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ABSTRACT: Poly(tert-butyl acrylate)-b-poly(N-isopropyla-
crylamide) (PtBA-b-PNIPAM) was first synthesized by
sequential reversible addition−fragmentation chain transfer
polymerization of tert-butyl acrylate and N-isopropylacryla-
mide. Its hydrolysis led to amphiphilic poly(acrylic acid)-b-
poly(N-isopropylacrylamide) (PAA-b-PNIPAM) that can form
micelles in aqueous solutions at temperatures higher than 37
°C because PNIPAM is a thermally sensitive polymer. In the
presence of Ca2+, the complexation between one Ca2+ and two
COO− groups on different PAA blocks can induce the chain
association. Using a combination of static and dynamic laser
light scattering, we studied the effect of Ca2+ and temperature
as well as the sequence of adding Ca2+ ions and heating the
solution on such association. We found that (1) the association is controllable and reversible, (2) a distinct hysteresis is observed
between the heating and cooling processes, (3) the time evolution of the average aggregation number (Nagg) and the average
hydrodynamic radius (⟨Rh⟩) of the aggregates can be expressed by a single-exponential equation, (4) the aggregates have a fractal
dimension of 1.5−1.9, suggesting a diffusion-limited process, and (5) adding Ca2+ before heating results in the aggregates with a
more open and looser structure. The current study provides a model system to investigate a more complicate problem, namely,
the effect of metal ions on the stability of protein chains.

■ INTRODUCTION
The self-association of amphiphilic block copolymer chains in
selective solvents to form stable aggregates with various
structures have been extensively studied and used in numerous
potential applications, including the solubilization of drugs,
water purification, nanoreactors, and potential vectors for gene
transfection.1−5 The copolymers with one polyelectrolytes
block combine structural features of polyelectrolytes and
surfactants and have special properties, which have attracted
much attention in recent years.6 On the other hand, the
complexation of cationic metal ions with charged polymer
chains commonly occurs in different applications of poly-
electrolytes, ranging from detergents to water treatment and in
biological systems. Recent studies showed that Cu2+ binds to
prion proteins and plays an important biological function.7

Some even suggested that it might be linked to the progression
of prion-mediated disease because epidemiological studies of
clusters of prion disease showed these locations have a low soil
concentration of copper.8,9 Therefore, a better understanding of
how charged macromolecules complex with metal ions at the
molecular level becomes essential in the studies of their
physicochemical behavior in environmental and biological
systems.

Much theoretical10−13 and experimental14−17 effort has been
devoted to the understanding of the formation and structure of
colloidal aggregation. In general, there are two limited cases:
namely, the diffusion-limited cluster−cluster aggregation
(DLCA) and the reaction-limited cluster−cluster aggregation
(RLCA),18 in which the sticking efficiencies (probabilities) of
two colliding objects are close to 100% (irreversible collision)
or very low (many collisions result in one sticking, just like
chemical reactions), respectively. Different aggregation pro-
cesses lead to different fractal dimensions (df) of the resultant
aggregates, i.e., M ∼ Rdf, where M and R are their mass and size,
respectively. The DLCA process leads to the formation of the
aggregates with an open and less uniform structure with df ∼
1.75−1.80 in three dimensions, while the aggregates formed in
the RLCA process are structurally more uniform with a higher
fractal dimension (df ∼ 2.0). The kinetics of DLCA is
characterized by a power law R ∼ tα with α < 1, where t is
the aggregation time.19 A combination of different scattering
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techniques was used to study the formation and structure of the
aggregates over a wide size range.20−24

For colloidal systems, the sticking probability is often
changed by adding some salts to destabilize colloidal particles,
while for polymeric systems, the choice is more, such as the
variation of pH and temperature. For example, poly(acrylic
acid) as a weak polyelectrolytes can change its chain
conformation when the ionic strength or pH is alternated
because the protonation−deprotonation equilibrium of its
carboxylate groups in aqueous solution.25 Note that changing
pH or adding salts faces an intrinsic problem of how to
uniformly alternate pH or the salt concentration in a dispersion
or solution. Such a problem is often neglected in the literature.
In comparison, the solution or dispersion temperature can be
uniformly adjusted. Among thermally sensitive polymers,
poly(N-isopropylacrylamide) (PNIPAM) with an easily acces-
sible lower critical solution temperature (LCST ∼ 32 °C) in
water is one of the mostly studied one.26,27 It is hydrophilic and
soluble in water as individual chains when the solution
temperature is lower than its LCST but becomes hydrophobic
and insoluble in water at higher temperatures higher than its
LCST, resulting in single-chain globules or large multichain
aggregates (mesoglobules).28,29

Therefore, a combination of PAA and PNIPAM leads to
double sensitive copolymers, such as PAA-b-PNIPAM block
copolymers, that can self-assemble into polymeric micelles or
other types of aggregates, depending on temperature, pH, and
block length. Both RAFT and ATRP have been used to
synthesize this kind of diblock copolymer.30,31 PAA-b-PNIPAM
was also investigated as a potential drug carrier.32 In the current
study, we used it as a modal system to investigate the effect of
metal ion-adding temperature on the chain association in
aqueous solutions by a combination of static and dynamic laser
light scattering (LLS); specifically, by adding metal ions before

or after the temperature-induced association of PAA-b-
PNIPAM chains, we like to see differences, if any, in the
association kinetics and the resultant aggregates. The choice of
Ca2+ instead of other divalent cationic metal ions is due to its
proper complexation strength so that the chain association is
reversible, which makes our experimental study much easier;
i.e., we can use one solution to study the heating-induced
association and the cooling-induced dissociation in many
cycles.

■ EXPERIMENTAL SECTION
Materials. The inhibitor in monomer tert-butyl acrylate (tBA,

Sinopharm, 97%) was removed by passing through a basic alumina
column, and tBA is then distilled under a reduced pressure (60 °C and
60 mmHg). The initiator azobis(isobutyronitrile) (AIBN, Aldrich,
99%) was recrystallized from ethanol and dried. 1,4-Dioxane (99%)
was refluxed several hours and freshly distilled from sodium
benzophenone ketyl immediately prior to each use. N-Isopropylacry-
lamide (NIPAM, Eastman Kodak, 97%) was recrystallized three times
from a solution of hexane/toluene (1:1). Dichloromethane (DCM)
was distilled over CaH2 just prior to use. 2-Dodecylsulfanylthiocarbo-
nylsulfanyl-2-methylpropionic acid (DMP) was prepared according as
described before.33 Other reagents were also purchased from
Sinopharm and used without further purification unless noted
otherwise.

C12H25SC(S)S−PtBA−C(Me2)COOH (1). A 100 mL Schlenk flask
was charged with DMP (0.87 g, 2.3 mmol), AIBN (37 mg, 0.23
mmol), tBA (26.49 g, 0.21 mol), and 1,4-dioxane (30 mL). The flask
was degassed by four freeze−pump−thaw cycles, and the polymer-
ization was carried out at 60 °C for 6 h. The flask was immediately
immersed into liquid nitrogen to stop the polymerization. The
polymer was dissolved in dioxane, and then the polymer was
precipitated into a 10-fold excess of a mixture of water and MeOH
(50:50, v:v). After drying in a vacuum oven overnight at 40 °C,
C12H25SC(S)S−PtBA−C(Me2)COOH was obtained.

Scheme 1. Synthesis of Thermally Sensitive PAA-b-PNIPAM Diblock Copolymer
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C12H25SC(S)S−PNIPAM-b-PtBA−C(Me2)COOH (2). A 100 mL
Schlenk flask was charged with macro-RAFT agent 1 (3.50 g, 0.25
mmol), AIBN (3.5 mg, 0.02 mmol), NIPAM (7.01 g, 61.9 mmol), and
1,4-dioxane (21 mL). The flask was degassed by four freeze−pump−
thaw cycles, and the polymerization was carried out at 60 °C for 6 h.
The flask was immediately immersed into liquid nitrogen to stop the
polymerization. The polymer was dissolved in dioxane, and then the
polymer was precipitated into 50:50 v:v water:MeOH solution. After
drying in a vacuum oven overnight at 40 °C, the diblock copolymers 2
was obtained. Scheme 1 shows the synthesis steps.
NC(Me2)C−PNIPAM-b-PtBA−C(Me2)COOH (3). A 500 mL Schlenk

flask was charged with polymer 2 (0.40 g, 0.01 mmol), AIBN (164.3
mg, 1.00 mmol), and 1,4-dioxane (5 mL). The flask was degassed by
three freeze−pump−thaw cycles, and the reaction was carried out at
80 °C for 15.5 h. The solution was concentrated by evaporation, and
then the polymer was precipitated into a 10-fold excess of n-hexane.
After dried in a vacuum oven overnight at room temperature, a white
powder was collected.
NC(Me2)C−PNIPAM-b-PAA−C(Me2)COOH (4). The diblock copoly-

mer 3 were dissolved in dichloromethane (C ∼ 100 g/L) and stirred at
room temperature with 5 equiv of trifluoroacetic acid. After 24 h,
dichloromethane and trifluoroacetic acid were removed by rotating
evaporation. The collected polymer dissolved in 0.5 M Na2CO3

solution, and then the solution was transferred into presoaked dialysis
tubing (MWCO = 3000), dialyzed against deionized water for 3 days.
A white solid was collected after freeze-drying. Polymer 5 was
synthesized by the same method. The pH values of all the solution
used were adjusted to 8.3 by 0.1 M HCl and 0.1 M NaOH, where the
amount of NaCl introduced can be neglected. The copolymer
concentration was kept at 0.2 mg/mL for all the studied. For the
LLS experiments, each solution was clarified with a 0.45 μm Millipore
Millex-LCR filter to remove dust. Ca2+ was added by dropping in a
demanded amount of clarified CaCl2 solution (4.00 mg/mL).
The relative molar mass distributions of resultant polymers were

characterized using size exclusion chromatography (SEC, Waters
1515) equipped with three Waters Styragel columns (HR2, HR4,
HR6) and a refractive index (RI, Wyatt WREX-02) detector. The
linear PS was used as a standard. The elution agent used was THF, and

the flow rate was kept at 1.0 mL/min. Figure 1 shows the GPC traces
of macromolecular RAFT agent 1 and diblock copolymer before and
after the alternation of the chain end, where Mn = 1.40 × 104 and 3.57
× 104 g/mol, respectively, and their polydispersity index (Mw/Mn) is
1.08 and 1.12, respectively. The alternation of the end group has nearly
no effect on the relative molar mass distribution; i.e., no bimolecular
termination occurred during the AIBN treatment.
In addition, their compositions were determined from 1H NMR

(Figure 2) according to the literature,30 as shown in Figure 2, where
the calculated degree of polymerization is 85 and 181, respectively, for
macro-RAFT agent 1 and PNIPAM block of copolymer 2. By using
TFA in dichloromethane, we hydrolyzed the ester group of PtBA-b-

PNIPAM (polymer 3). Figure 2 shows that the peak of the methyl
ester protons (1.45 ppm) disappears, indicating that all the ester
groups of polymer 4 were converted to acrylic acid.34

Laser Light Scattering. A commercial LLS spectrometer (ALV/
DLS/SLS-5022F) equipped with a multi-τ digital time correlator
(ALV5000) and a cylindrical 22 mW UNIPHASE He−Ne laser (λ0 =
632.8 nm) as the light source was used. In static LLS,35,36 the angular
dependence of the absolute excess time-average scattering intensity,
known as the Rayleigh ratio RVV(q), can lead to the weight-average
molar mass (Mw), the root-mean-square gyration radius ⟨Rg

2⟩z
1/2 (or

simply written as ⟨Rg⟩), and the second virial coefficient A2 by using
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where K = 4π2(dn/dC)2/(NAλ0
4) and q = (4π/λ0) sin(θ/2) with C,

dn/dC, NA, and λ0 being concentration of the polymer solution, the
specific refractive index increment, Avogadro’s number, and the
wavelength of light in a vacuum, respectively. In our study, the solution
was dilute and the extrapolation of C→ 0 cannot be done; the term of
2A2C can be ignored. It is worth noting that the calculations of ⟨Rg

2⟩ of
diblock copolymers and homopolymers are different. In the current
study, we have ignored such a difference because the effect is small.

In dynamic LLS,37 the Laplace inversion of each measured
intensity−intensity time correlation function G(2)(q,t) in the self-
beating mode can lead to a line-width distribution G(Γ), where q is the
scattering vector. For dilute solutions, Γ is related to the translational
diffusion coefficient D by (Γ/q2)q→0,C→0 → D. Therefore, G(Γ) can be
converted into a translational diffusion coefficient distribution G(D) or
further a hydrodynamic radius distribution f(Rh) via the Stokes−
Einstein equation, Rh = (kBT/6πη0)/D, where kB, T, and η0 are the
Boltzmann constant, the absolute temperature, and the solvent
viscosity, respectively. For linear polymer chains with a polydispersity
index of Mw/Mn < 2, we are able to estimate the polydispersity index
by using Mw/Mn ≈ (1 + 4μ2/⟨Γ⟩2), where μ2 = ∫ 0

∞G(Γ)(Γ − ⟨Γ⟩)2
dΓ.38 The dn/dC value of 0.17 mL/g was used to estimate the weight-
average molar mass (Mw), which was calculated from the values of
PNIPAM and PAA by using the additive weighting rule. All the data
listed hereafter were obtained from the extrapolation of q → 0.

■ RESULTS AND DISCUSSION
First, we studied the micelle formation of C12H25SC(S)S−
PNIPAM-b-PAA (copolymer 5) in aqueous solutions by
dynamic LLS. Figure 3 shows that its average hydrodynamic
radius is ∼90 nm, much larger than the size expected for
polymeric micelles made of diblock copolymer chains with a
relative number-average molar mass of 3.57 × 104 g/mol.31 In
addition, such formed polymeric micelles are also unexpectedly
broadly distributed with μ2/⟨Γ⟩2 = 0.13 at θ = 15°. We
attributed such an abnormal association behavior to their large

Figure 1. GPC traces of macro-RAFT agent 1 (dashed line), block
copolymer 2 (solid line), and NC(Me2)C− PNIPAM-b-PtBA−
C(Me2)COOH (○).

Figure 2. 1H NMR spectra of (A) macro-RAFT agent, PtBA in
CDCl3; (B) PtBA-b-PNIPAM in CDCl3; and (C) PAA-b-PNIPAM in
D2O.
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hydrophobic end group introduced by the RAFT agent because
it could lead to possible irregular chain association instead of
the formation of spherical core−shell micelles.39

Therefore, we decided to remove the large RAFT end group
and replace it with a small one; namely, NC(Me2)C−PNIPAM-
b-PtBA−C(Me2)COOH, by treating polymer 2 with an excess
amount of AIBN according to a method described before.40

The UV spectrum in Figure 4 shows that the trithiocarbonate

peak (∼310 nm) disappears after the AIBN treatment.41 As
shown in Figure 3, after the removal of the large hydrophobic
end group, the copolymer chains (polymer 4) self-assemble
into smaller and narrowly distributed aggregates with an
average hydrodynamic radius of ∼31 nm, a clear signature of
block copolymer micelles.
Figure 5 summarizes the temperature dependence of the

average hydrodynamic radius ⟨Rh⟩ and the average aggregation
number Nagg of PAA-b-PNIPAM in an aqueous solution. Our
dynamic LLS results reveal a slow relaxation mode even at
temperatures lower than the LCST. Presumably, it might be
attributed to interchain hydrogen bonding or the long-range
interaction of charged chains in salt-free solutions.31 It has not
been completely resolved about the nature of such a slow
mode. We will not discuss it further in the current study. At
temperatures higher than ∼37 °C, polymeric micelles are
formed, presumably with a core made of collapsed PNIPAM
blocks and a shell made of swollen PAA blocks on its periphery.
Figure 5 shows that further increase of the solution

temperature leads to smaller polymeric micelles but the average
number of aggregation Nagg still increases over the same
temperature range, where Nagg is defined as Mw,agg/Mw,chain,
Mw,agg, and Mw,chain are the weight-average molar masses of

polymeric micelles and individual block copolymer chains,
respectively. Presumably, further increase of the solution
temperature over ∼37 °C has two opposite effects on the
measured size of polymeric micelles as follows.
Namely, further increase of the temperature, on the one

hand, drives more copolymer chains into each polymeric
micelle, increasing its size, but, on the other hand, leads to
further shrinking of the PNIPAM core, as schematically shown
in Figure 6. This is exactly why ⟨Rh⟩ decreases but Nagg
increases when T is higher than ∼39 °C. After knowing the
behaviors of PAA-b-PNIPAM chains in aqueous solutions, we
moved to investigate how the addition of Ca2+ at different
temperatures affects the chain association. First, different
amounts of Ca2+ ions were added at 25 °C, and then the
solution temperature was jumped to 45 °C.
Figure 7 shows that when [Ca2+]/[COO−] < 2, the average

number of aggregation only slightly increases but the average
hydrodynamic radius nearly remains a constant as more Ca2+

ions are added. As expected, each Ca2+ ion can complex with
two COO− groups. At lower ratios of [Ca2+]/[COO−], the
complexation mostly occurs inside each polymeric micelle and
makes each hydrophilic PAA block less soluble so that the PAA
shell shrinks. On the other hand, each less soluble PAA chain in
the shell stabilizes a smaller surface area so that more PNIPAM
blocks are inserted into the core, which explains why the
average chain density (⟨ρ⟩), defined as Mw,agg/(NA4π⟨Rh⟩

3/3),
increases. The shrinking of the PAA shell and the insertion of
more PNIPAM blocks into the core have opposite effects on
the size of each polymeric micelle so that ⟨Rh⟩ nearly remains a
constant but Nagg gradually increases with [Ca2+]/[COO−]. At
higher [Ca2+]/[COO−] ratios, the intermicelle complexation
starts to occur so that both Nagg and ⟨Rh⟩ quickly increase but
⟨ρ⟩ decreases, indicating that polymeric micelles are connected
by the intermicelle complexation between one Ca2+ and two
COO− groups on two different micelles. A comparison of
Figures 5 and 7 shows that both Nagg and ⟨Rh⟩ become
significantly larger when a large amount of Ca2+ ions are added
because the intermicelle complex leads to the formation of a
loosely connected micelle clusters.
Figure 8 shows kinetics of thermally induced aggregation of

PAA-b-PNIPAM copolymer chains in the presence of the Ca2+/
COO− complexation in terms of the time dependence of both

Figure 3. Hydrodynamic radius distributions of (a) NC(Me2)C−
PNIPAM-b- PAA−C(Me2)COOH and (b) C12H25SC(S)S−PNI-
PAM-b-PAA−C(Me2)COOH.

Figure 4. UV spectra of C12H25SC(S)S−PNIPAM-b-PtBA−C-
(Me2)COOH (solid line) and NC(Me2)C-PNIPAM-b-PtBA-C(Me2)-
COOH (dashed line) in THF at the concentration of 2 mg/mL.

Figure 5. Temperature dependence of average hydrodynamic radius
(⟨Rh⟩) and average number of aggregation (Nagg) of PAA-b-PNIPAM
in aqueous solution.
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Nagg and ⟨Rh⟩ of the resultant aggregates. The aggregation slows
down after a few hours and gradually approaches a plateau. It is

worth noting that these resultant aggregates were stable, and no
precipitation was observed over a long time period. It is clear
that a higher temperature leads to a fast aggregation process
and results in larger aggregates. It is known that PNIPAM
becomes more hydrophobic, and more copolymer chains are
packed inside each aggregate as the aggregation temperatures
increases, as shown in Figure 5. Therefore, more COO− groups
are on its periphery, increasing the sticking probability, which
explains the results in Figure 8. On the other hand, one should
also note that the complexation between two COO− and one
Ca2+ ions is mainly an entropy-driven process.42 Therefore, the
increase of temperature decreases the free energy and favors the
complexation. The aggregation kinetics can be described by a
single-exponential function, except the very initial stage (shown
by the lines). The initial fast process is related to the association
of individual chains and the formation of micelles or micelle-
like clusters, while the data in Figure 8 mainly reflect the
micelle−micelle (cluster−cluster) aggregation.
Figure 9 shows that in the heating process both ⟨Rh⟩ and Nagg

sharply increase when the temperatures higher than the

assembly temperature (35−36 °C), revealing the intermicelle
association. A comparison of Figures 5 and 9 shows that
without Ca2+, the interchain association starts at ∼37 °C, but in
the presence of Ca2+, both ⟨Rh⟩ and Nagg start to increase at
∼35 °C, indicating that Ca2+ induces the association of a
limited number of copolymer chains to form the premicelle

Figure 6. Schematic of temperature-induced formation of a polymeric micelle made of thermally sensitive linear PAA-b-PNIPAM diblock copolymer
chains.

Figure 7. Ca2+ concentration dependence of average number of
aggregation (Nagg), average hydrodynamic radius (⟨Rh⟩), and chain
density (⟨ρ⟩) of aggregates made of PAA-b-PNIPAM chains in an
aqueous solution at 45 °C, where Ca2+ ions were added at 25 °C
before temperature was jumped to 45 °C and data were collected 5 h
after temperature jump.

Figure 8. Time dependence of average aggregation number (Nagg) and
average hydrodynamic radius (⟨Rh⟩) of aggregates made of PAA-b-
PNIPAM copolymer chains, where Ca2+ ions were added at 25 °C
before solution temperature was jumped to desired aggregation
temperatures and lines represent the single-exponential fitting, where θ
= 15°.

Figure 9. Temperature dependence of average number of aggregation
(Nagg) and average hydrodynamic radius (⟨Rh⟩) of aggregates made of
PAA-b-PNIPAM chains in an aqueous solution, where Ca2+ ions were
added at 25 °C before solution was slowly heated to higher
temperatures.
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association or micelles between ∼35 and ∼37 °C (marked by
two dashed lines in Figure 9). Further increase of the solution
temperature leads to the formation of more polymeric micelles
and the intermicelle association so that both ⟨Rh⟩ and Nagg
increase. The aggregation stops at temperatures higher than
∼45 °C, and ⟨Rh⟩ and Nagg approach ∼120 nm and ∼3800,
respectively, indicating the formation of stable micelle
aggregates.
There is a clear hysteresis between the cooling and heating

processes, especially for ⟨Rh⟩. It is interesting to see that in the
cooling process ⟨Rh⟩ remains a constant, but Nagg decreases in
the temperature range 45−40 °C. Note that as the solution
temperature decreases, individual polymeric micelles (the
PNIPAM core) swell; i.e., their size increases (as shown in
Figure 5), and at the same time, the aggregates made of
polymer micelles start to dissociate into smaller ones. Two
processes have opposite effects on the measured ⟨Rh⟩, which
explains why there is nearly no change in ⟨Rh⟩ but Nagg
decreases. A similar hysteresis was also observed in the coil-
to-globule-to-coil transition of individual PNIPAM chains
during the heating-and-cooling cycle, which was attributed to
the later confirmed formation of some additional intrachain
hydrogen bonds when PNIPAM are in its collapsed
state.29,43−46 When the solution is cooled to ∼33 °C, Nagg
returns to its initial value but ⟨Rh⟩ only decreases to ∼50 nm,
which further supports our previous discussion; namely, the
Ca2+/COO− complexation mainly leads to the interchain
association but not the formation of polymeric micelles in the
temperature range 35−37 °C. Finally, ⟨Rh⟩ returns to its
original value at ∼31 °C, indicating the disintegration of those
associated copolymer chains. The Ca2+-induced aggregation of
PAA-b-PNIPAM chains and polymeric micelles is controllable
and reversible.
In order to avoid the interference of Ca2+-induced chain

association before the formation of polymeric micelles and
concentrate on the intermicelle aggregation, we heated the
copolymer solution to a temperature much higher than the
micelle temperature (∼37 °C) before adding Ca2+ ions and
characterized the resultant intermicelle aggregates. Figure 10

shows that the time-average scattering intensity I(q) is scaled to
the scattering vector q as I(q) ∝ q−df with df = 1.8 ± 0.1,
independent of the Ca2+ concentration, revealing that the Ca2+-
induced intermicelle aggregation follows the DLCA process.
We should note that the straight line within one order of q is
only a necessary condition not a sufficient one. To really

establish a object with a fractal structure, one should use at least
three orders of q. Readers should be aware of this important
fact. As expected, I(q) increases with the Ca2+ concentration
because more polymeric micelles are “connected” by more Ca2+

ions via the Ca2+/COO− complexation. Note that the
aggregation was too fast to be followed by our current LLS
instrument so that we were not able to study the kinetics of
such a process.
Further, Figure 11 shows that df slightly increases from 1.7 to

1.9 when the aggregation temperature decreases from 51 to 45

°C. In general, df decreases as the sticking probability increases.
At a higher temperature, PNIPAM becomes more hydrophobic
and more copolymer chains are inserted in each micelle, as
shown in Figure 5. In this way, more COO− groups are
expected to be on the periphery of each micelle and the PAA
chains on the shell are more extended so that the Ca2+-induced
sticking probability should increase with the aggregation
temperature, which explains the decrease of df as the
temperature increases in Figure 11.
We also added Ca2+ ions before the solution was jumped to

each desired temperature. A comparison of Figures 11 and 12

shows that adding Ca2+ ions before the temperature jump leads
to a lower fractal dimension, i.e., resulting in slightly looser
aggregates with a more open structure, but still follows the
DLCA process. Such a difference is due to the formation of
interchain Ca2+/COO− complexes before they are assembled
into polymeric micelles during the heating. As expected, two
chains interconnected by the Ca2+/COO− complexation have a

Figure 10. Scattering vector (q) dependence of scattering intensity
(I(q)) of micelle aggregates formed at different Ca2+ concentrations,
where Ca2+ ions were added after copolymer solution was heated to 48
°C.

Figure 11. Scattering vector (q) dependence of scattering intensity
(I(q)) of micelle aggregates formed at different temperatures, where
Ca2+ ions were added after solution was jumped to each desired
temperature.

Figure 12. Scattering vector (q) dependence of scattering intensity
(I(q)) of micelle aggregates formed at different temperatures, where
Ca2+ ions were added before solution was jumped to each desired
temperature.
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higher chance to be assembled into two different resultant
micelles to bring them together.
In other words, the interchain Ca2+/COO− complexation

before the micelles formation increases the sticking probability
among different micelles and slightly reduces df. Figure 13

shows that the average chain density (⟨ρ⟩) decreases as the
aggregation proceeds, revealing that larger aggregates become
looser and less uniform and further reflecting the DLCA nature.
It also shows that a higher aggregation temperature leads to a
high chain density. As shown in Figure 5, a high aggregation
temperature leads to a higher aggregation number but has less
effect on the aggregate size. A comparison of Figures 5 and 13
shows that such a difference is mainly due to the chain density
difference inside individual micelles formed at different
temperatures, not related to the aggregation among different
polymeric micelles even though there is a slight increase of df
from 1.5 to 1.6, as shown in Figure 12.
Figures 11 and 12 reveal the differences when the order of

adding Ca2+ ions and the temperature jump. We have shown in
Figure 11 that the df slightly decreases as the temperature
increases, when Ca2+ was added after the solution was jumped
to desired temperature. In contrast to Figure 11, Figure 12
shows that df increases with the aggregation temperature when
Ca2+ ions are added before the temperature jump. Note that
two copolymer chains interconnected by the Ca2+/COO−

complexation can end up in one micelle or two different
micelles during the temperature jump, i.e., the intramicelle or

intermicelle self-assembly. When the solution is jumped to a
higher temperature, the micelle-formation kinetics is much fast,
as shown in Figure 8, so that two interconnected copolymer
chains have a much higher chance to undergo the intramicelle
self-assembly to form some PAA “loops” in the shell. The
formation of these “loops” on the periphery of each micelle
reduces both the Ca2+ and COO− groups for the intermicelle
complexation so that the sticking probability decreases, which
explains why df increases with the aggregation temperature. The
slightly difference between adding Ca2+ ions before and after
the temperature jump is schematically summarized in Figure
14.
In order to further demonstrate that the effect of metal ions

on the stability of charged polymer chains in dilute solutions,
such as proteins in aqueous solutions, we prepared a thermally
sensitive linear copolymer Poly(NIPAM-co-AA) and studied its
association in water without and with an equal molar amount of
Cu2+. Intuitively, one Cu2+ cation can bind to two −COO−

anions on one copolymer chain or on two copolymer chains.
The interchain complexation should lead to more aggregation,
resulting in larger particles, at higher temperatures. However,
Figures 15 and 16 reveal that in the presence of Cu2+ ions the

copolymer chains tend to aggregate less and form smaller
particles in terms of either ⟨Rg⟩ or ⟨Rh⟩. Note that the Y-axis in
Figure 15 is logarithmically scaled. Therefore, the difference in
Mw at higher temperatures is much more profound; specifically

Figure 13. Average hydrodynamic radius (⟨Rh⟩) dependence of
average chain density (⟨ρ⟩) of micelle aggregates formed at two
temperatures.

Figure 14. Schematic of effect of adding Ca2+ ions before and after temperature jump on Ca2+/COO− complexation-induced micelle aggregation of
thermally sensitive PAA-b-PNIPAM copolymer chains, where micelle temperature is ∼37 °C.

Figure 15. Temperature dependence of weight-average molar mass
(Mw) of P(NIPAM-co-AA) copolymer in aqueous solutions.
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at 47 °C, the aggregation numbers are ∼27 and ∼16,
respectively, without and with adding Cu2+ ions.
On the other hand, Figure 17 shows that Cu2+ has less an

effect on the ratio of ⟨Rg⟩/⟨Rh⟩, indicating that the structure

and conformation of the aggregated chains are similar. A
combination of Figures 15−17 reveals that Cu2+ mainly induces
the intrachain complexation that actually “freezes” and stabilizes
the chain conformation so that the copolymer chains have less
chance to undergo the interchain aggregation/association. Such
an unexpected stabilization mechanism can be qualitatively
argured in terms of the viscoelastic effect described before,47

which might indirectly explain why some prion diseases occur
in the place where its soil contains less Cu2+ ions.

■ CONCLUSION
The large end group introduced into each poly(tert-butyl
acrylate)-b-poly(N-isopropylacrylamide) (PtBA-b-PNIPAM)
chain in sequential RAFT polymerization can affect the micelle
formation of such block copolymer chain in a selective solvent.
The hydrolysis of PtBA-b-PNIPAM into PAA-b-PNIPAM can
lead to narrowly distributed diblock copolymer chains with one
charged block and one thermally sensitive block so that they
can self-assemble into well-defined spherical polymeric micelles
with a core and a shell respectively made of collapsed PNIPAM
chains and swollen PAA chains at temperatures higher than 37
°C. Our results demonstrate that the presence of Ca2+ ions and
the Ca2+/COO− complexation can flocculate individual
polymeric micelles together to form large and loosely
connected micelle clusters. The addition of Ca2+ ions before
or after the temperature jump from room temperature to
temperatures much higher than the micelle formation temper-

ature affects the interchain and intermicelle association.
Namely, when Ca2+ ions were added after solution was jumped
to each desired temperature, the Ca2+/COO− complexation
mainly induces the aggregation of resultant polymeric micelles;
while when Ca2+ ions were added before the temperature jump,
the copolymer chains first associate together to form small
loose interchain aggregates before they are incorporated into
the micelles (intramicelle or intermicelle) at higher temper-
atures, resulting in a lower fractal dimension and a lower
average chain density per micelle aggregate. The Ca2+/COO−

complexation induced intermicelle association essentially
follows the DLCA process even thought the temperature, the
Ca2+ concentration and the sequence of adding Ca2+ ions and
heating the copolymer solution lead to different aggregation
rates, cluster sizes, and structures. The current study provides a
model system to further investigate a more complicate
problemthe effect of metal ions on the stability of protein
chains.
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