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The coil-to-globule transition of individual poly(N-isopropylacrylamide) (PNIPAM) linear chains and the volume
phase transition of spherical PNIPAM microgels were studied by a combination of static and dynamic laser light
scattering. The thermodynamically stable collapsed single-chain globule was observed for the first time. The ratio
of Rg/Rh lower than 0.774, predicted for a uniform sphere, indicates that the coil-to-globule transition is not an
‘all-or-nothing’ process, whereRg andRh are the gyration and hydrodynamic radii, respectively. The time scale
less than 100 s observed in the coil-to-globule transition is too short to support a suggested high chain-knotting
density inside the globule. At the collapsing limit, the single-chain globule and microgel particle still contain 80%
and 70% of water respectively in their hydrodynamic volumes. As for the volume phase transition, our results
indicated that the volume change of the microgels is practically continuous, in contrast to the discontinuous
volume phase transition observed in bulk PNIPAM gels. The discrepancy between a microgel and a bulk gel can
be attributed to shear modulus.q 1998 Elsevier Science Ltd. All rights reserved.
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INTRODUCTION

Three decades ago, it was suggested that a flexible polymer
chain can change from an expanded coil to a collapsed
globule1. Since then, this prediction was studied extensively
both theoretically and experimentally2–11. Most past studies
concentrated on polystyrene solutions, satisfying the
requirement of a very high molar mass and narrow molar
mass distribution in the study of coil-to-globule transition.
Useful experimental results were obtained using static and
dynamic laser light scattering (LLS)8–11and interpreted by
the existing theory4–6.

Three years ago, Grosberg and Kuznetsov12 concluded
that the true equilibrium single chain collapse had not yet
been observed experimentally for simple uncharged homo-
polymers without mesogenic groups on the basis of
numerous unsuccessful tries in many laboratories. In their
article, they withdraw from the thermodynamic stable
globular state by asking

(1) Is it possible to reach the globular state of chains in an
nonequilibrium polymer solution before precipitation?

(2) What type of globular state can be realized under none-
quilibrium conditions? Is it the crumpled globule or the
knotted one?

(3) What is the dynamics of a dilute polymer solution
initiated by fast cooling from good-solvent tempera-
ture?

They predicted a two-stage kinetic for the collapse of a
single chain, a fast crumpling of the unknotted chain

followed by a slow knotting of the collapsed polymer chain.
This two-stage kinetic has recently been observed by Chu
et al.13,14 in a kinetic study of the collapse of single
polystyrene chain before precipitation. In their experiment,
dynamic LLS was employed to monitor the change of the
hydrodynamic radius (Rh) of a single polystyrene chain in
cyclohexane after an abrupt temperature change from 358C
(theQ-temperature of polystyrene in cyclohexane) to 298C.
Their measured hydrodynamic radius distribution showed
two quite different species which were attributed to
individual polystyrene chains and the aggregates. From
the time dependence ofRh, two relaxation timestcrumandteq,
respectively for the crumpled globule and compact globule
states, were reported.

The interest in this coil-to-globule transition is not only
due to its importance as a fundamental concept in polymer
physics and solution dynamics, but also due to its relevance
to many biological systems, such as protein folding15 and
DNA packing16–18. Therefore, the investigation of the coil-
to-globule transition of polymers in aqueous solution is
most interesting. In contrast, the study of aqueous polymer
solutions often involves additional interaction, making
theoretical development more difficult. Only a very limited
number of studies have been reported19–21. All of them
involve poly(N-isopropylacrylamide) (PNIPAM) in water.

The main driving forces for collapse of the PNIPAM
chain in water are the hydrophobic and hydrophillic
interactions, which are much stronger than the van de
Waals interactions between the polystyrene chain in an
organic solvent22. Therefore, it should be easier for
individual PNIPAM chains to reach a collapsed state in
water than for polystyrene chains in an organic solvent.
Kubotaet al.20 were the first to attempt to use a narrowly
distributed PNIPAM sample to study the coil-to-globule
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transition in water and confirmed the existence of a lower
critical solution temperature (LCST,,32.008C). Three
PNIPAM samples withM . 4.10 3 106 g mol¹1 andMw/
Mn . 1.3 were used, and a limited chain collapse before the
system reached thermodynamical instability, i.e., phase
separation and aggregation, was observed. Meeweset al.21

went further using a PNIPAM sample (Mw,7 3
106 g mol¹1 and Mw/Mn,1.3) with a surfactant added to
prevent phase separation. However, the addition of
surfactant shifted the LCST to a higher temperature
(,358C) and complicated the coil-to-globule transition.

In order to study true single chain properties, a great
effort was spent in this study to prepare two very narrowly
distributed (Mw/Mn , 1.05) high molar mass (Mw .
107 g mol¹1) PNIPAM samples. It is well known that for a
polydisperse sample, polymer chains with a higher molar
mass will undergo the phase transition first, which leads to
the solution into a thermodynamically unstable region. As
expected, with our narrowly distributed high molar mass,
water-soluble PNIPAM in extremely dilute solutions, we
were able to see the coil-to-globule transition in a relatively
wide temperature range, especially very near the phase
transition temperature, but still in the one-phase region
(thermodynamically stable). This is exactly why we were
able to observe a thermodynamically stable PNIPAM
globule for the first time and study the kinetics of the coil-
to-globule transition in the thermodynamically stable
region.

However, since Dusek and Patterson predicted the
possibility of a discontinuous volume change of a polymer
gel in analogy to the coil-to-globule transition23, the volume
phase transition of polymer gels has attracted much
attention24–53. Remarkable progress has been made in the
understanding of the phase transitions and critical phenom-
ena in polymer gels. It was reported that some polymer gels
can swell or shrink discontinuously and reversibly in
response to many different stimuli, such as temperature28,
pH29, electric fields30 or light31, depending on the chemical
composition of a given gel/solvent system. The volume
change can be as large as a thousand fold32. It was proposed
to utilize the large volume change of polymer gels in
response to an infinitesimal alternation in environment in
controlled release of biological molecules at specific body
conditions, selective absorbents, chemical memories,
sensors and artificial muscles.

Several models were proposed to explain the volume
phase transition. The earliest prediction of the collapse of
the PNIPAM gel was made by Hirotsuet al.35 and recently,
they consider the concentration-dependence of the Flory
interaction parameter (which can make the phase transition
possible within the Flory–Huggins incompressible lattice
model36. However, this model cannot explain the experi-
mental data in the collapsed regime since it neglects the
volume changes of mixing and the topological constraints of
the gel network. Marchettiet al.38 introduced the lattice
vacancy and finite chain extensibility to allow for a nonzero
volume change of mixing, so that the data from larger
deformation of the gels can be reasonably fitted. Consider-
ing the gel collapse as the coil-to-globule transition of
subchains, Grosberget al.39 discussed the contribution of
topological constraints to this process. Their theory can
satisfactorily describe part of the results in the phase
transition range. The diversity of theories shows that a better
understanding of the volume phase transition of the
PNIPAM gels is required.

So far, most experimental studies dealt with the swelling

and shrinking of bulk PNIPAM gels by using various
methods, such as microscopy40, dilatometry41, differential
scanning calorimetry42, friction measurement43, small angle
neutron scattering44 and NMR45. Only very few studies of
the PNIPAM microgels were reported46–49. Tanakaet al.42

showed that for a spherical gel, the time required for
swelling or shrinking is proportional to the square of its
radius. Microgel particles with a small radius will have a
much fast response to a change of its environment. The
phase transition of gels is a macroscopic manifestation of
the coil-to-globule transition of individual linear chains.
Therefore, a comparison between the PNIPAM gel net-
works and individual PNIPAM linear chains in water will
improve our understanding of swelling and shrinking at the
molecular level.

In this study, nearly monodisperse spherical PNIPAM
microgel particles (Rh,180 nm) were prepared by emulsion
polymerization. The volume phase transition was studied by
both static and dynamic laser light scattering. A comparison
of the properties of the microgel particles with those of
individual PNIPAM chains in water is presented.

THEORETICAL BACKGROUND

Collapse of a single chain
For a given polymer solution, the solvent can change

from a good to aQ-solvent and finally to a poor solvent, or
vice versa, with temperature change. When the solvent
quality is poor, a flexible polymer chain contracts. By using
the modified Flory theory, the chain collapse was for-
mulated in terms of an expansion factora ¼ R(T)/R(Q)]
by54,55
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o. r is the number of residues, which may be one monomer
unit or a number of repeat units grouped together, andR(T)
and R(Q) are the radius of gyration and hydrodynamic
radius at temperatureT and the Flory Q-temperature,
respectively. In equation (1),f has to be less than one,
i.e., a . fo

1/3. The maximum observed value off in this
study was,0.5. If r → `, f → (19/27)1/2r ¹1/2. In a good
solvent,a . 1 andf p 1. Expanding ln(1¹ f), we can
rewrite equation (1) in a more familiar form as56

a6(1¹ a2) þ 0:102þ
…

¼ 0:180a3t(Mw=Mo)1=2 (2)

where t[ ¼ (T ¹ Q)/Q] is the reduced temperature,
[ðT ¹ QÞ/T] is approximated byt since T is nearQ, and
we have replacedr by (Mw/Mo), with Mw and Mo being
the molar masses of the polymer and that of the ‘residues’,
respectively. equation (2) shows that asa decreasesa3Mw

1/2t
approaches a plateau since the higher order terms can be
dropped at smalla andMo is independent of temperature.
Moreover, equation (2) shows thata3M1=2

w t is a function of
Mw

1/2t.

Kinetics of the coil-to-globule transition
In comparison with the theoretical development of

equilibrium single chain globule, few theoretical predictions
have been published on the kinetics of the coil-to-globule
transition. The proposed theories are either qualitative
descriptions12 or computer simulations with a limited
chain length57. One decade ago, de Gennes58 stated that if
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a polymer chain is quenched in a poor solvent the polymer
chain will adopt a ‘sausage’-like conformation wherein each
block of ‘sausage’ will gradually shorten and thicken in a
self-similar manner during the chain collapse. Using the
solvent viscosity, the estimate of the characteristic relaxa-
tion time is in the order of,10¹3 s, much shorter than the
experimental value (,102 s)14. This discrepancy may be
attributed to a higher local viscosity when the polymer chain
is collapsed and/or to possible topological constraints, such
as self-entanglements in the globule, which will certainly
slow down the kinetics.

On the basis of the above concepts, Grosberget al.59

qualitatively predicted that the collapse could be a two-stage
process, i.e., a fast process similar to that described by de
Gennes and a slow process assumed to be similar to self-
repetition. The fast collapse could be visualized as
crumpling, followed by a slow knotting process. In the
first process, the chain density in its occupied volume
increases fast as the chain collapses, while in the second
process the increase of the chain density is much slowly due
to the rearrangement of the collapsed chain in the globule.
The relaxation times, i.e.,tcrum and teq, associated with
these processes can be written as12,14

tcrum ~ Mw
2h

Q

� �
acrum

aeq

� �3

(3)
and

teq ~ Mw
3h

Q

� �
q tcrum (4)

whereh is the solvent viscosity and the ratio of the expan-
sion factors (acrum/aeq) is related to the size ratio,

acrum=aeq ~ g¼ Rcrum=Req¼ (1þ z) (5)

where z is a constant. Practically, it is rather difficult to
verify this two-stage collapse because the time for the poly-
mer solution to reach a temperature equilibrium after a tem-
perature jump is longer than the relaxation times. This is
why only one experimental result has been reported so far14.

Volume phase transition of polymer gels
The swelling (or shrinking) of polymer gels is a

fundamental and classic problem in polymer physics. A
three-dimensional crosslinked polymer network filled with
small solvent molecules in its interstitial space provides a
model system for the study of an viscoelastic body.
Flory60,61, Hermans62 and James–Guth63 have presented
several models to calculate the free energy change related to
the swelling or shrinking of a polymer gel. On the basis of
these models, Duseket al.23,64 have shown that certain
polymer gels can undergo a discontinuous volume change
(a volume phase transition) as temperature changes after
considering the chemical potential of the solvent in
equilibrium with the swollen gel, namely

Dm1=RT¼ ln a1 ¼ ln(1¹J2) þ J2 þ xTJ2
2

þ z(J1=3
2 a2
 �

o ¹ kJ2) ð6Þ

and the chemical potential per equivalent segment of the
network polymer,

Dm2=nRT¼ ¹ J1 þ xTJ2
1

þ z[ a2
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where the subscripts 1 and 2 denote the solvent and the
polymer, respectively,n ¼ V2/V1 with V being the partial
molar volume,J is the volume fraction,xT is the Flory–
Huggins polymer–solvent interaction parameter depending
on the temperatureT; z ¼ rV1/Mc, wherer and Mc are
respectively the density of the dry gel and the average
molar mass of the subchain between two neighbour cross-
linking points. 〈a2〉o is the isotropic deformation factor of
the gel network and is defined as the ratio of the mean-
square end-to-end distance of the chains in a dry network
to the value of unperturbed free chains; and 0, k , 1
depending on the models61–63.

When two phases of the different concentrations coexist,
the two equationsm1 ¼ m19 andm2 ¼ m29 have a solution
outside the unstable region wherein]Dm2=]J2 . ]Dm1/]J2.
Inserting equations (1) and (2) intom1 ¼ m19 andm2 ¼ m29,
one can calculate the curves describing the composition of
the gel, namelyxT versusJ2. The coexistence of the swollen
and the collapsed phases requires thatxT is sufficiently high,
and at the same time〈a2〉o and Mc are sufficiently low.
However, a lowMc means a high-crosslinking density or a
high 〈a2〉o. Therefore, it is more practical to choose a gel
system with a strong interaction between the polymer
network and solvent, i.e., a higherxT, to study the volume
phase transition.

This rational prediction has stimulated considerable
efforts to study the volume phase transition of a pure
binary polymer/solvent gel system where hydrogels were
normally chosen because of their higherxT values. A
number of studies on certain lightly crosslinked poly(N-
isopropylacrylamide) (PNIPAM) gels have shown a very
sharp volume change at,338C which was considered as the
discontinuous volume phase transition46,65–69. However, a
continuous volume change was also observed for the
PNIPAM and other hydrogels42,70–72. It is worth noting
that Li and Tanaka42 have shown that by the decrease of the
crosslinking density of a bulk PNIPAM gel can lead a
continuous volume change to a discontinuous one. On the
basis of equations (6) and (7), a discontinuous volume phase
transition should exist as long as the two equationsm1 ¼ m19
andm2 ¼ m29 have a solution outside the unstable region.

Microscopically, there is an analogous between the ‘coil-
to-globule’ transition of a single linear polymer chain and
the volume phase transition of a swollen polymer gel. The
swelling or shrinking of a polymer gel is caused by the
expansion or contraction of the subchains between two
neighbouring crosslinking points inside the gel network.
Therefore, a comparison study of the ‘coil-to-globule’
transition of a single linear polymer chain and a crosslinked
polymer gel can lead to a better understanding of the
swelling/shrinking of polymer gels.

Laser light scattering (LLS)
In static LLS, for a dilute solution or colloidal dispersion

at a small scattering angle the weight-average molar mass
Mw, the average radius of gyration〈Rg

2〉1/2 (written as〈Rg〉),
and the second virial coefficientA2 can be related to the
excess absolute time-averaged scattered light intensity
(the Rayleigh ratio [Rvv(q)])73,74. In dynamic LLS, a precise
intensity–intensity time correlation functionG(2)(t,q) in the
self-beating mode can be measured75,76, which can lead to
the line-width distributionG(G), where the line-widthG is
usually a function of bothC andv77. G(G) can be obtained
from the Laplace inversion ofG(2)(t,q). If the relaxation is
diffusive, G/q2 equals the translational diffusion coefficient
D atc → 0 andq → 0. In this case,G(G) can be converted to
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the translational diffusion coefficient distributionG(D) or to
the hydrodynamic radius distributionf(Rh) by Rh ¼ kBT/
(6phD), wherekB and h are the Boltzmann constant and
solvent viscosity, respectively.

EXPERIMENTAL

Sample preparation
N-isopropylacrylamide (courtesy of Kohjin, Ltd, Japan)

was recrystallized three times in a benzene/n-hexane
mixture, N,N’-methylenebis(acrylamide) (BIS) as a cross-
linker was recrystallized from methanol. Potassium persul-
fate (KPS) (from Aldrich, analytical grade) as an initiator
and sodium dodecyl sulfate (SDS) (from BDH, 99%) as a
dispersant were used without further purification. The
details of the PNIPAM preparation were as described
earlier78,79. A careful combination of both the fractionation
and filtration enabled us to prepare two very narrowly
distributed (Mw/Mn , 1.05) high molar mass PNIPAM
samples. Hereafter, they are denoted as PNIPAM-1 (Mw ¼
1.08 3 107 g mol¹1) and PNIPAM-2 (Mw ¼ 1.21 3
107 g mol¹1). With these PNIPAM samples, we prepared
and clarified the extremely dilute PNIPAM aqueous
solutions (C,5 3 10¹6 g mL¹1) with a 0.5 mm filter. The
resistivity of the distilled deionized water used as solvent in
this study was 18.3 MQ cm. The PNIPAM microgels were
made by emulsion polymerization80. The microgel particles
were purified and diluted to,10¹5–10¹6 g mL¹1 for further
LLS measurements.

LLS instrumentation
A commercial LLS spectrometer (ALV/SP-150) equipped

with an ALV-5000 digital time correlator was used with a
solid-state laser (ADLAS DPY425II, output power
<400 mW atl ¼ 532 nm) as the light source. The incident
light was vertically polarized with respect to the scattering
plane and the light intensity was regulated with a beam
attenuator (Newport M-925B) to avoid a possible localized
heating in the light-scattering cuvette. In our set-up, the
coherent factorb in dynamic LLS is,0.87. With some
proper modifications81, our LLS spectrometer is capable of
recording both static and dynamic LLS continuously in the
range 6–1548. The accessible small angle range is
particularly useful in the measurement of large microgel
particles because the condition ofqRg , 1 is required to
determineMw, Rg andD.

RESULTS AND DISCUSSION

The ‘coil-to-globule’ transition of individual PNIPAM
chains

Figure 1 shows the PNIPAM chain dimensionR as a
function of the solution temperature, where ‘W’ represents
both the radius of gyrationRg and the hydrodynamic radius
Rh for PNIPAM-1, and ‘A’ for PNIPAM-2. The regions I
and II refer to the thermodynamically stable one-phase
region and kinetically stable two phase region, respectively,
i.e., in region II individual PNIPAM chains first collapsed to
densely packed single-chain globules which were only
stable for a limited time period (,102 min) and then the
globules were thermodynamically driven towards aggrega-
tion so that the system entered a two-phase region.Figure 1
shows that in the region ofT , Q the chain slightly shrinks
as temperature increases and bothRg and Rh are linear
functions of temperature. WhenT . Q, the PNIPAM chain
starts to collapse and bothRg andRh decrease dramatically
asT is distant fromQ. Figure 1 also shows that when the
temperature increases from 208C to 338C the PNIPAM
chain dimension in terms ofRg decreases,8 times, whereas
the decrease ofRh is only ,3.5 times in the same
temperature range. This difference between the changes of
Rg and Rh is understandable because they are defined in
quite different ways.Rg is related to the actual space reached
by the polymer chain, whileRh is only the radius of an
equivalent hard sphere which has an identical diffusion
coefficientD as the polymer chain in the solution. When the
polymer chain is an extended coil, the water molecules in its
occupied space are draining when the polymer chain
diffuses, so thatRh is much smaller thanRg, while in the
collapsed state, the water molecules inside the globule are
less draining so thatRg decreases fast.

Figure 2 showsRg/Rh as a function of the temperature,
where all symbols and labels have the same meanings as in
Figure 1. Figure 2shows that the plots ofRg/Rh versus Tfor
two different molar masses have collapsed into a single line,
which is expected becauseRg/Rh depends only on the chain
conformation, not on the molar mass, as predicted
and experimentally verified76,77. Figure 2 shows that
when T , Q, Rg/Rh is a constant (,1.52), even though
both Rg and Rh decrease with increasingT as shown in
Figure 1. The value of,1.52 is close to the predicted value
for a flexible coil in a good solvent, which means that when
T , Q the PNIPAM chain in water behaves like a random
coil and the conformation is independent of temperature.
Figure 2shows also that whenT . Q, Rg/Rh first decreases
linearly with temperature increases and then drops just
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Figure 1 Temperature dependence of the PNIPAM chain dimension,
where ‘W’ represents both the radius of gyrationRg and the hydrodynamic
radius Rh for PNIPAM-1, and ‘A’, for PNIPAM-2. The dashed line
indicates the FloryQ-temperature. The thermodynamically stable one-
phase and kinetically stable two-phase region are respectively denoted as I
and II85

Figure 2 Temperature dependence ofRg/Rh, where all symbols have the
same meanings as inFigure 185



before entering the two-phase region II. A combination of
Figures 1 and 2shows that the linear decrease ofRg/Rh in
this region is mainly due to the fast decrease ofRg. We
attribute this linear decrease ofRg/Rh to the chain crumpling
process, whereby a polymer chain contracts towards its
centre and the chain segments at the centre and near the
surface of the globule should contract simultaneously,
leading to the decrease ofRg, while Rh is mainly affected by
the contraction near the surface. As the chain contracts, the
chain density increases and most of the water molecules
inside the collapsed chain will be nondraining. Therefore,
the collapsed chain with the water molecules caged inside
will become more and more like a hard sphere.Rh should
gradually approach to the dimension of the collapsed chain
and the decrease ofRh will slow down. At present, it is not
clear whyRg/Rh decreases linearly with temperature in that
region. AtT < 328C whereRg < Rh, the PNIPAM solution
entered the two-phase region II. In this region,Rg and Rh

were measured in the kinetically stable state, namely before
the aggregation of the collapsed globules. In the kinetically
stable region II,Rg/Rh dropped from,1 to a plateau value
of ,0.63. It is worth noting thatRg/Rh has dropped below
0.774, predicted for a uniform sphere. In the past, this value
was repeatedly taken as a criterion to check whether a given
polymer chain has reached a globule state with a uniform
density9,20,21. The plateau value (,0.62) indicates that the
density of the globule is not uniform, namely the centre of
the chain contracts faster than those near the surface,
resulting a higher density in the centre of the globule. This
observation indicates that the coil-to-globule transition is

not an all-or-nothing process82. It should be noted that
this lower plateau value can also be seen inFigure 4 of
Kubotaet al.20, where it was overlooked.

Figure 3shows the scattered light intensityI(Q ¼ 158) as
a function of temperature, where all symbols and labels have
the same meanings as inFigure 1. According to equation
(6), I(q) at a fixed scattering angle should be nearly
independent of temperature as long as there is no change in
Mw andC, where we have assumed thatn and dn/dC do not
change too much in the small temperature range. This
independent ofI(q) on temperature is shown inFigure 3.
However, whenT . Q, in Region I,I(q) starts to decrease.
First, we were astonished by this unexpected and strange
intensity decrease since if there is aggregationI(q) should
increase. This cannot be explained by the possible change of
dn/dC, Rg or A2 according to equation (1), because in the
PNIPAM chain collapse,Rg decreases,A2 becomes more
negative, and dn/dC (if there are any changes) might
increase slightly. Eventually, we speculated that the
decrease ofI(q) may be attributed to the multiple scattering
inside the collapsed PNIPAM globule in which the
microscopic concentration is higher even though the
macroscopic concentration is very low. The light scattered
from the segments located at the centre of the chain might
be blocked by the segments near the surface when the
scattered light travels from the chain centre to the surface.
Nevertheless,Figure 3shows that in the region I PNIPAM
is thermodynamically stable in water and there is no
aggregation between the PNIPAM molecules. On the other
hand, in Region II, I(q) increases with temperature,
indicating aggregation of the collapsed single-chain glo-
bules. LLS is an extremely sensitive method to detect
aggregates in a given polymer solution becauseI(q) is
directly proportional to the square of the massM of the
scatterer. Thus,Figure 3 supports our previous claim that
the PNIPAM solution is thermodynamically stable in
Region I, while the solution is only kinetically stable in
Region II. This can be further demonstrated by our dynamic
LLS results.

Figure 4 shows the hydrodynamic radius distribution
f(Rh) of PNIPAM-1 at different times (t) after the solution
was brought from 30.598C (theQ-temperature) to 31.828C
(still in the thermodynamically stable region). In terms of
the distribution width and peak position, the independence
of f(Rh) on time indicates that the PNIPAM in water at
T ¼ 31:828C is thermodynamically stable. Moreover,f(Rh)
shows that the PNIPAM used in this study is narrowly
distributed. In contrast, whenT . 32.018C, we saw a very
slow aggregation process.

Figure 5 shows a typical slow aggregation process
(in terms off(Rh)) after the same solution used inFigure 4
was brought from 30.598C to 33.028C. No aggregation can
be detected up tot ¼ 1850 s. Only after standing at 33.028C
for ,1 h, f(Rh) was gradually broadened. Whent,3.44 h, a
very small second peak appeared inf(Rh) represented a very
small amount of the larger aggregates presumably made of
individual collapsed single-chain globules. We found that
the aggregation rate slows down as temperature approaches
to ,328C. After a set of careful experiments, we concluded
that the phase transition temperature for the PNIPAM
solution was,(32.00þ 0.05)8C. Next, we will present the
kinetic studies of the coil-to-globule transition of individual
PNIPAM chains in water.

Figure 6shows the dissolving kinetics (in terms ofRh) of
the highly collapsed single-chain globule, wheret is the
standing time after the solution temperature was quenched
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Figure 3 Temperature dependence of the scattered light intensity
I ðv ¼ 158Þ, where all symbols and labels have the same meanings as in
Figure 185

Figure 4 Hydrodynamic radius distributionf(Rh) of PNIPAM-1
at different standing times after the solution was brought from 30.598C
(theQ-temperature) to 31.828C (in Region I), where ‘W’, t ¼ 5 h, ‘K’, 33 h,
and ‘A’, 44 h85



from 33.028C to 30.028C. The experimental procedure was
as follows. First, the value ofRh at 30.028C was determined
(the dashed line inFigure 6). Then, the solution temperature
was increased to 33.028C and stayed at 33.028C for ,10 s
before the temperature quenching. In this way, individual
PNIPAM chains only had enough time to collapse, but no
time to aggregate with each other (as shown inFigure 5).
Both Rg and t were immediately recorded after the
temperature quenching. The insert inFigure 6 shows how
fast the solution temperature was able to reach the
equilibrium value, wherein a very special LLS cuvette
made of a thin wall (,0.4 mm) glass tube was used for all
kinetic studies.Figure 6 shows that the melting process
(the globule-to-coil process) is too fast to be followed in our
present LLS set-up, i.e., before the solution reached its
temperature equilibrium at 30.028C the collapsed PNIPAM
globule already ‘melted’ into a polymer coil. This fast
melting time (,,100 s) implies no extensive chain
knotting inside the globule.

Figure 7 shows the kinetics of the coil-to-globule
transition, where the temperature of the PNIPAM-1 solution
was jumped from 30.598C respectively to 31.828C and
33.028C and it took ,300 s to reach the temperature
equilibrium. In the case of jumping from 30.598C to 33.028C
(already inside Region II), the collapse was too fast to be
followed. This fast collapsing process further indicates that
no extensive knotting exists in the collapsed globule
because the knotting cannot be so fast inside the collapsed

globule. When the temperature jumped to 31.828C (still in
Region I), the chain collapse (the decrease ofRh) followed a
very interesting two-stage process. The first stage is too fast
to be accurately recorded, so that it would be difficult for us
to quantitatively analyze the data inFigure 7. The estimated
time scales for these two stages are,50 and ,300 s,
respectively. To our knowledge, this is the first time that
two-stage collapsing kinetics was ever observed in the
thermodynamically stable region. We might attribute the
first stage as a simple contraction of the PNIPAM chain,
which can be considered as a simple shrinking of the
extended coil so that most of the existing topological
constraints at 30.598C were ‘frozen’ inside the contracted
coil whose conformation might not be thermodynamically
stable at 31.828C, so that the PNIPAM chain has to relax
into a thermodynamically stable conformation at 31.828C by
a possible crumpling predicted by Grosberget al.12. In
comparison with the collapsed globule at 33.028C, the
thermodynamically stable globule at 31.828C is twice-time
large. If taking the value ofRh at 31.828C and 33.028C
respectively asRcrum andReq in equation (5), we are able to
obtain thatz,4.6 which is smaller than the reported data
(7–11) for polystyrene in cyclohexane9,12,14.

Figure 8shows a plot of the static expansion factoras as a
function of the relative temperatureQ/T, whereas is defined
asRg(T)/Rg(Q). WhenT , Q the experimental results are
reasonably represented by the line withr ¼ 105. A similar
result was observed for polystyrene in cyclohexane19,81. The
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Figure 5 Typical slow aggregation process (in terms off(Rh)) after the
same PNIPAM solution used inFigure 4 was brought from 30.598C to
33.028C, where ‘W’, t ¼ 280 s, ‘K’, 1850 s, ‘A’, 3690 s, and ‘S’, 3.44 h85

Figure 6 Kinetics of the globule-to-coil transition of single-chain
(PNIPAM-1) globules, wheret is the standing time after the solution
temperature was quenched from 33.028C to 30.028C and the dashed line
represents the thermodynamically stable size of the PNIPAM-1 coil at
30.028C85

Figure 7 Kinetics of the coil-to-globule transition of the PNIPAM-1
chains after the temperature was jumped from 30.598C respectively to
31.828C (‘W’) and 33.028C (‘A’), where the lines were drawn simply for
eye-guiding85

Figure 8 Plot of the static expansion factoras as a function of the relative
temperatureQ/T, whereas is defined asRg(T)/Rg(Q), ‘W’ (PNIPAM-1) and
‘A’ (PNIPAM-2) are the measured results, and the lines, the calculated data
from equation (1) with three differentr values. If choosingMo ¼ 113 (the
mass of the repeat unit), we haver,105 for PNIPAM-1 and PNIPAM-285



theory works well when the solvent is good whereinfo is
expected to be a weak function ofT. However, whenT . Q,
the measuredas drops much faster than the line with
r ¼ 105. We do not understand this discrepancy. Apparently,
the results can be partially fitted by the line withr ¼ 106.
Another point is thatas decreases to a much lower plateau
than predicted in equation (1), which might be because the
hydrophobic and hydrophillic interactions in water are
much stronger than those predicted by theory.

Figures 9 and 10respectively show the plots of the scaled
expansion factoras

3tMw
1/2 andah

3tMw
1/2 as a function of

tMw
1/2. Such plots were reported before for polystyrene in

organic solvents and also for PNIPAM in water7,15. Several
points inFigures 9 and 10should be noted. We observed a
well-established plateau for each of the PNIPAM samples.
The plateau values inFigure 10 are very close to,0.6
estimated from equation (2), but the plateau values in
Figure 9 are,50% lower. The ratio of the plateau values
in Figures 10, and 9is ,1.45, much lower than (1.481/
1.161)3,2 predicted before20, but close to the experimental
values (,1.44) for polystyrene in various of organic
solvents7. Also, a3tMw

1/2 drops at highertMw
1/2 (still in

Region I), contradicting the prediction of equation (2). This
paradox leads us to reexamine the conditions on which
equations (1) and (2) were derived. In equations (1) and (2),
the change of the attractive interactions is not included. The
attractive interaction between different segments in a highly
collapsed globule should be much stronger than that in the
extended coil conformation. This might explain why there is
a drop followed by a plateau and might also be the reason

for the fast decay inFigure 8 after T . Q. According to
equation (2), when d(a3tM1=2

w )/da,6a5 ¹ 8a7 ¼ 0,
i.e., a ¼ 0:87, the scaled expansion factora3tMw

1/2 should
reach a maximum, as shown inFigures 9 and 10, indicating
that equation (2) works quite well until the plateau is
reached.

Next, a combination of static and dynamic LLS results
can lead to the chain density (r) of the globule. Using a
simple approximation ofr,Mw/[NA(4/3)pRh

3], we found
that even in the mostly collapsed globule whereRg/Rh,0.62
the estimate of the chain densityr is only ,0.2 g cm¹3,
implying that the PNIPAM globule still contains,80% of
water.

The volume phase transition of spherical PNIPAM
microgels

Figure 11 shows the angular dependence of the
characteristic line-width distributionsG(G/q2) of the
PNIPAM microgels, whereC ¼ 1.18 3 10¹5 g mL¹1 and
T¼ 158C. Whenv # 208, only one peak with〈G〉/q2,9.953
10¹9 cm2 s¹1 was observed. This peak is related to the
translational diffusion of the microgel particles in water,
from which we can calculate the hydrodynamic radius
distributionf(Rh). Whenv $ 908, a very small second peak
(barely seen inFigure 1) appears at〈G〉/q2,1.45 3
10¹7 cm2 s¹1. This small second peak reflects the internal
motion of the PNIPAM subchains between two neighbour
crosslinking points. The first peak is very narrow and nearly
independent ofv in the range of 88 , v , 1108. This angular
independence indicates a spherical symmetry of the
microgel particles. The average hydrodynamic radius〈Rh〉
of the PNIPAM microgels is 1906 5 nm atT ¼ 158C.
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Figure 9 Plots of the scaled static expansion factora s
3tMw

1/2 as a function
of the reduced temperaturetMw

1/2 at T . Q for PNIPAM-1 (‘W’) and
PNIPAM-2 (‘A’) in water85

Figure 10 Plots of the scaled hydrodynamic expansion factorah
3tMw

1/2 as
a function of the reduced temperaturetMw

1/2 at T . Q for PNIPAM-1
(‘W’) and PNIPAM-2 (‘A’) in water, whereah Rh(T)/Rh(Q)85

Figure 11 Line-width distributionsG(G/q2) of the PNIPAM microgel
particles in water at different scattering angles, whereT ¼ 158C and
C¼ 1:1823 10¹5 g mL¹180

Figure 12 Average hydrodynamic radius〈Rh〉 of the PNIPAM microgel
particles as a function of the solution temperature80



Figure 12shows typical temperature dependence of the
average hydrodynamic radius〈Rh〉. When T , 318C, the
microgels shrink slightly asT increases. However, whenT
increases from 318C to 358C, the microgel particles undergo
a dramatic, but continuous, volume change. The phase
transition temperature of the microgels is,33.08C similar
to that of individual PNIPAM linear chains in water. Further
increase of temperature has little effect on〈Rh〉. On the basis
of the temperature dependence of〈Rh〉, we used static LLS to
characterize the PNIPAM microgels at three different
temperatures, corresponding to three different stages of
the swelling and collapse of the microgels.

Table 1summarizes the results of static LLS measure-
ments at two different temperatures. The large dn/dC
increase from 0.181 mL g¹1 atT ¼ 308C to 0.201 mL g¹1 at
T ¼ 358C is attributed to the increase in the PNIPAM chain
segment densityr from 0.021 g cm¹3 to 0.30 g cm¹3. The
decrease of〈Rg〉 reflects the collapse of the microgels. The
change ofA2 from positive to negative indicates that water
becomes a poor solvent at 358C, just as for individual
PNIPAM chains in water. TheQ-temperature (,318C) of
the PNIPAM microgel in water, as estimated from the
temperature dependence ofA2, was similar to that of
individual chains. On the basis of the values ofr and Rh

listed in Table 1, we know that,94% of water inside the
swollen microgel network is driven out during the
transition. The independence ofMw on temperature
indicates that there is no aggregation.

In Table 1, the properties of the microgels are compared
with those of linear PNIPAM chains whoseMw andMw/Mn

are 1.083 107 g mol¹1 and 1.05, respectively. For the
PNIPAM microgels in water,〈Rg〉/〈Rh〉 (,0.78 6 0.03) is
very close to 0.774 predicted for a uniform hard sphere80.
The temperature independence of〈Rg〉/〈Rh〉 shows that even
in the swollen state the microgels are spheres with a uniform
density. The value of〈Rg〉/〈Rh〉,0.78 also shows that the
microgels are non-draining, i.e., all water molecules in
the interior move together with the microgel network. The

constant value of〈Rg〉/〈Rh〉 suggests that the collapse of the
microgels is uniform, which contracts with the behaviour of
individual PNIPAM linear chains in water, where〈Rg〉/〈Rh〉
decreases dramatically from,1.52 to ,0.65 in the same
temperature range and the chain conformation changes from
an extended coil to a collapsed globule.

Table 1shows that the chain densityr of the PNIPAM
microgel network is only ,0.30 g cm¹3 even in the
collapsing limit, which is in agreement with that of bulk
gels studied by small angle neutron scattering43. This
low chain density was explained by Grosberget al.39 in
terms of the concept of the crumpled globule state. In
comparison with the chain density (r,0.20 g cm¹3) of the
PNIPAM linear chain in the globule state, the chain density
of the microgel at its collapsing limit is slightly higher, but
still much lower than the density (,1 g cm¹3) of bulk
PNIPAM. In contrast, the chain density of the swollen
microgel particles in the swollen state is,4 times higher
than that of the PNIPAM linear chains under the same
conditions. This difference in the swelling capability can be
better demonstrated by the expansion factora.

Figure 13shows temperature dependence of the expan-
sion factorah[ ; 〈Rh〉/〈Rh〉Q] as a function of temperature,
where 〈Rh〉Q is the hydrodynamic radius atT ¼ Q;
‘W’ represents for the PNIPAM linear chains (Mw ¼
1:083 107 g mol¹1 and Mz/Mw , 1.05) in water atC ¼
4.603 10¹6 g mL¹1, and ‘A’, for the microgels in water at
C ¼ 1.183 10¹5 g mL¹1. Both of the volume changes are
continuous. Several features inFigure 13should be noted.
First, as expected, the linear chains swell much more than
the microgel particles in the good solvent region. Second,
the phase transition of the microgel particles is less sharp. In
the past, this less sharp phase transition was attributed to the
irregularity of particle surface and the inhomogeneous
particle size. This would make the phase transition of
individual PNIPAM linear chains even less sharp because a
linear chain has a wide distribution of chain conformations.
We will come back to this point later. Third, the phase
transition temperature of the microgel particles is,1.58C
higher than that of the PNIPAM linear chains. Qualitatively,
the higher phase transition temperature can also be
explained on the basis of equations (1), (2) and (3). For
the linear chains,DF ¼ DFm, while for the microgel
particles,DF ¼ DFm þ DFel. In a good solvent,DF , 0 and
both of the linear chains and the microgel particles are
swollen. WhenDF . 0, the segment–segment interaction is
stronger than the solvent–segment interaction so that the
linear chains and the microgels start to collapse. When a gel
is swollen,a . 1 andDFel . 0. The elasticity will retard the
chain expansion in a good solvent. when a gel is collapsed,
a , 1 andDFel , 0. DFel contributes negatively toDF and
the elasticity prevents the gel collapse in a poor solvent.
Therefore, the collapse of a linear chain is easier than
that of a gel. It is known thatDFel is inversely
proportional to the number of monomer units between
two crosslinking points. This implies that in a poor
solvent, the higher the crosslinking density (the smaller
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Figure 13 Expansion factorah[ ; 〈Rh〉/〈Rh〉Q] as a function of
temperature for the PNIPAM microgel particles and individual chains
(Mw ¼ 1.083 107 g mol¹1 andMz/Mw,1.05), where〈Rh〉Q is the average
hydrodynamic radius atT ¼ Q

Table 1 The laser light scattering results for the PNIPAM microgel particles in water at two different temperatures

Microgel particles Linear chain

T dn/dC Mw A2 Rg Rh Rg/Rh r Rg/Rh r dn/dC
(8C) (mL·g¹1) (g/mol) (mol·ml/g2) (nm) (nm) (g·mL¹1) (g·mL¹1) (mL·g¹1)

30.01 0.181 2.193 108 3.023 10¹6 124 160 0.78 0.021 1.52 0.0063 0.167

35.01 0.201 2.253 108 ¹2.253 10¹5 57 70 0.81 0.30* 0.65* 0.20* 0.171*

*Represents the values at the collapsing limit.



number), the higher the transition temperature, as experi-
mentally confirmed72.

Figure 14shows the collapsing and swelling kinetics (in
terms of 〈Rh〉) of the microgels particles, where t is the
standing time after the solution was quenched from 35.08C
to 30.08C, or vice versa, from 308C to 358C. Both the
swelling and collapse are too fast to be followed by our
present LLS set-up. As stated before, for a spherical gel,t ¼
R2/p2D. Here, the hydrodynamic radius of the microgels at
T ¼ Q is ,150 nm and the collective diffusion coefficient
Dc is ,10¹7 cm2 s¹1, so thatt,10¹4 s. In comparison, the
coil-to-globule transition of a high molar mass linear
PNIPAM chain is much slower. This difference in the
transition speed might also be due to the fact that the
subchain between two crosslinking points in the microgel
particles is,102 times shorter than the length of the high
molar mass linear PNIPAM chains. Moreover, the swelling
or shrinking speed of a gel in response to an excess osmotic
pressure is controlled by the collective diffusion of solvent
into the gel. A very large surface-to-volume ratio of the
microgels leads to a very fast swelling or shrinking in
comparison with bulk gels.

The next question is whether the volume phase transition
is discontinuous or continuous. The shrinking of the linear
chains and spherical microgels can be better viewed in terms
of ah, as shown inFigure 13. At 208C, the swelling of the
microgels is much less than the linear chains. As stated
before, for both of these cases, the volume changes are
continuous. It is well known that for a linear polymer chain
in solution its phase transition temperature varies with its

molar mass60. For a given polymer solution with an LCST,
the higher the molar mass the lower the phase transition
temperature. Therefore, for a polydisperse sample the
polymer chains with different lengths undergo the phase
transition at different temperatures, which smears the
volume phase transition, so that the phase transition of
individual linear PNIPAM chains becomes continuous
(Figure 13) even though the volume phase transition
observed in this study is already much sharper than any
previously reported results. As expected, only can a
monodisperse polymer chain display a discontinuous
phase transition. It should be noted that Grosberget al.4

predict the sharpness of the ‘coil-to-globule’ transition is
dependent of (A3/a

6)1/2, namely if (A3=a
6)1/2 is smaller than

0.05 the transition will be the first order (sharp); otherwise,
the transition will be the second order (smooth), whereA3 is
the third virial coefficient and a is the statistical segment of
the chain. Our previous study showed that even at 208C
which is far away from the FloryQ-temperature (,30.598C)
the value ofA2 is only in the order of 10¹5 and the value of
A3 is practically zero. It is expected that when the ‘coil-
to-globule’ transition temperature (31.88C) is very close
to the Q-temperature the value ofA3 will be even
smaller. Therefore, the ratio of (A3/a

6)1/2 must be very
small.

Figure 13 shows that the linear chains have a sharper
volume change and a lower transition temperature than the
microgels. Tanakaet al.7 have attributed this less sharper
volume change to the microgel’s polydispersity. However,
according to equations (6) and (7), the transition tempera-
ture (equivalentlyxT) is not related to the gel dimension
because temperature is a thermodynamic intensive property.
In contrast,x f or the phase transition temperature, is directly
related to the subchain length orMc.

Figure 15shows a simulation ofxT versusJ on the basis
of equations (6) and (7) wherebyxT decreases asz
decreases, i.e., asMC decreases. Note that for a polymer
gel with an LCST a higherxT means a higher temperature.
Therefore, the transition temperature decreases asMC

increases. On the basis of thisMC-dependence ofxT, it
becomes clear that the linear chains have a lower transition
temperature because its average molar mass (Mw ¼ 1.083
107 g mol¹1) is much higher than that of the subchains
(Mc,104 g mol¹1).

Normally, the subchains inside a polymer gel have a
broad molar mass (length) distribution and a gel network
can be visualized as a set of sub-networks with each sub-
network having a differentMc. As temperature changes, the
sub-network with a longer subchain will undergo the phase
transition before the sub-network with a short subchain.
Thus, different parts of the gel network undergo the phase
transition at different temperatures. The fact that a
transparent PNIPAM gel changes into a milky gel in the
phase transition indicates this microscopic inhomogeneity.
Therefore, the volume phase transition of a polymer gel
should be practically continuous because the subchains
normally have a broad chain length distribution.

Conceptually, the discontinuous volume phase transition
predicted on the basis of equations (7) and (8) is correct if
MC is a constant. However, it will be extremely difficult, if
not impossible, to prepare such a polymer gel. In contrast, it
is fair to state that using one averageMc was very successful
in many other predictions, e.g., in the relation between a
shear modulesG andMc, i.e.G¼ RTrf=Mc, wheref is the
volume ratio of the dry and swollen gel.

For a discontinuous volume phase transition observed in
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Figure 14 Collapsing and swelling kinetics of the PNIPAM microgel
particles, after the temperature was abruptly changed from 30.08C to
35.08C, or vice versa80

Figure 15 Plot ofxT versusJ2 for a polymer gel on the basis of equations
(7) and (8), wherein we have chosenk ¼ 0.5, 〈a2〉 ¼ 0.04 andz ¼ rV1/Mc

(see equations (7) and 8)86



bulk PNIPAM gels, a possible explanation is as follows. As
discussed earlier, longer subchains inside the gel undergo
the phase transition before shorter subchains. Therefore, the
shrinking of small amount of longer subchains initially will
not alert the overall dimension of a bulk gel because of its
shear module, but can build up stress inside the gel. When
temperature increases, the stress will gradually increase
until the shear module cannot maintain the macroscopic
shape of the gel and the overall dimension of the gel will
change abruptly, i.e., a discontinuous macroscopic volume
change. As for the microgels with an average radius of
,0.1–0.2mm, the shear module plays a minor role so that its
dimension changes continuously when the stress increases.
It is known83,84that a very long time (a few days) is needed
for a bulk gel to reach its true swelling or shrinking
equilibrium. For such a long time period, the temperature
has to be kept constant (e.g.6 0.018C in this study) and the
incremental temperature change has to be less than 0.18C.
Otherwise, a continuous volume phase change could be
interpreted as a discontinuous one. In contrast, the study of
the microgels is more straightforward because they can
reach the equilibrium in less than 1 s.

CONCLUSION

With the success of preparing two narrowly distributed high
molar mass poly(N-isopropylacrylamide) (PNIPAM), we
have accomplished the studies of the coil-to-globule
transition of individual PNIPAM chain in extremely dilute
solution. We have, for the first time, demonstrated that a
thermodynamically stable single-chain globule state can be
experimentally reached. Our results showed thatRg/Rh

decreases linearly as temperature increases whenT . Q.
Our results also showed that in the coil-to-globule transition
Rg/Rh can be lower than 0.774 predicted for a uniform
sphere, indicating that the transition is not an ‘all-or-
nothing’ process, and in the globular state the chain density
is not uniform. The observed time scale (,102 s) for the
coil-to-globule transition of a very long PNIPAM chain was
too short to support the previously proposed the knotting of
the chain inside the globule. In addition, the highest chain
density reached in the collapsed globule is only 0.2 g cm¹1

which is significantly lower than that in bulk (,1 g cm¹1),
implying that the collapsed globule still contains,80%
water. Finally, our results in terms of both the expansion (or
say contraction) factora and the scaled expansion factor
as

3tMw
1/2 indicate that the modified Flory theory for the

polymer chain expansion (contraction) works well in a good
solvent and near theQ-temperature, but failed in the region
where the chain is highly collapsed. The theory has to be
further modified to include the strong attractive interaction
inside the globule.
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