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ABSTRACT: The microstructure of a model HASE associative polymer in aqueous salt solution is complex
and has not been defined until now. On the basis of the results from static and dynamic light scattering
studies, a physical model describing the microstructure of a model HASE polymer in aqueous salt solution
is proposed. The model HASE polymer contains a copolymer backbone of equal moles of methacrylic acid
(MAA) and ethyl acrylate (EA) with 1 mol % of C,6H3s3 hydrophobic modified macromonomer distributed
randomly along the backbone. In very dilute aqueous solutions (0.005—0.1 wt %), two decay modes are
observed in the relaxation time distribution function. The fast and the slow modes correspond to the
translational diffusion of the unimers and the polymer aggregates (consisting of about five polymer chains),
respectively. The polymer aggregate is formed by association of the hydrophobic macromonomer via a
closed association mechanism. When the polymer concentration increases, the polymer aggregates grow
in size. The fractal dimension, ds, decreases with increasing polymer concentrations, indicating that the
aggregates are becoming less compact. At the same time, when the polymer concentration exceeds 0.1 wt

%, the unimers are transformed to oligomers consisting of two or more polymer chains.

Introduction

Associative polymers are a class of macromolecules
with attractive groups or “stickers” either attached at
the ends (telechelic system) or distributed along the
backbone (combed system). This class includes charged
polymers (ionomers, polyelectrolytes, and polyam-
pholytes), block copolymers in strongly selective sol-
vents, and polymers with hydrogen bonding.* They are
widely used in a number of applications such as rheology
modifiers, adhesives, adsorbents, coatings, biomedical
implants, flocculent for wastewater treatment, surfac-
tant and stabilizers for heterogeneous polymerization,
and suspending agents for pharmaceutical delivery
systems.23 One typical example of associative polymers
is the aqueous solutions of block copolymers. These
associative polymers usually contain a water-soluble
hydrophilic backbone and insoluble hydrophobic groups
located at the ends of the polymer chain or distributed
along the polymer backbone. When the polymer dis-
solves in water, clusters of hydrophobic domains are
formed, yielding a network structure. Such structure
induces a large increase in the solution viscosity,
producing a viscous and often elastic and gellike fluid
behavior. Hence, associative polymers are good candi-
dates for thickening agents in environmentally friendly
coating applications. Interests in this field have in-
creased, and fundamental studies on such a polymer
system have become an active research area in the past
two decades.* 16

HASE (hydrophobically modified alkali soluble emul-
sion) is among one of many varieties of new generations
of synthetic associative thickeners. It has a structure
resembling that of a combed-like polymer.t” This thick-

* Nanyang Technological University.

* Union Carbide Asia Pacific Inc.

* To whom the corresponding should be addressed. Currently
on sabbatical leave at the Department of Mechanical Engineering,
MIT. e-mail mkctam@ntu.edu.sg; FAX (65) 791-1859.

10.1021/ma990887n CCC: $19.00

ener contains a copolymer backbone consisting of meth-
acrylic acid and ethyl acrylate. A small proportion
(usually 1—3 mol %) of hydrophobic groups with a short
poly(ethylene oxide) hydrophilic segment are attached
to the hydrophilic backbone via an unsaturated isocy-
anate linkage. When the polymer is dissolved in an
alkali media, the backbone becomes hydrophilic and the
latex emulsion dissolves. In aqueous solutions, these
hydrophobic groups associate and form clusters through
the intra- and intermolecular interactions. If the poly-
mer concentration is greater than a critical value, a
transient network structure is formed, which gives rise
to the dramatic increase in the solution viscosity. Up
to now, the microstructure and the association mecha-
nism of these polymers in aqueous solutions is still
unclear. Many techniques, such as fluorescence spec-
troscopy, pulse gradient NMR, dynamic light scattering,
and rheology, can be used to investigate the behavior
of the HASE polymer in aqueous solution. Several
publications on the rheological properties and the
fluorescence spectroscopy of this thickener have been
reported.18-28

In this paper, both static and dynamic light scattering
were used to study the microscopic conformation and
the association mechanism of a model HASE polymer
in aqueous salt solution. The chemical structure of this
HASE, designated as HASE-35E0O-16C, is shown in
Figure 1. The effects of temperature, ionic strength, and
pH are described elsewhere.?® All the measurements
here were carried out at 298 K, pH 9, in 0.1 M NaCl
aqueous solutions. At pH of 9, complete neutralization
of the methacrylic acid is achieved, while with 0.1 M
NaCl, electrostatic interactions between charges along
the polymer backbone are minimized. The polymer
concentration was varied from 0.005 to 0.408 wt %.

Materials and Methods

Samples and Sample Preparation. The HASE copoly-
mer, designated as HASE-35E0-16C, was synthesized by

© 2000 American Chemical Society

Published on Web 12/28/1999



Macromolecules, Vol. 33, No. 2, 2000

CH H
| 3 \ CHj
- 1 CH c
CHy—¢C CHy ¢ CHy—C
c=0 c=0
OH 0 CH3 ~C—CHy
X L CHy NH
METHACRYLIC ACID CHs |, c=o0
ETHYL ACRYLATE by
T
CH2
GH2
[0}
T s
L C1eHas

HYDROPHOBIC
MACROMONOMER

Figure 1. Chemical structure of HASE-35EO-16C.

Union Carbide. The emulsion copolymerized product contains
50 mol % methacrylic acid (MAA), 49 mol % ethyl acrylate
(EA), and 1 mol % CisHss macromonomer. The details of
synthesis and characterization of the polymer were described
elsewhere.’®2! The hexadecyl group was ethoxylated with ~35
mol of ethylene oxide.

The HASE-35E0-16C in latex form was dialyzed using a
cellulose membrane placed in the Millipore deionized water
for about 4 weeks, with a weekly change of water. The cellulose
dialysis membrane removes molecules with M,, below 14 000.
After dialysis, the clean latex concentration was determined
by drying in the vacuum oven at 80—100 °C. The stock solution
was prepared at a concentration of 1 wt % total polymer in
deionized water and kept in the refrigerator at a temperature
of ~ 6 °C. Other reagents, such as NaCl and AMP (2-amino-
2-methylpropanol-1) was used as received. The samples were
diluted from that stock solution using 0.2 M NaCl aqueous
solution and filtered deionized water. AMP was used to adjust
the pH to approximately 9. Measurements were performed
after 24 h to ensure that an equilibrium microstructure was
attained. Prior to conducting the light scattering measurement,
the sample solutions were filtered through a 0.2 um filter to
remove any dust particles that may be present in the test
solution.

Equipment. The Brookhaven BI-200SM goniometer system
equipped with a 522-channel BI9000AT digital multiple ¢
correlator was used to perform the light scattering experi-
ments. The light source is a power adjustable vertical polarized
argon ion laser with the wavelength of 488 nm. The measured
temperature was controlled at 25 + 0.1 °C using a Science/
Electronic water bath. The REPES inverse Laplace transform
(ILT) routine supplied with the GENDIST software package®
was used to analyze the intensity—intensity autocorrelation
functions. The probability of reject was set to 0.5.

Rheological measurements of dilute polymer solutions were
carried out using the Contraves LS40 controlled rate rheom-
eter. The rheometer was fitted with the MS41S/1S concentric
cylinder measuring system consisting of a cup with diameter
of 12 mm and a bob with the diameter of 11 mm and the height
of 8 mm.

Results and Discussions

Static Light Scattering. Static light scattering is a
conventional method for determining the weight-aver-
aged molecular weight (M) of polymers. From the static
light scattering, the second virial coefficient (A;) and the
z-averaged radius of gyration (Rg) can be determined.31.3?
If the particle size is larger than 4¢/20, the basic relation
for static light scattering is

KC_ (L 9
R, = W +2AC|\1 + 1)

w

where K (=4mnp?(dn/dC)2/Nalo?) is an optical constant
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Figure 2. Static light scattering (Zimm plot) of dilute HASE-
35E0-16C in 0.1 M NacCl aqueous solutions at pH 9, 298 K.
(Angles range from 30° to 135°; concentrations range from
0.005 to 0.15 wt %.)

with Na, ng, and 1o being Avogadro’s number, the
solvent refractive index, and the wavelength of the light
in a vacuum, respectively. C is the polymer concentra-
tion in grams per milliliter, and Ry is the excess
Rayleigh ratio at scattering angle 0 with vertically
polarized incident and scattered beams. The scattering
vector, q (=4xn sin(6/2)/4), is defined as the difference
between the scattered beam and the incident beam. The
refractive index increment of the polymer solutions
(dn/dc) can be measured using a differential refracto-
meter.

A Zimm plot is always used to analyze the static light
scattering data. Figure 2 shows the Zimm plot of dilute
HASE-35E0-16C in 0.1 M NaCl at 298 K, pH 9. The
measurement yields an apparent weight-averaged mo-
lecular weight of 9.9 x 10%g/mol, an apparent second
virial coefficient of 1.15 x 10~4 (cm® mol)/g and an
apparent radius of gyration of 114 nm. Because of
hydrophobic associations, it is difficult to determine the
molecular weight and molecular weight distribution of
single polymer chain. We found that both organic
solvents and cosolvents do not completely remove the
hydrophobic association. At the same time, cleaving the
hydrophobes by hydrolysis reaction and the shielding
of hydrophobic associations using surfactants alters the
polymer structure. The determination of the molecular
weight and MW distribution of HASE polymer is a
challenging and difficult task. However, Ou-Yang and
co-workers® recently reported the MW and MWD of
single polymer chains. They removed the association
using p-cyclodextrin, and the My, of the nonassociated
chain was found to be between 200 000 and 250 000.
The molecular weight distribution of individual polymer
chain is not broad. Comparison of our results and that
of Ou-Yang and co-workers suggests that large ag-
gregates or polymer clusters are present in aqueous
solutions, even at extremely low polymer concentrations.
By combining the static light scattering with the
dynamic light scattering results, additional information
on the large aggregates or clusters could be derived.
This will be discussed later.

Fractal Dimension of Aggregates. In dilute solu-
tion, the excess scattering intensity of polymer mol-
ecules is related to the structure factor S(g) and the form
factor P(q), i.e.

I(@) 00 S(a) P(a) ()

S(q) and P(g) correspond to the space correlation
between monomers of different polymer chains and that
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Table 1. Summaries of Static and Dynamic Light Scattering Parameters for Dilute HASE-35EO-16C at pH 9 and 298 K, in
0.1 M NacCl Solutions

concn D¢ Ds DmlT Dyl T Rp2 Rp?

(wt %) (101 m?/s) (1012 m?/s) n (Pas) (1017 N/K) (1017 N/K) (unimer) (aggregate) Rn(agg)/Rn(u) ds
0.00493 1.27 3.12 0.001 02 4.34 1.07 19.3 78.7 4.1 2.34
0.00998 1.26 3.11 0.001 06 4.47 1.11 19.5 78.9 4.1 2.35
0.0265 1.30 3.03 0.001 05 4.57 1.07 18.9 81.0 4.3 2.35
0.0493 1.39 2.93 0.001 07 4.66 1.09 17.7 83.8 4.7 2.11
0.0804 1.50 2.83 0.001 07 5.39 1.02 16.4 86.7 5.3 2.01
0.0964 1.57 2.74 0.001 09 5.09 1.07 15.6 89.6 5.7 1.94
0.1459 1.54 2.59 0.001 12 5.65 1.06 15.9 94.7 59 1.76
0.1951 1.45 2.45 0.001 15 6.05 1.06 16.9 100.2 59 1.74
0.3057 1.27 2.18 0.001 19 6.15 1.03 19.3 112.6 5.8 1.54
0.4081 1.08 1.97 0.001 31 6.37 1.08 22.7° 124.6 55 1.33

a Apparent hydrodynamic radius. P Apparent hydrodynamic radius of oligomers.

of the same polymer chains, respectively.34-3¢ At the
condition of qRy,u < 1 < qRgagg, the average intensity is
related to q as shown:

(@) Oq™® (3)

Rg,u and Rg agg are the radius of gyration of unimers and
aggregates, respectively, and d; is the static fractal
dimension. The static fractal dimension can be used to
indicate the kinetic process of aggregation and the
compactness of the aggregates. The value of static
fractal dimension is determined from a plot of In 1(q)
vs In q.

One of the main conceptual theoretical frameworks
used to describe aggregation process is the kinetic
approach.3435 The kinetic approach gives a mean field
description of aggregation processes when the positions
of the aggregates are not correlated. Two well-studied
limiting cases are the reaction-limited cluster—cluster
aggregation (RLCA), where the sticking probability
between particles tends to zero, and the diffusion-
limited cluster—cluster aggregation (DLCA), where the
sticking probability between particles tends to unity. For
the DLCA cluster, the fractal dimension d; ~ 1.8, while
for the RLCA cluster, d; ~ 2.1. Any interaction between
parts of clusters in the docking process would make
them deviate from the two motions described above.
Meanwhile, at condition of qRgagg > 1,

d
Magg U Rglagg (4)
where Magq is the molecular weight of the aggregates.
Hence, the larger the fractal dimension, the more
compact the structure, and the lower the fractal dimen-
sion, the more open is the structure.34:36

The g dependence of the scattering intensity for
HASE-35E016C at different concentrations was used
to investigate the compactness of the cluster and the
aggregation process. The log—Ilog relationship of intensi-
ties and scattering vector is shown in Figure 3. Itis clear
that the intensity decreases with increasing g, and the
magnitude of the slope decreases with increasing poly-
mer concentration. On the basis of the relationship
described in eq 3, the slope in the log—log plot yields
the value of d;, which is summarized in Table 1. The
magnitude of d; remained almost constant at ~2.35 at
concentration less than 0.05 wt %, and it decreases with
increasing polymer concentration. The decrease in d¢
with increasing polymer concentrations was also re-
ported by Carpineti et al. on the aggregation of poly-
styrene.3> The maximum ds is 2.35 (which is larger than
2.1), suggesting that the aggregation process deviates
from either the DLCA or the RLCA process. It may not

64
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Figure 3. Plot of In(l) versus In(q) for the determination of
static fractal dimension.

be feasible to use the simple mechanism of RLCA and
DLCA to interpret the aggregation process of HASE
polymer system. At the polymer concentration of less
than 0.05 wt %, df remained constant, which suggests
that the structure of the cluster does not change.
However, d; decreases at ¢ > 0.05 wt %, indicating that
the clusters become less compact at higher polymer
concentration. The trends of the fractal dimension at
varying polymer concentrations seem to correlate with
the dynamic light scattering data.

Dynamic Light Scattering. Dynamic light scatter-
ing measures the temporal fluctuations of the scattered
light produced by polymer molecules. The temporal
variation of the scattered radiation yields the familiar
Doppler shift, and the broadening of the central Ray-
leigh line can be used to determine the dynamic proper-
ties of the system. The intensity of the scattered light
can be analyzed by photon correlation spectroscopy
(PCS).30'32'37

The normalized intensity—intensity autocorrelation
function is expressed as

) 1(t + )0

9,(t) = (20

©)

where I(t) is an average value of the products of the
scattered intensity at an arbitrary time, t, and I(t+7) is
the intensity registered at delay time 7. The above
expression can be simplified using the Siegert relations

9x(t) = 1 + Blg, (O (6)

where f is the coherence factor and gi(t) is the field
autocorrelation function, which is described by the
expression
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9:(t) = f/'W(T) exp(~Tt) dT 7

where w(I') is a continuous distribution function of decay
rate T'; the decay rate is the inverse of the relaxation
time 7. If the inverse Laplace transform (ILT) is used
to analyze the autocorrelation functions, the relation-
ship between w(I') and T can be obtained. Meanwhile,
for the translational diffusion mode, the decay rate is
related to the translational diffusion coefficient D by

I = D¢’ (8)

and the Stokes—Einstein expression can be expressed
as

__ kT
Do =GRy ®)

where k is the Boltzmann constant, T the absolute
temperature in kelvin, 7o the solvent viscosity, Ry the
hydrodynamic radius of polymer, and Dy the transla-
tional diffusion coefficient at infinitely dilute concentra-
tion.

Angular Dependence. Dynamic light scattering
measurements were carried out at different measure-
ment angles. The autocorrelation functions and their
respective time distribution functions of 0.005 wt %
HASE-35E016C in 0.1 M NaCl at pH 9, 298 K, are
shown in Figure 4a,b. REPES was used to analyze the
autocorrelation function. The figure indicates that the
system contains two peaks in the relaxation time
distribution. At low measurement angles, the two main
peaks are fully separated. The peaks are assigned as
the fast and the slow decay mode, respectively, and they
can be represented by two characteristic relaxation
times, 7+ and 75 (where 7t < 75). 77 represents the
relaxation time of the fast decay mode (the left peak).
7s represents the relaxation time of the slow decay mode
(the right peak). Meanwhile, the ratio of the two peaks,
Ai/As, decreases as the measurement angle is decreased
and reaches a minimum value of approximately 1/9. A/
As represents the relative contribution to the intensity
from these two components. From static light scattering
results, the large apparent radius of gyration in the
solution implies that large clusters exist in the polymer
solution. For the large cluster, Ai/As is angle dependent
because the smaller measurement angle is sensitive to
large particles.

Figure 5 reveals the dependence of the decay rate on
the scattering vector of 0.005 wt % HASE-35EO-16C
solution. It is evident that both the fast and the slow
modes are diffusion modes as I'/g? is independent of the
scattering vector, which implies that the decay rate is
linearly dependent on g?. The magnitude of the I'/g?
corresponds to the translational diffusion coefficient.
The diffusion coefficients of dilute HASE-35EO-16C in
0.1 M NaCl solutions are summarized in Table 1. The
fast mode represents the translational diffusion of
individual polymer chain or unimer, while the slow
mode is attributed to the translational diffusion of a
larger aggregate or polymer cluster in the solution.36 It
is evident that all the peaks shift to the left as the
measurement angles were increased. In some cases, the
peaks merge, particularly at larger measurement angles
due to the reduction in the distance of relaxation times
between the two decay modes.
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Figure 5. Relationship of I'/g? and g for 0.005 wt % HASE-
35E0-16C in 0.1 M NacCl solution, at pH 9 and 298 K.

If the relaxation process is caused by the translational
diffusion movement of molecules, then the relaxation
time and the scattering vector possess the following
relationship, i.e., 7 01/g2. For HASE polymer solutions,
it is known that T 0 sin?(6/2), i.e., T O 1/sin?(6/2). This
relation can be used to interpret the shifting of the
peaks to the left when the measurement angle is
increased. We define Az as the distance of relaxation
time between two peaks at a given measurement angle,
i.e., At = 15 — 7. Since At O [sin?(0/2)]* for 0 < 6 <
180°, [sin?(6/2)]~* would decrease with increasing angle
6. Hence, the two peaks will merge as the measurement
angles increase.

Aggregates in Polymer Solutions. Both the static
and the dynamic light scattering results reveal that
large aggregates or polymer clusters exist in the dilute
polymer solutions. On the basis of the diffusion co-
efficients of large aggregates, the hydrodynamic particle
size can be determined from the Einstein—Stokes equa-
tion, (eq 9). The apparent hydrodynamic size is about



408 Dai et al.

8

unfiltered
1= = ~ filtered

—

logt/us

Figure 6. Comparison of 0.1 wt % HASE-35E0-16C in 0.1 M
NacCl filtered and unfiltered with the 0.1 um filter.

130 nm. If the polymer chains that are derived from the
polymerization reaction are cross-linked by the chemical
covalent bonds, then such interactions will be irrevers-
ible. However, if the aggregates are produced from the
association of the hydrophobic groups, which lead to the
formation of physical bond, such interactions will be
reversible.! The physical bonds can be classified as weak
or strong physical bonds. The weak physical bonds can
be broken and re-formed while the strong physical bonds
are stable over the experimental time scale and can only
be broken by changing the experimental conditions (e.g.,
by heating). Examples of weak physical bonds include
hydrogen bonds, multiplets in ionomers, and micelles
of block or graft copolymers in selective solvents.
Examples of strong physical bonds are microcrystals,
double and triple helices, and other strong associations
that are permanent under the given experimental
conditions.

When the aggregates are due to permanent cross-link
arising from the synthesis process or strong physical
interactions, then it can be removed using a filter with
pore size smaller than the size of the aggregates. Wu
and co-workers showed that large particles can be
removed by filtration.®83° The HASE solutions were
filtered through a 0.1 um filter and measured using the
DLS. When the 0.1 wt % HASE-35EO-16C sample was
forced through the filter, a significant amount of force
was required. The distribution functions of 0.1 wt %
HASE-35E0O-16C after passing through the 0.1 um filter
are shown in Figure 6. From the figure, it is evident
that the filtered samples have fairly similar distribution
as the unfiltered sample, while the unfiltered sample
shows noncontinuous multipeak distribution functions.

The interpretation of the above results is as follows:
In the polymer solution, large numbers of associative
aggregates are present. The size of the aggregate is
larger than 0.1 um, which makes the filtration difficult.
Since hydrophobic groups form reversible junctions,
these aggregates are broken during filtration, but they
re-form after passing through the filter. The results
demonstrate that the association of different polymer
chains is temporary or dynamic in nature.

We observe a very small peak in the short relaxation
time at measurement angle of 45° for 0.1 wt % HASE
solution. It is still unclear on the real meaning of this
small peak. In our opinion, there are two possibilities:
it is either due to the noise of the correlation function
or caused by the internal mode of the polymer ag-
gregate. At short time, the “dead time” of electronics
may give rise to an upturn in the correlation function.
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In that case, the inverse Laplace transformation may
yield peaks that have no real physical meaning. The
other possibility is that this small peak may be at-
tributed to the internal mode of the large aggregates
since we are probing in a regime where the ratio qRg is
larger than 1. On the basis of the DLS theories, the
inverse of q possesses the same unit as the wavelength.
If gRy is less than 1, only translational diffusion mode
could be detected. If gRg is larger than 1, internal modes
could also be observed at short relaxation times. Brown
indicated that for 1 < gRy < 2 internal modes, which
are g3-dependent, ¢ could be well separated. For gRq >
2, it is difficult to separate the internal modes.3° The
relationship of decay rate and g2 for HASE in aqueous
solutions is difficult to be confirmed due to the scattering
of minute quantities of dust at very low angles as it is
extremely difficult to completely remove every dust
particle in aqueous solution. However, if qRy is larger
than 2, the internal mode will merge with the diffusion
mode.

Effect of Polymer Concentrations. By conducting
DLS measurements on systems of varying polymer
concentrations, the effects of polymer concentrations on
the nature of the polymer network structure can be
examined. In the present study, more than 10 different
concentrations, ranging from very dilute solutions to
solutions with concentration close to the overlap con-
centration regime of HASE-35E0-16C, were prepared
in 0.1 M NacCl aqueous solutions neutralized to pH of
9. The overlap concentration, C*, for the polymer in high
salt solutions is approximately 0.5 wt % as determined
from the relationship C* = 1/[5]. The intrinsic viscosity
[#] was measured in our laboratory using the U-tube
viscometer.*? The autocorrelation functions obtained at
the measurement angle of 45° were analyzed using
REPES, and the distribution functions at different
concentrations are shown in Figure 7.

From the figure, it is evident that two narrow
distributed peaks became three broader distributed
peaks when the polymer concentration varies from 0.005
to 0.4 wt %, which means that the distribution of the
aggregates becomes broader. Both peaks are similar at
the concentration of less than 0.05 wt %. When the
polymer concentration is larger than 0.05 wt %, the slow
mode shifts to longer relaxation times, which is similar
to the trends reported by Alami et al.* However, for
the fast mode, the peak shifts to shorter relaxation times
when the concentration increases from 0.05 to 0.1 wt
%. It then shifts to longer times when the concentration
exceeds 0.1 wt %.

For the fast and the slow modes, the decay rates and
the square of the scattering vector exhibit a linear
relationship, indicating that both peaks are attributed
to translational diffusion. Table 1 summarizes the
diffusion coefficients and the hydrodynamic properties
of dilute HASE-35E0-16C in 0.1 M NaCl at pH 9.
Figure 8 shows the relationship between the diffusion
coefficients and polymer concentrations for the HASE-
35E0-16C. For the fast modes, it is evident that the
dependence of diffusion coefficient on polymer concen-
trations in the dilute regime can be separated into two
regions with the critical limit at about 0.1 wt %. At C <
0.1 wt %, the diffusion coefficients of the fast mode
increase linearly with concentrations. However, at C >
0.1 wt % they decrease with concentration. For the slow
mode in dilute solution regime, the diffusion coefficients
decrease with increasing concentrations, and the diffu-



Macromolecules, Vol. 33, No. 2, 2000

20

:

0
18 0.408wt%

0.306wt%

0.195wt%

0.146wt%
12

0.097wt%

\ 0.080wt%

0.049wt%

S

10

TA(T)

)
[~

\\\_S

0.026wt%

F——>

0.010wt%

. A
A

T =

0.005wt%

VAN

logt/us

Figure 7. Relaxation time distribution functions of HASE-
35E0-16C at different concentrations, at pH 9 and 298 K, in
0.1 M NaCl, at measurement angle of 45°.

0.18
0.16 p
0.14 p
0.12

01

0.08 —&—fast mode

D10" (m?s™)

0.06 p

—6—slow mode

0.04 p

0.02 F -5

1}
0 0.1 0.2 0.3 0.4 0.5
Concentration (wt%)

Figure 8. Relationship of diffusion coefficients and concentra-
tions for HASE-35E0O-16C at pH 9 and 298 K, in 0.1 M NaCl.

sion coefficients exhibit a linear dependence on the
polymer concentrations over the whole dilute solution
regime.

Concentration < 0.05 wt %. The region where C < 0.05
wt % is designated as the very dilute solution regime.
In this region, the diffusion coefficients for the fast
process, D;, and the slow process, Ds, are almost
constant, due to the low polymer concentrations; i.e.,
they are not significantly affected by the interparticle
interactions. The two peaks represent the translational
diffusion of the unimers and the aggregates or polymer
clusters, respectively. Chu et al. observed similar dis-
tribution functions for other associative polymer sys-
tems in very dilute solutions.*2=44 It cannot be excluded
that the fast mode also contains very small clusters or
oligomeric aggregates that cannot be distinguished from
the unimers. In addition, the aggregate peak (slow
mode) is detectable even down to concentration of 0.005
wt %, which suggests that the critical aggregation
concentration (cac) for this polymer is very low.
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unimer

polymer in 0.1 M NacCl, at pH 9 and 298 K.

By combining the results obtained from static and
dynamic light scattering experiments, information on
the aggregation number and the conformation of the
system can be obtained. Assuming that the dn/dc is
approximately the same for both unimer and aggregate
species, the intensity ratio of aggregate to unimer as
deduced from the REPES analysis (extrapolated to zero
scattering angle by taking into account of the particle
scattering function for the aggregates at a finite scat-
tering angle) is related to the weight fraction and molar
mass of each species in the mixture by the expression

1-x)M
XM

Aagg _ (
A

agg (10)
u u

where x is the weight fraction of the unimers, and M,
and Mgy, are the weight-averaged molar masses of
unimers and aggregates, respectively. The apparent
molar mass (My) obtained from static light scattering
has contributions from both unimers and aggregates as
follows:

My = XM, + (1 = X)M,g (11)

Combining eqs 10 and 11, the number of polymer chains
(or unimers) in the aggregates can be determined, where
N = Mag/My ~ 5 and x ~ 0.35. Thus, the aggregates
formed comprise about five polymer chains with hydro-
phobes located in the interior and the hydrophilic groups
extending to the water in order to satisfy the minimum
free energy requirements. The aggregates consisting of
five polymer chains are formed by close association, as
the diffusion coefficients are independent of concentra-
tion. A pictorial representation of the conformations of
very dilute HASE in aqueous salt solution is shown in
Figure 9.

In this structure, the negative charges are distributed
on the outside of the aggregates due to its hydrophilic
characteristics. Since the external surfaces of the ag-
gregates contain negative charges, it is difficult for other
polymer chains to associate with these aggregates due
to the electrostatic repulsion. An equilibrium exists
between the hydrophobic and electrostatic interactions.
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We postulate that each aggregate contains more than
one hydrophobic junction points since the total number
of hydrophobes within the aggregate is about 70—80,
and the aggregation number per junction should be less
than 20—30. Another constraint that prevents the
formation of flowerlike micelle with one hydrophobic
core is the steric hindrance of the “stiffer” polymer
backbone of the polyelectrolyte. Because of the EO
spacer and the repulsive force between the charges of
the polymer backbone, the aggregates exhibit a larger
radius of gyration and hydrodynamic radius.

As reported by Chu et al.,*? two different methods can
be used to estimate the average radius of gyration of
the aggregates Rgagg. One is based on the equation

2 2
2o XMURG + (L= X)MaggRy agg 12

g 12 xM, + (1 — x)M

agg

The other is to subtract the flat background scattering
of single coils to obtain the scattering that is solely due
to the aggregates by using the intensity ratio deter-
mined from dynamic light scattering measurements. On
the basis of the two methods, the Ry of the aggregates
is estimated to be about 145 nm. From eq 9, the
hydrodynamic radius of unimers and aggregates are 19
and 80 nm, respectively. The apparent hydrodynamic
radii of the unimers and aggregates are listed in Table
1. The ratio of R¢/Ry is larger than 1.5 with a mean
value of 1.8. This value supports the description that
the aggregate is a draining coil. The fractal dimension
listed in Table 1 reveals that its magnitude does not
change with polymer concentration over this concentra-
tion regime. For a df value of 2.35, it implies that the
structure is compact. The apparent Ry of the unimer
and aggregate and the ratio between these two radii are
summarized in Table 1. Ry(agg)/Rn(u) is ~ 4 at ¢ < 0.05
wt % and increases to ~ 6 at ¢ of 0.5 wt %. This
corresponds to the static fractal dimension that de-
creases with concentration, suggesting that the ag-
gregates are less compact at higher polymer concentra-
tions.

0.05 wt % < C < 0.1 wt %. When the polymer
concentrations increase from 0.05 to 0.1 wt %, the
diffusion coefficients for the fast mode increase linearly
with polymer concentrations. As discussed by Brown,3°
the diffusion coefficient determined at a finite concen-
tration is characterized by the concentration coefficient,
kp, given by

D = Dy(1 + KsC + ...) (13)

where Dy is the diffusion coefficient at infinite dilution,
kp is the second virial diffusion coefficient, C is the
polymer concentration, and D is the diffusion coefficient
at finite concentration C. The interrelation between kp
and k; in terms of A, can be expressed by

kp = 2A,M — k; — v, (14)

where kp is determined directly from DLS, A, from
static light scattering, ki from pulsed-field-gradient
NMR and v,, which is the partial specific volume. From
the plot of D vs C, as shown in Figure 8, the slope of
the graph gives the magnitude of kp of the unimers,
which can be used to interpret the polymer/solvent
interaction. When the polymer concentration increases,
the polymer/solvent interaction should increase, giving
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rise to higher diffusion coefficients. The results are
similar to the behavior of many polymers in good
solvents. The positive value of kp implies that the
polymer/solvent interaction is larger than the polymer/
polymer interaction. At this condition, the fast mode is
also caused by the translational diffusion of the unimers.
The intercept of the plot is the diffusion coefficient at
infinite dilution, which can be used to calculate the
hydrodynamic radius. If the polymer concentration is
low enough, the effect of polymer concentrations is
negligible, yielding a diffusion coefficient that is inde-
pendent of concentration.

Unlike the fast mode, the diffusion coefficients of the
slow modes decrease linearly with increasing polymer
concentrations over the dilute solution regime (i.e.,
0.05—0.4 wt %). This result is similar to the previous
study on combed polymers reported by Winnik and co-
workers.*® This decrease may be attributed to two
factors: (1) The second virial diffusion coefficient of the
cluster, kp- the negative value of kp implies that the
polymer/polymer interaction for the aggregates is sig-
nificant. (2) The restructuring of aggregates in this
concentration regime, the fractal dimension, df, de-
creases from 2.11 to 1.90. This implies that the structure
of the aggregates becomes more open (i.e., less compact).
From eq 4, it can be conjectured that with the decrease
of d¢ the radius of the aggregate will increase, resulting
in the decrease of the diffusion coefficient and hence the
corresponding increase in the solution viscosity. The
reduced diffusion coefficients are calculated by correct-
ing the effect of viscosity on the diffusion coefficient.
These reduced values are shown in Table 1. It is obvious
that the values of (D#n/T) for the slow mode at all
concentrations are fairly similar. This means that the
decrease in the diffusion coefficients is attributed to the
increase in the solution viscosity.

0.1 wt % < C < 0.4%. In this concentration regime,
the diffusion coefficients for both the fast and slow
modes decrease linearly with increasing polymer con-
centrations. The reason for the decrease in the diffusion
coefficients for the slow mode is due to the higher
solution viscosity as previously discussed. No transition
is observed for the slow mode at concentration 0.1 wt
%, indicating that there is no significant structural
change in the aggregates. However, a sharp transition
is observed for the fast mode at concentration 0.1 wt %,
implying that the conformation of the unimers under-
goes a sharp transition.

The macroscopic viscosity was used to calculate the
reduced diffusion coefficients for the fast mode. These
values are shown in Table 1. From the table, it is
obvious that the values of (D#/T) for the fast mode are
not identical. This suggests that the decrease in the
diffusion coefficients does not correspond to the viscosity
increase. It is related to the structural change of the
unimers. With increasing polymer concentration, the
correlation length between two polymer chains would
decrease until it reaches a critical value where the
hydrophobes from different polymer chains associate to
form oligomers. Beyond 0.1 wt %, the unimers no longer
exist as they are converted to dimers or trimers. This
is consistent with the decrease in the fractal dimension,
signifying that the oligomers are less compact than the
unimers.

Conclusions

The hydrophobically modified alkali soluble emulsion,
HASE-35E0-16C, in 0.1 M NaCl aqueous solutions at
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pH 9, 298 K, was studied using static and dynamic light
scattering techniques. Two peaks in the distribution
function are observed; the fast peak corresponds to the
diffusion of unimers at very dilute solutions. The slow
mode is attributed to the diffusion of aggregates. This
aggregate is formed by the weak physical interactions
associated with hydrophobic forces. The aggregate
comprised of about five single polymer chains coexists
with the unimers. Inside the aggregates, there are more
than one micellar junction centers with the hydrophilic
backbone extended to the water environment. From the
fractal dimension analysis, the aggregates become less
compact as concentration increases.
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