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How Many Stages in the Coil-to-Globule Transition Table 1. Laser Light Scattering Characterization of PNIPAM
of Linear Homopolymer Chains in a Dilute Samples Used at 25.0C
Solution? sample Mw(g/mol) Ry(nm) [Ry(nm) Mw/Mn
PNIPAM-1 1.2x 10 45 35 15
Xiaodong Ye! Yijie Lu, ' Lei Shen] Yanwei Ding,’ E”:Eﬁm_g g-gi ig 22 ‘5“7‘ i;‘
ilin Lig. T i RX: - : -
Shilin Liu, T Guangzhao Zhang! and Chi Wu* PNIPAM-4 775 108 114 73 124
The Hefei National Laboratory for Physical Sciences at PNIPAM-5 2.3x 107 230 160 12

Microscale and the Department of Chemical Physics,
University of Science and Technology of China, Hefei, Anhui ing”, “packing”, and “merging”. Recently, Kikuchi et &f.
230026, China, and Department of Chemistry, The Chinese showed that the hydrodynamic interaction could speed up the

University of Hong Kong, Shatin N.T., Hong Kong transition on the order of milliseconds, and the initial “pearl”
Receied January 22, 2007 formation only to_ok~5% of the overall transition timer) even _
Revised Manuscript Receéd May 27, 2007 for a long chain. Up to now, there has been no solid

. - . ) experimental data to back such formation of small pearls and
The coil-to-globule transition of linear polymer chains has ¢ existence of various kinetic stages. A comparison of these
attracted much theoretical and experimental attention in the past, o qretical studies leads us to question whether there would be

411 i i i o . :
50 years,™*" not only due to its fundamental importance in 5 cleqr distinction among different stages, especially between
polymer physics but also because of its implication in o second and third stages even if they did exist.

biology 12”14 Thermodynamics of the coil-to-globule transition In this Communication, we report that by using a fast infrared
is fairly u_nderstood c_zlue to recent experimental adyances, suchiaser heating pulse (widﬂ,qlo ns and. = 1.54um) and water-

as laser light scatterinfg’ fluorescence spectroscopynfrared 5 hje g-anilino-1-naphthalenesulfonic acid ammonium salt
spectro;cop&z‘? and differential scanning mmrpcalonmeﬁr‘yln (ANS) free in the solution as a fluorescence probe (due to its
comparison, only a few experimental kmeng studies have S0 gasifivity to its hydrophobic/ hydrophilic surrounding$)we

far been reported with controversial restits® in spite that  \ ere aple, for the first time, to study the fast chain-folding

the transition kinetics has been well studied in theory and inetics of linear PNIPAM homopolymer chains in dilute

ionk8—22 ; ; i
computa_tlonl. aqueous solutions in terms of both the fluorescence and Rayleigh
Experimentally, Chu et df found a slow two-stage process scattering intensityl{ans and lscaterin)

with two transition times on the order of a few minutes. Nakata The fast infrared laser heating pulse generated with a Nd:

16 1
et al*® showed that the first stage was too fast to be measuredy oG |aser (Spectra Physics, Lab-170, 10 Hz, and pulse width
in their laser light-scattering spectrometer. Using different chain _ 10 ns) and two Raman cells is adsorbed by the overtone of

lengths, Baysal et &f.also measured the first stage, slower than the O-H stretching vibration of KD.25-32 A 200-W high-

~30 s. Recently, Liu et df used a stopped-flow device to study pressure mercury lamp (Shanghai Hualun Bulk Factory) was

the 'transition }(inetics of thermglly sensitive linear copolymer used as the light source for both the fluorescence and Rayleigh
chains, polyl-isopropylacrylamideso-4(1-pyrenyl)butyl acry- scattering experiments. The sample cell consisting of a pair of

Ia}te))_ (PN_IPAMco-pyrene), in water _ar_1d found a two-stage quartz windows with a 20@4m spacer was thermally controlled
km(;atlcs W|t2h72)nuch s:orter chaLacterlst;c tlmg&5g~ 1f2 n|15 with a precision 0of+0.1 °C by a heating bath. Each heating
andtsiow Nf h de)H t?werf\l/er,t € copo ym%nzat}on of a large pulse raised-2 °C in the scattering volume, which is sufficient
amount of hydrophobic fluorescence probes into PNIPAM ", change water from & solvent (~30.5°C) to a poor solvent
greatly complicated _the problem,_and the d'StF'bU“O” of pyrene and induce the coil-to-globule transition of individual PNIPAM
Ion ;[jhe PNIFAM Eha'n paclkbolne Is problematic. Such a system chains? The detector was placed at a right angle. Each data
eads to a less theoretical value. . . . point was normally averaged over 512 time measurements to
Theoretically, using the Langevin-equation simulation, Byrne improve its signal-to-noise ratio. Using a 5@kmatched

19 ) ; ,
etal:*found thrge stages: the quick formation of small IO(.:"’.‘”y resistor, we were able to reach a dead time of less th2d
collapsed nuclei on the chain, the growth of these nuclei into

clusters at the expense of their surrounding slack segments, an
the merging of the clusters until only one single-chain globule d
is left. Kuznetsov et & used the Monte Carlo simulation and
the numerical solution on the basis of the Gaussian self-
consistent approach to find four or more different stages. The
first three stages are similar to what Byrne et al. found, but the
additional fourth stage involves the slow equilibration of a
compact collapsed globule. KlusRirshowed that the overall
characteristic transition timer) could be scaled to the degree
of polymerization N) as = ~ N°% after considering the
hydrodynamic interaction. Further, using a phenomenological
model, Halperin and Goldbattalso found four similar stages
with slightly different meanings, i.e., “pearling”, “bridge stretch-

The synthesis of long PNIPAM homopolymer chains was
etailed beforé. The resultant PNIPAM homopolymer was
fractionated by a dissolution/precipitation process in a mixture
of dry acetone and dry hexane at the room temperature. The
weight-average molar mas#f, [, the gyration of radiusdRy0),
and the hydrodynamic radiugR,0) of five PNIPAM fractions
used are summarized in Table 1. The polydispersity intix (
Mn) was estimated from the relative width,(T'3) of the
characteristic line-width distribution((I")) measured in dy-
namic LLS on the basis dfl,/M, ~ 1 + 4u,/T[4.233 The final
concentration of ANS was determined using an extinction
coefficient of 5x 10° M~t cm™t atA = 350 nm3435

Figure 1 shows that the ANS fluorescence intendig{t)] —

Ir(0)] remains a constant after the heating pulse with no

ad;r-l(;c;,s\.lmom correspondence should be addressed at the Hong Kong .PNIPAM in the solution. With PNIPAMI(t) increases rapidly
T University of Science and Technology of China. in the first 0.5 ms and then levels off after3 ms. The
*The Chinese University of Hong Kong. semilogarithmic plot in the inset clearly shows two distinct
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Figure 1. Time dependence of fluorescence intensity changes of ANS Figure 3. Time dependence of scattering intensity of PNIPAM-5
(118 uM) in aqueous solutions after an infrared laser heating pulse, aqueous solution. The inset shows the ratio of the change of the
respectively, with and without PNIPAM-5Chnpan-s = 2 x 1074 scattering light intensityl{(t) — I5(0)] to 15(0).

g/mL), where [ANS]= 118uM, power of the heating pulse is 6.0 mJ, i )

and the initial temperature before the heating is 3®@4 The inset
shows a semilogarithmic plot of (+ f) vst, wheref is defined as
[Iet) — 1(O))/[1r(0) — 1(0)] = 1 — A exp(—t/tas) — (1 — A) exp-

_UTSIOW) .

Nucleation and initial growth
of pearls

2]
=
~
e 03F
T - =
fast Merging and coarsening
u q—0 n| n} of pearls
00F .
10° 107 Figure 4. Schematic of two kinetic stages of the coil-to-globule
transition of a long linear homopolymer chain in a dilute solution.
M_/(g/mol) E poly

Figure 2. Chain length dependence of two characteristic times related no interchain association/aggregation. Otherwliggeringould

to two transition stages, where PNIPAM concentration was kept at 2 significally increase because it is proportional to the square of

x 107% g/mL and [ANS]= 118 uM. the mass of a scattering objeddl); namely, Iscattering 0 M2,
stages. To fit such a two-stage transition, we used a double-sensitive to even a small amount of interchain association. A
exponential function with two characteristic transition timags( careful examination actually reveals a very small increase of
= 0.11+ 0.01 ms andsiow = 0.83+ 0.06 ms). Each straight  1scatering(~0.3%), as shown in the inset. Such a small increase
line in the inset represents one exponential term. According to of IscareringMight reflect that some of ANS molecules were
Kikuchi et al.?® the averagétshould be in the order of afew  entrapped inside the collapsed chain segments or a small change
milliseconds for the chains used, and the characteristic time of of the refractive index incrementrttic) due to the dehydration

the initial pearl formation would be only a few percent(@f) after the temperature jump. The fitting of such a small increase
Clearly, Trast andzsiow are in the reasonable ranges, but shorter of | ageringWith a double-exponential equation also results in
than the previous reported valuésNote that in the previous  two distinct transition timeszis = 0.10+ 0.01 ms andtsiow
stopped-flow measuremetthe coil-to-globule transition was = 0.90- 0.10 ms, consistent with those obtained from the ANS
induced by miXing water with methanol since the pyrene-'ab6|6d fluorescence intensity measurements.

PNIPAM copolymer is not soluble in pure water. The mixing
of water and methanol is much slower that the 20-ns heating
laser pulse. As discussed before, the initial pearl formation is
localized on the chain, and its characteristic time should be
independent of the chain length.

Figure 2 shows thats,g is indeed independent of the chain
length, consistent with previous predictions of Halperin éal.
and Kuznetsov et &P Therefore, the study of the chain length
independence of,g is a critical confirmation that the fast
process in Figure 1 is related to the initial pearl formation. It is

Our studies (not shown) also revealed that bhethandsiow

are independent of the PNIPAM or ANS concentration. These
results further confirm what we observed in Figure 1 is indeed
related to the folding of individual PNIPAM chains and that
the presence of ANS has no influence on the coil-to-globule
transition kinetics in dilute solutions. Further, we varied the
intensity of the infrared laser heating pulse to study the
guenching depth AT) effect on the transition kinetics. As
expected, the coil-to-globule transition indeed becomes slower

also expected thatko is a weak function of the chain length when the quenching depth is reduced (the decrease of the

since it is scaled toN ast ~ NYS proposed by Halperin and ~ JUMPINg temperature).

Goldbart?? In order to be sure what we observed in Figure 1is  In summary, using a combination of a fast infrared laser

indeed related to the coil-to-globule transition of individual heating pulse-induced temperature jump and the time-dependent

PNIPAM chains, namely, there is no interchain association fluorescence and Rayleigh scattering intensity measurements,

during the observation time period~4 ms), we further we have,for the first time revealed that the coil-to-globule

measured the Rayleigh scatting intensity from each PNIPAM transition of individual linear poly{-isopropylacrylamide)

aqueous solution by blocking the fluorescence light with a filter. homopolymer chains in dilute solutions have two distinct kinetic
Figure 3 shows that, unlike the fluorescence intensity, there stages with two characteristic transition timegs{~ 0.1 ms

is no significant change in the Rayleigh scattering intensity, i.e., and zsow ~ 0.8 ms). The chain-length-independent first stage
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can be attributed to the nucleation and initial growth of some

“pearls” (locally contracting segments) on the chain, while the

second and relatively slower process is related to the merging
and coarsening of the “pearls”. Figure 4 schematically sum-
marizes such a coil-to-globule conformational transition of a

homopolymer in a dilute solution after the heating laser pulse.
Unlike previous predictions, our experimental results showed
no distinction either between the nucleation and initial growth

of the pearls or between the packing and merging of the pearls.
It should be noted that Figure 4 only reflects what we observed
and lacks factual accuracy. To our knowledge, it is not possible
to directly see a synthetic polymer chain in the real space at
this moment.
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