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Abstract: Narrowly distributed ultralong linear poliisopropylacrylamide) (PNIPAM)Ml,, = 2.63 x 107

g/mol andM,/M, < 1.1) was successfully prepared by a combination of fractionation and filtration. Using
this PNIPAM sample, we have studied the conformation change of individual PNIPAM chains in different
methanol/water mixtures at 2C€. Both water and methanol are good solvents for PNIPAM, but not a proper
mixture of them. The PNIPAM chain collapsed sharply from a coil to a stable globule when the methanol
content Kmethano) reached~17 mol %. In the range 740 mol %, the PNIPAM chain remained in the globule
state. Further addition of methanol finally led to a globule-to-coil transitioR,@hanoi~ 50 mol %. The
reentrant coil-to-globule-to-coil transition could be attributed to the formation of different water/methanol
complexes, presumably, §8)(CH3;OH),, which are poor solvents for PNIPAM. We haver the first time
revealed that the conformation change of individual polymer chains can be used as an indicator to probe the
complexation, similar to an indicator used in titration. Our results suggest that xsa@kho < ~17 mol %,

the water/methanol molar ration(n) is ~5, while whenxmethanoi> 50 mol %,m/n becomes 1. In the range of
~17 mol % < Xmethanol< 50 Mol %, different intermediates with4 m/n < 5 coexist. The speculated structures

of these complexes could be related to a water pentamer.

Introduction
It has been known that polyfisopropylacrylamide) (PNIPAM)

is soluble in both water and methanol at lower temperatures

but insoluble in a proper mixture of thehs.Similarly, PNIPAM
hydrogels can undergo a reentrant sweklisgrinking—swelling
transition as the methanol content incredses.Utilizing this

special property, one could use a mixture of two good solvents
instead of one good solvent and one poor solvent to purify
PNIPAM 210 This special property also led to the development

of some control-releasing devices for alcohol-soluble diigs.

It is generally known that the reentrant transition (or conon-
solvency) can be related to the demixing or the complexation
of two solventsi?2 The origin of the reentrant transition of

"PNIPAM has long been disputed. Initially, it was attributed to

the complexation between water and methanol induced by the
presence of the PNIPAM netwotk:#4 This argument was
tarnished when linear PNIPAM chains in a dilute solution
showed a similar reentrant phenomendrso that the prefer-
ential adsorption of methanol on PNIPAM was suggested
because it was believed that the adsorption could induce local
concentration fluctuatiok®® However, the electronic paramag-
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Transition of Homopolymer Chains in Dilute Solution

that water could strongly interact with methanol to form

complexes, which has nothing to do with the presence of
PNIPAM. A direct experimental observation of the complex-

ation between water and methanol is difficult, if not impossible.
Nearly all previous investigations were strongly dependent on
different models and assumptions.

J. Am. Chem. Soc., Vol. 123, No. 7, 2601

extremely dried acetone andhexane. In each cycle, only the very
first fraction was used for the next cycle. The PNIPAM fraction finally
used had a weight average molar mads)(of ~2 x 10’ g/mol. The
complete dissolution of this PNIPAM fraction in water (101074
g/mL) at 25°C took 10 days. The solution was partially filtered through
a 0.2um filter to remove the minor component of shorter PNIPAM
chains. The remaining solution was diluted with water before a proper

In the present study, we found that the conformation change amount of methanol was added dropwise. The final concentration of

of individual PNIPAM linear chains could be used as a sensitive

indicator to probe the complexation between water and metha-

nol. In an extremely dilute solution, the disturbance of PNIPAM

PNIPAM in different water/methanol mixtures was kept at 5007
g/mL. Such diluted solutions were further clarified with a QB
Millipore Millex-LCR filter to remove dust before the light-scattering

to the water/methanol complexation can be neglected. It shouldmeasurement. The PNIPAM solution in pure methanol was obtained

be noted that the coil-to-globule transition of individual homo-
polymer chains itself is an important problem and has many
implications in protein folding and denaturati®hDNA pack-
ing,2% and the interchain interactidA The experimental obser-
vation of the coil-to-globule transition of a linear polymer chain
in solution without any interchain association (aggregation) is
difficult and still remains a challenge even though such a
transition has long been predict&d® and investigated@ 34
Most of the past studies were conducted in a kinetic fashion

by slowly removing water before adding methanol. Such a combination
of successive fractionation and filtration finally led to narrowly
distributed ultralong PNIPAM chains withl,, = 2.6 x 10" g/mol and
Mw/M, < 1.1. The resistivity of deionized water used was 18.2 M

Laser Light Scattering (LLS). A modified spectrometer (ALV/
SP-125) equipped with a multi-digital time correlation (ALV5000)
and a solid-state laser (DPSS532, output powet00 mW atlo =
532 nm) as the light source was used. In static EL8we were able
to obtain the weight-average molar madd,,), the second virial

and focused on the temperature-induced transition. Only a few coefficientA;, and thez-average root-mean-square radius of gyration

studies have dealt with the solvent-composition-induced transi-

tion in a mixture of two organic solvent8.It is expected that
the solvent-composition-induced transition would have underly-
ing physics different from the temperature-induced one. Using
specially prepared ultralong linear PNIPAM chains, we have
successfully observed the reentrant coil-to-globule-to-coil transi-
tion of individual PNIPAM chains and probed two critical
compositions of cononsolvency of the water/methanol mixture.

Experimental Section

Sample Preparation.The synthesis of PNIPAM has been detailed
before3® The resultant PNIPAM sample was carefully fractionated by
six successive dissolution/precipitation cycles af@5n a mixture of
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(IRP2 or written aslRy[) of polymer chains in a dilute solution from
the angular dependence of the excess absolute scattering intensity,
known as the Rayleigh ratiB.(q), by using

KC 1 1 .22
R~ LT 3 R+ 2ac

whereK = 472n? (dn/dC)%(Nalo4) andqg = (4zn/Ag) sin(9/2) with Na,
dn/dC, n, and A, being the Avogadro number, the specific refractive
index increment, the solvent refractive index, and the wavelength of
the light in a vacuum, respectively. In this study, the solution was so
dilute that the extrapolation d& — 0 was not necessary.

In dynamic LLS%° the Laplace inversion of each measured intensity
intensity time correlation functio®®@(q,t) in the self-beating mode
can be related to a line-width distributid®(I').%8%° For a diffusive
relaxation,I is related to the translational diffusion coefficiebtby
(T/9%)c—~o0q—~0 — D, so thatG(I') can be converted into a translational
diffusion coefficient distributionG(D) or a hydrodynamic radius
distribution fR,) via the StokesEinstein equationR, = (ksT/671)-

D, wherekg, T, and 5 are the Boltzman constant, the absolute
temperature, and the solvent viscosity, respectively. The cumulant
analysis ofGA(t) of a narrowly distributed sample can result in an
accurate average line widthl(J or an average hydrodynamic radius
[R.JAll the LLS measurements were done at 26.0.1°C. The details

of our LLS instrumentation can be found elsewh@&r¢is worth noting

that our LLS spectrometer has an exceptional small angle range down
to 6°, which is vitally important for the study of the coil state of
ultralong polymer chains because a precise determinatiti,0fRyL)

and [R,OrequiresqRy0< 1. The refractive indexes (n) of different
water/methanol mixtures and the refractive index increment&lQ)

of PNIPAM in different water/methanol mixtures were, respectively,
determined by an Abbe refractometer and a novel differential refrac-
tometeri®

@

Results and Discussion

Figure 1 shows that both the refractive inde®y énd the
specific refractive index incrementr{@iC) severely deviate from
a simple additivity (the dash lines). The changes @nd dv
dC as the methanol conteRfemanoiincreases can be roughly
divided into three ranges. In the rangexXainano < ~20 mol
%, they increase WitRmethanot While in the range of Xethanol™>
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methanol in water, water/methanol mixture, and methanol, respectively.
Figure 1. Methanol molar fractionXmethano) dependence of refractive
index (n) o_f Water/methanol mixtures and the corresponding specific collapse of the chains in the water/methanol mixture. The
Ej?effri?\(:(leZslTiiﬁhgﬁgﬁ;?[?éfhgﬁggli [°|_: g]'\)“PAM' Where Xnetanol S remarkable point is that despite a sharp decrease in the slope,
2= there is no change in the intercept, i.e., no chang®lin as
shown in the inset of Figure 2. Therefore, there is no interchain
aggregation in the reentrant transition and the conformation
change involves only individual PNIPAM chains, because for
R a given concentration (g/mLR(q) is proportional to the square
20 of molar mass, i.e.R O My O nM? very sensitive to the
interchain aggregation. In principle, such a plot should be shown
& cron T T BT To00 in every reported study of the coil-to-globule transition of
<R > 230 nm X,y | MOI% individual polymer chains. It should be stated that for PNIPAM
! in each given mixture, the scattering light intensity is indepen-
in H,0/CH,0H mixture (x_,... = 18.6 mol%) dent of the standing time, indicating that such formed single
<R =26 nm chain globules are stable in solution.
7 Figure 3 shows that the PNIPAM sample used is narrowly
2 1 1 1 L 1 distributed with a relative widthu,/(T'3 in the range~0.01—
0.0 1.0 20 3.0 40 50 6.0 70 0.02. The polydispersity indexVi,/M;) estimated from 1+
5 0 " 4(142/@1“@) is less than 1.4 Note that thex-axis in Figure 3 is
q /10 cm logarithmic. The difference in R,) shows that the PNIPAM
i o ] chains have a more extended chain conformation in water than
Figure 2. Angular dependence of excess scattered light intensity KC/ methanol, indicating that water is a better solvent than
R"V(tﬂ) Ofl PNlpA't\./' 'ThaT”;]S n V;"f"t?;' Watler/memanoll fmﬁz &a”d methanol for PNIPAM at 20C#2 The large shift of fR;) to
methanol, respectively. The inset is the molar methanol fra L
dependence gf the re}I/ative scattering intensity of the PNIPAM solution; the left clea.rly reveals the collapse of the chains in the water/
| andl, are the scattering intensity and reference intensity, respectively. Methanol mixture. From eachi), we can calculate an average
hydrodynamic radiusR,CJdefined as/f(Ry)Rn dRp.

50 mol %, they decrease &gethanoiincreases. In the middle Fig_u_re 4 shows a clear reentrant coil-to-globule-to-coil
range~20—50 mol %, there is nearly no changenrand dv transition in terms of bothRyJand (R,0J It should be stated
dC. The nonideal behavior indicates a strong interaction betweenthat even in the fully collapsed globule stéiigsland R, vere
water and methanol. Assuming that the water/methanol com- independent of the standing time; namely, each point in Figure
plexes have a higher refractive index, we could explain the 4 represents a stable value. The sharp drop&gfand [R,[at
change ofh asxmetanoiincreases. In the low and higthethanol Xmethanol ~ 17 mol % show the collapse of the chains. The
range, the mixture could be respectively regarded as a binaryaddition of methanol in the range 2@0 mol % has little effect
mixture of “water and the complexes” and “methanol and the ON the chain conformation in the collapsed state. Further addition
complexes”, while in the middle range, different water/methanol Of methanol finally leads to the rewinding of the globule back
complexes coexist. In the [0Wmemanofange, the addition of into the coil conformation, i.e., the globule-to-coil transition,
methanol leads to the formation of more complexes with a @tXmethanoi~ 50 mol %. Note thafR;[decreases more than 10
higher refractive index, so that the overalincreases, while in  times from~280 nm in pure water to-26 nm in the methanol/
the highXmetanoirange, the complexation between water and Water mixture. Also note that botlR,“and[R,[are independent
methanol is saturated so that further addition of methanol could of the methanol content wheRmethanol > 50 mol %. This
only result in free methanol, which explains the decrease of feentrant transition of individual PNIPAM chains is well
the overalln. The effect on d/dC could be attributed to the ~ correlated to the swellingshrinking-swelling of PNIPAM

49

inH,0
60 L <Rg>= 283 nm f

~
< 3.0
—

[KC/R (q)]/ 10 (mol/g)

dehydration of PNIPAM. We will discuss this point later. gels*~8 A careful examination of Figure 4 shows that in the
Figure 2 shows that in comparison with PNIPAM in pure Coil-to-globule transitionR,(idrops slower thafiRs[j while in
water and pure methanol, the slope of RG(q) Versusg? the rewinding processRylJincreases much faster thaR,[]

decreases sharply. This corresponds to a more than 10 timeS™(41) chy, B.; Wang, Z.; Yu, Macromoleculed991, 24, 6832-6838.
decrease inMRyJon the basis of eq 1, clearly showing the (42) Fujishige, SPolym. J.1987, 19, 297—300.
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2.00 methanol has a lower value dRyI[R,Othan in pure water,
£ further revealing that water is a better solvent for PNIPAM at
g 150} 20 °C. Using [p= Mu/[Na(4/3)7(R:E)], we were able to
© estimate the average chain dendity] As shown in Figure 5,
N 1.60 } [pLincreases very quickly wheXnetmanoreaches 17 mol % but
i drops atmethanol™> 50 mol %. Moreover[phas a maximum
v 050 ¢ value of ~0.23 g/cn3, less than~0.4 g/cnd predicted on the
0.00 . _ basis of a space-filling modét.It shows that even in the fully
) collapsed state, the globule still containg0—80% solvents
é 300 % inside its hydrodynamic volume.
S 00 The reentrant coil-to-globule-to-coil transition of individual
~ PNIPAM chains clearly shows that the water/methanol mixtures
Ao in the range 1750 mol % are poor solvents for PNIPAM even
g 100} though water and methanol individually are good solvents. Note
that in this study, the PNIPAM concentration was so low, on
0.00 T T e —— average, that eacN-isopropylacrylamide monomer unit was
surrounded by~107 solvent molecules. The existence of such
X ethanol | 100170 a trace amount of PNIPAM should have a negligible effect on
Figure 4. Methanol molar fraCtion)(’nethano) dependence of the average the water/methanol interaction. In a solution of PNIPAM in the
radius of gyrationfR;Jand average hydrodynamic radit®,0 of water/methanol mixture, there exist at least three kinds of
PNIPAM. intermolecular interactions, namely, the interactions between

water and PNIPAM, between methanol and PNIPAM, and
between water and methanol. Our results suggest that the water/
methanol interaction is stronger than the other two interactions.
Recent spectroscopic and high-performance liquid chromato-
graphic studies on the water/methanol complexation showed that
when the methanol content was low, one methanol could
complex with a number of water molecules, while in the high
methanol content, the ratio became one to ¥rié:1° These
water/methanol complexes were thought to coexist with free
water or free methanol, depending on the methanol content. Note
that all the results related to the water/methanol complexation
were interpreted in terms of certain kinds of models or
assumptions. Up to now, we were still not able to directly detect
or probe such a complexation, even if it looks simple.
Figures 4 and 5 reveal tha&fethanoi~ 17 mol % and~ 50
, . . X mol %, i.e., [HO]/[CH3OH] ~ 5:1 and~1:1, are two critical
0 20 40 60 80 100 solvent compositions, corresponding to two sharp transitions.
X - oane | MO1% Note that the solubilization of PNIPAM in water or methanol
is due to the association of water or methanol molecules on the
polymer chain, presumably on the carbonyl and amide groups.
The PNIPAM concentration is so low that even a small amount
of uncomplexed free water or methanol would be sufficient to
solubilize the PNIPAM chains and keep them in the coil state.
However, we should not forget that most of the free water or
methanol molecules, if they exist, are sitting in the ocean of
solvent due to the entropy effect. The abrupt chain collapse and
rewinding at these two critical compositions must correspond
to a nearly complete complexation between water and methanol.
Otherwise, we would not be able to observe two such sharp
transitions in Figures 4 and 5. Therefore, the chain conformation
change resembles the color change of an indicator in a titration
experiment. These two critical compositions suggest the forma-
tion of (H20)sm(CH3OH)m and (HO)m(CH3sOH),, complexes,
respectively, at low and high methanol content, which are
different from those reported befofel?18
Our explanation is as follows. Whegethanol < 17 mol %,
methanol are not sufficient to complex with all water molecules
to form (HO)sm(CH3OH)y,, so that some of water molecules
are free in the mixture. It is these free water molecules that
solubilize the trace amount of PNIPAM. As the methanol
content increases, more (@BH)n(H2O)sn complexes are

tn
=)

<Rg> / <Rh>
b

154
©
=}

uniform hard sphere

I
=N
=}

[
<

[N}

<p>/ (g/em)
z

Figure 5. Methanol molar fractionXpmethan dependence diRy[IR,0
and average chain densifylof PNIPAM chains in methanol/water
mixtures.

These differences can be attributed to the fact that dyngrjic
is sensitive to the hydrodynamic draining, while staliy]
depends only on the spatial chain density distribution. Such a
reentrant coil-to-globule-to-coil transition can be better viewed
in terms of the ratio ofRyRL

Figure 5 shows that in pure watéR,[/[R,[~ 1.5, indicating
that the PNIPAM chain in water has a coil conformation. The
sharp decrease aRylI[R,Jas Xmetanolincreases is due to the
collapse of the chains. Note thatXafethano~ 20 mol %, [Ry[Z
RyO~ 0.72, less than 0.774 (the dotted line) predicted for a
uniform hard spheré344 The low value of [RyI[R,(Ican be
associated with the molten globule state in which small loops
are formed on the periphery of the globule due to the chain
folding in the collapsing proces8.These small loops are
presumably nondraining so that they lead to a laf@Rsr) but
have less effect oiR;[because of their insignificant masses.
When Xmethanol > 50 mol %, RyIR,Oremains a constant
(~1.35), just as in pure methanol. Note that PNIPAM in pure

(43) Burchard, W.; Schmidt, M.; Stockmayer, W. Macromolecules
198Q 13, 1265-1272. (45) Marchetti, M.; Prager, S.; Cussler, E.Macromolecule499Q 23,
(44) Acksasu, A. Z.; Han, C. QViacromoleculesl979 12, 276-280. 3445-3450.
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Figure 6. Schematic of the pentagon structure of pure water and its possible complexation with different numbers of methanol molecules.

formed, and the solvent quality decreases, resulting in a slighthydrogen bonding between water and these polar solvents is
contraction of the PNIPAM chains in the range 07 mol %. responsible for the reentrant transition of PNIPAM. Further
WhenXmethanor€aches~17 mol %, the formation of (bD)sm(CHs- experimental and theoretical studies are certainly required to
OH)m leads to a nearly complete dehydration of PNIPAM explore the complexation between water and these polar
resulting in a sharp coil-to-globule transition. The fact that solvents.
further addition of methanol in the rang&ethanoi> ~50 mol
% has no effect on the conformation suggests that the maximumgcgnclusion
methanol/water ratio is one. Whe@ethanol > 50 mol %, the
PNIPAM chains are actually soluble in the excess of methanol  For poly(N-isopropylacrylamide) (PNIPAM), a proper mix-
molecules free in the mixture. Nearly no conformation change ture of two good solvents, water and methanol, can lead to a
in the middle range-17—50 mol % indicates that there should poor solvent. We have showior the first time,that linear
exist no free water or methanol. The only possibility would be PNIPAM homopolymer chains can collapse into individual
a gradual change from g&)sm(CH3OH)m, to (H20)m(CHzOH)m stable single-chain globules if the methanol conte@tiano)
via different intermediates (#0D)n(CH3OH), with m/n = 5/2, is in the range~17—50 mol %. The dissolution of PNIPAM in
5/3, or 5/4. the range 0Kmethanol < ~17 Mol % anXmethanoi™> ~50 mol %
Molecular dynamics calculatioffsand some experimerits makes the chain conformation transition become a reentrant one.
showed that water predominately exists in the form of pentagon Our results suggest that this reentrant coil-to-globule-to-coil
via five intermolecular hydrogen bonds, as shown in Figure 6. transition could be attributed to the formation of different water/
Our results experimentally support such a structure. In pure methanol complexes which are poor solvents for PNIPAM.
water, five hydrogens are free from the ring formation. It is Moreover, we have shown that the conformation change of
these five hydrogens that are capable of forming the complex- individual PNIPAM chains in the water/methanol mixture can
ation with 1 to 5 methanol molecules via hydrogen bonding, be used as a very sensitive indicator to quantitatively probe the
resulting in different water/methanol complexes. Note that critical solvent composition and the complexation between water
hydrogen 1 is out of the plane defined by the other four and methanol. Our results suggest that in the rang@—50
hydrogens. Therefore, we can speculate that it is this hydrogenmol %, the composition of the complexes gradually changes
that complexes with one methanol molecule wh®&ghanoliS from (Hz20)sm(CH3OH)m to (H20)m(CHsOH)y, via different
low. As the methanol content increases, the other four hydrogenintermediates (bD)n(CHsOH), with n¥n = 5/2, 5/3, or 5/4, as

start to CompleX Wlth methanol to form a mixture of different Xmethanol increases’ which Supports the hypothesis that water
complexes. The maximum complexation number could only be predominately exists in the pentagon form.
one to one on the basis of this model. Our results support such
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that hydrogen peroxide could significantly depress the transition
temperature of PNIPAM in water even though it has no JA003889S
hydrophobic groups. Therefore, it suggests that the stronger
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