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Fig. 1 Typical angular dependence of KC/Rw (q) of
PNIPAM in water at two different temperatures

The polymer concentration is 6.7 x 1077 g/mL; The
inset shows the corresponding hydrodynamic radius
distribution f'(Rn) of the PNIPAM chains respectively
in the coil and the globule states (Reprinted with
permission from Ref.[20]; Copyright (1998) American
Chemical Society)
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Fig. 2 Change of the PNIPAM chain dimension as a
function of the solution temperature

o represents both the radius of gyration Rg and the
hydrodynamic radius Rn for PNIPAM-1 and O
represents the same for PNIPAM-2; The dashed line
indicates the Flory @ temperature; The thermos-
dynamically stable one-phase and kinetically stable
two-phase region are respectively denoted as I and II.
(Reprinted with permission from Ref.[16]; Copyright
(1995) American Chemical Society)
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Fig. 3 Temperature dependence of the average radius
of gyration <Ry> and the average hydrodynamic radius
<Rn>, respectively, in the coil-to-globule (heating) and
the globule-to-coil (cooling) processes

Each point was obtained at least 2 h after the solution
reached the thermal equilibrium to ensure that the
polymer chains were thermodynamically stable; The
inset shows the temperature dependence of <Rg>/< Ry>
in the heating and the cooling processes. (Reprinted
with permission from Ref.[22]; Copyright (1998)
American Physical Society)
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Fig. 4 Schematic of four thermodynamically stable
states of a homopolymer chain in the coil-to-globule
and the globule-to-coil transitions (Reprinted with
permission from Ref.[22]; Copyright (1998) American
Physical Society)
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Fig. 5 The chemical structures of poly(N,N-diethyl-
acrylamide) (PDEAM) and poly(/N-isopropylacrylamide)
(PNIPAM) (Reprinted with permission from Ref.[24];
Copyright (2008) American Chemical Society)
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Fig. 6 Temperature dependence of average radius of
gyration (<Rg>) and hydrodynamic radius (<Rn>) of
poly(N,N-diethylacrylamide) (PDEAM) chains in water
in one heating-and-cooling cycle (Reprinted with
permission from Ref.[24]; Copyright (2008) American
Chemical Society)
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Fig. 7 Temperature dependence of static expansion
factor as(<R>1/<Rg>0) of poly(N,N-diethyl-acrylamide)
(PDEAM) in water

The lines represent the calculations on the basis of
Eq. (3) with three different » values; For comparison,
previous PNIPAM data are also plotted. (Reprinted with
permission from Ref.[24]; Copyright (2008) American
Chemical Society)
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Copyright (2008) American Chemical Society)

KO T 91 & K H 7 oMy > 5 e 2 2.
(BRI BR R 2R IR EOC R GRS R R &
I FH 5 F 6L T 0 TR P IR AE 5 PR A LV ) A R
PNIPAMTE 7K H (1) B TG A2 A s 47 22 /N ER TR )
GEEARAT N 10 FHG B, G AR A K R
F(asMan) i 5, aeMy 2T 24N ik i C/B1H.:
0.59F12.59. R E IR, XFPDEAMFIPNIPAM H.
BRSO WA /NER, B IEIK RF ABhS K R
Bl eMy, 5 T 1.2814.1, LLK0.22410.91. iX
s =i — B oR T T R EE A
PDEAM HL 55 £33 s 4 /N BRAH S BON A L. (B 1S
TR R, “LHBINER R B AT SR
T O FEFI< Ry > T B L i B2 22 [



1396 [T S R SR 3

20174

©
(=]
T

a=<Rp>1/<Ry>¢
o

1/2 1/2
My, (g"*mol'?)
N
(=)

g
o

a=<Rg>/<Rg>g

o

0.0 1 1 1 1
30 60 90 120 150
My (g12/mol'?)
Fig. 9 Scaled contraction factor ¢?7My'? versus

7= (T — ©)/O and cach asterisk (*) marks a crossover
point from the coil state to the globular state (Reprinted
with permission from Ref.[24]; Copyright (2008)
American Chemical Society)
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Fig. 10 Time dependence of fluorescence intensity
changes of ANS (118 umol/L) in aqueous solutions after
an infrared laser heating pulse, respectively, with and
without PNIPAM (cpnream = 2 X 107 g/mL)

[ANS] = 118 umol/L, power of the heating pulse is
6.0 mJ, and the initial temperature before the heating is
30.4 °C; The inset shows a semilogarithmic plot of (1 —
/) versus time, where f'is defined as [Ir(¢) — Ir(0)]/[Ir(e0)
— Ir(0)] = 1 — Aexp(— t/tst) — (1 — A) exp(—t/Tiow).
(Reprinted with permission from Ref.[37]; Copyright
(2007) American Chemical Society)
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Fig. 11 Chain length dependence of two characteristic
time related to two transition stages

PNIPAM concentration was kept at 2 X 10™* g/mL and
[ANS] = 118 umol/L. (Reprinted with permission from
Ref.[37]; Copyright (2007) American Chemical Society)
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Fig. 12 Schematic of two kinetic stages of the
coil-to-globule transition of a long linear homopolymer
chain in a dilute solution (Reprinted with permission
from Ref.[37]; Copyright (2007) American Chemical
Society)
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One Intellectual Problem in Polymer Research — the Coil-to-Globule
Conformation Transition of Flexible Chains

Xiao-dong Ye', Ke-jin Zhou?, Chi Wu'>*"*
(!Department of Chemical Physics, Hefei National Laboratory for Physical Sciences at the Microscale,
University of Science and Technology of China, Hefei 230026)
(?Simmons Comprehensive Cancer Center, University of Texas Southwestern, Dallas 75390, USA)
(*Department of Chemistry, Chinese University of Hong Kong, Shatin N.T., Hong Kong)

Abstract A macromolecule consists of many repeating units connected via covalent bonds. Such a chain
connectivity results in some unique physical properties and related problems of macromolecules. In this review,
we will clarify one intellectual problem that is absent in small molecular systems; namely, small molecules only
have soluble and insoluble two states; in 1960’s, theorists predicted that even in its soluble state a flexible linear
polymer chain can change its conformation from a swollen random coil to a collapsed globule as the solvent
quality varies from good to poor. Since the end of 1970’s, experimentalists tried hard to confirm such a
coil-to-globule transition. However, a stable single-chain collapsed globule had not been experimentally observed
up to the middle of 1990’s. This unsolved problem has long puzzled many researchers. One theorist even claimed
in 1993 that a thermodynamically stable single-chain collapsed globule cannot be observed with our modern
instruments and current sample preparation technique. In China, the late Professor Renyuan Qian and some
researchers started to study some single-chain problems in the end of 1980’s. In 1993, our laboratory used a novel
approach to attack such a problem by successfully preparing and using some narrowly distributed high-molar
mass linear thermally sensitive water-soluble homopolymers. In 1995, we observed this long-predicted
coil-to-globule transition by using laser light scattering. Further, we discovered a novel “molten globule” state
during the coil-to-globule transition and revealed that there is no additional knotting and entanglement inside
individual single-chain globules. We also studied, for the first time, the opposite globule-to-coil transition and
found an unexpected hysteresis in comparison with the coil-to-globule transition, which is related to the formation
of additional intrachain hydrogen bonds inside the collapsed globular state. Finally, we investigated the chain
folding kinetics by using the infrared pulsed laser-induced temperature jump and unearthed that the
coil-to-globule transition has two distinct kinetic stages: the nucleation (formation of small “pearls” made of a
limited number of collapsed chain segments along the chain),in dependent of the chain length; and the coarsening
(merging of “pearls”). After persisting for nearly twenty years, we have essentially concluded the study of this
important intellectual problem in modern polymer physics and revealed some of its related unique physical
properties.

Keywords Flexible linear polymer chain, Polymer solution, Chain conformation, Thermally sensitive
water-soluble polymer, Laser light scattering

* Corresponding author: Chi Wu, E-mail: chiwu@ustc.edu.cn
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