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ABSTRACT: The urea-induced aggregation of poly(N-
isopropylacrylamide) (PNIPAM) and poly(N,N-diethylacryla-
mide) (PDEAM) globules was studied by using a combination
of static and dynamic light scattering. Our results have revealed
that urea acting as a cross-linker via formation of two hydrogen
bonds with the amide groups of PNIPAM and PDEAM in
different globules causes the aggregation, and the aggregation
of PNIPAM and PDEAM globules is a reaction-limited
cluster−cluster aggregation (RLCA) process. The aggregates
have a uniform sphere structure that may be due to the restructuring of the aggregates. The aggregation rate of PNIPAM globules
is slower than that of PDEAM, which might mainly contribute to the reasons that the amides groups of PNIPAM have more
chance to be inside the globules because of the formation of intra- and inter-hydrogen bonds and the smaller number density of
the PNIPAM aggregates at the original time. When the aqueous urea solutions were cooled and reheated to 40 °C, the
aggregation became faster than the first heating process, indicating that the urea molecules have replaced some water molecules
binding to the amide groups at high temperature and some of the urea molecules remain interacting with the polymers even at
the temperature lower than the cloud point temperature.

■ INTRODUCTION

Urea as a well-known protein denaturant has received much
attention.1−5 Until now, two distinct mechanisms have been
proposed to explain urea-induced denaturation behavior of
proteins in aqueous solutions. One is that the direct
interactions between proteins and urea, such as hydrogen
bonds, electrostatic interactions, and van der Waals attractions,
cause the denaturation of proteins.4−10 The other suggested
that indirect interactions by changing water molecule structures
and facilitating the hydration of nonpolar solutes are the reason
for the denaturation.11−13 Recent studies including both
theoretical simulations and spectroscopy studies showed that
urea not only binds the charged and polar residues, but also
significantly influences polar interactions within the protein
backbone by binding carbonyl oxygen and includes the
unfolding of secondary structures of proteins.9,14,15 Proteins
contain different types of amino acids, which could form
numerous secondary and tertiary structures. Thus, the analysis
of the reason for the denaturation by spectroscopic methods,
including both infrared and NMR spectroscopy, remains
difficult because of the physiochemical complexity of proteins.
For this reason, Cremer et al.16 used a thermally sensitive
polymer poly(N-isopropylacrylamide) (PNIPAM) as a mimic
for the cold denaturation of proteins and investigated whether
there is direct hydrogen-bonding interactions between
PNIPAM and urea. Their results from FTIR spectroscopy

and Stokes radius measurements clearly showed that through
direct hydrogen bonding urea interacts with the amide groups
in PNIPAM and stabilizes the aggregates of polymer. Note that
PNIPAM undergoes a phase transition around 31 °C, and a
collapsed globule of a single polymer chain or aggregates form
depending on the concentration of polymers in aqueous
solutions.17−20 During the phase transition, interchain and
intrachain hydrogen bonds form.21−26 Another thermally
sensitive polymer poly(N,N-diethylacrylamide) (PDEAM)
with cloud point temperature (Tcp) around 30 °C could not
form interchain or intrachain hydrogen bonds by themselves
due to the absence of hydrogen donator site.27−31 The chemical
structures of PNIPAM and PDEAM are shown in Figure 1.
The thermodynamic properties of these two model polymers

have been extensively studied by laser light scattering,21,30

ultrasensitive differential scanning calorimetry,23,26,32,33 fluo-
rescence spectroscopy,17,25 and Fourier transform infrared
spectroscopy.22,24,29,31 The effect of urea on the conformational
behavior of PNIPAM in dilute aqueous solutions was also
investigated by fluorescence spectroscopy, including fluores-
cence quenching and fluorescence anisotropy measurements via
pyrene probe and acenaphthylene label studies.34 Besides,
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Zhang et al. investigated the effect of urea on the single-chain
elasticity of PNIPAM and PDEAM by an atomic force
microscopy-based single molecules force spectroscopy.35,36

However, little is known about whether globules of PNIPAM
or PDEAM can be stable in aqueous urea solutions above
LCST and what the aggregation behavior is if they are unstable.
For this reason, in this Article, the aggregation behavior of the
globules of PNIPAM and PDEAM in aqueous urea solutions
has been studied by laser light scattering (LLS), as light
scattering has been proven to be a particular useful method to
study the kinetics of aggregation, and LLS is also a direct
method to study the scaling relationship between the size and
the molar mass of the aggregates. Our objective is to
understand the effect of the intra/inter-hydrogen bonding on
the stability of the globules of PNIPAM and PDEAM, and on
the aggregation behavior in aqueous urea solutions as well.
We concluded neither PNIPAM nor PDEAM polymer chains

could be stable in aqueous urea solutions when the
concentration of urea was above a certain value at 40 °C.
The aggregates of these polymer chains undergo a kinetic
growth with time. The scaling analysis shows that these
aggregates are uniform spheres instead of fractional aggregates.
After the solution is cooled and reheated at the second heating
process, the aggregation rate in urea solution was much faster
than the first heating process, indicating that some urea
molecules have replaced water molecules binding to the amide
groups at high temperature and some of the urea molecules
remain interacting with the polymers even at the temperature
lower than the cloud point temperature.

■ MATERIALS
Details for the synthesis of the PNIPAM homopolymer can be
found elsewhere.25,37 Briefly, monomer N-isopropylacrylamide
was recrystallized three times in a benzene/n-hexane mixture.
The purified monomer and recrystallized azobisisbutyronitrile
(AIBN) as an initiator were dissolved in purified solvent
benzene. The solution was degassed through three cycles of
freezing and thawing, and the reaction was carried out at 56 °C
for 30 h. The resultant PNIPAM homopolymer was carefully
fractionated by the dissolution/precipitation process in a
mixture of dry acetone and dry hexane at room temperature.
N,N-Diethylacrylamide (DEAM) was prepared by reacting
acryloyl chloride with an excess of diethylamine in methylene
chloride at 0 °C.27 The salt was removed by filtration, and
solvent was evaporated. The product was purified by three-time
vacuum distillation, yielding a clear liquid that was kept in a
freezer before use. The purified monomer DEAM, with AIBN
(0.2 mol % for monomer) as an initiator, was charged into a
one-neck flask and then degassed by five cycles of freezing−
pumping−thawing. The bulk polymerization was carried out at
25 °C for 30 days to yield a transparent solid. The resultant
poly(N,N-diethylacrylamide) (PDEAM) was successively frac-
tionated in a mixture of acetone and n-hexane (1:2).

Laser Light Scattering LLS. A commercial LLS
spectrometer (ALV/DLS/SLS-5022F) equipped with a multi-
τ digital time correlation (ALV5000) and a cylindrical 22-mW
He−Ne laser (λ0 = 632 nm, UNIPHASE) as the light source
was used. In static LLS, we were able to obtain both apparent
weight-average molar mass (Mw) and the z-averaged root-
mean-square radius of gyration (⟨Rg

2⟩z
1/2) (or written as ⟨Rg⟩)

of polymer chains in a dilute solution from the angular
dependence (15°−150°) of the excess absolute time-averaged
scattered intensity, that is, the Rayleigh ratio Rvv(q) by eq 1:38

≈ + +

≈ +

⎜ ⎟

⎜ ⎟

⎛
⎝

⎞
⎠

⎛
⎝

⎞
⎠

KC
R q M

R q A C

M
R q

( )
1

1
1
3

2

1
1

1
3

z

z

vv w
g

2 2
2

w
g

2 2

(1)

where K = 4π2n2(dn/dC)2/(NAλ0
4) and q = (4πn/λ0) sin(θ/2)

with n, λ0, θ, and A2 being the solvent refractive index, the
wavelength of light in vacuum, the scattering angle, and the
second virial coefficient, respectively. In the present study, the
polymer concentration is so low that the term of 2A2C can be
ignored.
In dynamic LLS,39 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)C→0,q→0 → D, so that G(Γ) can be converted into a
transitional diffusion coefficient distribution G(D) or further a
hydrodynamic radius distribution f(Rh) via the Stokes−Einstein
equation, Rh = kBT/6πη0D, where kB, T, and η0 are the
Boltzmann constant, the absolute temperature, and the solvent
viscosity, respectively.
The weight-average molar mass (Mw), the radius of gyration

(⟨Rg⟩), and the average hydrodynamic radius (⟨Rh⟩) of polymer
fractions used in our experiments were determined by a
combination of static and dynamic light scattering, and the
results are summarized in Table 1. The polydispersity index

(⟨Mw⟩/⟨Mn⟩) was estimated from the relative width (μ2/⟨Γ⟩2)
of the line-width distribution (G(Γ)) measured in dynamic
light scattering because Mw/Mn ≈ 1 + 4 μ2/⟨Γ⟩2. The urea
solutions with a polymer concentration of 2 × 10−5 g/mL were
placed in a LLS cell holder thermostatted at 40 °C. Time
dependence of scattering light intensity and intensity−intensity
time correlation function were measured during the aggrega-
tion. The average aggregation number ⟨Nagg⟩ was calculated
from the ratio of the weight average molar masses of the
aggregates to that of individual polymer chains measured by
LLS.

■ RESULTS AND DISCUSSION
Individual PNIPAM and PDEAM chains in aqueous solutions
were first characterized by a combination of static light
scattering and dynamic light scattering. Table 1 summarized
the values of ⟨Mw⟩, ⟨Rg⟩, and ⟨Rh⟩ of these two polymers in

Figure 1. Chemical structures of PDEAM and PNIPAM.

Table 1. Laser Light Scattering Characterization of PNIPAM
and PDEAM Samples Used at 20 °C

sample Mw (g/mol) Mw/Mn ⟨Rg⟩ (nm) ⟨Rh⟩ (nm) ⟨Rg⟩/⟨Rh⟩

PNIPAM 1.7 × 107 ∼1.2 205 139 1.47
PDEAM 1.7 × 107 ∼1.1 169 108 1.56
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water at 20 °C, where the concentration is 2 × 10−5 g/mL.
From Table 1, we know that ⟨Rg⟩ and ⟨Rh⟩ of PDEAM are
169 and 108 nm, respectively. ⟨Rg⟩ and ⟨Rh⟩ of PNIPAM are
205 and 140 nm, respectively. Although these two polymers have
the same weight-average molar mass as 1.7 × 107 g/mol, PNIPAM
has a larger size than PDEAM, which may be due to more
favorable interactions with water molecules and larger degree of
polymerization as the repeating unit of PNIPAM has a smaller
molar mass.30,37 The ratios of ⟨Rg⟩/⟨Rh⟩ of both polymers
∼1.5 are expected for linear flexible polymer chains in good solvent.
Figure 2 shows the time dependence of the average

aggregation number ⟨Nagg⟩ of PDEAM and PNIPAM chains

in water without addition of urea when the temperature of the
polymer solutions was jumped from 20 to 40 °C. Note that the
average hydrodynamic radiuses of stable PNIPAM and PDEAM
aggregates at 40 °C are 38 and 36 nm, respectively, which are
much smaller than the ⟨Rh⟩ values of PNIPAM (⟨Rh⟩ = 139
nm) and PDEAM (⟨Rh⟩ = 108 nm) at 20 °C, as shown in Table
1. Meanwhile, the aggregates form within 1 h with ⟨Nagg⟩ ≈ 3
for both polymers and remain stable at least ∼30 h. This could
be attributed to the amphiphilic nature of NIPAM and DEAM
monomers and a delicate balance between the hydrophobic
backbone and hydrophilic motif, which stabilize the collapsed
polymers in water as well as a negative charge carried by the
mesoglobules mentioned by Winnik et al.20

With the addition of urea, the globules of PNIPAM and
PDEAM are unstable in aqueous solutions. From Laplace
inversion, one can calculate the hydrodynamic radius
distribution f(Rh) by the CONTIN program provided by
Provencher.40,41 Figure 3 shows the hydrodynamic radius
distributions of the aggregates at different time when the
temperature of the solutions was increased suddenly from 20 to
40 °C, where the concentration of urea is 1.7 M. From Figure 3,
we know that the ⟨Rh⟩ increases with time and all of the
aggregates have narrow size distributions at different time.
Moreover, at the same time t = 2 h, ⟨Rh⟩ of PNIPAM
aggregates is ∼52 nm, which is larger than that of PDEAM
aggregates.
Figure 4 shows the time dependence of the average

hydrodynamic radius ⟨Rh⟩ of PNIPAM and PDEAM aggregates
in aqueous solutions with different concentrations of urea when
the temperature was jumped from 20 to 40 °C, where CPNIPAM
= CPDEAM = 2 × 10−5 g/mL. For both polymers, the aggregation
rate increases with the concentration of urea. When the
concentration of urea was less than 1.7 M, we did not observe

Figure 2. Time dependence of average aggregation number ⟨Nagg⟩ of
PNIPAM and PDEAM when the temperature was jumped from 20 to
40 °C without addition of urea in water, where CPNIPAM = CPDEAM = 2
× 10−5 g/mL.

Figure 3. Time dependence of the hydrodynamic radius distribution
f(Rh) of PNIPAM and PDEAM aggregates in aqueous solutions at
different time when the temperature was jumped from 20 to 40 °C,
where CPNIPAM = CPDEAM = 2 × 10−5 g/mL, Curea = 1.7 M.

Figure 4. Time dependence of the average hydrodynamic radius ⟨Rh⟩
of PNIPAM and PDEAM aggregates in aqueous solutions with
different concentrations of urea when the temperature was jumped
from 20 to 40 °C, where CPNIPAM = CPDEAM = 2 × 10−5 g/mL. The
⟨Rh⟩ values of PNIPAM aggregates up to 40 h were also shown in the
main plot of the upper layer.
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obvious aggregation in 1 day. Besides, with the same
concentration of urea, PDEAM aggregates faster than
PNIPAM. By Fourier transform infrared spectroscopy (FTIR)
and Stokes radius measurements, Cremer et al. reported that
the decrease in the lower critical solution temperature (LCST)
with the addition of urea was due to the direct hydrogen
bonding of urea to the amide groups of PNIPAM.16 The two
NH2 groups of urea can form hydrogen bonds with amide
groups, indicating that urea can act as a cross-linker in the
aggregation via the formation of two hydrogen bonds.
Furthermore, the amide groups of PNIPAM and PDEAM,
which are more hydrophilic groups as compared to the
hydrophobic backbone, may localize at the surface of the
globules, which facilitates the formation of the hydrogen bonds
with urea at higher temperature. Cremer et al. also showed that
when the concentration of urea is less than ∼1 M, the fraction
of urea bound to PNIPAM is as small as ∼0.02 in H2O and ∼0
in D2O.

16 This may be the reason that there is no aggregation
when the concentration of urea is less than 1.7 M. For PDEAM,
the aggregation process follows an exponential kinetics, that is,
R ≈ eAt, where A is a constant, indicating a reaction-limited
cluster−cluster aggregation (RLCA). The A values are 0.024,
0.20, and 0.21 h−1 for the solutions with the concentration of
urea as 1.7, 3.5, and 5.4 M, respectively. For PNIPAM, the
average hydrodynamic radius ⟨Rh⟩ increases linearly with time,

which may be due to the fact that the aggregation process is an
initial stage in a RLCA as ⟨Rh⟩ ∝ eAt ∝ At when At is smaller
than 1. Because ⟨Rh⟩ is a complicate parameter, which involves
both the structure and the hydrodynamic draining, in this
experiment we use average aggregation number ⟨Nagg⟩ to
analyze the aggregation kinetics.
Figure 5 shows the average aggregation number ⟨Nagg⟩

increased exponentially with time for both PNIPAM and
PDEAM at different concentrations of urea, further indicating
that the aggregation is a RLCA process. The aggregation rate of
PNIPAM is slower than that of PDEAM with the same
concentration of urea. The results of the fitting are shown in
Figure 5, and the fitting parameters are tabulated in Table 2,
where k represents the apparent first-order rate coefficient
during the aggregation. Note that at t = 0, the aggregation
number ⟨Nagg⟩t=0 equals A + y0, as shown in Table 2. The
⟨Nagg⟩t=0 values at different concentrations of urea are not
smaller than 1, indicating the formation of aggregates at t = 0.
Because of the relatively large errors of ⟨Nagg⟩t=0 values, we did
not study the effect of the urea concentration on ⟨Nagg⟩t=0. We
examine the urea concentration dependence of k in more detail
in Figure 6. Because the size of PNIPAM aggregates is larger
than that of the PDEAM aggregates at the beginning of the
aggregation, the number density of the PNIPAM aggregates is
smaller than that of PDEAM aggregates as both of the
concentrations are 2 × 10−5 g/mL. Thus, the aggregation rate
coefficient of PNIPAM is smaller. Another possible reason for
the lower aggregation rate of PNIPAM than that of PDEAM is
that PNIPAM can form intra- or interchain hydrogen bonds,
whereas PDEAM cannot. During the formation of small
aggregates when the temperature was increased from 20 to 40
°C, the NH group in the amide group of PNIPAM whose
carbonyl group has formed a hydrogen bond with urea may
form intra- and/or interchain hydrogen bonds with the
carbonyl group of another repeating unit in the same or
different polymer chains. That is to say, the amide groups of
PNIPAM have more chance to be inside the globules, and the
number of urea molecules that form hydrogen bonds with the
amide groups of PNIPAM on the surface of the aggregates is
smaller. As we mentioned before, it has been reported that the
fraction of urea bound to PNIPAM is negligible when the
concentration of urea (Curea) is below a certain value of ∼1 M,
and the fraction increases linearly with the Curea when Curea is
above this value.16 For this reason, it is expected that no
aggregation can be observed by laser light scattering when the
concentration is below a critical urea concentration ∼1.2 M for
both PNIPAM and PDEAM because there is almost no urea
bound to the surface of the globule, as shown in Figure 6. The
existence of a critical urea concentration (Curea,c) for the
aggregation in our study may be compared to the results from
the denaturation of proteins by urea using fluorescence
techniques, circular dichroism, and other methods. These
experiments showed that the fraction of unfolded protein is
constant at 0 when the urea concentration is lower than a

Table 2. Aggregation Kinetics of PNIPAM and PDEAM in Aqueous Urea Solutions with Different Concentrations at 40 °C
Analyzed by the Exponential Function ⟨Nagg⟩ = A·exp(kt) + y0

PNIPAM PDEAM

Curea (M) A k (h−1) y0 ⟨Nagg⟩t=0 = A + y0 A k (h−1) y0 ⟨Nagg⟩t=0 = A + y0

1.7 72 ± 16 0.014 ± 0.002 −62 ± 18 10 ± 34 3.2 ± 0.4 0.121 ± 0.004 −0.3 ± 1.3 3 ± 2
3.5 49 ± 2 0.088 ± 0.002 −48 ± 4 1 ± 6 4.3 ± 0.3 0.59 ± 0.01 1.2 ± 0.7 6 ± 1
5.4 20 ± 2 0.138 ± 0.004 −13 ± 3 7 ± 5 34 ± 4 1.06 ± 0.04 −19 ± 6 15 ± 10

Figure 5. Time dependence of average aggregation number ⟨Nagg⟩ of
PNIPAM and PDEAM aggregates in aqueous solutions with different
concentrations of urea when the temperature was jumped from 20 to
40 °C, where CPNIPAM = CPDEAM = 2 × 10−5 g/mL. The ⟨Nagg⟩ values
of PNIPAM aggregates up to 40 h were also shown in the main plot of
the upper layer.
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critical concentration and increases with increasing urea
concentration above this concentration. Curea,c values for
different proteins have been summarized in Table 3. From
Table 3, we can see that even though these proteins are
different, the Curea,c is in the range of 1.1−2.7 M, indicating that
urea might form hydrogen bonds with the amide groups on the
first shell of proteins when the concentration is higher than
Curea,c like the situation in the current study.42

Figure 7 shows double logarithmic plots of the average
aggregation number ⟨Nagg⟩ of the aggregates versus the
hydrodynamic radius ⟨Rh⟩ of PNIPAM and PDEAM in

aqueous solutions with different urea concentrations. We see
that all data collapse into a single line of ⟨Nagg⟩ ∝ ⟨Rh⟩

df with
the dimension df = (3.00 ± 0.03), which means that the
concentration of urea only influences the aggregation rates and
the sizes but does not affect the aggregate structure. The df is
∼3 in our study, which indicates the aggregates have a uniform
density.
To further confirm the aggregates of these two polymers

have a spherical structure, the scattering factors P(qRs) were
obtained by static light scattering, and qRs-dependence of
scattering factor P(qRs) of PNIPAM and PDEAM aggregates
formed at different time is shown in Figure 8. Theoretically, for
a sphere the scattering factor is P(qRs) = [3(qRs)

−3(sin(qRs) −
qRs cos(qRs))]

2, where Rs and q are the radius of the sphere and
the scattering vector, respectively. Figure 8 clearly shows that
the experimental data are well represented by P(qRs) for a

Figure 8. qRs-dependence of scattering factor P(qRs) of PNIPAM and
PDEAM aggregates formed at different time. The dark line is the
scattering factor of a uniform sphere.

Figure 7. Double logarithmic plots of the average aggregation number
⟨Nagg⟩ of the aggregates versus the hydrodynamic radius ⟨Rh⟩ of
PNIPAM and PDEAM aggregates in aqueous solutions with different
urea concentrations, where CPNIPAM = CPDEAM = 2 × 10−5 g/mL.

Table 3. Critical Concentration of Urea (Curea,c) As
Determined by Different Methods

proteins Curea,c (M) methods ref

apomyoglobin 1.6 fluorescence 43
ervatamin A 1.1 fluorescence 44
procerain 1.1 (pH = 2) far-UV CD 45

2.0 (pH = 3)
β1, a mutant form of the
protein G B1 domain

2.7 size exclusion
chromatography

46

AcK120 DBD 2.6 fluorescence 47

Figure 6. Urea concentration dependence of the PNIPAM/PDEAM
aggregation kinetics.

Figure 9. The hydrodynamic radius distribution f(Rh) of the PNIPAM
and PDEAM solution at 20 °C before and after heating to 40 °C,
where CPNIPAM = CPDEAM = 2 × 10−5 g/mL, Curea = 3.5 M.

The Journal of Physical Chemistry B Article

dx.doi.org/10.1021/jp403555b | J. Phys. Chem. B 2013, 117, 7481−74887485

xiaodongye
铅笔



uniform sphere for both PNIPAM aggregates and PDEAM
aggregates at different time, which means that these aggregates
have a sphere structure rather than a fractal structure formed by
diffusion limited cluster−cluster aggregation (DLCA) with a
fractal dimension df ≈ 1.75−1.80 or RLCA with a higher df in
the range ∼2.0−2.5.48 The results from Figure 4 and 5 indicate
that the aggregation of PNIPAM and PDEAM is a RLCA
process. Whereas Figure 8 shows the aggregates are uniform
spheres, implying that the hydrogen-bonding interactions
between PNIPAM and PDEAM globules are not very strong,
so the globules can rearrange themselves in the aggregates to
form uniform spheres with a large dimension of 3. Assuming
that restructuring can happen immediately after two clusters
have contacted each other, Meakin and Jullien found the fractal
dimension increases from 1.80 to ∼2.2 for DLCA and the
increase in df is smaller for RLCA.

49 It should be noted that in
their models, no subsequent restructuring is allowed, which
may happen in the real system like ours and further increases

the df to 3. Note that for a sphere, the radius of sphere is the
same as the hydrodynamics radius Rh of the sphere.50 We can
see that in our experiments the average hydrodynamic radius
(⟨Rh⟩) of these aggregates obtained from Figure 3 is very close
to Rs values fitted in Figure 8.
Irreversible folding transitions of proteins induced by

denaturants like guanidine hydrochloride or urea have been
reported, which shows a hysteresis under folding/unfolding
process.51−53 To check the reversibility of the aggregation
process of PNIPAM or PDEAM in urea solutions, we cooled
the solution of aggregates to 4 °C overnight. First, the two
aqueous solutions were characterized by dynamic light
scattering again at 20 °C. Figure 9 shows that there is little
difference between the hydrodynamic radius distribution before
and after the heating process where the concentration of urea is
3.5 M, indicating that the polymer aggregates could dissociate
and return to its coil state. The small peak at ∼0.2 nm was
attributed to urea molecules in water because the size is similar
to that of urea molecules.54 When the solutions were increased
from 20 to 40 °C again, the aggregation kinetics was much
more different from that as shown in Figures 3 and 4. This
time, large aggregates formed in a very short time, as shown in
Figure 10. The faster aggregation rate indicates that urea
molecules have replaced some water molecules binding to the
amide groups at high temperature and some of the urea
molecules remain interacting with the polymers even at the
temperature lower than the cloud point temperature. Because
of the small size of the binding urea, we cannot observe the
change of the hydrodynamic radius of the polymer from Figure
9. However, this behavior is very similar to the hysteresis
phenomena of PNIPAM chains in water, which is due to the
incomplete removal of the interchain hydrogen bonds formed
in the collapsed state during the dehydration.24 Another
possible additional reason attributed to the difference is that
after the chain collapse at higher temperatures, most of the
hydrophilic amide groups will be forced to stay outside. Thus,
in the reheating process, these amide groups might be more
available to induce the interchain association. Figure 11 shows
the schematic diagram of the urea-induced aggregation during
the first and second heating processes.

■ CONCLUSION

The aggregation kinetics of PNIPAM and PDEAM globules in
urea aqueous solutions has been studied by laser light
scattering. Our results show that the aggregation of PNIPAM

Figure 11. Schematic diagram of urea-induced aggregation of PNIPAM (upper row) and PDEAM (lower row) globules at 40 °C during the first and
second heating processes.

Figure 10. Time dependence of the average hydrodynamic radius ⟨Rh⟩
and the average aggregation number ⟨Nagg⟩ during the second heating
process, where CPNIPAM = CPDEAM = 2 × 10−5 g/mL.
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and PDEAM polymer chains is a RLCA process. The
aggregation rate of PDEAM is much faster than that of
PNIPAM, which may be due to the smaller number density of
the PNIPAM aggregates at the original time and the lower
number density of amide groups on the surface of PNIPAM
globules because of the possible formation of intra- and/or
inter-hydrogen bonds. The aggregates of PNIPAM and
PDEAM have a uniform sphere structure. After the solutions
were cooled and reheated at the second heating process, the
aggregates grow much faster, which indicates that the urea
molecules have replaced some water molecules binding to the
amide groups at high temperature and some of the urea
molecules remain interacting with the polymers even at the
temperature lower than the cloud point temperature.
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