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ABSTRACT: Amphiphilic polymers have found many applications, so many types of these copolymers have been prepared. Specifically,
sulfonated polystyrene acts, for example, as a flocullant or dispersant of petroleum asphaltenes as a function of its hydrophilic—hydro-
phobic balance. However, when changing the sulfonation degree, looking for the best performance, the solubility also changes, and
sometimes it is responsible for making the polymer unsuitable for any application. Therefor, this work investigates in detail the
changes in the solubility range of copolymers based on styrene—stearyl methacrylate and styrene—stearyl cinnamate with different
molar compositions and different sulfonation degrees. The copolymers were synthesized and characterized by 'H-NMR, Fourier trans-
form infrared spectroscopy, and elemental analysis. In the range of compositions analyzed, with increasing content of long hydrocar-
bon chains, not only the displacement of the solubility in solvents with lower solubility parameter (), but also the broadening of the
solubility range was observed. In general, the solubility was directly related to the sulfonic group content, but there appeared to be
an influence of the randomness of the sulfonation reactions along the chains. © 2015 Wiley Periodicals, Inc. J. Appl. Polym. Sci. 2016, 133,

43112.
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INTRODUCTION

Amphiphilic polymers have widespread applications. In the petro-
leum industry, they are used in drilling fluids'™ and for demulsifi-
cation of water-in-oil emulsions,” inhibition of wax deposition,®2
stabilization of asphaltenes in crude oil,">™° flocculation of asphal-
tenes,'”” ™" inhibition of naphthenate deposition,*® enhanced oil
recovery,” > and water treatment.**** In drilling, hydrophobically
modified starches can be used to control filtrate from emulsified
fluids.***” For demulsification of emulsions, the great majority
of demulsifier agents are based on surfactant copolymers of poly
(propylene oxide)—poly(ethylene oxide).” Copolymers made from
ethylene and vinyl acetate and acrylic copolymers with long
hydrocarbon chains have long been used to inhibit deposition of
paraffins from crude oil.”*'? Polymers containing cardanol and
sulfonated polystyrene have been tested as stabilizers/flocculants of
asphaltenes in petroleum.'”™® Each specific application requires
distinct chemical structures and molar masses.

© 2015 Wiley Periodicals, Inc.
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The development of copolymers based on stearyl methacrylate
with amphiphilic properties has been reported in the litera-
ture.”™> Stearyl methacrylate is considered a versatile mono-
mer because its pendant group in the polymer structure
provides self-assembly properties.*® Styrene-b-stearyl methacry-
late copolymers can self-organize® as aggregates in the presence
of organic solvents®® and would be tested as an asphaltene stabi-
lizer. Amphiphilic copolymers containing ionic groups have
been divided in two classes according to their dissociation
behavior: weak acid/base and strong acid/base. The synthesis of
polyelectrolytes containing in their structure strong acid groups
has not been extensively reported, and this could be related to
the difficulty in synthesizing them due to the large differences
between (1) the hydrophilicity and hydrophobicity of the seg-
ments and (2) the monomer solubility.3 7 Chemical modification
of the polymer chain is an alternative to obtain copolymers con-
taining strong acid groups,”® for example, by inserting sulfonic
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Figure 1. Synthesis of methacryloyl chloride.
groups following homogeneous or heterogeneous methods.**~*°
The suitability of each method is related to the desired sulfonation
degree and to the reaction yield. Several kinds of sulfonation
agents have been used, such as sulfanilic acid*'; sulfur trioxide;
sulfuric acid*?; chlorosulfonic acid; lauryl, stearyl, or acetyl sul-
fate; and complexes of sulfur trioxide with alkyl phosphates and

. 39
dioxane.

Besides the chemical structure of the polymer, its solubility
behavior in the medium also plays an important role in the per-
formance in each application.'®** Therefore, controlling the sol-
ubility of amphiphilic polymers is fundamental for the proper
structure—performance relation of molecules with specific appli-
cations. However, the solubility behavior has not been investi-
gated in detail as a function of variations in the hydrophilic—
lypophilic relation of molecules. This article describes the syn-
thesis and characterization of a family of amphiphilic molecules
and assesses the variation of their solubility performance in sol-
vents with different solubility parameters as a function of the
resulting amphiphilic structure, describing the range of solubil-
ity parameters in which the copolymers are soluble.

EXPERIMENTAL

Synthesis and Characterization of Copolymers

To obtain the copolymers, methacryloyl chloride and cinnamoyl
chloride were synthesized first, followed by the synthesis of
monomers of stearyl methacrylate and stearyl cinnamate.

Reagents. Cinnamic acid 99.0% (recrystallized with ethyl ace-
tate), styrene spectrum grade (distilled under vacuum), and tolu-
ene (distilled at 110°C and dried with aluminum oxide) were
supplied by Vetec Quimica Fina, Xerém, Brazil. Acetic anhydride
99.5%, benzoyl chloride P.A., dichloromethane 99.5%, 1,4-diox-
ane PA., ethyl alcohol 95.54°GL, n-heptane 99.5%, n-hexane
99.5%, hydroquinone P.A., isopropyl alcohol 99%, methacrylic
acid 90.0%, pyridine PA., sulfuric acid P.A., thionyl chloride
99.0%, and triethylamine P.S. were also supplied by Vetec Qui-
mica Fina, Xerem, Brazil, and used as received. Stearyl alcohol
PS. (recrystallized with n-hexane) were supplied by Merck, Sao
Paulo, Brazil. Deuterated chloroform was supplied by Cambridge
Isotopic Laboratory, Sao Paulo, Brazil. Tetrahydrofuran HPLC/
spectro was supplied by Tedia Brasil, Sao Paulo, Brazil.
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Figure 2. Synthesis of stearyl methacrylate.
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Figure 3. Synthesis of cinnamoyl choride.

Synthesis of the Monomer of Stearyl Methacrylate. First, the
methacryloyl chloride (Figure 1) was synthesized in a three-
neck balloon flask by reacting methacrylic acid and benzoyl
chloride at a molar ratio of 1:1.4 in the presence of 10% hydro-
quinone, according to the method described by [13]. The prod-
uct was bidistilled between the temperatures of 98 and 100 °C
and kept in an amber flask in a refrigerator.

To obtain the stearyl methacrylate (Figure 2), methacryloyl chloride
(0.027 mol) and stearyl alcohol (0.1 mol) were reacted in toluene
in the presence of pyridine (0.03 mol). First the methacryloyl chlo-
ride was added dropwise into the reaction mixture at a temperature
of 10 °C. After the formation of the white precipitate of pyridinium
chloride, the reaction mixture was left at rest until reaching room
temperature and then was submitted to reflux at 70 °C for 2 h. The
product was vacuum-filtered under an inert nitrogen flow for 24 h
in order to remove the pyridinium chloride from solution, and
then the liquid obtained was rotary-evaporated at 100 °C to remove
the toluene and isolate the monomer.

Synthesis of the Monomer of Stearyl Cinnamate. Cinnamoyl
chloride was used as the precursor to synthesize stearyl cinna-
mate ester. The cinnamoyl chloride was obtained from reacting
(Figure 3) cinnamic acid (0.3 mol) with thionyl chloride (0.3
mol) under reflux at 50 °C for 1h, and then at 80 °C for another
2h.* After cooling to room temperature, triethylamine (TEA)
(0.3 mol) was added to the cinnamoyl chloride (0.3 mol),
followed by stearyl alcohol (0.3 mol), at a temperature of 0°C.
At the end of this addition, the system temperature was raised
to 80°C, and it was left under reflux for 2 h. After crystallization
in hexane, the stearyl cinnamate (Figure 4) was stored in an
amber flask.

Synthesis of the Copolymers of Styrene—Stearyl Methacrylate
(SSMA). The copolymerization reactions were conducted in
mass (SSMAmass) and in solution (SSMAsol), with benzoyl
peroxide (BPO) as initiator at 80°C under an inert nitrogen
atmosphere. The copolymers were synthesized with different
molar ratios between the monomers styrene (STY) and stearyl
methacrylate (SMA) (50/50, 70/30, 95/5) and different reaction
times. For the solution reaction, toluene was used as a solvent
at 0.5mL of monomer per mL of solvent. After the end of the
reaction, the polymer obtained by mass polymerization was
solubilized in dry toluene. All samples were precipitated in
chilled ethanol. The polymer was then recovered by vacuum
filtration and heated in an oven at 40 °C for complete drying.

y Vi
y Y,

=/ ¢ = \o+CH2}—0HJ+ jﬁ’ crr
Ej—/ . HGC+CH4_7DH TEA @(—/ 17 S k
1

Figure 4. Synthesis of stearyl cinnamate.
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Synthesis of the Copolymers of Styrene-Stearyl Cinnamate
(SSC). The copolymerization reactions of styrene with stearyl
cinnamate were conducted in mass (SSCmass) with benzoyl per-
oxide (BPO) as initiator at 80 °C under an inert nitrogen atmos-
phere. The copolymers were synthesized with different molar
ratios between the monomers styrene (STY) and stearyl cinna-
mate (CIN) (70/30 and 95/5) and different reaction times. At
the end of the reaction, the polymer was solubilized in dry tolu-
ene and precipitated in chilled ethanol. The polymer was then
recovered by vacuum filtration and heated in an oven at 40°C
for complete drying.

Sulfonation of Copolymers. The copolymers of SSMA and SSC
were submitted to sulfonation with acetyl sulfate according to
the methods described in the literature.*>*® First, the polymer
was dissolved in dichloromethane (10% m/v) at the solvent
reflux temperature (40 °C) for 30 min. Next, a solution of acetyl
sulfate was added, which had been previously prepared from a
mixture of acetic anhydride (1.12mL), dichloromethane
(1.00mL), and sulfuric acid (0.37mL) in an ice bath. The
appearance of a yellowish color was taken as indication of the
sulfonation reaction, which was maintained under constant stir-
ring for different intervals (15, 30, 60, 90, or 120 min). After the
preestablished time, 5mL of isopropyl alcohol was added, and
the system was maintained under stirring for another 30 min.
The sulfonated copolymer was recovered by precipitation in dis-
tilled water followed by freeze-drying (Liotop K105 freeze
dryer), washed in distilled water, and dried in an oven at 40 °C.

Characterization of Monomers and Polymers

The monomers were characterized by NMR and the copolymers
by NMR, Fourier transform infrared spectroscopy (FTIR), and
size exclusion chromatography (SEC). The sulfonated copoly-
mers were characterized by FTIR and elemental analysis.

"H Nuclear Magnetic Resonance. The monomer and polymer
samples were dissolved in deuterated chloroform and analyzed
in a Varian Mercury 300 "H-NMR spectrometer (Palo Alto, Cal-
ifornia) with frequency of 300 MHz, utilizing tetramethylsilane
(TMS) as internal reference. A 5mm tube was used, and the
sample concentration was approximately 0.1 wt/v %. The data
were treated with the MestRe-C software (Santiago de Compos-
tela, Spain).

To determine the composition of the SSMA copolymers, we
used the areas related to the methyl hydrogens of the terminal
methyl group (CHj3) of the hydrocarbon segment of the stearyl
methacrylate, which presents a chemical shift at 0.89 ppm, and
the aromatic hydrogens of the styrene segment, with chemical
shift between 6.6 and 7.4 ppm. Equations (1) to (3) describe
the calculations for measurement of the molar ratios of the
STY-SMA (SSMA) copolymers:

N _5X 0
M 3Y
1 STY X
%STY = mo X100 or %STY=——— X100

mol copolymerSSMA (X+Y)

2
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mol SMA

%SMA= ————
’ mol copolymer

X100 or %SMA= X100 (3)

(X+Y)
where N is the area under the peak referring to the aromatic
hydrogens of styrene, M is the area under the peak referring to
the hydrogens of the terminal methyl group of stearyl methacry-
late, X is the hydrogens related to the aromatic ring; Y is the
hydrogens related to the terminal methyl of stearyl methacry-
late, %STY is the molar percentage of styrene present in the
copolymer, and %SMA is the molar percentage of stearyl meth-
acrylate present in the copolymer.

In turn, to determine the composition of the SSC copolymers,
we used the areas corresponding to the methyl hydrogens of the
terminal methyl group (CHj) of the hydrocarbon segment of
stearyl cinnamate, which presents a chemical shift at 0.90 ppm,
and the hydrogens of styrene, with chemical shift between 6.2
and 7.25 ppm. Equations (4) to (6) describe the calculations to
measure the molar ratios of the STY-CIN (SSC) copolymers:

A 5E+5C @
B 3C
mol STY X
%STY= X100 or %STY= X100
mol copolymer SSC (X+Y)
(5)
1 CIN Y
%CIN= —1© X100 or %STY=——— X100

mol copolymer SSC (X+Y)

(6)

where A is the area under the peak referring to the aromatic
hydrogens of styrene and stearyl cinnamate, B is the area under
the peak referring to the hydrogens of the terminal methyl
group of stearyl cinnamate, E is the hydrogens related to the
aromatic ring of styrene; C is the hydrogens related to the ter-
minal methyl group and the hydrogens of the aromatic ring of
stearyl cinnamate, %STY is the molar percentage of the styrene
present in the copolymer, and %CIN is the molar percentage of
the stearyl cinnamate present in the copolymer.

Fourier Transform Infrared Spectroscopy. The sulfonated and
nonsulfonated copolymers were characterized qualitatively by
FTIR with an attenuated total reflectance (ATR) accessory. The
spectra were acquired in the region between 4000 and
600 cm ™", with resolution of 16cm™"'. The analyses were per-
formed with a Varian 3100 FTIR spectrometer with a germa-
nium crystal ATR accessory.

Elemental Analysis. The content of the sulfonic groups present
in the sulfonated copolymers of SSMA and SSC were determined
with a LECO SC 632 sulfur analyzer (St. Joseph, Michigan). The
elemental analysis technique involves burning the sample in a
tubular oven at 1500°C under oxygen flow. The sulfur is con-
verted into SO, and oxidized to SO;. Finally, the gases pass
through an infrared detector, and the percentage by mass of sul-
fur (S) is calculated by the device by integration of the area
under the SO; peak and by the sample mass. The sulfur content
was determined by the device in mass percentage, and then the
sulfonation degree was calculated by eq. (7), where DS is the
degree of substitution of the sulfonic groups in the copolymer
chain, “mass of mer” is the molar mass of the monomeric unit
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Table I. Solubility Parameters of Solvents Used in Solubility Tests

Solubility parameter,

Solvents 5 (MPa/)
n-Heptane 15.3
n-Heptane:dioxane 95:5 15.56
n-Heptane:dioxane 90:10 15.82
n-Heptane:dioxane 80:20 16.34
n-Heptane:dioxane 70:30 16.86
n-Heptane:THF 30:70 18.24
n-Heptane:dioxane 40:60 18.42
n-Heptane:THF 20:80 18.66
n-Heptane:dioxane 35:65 18.68
n-Heptane:THF 10:90 19.08
n-Heptane:dioxane 20:80 19.46
THF 19.5
Dioxane 20.5
Dioxane:isopropanol 90:10 20.8
Dioxane:isopropanol 70:30 21.4
Dioxane:isopropanol 50:50 22.0
Dioxane:isopropanol 30:70 22.6
Dioxane:isopropanol 20:80 22.9
Dioxane:isopropanol 10:90 23.2
Isopropyl alcohol 23.5

comprising styrene and stearyl methacrylate after the copolymer-
ization, S is the mass percentage of sulfur, and 32 and 81 are the
molar masses of sulfur and the sulfonic group, respectively.

mass of merX100XS$
DS= (7)
32X100— (81XS)

Size Exclusion Chromatography. SEC enables obtaining a distri-
bution profile of the molar masses and the relative values of the
number-average molar mass (M,) and weighted-average molar
mass (M,,).* For that purpose, we used three KF-806M (Munich,
Germany) chromatographic columns in series, covering a broad
molar mass range. Tetrahydrofuran (THF) was used as the mobile
phase, and the samples were prepared at a concentration of 0.5%
(p/v) and filtered through a hydrophilic membrane (Durapore-
Millipore (Darmstadt, Germany), 0.45 um mesh) before injection
in the columns. The equipment used was a Viscotek (Worcester-
shire, England) GPC Max VE-2001 multidetector.

Solubility Behavior of the Polymers

The SSMA and SSC copolymers, with and without sulfonation,
were tested for solubility to correlate the solubility with the sul-
fonation degree resulting from the different reaction times for
each copolymer. The solvents used in the solubility tests, as well
as the respective solubility parameters,**™° are reported in Table
I. The solubility parameter (J) is such a guide to aid in predict-
ing mutual solubility, and it is based on the principle that “like
dissolves like.” The term solubility parameter was first used by
Hildebrand and Scott, and for solvents it can be calculated by
the square root of the cohesive energy density.**>° The solubil-
ity tests involved mixing 2mL of solvent and 10mg of each
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Figure 5. "H-NMR spectrum of stearyl methacrylate.

sample in a test tube. The tubes were closed with stoppers and
kept at room temperature for 24h for subsequent analysis of
solubility of the samples in the solvents employed.

Some binary mixtures of these solvents were also prepared, and
their solubility parameter values were calculated based on the
weighted average (by volume fraction in the mixture) of the sol-
ubility parameters of the pure solvents, according to eq. (8):

5miX:(51X¢l)+(52X¢Z)+"'+(5n><¢ﬂ) (8)

where ¢ denotes the solubility parameter, and ¢ is the fraction
by volume of each solvent in the mixture.

The solubility parameters of the solvent systems varied as a
function of the type of solvent and the composition used, as
shown also in Table I.

RESULTS AND DISCUSSION

Characterization of the Monomers and Copolymers

by '"H-NMR and SEC

The monomer stearyl methacrylate, prepared by reacting metha-
cryloyl chloride and stearyl alcohol, was characterized by 'H-
NMR. The spectrum shown in Figure 5 presents peaks at 6.10

= e Rl O - o w0 o
|ny @n = - ®
L S - -1 -+ - o
- A | 11
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Chemical shift (ppm)

Figure 6. "H-NMR spectrum of stearyl cinnamate.
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Figure 7. "H-NMR spectrum of SSMA copolymer (SSMA-mass2). [Color fig-
ure can be viewed in the online issue, which is available at wileyonlinelibrary.
com.]|

and 5.55 ppm, referring to the hydrogens bound to the unsatu-
rated carbon atom; a peak at 4.11 ppm related to the hydrogens
bound to the carbons together with oxygen (—O—CH,—) and
characteristic of esters; a peak referring to the hydrogens of the
methyl radical near the unsaturation, at 1.94 ppm; a stronger
peak, with chemical shift at 1.26 ppm, related to the methylene
hydrogens referring to the hydrocarbon segment of the stearyl
radical; and a peak at 0.88 ppm, referring to the terminal methyl
radical of the mentioned hydrocarbon radical.

The monomer stearyl cinnamate, obtained by reacting thionyl
chloride with cinnamic acid, was also characterized by 'H-
NMR. The spectrum shown in Figure 6 presents peaks at
around 7.29 and 7.5 ppm, related to the hydrogens of the aro-
matic ring of cinnamic acid; peaks at 6.30 ppm, referring to the
hydrogens near the unsaturation; peaks at 4.13 ppm, related to
the hydrogens linked to the carbon near the oxygen (O—CH,)
and characteristic of an ester group; a stronger peak, with
chemical shift at 1.18 ppm, related to the methylene hydrogens
referring to the hydrocarbon segment of the radical stearyl; and
a peak at 0.90 ppm, referring to the terminal methyl radical
of the mentioned hydrocarbon radical. These peaks appear in

Table II. Composition and Molar Mass of the Copolymers SSMA and SSC
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Figure 8. "H-NMR spectrum of SSC copolymer (SSC-mass2). [Color figure
can be viewed in the online issue, which is available at wileyonlinelibrary.
com.]

regions of lower chemical shift because they are only weakly
influenced by the chemical environment.

The 'H-NMR spectra of the SSMA-mass2 and SSC-mass2
copolymers are presented in Figures 7 and 8, respectively.

The spectrum shown in Figure 7 confirms that the desired
structure of the SSMA copolymer was achieved. This confirma-
tion can be inferred from the disappearance of the characteristic
hydrogen peaks of the unsaturation of both monomers, which
normally appear at 5.22, 5.73, and 6.29 ppm for styrene and at
5.54 and 6.09 ppm for stearyl methacrylate. In the region related
to the monomeric unit, traces of double bonds of residual
monomers can be observed. Other peaks that corroborate the
expected structure are found near 6.5 and 7.5 ppm, referring to
the hydrogens of the aromatic rings, and in the region between
0.7 and 1.9 ppm, referring to the hydrocarbon segment of stea-
ryl methacrylate.

Examination of the spectrum of SSC in Figure 8 shows a chemical
shift, indicating the formation of the desired copolymer. This con-
firmation is related to the disappearance of the characteristic
hydrogen peaks of the unsaturation of both monomers, which

Molar composition Molar composition

Molar composition

Code at feed (STY/SMA) at feed (STY/CIN) by *H-NMR Reaction time (h) M, (g/mol) MM
SSMA-mass1 95/5 = 95/5 LB 126,000 2.84
SSMA-mass2 70/30 - 81/19 3 136,000 4.34
SSMA-mass3 70/30 = 82/18 4 56,500 242
SSMA-mass4 70/30 - 82/18 5 67,800 462
SSMA-mass5 50/50 = 53/47 5 92,300 2.87
SSMA-soll 70/30 - 83/17 48 36,600 2.00
SSMA-sol2 50/50 = 60/40 48 123,000 210
SSC-massl - 95/5 93/7 1.5 63,600 2.30
SSC-mass?2 = 70/30 85/15 6.5 72,400 1.80
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Figure 9. FTIR spectra of SSMA copolymer with reaction time of 4h
(SSMA-mass4) and theoretical molar ratio of 70/30 (styrene/cinnamate):
(a) before sulfonation, (b) after 15min sulfonation, and (c) after 2h
sulfonation.

normally appear at 5.22 and 5.73 ppm for styrene and at around
6.30 ppm for stearyl cinnamate. Other peaks that corroborate this
inference are found in the region between 6.20 and 7.25ppm,
related to the aromatic hydrogens of both monomers (styrene and
stearyl cinnamate). The regions of low chemical shift contain the
peaks referring to the hydrogens of the hydrocarbon segment of
stearyl cinnamate, as well as the hydrogens of the methyl terminal,
appearing in the region of 0.90 ppm.

"H-NMR spectra were obtained for the other copolymers and
all of them showed the same chemical shifts.

The molar mass composition values of the copolymers obtained
by SEC and all of the reaction variables are reported in Table II
The molar composition results show that the concentration of
styrene incorporated in both the SSMA chain and the SSC chain
is greater than that of the feed. This result is related to the reac-
tivity ratio of the monomers involved in each reaction.

Characterization of the Sulfonated Copolymers by FTIR

The sulfonated copolymers were characterized by FTIR. These
analyses were performed on copolymer samples before sulfona-
tion and after sulfonation at times of 15min and 2h. The FTIR
spectrum of SSMA with monomer ratio of 70/30 (SSMA-mass4)
is presented in Figure 9. The spectra of the sulfonated copoly-
mers [Figure 9(b) and (c)] both contain a band in the region of
1030cm ™', characteristic of symmetric stretching of the
O=S=O0 fragment present in the sulfonic group.”’ Another
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vibration, indicating the presence of sulfonic groups in the
copolymer after the reaction, is found in the region between
2900 and 3600cm™'. This wide band is characteristic of the
stretching of the O—H bond related to the SO;H acid group.”

The spectra of the other copolymers of SSMA and SSC also indi-
cate that insertion of sulfonic groups occurred after sulfonation.
All of the spectra contain characteristic bands of the substitution
of aromatic hydrogens by a sulfonic group from the acetyl sulfate.

Elemental Analysis of the Sulfonated Copolymers

The sulfonation degree results obtained by elemental analysis,
calculated from the mass percentage of sulfur contained in the
copolymers, are presented in Table III. In general, it can be seen
that the sulfonation method used was effective regarding inser-
tion of sulfonic groups in the aromatic ring present in the chain
of both copolymers. In some cases (SSMA-mass3, SSMA-mass4,
SSMA-soll, SSMA-sol2, and SSC-mass2), with sulfonation times
longer than 60 min, the sulfonation degree did not behave as
expected; that is, there was greater substitution of aromatic
hydrogens by the sulfonic acid groups with longer contact time
between the sulfonation species and copolymer. According to
the literature, this behavior can be related to the desulfonation
process with increasing contact time because sulfonation is a
reversible process.>

Solubility Tests of the Synthesized Copolymers

The solubility tests were performed to the SSMA and SSC
copolymers, with and without the insertion of sulfonic groups
in their structures. Table IV presents the solubility results for
each copolymer. In general, the solubility results are consistent
with the sulfonation degree values reported in Table III.

The solubility results for the copolymer SSMA-massl, without
sulfonic groups, show that it had solubility in a narrower range
of & values (16.86 to 21.4 MPa'’?) than the other copolymers
without sulfonation. This behavior is consistent with its less
amphiphilic character, which is due to the balance between the
aromatic groups and the long-chain ester groups in the compo-
sition (95/5). In other words, this copolymer had the lowest
concentration of long apolar hydrocarbon chains.

Copolymer SSMA-mass2, without the presence of a sulfonic
group, presented amphiphilic characteristics, which can be related
to its solubility in solvents having a wide range of solubility
parameters (15.56 to 22.0 MPa'?). The correlation of the solubil-
ity results with the sulfonation degree (Table III) of the sulfonated
SSMA-mass2 copolymer indicates a consistent behavior because

Table III. Sulfur Content for SSMA and SSC Copolymers Submitted to Sulfonation Reaction

Degree of sulfonation (%)

Sulfonation SSMA- SSMA- SSMA- SSMA- SSMA- SSMA- SSMA- SSC- SSC-

time (min) massl mass2 mass3 mass4 mass5 soll sol2 massl mass2
15 24.68 16.65 20.50 23.78 23.78 21.60 19.30 14.76 22.01
30 39.07 19.60 50.39 26.04 20.64 24.44 20.04 27.97 22.35
60 55.04 32.79 55.88 70.67 27.56 41.62 31.71 31.08 40.24
90 55.71 38.91 46.62 66.64 34.40 71.91 40.34 21.34 62.00
120 68.91 57.40 61.81 51.38 28.48 58.24 30.63 2712 50.58
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the increase in the concentration of sulfonic groups makes the
copolymer insoluble in solvent with lower  values and at the
same time increases its solubility at J values higher than the range
mentioned above. Just as for the SSMA-mass2 copolymer, SSMA-
mass3 and SSMA-mass4 also showed broad solubility ranges (15.3
to 22.0 MPa'? and 15.3 to 22.0 MPa'/?, respectively). With respect
to SSMA-mass3 with sulfonation degree greater than 50.39%, the
same solubility behavior is observed in solvents with higher ¢ val-
ues (22.9 MPa'’?). This result is in line with the sulfonation degree
values obtained, which are mutually similar. At lower ¢ values, an
exception is observed in SSMA-mass3 with a sulfonation degree
of 50.39%, which presented solubility starting at 15.82 MPa'/%;
the others were only soluble in solvents with a solubility parame-
ter greater than or equal to 16.86 MPa'/%. This behavior can be
explained by the collaboration of part of the copolymer molecules
without sulfonation in dissolving the sulfonated molecules
because the sulfonation process is random, enabling the distribu-
tion of sulfonic acid groups in the copolymer’s structure to be
highly heterogeneous.”’

The solubility test results also were consistent with the sulfona-
tion degree results for copolymer SSMA-soll. Note that this
sample, with the highest sulfonation degree (71.91%), was solu-
ble in the range between 18.24 and 22.9 MPa'’%, which is higher
than that of the other samples.

Analysis of the solubility results for copolymers SSMA-mass5 and
SSMA-sol2 showed solubility in a broader range for SSMA-
mass5, which is characteristic of amphiphilic molecules. In rela-
tion to the sulfonation degree, there is consistency, mainly in the
upper solubility limits, because sample SSMA-mass5 with a maxi-
mum sulfonation degree (34.40%) presented higher solubility at
higher ¢ values (22.0 MPa'?). In turn, the samples of SSMA-sol2
with and without sulfonic groups showed solubility in a narrower
range than did SSMA-mass5. This can be related to the higher
molar mass of SSMA-sol2 (123,000 g/mol) or a difference in the
distribution of the sulfonic groups in the chain.

Finally, analysis of the solubility results of the copolymers of
styrene and stearyl cinnamate SSC-massl and SSC-mass2 (sty-
rene/cinnamate compositions of 93/7 and 85/15, respectively),
with and without sulfonation, showed that the solubility behav-
ior of the nonsulfonated samples is in line with their composi-
tions: the copolymer with the highest concentration of long
hydrocarbon chains (SSC-mass2) was soluble in a broader range
(15.82 to 22.6 MPa'?) than that with a low concentration of
apolar groups (SSC-massl), which had a solubility range of
15.82 to 22.0 MPa'? In relation to the sulfonated copolymers,
the solubility of SSC-mass2 was influenced only when the
copolymer has a sulfonation degree higher than 50%, in which
case the solubility range was shifted (as expected) to higher
ranges than for 15% sulfonation. This suggests that copolymers
of this type with a lower concentration of long hydrocarbon
chains become more susceptible to solubility variation with
insertion of relatively low concentrations of polar groups. The
more polar character assumed by the sulfonated SSC-massl
sample is shown by its solubility in solvents with higher param-
eters: the sample with 31.08% sulfonation was soluble in sol-

vents with & values up to 23.2 MPa'/,
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CONCLUSIONS

We obtained copolymers made of SSMA and SSC with varied
compositions and sulfonation degrees, generating a family of
copolymers with distinct hydrophilic-lipophilic balances. Of the
SSMA copolymers, those with a higher concentration of styrene
without sulfonic groups were less amphiphilic and were soluble
in narrow ranges of ¢ values. In contrast, the copolymers with a
lower concentration of styrene without sulfonic groups were
more amphiphilic and were soluble in broader ranges. The
increase in the sulfonic groups in the molecule made the copol-
ymer insoluble in solvents with lower ¢ values and increased
the solubility at higher ¢ values. Comparing the SSMA copoly-
mers with the same proportions between monomers showed
that the one with the highest molar mass presented solubility in
a narrower range. On the other hand, of the SSC copolymers
without sulfonation, that with the highest hydrocarbon chain
concentration had a wider range of ¢ values, while with sulfona-
tion, the more polar copolymer was soluble in solvents with
higher 6. In general, with increasing polar group content, the
solubility is not only displaced for solvents with higher solubil-
ity parameter, but the range in which the polymer is soluble
becomes narrower.

ACKNOWLEDGMENTS
The authors thank FAPER], CNPq, ANP, and Petrobras.

REFERENCES
1. Cardoso, J. J. E; Spinelli, L. S.; Monteiro, V.; Lomba, R.;
Lucas, E. E. Express Polym. Lett. 2010, 4, 474.

2. Pires, R. V.; Oliveira, R. S.; Lucas, E. F; Martins, A. L. J.
Appl. Polym. Sci. 2011, 119, 2502.

3. Nunes, R. C. P; Pires, R. V,; Lucas, E. F; Vianna, A,
Lomba, R. J. Appl. Polym. Sci. 2014, 131, 40646.

4. Nunes, D.; Silva, A.; Cajaiba, H.; Gramatgez, A.; Lachter, E.;
Nascimento, R. J. Appl. Polym. Sci. 2014, 131, 41085.

5. Ramalho, J.; Ramos, N.; Lucas, E. Chem. Chem. Technol.
2009, 3, 53.

6. Alvares, D. R. S.; Lucas, E. E Pet. Sci. Technol. 2000, 18, 195.

7. Machado, A. L. C. M,; Lucas, E. E; Gonzélez, G. J. Pet. Sci.
Eng. 2001, 32, 159.

8. Gentili, D.; Khalil, C. N.; Lucas, E. F. Polimeros 2004, 14,
283.

9. Vieira, L.; Buchuid, M.; Lucas, E. Chem. Chem. Technol.
2008, 2, 211.

10. Lucas, E. E; Mansur, C. R. E.; Spinelli, L.; Queiros, Y. G. C.
Pure Appl. Chem. 2009, 81, 473.

11. Mansur, C. R. E; Melo, A. R; Lucas, E. E Energy Fuels
2012, 26, 4988.

12. Vieira, L. C; Buchuid, M. B.; Lucas, E. E J. Appl. Polym.
Sci. 2012, 126, 143.

13. Lucas, E. E; Oliveira, C. M. E Polym. Bull. 1990, 24, 363.

14. Lucas, E. E L; Oliveira, C. M. E; Gomes, A. S. J. Appl.
Polym. Sci. 1992, 46, 733.

J. APPL. POLYM. SCI. 2016, DOI: 10.1002/APP.43112



http://onlinelibrary.wiley.com/
http://www.materialsviews.com/

ARTICLE

15.

16.

17.

18.

19.

20.

21.

22.

23.

24,

25.

26.

27.

28.

29.

30.

31.

32.

33.

h\Tiﬂ"} WWW.MATERIALSVIEWS.COM
1

Ml

Al-Sahhaf, T. A.; Fahim, M. A.; Elkilani, A. S. Fluid Phase
Equilib. 2002, 194, 1045.

Ghloum, E.; Al-Qahtani, M.; Al-Rashid, A. J. Pet. Sci. Eng.
2010, 70, 99.

Moreira, L. F. B.; Gonzilez, G.; Lucas, E. E J. Appl. Polym.
Sci. 1999, 73, 29.

Wang, J; Li, C; Zhang, L; Que, G.; Li, Z. Energy Fuels
2009, 23, 3625.

Lima, A. F; Mansur, C. R. E; Lucas, E. F; Gonzilez, G.
Energy Fuels 2010, 24, 2369.

Bertelli, J. N; Dip, R. M. M.; Pires, R. V.; Albuquerque, E.
C.; Lucas, E. E. Energy Fuels 2014, 28, 1726.

Melo, M. A.; Lucas, E. F. Chem. Chem. Technol. 2008, 2,
295.

Silva, I. P. G.; Lucas, E. F; Franga, E. P. Chem. Chem. Tech-
nol. 2010, 4, 73.

Silveira, K. C.; Sheng, Q.; Tian, W.; Lucas, E. F; Wood, C.
D. J. Appl. Polym. Sci. 2015, 132(47), 42797.

Brostow, W.; Pal, S.; Singh, R. P. Mater. Lett. 2007, 61,
4381.

Brostow, W.; Lobland, H. E. H.; Pal, S.; Singh, R. P. J. Mater.
Ed. 2009, 31, 157.

Dias, E. T. G.; Souza, R. R.; Lucas, E. E Chem. Chem. Tech-
nol. 2013, 7, 451.

Dias, E T. G.; Souza, R. R.; Lucas, E. E Fuels 2015, 140,
711.

Zhou, J; Wang, L; Yang, Q.; Dong, X.; Yu, H. Colloid
Polym. Sci. 2007, 285, 1369.

Cho, E. C.; Lim, H. J;; Shim, J.; Kim, J.; Chang, I. S. Colloid
Surf. A 2007, 299, 160.

Wu, Z; Zhao, Y,; Qiu, E; Li, Y.; Wang, S.; Yang, B.; Chen,
L.; Sun, J.; Wang, J. Colloid Surf. A 2009, 350, 121.

Liu, C.; Ni, P; Fang, X.; Zhou, X.. Colloid Polym. Sci. 2009,
287, 45.

Sun, G; Zhang, M.; He, J.; Ni, P. J. Polym. Sci. Part A 2009,
47, 4670.

Desai, R. C; Kapral, R. Dynamics of Self-Organized and
Self-Assembled Structures; Cambridge University Press: New
York, 2009.

WILEYONLINELIBRARY.COM/APP

34.

35.

36.

37.

38.

39.

40.

41.

42.

43.

44,

45.

46.
47.

48.

49.

50.

51.
52.

43112 (10 of 10)

Applied Polymer

SCIENCE

Zhou, J.; Wang, L; Wang, C; Chen, T.; Yu, H,; Yang, Q.
Polymer 2005, 46, 11157.

Lin, C. T; Shiau, E T; Chern, C. S. Colloid Polym. Sci.
2009, 287, 1139.

Pitsikalis, M.; Siakali-Kioulafa, E.; Hadjichristidis, N. Macro-
molecules 2000, 33, 5460.

Matsuoka, H.; Matsutani, M.; Mouri, E.; Matsumoto, K.
Macromolecules 2003, 36, 5321.

Zhang, J.; Dubay, M. R.; Houtman, C. J.; Severtson, S. J.
Macromolecules 2009, 42, 5080.

Kucera, E; Jancar, J. Polym. Eng. Sci. 1998, 38, 783.
Rodrigues Filho, G.; Assungao, R. M. N.; Marques, E. C. A;
Corrente, N. G.; Meireles, C. S.; Cerqueira, D. A.; Landim,
A . S. Quim. Nova 2008, 31, 2004.

Fu, T.; Cui, Z.; Zhong, S.; Shi, Y; Zhao, C; Zhang, G
Shao, K.; Na, H.; Xing, W. J. Power Source 2008, 185, 32.
Do, K. N. T.; Kim, D. J. Power Source 2008, 185, 63.

Lucas, E. E; Ferreira, L. S.; Khalil, C. N. In Encyclopedia of

Polymer Science and Technology; Mark, H. E, Ed.; Wiley:
New York, 2015; pp 1-50.

Gomes, A. M.Sc. Thesis, Universidade Estadual de Campi-
nas, Sao Paulo, Brazil, 2008.

Baigi, D.; Seery, T. A. P; Williams, C. E. Macromolecules
2002, 35, 2318.

Elabda, Y. A.; Napadensky, E. Polymer 2004, 45, 3037.

Lucas, E. E; Soares, B. G.; Monteiro, E. E. C. Caracterizagao
de polimeros: Determinagao de peso molecular e andlise
térmica; E-papers: Rio de Janeiro, Brazil, 2001. Available at:
http://www.e-papers.com.br.

Barton, A In Handbook of Solubility Parameters and Other
Cohesion Parameters, 2nd ed.; CRC Press: Boca Raton, FL, 1983.

Barton, A. In Handbook of Polymer-Liquid Interaction
Parameters and Solubility Parameters; CRC Press: Boca
Raton, FL, 1990.

Hansen, C. In Hansen Solubility Parameters: A User’s Hand-
book, 2nd ed.; CRC Press: New York, 2007.

Zhang, X.; Liu, S.; Liu, L;; Yin, J. Polymer 2005, 46, 1719.

Aversa, T. M.; Queirds, Y. G. C.; Lucas, E. F. Polimeros 2014,
24, 45.

J. APPL. POLYM. SCI. 2016, DOI: 10.1002/APP.43112



http://www.e-papers.com.br
http://onlinelibrary.wiley.com/
http://www.materialsviews.com/

	l
	l

