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ABSTRACT: The acrylamide-based hydrophobically associating zwitterionic polymer was prepared, which was composed of dimethyl-
dodecyl-allyl ammonium chloride as hydrophobic group and carboxyl betaine 2-(4-acrylamido-propyl-dimethyl ammonic)-sodium
acetate as functional group. Hydrophobically associating polyacrylamide (HAPAM) was also prepared for comparative study. The
behaviors of polymers in pure water and salt solutions were investigated by the means of apparent viscosity test, laser light scattering,
atomic force microscope, and fluorescence experiments. The viscosities of polymer solution increased with the increasing of salt con-
centration, which indicated that the addition of salt resulted in significant antipolyelectrolyte effect in the zwitterionic polymer solu-
tion. The results of dynamic laser light scattering experiment also showed that the average hydrodynamic diameters of the
zwitterionic polymer molecules increased with the increasing of salt concentration. The network structures had been observed by
atomic force microscope and the addition of salt strengthened the formation of network structures. The results of fluorescence experi-
ment showed that the addition of salt could enhance the association of hyrophobically zwitterionic polymer. © 2013 Wiley Periodicals,

Inc. J. Appl. Polym. Sci. 2014, 131, 39707.
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INTRODUCTION

Over the past two decades, hydrophobically associating polymers
have attracted considerable attention because of their outstanding
solution properties and numerous practical applications.'™ These
polymers exhibit a strong tendency to self-associate via inter- or
intrapolymeric interactions of the hydrophobic side chains, and
have possible applications in food thickeners, coatings, paints,
enhanced oil recovery, and water treatment, etc.”'' Even a very
few of hydrophobic groups on polymer side chains can have a
profound effect on their properties.'>™"> However, the viscosities
of most hydrophobically associating polymers are sensitive to
salt, which much confines its application in high salinity brine
environment. Zwitterionic polymer is an important class of com-
pound which contains cationic and anionic groups on the same
molecule of polymer.'?® When the electrolyte is added to zwit-
terionic polymer aqueous solution, the physical attraction
between the equivalent anions and cations are weakened and the
zwitterionic polymer will stretch to a random coil conformation,
so the viscosity of the polymer solution can increase with the
addition of salt>* This is known as the antipolyelectrolyte
effect.”® At present, many betaine zwitterionic polymers have
been reported, such as sulfo-,%® carbo-,>’° and phospho- betaine
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zwitterionic polymers.’® They have been applied in biosepara-
tions,”’ DNA assay,”> and many other fields.”>® Copolymers
containing acrylamide (AM) and zwitterionic monomer have a
good resistance to high salt, but there are still some problems
such as low molecular weight, low solution viscosity, etc.

Therefore, in order to improve the salt resistance of hydrophobi-
cally associating polymer and to improve solution viscosity of zwit-
terionic polymer, a kind of hydrophobically associating acrylamide-
based betaine zwitterionic polymer was prepared, which was com-
posed of acrylamide, dimethyl-dodecyl-allyl ammonium chloride
(MDAC) as hydrophobic monomer, and 2-(4-acrylamido-propyl-
dimethyl ammonic)-sodium acetate (AMPA) as functional mono-
mer. Solution behavior of the terpolymer in salt water was special
and a little different with those of zwitterionic copolymers because
of introduction of hydrophobic monomer MDAC.

The chemical structure of polymer was showed in Figure 1.

EXPERIMENTAL

Materials

The carbo-betaine functional monomer was synthesized from
N,N-dimethyl-propanediamine as raw material through two
steps described in reference.”® AM and hydrophobic monomer
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Figure 1. Chemical structure of zwitterionic polymer.

MDAC were purchased from Chengdu Kelong chemical com-
pany as analytical pure products.

Characterization of Monomer

The betaine monomer AMPA synthesized in this study was
characterized by IR and "H-NMR. IR spectra were obtained by
a Paragon 100 spectrometer (PE cooperation, USA) with
AMPA samples embedded in KBr pellets in the experiment.
'"H-NMR spectra were obtained by an Avance spectrometer
(Bruker Instruments, Switzerland). The sample was dissolved
in D,O and using TMS as an internal standard in the test of
'H-NMR.

Synthesis of Polymers

The monomers of AM, AMPA, and MDAC were dissolved in
water and purged with nitrogen for 1 h at 25°C. The reaction
was initiated by the addition of sodium bisulfite and ammo-
nium persulfate(mol ratio 1:1, total amount 0.04 wt %). Poly-
merization reactions were carried out at 50°C in a 250 mL
thermo stated glass reactor equipped with magnetic stirrer and
lasts at least 4 h. The polymers were precipitated in an ethanol/
acetone mixture. The product was dried under vacuum drier
for more than 2 days at 30°C. The polymer of hydrophobically
associating polyacrylamide (HAPAM) without betaine comono-
mer for contratest study was also synthesized under identical
conditions. The compositions of the polymers are listed in
Table L.

Apparent Viscosity

Polymers were dissolved in pure water and brine waters. Solu-
tion viscosities of the polymers were measured by a DV-III
Ultra programmable rheometer (Brookfield Instruments, USA)
at 25°C. The 0# spindle was selected, and the rotation rate was
6 r min~ !, corresponding shear rate being 7.34 s~'. The pH
value of polymer solution was 7 in all the experiments in this
article.

Table I. The Compositions of the Polymers

Sample AM (%) AMPA (%) MDAC (%)
Z-Polymer 88.0 10.0 2.0
HAPAM 98.0 — 2.0
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Laser Light Scattering

Laser light scattering measurements were performed with a
Brookhaven instrument BI-200SM at a wavelength of 532 nm
with the experimental temperature being 25°C. For light scatter-
ing experiments, solvent and polymer solutions were respec-
tively filtered through 0.2 ym and 0.8 pm Millipore filter into
the cylindrical scattering cells before the experiment. The aver-
age molecular weight of zwitterionic polymer was obtained by
static laser light scattering.

When a laser light hits polymer particles which are small com-
pared to the wavelength, the light scatters in all directions. For
the static laser light scattering, the angular dependence of the
excess absolute time-average scattered intensity, known as the
Rayleigh ratio R,,(q), is related to the weight-average molecular
mass (M,,), the second virial coefficient A,, and the z-average
root-mean-square radius of gyration <Rg2>zl/ 2 (or <Rg>), as
the polymer solution is dilute enough. For long polymer chains,
the Berry plot is normally used as follows:

X 1/2 1/2
(5"~ (s eJome

where K = 4n*n* (dn/dC)*/(N,AY) and q = (4nn/l) sin(0/2)
with n, dn/dC Ny, and A being the solvent refractive index, dif-
ferential refractive index increment, Avogadro’s number, and the
wavelength of light in a vacuum, respectively.

Dynamic laser light scattering can be used to determine hydrody-
namic radius <R;,>. In dynamic laser light scattering, the Laplace
inversion of a measured intensity—intensity time correlation
function G (t,) in the self-beating mode results in a line-width
distribution G(I"). The distance between the particles in the solu-
tion is constantly changing with relaxation time 7, which is con-
tained about the time scale of movement of the particles. Thus a
time-dependent fluctuation in the scattering intensity can be got-
ten. The diffusion coefficient D can be derived at a single angle
or at a range of angles depending on 1/7.

1
— =Dd* 2
—=Dq (2)
With the scattering vector q
4 0
q= 7; nsin (§> (3)
1“=Dq2 (4)

For a pure diffusive relaxation, (F/qz)qﬁo, o 1s equal to the

translational diffusion coefficient D, which is further related to

the hydrodynamic radius R;, by the Stokes—Einstein equation:
kT
" 61, D

(5)

where k, T, and 7, being the Boltzmann constant, the absolute
temperature, and the solvent viscosity, respectively.

Atomic Force Microscope
The samples were imaged by using a Nanoscope IIla
(Digital Instruments, Santa Barbara, CA) to observe the
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micromorphology of polymers in pure water and brine water.
The preparation of samples was described elsewhere.”

Fluorescence Spectroscopy

The fluorescence spectra were obtained with a Cary Eclipse Flu-
orescence Spectrophotometer using pyrene as fluorescent probe
in this study. Pyrene obtained from Aldrich Chemical Co. was
recrystallized from absolute ethanol. The pyrene concentration
in the experminent was 10~° mol L™' and the method of mea-
surement can also be seen in our previous study. *

RESULTS AND DISCUSSION

Characterization

The monomer, carboxyl 2-(4-acrylamido-propyl-
dimethyl ammonic)-sodium acetate, synthesized in this article
was characterized by IR, 'H-NMR. The results were shown as
follows: 1680 (m, C=C), C=C absorption peak, is medium and
between 1600 and 1680. 1734 (s, C=0), C=0 absorption peak,
is strong and between 1580 and 1850. 1600 (CONHR), the
absorption peak of N-H of acrylamide, is ~1600. 3575 (w, N-
H), the peak of NH, or NH, is medium or weak between 3210
and 3590. 1398, 2950 (-CHj), 1481 (-CH,-), the peaks of alkyl
C-H, is usually between 1340 and 1465, 2850 and 3000. 2950
(NR,"), the peak of NR,", is between 2250 and 3200. 1123
(C-N), the peak of C-N, is usually between 1030 and 1230. It
can be seen that C=C, C=0, and CONHR appear in the mole-
cule, so acrylamide group exists. The NR,™ and C-N show that
quaternary ammonium salt exists.

'"HNMR: § 4.7 (D;0), 3.293 (-CH3), 1.860—2.860 (NH,-CH,-

CH,-CH,-NHR,), 2.823 (CONHR), 5.7 and 6.3 (-CH,=CH-
CONHR), 3.071 (-CH,-COO").

betaine

The groups of target molecule are reflected in "HNMR.

The zwitterionic polymer synthesized in this article was also
characterized by "H-NMR. The result was shown as follows:

'HNMR: § 4.7 (D,0), 3.149 (-CH;), 1.737-3.037 (NH,-CH,-
CH,-CH,-NHR;), 5.701 and 6.239 (CH,-CH,-CONHR), 3.149
(-CH,-COO").

Viscosity Behavior

Most zwitterionic polymers, especially polysulfobetaines, are
generally slightly soluble in pure water. While, the addition of
low molecular weight electrolytes such as NaCl is favorable to
the solubilization of the polymer, so these polybetaines tend to
be dissolved in salt water than in pure water. The zwitterionic
polymer synthesized in this article can be dissolved in pure
water, although it took a longer time to be dissolved than other
water soluble polymer did, such as HPAM or HAPAM. The
viscosities of zwitterionic polymer in pure water and salt water
were measured and the results are shown in Figure 2.

From Figure 2, it can be seen that the viscosities of zwitterionic
polymer increase with the increasing of polymer concentration
in both pure water and salt solutions. When the concentration
of polymer is constant, the viscosity of the solution increases
with the increasing of salt. This phenomenon becomes more
obvious when salt concentration is higher than 3 wt %. The
addition of salt is favorable for the expansion of the molecular
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Figure 2. Viscosity as a function of polymer concentration. [Color figure

can be viewed in the online issue, which 1is available at

wileyonlinelibrary.com. ]

side chains because of antipolyelectrolyte effect and the solution
viscosity increases correspondingly.

The effect of the addition of salt on the viscosity of Z-polymer
and HAPAM was investigated, with the concentrations of both
polymer solutions being 2500 mg L™' in the experiment, and
the results are shown in Figure 3. From Figure 3, it can be seen
that the viscosity of zwitterionic polymer increases with the
increasing of salt concentration, while the viscosity of HAPAM
decreases sharply in the presence of salt. The introduction of
betaine monomer makes the polymer coil expand in brine
water, which favors the intermolecular association of hydropho-
bic groups, so that the polymer shows a remarkable salt thick-
ening ability, especially in high brine waters. The phenomenon
shows that the salt resistance of hydrophobically associating
polymer is considerably enhanced by the introduction of the
betaine monomer.

40
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Figure 3. Variation of viscosities of polymer solutions with the increasing
of salt concentration (C, = 2500 mg LY. [Color figure can be viewed in
the online issue, which is available at wileyonlinelibrary.com.]
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Figure 4. The Berry plot of Zwitterionic polymer and HAPAM in pure water. (a) Zwitterionic polymer, (b) HAPAM. [Color figure can be viewed in the

online issue, which is available at wileyonlinelibrary.com.]

Static Laser Light Scattering

If the left hand side of eq. (1) is plotted against sin2(0/2)+kpC,
where k, is an arbitrary plotting constant chosen purely for
convenience in viewing the results, a grid-like plot is obtained.
Two sets of, typically, parallel lines make up the grid. One set
consists of angular measurements at each concentration, and
one set consists of concentration measurements at each angle.
Extrapolating the angular measurements to zero angle for each
concentration yields a straight line in ¢. The slope of this line
yields A,. Extrapolating the concentration measurements to zero
concentration for each angle yields a straight line in sin*(0/2).
The slope divided by the intercept of this line yields the <R,>.
The intercept of both extrapolated lines (the double extrapola-
tion to zero angle and zero concentration) yields M, the
weight-average molecular mass of polymer. M, is the most
important parameter of a polymer. Static light scattering offers
an absolute method for its measurement.

The grid-like plot is showed in Figure 4(a,b), and the the M,
Ay, and <R> are illustrated in Table II.

From Table II we can see that the weight-average molecular
mass of both polymers is very close, however, there are big dif-
ferences in the A, and <R,> of these polymers. The zwitter-
ionic polymer coils tend to shrink in pure water because of the
inner salt effect, and the intramolecular association of hydro-
phobic groups bonded on the zwitterionic polymer backbone
makes the coils shrink closely, which leads to the <R,> of zwit-
terionic polymer far smaller than that of HAPAM. The greater
A, means that HAPAM has a better solubility than that of zwit-
terionic polymer.

Table II. The Parameters of Polymers

Polymer My (gmol™) Az lem®molg™®)  <Rg> (hm)
Z-Polymer 521 x 108 1.74 x 10°° 127.4
HAPAM 617 x 105 458 x 1074 223.5
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Dynamic Laser Light Scattering

Since the 60s of the twentieth century, dynamic laser light scat-
tering technique had become the main means of sub micron,
nanometer particle size measurement. There are many algo-
rithm, such as cumulant method, exponential sampling method,
NNLS, and CONTIN algorithm.>” Among them the CONTIN
algorithm is always used for data processing and is ideal for het-
erodisperse or polydisperse systems that cannot be resolved with
the cumulant method. The polymer concentration is constant at
100 mg L™ " and the results are shown in Figure 5.

The average diameters (<R,>) of zwitterionic polymer are
much smaller than those of HAPM in pure water or low salinity
water, though the weight-average molecular masses (M,,) of
these two polymers are very close. The average diameter <R;>
of zwitterionic polymer increases steadily with the increasing of
salt concentration, however, <R;,> of HAPAM decreases due to
the addition of salt. The reason is that the zwitterionic polymer

—a— Z-polymer
E —e— HAPAM
400 |
E
£ 3004
A:
14
v
200 |
T T
0 2 4 6
NaCl / %wt

Figure 5. The <R,> of polymers as a function of salt. [Color figure can
be viewed in the online which is  available at
wileyonlinelibrary.com. ]
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Figure 6. AFM of zwitterionic polymer (concentration 500 mg LY. () In pure water, (b) In 3 wt % salt water. [Color figure can be viewed in the

online issue, which is available at wileyonlinelibrary.com.]

coils shrink closely in pure water or low salinity water because
of the inner salt effect and the intramolecular association, so
the <R,> of zwitterionic polymer is smaller than that of
HAPAM. When the salt was higher, the zwitterionic polymer
molecules could expand by charge repulsion as a result of the
inner salt bond being opened, and the intermolecular associa-
tion of hydrophobic groups could lead to the size increase of
aggregates formed by zwitterionic polymer, which could cer-
tainly increase the <R;,> of zwitterionic polymer. This phenom-
enon could well explain the salt thickening behavior of
zwitterionic polymer solution. However, the addition of salt
could make the HAPAM polymer coils shrink, and the diame-
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ters of polymer (without betaine groups) aggregates decrease
smoothly during the process of the addition salt. The results
show that the hydropobically associating polymers exhibits an
excellent anti-salinity property as the betaine monomer was
introduced into the macromolecular chains.

Atomic Force Microscope

Atomic force microscope (AFM) is used to observe structures of
polymer solution on mica. In this article, the polymer solution
was deposited on freshly cleaved natural mica and dried by
nitrogen. The microstructure morphologies of zwitterionic

J. APPL. POLYM. SCI. 2014, DOI: 10.1002/APP.39707
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polymer in salt water and pure water had been performed and
the results are shown in Figure 6.

From Figure 6(a), it can be seen that distinct globular structure
with a few local network formed when the zwitterionic polymer
concentration is 500 mg L' in pure water. It is well known
that network structures can be formed when the polymer con-
centration exceeds its critical overlap concentration. Because the
concentration is not high enough and the attraction of zwitter-
ion makes the zwitterionic polymer shrink to a coil conforma-
tion, the whole network cannot be formed, only a few local
network and globular aggregates.

Figure 6(b) shows that the globular aggregates are stretched with
the addition of salt at the same polymer concentration 500 mg
L™". The addition of NaCl causes macromolecules to spread and
adopt a random coil conformation because of antipolyelectrolyte
effect, which could enhance the viscosity of zwitterionic polymer
solution. The reason is that intramolecular force is weakened and
intermolecular force is strengthened when salt is added.

Fluorescence Spectrum Experiment

Pyrene is a strongly hydrophobic polyaromatic hydrocarbon with
very low solubility in water. Amphiphilic polymers spontaneously
form micelles and then the small hydrophobic domains present
in such solutions are capable of solubilization of pyrene. It is well
known that each fluorescence spectrum of pyrene monomer has
one to five vibronic peaks from shorter to longer wavelength.
Steady-state fluorescence spectra for pyrene solubilized in various
zwitterionic polymer or HAPAM concentration solutions of pure
water and salt water were investigated. In salt water, the sodium
chloride concentration was 3 wt %. A well-resolved pyrene
monomer emission intensity (I,,,) was at 373 nm. In addition to
the “monomer” emission spectra, one also observes a broad peak
excimer emission (I,) at higher wavelength centered about at 475
nm corresponding to the excimer formation due to pyrene mole-
cules in close vicinity. Excimer formation requires that an excited
pyrene (P,*) and a pyrene in its ground state come into close
proximity within the Py* lifetime. The results of fluorescence
absorption intensity (I,) as a function of zwitterionic polymer
concentration in pure and brine water are showed in Figure 7.

From Figure 7, it can be seen that the values of I, undergo a maxi-
mum with the increasing of polymer concentration. The value of I,
increases with the increasing of the polymer concentration when
the concentration is lower than 3000 mg L™" in brine water and
5000 mg L™ in pure water, respectively. However, when the con-
centration is higher, the value of I, decreases with the increasing of
the polymer concentration. The reason is that hydrophobically
zwitterionic polymer can form aggregates by self-assembly, and salt
can strengthen the self-assembly behavior. With the increase of
polymer concentration, more and more hydrophobic microdo-
mains (or micelle) form. When the pyrene concentration is con-
stant, the local concentration of the pyrene in hydrophobic
microdomain undergoes a maximum with the increase of the poly-
mer concentration, directly corresponding to the variation of L.

The ratio of the peaks 384 nm () and 373 nm (I;) in the absorp-
tion spectra is strongly dependent on the polarity of microenviron-
ment for pyrene. The I3/I; ratio in the fluorescence spectrum of
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Figure 7. The I, as a function of polymer concentration. [Color figure can

be viewed in the online issue, which is available at wileyonlinelibrary.com.]

pyrene is measured in zwitterionic polymer solutions with or with-
out salt, and the results are shown in Figure 8.

From Figure 8, it can be seen that the I3/I; ratio is about 0.70 in
salt solution and 0.65 in pure water at low concentration (100
mg L), which is higher than in free polymer water (~0.58). It
indicates that there exist a few hydrophobic aggregates in this
concentration range even if the concentrations of the polymers
are very low, and the polarity of the system is strengthened with
the addition of salt. When the polymer concentration is higher
than 640 mg L™ " in salt water and 1330 mg L™ in pure water,
the I3/I; ratios start to increase significantly. With the increase of
polymer concentration, more and more hydrophobic microdo-
mains (or micelles) have been formed by hydrophobic interaction
and a large number of pyrenes are dissolved into the hydropho-
bic microdomains (or micelles). When the polymer concentration
reached 5000 mg L' in salt water or 6500 mg L' in pure
water, there is a turning point. After this turning point, the value
of L/I; has a little change with the increasing of polymer

14

—m— pure water
1.2 4 —e— 3% NaCl

1.0
0.8
o 064 £ o)
0.4+

0.2

0.0 — SN S— —
100 1000 10000
Z-polymer concentration / mg I
Figure 8. The ratio of I3/I; as a function of polymer concentration. [Color
figure can be viewed in the online issue, which is available at
wileyonlinelibrary.com. ]
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concentration. The results show that the salt can strengthen the
association of hyrophobically zwitterionic polymer, which can
also explain the salt thickening behavior of this polymer.

CONCLUSIONS

In this article, a kind of hydrophobically associating zwitterionic
polymer was synthesized, and the properties were investigated in
pure water and brine water. The viscosity of zwitterionic polymer
rises with addition of salt, when the betaine monomer has been
introduced into the polymer chains. Local network structure has
formed when the zwitterionic polymer concentration is 500 mg
L™' in the AFM micrographs. The globular aggregates are
stretched when salt is added and hydrodynamic radius <R,> of
zwitterionic polymer increase steadily with the increasing of NaCl.
Zwitterionic polymer shows remarkable salt thickening behavior
and anti-salinity properties by the introduction of the betaine
monomer. The results of fluorescence experiment show that the
addition of salt can facilitate the aggregation of zwitterionic poly-
mer solution. This polymer has a great prospect in petroleum
development, especially in very high salinity oil reservoirs. In the
future researches, the properties of thickening, resistance to high
temperature and solubility should be improved, which could make
the polymer be applied in chemical flooding of high temperature
and high salinity reservoir as soon as possible.
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