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Globule-to-Coil Transition of a Single Homopolymer Chain in Solution
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Using a nearly monodisperse high molar mass péligopropylacrylamide) (PNIPAM) sample, we
successfully made the conformation change of individual PNIPAM chains from a coil to a fully
collapsed stable single chain globule in an extremely dilute aqueous solution, which enabled us to
study for the first time the globule-to-coil transition of a single homopolymer chain in solution. A
comparison to the coil-to-globule and the globule-to-coil transitions revealed a hysteresis in the globule-
to-coil transition. Our results also confirmed the existence of two additional thermodynamically stable
states between the coil and the globule states, namely, the crumpled coil and the molten globule.
[S0031-9007(98)05965-1]

PACS numbers: 61.41.+e, 36.20.—r

“Coil” and “globule” are two distinct and defined weight average molar mag¥,,) of ~1 X 107 g/mol and
(in theory) thermodynamically stable states for a lineara polydispersity indexM,,/M,) of ~1.3 was obtained.
flexible homopolymer chain in solution. The transition Using this high molar mass fraction, we prepared a dilute
from a coil to a globule has long been predicted ifaqueous solutiof2.50 X 107> g/mL). The solution was
the solvent quality changes from good to poor [1-6].kept at room temperature for more than one week to
Experimentally, the coil-to-globule transition has beenensure a complete dissolution before further dilution
extensively studied in the last 20 years [7—11], becausand filtration. The solution was clarified by a Q/n
it is a fundamental problem related to many phenomenalillipore Millex-LCR filter prior to laser light scattering
such as the folding of a protein chain [12], the packing(LLS) experiments. The combination of fractionation
of DNA molecules [13], the collapse of a gel network and filtration led to an extremely dilute solutigd.7 X
[14], and the complexation between two polymer chainsl0~7 g/mL) containing nearly monodispers&f|,/M, ~
[15]. In contrast, the opposite process (the globule-to-coil .02 estimated from the relative width of the linewidth
transition) has never been studied because the demixirdjstribution G(I') measured in dynamic light scattering]
of the solution (interchain aggregation) always happensigh molar mass(1.3 X 10’ g/mol) PNIPAM chains.
before individual polymer chains have a chance to reachihe resistivity of deionized water used was 18.3)m.
the fully collapsed thermodynamically stable single chain In static LLS [17], we were able to obtain both the
globule state, or, in other words, the starting point of theweight-average molecular mag¥,,) and the average ra-
globule-to-coil transition has never been established for dius of gyration({(R,)) of polymer chains in an extremely
homopolymer chain in solution in spite of numerous triesdilute solution from the angular dependence of the ex-
in the past. cess absolute scattering intensity, known as Rayleigh ra-

Three years ago, we studied the coil-to-globule trantio R,,(g), where g = (4mn/Ag) sin(0/2), with n, A,
sition of poly(V-isopropylacrylamide) (PNIPAM) in andé being the solvent refractive index, the wavelength
water with limited success; namely, we observed theof the light in vacuum, and the scattering angle, respec-
kinetically stable single chain globules in solution, buttively. In dynamic LLS [18], the cumulant analysis of
failed to reach the fully collapsed thermodynamicallythe measured intensity-intensity time correlation function
stable single chain globule state [16]. On the basis of ou62(r) of a nearly monodisperse PNIPAM sample was
own results and other unsuccessful studies in various labgufficient for an accurate determination of the average
ratories, we came to a point to question whether the fullffinewidth ((I')) which can be related to the average tran-
collapsed single chain globule state is thermodynamicallgitional diffusion coefficient(D)) and the average hydro-
stable in solution, what the chain density in the globuledynamic radiug(R,)) by (D) = ((T')/¢*)4—0 and(R,) =
state will be, and how the globule-to-coil transition is kzT /(67 1n{D)), with kg, 7, andT being the Boltzmann
if we reverse the coil-to-globule process. Recently, weconstant, solvent viscosity, and the absolute temperature,
studied an extremely dilute PNIPAM aqueous solutionrespectively. The hydrodynamic radius distributi®;,)
and answered the questions. The details are as follows.of the PNIPAM chains was calculated from the Laplace in-

The synthesis of PNIPAM has been detailed beforeversion ofG?(¢) by using thecONTIN program. The LLS
[16]. The resultant PNIPAM was carefully fractionated instrumentation has been detailed before [16]. It should be
by precipitation from an extremely dried acetone solutionstated that our LLS spectrometer has an exceptional small
to n hexane at room temperature. A fraction with aangle range down to°6which is vitally important for the
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study of the coil state of the long polymer chains becausegoint in Fig. 2 represents a stable value. The hysteresis
a precise determination a¥/,,, (R,), and(R;) requires indicates that the coil-to-globule transition of individual
g{R,) < 1. The solution was so dilute that the extrapo-PNIPAM chains involves the formation of intrachain
lation of C — 0 was not necessary. structures in the globule state, presumably the intrachain
Figure 1 clearly shows the shrinking of the chainshydrogen bonding, and these intrachain structures persist
when the temperature increased from 20.0 to 36.9 in the globule-to-coil transition.
The inset shows that the extrapolation 6€/R,,(g) to The average chain densitfp) estimated from
g — 0 leads to the same intercept, indicating that theMw/[NA(;—‘)w<Rh>3] increases from0.0025 g/cm® (coil)
coil and the globule have the same molar mass; i.e., eaab 0.34 g/cm’ (globule), close to~0.4 g/cm® predicted
globule is made of a single PNIPAM chain. Our resultson the basis of a space-filling model [19]. There-
also indicate that the scattering intensity of the solutiorfore, each PNIPAM globule, on average, still contains
at ¢ — 0 is independent on the standing time; namely,~66% water inside its hydrodynamic volume. Another
the globules are stable at 350 because the scattering interesting point is that, in the heating proce$R;)
intensity is proportional to the square of the molarapproaches a constant only wh@h>~37°C, while,
mass and very sensitive to the interchain aggregationn the cooling process(R,) remains a constant value
Moreover, the time independence of the hydrodynamiantil 7 <~34.0 °C, indicating that, in the coil-to-globule
radius distribution in the globule state,(r = 0; and A, transition, each coil gradually collapses into a uniform
t = 33 h) also demonstrates that the PNIPAM globules inglobule, while, in the globule-to-coil transition, the melt-
the solution are stable. ing of the globule is hindered by the intrachain structures
Figure 2 shows that when (I) > 35 °C, the PNIPAM  formed in the globule state. Figure 2 also shows that
chains are fully collapsed because bdfty) and (R,)  (R,) decreases much faster théky,) in the temperature
are independent on the temperature; and (2) at a giverange 30.6—32.2C. Considering the definition ofR,)
temperature in the transition range, the PNIPAM chainsind (R,,), we know that the collapse of the chain starts
in the cooling process are smaller. It should be statefom the center becaus&,) is more sensitive to the
that no change of eithe(R,) or (R,) was observed chain density distribution.
even after the solution was kept at each measurement The difference between the coil-to-globule and globule-
temperature for 10 h, or, in other words, every data&o-coil transitions can be better viewed in terms of
(Rg)/(Rp) (the inset in Fig. 2), because it reflects the
chain conformation. In the temperature range 20—30.6
2.50 (the ® temperature), bot{R,) and (R,) decrease, but

220 (R,)/{Ry;) is nearly a constarit~1.50), revealing that the
leso chains keep the coil conformation as long7as< ®. In
500l 2 the temperature range 30.6—323 (R,)/(R;) decreases
) @glm dramatically from~1.50 to ~0.56, clearly indicating the
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FIG. 1. Typical hydrodynamic radius distributiofi(R;,) of FIG. 2. Temperature dependence of the average radius of
poly(N-isopropylacrylamide) chains in deionized water at two gyration (R,) and the average hydrodynamic radigR;),
different temperatures, where polymer concentratioi6.7sx respectively, in the coil-to-globule (heating) and the globule-
1077 g/mL. At 35.9°C, o representsf(R;) just after the to-coil (cooling) processes, where each point was obtained at
temperature reached equilibrium; andafter~33 h. The inset least 2 h after the solution reached the thermal equilibrium to
shows the angular dependence of the Rayleigh [&ijg(q)] of ensure that the polymer chains were thermodynamically stable.
the polymer chains, respectively, in the cdill) and globule The inset shows the temperature dependencérgf/(R;) in

(o) states. the heating and the cooling processes.
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globule, and thefully collapsed globule,schematically
shown in Fig. 3. The first two states and the transition
between them can be, respectively, described by the
existing Flory and Birshtein-Pryamitsyn theories [21,22].
However, a quantitative description of the molten globule
and the fully collapsed globule states still remains to be
a challenge. We think that the deviation of the existing
9 A theories from the experimental results is, at least partially,
crumpled coil because the molten globule and fully collapsed globule
have different chain density distributions in comparison

size

w with the coils.
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