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ABSTRACT: Using a newly prepared nearly monodisperse (Mw/Mn < 1.05) high molar mass (Mw ) 1.3
× 107 g/mol) poly(N-isopropylacrylamide) (PNIPAM) sample, we successfully, for the first time, made
the conformation of individual PNIPAM chains change from a coil to a fully collapsed thermodynamically
stable single chain globule and then back to a coil in an extremely dilute aqueous solution (∼6.7 × 10-7

g/mL). The average chain density in the globule state is ∼0.34 g/mL, close to 0.40 g/cm3 predicted on the
basis of a space-filling model, indicating that the globule still contains ∼66% water even in its fully
collapsed state. At a given temperature around the lower critical solution temperature, the chains are
smaller in the globule-to-coil transition than in the coil-to-globule transition, revealing that the coil-to-
globule transition is an irreversible process. The hysteresis can be attributed to the formation of intrachain
structures, presumably the intrachain hydrogen bonding, in the globule state. We confirmed the existence
of the crumpled coil and the molten globule states between the random coil and the collapsed globule
states. The coil-to-crumpled coil transition can be reasonably described by the Birshtein and Pryamitsyn
theory.

Introduction

For a linear flexible polymer chain in solution, “coil”
and “globule” are two distinct states, depending on the
solvent quality.1-13 The coil state in a good solvent has
been repeatedly observed in various polymer/solvent
systems, while the long-predicted thermodynamically
stable single chain globule state in a poor solvent has
not been observed. As a fundamental problem in
polymer physics, the coil-to-globule transition has been
extensively studied in the past 20 years14-26 because of
its application in many aspects, such as the folding of a
protein chain, the packing of DNA molecules, the
collapse of a polymer gel network, and the complexation
between two polymer chains.27-30 However, there is
only a limited experimental success despite numerous
tries in different laboratories.
One of the problems in the coil-to-globule transition

study is to prepare a narrowly distributed (Mw/Mn < 1.1)
high molar mass (preferably, ∼107 g/mol) polymer
sample, which is extremely difficult, if not impossible.
Polystyrene and poly(methyl methacrylate) in various
organic solvents are the two mostly studied systems,
because the sample preparation is relatively easy.15-20

However, in an organic solvent, the van der Waals
interaction as a driving force in the transition is so weak
that each chain has no chance to reach the single chain
globule state before the interchain aggregation (demix-
ing) happens. This is why a fully collapsed thermody-
namically stable single chain globule has not been really
observed so far.
Using a dilute aqueous poly(N-isopropylacrylamide)

(PNIPAM), we have studied the coil-to-globule transi-
tion since 1993, but the success is limited; namely, we
observed a partially collapsed thermodynamically stable
single chain globule state24 but failed to reach the fully

collapsed single chain globule state. Recently, after
improving the sample preparation procedure, we ob-
tained a nearly monodisperse high molar mass PNIPAM
sample in an extremely dilute solution. Using this
PNIPAM solution, we have, for the first time, observed
and studied the fully collapsed thermodynamically
stable single chain globules. Moreover, reaching the
thermodynamically stable globule state enabled us, for
the first time, to study the globule-to-coil transition and
compare it with the coil-to-globule transition.

Experimental Section
Sample Preparation. The synthesis of high molar mass

PNIPAM was detailed before.31 The resultant PNIPAM was
carefully fractionated by precipitation from an extremely dried
acetone solution to n-hexane at room temperature. A fraction
with a weight average molar mass (Mw) of ∼1 × 107 g/mol and
a polydispersity index (Mw/Mn) of ∼1.3 was obtained. With
this high molar mass fraction, we first prepared a dilute
aqueous solution (2.50 × 10-5 g/mL). The solution stood at
room temperature for 1 week to ensure a complete dissolution.
The solution was further diluted and filtered by a 0.5 µm
Millipore Millex-LCR filter before laser light scattering (LLS)
experiments. The combination of fractionation and filtration
finally led to an extremely dilute solution (6.7 × 10-7 g/mL)
containing narrowly distributed (Mw/Mn < 1.05) high molar
mass (1.3 × 107 g/mol) PNIPAM chains. The resistivity of
deionized water used was 18.3 MΩ cm.
Laser Light Scattering. In static LLS,32 we were able to

obtain both the weight-average molecular mass (Mw) and the
average radius of gyration (〈Rg〉) of polymer chains in an
extremely dilute solution simply from the angular dependence
of the excess absolute scattering intensity, known as the
Rayleigh ratio Rvv(q), by33

where K is a constant and q ) (4πn/λo) sin(θ/2) with n, λo, and
θ being the solvent refractive index, the wavelength of light
in vacuo, and the scattering angle, respectively.
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In dynamic LLS,34,35 the cumulant analysis of the measured
intensity-intensity time correlation functionG2(t) of narrowly
dispersed polymer chains in a dilute solution is sufficient for
an accurate determination of the average line width (〈Γ〉). For
a diffusive relaxation, 〈Γ〉 can be further related to the average
translational diffusive coefficient (〈D〉) by 〈D〉 ) (〈Γ〉/q2)qf0 and
the average hydrodynamic radius (〈Rh〉) by 〈Rh〉 ) kBT/(6πη-
〈D〉) with kB, η, and T being the Boltzmann constant, the
solvent viscosity, and the absolute temperature, respectively.
The hydrodynamic radius distribution f(Rh) was also calculated
directly from the Laplace inversion of G2(t) by using the
CONTIN program.36

The LLS instrumentation has been detailed before.28 It
should be noted that our LLS spectrometer has an unusual
small angle range of 6-20°, which is vitally important for the
study of the coil state of a long polymer chain because a precise
determination of Mw, 〈Rg〉, and 〈Rh〉 of the polymer chains
requires q〈Rg〉 , 1. The solution was so dilute that the
extrapolation of C f 0 was not necessary. The long-term
temperature fluctuation inside the sample holder was less than
(0.02 °C.

Results and Discussion

Figure 1 shows the typical angular dependence of KC/
Rvv(q) of the PNIPAM chains in the coil and the fully
collapsed globule states, respectively. The decrease of
〈Rg〉 from 127 to 17.9 nm, i.e., the decrease of the slope
of the lines in Figure 1 on the basis of eq 1, clearly
indicates the chain collapse. The transition from the
coil state to the globule state can also be directly viewed
from the change of the hydrodynamic radius distribution
f(Rh) shown in the inset. It is worth noting that the
respective extrapolations of [KC/Rvv(q)]qf0 lead to the
same intercept, indicating that there is no change in
Mw on the basis of eq 1, i.e., no interchain aggregation
in the coil-to-globule transition. The narrowly distrib-
uted f(Rh) in the globule state also indicates no inter-
chain aggregation. Moreover, the intensity of the
scattered light (〈I〉) in the globule state (not shown) is
time independent, which indicates the globules are
stable, because 〈I〉 ∝ Mw ∝ nM2 on the basis of eq 1, very
sensitive to the interchain aggregation. Therefore, we
are confident that what we observed is the first experi-
mental evidence that a linear homopolymer chain is able
to fully collapse into a thermodynamically stable single
chain globule. Later, we will show that there also exist
two other thermodynamically stable states between the
coil and the fully collapsed globule states.
Figures 2 and 3, respectively, show the temperature

dependence of 〈Rg〉 and 〈Rh〉 in one heating-and-cooling

cycle, where each data point was obtained at least 2 h
after the solution reached the desired temperature even
though we knew that individual PNIPAM chains can
reach the equilibrium state as fast as the temperature
change, typically a few hundred seconds.18,24 In this
way, we were sure that, at each temperature, the
solution was thermodynamically stable. It should be
stated that the chain collapses in the heating process
and the globule “melts” in the cooling process because
the entropy change in the dissolution of PNIPAM is
negative and the solution has a lower critical solution
temperature (LCST) around ∼32 °C. The following two
points in Figures 2 and 3 are interesting: (1) in the
globule state (T > 32.3 °C), the radius of gyration (〈Rg〉)
is nearly independent of the temperature in both the
heating and cooling processes; (2) in the transition range
30.5-32.3 °C, the PNIPAM chains in the cooling process
are smaller.
It should be stated that after reaching each temper-

ature equilibrium, no change of either 〈Rg〉 or 〈Rh〉 was
observed even after the solution was kept at that
temperature for 10 h. The hysteresis in the heating and
cooling circle shows that the coil-to-globule transition
of individual PNIPAM chains is an irreversible process,
indicating the formation of intrachain structures, pre-
sumably the intrachain hydrogen bonding, in the glob-
ule state. It is these intrachain structures formed in
the globule state that retard the “melting” of the
PNIPAM globule. When the solution is cooled below
∼25 °C, water becomes such a good solvent that all the
intrachain structures are dissolved and both 〈Rg〉 and
〈Rh〉 return to their respective initial values before the
heating-and-cooling cycle. Knowing 〈Rh〉, we were able
to estimate the average chain density (〈F〉) by using 〈F〉

Figure 1. Typical angular dependence of KC/Rvv(q) of
PNIPAM in water at two different temperatures, where the
polymer concentration is 6.7 × 10-7 g/mL. The inset shows
the corresponding hydrodynamic radius distributions f(Rh) of
the PNIPAM chains respectively in the coil and the globule
states.

Figure 2. Temperature dependence of the average radius of
gyration (〈Rg〉) of the PNIPAM chains in the coil-to-globule
(heating) and the globule-to-coil (cooling) transitions, respec-
tively.

Figure 3. Temperature dependence of the average hydrody-
namic radius (〈Rh〉) of the PNIPAM chains in the coil-to-globule
(heating) and the globule-to-coil (cooling) transitions, respec-
tively.
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∼ Mw/[NA(4/3)π〈Rh〉3]. In the coil-to-globule transition,
〈F〉 increases from ∼2.5 × 10-3 to ∼0.34 g/cm3, revealing
that each PNIPAM globule on average still contains
∼66% of water inside its hydrodynamic volume. It is
worth noting that 〈F〉 obtained in this study is higher
than ∼0.2 g/cm3 previously reported for the same
system24 and is close to ∼0.4 g/cm3 predicted on the
basis of a space-filling model.37

Another interesting point in Figure 3 is that in the
heating process, 〈Rh〉 approaches a constant only when
T > ∼37 °C, while in the cooling process, 〈Rh〉 remains
until T < ∼34.0 °C, indicating that in the coil-to-globule
transition, the coil gradually collapses into a uniform
globule, while in the globule-to-coil transition, the
swelling of the globule is relatively difficult due to the
intrachain structures formed in the globule state. A
comparison of Figures 2 and 3 shows that 〈Rg〉 decreases
much faster than 〈Rh〉 in the temperature range 30.5-
32.3 °C. It is known that 〈Rg〉 is critically dependent
on the radius distribution of the chain density, whereas
〈Rh〉 is relatively more influenced by the short-range
distances between atoms contiguous along the chain
sequence. The difference between the coil-to-globule
and globule-to-coil transitions can be better viewed in
terms of 〈Rg〉/〈Rh〉 because it reflects the conformation
of a chain, e.g., 〈Rg〉/〈Rh〉 is ∼1.5 of a random coil chain.38

Figure 4 shows that in the heating process, 〈Rg〉/〈Rh〉
is nearly a constant (∼1.50) when T < ∼30.6 °C, despite
the decreases of both 〈Rg〉 and 〈Rh〉 shown in Figures 2
and 3, very close to 1.504 predicted for a random coil in
a good solvent and indicating no change conformation
in the chain as long as the solvent is good since the Flory
Θ-temperature is ∼30.6 °C. In the temperature range
30.6-32.4 °C, 〈Rg〉/〈Rh〉 decreases dramatically from 1.50
to ∼0.56, clearly reflecting the chain collapse in a poor
solvent. In this transition temperature range, the
collapsing process can be roughly divided into the two
following stages: one is from 30.6 to 31.6 °C in which
〈Rg〉/〈Rh〉 decreases from 1.5 to 1.0, and the other is from
31.6 to 32.4 °C. The decrease of 〈Rg〉/〈Rh〉 in the first
stage might reflect the conformation change from a coil
to a crumpled coil, i.e., the formation of some blobs along
the chain backbone as a chain of sausages, while in the
second stage, the crumpled coil further collapses into a
molten globule. It is worth noting that 〈Rg〉/〈Rh〉 is even
less than (3/5)1/2 predicted for a uniform hard sphere.38,39
How could this happen? Let us examine the chain-
collapsing process. It is not difficult to imagine that the
collapse of a linear polymer chain leads to many small
stressed loops on the surface of the globule. Hydrody-

namically, these loops are so small that they are not
draining, which leads to a larger 〈Rh〉. On the other
hand, these small loops have so small a mass that their
contribution to 〈Rg〉 is negligible. This is why 〈Rg〉/〈Rh〉
can be less than (3/5)1/2. The above argument has been
tested by the adsorption of polymer chains on a uniform
latex particle wherein we found that 〈Rg〉/〈Rh〉 is always
less than (3/5)1/2. A further increase of the temperature
leads to the collapse of these small loops on the surface
so that 〈Rh〉 decreases slightly, but has nearly no effect
on 〈Rg〉, as shown in Figures 2 and 3. Finally, the chain
collapsed into a uniform globule with 〈Rg〉/〈Rh〉 ∼ (3/5)1/2.
As shown in Figure 4, in the coil-to-globule transition

(heating), 〈Rg〉/〈Rh〉 reaches a lower value and the molten
globule state spans a wider temperature range. Our
interpretation follows. In the collapsing process, the
increase of stress slows the shrinking of the small chain
loops on the surface, so that the decrease of 〈Rh〉 is
slower than that of 〈Rg〉; while in the melting process,
there is less preference of the surface over the center of
the globule in terms of the dissolution (melting) of
intrachain structures formed in the globule state. A
combination of Figures 2-4 shows that the decrease of
〈Rg〉/〈Rh〉 at the left side of the minimum point is due to
the fast decrease of 〈Rg〉, while the increase of 〈Rg〉/〈Rh〉
at the right side of the minimum point is due to the
decrease of 〈Rh〉. Finally, it is worth noting that the
molten globule state is well-known in protein chem-
istry40-43 but has only been discovered very recently for
a synthetic homopolymer that has no specific interacting
sites along its chain backbone.44
Figure 4 also shows that in the melting (cooling)

process, 〈Rg〉/〈Rh〉 reaches ∼1.5 only after the tempera-
ture is lower than 25 °C, indicating that even water
becomes a good solvent in the temperature range 25-
30.6 °C; the globules are still not completely “molten”,
or in other words, the intrachain structures formed at
higher temperatures persist in the globule-to-coil pro-
cess until water becomes a very good solvent. It should
be noted that the globule in its molten state is nearly
as compact as the globule in its fully collapsed state
because there is nearly no change of 〈Rg〉 when the
molten globule further collapses into the globule.
Figure 5 shows the reduced temperature (τ ) (T -

Θ)/Θ) dependence of the contraction factor (R) defined
as 〈R〉T/〈R〉Θ. Birshtein and Pryamitsyn suggested that
R is related to τ and the molar mass (M) by8

Figure 4. Temperature dependence of the ratio of radius of
gyration to hydrodynamic radius (〈Rg〉/〈Rh〉) of the PNIPAM
chains in the coil-to-globule (heating) and the globule-to-coil
(cooling) transitions, respectively.

Figure 5. Temperature dependence of the contraction factor
(R), where R ) 〈Rg〉T/〈Rg〉Θ or 〈Rh〉T/〈Rh〉Θ. The solid and dashed
lines, respectively, represent the best fitting of R - R3 + 8.54
× 10-3(R-3 - 1) ) 3.79 × 10-2τM1/2 and R - R3 + 2.95 ×
10-2(R-3 - 1) ) 3.25 × 10-2τM1/2. The asterisks (*) mark the
crossover from the coil state to the globule state.

R - R3 + C(R-3 - 1) ) BτM1/2 (2)
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where B and C are two constants, independent ofM and
T for a given polymer/solvent system. In eq 2, the free
energy change associated with the coil-to-globule transi-
tion contains two parts: (R - R3) is related to the
deformation of a Gaussian chain from the unperturbed
state, and C(R-3 - 1) is related to the intrachain volume
interactions, depending on the total volume of the chain.
The balance between these two parts, i.e., R - R3 )
C(R-3 - 1), is defined as the crossover point from the
coil region to the globule region, which are marked by
“*” in Figure 5. It is worth noting that the crossover
point is far away from the Flory Θ-temperature but close
to the temperature at which 〈Rg〉 approaches a constant.
The solid line represents the best fitting of eq 2 with B
) 3.79 × 10-2 and C ) 8.54 × 10-3, and the dashed
line, the best fit with B ) 3.25 × 10-2 and C ) 2.95 ×
10-2. It can be seen that the lines fit the experimental
data reasonably well in the coil region.
Figure 6 shows a plot of R3τMw

1/2 versus τMw
1/2. Such

a plot was reported before for polystyrene and poly-
(methyl methacrylate) in various organic solvents,15,20
and also for PNIPAM in water.22,24 The theory predicts
that R3τMw

1/2 should level to two asymptotic values of
C/B ) 2.25 × 10-1 and 9.08 × 10-1, respectively, for
〈Rg〉T/〈Rg〉Θ and 〈Rh〉T/〈Rh〉Θ. However, Figure 6 shows
that after reaching the minimum, R3τMw

1/2 starts to
increase as τMw

1/2 increases. A combination of Figures
2, 3, and 6 reveals that the increase of R3τMw

1/2 is
attributed to the increase of τMw

1/2 because both 〈Rg〉
and 〈Rh〉 in the globule state are independent of the
solution temperature. Our results indicate that the
PNIPAM chain in an extremely dilute solution can
reach its fully collapsed globule state before the demix-
ing. All the existing theories predicted a gradual
shrinking of the polymer chain until the solution enters
the binodal region because they did not consider the
rigidity and thickness of the polymer chain, or in other
words, the chain could collapse into a finite size and the
collapse stops before the demixing. In this case, the
chain globule will become a “glass” ball because the local
chain density in the globule is high.
On the basis of our results, both the coil-to-globule

and the globule-to-coil transitions involve four distinct
states: the coil, the crumpled coil, the molten globule,
and the globule. The first two states can be described
by the existing theories,1,2,4-9 but the quantitative
description of the molten globule and the fully collapsed
globule states remains to be a challenging problem. The

deviation of the existing theories from the experimental
results in the globule state is partially due to different
chain density distributions, as schematically shown in
Figure 7. Qualitatively, the chain collapse is related
to the increase of sticking probability, which contains
two parts. One is governed by thermodynamics (i.e.,
the effective “contact”), which increases as the solvent
quality decreases; and the other is the frequency of
“contact” due to Brownian fluctuations, which increases
if the average distance between the segments decreases.
Therefore, the collapse is a self-accelerating process.
This might be one of the reasons why the transition in
a real experiment is normally much sharper than the
theoretical calculation.

Conclusion

We have experimentally, for the first time, demon-
strated that a homopolymer chain can fully collapse into
a thermodynamically stable globule if a narrowly dis-
tributed high molar mass polymer sample and an
extremely dilute solution are used. The average chain
density of the fully collapsed single chain globule is
∼0.34 g/mL, close to ∼0.40 g/cm3 predicted on the basis
of a space-filling model, or in other words, the fully
collapsed globule still contains ∼66% water in its
hydrodynamic volume. Starting from the fully collapsed
single chain globule state, we were, for the first time,
able to study the globule-to-coil transition of a single
polymer chain. A comparison of the coil-to-globule and
the globule-to-coil transitions reveals that there exists
a hysteresis in the globule-to-coil transition and the coil-
to-globule transition is an irreversible process. Our
results confirmed the existence of two other thermody-
namically stable states between the coil and the globule
states; namely, the crumpled coil and the molten
globule. The transition from the coil to the crumpled
coil can be reasonably described by the exiting theories,
but a quantitative description of the transition from the
crumpled coil to the globule state is still missing.

Figure 6. Plot of the scaled contraction factor R3τMw
1/2 versus

τMw
1/2, where τ ) (T - Θ)/Θ and R ) 〈Rg〉T/〈Rg〉Θ or 〈Rh〉T/〈Rh〉Θ.

The solid and dashed lines are calculated on the basis of the
best fittings in Figure 5. The asterisks (*) mark the crossover
from the coil state to the globule state.

Figure 7. Schematic of four thermodynamically stable states
and their corresponding chain density distributions (W(r))
along the radius in the coil-to-globule and the globule-to-coil
transitions.
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