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Dielectric behavior of two epoxy-based oligomers with covalently attached 4-amino-40-nitroazobenzene
NLO chromophore fragments is studied. Four processes of relaxation of dipole polarization, c-, b-, b1-, and
a-processes are identified by the method of dielectric spectroscopy. Monte-Carlo conformational analysis
and molecular dynamics of dimeric chain fragments of these polymers is performed and mobilities of
specific chain fragments are estimated. Molecular mechanisms for the c-, b-, and b1-processes, occurring
in the glassy state, are suggested on the basis of a comparison of the dielectric spectroscopy and molec-
ular modeling data.
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1. Introduction

At present, polymers functionalized with organic moieties pro-
viding specific applications are of great interest. The introduction
of nonlinear optical chromophores into macromolecules allows
one to prepare materials exhibiting nonlinear optical (NLO)
response to a laser irradiation [1–6]. Such materials are promising
for the creation of operating elements for optoelectronics, hologra-
phy, and communication devices.

In particular cases, chromophore-containing polymers exhibit
quadratic NLO characteristics – second harmonic generation
(SHG) coefficient, d33, and electrooptical coefficient, r33, not only
comparable to but even exceeding the corresponding values for
typical inorganic NLO crystals such as LiNbO3 [5–7]. Important
advantages of NLO polymers as compared to the inorganic NLO
materials are high NLO susceptibility, fast NLO response, low
dielectric constants, low refraction index dispersions from dc to
optical frequencies, virtually endless possibilities of structural
modification, an easy processability, and the possibility to form
thin films of a high optical quality.

Up to now, many polymers with quadratic NLO activity were
synthesized, yet the problem of transformation of the molecular
NLO response into the macroscopic NLO response of the material
still remains an urgent one. As the quadratic NLO activity may be
exhibited only in macroscopically non-centrosymmetric materials,
a polar ordering of chromophore groups in a material should be
created. This ordering is achieved as a result of the alignment of
ll rights reserved.
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chromophores under an external static electric field, in particular,
in the corona charge field, which is applied to the material heated
to the temperature close to the glass transition temperature, Tg.
The achieved macroscopic polarization is frozen by the subsequent
cooling down to room temperature, the electric field being released
only afterwards. Thus, the material acquires the properties of a
polymer electret. A reorientation of chromophore groups in a chro-
mophore-containing polymer under an external electric field is
provided by its molecular mobility. The dielectric spectroscopy
(DS) gives important information on the polymer structure, molec-
ular mobility, and intermolecular interactions. Polar groups, being
the constituents of macromolecules, serve as natural labels at the
observation of various forms of molecular motions, allowing one
to establish the regions of maxima at the frequency and tempera-
ture curves of dielectric loss tangent, tgD, and dielectric loss factor,
e00. These regions are related to the processes of relaxation of the
dipole polarization of polar kinetic units, in particular, chromo-
phore groups and their fragments [8,9].

An additional tool to study the orientational dynamics of chro-
mophores in a polymer matrix is provided by molecular modeling
(MM), which may be helpful for predicting structures with the
optimal orientation order of chromophore groups and thus prom-
ising NLO response properties [10–16]. The modeling gives insight
into physical mechanisms of chromophores orientation and relax-
ation during the process of electret formation, which is essential
for the development of NLO polymer materials combining a high
nonlinearity with a good thermal stability. Computer simulations,
allowing a detailed examination of molecular conformations inac-
cessible by experimental means, provide a useful link between the-
ory and experiment, ensuring the interpretation of DS data on the
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motion of chromophore groups. Several research teams have stud-
ied the electric field poling of NLO polymers [10–16]. Monte-Carlo
simulations of the poling field effect on the orientation of NLO
chromophores in inert PMMA and amorphous polycarbonate
matrices with the account of dipole–dipole electrostatic interac-
tions of the chromophore groups were performed [10,11]. The pol-
ing process dynamics and the poling field effect on the SHG
relaxation for various polymer systems were studied by a fully
atomistic MM of poled guest–host NLO polymer systems at differ-
ent densities [12]. Static conformational properties, radial distribu-
tion functions and energetics in poled and unpoled systems of
PMMA doped with a NLO chromophore, N,N-dimethyl-p-nitroani-
line (DPNA), were examined. The poling process in side-chain
polyimides was examined by molecular dynamics (MD) simula-
tions [17]. The stability of the poling-induced alignment in linear
epoxy polymers with tolane chromophores was studied by SHG
and dielectric spectroscopy [18]. Dependences of the epoxy back-
bone conformation and the molecular mobility on the structure
and electric properties of incorporated chromophores were studied
by atomistic simulations and semi-empirical quantum-chemical
calculations [19].

In the present Letter, the dielectric behavior of two epoxy-based
oligomers containing hydroxyl and methacryloyl groups – CFAO
and CFMAO, respectively, with covalently attached 4-amino-40-
nitroazobenzene NLO chromophore fragments are studied
(Figure 1).

The purpose of the Letter is a molecular identification of the ob-
served dipole polarization relaxation processes in CFAO and
CFMAO, and a comparative study of their kinetic characteristics
of molecular mobility.

2. Experimental

CFAO was synthesized via a post-functionalization of an oligo-
epoxyamine precursor by azocoupling of its aromatic units with
stable diazonium salts [20]. According to the data of elemental
analysis and 1H NMR spectroscopy, the attained functionalization
degree of CFAO aniline groups was 96% [20]. Therefore, azochro-
mophores are not exposed to rather severe polymerization condi-
tions employed for the synthesis of the precursor. Moreover, this
synthetic procedure makes it possible to obtain oligomers with
high molecular weight (Mw = 24200, Mw/Mn = 2.12) and high con-
tent of azochromophores (41.6 mol%) with a good yield.

To fix a poling-induced non-centrosymmetric ordered arrange-
ment of chromophores, a cross-linking of oligomer chains in their
poled state is often utilized. In particular, CFAO may be cured into
polymer networks by diisocyanates, but this approach faces
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Figure 1. Structure of the monomeric unit of the ol
problems caused by a rather high sensitivity of diisocyanates to
atmospheric moisture and by difficulties of a synchronization of
the cross-linking and poling processes. In order to avoid these
problems, we prepared self-curing CFMAO oligomers
(Mw = 10300, Mw/Mn = 1.76) with methacryloyl groups instead of
hydroxyl ones, treating CFAO with methacryloyl chloride in the
presence of triethylamine and N,N-dimethylaminopyridine [21].

The glass transition temperatures of CFAO and CFMAO were
measured on a ‘Metler Toledo DSC-822’ differential scanning calo-
rimeter with the heating/cooling rate ten degree/min. Samples
were weighted on high-precision ‘Metler Toledo AX-105’ balances
with the precision of 10–5 g. According to the data of differential
scanning calorimetry (DSC), Tg values for CFAO and CFMAO are
130 and 110 �C [21], respectively.

Dielectric spectra were recorded on a ‘Novocontrol’ broadband
dielectric spectrometer with an ALPHA-ANB high-resolution auto-
matic frequency-analyzer. The measurements were performed un-
der nitrogen in the frequency range 10�2–107 Hz for temperatures
from –155 to +200 �C. Samples were pressed between brass elec-
trodes (the diameter of the upper electrode is 10–20 mm) at a tem-
perature exceeding Tg by 30–50 �C. The sample thickness is fixed
by a 50 lm silica fiber between the electrodes.

MM of the studied oligomers was performed in the framework
of a Monte-Carlo conformational search of dimeric chain fragments
giving the set of unique conformations within the 5 kcal/mol win-
dow relative to the global minimum [22]. Three characteristic con-
formers (A, B, and C) differing by the mutual arrangement of
chromophore moieties were selected. The distribution of the tor-
sion angles values for these conformers is studied by molecular
dynamics, the simulation being performed in a dielectric medium
with the dielectric permittivity e0 = 4.8. The following values of
the simulation parameters are used: time step 1.5 fs; equilibration
time 1 ps; simulation time 1 ns. The GB/SA continuum model [23]
was used for the account of the environment effect. In the figures
below, only the distributions of angles for one conformer are pre-
sented. Earlier, we showed that the oligomer with a short chain
length may be considered as a good model for studying the confor-
mational properties [19]. All calculations were performed with the
use of MMFF94s force field [24] in the framework of Macromodel
program package [25].

For measurements of nonlinear optical characteristics polymer
films were spin-cast from CFAO and CFMAO solutions in cyclohex-
anone [21]. In order to induce a non-centrosymmetric arrange-
ment of chromophore groups, the films were poled in the corona
field under 6.5–7 kV voltage, the distance from a tungsten needle
electrode to the surface of the film being 1 cm. The orientational
order parameter of chromophore groups was controlled by
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igomers under study: CFAO (a) and CFMAO (b).
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UV-spectroscopy on the basis of the change in the chromophore
absorbance values before (A0) and after (A) poling: g = 1–A/A0.

Polymer NLO properties were studied by Second Harmonic Gen-
eration (SHG) technique on an automated unit with a-quartz ([-
cut) plate as a standard; the fundamental beam was provided by
pulse Nd3+:YAG laser (k = 1064 nm, pulse duration 15 ns, power
density at the sample 10 kW/cm2) [21]. SHG coefficients, d33, were
obtained from the best fit of the calculated angular dependences of
SHG intensities to the experimental data.
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3. Results and discussion

3.1. General features of the dielectric behavior of CFAO and CFMAO

The dielectric behavior of CFAO and CFMAO in the studied
ranges of temperatures and frequencies are qualitatively similar.
In Figure 2, the temperature dependences of tgD = u(T) at various
frequencies are presented for an example of CFAO. In the range
from –155 to +200 �C, four relaxation processes are observed
denoted as c-, b-, b1- and a-processes, in the order of increasing
temperature. The c-, b-, b1-processes are observed in the glassy
state, while the a-process is realized in the rubber state.

The most important characteristic of each relaxation process is
the most probable relaxation time, smax, determined, according to
[26] as

smax ¼ sHN

sinðpaHNbHN
2ðbHNþ1ÞÞ

sinð paHN
2ðbHNþ1ÞÞ

" #1=aHN

ð1Þ

The parameters sHN, aHN, and bHN, in turn, are estimated from
frequency dependences of the complex permittivity, e⁄ =
e0(x)�ie00(x), described by the empirical Havriliak–Negami equa-
tion [27] for one (k = 1) or a sum of two (k = 2) relaxation
processes:

e�ðxÞ � e1 ¼
Xn

k¼1

Im
Dek

f1þ ðixsHNk
Þakgbk

" #
ð2Þ

Here, x = 2pf, De = e0�e1 is the increment of dielectric permit-
tivity (e0 = e0 at x ? 0, e1 = e0 at x ?1), sHN is Havriliak–Negami
relaxation time, aHN and bHN are fitting parameters, corresponding
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Figure 2. Temperature dependence of dielectric loss at 0.0005 (1), 0.005 (2), 0.05
(3), 0.5 (4), 5 (5), and 50 kHz (6) for CFAO.
to width and asymmetry of the relaxation times distribution,
respectively.

In the rubber state, the dc conductivity contribution into e⁄(x),
appearing at low frequencies, was accounted as rdca

evxs [28] where rdc

is the specific dc conductivity, a is a constant having dimension
[a]=[Hz]s-1, s < 1, ev is the permittivity of vacuum.

Frequency dependences of the dielectric losses factor, e00 = u(f),
for CFAO in the range of b1- and a-processes and for CFMAO in the
range of c- and b-processes are presented in Figure 3a and b,
respectively. They are satisfactorily described by Eq. (2). As an
example, in Figure 4a, the dependence e00 = u(f) is presented at
120 �C as a sum of b1- and a-processes for CFAO and in Figure 4b,
at –100 �C as a sum of c- and b-processes for CFMAO.

Dipole polarization relaxation times for c-, b-, b1-, and a-pro-
cesses, determined according to Eq. (1), are presented for CFMAO
and CFAO polymers in Figure 5.

In the region of c-, b-, and b1-processes, the dependences
–logsmax = u(1/T) are linear (Figure 5, curves 1, 1/, 2, 2/, and 3, 3/,
respectively) and are described by the Arrhenius equation, assum-
ing the single relaxation process:
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Figure 3. Frequency dependencies of e00 in the range of b1–b a-processes for CFAO at
60 (1), 80 (2), 100 (3), 120 (4), 140 (5), 160 (6), 180 (7), 200 (8), and 220 �C (9) (a)
and in the range of c- and b-processes for CFMAO at –130 (1), –120 (2), –110 (3),
–100 (4), –90 (5), –80 (6), –70 (7), –60 (8), –50 (9), –40 (10), and –30 �C (11) (b).
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Figure 4. Frequency dependences of e00 for CFAO at 120 �C (subtraction of dc
conductivity) (a) and for CFMAO at –100 �C, (b) described according to the HN
equation by the sum of b1- and a- and c- and b-processes, respectively. HN
parameters for b1-process: De = 0.28, aHN = 0.62, bHN = 0.44, smax = 9.04�10�4 s, for
a-process: De = 0.95, aHN = 0.57, bHN = 0.98, smax = 0.14 s, for c-process: De = 0.068,
aHN = 0.45, bHN = 0.23, smax = 1.85�10�5 s, and for b-process: De = 0.18, aHN = 0.56,
bHN = 0.34, smax = 0.52 s.
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Figure 5. Dependences of –logsmax on reciprocal temperature for CFAO (1–4) and
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sðTÞmax ¼ s0 exp
Ea

RT

� �
ð3Þ

s0 = smax at T ?1, Ea is the activation energy, R is the absolute gas
constant. Values of –logs0 and Ea for c-, b- and b1-processes are pre-
sented in Table 1.

A linear dependence –logsmax = u(1/T) is characteristic of local
forms of mobility. The reorientation of small kinetic units (polar
groups, atoms) is virtually non-correlated with the neighboring
chains, the motion kinetics being controlled by intramolecular
interactions. For local forms of mobility, s0 and Ea are about
10�11�10�13 s and 4–12 kcal/mol, respectively.

In the a-process region, the relaxation time temperature depen-
dences for CFMAO and CFAO are nonlinear (Figure 5, curves 4, 4/,
respectively) and may be described by the Vogel–Fulcher–Tam-
mann–Hesse equation [29]:

smax ¼ s0 exp
B

T � T0

� �
ð4Þ
where s0, B and T0 are temperature-independent parameters. T0 is
the so-called Vogel temperature, being usually several tens of
degrees lower than Tg. The parameter B is a measure of nonlinearity
of the dependence �logsmax = u(1/T), the smaller is the B value, the
higher is a cooperativity of the process under study. The values of
the parameters of Eq. (4) for CFAO and CFMAO are presented in
Table 2.

Nonlinearity of the �logsmax = u(1/T) dependence is character-
istic of cooperative forms of molecular mobility, the corresponding
parameters being determined to a considerable extent by intermo-
lecular interactions. Cooperative forms of molecular motions are
characterized by a broad set of relaxation times and are realized
as joint motions of a large number of kinetic units.

Defining molecular mechanisms of relaxation c-, b-, b1-, and
a-processes in CFAO and CFMAO oligomers, one should take into
account motions of their polar groups, including chromophore
end nitro-groups (dipole moment l = 4.01 D) and polar groups in
the main chain such as tertiary amino, ether, hydroxyl, and ester
groups with l = 1.3, 1.4, 1.5, and 1.8 D [30], respectively (trans-
azo group has zero dipole moment). Dielectric properties of CFAO
and CFMAO are due to the molecular mobility related to internal
rotations (torsions) of polar kinetic units around the chemical
bonds denoted by arrows in Figure 1. These rotations are dielectri-
cally active as they change the dipole moment projection on the
electric field direction, thus being an origin of dielectric absorption.

In the present Letter, molecular mechanisms of the c-, b-, b1-,
and a-processes in CFAO and CFMAO oligomers are analyzed in
the framework of the widely recognized interpretation of dielectric
processes in polymers with similar architectures, such as comb-
like copolymers with functional (mesogenic, chromophore) side
groups [31–34] and main-chain aromatic polyesters [35–37]. It
should be kept in mind that in the polymers under investigation,
the backbone and chromophores motions are strongly coupled
due to the fact that the amino groups of chromophores are incor-
porated into the backbone.
3.2. c-Process

For polymers whose molecular architecture is similar to that for
the systems studied in this Letter the region of the lowest-temper-
ature (the fastest) c-process is known to be caused by the mobility
of polar end-groups. For CFMAO and CFAO temperature–frequency



Table 1
Parameters of Eq. (3) for the c-, b-, and b1-processes.

Sample –logs0

(s)
Ea

kcal/mol
–logs0

(s)
Ea

kcal/mol
–logs0

(s)
Ea

kcal/mol
c-process b-process b1-process

CFAO 12.4 6.4 16.5 14.8 12.50 17.7
CFMAO 12.3 6.0 15.9 12.4 11.6 17.5

Table 2
Tg(DS) and Tg(DSC) values and parameters of Eq. (4) for the a-process.

Polymer –logs0 (s) B, K T0, K Ta
g(DS) (�C) Tg(DSC) (�C)

CFAO 10.9 1496 336 122 130
CFMAO 9.7 1279 318 102 110
Heated CFMAO 9.6 1541 322 119 –

a Tg is determined at logsmax = 0.
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coordinates of this process (Figure 5, curves 1 and 1/, respectively)
are close to those for chromophore-containing comb-like copoly-
methacrylates with polar end groups [31–34]. In the case of CFAO
and CFMAO, it seems to be determined by reorientations of polar
end NO2 groups.

The parameters of Arrhenius equation for the c-process in CFAO
and CFMAO are close to each other and are characteristic of local
forms of the Debye-type molecular mobility with a single relaxa-
tion time (Table 1). As expected, the structure of the backbone
almost does not affect the mobility of the end groups.

MM reveals several maxima on the distribution curves for the
torsion angle u2 (Figure 6a) and for angles g describing the
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Figure 6. Distributions of u2 (a) and g (b) angle values for CFAO d
rotation of hydroxyl hydrogen (dielectrically inactive rotation) in
CFAO (Figure 6b) and methacryloyl groups in CFMAO (Figure 6c).
The range of accessible g angles for CFMAO is essentially narrower
than that in the case of CFAO due to presence of bulky methacry-
loyl groups (Figure 6d). Moreover, x2 torsions within the methac-
ryloyl groups in CFMAO are just initiated at the temperatures of
the c-process (Figure 6c).

Thus, both DS and MM studies confirm that c-processes arise in
CFAO and CFMAO due to rotations of end NO2 groups in both poly-
mers and methacryloyl groups in CFMAO.

3.3. b-Process

The c-process is followed by the b-process on the temperature
scale. Locations of the b-processes on the �logsmax = u(1/T) plot
(Figure 5, curves 2 and 2/) for CFAO and CFMAO are close to that
for comb-like polymers [31–34] and main-chain aromatic polyes-
ters [35–37]. It has been shown that the b-process in comb-like
polymers is represented by rotations of functional side groups
about their long axes. For main-chain aromatic polyesters, the
occurrence of the b-process was related to hindered reorientations
of small kinetic units of the backbone. Therefore, it may be
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assumed that the molecular origin of the b-process in CFAO and
CFMAO is a result of a superposition of the local mobility of chro-
mophore groups (u1 torsion) and local reorientations of polar
groups in the backbone.

Parameters of Arrhenius equation for the b-process are higher
than those for the local mobility modes (Table 1). This means that
molecular mobility is determined not only by the nearest environ-
ment but by the intermolecular interactions as well. A comparison
of curves 2 and 2/ shows that the b-process relaxation time for
CFAO is one-two orders of magnitude higher than that for CFMAO,
where bulky methacryloyl groups make the polymer structure less
dense and reduce intermolecular interactions.

MM for CFAO at –70 �C (close to the b-process) show that reori-
entations in bis-phenol fragments described by a1 angles (Figure 1)
contribute to the b-process (Figure 7a). As to CFMAO, the mobility
in the bis-phenol fragment seems to occur at 50 �C, temperatures
being higher than that of the b-process (Figure 7b). It can rather
be attributed to the following b1-process.

In contrast to DS data, MM calculations do not detect the rota-
tions of the azochromophore groups described by the u1 angle.
However, MM data show that the mobility inside of azo-fragments
described by u3 and u4 angles is found.
3.4. b1-Process

The b1-process precedes the a-process on the temperature scale
and is observed in the glassy state. The temperature dependences
of relaxation times for CFAO and CFMAO (Figure 5, curves 3 and
3/, respectively) are close to those observed in linear polyesters
[35–37]. It is assumed that the b1-process in linear polyesters is
related to reorientations (in the glassy state) of short backbone
fragments, involving polar groups.

Arrhenius equation parameters for the b1-process exceed con-
siderably those for the local modes of molecular mobility, demon-
strating that the b1-process is affected by intermolecular
interactions. In the range of the b1-process, the �logsmax = u(1/T)
dependence for CFAO lies at lower temperatures than that for
CFMAO (Figure 5, curves 3 and 3/, respectively). This means that
molecular mobility for the b1-process for CFAO is higher than that
for CFMAO.

MM makes it possible to identify certain backbone fragments
contributing to the b1-process. According to the data of MM, one
can suppose that for CFAO (Figure 8b) and CFMAO (Figure 8c) these
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Figure 7. Distributions of a1 angle values for CFAO dimer at T = –120 and –70 �C (a) and fo
circles – for higher temperature.
backbone fragments are bis-phenol moieties with adjacent ether
groups (motions described by the a2 angles). Moreover, for CFAO,
a contribution to the b1-process is provided by reorientations of
OCCO main-chain fragments related to the q angle (Figure 8a). In
the case of CFMAO, the molecular motions described by the q angle
are exhibited in the intermediate temperature range between b1-
and a- processes, making their exact assignment difficult.
3.5. a-Process

For CFAO and CFMAO, the highest-temperature a-process is re-
lated to the main chain segmental motion and reflects a transition
from the glassy to the rubbery state. The glass transition tempera-
tures were determined from the DS data by the extrapolation of
curves 4 and 4/ in Figure 5, respectively, described by Eq. (4), to
logsmax = 0. Tg estimated from the DS data are found to be close
to Tg values determined by the DSC technique (Table 2). The lower
Tg value for CFMAO as compared to that for CFAO is caused by a de-
creased molecular packing density due to the presence of bulky
methacryloyl groups (plasticization effect).

The presence of reactive methacryloyl groups in CFMAO results
in the polymer cross-linking upon heating above 110 �C [38]. This
ability of CFMAO to form cross-linked systems is important for the
thermal stability of its NLO activity. The process of cross-linking
can be seen in the dependence –logsmax = u(1/T) for CFMAO as
a deviation of relaxation time values from curve 4/ (Figure 5). After
this heat treatment, the dependence �logsmax = u(1/T) for CFMAO
(curve 4/) is shifted to higher temperatures (curve 4//, inset in Fig-
ure 5). It means that the segmental molecular mobility of the main
chain is reduced and the Tg value increases (Table 2).

The performed MM of short oligomeric chain fragments does
not allow to interpret the experimental DS data on the a-process,
because this is a large-scale cooperative process determined
mainly by intermolecular interactions. An attempt to describe it
in terms of local mobility of chain fragments would be not
appropriate.
3.6. NLO characteristics

Earlier, we observed that the poling efficiency is affected essen-
tially by the poling protocol as well as the procedure of film prep-
aration [38]. In accordance with the data presented here, more
efficient poling of CFAO films and resulting values of d33
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Figure 8. Distributions of q (a) and a2 (b) angle values for CFAO dimer and a2 (c) for CFMAO dimer at T = –70 and 50 �C; small circles – for lower temperature, large circles –
for higher temperature.

Table 3
Film thickness (h), poling temperature (Tp), order parameter (g), and SHG coefficients
(d33) of the studied polymer films.

Sample number Polymer h, nm Tg (�C) Tp (�C) g d33 (pm/V)

1 CFAO 390 130 110 0.16 28.9
2 260 120 0.28 62.0
3 CFMAO 200 110 110a 0.14 21.3
4 260 110b 0.20 35.0

a The corona-field was switched on at 110 �C.
b The corona-field was switched on at 90 �C.
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coefficients are obtained when higher poling temperatures are
used (see Table 3, samples 1 and 2). One may expect even higher
values of d33 when Tp is close to 130 �C, i.e. equal to Tg. As for
CFMAO films, Tp was chosen equal to Tg (110 �C), however the pol-
ing procedure was somewhat different: in the case of sample 3 the
field was switched on just when Tp was reached, whereas when the
sample 4 was poled, the field was switched on at lower tempera-
ture (90 �C) and the further increase of temperature up to
Tp = 110 �C was carried out. The data of Table 3 demonstrates that
the second procedure seems to be more efficient for CFMAO (sam-
ple 4), as according to the study of cross-linking kinetics based on
the IR-spectral data, the cross-linking process already starts at
110 �C. Thus, using the second procedure of poling (sample 4),
we obtained higher values of d33 coefficients.
4. Conclusions

To conclude, four relaxation processes were observed in CFAO
and CFMAO polymers: the c-, b-, and b1- processes - in the glassy
state and the a-process – in the rubbery state. Molecular mecha-
nisms of these processes were proposed on the basis of the DS
and MM (for the glassy state processes) data.

According to the DS and MM data, the c-process reflects the
mobility of end nitro-groups in chromophore fragments for both
CFAO and CFMAO and methacryloyl groups (for CFMAO). The
b-process for CFAO and CFMAO is related to rotations of chro-
mophores about their long axes and to local motions inside of
chromophore. For CFAO, phenyl rings in bis-phenol fragments con-
tribute also into the b-process. For the b1-process, specific main
chain fragments responsible for its occurrence were defined as
phenyl rings in bis-phenol moieties with adjacent ether groups
for CFAO and CFMAO. Additionally, OCCO backbone moieties con-
tribute to the b1-process in the case of CFAO. Finally, the a-process
corresponds to the segmental motion of polymer chains. In the
case of CFMAO, a decrease in the mobility due to cross-linking,
resulting in a growth of Tg, becomes noticeable in dielectric spectra
upon heating above 160 �C.

Upon the replacement of methacryloyl groups for hydroxyl
ones, molecular mobility increases for the a- and b-processes,
decreases for the b1-process, and remains almost unchanged for
the c-process.
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As follows from the data presented in Figure 5 (curves 4 and 4/

for a-processes in CFAO and CFMAO, respectively) the relaxation
time, smax, for CFMAO sample is about two orders of magnitude
lower than that for CFAO sample. Thus, it may be concluded that,
in general, CFMAO sample is characterized by higher molecular
mobility than CFAO sample. However, in spite of this fact, higher
second order nonlinear optical coefficients, d33, were not obtained
for CFMAO samples as the cross-linking process starts already at Tp,
making the orientation of chromophore groups more difficult. Sub-
sequent cross-linking of methacryloyl group in CFMAO sample
makes it possible to fix the attained polar orientation of chromo-
phore groups, thus enhancing the stability of NLO properties.

Thus, the performed research allows one to conclude that an
efficient poling of CFAO should be carried out at the temperatures
not lower than 130 �C, when the mobility of chromophore groups
and segments of the main chain arises. Poling of CFMAO is compli-
cated by cross-linking starting from �110 �C. Therefore, a further
optimization of the temperature regime of CFMAO poling is neces-
sary in order to achieve its optimal second-order NLO properties. It
should also be emphasized that the dielectric measurements were
performed for non-poled samples. In the future, we plan to obtain
dielectric spectra for the corona-poled films-electrets, in order to
study the effect of poling on molecular mobilities of the presented
chromophore-containing oligomers.
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