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1. INTRODUCTION

1.1. Overview of Polyelectrolyte Studies

Polyelectrolytes, which are defined as macromolecules with
~10 mol% or more ionic groups on their chain backbones,
are soluble in highly polar solvents, ubiquitous in biologi-
cal systems, and useful in environmentally friendly polymer
processes. Polyelectrolytes remain one of the least-understood
states of condensed matter, in contrast to neutral polymer
solutions. Although considerable efforts have been made to
understand the properties of polyelectrolytes over the past
several decades, an understanding of the behavior of poly-
electrolytes is lacking. This problem is especially critical
because of the fundamental importance of many of the pro-
totypical polyelectrolytes. In the dilute regime, properties of
polyelectrolytes include the dimensions, interactions, correla-
tions, diffusion, and viscosity of polyelectrolytes in response
to their ionic environments: charges, mass densities, and
distributions have been studied {1-3]. Such study is diffi-
cult because the solution contains at least four components:
polyions, counterions, coions, and solvent, and also because
different interactions, such as intra- and interchain interac-
tions, long-range electrostatic interactions, hydrophobic inter-
actions, and entropic force, have to be simultaneously consid-
ered [4]. Different interactions of polyelectrolytes with other
charged and uncharged polymers can lead to the formation of
complexes, gel formation, precipitation, phase separation, and
other phenomena.

In addition to industrial interests, theoretical and experi-

mental studies have shown that polyelectrolyte solutions dif-

fer fundamentally from neutral polymers with respect to, for
example, their scattering properties and viscosity behavior. A
growing interest in weakly charged polyelectrolyte systems is
observed in both theoretical and experimental studies. Theo-
retical works based on the concept of electrostatic persistence
length were presented by Odijk [5], Skolnick and Fixman [6],
and Barrat and Joanny {7]. Various experimental techniques
used to understand the behavior of polyelectrolyte systems
include small X-ray scattering (SAXS), small angle neutron
scattering (SANS), viscosity measurements, and static and
dynamic light scattering (LLS) [8-11]. Models to describe the
properties such as scattering properties, phase diagrams, and
the viscosity behavior of weakly charged polyelectrolytes in
solutions and in gels have been developed by de Gennes et al.
[12], Khokhlov and Khachaturian [13], Borue and Euroko-
movich [14], Joanny and Leibler [15], and Vilgis and Borsali
[16]. Experimentally, Essafi et al. [17], Shibayama et al. [18],
and Moussaid et al. [19] carried out studies on weakly charged
systems.

1.2. Polyelectrolyte Complex Formation

1.2.1. Chain Conformations and Complex Formation

In contrast to the simple procedure of polyelectrolyte complex
formation, a deeper understanding of the processes that govern

the formation of supermolecular structures is still a challenge
to scientists due to the great variety of different polyelec-
trolytes, the various influences of a lot of external parameters,
and the interfering interactions of non-Coulomb forces. Start-
ing with the pioneering work of Michaels and Miekka [20],
who prepared well-defined polysalts with a 1:1 stoichiom-
etry, a continuously increasing number of publications have
appeared, many of which are reviewed in [21] and [22]. Suc-
cessful contributions to elucidate the mechanism of polyelec-
trolyte complex formation have been made by Tsuchida et al.
[23], and Kabanov and Zezin [24] on the subject of sequential
water-soluble polyelectrolyte complexes in dilute solutions of
polyelectrolyte components with significantly different molec-
ular weights in nonstoichiometric systems. In dilute solutions,
polyelectrolyte complex formation leads to aggregates with
dimensions on a colloidal level, building optically homoge-
neous and stable dispersions. This offers the possibility to
study the formation of polyelectrolyte complexes as well as
the structures of polyelectrolyte complex particles by methods
normally used for the characterization of polymer solutions.

1.2.2. Complexation with Cations

The study of cation and polyanion association and interaction
is important to the understanding of various physicochemi-
cal behaviors in environmental research and biological sci-
ence. Such an association also has many direct technologi-
cal applications. Experimental observation is usually related
to an overall distribution of cations around polyanion chains
without knowing how various fractions are attributed to differ-
ent underlying interaction processes, such as electrostatics and
complexation [25]. Polyelectrolyte complexes can be formed
as a result of interaction when some cations are added to
dilute solutions [26]. Coulomb atiraction or other interactions,
such as hydrogen bonding, dipole—dipole interaction, charge-
transfer interaction, and hydrophobic effects may drive the
association. These forces are important factors in determin-
ing the overall configuration and stability of the complexes.
Efforts to study polyelectrolyte complexation with cations
have focused on synthetic homopolymers [27-29] and copoly-
mers [30]. The influences of ionic strength, composition of
solvent, and nature of various metal ions on the properties of
polyelectrolyte-metal complexes have been discussed [31].

1.2.3. Polyelectrolyte—Protein Complexes

Polyelectrolyte complexes with protein molecules [32] and
micelle polyelectrolyte complexes [33, 34] were investigated
in detail by focusing on the complex structure as well as
the effect of ionic strength. The structural parameters of the
complexes were determined using light-scattering measure-
ments. A mechanism for the complexation that was sug-
gested explained stoichiometeric complex formation at low
ionic strength and nonstoichiometric complex formation at
high ionic strength. In light-scattering studies of polyelec-
trolyte complexes by Hara and Nakajima [29], the pronounced
influences of the ionic strength of the solution and the mixing
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ratio of polyelectrolyte components on the complex formation
were discussed. Studies on the interactions between polyelec-
trolytes and globular proteins bearing a net opposite charge
have been reported [35]. However, the mechanism of interac-
tion between polyion and ampholytic protein with a net charge
of the same sign as that of the polyion is less understood.

1.2.4. Mechanism of Complex Formation

Despite a great deal of effort, the mechanism of complex for-
mation among polyelectrolytes and cations or protein is still
lacking due to the high complexity of the phenomena. The
responses of the complex particles to the variation of exper-
imental conditions are quite different owing to the peculiar-
ities of the system investigated. A combination of different
scattering techniques provides a possibility to study the for-
mation and structures of colloidal complexes over a wide size
range [36-38]. The formation of interpolymer and intrapoly-
mer complexes has been studied {39, 40]. The transition from
intrachain complexation to interchain aggregation of polyelec-
trolytes has received little attention.

1.3. Aggregation Process of Polyelectrolytes

Aggregating polyelectrolyte systems have many applications,
such as water purification, papermaking, protein purification
and other separation processes. Time-dependent aggregation
of polyelectrolytes is encountered in many contexts. Poly-
electrolytes of two opposite charges are mixed, resulting in
the formation of a large and time-evolving aggregate [41].
The association kinetics of synthetic polyelectrolytes has been
extensively studied [42-44]. It was found that the rate constant
of the interaction increased sharply with decreasing polycation
ionic strength, but was independent of the polyanion chain
length [45, 46]. It was suggested that the distribution of ionic
groups on the chain backbone had no effect on the complex-
ation [47]. The kinetics of diffusion controlled aggregation
were approached mathematically long ago by Smoluchowski
[48], whose simplified analysis still provides a useful starting
point for experimental analysis. More recent approaches using
scaling and fractal theories have predicted kinetic and aggre-
gate distributions [49, 50]. Unfortunately, most of the past
studies were conducted in a poorly controlled and irreversible
fashion. It seems that although the time evolution of polyelec-
trolyte complexes is often mentioned in the literature, quanti-
tative approaches to its characterization are seldom taken. For
example, how does the association and/or interaction influence
the aggregation kinetics and the aggregate structures? How
does the fractal dimension change with experimental condi-
tions, such as temperature, salt concentration, time, and con-
formation of polyelectrolytes?

1.4. Main Goals

In this review, we summarize our recent efforts associate
polyelectrolytes in the dilute regime. We believe that a care-
ful characterization of structure, composition, and stability

of these polyelectrolytes complexes is essential for a better
understanding of the formation and structure of resultant com-
plexes. We have systematically investigated and compared the
temperature-, cation-, pH-, surfactant-, and protein-induced
association of linear polyelectrolyte chains and spherical poly-
electrolyte microgels. Our results reveal (1) the transition from
intrachain complexation to interchain aggregation, (2) the con-
trollable and reversible mechanisms for complexation as a
function of temperature, pH, ionic strength, and charge den-
sity of the polyelectrolytes, and (3) the kinetics and structures
of the complexes of linear chains and spherical microgels.

2. TEMPERATURE-INDUCED SWELLING AND
SHRINKAGE OF POLYELECTROLYTES

2.1. Coil-to-Globule Transition of Linear
Poly(N-Isopropylacrylamide) lonomers

Poly(N-isopropylacrylamide) (PNIPAM) is a well-known ther-
mal sensitive polymer [51, 52]. It is soluble in water at room
temperature, but undergoes a phase separation at tempera-
tures higher than its lower critical solution temperature (LCST;
~32 °C). This unusual and convenient phase transition tem-
perature and its related solution properties have attracted much
theoretical and technological interest [53-56]. It is commonly
believed that this convenient LCST is the result of a deli-
cate balance between the hydrophobic and hydrophilic interac-
tions. At higher temperatures, the term related to the negative
entropy change leads to a positive free energy change (ie.,
AG = AH — T AS > 0) so that individual PNIPAM chains
collapse and aggregate in water {52].

A combination of static and dynamic laser light-scattering
study of the collapsing process of two PNIPAM ionomers in
deionized water showed that the collapse of PNIPAM ionomer
chains. as temperature increases generally involves two inde-
pendent and competing processes: intrachain coil-to-globule
transition and interchain aggregation. The higher the polymer
concentration is, the larger the aggregates formed will be. The
decrease of the ionomer concentration and the increase of the
ionic content can suppress the interchain aggregation. Using
an extremely dilute ionomer solution, we found another way to
prepare a single polymer chain globule that is thermodynami-
cally stable in water, where the requirement of a very narrowly
distributed sample for the study of the coil-to-globule transi-
tion has been removed. Our results also indicate that some of
the intersegment structures formed at higher temperature in
the coil-to-globule transition can be preserved in the cooling
process as long as the solution temperature is not too low. It
should be of importance to further study these intersegment
structures formed at high temperatures possibly by nuclear
magnetic resonance (NMR).

Figure 1 shows that in the temperature range of 25-32 °C,
the R,,(8)/KC of each solution is a constant in the small
range of ~4-5 x10% g/mol, very close to the molar mass of
individual PNIPAM-0.8KAA chains, indicating that there was
no interchain aggregation. When the temperature is raised to
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Figure 1. Temperature and concentration dependence of the excess scatter-
ing intensity R,,(6)/KC of PNIPAM-0.8KAA in deionized water, where K
is a constant and R,,(8)/KC approximately equals the weight average molar
mass (M,,) because the solution is very dilute. Reprinted with permission from
[116), X. Qiu et al,, J. Polym. Sci., Part B: Polym. Phys. 36, 1501 (1998).
© 1998, John Wiley & Sons, Inc.

~32.5-33 °C, slightly higher than the LCST of PNIPAM, an
abrupt increase of R,,(0)/KC appears for the solution with
a concentration higher than 9.5 x 107 g/mL, clearly indicat-
ing interchain aggregation. Further increase of the tempera-
ture to ~34-35 °C, lead to a new R, (8)/KC plateau. The
constant R,,(8)/KC at temperatures higher than ~35 °C indi-
cates the cessation of interchain aggregation. From the ratio
of [R,,(8)/KC]r_ss oc/[R(0)/KC]r_zs «c» We were able to
estimate the average number of PNIPAM chains inside each
aggregate (Ng,,) to be ~17, ~8, and ~4, respectively, for
C =5.0x10"* 1.0 x 107, and 9.5 x 1076 g/mL. In the case
of C =4.7 x 1075 g/mL, R,,(q)/KC is nearly independent of
temperature. Note that R,,(g) is proportional to the square of
the mass, that is, a dimer scatters four times more light than a
unimer. Therefore, a very small amount of interchain aggrega-
tion leads to a large increase of R,,(8)/KC. The temperature
independence of R,,(q)/KC indicates no interchain aggrega-
tion in the extremely dilute solution even at temperatures as
high as 45 °C.

Figure 2 shows that when C = 4.7 x 107 g/mL, (R,)
decreases as the temperature increases, which actually reflects
the intrachain coil-to-globule transition, because we know
from Figure 1 that in this solution there is no interchain aggre-
gation in the heating process. This mechanism is very simi-
lar to the collapsing process observed for a neutral PNIPAM
homopolymer chain in an extremely dilute solution [55]. The
difference is that the sample used here (M,,/M, = 1.6-1.7) is
not as narrow as the one (M,,/M, < 1.1) used in [55], which
makes the experiment much easier. The decrease of (R,) can
be divided into three stages: '

1. In the low temperature range (25-32 °C), water progres-
sively changes from a good solvent to a poor solvent,
resulting in a slight contraction of the PNIPAM chain
and a slightly smaller (R,).

Figure 2. Temperature and concentration dependence of the average hydro-
dynamic radius (R,) of PNIPAM-0.8KAA in deionized water. Reprinted with
permission from {116}, X. Qiu et al., J. Polym. Sci., Part B: Polym. Phys. 36,
1501 (1998). © 1998, John Wiley & Sons, Inc.

2. Around the phase transition temperature (3235 °C), the
PNIPAM chain undergoes the coil-to-globule transition
so that (R, ) rapidly decreases.

3. At temperatures higher than ~35 °C, the PNIPAM chain
is already in its fully collapsed globule state so that fur-
ther increase of temperature has little effect on (R,).

In the solution with a higher concentration, the intra-
chain coil-to-globule transition is accompanied by interchain
aggregation. When the interchain aggregation is dominant,
(R,) increases as temperature increases, leading to a peak
in the temperature range of 32-35 °C. At higher tempera-

tures, the interchain aggregation stops because the increase

of R,,(q)/KC stops at ~34 °C as shown in Figure 1. Thus
the intrachain coil-to-globule transition becomes dominant at
temperatures higher than ~34 °C, resulting in the decrease
of (R,).

A combination of static and dynamic LLS results leads
to microscopic parameters of the stable interchain aggregates
at 34 °C, such as the weight average molar mass (M, ,.),
the average hydrodynamic radius ({R}),e,), the average num-
ber of the polymer chains inside each aggregate ((N),,,), the
average surface area per ionic group ({S)imc), and the aver-
age hydrodynamic volume of each polymer chain inside the
aggregate ({V)pun)» Which are summarized in Table 1. Note
that the aggregates formed in different solutions have a very
similar (V') ..., indicating that at a given temperature the aver-
age degree of the shrinking of the polymer chains is similar
in spite of the interchain aggregation, so that the aggregates
formed in different solutions have a similar density. This resuit
clearly indicates that the intrachain coil-to-globule transition
and the interchain aggregation are two independent, but com-
peting, processes.

Table 2 summarizes the LLS results of the aggregates
formed in different PNIPAM-0.8KAA solutions at 45 °C . The
ratio of (R,)/(R,) is in the range of 0.73-0.84, indicating that
the aggregates are uniform spheres [57]. The average density
{p) of the aggregates decreases as the aggregation number
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Table 1. LLS results of PNIPAM-0.8KAA aggregates formed at 34 °C.

c M\v.m (Rh> <S)lcmc (V>chain
(g/mL) (g/mol) (N (om)  (nm?) (o)
5.0 x 107 7.68 x 107 17 87 17.8 1.62 x 10°
1.0 x 10~ 3.88 x 107 8 68 20.9 1.64 x 10°
9.4 x 10~¢ 1.86 x 107 4 54 26.3 1.64 x 10°
4.7 x 106 4.97 x 10¢ 1 35 49.1 1.80 x 10°

Reprinted with permission from [116), X. Qiu et al., J. Polym. Sci., Part B: Polym.
Phys. 36, 1501 (1998). © 1998, John Wiley & Sons, Inc.

(N),q, decreases, which may be attributed to the imperfect
packing of the polymer chains inside the aggregate when there
are only one or two chains inside each aggregate [58]. In the
case of (N),,, > 8, (p) ~ 0.34 g/lem’, very close to the value
of the neutral PNIPAM aggregates reported by Ricka et al.
[59]. For the single-chain globule, {p) ~ 0.20 g/cm’, very
close to what we found in the case of the PNIPAM homopoly-
mer [55], indicating that the ionic groups are on the surface of
the aggregates and have nearly no effect on the coil-to-globule
transition.

'We can reasonably picture that in the coil-to-globule tran-
sition the PNIPAM segments between two neighboring ionic
groups collapse and associate with each other, while all the
ionic groups stay on the surface of the aggregates to act as a
stabilizer. As the aggregation proceeds, for the aggregates with
a uniform density, the number of the ionic groups on each
particle is proportional to the mass of the aggregate (M,,,)
or the cubic of the size, while the surface area of the aggre-
gate is only proportional to the square of the size or M2,
Therefore, the surface area per ionic group is proportional to
ML (i, (S)ionc X Myi/?), indicating that (S, decreases
as the aggregation proceeds. At the same time, the intrachain
coil-to-globule transition also leads to the decrease of (S);qnic-

Figure 3 shows a sharp decrease of (S),,; in the tem-
perature range of 32.5-33 °C, which exactly corresponds to
the slow down of the interchain aggregation [the increase of
R,,(8)/KC] shown in Figure 1 and to the peak position of
(R,) shown in Figure 2. Logically, there is a minimum value
of (S)ionic» at which the surface of the aggregates is “fully
covered” by the ionic groups, so that further aggregation is
impossible because of the ionic repulsion between different
aggregates. However, the intrachain coil-to-globule transition
inside the aggregates continues. This is exactly why (R,) in
Figure 2 first increases and then decreases, but (S), .. in

Table 2. LLS results of PNIPAM-0.8KAA particles formed at 45 *C.

c M, (R (o)
(g/mL) (g/mol) (Mg (m)  (R)/(Ry)  (gem’)
50x10™  7.88x 107 17 45.6 0.78 0.34
1.0x 10 4,08 x 107 8 36.6 0.73 034
94x10°  1.86x 107 4 30.6 0.75 028
47x107° 497 x 10° 1 215 0.84 0.20

Reprinted with permission from [116], X. Qiu et al., J. Polym. Sci., Part B: Polym.
Phys. 36, 1501 (1998). © 1998, John Wiley & Sons, Inc.
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Figure 3. Temperature dependence of the average surface area (S}, per
ionic group on the PNIPAM-0.8KAA aggregates, where (S}, is defined
as 47 (Ry)%/{N}onc- Reprinted with permission from [116], X. Qiu et al.,
J. Polym. Sci., Part B: Polym. Phys. 36, 1501 (1998). © 1998, John Wiley &
Sons, Inc.

Figure 3 only decreases. Note that for aggregates with differ-
ent sizes formed in different solutions, (S);onc approaches a
similar value at high temperatures. This is reasonable because
hydrophobic particles have a tendency to aggregate in water.
The stabilizers (here the ionic groups) can reduce the surface
energy. When the surface per stabilizer decreases to a certain
value, that is, the surface reaches a certain degree of cover-
age, the aggregation stops and the particles will be stabilized.
For a given type of interface (here particle—water), this value
should be a constant, independent of the particle size. There-
fore, (S)ionic is @ fundamental parameter that governs the size
of the aggregates.

Figures 4 shows that in spite of the large difference in
ionic content, PNIPAM-4.5KAA exhibits intrachain collapsing
and interchain aggregation similar to PNIPAM-0.8KAA. In the
extremely dilute solution (C = 5.0 x 1076 g/mL), the collaps-
ing process involves only the intrachain coil-to-globule transi-
tion. Note that the degree of aggregation of PNIPAM-4.5KAA
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Figure 4. Temperature and concentration dependence of the average hydro-
dynamic radius (R,) of PNIPAM~4.5KAA in deionized water. Reprinted with
permission from {116], X. Qiu et al., J. Polym. Sci., Part B: Polym. Phys. 36,
1501 (1998). © 1998, John Wiley & Sons, Inc.
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Figure 5. Comparison of the average size of the aggregates formed in the
PNIPAM-0.8KAA and PNIPAM-4.5KAA solutions. Reprinted with permis-
sion from [116], X. Qiu et al,, J. Polym. Sci., Part B: Polym. Phys. 36, 1501
(1998). © 1998, John Wiley & Sons, Inc.

is lower than that of the low ionic PNIPAM-0.8KAA, which is
reflected by the smaller size (Fig. 5) and smaller aggregation
peak formed in the PNIPAM-4.5KAA solution with a similar
concentration. This is reasonable because PNIPAM-4.5KAA
has a higher ionic content and requires a much lower degree
of aggregation to reach the same minimum value of {84y 28
in the case of PNIPAM-0.8KAA.

Figure 6 shows that (R, ) returns to the starting point when
the solution is cooled to 25 °C, indicating that the solution
returns to its initial state in which all the ionomers exist as
individual chains. On the other hand, the heating rate indepen-
dence of (R,) at 45 °C implies that the solution at 45 °C is in
a thermodynamic equilibrium state. However, around the coil-
to-globule transition temperature (3234 °C), (R,) in the heat-
ing process is different from that in the cooling process, that is,

80.0

60.0 I

nm

heating

cooling

<R§> /
)

25.0 30.0 35.0 40.0 45.0
T/°C

Figure 6. Temperature dependence of (R,) of a dilute PNIPAM-4.5KAA
solution (C == 5.0 x 10~ g/mL) in the slow heating and cooling. (] represents
the solution jumped from 25 to 45 °C in a single step and then slowly cooled
to each measurement temperature; A and O represent the solution slowly
heated to each measurement temperature from 25 to 45 °C and then slowly
cooled to each measurement temperature. Every data point was obtained after
thermodynamic equilibrium. Reprinted with permission from [116], X. Qiu et
al., J. Polym. Sci., Part B: Polym. Phys. 36, 1501 (1998). © 1998, John Wiley
& Sons, Inc.

there is a hysteresis, which can be attributed to the association
of different segments (presumably through the hydrogen bond-
ing) in the globule state that persist at the temperature around
the transition in the cooling process, so that (R,) is smaller.
When the temperature is lower than 25 °C, water becomes
such a good solvent that all the intersegmental structures are
destroyed and (R,) returns to its initial preheating value.

2.2. Swelling and Shrinking Behavior of Linear
P(VCL-co-NaA) Chains and Microgels

Poly(N-vinylcaprolactam) (PVCL) is a relatively new type of
nonionic water-soluble polymer. It was developed for hair-care
and cosmetic applications. In principle, it should be more bio-
compatible than PNIPAM. It is known that PVCL can com-
plex with organic compounds [60-64] and resist hydrolysis
[65], and its gel can undergo a continuous volume transi-
tion in the temperature range 25-36 °C [66]. Only a few
studies on PVCL and its gels have been reported, partially
because its polymerization is relatively difficult and partially
because its volume transition is not as sharp as that of the
PNIPAM gels. However, its biocompability attracted us to ini-
tiate a study to see whether PVCL microgels can be used
as an injecting composition for certain biomedical applica-
tions. Table 3 summarizes static and dynamic LLS results of
linear poly(N-vinylcaprolactam-co-sodium acrylate) [(PVCL-
co-NaA)] chains and spherical microgels with different NaA
content in swollen (27 °C) and collapsed (50 °C) states. In
each case, M, is independent of the temperature, indicating
no interchain or no interparticle aggregation. As expected, the
linear chains have a larger change in (R,) than the microgels.
For the linear chains, the decrease of (R,)/(R,) from 133
to 0.82 indicates that a coil-to-globule transition in the chain
conformation presumably leads to a single-chain core-shell
nanostructure or a single-chain micelle as shown in Figure 7.
On the other hand, the shrinkage of the microgels as the
temperature increases was relatively smooth, similar to the

Table 3. LLS characterization of linear P(VCL-co-NaA) chains and
spherical microgels in deionized water.

L-P(VCL-4.6A) G-P(VCL-1.0A)
T Myx10° (R) My x10° (R
(C)  (gmol)  (am) (R)/(R)  (gfmol)  (mm) (R)/(R\)
27 3.03 73 133 1.34 330 0.70
37 3.02 33 0.92 1.40 191 0.73
50 3.06 25 0.82 1.42 ‘134 0.85
G-P(VCL-43A) G-P(VCL-9.1A)
My x 10° (R My x 10°  (R,)
(gfmol)  (mm) (R)/(R,)  (gmol)  (am) (R,)/(R,)
27 222 355 0.87 5.54 515 129
37 2.10 229 0.88 541 371 091
50 2.13 177 092 5.21 272 1.11

Reprinted with permission from [164), S. Peng and C. Wu, J. Phys. Chem. B 105,
2331 (2001). © 2001, American Chemical Society.
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Figure 7. Schematic of the temperature dependence of linear P(VCL-co-
NaA) chains and spherical microgels in the presence of Ca?*. Reprinted with
permission from [164], S. Peng and C. Wu, J. Phys. Chem. B 105, 2331
(2001). © 2001, American Chemical Society.

temperature-induced volume change of neutral PVCL micro-
gels [66]. However, the ionic groups make the PVCL chain
more hydrophilic, which leads to a higher swelling extent at
lower temperatures, shifts the shrinking temperature higher,
and results in a less compact globule [67, 68]. The increase
of (R,)/(R,) as the ionic content increases indicates further
swelling of the microgels.

Figure 8 clearly show that the shrinkage of the linear chains
is more than that of the microgels. The relative shrinkage of
the microgels decreases as the ionic content increases. Note
that in the temperature range studied, there was no change
in M, in any case, that is, no intermicrogel aggregation in
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Figure 8. Temperature dependence of the relative average hydrodynamic
radius (R,)/(R,)r.2s oc and the average chain density (p) for linear
P(VCL-co-NaA) chains and spherical microgels copolymerized with different
amounts of NaA, where (Ry) 1., oc is the average hydrodynamic radius (R, )
at 25 °C. Reprinted with permission from {164], S. Peng and C. Wu, J. Phys.
Chem. B 105, 2331 (2001). © 2001, American Chemical Society.

the shrinking process. Figure 8 shows a better view of the
shrinkage of the linear chains and microgels in terms of the
average chain density ({p)) defined as M, /((4/3)7(R,)?). In
both swollen and collapsed states, the linear chains have a
lower density than the microgels because cross-linking limits
the swelling of the gel network. Except for the microgels with
the highest ionic content, both the linear chains and the micro-
gels reached their corresponding collapsed states at 42 °C. The
slow increase of (p) for the P(VCL-9.1A) microgels can be
attributed to a balance between strong electrostatic repulsion
and hydrophobic attraction. Using {(p) at 25 °C as a reference,
we found that (p) increased ~40 times for the linear chains,
but only 8-16 times for the microgels, depending on the ionic
content.

3. SALT-INDUCED THERMOREVERSIBLE AND
CONTROLLABLE COMPLEXATION

It is known that certain alkaline earth jons and heavy metal
ions can specifically interact with carboxylic groups [69, 70].
If carboxylic groups are attached to a polymer chain back-
bone, as in polyacrylic acid and its copolymers, this interaction
can lead to cation—polyanion “complexation” even at a very
low cation concentrations {71]. Furthermore, some polyanions
can complex with protein, in which metal ions act as cross-
linking agents. Long ago, Wall and Drenan [72] investigated
the Ca®*-, Ba%*-, and Sr®*-induced precipitation of polyacry-
lates and interpreted their results as gelation via bond for-
mation between the polyelectrolyte chains and cations. Flory
and Osterheld [73] pointed out that Ca** could induce a more
profound chain contraction of partly neutralized polyacrylates
than an equivalent amount of Na*. More recent studies have
revealed some important roles of metal ions, such as Cu?*,
Zn**, and Fe**, in the functional activity of immunocompo-
nent cells [74-~77]. It has been suggested that the addition
of metal ions to an aqueous solution of polyanions alters the
hydration, that is, disrupts oriented water molecules near the
chain [78-80].

3.1. Ca%*-induced Complexation of P(VCL-co-NaA)

Figure 9 shows typical hydrodynamic radius distributions of
spherical microgels and linear chains at 25 °C before and after
adding Ca?*. It shows that both microgels and linear chains
are reasonably narrowly distributed. The relative distribution
widths (u,/(I')?) for spherical microgels and linear chains are
~0.05 and ~0.18, respectively. The addition of Ca** led to
shrinking of both spherical microgels and linear chains. How-
ever, it should be stated that the addition of Ca?* did not alter
the scattering intensity. Therefore, the shrinkage of spheri-
cal microgels and linear chains can be, respectively, attributed
to intraparticle and intrachain Ca?*/COO~ complexation. For
each f(R,), we were able to calculate one average hydrody-
namic radius (R,) by using (R,) = fo F(R,)R, dR,.

Figure 10 shows the temperature dependence of the aver-
age hydrodynamic radius ((R,)) and the apparent weight aver-
age molar mass (M, ,,,) of the linear chains and microgels

ot N s AR et



196 Peng and Wu
10°}
90k Ca®*]=0 30 mM
: —¥— L-P(VCL-4.6A) —¥— ]
—0— G-P(VCL-4.3A) —¢—
—b— G-P(VCL-9.1A) —&— 210°f
~ 2
Qdﬂ 6.01 T=25°C ]
& .
10
3.0t ]
0.0 . ME 02f
2
Rh / nm ~ 017t
A
Figure 9. Typical hydrodynamic radius distributions of P(VCL-co-NaA) Q.
spherical microgels and linear chains at 25 °C with and without the addition v i g
of Ca’*. Reprinted with permission from [164], S. Peng and C. Wu, J. Phys. 0.0 . . . " N
Chem. B 105, 2331 (2001). © 2001, American Chemical Society. 22 27 32 37 42 47 52

in 0.03 M CaCl, aqueous solution. In the range 25-31.8 °C,
the microgels shrink as the temperature increases, but M,, ..,
is independent of the temperature, indicating no intermicro-
gel aggregation. At ~32 °C, the average hydrodynamic size
and the apparent weight average molar mass sharply increase,
revealing a clear intermicrogel aggregation.

Figure 11 shows that for the linear chains, the average num-
ber of chains inside each complex particle (N,,,) is as high as
~4 x 10*, whereas for the microgels, N,,, is much less, only in
the range of 40-200. This is understandable because the linear
chains can entangle and complex with each other via the inter-
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Figure 10. Temperature dependence of the average hydrodynamic radius
{Ry) and the apparent weight average molar mass (M, ) of linear P(VCL-
co-NaA) chains and spherical microgels in the presence of Ca?*, where
[Ca?*] = 0.03 M. Reprinted with permission from [164], S. Peng and C. Wu,
J. Phys. Chem. B 105, 2331 (2001). © 2001, American Chemical Society.
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Figure 11. Temperature dependence of the average number of aggregation
(N,g) and the average chain density {p) of linear P(VCL-co-NaA) chains
and spherical microgels in the presence of Ca*, where [Ca**] = 0.03 M.
Reprinted with permission from [164], S. Peng and C. Wu, J. Phys. Chem. B
105, 2331 (2001). © 2001, American Chemical Society.

action between Ca?* and —COO~ to form a hyperbranched
structure, whereas for the microgels, when the temperature
reaches the transition temperature, PVCL becomes hydropho-
bic and the microgel starts to collapse, but the hydrophilic
—COO~ groups tend to stay on the periphery of the micro-
gel. The complexation between Ca?* and —COO™ sticks the
microgels together and the complexation occurs in a narrow
temperature range.

Figure 11 also shows that the resultant complexes have
a similar average chain density (p) of ~0.2 g/cm?, in spite
of a big difference in N,,,. A slight decrease of (p) as the
ionic content increases can be attributed to the fact that the
chains with more ionic groups are more hydrophilic and col-
lapse less at high temperatures. The higher (p) of the linear
chains is related to chain entanglement. Note that both the
linear chains and the microgels have an amphiphilic charac-
ter at higher temperatures. The shrinkage of each linear chain
forces most of the ionic groups to form a relatively more
hydrophilic periphery, similar to a micelle [81-84], whereas in
the case of the microgels, most of the ionic groups are trapped
inside the microgel due to cross-linking, so that there are less
chances to form the intermicrogel complexes, which explains
why N, (microgel) is much lower than N, (liner chain) and
why N, (microgel) decreases as the ionic content increases.

Figure 12 shows the temperature dependence of the average
hydrodynamic radius (R,) and the apparent weight average
molar mass (M, ,,,) for P(VCL-4.3A) microgels in the pres-
ence of different amounts of Ca?+. Note that the complexation
occurs at a similar temperature in spite of a variation of Ca?*
concentration, but both (R,) and M, ,,, increase as [Ca?*]
increases. The increase of ionic content has little effect on
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Figure 12. Temperature dependence of the average hydrodynamic radius
(R,) and apparent weight average molar mass (M, ,,) of P(VCL-4.3A)
microgels with different Ca?* concentrations. Reprinted with permission from
[164], S. Peng and C. Wu, J. Phys. Chem. B 105, 2331 (2001). © 2001,
American Chemical Society.

(Ry). Figure 13 shows that the average numbers of micro-
gels inside each intermicrogel complex (N,,,) are ~60, ~20,
and ~8, respectively, for [Ca?*] = 3 x 1072, 2 x 1073, and

2 x 10™* M. The average chain density {p) of the complexes
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Figure 13. Temperature dependence of the average number of aggregation
(N,g) and the average chain density (p) of P(VCL-4.3A) microgels with
different Ca** concentrations. Reprinted with permission from [164], S. Peng
and C. Wu, J. Phys. Chem. B 105, 2331 (2001). © 2001, American Chemical
Society.

decreases as N,,, decreases, perhaps due to an imperfect pack-
ing of larger microgels inside each complex, especially when
each complex is only made of approximately eight microgels.

3.2. Cation-induced Complexation of
P(VCL-co-NaA) Microgels

The aggregation induced by different kinds of cations and at
different temperatures was investigated. Table 4 summarizes
the laser light-scattering results of P(VCL-co-NaA) microgels
in deionized water and in different 0.01 N salt solutions. It
is clear that Na™ has the weakest effect on the microgels,
whereas Hg?* leads to a profound shrinkage. This is under-
standable because the presence of monovalent Na* can only
increase the ionic strength and reduce electrostatic repulsion
between carboxylic groups. In addition to the influence on
ionic strength, divalent cations can also pull two carboxylic
groups together so that they can induce a larger shrinkage of
the microgels. The fact that the molar mass of the microgels
(M., microger) TEMAINS a constant indicates no interparticle com-
plexation; in other words, the interaction between cations and
microgels at 25 °C is purely intramicrogel. The decrease of
(R;)/(Ry) indicates that the shrinkage of the microgel reduces
the hydrodynamic draining. Table 4 shows that in terms of
the effect of different cations on the shrinkage of the micro-
gels, Hg?" > Cu®* > Ca®*. Such an effect can be better
viewed in terms of the cation concentration dependence of
(R,) and (R,).

Figure 14 shows a clear shrinkage of the microgels as
the cation concentration is increased. There exist at least
four interactions in the mixture of cations and polyanions:
the hydrophobic attraction among the hydrocarbon backbone
chains, the hydration of the polymer chain, the electrostatic
repulsion between carboxylic groups, and the electrostatic
attraction (or complexation) among divalent cations and car-
boxylic groups. The balance of these interactions determines
whether the microgel is in the swelling or shrinking state. It is
clear that the addition of cations not only increases the ionic
strength (reduces the electrostatic repulsion), but also leads to
possible complexation, depending on the kind of cation used.
The shrinkage of the microgels can also be viewed in terms
of the ratio of (R,)/(R,). It is known that for a uniform
nondraining sphere, (R;)/(R,) ~ 0.774. The hydrodynamic

Table 4. LLS results of P(VCL-co-SA) microgels in different 0.01 N
cation solutions at 25 °C.®

(Ry) (Ry) My, microgel
Cationic ions (nm) (nm) (R)/(Ry,) (10~% g/mol)
No cation 258 221 0.86 83
Na* 242 216 0.89 8.5
Ca* 237 200 0.85 8.9
Cu?+ 223 180 0381 8.4
Hg** 195 146 0.75 8.0

Reprinted with permission from [165], S. Peng and C. Wu, Polymer 42, 6871 (2001).
© 2001, Elsevier Science.
*Relative errors: (Ry), £2%; (R,), £5%; (Ry)/(Ry), £7%; My, microget> 5%
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ure 14. The cation molar concentration dependence of average hydrody-
ic radius (R,) and average radius of gyration (R,) of P(VCL-co-NaA)
rogels at 25 °C. Reprinted with permission from [165], S. Peng and C.
Polymer 42(16), 6871 (2001). © 2001, Elsevier Science.  °

ining results in a relatively smaller {(R,) and a large ratio
(Ry)/(Ry).

Figure 15 shows that (R,)/(R,) decreases as the cation
centration is increased, indicating that the shrinkage of
microgels reduces the hydrodynamic draining. When the
ion concentration reaches ~0.005 N, (R,)/(R,) approaches
ferent constants in the presence of different cations. Note
t for Ca>* and Cu?*, (Rg)/(Ry) increases slightly in the
/ cation concentration range. A comparison of the decreases
(R,) and (R, ) in Figure 14 shows that (R,) decreases faster
n (R,) in this range. This could be attributed to the col-
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ure 15. The cation molar concentration dependence of the ratio of the
age radius of gyration to the average hydrodynamic radius (R;)/(R,) of
CL-co-NaA) microgels at 25 °C. Reprinted with permission from [165],
eng and C. Wu, Polymer 42(16), 6871 (2001). © 2001, Elsevier Science.
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Figure 16. Temperature dependence of average hydrodynamic radius (R,)
of P(VCL-co-NaA) microgels, where cation concentration is 0.01 N. The open
symbols represent the heating process, whereas the filled symbols denote the
cooling process. Reprinted with permission from [165], S. Peng and C. Wu,
Polymer 42(16), 6871 (2001). © 2001, Elsevier Science.

lapse of the rough surface of the microgel. Figure 15 shows
that Hg?* is the most effective in induction of shrinkage and
reduction of hydrodynamic draining. As [Hg?*] is increased,
(Rg)/{Ry) decreases from 0.86 to ~0.75, indicating that the
microgels are collapsed and become nondraining at [Hg?*] >
~0.0025 N.

Figures 16 and 17 show the temperature dependence of
the average hydrodynamic radius (R,) and the weight aver-
age molar mass My, ygerepe O the P(VCL-co-NaA) microgels,
respectively, in heating and cooling conditions. Note that in the
presence of Na*, (R,) gradually decreases as the temperature
is increased, but the molar mass remains a constant, indicat-
ing that there is no intermicrogel aggregation. The shrinkage
of individual microgels is due to the intramicrogel hydropho-
bic attraction. The addition of Ca’* or Cu®** leads to differ-
ent results; namely, in the range 25-32 °C, the shrinkage of
microgels is similar to the case of adding Na*, but when the
temperature reaches ~32 °C, the sharp increases of (R;) and
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Figure 17. Temperature dependence of the weight average molar mass
M, ggregue Of P(VCL-co-NaA) microgels, where cation concentration is
0.01 N. Reprinted with permission from [165], S. Peng and C. Wu, Polymer
42(16), 6871 (2001). © 2001, Elsevier Science.
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1y, aggregate Clearly reveal an intermicrogel aggregation. How-
ver, in the presence of Hg®*, both (R,) and M,, ,e;regne are
early independent of temperature. Presumably, the intermi-
rogel aggregation is induced by the attraction between one
ation and two anionic carboxylic groups on two different
nicrogels. In the presence of 0.01 N Ca?* or Cu?*, each
ggregate on average contains ~100-200 microgels. The dif-
erent effects of Na*, Ca**, Cu?*, and Hg?* on the microgels
an be explained as follows.

When the temperature reaches transition, the PVCL chains
ecome hydrophobic and start to collapse, but the hydrophilic
“0O0~ groups tend to stay on the periphery. In the case of
Ja*, there is no complexation between COO™ and Na*, so the
Ja* is not able to pull different microgels together, whereas
1 the case of Ca?* and Cu?*, the attraction—complexation
mong one cation and two COO™ groups on the surface
f two different microgels leads to aggregation. As for the
ase of Hg?*, the strong intramicrogel complexation results
1 complete intramicrogel complexation so that the microgel
ollapses even at 25 °C. Therefore, no sufficient amount of
arboxylic groups are left on the periphery to induce the inter-
nicrogel complexation.

Figures 16 and 17 also show the cation and temperature
ependence of (R,) and M, ,.orepne Of the aggregates during
he cooling processes. A comparison of the heating and cool-
ng processes shows that a hysteresis exists in the first heating
nd cooling cycle. It is interesting to note that before dropping
t ~32 °C, (R,) slightly increases during the cooling, reveal-
ng the swelling of individual microgels inside the aggregate.
Vhen T < ~32 °C, individual swollen microgels become so
ydrophilic that the strength of the attraction between Ca?*
nd the COO™ groups on the periphery is not sufficient to pull
ifferent microgels together. Therefore, most of the aggregates
re dissociated at 25 °C. In the case of Cu?*, (R,) increases
luring the cooling even at temperature lower than 32 °C,
evealing that the attraction between Cu?* and COO™ groups
s so strong that the dissociation of the aggregates is incom-
lete. The hysteresis in the change of M, ,.een. in Figure
7 also shows that the dissociation of the aggregate at lower
emperatures is not complete. As expected, for the case of
Na* and Hg?*, there is no hysteresis in the cooling process.
fowever, as discussed before, the reasons for the tempera-
nre independence in these two cases are completely different.
igure 18 shows a schematic of the effects of different cations
nd temperature on the P(VCL-co-NaA) microgels.

To prove that it is the COO~ groups on the periphery that
ead to the intermicrogel aggregation, we changed the order of
dding cations and raising the temperature; namely, we first
ncreased the temperature higher than 32 °C and then added
lifferent cations. Figure 19 shows that after 0.01 N cations
vere added at 45 °C, both (R,) and M, ,5p,. increased
harply, clearly showing that adding cations before or after
ncreasing the temperature has completely different results.
[he observations support our argument that at higher temper-
tures, the collapse of the microgel forces the COO™ groups
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Figure 18. Schematic of the effects of different cations and temperature
on the P(VCL-co-NaA) microgels. Reprinted with permission from [165], S.
Peng and C. Wu, Polymer 42(16), 6871 (2001). © 2001, Elsevier Science.
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Figure 19. Temperature dependence of the average hydrodynamic radius
(Ry) and weight average molar mass M, ,oegme Of P(VCL-co-NaA) micro-
gels, where cations were added after the temperature was raised to 45 °C.
Reprinted with permission from [165], S. Peng and C. Wu, Polymer 42(16),
6871 (2001). © 2001, Elsevier Science.
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tay on the periphery so that the intermicrogel complexa-
is enhanced. In the cooling process, there is only a little
eresis for Ca®*, but for Cu?*, (R,) increases even when
temperature is lower than 32 °C. It is interesting to note
for Cu’*, the hysteresis in M, sggregare 1S DOt as large as
in (R,), revealing a partial dissociation of the aggregates
ower temperatures. In the case of Hg?*, there was a large
eresis during cooling. M,, ourepn. Temained nearly constant
ng the cooling process, indicating a strong intermicrogel
iplexation between Hg?+ and COO™ groups. The fact that
e was nearly no increase of (R,) in the cooling process
aled a strong intramicrogel complexation.
igure 20 shows that after reducing the cation concentra-
to 0.0025 N, the results are quite different from those
wvn in Figures 16 and 17, especially, for Hg?*. In the range
32 °C, the shrinkage of the microgels is similar to the
: of adding 0.01 N cations, except for Hg?*. The increases
Ry) and M, ,opreene in the temperature range ~30-33 °C
cated an intermicrogel aggregation. It is interesting to see
a further increase in temperature results in a decrease in
) even though M, ageregate Still increases. This is because,
igher temperatures, the effect of intramicrogel hydropho-
attraction is stronger than intermicrogel complexation. In
cooling process, the Ca?*-induced aggregation is essen-
y reversible, but a large hysteresis exists in the Cu?*- or
*.induced aggregation because of a strong complexation
veen Cu* or Hg?* with COO~ groups. In terms of the
ngth of the complexation between the divalent cations and
D~ groups, it is known that Hg** > Cu** > Ca**. How-
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re 20. Temperature dependence of the average hydrodynamic radius
and weight average molar mass M, ,yrpue Of P(VCL-co-NaA) micro-
where cation concentration is 0.0025 N. Reprinted with permission from
» S. Peng and C. Wu, Polymer 42(16), 6871 (2001). © 2001, Elsevier
ce.

ever, Figure 20 shows that the extent of the intermicrogel
complexation induced by Cu®* is higher than that induced
by Hg?*. This clearly shows that to induce the intermicrogel
complexation, there exists an optimal strength of complexa-
tion between the cation and COO~ groups. If the strength of
the complexation is too strong, the intramicrogel complexa-
tion leads to much less intermicrogel complexation. On the
other hand, if the strength of the complexation is too weak,
the attraction between the cation and COO~ groups is not suf-
ficient to pull different microgels together. Such a trend in
the strength of cation-induced complexation is similar to that
derived from Pearson’s concept of hard and soft acids and
bases [85]. Generally, hard acids coordinate better with hard
bases and soft acids coordinate better with soft bases. The
hard base-hard acid interaction is charge-controlled, result-
ing mostly from a favorable electrostatic interaction between
a donor and an acceptor, respectively, with a high and a low
orbital electronegativity. However, the interaction between a
soft acid and a soft base normally leads to covalent coor-
dination of a donor with a low orbital electronegativity and
an acceptor with a high orbital electronegativity [86]. In the
present system, the COO™ groups is a soft base, and the
cations Hg?+ and Cu?* are soft acids, but the cation Ca®* is
borderline between hard and soft acids. The Hg?*- or Cu?*-
induced complexation is a typical soft base—soft acid interac-
tion, so it is stronger.

4. ASSOCIATION OF A ZWITTERIONIC
POLYCARBOXYBETAINE

Researchers have begun to study more complicated stable
zwitterionic polymers (also known as betaine) because car-
boxybetaine and sulfobetaine are widely used in textile, med-
ical, and other industrial branches [87, 88]. These polymers
are regarded as a well identified class of highly dipolar poly-
meric materials with a wide spectrum of unique and specific
properties. In a zwitterionic polymer, each covalently bonded
anion and cation pair leads to a permanent dipole whose
value can be varied by the intercharge length. Depending on
whether the solution pH is above or below its isoelectric point
(IEP), a zwitterionic polymer in solution could be overall
anionic or cationic. In a zwitterionic polyelectrolyte, polycar-
boxybetaine, poly(N,N-dimethyl ((methacrylamido) propyl)
ammonium propiolactone) (DMMPAPL) [89] in dilute aque-
ous solution, the { potential was measured to determine the
pH dependence of the net charge of poly(DMMPAPL) chains
in aqueous solution. Figure 21 shows that poly(DMMPAPL)
has an IEP of pH 8.6. When pH < 8.6, poly(DMMPAPL)
chains are net positively charged. The { potential decreases
as the pH increases until pH > 11. The net negative charge
of poly(DMMPAPL) chains at high pH values is due to the
ionization of the carboxylic groups.

Figure 22 shows the temperature dependence of the
weight distribution of the hydrodynamic radius w(R,) of
poly(DMMPAPL) in deionized water. The w(R,) has two
neaks at 295 °C. The first peak located in the rance 1~10 nm
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Figure 21. pH dependence of the { potential of poly(DMMPAPL) in 1 mM
potassium nitrate aqueous solution. Reprinted with permission from [166], A.
Niu et al., Macromolecules 33, 3492 (2000). © 2000, American Chemical
Society.

corresponds to individual chains, whereas the second broad
peak can be related to larger interchain aggregates. The
static light-scattering measurments revealed a 10-times higher
apparent weight average molar mass (M,), clearly indicat-
ing interchain aggregation. Therefore, in deionized water,
poly(DMMPAPL) exists as a mixture of individual chains
and interchain associations due to its zwitterionic nature. As
the temperature increases, the first peak shifts into the range
7~20 nm, whereas the second peak becomes narrower. The
shift of the first peak can be attributed to the break up
of the intrachain association and the extension of individual
chains.

Figure 23 shows that adjusting the pH to 12 shifts the two
peaks toward the left (small R, direction) because, on the one
hand, the addition of NaOH completely ionizes the carboxylic
groups and reduces the hydrogen bonding so that the interas-
sociation is suppressed. This leads to the shift of the second
peak. On the other hand, the presence of NaOH increases
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Figure 22. Temperature dependence of the weight distribution of the hydro-
dynamic radius w(R,) of poly(DMMPAPL) in deionized water when C =
4.65 x 1075 g/ml. Reprinted with permission from [166], A. Niu et al.,
Macromolecules 33, 3492 (2000). © 2000, American Chemical Society.
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Figure 23. Comparison of the weight distribution of the hydrodynamic
radius w(R,) of poly(DMMPAPL) in deionized water and in aqueous solution
(pH 12) at 50 °C, where C = 4.65 x 10~° g/mL. Reprinted with permission
from [166], A. Niu et al., Macromolecules 33, 3492 (2000). © 2000, Ameri-
can Chemical Society.
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the ionic strength and decreases electrostatic repulsion so that
individual chains contract, resulting in the shift of the first
peak.
Figure 24 reveals that the addition of a very small amount
of NaCl into the solution at pH 12 leads to a decrease
of the hydrodynamic radius and molar mass. This indicates
a further dissociation of the interchain association, because
of higher ionic strength and weaker electrostatic attraction

between —R,N* and —COO™ groups. Both (R, ) and (M) agp
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Figure 24. NaCl concentration dependence of the average hydrodynamic
radius (R,) and apparent weight average molar mass of poly(DMMPAPL) in
aqueous solution (pH 12) at 50 °C, where Cyy\ymmmpary = 465 x 107 g/mL.
Reprinted with permission from [166], A. Niu et al., Macromolecules 33,
3492 (2000). © 2000, American Chemical Society.
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reach their corresponding minimums at Cy,q ~ 0.05 M. Fur-
ther addition of NaCl results in increases of both (R,) and
(M,,)upp- A previous study attributed this increase of (R,)
purely to the break up of the intrachain association and the
chain extension [90]. However, the increase of molar mass
in Figure 24 reveals that there exists an interchain aggrega-
tion, which is at least partially attributed to the increase of
(Ry)- Note that in a zwitterionic polymer solution, electrostatic
attraction, on the one hand, induces inter- and intrachain asso-
ciations, but on the other hand, electrostatic repulsion leads to
solvation of the polymer chains. Therefore, suppressing elec-
trostatic interactions by the addition of NaCl has a double
effect. This is why there is a change from dissociation and
extension to aggregation and contraction that accompanies the
increase of NaCl concentration. This change can be better
viewed from the ratio of (R,)/(R,), which directly reflects
the chain conformation.

Figure 25 shows that (R,)/(R;) first increases and then
decreases as the NaCl concentration increases. It is known
that for a uniform and nondraining sphere, (R,)/(R,) ~
0.8; for a loosely connected hyperbranched chain or aggre-
gate, (R,)/(R,) ~ 1.0; for a linear flexible random coil
chain, (R,)/{(R,) ~ 1.5; and for an extended rigid chain,
(Rg)/{Ry,) = 2.0. A combination of Figures 24 and 25 shows
that the initial increase of (R,)/(R,) reflects the dissocia-
tion of intra- and interchain associations and chain exten-
sion because NaCl weakens electrostatic attraction, whereas
the decrease of (R,)/(R,) at higher salt concentrations indi-
cates interchain aggregation and intrachain contraction. If the
increase of (R,) in Figure 24 is only attributed to the chain
extension, we would observe an increase of (R;)/(R,).

Figure 26a shows that the addition of a small amount of
NaCl further breaks up inter- and intra-associations because
of the increase of ionic strength and electrostatic repulsion,
leading to the shift of the aggregation peak toward the small
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Figure 25. NaCl concentration dependence of the ratio of the aver-
age radius of gyration (R,) to the average hydrodynamic radius (R,)
of poly(DMMPAPL) in aqueous solution (pH 12) at 50 °C, where
Cooyommparyy = 4.65 x 107 g/mL. Reprinted with permission from [166], A.
Niu et al., Macromolecules 33, 3492 (2000). © 2000, American Chemical
Society.
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Figure 26. NaCl concentration dependence of the weight distribution of
the hydrodynamic radius w(R,) of poly(DMMPAPL) in aqueous solution
(Conymmmparyy = 465 x 10-5 g/mL, pH 12) at 50 °C: (a) Cyoey < 0.05 M and
(b) Cyaq > 0.05 M. Reprinted with permission from [166], A. Niu et al,,
Macromolecules 33, 3492 (2000). © 2000, American Chemical Society.

Ry, direction. The peaks of the interchain aggregates and indi-
vidual chains overlap when Cy,, ~ 0.05 M. Figure 26b shows
that further addition of NaCl leads to the shift of the aggre-
gation peak toward the higher R, direction, reflecting the
decrease of electrostatic repulsion. The further increase of
ionic strength results in hydrophobic aggregation of the con-
tracted chains.

Figure 27 shows a schematic of the effects of adding NaOH
and NaCl into a zwitterionic poly(DMMPAPL) aqueous solu-
tion. The hydrophilic-hydrophobic balance inside a polymer
chain is a prime important factor to determine its association
behavior in aqueous solution. In deionized water, the zwitte-
rionic polymer chains exist as a mixture of interchain aggre-
gates and individual chains due to the zwitterionic interaction.
On the one hand, the addition of NaOH and a small amount
of NaCl leads to a higher ionic strength, a weaker electro-
static attraction, and the break up of the inter- and intrachain
associations, resulting in smaller interchain aggregates. On the
other hand, it decreases both electrostatic repulsion and sol-
vation, and makes the polymer chains more hydrophobic. The
hydrophobic attraction results in intrachain contraction and
interchain aggregation.
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Figure 27. Schematic of the effects of adding NaOH and NaCl into a
poly(DMMPAPL) aqueous solution. Reprinted with permission from [166],
A. Niu et al., Macromolecules 33, 3492 (2000). © 2000, American Chemical
Society.

5. SURFACTANT EFFECT ON pH AND
TEMPERATURE SENSITIVITIES
OF MICROGELS

The swelling and shrinking of a polymeric gel network can
be generally attributed to a balance between the repulsion
and attraction among functional groups attached to the gel
network. These repulsions and attractions can arise from a
combination of four intermolecular forces; namely, electro-
static, hydrophobic, van der Waals, and hydrogen bonding
[91]. When a repulsive force, usually electrostatic in nature,
overcomes an attractive force such as hydrogen bonding or
hydrophobic interaction, the gel network swells, sometimes
“discontinuously” leading to a volume transition [92]. The
variables that can trigger and shift the swelling and shrinking
depend on the nature of intermolecular forces that exist in the
gel network [93]. Charged groups can be chemically intro-
duced to a hydrophobic gel network, either via hydrolysis or
copolymerization with ionic comonomers, to alter its swelling
behavior in water and make it sensitive to ionic strength and
pH [94].

The interaction between polyelectrolytes and surfactant has
been an interesting subject for a long time in both fundamen-
tal and technological research [95-98]. Studies of the inter-
action between a polyelectrolyte’s gel network and surfac-
tant have revealed three different controlling effects {99-101]:
the translational entropy of counterions, electrostatic interac-
tions, and hydrophobic interactions. It has been shown that
the surfactant can form micelles in polymer gels even at a
concentration much lower than its critical micelle concentra-
tion [98, 102]. This leads to the possibility of using surfactant
to change the swelling/shrinking behavior of a thermally sen-
sitive polymer gel instead of a more complicated chemical
modification. Therefore, spherical P(VCL-co-NaA) microgels
were also used to study the surfactant effect on their pH and
temperature sensitivities. There are several advantages to using

small microgels over using a bulk gel. For example, equi-
librium can be reached in minutes instead of days, and the
swelling and shrinking can be monitored by an accurate laser
light-scattering spectrometer instead of by eye or a charge-
coupled device camera.

Figure 28 shows that when both pH and temperature are
fixed, the microgels swell when more surfactant is added. Note
that here the surfactant molar concentration (SDS) is well
below its critical micelle concentration (CMC ~ 8.0 mM).
It is known that SDS can form micelles in the gel network
[102, 103], so that electrostatic repulsion between the anionic
group (COO™) on the gel network and anionic surfactant leads
to the swelling [104, 105]. Figure 29 shows that the average
hydrodynamic radius (R,) increases with SDS. This indicates
a concentration of SDS inside the microgels, which can be
viewed better in terms of the change of the average number
(n,) of surfactant molecules inside each microgel. n; can be
determined from the increase of the apparent average weight
molar mass (M,, ,,,) of the microgels; namely, n; = (M,, ,,, —
M, i}/ Myyegocran, Where M, . is the average molar mass of
the microgels in the absence of surfactant and M, .., is the
molar mass of surfactant. Figure 29 shows that when both pH
and temperature are fixed, n, does increase when more surfac-
tant is added.

It is known that for two like charged groups separated
by a distance (r), the electrostatic repulsion force (f) is
reciprocally proportional to r?, that is, f o« r~2. Note that r
decreases as n, increases by r o« n;/3, so that f o n2/*. On the
other hand, the swelling deformation is linearly proportional
to the repulsion force. Therefore, (R, ) o< n2/, which is exactly
what we observed in Figure 30, where (V,) = (47/3)(R,)>.
Figure 30 clearly reveals, for the first time, that the surfactant-
induced swelling can be attributed to the electrostatic repulsion
between the anionic surfactant molecules concentrated inside
the microgel network.

Figure 31 shows that for a given temperature, the swelling
of the microgels as pH increases in the lower pH range is lim-
ited. There exists a critical pH at which (R, ) rapidly increases

201

200 300 400 500 600
R.u/nm

Figure 28. Surfactant concentration (SDS) dependence of the hydrodynamic
radius distribution f(R,) of P(VCL-co-NaA) microgels in water at 25 °C and
pH 6.2. Reprinted with permission from [167], S. Peng and C. Wu, Macro-
molecules 34, 568 (2001). © 2001, American Chemical Society.
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Figure 29. Surfactant concentration (SDS) dependence of the average hydro-
dynamic radius (R,) of P(VCL-co-NaA) microgels and the average number
(n,) of surfactant molecules concentrated inside each microgel at 25 °C and
pH 6.2. Reprinted with permission from [167], S. Peng and C. Wu, Macro-
molecules 34, 568 (2001). © 2001, American Chemical Society.

to a maximum. Further increase of pH leads to shrinkage.
The critical pH decreases as SDS increases. This is because
the binding of SDS to the PVCL chains through hydrophobic
interaction converts the microgel into polyelectrolytes. It is
these additional charges and their counterions that exert an
extra osmotic pressure on the gel network. It is clear that when
pH is low, the effect of SDS on the swelling is more pro-
found. It is known that at a lower pH, most of the carboxylic
groups are in the acid form (—COOH) and the gel network
becomes neutral. The swelling is attributed to the concentra-
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Figure 30. Plot of the average hydrodynamic volume (V) of P(VCL-co-
NaA) microgels versus the square of the average number (n,) of surfactant
molecules concentrated inside each microgel at 25 °C and pH 6.2, where
(V) = (47/3){R,)*. Reprinted with permission from [167], S. Peng and C.
Wu, Macromolecules 34, 568 (2001). © 2001, American Chemical Society.

more carboxylic groups become anionic —COO~ groups so
that the microgel swells even in the absence of SDS. We found
that the microgels copolymerized with 1.0 mol% sodium acry-
late in the presence of 0.5, 0.75, 1.0, and 2.0 mM SDS have a
pH dependence similar to those copolymerized with 3.6, 5.3,
7.1, and 14.2 mol% of sodium acrylate in the absence of SDS,
respectively.

The effects of adding surfactant and NaOH are schemat-
ically shown in Figure 32. The anionic surfactant concen-
trated inside the microgel increases the electrostatic repulsion
and makes the microgel swell. The addition of NaOH has
two opposite effects: (1) to ionize the carboxylic groups and
enhance the electrostatic repulsion, and (2) to increase the
ionic strength and weaken the electrostatic repulsion. When
pH is low, these two effects partially cancel each other so
that the swelling is limited. At the critical pH, all the car-
boxylic groups are ionized. Further addition of NaOH can only
enhance the second effect, which explains the shrinkage of the
microgel in the high pH range.

Figure 33 shows that for a given SDS concentration, the
microgels gradually shrink when the temperature is raised.
This is because the increase of temperature weakens the hydra-
tion so that the chain backbone gradually becomes more
hydrophobic, but the temperature has much less effect on
the electrostatic repulsion, leading to the collapse of the gel
network. The temperature independence of M,, indicates that
there is no interparticle aggregation. It is necessary to indicate
that we have revised the values of dn/dC that induced the
temperature; dn/dC are 0.232, 0.226, and 0.212 at 25, 32,
and 40 °C, respectively. It is clear that increasing pH can pro-
foundly raise the shrinking temperature. As discussed before,
for a given temperature, the swelling of the microgeis as SDS
increases is due to the concentration of SDS inside the gel
network.

Figure 34 shows that the addition of only 0.5 mM SDS
shifts the shrinking temperature to ~45 °C. When SDS is
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Figure 32. Schematic of the electrostatic interaction between a P(VCL-co-NaA) microgel network and anionic surfactant SDS and the effect of pH on swelling.
Reprinted with permission from [167], S. Peng and C. Wu, Macromolecules 34, 568 (2001). © 2001, American Chemical Society.
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Figure 33. Temperature dependence of the average hydrodynamic radius
{R,) and weight average molar mass (M,) of P(VCL-co-NaA) microgels in
water at a given surfactant concentration, but different pH. Reprinted with
permission from [167], S. Peng and C. Wu, Macromolecules 34, 568 (2001).
© 2001, American Chemical Society.

1.0 mM, (R,) becomes independent of the temperature, indi-
cating that the shrinking temperature has already been shifted
outside the range studied. The sharp increase of M, reflects
the aggregation of surfactant-free microgels in a high pH
dispersion at ~31 °C. Note that the high ionic strength
at pH 12 weakens the electrostatic repulsion. This explains
why an excess amount of Na* and OH- led to a salt-out
effect on the microgels [81, 106]. Actually, the addition of
NaCl instead of NaOH had a similar effect as shown in
Figure 35. It has been suggested that there exist two types of
water structures—coulombic and hydrophobic—that comprise
the hydration sheath of the polymer [107]. The hydropho-
bic hydration of P(VCL-co-NaA) is expected to exclude
coulombically hydrated anionic surfactant, resulting in a more
hydrophobic chain. This explains why the microgels in the
presence of sait start to aggregate at higher temperatures.

In summary, our results demonstrate that the incorporation
of a small amount of anionic surfactant sodium dodecyl sul-
fate in a spherical poly(N-vinylcaprolactam-co-sodium acry-
late) microgel can greatly alter its pH and temperature sensi-
tivities, leading to a swelling and shrinking behavior similar
to those gels modified chemically with different amounts of
ionic groups. We found that the surfactant-induced swelling
is closely related to ¢he concentration of anionic surfactant
molecules inside the gel network, reflecting an observed rela-
tionship between the average hydrodynamic volume ((V,))
and the average number (n,) of surfactant concentrated in
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Figure 34. Temperature dependence of the average hydrodynamic radius
(R,) and weight average molar mass (M,) of P(VCL-co-NaA) microgels in
water at a given pH, but different surfactant concentrations. Reprinted with
permission from [167], S. Peng and C. Wu, Macromolecules 34, 568 (2001).
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each microgel, namely, (V,) o n?. We have shown that using
a small amount of surfactant is much simpler and cheaper
than chemical modification. The principle demonstrated in this
study can be easily applied for other types of pH and ther-
mosensitive hydrogels.
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Figure 35. Temperature dependence of the average hydrodynamic radius
{R,) and weight average molar mass (M, ) of surfactant-free P(VCL-co-NaA)
microgels with and without the addition of NaCl. Reprinted with permission
from [167], S. Peng and C. Wu, Macromolecules 34, 568 (2001). © 2001,
American Chemical Society.

6. COMPLEXATION BETWEEN P(VCL-co-NaA)
MICROGELS AND GELATIN

Complexation of a polyelectrolyte and a protein can provide a
range of physicochemical properties, including biocompatibil-
ity. Special attention has been drawn to their biomedical appli-
cations [24, 108]. Moreover, the complexation of synthetic
polyelectrolytes and proteins presents a convenient model for
various biological processes [109]. It is also known that cer-
tain metal ions as well as biphilic low molar mass compounds
can bind to polyelectrolytes and lead to the complexation of
polymer chains with a complementary surface [70, 110-111}.
Bowman et al. [112] and Hara and Nakajima {29] studied the
effects of various parameters on the structure of soluble com-
plexes. Carboxylic groups (COO™) have a tendency to interact
with Ca’*, leading to distinct conformational changes or inter-
molecular bridges between polyelectrolyte chains. In biopoly-
mers, this complexation can modify their biological activities,
such as blood clotting and muscular contraction [113, 114]. In
spite of a great deal of effort spent on this subject, the details
of the complexation and stabilization are still missing because
of its complex nature.

Figure 36 shows that when the gelatin/microgel molar
ratio is less than ~3.4 x 10* and Ca?* is absent, both (R,)
and M, ., of the microgel/gelatin complexes only slightly
increase at a temperature around 32 °C, revealing that, on aver-
age, each complex contains only approximately two micro-
gels or less. A further increase of the temperature leads to
a gradual decrease of (R,), but M, ,,, is nearly independent
of the temperature in the same range, indicating the shrink-
age of the microgels, but no further interparticle association.
For the mixture with a higher ratio [G]/[M], (R,) decreases
monotonously as the temperature increases in the whole tem-
perature range studied. The increase of the average chain den-
sity ({p)) of the microgel/gelatin complexes as the tempera-
ture increases in the range ~32—45 °C reflects shrinkage of
the microgels inside the complex. Note that at high temper-
atures, (p) increases as the ratio of [G]/[M] decreases, fur-
ther reflecting that the shrinkage is related to the microgels.
More microgels inside each complex can provide a stronger
shrinking force and lead to a%more compact structure at high
temperatures.

Figure 37 shows that in the presence of Ca®*, the com-
plexation is more profound in comparison with that shown
in Figure 36. Both (R,) and M, ,,, increase as the [G]/[M]
ratio decreases, indicating that the gelatin chains act as a sta-
bilizer, presumably by the adsorption of gelatin chains on the
microgel surface. Note that the complexation occurs at a sim-
ilar temperature in spite of a big difference in the gelatin
concentration. This clearly shows that when the microgel is
in its shrunken state (hydrophobic), most of the carboxylic
groups are forced to locate on the surface of the micro-
gel so that Ca?* can bind the microgels and gelatin chains
through the carboxylic groups. On average, each complex con-
tains 20-70 microgels and the average density of the com-
plexes is in the range 0.13-0.22 g/cm® at temperatures higher
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Figure 36. Temperature dependence of (a) the average hydrodynamic radius
(R,), (b) the apparent weight average molar mass (M, opp), (c) the average
aggregation number (N,,,), and (d) the average chain density (p) of the micro-
gel/gelatin complexes, where {G]/[M] is the initial gelatin/microgel molar
ratio and (p) is defined as M, /[(4/3)7(R,)’]. Reprinted with permission
from [168], S. Peng and C. Wu, Polymer 42(17), 7355 (2001). © 2001, Else-
vier Science.

than ~32 °C . The decreases of Ny, [=M,, 1opreprate/ M, microgei]
and (p) [=My, sggegrae/[(4/3)7(R,)*] s [G1/[M] increases
further indicate that the adsorption of gelatin chains on the
microgel surface reduces the complexation of the micro-
gels. Figure 38 shows a schematic of the temperature depen-
dence of the microgel/gelatin complexation in the presence
of Ca?*,

Figure 39 shows that in the presence of Ca’*, the temper-
ature dependence of (Ry), M, .55, Ny, and (p) of the com-
plexes during heating and cooling are slightly different. Gen-
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Figure 37. Temperature dependence of (a) the average hydrodynamic radius
(Ry), (b) the apparent weight average molar mass (M, wp)» () the average
aggregation number (N,,,), and (d) the average chain density (p) of micro-
gel/gelatin complexes formed in the presence of Ca**, where {G]/[M] is the
initial gelatin/microgel molar ratio and (p) is defined as M, /[(4/3)m(R,)’].
Reprinted with permission from [168], S. Peng and C. Wu, Polymer 42(17),
7355 (2001). © 2001, Elsevier Science.

erally, there is a hysteresis during cooling. The slight increase
of (Ry) during cooling before it drops at ~32 °C and a lower
{p) reveals that the complexes swell before their dissociation
at lower temperatures. This indicates that complexation of the
microgels and gelatin chains formed via Ca?* at high tem-
peratures is relatively strong. When 7 < ~32 °C, the swollen
microgels become so hydrophilic that the interaction between
the COO™ groups and Ca®* is not able to hold the micro-
gel/gelatin complexes together. The swelling of the microgels
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Figure 38. Schematic of the temperature dependence of microgel/gelatin complexation in the presence of Ca?*. Reprinted with permission from [168], S. Peng

and C. Wu, Polymer 42(17), 7355 (2001). © 2001, Elsevier Science.

is also evidenced by the fact that at a temperature higher
than ~32 °C, the complexes are larger during cooling, but
there is no change in M, ,,,. The swelling is due to the gel
network’s elasticity, which was absent when linear poly(N-
isopropylacrylamide) or its copolymer chains were used [115,
116). Note that for a given temperature, there is nearly no
difference between N,,, during heating and cooling. However,
N, becomes larger at 25 °C after the first heating and cool-
ing cycle, indicating that the complexation induced at higher
temperatures is not completely reversible.

Figure 40 shows a gel composite in which the microgels
are embedded in a chemically cross-linked gelatin network.
This clearly shows that the shrinkage of each microgel inside
leads to the shrinkage of the bulk gel. The degree of shrinkage
can be well controlled by the amount of microgels embedded
inside and by the cross-linking density of the gelatin network.
More important, both the gelatin solutions before gelation and
the microgel dispersion are injectable. Gel formation inside
the body makes such a gelatin/microgel composite a potential
biomedical material.

Our results reveal that when the P(VCL-co-NaA) micro-
gel becomes hydrophobic at temperatures higher than ~32
°C, most of the carboxylic groups are located on its surface
so that the microgel can complex with gelatin in the pres-
ence of Ca®*, suggesting that the microgel/gelatin complexa-
tion is induced by both hydrophobic interaction and electro-
static attraction. However, if an excess of gelatin chains is
used, the adsorption of gelatin chains on the microgel surface
prevents the complexation. The shrinkage of each microgel
inside can lead to the shrinkage of a bulk microgel/gelatin gel
composite at temperatures higher than ~32 °C. The complex-
ation'is essentially reversible. The shrinkage of each microgel
inside a gel composite leads to shrinkage of the bulk gel.
This study leads to a novel and injectable thermally sensi-
tive gel composition. It can repair broken nerve and bone
tissue without any surgical stitches. Its swelling and shrink-
ing temperature can be adjusted by the amount of carboxylic
group incorporated inside the microgel, and its swelling and
shrinking extent can be controlled by the microgel/gelatin
ratio.

7. CONTROLLABLE AGGREGATION
OF LINEAR CHAINS AND SPHERICAL
MICROGELS

7.1. Formation and Structure of
HPAM/Ca?* Complexes

As a fascinating subject, the aggregation of colloidal particles
in dispersion has been extensively studied because it is impor-
tant in both theory and practice [117-124], such as the produc-
tion of chemical toners and the treatment of wastewater. Two
limiting regimes have been identified: the diffusion-limited
cluster—cluster aggregation (DLCA) and the reaction-limited
cluster—cluster aggregation (RLCA) [125, 126]. One of dis-
tinctive features between them is different fractal dimensions
(d;) of the resultant aggregates {127, 128], that is, different
scalings between the mass (M) and size (R) of the aggregates,
M ~ R{. Which regime an actual aggregation process falls
into is essentially governed by the sticking efficiency between
two collided particles. In DLCA, every collision leads to irre-
versible sticking and the aggregation rate is limited solely by
the time required for two particles to encounter each other
by diffusion. The DLCA process leads to aggregates with an
open and less uniform structure, and d; in the range ~1.75-
1.80 for a three-dimensional system. On the other hand, the
sticking probability in RLCA is so low that a number of col-
lisions can only result in one sticking [129-131] and indi-
vidual colloidal particles can penetrate into the “fjords” of
the aggregate before they stick together [132]. The resultant
aggregates are more uniform with a higher fractal dimension
of di ~2.0-2.5. Experimentally, a combination of different
scattering techniques provides the possibility to study the for-
mation and structures of colloidal aggregates over a wide size
range [133-135].

The study has been extended to the association of syn-
thetic and biopolymers, especially polyelectrolytes, in solution
because of their implications in ecology, biotechnology, and
medicine [136, 137]. It was found that the rate constant of the
interaction increased sharply with decreasing the polycation
ionic strength, but was independent of the polyanion chain
length [138, 139]. It was suggested that the distribution of
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Figure 39. Heating and cooling dependence of (a) the average hydrody-
namic radius (R,), (b) the apparent weight average molar mass (M, o)
(c) the average aggregation number (Nigg), and (d) the average chain den-
sity (p) of the microgel/gelatin complexes formed in the presence of Ca’*,
where [G]/[M] is the initial gelatin/microgel molar ratio and (p) is defined
as M, /[(4/3)w(Ry)*]. Reprinted with permission from [168], S. Peng and C.
Wu, Polymer 42(17), 7355 (2001). © 2001, Elsevier Science.

ionic groups on the chain backbone had no effect on the com-
plexation [140]. In general, the association of heteropolymer
chains in a dilute solution can be placed under the frame-
work of the formation of a mesoglobule phase [141]. To our
knowledge, the influence of initial chain conformation on the
association of linear heteropolymers has not been thoroughly
investigated and the theoretical study in this respect has been
limited because linear flexible polymer chains with a variable
conformation are much less defined than colloidal particles.
Modeling the chain aggregation is a remaining challenge.
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Figure 40. Swelling and shrinkage of a novel microgel/gelatin composite at
two different temperatures and schematic of the corresponding structures of
the composite. Reprinted with permission from {168], S. Peng and C. Wu,
Polymer 42(17), 7355 (2001). © 2001, Elsevier Science.

7.1.1. Kinetics of Self-Complexation of
Hydrolyzed Polyacrylamide Chains

It is known that certain metal ions like Ca®** can specif-
ically interact with carboxylic groups. If the carboxylic
groups are attached to a polymer chain backbone as par-
tially hydrolyzed polyacrylamide (HPAM), the interaction can
lead to a chain aggregation through polyion/metal “complexa-
tion” [142]. Figure 41 shows the time dependence of the self-
complexation of the HPAM chains in 0.05 M CaCl, aqueous
solution in terms of the change of the hydrodynamic radius
distribution f(R,). It clearly shows the increases of the size
and the distribution width with time. Figure 42 shows the
time dependence of the average hydrodynamic radius (R,)
of the HPAM/Ca®* complexes after the addition of different
amounts of Ca?*, where (R,) = [ f(R,)R, dR,. Note that for
each given Ca®* concentration, there exists a plateau value
(Ry)max- Figure 43 clearly shows that for a given HPAM
sample, both the initial complexation rate [d{(R,)/dt],_, and
(Ry)max increase with Ca** concentration, which is under-
standable because Ca?* acts as the cross-linking agent to
interconnect (“complex™) the HPAM chains. Note that when
[Ca®*] < 0.01 M, the (R,) is nearly independent of time, indi-
cating that there exists a critical Ca?" concentration for inter-
chain complexation. Figure 43 shows that [d(R,)/dt],_,
Ca*]%, indicating that for a given HPAM sample, the initial
rate of self-complexation is strongly dependent on [Ca?t].
Figure 44 shows the complexation kinetics in terms of
the change of (R,) for five different HPAM samples in a
given CaCl, aqueous solution. For each HPAM sample, (R, )
approaches a plateau (R, ),... As expected, (R, )., decreases
as the hydrolysis degree decreases. It is interesting to note
that in Figure 44, there exists an initial stage in which (R,)
decreases, which reveals an intrachain complexation in which
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Figure 41. Time dependence of the hydrodynamic radius distribution f(R,)
of HPAM/Ca®>* complexes for self-complexation of the HPAM chains in
0.05 M CaCl, aqueous solution. Reprinted with permission from [169], S.
Peng and C. Wu, Macromolecules 32, 585 (1999). © 1999, American Chem-
ical Society.
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Figure 42. Time dependence of the average hydrodynamic radius (R,) of
HPAM/Ca** complexes for self-complexation of the HPAM chains in different
CaCl, aqueous solutions. Reprinted with permission from [169], S. Peng and
C. Wu, Macromolecules 32, 585 (1999). © 1999, American Chemical Society.
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Figure 43. Ca’* concentration dependence of the initial complexation rate
{d{R,)/dt],_o calculated from the data in Figure 42, where the slope of
the line is 2. Reprinted with permission from [169], S. Peng and C. Wu,
Mucromolecules 32, 585 (1999). © 1999, American Chemical Society.
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Figure 44, Time dependence of the average hydrodynamic radius (R,)
of the HPAM/Ca?* complexes for self-complexation of HPAM samples in
0.08 M CaCl, aqueous solution. Reprinted with permission from [169], S.
Peng and C. Wu, Macromolecules 32, 585 (1999). © 1999, American Chem-
ical Society.

individual HPAM chains contract before the interchain aggre-
gation. For HPAMS, the interchain complexation was dom-
inant and the initial stage was too short to be observed,
whereas for HPAM1, the intrachain complexation was dom-
inant, so that no increase of (R;) was observed. As for
HPAM?2, HPAM3, and HPAMA4, the transition from the intra-
chain complexation to interchain complexation is very clear.
To our knowledge, this transition is observed and reported for
the first time. Figure 44 reveals that for a given Ca** concen-
tration, the interchain complexation is directly related to the
hydrolysis degree because the carboxylic groups act as “stick-
ers” to complex with the HPAM chains, similar to the resuits
of the PMA/Ca?* system reported by Yuko et al. [143].

Figure 45 shows the Ca’* concentration dependence of
(Ry)max for five different HPAM samples. The inset shows
an enlargement of the low [Ca?"] range in which (Rp)pax
decreases as [Ca**] increases, indicating the intrachain com-
plexation. Figure 45 shows that at higher [Ca®*] concentra-
tions, {(R,) increases sharply as [Ca’*] increases, revealing
a Ca’*-induced transition between the intrachain and inter-
chain complexations. The [Ca®*] concentration at which (R,)
starts to increases is defined as the aggregation concentration
[Co* ],

Figure 46 shows the hydrolysis degree (HD%) depen-
dence of [Ca®*],,, where the inset shows a double loga-
rithmic plot of [Ca?*],,, versus [—COO~]. The line in the
inset shows a least square fitting of [Ca**],,, = 7.46 x 10~°
[—COO~1-14, Figures 43 and 45 clearly reveal that increas-
ing either the hydrolysis degree or [Ca?*] can promote the
interchain complexation. Figure 46 shows that increasing the
hydrolysis degree is more effective, but there is an upper limit
of ~20% beyond which the increases of HD% have less effect
on the interchain complexation. The ratio of [ —COO~]/[Ca?*]
should be 2 if every Ca’" ion in the solution complexes
with two —COO~ ions. However, as shown in Figure 46,
[—COO~}/[Ca?*] is much smaller than 2, indicating that most
of the Ca?* ions are free in water.
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Figure 45. Ca** concentration dependence of the maximum average hydro-
dynamic radius (R,),,,, where (R,)... is the plateau value as shown in
Figure 44. Reprinted with permission from [169], S. Peng and C. Wu, Macro-
molecules 32, 585 (1999). © 1999, American Chemical Society.

Figure 47 shows the pH dependence of (R,)ma
for a given [Ca®*] concentration. Note that K, =
[COO~][H*}/[COOH] and pH = —log[H*], that is,
log[—COO~}/[COOH] = log(K,,s) + pH, where K, is
a constant. Therefore, [ —COO~[/[COOH] increases as pH
increases. In other words, the effective hydrolysis degree
(or the sticking probability when two HPAM chains collide)
increases with pH. This is why (R,).. of the HPAM/CaZ*
complexes increases with pH. When pH < 3, (R,) ., is inde-
pendent of pH, which can be attributed to the shift of —COO~
to —COOH, so that further complexation of the HPAM chains
stops.

From Figures 42-47, we know that complexation between
the HPAM chains in CaCl, aqueous solutions can be domi-
nated by either intrachain or interchain complexation, depend-
ing on the hydrolysis degree and Ca?* concentration. The

0.15
S
Q
g o.l0f
N’
~
3
&, 005
=)
00— ' :
0 5 10 15 20
HD%

Figure 46. Hydrolysis degree (HD%) dependence of the aggregation con-
centration ([Ca?*],,.), where [Ca?*],,, is defined as the Ca* concentration at
which (R, ) starts to increase as shown in Figure 45. The inset shows a double
logarithmic plot of [Ca®* ], versus [~—COO"] and the straight line repre-
sents a least square fit of [Ca**],,, = 7.46 x 10~° [——COO~]"**, Reprinted
with permission from [169], S. Peng and C. Wu, Macromolecules 32, 585
(1999). © 1999, American Chemical Society.
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Figure 47. pH dependence of the maximum average hydrodynamic radius
{(Ry)max for a given ratio of [Ca?*}/[—COQO"]. Reprinted with permission
from [169], S. Peng and C. Wu, Macromolecules 32, 585 (1999), © 1999,
American Chemical Society.

complexation can be viewed as follows: Each HPAM is a long
coil chain with hundreds of stickers (—COO~). Two stickers
and one Ca?* ion can be driven thermodynamically together to
form one (—CO0O),Ca complex point. The interchain “points”
result in the clustering of the HPAM chains. These clusters fur-
ther collide with each other or with individual HPAM chains,
leading to larger clusters. Finally, when either Ca2t ions or
—COO~ groups are consumed, the complexation stops. In the
process, clusters with different sizes were formed as shown in
Figure 34. Note that the intrachain —COO™ groups are closer
than the interchain —COO~ groups. For the HPAM chains
with a low degree of hydrolysis, the intrachain complexation
in the presence of small amounts of Ca?* ions is expected to
be easier. In the case of a high hydrolysis degree and a high
Ca?* concentration, the interchain complexation dominates, as
shown schematically in Figure 48. In the medium range of
[Ca**] and [—COO~], the HPAM chains first undergo intra-
chain complexation through the neighboring carboxylic acid
groups on the same chain before the interchain complexation
becomes apparent.

7.1.2. Fractal Structure of HPAM/Ca** Complexes

Figure 49 shows double logarithmic plots of the weight aver-
age molar mass (M,,) of the HPAM/Ca>* complexes versus
their average hydrodynamic radius (R,) for a given HPAM
sample and different Ca?* concentrations. Figure 50 shows
double logarithmic plots of M,, versus (R,) for a given Ca*
concentration and different HPAM samples. The values of M,
were calculated from the measured Rayleigh ratio on the basis
of

KC 1 1
—— = — 1+ =(R}) ¢* ) +24,C 1

R = (L 3e) vme
where K [=(4m?n2/A}N,)(dn/dC)?*] is a constant and
g [=(4mn,/A,) sin(8/2)] is the scattering vector where N, is
Avogadro’s number, dn/dC is the specific refractive index
increment, n, is the refractive index of the solvent, A, is
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Figure 48. Schematic of the self-complexation of the HPAM chains under
different experimental conditions. Reprinted with permission from [169], S.
Peng and C. Wu, Macromolecules 32, 585 (1999). © 1999, American Chem-
ical Society.

the wavelength of the light in vacuum, and @ is the scatter-
ing angle, respectively. It should be stated that the ratio of
(R,)/(Ry) was close to a constant of ~1.35 in the measurable
range of (R,). Figures 50 and 51 clearly demonstrate that M,,
can be scaled to (R,) (ie., M, o (R)2!1'£%%) for different
Ca** concentrations and different HPAM samples. This sug-
gests that the HPAM/Ca?* complexes have a fractal structure
with a dimension of d; = 2.11 £ 0.04, which is in a good
agreement with the value predicted for RLCA [144, 145].
Figure 51 shows double logarithmic plots of the scattering
intensity I(g) versus the scattering vector g after the maxi-
mum complexation was reached. The slope of ~2 also indi-
cates that the HPAM/Ca?* complexes have a fractal structure.

L slope =2.15

= 10tk ;

g 10°f 213
& ol et-0osmar
o= 10
"‘o 0.07 mol/L.

—

\; 1 0'l 3 0.06 mol/L.

p= 005 movL g

1 0'2 " u‘mVL
10° 10’
<R,>/nm

Figure 49. Double logarithmic plots of the weight average molar mass (M,,)
versus the average hydrodynamic radius (R,) for the HPAMS chains in the
presence of different amounts of Ca?* ions. Reprinted with permission from
[169], S. Peng and C. Wu, Macromolecules 32, 585 (1999). © 1999, American
Chemical Society.
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Figure 50. Double logarithmic plots of the weight average molar mass (M,,)
versus the hydrodynamic radius (R,) for different HPAM samples in 0.08 M
CaCl, aqueous solution. Reprinted with permission from [169], S. Peng and
C. Wu, Macromolecules 32, 585 (1999). © 1999, American Chemical Society.

7.2. Comparison Between P(VCL-co-NaA)
Microgels and Linear Chains

In addition, by wusing thermally sensitive poly(N-
vinylcaprolactam-co-sodium  acrylate)  (P(VCL-co-NaA))
chains, we were able to keep the same chain length and
ionic distribution, and alter only the initial chain confor-
mation by a simple temperature variation because PVCL
is hydrophilic/soluble in water and has a coil conformation
at ~25 °C or below. P(VCL-co-NaA) gradually becomes
hydrophobic/insoluble and collapses into a globule when
the temperature increases from ~25 to ~35 °C [136].
Taking advantage of this thermal sensitivity, we studied the
influence of the initial chain conformation on the Ca**/COO~
complexation-induced aggregation. Figure 52 shows that
the Ca’*/COO~ complexation can induce an interparticle
aggregation after the dispersion temperature suddenly is
increased from 30 to 32.5 °C. As expected, the extent of

I(q)

slope =-2.03

10
g/nm"

-2

Figure 51. Double logarithmic plots of the scattering intensity I(g) versus
the scattering vector g for the HPAMS chains in two different CaCl, aque-
ous solutions after maximum complexation was reached. Reprinted with per-
mission from [169], S. Peng and C. Wu, Macromolecules 32, 585 (1999).
© 1999, American Chemical Society.
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the aggregation for a given Ca?* concentration increases
with the ionic content because each COO~ group acts as a
sticker in the interparticle or interchain aggregation via the
Ca**(COO~), complexation. The aggregation slows down
after a few hours and gradually approaches a plateau. The
resultant aggregates were very stable and no precipitation was
observed for a long time. For spherical microgels, (R,) can
be scaled to ¢ by (R,) « t# with B in the range 0.16-0.20,
but the aggregation of linear chains has a different kinetics;
namely, the increase of (R,) can be described by two
exponential terms that represent two distinct processes. The
initial fast process is related to the aggregation of individual
chains and the formation of clusters, whereas the second slow
process mainly involves cluster—cluster aggregation.

Figure 53 shows that the scattering intensity /(q) of the
resultant aggregates is dependent on the scattering vector g
as I(q) « ¢~% with d, =1.7-1.9 for spherical microgels and
d, = 2.4-25 for linear chains, indicating that the aggrega-
tion of spherical microgels follows the DLCA process, but the
aggregation of linear chains might be described by the RLCA
mechanism. For spherical microgels, the slight decrease of d,
as the COO~ content increases indicates that the structure of
the aggregates made of microgels with less COO™ groups is
relatively more open and less uniform. Note that d, for lin-
ear P(VCL-co-NaA) chains is higher than ~2.0-2.2 observed
in the aggregation/association of other linear chains, such as
in the HPAM/Ca®* system [129)]. This is because, in addi-
tion to the interpenetration of different chains, the collapse of
PVCL at higher temperatures leads to a more uniform struc-
ture. The packing of spherical microgels or linear chains in
the resultant aggregates can be better viewed in terms of the
size dependence of the average chain density (p) defined as
M, /[(4/3)m(R,)*].

Figure 54 shows that during the aggregation, (p) decreases
as the aggregation proceeds, clearly indicating that the aggre-
gates become loose and less uniform. Unfortunately, (p) and
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Figure 52. Time dependence of the average hydrodynamic radius (R,) of
aggregates, made of different spherical microgels and linear chains, where
[Ca**] = 30 mM and T = 32.5 °C. Reprinted with permission from [170],
S. Peng and C. Wu, Macromolecules 34, 6795 (2001). © 2001, American
Chemical Society.
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Figure 53. Double logarithmic plots of the scattering intensity /(g) versus
the scattering vector g for resultant aggregates made of different spherical
microgels and linear chains, where [Ca?*] = 30 mM and T = 32.5 °C.
Reprinted with permission from [170], S. Peng and C. Wu, Macromolecules
34, 6795 (2001). © 2001, American Chemical Society.

(R,) only spread over a limited range. A combination of Fig-
ures 53 and 54 shows that for a given size, the aggregates
made of microgels have a lower d, and chain density. It also
shows that the aggregates made of linear chains have a much
lower chain density but a higher d,. This is because, in com-
parison with the microgels, there is no chemical cross-linking
among different chains in the aggregates made of linear
chains. Therefore, the interchain distance inside is large, so the
chain density is lower. Thermodynamically, there should be an
entropy penalty when individual microgels stick together, but
the intertwining and knotting of linear chains could lead to a
possible entropy gain. It is expected that the enthalpy change
in the formation of each Ca?*(COO™~), complex is a con-
stant. Therefore, the increase of entropy makes a process more
favorable. Figure 55 shows a schematic of the Ca?*/COO~
complexation-induced aggregation of spherical microgels and
linear chains at higher temperatures. The difference in the lin-

10°
T=325"C, {Ca"]=30mM

—~~ “a
he aa

g ©oo 48 paas G-BVCLA.IA)
@ G-P(VCL434) ~ o @ 4 Y
= ) «
A 107F ®q 8 oy

Q G-P(VCL-1.04)

v,
v g 0
L-P(VCL-4.6A)
300 500 700
<R, >/nm

Figure 54. Aggregate size dependence of the average chain density (p) for
different spherical microgels and linear chains, where [Ca?*] = 30 mM and
T = 32.5 °C. Reprinted with permission from [170], S. Peng and C. W,
Macromolecules 34, 6795 (2001). © 2001, American Chemical Society.
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Figure 55. Schematic of Ca?*/COO~ complexation-induced aggregation of thermally sensitive P(VCL-co-NaA) spherical microgels and linear chains at high
temperatures. Reprinted with permission from [170], S. Peng and C. Wu, Macromolecules 34, 6795 (2001). © 2001, American Chemical Society.

ear chain aggregation at different temperatures is presented
and discussed as follows.

Figure 56 shows that for a given Ca?* concentration, (R,)
decreases as the aggregation temperature increases. This is
different from what we expected. Originally, we thought that
PVCL at a higher temperature was more hydrophobic, so
aggregation should be enhanced. However, we forgot that
PVCL collapses more at a higher aggregation temperature.
After a sudden temperature increase, individual microgels col-
lapse before they have a chance to be stuck together by
Ca’*. The higher the temperature, the faster the collapse. It is
expected that in a fast shrinking process, more COO~ groups
are trapped inside, so that the number of effective COO~
groups on the periphery decreases. Therefore, the binding
probability between two collided microgels reduces. Further-
more, we should consider the surface curvature of collapsed
microgels. For less collapsed microgels, the surface is rela-
tively flat so that two microgels can be stuck together via more
Ca**(COO~), complexation points, resulting in a stronger
binding. For fully collapsed microgels, the surface curvature
limits the complexation between two microgels. Figure 57
shows that I(g) is scaled to g as I(g) « ¢g~% with d, in the
range 1.6-1.8. The slight decrease of d, as the temperature
increases reveals that the aggregates formed at higher temper-
atures are relatively more open and less uniform.

In comparison, Figure 58 shows the aggregation of linear
chains at different temperatures. As in the case of microgels,

the resultant aggregates become smaller when the temperature
is higher. At 35 °C, there exists a short initial induction period
in which there is no apparent interchain aggregation. Figure 59
shows a corresponding scaling between /(g) and g for the
resultant aggregates made of linear chains. d, decreases as the
aggregation temperatures increase. At 45 and 50 °C, d; is sim-
ilar to those values observed in the aggregation of spherical
microgels. Note that the complexation of linear chains could

S00F G.prveL4sa) o

2o, o0
[Ca™] =30 mM @ﬁhwﬂ 25°C~135°C

g

=}

~

é\{: ﬁ

\Y4 25°C=50°C

5B
300} OIS o
g O ##&AE%MAQ%
%&ﬁw@%@

25°C~40°C
ooo‘b°0q’°°° co©

N 1 i n

200 4
0 20 40 60 80 100

t/ min

Figure 56. Time dependence of the average hydrodynamic radius (R,) of
microgel aggregates formed after the dispersion temperatures were suddenly
increased to different aggregation temperatures. Reprinted with permission
from [170}, S. Peng and C. Wu, Macromolecules 34, 6795 (2001). © 2001,
American Chemical Society.
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Figure 57. Double logarithmic plots of the scattering intensity 7(q) versus
the scattering vector g for resultant microgel aggregates formed at differ-
ent aggregation temperatures. Reprinted with permission from [170], S. Peng
and C. Wu, Macromolecules 34, 6795 (2001). © 2001, American Chemical
Society.

be either intrachain or interchain. The intrachain complexation
leads to chain contraction; only the interchain complexation
results in aggregation. The two processes always compete in a
real experiment. At a lower aggregation temperature, individ-
ual crumpled chains are able to interpenetrate to form a more
uniform structure. As the aggregation temperature increases,
the collapse of individual chains becomes so fast that indi-
vidual chains have less chance to undergo interchain com-
plexation in a dilute solution. Therefore, the complexation at
higher temperatures mainly happens between highly collapsed
small clusters, similar to the complexation between the col-
lapsed microgels. Therefore, less interchain penetration occurs
at higher temperatures, as illustrated in Figure 55.

Figure 60 reveals that in spite of different values of d;
shown in Figure 59, the plots of {p) versus (R,) for differ-
ent temperatures collapse together. It is clear that in the initial
stage, small linear chain aggregates formed at 35 °C have a
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Figure 58. Time dependence of the average hydrodynamic radius (Ry) of
linear chain aggregates formed after the solution temperatures were suddenly
increased to different aggregation temperatures. Reprinted with permission
from [170}, S. Peng and C. Wu, Macromolecules 34, 6795 (2001). © 2001,
American Chemical Society.
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Figure 59. Double logarithmic plots of scattering. intensity (g) versus scat-
tering vector g for resultant linear chain aggregates formed at different aggre-
gation temperatures. Reprinted with permission from [170], S. Peng and C.
Wu, Macromolecules 34, 6795 (2001). © 2001, American Chemical Society.

lower chain density. This is because linear chains were not
fully collapsed at 35 °C and the interpenetration of different
chains at the initial stage was less. At higher temperatures,
linear chains are more collapsed so that as the aggregation
temperature increases, the chain density increases, but the size
of the aggregates decreases, supporting the results in Figure
58, namely, a higher aggregation temperature leads to aggre-
gates with a more open and less uniform structure.

Figure 61 shows that for the aggregation of microgels at
35 °C , the aggregation rate and the size and molar mass of
the resultant aggregates increases with increasing Ca** con-
centrations. This is because more Ca?* ions can enhance the
sticking probability of two collided microgels via Ca2*/COO~
complexation. However, a similar scaling of I(q) versus g
shown in Figure 62 reveals that the structure of the resultant
aggregates is independent of Ca’* concentration. The aggre-
gation at 35 °C leads to a structure with d, in the range
1.7-1.9, which agrees well with the DLCA model. Figure 63
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Figure 60. Double logarithmic plots of the aggregate size dependence of the
average chain density (p) versus the average hydrodynamic radius (R,) for
resultant linear chain aggregates formed at different aggregation temperatures.
Reprinted with permission from [170], S. Peng and C. Wu, Macromolecules
34, 6795 (2001). © 2001, American Chemical Society.
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Figure 61. Temperature dependence of the average hydrodynamic radius
(Ry) and the weight average molar mass M,, of microgel aggregates formed
in the presence of different amounts of Ca?*. Reprinted with permission from
{170}, S. Peng and C. Wu, Macromolecules 34, 6795 (2001). © 2001, Amer-
ican Chemical Society.

shows that the plots of M, versus (R,) in the presence of
three different amounts of Ca®* ions collapse into a single
line of M, o (R,)% with d; = 1.8 & 0.1, further indicating
that the Ca®* concentration has no influence on the structure
of the resultant aggregates. A combination of Figures 61-63
show that in spite of different aggregation rates and aggregate
sizes, the aggregation mechanism and the aggregate structure
are not influenced by the cation concentration as long as the
ratio of [Ca**]/[COO™] is much higher than the stoichiomeric
ratio (1:2).
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Figure 62. Double logarithmic plots of the scattering intensity /(g) versus
the scattering vector ¢ for resultant microgel aggregates formed in the pres-
ence of different amounts of Ca?*. Reprinted with permission from [170],
S. Peng and C. Wu, Macromolecules 34, 6795 (2001). © 2001, American
Chemical Society.
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Figure 63. Double logarithmic plots of the weight average molar mass M,,
versus the average hydrodynamic radius (R,) of resultant microgel aggre-
gates formed in the presence of different amounts of Ca®*. Reprinted with
permission from [170], S. Peng and C. Wu, Macromolecules 34, 6795 (2001).
© 2001, American Chemical Society.

In comparison, Figure 64 shows that for linear chains, both
the complexation rate and the aggregate size also increase
with Ca?* concentration. Note that when [Ca**] =5 mM,
there is no apparent interchain complexation even though
the ratio of [Ca?*]/[COO] is already hundreds times higher
than the stoichiometric ratio (1:2). In comparison with the
aggregation of spherical microgels under the same condition,
the Ca®*/COO~ complexation-induced aggregation of linear
chains is less effective. Note that at 35 °C, each linear chain
is not fully collapsed and the COO~ groups are uniformly
distributed in its hydrodynamic volume, whereas the shrink-
age of microgels forces more COO™ groups on to the surface.
Thus, it is easier for two collided microgels to stick together.
Figure 65 shows that the scaling of I(g) to g is similar, reveal-
ing that the structure of the aggregates is also not affected by
the Ca®* concentration. The higher fractal dimension d, of the
linear chain aggregates was discussed before.

We have shown that the Ca?>*/COO~ complexation-induced
aggregation of thermally sensitive poly(N-vinylcaprolactam-
co-sodium acrylate) spherical microgels is essentially gov-
erned by the DLCA mechanism, leading to aggregates with a
fractal dimension d; in the range 1.7-1.9. The chain density
of the resultant aggregates increases with the sodium acry-
late content. The increase of Ca?* concentration can speed
up the aggregation and result in larger aggregates, but has
no influence on the aggregation mechanism and the aggre-
gate structure. We also found that the fractal dimension and
the chain density of the resultant aggregates slightly decreased
as the aggregation temperature increased. As for poly(N-
vinylcaprolactam-co-sodium acrylate) linear chains, the situ-
ation is more complicated because the chain conformation
varies with the aggregation temperature. We have revealed
for the first time that the fractal dimension of linear chain
aggregates is dependent on the initial chain conformation. At
a relatively lower aggregation temperature, the contraction of
individual chains was accompanied by an extensive interchain
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Figure 64. Time dependence of the average hydrodynamic radius (R,) and
the weight average molar mass M, for resultant linear chain aggregates
formed in the presence of different amounts of Ca®*. Reprinted with per-
mission from {170], S. Peng and C. Wu, Macromolecules 34, 6795 (2001).
© 2001, American Chemical Society.

penetration and aggregation. The resultant aggregates are more
uniform. As the aggregation temperature increases, the col-
lapse of individual chains is so fast that they have less chance
to undergo interchain aggregation. Therefore, Ca?*/COO~
complexation mainly happens between highly collapsed small
clusters, resulting in a more open and less uniform structure,
similar to that formed in the aggregation of spherical micro-
gels. The fractal dimension of the resultant linear chain aggre-
gates decreases from 2.5 to 1.6 as the aggregation temperature
increases from 35 to 50 °C.
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Figure 65. Double logarithmic plots of scattering intensity 7(q) versus scat-
tering vector g for resultant linear chain aggregates in the presence of different
amounts of Ca**. Reprinted with permission from [170], S. Peng and C. Wa,
Macromolecules 34, 6795 (2001). © 2001, American Chemical Society.

8. FORMATION AND STABILIZATION OF
HYDROPHILIC MODIFIED POLYSTYRENE

Tonomers usually refer to macromolecules that contain no
more than 10 moi% ionic groups chemically bound to a
hydrophobic chain backbone. Ionomers can be homopoly-
mers partially substituted with ionic groups or random copoly-
mers made of neutral and ionic monomers. It has been found
that ionomers (i.e., polymer chains with only a few mole
percent ionic groups attached to the chain backbone) can
form narrowly distributed nanoparticles that are stable in
water if a special microphase inversion method is used [146—
148]. Microphase inversion is a redispersion process; namely,
ionomer is dissolved in a water-miscible solvent, such as ace-
tone or tetrahydrofuran (THF), and then the ionomer solu-
tion is added dropwise to an excess of water. As expected,
the solvent immediately mixes with water and the insolu-
ble hydrophobic chains undergo an intrachain contraction and
interchain assaciation, while the ionic groups are forced to
stay on the periphery during the microphase inversion. It is
this small amount of ionic groups that stabilize the resul-
tant nanoparticles. Using this method, we were able to make
surfactant-free polystyrene nanoparticles as small as a few
nanometers.

8.1. Polystyrene Nanoparticles Formed in
Microphase Inversion

The particle size can be controlled by the initial ionomer con-
centration, the content of ionic groups, and the counterions.
Figure 66 shows that most of the ionomer chains existed as
individual carboxylated polystyrene (CPS) ionomer chains in
THF with a hydrodynamic radius in the range ~1-10 nm. The
second peak located at ~70 nm indicates a very small number
of interchain aggregates, even at C = 1 x 10~* g/mL, where
ionic association still exists. Figure 66 also shows that the
higher carboxylation extent leads to larger aggregates, reflect-
ing that the nature of the interchain association in THF is
through ionic interactions.

Figure 67 shows that the size of the nanoparticles formed
by adding the NaCPS and MnCPS THF solution dropwise in
an excess of water is in the range ~10-100 nm, depending
on the extent of the carboxylation and the kind of metal ion
used. It is worth noting that nanoparticles formed in this man-
ner were so stable that there was no change in particle size
distribution even after 4 months at room temperature. We also
found that the NaCPS jonomer chains formed nanoparticles
(~20 nm) that are stable in water even if the initial ionomer
concentration was as high as 2 x 102 g/mL, but in the case of
MnCPS, the high initial ionomer concentration resulted in pre-
cipitation. Stable MnCPS nanoparticles can be obtained only if
the initial MnCSP concentration is lower than 2 x 10~% g/mL.
Figure 67 clearly shows that using Mn?* instead of Na*+ as
a counterion leads to much larger particles. M,, and (R,) of
4.8 and 6.8 MnCPS nanoparticles are 1.2 x 10® g/mol and
54 nm, and 5.5 x 107 g/mol and 48 nm, respectively. In com-
parison with the initial molar mass (M,, = 3.4 x 10* g/mol)
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Figure 66. Typical number distributions f,(R,) of the hydrodynamic radius
of the NaCPS and MnCPS chains in THF, where the ionomer concentration is
1 x 10~* g/mL. The inset shows a 100 times enlargement of the second peak
in f,(R,), indicating that a very small number of large interchain aggregates
exist. Reprinted with permission from [151], M. Li et al., Macromolecules
31, 6841 (1998). © 1998, American Chemical Society.

of individual MnCPS ionomer chains, we know that the 4.8
and 6.8 MnCPS nanoparticles, respectively, consist of ~3500
and ~1600 chains. Assuming that the nanoparticles are uni-
form spheres and all the ionic group are on the surface, we
estimated that the average surface area (s;,,;.) per ionic group
on the particle surface is 0.9 ~ 1.0 nm? from (R,) and M,
which is lower than ~3 nm? found for the NaCPS nanopar-
ticles [146], and the density of the particles is 0.2 ~ 0.3
g/em®, which is much lower than the density (~1.0 g/cm®).
The lower chain density indicates that the MnCPS nanopar-
ticles have a loose structure, which is also reflected in the
ratio of (R,)/(Ry), which is ~1.0 instead of the ~0.774 pre-
dicted for a uniform compact sphere. The loose structure also
explains why the MnCPS particles are much larger and why
the estimated s, is small, because for a given (R,), the loose
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Figure 67. Typical number distributions f,(R,) of the hydrodynamic radius
of the CPS nanoparticles that are stable in water, where the CPS nanoparti-
cles were formed by adding the CPS ionomer THF solution dropwise into an
excess of water. Reprinted with permission from [151], M. Li et al., Macro-
molecules 31, 6841 (1998). © 1998, American Chemical Society.

structure has a much larger surface area than that estimated
from (R,) on a uniform compact sphere.

Furthermore, our resuits show that removal of the 1% THF
from the dispersion leads to smaller particles, that is, the par-
ticles contract, which supports the assumption that NaCPS
nanoparticles have a loose structure. On the other hand, the
addition of THF to the dispersion leads to:swelling of the
4.8 MnCPS nanoparticles, which indicates that there is a pref-
erential adsorption of THF onto the nanoparticles to which the
loose structures can be attributed. Our results also show that
higher initial ionomer concentrations result in larger particles
with a broad size distribution. On the other hand, for a given
initial ionomer concentration, higher carboxylation extents led
to smaller particles. This can be attributed to the fact that
each ionic group can cover only a certain area of the particle
surface. When the carboxylation extent is high, each particle
requires less ionomer chains to reach the same charge den-
sity on the particle surface, so the particle size is smaller. The
same argument can also be used to explain why using Mn?*
instead of Na* as counterions leads to larger particles, because
Nat can induce a stronger ionic repulsion so that each Na*
stabilizes more surface area.

Figure 68 shows that the addition of water to the ionomer
solution results in larger nanoparticles with a narrower distri-
bution than the reverse process. It can be imagined that in the
case of adding the ionomer THF solution dropwise into water,
the local environment of the ionomer chains changes rapidly
from THF to almost pure water, so that individual ionomer
chains quickly collapse and disperse in water under ultrasoni-
fication, and the ionomer chains have less chance to form
large particles through interchain aggregation. In the process
of adding water dropwise into the jonomer THF solution, the
polystyrene chains around the water droplet collapse into the
water droplet and aggregate with each other to form large par-
ticles because local ionomer concentration is relatively higher.
The question is how such nanoparticles can be stabilized and
what determines the particle size. During the aggregation, the
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Figure 68. Comparison of the number distributions f,(R,) of the hydrody-
namic radius of the CPS nanoparticles formed in the two different methods of
mixing the CPS ionomer THF solution and water. Reprinted with permission
from [151], M. Li et al., Macromolecules 31, 6841 (1998). © 1998, American
Chemical Society.
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surface area (S) of the particle is proportional to the square of
its radius (R), the number (N,,,.) of the ionic groups on the
surface is proportional to the associated chain number (N,;,)
per aggregate, and N, is further proportional to the mass
of the particle (M,nq). For a uniform particle, M o« R®.
Therefore, the average surface area occupied per ionic group
$ = §/N,uic X R™!. As the aggregation proceeds, R increases
and s decreases. For a given ionomer in water, there should
exist a minimum value of s at which the particle surface is
fully “covered” by the ionic groups and further coagulation
becomes impossible because of electrostatic repulsion.

8.2. CPS Chains with Different Lengths and
Amounts of Hydrophilic Groups

To have a better understanding of the formation and stabiliza-
tion of CPS particles, we prepared surfactant-free polymeric
particles by using a series of narrowly distributed CPS chains
with different lengths and amounts of hydrophilic groups, and
systematically studied their formation and stabilization under
different conditions. These nanoparticles that are stable in
water can be formed via a microphase inversion if a delicate
balance between hydrophobic and hydrophilic interactions is
carefully established. The structure of such formed particles
is governed by hydrophilic interactions determined by the
hydrophilic groups located on the periphery and the hydropho-
bic interaction coming from the hydrophobic backbones inside
the particles. More hydrophilic groups can stabilize a larger
total interface area so that the particle size generally decreases
as the number of hydrophilic groups increases.

Figure 69 shows that the nanoparticles made of the CPS
chains were very stable even after ~7 months. Removing the
1% THF from the dispersion did not change f(R,), indicating
that the THF has no effect on stabilization of the particles. In
contrast, polystyrene homopolymer chains are not able to form
surfactant-free particles that are stable in water. Therefore, a
small amount of hydrophilic moiety (—COOH) is essential
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Figure 69. Standing time dependence of the hydrodynamic radius distribu-
tions f(R,) of CPS particles, where [—COOH] = 14.5 mol% and M, .,

6.43 x 10° g/mol. Reprinted with permission from [171], G. Zhang et al.,
Langmuir 16, 9205 (2000). © 2000, American Chemical Society.

for the stabilization. Considering that the dissociation constant
of benzoic acid is only 6.46 x 1075 at 25 °C, the ioniza-
tion of —COOH is so limited that the stabilization should
not be solely attributed to electrostatic repulsion, which was
confirmed by the fact that once the particle formed, its size
was independent of the ionic strength. The hydrophilic inter-
actions that drive the stabilization should include the hydrogen
bonding between —COOH and water, the electrostatic repul-
sion between —CQOO™ groups, and the interaction between
—COO~ and water. Our preliminary experiments showed that
precipitation instead of a stable dispersion occurred if the CPS
THF solution was not added dropwise, but poured into the
water. In the particle formation, after each drop of the CPS
THF solution is added to the water, the insoluble hydrophobic
backbones tend to collapse and associate with each other to
minimize their interface with water, whereas the hydrophilic
carboxylic groups try to stay on the periphery to reduce the
interfacial energy even though not all of them are able to
locate on the interface [149]. The dropwise addition and ini-
tial dilute solution provided more chances for the carboxylic
groups to locate on the particle surface instead of being buried
inside, so the hydrophilic stabilization was enhanced. Note
that the CPS chains are practically “frozen” inside the particle
due to the strong hydrophobic interaction, and the interpar-
ticle fusion is difficult, if not impossible. In this sense, the
hydrophobic interaction is not only responsible for particle
formation, but also for particle stabilization. Accordingly, for-
mation of the particles is dependent not only on a delicate
balance between hydrophilic and hydrophobic interactions, but
also on the formation process.

Figure 70 shows that both the particle size and the average
number of CPS chains inside each particle (N,,,) decrease as
[—COOH] increases in the range 7.4-26.1 mol%. A similar
trend was also observed for different polymeric colloids [146,
150-152]. For a given polymer/water interface, the average
surface area stabilized by each hydrophilic moiety should be
a constant {148, 150, 152]. Consequently, more hydrophilic
moieties can stabilize a larger total surface area, corresponding
to smaller particles. However, in the range 26.1-49.2 mol%,
the particle size ((R,)) increases from 32 to 44 nm, while
the average number (N,,) of the CPS chains inside each
particle almost remains. Figure 71 reveals that in this higher
[—COOH] range, f(R,) splits into two peaks respectively
located in the ranges ~10-20 and ~25-80 nm, much different
from those narrowly distributed f(R,) shown in Figure 69. A
dilution of the dispersion from 1.0 x 1073 to 1.0 x 10~ g/mL
shifts the peak position and weighting; namely, the peak that
corresponds to larger particles becomes smaller, while the
peak that corresponds to smaller particles becomes larger and
shifts to ~10 nm, indicating the dissociation of the parti-
cles. When the carboxylation extent is high, the hydropho-
bic polystyrene segment between two neighboring carboxylic
groups, on average, becomes short and the association of
these segments inevitably traps more carboxylic groups inside,
resulting in a less compact structure. The CPS chains inside
these particles are more mobile, so the dilution breaks up
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Figure 70. Carboxylation extent dependence of the average hydrodynamic
radius ((R,)), the average number of CPS chains (N,,,;,) inside each particle,
and the ratio of the average radius of gyration to the average hydrodynamic
radius ((R;)/(Ry)) of CPS nanoparticles, where Ny, = M, sanicie/ Ma, chain
and M, 4., = 6.43 x 10° g/mol. Reprinted with permission from [171], G.
Zhang et al., Langmuir 16, 9205 (2000). © 2000, American Chemical Society.

the particles. On the other hand, it is known that the ratio
of the average radius of gyration to the average hydrody-
namic radius (R,)/(R,) increases as the structure or con-
formation extends. For example, for a uniform nondraining
sphere, a hyperbranched cluster, and a coil chain, the ratios
of (R,)/(R,) are 0.774, ~1.0-1.3, and ~1.5-1.8, respectively
[154-156]. The increase of (R,)/(R,) from 0.8 to ~1.3 as
{—COOH] increases from 7.4 to 49.2 mol%, shown in the
inset of Figure 70, indicates a gradual transition of the parti-
cle structure from a compact spherelike form into a swollen
hyperbranched clusterlike form.
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Figure 71. Effect of dilution on the hydrodynamic radius distribution f(R,)
of CPS particles formed with a high carboxylation extent, where M, .., =
6.43 x 10° g/mol. Reprinted with permission from [171], G. Zhang et al.,
Langmuir 16, 9205 (2000). © 2000, American Chemical Society.
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Figure 72 shows that the counterion and the chain length
also affect the stability and size of the particles. LiCPS with
more hydrophilic groups (—COOLIi) formed much smaller
particles compared with the corresponding CPS. This is
because groups with higher hydrophilicity have more chance
to stay at the particle/water interface than inside particles.
Our LLS results directly confirm that the increase in both the
hydrophilicity and the density of hydrophilic groups on a par-
ticle surface reduces the particle size and promotes its stability,
as found in surfactant-free emulsion copolymerization [149,
157-159]. Figure 72 also shows that the particle size decreases
as the CPS chain length increases even though each chain,
statistically, has the same carboxylation extent. As we dis-
cussed before [152], a competition exists between intrachain
contraction and interchain association in particle formation.
Domination of the intrachain contraction leads to smaller par-
ticles. For a given weight concentration, a longer chain can
be viewed as several connected short chains. Therefore, the
intrachain contraction should be easier for a longer chain due
to geometric constraints.

The effects of the nature and the amount of hydrophilic
groups as well as the chain length on particle size and
stability experimentally support the theory of Israelachvili
and Wennerstrong [160]; namely, the entropic repulsion that
arises from the particle surface properties drives the par-
ticle stabilization. We also found that when [-——COOH] >
26 mol%, adding styrene monomer to the dispersion leads to
swelling of the clusters, indicating that styrene is preferentially
absorbed inside the clusters. The swollen clusters are stable
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Figure 72. Counterion and chain length dependence of the hydrodynamic
radius distribution f(R,) of CPS particles. Reprinted with permission from
[171], G. Zhang et al., Langmuir 16, 9205 (2000). © 2000, American Chem-
ical Society.
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in water, suggesting that in surfactant-free emulsion copoly-
merization of hydrophilic and hydrophobic monomers, the
initially formed hydrophobically associated copolymer chains
may serve as seeds in polymerization.

8.3. Self-Assembly of CSEBS Triblock
Copolymer Chains

Self-assembly of carboxylated poly(styrene-b-ethylene-co-
butylene-b-styrene) (CSEBS) chains in water via microphase
inversion was governed by a delicate balance between intra-
chain contraction and interchain association. The hydrophobic
attraction leads, on one hand, to the formation of polymeric
particles, but on the other hand, prevents interparticle fusion.
The hydrophilic repulsion results, on one hand, in the stabi-
lization of the particles, but on the other hand, yields swelling
of the particles from spherelike to hyperbranch-like form. The
right balance of the two different interactions enables us to
prepare small surfactant-free polymeric nanoparticles that are
stable in water.

Figure 73 shows that the hydrophobic association of
the CSEBS chains in water leads to surfactant-free poly-
meric nanoparticles. The relative distribution width is in the
range 0.04-0.1. As expected, the particle size decreases as
[—COOH] increases, because more carboxylic groups can sta-
bilize more surface area, in that, for a given mass of polymer,
smaller particles can provide more total surface area. Such
formed CSEBS nanoparticles were very stable even after the
dispersion was concentrated 100 times from 1.0 x 1075 to
1.0 x 1073 g/mL by solvent evaporation as shown in Figure 74.
The driving force behind the stabilization of polymeric col-
loidal particles in water has long been debated. Langmuir
[161] suggested that the hydration or structural force of water
molecules bound on particle surfaces was responsible for the
stabilization. More recently, it was found that the hydration
forces are not monotonically repulsive, but attractive or oscil-
latory, so the stabilization of polymeric colloidal particles
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Figure 73. Carboxylation extent dependence of the number distribution
fo(Ry) of the hydrodynamic radius of CSEBS nanoparticles, where C = 1.0 x
10~* g/mL. Reprinted with permission from [172], G. Zhang et al., Macro-
molecules 33, 6340 (2000). © 2000, American Chemical Society.
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Figure 74. Concentration dependence of the number distribution f,(R,)
of the hydrodynamic radius of CSEBS nanoparticles, where [——COOH] =
13.3 mol% and C = 1.0 x 10~* g/mL. Reprinted with permission from [172],
G. Zhang et al., Macromolecules 33, 6340 (2000). © 2000, American Chem-
ical Society.

should be related to the entropic repulsion, depending on the
surface characteristic [160].

In the microphase inversion, the mixing of THF with water
was nearly instantaneous after each drop of THF solution
was added. The intrachain contraction and interchain associ-
ation of the hydrophobic middle poly(ethylene-co-butylene)
blocks lead to particle formation, whereas the relatively more
hydrophilic CPS blocks have a tendency to stay on the periph-
ery. The number of carboxylic groups (n) on each nanoparticle
surface increases as the association proceeds, and n is propor-
tional to the average number of polymer chains inside each
nanoparticle (N,,). On the other hand, the average particle
volume (V) is also proportional to Ny, if the particle density
is assumed to be a constant, so that n « V « R3, where R
is the particle size. Note that the particle surface area (S) is
only proportional to R?. Therefore, S/n ~ R~'; namely, the
surface area stabilized per carboxylic group decreases as R
increases until S/n reaches a minimum at which the interchain
association stops. Further fusion of two such formed parti-
cles would be difficult, if not impossible, because the polymer
chains are practically frozen inside due to strong hydrophobic
interaction. The time required for an interparticle diffusion of
the polymer chains is much longer than the collision time of
two particles under Brownian motion in the dispersion. This
is why the metastable nanoparticles are very stable in water.

Figure 75 shows that in the range 3.3-23.2 mol%, both
the particle size and the average number of polymer chains
inside each nanoparticle (N,,,) decrease as [—COOH]
increases. Polymeric nanoparticles made of carboxylated
and sulfonated polystyrene ionomers [150, 151], poly(N-
isopropylacrylamide-co-acrylic acid) [152] and poly(N-
isopropylacrylamide) grafted with poly(ethylene oxide) [153]
exhibit a similar tendency. As expected, less chains with a
higher [-COOH] can offer an equivalent number of stabi-
lizing groups as more chains with a lower [ —COOH]. The
particle size is determined by a delicate balance between the
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Figure 75. Carboxylation extent dependence of the average hydrodynamic
radius ({R,)) of CSEBS nanoparticles and the average number (N,y;,) of
polymer chains inside, where C = 1.0 x 10~5 g/mL and N,,,;, is defined as
M, pericie/ Mo, coain- Reprinted with permission from [172], G. Zhang et al.,
Macromolecules 33, 6340 (2000). © 2000, American Chemical Society.

hydrophobic attraction and hydrophilic stabilization. Further
increase of [ —COOH] in the range 23.2-43.6 mol% leads to
a slight increase of (R,) from 22 to 28 nm, but N,,;, remains
almost constant, indicating the swelling of the particles.

Figure 76 shows that the average density (p) of the CSEBS
particles decreases as [—COOH] increases. Note that some
of the carboxylic groups were inevitably trapped inside [149].
A study of the aggregation of poly(ethylene-co-methacrylic
acid) in water suggested that each aggregate consists of a
hydrophobic core, an intermediate layer made of the ionomer
chains and counterions, and a hydrophilic periphery where
most of the ionic groups are located [162]. The decrease of
{p) as [—COOH] increases can be attributed to repulsion
between the carboxylic groups inside. The decrease of dn/dC
as [—COOH] increases shown in Figure 76 reflects the associ-
ation of more water molecules (a lower refractive index) with
the CSEBS chains inside the particles. The structure change
of the nanoparticles can be better viewed in terms of the ratio
of the average radius of gyration to the average hydrodynamic
radius (R,)/(Ry).

Figure 77 shows that (R,)/(Ry) increases from ~0.86 to
1.16 as [—COOH] increases from 3.3 to 43.6 mol%. For a
uniform nondraining sphere, a hyperbranched cluster, and a
random coil, the ratios of (R,)/(R,) are 0.774, ~1.0-13,
and ~1.5-1.8, respectively. The fact that (R,)/(R,) ~ 0.86
at [—COOH] ~3.3% indicates that particles are practically
draining and spherelike. The increase of (R,)/(R,) reveals
that the nanoparticle structure gradually changes from sphere-
like to clusterlike. The change in particle structure was also
evidenced by the effect on f(R,) of diluting the dispersion.
When [—COOH] < 23.2 mol%, the dilution had no influence

0.60
k:
E 0401 D\G\Dﬁ}t’\ﬂﬂ\%\u
Py
v 0.20
0.00

e
(V%)
S

(dn/dC) / (mL/g)
o o
s 8

0.00 . . . .
0.0 100 20.0 300 400 500

[-COOH] / (mol%)

Figure 76. Carboxylation extent dependence of the apparent chain den-
sity ({p)) and the specific refractive index increment (dn/dC) of CSEBS
nanoparticles, where dn/dC = limc_ol(Pyuion = Msowven)/C) and (p) =
M, /[(4/3)N,(R,)’] where n, M, and (R,) are the refractive index, the
weight average molar mass, and the average hydrodynamic radius, respec-
tively. Reprinted with permission from [172], G. Zhang et al., Macromolecules
33, 6340 (2000). © 2000, American Chemical Society.

on f(Ry), because a relatively strong hydrophobic attraction
holds the polymer chains together. However, when [ —COOH]
is higher and the polymer chains are more hydrophilic, the
dilution from 1.0 x 1075 to 1.0 x 1078 g/mL can split a nar-
rowly distributed f(R,) into a bimodal distribution as shown
in Figure 78. The peak located at ~6 nm can be attributed to
individual collapsed CSEBS chains, because individual SEBS
chains in THF (a good solvent) have a value of (R,) ~ 13 nm
[163]. Therefore, in a very dilute dispersion, the interchain

1.20
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1.00f

80

<R>/<

0.90F

0.8%.0 1(;.0 2(5.0 3(;.0 4(;.0 50.0
[-COOH] / (mol %)

Figure 77. Carboxylation extent dependence of the ratio of the average
radius of gyration to the average hydrodynamic radius ((R,)/(R,)) of CSEBS
nanoparticles, where C = 1.0 x 10~ g/mL. Reprinted with permission from
[172], G. Zhang et al., Macromolecules 33, 6340 (2000). © 2000, American
Chemical Society.
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Figure 78. Effect of dilution on the number distribution f,(R,) of the hydro-
dynamic radius of CSEBS nanoparticles, where [—COOH] = 35.2 mol%.
Reprinted with permission from [172}, G. Zhang et al., Macromolecules 33,
6340 (2000). © 2000, American Chemical Society.

association is greatly suppressed so that individual unimolecu-

lar

micelles formed via the intrachain contraction are in equi-

librium with large interchain aggregates.
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