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Abstract

New functional polymers will be prepared using alkyd resins having high solid content (environmentally friendly) and 
comb-type structural morphology. Different copolymers of hydroxyethyl acrylate and methyl methacrylate (HEMMA) 
were synthesized by solution polymerization using azo-bis-(isobutyronitrile) (AIBN) as initiator and dimethylformamide 
as a solvent. The proportions utilized of AIBN were 0.5 (HEMMA1), 1.0 (HEMMA2), 1.5 (HEMMA3) and 2.0 wt. % 
(HEMMA4). The conversion percentage of the reaction was higher than 90%. The formation of the copolymers was 
evidenced by infrared analysis, hydroxyl value, and nuclear magnetic resonance. The intensity of OH group adsorption 
increased with the molecular weight and hydroxyl value. The polydispersity index was lower than 1.5. All copolymers 
exhibited a stable region on viscosity at a shear rate between 0.1 and 10 s–1. The copolymers exhibited good thermal 
stability, flexibility, and adherence.
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1. Introduction

Acrylic resins have been widely used in the coating and 
adhesive industries[1,2]. These materials have good resistance 
to ultraviolet light, hydrolysis, oxidation, and its physics 
drying is fast[3]. Copolymers obtained from hydrophobic and 
hydrophilic monomers have a great importance in various 
applications, such as biocompatible materials, hydrogels, 
and coatings[4-6]. The hydroxyethyl acrylate (HEA) is a soft 
monomer and is a bi-functional molecule since it presents 
an OH group and a double bond[7,8]. The glass transition 
temperature of the polyhydroxyethyl acrylate (PHEA) is 
estimated at –15 °C[7,8]. The function of HEA in the copolymers 
is providing elasticity and the OH groups[7]. MMA is a 
monofunctional monomer[9] and has been employed in the 
synthesis of many copolymers[10-12]. MMA and HEA can 
be polymerized by free radical polymerization[8,12]. HEA 
has been employed in some synthesis of polymers[13,14]. 
Reactive monomers (HEA, hydroxyethyl methacrylate, 
maleic anhydride, etc.) have attracted considerable interest 
in recent years since they are important precursors for the 
synthesis of graft copolymers with special properties[5]. 
They can be employed in applications where high molecular 
weight polymers are not required[15].

PHEA was synthesized without a solvent by free-radical 
frontal polymerization (FP) at ambient pressure[16]. HEA 
and sodium acrylate (AANa) were grafted on the starch 
backbone in an aqueous solution to obtain biopolymer-
based superabsorbent hydrogel[17]. Copolymerizations of 
HEA/methacrylic acid and ethyl acrylate/HEA by free radicals 
has been conducted in m-xylene employing a temperature 

range between 70 and 130 °C, and using tertbutyl peroxy 
benzoate as the initiator[18]. HEA/methacrylic acid copolymers 
with high HEA content were highly crosslinked and found 
to swell in dimethylsulfoxide (DMSO)[18].

The polymerization of HEA onto chitosan using 
persulfate as initiator was performed in an aqueous solution. 
The polymerization rate was much more sensitive to the 
concentration of the HEA than to the concentration of the 
initiator[19].

Poly(HEA-co-coumaryl acrylate)s were prepared by 
free radical polymerization using dimethylformamide as 
solvent and AIBN as an initiator. The copolymers were 
self-assembled into microspheres in the aqueous phase due 
to their amphiphilicity[20].

The free radical polymerization is a versatile technique 
since it presents tolerance to impurities (stabilizers, water, 
oxygen, etc.), is inexpensive and a wide amount of monomers 
can be polymerized by this technique[21].

HEMMA copolymers can be used as an alternative 
to obtaining environmentally friendly alkyd resins (high 
solid content), but one requirement is that the copolymer 
have low molecular weight (low viscosity) and also have 
enough reactive functional groups (OH groups) which 
can react with acid groups of fatty acids. In this work it 
is intended to obtain functional HEMMA copolymers by 
solution polymerization employing different proportions of 
initiator, since this is an important variable to the synthesis 
of copolymers with low viscosity and adequate properties 
that in the future allow obtaining of alkyd resins with high 
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 vsolid content. The structural, thermal, rheological and film 
properties of all materials also will be studied.

2. Experimental Section

2.1 Materials

Sigma-Aldrich supplied HEA, MMA, AIBN, sodium 
chloride, sodium hydroxide, chlorhidric acid and N, 
N-dimethylformamide (DMF).

2.2 Synthesis of the HEMMA copolymers

The amount of HEA (85 g) MMA (15 g) and DMF 
(200 g) were taken in a reactor. The mixture was heated at 
80 °C and stirred at 100 rpm under a nitrogen atmosphere. 
In every case, the respective proportion of AIBN (0.5, 1.0, 
1.5 and 2.0 wt % with respect to the proportions of HEA and 
MMA) was added to the reactor and the mixture reacted for 
5 h. The solid content in each case was 50 wt%. The reaction 
conversion related to the formation of HEMMA or HEA and 
MMA homopolymers was studied by gravimetric analysis 
and the analysis was conducted in triplicate. To accomplish, 
the samples were collected at different time intervals during 
the reaction (these samples were not previously purified) 
and weighed. A small amount of methyl ethyl hydroquinone 
(1 wt %) was added to these samples to prevent the reaction 
during solvent evaporation process. These samples were 
kept in vacuum oven at 50 °C for 48 h. Finally, the samples 
were taken out and weighted. It is worth mentioning that 
samples employed for the determination of the conversion 
percentage were not used to others analysis but discarded. 
The copolymers were named HEMMA1 (0.5 wt% AIBN), 
HEMMA2 (1.0 wt% AIBN), HEMMA3 (1.5 wt% AIBN) and 
HEMMA4 (2.0 wt% AIBN). The schematic representation 
of this reaction is presented in Figure 1.

2.3 Characterization of the HEA/MMA copolymers

The characterization was performed on samples that were 
obtained after a reaction time of five hours. We are discussing 
the results below from these samples. As mentioned earlier, 
the samples were initially purified (only to these analyses) 
before recording infrared, hydroxyl value, NMR, and DSC 
analyses, and the determination of the HEA homopolymer and 

HEMMA copolymers content. In order to acquire the data, 
approximately 10 g of samples were precipitated in hot xylene 
(MMA homopolymer is soluble, but the HEMMA copolymer 
is insoluble, furthermore in this solvent will be the residual 
HEA monomer), filtered and dried in an oven at 50 °C for 
12 h under vacuum and finally weighted. Furthermore, the 
samples were subjected to soxhlet extraction with acetone for 
12 h (extraction of HEA homopolymer) followed by drying 
in an oven at 50 °C for 12 h under vacuum, and weighted. 
The HEA homopolymer amount was determined employing 
initial weight of the sample, weight of the dry sample after 
of the precipitation process in hot xylene. The initial and 
final weight of the samples after soxhlet extraction process 
in acetone was used to determine the amount of HEMMA 
copolymers in the samples.

The HEMMA copolymers was re-precipitated in xylene 
and used to obtain MMA homopolymer. The solution 
of xylene (hypothetically containing the residual MMA 
monomer, residual HEA monomer and MMA homopolymer) 
was added to acetone and subjected to filtration process to 
obtain the MMA homopolymer.

Infrared analysis was carried out using a Perkin Elmer 
equipment model Spectrum One. The spectra were recorded 
with 8 scans, using resolution of 4 cm–1. The hydroxyl 
value analysis was made according to AOCS Cd 13-60. 
The dynamic light scattering analysis (DLS) was done 
using a Horiba equipment and at an angle of 90°, by using 
solutions of the samples in DMF (1 wt%). The 1H NMR 
analysis was carried out using a Bruker AC 300 MHz 
spectrometer using dimethyl sulfoxide as the solvent. For gel 
permeation chromatography (GPC) analysis, the samples 
were dissolved in tetrahydrofuran and the analysis was 
performed in Waters HPLC equipment with millennium 
2000 software for data acquisition and using polystyrene 
standards for the quantification. DSC analysis was carried 
out employing a TA Instrument model Q100 equipment, 
equipped with the refrigerated cooling system and using 
a heating and cooling rate of 30 °C/min under nitrogen 
atmosphere. The decomposition temperature of the samples 
was determined by thermogravimetric analysis (TGA) using 
a TA instrument model Q500 equipment at a heating rate 
of 10 oC/min. The rheological measurements in solution 
were performed in a Bohling HRNano rotational rheometer 
(TA instruments) at a strain of 2% using concentric cylinder 
geometry. Studies of the HEMMA copolymers film properties 
(gloss, flexibility, and adherence) were performed according 
to methodologies reported in previous studies[22-24].

3. Results and Discussion

The results from the gravimetric analysis are shown in 
Figure 2. Figure 2a, displays the conversion percentage of the 
reactions while Figure 2b, shows HEA homopolymers content 
in the HEMMA copolymers and finally Figure 2c, exhibit 
the yield of the HEAMMA copolymers, when only these 
were taken into account. The reaction conversion (Figure 2a) 
after 5 h was higher than 94%, which increases with the 
initiator content in the synthesis. It is because the amount 
of initiator in the reaction mixture decreases the possibility 
of residual monomer by promoting them in polymerization 
process. Since no sample was purified initially before this 

Figure 1. A schematic representation of the HEMMA copolymer 
synthesis.
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analysis, it can be inferred that the unreacted amount of 
MMA and HEA was low and the system exhibited a high 
conversion percentage. This behavior has been observed in 
the free radical polymerization of HEA[25].

It was apparent that the HEA homopolymer percentage 
in the samples (Figure 2b), increased with the amount of 
initiator. This result meant that the initiator concentration 
favored the formation of HEA homopolymer, possibly this 
was due to: a) there is high chemistry affinity between free 
radicals and HEA, b) high amount of HEA employed with 
respect that of the MMA, c) there is a high affinity between 
DMF and HEA, since both are highly hydrophilic (it improve 
the diffusion of species hydrophilic through solvent) and 
MMA is hydrophobic.

The gravimetric analysis did not display the presence of 
MMA homopolymer, suggesting that MMA homopolymer 
was not formed. Using the difference between conversions 

percentage of the reaction and the HEA homopolymer 
percentage in the HEMMA copolymers, was calculated, the 
conversion percentage (when only the HEMMA copolymers 
were taken into account) (Figure 2c). It can be visualized 
that the conversion percentages exhibited a trend with the 
initiator amount, however, the relation was not statistically 
significant (Figure 2c).

Figure 3 shows the IR spectra of the MMA and HEA 
(Figure 3a) and the purified HEMMA copolymers (Figure 3b). 
In the MMA spectrum (Figure 3a) a signal at 1439 cm–1 was 
observed due to bending of -CH3 groups. In the spectrum of 
the HEA (Figure 3a), the signal at 3416 cm–1 corresponds 
to stretching of C-OH bonds. The signal that appears at 
1725 cm–1 was due to absorption of the carbonyl groups 
(-C=O), and it appears in MMA and HEA spectra. The signal 
at 1638 cm–1 was due to stretching of -CH=CH- bonds and 
that at 1410 cm–1, corresponds to the bending of -CH2.

Figure 2. (a) Conversion percentage of the reactions and (b) HEA homopolymer percentage in the HEMMA copolymers and (c) yield 
of copolymers.

Figure 3. IR spectra (a) MMA and HEA and (b) HEMMA copolymers.
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Figure 3b shows the IR spectra of the HEMMA copolymers. 
All samples showed a signal at 3416 cm–1 (C-OH bond) that 
decreased with the amount of AIBN and can be related to a 
reduction of HEA units in the copolymers, which is in good 
agreement with the results obtained to HEA homopolymer 
percentage in the copolymers (Figure 2b). This result is an 
indication that the repetitive units of the HEA and MMA 
were different in the HEMMA copolymers. None HEMMA 
copolymer exhibited the signal at 1638 cm–1 (stretching of 
-CH=CH-), which indicates that all monomers reacted, or 
the residual monomer was extracted during the purification 
process of the HEMMA copolymers.

The signals that appear at 1439 and 1410 cm–1 were due to 
-CH3 (MMA) and -CH2 (HEA) groups respectively. At 3416 cm–1 
appears the signal for the OH groups. The presence of these 
signals is an evidence of the formation of the HEMMA 
copolymers. Considering the results obtained from IR, the 
HEA homopolymer amount increased from HEMMA1 to 
HEMMA4. These outcomes are in good agreement with 
the results obtained from gravimetric analysis (conversion 
percentage when only the HEMMA copolymers were taken 
into account).

The spectra of protonic nuclear magnetic resonance 
(1H NMR) of the HEMMA4 copolymer is presented in 
Figure 4. The signal around 1 ppm is attributed to -CH3 
protons. The -CH and -CH2 backbone protons resonated at 
2.3 and between 1.5-1.9 respectively[19]. The signal at 2.5 ppm 
is attributed to the DMSO protons. Between 2.6 and 2.9 ppm 
appear two signals, which correspond to protons of CH2O-, 
which are originated of the etherification reaction between 
units of HEA in the HEMM4 copolymer; this is favored 
by the temperature [18], this signal have been observed by 
others authors in copolymerization reactions of HEA[18], 
which argue that for every two losses in (-OH) functional 
groups, there is a formation of two -OCH2 groups.

The signals at 3.4 ppm and 3.6 ppm corresponded to 
protons of the -OCH3 groups and methylene protons join to 
OH groups (HO-CH2-) respectively[26]. At 4.1 ppm appear 
the signals of the methylene protons of -CH2O- which 
are different that those that experimented etherification 
reactions[26]. The same signal has been observed by others 
authors[19,26]. The spectra did not exhibit signals due to protons 
-CH=CH- (5.3 ppm), this is evidence that the monomers 
reacted. The presence of different signals indicated that the 
HEMMA copolymers were formed.

Table 1, shows the respective values of number average 
molar mass (Mn), weight average molar mass (Mw) and 
the polydispersity index (PI) of the HEMMA copolymers. 
The behavior showed by the HEMMA copolymers with the 
increase in the AIBN content was expected since with it, 
the molar mass would be reduced, due to a high number of 
termination reactions between macroradicals. The lowest 
Mn and Mw values were due to high amounts of AIBN 
and polymerization method employed in the synthesis. 
The variation in polydispersity was not significant. The Mn 
values decreased with the amount of HEA homopolymer 
formed, but Mw did not follow the same trend, which is 
possibly due to crosslinking reaction exhibited by this 
material as it was demonstrated by NMR analysis.

The VOH of the HEMMA copolymers (Table  1), 
decreased with increase in AIBN content employed in the 
synthesis. This result is in agreement with that obtained with 
the HEA homopolymer content, since it was expected that 
when the content of HEA homopolymer is high the amount 
of the units of HEA in the copolymers will be low.

The results of VOH are in accordance with the results 
presented by IR analysis. Castor oil with a VOH of 164 mg 
KOH/g sample has been employed to obtain acrylic ester 
by esterification reaction between OH groups (castor oil) 
and acid groups of acrylic acid[27]. In the future, the VOH 
obtained to the HEMMA copolymers, will allow that these 
materials be modified with fatty acids to obtain alkyd resins 
or others hybrid materials.

Figure 5 presents the volume (Figure 5a) and intensity 
(Figure 5b) size distributions of the HEMMA copolymers. 
The hydrodynamic dimensions (volume) of the copolymers 
(Figure 5a) were nanometric as follows: HEMMA1: 18, 
HEMMA2: 23, HEMMA3: 15 and HEMMA4: 13.0 nm. 
According to the results of GPC, it was expected that the 
HEMMA1 copolymer would exhibit the higher hydrodynamic 
dimensions, but this was not the behavior. This was possibly 
due to HEMMA copolymers exhibiting different processes 
such as aggregations through interactions between OH 
groups (hydrogen bonds) or crosslinking reactions (through 
HEA). All volume size distributions were monodisperse 
and nanometric.

Table 1. Mn, Mw, PI and VOH values of the HEMMA copolymers.
HEMMA Copolymers Mn (g/mol) Mw (g/mol) PI VOH (mg KOH/g sample)

HEMMA1 7620 9486 1.2 130 ± 2.0
HEMMA2 7073 10457 1.5 111 ± 2.0
HEMMA3 6446 7579 1.2 100 ± 1.0
HEMMA4 5619 7744 1.4 82 ± 2.0

Figure 4. 1H NMR of the HEMMA4 copolymer.
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The intensity size distributions (Figure 5b) present 
other distributions with diameters (d) higher than 100 nm 
for the HEMMA2, HEMMA3 and HEMMA4. This is an 
indication of the presence of aggregates. The intensity 
distribution is very sensible for detecting the presence of 
aggregates because large particles scatter more light than 
small ones. The nanometric hydrodynamic dimensions 
obtained in this study were mainly nanometric due to 
the high amounts of AIBN and polymerization method 
employed in the synthesis. This result was very important 
because these materials exhibit high structural packing. 
The presence of aggregations in the samples HEMMA2, 
HEMMA3, and HEMMA4, may be attributed mainly to 
the interactions between OH groups (hydrogen bonds) 
originated from HEA homopolymers. These copolymers 
exhibited higher HEA homopolymer content than that of 
the HEMMA1 copolymer (not exhibited aggregation). 
The interactions through OH groups has been reported by 
some authors to yield hyperbranched polyester polyols by 
employing good solvents such as DMF and DMSO[28-31].
Since the aggregations appear in intensity size distribution 
but it does not appear in volume size distribution, it can be 
inferred that its number is lowest.

Figure 6 shows the rheological behavior of the HEMMA 
copolymers in solution (in each case the solid content was 
50 wt%). The HEMMA copolymer viscosities at 10 s–1 were as 
follows: HEMMA1: 7.4 Pa.s, HEMMA2: 6.0 Pa.s, HEMMA3: 
5.0 Pa.s and HEMMA4: 1.7 Pa.s. The low viscosity of the 
HEMMA4 may be due to low crosslinking and entanglement 
degrees. The viscosity decreased with the increasing of the 
AIBN content employed in the synthesis, and this result was 
expected because in this same sense occurs a reduction in 
molar mass. All viscosity values of the HEMMA were low 
due to low molar mass. All copolymers presented a stable 
region in viscosity, but this disappeared at shear rates higher 
than 50 s–1, the fluids hence became shear thinning and this 
behavior was attributed to disentanglement of the polymer 
chains, but also to dissociation of interactions. The same 
behavior has been observed in hydroxyethyl methacrylate-
butyl acrylate copolymers[32].

Since the rheological behavior of the HEMMA 
copolymers was consistent with the molar mass, it was 
difficult to identify the influence of the crosslinking process 
on the rheological behavior of these materials, because this 
process is not reversible.

According to results obtained by DLS analysis (intensity 
size distribution), it apparent that only HEMMA2, HEMMA3 
and HEMMA4 copolymers exhibited a pseudoplastic 
behavior due to dissociation of interactions. Moreover, 
by DLS analysis it was evidenced that these copolymers 
exhibited aggregation. However, HEMMA1 copolymer 
(Figure  5b), did not exhibit aggregations but showed 
pseudoplastic behavior, due to disentanglement of the chains. 
The HEMMA4 copolymer exhibited lower pseudoplastic 
behavior (reduction in viscosity with the increasing of shear 
rate) due to lowest molecular weight and reduction in the 
possibility of entanglement.

Figure 5. Size distributions of the HEMMA copolymers (a) Volume and (b) Intensity.

Figure 6. Rheological behavior of the HEMMA copolymers.
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Figure 7 presents the results of the thermal analysis. 
Figure 7a shows the thermograms obtained by differential 
scanning calorimetry (DSC) and Figure 7b the thermograms 
obtained by thermogravimetric analysis (TGA). All glass 
transition temperatures (Tg) of the HEMMA copolymers 
(Figure 7a) were different to values of PHEA (–15 °C)[8] 
and MMA homopolymer (105 °C)[11]. This is evidence that 
the HEMMA copolymers were formed. The Tg values of the 
HEMMA copolymers were as follows: HEMMA1: 32 °C, 
HEMMA2: 35 °C, HEMMA3: 26 °C and HEMMA4: 33 °C.

The results of DSC analysis do not correspond with the 
molar mass and VOH and this may be due to crosslinking 
reactions through HEA in the copolymers (Figure  5), 
interaction between OH groups and different compositions 
of the copolymers since the MMA is rigid, and HEA is 
elastic[8,11].

With the increasing on molar mass, there was a reduction 
in free volume and chain mobility, therefore it was expected 
that Tg values increased with the molecular weight, but 
none HEMMA copolymers did not exhibit this behavior. 
Furthermore, it was expected that the Tg values would also 
increase with the VOH, since these values augmented with 
the OH group numbers in the chain and the probability 
of occurrence of interactions through the OH groups was 
higher than when the OH group numbers were low. It can 
be concluded that the interactions degree between OH 
groups and crosslinking degree were different for every 
HEMMA copolymer.

It is apparent that the amount of HEA homopolymer 
in the HEMMA4 is highest. Also, the number of MMA 
units in this copolymer was higher than those of the others 
copolymers. It is possible that HEMMA4 copolymer 
contains lowest number of HEA units in its structure long 
with low Mn value yet displaying Tg similar to HEMMA1 
and HEMMA2. This result suggests that the distribution 
and the number of unit of HEA and MMA in HEMMA 
copolymers were different.

The crosslinking reaction of HEA has been reported[33]. 
In a previous study, it was reported that the curing rate for 
HEA was faster than 2-ethylhexyl acrylate, 2-hydroxyethyl 
methacrylate, and hydroxypropyl acrylate and hydroxypropyl 
methacrylate[33].

All copolymers exhibited a weight loss between 
200 and 350 °C (Figure  7b), which corresponds to 
oligomers and copolymers of low molecular weight. 
Likewise, at approximately 400 °C a great weight loss 
for all HEMMA copolymers appears. The temperatures 
of thermal decomposition of the HEMMA copolymers 
were as follows: HEMMA1: 414 °C, HEMMA2: 416 °C, 
HEMMA3: 423 °C and HEMMA4: 418 °C. There is no 
correlation with the molecular weight, initiator amount, HEA 
homopolymer amount or VOH. Therefore, this behavior 
is possibly attributed to a different number of interactions, 
homopolymerizations, and crosslinking reactions.

Table 2 presents the results of adhesion, flexibility and 
gloss analyses of the HEMMA copolymers. The adhesion 
and flexibility of the copolymers were good. It has been 
demonstrated that acrylic polymers exhibit good adhesion[2,34]. 
In the case of flexibility, this result was expected because 
the proportion of HEA employed in the synthesis, was high 
with respect to MMA.

The gloss values were very similar to the HEMMA 
copolymers. Therefore, the behavior shown by the HEMMA 
copolymers in gloss was possibly due to small variations in 
refractive index and roughness on the surfaces.

Figure 7. Thermograms of the HEMMA copolymers (a) DSC and (b) TGA.

Table 2. Values of gloss, adhesion, and flexibility of the HEMMA 
copolymers.

HEMMA 
Copolymers

Gloss (20°) Adhesion (%) Flexibility

HEMMA1 132 100 Pass
HEMMA2 132 100 Pass
HEMMA3 137 100 Pass
HEMMA4 126 100 Pass
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4. Conclusions

This study made an important contribution to the synthesis 
of functional copolymers since HEMMA copolymers were 
obtained, and they may be an alternative to the synthesis 
of new materials. With the AIBN content, decreased the 
amount of HEA in the copolymers, which is attributed 
homopolymerization of HEA. The initiator concentration 
improves the conversion percentage of the reaction (take 
into account HEA homopolymer and HEMMA copolymer 
formed) and the formation of HEA homopolymer, but it did 
not improve the formation of HEMMA copolymers. The molar 
mass and the viscosity of the copolymers decreased with the 
amount of AIBN. The VOH of the copolymers was between 
82 and 130 mg KOH/g sample and their hydrodynamic 
dimensions were nanometric. They presented an adequate 
VOH, which possibly would allow esterification reactions 
between OH groups of the HEMMA copolymers and COOH 
groups of fatty acids (preparation of alkyd resins type comb). 
The viscosity of the copolymers was lower than 10 Pa.s. 
The copolymers obtained were amorphous and this may 
explain the good flexibility that they exhibited.
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