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Abstract Acrylamide(AM)/butyl acrylate (BA) (as a hydro-
phobic monomer) copolymers and an AM/BA/2-acrylamido-
2-methy-1-propane sulfonic acid (AMPS) terpolymer were
synthesized in an aqueous medium using potassium persulfate
as an initiator, in which heterogeneous (without emulsifier)
and micellar (in the presence of sodium dodecyl sulfate as
an emulsifier) copolymerization methods were employed.
Fourier transform infrared (FTIR) and nuclear magnetic reso-
nance (NMR) spectroscopy techniques were used to charac-
terize the synthesized co- and terpolymers. Copolymer com-
position was determined from 1H-NMR spectra. The micro-
structure of the AM/BA copolymers was also evaluated
through measurement of water solubility and calculation of
the hydrophobic block length and monomer sequence length.
The molecular weight of the copolymers was calculated from
intrinsic viscosity measurements to be in a range of (0.5–
1.5)×106 g/mol. Results showed that the heterogeneous and
micellar copolymerization methods resulted in random and
multi-block distribution, respectively, of the BA comonomer
in the copolymer chains. A reasonable relationship between
the microstructure and water solubility of the copolymers was
established. A hydrophobic BA block length (i.e., number of
BA units per micelle) of approximately 10 was obtained using
the micellar copolymerization method, which was found to be
a limiting factor with regard to the water solubility of the

copolymers. Dynamic light scattering measurements were
used to study the hydrodynamic radii and hydrophobic
nano-aggregation behavior of the samples. The hydrodynamic
radii of polymer chains in a dilute aqueous solution were
found to be in a range of 1–36 nm. Due to the presence of
BA-associating hydrophobic groups, a small fraction of ag-
gregations larger than 100 nm were also observed.
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Introduction

Because of its high molecular weight, polyacrylamide (PAM)
has found wide use as a thickening agent and rheology mod-
ifier in a variety of applications across a number of industries.
However, the rheological properties of polyacrylamides are
reduced at high temperatures and in the presence of high salt
concentrations [1–5]. In a number of studies, certain hydro-
philic monomers such as 2-acrylamido-2-methyl-1-propane
sulfonic acid (AMPS) have been observed to improve the
rheological properties and thermal stability of acrylamide
(AM)-based copolymers [6–10]. Thus, AM-based copoly-
mers have been synthesized to improve rates of shear resis-
tance, salt resistance and thermal stability [1–6, 11–13]. By
incorporating the hydrophobic comonomer as a modifier into
the PAM main chain, hydrophobically modified polyacryl-
amide (HMPAM) can be synthesized [1–6, 14–26]. HMPAMs
are one of the most important polymers used as rheology
modifiers, and have found many applications in the enhanced
oil recovery and drilling muds, dyes and detergent products
[1–6, 11–20]. These desirable thickening and rheology
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modification properties are attributed to the HMPAMs’
microstructure [1–6]. Hydrophobic comonomers com-
monly used in HMPAM synthesis include n-alkyl acry-
lates and acrylamides [1–6, 11–16]. The improved rhe-
ological properties in HMPAMs are induced through the
formation of associations and physical networks of hy-
drophobic groups.

Researchers investigating the copolymerization of AM
with a small amount of fluorinated (meth)acrylate for the syn-
thesis of HMPAM reported associative behavior among the
hydrophobic groups [27]. Another work demonstrated strong
pseudo-plastic behavior of prepared samples using rheology
tests in which viscosity measurements were carried out
under various conditions by increasing temperature, salt
concentration and cosolvent content [27]. The preparation
of hydrophobically modified polyelectrolytes from acrylic
acid and 3-[Tris(trimethylsiloxy)silyl]propyl methacrylate
has been reported in the literature [28], where structural
characterization and rheological properties were studied
using FTIR, 1H-NMR, TEM and viscometry techniques.
PH dependence of the viscosity has been observed with
a maxima at around pH=5.5 [28].

The synthesis of acrylic acid/alkyl acrylate (alkyl chain
with lengths of 8, 12, 14, 16 or 18) via solution polymerization
and a random distribution of alkyl acrylate in the copolymer
chain has been reported [29]. These copolymers exhibited
strong associative behavior in the aqueous medium, and con-
sequently, the intrinsic viscosity measurements of prepared
samples demonstrated intra-chain association in the dilute so-
lutions. Viscosity has been found to depend on copolymer
concentration, temperature, shear rate, ionic strength and
pH [29].

Despite its wide accessibility, low cost and hydrophobicity,
the BA monomer has never been considered regarding its
potential applicability for the synthesis of HMPAMs. Thus,
in the present work, we investigated the heterogeneous and
micellar copolymerization of AM and BA in the synthesis of
water-soluble hydrophobically associating copolymers. It
should be mentioned that radical solution (homogeneous)
andmicroemulsion copolymerization of AM and BA has been
reported [30–34]. In a study involving nitroxide-mediated
controlled radical polymerization of N,N-dimethyl acrylam-
ide, followed by BA in dimethylformamide (DMF) as a sol-
vent, by following reaction kinetics, a narrow molecular
weight distribution with a polydispersity index (PDI) of about
1.08 was obtained for the corresponding diblock copolymer
[30] . Copolymerizat ion of AM and BA through
microemulsion has also been studied, and the reaction kinet-
ics, conversion and copolymer composition have been report-
ed [31]. In one work in which free radical solution copolymer-
ization of AM and alkyl acrylates (ethyl and butyl acrylate)
was initiated with benzoyl peroxide at 65 °C in DMF as sol-
vent, the sequence distribution of the monomer was

investigated using an NMR technique. The reactivity ratios
of AM and BA in the DMF solution, calculated using the
Kelen-Tüdös method, were found to be 0.69 and 1.24, respec-
tively [32]. Therefore, this free radical copolymerization was
shown to proceed via random copolymerization [32].

Molecular weight, copolymer composition and distribution
of the hydrophobic comonomer in the copolymer chain are
key microstructure-related parameters with significant effects
on the rheological properties and associative behavior of hy-
drophobic groups [2]. Static light scattering (SLS) and intrin-
sic viscosity are two techniques commonly used to determine
the molecular weight of HMPAMs [2–6, 15–17] .1H-NMR
and ultraviolet (UV) spectroscopy techniques can be used
for determining copolymer composition. Depending on the
copolymerization technique, a random or multi-block distri-
bution of the hydrophobic monomer in the main chain would
be expected, resulting in random or multi-block copolymers,
respectively. Thus, the final desired microstructure of
HMPAM can be designed by employing an appropriate poly-
merization technique [1–4].

Various polymerization techniques can be used for the syn-
thesis of HMPAMs, including heterogeneous, homogeneous
and micellar copolymerization. Homogeneous polymerization
requires the dissolution of the comonomer in a cosolvent,
whereby the hydrophilic main monomer and hydrophobic co-
monomer are copolymerized in an aqueous phase in the pres-
ence of a cosolvent. In contrast, copolymerization of the hy-
drophilic and hydrophobic monomers in heterogeneous poly-
merization needs no such cosolvent addition. By employing
heterogeneous or homogeneous polymerization, the BA hy-
drophobic comonomer would be distributed randomly in the
copolymer main chain [1–5]. In micellar polymerization,
however, micelles are formed due to the use of emulsifiers.
Micelles provide favorable sites for the dissolution and asso-
ciation of hydrophobic monomers. Therefore, hydrophobic
blocks of different lengths can be formed upon penetration
of free radicals into the micelles, which then enter the main
chain and form a multi-block microstructure [1–5, 12, 13].

As mentioned above, the copolymerization of AM and BA
has been reported [30–34], but previous studies were not de-
signed to prepare HMPAMs or study their physical properties
in aqueous solutions. In the present work, HMPAMs based on
AM/BA copolymers and an AM/AMPS/BA terpolymer were
synthesized for the first time via micellar co- and
terpolymerization methods in the presence of a sodium dode-
cyl sulfate (SDS) emulsifier. AM and BA were used as the
main hydrophilic monomer and the hydrophobic comonomer,
respectively. To investigate ionic comonomer effects, AMPS
was also used as a hydrophilic comonomer [35]. The chemical
structure of the prepared samples was characterized using
FTIR and 1H-NMR and 13C-NMR techniques. 1H-NMR
was also used to experimentally measure the composition
and conversion of the synthesized HMPAMs. Theoretical
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equations and 1H-NMR spectra were used for evaluation of
the samples’ microstructure. A water solubility test was then
used to determine the relationship between the solubility and
microstructure of the synthesized polymers. Molecular weight
was determined using intrinsic viscosity measurements. The
hydrophobic aggregation behavior and hydrodynamic radius
(Rh) of the samples were also studied by measuring water
solubility, intrinsic viscosity and dynamic light scattering
(DLS).

Experimental

Materials

The AM used for synthesis was purchased from Merck,
Millipore, and was recrystallized twice in acetone. The BA,
also purchased fromMerck, was purified by passing it through
a basic alumina column. Potassium persulfate (KPS) and
AMPS, both from Merck, were used without further purifica-
tion. NaCl (purity>99 %), acetone (purity>99 %) and meth-
anol were purchased from Dr. Mojallali Chemical Complex
Co. (Tehran, Iran). SDS (99.9 % purity) from Daejung Chem-
ical and Metals Co., Ltd. (Siheung-si, Korea) was used as
received. Deionized water and nitrogen (purity>99.9 %) were
used in all experiments.

Copolymer and terpolymer synthesis

The micellar copolymerization method was used for the syn-
thesis of the AM/BA copolymers and AM/AMPS/BA terpoly-
mer, with SDS and KPS were employed as emulsifier and
initiator, respectively. Only one copolymer from AM/BA
was also synthesized heterogeneous copolymerization. A 50-
ml ampoule containing 40 ml distilled water, as aqueous
phase, was used as a reaction chamber. With the use of a
magnetic stirrer over a period of 30 min, predefined amounts
(Table 1) of AM (as well as AMPS for the terpolymer synthe-
sis), BA and SDS were dissolved in the aqueous phase. The
reaction mixture was immersed in a water/ice bath, followed
by a purging with nitrogen for 30 min to remove any redun-
dant air, and then a predefined amount of KPS was added
(Table 1). The reaction chamber was immersed in a 50 °C
water bath for 8 h, after which, with the use of excess acetone,
copolymers were precipitated. The precipitated product was
again dissolved in the water, then precipitated by using the
excess acetone and dried in a vacuum oven at a temperature
of 60 °C for 24 h. The purified and dried products were then
subjected to the various analyses. It should be mentioned that
to obtain individual and overall conversion of the monomers,
and compare it with the gravimetrically obtained conversion,
in the case of experiment AB-4, a portion of the final reaction
mixture (Table 1) was taken, and a small amount of

hydroquinone as an inhibitor was added and dried without
any purification and subjected to 1H-NMR analysis.

Characterization

FTIR spectroscopy was used for characterization of the struc-
ture and functional groups of the synthesized copolymers.
FTIR spectra were recorded over a wavelength range of
400–4000 cm−1 at ambient temperature using a PerkinElmer
Spectrum (version 10.03.06) instrument. The samples were
prepared in tablet form obtained from a mixture of KBr pow-
der and milled synthesized products. For NMR spectroscopy
measurement, a Bruker 400 MHz spectrophotometer was
used. For the study the copolymer composition and structure,
1H-NMR and 13C-NMR spectra were considered. A pow-
dered sample (about 3 wt%) was dissolved in D2O and the
obtained solution was used for analysis. For sample AB-1
(samples labeled by experiment; Table 1), deuterated ace-
tone/D2O (1/4 vol/vol) was used for preparing the NMR
solution.

A Ubbelohde viscometer with a capillary diameter of
0.6 mm was used for measurement of intrinsic viscosity at
25 °C, from which the molecular weight of the products was
estimated. Intrinsic viscosity ([η]) and Huggins equation coef-
ficient (KH) can be calculated from experimental data of poly-
meric solutions at various concentrations using Eq. (1) [16].
Considering the lower concentrations of BA in comparison to
the concentration of AM in the initial feed, and thereby in the
copolymer chain, the Mark-Houwink equation (Eq. (2)) pro-
posed for PAM can be used to calculate the molecular weight
of copolymers from intrinsic viscosity data [1–4, 15–17]. For
intrinsic viscosity measurements, a 0.1 M solution of NaCl at
25 °Cwas used [1]. There is noMark–Houwink relationship for
the AM/AMPS copolymer from which to determine the molec-
ular weight of the AM/AMPS/BA terpolymer (sample AB-5) in
the 0.1 M solution of NaCl at 25 °C [36].

ηsp
c

¼ η½ � þ KH η½ �2c ð1Þ

η½ � ¼ 9:33� 10−3MW
0:75 ð2Þ

where ηsp is specific viscosity, [η] is the interstice viscosity in
ml/g, c indicates the copolymer concentration in g/ml, KH is
the coefficient of the Huggins equation in g/ml, andMW is the
viscosity (or almost equivalent weight)-average molecular
weight in g/mol.

To investigate the associative behavior of BA hydrophobic
groups and to calculate the hydrodynamic radii (Rh) of copol-
ymer chains in the aqueous medium, a DLS system (Zetasizer
Nano S90) was used. Dilute aqueous solutions (with concen-
trations lower than 0.1 wt%) were prepared and centrifuged at
14,000 rpm to remove impurities. The tests were carried out at
ambient temperature (25 °C) and at a wavelength of 633 nm,
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where viscosity of the solution and the refractive index of the
solvent and solution were used in the calculations. The DLS
technique can be used to determine the polymer chain diffu-
sion coefficient (D), from which the hydrodynamic radii of
polymer coils can be calculated by considering the Stokes–
Einstein equation (Eq. (3)) [37].

D ¼ kT

6πηRh
ð3Þ

Here, k is the Boltzmann constant, T is temperature in Kel-
vin, η is the solution viscosity in cP, and Rh indicates the
hydrodynamic radii of the polymer chains in nm.

Results and discussion

Heterogeneous and micellar copolymerization were used for
the synthesis of the AM/BA copolymers and AM/AMPS/BA
terpolymer (Fig. 1). In the heterogeneous copolymerization,
AM along with the water-soluble portion of BA and were
copolymerized in the aqueous phase. While there is no report
on the homogeneous copolymerization of AM and BA in
water as a solvent, reactivity ratios of AM (rAM) and BA
(rBA) in a free radical solution (DMF) copolymerization were
reported to be rAM=0.69 and rBA=1.24 [32]. Thus, the BA
sequence length can be calculated using Eq. (4) [38].

nBA ¼ rBA
f o;satBA

f 0AM
þ 1 ð4Þ

where fBA
0,sat indicates the water-soluble portion of BA as its

mole fraction in the aqueous phase. The water solubility of
BA was reported to be 0.18 wt% in 50 °C [39], from which
fBA

0,sat was calculated by considering the reaction mixture in
the present work to be 0.027. fAM

0 indicates the initial mole
fraction of AM in the aqueous phase. nBA is the instantaneous
sequence length of the BA incorporated into the copolymer,
for which a value of 1.04 was obtained.

Based on the reactivity ratios and BA sequence length, a
random distribution of BA in the main chain can be conclud-
ed, and a microstructure form of [(AM)n-co-(BA)m]p can be
expected for the copolymers synthesized via the heteroge-
neous method (Fig. 2). It should be mentioned that in hetero-
geneous polymerization, only the water-soluble portion of BA
can be expected to participate in the copolymerization reac-
tion, and the remaining portion aggregates in the aqueous
phase as a monomer droplet (Fig. 1). With the entry of the
growing radicals into the BA monomer droplets, a BA-rich
water-insoluble copolymer is expected to be formed, resulting
in an unclear stirred solution. However, the reactionmixture in
the micellar copolymerization remained clear during polymer-
ization, suggesting that the entrance of growing radicals into
the large monomer droplets can be neglected.

In micellar copolymerization, similar to the process that
occurs with heterogeneous polymerization, the water-soluble
portion of BA in the aqueous phase forms copolymer chains
with a random distribution as [(AM)n-co-(BA)m]x (Fig. 2),
and the remaining portion of the BA dissolves in the SDS
micelle. In other words, the micelles provide favorable sites
for the aggregation of BAmolecules, where upon the entrance
of growing macro-radicals, small blocks of BA can be incor-
porated into the hydrophilic main chain. Thus, in micellar
copolymerization, both random and multi-block distributions
can be observed for BA [2, 5] (Fig. 1). A structure form of
[(AM)n-co-(BA)m]x-b-(BA)y]z can then be realized for the ob-
tained copolymers (Figs. 1 and 2).

Structural characterization of the copolymers
and terpolymer

For characterization of the polymers, FTIR spectroscopy was
used, and spectra recorded for the AM/BA copolymer (AB-1)
and the AM/AMPS/BA terpolymer (AB-5) are shown in
Fig. 3. A strong absorption peak at wavelength of
1650 cm−1 can be observed in the spectrum of the AB-1 sam-
ple corresponding to the stretching vibration of the carbonyl

Table 1 Details of reactions
considered in the synthesis of
samples via heterogeneous and
micellar copolymerization
methodsa

Experiment no. AM BA AMPS SDS (g) Conversion (%)

g %mol g %mol g %mol

A-1b 1.2 100 – – – – 1.2 78

AB-1 1.056 93 0.144 7 – – 1.2 73

AB-2 1.056 93 0.144 7 – – 0 82

AB-3 1.0 90 0.200 10 – – 1.2 75

AB-4 1.0 95 0.100 5 – – 1.2 77

AB-5 0.735 79.5 0.144 8.6 0.321 11.9 1.2 72

AB-6 1.056 93 0.144 7 – – 0.6 70

aKPS=0.05 %wt relative to the aqueous phase, total monomer=3 %wt relative to the aqueous phase
b Basic reaction in the presence of SDS as emulsifier
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group in the AM and BA. The observed peaks at wavelengths
of 2870 and 2930 cm−1 account for stretching vibrations of the
-CH bond present in the AM and BA. The stretching vibration
of the amide bond (-NH) that emerged around a wavelength of
3430 cm−1 and the peak around a wavelength of 1451 cm−1

are related to the bending vibration of the -CH3 bond of BA
[34, 40, 41]. A similar spectrum was found for all other AM/
BA copolymer samples. In the spectrum of terpolymer AB-5,
a strong absorption band at wavelengths of 1040 and
1185 cm−1 can be observed due to the stretching vibration of
the -S=O bond in the AMPS structure. In addition, a strong
absorption peak at a wavelength of 1654 cm−1 corresponds to
the stretching vibration of the -C=O bond in the AM, BA and
AMPS structures (Fig. 3) [9, 40].

To determine the structure of the synthesized copolymers,
the 1H-NMR and 13C-NMR spectra were also recorded. The
structure of the synthesized homo-, co- and terpolymers,

together with the assignment of all peaks to the corresponding
protons, is illustrated in Fig. 4. For the AM/BA copolymers in
Figs. 4.2 and 4.3, the observed broad peaks at chemical shifts
of around 1.2–2 and 2–2.4 ppm can be related to the -CH2 and
-CH protons of both AM and BA in the main chain. The
methyl (-CH3) peak in BA was observed at around 0.8 ppm.
In addition, the peaks of the two -CH2CH2-CH3 of two meth-
ylene protons of BA at a chemical shift range of about 1.4–
1.7 ppm overlapped with those of AM and BA protons in the
main chain. Due to rapid proton exchange with D2O, the ex-
pected broad peak of the amide group was no longer discern-
ible; however, two weak peaks emerged around 6.5–7.8 ppm
[28]. The chemical shift at about 4 ppm can be attributed to the
methylene protons of -OCH2- present in the BA. The strong
peak at a chemical shift of 4.7 ppm was assigned to the water
(HOD). In the case of copolymer sample AB-1, where D2O/
acetone-d6 were used as solvent, the quintet peak at 2.11 ppm

(a) 

(b) 

Fig. 1 The different mechanisms
of copolymerization of AM/BA
in the absence of surfactant
(heterogeneous
copolymerization) (a) and in the
presence of surfactant (micellar
copolymerization) (b)

Fig. 2 Schematic representation
of the copolymerization of AM
and BA in water as solvent under
various conditions and possible
microstructures of the produced
copolymers
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was assigned to the proton of the deuterated acetone (-CD2H)
[41, 42]. Similar spectra were found for all other AM/BA
copolymer samples.

In the terpolymer sample AB-5, broad peaks appeared
around a chemical shift of 1.2–2 and 2–2.4 ppm, which are
related to the -CH2- and -CH- protons of the main chain of the
AM/AMPS/BA terpolymer (Fig. 4.4). In addition, the peaks
of the -CH2CH2-CH3 methylene protons in BA and methyl
protons in AMPS overlapped with the peaks of protons in the
main chain of the terpolymer. The broad peak in a chemical
shift of 3.1–4 ppmwas assigned to the -CH2- methylene group
in the side chain of AMPS.

Due to favorable water solubility, sample AB-2 synthe-
sized using the heterogeneous method was used in the 13C-
NMR test. The 13C-NMR and DEPT-135 spectra of the het-
erogeneous sample, together with the assignment of peaks to
the corresponding carbons, are shown in Fig. 5, where peaks
appearing at around 180 and 177 ppm corresponded to the
carbonyl groups of AM and BA, respectively. The chemical
shift values at 10, 18 and 30 ppm correlated to the carbons in -
CH2CH2CH3 of BA respectively. The carbon in the -OCH2-
group of BAwas observed in a chemical shift of 68 ppm. For
carbons of -CH2- and -CH- in the copolymer main chain,
broad peaks were found around 35 and 40 ppm, respectively.
To validate the 13C-NMR spectra, the DEPT-135 spectra were
provided, in which the peaks for carbon of the first and third
types (-CH- and CH3, respectively) were upward-pointing,
while peaks for the second type (-CH2-) were downward-
pointing (Fig. 5).

Determination of co- and terpolymer composition

The 1H-NMR technique is a reliable method for determining
the composition of copolymers, provided that the mole frac-
tion of the comonomers in the copolymer is considerable
(above 1 wt% similar to butyl acrylate) or a methyl group with
three protons is available in the hydrophobic group [5–8]. The
mole fraction of BA in a copolymer can be calculated by the
intensity of the BA and AM proton peaks using 1H-NMR
spectra. Thus, by considering the assignment of the peaks to
their corresponding protons (as illustrated in Fig. 4) and the
integral of the peaks, it is possible to calculate the mole frac-
tion of BA in the AM/BA copolymer (FBA,copolymer) and the
mole fractions of BA (FBA,terpolymer) and AMPS (FAMPS,

terpolymer) in the terpolymer chain (sample AB-5) using
Eqs. (5)–(7), respectively.

FBA;copolymer ¼
2Ia

2Ia þ 3 Ib;c;e; f −2Ia
� � ð5Þ

FBA;terpolymer ¼
Ia

3Ig;h;n
ð6Þ

FAMPS ;terpolymer ¼
Iq

2Ig;h;n
ð7Þ

where Ii is the integral of proton(s) i, and Fi,copolymer and F-

i,terpolymer indicate the mole fractions of comonomer i in the
copolymer and terpolymer chains, respectively. The mole
fractions of the monomers in the initial feed (fi

0) and in the
produced copolymer (Fi) are summarized in Table 2. The re-
sults show that the mole fraction of BA in sample AB-1 is
higher than that in the sample AB-2, since as a consequence of
polymerization in micelles, BA is incorporated more rapidly
into the AB-1 structure than the AB-2 structure. The BA mole
fraction in sample AB-4 was decreased as a result of a de-
crease in the amount of BA in the initial feed. A decrease in
the mole fraction of BA in the terpolymer was also ob-
served, suggesting that incorporation of BA into the
main chain can be affected by the presence of AMPS
in the feed (Table 2).

The mole fraction of BA in the AM/BA copolymer
synthesized by free radical heterogeneous copolymeriza-
tion was calculated using the Mayo–Lewis relationship
(Eq. (8)) [42] as

FBA ¼ rBA f
2
BA þ f AM f BA

rBA f
2
BA þ 2 f AM f BA þ rAM f 2AM

ð8Þ

where fi is the mole fraction of the comonomer i in the
initial feed, Fi indicates the instantaneous mole fraction
of comonomer i incorporated into the copolymer, and ri
is the reactivity ratio of comonomer i.

The calculation results are presented in Table 3. For a the-
oretical case with BA saturation in the aqueous phase, one can

Fig. 3 FTIR spectra recorded for samples AB-1 (1) and AB-5 (2)
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assume that BA is added to the reaction mixture only in an
amount exactly equal to its water solubility (i.e., fBA

o,sat=0.027)
(Table 3). The system can then be considered to proceed via
homogeneous copolymerization in the water. This situation
results in the theoretical value of FBA

sat=0.038. On the other
hand, by assuming that all BA present in experiment AB-2
can be dissolved in the aqueous phase, one can then expect
from Eq. (8) that FBA,theor. should be equal to 0.097 (Table 3).
However, experimental FBA for sample AB-2 obtained from
corresponding 1H-NMR spectrum was found to be 0.066
(Table 3). Experimental FBA is higher than the theoretical
one in the saturation case (i.e., FBA

sat=0.038), while it is lower
than the theoretical one (i.e., FBA,theor.=0.097), indicating
that copolymerization of BA and AM proceed in the
aqueous phase only in the presence of insoluble BA
droplets, where monomer droplets act only as a BA
reservoir (Fig. 1).

Evaluation of the reaction conversion

A gravimetric procedure based on the difference between the
initial monomer weight and the obtained polymer weight was
used to calculate the reaction conversion, which was shown to
be in a range of 70–80 %, as listed in Table 1. Because poly-
mer loss may have occurred during the washing and precipi-
tation steps, the 1H-NMR technique was employed to calcu-
late the accurate conversion value and compare it with the
value obtained using the gravimetric method. The 1H-NMR
spectrum recorded for the reaction mixture dried without any
purification of sample AB-4, including unreacted AM mono-
mer, surfactant and the obtained copolymer, is shown in
Fig. 6. The unreacted BA, along with the water, was evapo-
rated during drying of the sample. Peaks were assigned to the
corresponding protons for the synthesized copolymers. A
peak appearing at around 6.65 ppm was assigned to the
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Fig. 4 1H-NMR spectra of AM
homopolymer (A-1), AM/BA
copolymer (AB-1 and AB-2) and
AM/AMPS/BA terpolymer (AB-
5) in D2O solvent, along with
their corresponding structure and
assignment of peaks to
corresponding protons
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aromatic protons of the hydroquinone inhibitor. The
mole fraction of BA in the initial feed was 0.05. The
intensities equal to one proton from unreacted AM
monomer (IAM,unreacted), SDS (ISDS), AM (IAM,copolymer)
and BA (IBA,copolymer) incorporated into the copolymer
can be calculated from the 1H-NMR spectrum (Fig. 6)
using Eqs. (9)–(12), respectively.

IAM ;unreacted ¼ Ie2 ð9Þ

ISDS ¼ Ia
2

ð10Þ

IAM ;copolymer ¼
Ih1;h2;g2;g3;b þ Ic
� �

− 10Ia þ 3Ig4
� �� �

2
ð11Þ

IBA;copolymer ¼ Ig4
2

ð12Þ

As mentioned previously, during the drying process, the
unreacted BA monomer was removed from the reaction mix-
ture, the amount of which can now be calculated using
Eq. (13).

f 0BA ¼ IBA;copolymer þ y

IBA;copolymer þ yþ IAM ;copolymer þ IAM ;unreacted
ð13Þ

where y represents the intensity value of one proton from the
unreacted BA.

CH2 CH

C O

N

H H

CH2 CH

C O

CH2

O

g h

d

ef

i l

CH2 CH2
CH3

abc

n m

Fig. 5 DEPT-135 (top) and
proton-decoupled 13C-NMR
(bottom) spectra recorded for
sample AB-2 in D2O solvent,
along with assignment of peaks to
the corresponding carbons

Table 2 Mole fraction of monomers in the initial feed and the produced
copolymer

Experiment no. fBA
0 fAMPS

0 FBA FAMPS

AB-1 0.070 – 0.084 –

AB-2 0.070 – 0.066 –

AB-4 0.050 – 0.037 –

AB-5 0.086 0.119 0.061 0.12

Table 3 Mole fraction
of BA in the feed and in
the copolymer for
sample AB-2
synthesized via
heterogeneous
polymerization

fBA
0 FBA

Theoreticala 1H-NMR

0.070 0.097 0.066

0.027b 0.038 –

a Theoretical values were calculated via
Eq. (8) using fBA

0 values given in this table
b Saturated mole fraction of BA in the
aqueous phase (fBA

0,sat) calculated from the
water solubility of BA (0.18 wt%) [38]
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Individual molar conversions of AM (xAM) and BA (xBA),
calculated using Eqs. (14) and (15), respectively, were deter-
mined as xAM=0.931 and xBA=0.625.

xBA ¼ IBA;copolymer
IBA;copolymer þ y

ð14Þ

xAM ¼ IAM ;copolymer

IAM ;copolymer þ IAM ;unreacted
ð15Þ

With the individual molar conversions at hand, the overall
molar conversion of the monomers (x) was calculated using
Eq. (16), reflecting a value of 0.916.

x ¼ f 0BA � xBA þ f 0AM � xAM ð16Þ

The overall mass conversion of the monomers (w) can be
calculated from the x value via Eq. (17), provided that the
value of F is known.

x ¼ w 1þ Fð Þ 1þ f oμð Þ
1þ f oð Þ 1þ Fμð Þ ð17Þ

where fo=fBA
0 /fAM

0 , F=FBA/FAM and μ=MBA/MAM, in whichMi

indicates the molecular weight of comonomer i.
The mole fraction of BA (FBA) and AM (FAM) incorporated

into the copolymer chains can be obtained using Eqs. (18) and
(19), respectively.

FBA ¼ IBA;copolymer
IAM ;copolymer þ I :BA;copolymer

ð18Þ

FAM ¼ IH ;AM polymerð Þ
IH ;AM polymerð Þ þ IH ;BA polymerð Þ

ð19Þ

For experiment AB-4, values of FBA=0.0335 and FAM=
0.9665 were obtained from the corresponding 1H-NMR spec-
trum (Fig. 6). Good agreement was observed between this
spectrum and that already recorded for purified sample AB-4
(FBA=0.037, Table 2).

An overall mass conversion value of w=0.904 was obtain-
ed from the 1H-NMR spectrum in Fig. 6 using Eq. (17), which
is higher than that obtained with the gravimetric procedure
(w=0.77, as listed in Table 1),reflecting the polymer losses
during the washing and precipitation steps.

Determination of the molecular weight

In the present work, the intrinsic viscosity of the synthesized
AM/BA copolymers was calculated using Eq. (2). Table 4
shows the intrinsic viscosity, Huggins equation coefficient
and molecular weight of the samples. As samples AB-3 and
AB-6 were insoluble in water, their molecular weight cannot
be calculated. In the case of the AM/BA/AMPS polyelectro-
lyte, due to the substantial incorporation of AMPS into the

S
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Fig. 6 1H-NMR spectrum
recorded for the reaction mixture
of sample AB-4, after vacuum
drying with no purification, in the
D2O solvent
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terpolymer chains, and its significant influence on
terpolymerization evolution, Eq. (2) cannot be used to esti-
mate its molecular weight.

It is clear from the results presented in Table 4 that, com-
pared to the other samples, sample AB-2 possesses the highest
molecular weight (1.516×106 g/mol). The higher molecular
weight of the copolymer synthesized using the heterogeneous
method, i.e., sample AB-2, can be attributed to the lower con-
tribution of chain transfer reactions in the absence of chain
transfer agents (such as SDS) [2]. A low molecular weight of
2.56×105 g/molwas observed for sample AB-1 in the presence
of SDS, which can act as a chain transfer agent [2]. There is no
molecular weight data for sample AB-5 (Table 4). The molec-
ular weight of micellar sample AB-4, even in the presence of
SDS, was relatively high, at 9.31×105 g/mol. The reduced
viscosity of the AB-5 sample was improved by adding NaCl.

In comparison to the copolymer samples, the micellar-
synthesized PAM homopolymer (sample A-1) revealed lower
molecular weight values, which can be explained simply by
the transfer reactions that occurred in the presence of SDS.
Using Eq. (1), the intrinsic viscosity and Huggins equation
coefficient were calculated, and a reciprocal relationship was
realized for these two parameters (Table 4). The highest and
lowest intrinsic viscosities were obtained for samples AB-2
and AB-1, respectively, which is directly related to their mo-
lecular weight.

Relationship between the microstructure and water
solubility of copolymers

The BA block length can be calculated in terms of the number
of hydrophobic monomers per micelle (NH) as presented by
Eq. (20) [27–29].

NH ¼ CHM

CS−CMCð Þ
.
Nagg

≈
CHM

CS
� Nagg ¼ Nagg

SMR
where SMR ¼ CS

CHM

ð20Þ
where CHM is the molar concentration of hydrophobic mono-
mers, CS is the molar concentration of the surfactant, CMC is
the critical micelle concentration of the surfactant, and Nagg is
the micelle aggregate number, which is equal to 60 for SDS at
50 °C [22]. A value of 9.2 mM at 50 °C has been reported for

the CMC of SDS [22]. One might simply neglect the CMC in
comparison to CS, as CS is very high. The hydrophobic block
length (NH) can be determined using Nagg and surfactant-to-
monomer ratio (i.e., SMR) [1–6]. An increase in NH or a
decrease in SMR would result in water-insoluble HMPAM
copolymers; therefore, the HMPAM must be optimized in a
way that desirable rheological property and solubility could be
obtained [2].

To calculate BA block length (NH(, Eq. (20) was modified
as Eq. (21) to account for the considerable concentration of
BA in the aqueous phase.

NH ¼ CHM−Caq
HM

Cs−CMCð Þ=Nagg
where SMR ¼ Cs

CHM−Caq
HM

ð21Þ
where CHM

aq is the molar concentration of the water-soluble
portion of BA. The calculated SMR and NH data, along with
the water solubility data, are summarized in Table 5.

It is clear from the results given in Table 5 that, in micellar
copolymerization, the hydrophobic block length increases as
the BA content in the initial feed increases, resulting in the
multi-block distribution of BA in the main chain. The solubil-
ity of the polymer decreases as the NH value increases or
equivalent SMR value decreases. A microstructure-related in-
terpretation can be applied for the water solubility of poly-
mers. In other words, the water solubility of the multi-block
copolymers synthesized via micellar copolymerization de-
creases as the hydrophobic block length increases. Compared
to that for sample AB-1, the BA content in the initial feed for
sample AB-3 was increased by 10 wt%; hence, this sample
was insoluble in the aqueous phase due to the increased hy-
drophobicity as a result of increased hydrophobic block length
(Table 5). For sample AB-6, where the SDS content was de-
creased to half that in AB-1, the number of micelles decreased,
and consequently, NH increased significantly. Thus the BA
block length increased suddenly, resulting in a water-
insoluble polymer (AB-6) due to the formation of an intermo-
lecular aggregation network of BA hydrophobic blocks.

Table 4 Results of intrinsic viscosity, Huggins equation coefficient and
molecular weight obtained for various AM/BA copolymers in 0.1 M
NaCl aqueous solution at a temperature of 25 °C

Experiment no. [η] (mLg−1) KH Mw×10
6 (gmol−1)

A-1 199.00 0.87 0.589

AB-1 106.46 2.12 0.256

AB-2 404.31 0.31 1.516

AB-4 280.41 0.58 0.931

Table 5 The main and effective parameters of the reaction evolution
and properties of the prepared samples

Experiment no. SMR NH Method Water solubility

A-1 − − Micellar ++a

AB-1 3.7 14.9 Micellar +

AB-2 0 1 Heterogeneous ++

AB-3 2.6 20.7 Micellar −
AB-4 5.3 10.3 Micellar ++

AB-5 3.7 14.9 Micellar ++

AB-6 1.8 33.8 Micellar −

a Excellent solubility (++), good solubility (+), insoluble (−)
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However, both samples AB-3 and AB-6 were dissolved in an
aqueous solution containing SDS in a concentration higher
than the CMC value. Hydrophobic side groups of BA can
individually dissolve in SDS micelles. Therefore, the intermo-
lecular aggregation network formed from the BA hydrophobic
blocks disappears, increasing the water solubility of the co-
polymers. Relatively insoluble behavior was also observed for
sample AB-1, for which some insoluble microscopic coagu-
lation emerged. This can be attributed to the higher BA con-
tent incorporated into the copolymer (Table 2). Sample AB-2
was dissolved quickly in the water due to a random distribu-
tion of BA comonomer that occurred with the heterogeneous
procedure. On the other hand, sample AB-4 was a perfect
water-soluble polymer, indicating that a BA block length of
about 10 had no negative effect on its solubility, and thus an
optimal NH value of 10 can be realized.

As mentioned previously, a random distribution of BA in
the copolymer chain with a general microstructure of [(AM)n-
co-(BA)m]p can be considered for a AM/BA copolymer syn-
thesized via heterogeneous polymerization, while in micellar
copolymerization, additional multi-block distribution off BA
units in the copolymer chain with a general microstructure of
[(AM)n-co-(BA)m]x-b-(BA)y]z can be proposed (Fig. 2). In the
following section, efforts will be made to estimate
microstructure-related average values of n (nav), m (mav), x
(xav) and y (yav) indexes (Table 6).

The sequence length of BA in the aqueous phase-formed
copolymer was calculated using Eq. (4) to be 1.04. Thus, the
value of index m can be considered a unit. Similarly, the in-
stantaneous sequence length of AM (nAM ) or equivalent index
n in the aqueous phase-formed copolymer was calculated
using Eq. (22) to be 25.28.

nAM ¼ rAM
f AM

0

f BA
0;sat þ 1 ð22Þ

The value of index y corresponds to the BA block length in
the copolymers synthesized by micellar copolymerization.
This value can be considered equal to the value of NH

(Table 5). With the average values of indexes m, n and y at
hand, the average value of index x can be calculated using
Eq. (23) (Table 6). The value of x×(n+m) indicates the aver-
age length of the growing chain in the aqueous phase, after
which it enters into the SDS micelle containing y number of
BA. The radical chain then enters into the aqueous phase and
grows in the presence of AM and BA present in the aqueous
phase. This process repeats z/2 times on average during the
micellar polymerization followed by the combined termina-
tion of two growing macro-radicals to form copolymers with a
microstructure shown in Fig. 2.

FBA ¼ x� mð Þ þ y

x� nþ mð Þ½ � þ y
ð23Þ

,where FBA is the average mole fraction of BA incorporated
into the copolymer chain; corresponding values for samples
AB-1, AB-2 and AB-4 are provided in Table 2. The values of
microstructure-related parameters, i.e., n, m, x and y, are sum-
marized in Table 6.

By considering the water solubility of the copolymers, one
can conclude that the ratio of x/y in the micellar system can
serve as an indicator for the water solubility of the copoly-
mers. The higher the ratio of x/y is, the higher the water solu-
bility of the copolymer will be, as can be seen in the case of
sample AB-4 in comparison with sample AB-1 (Tables 5 and
6). In other words, it seems from Tables 5 and 6 that an NH
value higher than about 10, along with an x/y ratio lower than
about 1, can limit the water solubility of the synthesized co-
polymers. A higher ratio of x/ywould indicate that BA present
in the micelle should incorporate into the copolymer main
chain at a much lower rate and with a shorter sequence length
than AM and BA present in the aqueous phase. Consequently,
multi-block copolymers with shorter hydrophobic sequence

Table 6 Results of the estimation of microstructure-related parameters
of the synthesized AM/BA copolymers

Experiment No. FBA nav mav yav xav

AB-1 0.0845 25.28 1 14.9 10.92

AB-2 0.0662 25.28 1 – –

AB-4 0.0372 25.28 1 10.3 430.87

Fig. 7 DLS results obtained for
sample AB-1: number
distribution (a) and intensity
distribution (b) of copolymer
coils and BA intermolecular
aggregations versus size
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length (i.e., shorter y or NH value) and larger x value would
show the best water solubility

Calculation of Rh and analysis of hydrophobic
nano-aggregation

The hydrodynamic radius of copolymer chain coils in dilute
solutions shows the Rh of chains. Using the DLS technique,
one would be able to analyze the hydrophobic aggregation of
the HMPAMs. The intensity and number distribution of coil
size for each sample was obtained using the DLS technique, as
illustrated in Fig. 7 for sample AB-1. Similar curves were
observed for other samples. The average Rh of the polymer
coils was calculated using number distribution data, and the
obtained values are summarized in Table 7.

It seems from Table 7 that higher hydrophobicity of the
copolymers leads to a higher Rh value. The increase in hydro-
phobicity and hydrophobic aggregation of BA units results in
the swelling of copolymer chains, and this behavior would be
manifold in a multi-block polymer. The terpolymer AB-5 is a
polyelectrolyte, for which rapid swelling of the chains occurs
in an aqueous phase as a result of anionic charge repulsion,
resulting in the higher Rh (Table 7).

Due to the presence of hydrophobic BA groups, aggrega-
tions with a size larger than that of Rh can be seen in the
intensity-based size distribution diagrams (Fig. 7b). However,
in comparison to that in the polymeric coils, the number of
hydrophobic BA aggregations observed in the number distri-
bution diagrams are very small and almost negligible. The
average size of the hydrophobic intermolecular aggregations
ofBA falls within a range of 100–250 nm, as shown inTable 7.
As BA aggregation in micellar copolymerization consists of
random and multi-block portions, the Rh of BA aggregations
in samples synthesized using the micellar technique is larger
than that occurring in heterogeneous copolymerization.

Conclusions

Random and multi-block co- and terpolymers of AM/BA and
AM/BA/AMPS as HMPAMs were successfully synthesized

for the first time using heterogeneous and micellar methods.
(Micro)structural characteristics including molecular weight,
copolymer composition, hydrophilic AM and hydrophobic
BA sequence lengths, and hydrophobic nano-aggregations
were investigated using intrinsic viscosity measurement, 1H-
NMR and theoretical calculations, along with 1H-NMR ex-
perimental data and DLS techniques, respectively. The highest
molecular weight, 1.516×106 g/mol, was observed for the
heterogeneous method, where no chain transfer agent (here
SDS) was present in the reaction mixture. Monomer sequence
lengths of approximately 1 and 25 were obtained for BA and
AM, respectively, in heterogeneous polymerization, which
corresponds to a random distribution of BA in the copolymer
structure. In micellar copolymerization, BA aggregates in the
micelles and small multi-blocks of BAwere formed due to the
entrance of growing radicals into micelles. The calculated
length of BA blocks (NH) varied, within a range of approxi-
mately 10–34. Water solubility evaluation of the synthesized
samples demonstrated differences between the multi-block
and random microstructures. Results obtained from water sol-
ubility and microstructure investigation of the polymers
showed that a value of NH higher than approximately 10,
along with a microstructure-related parameter of the x/y ratio
lower than approximately 1, can limit the water solubility of
the BA/AM copolymers The overall mass conversion of
monomers for sample AB-4 obtained using gravimetric and
1H-NMR techniques was 0.77 and 0.90, respectively, indicat-
ing that polymer loss occurred during the washing and precip-
itation steps with the gravimetric method. The results of the Rh

of polymer coils and hydrophobic intermolecular aggrega-
tions obtained by DLS measurements indicated that nano-
aggregation of hydrophobic groups can be found in dilute
polymeric solutions. The average Rh of polymer coils and
average radii of BA hydrophobic group aggregations were
found to be in a range of 3.15–35.54 and 100–250 nm, respec-
tively. This study revealed that, with microstructure-related
parameters at hand, a reasonable microstructure–water solu-
bility relationship can be established for AM/BA copolymers
synthesized using heterogeneous and micellar methods.
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