
With the advent of regenerative therapies morpho-
genetic matrices polymeric materials capable of
rekindling the cellular potential to regenerate tis-
sues and organs evolve into a new paradigm of bio-
materials research: Advanced therapeutic concepts
require biodegradable cell scaffolds transmitting
spatio-temporal sequences of signals to trigger cel-
lular fate decisions. To this end, three-dimensional
carrier structures have to provide fine-tuned physi-
cal characteristics and specific adhesion sites, the
formation of chemokine gradients and the presenta-
tion of growth factors. So far, a vast majority of
materials applied for that purpose is either based on
reconstituted extracellular matrix biopolymers such
as collagen I or on common biodegradable polymer
(bio)materials such as polylactide. A wealth of
technologies has been developed for the advanced
processing of these materials.
To extend the resulting options biohybrid polymers
– biopolymers covalently linked to synthetic poly-
mers – receive more and more attention: A key fea-
ture of this emerging class of polymeric materials
concerns the modulation of the specific signalling
properties of the incorporated biomolecules. This
may even allow for tuning of signal profiles of the
bioactive scaffold structures beyond the character-
istics of naturally occurring matrices – to switch
cells into the ‘regeneration mode’. Another advan-
tage of biohybrid polymers is related to their local-
ized application via injection which is an important
prerequisite of in vivo tissue engineering strategies.
Based on these principles biohybrid polymers may

be expected to induce regeneration processes where
we are missing them as urgently as in the injured
heart muscle after myocardium infarction.
Successful examples of biohybrid polymers include
polyethylene glycol (PEG) based networks with
enzymatically cleavable peptide units to permit the
ingrowth of cells ‘on demand’, i. e. in response to
the local cellular activity or PEG-tethered trans-
forming growth factor beta (TGF-b) to regulate
smooth muscle cell function. Self assembling
nanostructures of peptide-amphiphiles define
another category of biohybrid materials with partic-
ular advantages for in vivo tissue engineering
strategies.
The rapid progress in genetic engineering and syn-
thesis of biomimetic peptide and carbohydrate
structures will broaden the applicability of biohy-
brid polymers further and foster the merging of the
strengths of molecular life science and ‘classical’
polymer science for the rational design bioactive
materials. Progress of regenerative therapies is crit-
ically dependent on that.
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1. Introduction

The commercial significance of semi-crystalline
PET and amorphous PMMA is well known and
confirmed by a large number of producers through-
out the world. PMMA is a rigid commodity ther-
moplastic, while PET is a ductile engineering
polymer. The melt rheological properties of PET
and impact strength of PMMA can be improved by
blending PET and PMMA. Semi-crystalline poly-
mers like PET exhibit both crystalline and amor-
phous phases. Blending of an amorphous polymer
like PMMA with PET can affect its physical and
thermal properties. The balance between the crys-
talline and amorphous components of both poly-
mers in the new blend is a function of the
composition and chemistry of both the polymers as
well as the processing conditions like cooling rates
and thermal histories, used to generate the end
product. Regarding the chemistry of the polymers

used to form the blend various factors like, polymer
chain structure, and average molecular weight can
affect the rate of crystallization of the polymer,
when cooled from the melt. PET has an ester repeat
unit in the backbone while PMMA has the ester
repeat unit in the side chain. Therefore, there is no
affinity between PET and PMMA because of
incompatibility; hence, an exploration of the crys-
talline state of PET in presence of PMMA is worth
studying. 
Bishara et al. [1] has reported the nonisothermal
crystallization kinetics of PET/PMMA blends. In
this study the crystallization enthalpy (ΔH) values
were found to be dependent on the cooling rate and
composition of the blend. Thermogravimetric
analysis of PET/PMMA blends were carried out by
Al-Mulla et al. [2]. TGA analysis revealed that the
blends were heterogeneous in nature. Morphologi-
cal studies of PET/PMMA blends were also
reported in the same work. The blends were found
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to exhibit a heterogeneous morphology. PMMA
was found to form spherical particles and were seen
dispersed in the PET matrix. Dewangan et al. [3]
developed compatibilized PET/PMMA blends
using amphiphilic block copolymers of poly(tert-
butyl acrylate) and PMMA. The mechanical and
rheological properties of the compatibilized blends
have been reported.
The physical and mechanical properties of
PET/PMMA blends depend on the blend composi-
tion, the physical and chemical interaction between
the polymers, morphology of the blends, crystal-
lization rate and extent of crystallization. The
mechanical properties of the final product of the
blend depend on the crystal structure, morphology
and melt history. The time required for the crystal-
lization depends on the nucleation, cooling rate and
temperature of melt processing. In order to control
the rate of crystallization and the degree of crys-
tallinity and to obtain the desired morphology and
properties, efforts have been made to study the
crystallization kinetics and determine change in
material properties of various polymers [4–9]. Dif-
ferential scanning calorimeter has been useful in
studying the polymer crystallization kinetics
[10–11].
A review by Gerard et al. [12] deals with the DSC
method of analyzing the ability of PET to crystal-
lize. An important conclusion obtained from this
work is that the phase changes taking place in PET
depend mainly on the thermal history of the sam-
ple. This fact has also been supported by Wasiak
et al. [13]. This paper claims that temperature has
an effect on the amount of crystals formed.
Although a knowledge of the crystallization kinet-
ics of polymeric materials is important from the
aspects of both fundamental and practical applica-
tions, only few studies have been carried out on the
crystallization behaviour and rheological character-
ization of PET/PMMA blends.
For studying the isothermal crystallinity a number
of mathematical models [14–18] have been pro-
posed. Unlike Avrami model, use of the Tobin [18]
and Urbanovici-Segal [19] model to analyze the
isothermal crystallization data of semi-crystalline-
amorphous polymers is rarely reported in the litera-
ture. Literature reports no previous work on the
isothermal crystallization kinetic analysis of differ-
ent compositions of PET/PMMA blends. There-
fore, in the present work, all three macro kinetic
models are used to analyze the isothermal crystal-

lization data of three different compositions of
PET/PMMA blends. The experimental data are fit-
ted to each respective model using a nonlinear and
a linear program to obtain the isothermal crystal-
lization parameters. The goodness of the fit (meas-
ured using correlation coefficient, r2) suggests the
applicability of the model in describing the isother-
mal crystallization data of PET/PMMA blends.

2. Experimental

2.1. Materials

PET bottle grade was supplied in pellet form by
Century Enka Pvt. Ltd. Pune, India. The intrinsic
viscosity of the resin was 0.60 measured at 25°C in
a 60/40 (V/V) phenol/tetrachloroethane mixture
using a Cannon-Ubbelohde viscometer. Virgin
PMMA injection molded in sheet form at an injec-
tion pressure of 1.03·108 Pa, cylinder temperature,
177 to 210°C and mould temperature of 80°C was
used.

2.2. Sample Preparation

PET and PMMA were dried for five hours at 100°C
to ensure low moisture levels. PET/PMMA blends
were prepared by the melt mixing method in a
500 ml step polymerization reactor. Three different
compositions of dried PET and PMMA (PET/
PMMA, 50/50, 75/25 and 90/10, weight/weight
percent) were made by weighing the accurate quan-
tities. The mixture was melt mixed in the reactor, in
a nitrogen atmosphere of 20 ml/min for one hour at
275°C. The stirrer speed was 100 r.p.m. The
blended product was removed from the reactor and
ground with a Moulinex super blender grater 3 at
400 r.p.m.

2.3. Isothermal crystallization studies

A Mettler-Toledo TA 4000 differential scanning
calorimeter (DSC) was used to record the isother-
mal melt-crystallization exotherms as well as the
subsequent melting endotherms for PET, PMMA
and their blends. Each sample was used only once
and all the runs were carried out in nitrogen atmos-
phere (20 ml/minute). Calibration of the tempera-
ture scale was done with pure indium standard
(Tm

0 = 156.6°C and ΔΗ f
0 = 28.5 J·g–1) on every

sample to ensure accuracy and reliability of the data
obtained. Temperature calibration of the DSC
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instrument was carried out with a standard pan con-
taining indium, lead and zinc whose melting tem-
perature are, 156.6, 327.4 and 419.5°C
respectively. Samples (10 mg) were dried com-
pletely at 100°C for five hours and then used for the
analysis.
In a typical isothermal run, the sample was heated
in DSC furnace from 30°C to 280°C at a heating
rate of 10°C/min, under a nitrogen atmosphere. It
was annealed for 10 minutes at 280°C. The sample
was then cooled to the predetermined isothermal
temperature (Tc [°C]) at a cooling rate of
100°C/min. The sample was kept at the isothermal
temperature till the baseline was attained. Kinetic
analysis software available in the Mettler instru-
ment was used to convert the data into Excel files
which was later analyzed using, Avrami, Tobin and
Urbanovici-Segal models for estimation of the
isothermal kinetic parameters of the PET/PMMA
blends.

3. Theory

Estimation of isothermal crystallization parameters
is normally carried out using the data obtained from
crystallization exotherms with a basic assumption
that the amount of crystallinity obtained is linearly
proportional to the heat released during crystalliza-
tion. By integrating the heat evolved during crystal-
lization, a relation between relative crystallinity
and time can be obtained (Equation (1)).

(1)

were t is the elapsed time and dHc is the released
heat during crystallization for small time interval dt
and ΔHc is the total enthalpy of crystallization for a
specific crystallization temperature. ΔHc can be
given as Equation (2):

(2)

The Avrami equation [14] given below (3) is
mostly used to determine the time dependent rela-
tive crystallinity θ(t).

(3)

In Equation (3), ka is the Avrami rate constant and
na the Avrami exponent. ka and na are temperature
dependent parameters and are specific to a given
crystalline morphology and type of nucleation [14].
The Tobin equation [16] is proposed on the basis of
kinetic phase transformation and is given as Equa-
tion (4):

(4)

kt and nt are the Tobin rate constant and Tobin
exponent respectively. The Tobin exponent, nt, is
governed by different types of nucleation and
growth mechanisms [16].
Urbanovici and Segal [19] developed a new kinetic
equation, which is a modification of the Avrami
model. The relationship between the time-depend-
ent relative crystallinity function θ(t) and the crys-
tallization time given by Urbanovici-Segal model is
as shown in Equation (5):

(5)

In this equation, kus and nus are the Urbanovici-
Segal crystallization rate constant and exponent,
respectively. kus has the unit of (time)–1. r is an opti-
mization parameter which determines the extent of
deviation for the Urbanovici-Segal equation from
the Avrami equation. When r approaches 1, the
Urbanovici-Segal equation becomes similar to the
Avrami equation [20].
Kinetic analysis of virgin PET, and PET/PMMA
blends were carried out using Equations (3), (4)
and (5).
The objective was to obtain the isothermal crystal-
lization rate constant and the crystallization expo-
nent respectively. Two different analysis methods
were used. One of the procedures used Solver, a
nonlinear optimization function found in Excel. In
the other approach Equations (3) and (4) were lin-
earized and applied to the experimental data to
obtain the isothermal kinetic parameters.
The goodness of the methods were confirmed using
correlation coefficient (r2). The greater the conver-
gence of r2 towards 1 the better is the quality of the
fit.
The linearized logarithmic form of Equations (3)
and (4) is represented as Equations (6) and (7):

(6)
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(7)

Plotting the first term in Equation (6) versus logt
one can obtain k and n from the slope and intercept
respectively. Similarly on plotting the first term in
Equation (7) as a function of lnt the kinetic con-
stants k and n can be determined.

3.1. Isothermal crystallization kinetics of 
virgin PET and PET/PMMA blends

Typical isothermal melt crystallization exotherms
for PET90/PMMA10 [wt/wt%] after isothermal
crystallization at crystallization temperatures rang-
ing from 207 to 221°C are shown in Figure 1. Other
blends also showed similar crystallization behav-
iours. After thermal stabilization, the heat flow sig-
nal, on crystallization exhibited an exotherm, a
result of the thermal energy released due to crystal-
lization. The onset and endset of crystallization is
determined by drawing a tangent to the respective
baselines. 
Figures 2 and 3 are typical figures illustrating the
sigmoidal behaviour of virgin PET and the blend of
PET90/PMMA10 [wt/wt%]. As seen in Figures 2
and 3 the time needed to reach 100% relative crys-
tallinity increased with increasing crystallization
temperature, Tc. t0.5 is an important parameter
which can be obtained from the plot of relative
crystallinity and time. t0.5 is defined as the time
needed to attain 50% crystallinity. Table 1 summa-
rizes the values of crystallization half-time (t0.5)
using the Equation (8).

(8)

The t0.5 values shown in Table 1 are found to
decrease with decreasing crystallization tempera-
ture, Tc. Figure 4 indicates a plot of t0.5 versus crys-
tallization temperature, Tc. The t0.5 values are found
to decrease as the PET composition decreases in the
blends. PET virgin has the maximum t0.5 value.
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Figure 1. Isothermal melt crystallization exotherms for
PET 90/PMMA10 observed at different crystal-
lization temperatures

Figure 2. Relative crystallinity as a function of time of
virgin PET

Figure 3. Relative crystallinity as a function of time of
PET 90/PMMA10 [wt/wt%]



According to Figure 4 it is obvious that for virgin
PET and the polymer blends the crystallization half
time increases with crystallization temperature. The
analysis of half time of crystallization demonstrates
that increasing concentration of PMMA in the
blends lead to some kind of deceleration of the PET
crystallization. This behaviour could be possibly
caused by the decreasing segmental mobility of the
PET chains in the presence of increasing amounts
of PMMA.

3.2. Application of the Solver method to
determine the isothermal crystallization
parameters for PET/PMMA blends using
the Avrami and Tobin models

The Avrami Equation (3) was applied to the exper-
imental data of virgin PET and PET/PMMA
blends. Solver, a non-linear optimization method
was used to obtain the isothermal crystallization
parameters, ka and na shown in Table 1. Figure 5 is
a typical plot of relative crystallinity as a function
of time for PET75/PMMA25 [wt/wt%] blend fitted
using the Avrami model. The Avrami model is
found to fit the data well at 207, 211 and 215°C
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Table 1. Summary of isothermal crystallization parameters for virgin PET and its blends using Avrami model

Tc – crystallization temperature [°C]

Tc

[°C]

Isothermal kinetic constants 
based on Solver method

Isothermal kinetic constants 
based on linearization method

ka

[min–1]
na

Average
na

r2
t0.5

[min]
ka

[min–1]
na

Average
na

r2
t0.5

[min]

VIRGIN PET

221 0.04 3.78

3.33

1.00 2.14 0.04 3.78

3.33

1.00 2.14
215 0.45 3.30 1.00 1.14 0.45 3.30 1.00 1.14
211 0.70 3.30 1.00 1.00 0.70 3.30 1.00 1.00
207 1.74 2.97 1.00 0.73 1.74 2.97 1.00 0.73

PET90/PMMA10

221 0.05 3.71

3.09

1.00 2.06 0.05 3.71

3.09

1.00 2.06
215 0.50 3.31 1.00 1.10 0.50 3.31 1.00 1.10
211 1.51 2.81 1.00 0.76 1.51 2.81 1.00 0.76
207 2.55 2.55 1.00 0.60 2.55 2.55 1.00 0.60

PET75/PMMA25

221 0.44 4.36

3.80

1.00 1.11 0.44 4.35

3.80

1.00 1.11
215 6.67 4.31 1.00 0.59 6.67 4.30 1.00 0.59
211 8.81 3.58 1.00 0.49 8.81 3.58 1.00 0.49
207 12.43 2.96 1.00 0.38 9.51 2.96 1.00 0.41

PET50/PMMA50

221 5.35 4.28

3.71

1.00 0.62 3.42 3.76

3.60

0.91 0.65
215 11.99 3.79 1.00 0.47 11.97 3.79 1.00 0.47
211 22.77 3.73 1.00 0.39 22.77 3.73 1.00 0.39
207 21.68 3.04 1.00 0.32 21.68 3.04 1.00 0.32

Figure 4. t1/2 as a function of isothermal crystallization
temperature for virgin PET and its blends

Figure 5. Plot of relative crystallinity as a function of time
for PET 75/PMMA25 [wt/wt%] using Avrami
model



while at 221°C the fitting is found to deviate
slightly at the beginning and later stages of the con-
version. The average value of the Avrami exponent
for virgin PET and PET/PMMA blends is found to
range from 3.09 to 3.80. na is found to be tempera-
ture dependent and is found to increase with
increasing, Tc.
The isothermal rate constant values in Table 1
exhibits sensitivity to change with crystallization
temperature. It increases with decreasing crystal-
lization temperature. This could plausibly be due to
the fact that the concentration of the crystallizable
material (PET) decreases in the blend. The ka val-
ues for PET50/PMMA50 are the highest compared
to the other blends. This trend for PET50/PMMA50
could not be explained. A qualitative observation of
Table 1 reveals that the ka values vary from 0.04 to
22.77 min–1.
The Tobin model (Equation (4)) was applied to the
experimental data to obtain the Tobin’s isothermal
kinetic parameters, kt and nt. Figure 6 is a typical
figure indicating the application of Tobin model
using the Solver method. Table 2 summarizes the
Tobin kinetic parameters along with the correlation
coefficient (r2) values obtained as a result of the
best fit. According to Table 2 the Tobin exponent is
found to range from 3.88 to 6.56. The Tobin expo-
nents are found to be greater than Avrami expo-
nents. The r2 values obtained using Tobin equation
are lower than the Avrami equation which indicates

that Tobin model has a poor fit compared to
Avrami model.
Figure 7 is a typical plot showing the application of
Equation (6) to PET75/PMMA25 data. The r2 val-
ues and the kinetic constants obtained on fitting
Equation (6) to the experimental data are given in
Table 1. The r2 values are 1 indicating that the fit is
100% perfect. The crystallization exponent is found
to decrease with decreasing temperature. The aver-
age exponent values are found to lie in the range of
3.09 to 3.80. The isothermal rate constants are
found to increase with decreasing crystallization
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Table 2. Summary of isothermal crystallization parameters for virgin PET and its blends using Tobin model

Tc – crystallization temperature [°C]

Figure 6. Plot of relative crystallinity as a function of time
for virgin PET

Tc [°C]

Isothermal kinetic constants 
based on Solver method

Isothermal kinetic constants 
based on linearization method

kt [min–1] nt r2 kt [min–1] nt r2

VIRGIN PET

221 0.02 5.53 0.99 0.02 4.89 0.97
215 0.60 4.87 1.00 0.51 4.53 0.97
211 1.15 4.93 1.00 0.91 4.52 0.96
207 4.45 4.33 1.00 2.45 3.93 0.98

PET90/PMMA10

221 0.02 5.62 1.00 0.03 3.98 0.93
215 0.70 4.92 1.00 0.36 3.98 0.97
211 3.53 4.07 0.99 2.48 3.78 0.97
207 8.11 3.88 1.00 5.29 3.59 0.97

PET75/PMMA25

221 0.58 6.56 1.00 0.58 6.56 1.00
215 34.55 6.48 1.00 34.47 6.48 1.00
211 56.32 5.50 1.00 33.78 5.10 0.96
207 95.39 4.55 1.00 95.39 4.55 1.00

PET50/PMMA50

221 79.46 5.65 1.00 13.76 5.76 0.95
215 80.04 5.51 1.00 70.81 4.90 0.97
211 199.39 5.53 1.00 28.08 4.85 0.95
207 198.13 4.56 1.00 89.03 4.23 0.98



temperatures. The highest value of rate constant is
found to be for virgin PET at 211°C and is approx-
imately 22.77 min–1.
Figure 8 is a typical plot showing the application of
Equation (7) to virgin PET. The correlation coeffi-
cient values and the kinetic constants obtained on
fitting Equation (7) to the experimental data is
given in Table 2. The isothermal exponent for crys-
tallization is found to range between 3.59 to 6.60.
The highest exponent values are found for PET75/
PMMA25. The isothermal rate constants are found
to increase with decreasing crystallization tempera-
tures. The rate constant values are found to lie

between 0.02 to 95.39 min–1. Since the values of r2

for the Tobin model lies between 0.93 to 1 the
kinetic parameters obtained using this method is
questionable.

3.3. Isothermal crystallization kinetics of 
virgin PET and PET/PMMA blends
based on the Urbanovici-Segal analysis

The analysis based on Urbanovici-Segal model is
done by fitting Equation (5) to the θ(t) obtained for
each crystallization temperature. The Urbanovici-
Segal kinetic parameters (i. e., nus, kus and rus) and
the r2 values are summarized in Table 3. The r2 val-
ues for the fit are found to be approximately 1.00.
Figure 9 is a typical plot of relative crystallinity as
a function of time for virgin PET based on
Urbanovici-Segal model. The average value of the
exponent (nus) for isothermal crystallization is
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Figure 7. Plot of ln[–ln(1–θ)] as a function of logarithmic
time for PET 75/PMMA25 [wt/wt%] using
Avrami Model

Figure 8. Plot of ln[–θ/(θ–1)] as a function of logarithmic
time for PET virgin using Tobin model

Table 3. Summary of isothermal crystallization parameters for virgin PET and its blends using Urbanovici-Segal model

Tc – crystallization temperature [°C]

Tc [°C] rus kus [min–1] nus Average nus r2 t0.5 [min]

VIRGIN PET

221 0.75 0.41 3.60

3.30

1.00 2.15
215 0.80 0.67 3.35 1.00 1.31
211 0.86 0.83 3.16 1.00 1.06
207 1.01 1.21 3.05 1.00 0.73

PET90/PMMA10

221 0.91 0.43 3.38

2.76

1.00 2.07
215 0.75 0.77 2.85 1.00 1.11
211 0.70 1.06 2.47 1.00 0.78
207 0.91 1.43 2.34 1.00 0.59

PET75/PMMA25

221 0.81 0.80 3.92

3.52

1.00 1.12
215 0.89 1.50 3.85 1.00 0.60
211 1.10 1.87 3.74 1.00 0.49
207 0.76 2.19 2.58 1.00 0.38

PET50/PMMA50

221 0.78 1.43 3.87

3.25

1.00 0.62
215 0.67 1.80 3.20 1.00 0.48
211 0.73 2.20 3.30 1.00 0.40
207 0.68 2.53 2.65 1.00 0.33



found to vary from 2.76 to 3.52. This may corre-
spond to spherulitic growth [20].
The Urbanovici-Segal rate constant, kus increases
with decreasing crystallization temperature. This
trend is similar to that indicated by Avrami and
Tobin models.
r in Urbanovici-Segal model is the parameter
which fine tunes the fit of the model to the experi-
mental data. This could be the reason why the
Urbanovici-Segal model provides a better fit to the
data. ka values (Table 1) are generally found to be
higher than kus values (Table 3) especially for
PET/PMMA blends.
The na and nus values obtained using the Avrami
and Urbanovici-Segal model are in general found
to be comparable. Based on the r2 values and the
physical observation of the plots Urbanovici-Segal
model is found to be a good model for describing
the isothermal crystallization kinetics of virgin PET
and PET/PMMA blends.
The equation used to calculate the t0.5 values for the
Urbanovici-Segal model is given in Equation (9):

(9)

where kus and r have the same significance as indi-
cated in Equation (5). The t0.5 values have a similar
trend to that of Avrami model.
The values obtained using Equation (9) are given in
Table 3.

3.4. Overall comparison between Avrami,
Tobin and Urbanovici-Segal using the
Solver and linearization method

The efficacy of each kinetic equation in describing
the experimental data is represented by the r2 value.
The closer the r2 value to 1 the better is the quality
of the fit. Physical observation of the plots and the
r2 values indicate that Urbanovici-Segal and
Avrami method using Solver is a good multivari-
able regression program to fit the experimental data
to the aforementioned models. Figure 6 and the r2

values in Table 2 clearly show the deviation of the
Tobin model from the experimental data. The
Tobin model appears to mismatch the data for the
complete experimental range. A typical example
for the comparison between the three models is
shown in Figure 10. If a comparison is made
between Avrami and Urbanovici-Segal models a
conclusion can be arrived that the Arvami model
over-estimates the θ(t) in the middle stage (Fig-
ure 10) and underestimates it at the early and later
stages of the crystallization.
No similarity exists between the isothermal kinetic
constants estimated using the Solver and lineariza-
tion method for the Avrami and the Tobin model.
The Avrami exponent values are lower compared
to the Tobin values. The conclusion which can be
drawn based on the r2 value is that Avrami and
Urbanovici-Segal equation are good models to pre-
dict the isothermal kinetic constants for the
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virgin PET using Urbanovici-Segal model

Figure 10. Modeling of virgin PET data using three differ-
ent models at 215°C



PET/PMMA systems using both the Solver and lin-
earization methods.
Identical crystallization rate constant values are
obtained using Avrami model when the Solver and
linearization methods were applied to the data
obtained for the blends and virgin PET. To further
substantiate the observation the rate constant and
exponent values obtained using Tobin model were
plugged into the respective equations and replotted
against the relative crystallinity data of PET90/

PMMA10. A typical plot depicting the compliance
of the two different methods is indicated in
Figure 11. As seen from the figure the Solver
method seems to be more adaptable to determine
the crystallization kinetic parameters of the system
under investigation.
Figure 12 is a plot showing the compliance of
Urbanovici-Segal model to a typical blend,
(PET50/PMMA50), using the Solver method. The
figure clearly indicates that the error between the
experimental data and Urbanovici-Segal model is
less compared to the Avrami model.

3.5. Temperature-dependence of the kinetic
parameters

The Avrami parameter na depends on the crystal-
lization temperature and the shape of the crystals
being grown. The Avrami parameter, na, of virgin
PET and PET/PMMA blends show fractional val-
ues (Tables 1 and 3). Such types of values are theo-
retically accounted in the general statistical Avrami
theory of crystallization [21]. The Avrami theory
supposes a partial overlapping of primary nucle-
ation and crystal growth. In the case of diffusion
controlled growth or other constraints on crystal-
lization, fractional values could be found [21]. As
seen in Tables 1 and 3 the isothermal crystallization
exponent increases slightly with increasing temper-
ature, plausibly indicating that diffusion controlled
process might not be controlling the crystallization
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Figure 11. Comparison of the experimental data with
Tobin model for PET 90/PMMA10 at 221°C
using kinetic constants generated through
Solver and linear fitting method

Figure 12. Comparison of the experimental data with
Avrami and Urbanovici-Segal models for PET
50/PMMA50 at 207°C using kinetic constants
generated through Solver

Figure 13. Crystallization exponent (n) obtained for dif-
ferent models as a function of crystallization
temperature for virgin PET



mechanism in the present work [22]. Variation of
na, nt and nus as a function of crystallization temper-
ature is shown in Figure 13.
Tables 1 and 3 lists the average isothermal crystal-
lization exponents obtained for the virgin polymers
and the blends. The average isothermal crystalliza-
tion exponent for PET is found to be approximately
3.33 for an isothermal temperature range of 207–
221°C.
Xanthos et al. [23] and Kim and Kim [24] reported
an average value of PET to be around 2.35 and 2.37
respectively. They report that the Avrami parame-
ter na depends on the crystallization temperature
and the shape of the crystals being grown. Litera-
ture cites different values of na for different poly-
meric systems. Even for a similar system different
values of na have been reported. For example
poly(3-hydroxy butyrate) (PHB) and its blends
have an na of approximately 2 as reported by
Dubini et al. [25]. Mansour et al. [26] reported the
value of n close to 4. An et al. [27] observed the
value of n to be 4 for PHB and n equal to 3 for
PHB/polyvinyl alcohol blends.
When the temperature is low crystallization rate is
controlled by diffusion of molecules at the crystal
growth front (diffusion control); where as at tem-
peratures closer to the melt temperature, as used in
this study the rate limiting step of the crystalliza-
tion process is the nucleation rate (nucleation 
control).

Figure 14, illustrates the temperature-dependence
of all the crystallization rate parameters (i. e., ka, kt

and kus). It is seen that the crystallization rate
parameters exhibit temperature-dependence. It is
worth noting that all the rate parameters have
dimensions of min–1 and follow a defined pattern
with increasing crystallization temperature.

4. Conclusions

The isothermal crystallization kinetics of virgin
PET and PET/PMMA blends has been examined
using DSC at crystallization temperatures ranging
between 207 to 221°C. Avrami, Tobin and
Urbanovici-Segal models were used to determine
the isothermal crystallization parameters for virgin
PET and PET/PMMA blends using the Solver and
linearization method. r2 value was used to deter-
mine the goodness of the model. The crystallization
exotherms followed the Avrami and the
Urbanovici-Segal model with exponents ranging
between 3.09 to 3.80. The crystallization rate con-
stants for the Avrami and Urbanovici-Segal model
ranged between 0.04 to 22.77 and 0.41 to
2.53 min–1. The crystallization rate parameters (ka

and kus) determined on the basis of different macro-
kinetic models exhibit temperature dependence.
Within the crystallization temperature range stud-
ied (i. e., 207 to 221°C) the values of the rate
parameters were all found to increase with decreas-
ing temperature for the PET/PMMA blends and
virgin PET.
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1. Introduction

Among the thermosetting polymers, epoxy resins
are the most widely used for high performance
applications such as, matrices for fibre reinforced
composites, coatings, structural adhesives and
other engineering applications [1]. Many studies
have been made to improve their toughness and
crack resistance. In recent years, high performance
thermoplastics have been extensively used to
toughen thermosetting resins because of their high
modulus and glass transition temperatures [2–4].
Morphology of the resulting polymer blends
depends on the selection of the thermoplastic poly-
mer, the epoxy precursors, hardener and on the cur-
ing cycle parameters [5–7]. The phase separation
upon crosslinking is due to the increase in molecu-

lar weight of epoxy resin. This reaction induced
phase separation (RIPS) leads to different mor-
phologies. Dispersed, cocontinuous or phase-
inverted structures can be obtained. Thermosets
have historically been the principal matrix material
for fibre reinforced composites for many applica-
tions [8–10].
A great deal of research interest has been made on
the study of the wetting phenomena of polymeric
systems [11–13]. An appropriate experimental
technique for quantifying the surface properties of
solids is the measurement of contact angles of liq-
uids on solid surfaces. The term wettability is used
to describe the extent to which a liquid spreads on a
solid surface. The interfacial properties between a
liquid and a polymer component are characterized
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by the surface energies of each phase and the con-
tact angle between them. The contact angle method
is relatively simple, very useful and highly sensi-
tive to investigate the interfacial phenomena. The
contact angle is an important parameter in surface
science. It is the angle between the surface of the
wetted solid and a line tangent to the curved surface
of the drop at the point of three-phase contact.
In this paper, systematical experimental studies on
the morphological and wetting behaviour of epoxy
resin (DGEBA) modified with SAN (Styrene Acry-
lonitrile) and then reinforced with glass fibres were
made. The phase separation in blends and arrange-
ment of fibres in composites were investigated. The
hydrophilic/hydrophobic nature of the specimens
was well established. The study is aimed to reduce
the hydrophilic nature of epoxy resin by thermo-
plastic modification. The study is also directed to
the effect of thermoplastic/fibre content on the sur-
face properties of blends and composites.

2. Experimental

2.1. Materials used

Commercially available diglycidyl ether of bisphe-
nol-A (DGEBA) epoxy resin (L-12, Atul Ltd.,
India) with an epoxide equivalent of 180–200 was
used. The curing agent used was 4,4’-diamin-
odiphenyl sulfone (DDS, Atul Ltd., India). The
thermoplastic modifier used was poly(styrene-co-
acrylonitriole) (SAN-A, Bayer, Germany) with
25% of acrylonitrile (AN) content. The reinforce-
ment (chopped E-glass fibre mat) was supplied by
Ceat Ltd., India. The density of glass fibre is

2.51 g/cm3. The chemical structures of epoxy resin
and DDS are given in Figure 1. The composition of
E-glass fibre is given in Table 1.

2.2. Blend preparation

Melt-mixing technique was adopted for the prepa-
ration of blends. SAN was first dissolved in epoxy
resin at 180°C with constant stirring in a magnetic
stirrer. After getting a homogeneous solution, stoi-
chiometric amount of DDS was added and dis-
solved completely without changing the tempera-
ture. The resulting solution was poured in to an
open mould. The blend was cured at 180°C for
3 hours and then post cured at 200°C for 2 hours in
an oven. After curing, blends were allowed to cool
slowly to room temperature. Blends with 5, 10, 15
and 20 phr SAN were prepared.

2.3. Composite preparation

Fibre reinforced composites were fabricated using
the compression moulding technique. Glass fibre
mat was cut to size and heated in an oven at 150°C
to make it moisture free before processing. 10 phr
blend was used as the matrix for composites. The
SAN modified epoxy resin and hardener mixture,
before curing, was applied to the pre-weighed glass
fibre sheets. Eight layers were added successively
in order to get 3 mm thickness for the composites.
The laminates were compressed in a mould. It is
then cured at 180°C for 3 hours and then post cured
at 200°C for 2 hours. The laminates were allowed
to cool slowly to room temperature. Four different
compositions were prepared, where the resin-fibre
volume ratio are 70:30, 60:40, 50:50 and 40:60
respectively. The composites were also prepared
using neat epoxy as the matrix for comparison.
Blends were designated as ES5, ES10, ES15 and
ES20, where E and S correspond to epoxy resin and
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Figure 1. Chemical structures of epoxy resin and DDS

Table 1. Composition of E-glass fibre

Glass fibre
type

SiO2 Al2O3 CaO MgO B2O3 Na2O

E-glass 54.5 14.5 17 4.5 8.5 0.5



SAN respectively and the numbers 5, 10, 15 and 20
represent the wt% of SAN (in phr). The composites
were designated as EG30, EG40, EG50, EG60,
ESG30, ESG40, ESG50 and ESG60 where the
numbers represent the fibre volume from 30 to 60%
and G represents the glass fibre.

3. Characterization

3.1. Scanning electron microscopy

The morphology of the blends and composites was
examined using scanning electron microscopy
(SEM). The SEM micrographs of failed specimens
were analyzed with a Zeiss FESEM Supra 25 scan-
ning electron microscope. 

3.2. Contact angle

Contact angle measurements of the blends and
composites were conducted in a FTA 100 series
(First Ten Angstroms, Portsmouth, Virginia 23704,
USA). Water (distilled many times) and methylene
iodide (Kemphasol, Bombay) were used for the
analyses of samples. Measurements were carried
out on samples of dimension 6×2×0.3 cm3 at room
temperature in closed chambers. The volume of the
sessile drop was maintained as 5 μl in all cases
using a microsyringe. For accuracy, measurements
were repeated 5–10 times on different pieces of the
same sample.

4. Theory and calculations

When a liquid drop is brought onto the surface of a
solid, the contact of liquid/solid reaches an equilib-
rium condition and we say the liquid drop is in a
static state. Whether it will wet the surface or not
depends on the relative magnitudes of the molecu-
lar forces that exist within the liquid (cohesive) and
between the liquid and the solid (adhesive). The
angle with which the liquid subtends the solid is
known as the contact angle (θ) as shown in Fig-
ure 2. Such a contact angle is used to characterize
the wettability of a liquid on a solid surface.
Because the contact angle ranges from 0 to 180°,
there are two extreme cases. If the contact angle is
equal to 0°, i. e., a liquid film is formed on a solid
surface, then we can say that a perfect wetting
occurs. The other case is that the contact angle is
equal to 180°, i. e., a perfect liquid sphere is set on
the solid surface. In this case, the contact angle is

related to the characteristic surface energies of dif-
ferent interfaces among the liquid used and solid
surfaces.
It is well established from the literature that contact
angle measurements can be used in the calculation
of surface tensions [14–16]. In the case of pure liq-
uids and smooth, homogeneous, rigid, and insolu-
ble solid surfaces, the contact angle is a thermody-
namic parameter, which can be used to calculate
the solid interfacial tension by different techniques
[16, 17]. These techniques were inspired by the
idea of using the Equation (1) first derived by
Thomas Young in 1805 which is given by [13]:

(1)

This equation is a thermodynamic equilibrium con-
dition for an ideal solid-liquid-fluid capillary sys-
tem. The contact angle (θ) is uniquely determined
by the three surface energies namely, the surface
energy of the solid (γs), surface energy of the liquid
(γl) and the interfacial free energy between the solid
and the liquid (γsl). The condition for the derivation
of Young’s equation is the requirement of a homo-
geneous, inert, non-porous and non-deformable
solid surface.
In Equation (1), the values of γs and γl cannot be
determined directly. An approximate measure of
surface free energy of the solid (γs) can be taken as
the critical surface tension (γc) at which cosθ = 1
[18]. The critical surface tension can be obtained by
the extrapolation of the plot of cosθ against the sur-
face tension for a homologous series of liquids.
However, the precise value of γs depends on the
particular series of liquids used to determine it.
Considering the solid dispersion forces, Fowkes
[19] presented a more appropriate method using a
geometric mean equation. Modification of Fowkes
equation was later made by Owens and Wendt [20]
and Kaelble [21] assuming the polar attraction
forces. Wu [22] used a harmonic equation to obtain
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the value of γs, which combines both the polar and
dispersion forces. Wu’s approach has been satisfac-
torily verified by several other authors [23, 24]. To
verify Wu’s approach, two liquids of dissimilar
polarity are selected. For obtaining the γs of poly-
mers, water and methylene iodide have been
reported as the useful pair of liquids [25]. The har-
monic mean equations for water and methylene
iodide are given as Equations (2) and (3):

(2)

(3)

where the superscripts d and p stands for the contri-
bution due to dispersion and polar forces respec-
tively. Data for water and methylene iodide, taken
from the literature [20] is given in the Table 2.
γs

d and γs
p for different samples of epoxy/SAN

blends, epoxy/glass fibre composites and epoxy/
SAN/glass fibre composites were determined by
solving Equations (2) and (3) with the help of a C
program.
According to Owens-Wendt theory, the total free
surface energy (γs) is the sum of its dispersive (γs

d)
and polar (γs

p) components (4):

(4)

The work of adhesion (WA) can be calculated using
the Equation (5):

(5)

The interfacial free energy can be calculated using
the Dupre’s equation [26] (6):

(6)

The spreading coefficient (Sc) [26] and Girifalco-
Good’s interaction parameter (φ) between the poly-
mer and the liquid were calculated the using the
Equations (7) and (8):

(7)

(8)

5. Results and discussion

5.1. Morphological analysis

Morphological analysis of the blend was performed
using scanning electron microscopy. The SEM
micrographs of fractured surfaces of epoxy/SAN
blends are given in the Figure 3. The micrographs
confirm the two-phase morphology of the blends.
The heterogeneous morphology of the blends is due
to the reaction induced phase separation (RIPS).
Initially the system was miscible due to the low
molecular weight of the epoxy prepolymer but dur-
ing curing, molecular weight increases and the con-
tribution to the entropy and free energy of mixing
lessened resulting in two-phase morphology. Dif-
ferent morphologies such as dispersed, cocontinu-
ous and phase inverted were developed depending
on the composition. 5 phr and 10 phr blends show
dispersed morphology in which SAN particles are
uniformly dispersed in the continuous epoxy phase.
The number of domains increased with composi-
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Table 2. The dispersive (γl
d ) and polar (γl

p ) components

and surface energy (γl) for selected liquids

Liquid γl [mJ/m2] γl
d [mJ/m2] γl

p [mJ/m2]
Water 72.8 21.8 51.0
Methylene iodide 50.8 49.5 1.3

Figure 3. Scanning electron micrographs of different
epoxy/SAN blends. a) neat epoxy, b) 5 phr, 
c) 10 phr, d) 15 phr, e) 20 phr



tion and the dispersed domains has uniform particle
size distribution. The number average diameter
(–Dn), weight average diameter (–Dw) and poly disper-
sity index (PDI) of the 5 phr and 10 phr blends
were calculated using the Equations (9), (10) and
(11):

(9)

(10)

(11)

where ni is the number of domains having diameter
di. The interparticle distance and interfacial area
per unit volume were calculated using the Equa-
tions (12) and (13) [27]:

(12)

(13)

dTP is the number average diameter of the domains,
r is the number average radius of the domains and
φTP is the volume fraction of the dispersed phase.
These parameters are given in Table 3. It can be
seen that the domain diameter was increased with
increase in SAN content while poly dispersity
index remains constant indicating the uniform par-
ticle size distribution. The interparticle distance
decreased whereas the interfacial area per unit vol-
ume increased on increasing the SAN content in the
blends. In the case of 15 phr blends the thermoplas-
tic particles found to coagulate and results in
cocontinuous morphology. When the SAN content
is more than 15 phr, blends exhibited a phase-
inverted morphology, which consisted of epoxy
domains in thermoplastic continuous phase. This
may be due to the viscosity difference between

thermoset and thermoplastic [28]. The phase sepa-
ration in thermoplastic modified epoxy resin occurs
via. spinodal decomposition and is determined by
the two competitive processes i. e., phase separa-
tion and crosslinking reaction [29]. The SEM of
fractured surface, given in Figure 3, revealed that
the surfaces of blends were rough and rigid but the
surface of unmodified epoxy resin was smooth,
indicating the characteristics of a brittle material. It
is to be noted that the surface of the blend becomes
more and more rough as the concentration of SAN
increases. The roughness of the surface has a sig-
nificant contribution to the surface properties of
blends. The SEM pictures of epoxy/glass fibre
composites with different fibre volume percentage
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Figure 4. Scanning electron micrographs of failed surfaces
of epoxy/SAN/glass fibre composites. 
a) EG, b) ESG
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Table 3. The number average diameter, weight average diameter, poly dispersity index, interparticle distance and interfa-
cial area per unit volume of epoxy/SAN blends

SAN content [phr] Dn [µm] Dw [µm] PDI Interparticle distance [µm] Interfacial area per unit volume [µm–1]
5 0.65 0.68 1.04 0.79 0.48

10 0.97 1.01 1.05 0.66 0.69



are shown in Figure 4. Here also the surface
becomes rougher by the incorporation of fibres.

5.2. Contact angle measurements

The variation of contact angle against blend com-
position is given in the Figure 5. It can be observed
that the blends possess higher contact angle com-
pared to neat epoxy resin. The increase of contact
angle of water and methylene iodide is prominent
up to 20 phr blends. The less affinity of the blends
indicates the reduction in the hydrophilic nature of
the blends due to the addition of thermoplastic.
Figure 6 represents the variation of contact angle
with increase in volume percentage of glass fibre of
neat epoxy/glass fibre composites (EGs) (Fig-
ure 6a) and epoxy/SAN/glass fibre composites
(ESGs) (Figure 6b). In all cases the contact angle is
high when compared to neat cured epoxy resin. In
case of EGs, θ value increases with increase in fibre
loading whereas ESGs shows a decline in the 
θ value after 50 vol% fibre loading. This may be
due to the presence of excess of non-polar groups
on the surface of the blends by the addition of SAN. 
The increase in contact angle value can also be
compared with the increase in surface roughness of
the polymer surface [30]. It has been shown that the
contact angle increases with increase in the rough-
ness of the surface. The roughness of polymer sur-
face was observed with SEM, (Figure 3 and Fig-
ure 4). The roughness of the sample surface
increases by the addition of SAN thermoplastic in
to the epoxy matrix. In the case of composites also,
incorporation of glass fibres increases the surface
roughness.

Figures 7a and 7b shows the typical contact angle
data (water as the liquid) at various time intervals
for the epoxy/SAN blends and epoxy/glass fibre
composites respectively. From the results shown in
the figures, we can see that, the contact angles of
samples were dramatically decreased initially.
Then the contact angles changed very slowly with
the elapse of time. After that, the contact angles
were approaching to a static value for each of the
samples. As compared with the pure epoxy, blends
and composites have higher contact angles. With
the increase of SAN content, the contact angles at
any moment increased in the case of blends.
These results reveal that the addition of the SAN
thermoplastic or glass fibre can decrease the
hydrophilic nature of the epoxy, and the contact
angles can be changed significantly through chang-
ing the concentration of the additive. From the
above results of contact angles, a general trend of
the change of contact angle (θ) with time (t) for the
matrices can be established and schematically
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Figure 6 a) Contact angle against glass fibre concentration
for epoxy/glass fibre composites (EGs), b) con-
tact angle against glass fibre concentration for
epoxy/SAN/glass fibre composites (ESGs)

Figure 5. Contact angle against the SAN concentration for
different epoxy/SAN blends



shown in Figure 8. From the figure, three character-
istic regions on the curves of contact angle with
respect to time can be seen. The first region is char-
acterized by a sharp slope in which the contact
angle is decreased very rapidly. The second region
of the curve shows a much smaller slope, and the
third region shows the values of the contact angles
are almost constant. The third region on the curve
in Figure 8 is characterized by a steady state behav-
ior of wetting. A steady contact angle is reached
because the cohesive interaction that helps a drop to
form the spherical shape is balanced by the adhe-
sive interaction, which is responsible for the
spreading of the liquid [31].
The work of adhesion (WA), which is the work
required to separate the solid and liquid decreases
in the case of both blends and composites. This fact
is clear from the Figure 9a and Figure 9b, which
represents the variation of WA with respect to
change in concentration of SAN thermoplastic and
glass fibre respectively. The solid surface free
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Figure 7. a) Contact angle vs time for epoxy/SAN blends
with different concentrations of SAN, b) contact
angle vs time for composites with different con-
centrations of glass fibre

Figure 9. a) Work of adhesion as a function of composi-
tion for epoxy/SAN blends with different con-
centrations of SAN, b) work of adhesion as a
function of composition for composites with dif-
ferent concentrations of glass fibre

Figure 8. General form of the curves of contact angle vs
time



energy of blends and composites obtained from
Equations (2) and (3) based on the contact angle
values of water and methylene iodide is plotted in

Figures 10a and 10b. It can be seen that the surface
free energy decreases with SAN content and the
least value was observed in the case of 15 phr
blends and 50 vol% fibre composites. WA and γs are
higher and θ is lower in the case of neat epoxy/
glass fibre composites (EGs) when compared to
SAN modified epoxy/glass fibre composites
(ESGs).
The surface free energy (γs) and its dispersive and
polar components are given in the Table 4. It can be
observed from the Figure 10a that the γs values
showed a decreasing trend upon blending. Both the
dispersive as well as the polar components
decreased up to 20 phr blends. Whereas, no signifi-
cant variation in γs can be observed in the case of
composites (Figure 10b). 
Figures 11a and 11b shows the interfacial free
energy (γsl) between the blend/composite surface
and test liquids, water and methylene iodide. Blend
surface behaves contradictory to both liquids. γsl of
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Figure 10. a) Surface free energy as a function of compo-
sition for epoxy/SAN blends with different
concentrations of SAN, b) surface free energy
as a function of composition for composites
with different concentrations of glass fibre

Figure 11. a) Interfacial free energy as a function of com-
position for epoxy/SAN blends with different
concentrations of SAN, b) interfacial free
energy as a function of composition for com-
posites with different concentrations of glass
fibre

Table 4. Surface free energy and Girifalco-Good’s interac-
tion parameter of blends and composites

Sample γs
d γs

p γs φw φm

Neat epoxy 47.55 11.58 59.13 0.770 0.954
ES5 47.15 8.71 55.87 0.701 0.939
ES10 46.48 8.45 54.93 0.698 0.940
ES15 44.90 6.47 51.38 0.667 0.954
ES20 43.11 5.67 49.58 0.654 0.950
EG30 34.51 8.10 42.61 0.738 0.907
EG40 34.54 7.67 42.21 0.730 0.926
EG50 34.07 7.60 41.67 0.730 0.925
EG60 32.84 7.44 40.28 0.731 0.918
ESG30 32.26 6.89 39.15 0.721 0.923
ESG40 34.08 6.41 40.49 0.706 0.937
ESG50 30.75 6.30 37.05 0.714 0.924
ESG60 34.59 5.81 40.41 0.691 0.945



water increase significantly and that of methylene
iodide decreases upon blending (Figure 11a). Both
these values reach optimum in the case of 20 phr
blend. Composites also showed a decreasing trend
with respect to fibre loading (Figure 11b).
The spreading coefficient (Sc) implies that a liquid
will spontaneously wet and spread on the solid sur-
face if the value is positive. Whereas, a negative
value of Sc implies the lack of spontaneous wetting
and spreading and so the existence of a finite con-
tact angle (i. e., θ>0). The spreading coefficients of
blends and composites for water and methylene
iodide are given in Figure 12. It is to be noted that
the wetting due to methylene iodide and water
decreases upon blending. The values indicate that
methylene iodide (less negative) is the better wet-
ting agent when compared to water for epoxy
blends and composites.

Girifalco-Good’s interaction parameter (φ) calcu-
lated using Equation (8) provides a good under-
standing of the degree of interaction between the
test liquids and polymer surface. The values are
given in the Table 4. A higher value indicates
greater interaction. φw and φm are the Girifalco-
Good’s interaction parameter due to water and
methylene iodide respectively. Highest value was
observed in the case of neat epoxy and which
decreased upon blending and fibre reinforcing. The
interaction of methylene iodide with the polymer
surface is higher than that of water. Incorporation
of SAN as well as glass fibre reduces φw values.
From the Girifalco-Good’s interaction parameter
values it can be suggested that the interaction of a
polar liquid like water is reduced and that of a non-
polar liquid like methylene iodide was not changed
significantly upon blending.
The polar component of surface free energy (γs

p)
decreases as the concentration of SAN increases.
This may due to the presence of excess of non-polar
groups on the surface of the blends. This nature of
the blends also decreases the hydrophilic nature of
the blends and composites. The prominent changes
in the surface properties such as WA, γsl, Sc and φ
with composition of blends and composites are due
to the above reasons and also due to the increase in
the surface roughness.

6. Conclusions

The morphology and wetting behaviour of epoxy/
SAN blends and glass fibre reinforced composites
were studied in detail. It was observed that mor-
phology of the blends changed from dispersed,
cocontinuous and phase inverted structures as the
SAN concentration increased from 5 to 20 phr. The
roughness of the surface also increased with SAN
content. Composites also had a well-packed struc-
ture as the glass fibres are closely packed in the
matrix. The wetting behaviour showed significant
changes in the case of blends and composites. The
hydrophobic nature of the blends and composites
are well understood from the increase in contact
angle value compared to neat resin. The reason was
assumed to be the excess number of non-polar
groups on the surface and the increase in the rough-
ness of the surface. In general, the effect of thermo-
plastic and fibre in epoxy is that it reduces the wet-
tability and hydrophilicity of blends and
composites.
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Figure 12. a) Spreading coefficient as a function of com-
position for epoxy/SAN blends with different
concentrations of SAN, b) spreading coeffi-
cient as a function of composition for compos-
ites with different concentrations of glass fibre



References
[1] Potter W. G.: Epoxide resins. Springer-Verlag, New

York (1970).
[2] Tercjak A., Serrano E., Remiro P. M., Mondragon I.:

Viscoelastic behavior of thermosetting epoxy mix-
tures modified with syndiotactic polystyrene during
network formation. Journal of Applied Polymer Sci-
ence, 100, 2348–2355 (2006).

[3] Salmon N., Carlier V., Schut J., Remiro P. M., Mon-
dragon I.: Curing behaviour of syndiotactic poly-
styrene-epoxy blends: 1. Kinetics of curing and phase
separation process. Polymer International, 54, 667–
672 (2005).

[4] Francis B., Rao V. L., Ramaswamy R., Jose S.,
Thomas S., Raju K. V. S. N.: Morphology, viscoelas-
tic properties, and mechanical behavior of epoxy resin
modified with hydroxyl-terminated poly(ether ether
ketone) oligomer with pendent tert-butyl groups.
Polymer Engineering and Science, 45, 1645–1654
(2005).

[5] Blanco I., Cicala G., Lo Faro C.., Recca A.: Develop-
ment of a toughened DGEBS/DDS system toward
improved thermal and mechanical properties by the
addition of a tetrafunctional epoxy resin and a novel
thermoplastic. Journal of Applied Polymer Science,
89, 268–273 (2003).

[6] Prolongo S. G., Cabanelas J. C., Fine T., Pascault J-P.:
Poly(phenylene ether)/epoxy thermoset blends based
on anionic polymerization of epoxy monomer. Journal
of Applied Polymer Science, 93, 2678–2687 (2004).

[7] Swier S., van Mele B.: The heat capacity signal from
modulated temperature DSC in non-isothermal condi-
tions as a tool to obtain morphological information
during reaction-induced phase separation. Polymer,
44, 6789–6806 (2003).

[8] Guo Z. S., Du S., Zhang B., Temperature field of thick
thermoset composite laminates during cure process.
Composites Science and Technology, 65, 517–523
(2005).

[9] Boyard N., Serré C., Vayer M.: A physical approach
to define a class A surface in polymer thermosetting
composite materials. Journal of Applied Polymer Sci-
ence, 103, 451–461(2007).

[10] Jacob G. C., Starbuck J. M., Fellers J. F., Simunovic
S., Boeman R G.: Fracture toughness in random-
chopped fiber-reinforced composites and their strain
rate dependence. Journal of Applied Polymer Science,
100, 695–701 (2006).

[11] Mannan K. M., Talukder M. A. I.: Characterization of
raw, delignified and bleached jute fibres by study of
absorption of moisture and some mechanical proper-
ties. Polymer, 38, 2493–2500 (1997).

[12] Cantero G., Arbelaiz A., Llano-Ponte R., Mondragon
I.: Effects of fibre treatment on wettability and
mechanical behaviour of flax/polypropylene compos-
ites. Composites Science and Technology, 63, 1247–
1254 (2003).

[13] Güleç H. A., Sarioglu K., Mutlu M.: Modification of
food contacting surfaces by plasma polymerisation
technique. Part I: Determination of hydrophilicity,
hydrophobicity and surface free energy by contact
angle method. Journal of Food Engineering, 75, 187–
195 (2006).

[14] Neumann A. W., Good R. J., Hope C. J., Sejpal M.:
An equation-of-state approach to determine surface
tensions of low-energy solids from contact angles.
Journal of Colloid and Interface Science, 49, 291–304
(1974).

[15] Spelt J. K., Li D., Neumann A.W.: The equation of
state approach to interracial tensions, in ‘Modern
Approaches to Wettability’ (Eds.: Schrader M. E.,
Loeb G. I.), Plenum Press, New York, 101 (1992).

[16] Grundke K., Bogumil T., Werner C., Janke A.,
Pöschel K., Jacobasch H. J.: Liquid-fluid contact
angle measurements on hydrophilic cellulosic materi-
als. Colloids and Surfaces A: Physicochemical and
Engineering Aspects, 116, 79–91 (1996).

[17] Oss C. J. V., Chaudhury M. K., Good R. J.: Interfacial
Lifshitz-van der Waals and polar interactions in
macroscopic systems. Chemical Reviews, 88, 927–
941 (1988).

[18] Fox H. W., Zisman W. A.: The spreading of liquids on
low-energy surfaces. III. Hydrocarbon surfaces. Jour-
nal of Colloid Science, 7, 428–442 (1952).

[19] Fowkes F. M.: Additivity of intermolecular forces at
interfaces. I. Determination of the contribution to sur-
face and interfacial tensions of dispersion forces in
various liquids. Journal of Physical Chemistry, 67,
2538–2541 (1963).

[20] Owens D. K., Wendt R. C.: Estimation of the surface
free energy of polymers. Journal of Applied Polymer
Science, 13, 1741–1747 (1969).

[21] Kaelble D. H., Dynes P. J., Cirlin E. H.: Interfacial
bonding and environmental stability of polymer
matrix composites. The Journal of Adhesion, 6, 23–48
(1974).

[22] Wu S.: Calculation of interfacial tension in polymer
systems. Journal of Polymer Science Part C: Polymer
Symposia, 34, 19–30 (1971).

[23] El-Shimi A., Goddard E. D.: Wettability of some low
energy surfaces. Journal of Colloid and Interface Sci-
ence, 48, 242–248 (1974).

[24] Pyter R. A., Zografi G., Mukerjee P.: Wetting of
solids by surface-active agents: The effects of unequal
adsorption to vapor-liquid and solid-liquid interfaces.
Journal of Colloid and Interface Science, 89, 144–153
(1982).

[25] Lin J. W. P., Dudek L. P., Majumdar D.: Wetting
properties of homopolymers and copolymers of penta-
fluorostyrene and methylacrylate and homopolymer
blends. Journal of Applied Polymer Science, 33, 657–
667 (1987).

[26] Dupré A.: Theorie mechanique de la chaleur. Gau-
thier-Villars, Paris (1869).

354

Hameed et al. – eXPRESS Polymer Letters Vol.1, No.6 (2007) 345–355



[27] Francis B., Thomas S., Asari G. V., Ramaswamy R.,
Jose S., Rao V. L.: Synthesis of Hydroxyl-terminated
poly(ether ether ketone) with pendent tert-butyl
groups and its use as a toughener for epoxy resins.
Journal of Polymer Science Part B: Polymer Physics,
44, 541–556 (2006).

[28] Song X. Z., Zheng S. X., Huang J., Zhu P. P., Guo Q.
P.: Miscibility, morphology and fracture toughness of
tetrafunctional epoxy resin/poly (styrene-co-acryloni-
trile) blends. Journal of Material Science, 35, 5613–
5619 (2000).

[29] Yamanaka K., Inoue T.: Structure development in
epoxy resin modified with poly(ether sulphone). Poly-
mer, 30, 662–667 (1989).

[30] Grundke K., Bogumil T., Gietzelt T., Jacobasch H. J.,
Kwok D. Y., Neumann A. W.: Wetting measurements
on smooth, rough and porous solid surfaces. Progress
in Colloid and Polymer Science, 101, 58–63 (1996).

[31] Lazghab M., Saleh K., Pezron I., Guigon P.  Komunjer
L.: Wettability assessment of finely divided solids.
Powder Technology, 157, 79–91 (2005).

355

Hameed et al. – eXPRESS Polymer Letters Vol.1, No.6 (2007) 345–355



1. Introduction

Amphiphilic block and graft copolymers consisting
of hydrophilic and hydrophobic segments are self-
assembling materials, which are capable of forming
polymer assemblies, micelles, and vesicles in aque-
ous solutions, and have been used extensively in
both research and technology [1, 2]. Amphiphilic
block copolymers are also very attractive polymers
as carriers for the controlled delivery of drugs due
to their water soluble part and hydrophobic part 
[3, 4].
Fluorescent polymers are gaining increased atten-
tion due to their high sensitivity and ease of meas-
urement. For example, conjugated polymer
chemosensors have recently been used with great
success for the detection of a range of analytes from
biomolecules to explosives [5]. Fluorescent poly-
mers have several advantages over small molecule
sensors due to enhancements associated with elec-
tronic communication between receptors along the

polymer backbone, processability, and ease of
structural modification.
Photophysical studies on fluorescent polymers in
confined environments play a vital role in many
natural and biological processes. The behavior of
polymers in solution can be studied by attaching
labels of various types, and inferring motion or
location of the polymer from the label. Fluorescent
labels have been employed using special shape,
position or depolarization of light to obtain infor-
mation about the macromolecule [6]. In aqueous
media, amphiphilic copolymers self-organized into
micelles which are one of organized environments.
The most important property of such compartmen-
talized micellar media is that they have the ability
to concentrate guest molecules into relatively small
effective volumes and then to promote the re-
encounter of such molecules [7]. This property also
makes them a good device for inducing efficient
electrostatic interactions between the micelle head
groups and the guest molecules as well as strong
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hydrophobic interactions of these molecules with
the micelle chains.
Poly(N-vinylpyrrolidone) (PVP) is a very interest-
ing polymer because it is well water-soluble, bio-
compatible and has been extensively used in phar-
maceutical industry [8]. Recently, PVP can be
found in various drug delivery systems, including
microspheres, nanoparticles, liposomes, and poly-
mer conjugates. The researches of amphiphilic PVP
copolymer used as a promising fluorescent probe
for measurements of biomacromolecules [9] and a
promoter for enhancement of DNA amplification
by polymerase chain reaction [10] were investi-
gated.
In our case, we preferred amphiphilic fluorescent
copolymer that had a good biocompatiblity and
well-defined structure. Atom transfer radical poly-
merization (ATRP) is an extremely active area of
polymer synthesis research [11]. From this point of
view we have prepared well-defined PVP by
ATRP. The resulting product has a controlled
molecular weight and narrow molecular weight dis-
tribution. In this contribution novel amphiphilic
fluorescent copolymers poly(N-vinylpyrrolidone)-
b-poly(N-methacryloyl-N’-(α-naphthyl) thiourea)
(PVP-b-PNT) were synthesized via ATRP with
PVP-Cl as macroinitiator and N-methacryloyl-N’-
α-naphthylthiourea (NT) as hydrophobic segment.
The photophysics behavior of the amphiphilic
block copolymers was investigated by fluorescent
measurements in detail. The major application of
the fluorescent polymer in aqueous media was used
in the field of biological molecules, so the interac-
tion of the block copolymer with DNA was
described and the cytotoxicity of the copolymers in
vitro were also evaluated. The results showed that
the copolymers exhibited exquisite fluorescence
property and good biocompatibility.

2. Experimental section

2.1. Materials

N-Vinylpyrrolidone (VP, Acros, 99%) was purified
by distillation under reduced pressure to remove
the inhibitors before use. CuCl (Aldrich, 98%) was
purified by stirring in acetic acid, washed with
methanol, and then dried in vacuum. Methacryloyl
chloride was prepared by refluxing a mixture of
thionyl chloride and methacrylic acid, followed by
distillation. CuCl2 (Aldrich, 99.9%), 2,2’-bipyri-

dine (bpy, Acros, 99%), methyl 2-chromopropi-
onate (MCP, Aldrich, 97%) and N, N-dimethylfor-
mamide (DMF, Acros, HPLC grade) were used as
received without further purification. Plasmid
pBR322 DNA was from Huamei Biological Engi-
neering Company. α-Naphthylamine, basic alu-
mina and all other reagents were from Shanghai
No.1 Chemical Reagent Factory and used as
received without further purification.

2.2. Preparation of N-methacryloyl-N’-(αα-
naphthyl) thiourea (NT)

KSCN (17.05 g, 0.175 mmol) was dissolved in
150 ml of anhydrous acetonitrile and the solution
was then cooled by an ice-salt bath. Under stirring
methacryloyl chloride (14.4 ml, 0.15 mol) was
added dropwise into it. And then the reaction was
allowed to stir for 5 h at room temperature. The
precipitated KCl was removed by filtration. α-
Naphthylamine (18.61 g, 0.13 mol) was dissolved
in 60 ml of acetonitrile and added dropwise into the
above filtrate with stirring at room temperature.
The system turned to yellow from dark red and
began to precipitate rapidly. After being filtrated
and washed with water, the yellow precipitate was
vacuum-dried. The solid was dissolved in acetone
and subsequently a large excess of cold water was
added to give crystalline NT, yield: 75%; mp:
135–137°C. 1H NMR (300 MHz, CDCl3): δ (ppm)
12.53 and 8.88 (each s, 1H, 2NH), 7.19–7.93 (m,
7H, ArH), 5.99 and 5.67 (each m, 1H, CH2=), 2.05
(s, 3H, CH3). Elemental analysis: Calcd for
C15H14N2OS [%]: C, 66.64; H, 5.22; N, 10.36; S,
11.86. Found [%]: C, 66.59; H, 5.30; N, 10.28; S,
11.78. ESI-MS (in CH3CN): m/z (RI): 271 (M++1,
100) [12].

2.3. Preparation of amphiphilic block 
copolymer by ATRP

Amphiphilic block copolymers PVP-b-PNT were
synthesized by ATRP in DMF. Macroinitiator
PVP-Cl (target DP = 250) was synthesized accord-
ing to the procedure for the polymerization of VP
[13]. The Mn was 18 600 g/mol and PDI was 1.26
by GPC-MALLS in DMF. In a typical run, a 25 ml
round-bottom flask was charged with DMF (5 ml),
NT, macroinitiator PVP-Cl and catalyst CuCl/bpy
with the following relative molar ratio NT:PVP-Cl:
CuCl:bpy = 20:1:1:2 (i. e. target DP = 20). The
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flask was sealed with a rubber septum and evacu-
ated and back-filled with nitrogen for three times.
The flask placed in a preheated oil bath was kept at
60°C for 24 h. Then the reaction mixture was
diluted with CHCl3 and passed through a basic alu-
mina column to remove ATRP catalyst. The result-
ing solution was then concentrated and the copoly-
mer was precipitated into excess diethyl ether. The
obtained copolymer was dried under vacuum to
provide PVP-b-PNT-III. This protocol was
repeated with varying the molar ratios of NT to
PVP-Cl to obtain more water-soluble amphiphilic
block copolymer PVP-b-PNT-I and II.

2.4. Instruments

All 1H NMR spectra were recorded on a Varian
Mercury VX-300 MHz spectrometer (USA). Ele-
mental analysis was conducted on a Flash EA 1112
series elemental autoanalyzer (Italy). Mass spectra
were obtained on an LCQ-Advantage electrospray
ionization-mass spectrometer (ESI-MS) (Finnigan,
England). Steady-state fluorescence spectra of
copolymer solution were obtained on a Shimadzu
RF-5301PC spectrometer (Japan) at room tempera-
ture. Gel permeation chromatography-multi-angle
laser light scatting (GPC-MALLS) is convenient
for determination of the true molecular weight and
molecular weight distribution of polymer without
standard sample. Number molecular weights Mn,
and polydispersity Mw/Mn of the samples were
determined by a DAWN®DSP multi-angle laser
photometer in DMF at a flow rate of 1.00 ml/min 
at 25°C.

2.5. Transmission electron microscope (TEM)
observation

The size and morphology of copolymer aggregates
were recorded by a JEM-100CXII transmission
electron microscope (Japan). The polymer solu-
tions were placed onto the TEM copper grid cov-
ered by a polymer support film. After 15 min, the
excess solution was allowed to dry in atmosphere
and at room temperature for 2 h before observation. 

2.6. Dynamic light scattering observation

Dynamic light scattering (DLS) was used for the
determination of particle size in water. For this
analysis, a series of aqueous solutions of PVP-b-

PNT with concentration of 2 g/l were prepared by
dissolving the polymer directly in water. Each
measurement was carried out in triplicate at 25°C at
an angle of 90°C. The size distribution of particles
and the intensity of mean size were recorded.

2.7. In vitro cytotoxicity test

The cytotoxicity of PVP-b-PNT was evaluated by
using the MTT assay according to the method of
Mosmann [14]. 5 000 A549 cells/well, MTT solu-
tion 2.0 g/l and Hank’s balanced salt solution
(HBSS) as a medium were selected to carry out the
cytotoxicity tests. The test was performed as fol-
lows: after A549 cells were attached to the 96 wells
and incubated for 24 h at 37°C, the different con-
centration of PVP-b-PNT dissolved in HBSS were
added to the wells. To each well 50 μl of MTT
solution was added after the wells were incubated
for another 72 h at 37°C. The plates were incubated
for an additional 4 h at 37°C and the MTT solution
was removed. Negative (HBSS) control wells were
treated similarly as above. Absorbance was meas-
ured spectrophotometrically at 550 nm using a
MuLTiskAn MK3 unit. Cell viability (as a percent
of the negative control) was calculated from the
absorbance values.

3. Results and discussion

3.1. ATRP of PVP-b-PNT block copolymer

Block copolymers were prepared via ATRP using
the PVP-Cl as macroinitiator, NT as hydrophobic
monomer and CuCl/bpy complex as catalyst in
DMF. Though a bpy-based catalyst is less active
compared to tripodal amines and cyclic amines
[11], the investigation on ATRP of acrylamide and
dimethyl(1-ethoxycarbonyl)vinyl phosphate using
CuCl/bpy as catalyst were reported [15, 16]. So the
bpy ligand was chosen to prepare PNT block. In
this section, a series of well-defined block copoly-
mers (PVP-b-PNT) with different hydrophobic seg-
ment is synthesized using the same PVP-Cl (Mn =
18 600, PDI = 1.26) via ATRP. The increase of
molecular weight with conversion and relatively
low PDI of the copolymers demonstrate the con-
trollable characteristic of this polymerization.
The chemical composition of block copolymers is
determined by 1H NMR. A typical 1H NMR spec-
trum of PVP-b-PNT-III in CDCl3 is shown in Fig-
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ure 1. The multiple of shift from 6.8 to 7.93 is
attributed to the protons of the hydrophobic naph-
thyl groups of the block copolymer. The hydropho-
bic content is calculated from the relative inte-
grated area of peak a corresponding to the protons
of the naphthyl groups of the hydrophobic chains
compared to that of peak c corresponding to the
protons of CH–N group in the hydrophilic back-
bone. The molecular weights of final copolymers
were determined by GPC-MALLS in DMF.
The molecular weights of the block copolymers
determined from 1H NMR are consistent with those
determined by GPC-MALLS in DMF and the
molecular weight distributions are relatively low
which are listed in Table 1. These results confirm
that the molecular weight and the unit composition
of block copolymers can be successfully controlled
by varying the molar ratio of monomer to macroini-
tiator via sequential ATRP.

3.2. Aggregation behavior of PVP-b-PNT in
water 

The fluorescence emissions of PVP-b-PNT solu-
tion in aqueous show the same excimer emission in
λmax = 448 nm in Figure 2. The intramolecular and
intermolecular aggregations exist in all block PVP-
b-PNT in water even for that with the shortest
hydrophobic block in copolymer backbone. A sim-
ilar result was reported for pyrene labeled poly(N-
isopropylacrylamide) [17].
In aqueous solution the PVP-b-PNT can orient
themselves in a way that they expose their hydro-
philic groups toward water and simultaneously pro-
tect their hydrophobic groups from the contact with
water, and consequently they are able to form
hydrophobic microdomains by inter- and intramol-
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Figure 1. 1H NMR spectrum of PVP-b-PNT-III in CDCl3

Table 1. Molecular characteristics of PVP-b-PNT

aYield of copolymer determined by gravimetric.
bNumber-average molecular weight and polydispersity in DMF
by GPC-MALLS.

Entry
Yielda

[%]

1H NMR Mnb

[g/mol]
Mw/Mnb

PVP PNT
PVP-Cl 100 0 18 600 1.26
PVP-b-PNT-I 89 97 3 20 000 1.33
PVP-b-PNT-II 83 95 5 21 300 1.32
PVP-b-PNT-III 78 90 10 22 500 1.38

Figure 2. Fluorescence emission spectra of PVP-b-PNT
solution at the concentration of 0.4 g/l at 20°C
excited at 330 nm



ecular interactions. PVP-b-PNT micelles with short
hydrophobic block in this case should have a core-
shell structure.
The successful formation of micelles was con-
firmed by TEM measurement. Figure 3 shows the
TEM image of the micelles formed by PVP-b-
PNT-III copolymers. It can be seen that the
micelles take a spherical morphology. Micelles
composed of PVP-b-PNT-III in water at a concen-
tration of 2 g/l feature a single narrow size distribu-
tion with a mean diameter about 40 nm. As a typi-
cal example, the particle size distribution of
PVP-b-PNT-III micelles determined by dynamic
light scattering is shown in Figure 4. Mean sizes of
micelles formed by PVP-b-PNT-III copolymers are
ca. 58 nm in diameter, which are much larger in the
size than that observed by TEM in dried model.

3.3. The effect of chain architecture on 
photophysics

When the fluorescent hydrophobes (naphthyl
group) were incorporated in the copolymer, the
photophysical response may effectively probe the
copolymer behavior on the microscopic level [18].
The distribution of the labels was not expected to
be random, but rather that the PVP-b-PNT copoly-
mers would present a blocky architecture. We can
address this question with respect to the distribu-
tion of the fluorescent groups along the macromol-
ecules to form excited-state excimers under condi-
tions of high density labels [19]. If a polymer
carries a small number of naphthyl distribution
along the chain, the naphthyl*/naphthyl encounter
probability will be low; hence, excimer emission
will be weak compared to the monomer emission.
Conversely, if the copolymer presents blocks of
high naphthyl density, the contribution of naphthyl
excimers to the overall emission will be high.
To make this spectroscopic tool to be used effec-
tively, it was necessary to dissolve the labeled poly-
mers in a good solvent to avoid solvent-induced
clustering of the labeles. Here, we measured the
emission of PVP-b-PNT in CHCl3. CHCl3 is a good
solvent for all the PVP-b-PNT samples prepared.
The emission of block naphthyl-labeled PVP sam-
ples showed only one broad emission IE, centered
between 440 and 450 nm, characteristic of naphthyl
excimer emission. It should be noted that the
monomer emission was not observed in PVP-b-
PNT solutions. This phenomenon is quite different
from the previous literatures on naphthyl-labeled
dendrimer and random polymers [20, 21].
In order to investigate the chain architecture on the
photophysics of copolymer, we measured the emis-
sion of the random naphthyl-labeled PVP with
equal absorbance of PVP-b-PNT dissolved in
CHCl3. The fluorescence spectrum in Figure 5
shows two major bands, one at shorter wavelength
(monomer emission) with λmax = 375 nm and the
other a broad but weak band at longer wavelengths
(excimer emission) with λmax = 448 nm. The emis-
sion of random polymer shows both monomer and
excimer emission, which is different from the block
polymer. The fluorescent observation results show
that the copolymers with a blocky architecture tend
to present strong excimer emission than random
copolymer.
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Figure 3. TEM of PVP-b-PNT-III aqueous solutions 2 g/l

Figure 4. Size distribution of micells composed of PVP-b-
PNT-III aqueous solutions 2 g/l measured by
DLS



The appearances of the excimer band with maxi-
mum around 448 nm are observed in random and
block polymers. Generally the naphthyl excimer
emission is about 400 nm, but in this case, the
excimer emission wavelength of PVP-b-PNT and
random polymer is red shifted to 448 nm, which is
due to the hydrophobic monomer chemistry struc-
ture. Naphthyl thiourea monomer has a tautomeric
form, which brings a big conjugated π bond
between naphthyl and thiourea residue [22]. The
special structure makes higher fluorescence effi-
ciency and reflects the red shift in excimer emssion.
A similar phenonmenon was observed in other con-
jugated polymers [23].
At the same time, we dissolved the random and
block polymers in water, respectively. As the emis-
sion spectra recoded in Figure 2, two trends are
apparent: 1. the IE of block polymer and random
polymer increase; 2. the IE is significantly higher of
aqueous solution of block polymers, compared to
the random polymers.
The block polymers exhibit stronger excimer band
than that of the random polymers in both CHCl3

and aqueous media. These results suggest that
inter- and intra-molecular associations facilitate
excimer formation for block and random polymers.
But the association ability is stronger in block poly-
mers than in random polymers. For block polymer
solution in CHCl3, the broad excimer emission IE

centering between 440 and 450 nm derives from
intramolecular association. The intramolecular
association results from interactions between the
naphthyl groups within the block itself. For the
block polymer solution in water, the strong excimer

emission IE comes from inter- and intra-association
of block chains. Meanwhile, the intramolecular and
intermolecular association results from interactions
between naphthyl groups at the different chains.

3.4. Interactions with DNA

The blocking of the fluorescent probe into the poly-
mer backbone provides the possibility to employ
luminescent techniques at very low concentrations.
The nucleotide sensing and quantification by
means of luminescent probes represent an impor-
tant target in supramolecular chemistry due to their
many biological and biomedical implications [25].
The interaction of the PVP-b-PNT with DNA is
described and we found the potential molecular
recognition of this for DNA in aqueous solution.
Fluorimetric titrations were conducted with addi-
tion of DNA solutions. The fluorescence spectra
were shown in Figure 6. The excimer emission was
quenched after DNA addition. An interpretation for
DNA’s quenching effect could be a multitopic
hydrogen bonding interaction between the
hydrophobic thiourea and the DNA fragment. Bis-
thiourea moieties selectively bind to dihydrogen-
phosphate via multitopic hydrogen bonding, giving
stronger complexes with H2PO4

– [24]. Naphthyl or
groups bounded to polymer interact in aqueous
media tend to form a sandwich-like dimeric confor-
mation (excimer) regularly [25]. In the solution of
PVP-b-PNT and DNA, the interaction between
DNA and thiourea of polymer chain inhibits naph-
thyl groups to form a sandwich-like dimeric con-
formation which increases the excited-state energy
and decreases fluorescence intensity.
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Figure 5. Fluorescence emission spectra of random and
block copolymers solution at 20°C excited at
330 nm. Both solutions in CHCl3 have equal
absorbance (A330 = 0.2)

Figure 6. Fluorescence spectroscopy of PVP-b-PNT-III
aqueous solution (5·10–5 g/ml in 0.05 M 
Tris-HCl, pH = 7.4) upon the addition of DNA
(0.114 mol/l) at 20°C excited at 330 nm



3.5. Cytotoxicity of PVP-b-PNT in vitro

To determine biocompatibility of the fluorescent
copolymer PVP-b-PNT, its cytotoxicity towards
A549 cells was determined by means of the MTT
assays. The effect of copolymer concentration on
cell viability was illustrated in Figure 7, within
experimental error, negligible, the cell viabilities
being above 100% relative to a negative control at
concentration of PVP-b-PNT-III ranging from 10–6

to 10–1 mg/ml. In other words, solution of PVP-b-
PNT-III has no apparent cytotoxic effect on A549
cells. This may be attributed to the biocompatibility
of the hydrophilic PVP shell formed by PVP-b-
PNT-III on self-aggregation.

4. Conclusions

New fluorescence copolymers PVP-b-PNT were
synthesized by ATRP with PVP-Cl and N-
methacryloyl-N’-α-naphthylthiourea (NT). For the
block polymer solution in water, the emission of
PVP-b-PNT samples showed only one broad emis-
sion IE, centered between 440 and 450 nm, charac-
teristic of naphthyl excimer. The higher excimer
emission IE comes from inter- and intra-aggrega-
tion between naphthyl groups at the different
chains. DLS and TEM observation suggested block
polymers in water self-assembled into spherical
micelles. For block polymer solution in CHCl3, the
broad excimer emission IE derives from intramole-
cular association between the naphthyl groups
within the block itself. Fluorescence measurements
of the structurally well-defined PVP-b-PNT poly-
mer can provide templates for developing a wide

rang of fluorescent amphiphilic macromolecules
and characterize conformational dynamics of poly-
mer chains.
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1. Introduction

The research on polymer-layered silicate nanocom-
posites is currently an expanding field of investiga-
tion, this is mainly due to the large potential to
achieve property enhancement significantly greater
than that attainable using conventional fillers or
polymers blends [1–3].
Understanding and controlling the various factors
that govern the making of exfoliated thermoset/lay-
ered silicate nanocomposite is rather complex, sev-
eral research projects have focused and made
contribution to understand some of these issues
[4–6]. Nanocomposites have the ability and the
potential to reduce the permeability of polymer

composites against ingress of corrosive substances.
The reduction in permeability that can be attained
from the exfoliation of layered silicates into poly-
mers depends on the permeating agent being inves-
tigated. Few studies have been carried up to now on
the effect of moisture on the barrier properties of
nanocomposites [7–9], although very limited stud-
ies have treated the corrosive environment on the
nanocomposites. 
Epoxy based thermosetting polymer resins are
widely used in the industry due to their superior
characteristics such as good mechanical properties,
and good resistance to chemicals. Significant use of
epoxy resins as the matrix material in fiber rein-
forced composites, for the application in the aero-
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space and automotive industry [10–12]. However,
such composites are highly susceptible to environ-
mental conditions, primarily due to the degradation
of epoxy matrix [8, 10, 11].
In our laboratory, epoxy/layered silicate nanocom-
posite has been developed, and the effects on the
morphology development and properties have been
investigated. The characterization of the environ-
mental degradation (immersion in water or in sulfu-
ric acid) under temperature of 80°C was focused
on. It is expected that the addition of organoclay
could increase the life service time by offering a
barrier to water/ acid transportation.

2. Experiments

2.1. Materials and sample preparation

Bisphenol A type Epoxy Epomik R140 from Mitsui
Chemical Co., Ltd was used as the matrix; Jef-
famine D230 a diamine curing agent from Hunts-
man Co., and the organoclays used was the
Nanomer I.28E from Nanocor Inc.
The organoclay was swelled with the curing agent
and mixed with a mechanical stirrer at 1500 rpm
for 1 h at 60°C, followed by ultra-sonication for an
additional 1 h. After this, epoxy resin was added.
Prior to curing, a degassing under vacuum was
applied. Curing was done in two stages first at 70°C
for 6 h followed by a post cure at 110°C for an
additional 6 h. The load of the clay was varied from
0.5 to 6 phr (parts per hundred resin).

2.2. Characterization

X-Ray diffraction (XRD) was performed on a
Philips Xpert MPD PW3050 X-ray diffractometer
with a CuKα as a radiation source (λ = 1.54), oper-
ated at 40 kV and 30 mA. Samples were scanned at
diffraction angles (2θ’s) from 2° to 10° at a scan
speed of 0.016°/s.
Transmission Electron microscope (TEM) photo-
graphs were taken with a JEOL JEM 2010F using
an acceleration voltage of 200 kV.
The penetration depth of the sulfur (S) element was
monitored using the coupled Scanning Electron
Microscopy (SEM)/Energy dispersive X-ray spec-
trometer (EDS) JEOL JSM-5310LV analysis of the
cross section of the immersed samples in sulfuric
acid. Bending test was done according to ASTM
D790 with Shimadzu Autograph AGS-1KNJ
machine.

2.3. Measurement of weight change 

The mass uptake of samples having dimension
60×25×2 mm immersed in deionized water and
10 mass% sulfuric acid medium separately at 80°C
using constant temperature bath, was measured by
recording the amount of the solution absorbed
within a fixed interval of immersion time.
Before immersion all samples were dried at 60°C
for 50 h and their initial weights and dimensions
were measured. The specimens were periodically
removed, wiped with filter paper to remove excess
solution, and then were kept for 1h at room temper-
ature before their weights – wet condition – were
taken. Solution content was determined using
Equation (1):

(1)

where Mt, Wt and W0 are the solution content at a
given time, weight of the sample at the time of the
measurement and initial weight, respectively.

3. Results and discussion

3.1. Nanocomposite morphology

Figure 1 illustrates the XRD spectrum of the pris-
tine organoclay and that of the epoxy/organoclay
nanocomposite with different clay content. The
basal spacing of the pristine organoclay was about
24.18 Å presented as a single peak around
2θ = 3.65°. This peak was shifted to lower value
when mixed with the epoxy to form the nanocom-
posite materials. This was an indication that epoxy
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was intercalated between the layers of clay during
mixing, which eventually expands or exfoliates the
clay layers; the d-spacing was shifted from the orig-
inal value of 24.18 Å to that around 34 Å.
By XRD, the formed nanocomposite simply would
be defined as intercalated, in that there was an
observed increase in the d-spacing as compared to
the original clay d-spacing.
It also is observed that the higher the clay contents
the higher the peak area. This is attributed to the
high concentration of the organoclay that may
agglomerate within the matrix and thus become dif-
ficult to disperse and to exfoliate within epoxy
resin.
TEM images of the sample containing 1 phr organ-
oclay are shown in Figures 2a and 2b, where the
dark lines are the cross section of silicate, it reveals
that although there were intercalated multilayer
crystalline present, single exfoliated silicate layers
were also prevalent. At low TEM magnification
Figure 2a micrograph showed that the clay was
well dispersed throughout the polymer with some
agglomeration. Higher magnification (Figure 2b)
showed that regions where both intercalated and
exfoliated structures existed and regions were both
intercalated tactoids and a few individual layers
were present. Hence, the designation of an interca-
lated/exfoliated type of nanocomposite is recog-
nized as already noted in XRD analysis.
This to conclude that achieving a full exfoliation
with this material is quite difficult, and to reach an
optimum one must try different ways and combina-
tions of mixing.

3.2. Diffusion test

Materials (neat epoxy or epoxy/organoclay nano-
composite) immersed into water or into sulfuric
acid at 80°C, gained mass due to the environmental

solution uptake, as shown in Figures 3 and 4 for
water and sulfuric acid respectively. The weight
gain (Mt) over the equilibrium weight gain (M∞) as
a function of root time per specimen thickness
(t½/l); increased approximately linearly before satu-
ration occurred.
The equilibrium mass uptake for neat epoxy was
around 3% for immersion in water and around 18%
for immersion in sulfuric acid. Obviously the mass
uptake in acid is much higher than that in water due
to the formation of a tertiary amine salt amine
group [13], when all the amines in the resin are
converted to amine salt, the weight gain reaches the
equilibrium level [14].
In the case of water diffusion, no real performance
of the added organoclay was found and similar
trend is obtained as illustrated in Figure 3 the equi-
librium mass uptake remains within the same value
as for neat epoxy. It was expected that the incorpo-
ration of the organoclay increases the tortuosity
path and thus decreases the equilibrium mass
uptake, however, this was not the case, this may be
explained by the fact that the organoclay was not
fully exfoliated, and was rather intercalated with
some agglomeration. Another important factor that
could play an important role is that the organoclay
may have kept some of its naturally hydrophilic
characteristic and thus still attract water. Finally the
presence of micro voids due to the increase in vis-
cosity when mixing the organoclay. The free pore
volume can easily take up the solvent molecules
and increases the mass uptake.
Some authors find similar trend as in the case of
Lan and Pinnavaia [3], Massam and Pinnavaia [15]
and Becker et al. [12] where they found in their
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Figure 2. TEM micrograph of 1phr epoxy/organoclay
nanocomposite at different magnification: 
a) low magnification, b) high magnification

Figure 3. Weight gain in water as function of immersion
square root time



studies concerning epoxy nanocomposite perform-
ance towards water and other organic solvent; that
only the rate of absorption was reduced, and that
the equilibrium water uptake was found to be rela-
tively higher in the case of epoxy clay nanocom-
posite. The equilibrium moisture uptake was found
to increase with the amount of layered silicate
added.
It is suggested a dual effect between the benefit of
adding high aspect ratio filler as a barrier properties
enhancement to the above cited counter perform-
ance reasons i. e. not fully exfoliated, agglomera-
tion, voids… etc.
On the other hand, for the case of acid uptake, a
similar tendency was also obtained for neat epoxy
and epoxy organoclay nanocomposite that is a lin-
ear increase as function of square root immersion
time; however, lower values were obtained for the
organoclay content of 0.5 phr as observed in Fig-
ure 4. At low organoclay content, better barrier
properties performance was obtained, for the rea-
son that the degree of exfoliation is higher with bet-
ter dispersion and no agglomeration, it estimated
that the tortuous path model appear to hold well
only at very low clay loadings (<1 wt%) with sig-
nificant deviations at higher loadings (1 to 5 wt%)
and with change in humidity and temperature [16].
Acids diffuse quite easily into amine cured epoxy
resin. The reaction between the resin and the pene-
trating acid cannot be excluded as already
explained. The acid corrosivities are dependent
rather on the chemical reaction running between
the acid and the epoxy chain. These chemical reac-
tions run in parallel with a purely physical diffusion
processes.

To confirm the penetration of sulfur, observation
with SEM/EDS was performed, it enabled to meas-
ure the penetration depth of the sulfuric acid by
detection of the element S. Typical curves of the
EDS micrographs are illustrated in Figure 5 where
the dark line expresses the profile of the element S
along to depth from surface, the penetration depth
was calculated to be the distance from surface to
level off the profile (x in Figure 5b).
Figure 6 shows the penetration depth as function of
square root time, it is clearly observed the decrease
of the penetration depth as organoclay was added to
the epoxy system, the marked decrease was
obtained as expected with 0.5 phr, however, all
samples were fully penetrated within a short time
around 120 hours which is considered too fast for
protecting or coating application.

3.3. Mechanical properties

Three point bending test was performed for speci-
men under wet conditions, an average of three test
samples were taken. Figure 7 illustrates the flexural
strength of the initial value of the nanocomposite as
function of the organoclay content. Flexural
strength was relatively decreased as compared to
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Figure 5. Example of EDS micrograph for S element
detection at different immersion time: 
a) epoxy at 8 h, b) epoxy at 50 h, c) 0.5 phr at
8 h and d) 0.5 phr at 50 h

Figure 6. Sulfuric acid penetration depth as function of
square root immersion time

Figure 4. Weight gain in sulfuric acid as function of
immersion square root time



the neat epoxy resin, this may be a result of the
agglomeration effect of the organoclay within the
epoxy matrix; making the distribution of the parti-
cles in the matrix an important factor to be consid-
ered in this case. It is known that the stress
distribution around the particles increases the stress
concentration of the propagating crack, which in
turn induces relative early failure. The important
parameter that affects this property is the quality of
the interface in the composite that is the adhesive
strength and the interfacial stiffness of the compos-
ite medium. These two factors play a crucial role in
stress transfer and the elastic deformation from the
matrix to the fillers [17].
The retention of the flexural strength as function of
the immersion time is illustrated in the Figures 8
and 9 for water and acid respectively in wet condi-
tion, a decrease followed by a level off is observed
as function of immersion time. This decrease is
more expressed for the neat epoxy than in the case
of the epoxy-clay nanocomposite. When organ-

oclay was added the percent decrease of both mod-
ulus and flexural strength is more retained. The
decrease is mainly due to the formation as already
discussed of the tertiary ammonium salt conse-
quently sever distortion is produced around the
amine salt and the stability of the C–N bond
decreases, causing the scission of the bonds and the
decrease in the strength [14], however, when the
organoclay is added, this distortion may be
obstructed by its presence, even though deeper
analysis of the chemical reaction that might occur
must be performed.

4. Conclusions

A number of observations and conclusions can be
drawn from this investigation:
The materials prepared were found to have inho-
mogeneous degree of exfoliation with rather high
degree of intercalation. Under the present process-
ing conditions, the additions of the organoclay can
significantly improve the barrier properties against
corrosive acid. When immersed in water the
absorption parameter seems to be unaffected by the
presence of the clay, this seems to be related to the
fact that results of sorption are not very sensitive to
the extent of filler exfoliation when the diffusing
media i. e. water is strongly absorbed by the filler
surface. Addition of clay leads to better mechanical
properties at wet conditions.
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1. Introduction

Blending of styrene-acrylonitrile and ethylene-
propylene-diene rubber may provide an efficient
way with tailored properties. Styrene-acryloni-
trile/ethylene-propylene-diene rubber (SAN/EPDM)
system is a brittle/ductile combination but the blend
does not result in a toughened plastic, given that
two components are immiscible at the molecular
level because if their difference in polarity and
blends have poor mechanical properties compared
to those of their neat components. The ability of
rubber to improve the mechanical properties of
glassy polymers depends mostly on the dispersed
rubber particle size that implies compatibility of the
rubber phase with the matrix [1]. Therefore, the
introduction of a small amount of compatibilizer
has been investigated to obtain more desirable
properties. A compatibilizer can be made either

separately and then added to a polymer blend or
created in situ during the blending process [2, 3].
The first method has the advantage of better con-
trolling the molecular architecture of the compati-
bilizer. The second method, often called reactive
extrusion or reactive compatibilization, allows us to
generate the compatibilizer in situ at the interfaces
directly during blending [4, 5]. System called acry-
lonitrile-ethylene/propylene/diene elastomer-styrene
(AES), which is formed by EPDM rubber dispersed
into a glassy matrix of a SAN copolymer, contain-
ing also SAN molecules grafted onto the EPDM
rubber (EPDM-g-SAN) which act as compatibiliz-
ing agents between the two immiscible components
[6, 7]. Generally, the rubbery particles are grafted
by a brittle polymer which is the same as the
matrix. These grafted chains enhance the interfacial
bonding between the rubbery particles and the brit-
tle matrix, and also make the rubbery particles dis-

370

*Corresponding author, e-mail: zhrnjak@marie.fkit.hr
© BME-PT and GTE

Morphology and thermal behaviour of SAN/EPDM blends
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perse throughout in the matrix polymer to match
the thermodynamic parameters. Elastomer-modi-
fied thermoplastic high impact polystyrene (HIPS)
is one of the oldest styrenic polymers and provides
a good balance between rigidity and elasticity and
it is often used as a compatibilizer. Many authors
have observed that some of the most important fac-
tors in controlling the mechanical properties of var-
ious styrene copolymers (like SAN and
acrylonitrile-butadiene-styrene, ABS) and HIPS
are rubber particle size [8, 9] and the volume frac-
tion of the rubbery phase [10, 11]. In this study, we
investigate the effect of high impact polystyrene as
compatibilizer and in situ formed graft copolymer
on the morphology and thermal properties of
blends. SAN/EPDM and SAN/EPDM/HIPS blends
with different fractions of the elastomer component
were processed by extrusion resulting in polymer
materials of different microstructures.

2. Experimental

2.1. Materials

Studied blends were prepared with ethylene-propy-
lene-diene (EPDM, Keltan 312, DSM), containing
55 wt% ethylene and 4 wt% ethylidene nor-
bornene, Mooney viscosity 36 MU and styrene-
acrylonitrile (SAN, Tyril 790, The Dow Chemical
Company) with 24 wt% AN, the melt flow rate
(MFR, 220°C, 10 kg) was 27 g/10 min. The interfa-
cial agent was high-impact polystyrene (PS-HI
417) supplied by DIOKI, (Croatia), with 8 wt%
polybutadiene.

2.2. Preparation of samples

The extrusion process was carried out on a Haake
Rheocord System 9000 twin-screw extruder (Haake,
Karlsruhe, Germany), a co-rotating extruder with
standard, non-intensive screw characteristics. Fol-
lowing temperatures have been chosen for the four
heating zones (from hopper to die): 170/190/200/
210°C and the screws rotation speed has been set to
60 rpm. Blends were injection moulded according
to ISO 294 and dumbbell specimens were formed

according to ISO 3167. Compositions of the stud-
ied blends are listed in Table 1.

2.3. Polymer blend separation

The prepared SAN/EPDM blends were separated to
components by successive extraction in selective
solvent for eight hours using Soxhlet method. To
check the extraction efficiency, preliminary extrac-
tions have been made for 8, 24 and 48 hours. The
styrene-acrylonitrile polymer is extracted in mix-
ture of methanol/acetone (ratio 55:45 vol%), the
EPDM polymer in hexane and the graft polymer is
extracted in tetrahydrofurane (THF). The remain-
ing part of the blend was considered as the gel con-
tent.

2.4. Gel permeation chromatography (GPC)

The molecular masses and their distributions (
–
Mn,

–
Mw) of extracted polymers were determined by the
gel permeation chromatography (GPC) carried out
on the PL-GPC 20 Polymer Laboratories instru-
ment fitted with RI detector. Tetrahydrofuran was
used as a solvent (c = 10 mg/5 ml). Molecular
masses were calculated as polystyrene equivalents.

2.5. FTIR measurements

FTIR spectra of extracted polymers were recorded
on Perkin Elmer Spectrum One in the range of 4000
to 500 cm–1, with a resolution of 4 cm–1. All sam-
ples were prepared as thin films (0.1 mm) cast from
6 wt% toluene solution. 

2.6. Scanning electron microscopy (SEM)

Morphologies of the studied blends were charac-
terised from a cross-section of cryogenically frac-
tured surfaces of injection moulded samples (2 mm
thick) using a Philips XL 30 Scanning Electron
Microscope. Samples were immersed in liquid
nitrogen for more than 15 min to cool down and
then fractured immediately. The dried samples
were sputter-coated with gold prior to scanning
electron microscopy (SEM) examination.

2.7. DMA measurements 

Dynamical mechanical properties of the blends
were analyzed using a DMA Q 800 TA Instru-
ments. Specimens for the dynamic mechanical test
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Table 1. Composition of SAN/EPDM and SAN/EPDM/
HIPS blends

Samples SAN/EPDM SAN/EPDM/HIPS
SAN 95 90 85 80 60 95 90 85 80 60
EPDM 5 10 15 20 40 5 10 15 20 40
HIPS – – – – – 5 5 5 5 5



were cut into 50×10×1 mm. The glass transition
temperatures (Tg1 and Tg2) of the samples were
measured at a frequency of 1 Hz with the tempera-
ture ranging from –100 to +150°C and a tempera-
ture rate of 10°C/min. After the testing at a
particular temperature the samples were cooled to
–100°C in nitrogen atmosphere.

3. Results and discussion

3.1. Analysis of polymer fractions in blends

To elucidate the extrusion process, reactions and
interactions that are established [12–16], the sepa-
ration of SAN/EPDM blends on its components
was carried out by selective solvent extraction and
the results are presented in Figure 1. Significant
differences in the fractions of graft copolymer
(EPDM-g-SAN), SAN polymer, EPDM polymer
and gel were observed. The most significant com-
ponent formed during extrusion is the graft copoly-

mer, Figure 2, and it is expected to improve com-
patibility of two polymer phases in SAN/ EPDM
blends. The increase of the ratio of formed graft
copolymer in blends can be explained by the fact
that increasing reaction temperature favours the
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Figure 1. Fraction of extracted components: SAN, EPDM,
graft polymer and gel from extruded SAN/EPDM
blends processed without and with HIPS com-
patibilizer

Figure 2. Grafting reaction of SAN radicals onto EPDM polymer chain: a) on double bonds of ethylidene norbornene, b)
on tertiary C-atom



formation of polymer radicals and increases their
mobility. Such chemical bonding improved com-
patibility in the blends and prevented further degra-
dation of the polymer during the extrusion process
[17]. Significantly higher concentration of graft
copolymers is observed when the compatibilizer
HIPS is present in the blends. From the results, Fig-
ure 1, it is observed that fraction of formed graft is
in the interval of 45–68 wt% for samples prepared
without compatibilizer while the fraction of formed
grafts for samples with compatibilizer is 58–
80 wt%. It is assumed that the high concentration
of polymer radicals is present due to presence of
double bonds of butadiene. Low concentration of
SAN polymer obtained after extraction confirms
that the most of SAN radicals participate in grafting
or in crosslinking reaction. Formation of polymer
radicals is also confirmed by the changes of molec-
ular masses of blends components, see Figure 3.
Molecular masses (Mn, Mw) of SAN polymer
obtained after extrusion process are slightly
increased, which indicates chemical bonding of
SAN radicals between themselves. Changes of
molecular masses of SAN matrix can significantly
affect compatibility of blends, i. e. higher molecu-
lar masses would increase viscosity of matrix and
that leads to finer morphology and better compati-
bility in blends [18]. The molecular masses of
extracted EPDM from blends samples are slightly
changed showing higher stability under process
conditions, Figure 3. It is also known from the liter-
ature, EPDM rubber is more stable than SAN
copolymer at higher temperatures (200°C) [19].
Further on, the values of molecular masses of the
formed graft copolymers are approximately the
same as those as SAN polymer because the high

fraction of SAN polymer is present. On the other
hand, crosslinking reaction results in the formation
of a gel, which is present in higher concentration in
blends prepared without HIPS and it will contribute
to incompatibility of polymers in the blends.
Results of distribution of molecular masses of
extracted SAN and EPDM-g-SAN components are
shown in Figures 4 and 5. Comparing the differen-
tial curves of SAN polymer extracted from blend
composition 95/5, Figure 4a, and curves of SAN
extracted from blend composition 95/5/5, Fig-
ure 4b, it can be seen that there are significant
changes in the distribution of molecular masses.
Broad distribution of molecular masses indicates
presence of newly formed SAN polymer chains of
lower molecular masses denoting higher polydis-
persity of the system. On the other hand, narrow
distribution of molecular masses means participat-
ing of SAN polymer in grafting reactions, which is
supported by the results of higher fraction of graft
copolymer, Figure 1. The similar behaviour of dis-
tribution of molecular masses of the extracted
EPDM-g-SAN graft copolymer in the considered
samples is observed, Figure 5.
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Figure 3. Number molecular masses, and weight molecu-
lar masses, of extracted SAN, EPDM and graft
polymer from extruded SAN/EPDM blends and
molecular masses of commercial SAN polymer
and EPDM polymer

Figure 4. Integral and differential curves for the SAN
polymer: a) SAN polymer extracted from SAN/
EPDM blend composition 95/5, b) SAN poly-
mer extracted from SAN/EPDM/HIPS blend
composition 95/5/5



3.2. FTIR analysis

The structure of the EPDM-g-SAN graft copolymer
was determined from FTIR spectra, as is shown in
Figure 6. The characteristic absorption bands of
EPDM rubber appeared at 722 cm–1 corresponding
–(CH2)– stretching and at 1374 cm–1 due to
–C–CH3 stretching; for SAN copolymer vibrations
at 2237 cm–1 due to –CN groups and the vibrations
at 1453 and 1493 cm–1 corresponding to aromatic

ring were observed. On the other hand, graft
copolymer, reveals characteristic vibrations of both
SAN and EPDM polymers which indicate grafting
reaction that appear during processing [20].

3.3. Dynamical mechanical analysis

Measurement of the glass transition temperatures
Tg, were used to study miscibility of SAN/EPDM
systems because the difference in the Tg values of
EPDM and SAN was sufficiently large. There are
two distinct glass transitions for all blends, in our
case the lower glass transition is due to the EPDM
phase (–50°C) and the higher glass transition
(109°C) is due to the SAN phase (21–23). Table 2
contains the Tg values for EPDM, SAN and their
blends with and without HIPS as a compatibilizer.
From inspection of Table 2 it can be seen that with
adding HIPS to the SAN/EPDM blends, the Tg val-
ues of EPDM phase shifts to –40°C, significantly
higher values after addition of 5% HIPS, whereas
that of the SAN phase moves to 104°C, a lower
temperature, at HIPS content of also 5%. For the
blends prepared with compatibilizer and with
higher fraction of elastomer, slight shift of Tg val-
ues is observed. Meanwhile, the results do not
reveal a new peak which would correspond to the
HIPS phase. This means that a new isolated phase
in SAN/EPDM blend was not formed and it is
assumed that HIPS is located at the boundaries
between SAN and EPDM [24]. From these results
it can be concluded that by adding HIPS in
SAN/EPDM blends glass transition becomes less
distinct, indicating better interaction and the
increasing compatibility between the SAN and
EPDM polymers.
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Figure 6. FTIR spectra of extracted SAN, EPDM and graft copolymer from extruded SAN/EPDM blend

Figure 5. Integral and differential curves for the 
EPDM-g-SAN graft copolymer: a) graft copoly-
mer extracted from SAN/EPDM blend composi-
tion 95/5, b) graft copolymer extracted from
SAN/EPDM/HIPS blend composition 95/5/5



3.4. Morphology of the blends

The micrographs of the cryogenically fractured sur-
faces of the SAN/EPDM blends compositions 95/5,
85/15, 60/40 are displayed in Figure 7. The inspec-
tion of these micrographs indicates two phases with
different domain size and shape. As is well known
from the literature [25], polymer present in the
lower concentration usually forms a discontinuous
phase whereas the polymer present in the higher
concentration forms continuous phase and such
morphology of blends is usually named a particle-
in-matrix type. Finer morphology can be observed
with lower concentration of EPDM, Figure 7a, in
comparison with morphology of blends with higher
concentration of EPDM, Figure 7b and 7c. The
high interfacial tension between the SAN and
EPDM phases leads to a larger size of the dispersed
rubber phase (3.4 μm) as is well seen on Figure 7b
in comparison with particle size on micrograph

Figure 7a, where the size of dispersed phase is
0.5 μm. If the particle size is greater than the criti-
cal value the blends will still be a brittle and incom-
patible. For example, the effective toughness
occurs at an optimum particle size of 0.1–1 μm for
SAN [26] and when the optimum particle size of
dispersed EPDM is achieved, necessary levels of
adhesion with the SAN matrix is provided and
effective increase of impact toughness is achieved.
However, as the ratio of two polymers in blend
progress toward equality, co-continuous phase is
formed, Figure 7c. Further, the particle size of dis-
persed phase on micrograph Figure 7c is signifi-
cantly higher in comparison with particle size on
micrographs Figure 7a and 7b. It can be seen that
partial separation of two phases is present because
block segments of EPDM do not adhere to SAN
phase completely.
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Figure 7. SEM micrographs of fractured surface of SAN/EPDM blends of composition: a) 95/5, b) 85/15 and c) 60/40

Figure 8. SEM micrographs of fractured surface of SAN/EPDM/HIPS blend of composition: a) 95/5/5, b) 85/15/5 and 
c) 60/40/5

Table 2. Glass transition temperatures (Tg1, Tg2) obtained for SAN/EPDM, SAN/EPDM/HIPS blends and for pure SAN
and EPDM polymers

SAN/EPDM Tg1 [°C] Tg2 [°C] SAN/EPDM/HIPS Tg1 [°C] Tg2 [°C]
95/5 –48.2±0.1 104.6±0.1 95/5/5 –40.0±0.2 104.9±0.1
90/10 –47.2±0.2 105.3±0.2 90/10/5 –43.7±0.1 106.2±0.1
85/15 –50.3±0.1 105.0±0.3 85/15/5 –49.7±0.1 104.9±0.2
80/20 –51.0±0.2 105.0±0.1 80/20/5 –49.2±0.2 104.6±0.1
60/40 –51.3±0.2 106.1±0.1 60/40/5 –49.0±0.1 106.1±0.2
EPDM –50.0±0.2 – SAN – 109.0±0.1



The compatibility of the SAN/EPDM system is
improved by addition of HIPS as a compatibilizer
as can be seen from micrographs in Figure 8. Espe-
cially finer morphology is observed for the samples
prepared with compatibilizer, micrographs Fig-
ures 8b and 8c in comparison with the samples pre-
pared without compatibilizer, micrographs
Figures 7b and 7c. It was also seen that the size of
the dispersed phase domain (EPDM) decreased
with the addition of compatibilizer (2.1 μm),
micrograph Figure 8b), no phase separation is pres-
ent in the blend and the size distribution is more
uniform. Such morphology could be also explained
as result of the high fraction of the graft copolymer
formed during the processing and there was a high
degree of compatibility between the graft copoly-
mer with the rubber particles and the matrix. The
graft copolymer will be preferentially located at the
interface resulting in better adhesion between the
phases, thus reducing the interfacial tension and
enhancing the adhesion. In other words, compatibi-
lizers improved morphology and the compatibility
of the blend due to reduction of the interfacial ten-
sion between phases, which comply with the many
various theories from the literature [27–31].

4. Conclusions

High impact polystyrene, used as a compatibilizer
significantly decreases the particle size of dispersed
phase in SAN/EPDM polymer blends resulting in
finer morphology and improved compatibility.
Presence of compatibilizer was lead to the forma-
tion of a graft copolymer in high concentration dur-
ing the processing of blends and such in situ formed
graft makes an interphase between the two poly-
mers as well as main component in bulk of blend.
From the dynamic mechanic analysis of the blends,
the glass transition temperature of the EPDM phase
was increased from –50°C to –40°C, whereas that
of the SAN phase was decreased from 109°C to
104°C with the addition of 5% of HIPS content
indicating better adhesion of the phases.
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1. Introduction

In many applications there is a need to improve the
properties of polyethylene, in particular with
respect to heat deformation resistance, but
improvement in chemical resistance, stress crack-
ing, etc., may be important as well. Crosslinking is
then an obvious alternative and it is used today on
large commercial scale in wire and cable and pipe
industries [1–4]. In cable jacketing, however, in
many occasions especially for low-voltage applica-
tion (<10 kV) the mechanical and thermal-
endurance properties become more important than
electrical properties. For example a furnace cable
operated at 500 V requires good mechanical prop-
erties and stability of mechanical properties at ele-
vated temperature which after ageing is the most
important consideration; whereas for oil-resistant
and fire retardant cables, the requirements are very

different. There are three common methods of
crosslinking polyethylene: 1) peroxide 2) irradia-
tion and 3) silane [5–10]. Nowadays, silane
crosslinking is becoming increasingly popular as
replacement in certain applications for the other
methods due to lower capital investment and
increased productivity [11, 12].
In addition to polyethylene, today’s vinyl acetate
modified polyethylenes are also used in the wire
and cable industry. The incorporation of small
amount of vinyl acetate into polyethylene results in
a resin which extrudes much like polyethylene,
while providing the ability to accept filler loading
e.g carbon black [13–15].
Actually a wide range of properties is possible
depending on the vinyl acetate content. Density,
crystallinity and toughness can be changed by vinyl
acetate. Some researchers have studied the proper-
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ties of crosslinked ethylene-vinyl-silane copoly-
mers [16–17]. Another important requirement for
cables in some applications is flame resistance. Due
to corrosiveness and toxicity of smoke and other
emission products generated during the combustion
of thermoplastics containing halogen-based fire
retardants, extensive works have been carried out to
use the alternative halogen free fire retardants. In
particular some metallic hydroxide fillers have
been studied. These metallic hydroxides are gain-
ing increasing importance in the industry because
of the desirable combination of low cost, low
smoke and relatively high fire retardant efficiency.
However one of the major drawbacks of adding
these fillers is that the mechanical properties
become much poorer than those of samples without
added fillers. Several methods can be used to
improve the interaction between polymer and filler
[18–23]. Crosslinking can be a suitable method for
this purpose [24, 25]. Using of some other new syn-
thetic fire retardants has also been reported [26,
27]. In our previous papers, factors affecting silane
grafting and water crosslinking and mechanical and
thermal properties of XLPE were investigated [28,
29]. In the present study the effect of EVA and two
metallic hydroxides on properties of silane-grafted
water-crosslinked polyethylene are investigated.
Flammability, mechanical and thermal behaviors of
samples are evaluated.

2. Experimental

2.1. Materials

The polyethylene used was low density polyethyl-
ene (LDPE) with trade name of poliran-LF0200
(melt index = 1.6 g/10 min, d = 0.923 g/cm3) from
Arak Petrochemical Co. Iran. The silane was vinyl
trimethoxy silane (VTMOS, d = 0.97 g/cm3, boil-
ing point = 123°C) as tarde name Dynasilan from
Silvento, Germany, in the liquid from. Di-cumyl
peroxide (DCP) with trade name of Dicup- from
Hercules (d = 1.02 g/cm3) was used as initiator.
The non-halogenic fire retardants were alumina tri-
hydrate (ATH, d = 2.42 g/cm3) and Antimony tri-
oxide (Sb2O3, d = 5.2 g/cm3) in powder form from
Merck. Ethylene vinyl acetate copolymer (EVA)
prepared by Exxon. (USA. VA% = 18, d =
0.94 g/cm3). Dibutyltin dilaurate (DBTDL) and
Irganox 1010 were used as catalyst and antioxidant,
respectively.

2.2. Sample preparation

Compounding was carried out using a single-screw
extruder (L/D = 31). The screw was modular and
designed to achieve best mixing efficiency using
different mixing elements such as pineapple, pin-
mixers and Maddock along the screw. Two-step
Sioplas crosslinking method was selected to pre-
pare XLPE compounds. In this method, catalyst
and antioxidant were added to compound as a mas-
terbatch. The amount of EVA was 5, 15 and
25 wt% and for ATH and Sb2O3 was 10, 20 and
30 phr. Before blending, the ATH and Sb2O3 were
pre-mixed with LDPE and fed into the extruder
from main hopper. The extrudate was cooled and
granulated and resulting granules were com-
pounded with silane and DCP in the extruder to
silane-grafted samples. Finally the 95 percent of
grafted sample was mixed with 5 percent of cata-
lyst masterbatch and then granulated. The tempera-
ture profile was 130, 150, 170, 190, 200, 210,
220°C and screw rotation speed was 40 rpm. The
amount of silane and DCP was fixed at 1.5 and
0.15 phr for all samples, respectively.
The granules were compression molded into the
sheets. Crosslinking was carried out by exposing
the sheets to hot water for 16 hours.

2.3. Characterization

Melting behavior was studied using a differential
scanning calorimeter (DSC) model PL 1500 from
polymer laboratory. Thermal gravimetric analysis
of different samples was carried out by using a STA
625 from Rheometric Scientific in a nitrogen
atmosphere at a heating rate of 20°C/min. A mass
of about 100 mg of samples was heated at tempera-
tures ranging from 30 to 800°C. Tensile properties
were determined using an  Instron 6025 according
to ASTM D 638.
The gel content of silane crosslinked polyethylene
was determined according to ASTM D 2765.The
solvent used in the analysis of gel content was
Xylene. Flammability behavior was characterized
using the limiting oxygen index (LOI) according to
ASTM D 2863. The limiting oxygen index was
defined as the minimum mole percentage of oxy-
gen in a mixture of oxygen and nitrogen necessary
to barely support flaming combustion of a material
initially at room temperature under the conditions
of test method.
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3. Results and discussion

3.1. Effect of ATH and Sb2O3 on properties of
XLPE

3.1.1. Flammability behavior

Table 1 summarizes the LOI and composition of
samples studied. As it can be seen from Table 1,
LOI for crosslinked polyethylene is higher than that
of original LDPE. This can be explained by
increasing the thermal stability of LDPE with
crosslinking. Table 1 shows that the limiting oxy-
gen index increases with the amount of alumina tri-
hydrate and antimony trioxide. Generally metallic
hydroxides are believed to inhibit the flammability
of polymers mainly by diluting the fuel with water
vapor, increasing the heat of the material and insu-
lating the substrate from heat source and thus
reducing the rate of thermal degradation. It is obvi-
ous from Table 1 that the effectiveness of metallic
hydroxides is more pronounced at higher loading
(>30 phr). Comparison between samples 6 and 10
indicates that crosslinking of filled LDPE increases
the LOI.
An important result seen from Table 1 is when
using both ATH and Sb2O3, for which LOI
increases significantly. In other words, there is a
synergistic effect by using both ATH and Sb2O3. In
addition, it is interesting to note that at similar load-
ing – especially at higher loadings – alumina trihy-
drate inhibits combustion more effectively than
antimony trioxide. Some researchers have studied
the mechanism of action of ATH and Sb2O3. It is
believed that Sb2O3 is effective in combination
with halogen-based fire retardants. Some
researchers investigated the interaction and syner-
gism of metallic hydroxides with zinc borate and
zinc hydroxystannate [30, 31].

3.1.2. Mechanical properties 

Table 2 shows the tensile strength and elongation at
break of neat LDPE (sample A), XLPE (sample D),
LDPE-ATH (sample B), XLPE-ATH (sample E),
LDPE-Sb2O3 (sample C) and XLPE-Sb2O3 (sam-
ple F). It is clearly obvious that by addition of ATH
and Sb2O3 tensile strength and elongation at break
decrease significantly. This is possibly due to insuf-
ficient interactions between the polymer and the
filler, which result in their inferior properties. In
contrast, with crosslinking of LDPE tensile strength
improves (samples E, F, G, B, C).
The effect of ATH on tensile strength and elonga-
tion at break of XLPE is shown in Figure 1.
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Table 1. LOI of different samples

Sample No.
Sb203

[phr]
ATH
[phr]

VTMO
[phr]

LOI
[%]

1 0 0 0.0 17
2 0 0 1.5 20.4
3 0 30 0.0 22
4 0 10 1.5 19.7
4 0 20 1.5 21
5 0 30 1.5 24
6 30 0 0.0 18
7 10 0 1.5 19
8 20 0 1.5 20
9 30 0 1.5 22

10 15 15 1.5 26

Table 2. The effect of ATH and Sb2O3 on tensile properties
of XLPE

Sample No.
Elongation

at break
[%]

Tensile
Strength
[N/mm2]

Sb2O3

[phr]
ATH
[phr]

A 576 12.2 0 0
B 23 8.4 0 30
C 48 10.5 30 0
D 395 14.5 0 0
E 22 11.7 0 30
F 30 12.7 30 0
G 23 11.7 15 15

Figure 1. Variation of tensile strength and elongation at
break of XLPE with ATH content

Figure 2. Variation of tensile strength and elongation at
break of XLPE with Sb2O3 content



Generally, mechanical properties decrease with
increasing filler content. Same results were found
for XLPE-Sb2O3 samples (Figure 2).

3.1.3. Thermal decomposition behavior of
XLPE-metallic hydroxide compositions

Polymers, being organic substances, have limited
thermal stability. In the event of fire, due to a short
circuit or other faults, the temperature of cable sys-
tem may become very high. The thermal stability of
the polymeric material is thus an important consid-
eration in the selection of a cable.
The effect of crosslinking and addition of ATH and
Sb2O3 (at 30 phr) on thermal decomposition behav-
ior of LDPE is shown in Figures 3 and 4.
As it can be seen the onset decomposition tempera-
ture of LDPE-Sb2O3 (sample 7) is higher than that
of LDPE-ATH (sample 6). However samples con-
taining ATH show two-step decomposition. First at
approx. 300°C ATH starts to decompose to yield
water. But the temperature for maximum decompo-
sition of ATH is the same as for Sb2O3.
With crosslinking thermal decomposition tempera-
ture of LDPE- filler samples did not change signifi-
cantly.
The effect of alumina trihydrate and antimony tri-
oxide on gel content is illustrated in Figure 5. Gel

content decreases with increasing filler concentra-
tion, but the reduction is not considerable. This can
be explained by inhibition effect of ATH and Sb2O3

for water permeation into LDPE structure. On the
other hand surface of fillers may adsorb the silane
component.

3.2. Effect of EVA on properties of XLPE 

3.2.1. Effect of EVA on gel content

Figure 6 shows the variation of gel content with
EVA content. Gel content increases with increasing
EVA concentration. By increasing EVA, crys-
tallinity decreases and the amount of side chains
increases therefore the permeation of water mole-
cules into polymer structure increases and hence
gel content increases. The polar groups of vinyl
acetate can also facilitate the permeation of silane
component into molecular structure of LDPE. On
the other hand the peroxide-generated radicals can
easily extract a hydrogen atom from EVA chains. It
should be noted that compared to EVA, LDPE is
relatively more difficult to crosslink. LDPE is a
non-polar molecule with all its hydrogen atoms
tightly bound to carbon atoms. The lack of highly
reactive hydrogens means fewer sites for radical
attack and lower reaction rates. EVA copolymers
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Figure 3. The effect of ATH and crosslinking on TGA
thermogram of LDPE

Figure 4. The effect of Sb2O3 and crosslinking on TGA
thermogram of LDPE

Figure 5. The changes of gel content with ATH and Sb2O3

concentration

Figure 6. The effect of EVA concentration on gel content



are more readily crosslinked and accept high filler
loading. In Figure 7 the influence of crosslinking
time on gel content for LDPE/EVA blend is illus-
trated. The rate of crosslinking increases in pres-
ence of EVA.

3.2.2. Effect of EVA on thermal properties

Figure 8 shows the DSC thermogram of neat
LDPE, neat EVA, LDPE/EVA and XLPE/EVA
blend. As can be seen LDPE shows a sharp
endothermic peak at 114.47°C. The effect of EVA
and crosslinking on melting behavior of LDPE is
shown. Blending of two semicrystalline polymers
like LDPE and EVA with much lower crystallinity
exhibits two distinct endothermic peaks correspon-
ding to the melting of two different crystallites
present in the blend. EVA shows two different
peaks in DSC thermogram. In LDPE/EVA blend
the melting point of LDPE shifted to lower values
compared with that of neat LDPE. In XLPE/EVA
blend two distinct endothermic peaks are presented.
These peaks correspond to sol and gel fractions of
the sample. In general, blending leads to broaden-
ing of melting peak.
The existence of two melting peaks for each blend
which coincides exactly with peaks corresponding
to two pure components eliminates the probability
of the intermiscibility of the crystalline phases of
two polymers. The polymers may be intimately

mixed in the molten state; but as the blends are
cooled from the melt, the crystallization of different
components occurs separately, leading to two dis-
tinctly different crystalline states.
Figure 9 shows the TGA curves of different sam-
ples. TGA analysis gives an idea of the thermal
decomposition characteristics of different blends at
elevated temperature. Two-stage decomposition is
characteristics of EVA, whereas LDPE undergoes
single-stage decomposition. The temperature at
which EVA starts decomposing is about 350°C and
the onset temperature of second-stage of decompo-
sition of EVA is about 455°C.
In XLPE/EVA blend decomposition starts at
430°C. It means that decomposition temperature of
XLPE/EVA blend is higher than that of LDPE/
EVA blend.

3.2.3. Effect of EVA on mechanical properties
of XLPE

The variation of tensile strength and elongation at
break of XLPE versus EVA content is shown in
Figure 10.
Tensile strength increases with increasing EVA
concentration up to 15% beyond which it decreases
slightly. It is found that for semicrystalline poly-
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Figure 7. The influence of crosslinking time on gel con-
tent with and without EVA

Figure 8. The effect of EVA and crosslinking on DSC
thermogram of LDPE

Figure 9. The effect of EVA and crosslinking on TGA
thermogram of LDPE

Figure 10. Variation of tensile strength and elongation at
break of XLPE with EVA content



mers such as LDPE and EVA, the tensile strength
depends not only on the degree of crystallinity but
also on the extent of strain induced crystallization
(strain-hardening) in the amorphous phase. This
phenomenon is more prominent for EVA, which
contains a higher ratio of amorphous zones com-
pared to LDPE. Another factor in this study is
crosslinking.
The introduction of crosslinking is in favor of the
process of strain-induced crystallization by pre-
venting chain slippage. On the other hand crys-
tallinity decreases with crosslinking. As a result the
competition between these factors indicates the
trend of change of tensile properties. Generally
elongation at break of samples containing EVA is
higher than that of neat LDPE.

4. Conclusions

A study of the effect of ATH and Sb2O3 as non-
halogenic flame retardants and EVA on continuous
silane-crosslinking of LDPE has revealed the fol-
lowing:
– Flame retardancy is influenced by incorporating

of metallic-hydroxide as flame retardant. LOI
increases with increasing ATH and Sb2O3 con-
tent.

– Tensile strength and elongation at break of
LDPE decrease by incorporating ATH and
Sb2O3. With crosslinking the mechanical proper-
ties of filled-LDPE improve.

– The results of thermal gravimetric analysis
showed that filled-XLPE is more thermally sta-
ble than virgin LDPE.

– Gel content decreases with increasing of ATH
and Sb2O3 concentration while increases with
increasing EVA content.

– Melting behavior of LDPE changes with adding
EVA and crosslinking. In XLPE/EVA blend two
distinct endothermic peaks corresponding to sol
and gel fractions of sample are presented.

– Tensile strength and elongation at break of
LDPE increase with increasing EVA up to
15 wt% beyond which tensile strength decreases
slightly.
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1. Introduction

Poly(methyl methacrylate) (PMMA) is a high
transparent common polymer, presenting excellent
mechanical and chemical properties [1]. PMMA is
widely used for manufacturing of medical and den-
tal supplies. Gamma irradiation is one of the most
popular methods for sterilization of plastic medical
devices, typically performed at 25 kGy sterilization
dose [2]. When exposed to gamma-irradiation,
PMMA undergoes radiolytic degradation by the
formation of radicals followed by main chain scis-
sion and subsequent loss of mechanical properties
[3]. While many additives have been used to pro-
tect polymers from thermo and photo-oxidative
degradation [4–6], very little information on addi-

tives for radiolytic stabilization of PMMA has been
published. In 1960, Charlesby observed that sub-
stances such as urea, di-m-toluylthiourea, aniline,
8-hidroxyquinoline and benzoquinone, in 10%
(wt/wt), acted as protective agents against PMMA
degradation caused by gamma irradiation [7]. Kol-
ninov and Kolesnikova [8] showed that N,N,N’,N’-
tetramethyl-4, 4’-diaminodiphenyl methane (Am)
inhibited radiation induced degradation in PMMA
matrix. Aquino and Araujo reported radio-protec-
tive action of a common photo-oxidative stabilizer,
HALS (Hindered Amine Light Stabilizer), in
PMMA films [9] and test specimens [10]. Both
HALS [11] and Am [8] additives are believed to
interrupt oxidative propagation reaction by scav-
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Abstract. Polyanilines are reported to exhibit stabilizing effects in rubber mixtures submitted to gamma-irradiation and
thermo-oxidative treatment. Such abilities may be explained by their action as radical scavengers. Since radical formation
followed by main chain scission is a widely accepted mechanism for radiolytic degradation of PMMA, polyaniline is a
promising additive for commercial plastics submitted to radiosterilization processing. In this work, we investigated the abil-
ity of polyaniline emeraldine salt nanofibers (PANF-HCl) in preventing radiation damage on PMMA matrix. Effects of
gamma-irradiation on PMMA/PANF-HCl composites films were assessed by comparison of the variation of viscosity-
average molar mass (Mv) of PMMA at 25 kGy dose when compared to commercial PMMA films. Samples containing
0.15% PANF-HCl (wt/wt) retained 92% of the initial Mv after irradiation while control sample presented 42% of Mv reten-
tion. When exposed to 60–200 kGy doses, PANF-HCl embedded into PMMA matrix preserved their oxidation state but
started to exhibit mild deprotonation. PANF-HCl nanofibers were characterized by Diffuse Reflection Infrared Fourier
Transform Spectroscopy (DRIFTS) and Scanning Electronic Microscopy (SEM). PMMA/PANF-HCl composites films
were characterized by SEM and UV-VIS spectroscopy. 
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enging of alkyl radicals. Substances presenting
similar antioxidant activities are suitable candidates
for radiostabilizing agents.
Polyanilines and other intrinsically conducting
polymers (ICPs) present well-reported metal-like
characteristics [12–16]. In addition, polyanilines
exhibit antioxidant effect in rubber mixtures sub-
mitted to gamma-irradiation [17] and thermo-
oxidative aging [17, 18]. Some reports show ICPs
as biocompatible [19–22], biodegradable [22] and
radical scavengers [23, 24] as well. Those impor-
tant characteristics turn ICPs into attractive targets
for studies of radiostabilizing effects on PMMA
matrix.
In this work, we report a novel application of a con-
ducting polymer, polyaniline, as radio-protecting
for a conventional radio-sterilizable polymer,
PMMA. Nanofibers of HCl doped polyaniline
(PANF-HCl) were used at low amounts (0.15–
0.30% (wt/wt)) into physical mixtures with com-
mercial PMMA. Effects of gamma-irradiation on
viscosity-average molar mass of commercial
PMMA and PMMA/PANF-HCl composite showed
that nanostructured PANI is an efficient protective
agent against structural damage caused by gamma
radiation.

2. Experimental

Aniline monomer, ammonium peroxydisulfate
APS, butanone, calcium chloride (CaCl2), hydro-
chloric acid (HCl), methylene chloride (CH2Cl2)
and sodium dodecylsulfate (SDS) were of analyti-
cal grade. Aniline was vacuum distilled prior to
use. Butanone was dried with CaCl2 and distilled.
Other chemicals and commercial PMMA (Acrigel,
100 kg/mol, RESARBRAS ACRILICOS, Brazil)
were used as received.
HCl doped Polyaniline nanofibers (PANF-HCl)
was synthesized through interfacial self-assembly
polymerization according to Huang and Kaner [25],
modified by the introduction of SDS as a surfactant
agent [26]. Briefly, An (298 mg) and SDS (30 mg)
were mixed with CHCl3 (10 ml) and placed in a
50 ml beaker. 10 ml of a 1M HCl aqueous solution
containing 182 mg of APS was gently added drop-
wise to the CHCl3 solution, in order to prevent
extensive mixing of the layers. The reaction was
allowed to proceed overnight at room temperature.
Precipitated material was filtered though a Hirsch
funnel, washed with deionized distilled water and

dried in a dissecator. Yields were around 1 mg of
PANI-HCl per 10 mg of An reagent. PMMA/
PANF-HCl mixtures were made as previously
described [26]. In short, PANF-HCl dispersions in
butanone (up to 250 mg/dl) were obtained after 5 to
10 min of sonication treatment of PANF-HCl pow-
der mixed with this solvent, at room temperature
(ultrasonic bath Quimis, 40 kHz). The obtained dis-
persions were combined to appropriate volume of a
6 g/dl PMMA/butanone solution and sonicated for
1 h at the same previously described conditions.
0.1 mm in thickness films containing 0.15 and
0.30% (wt/wt) PANF-HCl were obtained by cast-
ing from resulting mixture solution on glass plates.
For comparison, PMMA in butanone solutions
were sonicated for 1 h and PMMA film was also
obtained by casting these solutions.
PMMA films and composite films were irradiated
at 25 and 60 kGy dose in a gammacell irradiator
(60Co) at 3.84 kGy/h dose rate.
Scanning Electronic Microscopy (SEM, JEOL
6360) characterization of PANF-HCl, PMMA and
PMMA/PANF-HCl was performed on gold-coated
samples. Films thickness was measured by SEM on
cross-section view of cryofractured samples. Dif-
fuse Reflection Infrared Fourier Transform Spec-
troscopy (DRIFTS) characterization was obtained
from crushed neat PANF-HCl powder placed on
patches. Spectrum was performed in an ABB spec-
trophotometer using a FTLA 2000-100 accessory,
with 300 scans, over a 4000–400 cm–1 region and 
a 4 cm–1 resolution. UV-Vis characterization of
PMMA and PMMA/PANF-HCl films was done in
a Perkin-Elmer spectrophotometer (Lambda-6).
Viscosity-average molar mass (Mv) of PMMA and
PMMA/PANF-HCl samples was determined with
an Ostwald viscometer at 25°C using 0.3–3.8 g/dl
butanone solutions through Mark-Houwink’s equa-
tion: [η] = K Mv

a, where [η] – intrinsic viscosity,
K = 6.8·10–5 dl/g, a = 0.72 [27].

3. Results and discussion

Fine dark green powder of HCl Doped Polyaniline
was obtained through an interfacial polymerization
method in presence of SDS surfactant. SEM images
of the final reaction product show fibrillar or rod-
type nanostructures, with diameters ranging from
100 to 150 nm (Figures 1a and 1b). In the presence
of SDS, PANF-HCl were thicker than those made
in the absence of this surfactant [26]. Such charac-
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teristic may be desirable to ease the breaking up of
the entanglements and to achieve a more homoge-
neous composite. Cross-section views of non-irra-
diated PMMA/PANF-HCl (0.3% (wt/wt))
(Figure 1c) and PMMA (Figure 1d) did not show
any differences, probably due to the low PANF-
HCl loads used in this work.
DRIFTS characterization of PANF-HCl exhibits
bands at 1620 cm–1 attributed to C=N and C=C
stretching of the quinoid diimine unit. C–C aro-
matic ring stretching of the benzenoid diamine unit
appears at 1526 cm–1 and secondary aromatic
amino group C–N stretching vibrations are shown
at 1355 cm–1. Each one of these bands is shifted
approximately 60 cm–1 to higher wavenumber
when compared to previous data obtained from
HCl doped PANI by conventional FTIR method
[28, 29]. However, the presence of ~1600 and
~1500 cm–1 bands implies the presence of amine
and imine units in the molecular structure of
PANF-HCl. Based on previous reports, the absorp-
tion intensity ratio of these two bands is an indica-
tive of the oxidation state of the polymer [28, 30],
as shown in the Equation (1):

(1)

From absorption intensity measured in DRIFTS
data, R is equal to 1.05. This value identifies the
emeraldine oxidation state of polyanilines [30].
Figure 2 shows the diffuse reflection IR spectra of
PANF-HCl powder.

PMMA/PANF-HCl composite films prepared as
previously mentioned were approximately 0.1 mm
in thickness, stiff, slightly green, transparent and
visually homogeneous. In order to assess possible
radiostabilizing effects of PANF-HCl on PMMA
matrix, films containing 0.15 and 0.30% PANF-
HCl (wt/wt) were submitted to gamma irradiation
at 25 kGy dose. Variation on viscosity-average
molar mass before (Mv0) and after irradiation (Mv)
showed that PANF-HCl containing samples under-
went less degradation than control sample. Never-
theless, radio-protective actions decreased markedly
when PANF-HCl concentrations increased from
0.15% to 0.30% (wt/wt) (Table 1). Radio-protec-
tive action of PANF-HCl can be seeing by compar-
ison of α value (Equation 2), i. e. the number of
main chain scissions per original molecule after
irradiation:
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Figure 1. SEM images of: uncrushed PANF-HCl powder
shows firmly packed aggregates of fibers or rods
(a); higher magnification image of the region
delimited by the square on Figure 1a (b); cross-
sectional view of non-irradiated cryofractured
PMMA/PANF-HCl film (0.3% (wt/wt)) (c) and
neat PMMA film (d)

Figure 2. Diffuse reflection IR spectrum of neat 
PANF-HCl

Table 1. Variation of relative molar mass (Mv/Mv 0) and
protection index P[%] on irradiated polymeric
system: PMMA + additive

1This work, 2Reference [31], 3Reference [9]

a) PANF-HCl composite films irradiated at 25 kGy dose1

PANF-HCl
[% (wt/wt)]

Mv0·10–3

[g/mol]
Mv/Mv0

[%]
P

[%]
0.15 90 92 93
0.30 86 48 22

Control 98 42 –

b) HALS additivated PMMA films irradiated at 30 kGy dose2

HALS type
Additive

[% (wt/wt)]
Mv0·10–3

[g/mol]
Mv/Mv0

[%]
P

[%]

TINUVIN 622®3
0.30 137 96 70
0.60 144 96 68

Control 155 87 –



(2)

were Mv0 is the molar mass of non-irradiated poly-
mer and Mv is the molar mass after irradiation.
From these values is possible to calculate the inhi-
bition factor, P[%] (Equation 3), which indicates
the reduction in yield of chain scissions in PMMA
macromolecules containing PANF-HCl into poly-
mer system:

(3)

where αc is the number of main chain scissions per
original molecule in control samples and αa in a
given additivated sample, both irradiated at the
same dose.
Composite containing 0.15% PANF-HCl (wt/wt)
retained 92% of its initial molar mass after irradia-
tion while control sample presented 42% of reten-
tion. PMMA/0.30% PANF-HCl composite films
showed Mv/Mv0 ratio near to control value. In this
case, PANF-HCl overload had an adverse effect on
PMMA radioprotection. An excess amount of addi-
tive may act as an impurity that antagonizes the
beneficial effect of the additive itself. The same
phenomena could be observed when a type HALS
additive, TINUVIN 622® [9], referred in the origi-
nal work as D type, was used as radioprotective
agent for PMMA in concentration higher than the
optimum concentration of 0.30% [31] (Table 1b).
P[%] values for PMMA/PANF-HCl (0.15%
(wt/wt)) and PMMA/HALS (0.30% and 0.60%
(wt/wt)) films show again higher protective action
of PANF-HCl when compared to TINUVIN 622®,
93% and 70% and 68%, respectively (Table 1a and
1b). It is important to notice that PMMA control
sample presented in the results of Table 1b was ini-
tially more resistant to radiation damage than the
control sample used in this work (Table 1a).
PMMA/0.15% PANF-HCl composite films were
irradiated at 60 to 200 kGy doses in order to verify
possible alterations on PANF-HCl spectroscopic
response on doses higher than the standard sterili-
zation dose. UV-Vis absorption spectra of irradi-
ated and non-irradiated composites are shown in
Figure 3. PANF-HCl composite films showed three
absorption bands at ~365, ~420 and 800–850 nm
wavelength. These bands are typical of protonated
form of polyaniline in the emeraldine oxidation

state. The first absorption band is assigned to a
π–π* transition of the benzenoid ring and the other
two bands are associated with the polaron transi-
tions [32]. The free carrier tail exhibited in the
red/NIR region of these spectra is also observed
when polyaniline doped with d,l-camphorsulfonic
acid is exposed to secondary dopant [33]. UV-vis
of dispersions of polyaniline nanoparticles pre-
pared in the presence of SDS showed similar fea-
ture [34]. The occurrence of carrier tail is attributed
to the expansion of the molecular coil of polyani-
lines induced by secondary dopants. This effect
persists even in blends of polyaniline with common
polymers [33]. Bands around 340 and 390 nm are
probably from additives present on commercial
PMMA. These bands markedly decrease in irradi-
ated neat films (data not shown).
After irradiation at 60 kGy, polaron bands at
~420 nm and 800–850 nm showed small decrease
in intensity. This trend is confirmed by spectra of
100 and 200 kGy irradiated composite films. In
addition there was a small increasing of absorption
around 650–750 nm when compared to 800–
850 nm bands. These data suggest that the irradia-
tion initiated a process of deprotonation in PANF-
HCl. Similar effects were reported to PMMA/
polyaniline blends subjected to heat treatment in
temperatures above 100°C [35].

4. Conclusions

It can be stated that polyaniline nanofibers doped
with HCl (PANF-HCl), synthesized by the method
described in this work, it is an effective protection
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Figure 3. UV-Vis spectra. PMMA/PANF-HCl (0.15%
(wt/wt)) composites films normalized by thick-
ness and respective spectra of neat PMMA
films. Non-irradiated (–•–) and irradiated at
60 kGy (– –), 100 kGy (– –) and 200 kGy
(–◊–)



agent against radiation damage on PMMA matrix,
PMMA/0.15% PANF-HCl composite film exhib-
ited a inhibition factor of 93% at the sterilization
dose of 25 kGy. When exposed to 60–200 kGy
doses, PANF-HCl embedded into the matrix pre-
served their oxidation state but started to exhibit
mild deprotonation.
The radiostabilizing capacity of PANF-HCl has
significant implications on the use of polymer com-
posites as biomaterials. Considerable work remains
to be done, in order to determinate and fully under-
stand the mechanism of PANF-HCl protection on
PMMA matrix.
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1. Introduction

Functional polymers are now being synthesized
and used not only for their macromolecular proper-
ties but also for the properties of the functional
groups [1]. Acrylic polymers have acquired prime
importance in various avenues of application in
leather, textile and building materials.
Moreover, the N-substituted acrylamides are used
to prepare thermosensitive materials like poly(N-
isopropylacrylamide) and copolymers of N-ethyl-
acrylamide and styrene [2]. The thermosensitive
polymers present also great potential in application
as drug delivery system [3], human gene vectors [4]
and biocatalysts [5].
The determination of copolymer composition and
reactivity ratios of the monomers is important in

evaluating the specific application of the copoly-
mer [6]. The monomer reactivity ratios determined
by conventional linearization methods are not
always accurate and several non-linear methods
have been attempted to determine their value [7–9].
1H-NMR spectroscopic analysis has been estab-
lished as a powerful tool for the estimation of
copolymer composition [10, 11].
The present article reports the synthesis and charac-
terization of copolymers of N-cyclohexylacry-
lamide with n-butyl acrylate. The determination of
monomer reactivity ratios of the monomers and
mean sequence lengths of copolymers are also
reported.
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Abstract. Copolymerization of N-cyclohexylacrylamide (NCHA) and n-butyl acrylate (BA) was carried out in dimethyl-
formamide at 55±1°C using azobisisobutyronitrile as a free radical initiator. The copolymers were characterized by 
1H-NMR spectroscopy and the copolymer compositions were determined by 1H-NMR analysis. The reactivity ratios of the
monomers were determined by both linear and non-linear methods. The reactivity ratios of monomers determined using lin-
ear methods like Fineman-Ross (r1 = 0.37 and r2 = 1.77 ), Kelen-Tudos (r1 = 0.38 and r2 = 1.77), ext. Kelen-Tudos
(r1 = 0.37 and r2 = 1.75) Yezrieler-Brokhina-Roskin (r1 = 0.37 and r2 = 1.77) and non-linear methods like Tidwell-Mor-
timer (r1 = 0.37 and r2 = 1.76), ProCop (r1 = 0.36 and r2 = 1.82). The Q and e values for NCHA are 0.67 and 0.68 respec-
tively. Mean sequence lengths of copolymers are estimated from r1 and r2 values. It shows that the BA units increases in a
linear fashion in the polymer chain as the concentration of BA increases in the monomer feed.
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2. Experimental

2.1. Materials

The monomer N-cyclohexylacrylamide (NCHA)
was prepared by the procedure described in the lit-
erature [12]. The comonomer n-butyl acrylate (BA)
was freed from inhibitor by washing with 5%
NaOH followed by distilled water, dried over CaH2

and then distilled twice under reduced pressure.
Azobisisobutyronitrile (AIBN) was recrystallized
from chloroform. All the solvents were purified by
distillation prior to their use.

2.2. Copolymerization

The copolymerization was carried out in glass reac-
tion tubes (80 ml), provided with a gas inlet and
outlet, at 55±1°C using AIBN as the free-radical
initiator. The reaction tubes containing the required
amount of monomers and initiator dissolved in
DMF was deaerated by flushing with pure, dry
nitrogen gas and then sealed. The conversions of
the polymerization were controlled to be less than
10%. After the polymerization, the copolymers
were precipitated by adding ice cold water. The
precipitated polymers were filtered off and washed
repeatedly with fresh methanol. The copolymers
obtained were purified twice by dissolving in DMF
and reprecipitating with methanol. The polymers
were dried in vacuum at 60°C for 24 hours. 

2.3. 1H-NMR spectroscopy

The 1H-NMR spectra of monomers and copolymers
were recorded on the EM-390 NMR Spectrometer
operating 90 MHz with CDCl3 as solvent. The fol-
lowing peaks appear in NCHA spectrum; at
1.2–2.02 ppm for cyclohexyl CH2 at 3.72 ppm for
cyclohexyl methyne, at 5.38–6.28 ppm for vinyl
protons and at 7.3 ppm for N–H proton. The fol-

lowing peaks appear in BA spectrum; at 0.9 ppm
for CH3, at 1.1–1.7 ppm for (CH2)b,c at 4.1 ppm for
OCH2 and at 5.5–6.2 ppm for vinyl proton.

3. Results and discussion

Copolymers of NCHA and BA with different feed
compositions were prepared by free-radical poly-
merization in DMF using AIBN initiator. Copoly-
merization was restricted to give less than 10%
conversion. The monomer units in the copolymer
are shown in Figure 1. The copolymer composition
data of the monomers in the feed and copolymers is
presented in Table 1.

3.1. Characterization

The 1H-NMR spectrum of copolymer, poly(NCHA-
co-BA) (0.5:0.5) is shown in Figure 2. The peak
assignments for the copolymers were based on the
spectra of monomers NCHA and BA. The follow-
ing peaks appear in the copolymer spectrum: at
0.8 ppm for CH3, at 1.1–2.1 ppm for cyclohexyl-
methylenes and (CH2)b,c of BA, at 2.1–2.3 ppm for
backbone CH2, at 2.5 ppm due to backbone
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Figure 1. Synthesis of poly (NCHA-co-BA)

Table 1. Copolymerization of NCHA and BA in DMF at 55±1°C

α = (Hmin·Hmax)1/2 = 2.078

Copoly-
mers

Mole fraction
of NCHA, M1

Mole fraction
of BA, M2

% of 
conversion

Mole fraction of BA
in copolymer m2

F = M1/M2 f = m1/m2 H G ηη E

1 0.2 0.8 7.08 0.88 0.250 0.136 0.460 –1.588 –0.6257 0.1813
2 0.3 0.7 8.10 0.82 0.429 0.220 0.836 –1.521 –0.5220 0.2869
3 0.4 0.6 8.40 0.74 0.667 0.351 1.267 –1.233 –0.3686 0.3788
4 0.5 0.5 7.60 0.67 1.000 0.493 2.028 –1.029 –0.2506 0.4939
5 0.6 0.4 8.04 0.58 1.500 0.724 3.108 –0.572 –0.1103 0.5993
6 0.7 0.3 8.52 0.48 2.333 1.083 5.026 0.179 0.0252 0.7075
7 0.8 0.2 7.84 0.37 4.000 1.703 9.395 1.651 0.1439 0.8187



methyne C–H, at 3.3 ppm for cyclohexyl methyne
proton, at 3.9–4.2 ppm for OCH2 and at 7.9 ppm
for N–H.

3.2. Copolymer compositions

The copolymer composition was determined from
1H-NMR spectral analysis of the copolymer. The
assignment of the resonance peaks in the 1H-NMR
spectrum allows the accurate evaluation of the con-
tent of each kind of monomer incorporated into the
copolymer chain.
The oxymethylene (OCH2) peak area is used to
determine the copolymer composition. The inte-
grated intensity of this peak is compared to the total
intensities of all the peaks in the copolymer spec-
trum, which is a measure of their relative areas [6].
The copolymer compositions can be obtained using
Equation (1):

(1)

where X – mole fraction and A – peak area. Table 1.
gives the values of the corresponding mole frac-
tions in the copolymers. The kinetic behavior was
determined by plotting the mole fraction of BA in
the feed against that in the copolymer (Figure 3).

3.3. Reactivity ratios

From the monomer feed ratios and the resultant
copolymer compositions, the reactivity ratios of
monomer 1 (NCHA) and monomer 2 (BA) were
evaluated by the methods of Fineman-Ross [13]
(FR), Kelen-Tudos [14] (KT) and extended Kelen-
Tudos [15] (EKT).
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Figure 2. 1H-NMR spectrum of copolymer, poly(NCHA-co-BA) (0.5:0.5)

Figure 3. Copolymer composition diagram of
poly(NCHA-co-BA) system



The significant parameters of FR, KT and EKT
equation are presented in Table 2. The reactivity
ratios for NCHA (r1) and BA (r2) from the 
FR plot (Figure 4), KT and EKT plot (Figure 5) are
given in Table 3.
The monomer reactivity ratios determined by con-
ventional linearization methods are not always
accurate and several non-linear methods have been
attempted to determine their values [8]. The reac-
tivity ratios were also determined by non-linear
method (TM and Opt-Pex2) by using the ProCop
computer program [16].
Tidwell-Mortimer (TM) method is the best non-lin-
ear method when the differential Mayo-Lewis
equation is applied. The reactivity ratios estimated
by TM are r1 = 0.37 and r2 = 1.76. The 95% joint
confidence region for the determined r1 and r2 val-
ues using ProCop computer program is shown in
Figure 6. The other differential methods used to
estimate reactivity ratios provide very similar
results and all reactivity ratios are located inside
confidence domain.
The value(s) of r1 is less than 1 and r2 is greater
than 1. r1 shows that NCHA favors cross-propaga-
tion as opposed to homopropagation and r2 shows
that BA favors homopropagation over cross-propa-
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Table 2. Extended KT parameters for NCHA and BA copolymer system

α = (Fmin·Fmax)1/2 = 1.0337 r1 = 0.38 and r2 = 1.77 – KT
r1 = 0.37 and r2 = 1.75 – EKT

Parameters
Copolymer system

1 2 3 4 5 6 7
ξ2 0.0791 0.1018 0.1064 0.1050 0.1204 0.1411 0.1493
ξ1 0.0430 0.0522 0.0560 0.0517 0.0581 0.0656 0.0636
Z 0.5334 0.4994 0.5123 0.4785 0.4666 0.4460 0.4064
F 0.2550 0.4405 0.6852 1.0303 1.5517 2.4282 4.1905
H 0.4780 0.8821 1.3371 2.1528 3.3257 5.4450 10.3087
G –1.6198 –1.5619 –1.2668 –1.0601 -0.5915 0.1861 1.7298
H –1.0715 –0.8153 –0.5343 –0.3327 –0.1355 0.0287 0.1525
E 0.3162 0.4604 0.5640 0.6756 0.7616 0.8405 0.9089

Figure 4. F-R Plot for (NCHA-co-BA) system

Figure 5. K-T (O) and EK-T ( ) plot for poly(NCHA-co-
BA) system

Table 3. Copolymerization parameter, for the NCHA and
BA copolymer system

ar1 and r2 are the reactivity ratios for NCHA and BA respectively

Methods r1
a r2

a r1·r2

Fineman-Ross (F-R) 0.37 1.77 0.65
Kelen-Tudos (K-T) 0.38 1.77 0.67
Ext. Kelen-Tudos (EK-T) 0.37 1.75 0.65
Yezrielev-Brokhina-Roskin (YBR) 0.37 1.77 0.65
Tidwell-Mortimer (TM) 0.37 1.76 0.65
Procop Opt Pex2 0.36 1.82 0.65



gation. r1 and r2 together show that BA is generally
more reactive than NCHA, hence the copolymers
contain a higher proportion of BA units. The prod-
uct of r1 and r2 is less than the unity (0.65), which
indicates random distribution. The more these val-
ues diverge from unity, less random the distribution
will be. A plot of copolymer composition against
the composition of the feed is shown by a solid line
in Figure 3. The dashed line represents the ideal
random copolymerization.

3.4. Effect of conversion value

The ProCop computer program uses a non-linear
calculation method (OPT-Pex2) which is able to
minimize F(2) value taking into account the con-
version values as well (Equation (2)):

(2)

where mi
exp is the copolymer composition experi-

mentally determined for the i point, mi
cal is the

copolymer composition calculated at the conver-
sion mentioned in Table 1 for the i experiment and
n is the overall number of experiments.
The conversion effect may be a function of the feed
composition and of the comonomer pair to undergo
polymerization. If ri and rj < 1.0 the effect of con-
version is relatively unimportant. Conversion val-
ues are more important to estimate the reactivity
ratios when ri > 1.0 and rj < 1.0 [17]. In our copoly-
merization system the r1 < 1.0 and r2 > 1.0. Hence,
the conversion values (7.1%–8.5%) play an impor-
tant role in the estimation of reactivity ratios.
The reactivity ratios of NCHA and BA estimated
via the ProCop method are r1 = 0.36 and r2 = 1.82
respectively. The reactivity ratio determined by

various differential methods are shown in Figure 7
along with the result determined via a non-linear,
method (ProCop) involving conversion. Regardless
of the low conversion values, the reactivity ratios
estimated by differential methods (linear or non-
linear) are located outside of the confidence region
because of the conversion effect. EKT, which also
takes into account conversion values within a linear
method, provides better reactivity ratios, located at
the limit of the confidence domain. When conver-
sion is taken into consideration the superiority of
the non-linear integral method becomes obvious.

3.5. Mean sequence length

The mean sequence length [10] can be determined
using the pertinent equations ((3) and (4)):

(3)

(4)

where r1 and r2 are the reactivity ratios and M1 and
M2 represent the concentration of NCHA and BA
respectively, in the monomer feed. The mean
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Figure 6. 95% joint confidence region of r1 and r2 values
by Procop computer program

Figure 7. r1 and r2 values by (–) Procop, ( ) Procop, 
(Δ) TM, (×) KT, (*) FR, (•)EKT

Table 4. Mean sequence lengths in NCHA and BA copoly-
merizationa

ar1 = 0.36, r2 = 1.82
bOnly a few cases are illustrated (N = NCHA; B = BA)

BA in feed, M2

[Mole%]
l1 l2 l1:l2 Distributionb

0.80 1.09 8.26 1:8 N BBBBBBBBN
0.70 1.15 5.26 1:5 NBBBBBN
0.60 1.24 3.72 1:3 NBBBN
0.50 1.36 2.82 1:2 NBBN
0.40 1.54 2.21 2:2
0.30 1.84 1.78 1:1
0.20 2.44 1.45 2:1



sequence lengths of copolymers are given Table 4.
It is significant to note from Table 4 that the BA
units increases in a linear fashion in the polymer
chain as the concentration of BA increases in the
monomer feed.

4. Conclusions

Copolymers of NCHA and BA having different
composition were synthesized in DMF by free rad-
ical polymerization. The structure of the copoly-
mers was confirmed by 1H-NMR Spectroscopy.
The copolymer compositions were determined
from 1H-NMR analysis data. The reactivity ratios
of monomers were determined by linear methods
like Fineman-Ross (r1 = 0.37 and r2 = 1.77), Kelen-
Tudos (r1 = 0.38 and r2 = 1.77), Ext. Kelen Tudos
(r1 = 0.37 and r2 = 1.75) Yezrieler-Brokhina-
Roskin (r1 = 0.37 and r2 = 1.77) and non-linear
methods like Tidwell-Mortimer (r1 = 0.37 and r2 =
1.76 ), Procop (r1 = 0.36 and r2 = 1.82). The values
are in good agreement. r2 > 1 indicates BA is more
reactive than NCHA thereby favouring the forma-
tion of longer blocks of BA as its concentration in
the feed increases. The values of r1 and r2 diverge
from unity, r1, r2 < 1 (0.65) shows random distribu-
tion. r2 shows that BA favours homopropagation
over cross-propagation. The mean sequence length
determination shows that BA units increases in a
linear fashion in the polymer chain as the concen-
tration increases in the monomer feed.
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1. Introduction 

Bismaleimide resins are well-known for their high
performance since 1960s. As an ideal thermal
resistant resins filling in the margin between epox-
ies and polyimides, bismaleimide also possesses
some other remarkable properties such as low
moisture absorption, highly crosslinked structures,
high chemical resistance, high mechanical stability,
etc. These advantages make bismaleimide applied
widely in adhesive, packaging and aerospace indus-
try. However two shortcomings, namely brittleness
and poor process ability, have limit commercial
bismaleimide for further application. These two
drawbacks are due to the high density of crosslink
and high crystalline content. Many investigations
have been done or are focused on improving its
properties in order to increase the application [1–7].
Other papers have shown the cure mechanism and

kinetics for BMI and modified BMI systems during
thermal curing [2, 8–10].
Several methods have been used to improve the
processibility of bismaleimide [11]. Critical to this
is the ability to process BMI into a liquid form with
similar behavior to epoxy, for example [12]. This is
done by formulations which include synthesizing
of new liquid BMI resins through modification of
the BMI molecule with other molecules and
copolymers, or dissolving BMI into reactive
organic diluents. Currently, bismaleimide 36 car-
bon cycloaliphatic branched structure (Q-Bond)
[13] and polypropylenoxide–bismaleimide (MIA)
[14] are two liquid BMI resins available, though
they have very high viscosity and high cost.
Attempts have been made to modify BMI by other
molecules and copolymers to improve the processi-
bility [15–16]. Typically, Cyanate ester [17] and
diallyl bisphenol A [18] are used as copolymers to
improve the processability. Dissolving conven-
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tional BMI resins into reactive organic diluents has
proven difficult because of its low solubility and
the requirement for high temperature thermal cur-
ing.
The use of radiation curing has been shown to give
faster cure rates. This includes the use of
microwave curing [19–21], UV [22–23] and e-
beam [24–26] for curing of thin film thermosetting
polymers have been shown to give practical and
effective advantages [19–21].
N-acryloylmorpholine shows a capability to dis-
solve traditional BMI with high concentration. A
liquid formulation which can be radiation cured
enables it to be processed in more practical process
methods, such as resin transfer molding (RTM) [3].
In addition, these cured products typically have bet-
ter mechanical properties, especially improvement
in its brittleness.
Although thermal curing is currently the most
widely used method for curing BMI, it is also rela-
tively low in efficiency and can have high cost.
More recently, UV curing has been investigated by
researchers such as Decker et al. [13]. The new cur-
ing method possesses many advantages, such as
room temperature cure, high reaction rate, energy
efficiency, low volatility of organic compound and
easy control. The UV cure mechanism and kinetics
for homo- and copolymerization of BMI, and their
final cure properties were reported [2, 27, 28].
This paper reports on the study of a new liquid for-
mulation for a BMI/n-acryloylmorpholine polymer
system for UV curing. The photo polymerization
behavior was investigated in situ by using a Differ-
ential Photo Calorimeter. The parameters for the
cure kinetics were elucidated and the cure mecha-
nism was proposed. The thermal stability of the
material as a thin film was also studied.

2. Experimental

2.1. Materials

1,1’-(methylenedi-4,1-phenylene)-bismaleimide
(BMI) was obtained from Aldrich Chemicals; n-
acryloylmorpholine (AMP) was purchased from
Polyscience, Inc. IRGACURE1000 was obtained
from the Ciba Chemical Company and was used as
photoinitiator. All chemicals were used without
further purification. The structures of the chemicals
are given in Figure 1.

2.2. Methods

2.2.1. Preparation of liquid formulation

The solubility of BMI in AMP was tested and the
highest solubility is about 1:3 by molar ratio of car-
bon double bond (BMI:AMP) at 110°C. There was
a critical point at 70°C where the solubility had a
sudden increase. The liquid formulation was pre-
pared in a brown bottle with magnetic stirring at
70°C. BMI powders dissolved and brown transpar-
ent solution was formed. A series of liquid formula-
tions were prepared and the components are listed
in Table 1.

2.2.2. UV irradiation

The photopolymerization was conducted by using a
Differential Photo Calorimeter (DPC) which
recorded the real-time exothermal heat of reaction
and calculated the kinetics of reaction. The inten-
sity of the UV source was fixed at 18.5 mW/cm2.
About 1 mg of the sample was transferred into an
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Figure 1. The chemical structures. a) 1,1'-(methylenedi-
4,1-phenylene)-bismaleimide (BMI), b) N-Acry-
loylmorpholine, c) IRGACURE1000

Table 1. The components of liquid formulations

System
AMP

[% by weight]
BMI
[%]

Photoinitiator
[%]

1 100 0 3
2 90 10 0
3 90 10 3
4 80 20 3



aluminum pan and then placed into the DPC cell. A
polyethyleneterephtalate film was used to cover the
sample in order to prevent the oxygen diffusion and
planarize the liquid film. A fully cured BMI/AMP
film was used as reference. The sample was
exposed isothermally from 5 to 10 minutes at dif-
ferent temperatures from 30 to 90°C with purge
nitrogen.

2.2.3. Characterization

The FTIR was employed to monitor changes in
C=C absorption in order to ascertain the formation
of sequential product. The experiments were con-
ducted in absorption mode at 4 cm–1 resolution
with 32 scans per spectrum. A Spectrum GX Sys-
tem FTIR spectrometer, Perkin Elmer Instruments,
was used.
The Differential scanning calorimetry (DSC) was
performed at a heating rate of 10°C/min using a
DSC 2920, TA Instruments Inc, to obtain the cure
or thermal behavior information of these systems.
The Glass transition temperature (Tg) was meas-
ured by a Modulated DSC system. Thermal degra-
dation was investigated by using the TGA in a
nitrogen atmosphere with a heating rate of
10°C/min till 700°C.

3. Results and discussions

The liquid formulations of bismaleimide/n-acry-
loylmorpholine with low viscosity have been pre-
pared. Here we report the investigation of UV
curing behaviors and the characterization of ther-
mal properties.
Figure 2 is the DPC plot of four systems: AMP
with photoinitiator, AMP/BMI without photoinitia-
tor and AMP/BMI with photoinitiator (different
concentration). An obvious exothermal peak was
observed in each curve except the one of
AMP/BMI without photoinitiator. The UV curing
polymerization proceeded very fast and finished in
several minutes, proving that this technique is more

efficient than conventional thermosetting method.
BMI was reported to have a capability to initiate a
photopolymerization in some systems via accepter-
donor mechanism [2, 27, 28], but for this study, a
repetition of this capability could not be achieved.
AMP resins polymerized very fast and the reaction
completed within second. Christian Pichot indi-
cated that the conversion could achieve nearly
100% for homopolymerization [29]. However, the
exothermal peak drops down gradually with
increasing BMI content, which indicated that bis-
maleimide has a negative influence on the pho-
topolymerization behavior. This could be because
BMI increases the viscosity of the liquid formula-
tion and forms crosslink structure in the film.
Table 2 lists some reaction parameters which also
disclose the effect from bismaleimide. For exam-
ple, the induction time expends from 1.7 s to 4.1 s
at 50°C with an increase of BMI, while the
enthalpy decreases from 511.7 J/g to 384.8 J/g.
Figure 3 describes the effect of the ambient temper-
ature on the effectiveness of photopolymerization.
According to the enthalpy value (Table 2), the
highest conversion was achieved at 50°C, and then
dropped with higher temperature. This could be
because of the competition between propagation
and termination in free-radical mechanism.
Another explanation is that some of the AMP resins
evaporated during UV curing, so the enthalpy only
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Figure 2. DPC plot of different systems

Table 2. The kinetics data of UV polymerization

ΔH: enthalpy [J/g]; MP: maximum peak [s]; RP: reaction at peak [%]; IT: induction time [s]

AMP AMP + 10% BMI AMP + 20% BMI
T [°C] ΔΔH MP RP IT ΔΔH MP RP IT ΔΔH MP RP IT

30 474.4 3.6 27.1 1.6 335.6 8.0 24.0 3.4 310.9 10.8 20.0 4.7
50 511.7 3.8 24.8 1.7 405.1 8.0 29.6 3.5 384.8 10.0 22.5 4.1
70 503.6 4.0 31.3 1.6 405.6 9.2 30.7 3.7 355.4 11.4 23.8 4.1
90 489.0 4.0 30.5 1.5 379.2 7.6 24.6 2.9 235.8 10.4 18.9 3,8



came from the remaining reactants. It is also possi-
ble that because of the relevant high concentration
of photoinitiator, a thin film forms on the surface of
sample, which absorbs much of UV light and acts
as a shield to prevent the UV light penetrating into
the bulk of liquid formulation, then the reaction
stops. Anyway, this can be avoided by decreasing
the concentration of photoinitiator and the thick-
ness of the sample. The induction time (1% conver-
sion) decreased with the rising of temperature,
which is reasonable because resins become more
active and easier to react at higher temperature.

3.1. Kinetics of photopolymerization

Cure kinetics is typically used to understand the
cure reaction process quantitatively [30].  The
results of the DPC gave the real-time exothermal
heat which could then be used to calculate the
kinetics of reaction. The conversion degree is cal-
culated by Equation (1):

(1)

where Ht is the sum of exothermal heat at time t,
Htotal is the total reaction heat (enthalpy), a is the
conversion degree. The theoretical enthalpy of
acrylate polymerization is 80.5 kJ/mol, [31] which
is a little higher than the one of AMP resins,
72.3 kJ/mol. Our analysis and calculation are based
on the assumption that the system reacted com-
pletely at 50°C because it’s hard to get the Htotal for
100% conversion. Anyway, a and Ht have a linear
relationship, so the curve keeps the same shape no
matter how much the ideal Htotal is.

For AMP/BMI system, homo- and copolymeriza-
tion occurred simultaneously, so the calculation
yielded the conversion of the overall reaction. Fig-
ure 4 compares the conversion of AMP polymer-
ization in bulk for thermal curing to the conversion
for a thin film by UV curing. The higher final per-
centage conversion and faster polymerization rate
obtained for the latter demonstrate that the photo-
initiated radical method is more efficient than for
thermal curing.
The reaction rate can be calculated by Equation (2): 

(2)

Again, the calculation is for the overall reaction
rate. Figure 5 plots the derivatives of the conver-
sion versus time. The curve is typical for an auto-
catalytic kinetics type reaction. The results also
show that high temperature has a negative effect to
the reaction rate. Freddy also reported the kinetics
of BMI with an organic reactant, but in thermal cur-
ing mechanism [32]. In his paper, the reaction fol-
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Figure 4. The compare of conversion vs. time for AMP
homopolymerization in bulk solution and under
UV curing. a) in 1,4-dioxane solution [29], b) by
UV irradiation
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lowed the nth order model and the highest reaction
rate is about 0.2 min–1, much slower than the one of
UV curing.
An autocatalytic kinetics model can be described
by Equation (3):

(3)

where da/dt is the polymerization rate, a is the frac-
tion of reactant converted, k is the Arrhenius-type
reaction rate coefficient, m is the order of the initia-
tion reaction, and n is the order of the propagation
reaction. Empirically, n is assumed to be similar in
value for different cure temperatures, and fixed to
1.5, m can be calculated. The kinetics parameters
are listed in Table 3. These values are coincident
with the analysis of DPC plot (Figures 2 and 3). 
The rate coefficient, k, which is temperature
dependent, can be used to calculate the activation
energy of the reaction (Equation (4)).

(4)

where Ea is the overall activation energy, A is the
overall frequency factor, R is the ideal gas constant,
and T is the absolute temperature in Kelvin. When
the sample is cured isothermally, if the Arrhenius
relation is obeyed, the activation energy and fre-

quency factor can be determined from the slope and
intercept, respectively, of the best-line fit of Arrhe-
nius plot by ln(k) versus 1/T (Equation (5)).

(5)

The calculated values of Ea and A are shown in
Table 4. Normally an increase in the speed of the
reaction should be reflected in an increase in the
collision factor. In our case, the calculated Ea and A
are coincident to the general conclusion. Boey et al
studied the kinetics of thermal curing of BMI and
modified BMI, the activation energy is about
95 J/g, [32] which is a little more than the one of
UV curing, 64.6 J/g. 

3.2. The mechanism of UV curing

N-acryloylmorpholine, which contains the acrylate
function group, when cured using UV, follows a
photo induced free radical polymerization mecha-
nism [32]. Figure 6 shows a hypothesis structure of
the AMP-BMI copolymer. The functionality of
BMI (f = 2) would have made the film into an
effectively 3-D network structure. The microstruc-
ture arrangement of the polymer phases of AMP
and BMI is not clear. AMP and BMI are not in sto-
ichiometric equilibrium because of the limited sol-
ubility of the latter. The final products may consist
of homopolymerization of AMP, homopolymeriza-
tion of BMI and copolymer of AMP and BMI, plus
other side products.
The possible changes in the chemical bonds during
the cure reaction have been analyzed using the
FTIR method. The results in Figure 7 show the IR
spectra of the monomers and cured polymers. The
peaks at 790.7 and 950.7 cm–1, which represent the
C=C bond in AMP, have disappeared after poly-
merization. The strong absorption at 1234.2 cm–1 is
identified as the C–N–C stretching vibration, weak-
ened after polymerization. The absorption at
1610 cm–1, representing the C=C stretching vibra-
tion has disappeared after irradiation. The absorp-
tions at 692.3 cm–1 (C–H out-of-plane deformation
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Figure 5. The overall reaction rate versus conversion of
AMP/10%BMI/3%PI system

Table 3. Lists of the kinetics parameters

AMP-10%BMI AMP-20%BMI
m k m k

30 0.479 11.7 0.332 5.83
50 0.675 21.8 0.364 7.04
70 0.661 17.8 0.418 6.55
90 0.386 10.0 0.249 4.03

⎟
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⎞⎜

⎝
⎛−=

RT

E
Ak aexp

( ) ( )
RT

E
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( )nm aka
t

a −= 1
d

d

Table 4. The activation energy and frequency factor for
AMP/BMI systems

AMP-10% BMI AMP-20% BMI
Ea [kJ/mol] 9.4±0.5 2.6±0.1
A [min–1] 557.7 17.2



vibration), 1394.3 cm–1 (C=C stretching vibration),
1513.9 cm–1 (maleimide) are characteristic for bis-
maleimide. The absorption at 692.3 cm–1 is typi-
cally used to probe the concentration of BMI
quantitatively and qualitatively. The peak has dis-
appeared after irradiation, indicating that most of
the BMI has been polymerized.

3.3. Thermal stability of AMP-BMI systems

Post curing process was conducted by using DSC
with nitrogen purge to increase the conversion
degree and to observe the performance of raw
materials and product at high temperature. Figure 8

and Figure 9 compare the behaviors of the uncured
polymer and the UV cured films. In Figure 8, it is
seen that pure AMP resins started to polymerize by
thermosetting at about 140°C and reached maxi-
mum rate at 170°C. It is also seen that by adding
10% BMI, the thermal cure peak is shifted to the
right by about 30°C. This perhaps comes from the
pre-reaction between AMP and BMI in the liquid
formulation. The exothermic heat of thermosetting
curing was calculated by integrating the curve of
the exothermic peak in Figure 8, which is about
350 J/g, less than UV curing (~500 J/g, in Table 2).
The small peak in DSC plot of AMP/BMI10%
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Figure 7. FTIR spectra of AMP-BMI systems: 1) AMP resins; 2) AMP films; 3) AMP/BMI 10% solution; 4) AMP/BMI
10% film

Figure 6. Scheme of co-polymerization of AMP-BMI



cured film seen in Figure 9 is probably due to resid-
ual unreacted AMP or BMI resins.

3.4. Thermal degradation of AMP-BMI 
systems

The thermal degradation was investigated by using
TGA. The plot is shown in Figure 10. Table 5 lists
the temperatures for weight loss of 5% (T5%), the
temperatures at maximum weight loss rate (Tmax),
maximum weight loss rate (R) and percentage char
yield at 700°C (Yc), to analyze the thermal stability.  
The addition of BMI decreased the conversion
degree and also resulted in the production of
oligomers in the process, which impaired the ther-
mal stability of the polymer, resulting in a lower
degradation temperature (comparing the T5% values
in Figure 10). Figure 11 plots the derivative of the
Y-axis values in Figure 10. The resulting lot shows
that addition of BMI clearly decreased the degrada-
tion rate, which is perhaps due to the crosslinking
network structure in the film which limited the dif-
fusion rate of broken segments, and also due to the
high thermal stability of BMI itself.
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Figure 8. The DSC plot of liquid formulations of
AMP/BMI systems

Figure 10. The TGA plot of AMP and AMP-BMI sys-
tems. 10°C/min

Figure 9. The post cure DSC plot after UV irradiation

Table 5. Degradation results for AMP-BMI systems*

*reported data is an average of 5 samples, the standard derivation
is around
a5°C,
b0.5%,
c1%

Composite
T5%

[°C]a

Tmax

[°C]a

R
[%/°C]b

Yc at 700°C
[%]c

AMP 289.0 410.4 3.48 0.02
AMP-BMI 10% 263.2 434.2 2.58 8.23
AMP-BMI 20% 142.6 411.1 1.58 17.2

Figure 11. The derivation of TGA plot: AMP and AMP-
BMI systems

Figure 12. The isothermal TGA plot and calculation of
degradation rate for the duration of thermal
resistance: AMP and AMP-BMI10% films at
300°C



The duration of the thermal stability was studied
isothermally at 300°C for 100 minutes by using
TGA. Figure 12 records the weight percent versus
isothermal time. The curves show linear tendency,
so we make a mathematical simulation of the rela-
tionship between weight and time by using a linear
model. The results are listed as Equations (6) and
(7):

(6)

(7)

where y is the weight percent, x is the isothermal
time. Equation (6) is for pure AMP film and Equa-
tion (7) is for AMP/BMI film. The slopes, repre-
senting the isothermal degradation rate, 0.0582 vs.
0.031%/min, indicate that BMI can slow down the
degradation behavior. It is noted here that the simu-
lation is only used to show the difference of thermal
resistance between two materials, it doesn’t refer to
the degradation mechanism.

4. Conclusions

An initially liquid modified n-acryloylmorpholine/
BMI was developed which could be UV cured. The
formulation exhibited higher reactivity under UV
curing compared to conventional thermal curing. A
free radical mechanism was proposed which was
elucidated using the DPC and FTIR. The overall
curing kinetics parameters, such as reaction rate
coefficient, the order of initiation reaction, activa-
tion energy and frequency factor were calculated
by using isothermal DPC method. The relationship
between reaction rate and conversion was obtained
from this study. The thermal stability of the new
formulation was also shown to be improved over
thermally cured systems, with the stability reaching
as high as 400°C; this was attributed to the signifi-
cant increase in the BMI content for the system.
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