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ABSTRACT: The coil-to-globule transition of a single chain of narrowly distributed (M./M,, < 1.05) high
molecular weight (M., > 107 g/mol) poly(N-isopropylacrylamide) in extremely dilute solutions (~5 ug/
mL) was studied by both static and dynamic laser light scattering. The thermodynamically stable collapsed
globule (R/Ry = 0.97) was observed for the first time. However, when R/Ry, < 0.97, the single-chain
globules were “metastable”; i.e., the globules in the solution were stable only for a finite time. Two-stage
chain collapsing kinetics in the thermodynamically stable region was observed. The time scales (~102 s)
observed in both the chain collapsing and dissolving processes are too short to support the previously
suggested high chain-knotting density inside the globule. The R,/R}, can be as low as ~0.62, lower than
0.774 predicted for a uniform density sphere. This paradox suggests that the chain density is higher at
the center of the globule than that near the surface. The highly collapsed globule still contains ~80%

water in its hydrodynamic volume.

Introduction

Three decades ago, Stockmayer first suggested that
a flexible polymer chain can change from an expanded
coil to a collapsed globule.! Since then, this prediction
has been extensively studied both theoretically and
experimentally.2~11 Most studies were concentrated on
polystyrene solutions, satisfying the requirement of a
very high molecular weight and narrow molecular
weight distribution. Useful experimental results were
obtained using static and dynamic laser light scattering
(LLS)8~!1 and interpreted by the existing theory.4-¢

Grosberg and Kuznetsov!? recently concluded that the
true equilibrium single-chain collapse has not yet been
observed experimentally for simple uncharged homopoly-
mers without mesogenic groups. They predicted a two-
stage kinetics 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
kinetics has recently been observed by Chu et l.1314 in
studying the single polystyrene chain collapse before its
precipitation. In their experiment, dynamics LLS was
employed to monitor the change of the hydrodynamic
radius (Ry) of a single polystyrene chain in cyclohexane
after an abrupt temperature change from 35 (the ©
temperature) to 29 °C. Their measured hydrodynamic
radius distribution showed two quite different species
which were attributed to single polystyrene chains and
aggregates of the polystyrene chains. From the time
dependence of R} of the single chain after the abrupt
temperature change, two relaxation times Tcrum and eq,
respectively, for the crumpled globule state and the
compact globule state were reported.

The interest in this coil-to-globule transition is due
both to its importance as a fundamental concept in
polymer physics and solution dynamics and its rel-
evance to many biological systems, such as protein
folding!® and DNA packing.16-18 Thus, the investigation
of the coil-to-globule transition of polymers in aqueous
solution is most interesting. On the other hand, the
study of aqueous polymer solutions often involves ad-
ditional interaction, making theoretical development
more difficult. Only a very limited number of studies
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have been reported.®-21 All of them involve poly(N-
isopropylacrylamide) (PNIPAM) in water.

Swollen PNIPAM gels have a sharp volume phase
transition with the volume change being as much as
100-fold.*2 The main driving forces for the PNIPAM
phase transition are the hydrophobic and hydrophilic
interactions which can be much stronger than the van
de Waals interactions for polystyrene in an organic
solvent. Thus, it should be easier for individual PNIPAM
chains to reach a collapsed state in water than for
polystyrene chains in an organic solvent. Kubota et al.20
were the first to attempt to use a narrowly distributed
PNIPAM sample to study the coil-to-globule transition
in water. Their results confirmed the existence of a
lower critical solution temperature (LCST, ~32.00 °C).
They used three PNIPAM samples with M,, > 4.10 x
10% g/mol and M/M, > 1.3, for which they observed a
limited chain collapse before the system reached ther-
modynamical instability, i.e., phase separation and
aggregation. Meewes et al.?! went further with a
PNIPAM sample (M, ~ 7 x 108 g/mol and M./M, ~ 1.3)
with a surfactant added to prevent phase separation.
Unfortunately, the addition of the surfactant shifted the
LCST to a higher temperature (~35 °C) and complicated
the picture of coil-to-globule transition.

Recently, we studied PNIPAM in different forms
including individual PNIPAM chains, lightly connected
PNIPAM microgel particles, the interaction of PNIPAM
chains and microgel particles with various surfactants,
and a very thin PNIPAM gel film. Here, only single-
chain properties will be reported. For the study of
single-chain properties, a great effort was spent in the
preparation of two narrowly distributed (M/My, < 1.05)
high molecular weight (M, > 107 g/mol) PNIPAM
samples. With these PNIPAM samples, we studied the
coil-to-globule transition of single PNIPAM chains in
extremely dilute solutions (~5 ug/mL) by using laser
light scattering. It is well-known that, for a polydis-
perse sample, the species with a higher molecular
weight will undergo the phase transition first, which
leads the whole solution into a thermodynamically
unstable region. It is also known that for a water-
soluble polymer the coil-to-globule transition is easier
because of a relative stronger hydrophobic interaction.
As expected, with our narrowly distributed high molec-
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ular weight, water-soluble PNIPAM in extremely dilute
solutions, we were able to see the coil-to-globule transi-
tion in a relatively wide temperature range and espe-
cially very near the phase transition temperature, but
without entering the two-phase region (thermodynami-
cally unstable). This is exactly why, for the first time,
we observed a thermodynamically stable PNIPAM glob-
ule, studied the single-chain collapsing and dissolving
kinetics in the thermodynamically stable region, and
showed that even in the highly collapsed PNIPAM
globule the PNIPAM chain density is not uniform as
previously suggested and much lower than that of bulk
PNIPAM.

Theoretical Background

Single-Chain Collapse. For a given polymer solu-
tion, the solvent can change from a good to a ® solvent
and finally to a poor solvent, or vice verse, with
temperature change. When the solvent quality is poor,
a flexible polymer chain contracts. By using the modi-
fied Flory theory, the chain contraction (or collapse) has
been formulated in terms of an expansion factor o
[=R(T)YR(©)] by?324

7M1-0® 1 In(1 - ¢>

e E(G/T)(P +— " (D

where ¢ = ¢,/a3 with ¢, the fraction of space occupied
by chains whose radius of gyration R; is equal to the
ideal value R; r is the number of residues, which may
be one monomer unit or a number of repeat units
grouped together; and R(T) and R(®) are the radius of
gyration and hydrodynamic radius at temperature T
and the Flory © temperature, respectively. Ineq 1, ¢
has to be less than 1; ie., a > ¢,/*. The maximum
observed value of ¢ in this study was ~0.5. If r — e, ¢,
— (19/27)Y2p~V2 In a good solvent, a > 1 and ¢ < 1.
After expanding In(1 — ¢), we can rewrite eq 1 in a more
familiar form as?®

o®(1 — o® +0.102 + ... = 0.1800t (M /M )*  (2)

where 7 [=(T — ©)/0] is the reduced temperature;
[(T — ©)/T] is approximated by 7 since T is near ©; we
have replaced r by My/M, with M,, and M, being the
mass of the polymer and that of the “residues”, respec-
tively. Equation 2 shows that, as o decreases, a3My 2t
approaches a plateau if the higher-order terms can be
dropped at small o and M, is T-independent. Moreover,
eq 2 shows that o3M,, 27 scales as a function of MV2r,

Coil-to-Globule Transition Kinetics. In compari-
son with the theoretical development of equilibrium
single-chain globule, little theory has been published on
the kinetics of coil-to-globule transition. The proposed
theories are either qualitative descriptions!? or com-
puter simulations with a limited chain length.26 One
decade ago, de Gennes?’ stated that if 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. By using
solvent viscosity data, the characteristic relaxation time
was estimated to be in the order of ~1072 s, much
shorter than the experimental value (~102 s),14 if it was
identified with the initial kinetics. This discrepancy
may be attributed to the higher local viscosity when the
polymer chain is collapsed and to possible topological
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constraints and self-entanglements inside the globule
which will certainly slow down the kinetics.

On the basis of the above concepts, Grosberg et al.
qualitatively predicted that the collapse could be a two-
stage process, i.e., a fast process similar to that de-
scribed by de Gennes and a slow process assumed to be
similar to self-reptation.?® 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 chain density increases
much more slowly during the rearrangement of the
collapsed chain in the globule. The relaxation times
associated with these processes, i.e., Terum and 7eq, can
be written asl?14

o M, 2L (acmm/(leq)s (3)

crum

and
Teg O M5 Terum 4)

where 7 is the solvent viscosity and the ratio of the
expansion factors tcrum/Qeq is, like g, related to the size
ratiol2

8 =Rop/Rog = (1 + 0" (5)

where { is a constant. In practice, it is rather difficult
to verify this two-stage collapse experimentally because
the time for the polymer solution to reach temperature
equilibrium after a temperature jump is longer than the
relaxation times. This is why only one experimental
result has been reported so far.!4

Static Laser Light Scattering. The LLS theory?2?:30
has shown that for a dilute solution at a small scattering
angle the weight-average molecular weight M can be
related to the excess absolute time-averaged scattered
light intensity (known as the Rayleigh ratio [R.(g)]) by

ey () —{H%R %)+ 24,0 (8

where K = 472n2(0n/8C)2(Nal?), with Na, n, and 4,
being Avogadro’s number, the solvent refractive index,
and the wavelength of light in vacuo, respectively; g =
(47n/l,) sin(6/2) with 6 being the scattering angle; C is
the polymer concentration (g/mL); (R,V2 (written as Ry)
is the z-average radius of gyration; and As is the second
virial coefficient. When C ~ 1076 g/mL, the term 24,C
can be dropped since A; < 107¢ for PNIPAM in water.
The plot of KC/Rw(q) vs ¢? leads to M, and R,,
respectively, from the intercept and slope.

Dynamic Laser Light Scattering. Normally, a
precise intensity—intensity time correlation function G
(t,q) in the self-beating mode is measured, which has
the following form?31.32

G? (t,g) = All + Blg™ .14 (7N

where A is a measured baseline, 5, a parameter depend-
ing on the coherence of detection, ¢, the delay time, and
gV (t,q), the normalized electric field time correlation
function which can be related to the line-width distribu-
tion G(I') by

gV g = [TGMe T dr 8)
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The line-width I is usually a function of both C and ©,
which can be expressed as3?

L _pa+r0n+ARg" ©)

5 =

where D is the translational diffusion coefficient, &4 is
the diffusion second virial coefficient, and fis a dimen-
sionless constant. When the solution is extremely dilute
and R,q < 1, the ratio of I'/g? is approximately equal to
D. GI) in eq 8 can be obtained from the Laplace
inversion of the measured G (¢,g). Furthermore, at C
— 0 and ¢ — 0, G(I') can be converted to the transla-
tional diffusion coefficient distribution G(D) on the basic
of eq 9 and to the hydrodynamic radius distribution AR})
by using the Stokes—Einstein equation, R, = kgT/
(6nD), where kg is the Boltzmann constant.

Experimental Section

Sample Preparation. The details of the PNIPAM prepa-
ration were described before.?35 In the following, we only
outline the basic procedure in the preparation of the PNIPAM
samples: N-isopropylacrylamide (purchased from Eastman
Kodak) monomer was recrystallized three times in a benzene/
n-hexane mixture; the purified monomer (18 g) was dissolved
in 150 mL of benzene with 1 mol % recrystallized azobisiso-
butyronitrile added as initiator; and this solution was degassed
through three cycles of freezing and thawing. Polymerization
was carried out at 56 °C for 30 h under a positive nitrogen
pressure. The solvent was removed by evaporation and the
polymer was further purified. The final yield was ~75%. The
PNIPAM was fractionated twice by precipitation from an
extremely carefully dried acetone solution to n-hexane at T' ~
25 °C. It should be emphasized that the use of the dried
solvents is one of the key factors for the success in preparing
a narrowly distributed PNIPAM sample. A careful combina-
tion of both the fractionation and filtration enabled us to
prepare two very narrowly distributed (M/M, < 1.05) high
molecular weight PNIPAM samples. Hereafter, they are
denoted as PNIPAM-1 (M, = 1.08 x 107 g/mol) and PNIPAM-2
M, = 1.21 x 107 g/mol). With these PNIPAM samples, we
prepared and clarified the extremely dilute PNIPAM aqueous
solutions (C ~ 5 x 107® g/mL) with a 0.5-um filter. The
resistivity of the distilled deionized water used as solvent in
this study was 18.3 MQ cm.

Laser Light Scattering. A commercial LLS spectrometer
(ALV/SP-150) equipped with an ALV-5000 digital time corr-
elator was used with a solid-state laser (ADLAS DPY425I1,
output power ~400 mW at 4 = 532 nm) as the light source.
The incident light beam was vertically polarized with respect
to the scattering plane, and the intensity was regulated with
a beam attenuator (Newport M-925B) so as to avoid localized
heating in the light scattering cuvette. In our setup, the
coherent factor 8 in dynamic LLS was ~0.87, a rather high
value for an LLS spectrometer to be used for both static and
dynamic LLS simultaneously. This is one of the reasons why
we were able to carry out dynamic LLS in such an extremely
dilute solution with a good signal-to-noise ratio. With some
proper modifications,?' our LLS spectrometer is capable of
measuring both static and dynamic LLS continuously in the
range of 6—154°. The accessible small-angle range is particu-
larly useful in the measurement of high molecular weight
polymer chains because in static LLS the condition of Reg < 1
is required to determine the precise value of Ry, whereas in
dynamic LLS the extrapolation of g — 0 and the interference
of the internal motions associated with the long polymer chain
in dynamic LLS can be avoided.?® In addition, in this acces-
sible small-angle range, the scattered intensity for the high
molecular weight polymer is much stronger than at high
scattering angles, so that we are able to study an extremely
dilute solution. The typical long-term temperature stability
inside our LLS sample holder was ~+0.02 °C.

Results and Discussion
Figure 1 shows the PNIPAM chain dimensions R as
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Figure 1. Change of the PNIPAM chain dimension as a
function of the solution temperature, where O represents both
the radius of gyration R; and the hydrodynamic radius Ry for
PNIPAM-1 and O represents the same for PNIPAM-2. The
dashed line indicates the Flory © temperature. The thermo-
dynamically stable one-phase and kinetically stable two-phase
region are respectively denoted as I and II.
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Figure 2. R, /R, as a function of the solution temperature,
where all symbols have the same meanings as in Figure 1.

o

a function of the solution temperature, where “O”
represent both the radius of gyration Ry and the
hydrodynamic radius Ry for PNIPAM-1 and “00", for
PNIPAM-2. Regions I and II refer to the thermody-
namically stable one-phase region and kinetically stable
two-phase region, respectively; i.e., in region II, indi-
vidual PNIPAM chains first collapsed to densely packed
single-chain globules which were only stable for a
limited time period (~102 min) and then these globules
were thermodynamically driven to aggregate so that the
system entered a two-phase region. Figure 1 shows that
in the region of T' < © the chain slightly shrinks as T
increases and both R, and R}, are linear functions of 7.
When T > ©, the PNIPAM chain starts to collapse and
both R and Ry decrease dramatically as (T — ©)
increases. Figure 1 also shows that when the temper-
ature changes from 20 to 33 °C, the PNIPAM chain
dimension in terms of R; decreases ~8 times whereas
the decrease of Ry is much less in this temperature
range, i.e., only ~8.5 times. This difference between the
changes of R; and Ry, is understandable because they
are defined in quite different ways. R is related to the
actual space reached by the polymer chain, while Ry, is
only the radius of an equivalent hard sphere which has
an identical diffusion coefficient D as the polymer chain
in the solution. When the polymer chain is in an
extended coil form, the water molecules in its occupied
space are draining when the polymer chain diffuses, so
that Ry, is much smaller than R;. In the collapsed state,
the water molecules inside the globule are less draining
so that R, becomes smaller than R,

Figure 2 shows R /Ry, as a function of the tempera-
ture, where all symbols and labels have the same
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meanings as in Figure 1. Figure 2 shows that the plots
of Ry/Ry vs T for two different molecular weights have
collapsed into a single line, which is expected because
R /Ry, depends only on the chain conformation, not on
the molecular weight, as predicted and experimentally
verified.1%:3233 Figure 2 shows that, when T < @, Ry/
Ry is a constant (~1.52) even though both R; and Ry
decrease with increasing T as shown in Figure 1. The
value of ~1.52 is close to the predicted value for a
flexible coil in a good solvent,32 which means that when
T < © the PNIPAM chain in water behaves like a
random coil in a good solvent and the conformation is
T-independent. Figure 2 shows also that, when T > O,
Ry/Ry, first decreases linearly with increasing T and then
drops just before entering the two-phase region II. A
combination of Figures 1 and 2 shows that the linear
decrease of Rg/Ry, in this region is mainly due to the fast
decrease in R;. We attribute this linear decrease of R,/
Ry, to the chain crumpling process, whereby a polymer
coil contracts toward its center and the chain segments
at the center and near the surface of the coil should
contract simultaneously. Both of the contractions lead
to the decrease in Rg, while Ry, is mainly affected by the
contraction near the surface. As the coil contracts, the
chain density increases and most of the water molecules
inside the collapsed coil will be nondraining. Therefore,
the collapsed coil with the water molecules caged inside
will become more and more like a hard sphere. Ry
should gradually approach to the actual outside dimen-
sion of the collapsed coil, and the decrease in Ry will
slow down. At present, it is not clear why Ry /Ry
decreases linearly with 7' in that region. At T =~ 32 °C
where R = Ry, the PNIPAM solutions entered the two-
phase region II. In this region, B; and Ry, were
measured in the kinetically stable state, before the
collapsed globules had a chance to aggregate. In the
kinetically stable region II, Rg/Ry, dropped from ~1to a
plateau value of ~0.62. It is worth noting that R /Ry
has dropped below 0.774, the predicted value for a
uniform sphere. In the past, this point was repeatedly
taken as a criterion of whether a given polymer coil had
reached a globule state with a uniform density.>2021 But
this prediction of Ry/Ry = 0.774 assumed a uniform
density for the collapsed globule. The plateau value
(~0.62) indicates that this assumption is incorrect,
suggesting that during the collapse of the PNIPAM in
water segments in the center of the coil contract faster
than those near the surface. This leads to a higher
density in the center of the globule. This observation
is thermodynamically reasonable because the chemical
potential of water has to continuously decrease from the
outside of the coil to its center as its microscopic
concentration is decreased. It should be noted that this
lower plateau value can also be seen in Figure 4 of ref
20. However, it was overlooked there.

Figure 3 shows the scattered light intensity 1(6=15 °)
as a function of temperature, where all symbols and
labels have the same meanings as in Figure 1. Accord-
ing to eq 6, I(g) at a fixed scattering angle should be
nearly T-independent as long as there is no change in
M, and C, where we have assumed that n and dn/dC
do not change too much in the small range of 7. This
T-independence of I{g) is shown in Figure 3 when T' <
©. However, when T > ©, but still in the stable region
I, I{g) started to decrease. First, we were astonished
by this unexpected and strange intensity decrease since
if there is aggregation I(g) should increase. This cannot
be explained by the possible change of dn/dC, Rg, or A
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Figure 3. Scattered light intensity I[(6=15°) as a function of
the temperature, where all symbols and labels have the same
meanings as in Figure 1.
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Figure 4. Hydrodynamic radius distribution ARy) of PNIPAM-1
at different standing times after the PNIPAM solution was
brought from 30.59 (the © temperature) to 31.82 °C (still in
the thermodynamically stable region I). O ¢ =5 h; A, 33 h;
and O, 44 h.

according to eq 6 because in the PNIPAM chain collapse,
R, decreases, A becomes more negative, and dn/dC (if
there are any changes) might increase slightly. Even-
tually, we speculated that the decrease of I(g) may be
attributed to the multiple scattering inside the collapsed
PNIPAM globule in which the microscopic C is higher
even though the macroscopic C is very low. The light
scattered from the segments located at the center of the
coil might be blocked by the segments near the surface
when the scattered light travels from the coil center to
the surface. Nevertheless, Figure 3 shows that in 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{g) increases with T,
which indicates aggregation of collapsed single-chain
globules. According to eq 6, LLS is an extremely
sensitive method to detect aggregates in a given polymer
solution because I(g) is directly proportional to the
square of the mass M 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
fiRy) of PNIPAM-1 at different times (¢) after the
solution was brought from 30.59 (the © temperature) to
31.82 °C (still in the thermodynamically stable region
D). In terms of the distribution width and peak position,
the ¢-independence of AR}) indicates that the PNIPAM
in water at T = 31.82 °C is thermodynamically stable.
Moreover, fiRy) shows that the PNIPAM used in this
study is narrowly distributed. In contrast, when T >
32.01 °C, we saw a very slow aggregation process.
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Figure 5. Typical slow aggregation process [in terms of ARy)]
after the same PNIPAM solution used in Figure 4 was brought
from 30.59 to 33.02 °C, where O, t = 280 s; A, 1850 s; O, 3690
s; and <, 3.44 h.
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Figure 6. Dissolving kinetics (in terms of Ry,) of the highly
collapsed single-chain (PNIPAM-1) globule, where ¢ is the
standing time after the solution temperature was quenched
from 33.02 to 30.02 °C and the dashed line represents the
thermodynamically stable size of the PNIPAM-1 coil at 30.02
°C.

Figure 5 shows a typical slow aggregation process [in
terms of ARy)] after the same PNIPAM solution used
in Figure 4 was brought from 30.59 to 33.02 °C. No
aggregation can be detected in the PNIPAM solution
up to ¢ = 1850 s. After standing at 33.02 °C for ~1 h,
f(Ry) gradually broadened. When ¢ = ~3.44 h, a second
peak with a larger size appeared in flR}). The height
of the second peak was low and represented the ag-
gregates presumably made of individual collapsed single-
chain globules. We found that the aggregation rate
slowed as the solution temperature approached ~32.00
°C. After a set of careful experiments, we concluded
that the phase transition temperature for the PNIPAM
solution was ~32.00 + 0.05 °C. Next, we will present
the kinetic studies of the collapsing and dissolving
processes of single PNIPAM chains in water.

Figure 6 shows the dissolving kinetics (in terms of
Ry) of the highly collapsed single-chain (PNIPAM-1)
globule, where ¢ is the standing time after the solution
temperature was quenched from 33.02 to 30.02 °C. The
experimental procedure was that first the stable
PNIPAM solution was prepared at 30.02 °C and its Rj,
was determined (the dashed line in Figure 6); then the
solution temperature was increased to 33.02 °C and
stayed at 33.02 °C for ~10% s, so that individual
PNIPAM chains only had time to collapse into the
highly compacted single-chain globule, with no aggrega-
tion among the globules (as shown in Figure 5); and
finally, the solution temperature was quenched from
33.02 to 30.02 °C, and both Ry, and ¢ were immediately
recorded after the temperature change. The inset in
Figure 6 shows how fast the solution temperature was
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Figure 7. Collapsing kinetics after the PNIPAM-1 solution

was jumped from 30.59 °C, respectively, to 31.82 (O) and 33.02
°C (O). The lines were drawn simply to guide the eye.

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 process of the globule — the extended coil (the
dissolving kinetics) is too fast to be detected in our LLS
setup; i.e., before the solution reached its temperature
equilibrium at 30.02 °C the highly collapsed PNIPAM
globule already expanded into an extended coil. This
fast dissolving time (<~300 s) indicates that there is
no extensive chain knotting even inside the highly
collapsed globule.

Figure 7 shows the PNIPAM chain collapsing kinetics
after the PNIPAM-1 solution was jumped from 30.59
°C, respectively, to 31.82 and 33.02 °C, where the
temperature jump took ~400 s. In the case of jumping
from 30.59 to 33.02 °C (already inside the thermody-
namically metastable, but kinetically stable two-phase
region II), the collapse was too fast to be followed.
Before the solution reached its temperature equilibrium,
the chain had already collapsed. This fast collapsing
process might further indicate that no extensive knot-
ting exists in the collapsed globule because the knotting
should be a slow process, especially inside the highly
collapsed globule. When the temperature jumped to
31.82 °C (still in the thermodynamically stable region
I), the chain collapsed (the decrease of Ry) 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 in
Figure 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 consid-
ered as a proportional shrinking of the extended coil so
that most of the existing topological constraints at 30.59
°C were “frozen” inside the contracted coil since the
process is very fast. However, this contracted coil
conformation is not thermodynamically stable at 31.82
°C, so that the PNIPAM chain has to relax into a
thermodynamically stable conformation at 31.82 °C,
possibly by the crumpling predicted by Grosberg and
Kuznetsov.!?2 In comparison with the collapsed globule
at 33.02 °C, the thermodynamically stable globule at
31.82 °C is twice as large. If taking the R), at 31.82 °C
and the Ry, at 33.02 °C respectively as Rerum and Req in
eq 5, we are able to obtain { ~ 4.6, which is smaller
than the reported data (7—11) for polystyrene in cyclo-
hexane.%12.14

Figure 8 shows a plot of the static expansion factor
o5 as a function of the relative temperature ©/7, where
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Figure 8. Plot of the static expansion factor o, as a function
of the relative temperature ©/T, where a, is defined as Rg(T)/
Ry(©®). O (PNIPAM-1) and O (PNIPAM-2) are the measured
results; and the lines, the calculated data from eq 1 with three
different r values. If M, = 113 (the mass of the repeat unit),
we have r ~ 10° for PNIPAM-1 and PNIPAM-2.
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Figure 9. Plots of the scaled static expansion factor o>z M,, 12
as a function of the reduced temperature tM,2 at T > @ for
PNIPAM-1 (O) and PNIPAM-2 (O) in water.

0, is defined as R (TV/R(®). When T < O, the experi-
mental results are reasonably represented by the line
with » = 103, A similar result has been observed for
polystyrene in cyclohexane.1%3¢ The theory works well
in a good solvent wherein ¢, is expected to be a weak
function of 7. On the other hand, when T > O, the
measured o5 drops much faster than the line with » =
105. We do not understand this discrepancy. Appar-
ently, the results can be partially fitted by the line with
r = 108, The remarkable point is that o, decreases to a
much lower plateau than predicted in eq 1. This might
be because the hydrophobic and hydrophilic interactions
in water are much stronger than those predicted by
theory.

Figures 9 and 10, respectively, show the plots of the
scaled expansion factor os3tMy Y2 and o3tMy2 as a
function of tMY2. Such plots have been reported before
for polystyrene in different organic solvents and also for
PNIPAM in water.”15 Several points in Figures 9 and
10 should be noted. We observed a well-established
plateau for each PNIPAM sample. The plateau values
in Figure 10 are very close to the estimate of ~0.6 from
eq 2, but the plateau values in Figure 9 are ~50% lower
than the estimate. The ratio of the plateau value in
Figure 10 to that in Figure 9 is ~1.45, which is much
lower than (1.481/1.161)3 ~ 2 predicted before?® but close
to the experimental values (~1.44) for polystyrene in
various of organic solvents.” Also, a3tM? drops at
higher M, Y2 (still in the thermodynamically stable one-
phase region I), which contradicts the prediction of eq
2. This paradox leads us to reexamine the conditions
on which eqs 1 and 2 were derived. Ineqgs 1 and 2, the
possible changes in the attractive interactions were not

Macromolecules, Vol. 28, No. 24, 1995

. 8.00
Q
- ay=0.866

g 600} besea
o ag00 8
- a

20 a °

g
N
R o
NB 8 0,0
o L a
= 2.00 B E _ .
2 g o o o
=
0.00

=
0.00 6.00 12.00 18.00 2400 30.00

7_MWI/Z / (gl/Zmol-l/Z)

Figure 10. Plots of the scaled hydrodynamic expansion factor
on’tM.? as a function of the reduced temperature tM, "2 at
T > O for PNIPAM-1 (O) and PNIPAM-2 (O) in water, where
on = Ru(TY/R(O)].

included. However, in the highly collapsed globule this
assumption might be violated, wherein the attractive
interaction between different segments should be much
stronger than 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 in Flgure
8 after T > ©. According to eq 2, when d{a’tMY2)/dua
~ 605 — 80" = 0, i.e., o = 0.866, the scaled expansion
factor o3tM, V2 should reach a maximum, as observed
in Figures 9 and 10. This agreement shows that eq 2
works quite well until the plateau is reached.

Finally, we would like to discuss the chain density in
the globule. Our results show that even in the mostly
collapsed globule where Rg/Ry ~ 0.62 the estimated
chain density ¢ is only ~0.2 g/cm?3, where we used the
simple approximation of ¢ ~ M/[Na(4/3)zRy%]. This
means that the PNIPAM globule still contains ~80% of
water.

Conclusion

With the success of preparing two narrowly distrib-
uted high molecular weight poly(N-isopropylacryla-
mide)s, we have accomplished the studies of the coil-
to-globule transition of the 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 that R/Ry decreases linearly as the
solution temperature increases when T is higher than
the Flory © temperature and that Rg/Ry, can be lower
than 0.774 predicted for a uniform sphere, which might
indicate that even in the highly collapsed globule the
chain density might not be uniform. The observed
relaxation times (~10—102 s) for the disentanglement
of a highly collapsed PNIPAM globule and the collapse
of an extended PNIPAM coil were too short to support
the previously proposed knotting process in the coil-to-
globule transition. In addition, the highest chain
density reached in the collapsed globule is only 0.2
g/em?®, which is significantly lower than that in bulk (~1
g/em®). This implies that the collapsed globule contains
~80% water. All of our results indicate that there
should be no high-degree knotting inside the collapsed
globule. Finally, our results in terms of both the
expansion (or say, contraction) factor o and the scaled
expansion factor tMY2a® indicate that the modified
Flory theory for the polymer chain expansion (contrac-
tion) works well in a good solvent and near the ©
temperature, but failed in the region where the chain
is highly collapsed. The theory has to be further
modified to include the strong attactive interaction
inside the collapsed single-chain globule.
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