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tants, polymeric surfactants have lower critical micelle concentrations and lower diffusion
coefficients. In this paper, we present a well defined copolymer based on lauryl methacry-
late and poly(ethylene glycol) methyl ether methacrylate, prepared by solution radical
copolymerization. The product was characterized by NMR and FTIR spectroscopies and
the weight-average molecular weight and polydispersity index were analyzed by SEC.
The thermal transitions and decomposition temperatures of the copolymers were deter-
mined by DSC and TGA, respectively. Due to the hydrophobic and hydrophilic nature of
the monomer units, emulsification studies were performed. DLS experiments showed dif-
ferent sizes of the formed micelles depending on solvent polarity due to polymer-polymer
or polymer-solvent interactions. Rheological characterization was undertaken to study the
viscoelastic properties of the dispersed systems. Finally, two types of experiments to eval-
uate the polymer abilities as surfactant have been carried out. Firstly, the amphiphilic char-
acteristics of this material allowed the incorporation of small amounts of an organic
solvent in water forming only one phase, as well as the incorporation of small amounts
of water in the organic solvent forming an emulsified phase. Then, the amphiphilic prop-
erties of this macrosurfactant have been fully exploited in order to form highly stable dis-
persions of carbon nanotubes in water.

© 2016 Elsevier Ltd. All rights reserved.

1. Introduction

Emulsions are mixtures of immiscible liquids in which one of them is finely dispersed within the continuous phase of the
other [1]. Emulsified systems (generally dispersion of an oily/hydrophobic phase in water) play a key role in many produc-
tion processes in industries [2-4]. The most effective strategy to inhibit the phase separation is through the addition of sur-
factants. These entities modify the interfacial characteristics of the dispersed phases and prevent from the coalescence of the
system [5]. In the last years, the use of Pickering emulsions introduced an alternative to classical emulsions. In Pickering
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emulsions, particles act as stabilizers because these are partially wet by both liquids, oil and water. The particles are localized
in the interface, thus providing a barrier to droplet coalescence [6]. For classical emulsions, it is well known that the incor-
poration of these amphiphilic molecules promotes the formation of a viscoelastic film around the dispersed system, thus
decreasing the tendency to coalesce. While the use of conventional low molecular weight surfactants can, in first instance,
promote the dispersion of oil phases in aqueous systems, colloidal stability of these systems is very limited, and sometimes a
considerable amounts of surfactant is required to modify the interfacial properties of the disperse phases [7]. The surfactant
abilities of these materials are not only useful for systems consisting of two immiscible liquids, but also for systems consist-
ing of a liquid and a solid (i.e. carbon nanotubes and water). In this sense, the ability to disperse carbon nanotubes in water
using amphiphilic polymer materials has allowed the development of nanotechnology in aqueous systems [8].

An important weakness of traditional surfactants compared to polymeric materials is a significant deterioration of their
rheological characteristics at elevated temperatures. To overcome this disadvantage, some authors have proposed to com-
bine the useful properties of polymeric materials with those of traditional surfactants [9-12]. While the rheological proper-
ties of polymer/surfactant systems have been extensively studied to date, most of the investigations concerned to low
surfactant concentrations and their stability remain limited [13-15].

On the other hand, the implementation of amphiphilic block copolymers as emulsifying agents has shown to have higher
efficiency than that of low molecular weight surfactants [16-19]. These systems are commonly called “polymeric surfac-
tants”. Compared to traditional surfactants, the polymeric surfactants have lower critical micelle concentrations and lower
diffusion coefficients. The reduced mobility of polymeric surfactant is an important aspect since a high mobility of the emul-
sifier could weaken the formation of the stabilizing layer in the dispersed system. In this case, the hydrophilic layer provides
steric stabilization and improvement of the colloidal stability of the emulsion in the presence of shear, stirring, or even sud-
den changes in ionic strength or temperature.

Thermal radical polymerization represents a widely used technique to produce polymeric materials at large industrial
scale. This technique has some limitations in terms of the variety of monomers that can be employed as well as the poly-
meric structures that can be obtained. In addition, the production of block copolymers by this approach is limited and gain-
ing control over the polymer properties at high conversions is not trivial [20].

Several authors have published articles on the preparation of amphiphilic copolymers using thermal radical polymeriza-
tion. These works consist on the use of monomers with long polar and nonpolar pendant groups to confer amphiphilic char-
acteristics to the macromolecular [21-25].

The aim of this study is to design and prepare a macrosurfactant displaying emulsifying properties using lauryl methacry-
late and poly (ethylene glycol) methyl ether methacrylate as constituting monomer units. We studied the thermal properties
of the copolymer obtained, its amphiphilic characteristics responsible for the emulsifying properties and its ability to dis-
perse and stabilize carbon nanotubes in aqueous solutions.

2. Experimental
2.1. Materials

Lauryl methacrylate (LMA, 96% Aldrich) and poly(ethylene glycol) methyl ether methacrylate (PEGMA, average Mn 500
Aldrich) were distilled under reduced pressure before use. The initiator, 1,1’-azobis(cyclohexanecarbonitrile) (VAZO, 98%,
Aldrich) and all solvents (diethyl ether (RPE, Anedra), toluene (RPE, Anedra), isopropanol (RPE, Anedra), chloroform (RPE,
Carlo Erba) and tetrahydrofuran (RPE, Carlo Erba)) were used as received.

2.2. Copolymer polymerization

The copolymer was synthesized by solution radical polymerization using 1,1’-azobis (cyclohexanecarbonitrile) as a rad-
ical initiator, as previously reported [26]. Briefly, 4.00 g (8 mmol) of PEGMA and 0.51 g (2 mmol) of LMA were introduced
into a Schlenk tube with a pre-weighed amount of initiator (244 mg, 1 mmol) and 3 mL of toluene. The mixture was pro-
tected from light and purged with N, at —10 °C for 30 min. Then, the closed tube was heated at 70 °C. After 40 min, the poly-
mer was precipitated in diethyl ether and purified by two steps of dissolutions in chloroform and precipitation in diethyl
ether, centrifuged and dried under vacuum. Yield was 26%.

The poly-LMA and poly-PEGMA homopolymers were also prepared (see Supporting Information for details).

2.3. Characterization techniques

The 'H NMR spectra of the polymers were recorded on a Bruker Spectrometer, 300 MHz. The typical spectral conditions
were as follows: spectral width 3201 Hz, acquisition time 4.09 s and 8-16 scans per spectrum. The digital resolution was
0.39 Hz per point. Chloroform-d; was the solvent and tetramethylsilane (TMS) the internal standard. The sample concentra-
tion was 7.0 wt.% and the spectra were recorded at 40 °C.
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The attenuated total reflection-Fourier transform infrared (ATR-FTIR) spectra of the polymer films were recorded on a
Varian 660 FTIR spectrometer between 4000 and 400 cm~! with a resolution of 2 cm™! and 64 accumulated scans. The films
were prepared by the solvent casting method in chloroform.

The average molecular weight and the molecular weight distribution were determined by SEC in a LKB-2249 instrument
at 25 °C. A series of four p-Styragel columns (10°, 104, 103, 100 A pore size) were used with chloroform as eluent. The poly-
mer concentrations were 5 mg/mL, and the flow rate was 0.5 mL/min. The polymer was detected by infrared (IR) absorption
at 5.75 pum with a Miram IA spectrophotometer detector. Poly methyl methacrylate standards supplied by Polymer Labora-
tories and Polysciences Inc. were used for calibration.

The copolymer and homopolymers thermal properties were evaluated by differential scanning calorimetry (DSC) and
thermogravimetric analysis (TGA). Experiments were carried out in a DSC 8500 Hyper DSC Perkin Elmer, in nitrogen atmo-
sphere, at 10 °C/min heating and cooling rate, from —70 to 185 °C. TGA experiments were performed using a Q500-TA Instru-
ments setup, under nitrogen, from room temperature up to 700 °C and gas purged at 90 mL/min.

The emulsifying properties were evaluated by dynamic light scattering (DLS) (Zetasizer Nano Z). To determine the scat-
tering intensity of the copolymer dispersion as a function of solvent content, different solutions were probed at a wavelength
of 632 nm. The analysis of DLS and size results has been carried out through distribution fit. The viscosities values used were
the solvent pure values at the measurement temperature (20 °C).

Rheological studies of LMA,-co-PEGMAg g copolymer solutions in chloroform (10 wt%) were performed in a TA Instru-
ments ARG2 Rheometer using the 60 mm parallel plate shear mode. Stepped flow and viscosity curves were determined
at 5 °C. Dynamic viscoelastic experiments were also performed to measure the storage modulus, G/, the loss modulus G”,
and the loss tangent, tans. The linear viscoelastic region was determined with the aid of a strain sweep. Frequency sweeps
extending from 0.1 to 100 Hz were performed at 10 °C and strain amplitudes of 1, 100 and 500%.

3. Results and discussion
3.1. Copolymer synthesis and characterization

The radical copolymerization of lauryl methacrylate (LMA) with poly(ethylene glycol) methyl ether methacrylate (aver-
age Mn 500) (PEGMA) led to a copolymer (LMAg>-co-PEGMAqs) whose structure, 'H NMR spectrum (in deuterated chloro-
form) and assignments of resonance signals are shown in Fig. 1c. Figs. 1a and 1b show the "H NMR of poly-PEGMA and poly-
LMA homopolymers, respectively. The copolymer structure also was confirmed by ATR-FTIR: 2930 and 2850 cm~! (C—H, Ali-
phatic), 1700-1730 cm~!(C=0, ester), 1050 and 1290 cm~! (C—O0, ester), 1180 cm~' (C—0—C, ester of PEGMA).

The copolymer composition was estimated from the 'H NMR spectrum (Fig. 1¢) using the integral ratio of the peaks at
& =3.66 ppm (signal ¢’ + d’ for PEGMA monomer, see Fig. 1a) and 6 = 1.29 ppm (signal e for LMA monomer, see Fig. 1b), using
Eq. (1), giving a value equal to monomer mole fraction in the initial mixture (feed), LMAg;-co-PEGMAg g.
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Fig. 1a. Structure of Poly-PEGMA and 'H NMR spectrum with assignments of resonance signals.
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Fig. 1b. Structure of Poly-LMA and 'H NMR spectrum with assignments of resonance signals.
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Fig. 1c. 'H NMR spectrum with assignments of resonance signals (LMAg,-co-PEGMAg3s).
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Fima represents the LMA molar fraction in the copolymers.

The LMAy »-co-PEGMA s wt-average molecular weight (M,,) was 275,500 and the polydispersity index (PDI) 1.6. The PDI

value suggest, based on theoretical predictions [27], that the disproportionation or chain transfer mechanisms are the pre-
dominant termination modes.

3.2. Thermal properties

DSC and TGA measurements provided information about thermal transitions and decomposition temperatures of the
poly-PEGMA and poly-LMA homopolymers and LMAg>-co-PEGMAgg copolymer. Table 1 provides information about the
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Table 1

Thermal properties of DSC and TGA studies of copolymer and homopolymers synthesized. Glass-transition temperature (Tg), melting temperature (Tm),
crystallization temperature (Tc), Initial degradation temperature (IDT), temperature of 5% of degradation (T5%) and Tmax. All values are represented in Celsius
(°C).

Polymer Tg Tm IDT T 5% T max
Poly-PEGMA - -3 245 287 394
Poly-LMA -48 - 199 243 298
LMAy2-co-PEGMA g —46 2 245 285 385

thermal transition of copolymer and homopolymers synthesized. The Tg value of the poly-LMA is —52 °C, which is close to
the literature values [28]. DSC curves for poly-PEGMA, showed a melting point at —3 °C and crystallization point at —48 °C,
the differences between these values might be ascribed to the metastability of crystalline segments formed between poly-
ethylene oxide pendant groups in PEGMA monomer units [29]. LMAg-co-PEGMA g showed both thermal transitions, there-
fore, these copolymer exhibit different structural configurations in the solid state: amorphous and semicrystalline. DSC
curves are displayed in Supporting Information file.

TGA measurements of poly-LMA, LMA, ;-co-PEGMA s and poly-PEGMA were performed under nitrogen stream to deter-
mine the decomposition temperatures for the synthesized polymers. Table 1 provides information about the thermal degra-
dation of copolymer and homopolymers synthesized, initial degradation temperature (IDT), T 5% and Tmax. Fig. 2 shows
their decomposition profiles, these curves display only one thermal event and all characteristic temperatures shown in
Table 2 show that LMAg>-co-PEGMAg g and poly-PEGMA exhibit higher thermal stability as compared to poly-LMA. These
differences suggest a greater thermal stability of systems with higher content of the polar monomer, due to the presence
of stronger interactions and complex radical degradation mechanism, as already reported for such systems [30]. On the other
hand, the thermal degradation of poly(n-alkyl methacrylates) such as PMMA is essentially the reverse process of its polymer-
ization, resulting in the monomer entities in 100% yield [31].

3.3. Emulsification studies

Because of their amphiphilic character, LMAg,-co-PEGMA g has been dissolved in water, chloroform and toluene (only
for this polymer composition, LMAg,-co-PEGMAg g, the dissolution in all mentioned solvents was possible). Due to its macro-
surfactant character, the copolymer is expected to self-organize in the selective solvents creating defined morphologies. In
order to evaluate the emulsifying ability of the copolymer obtained, LMAg,-co-PEGMAgs was dissolved (concentration
1 g L™!) in water, chloroform and toluene. The dynamic light scattering experiments were employed to determine the hydro-
dynamic diameters (Dy) of possible micelles formed. The hydrodynamic diameter (D) changed from 10.5 nm in toluene to
14 nm in chloroform and 20.5 nm in water (see supporting information for details). This behavior could be attributed to
polymer-polymer or polymer-solvent interactions prevalent in solvents of different polarity, according to copolymer com-
position. The Dy, value confirms that the polymer particle is more expanded in water than in toluene. These results are con-
sistent with the monomer composition of the copolymer. In water, the hydrophilic interaction of PEGMA monomer with the
solvent prevails, producing a larger size, while the lower value obtained in toluene suggests possible PEGMA-PEGMA inter-
actions and LMA-solvent interactions.
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Fig. 2. TGA curves of Poly-LMA, LMAg,-co-PEGMAq g and Poly-PEGMA under N, at 10 °C/min.
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Table 2
DLS size in number for different polymer concentration and different amount of solvent dispersed (water and toluene) in the selected solvent (toluene and
water, respectively).

Amount of dispersed solvent (%) Droplet sizes Toluene dispersed in water (nm) Droplet sizes Water dispersed in toluene (nm)
0 21+7° 11+5%

1 41+£12 4115

5 63+13 93+10

¢ Droplet size in absence of co-solvent.

In order to support the hypothesis that the copolymer may produce micellar structures in certain solvents, different rhe-
ological experiments have been carried out. The flow behavior of copolymer solutions were first studied through flow exper-
iments. Fig. 3 shows the viscosity curve of a copolymer solution obtained at 5 °C in chloroform.

The shape of the curve is characteristic of a pseudoplastic liquid with some considerations: the first Newtonian plateau is
not observed at low shear rates. Instead, a shear thinning is observed between shear rates of 0.01 and about 7 s~'. Then, an
abrupt decrease of viscosity is found between 7 and 20 s~! followed by a level off compatible with the second Newtonian
plateau. The non-newtonian character of the solutions can be accounted for by some sort of aggregation/structuration of
the copolymer in chloroform that can be destroyed with increasing shear rates. Also, a certain type of transition takes place
at around 7 s~!, which entails a drop of the solution viscosity. As reported by Quintana et al. [32], this behavior may be
related to two different processes: (i) the disruption of some kind of flocks that entails a diminution of their volume fraction,
thus lowering the viscosity and (ii) at higher shear rates, coalescence is induced, increasing the aggregates size, which pro-
duces weaker interparticle interactions and therefore, decreasing the viscosity. To gain insight into this behavior, dynamic
shear experiments were performed.

The viscoelastic properties of the copolymer solutions were determined through oscillatory testing. Amplitude strain
sweeps at a frequency of 1 Hz were performed at two different temperatures 5 and 10 °C in chloroform and the results
are depicted in Fig. 4.

Qualitatively, the behavior at both temperatures is the same, with absolute values of G’ and G” being higher at lower tem-
perature, as expected for this type of systems [33,34]|. Analyzing the curve at 5 °C, four different regions can be observed. In
all the regions G’ is lower than G” pointing to a relatively liquid-like behavior. In region 1, G’ and G” increase slightly with the
strain amplitude. The rate of increment of G’ is higher than that of G”, indicating that the system approaches to a solid-like
behavior as the strain increases. This trend is clearer for the system at 10 °C (see Fig. 3). The deformation applied to the solu-
tion may help the copolymer micelles to interact and reorganize into more ordered and stronger flocks. However, at a critical
strain amplitude, both G’ and G” start to decrease with the strain amplitude (region 2). This fact can be associated with the
disruption of the flocks as observed by flow experiments. This region leads to a linear viscoelastic region 3 where G’ and G”
are almost independent of the strain amplitude and, finally, region 4 is attained at a critical stress where the non-linear vis-
coelastic region begins.

In Fig. 5, frequency sweep tests at 5 °C of the copolymer solutions in chloroform at strain amplitudes of 1, 100 and 500%
within regions 1, 3 and 4, respectively are presented. The values of G’ and G” decrease from region 1 to region 4 as pointed
out by the strain amplitude test. Moreover, a crossover of G’ and G” can be seen for the curves obtained at strain amplitudes
within regions 1 and 3 but not for the case of strains within region 4. The crossover frequency provides a good indication of
the viscoelastic behavior of a solution. Solutions with lower crossover points have higher elastic contributions to their rhe-
ological properties [35]. The fact that curves obtained in region 1 have a crossover point lower than curves obtained in region
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Fig. 3. Shear stress and shear viscosity as a function of shear rate under steady shear procedure.
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Fig. 4. Elastic (full symbols) and viscous modulus (open symbols) as a function of % strain at 1 Hz of frequency of LMAg,-co-PEGMA, g at 5 (black) 10 °C
(red). (1) clusters of micelles in the solution, (2) strain thinning (type I) due to the alignment of clusters with flow direction, (3) strong strain overshoot (type
IV) due to the formation of larger clusters, (4) second strain thinning due to the break up or alignment with flow direction. (For interpretation of the
references to colour in this figure legend, the reader is referred to the web version of this article.)

3 points to a higher elastic contribution in region 1 in accordance to the structural representation derived from the previous
experiments. Also, there is no crossover point in the frequency range investigated in the region 4 as expected due to contin-
uous loss of organization/structuring of the system at the highest strain amplitudes.

As the aim of this work was to obtain a copolymer with nonionic-macrosurfactants properties, to enhance the stability of
oil/water interface, aqueous and organic solutions of LMAg,-co-PEGMA, g were mixed with toluene and water, respectively.
Small amounts (1 and 5%) of water were added to a LMAg»-co-PEGMAy g solution in toluene (concentration 1 g L~1), as well
as small amounts (1 and 5%) of toluene were added to LMAg,-co-PEGMA g aqueous solutions (concentration 1 gL™"). For
toluene in LMAg>-co-PEGMAg s aqueous solutions, one single phase was observed (Fig. 6a right). On the other hand, when
water was added to LMAg,-co-PEGMA, 5 toluene solutions, emulsified phases were observed (Fig. 6a left). The results pre-
sented show the ability of LMAg,-co-PEGMAq g copolymer to incorporate both small amounts of organic solvent in water
forming monodomain phases and small amounts of water in organic solvents forming emulsified phases. Similar results
were obtained by Mufioz-Bonilla et al. [36] for block copolymers based on cyclohexyl methacrylate and di(ethylene glycol)
methyl ether methacrylate.

Additionally, in order to evaluate the amphiphilic behavior of this copolymer and its dispersing capability, we tested the
ability of LMAg>-co-PEGMAg g to disperse multi-walled carbon nanotubes (CNTs) in water. The formation of suspensions by
noncovalent stabilization of CNTs represents one of the most traditional strategies [37-40] to manipulate these nanomate-
rials and integrate them in different devices. The modification of CNTs by nonionic-macrosurfactants can be understood in
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Fig. 5. Storage modulus (full symbols) and loss modulus (open symbols) as a function of frequency of LMAg,-co-PEGMAg at 1 (black), 100 (red) and 500
(blue) % of strain. Inset: Crossover of modulus at 1% of strain. (For interpretation of the references to colour in this figure legend, the reader is referred to the
web version of this article.)
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water dispersed toluene dispersed
in toluene in water
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CNTs in H,0 dispersion of dispersion of
CNTs CNTs

Fig. 6. (A) Aqueous and organic solutions of LMAq»-co-PEGMAy s (concentration 25 pig/mL) with small amounts of toluene and water, respectively. 5 and
10% of water were added to a LMAg ,-co-PEGMAg 5 in toluene solution (left), and 5 and 10% of toluene were added to LMAg ,-co-PEGMA g aqueous solutions
(right). (B) Single-walled carbon nanotubes dispersions in a solution of LMAg,-co-PEGMAs. The left-hand pictures correspond to CNTs in water and in
aqueous LMAg-co-PEGMA g polymer solution. The right-hand image shows the dispersion of CNTs in aqueous LMA >-co-PEGMA, g polymer solution one
week after dispersion.

terms of the steric stabilization conferred by the adsorbed polymer layer in which the hydrophobic segments of the surfac-
tant makes contact with the CNTs, while its hydrophilic part is oriented towards the solution. In this context, a low concen-
tration solution of LMAg,-co-PEGMAgs in water (1 gL™!) has allowed to disperse 1 mg/mL of CNTs. Fig. 6b shows the
impossibility of water to disperse CNTs (Fig. 6b left). On the contrary, in the LMAg ;-co-PEGMAq g aqueous solution the dis-
persion of CNTs was highly improved, thus leading to a very stable dispersion - after prolonged storage (weeks) the disper-
sion remained unchanged (Fig. 6b right).

In order to evaluate how the incorporation of small amount of solvent modify the size of micelles, Table 2 shows the DLS
size, in number, obtained by distribution fit, for different polymer concentration and different amount of solvent dispersed
(water and toluene) in the selected solvent (toluene and water, respectively).

As can be seen, small amounts of toluene modify the size of polymer micelles in water (second column and line 2 and 3 in
Table 2) and vice versa, small amounts of water modify the size of polymer micelles in toluene (third column and line 2 and 3
in Table 2). The particle size increased with the addition of counter-solvent, due to their partial solubilization in the micelles.
Interesting, the addition of 1% of solvent dispersed, give equal size by DLS, but the addition of 5% of solvent dispersed, the
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size increase is larger when dispersed water in toluene (column 3 in Table 2) than toluene in water (column 3 in Table 2).
This behavior could be attributed to copolymer composition.

Comparing our results with the results obtained by Mufioz-Bonilla et al. [36], we can infer the properties of the copolymer
presented in this work which was obtained by free radical polymerization in only one step using hydrophilic and hydropho-
bic monomers with large pendant groups, bear a close resemblance to a block copolymer obtained by living radical polymer-
ization in more than one step using hydrophilic and hydrophobic monomers with short pendant groups. Both systems allow
the homogeneous dispersion of two immiscible solvents and the micelles obtained have comparable size. The nature of the
monomers in both cases is very similar, only that in our case these have large pendant groups and our polymer end up having
the characteristics of a block system like the block polymers in the above-mentioned paper.

4. Conclusions

In summary, it has been demonstrated that radical polymerization is a good technique for the preparation of LMAg,-co-
PEGMA s copolymer. The molecular characteristics of the copolymer were determined by FTIR, NMR and SEC. Furthermore,
the presence of two types of thermal transition in DSC indicates that this copolymer exhibit two types of morphologies in the
solid state: amorphous and semicrystalline. Degradation of the polymers was found to take place within the range of 200-
400 °C, and greater thermal stability was observed for systems with higher content of the polar monomer, due to the pres-
ence of stronger interactions and complex radical degradation mechanisms. LMAg,-co-PEGMAgg copolymer evidenced
micelles formation in water, chloroform and toluene with hydrodynamic radii in the range of 10-20 nm, as determined
by DLS experiments. Rheological studies confirmed micelles presence due to complex behavior in the frequency sweep test,
strain sweep tests and flow experiments. The obtained macrosurfactant allowed us to incorporate small amounts of organic
solvent in water forming one-phase systems and to incorporate small amounts of water in organic solvents forming emul-
sified phases, showing the ability of copolymer-based micelles to incorporate a non-soluble solvent within their domains.
Finally, due to the properties of this copolymer, a highly stable dispersion of carbon nanotubes in water was obtained.
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