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ABSTRACT: The kinetics of the phase transition of poly(N-isopropylacrylamide)
(PNIPAM) chains from the dilute regime to the semidilute regime was studied by
using a homemade fluorescence spectrometer equipped with an ultrafast pulsed
infrared laser (width ~10 ns and 1 = 1.54 um). We used 8-anilino-1-naphtha-
lensulfonic acid ammonium salt (ANS) free in water as a fluorescent probe to
monitor the conformation changes of the PNIPAM chains. Our results have
revealed that in the dilute regime there exists two characteristic transition times that
are less than 1 ms, namely, Tpcaus (~0.02 ms), which can be attributed to the
nucleation and initial growth of some “pearls” (locally contracting segments) on the
chain, and 7 qarsening (~0.2 ms), which is related to the merging and coarsening of
the pearls. At semidilute regime, an extra (third) process (7 ~ 1.5 ms) appeared,
and the contribution from the third process increased with PNIPAM concentration,
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which can presumably be related to the process of disentanglement of the polymer. A new method to detect the inhomogeneities of the

polymer chain segments has been proposed.

B INTRODUCTION

The kinetics of the coil-to-globule transition of thermally
sensitive polymer has attracted much attention because of its fun-
damental role in the understanding of the segment—segment and
segment—solvent interactions of polymer chains in solutions.
The study of the kinetics of collapsing of polymer chains may
help us to understand the protein folding and the packing of
DNA.' "> Among all the thermally sensitive polymers, poly(N-
isopropgrlacrylamide) (PNIPAM) has been investigated most
widely.®~'® For example, Liu et al. investigated the kinetics of the
coil-to-globule transition of a thermally sensitive linear copoly-
mer poly(N-isopropylacrylamide-co-4(1-pyrenyl)butyl acrylate))
(PNIPAM-co-pyrene, M,, = 3.64 x 10° g/mol) in water by using
a stopped-flow device.'>'* They found that the chain collapse
followed a two-stage kinetics with two characteristic times (g
~ 12 ms and 7y, ~ 270 ms). Note that the stopped-flow
technique has been widely used to study the kinetics of micellar
formation and protein folding with a time resolution of a few
milliseconds. Therefore, it cannot detect the transition faster
than ~2 ms. Yushmanov et al. studied the coil-to-globule
collapse and intermolecular aggregation of PNIPAM in aqueous
solution by temperature-jump "H NMR spectroscopy.15 Due to
the limitation of the instrument, kinetic behavior on a time scale
of less than 1 s cannot be investigated. They concluded that the
chain collapse and intermolecular aggregation happen at the most
in a few seconds. Tsuboi et al. reported phase separation dynamics
of dye-labeled PNIPAM by using laser-induced temperature jump
(T-jump) experiments. Their findings reveal one characteristic
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time (7 ~ 0.035 ms)."® It should be noted that the PNIPAM
copolymers used are polydisperse, and the chromophore is
hydrophobic, which may bring complexity to the system. More
recently, Zhang et al. studied the kinetics of phase transition
of PNIPAM in deuterated solution by using a T-jump technique
combined with time-resolved midinfrared (MIR) absorbance
difference spectroscopy.'” In order to investigate linear homo-
polymer chains with a much shorter dead time than milliseconds,
such as the mixing time in the stopped-flow methods, we used a
fast infrared laser heating pulse to jump the solution temperature
and induce the coil-to-globule transition of linear PNIPAM
homopolymer chains in water.'® Our previous results revealed
that there exist two characteristic transition times less than 1 ms:
Tt (~0.1 ms) can be attributed to the nucleation and initial
growth of some “pearls” (locally contracting segments) on the
chain and 7,,, (~0.8 ms) is related to the merging and coarsen-
ing of the pearls.

Until now, to our best knowledge, study on kinetics of the
phase transition from dilute regime to semidilute regime in detail
has received less attention because of the difficulties in experi-
mental characterization, although protein folding and DNA pack-
ing often occur in a concentrated state. Meanwhile, the thermo-
dynamic properties of polymer chains in semidilute solutions have
been studied by ultrasensitive differential scanning calorimetry
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Table 1. Laser Light Scattering Characterization of PNIPAM
Samples Used

(Ry) (nm) C* (mg/mL)

M,
sample (g/mol) M,/M, 250°C 304°C caled® expt’
PNIPAM-1 1§ x 10° LS S1 44 7.0 7.3
PNIPAM-2 7.7 x 10° 14 114 97 34 3.0

“ Calculated by C*~ 3M,,/(47N, ARg3). ¥ Measured by present method.

(US-DSC),"”*° dynamic light scattering (DLS),*" and fluores-
cence spectroscopy.zz*24 Zhang et al. has investigated PNIPAM
chains in semidilute solutions by US-DSC.'??° The study shows
different contributions of interchain association and intrachain
contraction in dilute and semidilute solutions. As concentration
increases, the chains have more chance to undergo interchain
association instead of intrachain contraction. Yuan et al. observed
one fast and one slow relaxation mode in semidilute aqueous
solution of PNIPAM by dynamic light scattering.”' Their study
mainly focused on the origin of the slow relaxation mode. Recently,
Tao et al. investigated the interchain contraction and association
of polystyrene in semidilute solution near the © temperature by
using nonradiative energy transfer (NET) because NET is known
as a “spectroscopic ruler” for measurement of distance about several
nanometers. They observed the real-time conformational
changes of polystyrene chains at different solvent conditions,
and their results were explained on the basis of the blobs
model.”>** Duhamel et al. reported the dynamics of poly(N,N-
dimethylacrylamide) in semidilute solutions by fluorescence
blob model in acetone and dimethylformamide.** > They
found the radius of a fluorescence blob was scaled to the number of
monomers constituting a fluorescence blob (Ng0p) 2 N g pioby
where v equaled 0.66 = 0.03, which is close to the expected Flory
exponent of 0.6.”* In our present study, by using the laser-induced
temperature jump method and water-soluble ANS free in solution
as a fluorescent probe due to its sensitivity to its hydrophobic/
hydrophilic surroundings,”” we found that the entanglement of
PNIPAM chains has great effects on the kinetics of the collapse
process. Our main objective is to understand the roles that chain
entanglement played in the chain collapse process.

B EXPERIMENTAL SECTION

Materials. Details for synthesis of the PNIPAM homopolymer
can be found elsewhere.”® Briefly, monomer N-isopropylacryla-
mide was recrystallized three times in a benzene/n-hexane
mixture. The purified monomer and recrystallized azobisisbutyr-
onitrile (AIBN) as 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 frac-
tionated by the dissolution/precipitation process in a mixture of
dry acetone and dry hexane at the room temperature. The
weight-average molar mass (M,,), the radius of gyration ((Rg»
and the hydrodynamic radius ((Ry,)) of two PNIPAM fractions
used in our experiments were determined by a combination of
static and dynamic light scattering, and the results are summar-
ized in Table 1. The polydispersity index (M,,/M,) was esti-
mated from the relative width (u,/(T')*) of the line-width

distribution [G(I")] measured in dynamic light scattering since
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Figure 1. Schematic diagram of our laser temperature-jump instru-
ment: RC1, Raman cell 1; RC2, Raman cell 2; M1, mirror with high
reflectance at 1.064 um; an optical isolator consisted of a thin film
polarizer (POL) and a quarter wave plate (QWP) was used to protect
the laser from backscattered light; DM, dichroic mirror with high
reflectance at 1.54 um and high transmission at 1.064 um; L1—-L10,
lenses. See the details in the text and in ref 29.

M, /M, ~ 1 + 4 u,/{T')*. 8-Anilino-1-naphthalensulfonic acid
ammonium salt (ANS) was from Fluka with purity 297%. A
stock of ANS (10.6 mM) solution was prepared. The solution
mixtures of PNIPAM and ANS were prepared by adding the
stock solution of ANS into different PNIPAM solutions in water
with stirring.

Fast Infrared Laser Heating and Fluorescence Detection.
The instrument has been described in detail elsewhere.*” In brief,
a pulsed 1.54-um infrared laser beam (~6.5 mJ/pulse at 10 Hz,
pulse width ~10 ns) was generated from a Nd:YAG laser
(Spectra Physics, Lab-170, repetition rate = 10 Hz) and two
Raman shifters (first Stokes shift in CH, gas),”” and the resultant
infrared laser was used for the temperature jump experiments
because they can be absorbed by the overtone of the O—H
stretching vibration in H,0.3! The source for excitation of ANS
was a 200-W high-pressure mercury lamp (Shanghai Hualun
Bulk Factory) with a transmitting filter (245—400 nm). The
fluorescence was filtered with a cutoff filter (450 nm), collected
with a photomultiplier tube (Hamamatsu R928) and with the
standard right angle geometry, and recorded on a Tektronix
oscilloscope (TDS 3054B). Each data point was normally
averaged over 512 time measurements to improve the signal-
to-noise ratio. The oscilloscope itself is fast enough (2 GHz). In
our experiment, we used a resistor to gain the electric signal from
the photomultiplier tube (PMT). The response time of our setup
measured from an oscilloscope depends on the used matched
resistor. Adding a larger resistor will certainly increase the signal
intensity, but will also increase the response time of the oscillo-
scope, i.e. the dead time of the oscilloscope. Therefore, in this
experiment, by using a 5 k€2 matched resistor instead of a 50 k€2
resistor as in our previous study, we are able to measure the
fluorescence or the scattering intensity with a smaller dead time
of ~2 us compared to that (~20 us) in our earlier study."®*’ The
sample cell consisting of a pair of quartz windows with a 200-um
spacer was thermally controlled at 30.4 °C to a precision of
£0.1 °C by a heating bath and the system was stabilized for at
least 20 min before each experiment. The cell length of 0.2 mm
results in less than 22% absorption of the heating pulses and a
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Figure 2. Time dependence of the light-scattering intensity of PNIPAM-2,
where the intensity of the infrared pulsed light was 6.5 mJ, and the
concentrations of PNIPAM-2 and ANS were 25.9 mg/mL and 118 uM,
respectively, and Al g is defined as [I; 5(t) — I;5(0)]/[ILs(max) — L 5(0)].

constant temperature jump throughout the cell. Each heating
laser pulse jumps the solution temperature from 30.4 to ~33.4 °C,
estimated on the basis of the absorption of infrared laser at 1.54 m
and AT = (I;ix/cL)(1 — e >3%45) where Iy is the incident
radiation intensit?I (J-em™?), cis the heat capacity of the medium
inJ- cm - deg ', Lis the length of the heating path, and A is the
medium’s absorbance per centimeter. In this study, c = 4.2 J-cm >+
degfl, L=002cm, Ijg =1.08J-cm % and A = 5.3 cm™ '3V
The instrument is schematically shown in Figure 1. Note that the
temperature jump (~3 °C) is higher than that in our previous
experiment (~2 °C)"® because of the smaller beam diameter of
the infrared laser in our present study. Fluorescence spectra were
recorded on a Shimadzu RF-5301PC spectrofluorophotometer
by using a quartz cell with an optical path length of 0.5 mm. The
temperature of the samples was monitored by an electronic
thermometer with a precision of £0.1 °C.

B RESULTS AND DISCUSSION

Figure 2 shows the time dependence of the light-scattering
intensity of PNIPAM-2 aqueous solution with ANS after the
heating laser pulse induced temperature jump, where the con-
centrations of PNIPAM and ANS were 25.9 mg/mL and 118 uM,
respectively. After each heating laser pulse, the intensity of the
scattered light instantly increases more than 10 times com-
pared with that before T-jump, which is due to phase transition of
the thermally sensitive polymer chains. Note that each heating
pulse raised ~3 °C in the scattering volume, which is sufficient to
change water from a © solvent (~30.4 °C) to a poor solvent and
induce the phase transition of PNIPAM solution.” We checked
the heat dissipation between two infrared laser pulses. Our results
showed that when the pulse repetition frequency was reduced
from 10 to ~2 Hz by insetting a chopper in front of the sample,
the temperature at the laser heating spot can return to 30.4 °C
before the next laser pulse, reflecting an identical light scattering
intensity before each laser pulse. Note that the PNIPAM-2
solution in Figure 2 is the most concentrated in our whole
experiment and PNIPAM-2 has a higher molecular weight than
that of PNIPAM-1, which implies it will spend longer time to
return to its original state than any other sample after the heating
pulse. Therefore, we set the time interval between two heating
laser pulses to be 500 ms in our experiments to ensure no residual
heating effect and that the unfolding process of PNIPAM will be
complete when the next laser pulse comes. Figure 2 also shows
that the variation of maximum light scattering intensity is less
than ~79%, which indicates the stability of T-jump. Thus, we are
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Figure 3. Temperature dependence of static emission fluorescence
spectra of ANS (118 M) in PNIPAM-2 aqueous solution (5 x 10~*
g/mL), where 1., = 365 nm. The inset shows the temperature
dependence of fluorescence intensity at wavelength 472 nm for ANS
(118 uM) in aqueous PNIPAM-2 solution.

able to repeat the measurements many times and average them to
increase the signal-to-noise ratio. It should be noted that “addi-
tional hydrogen bond” has been proposed to explain the hyster-
esis of the phase transition of PNIPAM in aqueous solution in
equilibrium state.>**® While in our experiments it seems that
the dissolution of PNIPAM chains is fast and completes as soon
as the heat dissipates. Zhang et al. investigated the association and
dissolution of PNIPAM chains from dilute regime to semidilute
regime by using ultrasensitive differential scanning calorimetry,
and they concluded that less additional hydrogen bonding between
PNIPAM segments will form if fast heating rate is used." So one
possible reason in our study that hysteresis is not obvious is that
the PNIPAM chains do not have enough time to rearrange and
form enough hydrogen bonds, as the time that the PNIPAM
chains stay as aggregates is as short as ~10 ms and the heating
rate is very fast in our experiments.

In our previous study we have shown that when the concen-
tration of PNIPAM is in the dilute regime, there is no significant
change in the scattering intensity, i.e., no interchain association/
aggregation.'® Otherwise, the scattering intensity would increase
significantly because it is proportional to the square of the mass of
a scattering object. In order to study the kinetics of phase transi-
tion from the dilute regime to the semidilute regime with a good
signal-to-noise ratio, we decided to use a water-soluble fluores-
cent probe, ANS, to follow the phase transition of PNIPAM.
Figure 3 shows the fluorescence spectra of ANS (118 uM) in a
PNIPAM-2 aqueous solution (5 x 10~ *g/mL) at three different
temperatures. Note that ANS has been widely used to study both
the folding kinetics and hydrophobic sites of protein chains
because of its characteristic nonfluorescence in water but high
fluorescence in organic solvents or when enwrapped by hydro-
phobic sites of proteins.””*”~*' Figure 3 shows that the fluores-
cence intensity of ANS increases with the solution temperature in
the presence of PNIPAM and A, of the ANS fluorescence
spectra shifted from 517 to 472 nm when the PNIPAM solution
was heated, which is consistent with the results described by
Tirrell and Schild.*' The temperature dependence of the ANS
fluorescence intensity at 472 nm is summarized in the inset of
Figure 3. It shows that when the temperature is lower than the
lower critical solution temperature (LCST) ~ 31.4 °C, the
fluorescence intensity is a constant and sharply increases and
levels off to a maximum only within ~2 °C when the temperature
is higher than the LCST. The change of the ANS fluorescence
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Figure 4. Time dependence of fluorescence intensity changes of ANS
in aqueous solution after an infrared laser heating pulse, respectively,
with and without PNIPAM-1, where the intensity of the infrared pulsed
light was 6.5 m], the concentrations of PNIPAM-1 and ANS were
1.81 mg/mL and 118 uM, respectively, and the initial temperature before
the heating was 30.4 °C.
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Figure 5. Time dependence of fluorescence intensity changes (AF)
from PNIPAM aqueous solution after the laser-induced temperature
jump at different concentrations, where AF is defined as [Ir(t) —

15(0)]/ [Ir(max) — Iz(0)].

intensity is well-correlated to the microenvironmental change
induced by the phase transition of linear PNIPAM chains.

Figure 4 shows the time dependence of fluorescence intensity
changes of ANS in aqueous solution after an infrared laser
heating pulse, with and without PNIPAM-1, respectively. It is
clear that the ANS fluorescence intensity remains a constant
without PNIPAM in the solution after the heating induced the
infrared laser pulse. This is expected because we investigated the
temperature dependence of the ANS fluorescence intensity in
aqueous solution without PNIPAM in a static fashion in the
temperature range of 18—41 °C and found that the ANS fluor-
escence intensity is independent of the solution temperature.
Figure 4 shows that with PNIPAM, the ANS fluorescence intensity
increases rapidly in the first 0.5 ms and levels off after several
milliseconds. It should be noted that the observed signal is much
broader than the pulse width of the infrared laser (~10 ns); thus,
the signal cannot be due to the laser pulse used to irradiate the
sample.

Figure S shows the initial time-dependence of the fluorescence
intensity after the solution was irradiated with the same laser
power (6.5 mJ) that can lead to a temperature jump of ~3 °C.
Note that keeping the power of the infrared heating laser pulse at
6.5 mJ during the whole experiment is important because it is
well-known that the phase transition slows down when quenching
depth is decreased."® We also find the changes of the fluorescence
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Figure 6. The relaxation time distribution for PNIPAM aqueous
solution at different concentrations fit by CONTIN.

intensity became slow at higher concentration. In order to pro-
cess the data, continuous distributions of exponentials (CONTIN
program) provided by Provencher*>** and double or triple expo-
nential functions have been used. CONTIN program is used first to
analyze the data, because it has the ability to resolve multimodal
relaxation distribution under favorable conditions without informa-
tion on the components. CONTIN provides the distribution of relaxa-
tion times 7, f(7), as the inverse Laplace transform of the (1 — AF)
function
(s8]
1—AF::1—AlgL—KQ—::/mf@k%”dr (1)
)—100)

I(max) —

where I(t) and I(0) are the fluorescence intensities at time ¢ = t and
t =0, and I(max) is the maximum fluorescence intensities. Figure 6
shows the relaxation time distribution corresponding to the data in
Figure S analyzed by the CONTIN program. For both PNIPAM-1
and PNIPAM-2 samples, there are two relaxation times when the
concentration of PNIPAM is low, and an extra (third) peak arises
when the concentration is higher, which means that these curves can
be reasonably fit by a double- or a triple-exponential function

1(t) — 1(0)

1-AF =1———2— "7 — g,n ~t/n
I(max) — 1(0) ae + aze
or
I(t) —I(0
1—AF = 1110
I(max) — I(0)
= ale_t/r1 + aze_t/rZ + a3e_t/r3 (2)

where Ty, T,, and 73 are characteristic relaxation times of three
processes, respectively, a4, + a, =1 or a; + a, + a; = 1. From Figure 6,
we know that the characteristic relaxation times of the three
processes are ~25 us, ~200 us, and ~1.5 ms, respectively. In
our previous study, we concluded that in PNIPAM dilute solution
there exist two characteristic transition times less than 1 ms, Tpeqis
(~0.1 ms) and Teoarsening (~0.8 ms).18 The faster characteristic
relaxation time here can be attributed to the deeper quench in our
present experiment (~3 °C) than that in the previous study
(~2 °C). Because of the ill-posed nature of eq 1 in the presence
of noise, we decided to analyze all the data by using a nonlinear least-
squares fitting with double or triple exponential decay functions, as
shows in eq 2. On the basis of the results from CONTIN analyses,
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Figure 7. PNIPAM concentration dependence of characteristic times of
the three relaxation determined by eq 2, where the intensity of the infrared
pulsed light was 6.5 mJ and the concentration of ANS was 118 uM.
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Figure 8. PNIPAM concentration dependence of contributions from
the each component, where the intensity of the infrared pulsed light was
6.5 mJ and the concentration of ANS was 118 M.

first we use nonlinear least-squares fitting with four parameters for
double exponential decay to obtain a;, a, and 7y, 7,. When the fitting
residuals become obviously higher, we use six parameters for triple
exponential decay to obtain ay, a,, a3 and 7y, T, T3. By this method
we can find the value of the three relaxation times at different
concentrations, which are shown in Figure 7.

It is well-known that when the polymer concentration is at the
so-called overlap concentration (C*), polymer chains touch each
other.*" C* can be calculated quantitatively by C*~ 3M/ (47TNAR,’),
where M is the molecular weight of the polymer, N, is Avoga-
dro’s number, and Ry is the radius of gyration of the polymer
chain. From the data determined by laser light scattering in
Table 1, the overlap concentrations of PNIPAM-1 and PNIPAM-
2 are C;* ~ 7.0 mg/mL and C,* ~ 3.4 mg/mL, respectively.
From Figure 7, we know the third process arises when the
concentration of PNIPAM is higher than its overlap concentra-
tion. All of these three characteristic relaxation times are nearly
independent of PNIPAM concentration and are ~25 us, ~200 us,
and ~1.5 ms, respectively, which are consistent with the results
analyzed by CONTIN. For the two faster relaxations, we have
observed the same phenomenon in our previous experiments, that
is, the chain-length-independent first stage may be attributed to
the nucleation and initial growth of some pearls and the second
slower process is related to the merging and coarsening of the
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Figure 9. Schematic diagram of the kinetics of phase transition of
PNIPAM in semidilute solution.

pearls. We set the three characteristic relaxation times as 25 us,
200 us, and 1.5 ms and use a double- or triple-exponential
function to fit the data in order to evaluate the contribution from
each component. PNIPAM concentration dependence on the
contribution of the three processes is shown in Figure 8. From
Figure 8 we know that there is no contribution from the third
process (a3) under certain concentration (Cyr;) and then it
gradually increases with the PNIPAM concentration. At the
same time, the contribution of the second process (a,) decreases
with increasing PNIPAM concentration above Cy;. It is interest-
ing to find that Cy; is very close to C¥, which indicates that
overlapping of polymers influences the kinetics of phase transi-
tion of PNIPAM chains when the PNIPAM concentration
increases. Here we propose an explanation based on blob model:
before the semidilute PNIPAM aqueous solution was heated by
the ultrafast infrared laser pulse, the solution can be treated as in
O solvent, because we set the temperature as ~30.4 °C and at
this time the entire solution is filled with blobs.** The adjacent
blobs around a gven blob could be from the same or different
polymer chains.”™ After the laser pulse heated the solution, the
solvent quality changed from © to poor instantly. Some mono-
mers in the blobs start to form pearls within each blob. Note that
there is only a small chance for monomers of other blobs to sneak
in a blob to form pearls; the formation of pearls takes place inside
individual blobs which is nearly independent of the concentra-
tion of the solution. Thus, the characteristic relaxation time (7;)
and the contribution of this process (a;) changes little with
PNIPAM concentration. Because of the existence of the entan-
glement in semidilute solution, the further process is compli-
cated. A contribution for the third relaxation time can only be
probed at PNIPAM concentrations larger than the overlap
concentration C*. This result suggests that it is due to interac-
tions between different PNIPAM chains in semidilute regime.
Hence, we have proposed a new method to study the interpene-
tration of polymer chains in solution and determine the overlap
concentration of PNIPAM chains. One advantage of this method
is that the amount of PNIPAM sample needed is ~10 mg, which
is smaller compared to other methods, like viscosity measure-
ments and laser light scattering method. Note that in the present
study, this new method is only suitable for thermally sensitive
polymers in aqueous solutions. Figure 9 schematically sum-
marizes the phase transition diagram of the kinetics of phase
transition of homopolymers in semidilute solution after the
heating laser pulse. In semidilute solution, the PNIPAM homo-
polymer chains overlapped with other chains, but for the most
part, the chains are individual, not overlapped. When the solution
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is heated, the polymer undergoes three distinct kinetic stages
with three characteristic transition times: Tpearls (~0.02 ms) for
the formation of the pearls on the chain and Teoarsening (~0.2ms)
for the growth and packing of the pearls. The third process
[Zagisentangling (~~1.5 ms)] can only be found in the semidilute
regime. This is because the “coarsened pearls” formed by the
collapsed polymer chains needed further growth, which disen-
tangled the polymer chains at the overlapped points.

Bl CONCLUSION

Our results have revealed that there exist two characteristic transi-
tion times in dilute regime, namely, Tpeus (~0.02 ms) for the forma-
tion of the pearls on the chain and Tsarsening (~0.2 ms) for the
growth and packing of the pearls. When the concentration is higher
than the overlap concentration, a third process, Taiscntangling (~1.5ms),
arises and the contribution from this process increases with the
PNIPAM concentration. The third process may be due to the
disentanglement of the overlapped points. Here we provide a
new way to detect the inhomogeneity of the chain segments.
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