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Three decades ago Stockmayer! first suggested that
a flexible polymer chain can transit its conformation
from an expanded coil to a collapsed globule on the basis
of Flory’s mean-field theory.? Since his prediction,
theoretical and experimental studies of this coil-to-
globule transition have been extensively conducted.3-12
The majority of the reported works were based on
polystyrene in various organic solvents because of two
very special requirements for the studied polymer chain;
namely, its molecular weight should be as high as
possible and its molecular mass distribution should be
as narrow as possible. Many useful experimental
results have been obtained by using improved modern
equipment,'112 especially laser light scattering (LLS)
which includes static and dynamic LLS, interpreted by
a well-developed theory.8?

Grosberg!? et al. in one of their recent papers stated
that, on the basis of their quantitative theories of coil-
to-globule transition,® a true equilibrium single-chain
collapse has not been experimentally observed yet for
simple uncharged homopolymers without mesogenic
groups. They predict a two-stage kinetics of a single-
chain collapse process, namely, a fast crumpling process
of unknotted polymer chain followed by a slow knotting
process of the collapsed polymer chain. This two-stage
kinetics has recently been observed by Chul413 ¢f al. in
a kinetic study of a single polystyrene chain collapse
process before its precipitation. In their marvelous
experiment, dynamic laser light scattering (LLS) was
employed to monitor the change of the hydrodynamic
radius (Rh) of a single polystyrene chain in cyclohexane
after an abrupt temperature jump from 35 to 29 °C.
Their measured hydrodynamic radius distribution
showed two quite different species which were at-
tributed to the collapsed single polystyrene chain and
the aggregate of the collapsed polystyrene chains. From
the change of R, as a function of time after the
temperature jump, they reported, for the first time, two
relaxation times T.rum, for the crumpled globule state,
and 1, for the compact globule state.

The great interest in this coil-to-globule transition is
not only due to its importance as a general and
fundamental concept in polymer physics and solution
dynamics but also due to its deep implications in many
biological systems, such as protein folding'é and DNA
packing.l” Therefore, in this aspect, the investigation
of the coil-to-globule transition of some water-soluble
polymers in aqueous solution should be even more
interesting. However, this is even more difficult and
challenging due to the two above-mentioned sample
requirements. So far, only a limited number of experi-
mental works have been reported.!8-20 Among them,
Kubota? et al. first seriously studied the coil-to-globule
transition of a single poly(N-isopropylacrylamide)
(PNIPAM) chain in water. With some effort, they only
got three PNIPAM samples with M., > 4.10 x 106 and
M./M, > 1.3. This is why they only observed a limited
chain collapse before the system reached a thermody-
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namically unstable regime, i.e., the phase separation
and aggregation.

It is known that the swollen PNIPAM gel has a sharp
volume phase transition at its lower critical solution
temperature (LCST, ~31 °C) when the temperature is
raised from ~25 to ~35 °C and the volume change can
be as high as 100 times.2! On the one hand, this sharp
and large volume change implies that it should be easier
to observe a true globule state of a single polymer chain
if PNIPAM is used; on the other hand, considering the
driving force for the phase transition, the hydrophobic
and hydrophilic interactions in water should be much
stronger than the van de Waals interactions among
polymer segments in organic solvents, so that it should
be easier for a single PNIPAM chain to reach a collapsed
state in water than for polystyrene in organic solvents.
In this paper, we show that with a carefully prepared
PNIPAM system this higher-degree collapsing of a
single polymer chain in water is experimentally realized
for the first time, to our knowledge; that is, a thermo-
dynamically stable globule state of a single polymer
chain is obtained.

On the basis of our previous experience,?? a combina-
tion of both fractionation and filtration enabled us to
successfully prepare an extremely dilute aqueous solu-
tion (C ~5 ug/mL) with a very narrowly distributed high
molecular weight PNIPAM sample (M,, = 1.08 x 107
and My/M, < 1.068). In this study, both the radius of
gyration (Ry) from static LLS and the hydrodynamic
radius (Ry) from dynamic LLS were measured as a
function of the solution temperature around the Flory
©—temperature (30.59 °C). The process and state of
collapse were respectively monitored in terms of the
radius of R; (and Ry) and the ratio of Ry/Rh.

A commercial LLS spectrometer (ALV/SP-150, Ger-
many) equipped with an ALV-5000 multi-r digital
correlator was used with a solid-state laser (ADLAS
DPY42511, Germany; output power ~ 400 mW at A =
532 nm) as the light source. The incident light beam
was vertically polarized with respect to the scattering
plane, and the laser light intensity was regulated with
a beam attenuator (Newport M-925B) so that possible
localized heating in the light-scattering cuvette can be
avoided. In our present setup, the coherent factor 8 in
dynamic LLS is ~0.87, a rather high value for an LLS
spectrometer capable of doing both static and dynamic
LLS simultaneously. This is why we were able to carry
out dynamic LLS in such an extremely dilute solution
with a reasonable signal-to-noise ratio. With proper
modifications,?? our LLS spectrometer is now capable
of doing both static and dynamic LLS continuously in
the scattering angle range of 6—154°. This accessible
small-angle range is very useful in the measurement
of high molecular weight polymer chains because, on
the one hand, for an accurate determination of R, the
condition of Rgg < 1 is required, where ¢ [=(47n/io)
(sin(6/2)], with n, Ao, and 6 being the solvent refractive
index, the laser light wavelength in vacuum, and the
scattering angle, respectively, and, on the other hand,
the extrapolation to the zero scattering angle and the
interference of the internal motions associated with the
long polymer chain can be avoided. In addition, this
accessible small-angle range has enabled us to study
an extremely dilute solution because for a long polymer
chain the scattered light intensity at small scattering
angle is much stronger than that at high scattering
angle.
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Figure 1. Typical hydrodynamic radius distributions AR4) of
the dilute PNIPAM aqueous solution (C = 4.66 x 107% g/mL)
under good solvent conditions (O, T = 19.90 °C) and under
poor solvent conditions (3, T' = 31.82 °C) after a 3-day standing
time, where 8 = 15°,
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Figure 2. Plot of the radius of gyration R; vs temperature
for the same solution used in Figure 1, where all values of R
were determined in the scattering angle range of 6—22° with
a step increment of 0.5°,

Figure 1 shows two typical hydrodynamic radius
distributions ARy) of the dilute PNIPAM aqueous solu-
tion under good solvent conditions (O, T'=19.90 °C) and
under poor solvent conditions (3, T = 31.82 °C) after
standing for ~3 days, where 6 = 15°. Further, our
dynamic LLS results showed that at 7= 31.82 °C the
hydrodynamic radius distribution was independent of
time and there was no aggregation observed even after
a long standing time, which clearly implies that the
PNIPAM solution at T = 31.82 °C is a thermodynami-
cally stable system. The average hydrodynamic radii
{Ry) of these two fiR}) s are respectively 54.1 and 112
nm. It shows a clear collapse of the PNIPAM chain in
water. On average, the hydrodynamic size of the
PNIPAM chain has shrunk about twice which corre-
sponds to a ~10-fold hydrodynamic volume change. A
more pronounced size or volume change of the PNIPAM
chain has been observed in terms of the radius of
gyration R; measured in static LLS.

Figure 2 shows the change of R; as a function of
temperature for the extremely dilute PNIPAM solution,
where all values of R; were determined in the scattering
angle range of 6—22° with a step increment of 0.5°. This
small accessible scattering angle range had ensured the
condition of Rgg < 1. The filled circles in Figure 2
represent the data obtained in a thermodynamically
instable state, i.e., in a kinetic chain collapse process.
A similar study has been carried out for polystyrene in
cyclohexane.!* This kinetic collapse process has been
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Figure 3. Typical hydrodynamic radius distribution of the
same PNIPAM solution used in Figure 1 after the solution was
brought from 30.59 °C (®-temperature) to 33.02 °C and stood
at 33.02 °C for 4 h, where § = 15°.

theoretically predicted to involve the following four
possible processes: the crumpling, knotting, aggrega-
tion, and interpenetration of polymer chains.!® The time
interval between the chain crumpling (and knotting)
and the aggregation of the collapsed chains was mainly
dependent on the temperature difference between the
solution temperature and the Flory ©-temperature, i.e.,
T — ©. A typical time interval for PNIPAM in water
at 32 °C < T < 34 °C is in the range of ~102~103 min,
which is very similar to that observed in the polystyrene/
cyclohexane system.4

Figure 3 shows a typical hydrodynamic radius dis-
tribution of the PNIPAM chains in water after the
solution was brought from 30.59 °C (the ©-temperature)
to 33.02 °C and stood at 33.02 °C for ~4 h. In
comparison with Figure 1 where the hydrodynamic
radius distribution at T'= 31.82 °C has only one narrow
distribution peak, Figure 3 shows a bimodal distribution
with two broadly distributed peaks. The peak with a
smaller size mainly represents individual collapsed
chains, and the peak with a higher size indicates that
there exists a very small amount of larger aggregates
made of the collapsed chains in the solution. Figure 3
also reveals that at 7 = 33.02 °C the PNIPAM chains
were in a more collapsed state in comparison with that
at T = 31.82 °C. The peak broadening after a ~4-h
standing time might be due to the two following
processes: (1) the “knotting” (or more generally “rear-
ranging”) of the collapsed chain which leads to a more
compact and smaller size; (2) the formation of some
small aggregates, such as dimer, trimer, and so on,
which leads to a slightly larger size. Further aggrega-
tion of these small aggregates leads to a second large
aggregate peak in Figure 3. This is why in Figure 2
we have filled those experimental data points obtained
at T > 31.82 °C since dynamic LLS results showed that
the PNIPAM chain is not thermodynamically stable in
water in that temperature range.

Figure 4 shows a master curve of the scaled expansion
factor of the static size (i.e., Ry) “as3Mw'?t vs My'217,
where o5 = Ry{TV/R(0) and v = (T — ©)/0. Hollow
circles represent the results obtained in thermodynami-
cally stable states, and filled circles, the results obtained
just after the temperature reached equilibrium where
the PNIPAM chains already collapsed but the aggrega-
tion between these collapsed chains had not started yet.
The general shape of this master curve has been
predicted in theory. The ratios of Ry/Ry at different
temperatures are also indicated in Figure 4 on the
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Figure 4. Master curve of the scaled expansion factor of the
static size (the radius of gyration, Ry) o.Mt vs M,.'?r, where
0s = Rg(TV/Re(®) and 7 = (T — ©)/O, with © being the Flory
©-temperature (6 = 30.59 °C). Hollow circles represent the
experimental results obtained in thermodynamic stable states
(T =< 31.82 °C); and filled circles, the results obtained just after
the temperature reached equilibrium where the PNIPAM
chains already collapsed but the aggregation between these
collapsed chains had not started yet.

master curve. It is well-known that for a linear polymer
coil in a good solvent and a uniform hard sphere the
R, /Ry, values are ~1.5 and ~0.77, respectively.?* The
change of the R/R), ratio from 1.45 to 0.77 clearly shows
that the PNIPAM chain in water had collapsed from a
typical expanded flexible polymer coil into a compact
globule with a uniform density when temperature
increased from 20.0 to 34.0 °C. On the basis of the clear
deviation of the master curve away from the plot of o
= 1 and the listed Ry /R), ratio, we suggest that the
master curve be divided into the four following stages:
(1) the chain contracting (the initial raising part) where
R, /Ry, changes from 1.45 to 1.33; (2) the chain crumpling
(the plateau part) where RgRy ~ 1.33; (3) the chain
knotting or rearranging (the falling part) where R/Ry
decreases sharply from 1.33 to 0.97; and (4) the chain
collapsing into a compact globule with a uniform density
(the last level-off part) where R /Ry approaches a
constant value. At T = 31.82 °C, which corresponds to
the last observed thermodynamically stable state for the
PNIPAM chain in water, Rg/Ry, = 0.97 which indicates
that the PNIPAM chain has reached a globule state,
even though the PNIPAM chain has not become a
compact globule with a uniform density. Moreover, the
extended plateau (the crumpled globule) and the fol-
lowing decay (the thermodynamically stable knotted
globule) in the master curve 0s*MV2t vs M%7 has been
observed for the first time, to our knowledge, which has
to be attributed to several unique features of the
PNIPAM sample used in this study, namely, ultrahigh
molecular weight, very narrowly distributed molecular
weight, and extremely dilute concentration. In the past,
such an extended plateau was only observed in the
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master curve of the scaled expansion factor of the
dynamic size (Ry) an®My2t vs My1?7 for PS in organic
solvents, where ay, = Rp(TV/Rn(®).

In conclusion, a thermodynamically stable globule
state of a single polymer chain has been experimentally
realized with an extremely dilute solution (~5 ug/mL)
of a narrowly distributed high molecular weight PNIPAM
sample (M, = 1.08 x 107 and M,/M,, < 1.06) in water.
Our experimental results support a four-stage coil-to-
globule transition process for a single PNIPAM chain
in water, namely, the chain contraction, crumpling,
knotting, and collapsing. The study of an even higher
molecular weight PNIPAM is underway. The collapsing
kinetics and comparison between the coil-to-globule
transition of individual free PNIPAM chains in water
and the lightly cross-linked PNIPAM chains in microgel
particles will be reported in an upcoming paper.

Acknowledgment. The financial support of the
RGC (the Research Grants Council of Hong Kong
Government) Earmarked Grant 1994/95 (CUHK 299/
94P, 221600260) is gratefully acknowledged.

References and Notes

(1) Stockmayer, W. H. Makromol. Chem. 1960, 35, 54.
(2) Flory, P. d. Principles of Polymer Chemistry; Cornell Uni-
versity Press: Ithaca, NY, 1953.
(3) Ptitsyn, O. B.; Kron, A. K; Eizner, Y. Y. J. Polym. Sci., Part
C 1968, 16, 3509.
(4) Yamakawa, H. Modern Theory of Polymer Solutions; Harper
& Row: New York, 1971.
(5) Sanchez, I. C. Macromolecules 1979, 12, 276.
(6) Di Marzio, E. A. Macromolecules 1984, 17, 969.
(7) Moore, M. A. J. Phys. A: Gen. Phys. 1977, 10, 305.
(8) Grosberg, A.Y.; Kuznetsov, D. V. Macromolecules 1992, 25,
1996 and references therein.
(9) Yamakawa, H. Macromolecules 1998, 26, 5061.
(10) Park,I. H.; Wang, Q. W.; Chu, B. Macromolecules 1987, 20,
1965.
(11) Chu, B.; Park, I. H.; Wang. Q. W.; Wu, C. Macromolecules
1987, 20, 2883.
(12) Chu, B.; Yu, J.; Wang, Z. L. Prog. Colloid Polym. Sci. 1993,
91, 142.
(13) Grosberg, A. Y.; Kuznetsov, D. V. Macromolecules 1993, 26,
4249,
(14) Yu, d.; Wang, Z. L.; Chu, B. Macromolecules 1992, 25, 1618.
(15) Chu, B.; Ying, Q. C.; Grosberg, A. Y. Macromolecules 1995,
28, 180.
(16) Chan, H. S,; Dill, K. A. Phys. Today 1993, 46, 24.
(17) Post, C. B.; Zimm, B. H. Biopolymers 1982, 21, 2139.
(18) Heskins, M.; Guillet, J. J. Macromol. Sci. 1968, A2, 1441.
(19) Yamamoto, 1.; Iwasaki, K.; Hirotsu, S. J. Phys. Soc. Jpn.
1989, 58, 210.
(20) Kubota, K.; Fujishige, S.; Ando, 1. J. Phys. Chem. 1990, 94,
5154.
(21) Schild, H. G. Prog. Polym. Sci. 1992, 17, 163 and references
therein.
(22) Zhou, S. Q.; Fan, S. Y.; Au-yeung, S. T. F.; Wu, C. Polymer
1995, 36, 1341.
(28) Wu, C.; Chan, K,; Xia, K. Q. Macromolecules, in press.
(24) Stockmayer, W. H.; Schmidt, M. Pure Appl. Chem. 1982,
54, 407; Macromolecules 1984, 17, 509.

MA9502563



