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ABSTRACT: The frontal polymerization (FP) of bisphenol A

ethoxylate diacrylate (BPAEDA) was carried with and without

the presence of two different azobenzene comonomers by

means of an external heating source. The first azomonomer

(MDR-1) is a derivative of disperse red-1, N-ethyl-N-(2-hydrox-

yethyl)-4-(4-nitrophenylazo)aniline, whereas the second (E)-2-

(4-((4-nitrophenyl)diazenyl)phenyl)-5,8,11-trioxa-2-azatridecan-

13-yl methacrylate (4PEGMAN) comes from the azo-dye N-

methyl-N-{4-[(E)-(4-nitrophenyl)diazenyl]phenyl}-N-(11-hydroxy-

3,6,9-trioxaundecas-1-yl) amine. In this work, an ionic liquid tri-

hexyltetradecylphosphonium persulfate was used as initiator.

This compound produced stable propagating polymerization

fronts with good velocities and moderate maximum tempera-

ture values. Moreover, this initiator prevented bubble forma-

tion and was found to be the most efficient when it was used

in lower amounts with respect to other initiators, such as ben-

zoyl peroxide, 2,20-azobisisobutyronitrile, aliquat persulfate
VR
,

and tetrabutylphosphonium persulfate. The thermal properties

of the obtained polymers and copolymers were determined by

thermogravimetric analysis and differential scanning calorime-

try. The nonlinear optical (NLO) characterizations of the devel-

oped BPAEDA/MDR-1 and BPAEDA/4PEGMAN copolymers

were performed according to the Z-Scan technique in film sam-

ples prepared by classical polymerization. It has been proven

that samples with higher 4PEGMAN content (0.26 mol %)

exhibited outstanding cubic NLO-activity with positive NLO-re-

fractive coefficients in the promising range of n2 ¼ þ3.2 � 10�4

esu. VC 2012 Wiley Periodicals, Inc. J Polym Sci Part A: Polym

Chem 50: 1906–1916, 2012

KEYWORDS: azopolymers; frontal polymerization; initiators;

NLO; radical polymerization; Z-Scan

INTRODUCTION Azopolymers have been considered as highly
versatile materials, due to their light response, nonlinear op-
tical (NLO) effects and the photoinduced motions which
occur on them, when they are irradiated with polarized laser
light.1 Several reviews covering most of the implications of
azobenzene in polymer structures have been published.1–4 At
the beginning, research on azobenzene molecules focused
mainly on the development of dyes. However, since the dis-
cover of the trans–cis photoisomerization of azobenzene in
the 1950s and its potential applications in optics, this
research field has evolved significantly.5

According to Rau, azobenzenes can be divided into three
main categories: ‘‘azobenzenes,’’ ‘‘amino-azobenzenes,’’ and

‘‘pseudostilbenes.’’6 This classification is based on the relative
energies of the n–p* and p–p* transitions.7,8 Azobenzene
molecules show an intense p–p* band in the UV region at
350 nm followed by a weak n–p* band at 440 nm. In the
case of the amino-azobenzenes, the p–p* band is red-shifted
to the proximity of the n–p* band, which is insensitive to
substituent effects, thereby causing a partial overlap of both
bands.9 Unlike the preceding categories, pseudostilbenes are
substituted with strong electron-donor and electron-with-
drawing groups. Therefore, they are also named push–pull
molecules; the p–p* and the n–p* are inverted in the energy
scale and totally overlap so that only one absorption band is
observed. Moreover, for this kind of azobenzenes, the

VC 2012 Wiley Periodicals, Inc.

1906 JOURNAL OF POLYMER SCIENCE PART A: POLYMER CHEMISTRY 2012, 50, 1906–1916

ARTICLE WWW.POLYMERCHEMISTRY.ORG
JOURNAL OF

POLYMER SCIENCE



photoisomerization is reversible, very fast, and takes place in
the order of picoseconds. Thus, pseudostilbenes can reversi-
bly isomerize trans–cis as long as they are illuminated with
linear polarized light in the UV–vis range.

In the last years, various azopolymers bearing amino-nitro-
substituted azobenzene units, flexible alkyl spacers, and a
polymethacrylate backbone such as those of the pnMAN se-
ries, have been synthesized and characterized.10 In general,
they exhibit absorption maxima at wavelengths close to
those reported for similar push–pull azocompounds.11,12

These kinds of materials easily form J- and H-type aggre-
gates in cast films.10 Nevertheless, acrylic azomonomers usu-
ally exhibit slightly lower reactivity toward polymerization
than other analogous monomers without azobenzene. It has
been already reported in the literature that the homopolyme-
rization of azomonomers usually give polymers with medium
to low molecular weights.10

Previously, we reported the synthesis, characterization, and op-
tical properties of a series of novel amphiphilic amino-nitro-
substituted azo-dyes and azopolymers bearing oligo(ethylene
glycol) segments.13–16 Azobenzene and poly(ethylene glycol)
have been incorporated into various sophisticated systems
such as copolymers,17,18 nanomaterials,19,20 cellulose deriva-
tives,21,22 and cyclodextrin polymers,23,24 sometimes forming
supramolecular complexes with interesting properties.25

Frontal polymerization (FP) is a process in which polymer-
ization occurs directionally.26 There are mainly three types
of FP: the first is the isothermal one; the second is the pho-
tofrontal polymerization, in which the front is driven by the
continuous flux of radiation, usually UV-light; the last one is
the thermal FP, which results from the application of heat in
a specific point of the reactor. One of the most important
conditions to successfully carry out an FP is that the system
must be inert at room temperature but very reactive once
ignited, thus quickly releasing a sufficient amount of heat to
generate a self-sustaining propagating reaction front that
converts monomer into polymer.

FP was discovered in Russia by Chechilo and Enikolopyan in
the 1970s,27 and their work was pushed further in 1984.28

Our group has used this technique for the consolidation of
porous materials,29,30 to synthesize interpenetrating polymer
networks,31 unsaturated polyester/styrene resins,32,33 hydro-
gels,34–37 polymer-based nanocomposites,38 and polyhedral
oligomeric silsesquioxanes.39 In our most recent articles, we
used FP to synthesize hybrid inorganic/organic epoxy res-
ins,40 to obtain stimuli-responsive hydrogels containing par-
tially exfoliated graphite,41 and to copolymerize successfully
an azomonomer into two different polymer matrices.42,43

Recently, we reported that FP could be used to obtain mate-
rials that cannot be prepared by the classical method;
namely, graphene-containing nanocomposite hydrogels of
poly(N-isopropylacrylamide) were synthesized. In particular,
at variance to what was found using the classical polymer-
ization technique, by FP graphene did not reaggregate to
graphite flakes, thereby allowing the preparation of a homo-
geneously dispersed nanocomposite.44

Chen et al. proposed FP as the technique for the polymeriza-
tion of 2-hydroxyethyl acrylate,45 epoxy resin/polyurethane
networks,46 vinylpyrrolidone,47 quantum dot polymer nano-
composites,48 and polyurethane-nanosilica hybrid nanocom-
posites.49 Lastly, they have also obtained amphiphilic gels,50

and hydrogels of N-vinylimidazole for adsorption of metals.51

In addition, Pojman et al. published a review covering the
most important features in FP up to 1996.52 Moreover, they
investigated the instability of the front,53,54 the influence of
the spin modes and the reactor geometry in FP,55 the FP of
poly(dicyclopentadiene),56 urethane acrylates,57 acrylic
monomers,58–60 the use of a microencapsulated initiator,61

and the formation of simultaneous-interpenetrating polymer
networks.62 Lately, they developed the frontal cationic curing
of an epoxy resin63 and studied the FP of a triacrylate with
inert phase-change materials.64

In this article, we report the FP of bisphenol A ethoxylate
diacrylate (BPAEDA), using the ionic liquid trihexyltetrade-
cylphosphonium persulfate (TETDPPS) as radical initiator,
which was previously synthesized by us.65 Additionally, we
have incorporated two azobenzene-containing comonomers,
namely, (E)-2-(ethyl(4-((4-nitrophenyl) diazenyl) phenyl)
amino)ethyl methacrylate (MDR-1) and (E)-2-(4-((4-nitro-
phenyl)diazenyl)phenyl)-5,8,11-trioxa-2-azatridecan-13-yl
methacrylate (4PEGMAN; see structures in Scheme 1). The
obtained copolymers were characterized by FTIR spectros-
copy, and their thermal properties were determined by ther-
mogravimetric analysis (TGA) and differential scanning calo-
rimetry (DSC). Moreover, the optical properties of the two
series of copolymers were studied by absorption spectros-
copy in the UV–vis range. Finally, the cubic NLO-characteriza-
tions of the obtained BPAEDA/MDR-1 and BPAEDA/4PEG-
MAN amorphous copolymers were performed according to
the Z-Scan technique in thin-film samples prepared by classi-
cal polymerization.66

RESULTS AND DISCUSSION

The FP of BPAEDA was carried out using different initiators:
benzoyl peroxide (BPO), 2,20-azobis isobutyronitrile (AIBN),
aliquat persulfateV

R

(APS), and the ionic liquids tetrabutyl-
phosphonium persulfate (TBPPS) and TETDPPS.

First, we tested different kinds of initiators for the FP of
BPAEDA. As BPO and TBPPS were not able to self-sustain a
propagating front with the same concentration with which
TETDPPS did, the minimum quantities of such initiators
were not determined because they proved to be useless in
this work. In the case of APS and AIBN, it was necessary to
use 0.57 and 3 mol % of them, respectively, to succeed in
performing an FP. In addition, samples obtained with AIBN
were full of bubbles and inadequate for our study on optical
properties; and those with APS were not useful because a
very high concentration of initiator is required to promote a
polymerization front, contrary to what happens with the
TETDPPS initiator. Finally, the ionic liquid TETDPPS was
found to promote FP with an almost constant velocity, with
respect to its concentration, and relatively low temperatures
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of the propagating front, thus avoiding bubble formation and
any possible thermal degradation. This initiator was used in
lower quantity (0.44% mol) than those used with other ini-
tiators used in this work. Therefore, herein, we report the
results obtained with this initiator.

From the set of results presented in Table 1, it was deter-
mined that an increase of TETDPPS concentration increased
both the front velocity (Vf) and the maximum temperature
(Tmax) reached by the propagating front. Moreover, conver-
sion from monomer into polymer was found to be between
84 and 94%, without any apparent relationship with the
TETDPPS concentration.

Meanwhile, Table 2 shows the results of the frontal copoly-
merization of BPAEDA with the azomonomer MDR-1, using
TETDPPS as initiator. The front velocity exhibits values
between 0.9 and 1.3 cm min�1, which are higher than that
found in BPAEDA homopolymerization (0.7 cm min�1). Anal-
ogously, when MDR-1 was added Tmax and conversion also
increase (from 134 up to 145 �C, and from 84 up to 97%,
respectively).

Table 3 shows the results of the frontal copolymerization of
BPAEDA and 4PEGMAN using TETDPPS as initiator. As we
can see, all the front velocity data of the copolymers showed
values between 0.85 and 1.0 cm min�1, which are slightly
faster than that of the BPAEDA homopolymer (Vf ¼ 0.7 cm
min�1).

Moreover, the maximum temperature reached by the front
also slightly increased from 134 to 141 �C as consequence of
PEGMAN addition. As well as in the case of the polymeriza-
tion of BPAEDA, the conversion remained between 84 and
93%. However, the glass transition temperature of the
obtained polymers decreased from 51 to 34 �C, when 4PEG-
MAN monomer was incorporated into the poly-BPAEDA
matrix.

The optical properties of the copolymers were studied by
UV–vis spectroscopy, and the absorption spectra of the
copolymers prepared with the two aforementioned azomono-
mers are shown in Figures 1 and 2. In the case of the
copolymers bearing MDR-1 units in their structure, all of
them exhibited a maximum absorption band around kmax ¼
463–468 nm (not shown), which is 10-nm blue-shifted with
respect to the MDR-1 absorption in CHCl3 (kmax ¼ 472–474
nm). This slight hypsochromic effect reveals the presence of
traces of H-aggregates between the azobenzene groups in
the polymer. These results confirmed the incorporation of
MDR-1 into the poly-BPAEDA structure (Fig. 1).

Meanwhile, the azomonomer 4PEGMAN exhibits a maximum
absorption band in CHCl3 solution at kmax ¼ 480 nm. In the
case of the copolymers of BPAEDA/4PEGMAN, all of them

SCHEME 1 Structure of the used monomers, BPAEDA, MDR-1, and 4PEGMAN.

TABLE 1 Front Velocity Values, Maximum Reached

Temperatures, Glass Transition Temperatures, and Conversion

Values of the Obtained Polymers in the Frontal Polymerization

of BPAEDA, Varying the TETDPPS Concentration

TETDPPS

(mol %)

Vf

(cm min�1)

Tmax

(�C)
Tg

(�C)
Conversion

(%)

0.33 0.6 128 51 92

0.44 0.7 134 51 84

0.65 1.0 140 45 85

0.87 1.1 142 42 89

1.10 1.3 147 44 94

TABLE 2 Front Velocity Values, Maximum Reached

Temperatures, Glass Transition Temperatures, and Conversion

Values for the Copolymers in the FP of BPAEDA and MDR-1

Azomonomer, Using TETDPPS (0.44 mol %) as Initiator

MDR-1

(mol %)

Vf

(cm min�1)

Tmax

(�C)
Tg

(�C)
Conversion

(%)

0 0.7 134 51 84

0.014 1.2 145 53 92

0.034 1.3 148 49 88

0.077 1.1 145 47 97

0.10 1.1 145 51 93

0.13 0.9 142 49 93

0.33 0.9 141 47 91
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(not shown) exhibited a maximum absorption band in the
same solvent at kmax ¼ 472–474 nm, which is 8-nm blue-
shifted with respect to that of the azomonomer. Similarly,
this hypsochromic effect confirms also the presence of H-
aggregates between the azobenzene groups in these poly-
mers (Fig. 2).

As MDR-1 and 4PEGMAN, like other amino-nitro-substituted
azobenzenes, belong to the pseudostilbenes category of the
Rau’s classification, they exhibit a total overlap of the p–p*
and n–p* bands so that only a blue-shift of the maximum
absorption band can be observed.

Since, from a comparison between the samples obtained by
FP and by classical bulk polymerization, it was found that
their optical properties are absolutely similar, FP was used
to obtain thick samples, which might have practical applica-
tions in optical storage, photolithography, and the elabora-
tion of other optical devices. However, given that the study
of NLO properties by means of the Z-scan technique requires
the use of thin films, these were prepared by classical bulk
polymerization.

Namely, the linear absorption coefficients evaluated within
the visible range for the BPAEDA/MDR-1 and BPAEDA/4PEG-
MAN copolymer films with higher MDR-1 and 4PEGMAN
chromophore content (at 0.33 and 0.26 mol %, respectively)
are shown in Figure 3(a,b). The thickness of the studied
samples (sandwiched films prepared within two glass slices)
was in the order of �60–80 lm; thus, the Lambert–Beer law
applies for such semitransparent film structures, allowing an
adequate data analysis and making these copolymers poten-
tial candidates for some optical applications due to their
appropriate transparency at optical wavelengths. It is evident
from Figure 3(a,b) that the highest absorptive properties of
the copolymer samples occur within the 400–580 nm spec-
tral range in both BPAEDA/MDR-1 and BPAEDA/4PEGMAN
films. In contrast, the pristine BPAEDA reference film (RF)
does not exhibit significant absorption within the whole
spectral range. This fact indicates the successful copolymer-
ization of the MDR-1 and 4PEGMAN with the BPAEDA matrix
using TETDPPS as ionic liquid initiator. Indeed, the absorp-
tion properties of these copolymers points to additional con-
jugation of delocalized p-electrons provided by the higher
content of push–pull chromophores in these systems, this
assumption will be explored by means of cubic NLO Z-Scan
experiments as explained below. Under this framework, the
available laser excitation line implemented in Z-Scan experi-
ments (kZ-Scan ¼ 632.8 nm) is also shown in Figure 3(a,b)
(vertical dashed lines). At this wavelength, the copolymer
samples exhibit lower absorption conditions, allowing nonre-
sonant cubic NLO-characterizations of the developed films,
which represent a critical point when working with organic
materials, showing moderate to low Tg values. Indeed, rela-
tively small linear absorption coefficients in the order of a0
� 800–1500 m�1 (see values in Table 4) were evaluated for
the studied copolymer films at kZ-Scan. These values are very
useful for the determination of the nonlinear refraction and
absorption coefficients according to the Z-Scan experimental
technique

TABLE 3 Front Velocity Values, Maximum Reached

Temperatures, Glass Transition Temperatures, and Conversion

Values of the Obtained Polymers in the Frontal

Copolymerization of BPAEDA and 4PEGMAN,

Using TETDPPS (0.44 mol %) as Initiator

4PEGMAN

(mol %)

Vf

(cm min�1)

Tmax

(�C)
Tg

(�C)
Conversion

(%)

0 0.7 134 51 84

0.010 0.95 139 52 89

0.026 0.85 136 49 93

0.050 0.96 139 46 93

0.080 0.97 140 34 89

0.10 1.00 141 39 85

0.26 0.88 138 43 85

FIGURE 1 UV–vis spectra of the azomonomer MDR-1 and of

two 2-PEA/MDR-1 copolymers with different azomonomer con-

centrations [MDR-1 ¼ 0.077 and 0.33 mol %] [TETDPPS ¼ 0.44

mol %].

FIGURE 2 UV–vis spectra of the azomonomer 4PEGMAN and

of two 2-PEA/4PEGMAN copolymers with different azomono-

mer concentrations [4PEGMAN ¼ 0.08 and 0.26 mol %]

[TETDPPS ¼ 0.44 mol %].
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The Z-Scan NLO-measurements were performed at room
conditions on the developed BPAEDA/MDR-1 and BPAEDA/
4PEGMAN copolymer thin films. Measurements include the
Z-Scan signals obtained from the reference poly-BPAEDA film
(RF) and the cover slip glass substrates to monitor the NLO-
activity of the polymer matrix and the influence of photoac-
tive units on the copolymer film systems. The observed non-
local effect of these samples is shown in Figure 4(a,f). A rig-
orous theoretical fitting was performed to simultaneously
evaluate both the nonlinear absorptive and refractive proper-
ties of these samples. The NLO-response of the studied films
was characterized by varying the input polarization planes of
the laser beam to explore microscopic material asymmetries
or anisotropies throughout the film structure; measurements
were also performed on several regions of the specimens to
rigorously verify the experimental results. In general, as all
NLO-measurements were systematically performed with dif-
ferent input polarization states (from 0 to 90�: S- and P-
polarization, respectively) and the obtained curves are quite
similar in each sample, the film structures do not seem to

FIGURE 3 (a and b) Comparative linear absorption coefficients

obtained for the pristine BPAEDA reference film (RF) and the

BPAEDA/MDR-1 and BPAEDA/4PEGMAN copolymer films sam-

ples (labeled films: LF) prepared with the TETDPPS ionic liquid

initiator at different MDR-1 and 4PEGMAN chromophore con-

centrations: (a) BPAEDA/MDR-1 copolymer film samples pre-

pared at 0.33 and 0.13 mol % (MDR-1) and (b) BPAEDA/

4PEGMAN copolymer film samples prepared at 0.26 and 0.10

mol % (4PEGMAN).
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show any significant anisotropic behavior, thereby confirming
their amorphous nature. On the other hand, as the studied
samples have a moderate glass transition temperature (Tg
values around 45 �C), the Z-Scan curves and related NLO-
effects were obtained at relatively low laser intensities.

Taking into account the theory developed by Sheik-Bahae
et al. and Liu et al.,67–71 it is observed from our measure-
ments that the nonlinear refractive response of the studied
samples can be unambiguously determined by typical peak-
to-valley Z-Scan transmittance curves. Hence, one can imme-
diately observe that the cover slip glass substrate exhibits a
negligible nonlinear refractive effect (flat Z-Scan curve: NLO-
refractive coefficient n2 � 0, see Figure 4(a). On the other
hand, the highly transparent poly-BPAEDA RF (polymer

matrix) clearly exhibits a negative NLO-refractive activity
(peak-to-valley Z-Scan transmittance curve: n2 < 0, see Fig-
ure 4(b). Finally, the BPAEDA/MDR-1 and BPAEDA/4PEG-
MAN copolymer film samples (labeled films: LF) also exhibit
well-defined Z-Scan experimental curves, which anticipate
interesting NLO-refractive properties with a reversal of the
NLO-behavior detected for the BPAEDA/4PEGMAN copoly-
mer films. As the cover slip glass substrates implemented to
sandwich the copolymer films do not contribute to the NLO-
effects at the implemented laser power regime (�1.16 � 107

W m�2), it is assumed that the change of the NLO-refractive
response of the labeled samples is mainly promoted by the
poly-BPAEDA and by a successful copolymerization of
the NLO-active MDR-1 and 4PEGMAN monomers with the

FIGURE 4 (a–f) Closed aperture Z-Scan data (scattered points) and theoretical fitting (continuous lines) obtained at kZ-Scan ¼ 632.8

nm for: (a) the glass substrates, (b) the pristine BPAEDA reference film (RF), (c and d) the BPAEDA/MDR-1 based copolymer films

(labeled films: LF) prepared with different MDR-1 chromophore content (at 0.33 and 0.13 mol %, respectively), and (e and f) the

BPAEDA/4PEGMAN based copolymer films (labeled films: LF) prepared with different 4PEGMAN chromophore content (at 0.26

and 0.10 mol %, respectively). An estimated experimental error below 3% is also considered for the Z-Scan data (error bars).
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BPAEDA main monomer using TETDPPS. Particularly, in the
case of the BPAEDA/MDR-1 copolymer films [see Fig. 4(c,d)],
samples prepared with different MDR-1 concentrations (0.33
and 0.13 mol %, respectively) consistently exhibit the same
NLO-tendency as the pristine BPAEDA-film sample (with n2
< 0). Indeed, the BPAEDA/MDR-1 copolymer films also show
negative NLO-refractive properties, which indicate a strong
dependence on the NLO-behavior of the poly-BPAEDA matrix.
In contrast, the BPAEDA/4PEGMAN copolymer films pre-
pared with different 4PEGMAN chromophore concentrations
(0.26 and 0.10 mol %, respectively) exhibit different NLO-
properties [see Fig. 4(e,f)]. In this case, the NLO-experimen-
tal data consistently show inverted valley-to-peak Z-Scan
transmittance curves pointing to strong and positive NLO-re-
fractive properties (n2 > 0). This sign reversal of the NLO-re-
fractive index also indicates that the NLO-activity of the
BPAEDA/4PEGMAN copolymer films mainly depend on the
intrinsic NLO-properties of the 4PEGMAN units and not on
the BPAEDA units of the polymer matrix. In other words, the
positive NLO-activity of the 4PEGMAN units is high enough
to reverse the NLO-effect of the poly-BPAEDA matrix. As a
matter of fact, according to the structural results obtained
from molecular modeling, the 4PEGMAN monomer has a
stronger dipole moment (l4PEGMAN � 9.4 D) than that
obtained for MDR-1 (lMDR-1 � 6.8 D). Thus, a higher NLO-
response is expected for the BPAEDA/4PEGMAN copolymer
films because the NLO-behavior of organic compounds is,
in general, governed by their inherent charge-transfer
properties.

The respective theoretical fits (TFs) of the obtained Z-Scan
transmission data (solid lines) are also shown in Figure 4(a–
f). According to previous theoretical studies, the normalized
Z-Scan transmittance (TN) can be determined as a function
of the dimensionless sample position (x ¼ z/z0), where z0 is
the Rayleigh range and z is the Z-Scan sample position (labo-
ratory reference frame). Hence, the TFs were performed
according to the following equation (considering both non-
linear refraction and absorption effects):67

TN � 1þ ½4x=ð1þ x2Þð9þ x2Þ�DU� ½2ðx2 þ 3Þ=ð1þ x2Þð9þ x2Þ�DW
(1)

Here, the first term represents a normalization factor, the
second term is related to NLO-refractive effects whereas the
third one is associated to NLO-absorptive phenomena. Hence,
the fitting parameters are the induced phase shifts DU or
DW, respectively. In the former case, the phase shift is given
by DU ¼ 2pcI0Leff/k,

67 from which the NLO-refractive index
(n2- or c-coefficient) can be obtained. In the latter case, the
phase shift is provoked by the NLO-absorptive phenomena
and is given by DW ¼ bI0Leff/2,

67 allowing the evaluation of
the NLO absorption (b-coefficient) either due to two photon
(or multiphoton) NLO-absorption or to saturated NLO-
absorption. In these equations, k is the laser wavelength, I0
is the input beam intensity (at focal spot: z ¼ 0) and Leff is
the effective thickness of the film sample defined as Leff ¼ [1
� (e�a0L

S)](a0)
�1 (where a0 represents the linear absorption

coefficient). All these equations are well established and
have been proven in early Z-Scan works.67–72 The theoretical
restrictions imposed by these formulas to apply such expres-
sions at optimal conditions (|DU0| < p, S � 20%, etc.) are
not always fully satisfied in our experimental results due to
the large phase shifts and huge nonlinearities obtained in
our experiments. Nevertheless, in most cases (mainly in the
case of well-defined c > 0 or c < 0 curves), our experimen-
tal data nearly satisfy these conditions and can be conven-
iently fit according to these theoretical expressions. Thus, for
comparison purposes and to be consistent with the estima-
tion of the c- and b-values, we assumed their applicability
and used them to fit our experimental results. The TFs
allowed us to evaluate a large negative NLO-refractive coeffi-
cient in the order of c ¼ �1.80 � 10�10 m2 W�1 (or n2 ¼
�6.70 � 10�4 esu) for the poly-BPAEDA-RF and c ¼ þ0.83
� 10�10 m2 W�1 (or n2 ¼ þ3.14 � 10�4 esu) for the
BPAEDA/4PEGMAN copolymer film (at higher 4PEGMAN
content: 0.26 mol %, see results in Table 4). The obtained
c/n2-values are very large, many orders of magnitude larger
than those observed for typical glass substrates or for the
classical CS2 standard NLO-reference material: þ1.2 � 10�11

esu (Z-Scan at k ¼ 10.6 lm) or 6.8 � 10�13 esu (degenerate
four-wave mixing at k ¼ 532 nm).68–72

On the other hand, as the Z-Scan experimental data exhibit
well-defined and symmetric peak-to-valley or valley-to-peak
transmittance curves, NLO absorption effects are not
expected.67 Indeed, according to the TFs, only a small NLO-
absorption coefficient of b � �0.62 � 10�4 m W�1 was esti-
mated for the BPAEDA/4PEGMAN copolymer film prepared
with the highest chromophore content (0.26 mol %). The
sign of the b-coefficient reveals the nature of the NLO-
absorptive phenomenon occurring in this sample. In fact, the
negative sign indicates that moderate saturated absorption
(SA) effects take place within the BPAEDA/4PEGMAN copoly-
mer film samples.68–72 This result indicates convenient mate-
rial properties to avoid undesired photothermal effects such
as photodegradation and molecular reorientation during Z-
Scan experiments due to long cw-laser irradiation and low
Tg values of the samples.

EXPERIMENTAL

Materials
BPAEDA (Mn � 512, d ¼ 1.14 g mL�1), tetraethylene glycol
(FW ¼ 194.23, d ¼ 1.125 g mL�1), p-toluenesulfonyl chlo-
ride (FW ¼ 190.65, mp ¼ 66 �C, bp ¼ 134 �C), 4-nitrobenze-
nediazonium tetrafluoroborate (FW ¼ 236.92, mp ¼ 150
�C), triethylamine (TEA, FW ¼ 101.19, bp ¼ 88.8 �C, d ¼
0.726 g mL�1) and disperse red-1 dye (DR-1, FW ¼ 314.34,
mp ¼ 160–162 �C) were purchased from Sigma-Aldrich. N-
Methylaniline (FW ¼ 107.15, d ¼ 0.989 g mL�1), tetrabutyl-
phosphonium chloride (FW ¼ 294.89, mp ¼ 62–66 �C), tri-
hexyltetradecylphosphonium chloride (FW ¼ 519.31, d ¼
0.895 g mL�1), BPO (FW ¼ 242.23, mp ¼ 102–105 �C), and
methacryloyl chloride (MAC, FW ¼ 104.53, bp ¼ 95–96 �C, d
¼ 1.07 g mL�1) were purchased from Fluka. All reagents
used in the polymer synthesis were used as received,
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without further purification. The azomonomer (MDR-1),73,74

N-methyl-N-{4-[(E)-(4-nitrophenyl)diazenyl]phenyl}-N-(11-
hydroxy-3,6,9-trioxaundecas-1-yl) amine (RED-PEG-4) dye,13

aliquat persulfateV
R

(APS),75 and the ionic liquids TBPPS and
TETDPPS65 were synthesized according to the procedures
previously described in the literature.

Synthesis of (E)-2-(4-((4-Nitrophenyl)diazenyl)phenyl)-
5,8,11-trioxa-2-azatridecan-13-yl Methacrylate
RED-PEG-4 dye (2.28 mmol) was dissolved in freshly dis-
tilled THF (12 mL) under argon atmosphere; then TEA (0.33
g, 3.32 mmol) was added with a syringe to the solution. The
mixture was cooled in an ice bath, and MAC (0.29 g, 2.76
mmol) dissolved in THF (4 mL) was added dropwise by the
means of an addition funnel. The reaction mixture was
stirred for 24 h at room temperature. The resulting product
was extracted with chloroform, dried with anhydrous MgSO4,
and concentrated at reduced pressure. Then, the crude prod-
uct was purified by flash column chromatography on silica
gel, using an appropriate mixture hexane–acetone as eluent.
Pure 4PEGMAN monomer was obtained as a dark red solid.
Yield: 82%. The structure of 4PEGMAN was confirmed by
FTIR, 1H NMR, and 13C NMR spectroscopies.

IR (KBr): m ¼ 3090 (s, CAH aromatic and vinylic), 2961 (s,
CH2), 2924 (s, CH2 and CH3), 1727 (s, C¼¼O), 1603 (s, C¼¼C
aromatic), 1516 (s, NO2), 1447 (s, N¼¼N), 1378, 1337 (s,
CAO of the esther), 1261(s, CAN), 1099 (s, OACH2), 856
(out of plane, ¼¼CH2 vinylic), 802 (out of plane, ¼¼CAH aro-
matic) cm�1.
1H NMR (CDCl3, 400 MHz) (Scheme 2): d ¼ 8.31 (d, 2H, J ¼
9.3 Hz, H4); 7.98 (dd, 4H, J ¼ 8.7 Hz, H3 and H2); 6.83 (d,
2H, J ¼ 9.3 Hz, H1); 6.12 (s, 1H, H5); 5.57 (s, 1H, H6); 4.30
(t, 2H, J1 ¼ 4.8 Hz, J2 ¼ 4.8 Hz, COOACH2); 3.72, 3.63 (m,
14H, all OCH2 and NCH2); 3.19 (s, 3H, CH3AN); 1.94 (s, 3H,
¼¼CACH3) ppm.

13C NMR (CDCl3, 100 MHz) (Scheme 2): d ¼ 186.2 (1C, C¼¼O),
156.82 (1C, Ce), 153.35 (1C, Ca), 147.17 (1C, Ch), 143.01 (1C,
Cd), 136.10 (1C, C¼¼ of the methacrylate), 127.36 (1C, CH2¼¼ of
the methacrylate), 125.71 (2C, Cc), 124.7 (2C, Cg), 122.17 (2C,
Cf), 112.17 (2C, Cb), 72.39, 70.82, 70.59, 70.56, 70.22, 68.49
(6C, OCH2), 63.77 (1C, CH2OCO), 52.53 (1C, NACH2), 39.67
(1C, CH3AN), 18.28 (CH3 of the methacrylate) ppm.

Frontal Polymerization Experiments
FP experiments were performed as follows: in a glass test
tube (16 cm length, 16 mm diameter), a suitable amount of
monomer (BPAEDA) with or without azo-comonomer (MDR-
1 or 4PEGMAN), and initiator (TETDPPS) were placed with-
out any solvent and mixed until all the initiator was com-
pletely dissolved.

The tubes containing the reaction mixture were locally
heated at the top level of the solution, using a soldering iron
as the external heating source, until the formation of a prop-
agating front was evident. The heat released during the con-
version of the monomer into polymer was responsible for
the formation of a hot front, able to self-sustain the polymer-
ization process and the propagation throughout the whole

tube. Front velocity (60.05 cm min�1) and front maximum
temperature (610 �C) were recorded.

Temperature profiles were measured using a K-type thermo-
couple placed in the monomer-initiator mixture above 2 cm
(60.5 cm) from the bottom of the tube. This thermocouple
was connected to a digital thermometer (Delta Ohm 9416),
which was used for temperature reading. The position of the
front, easily visible through the glass walls of the tube, was
measured as a function of time.

Characterization
Once the polymerizations were achieved, the obtained sam-
ples were removed from the tubes and analyzed by DSC to
determine the conversion percentage, which was always
found to be almost quantitative.

DSC measurements were conducted in a DSC Q100 Waters
TA Instrument. For each sample, two consecutive scans were
carried out from �80 to þ300 �C, under argon atmosphere,
with a heating rate of 10 �C min�1. Monomer conversion
was determined by the following equation:

Conversion ð%Þ ¼ ½1� ðDHr=DHtÞ� � 100

where DHr (residual) is the peak area obtained for the resid-
ual polymerization after the first thermal scan, and DHt

SCHEME 2 Structure of the MDR-1 with the assigned H for

NMR characterization.
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(total) is the area under the curve when the polymerization
was carried out in the DSC instrument, and corresponding to
the complete conversion.

TGA measurements were performed using a TA instrument
thermobalance TGA 2050, under inert atmosphere, from 25
to 500 �C with a heating rate of 10 �C min�1. Absorption
spectra of the azomonomers (CHCl3 solution, 1-cm quartz
cell) and the copolymers (solid state) were recorded in a
Hitachi U-2010 spectrometer. This technique was useful to
determine the MDR-1 or 4PEGMAN content in all polymer
samples. The extinction coefficient of the azomonomers
MDR-1 and 4PEGMAN in CHCl3 solution were estimated to
be 46,700 M cm�1.

The FTIR spectra of the monomer and the corresponding
polymer (not shown) were recorded with a Fourier trans-
form infrared spectrometer (JASCOFT 480) in KBr pressed
pellets. For each sample, 16 scans were recorded at a resolu-
tion of 4 cm�1. 1H and 13C NMR spectra of the monomers in
CDCl3 solution were recorded at room temperature on a
Bruker Avance 400 MHz spectrometer, operating at 400 and
100 MHz for 1H and 13C, respectively.

Finally, the obtained BPAEDA/MDR-1 and BPAEDA/4PEG-
MAN copolymers were also studied in thin-film samples pre-
pared by classical polymerization (100 �C, ca. 72 h) using
the same mixture compositions as that used for the obtain-
ment of the other samples. Their cubic v(3)-NLO effects such
as nonlinear refraction and nonlinear absorption were stud-
ied using the Z-Scan technique.66 The experimental Z-Scan
setup was implemented using a cw-unpolarized laser beam
from a 35-mW He-Ne laser system working at 632.8 nm
(THORLABS, HRR170-1). Its energy was carefully monitored
and kept constant during long Z-Scan measurements. The
spatial mode of the laser beam was close to Gaussian TEM00.
The polarization plane of the laser beam was adjusted and
controlled by means of a linear polarizer mounted on a rota-
tion stage. The polarized laser beam was focused on the
sample by means of a positive lens (f ¼ 5 cm), so that a light
power density of �1.16 � 107 W m�2 reached the studied
samples at the focal spot. The film samples were mounted
on a motorized translation stage (25-mm length travel in
steps of 2 lm) to perform Z-Scan experiments within the
focal range. A large area Si-photodetector (EOT ET-2040)
was located at �0.96 m from the focusing lens, after a 2.5-
mm diameter (�20% transmittance) diaphragm-aperture. All
NLO-signals captured from photodetectors were recorded
with a digital oscilloscope (Tektronix TDS, 744A); the whole
Z-Scan setup was automated via a LabView control program
for data acquisition.

CONCLUSIONS

In this work, BPAEDA was frontally copolymerized with
(E)-2-(ethyl(4-((4-nitrophenyl)diazenyl)phenyl)amino)ethyl
methacrylate or 4PEGMAN. The use of TETDPPS as radical
initiator allowed us to obtain polymer samples that were
completely free of bubbles. Moreover, to study their cubic
NLO-refractive properties, we also prepared thin films by

classical polymerization using this initiator. They were
measured via the Z-Scan technique in the BPAEDA/4PEG-
MAN and BPAEDA/MDR-1 copolymer film samples. Indeed,
although the reference poly-BPAEDA exhibits an intrinsic
and non-negligible negative NLO-refractive activity, the
BPAEDA/4PEGMAN copolymer samples were able to
reverse the sign of the nonlinearity to show strong and
positive NLO-refractive coefficients in the order of þ3 �
10�4 esu. All film samples exhibited remarkably stable
NLO-activity under cw-laser excitation, and the respective
theoretical fittings were satisfactorily correlated to the ex-
perimental data. This was mainly due to the relatively
good thermal properties of the copolymers and the poly-
BPAEDA network, and to the optimal azomonomer incor-
poration via FP, using TETDPPS as catalyst. However, more
NLO-studies should be performed in these materials to
deeply understand the electronic contributions of the
implemented push–pull chromophores to the cubic nonli-
nearities. Additionally, complementary studies on the chro-
mophore addition to the BPAEDA polymer matrix should
be also performed to improve both the NLO-response and
thermal properties for enhanced photonic applications
(including quadratic NLO-applications such as second
harmonic generation (SHG) in electrically poled film
samples).
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