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Figure 1 Structural formula of the branched methacrylic copolymers.
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Table 1 Characteristics of the polymer films.

) Chromophore 0 3 ° ° o/nm (before/after a 1
Film concentration (mol%) N/10% cm Ty/°C Tp/°C d/nm poling) r35?/pmV
Fl 14 5.42 9 106 900 17/33 0.07 20(2)

Fll 21 7.88 105 115 800 0.19 33(3)
FIl 29 10.12 113 127 815 4/12 0.17 21(2)

aThe measurement uncertainty is given in parentheses.

phore content was estimated by NMR and elemental analysis.®
The glass transition temperatures T of polymers FI, FlI and
FI11 were determined by DSC (94, 105 and 113°C, respectively).

The development of an EO cell for the measurement of the
EO coefficients of the test films consists of three stages. First,
thin polymer films were prepared on glass plates 1 mm thick
coated with a transparent conducting indium tin oxide (ITO)
film using a 15% polymer solution in cyclohexanone by a spin-
coating procedure (~5000 rpm for 45 s).° Then, the samples were
cured in a vacuum oven at room temperature for 10 to 16 h
followed by heating to 50°C for 2 hto remove aresidua solvent.
The thickness (d) and roughness (o) of the obtained films were
controlled by an AFM technique; the values of d and o are
presented in Table 1.

The second stage consisted in the orientation of the chromo-
phores along the applied electric field direction to achieve a
noncentrosymmetric structure of the material, which is necessary
for detecting a linear EO response (a chromophore poling proce-
dure). In the case of the test polymer films, the poling was carried
out using ahome-made coronatriode setup and a so-cdled positive
corona.! The voltage on the needle tungsten electrode was 8 kV;
the distance from the grid to the cathode was 10 mm, and the grid
voltage was 1.2 kV. Corona field was applied to the samples
heated to the poling temperature T, which is higher than the T,
of the polymer. After 20 min, the sample was cooled to room
temperature; then, the field was switched off. The optical absorp-
tion of the films was detected using a Perkin—Elmer Lambda 35
UV/Vis spectrometer before (see Figure 2) and after poling. The
degree of orientation is controlled by the order parameter #:

n=1-AA, @

where Ay and A are the optical absorptions of a film before and
after poling, respectively. According to the AFM data, the poling
process results in the modification of the film surface and an
essential increase in the film roughness (Figure 3, Table 1).

The third stage of EO cell fabrication is the deposition of a
thin silver film (the second electrode) with a diameter (D) of
6 mm and a thickness of ~30 nm on the surface of the polymer
film by thermal evaporation. The ITO film served as the first
electrode.

The EO coefficients r3; were measured by a Teng—Man tech-
nique? on a home-made setup (He-Ne laser; A = 632.8 nm).13
The refractive index n for the polymer films was taken equa to
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Figure 2 The UV-VIS spectrum of FI, FIl and FI11 before poling.
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Figure 3 Film surfaces of (a, ¢) FI and (b, d) FIl1 (a, b) before and (c, d)
after poling.

1.6.14 Table 1 summarizes the results of the measurements and
some characteristics of the films and parameters of the poling
process.

Earlier, we found that r; of linear methacrylic copolymers
with chromophoresin the side chain, MMA-MAZ, is 27 pm V-1
(A = 632.8 nm) at a chromophore content of 26 mol%,3 and
ds; for the polymer with a chromophore content of 17 mol% is
60 pm V1 (4 = 1064 nm).*> For methacrylic polymers PMMA-
DR1 having asimilar structure and containing azo chromophores
in the side chain, the values of rz; = 18 pm V-1 (4 = 632.8 nm)?6
and 20.9 pmV~1 (4 =670 nm)*” and dg3 = 43 pm VL (A = 1064 nm)*6
were reported. Thus, the values of EO and NLO coefficients
obtained for MMA-MAZ, are about 1.5 times higher than the
published values. This discrepancy may be due to both a dif-
ference in the structures of the polymer matrices and the way of
polymer film poling: a contact method (parallel electrodes) was
used!® for the orientation of chromophore groups, which is known
to result in less effective poling than that with a corona discharge.®
The data of Table 1 show that the branched polymers exhibit the
values of r33 comparable with those for MMA-MAZ;® for FI
and Fll1, the values of EO coefficients are almost the same in
spite of different chromophore contents. Asfor FI1, the obtained
value of rg; is essentially higher (by approximately 65%); thus,
the chromophore content is close to an optimal one in this case.
In FI, the concentration of chromophores is low, while the
aggregation of chromophoresin Fl 1 seemsto occur as chromo-
phore concentration in the polymer is rather high in this case.

Therefore, the data obtained give evidence that branched
methacrylic copolymers are promising for the development of
EO materials; further research will bedirected to study thetemporal
and thermal stability of material EO responses.
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