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ABSTRACT: A terpolymer (PAAP) of acrylamide, so-
dium 2-acrylamido-2-methylpropane sulfonate, and vinyl
biphenyl as a hydrophobic monomer was synthesized to
obtain a polymeric oil-flooding agent with low molecular
weight and application in oil reservoirs with medium to
low permeability. The intermolecular self-assembling
mechanisms in the PAAP solutions were investigated
with a pyrene fluorescence probe as functions of the
polymer concentration, surfactant, and temperature. The
hydrophobically associating morphologies of PAAP in an
unsalted solution were observed with scanning electron
microscopy. The results show that the high solution vis-
cosity of PAAP was due to the strong intermolecular
hydrophobic associations of the biphenyl groups, and the
critical association concentration was 0.05 g/dL for the
unsalted and brine PAAP solutions. The nonpolarity and

association degree in the hydrophobic microdomains
were greatly influenced by the polymer concentration.
With the addition of the optimum sodium dodecyl
benzene sulfonate concentration, the interpolymer hydro-
phobic associations were strengthened remarkably via
the connection of the surfactant with biphenyl groups
from different polymer chains. The number and sizes
of the aggregates increased in the range of 20–50�C.
These results demonstrate that the thickening effect
of the PAAP polymer in the aqueous solution was
due to intermolecular associations of the biphenyl groups.
VC 2009 Wiley Periodicals, Inc. J Appl Polym Sci 116: 404–412,
2010
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INTRODUCTION

Currently, a polymer widely applied in enhanced oil
recovery is partially hydrolyzed polyacrylamide
(HPAM) to increase the viscosity of the aqueous
phase; this results in a higher sweep efficiency. The
thickening ability of HPAM relies on its superhigh
molecular weight, which is generally higher than
10 million. The hydrolyzed degree is 20–30%. How-
ever, for oil reservoirs with medium to low perme-
abilities (permeability ¼ 0.1–0.5 lm2), HPAM is
likely to plug pore throats because of the large sizes
of its molecules; its high shear rate can cause the
degradation of the polymer chains and result in the

irreversible decrease of the solution viscosity, and its
viscosity retention ratio is only 20–30%. Hydrophobi-
cally associating acrylamide (AM)-based copolymers
with a small amount of hydrophobic groups have
been extensively studied.1–5 Compared with HPAM,
the molecular weights of these polymers are low,
and above the critical association concentration (Cp*)
in aqueous solution, the polymer molecules aggre-
gate with each other to form large amounts of
reversible supermolecular structures via the intermo-
lecular association of hydrophobic groups; this
results in a distinct increase in apparent viscosity.
Cp* is the characteristic concentration that
distinguishes the dilute solution from the semicon-
centrated solution. Below Cp*, few aggregates are
formed, and the apparent viscosities of the polymer
solutions vary slightly.6,7 Upon shearing, the associ-
ating structures are disrupted, and the degradation
of polymers does not occur. However, upon removal
of shear, the associations can reform, which results
in the absolute recovery of the polymer solution
viscosities. In addition, the polymers exhibit
salt-thickening behavior.8 For hydrophobically asso-
ciating polymers, these unique solution properties
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prevent the inconsistency between low molecular
weight and high solution viscosity and are exactly
accordant with the expected molecular structure and
properties of polymeric oil-displacing agents applied
in oil reservoirs with medium to low permeabilities.
However, the technical applications of hydrophobi-
cally modified water-soluble polymers have been
still restricted as many problems have not yet been
solved. For example, Cp* is on the high side in aque-
ous solutions, and the viscosity below Cp* is not
high enough to be applied in enhanced oil recovery
because the molecular weight is too low. In addition,
most hydrophobic monomers, including derivatives
of AM, acrylic esters, and their derivatives,9–12 easily
hydrolyze under acidic or basic conditions at high
temperatures; this results in an abrupt decrease in
the polymer solution viscosities. The associating
behavior in aqueous solutions were investigated
with a pyrene fluorescence probe for numerous asso-
ciative copolymers,13–16 and these articles mainly
discussed the influence of some factors on the
hydrophobic associations, such as the aforemen-
tioned monomer types, the block nature of the
molecular backbones, the polymer concentration,
and the pH values. Moreover, the solution viscosities
of associative polymer/surfactant systems have also
been largely studied.17–20 However, the influence of
the surfactant concentration and temperature on
associative microstructures has not been reported in
the literature.

To obtain a polymeric oil-displacing agent with
good solution properties, such as high viscosity, salt
thickening, shear resistance, aging resistance, and
sizes of molecular chains that could match those of
pores in oil reservoirs with medium to low perme-
ability, in this study, we synthesized a novel hydro-
phobically associating AM-based terpolymer P(AM-
NaAMPS-VP) (PAAP) with sodium 2-acrylamido-2-
methylpropane sulfonate (NaAMPS) and vinyl
biphenyl (VP) as a hydrophobic monomer by micel-
lar polymerization. The biphenyl groups linked
directly with the polymer main chains were stable at
high temperatures. The groups from VP could
induce van der Waals interactions because of its
plane and polarizable structure and could greatly
improve the rigidity of the polymer main chains as
pendant side chains. In this study, we aimed to
examine the intermolecular hydrophobic association
of PAAP in unsalted and brine solutions by means
of fluorescent probe measurements and to explore
the variation of a hydrophobic microenvironment
with parameters such as polymer concentration, sur-
factant concentration, and temperature. In addition,
the polymer solution viscosities were measured to
reveal the relationship between the thickening prop-
erties and the microstructures of the PAAP polymer
in aqueous solution.

EXPERIMENTAL

Reagents

AM was recrystallized twice from CHCl3, VP was
obtained from Acros Organics Co. (Beijing, China),
and 2-acrylamido-2-methylpropane sulfonate (AMPS)
was purchased from Lubrizol Co. Other reagents were
analytically pure and were used without further
purification.

Elemental analysis

The carbon, nitrogen, and hydrogen contents of the
polymers were determined with a CARLO ESRA-
1106 elemental analyzer (Milan, Italy), and according
to the measured elemental composition data, the
molar percentage compositions of the polymers were
calculated.

Ultraviolet (UV) spectral analysis

The UV spectrum was obtained with a UV-240 spec-
trophotometer (Shimadzu Co., Kyoto, Japan). The
purified PAAP polymer was dissolved in pure
water, and the polymer concentration was 0.1 g/dL.

Fourier transform infrared (FTIR)

The FTIR spectrum was conducted with a Nicolet
560 FTIR spectrophotometer (Madison, WI) with a
resolution capacity of 1 cm�1 and a scanning num-
ber of 32. The KBr pellet was prepared with the
purified polymer sample.

1H-NMR

The purified PAAP copolymer solution in D2O was
measured at room temperature with an Inova
400-MHz instrument (Varian Co., USA) to determine
whether the VP hydrophobic units were incorpo-
rated into the polymer molecules.

Fluorescence spectroscopy

Fluorescence spectra were recorded on a Hitachi 850
spectrophotofluorometer (Tokyo, Japan) at 35�C. Py-
rene was used as a micropolarity-sensitive probe,
whose concentration in the polymer solutions was 3
� 10�5 mol/L. The excitation wavelength was 333
nm, and the emission spectra were recorded
between 350 and 600 nm with slit widths of 2 nm
(excitation) and 3.0 nm (emission) at a scanning
speed of 60 nm/min. We prepared polymer aqueous
solutions of 0.03–0.5 g/dL by allowing the polymer
to dissolve in the distilled water.
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Scanning electron microscopy (SEM)

The SEM images were made with an S-3000N scan-
ning electron microscope (Hitachi). The polymer
solution sample was covered on a round plate and
dried naturally to form a layer of film. Gold was
sputtered on the film for electric conduction.

Apparent and intrinsic viscosity measurements

Polymer solutions were prepared by dissolution of
the purified polymer in the distilled water or NaCl
aqueous solution. The apparent viscosities of the
polymer solutions were measured with a Brookfield
DVIII R27112E viscometer (USA) at a shear rate of
7.34 s�1 at 25�C. The intrinsic viscosities were meas-
ured by a 0.6-mm Ubbelohde capillary viscometer at
(30.0 � 0.1) �C, and 1 mol/L sodium nitrate was
used as a solvent.

Synthesis of the copolymers

The PAAP terpolymer was prepared by free-radical
micellar copolymerization.21,22 A 100-mL, three-
necked round flask was equipped with a mechanical
stirrer, a nitrogen inlet, and an outlet. AM (5.0 g,
0.0704 mol, 90.2 mol %), AMPS (1.4558 g, 0.007024
mol, 9 mol %), and sodium dodecyl sulfate (SDS;
1.1166 g) were dissolved in 29.94 mL of distilled
water, and the solution was placed in the flask.
NaOH was used to control the pH value of the reac-
tion solution between 6 and 7. The mixture was
stirred for 15 min, and VP (0.1124 g, 6.2430 � 10�4

mol, 0.8 mol %) was then added to the reaction
flask. The flask was purged with N2 for 0.5 h. The
reactant solution was heated to 50�C with stirring in
a tempering kettle under a nitrogen atmosphere, and
7.28 mL of a 0.005-mol/L K2S2O8 solution was then
added to the reactant solution. After the polymeriza-
tion proceeded for 16 h at 50�C, the reaction mixture
was diluted with 500 mL of distilled water, and two
volumes of acetone were then added with stirring to
precipitate the polymers. The polymers were washed
with acetone twice and extracted with ethanol by
the Soxhlet extraction instrument for 2 days to

remove all traces of water, surfactant, residual
monomers, and initiator. Finally, the polymers were
dried under vacuo at 50�C for 3 days.
In the absence of the hydrophobic monomer VP,

P(AM-NaAMPS) (PAA) was synthesized, and the
reaction conditions and purification method were
the same as those mentioned earlier.
The molecular structure of PAAP is shown in

Figure 1. The intrinsic viscosities of PAA and PAAP
were 10.27 and 4.83 dL/g, respectively, and the
molar composition of the two polymers were
AM/NaAMPS ¼ 88.49 : 11.51 and AM/NaAMPS/
VP ¼ 88.21 : 10.83 : 0.96, respectively. For the UV
spectrum of PAAP, there was a typical absorption
peak at 240 nm attributed to the aromatic multiring
structure. The FTIR peaks and 1H-NMR (400-MHz)
shifts of PAAP are shown in Tables I and II,
respectively.

RESULTS AND DISCUSSION

Unsalted and brine PAAP solutions

The fluorescent probe technique is used to investi-
gate the formation of the microenvironment, and the
probe is commonly pyrene, the solubility of which
in water is very low (ca. 1.0 � 10�7 mol/L). How-
ever, pyrene is preferably solubilized in hydrophobic
microdomains. Among various fluorescent probes,
the vibrational fine structure of the emission

Figure 1 Schematic representation of the molecular
structure of PAAP.

TABLE I
FTIR Vibration Peaks of the PAAP Polymer

Group Vibration type Wave number (cm�1)

ANAH Stretching 3417.44
C¼¼O Stretching 1663.07
ACH3, ACH2, ACH Stretching 2851.63, 2933.18, 2785.19
ACH3, ACH2, ACH Bending 1452.05, 1415.24, 1349.65
¼¼CAH in biphenyl Stretching 3200.00
¼¼CAH in biphenyl Bending 762.00
ASO�

3 Bending 1187.92, 1119.59, 1040.61

TABLE II
1H-NMR Shifts (d) of the PAAP Polymer

Group d (ppm)

9H (ACH of biphenyl) 7.377–7.823
2H (ACH2 of the VP main chain) 3.441
1H (ACH of the VP main chain) 3.210
6H (ACH3 of the NaAMPS side chain) 1.497
2H (ACH2 of the AMPS side chain) 3.665
2H (ACH2 of the NaAMPS main chain) 1.787
1H (ACH of the AMPS main chain) 2.357
2H (ACH2 of the AM main chain) 1.673
1H (ACH of the AM main chain) 2.228
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spectrum of pyrene is the most sensitive to the
change in located microenvironment.23–26 The inten-
sity ratio of the first vibronic peak at 375 nm to the
third vibronic peak at 384 nm (I1/I3) in the fluores-
cence emission spectrum is sensitive to the polarity
of the hydrophobic microenvironment in which the
pyrene probe is located. Thus, the formation of
hydrophobic microdomains in aqueous solution can
be shown by a decrease in the I1/I3 value.

The pyrene emission spectra for the PAAP poly-
mer in dilute and semiconcentrated unsalted solu-
tions are shown in Figures 2 and 3, respectively.
Figures 4 and 5 show the pyrene emission spectra of
the polymer in 0.256-mol/L NaCl solutions. Accord-
ing to the previously shown pyrene emission spec-
tra, the plots of I1/I3 versus polymer concentration
are displayed in Figure 6 for PAAP in unsalted and
brine solutions. As shown in Figures 2 and 6, the

I1/I3 values was 1.660 at a polymer concentration of
0.03 g/dL and was slightly lower than that in pure
water (1.76). The result suggests that some hydro-
phobic microdomains were formed in the polymer
solution as well as a majority of monomolecules.
The I1/I3 value dropped remarkably from 1.66 to
1.500 with increasing polymer concentration from
0.03 to 0.1 g/dL and then decreased slightly in a
polymer concentration range of 0.1–0.2 g/dL.
Finally, the I1/I3 value was 1.077 at a polymer con-
centration of 0.5 g/dL, which indicated that the non-
polarity in hydrophobic microenvironments was
almost the same as that of micelles in 0.05-mol/L
SDS aqueous solution (I1/I3 ¼ 1.05).27 The variation
of I1/I3 with polymer concentration revealed that the
intermolecular hydrophobic associations were
strengthened with increasing polymer concentration,
which led to a great increase in the nonpolarity
of the pyrene microenvironments. Moreover, it

Figure 2 Fluorescence spectra of pyrene in dilute
unsalted solutions with different PAAP concentrations
(k ¼ wavelength; I ¼ intensity).

Figure 3 Fluorescence spectra of pyrene in semiconcen-
trated unsalted solutions with different PAAP concentra-
tions (k ¼ wavelength; I ¼ intensity).

Figure 4 Fluorescence spectra of pyrene in 0.256 mol/L
NaCl dilute solutions with different PAAP concentrations
(k ¼ wavelength; I ¼ intensity).

Figure 5 Fluorescence spectra of pyrene in 0.256 mol/L
NaCl semiconcentrated solutions with different PAAP con-
centrations (k ¼ wavelength; I ¼ intensity).
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revealed that large amounts of hydrophobic micro-
domains formed at 0.1-g/dL PAAP.

In a 0.256-mol/L NaCl solution, at the same poly-
mer concentration, the I1/I3 value in brine solution
was remarkably lower than that in unsalted solution,
which indicated that the hydrophobic microdomains
became more compact; this led to an obvious
increase in the nonpolarity of the pyrene environ-
ments. The I1/I3 value decreased dramatically from
1.570 to 1.154 with increasing polymer concentration
from 0.03 to 0.1 g/dL and then gradually dropped
to 1.064 at 0.15 g/dL PAAP. Finally, the I1/I3 value
tended to be constant, and the nonpolarity was
almost invariable in hydrophobic microdomains,
where the intermolecular associations of hydropho-
bic groups were balanceable with the electrostatic
repulsion of ASO�

3 groups. The results show that
with addition of NaCl, intermolecular repulsion was
weakened because of the electrostatic shielding of
Naþ on ASO�

3 groups in the polymer chains, and
hydrophobic groups arranged more closely, which
resulted in a remarkable increase in the nonpolarity
of hydrophobic microdomains. In Figure 6, the I1/I3
data in unsalted and brine solutions could not obvi-
ously display the Cp* values and merely suggested
that Cp* should be lower than 0.1 g/dL.

The fluorescence emission spectrum of the excited
pyrene (Py*) consisted of major peaks at 375, 384, and
399 nm (monomer emission peaks with intensity Im)
in the absence of pyrene–pyrene interactions. Excimer
formation occurs when the pyrene concentration in
the hydrophobic microenvironment is high enough
for a Py* and a pyrene in its ground state to come
into close proximity during the Py* lifetime. The
pyrene excimer emission peak (with intensity Ie) is
characterized by a broad featureless spectral emission
peak centered at 475 nm. Hence, the Ie/Im ratio has
often been used as an indicator of the degree of inter-
action between fluorophores.28 For hydrophobically

associating polymers, the Ie/Im ratio provides a mea-
sure for characterizing the association degree of
hydrophobic segments in the polymer chains and the
microviscosity of the hydrophobic microdomains.
As shown in Figures 3 and 5, the excimer emis-

sion peak became obvious above a polymer concen-
tration of 0.05 g/dL. Figure 7 shows plots of Ie/Im as
a function of the polymer concentration in unsalted
and 0.256-mol/L NaCl solutions, respectively. With
increasing polymer concentration for the unsalted
and brine solutions, the Ie/Im values slightly
increased below 0.05-g/dL PAAP and then
increased dramatically up to a polymer concentra-
tion of 0.2 g/dL. This showed sufficiently that Cp*
was 0.05 g/dL for the solutions, and above this con-
centration, intermolecular hydrophobic associations
increased sharply. For the unsalted solution, the
Ie/Im ratio was almost invariable in the concentration
range of 0.2–0.4 g/dL, which indicated that the
degree of hydrophobic associations and the concen-
tration of pyrene excimers dissolved in hydrophobic
microdomains tended to be constant, although the
number and sizes of aggregates increased. Finally,
the Ie/Im value increased to 0.635 at 0.5 g/dL PAAP.
However, for the 0.256-mol/L NaCl solution, the
intramolecular or intermolecular associations of
hydrophobic groups were much stronger than those
in the unsalted solution at any polymer concentra-
tion higher than 0.03 g/dL, and the Ie/Im value
abruptly increased from 0.820 to 1.647 with increas-
ing polymer concentration from 0.2 to 0.5 g/dL.
Figure 8 shows the apparent viscosity as a func-

tion of the polymer concentration for the unsalted
PAAP solution. Cp* was 0.05 g/dL, and with increas-
ing polymer concentration, the apparent viscosity
slowly increased below 0.05 g/dL and then
increased dramatically. Compared with the unsalted
PAAP solution, the PAA polymer exhibited common
viscosity behavior of a polyelectrolyte, and the

Figure 6 Influence of the PAAP concentration (Cp) on
I1/I3 values in unsalted and NaCl solutions.

Figure 7 Influence of the PAAP concentration (Cp) on
Ie/Im values in unsalted and brine solutions.
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solution viscosity linearly increased with increasing
polymer concentration. The values of the apparent
viscosity in Figure 8 were measured at a fixed shear
rate of 7.34 s�1, and the variation of apparent viscos-
ity with shear rate was investigated by steady-shear
measurement with a Gemini 200 dynamic rheometer

(Malvern Instruments Co., England).29 The previ-
ously reported studies showed that the viscosities
measured at 7.34 s�1 were all at the shear thinning
phase in three consecutive shear cycles of 0.1-
and 0.15-g/dL unsalted PAAP solutions. This also
indicated that intermolecular hydrophobic associa-
tions still existed in the solutions at the shear rate.
The fluorescent probe results were consistent with
the solution viscosity measurements. These results
also show that the number of microdomains and
solution viscosities abruptly increased because of the
formation of the three-dimensional networks via
intermolecular hydrophobic associations (Fig. 9)
with increasing polymer concentration above
0.1-g/dL PAAP, although the nonpolarity of the
hydrophobic microdomains gradually decreased
because of the balance between the intermolecular
electrostatic repulsions of ASO�

3 groups and associ-
ating interactions of hydrophobic groups. As shown
in Figure 9(a,b), continuous three-dimensional net-
work structures were formed at 0.1-g/dL PAAP,
but the sizes of the network bones were small.
With increasing polymer concentration from 0.1 to
0.2 g/dL, the associating network structures became

Figure 9 SEM images of unsalted PAAP solutions: (a,b) 0.1 and (c,d) 0.2 g/dL PAAP.

Figure 8 Influence of the polymer concentration (Cp) on
the apparent viscosity (gapp) of unsalted PAAP solutions.
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much larger and compact because of more hydro-
phobic groups participating in intermolecular associ-
ation [Fig. 9(c,d)]; this resulted in a remarkable
increase in the solution viscosities. Figures 8 and 9
also show that the change in associating morpholo-
gies was in accordance with that of the solution vis-
cosities with increasing polymer concentration, and
the thickening properties of the PAAP polymer
mainly depended on the associative structures.

The aforementioned results reveal that the forma-
tion of supermolecular aggregating structures
resulted in a high apparent viscosity because of the
strong hydrophobic associations of biphenyl groups
for PAAP in pure water. In the unsalted solution,
the hydrophobic microdomains were loose because
of the intermolecular electrostatic repulsions of
ASO�

3 groups, in which the nonpolarity was not
high. Therefore, the aggregates possessed large
hydrodynamics volumes, which resulted in high
solution viscosities. With the addition of NaCl, the

aggregates became compact because of the electro-
static shielding of intermolecular repulsions, and it
was difficult for water molecules to enter hydropho-
bic microdomains; this led to a great increase in the
solubility of pyrene in the microdomains. However,
the solution viscosity decreased because of the for-
mation of compact aggregates with small hydrody-
namics volume in the PAAP brine solution.29

Effect of the surfactant on the aggregation of
PAAP in the unsalted solutions

Figure 10 shows the pyrene emission spectra of
0.4-g/dL unsalted PAAP solutions with different
sodium dodecyl benzene sulfonate (SDBS) concentra-
tions. Figures 11 and 12 show I1/I3 and Ie/Im as
a function of SDBS concentration, respectively. As
shown in Figure 11, with the addition of 0.5-mmol/L
SDBS to the polymer solution, the I1/I3 value

Figure 10 Fluorescence spectra of pyrene in unsalted
PAAP solutions containing SDBS (k ¼ wavelength; I ¼ in-
tensity). The polymer concentration was 0.4 g/dL.

Figure 11 Influence of the SDBS concentration (CSDBS) on
the I1/I3 values in unsalted PAAP solutions. The polymer
concentration was 0.4 g/dL.

Figure 12 Influence of the SDBS concentration (CSDBS) on
the Ie/Im values in unsalted PAAP solutions. The polymer
concentration was 0.4 g/dL.

Figure 13 Effect of the SDBS concentration (CSDBS) on the
apparent viscosity (gapp) of unsalted PAAP solutions. The
polymer concentration was 0.4 g/dL.
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sharply decreased; this indicated that the nonpolar-
ity in the hydrophobic microdomains remarkably
increased, and larger associating network structures
were formed via the bridging of a small amount of
surfactant molecules with hydrophobic groups.
Then, the nonpolarity slightly varied above 0.5
mmol/L SDBS. The maximum of Ie/Im also
appeared at 0.5-mmol/L SDBS in Figure 12, which
suggested that the degree of hydrophobic associa-
tions were the strongest, and the volumes of hydro-
phobic microdomains were also the largest, which
resulted in the highest concentrations of pyrene
excimers dissolved in the microdomains. With fur-
ther increasing SDBS concentration, the Ie/Im value
sharply decreased, and then, it was almost invaria-
ble. The proposed interpretation supported by the
experimental results was as follows: with increasing
the surfactant concentration above 0.5 mmol/L
SDBS, the number of surfactant micelles increased;
the number of mixed micelles containing surfactant
molecules and hydrophobic groups from different
polymer chains also increased, but the number of
hydrophobic groups in each mixed micelle
decreased, which led to smaller sizes of microdo-
mains. The intermolecular hydrophobic associating
structures were gradually disrupted by the addition
of excessive SDBS, and micellelike aggregates with
individual hydrophobic segments were finally

formed. The dependence of apparent viscosity on
SDBS concentration (Fig. 13) further substantiated
these results, and the solution viscosity dramatically
increased with the addition of 0.5-mmol/L SDBS.

Effect of the temperature on the aggregation of
PAAP in unsalted solutions

The aforementioned pyrene emission spectra were
measured at 35�C. Figure 14 displays the pyrene
emission spectra of 0.5-g/dL unsalted PAAP solu-
tion at different temperatures. Table III and Figure
15 show I1/I3 and Ie/Im as a function of temperature,
respectively. With increasing temperature from 25 to
50�C, as displayed in Table I, the I1/I3 value varied
slightly. However, as shown in Figure 15, the Ie/Im
value obviously increased, and the maximum was
reached at 50�C. The results imply that with increas-
ing temperature, the variation in the nonpolarity of

Figure 14 Fluorescence spectra of pyrene in unsalted
PAAP solutions at different temperatures (k ¼ wave-
length; I ¼ intensity). The polymer concentration was 0.5
g/dL.

TABLE III
Influence of the Temperature on the I1/I3 Values in the

Unsalted PAAP Solutions

Temperature (�C)

25 30 35 40 45 50 55

I1/I3 1.155 1.161 1.077 1.103 1.121 1.104 1.107

The polymer concentration was 0.5 g/dL.

Figure 15 Influence of temperature on the Ie/Im values in
unsalted PAAP solutions. The polymer concentration was
0.5 g/dL.

Figure 16 Apparent viscosity (gapp) of PAAP solutions as
a function of temperature: (1) unsalted PAAP solution (0.1
g/dL), (2) 0.0855 mol/L NaCl solution of PAAP (0.2 g/
dL), and (3) PAA solution (0.2 g/dL).
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the microdomains was not obvious, and just the
sizes and number of aggregates increased; this
resulted in an increase in the concentration of py-
rene excimer dissolved in the microdomains. With
increasing temperature from 50 to 55�C, a small
amount of hydrophobic associating structures col-
lapsed because of faster movement of the water mol-
ecules and polymer chains, which brought about
decreases in the size and number of aggregates. The
variation of Ie/Im with temperature was consistent
with a plot of solution viscosity versus temperature
(Fig. 16) for the unsalted PAAP solution, and the
solution viscosity simply decreased with increasing
temperature for the PAA polymer. Figures 15 and
16, which reflect the solution microstructure and
macroscopic solution properties, respectively, dem-
onstrate the explanation that the hydrophobic associ-
ation was an endothermic process of entropy
increase in a certain temperature range.30

CONCLUSIONS

A water-soluble AM-based terpolymer (PAAP) with
NaAMPS and VP as the hydrophobic monomer was
synthesized by a micellar free-radical copolymeriza-
tion technique. The fluorescent probe results show
that strong intermolecular hydrophobic associations
existed among the biphenyl groups, which led to the
formation of three-dimensional networks and a high
apparent viscosity for the unsalted PAAP solution,
and Cp* was 0.05 g/dL for the unsalted and brine
PAAP solutions. The nonpolarity in the hydrophobic
microenvironments was almost the same as that of
micelles in the 0.05-mol/L SDS aqueous solution at
0.5-g/dL PAAP. With the addition of 0.256-mol/L
NaCl, the I1/I3 value decreased, and the Ie/Im value
remarkably increased; this indicated that the hydro-
phobic microstructures became more compact.
Above 0.15-g/dL PAAP in brine solution, with
increasing polymer concentration, the I1/I3 value
tended to be constant and was 1.064, but the Ie/Im
value increased throughout. With the addition of
0.5-mmol/L SDBS in the unsalted PAAP solution,
the nonpolarity in the hydrophobic microdomains
sharply increased, and the degree of hydrophobic
association and the sizes of microdomains were
maximum. At higher SDBS concentrations, the non-
polarity and microviscosity in the microenvironment
were slightly invariable. With increasing tempera-
ture, the sizes and number of aggregates increased

up to 50�C, and the nonpolarity in the hydrophobic
microdomains varied slightly. For influence factors
including polymer concentration, surfactant, and
temperature in the unsalted PAAP solutions, the
microcosmic hydrophobic associations studied by
the fluorescent probe were in accord with the thick-
ening properties.
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