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Abstract Acrylamide-based, hydrophobically modified polysulfobetaines con-
taining  3-[N-(2-methacroyloylethyl)-N,N-dimethylammonio]-propane  sulfonate
(DMAPS) and varying amounts of the hydrophobic monomer stearyl methylacrylate
(SMA) were synthesized by micellar copolymerization. The basic physico-chemical
properties of the synthesized copolymers were studied by means of surface tension,
dynamic laser light scattering, and rheological measurements. All the copolymers
showed surface activity when the copolymer concentration was above 0.07 wt%.
The dynamic laser light scattering measurement revealed that both zwitterionic and
hydrophobic associations were important in copolymer aggregation. The rheological
properties of the copolymers in aqueous solution depended on the content of
hydrophobic monomer, the copolymer concentration and the addition of salt, which
were characteristic of hydrophobically modified polyacrylamide and acrylamide-
based polyzwitterions. The critical aggregation concentration of the copolymers was
in the range of 0.07-0.1 wt%.
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Introduction

In the recent years, an increasing number of studies have focused on the
hydrophobic association of water-soluble polymers which contain a relatively small
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number of hydrophobic groups attached along the polymer backbone [1, 2]. The
preparation of such materials in a homogeneous solution affords amphiphilic
polymers with random distribution of the hydrophobes as isolated units. However,
the copolymerization of a water-soluble monomer with a few mole percent of a
hydrophobic comonomer in a micellar system [2] results in a statistical distribution
of the hydrophobic monomer as small blocks in the hydrophilic polymer chain. The
microblocky distribution of the hydrophobes imparts unique rheological and
interfacial properties to those associating polymers [3-6]. In aqueous solutions, the
hydrophobic groups have a strong tendency to associate through intra- and
intermolecular associations to decrease their direct contact with water. In dilute
solutions, intramolecular associations are predominant, which lead to coil contrac-
tion and viscosity decrease of the solution. At high concentrations (above a certain
polymer concentration called critical aggregation concentration CAC), intermolec-
ular associations occur, which lead to an intermolecular physical network structure
that causes a viscosity increase [2, 7]. The reversible character of these physical
cross-links imparts desirable rheological properties in solution such as shear
thinning. The interesting behavior of these associating polymers, such as shear
thinning or thixotropy, as a function of shear rate and shear time makes it possible to
avoid the irreversible mechanical degradation which occurs for high molecular
weight polymers when subjected to high shear stresses [8—11]. The ability to control
viscosity at various shear rates render these systems useful in a number of
applications including enhanced oil recovery, drilling fluids, coating or cosmetics
[2, 7].

In contrast with neutral associating copolymers, hydrophobically associative
polyzwitterions (PZs) have unique structures and properties because of the presence
of hydrophobic groups and hydrophilic, strongly interacting zwitterionic groups
[12-16]. For these polymers, they may be categorized as hydrophobically modified
polyampholytes (anionic and cationic charges on separate repeat units) [17, 18] or
hydrophobically modified polybetaines (anionic and cationic charges on the same
repeat unit) [15, 19-27]. While the electrostatic attractions between the cationic
moieties (typically ammonium groups) and the anionic groups (typically sulfonate,
carboxylate and phosphonate groups) within a polymer chain leads to coil
contraction in water, the interchain electrostatic attractions increase the degree of
intermolecular aggregation of the hydrophobic side chains, keeping the hydrody-
namic radius large. In presence of added salt (e.g., NaCl), screening of the charges
leads to chain expansion and at the same time promotes hydrophobic intermolecular
association. Hydrophobically associative PZs may be effective viscosity enhancers
in high salinity media, as they combine the properties of hydrophobically modified
neutral polymers and PZs [15-17, 28]. The viscosity of hydrophobically modified
PZs increases much faster than that for the unmodified polymers because of
intermolecular association of hydrophobic parts. This would make them useful in
applications where thickeners are required in brine solution, and oil recovery
processes. On the basis of the exploitation of these unique properties, practical
interest in hydrophobically modified PZs thus stems from their potential use in
variety of commercial applications, such as sewage treatment, flocculation, and oil
IECOVETy Processes.

@ Springer



Polym. Bull. (2011) 66:17-35 19

The synthesis and aqueous solution properties of hydrophobically modified PZs
have been studied by several scholars. Liaw et al. [19] studied intramolecular
hydrophobic aggregation of amphiphilic polysulfobetaines with various hydropho-
bic groups in aqueous solution. The reduced viscosity of the copolymers revealed
that both zwitterionic and hydrophobic associations were important in polymer
aggregation. Umar et al. [24, 29] investigated the effects of zwitterionic charge
densities in polymer chains on the viscosity behavior of pH-responsive hydropho-
bically modified PZs. In one study [24], sulfur dioxide, zwitterionic monomer
3-(N,N-diallylammonio) propanesulfonate, and a hydrophobic monomer N,N-
diallyl-N-octadecylammonium chloride were cycloterpolymerized in dimethyl
sulfoxide to afford hydrophobically modified PZs, which were then converted into
the corresponding anionic polyelectrolyte by treatment with 1 equiv sodium
hydroxide. Subsequent rheological studies revealed that the solution viscosities of
the copolymers were highly dependent on the ratio for the zwitterionic and anionic
fractions in the polymer chains and on the amount of hydrophobic monomers. The
polymer solutions exhibited sharp increase in viscosity with increasing polymer
concentrations in salt-free as well as salt-added solutions. Note et al. [27]
synthesized a new hydrophobically modified polyampholyte, namely poly-(N,N-
dially-N,N-dimethyl-ammoniumalt-N-octyl-maleamic carboxylate), by alternating
free radical copolymerization. The influence of the added polymer on the range of
the inverse micellar region (L2 phase) of a SDS-based system was investigated. The
polyampholyte proved to be an efficient reducing and stabilizing agent for the
formation of gold colloids.

In this article, a micellar synthesis of hydrophobically associating polysulfob-
etaines composed of acrylamide (AM), 3-[N-(2-methacroyloylethyl)-N,N-dimeth-
ylammonio]-propane sulfonate (DMAPS) and stearyl methylacrylate (SMA) is
described and their properties in aqueous solution are presented. A combination of
static laser light scattering (SLS), "H-NMR spectroscopy, surface tension, dynamic
laser light scattering, and rheological measurements were used to study the solution
properties of the synthesized copolymers with various hydrophobe contents. The
salt-responsive solution behavior of the synthesized copolymers is interpreted in
terms of copolymer composition and microstructure. In our future research, the
effects of different surfactants on the properties of these copolymers will be
investigated for potential industry applications.

Experimental
Materials

Acrylamide (AM, Tianjin Chemical Reagent Co.) was recrystallized twice from
acetone and vacuum dried at room temperature. Potassium persulphate (KPS,
Beijing Chemical Reagent Co.) was recrystallized twice from deionized water.
Sodium dodecyl sulfate (SDS, Shanghai Chemical Reagent Co.), Stearyl methyl-
acrylate (SMA, Zibo Chemical Reagent Co.), 1,3-cyclopropanesultone (CPS, Zibo
Chemical Reagent Co.), and N,N-dimethylaminoethyl methacrylate (DMA, Zibo
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Chemical Reagent Co.) were used as received. 3-[N-(2-methacroyloylethyl)-N,N-
dimethylammonio]-propane sulfonate (DMAPS) was prepared by the ring opening
reaction of CPS with DMA as described previously [30]. DMAPS was obtained in
95% yield. '"H-NMR of DMAPS (400 MHz, D,0, ppm): 61.86 (3H, s, CH;-C=);
03.5 (2H, t, -CH,CH,CH,S0;7); 2.2 (2H, m, -CH,CH,CH,SO3); 2.9 (2H, t,
-CH,CH,CH,S0;7); 3.7 (2H, t, O-CH,CH,-); 64.6 (2H, t, O-CH,CH,-); §3.14,
(6H, s, CH;N"CH3); 65.67,6.08, (2H, d, d, CH,=).

Polymerization

The hydrophobically modified polysulfobetaines were obtained by micellar
copolymerization in deionized water following the procedure described by Johnson
et al. [15]. A 250 mL, three-neck round-bottomed flask equipped with mechanical
stirrer and N, inlet/outlet was used for the synthesis. AM was dissolved in 100 mL
of water and purged with nitrogen for 30 min at 25 °C. SMA (see Table 1) and SDS
were added, stirred and purged with nitrogen for another 30 min. Then the initiator
KPS was added. The reaction was allowed to proceed under continuous stirring for
6 h at 50 °C. Briefly, in all cases the initial concentration of total monomer was
1.0 mol.L™", and the concentrations of DMAPS and SDS were kept constant at
5.0 mol% and 0.1 mol.L™", respectively. The amount of SMA was 0.3, 0.5, or
1.2 mol%, and the initiator concentration was set to 0.4 mol% relative to monomer
feed. For these copolymerization reactions, the copolymer solutions were precip-
itated twice into an excess of ethanol. The copolymer was recovered after filtration
and dried several days under vacuum. Then, the copolymers were re-dissolved in
water, purified by dialysis against water using MD55-14 dialysis tubing (molecular
weight cutoff = 14000 g.mol™") for 1 week and freeze dried. As a reference,
copolymer lacking DMAPS monomer was synthesized and purified under identical
conditions.

Table 1 Characteristics of the samples

Sample DMAPS* SMA®"  Elemental analysis Nt Conversion

(mol%) (mol%) (Wt%)
C H N S DMAPS® SMA®

(Wt%) (wt%) (wt%) (wt%) (mol%)  (mol%)

ADS-1 5 0.3 46.12 6.648 1548 1.863 5.25 0.25 1.69 93
ADS-2 5 0.5 46.51 6.746 1545 1.851 522 0.42 2.83 90
ADS-3 5 1.2 48.63 6912 1543 1.884 5.28 1.12 7.56 89
AS 0 0.5 41.75 7.519 1558 / / 0.57 385 92

* mol% monomer present in the feed ratio
® mol% monomer content in the copolymers, measured by elemental analysis

¢ The number of SMA per micelle, calculated according to according to the SMA content determined by
elemental analysis
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The hydrophobically modified terpolymers were designated as ADS, where A
stands for AM, D stands for DMAPS, and S stands for SMA, so that AS is referred
to the copolymer composed of AM and SMA.

Characterization

All '"H-NMR experiments were performed on a Bruker AVANCE400 NMR
spectrometer. D,0O was used for field-frequency lock, and the observed 'H chemical
shifts were reported in parts per million (ppm) relative to an internal standard.

Elemental analyses were performed on an Elementar Vario El III analyzer
(German).

SLS measurements were performed on a DAWN HELEOS light scattering
instrument (Wyatt Technology). The system light source was a linearly polarized
gallium arsenide (GaAs) laser (658 nm). The laser is positioned so that the incident
beam was vertically polarized. Zimm plots were obtained using Astra software. The
copolymers were examined in 0.15 mol.L ™" NaCl solution and filtered with a 0.2-
pm filter (Millipore). A differential refractive index detector (Optilab-REX) was
used to measure the differential refractive indices (dn/dc) of different copolymer
solutions at 658 nm and 25 °C.

Surface tension measurements were performed on a Kruss K12 Processor
Tensiometer equipped with a Wilhelmy plate at 25 °C.

Dynamic light scattering (DLS) measurements were performed on a multiangle
laser photometer equipped with a linearly polarized gallium arsenide (GaAs) laser
(4 = 658 nm; Wyatt Technology Co. DAWN HELEOS), which were conducted at
a scattering angle of 99°. In DLS, the Laplace inversion of each precisely measured
intensity—intensity—time correlation function G®?)(t,q)in the self-beating mode
could result in a line width distribution G(t) [31, 32]. For a pure diffusive
relaxation, G(t) can be converted to a translational diffusion coefficient distribution
f (R, by the Stoke—FEinstein equation. In this study, the CONTIN Laplace inversion
algorithm in the correlator was used [33]. All the solutions were filtered through
Millipore 0.8-pm membranes before the DLS measurements.

Rheological measurements were performed on a HAAKE Rheostress 6000 shear
rheometer at 25 °C.

For all measurements, concentrated stock copolymer solutions were prepared by
dissolution of an appropriated amount of copolymer powder in deionized water
whose electric conductivity was 18.3 MQ cm or NaCl solutions. The powder was
prehydrated overnight; this was followed by gentle magnetic stirring for several
days depending on samples and sample concentrations. The solutions were then
allowed to stand for some time until any bubbles disappeared. Final desired
concentrations of copolymer solutions were obtained by diluting the stock solution
with corresponding solvents. Solutions of increasing salt (NaCl) concentration were
obtained by addition of concentrated salt solution aliquots to a pure aqueous
copolymer stock solution. While adjusting the salt concentration, the copolymer
concentration was kept constant by adding an appropriate amount of concentrated
copolymer solution. All the solutions were kept standing overnight for equilibrium
prior to measurements.
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Results and discussion
Synthesis and characterization

Hydrophobically modified polysulfobetaines were synthesized by micellar copoly-
merization using the feed ratios outlined in Table 1 (see Fig. 1). The terpolymers
contain sulfobetaine (DMAPS) at 5 mol% incorporation, and the content of the
hydrophobic monomer (SMA) was in the range of 0.3-1.2 mol%. Sulfobetaine
DMAPS was used as zwitterionic monomer because the persistent charged state of
the sulfonate and quaternary ammonium groups allows sulfobetaine-functionalized
copolymers to maintain a constant near net-zero charge irrespective of the pH of the
medium. To enable comparative studies that distinguish the effects of sulfobetaine
comonomer incorporation, control copolymer AS (refer to Table 1 for target
compositions) was synthesized. It is known that, the micellar copolymerization
should favor the incorporation of the hydrophobic monomer as blocks along the
hydrophilic backbone, and the longer the hydrophobic blocks, the greater the
thickening efficiency at constant hydrophobe level [34]. The length of the
hydrophobic blocks corresponds roughly to the number of hydrophobic monomers
contained within a micelle. The key-parameter Ny is calculated from the following
relationship:

Nu = ([SMA X Nyg,]) /([SDS] — cmc)

in which Ny is the average number of hydrophobic monomer per micelle, [SMA] is
the concentration of SMA (in mol.L™"), N, s the aggregation number of SDS, and
cmc is the critical micelle concentration of SDS. For this system, the N,,, of SDS is
about 62 and the cmc of SDS is 8.1 x 10 >mol.L ™! [15]. The Ny of SMA monomer
of the samples was calculated according to the SMA content determined by
elemental analysis and the results were shown in Table 1.

CH; CHs CH3 CH3
| | SDS, KPS
H.c—=CH + H,C=C + H,C=C —CHHCHz—CHCHZ—C-}—
| | | 50°C, 6h
RS =T
NH, T NH3 ?
l
(|3H2 C1gHa7 (|3H2 CigHaz
CH CHz
AM | SMA l,
H3c——h|1——CH3 H3c——T CH,
TH; ?Hz
% T
?HZ THZ
SOy SO5
DMAPS ADS

Fig. 1 Synthesis of hydrophobically modified polysulfobetaines
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"H-NMR spectrum of ADS sample was shown in Fig. 2. It shows characteristic
peaks due to the protons of DMAPS and SMA monomers, indicating the linking of
DMAPS and SMA monomers to the polymer backbone. However, it does not give
quantitative information on the level of SMA incorporation due to the weak signal
strength of the protons of hydrophobic units in the spectrum. The composition of the
samples were determined by elemental analysis and shown in Table 1. As evident
from Table 1, the hydrophobe incorporations do not match with the feed ratio; the
mole percent hydrophobe incorporated in ADS copolymers were always found to be
less than the mole percent in the feed.

Static laser light scattering

In SLS measurement, we were able to obtain weight—average mole mass M., the
second-order virial coefficient A,, and the mean square radius (rgz) of polymer
chains from the angular dependence of the excess absolute scattering intensity,
known as the Rayleigh ratio R(0), on the basis of

K* 1 1
where K* = 4n(dn/dc)® ng/(N4AY), and ¢ = (4mnol i) sin(0/2), with ng, dn/de, 1o, and
0 being the solvent refractive index, the specific refractive index increment, the
wavelength of the incident light in vacuum and the scattering angle, respectively [35].
The molecular weight determination of the copolymers was performed in
0.15 mol.L~" NaCl aqueous solution. This determination was complicated due to

the complex nature of the copolymers. They contain three monomer units along the
backbone, one of which is charged, and one is strongly hydrophobic. As a result, we

d P
a b c SHa | rs
—{—HZC zH:—}O?{-cHz EECHZ i-]:qj
s & &
<‘:H2 e (I:H2 r
dief dim s

a,c,l
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60 55 50 45 40 35 30 25 20 15 1.0 05 ppm

Fig. 2 The 'H NMR spectrum of ADS copolymer
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can expect that the light scattering measurements lead to an apparent molecular
weight, M, pp, rather than the true average molecular weight, My,. For ADS and AS
samples in 0.15 mol.L™" NaCl aqueous solutions, the values of dn/dc are 0.1585
and 0.1620, respectively. Figure 3 shows a typical static Zimm plot of ADS-2 in
0.15 mol.L™! NaCl aqueous solution, where C ranges from 1.83 x 1073 to
8.82 x 107> g.mL~"'. Using the projection 0 = 0 and C = 0, the values of M, apps
(rg2>, and A, calculated on the basis of Eq. 1, which are listed in Table 2. The
molecular weights of ADS and AS samples are similar, ranging from 2.379 x 10°
to 2.885 x 10° g.mol™', so a meaningful comparison of their rheological behavior
can be made. It is difficult to draw a general trend about the evolution of the second
virial coefficient A, as a function of the SMA content. However, one can note that
A, is always negative, indicating that 0.15 mol.L~' NaCl aqueous solution is not a
good solvent for both ADS and AS samples. The trend in (rg2> was paralleled by
M, app> Which could be affected by the content of SMA in ADS samples. Also as
expected, one observes that (rgz) increases with the increasing the content of SMA,
which was caused by the enhancement of the hydrophobic aggregation.

Surface tension measurements

Figure 4 showed the relationship between surface tension and concentration of ADS
and AS samples at 25 °C. All samples were surface-active above a threshold
concentration (above 0.07 wt%). Differences among the surface activity of the
various samples were minimal. The surface tensions of the aqueous solutions of
ADS samples were higher than that of AS sample, indicating that the incorporation
of the zwitterionic group into the copolymer decreased the surface activity of the
corresponding hydrophobically modified copolymers. Among the ADS samples,
ADS-3 was the most effective in reducing the surface tension of the water. The
surface tension tended to decrease with increasing copolymer concentration, without
reaching a plateau value, which may be taken as an indication that the aggregates of
the ADS samples formed in water are polydisperse and that aggregation and
adsorption at the air—water interface take place simultaneous [36]. For solutions of

Fig. 3 Typical Zimm plot for

the copolymer ADS-1 in 1.2x10°
0.15 mol.L™" NaCl aqueous
solution
Projection C=0
8.0x10”

K*C/R (0)

by
=)
<
A
o
)

0.0 0.4 0.8 1.2 1.6
Sin? (8/2) +KC
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Table 2 Static laser light scattering data for the samples

Sample M, pp (1076 gmol ™) (rg?) (nm) A, (10* mol mL.g™3)
ADS-1 2379 + 0.164 91.6 + 92 —9.783 + 1.396
ADS-2 2.819 + 0.208 934 + 69 —3.588 + 0.177
ADS-3 2.875 + 0.241 1139 +£ 94 —9.898 + 1.324
AS 2.885 + 0.234 1584 + 11.3 —2.288 + 0.535

? Apparent molecular weight measured by light scattering

ADS and AS samples, the concentration corresponding to the onset of decrease in
surface tension corresponds closely to the onset of association concentration
determined by rheological measurements.

Dynamic laser light scattering

The aggregation behavior of ADS samples of different compositions in the dilute
regime was studied by dynamic laser light scattering (DLS) measurement. Figure 5
shows the copolymer concentration dependence of average R, of four different
copolymer samples in aqueous solution. It is seen that the R, of ADS samples
decreases rapidly when the copolymer concentration is below 0.08 mg.mL™", and
then keeps almost constant when the copolymer concentration is above
0.08 mg.mL~'; while the R, of AS sample decreases initially with increasing
copolymer concentration up to 0.06 mg.mL ™", and then increase monotonically with
further increasing copolymer concentration. The R, values of ADS samples are
smaller than that of AS sample in the concentration range studied. These phenomena
can be explained by considering the hydrophobic interactions of copolymer
hydrophobic moieties and the electrostatic interactions between the opposite charges
of the sulfobetaine units. On one hand, hydrophobic interactions of copolymer
hydrophobic moieties are mainly intramolecular hydrophobic association at low

Fig. 4 Changes in the surface 72
tension of copolymer solutions e s s s
. ; 704 v v L

as a function of copolymer - v u

concentration at 25 °C ‘TE 68 - v
= 66 1 v :
\_E/ 64 4
S 621 v
2 .
& 60 1 g
Q 58 ve
. = ADSA1 .
£ 561 o ADS2 *e
n 54 4 ADS-3 -

v AS
52 +—— T T
0.01 0.1 1

Copolymer concentration (wt%)
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concentrations, which lead to coil contraction and the decrease of the R;,. While at high
concentrations, intermolecular hydrophobic association occurs, which lead to the
increase of the R;. On the other hand, while the electrostatic attractions between the
cationic moieties (typically ammonium groups) and the anionic groups (typically
sulfonate groups) within a polymer chain leads to intramolecular association, causing
the shrinkage of the copolymer chain and increasing the degree of intramolecular
aggregation of the hydrophobic side chains, leading to the decrease of the Ry, the
interchain electrostatic attractions increase the degree of intermolecular aggregation
of the hydrophobic side chains, keeping the hydrodynamic radius large. Our
experiment results show that the intramolecular association is dominative when the
copolymer concentration is low (below 0.06 mg.mL™'), leading to the chain
shrinkage and the decrease of the R; of all the copolymer samples. When the
copolymer concentration is above 0.06 mg.mL ™", the increase of the R, of AS sample
is due to the intermolecular hydrophobic associations of the long-chain hydrophobe
with 18 carbon segments [37]. While for ADS samples, the intrachain electrostatic
attractions between the opposite charges of sulfobetaine units are dominative and
suppress the intermolecular hydrophobic associations of the long C,g hydrophobe,
which lead to little change of the R;, with increasing the copolymer concentration.
Also, Fig. 5 reveals that the intramolecular hydrophobic association is directly related
to the Ny value, i.e., the hydrophobic block length of the copolymers. At the same
copolymer concentration, the larger the Ny value is, the smaller the average R, is. This
is because that the intramolecular hydrophobic association dominates due to the
intrachain electrostatic attractions between the opposite charges of sulfobetaine units,
which is enhanced by increasing the length of the hydrophobic block length [38].
Figure 6 shows the copolymer concentration dependence of R, for four different
copolymer samples in 0.05 mol.L™' NaCl solutions. As shown in Fig. 6, at low
polymer concentration, the R; values of all the samples decrease slightly with the
increase of polymer concentration. Whereas, at higher copolymer concentration
(above 0.08 mg.mL™"), the R, values of all the samples increase sharply as
copolymer concentration increases. The decrease of R, is attributed to the shrinkage

Fig. 5 Variation of the average
hydrodynamic radius with

copolymer concentration in 1001 ¥
deionized water at 25 °C
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Fig. 6 Variation of the average 140
hydrodynamic radius with
copolymer concentration in
0.05 mol.L ™! NaCl solution at
25 °C 120 -
3
=
& 100 1
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of copolymer chains due to intramolecular association. R;, increases sharply at high
copolymer concentration, revealing the intermolecular association is dominant with
the increase of copolymer concentration.

The distribution of the hydrodynamic radius of ADS-1 in 0.05 mol.L™' NaCl
solution obtained by DLS is shown in Fig. 7. A bimodal distribution of the average
R, is observed when the copolymer concentration is 0.02 mg mL~". The peak with
lower R;, could represent individual copolymer chains, whereas that with a higher R),
value could be attributed to their interchain aggregates [37]. It can be seen that when
the copolymer concentration increases from 0.02 to 0.08 mg.mL ™", the individual
chain peaks shift to lower R;, and their scattering intensity increases, indicating the
enhancement of the intramolecular associations. When the copolymer concentration
is above 0.08 mg.mL ™", the aggregation peak shift toward the higher R), direction,
and the scattering intensity of interchain aggregates increases with further increase
of the copolymer concentration, reflecting the enhancement of interchain
aggregates.

-
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Fig. 7 The hydrodynamic
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0.05 mol.L~! NaCl solution at
different copolymer
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From Figs. 6 and 7, we know that the aggregation between copolymer chains
could be dominated by either the intrachain or the interchain aggregation. The
hydrophobic and electrostatic interactions can induce both the intrachain and the
interchain associations [19, 39, 40]. At low copolymer concentration, the mutual
dipolar—dipolar intrachain interactions between the positive and negative charges
cause bending of the polymeric main chains and promote the intramolecular
hydrophobic association, leading to the decrease of the average Rj,. While in the
case of a high copolymer concentration, the intermolecular electrostatic and
hydrophobic interactions become dominant and apparent. The intermolecular
interactions result in the intermolecular aggregation of the copolymer chains. With
the increase of the copolymer concentration, these aggregations further collide with
each other or with individual copolymer chain, leading to even larger aggregations.

The effects of added sodium chloride on the average hydrodynamic radius of all
the copolymer samples are shown in Fig. 8. The R), of all the copolymer samples
increases as a consequence of increased intermolecular association with the increase
of the concentration of NaCl, which correlates well with the known effects of NaCl
on the hydrophobic and zwitterionic associations [37, 41, 42]. Further more, the R),
of ADS samples is larger than that of AS sample in the NaCl concentration range,
and increases with the increase of the Ny value of ADS samples. These results
indicate that the incorporation of the zwitterionic groups promotes hydrophobic
intermolecular association in the presence of added salt, and the hydrophobic
intermolecular association is enhanced by increasing the length of the hydrophobic
block length [43].

Rheological measurements

The rheological behavior of ADS samples of different compositions in the
moderately semi-dilute were evaluated at 25 °C. Figure 9a, b, and c displayed the
variation of viscosity with concentration of ADS-1, ADS-2, and ADS-3, respec-
tively, in deionized water at various shear rates. As evident from Fig. 9a, the critical

Fig. 8 Variation of the average 160
hydrodynamic radius with salt
concentration at 25 °C
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Fig. 9 Variation of viscosity
with copolymer concentration at
various shear rates in deionized
water at 25 °C (inset showing
the variation in the lower
concentration range): a ADS-1,
b ADS-2, ¢ ADS-3
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association concentration (CAC) was found to be around a copolymer concentration
of 0.1 wt%; when the copolymer concentration changed from 0.1 to 0.2 wt%, the
viscosity increased by a factor of 2.21 at the shear rate of 0.373 s™'. It is more
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pronounced for the association behavior of the copolymers in the lower shear rate
range as expected since higher shear rates lead to disruption of hydrophobic
associations. Similar observations have been frequently observed for hydropho-
bically modified associative polymers [44, 45]. When the copolymer concentration
passes CAC, intermolecular associations occur, which lead to an intermolecular
physical network structure that contributes significantly to the thickening. The CAC
for ADS-2 was also found to be around a copolymer concentration of 0.1 wt%
(Fig. 9b). The viscosity increased by a factor of 1.97 at a shear rate of 0.373 s™' by
changing the copolymer concentration from 0.1 to 0.2 wt%, which was a little
smaller than that of ADS-1, and may be attributed to the gradual switchover from a
mainly intra- to intermolecular associations [46]. For ADS-3, a relatively low CAC
value of around 0.07 wt% was found (Fig. 9c), due to the increase of the
hydrophobic block size [47].

Figure 10 displayed the variation of viscosity with concentration of ADS and AS
samples in deionized water at the shear rate of 10.99 s™' at 25 °C. A meaningful
comparison may be made between ADS and AS samples because they did not
present significant differences in molar mass among them. For ADS samples, when
the copolymer concentration was blow 0.1 wt%, the viscosity was low (about
1.3 mPa.s) and did not change with increasing the copolymer concentration.
Furthermore, the viscosity decreased with increasing Ny values of ADS samples,
i.e., ADS-3 solution was less viscous than the other two ADS samples. However,
when the copolymer concentration was above 0.1 wt%, a dramatic increase in
solution viscosities of ADS samples was observed which was contributed to the
strong interchain associations. As the Ny values of ADS samples increased, the
solution viscosities obviously increased, and the concentration dependence of the
viscosity became greater. These phenomena might be explained by considering
intra- and intermolecular associations induced by the hydrophobic interactions.
Hydrophobic moieties in hydrophobically modified polymers leaded to intramo-
lecular associations, resulting in the coil contraction and viscosity decreases in
dilute solutions. On the other hand, at high-enough concentrations (above CAC),
intermolecular associations occurred, which led to an intermolecular physical
network structure that caused a viscosity increase. Our experimental results
indicated that intramolecular associations were dominant when the copolymer
concentration was below CAC, and the increase of hydrophobe content caused the
increase of intramolecular associations which led to the viscosity decreases, in
agreement with the results of McCormick et al. [48]. When the copolymer
concentration was above CAC, the hydrophobic interactions were mainly of
intermolecular associations which resulted in viscosity increase, and the viscosity
increase became more pronounced with increasing the Ny values of ADS samples.
Furthermore, it can also be seen from Fig. 6 that for ADS-2 and AS, which had
similar molecular weight and Ny values, the viscosity of ADS-2 was lower than that
of AS when the copolymer concentration was below CAC. However, when the
copolymer concentration was above CAC, the viscosity of ADS-2 was higher than
that of AS sample. This provided evidence that the incorporation of zwitterionic
monomer was beneficial to the promotion of intramolecular associations in dilute
solutions and intermolecular associations at high concentrations, due to the strong
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dipolar interactions between the opposite charges of sulfobetaine units, which is in
agreement with the results of DLS measurements.

Figure 11 showed the viscosity of 0.2 wt% solutions of ADS-1 (a) and ADS-2 (b)
samples at various NaCl concentrations at 10.99 s~ shear rate. For ADS-1, the
viscosity values increased with the increase in salt concentration. On one hand, the
addition of NaCl increased the solution ionic strength, weakened the electrostatic
attraction between the charges in the polymer chains, and broke up intramolecular
zwitterionic associations, leading to an extension of the polymer chain, and as a
result the viscosity was expected to increase with increasing concentration of the
added NaCl. On the other hand, the presence of NaCl made the aqueous system
more hostile to the hydrophobes thus forces them to associate inter- or
intramolecularly. In the case of ADS-1, the increase in viscosity values with
increasing concentration of NaCl implied the greater significance of the intermo-
lecular hydrophobic associations in an environment increasingly hostile to the
hydrophobes than the intramolecular hydrophobic associations. A contrasting salt
effect was observed in the case of the sample ADS-2. In contrast to ADS-1, the
viscosity values thus increased considerably for the sample ADS-2 by changing the
solvent from salt-free water to 0.5 mol.L™' NaCl. While the viscosity value
decreased in 1.0 mol.L ™' NaCl in compare to the viscosity in 0.5 mol.L™" NaCl, it
still remained higher than that in salt-free water; exactly the same result of adding
more NaCl to a polyampholytic copolymer solution has been discovered by other
workers [24]. In the presence of added salt (NaCl), the increase in viscosity
correlated well with the known effects of NaCl on the association of hydrophobic
modified polybetaines [15]. At the highest NaCl concentration (1.0 mol.L™"), the
decrease in viscosity may be attributed to the salt-out effect of NaCl: the solubility
of the hydrophobic parts of the molecule decreased, the polymer chains were unable
to manifest effective intermolecular associations and the viscosity decreased. The
polymer containing more hydrophobes even tended to precipitate in salt solutions,
such as ADS-3, which gave cloudy solution in 0.1 mol.L™" NaCl as result of the
salt-out effect. Further more, the viscosity values of ADS-2 sample are larger than
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Fig. 11 Variation of viscosity 4.5
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that of ADS-1 sample in the studied NaCl concentration, indicating the enhance-
ment of intermolecular associations due to the increment of hydrophobe content of
the samples.

Conclusions

A series of novel hydrophobically modified polysulfobetain terpolymers were
synthesized by micellar copolymerization along with corresponding control
copolymer. The basic physico-chemical properties such as surface tension,
aggregation, and rheological properties were studied as a function of copolymer
concentration and NaCl concentration. Results from surface tension measurement
indicated that all samples were surface-active above a threshold concentration of
0.07 wt%, and the surface tension became lower with increasing Ny values of the
samples. The results of DLS measurement indicated that the incorporated
zwitterionic groups would promote intramolecular hydrophobic associations in
deionized water, and promote intermolecular hydrophobic associations in saline
solution, which provide intra-/intermolecular associations due to the electrostatic
interactions between the opposite charges of the zwitterionic groups. The
rheological behavior of the samples was very dependent on the chemical
composition of the monomer feed. With increasing Ny values, the critical aggregate
concentration CAC decreased from 0.1 to 0.07 wt%. When the copolymer
concentration was low (below 0.1 wt%), both the increment of Ny values and the
incorporation of DMAPS monomer led to the decrease of viscosity, due to the
promotion of intramolecular associations in dilute solutions. When the copolymer
concentration was high (above 0.1 wt%), both the increment of Ny values and the
incorporation of DMAPS monomer led to the increase of viscosity, indicating the
enhancement of intermolecular associations at high concentrations. When NaCl
concentration increased, the viscosity of the samples with low Ny values (ADS-1)
increased, while the viscosity of the samples with high Ny values firstly increased
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and then decreased, indicating that the structure had important role on the
rheological properties of these copolymers.
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