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Abstract: The change in free-volume during phase separation of poly(N-isopropyla-
crylamide) (PNIPAM) aqueous solution was studied in situ by positron annihilation

Received 24 April 2006, Accepted 31 July 2006

Address correspondence to Jie Xu, Hubei New Textile Material & Application Key
Lab, Wuhan University of Science & Engineering, Wuhan, Hubei 430073, People’s
Republic of China. E-mail: xujie0 @ustc.edu

139



02: 56 30 January 2011

Downl oaded At:

140 J. Xu et al.

lifetime spectroscopy. The average size of a free-volume nanohole exhibited a co-non-
solvent change, affirming the trans-to-gauche conformational change of PNIPAM
chains during phase separation. The results obtained for the ortho-positron (o-Ps)
intensity accounted for the competitive effects of the variations in composition of
the free C=O0 group and the free amino group on the o-Ps formation.

Keywords: Free volume, phase separation, PNIPAM, positron annihilation lifetime
spectroscopy

INTRODUCTION

Aqueous solutions of poly(N-isopropylacrylamide) (PNIPAM) exhibit a phase
separation above ca. 32°C. The phenomenon has been explored extensively by
use of various experimental techniques, for example, turbidity,"! light scatter-
ing,m calorimetry,[3] fluorescence,” NMR,™' IR spectroscopy,[6’7] and
Raman spectroscopy.'® NMR studies revealed that not only mobility of the
main and side chains of the polymer but also mobility of the surrounding
water molecules changed significantly during the phase transition."’
Gauche-to-trans conformational change during the phase transition of
PNIPAM was investigated by IR spectroscopy with attenuated total reflection
(ATR) method and density functional theory (DFT) calculations.'® These
studies have enhanced drawing a novel image of a local structure at the
molecular level, suggesting that free-volume property plays a significant
role during the phase separation of PNIPAM aqueous solution.

The positron has been recently used as a nanoprobe in situ through positron
annihilation lifetime spectroscopy (PALS) for determination of the distribution of
free-volume size and characterization of microstructure in various materials like
polymers, zeolites, metal alloys, and others. The great advantage of this technique
is its enormous sensibility for the free-volume determination with dimensions up
to some tens of angstroms. Due to its short lifetime (10 1046107° s) and the low
activity of the positron source, the PALS technique does not change the material
properties. In this work, we used PALS to study the change in free-volume during
the phase separation of PNIPAM aqueous solution. Unique nanohole volume
change was observed compared with the macroscopic volume change of
PNIPAM aqueous solution. The formation and/or break of hydrogen bonds
(the variations in composition of the free C=0O group and the free amino
group) were also reflected by the observed changes of the ortho-positron intensity.

MATERIALS AND METHODS

The unfractionated PNIPAM (M, ~5 x 10°) was obtained by redox polymeri-
zation in distilled water at 29°C initiated with potassium persulfate (KPS)
and N,N,N,N'-tetramethylethylenediamine (TEMED) under nitrogen."!
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The polymer was redissolved in distilled water with 7.36 wt% for further use. The
lifetime spectra were obtained using an ORTEC (ORTEC Co., USA) fast-fast
coincidence circuit, with 280 ps of time resolution, from the ®°Co prompt
curve. Carrier-free 22NaC1, with an activity of 40 wCi, was immersed in the
solution as the positron source after being sandwiched between two 3-pm
nickel foils and sealed with 15-pm polyethylene (PE) films. To avoid any distor-
tion in the spectra due to non-Gaussian distribution of the counts in each channel,
the integrated counts were kept at about 10°.'%'" The temperature range (25.0—
50.0°C) was investigated by using a thermostatically controlled copper vessel,
with an accuracy of +0.1°C. After changing the temperature, the device was
maintained for 30 min to make the sample solution equilibrate at that temperature.
The same experiments were carried out for distilled water. The lifetime spectra
were satisfactorily analyzed in three components using the PATFIT program
(Riso National Laboratory, Roskide, Denmark), leading to the intensities (/;)
and lifetimes (7;) of the various positron states: subscripts 1, 2, and 3 refer to
para-positronium (p-Ps), free positron, and ortho-positron (o-Ps), respectively.
The o0-Ps lifetimes (73) and intensities (/5) were determined with all 7; free.
Variance of fit (V.O.F. = XZ/N, where N is the number of fitted channels), as
fitting parameter, was less than ~1.1 to ensure the reliability of the data. The
turbidity was monitored as a function of temperature at a fixed wavelength of
586 nm on a 756PC UV-vis spectrophotometer (Shanghai Spectrum Instruments
Inc., China), equipped with a circulating water bath. The phase separation temp-
erature (7,,) was defined as the onset temperature of the turbidity-versus-tempera-
ture curve. The sol-gel transition was determined by a test-tube-inclining method.
The 4-mL vial (diameter 1.1 cm) containing 2 mL. of polymer solutions was
immersed in a water bath at a designated temperature for 15 min. The transition
temperature was determined by flow (sol)—no flow (gel) criterion when the vial
was inclined using a temperature increment of 0.5°C per step.

RESULTS AND DISCUSSION

The free-volume cell model for the positron annihilation was proposed by
Brandt et al.!'? to explain the observed o-Ps lifetimes in molecular solids
and polymers, which gives a simple correlation curve, derived by Tao!'”!
and Eldrup et al.,'"* using a rigid spherical potential of radius R with an
electron layer of thickness AR. By the application of this model, assuming
an infinite spherical potential well based on quantum mechanics, a relationship
between 73 and cavity radius, R, was proposed as follows:

R 1 2aR \]™
=05(1—-——=+4—sin| —— 1
& [ R+AR+2WSIH<R+AR>] M
Here, AR is the width of the electron layer where the o-Ps annihilates by pick-

off, which is fitted to be 0.166 nm; 73 and R are expressed in nanoseconds and
nanometers, respectively.
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In the system of a solution, an observed size estimated from an annihil-
ation lifetime of o-Ps is bigger than the free-volume size obtained from the
speed of sound, due to the formation of “Ps-bubble.”!'>! However, a strong
correlation between the observed free-volume sizes from the two methods
was confirmed in common liquids, both theoretically and experimentally,'®’
indicating that the free-volume size and the size of Ps-bubble may be con-
trolled by the same physicochemical properties such as surface tension and
viscosity. Furthermore, an excellent correlation is found between “Bondi”
free-volumes in various liquids and polymers and the cavity volumes
obtained from Eq. (1).'7! Thus, it could be concluded that cavity size
obtained from the positron annihilation lifetime could reflect a free-volume
hole size in the solution.

The positron lifetime spectra for the PNIPAM aqueous solution and
distilled water at 32.5°C are shown in Fig. 1. The changes in the average
size of a free-volume (V) in the PNIPAM aqueous solution and distilled
water as a function of temperature are shown in Fig. 2. V in distilled water
gradually increases with increasing temperature due to some source correction
effects for 15-pm PE films used. Co-nonsolvency is observed in the case of
PNIPAM aqueous solution: Vi first decreases from 28.0°C toward the
minimum at 30.0°C followed by an increase toward the maximum at
32.5°C and then decreases again followed by an increase from 34.0°C.
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Figure 1. Positron annihilation lifetime spectra for the PNIPAM aqueous solution
(square) and distilled water (triangle) at 32.5°C.
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Figure 2. Variations of free-volume size for the PNIPAM aqueous solution (square)
and distilled water (triangle) as a function of temperature. The inset is the turbidity
results for the PNIPAM aqueous solution.

Compared with the results in distilled water, the data in PNIPAM aqueous
solution are confirmed to be related to the free-volume changes caused by
PNIPAM. The phase transition of aqueous solutions of PNIPAM has been
explained by a theory of coil-globule transition, which insists that dehy-
dration of the polymer chain above the lower critical solution temperature
(LCST) induces the segmental interactions of the polymer to be attractive
and to collapse the coiled polymer chain into a global conformation. The
gyration radius of PNIPAM becomes small gradually below the LCST and
then shows an abrupt change in the vicinity of the transition temperature,
which could cause the decrease of V;.!*! Recently, Katsumoto et al. investi-
gated the conformational change in the coil—globule transition of PNIPAM
with ATR/IR spectroscopy and DFT calculations.'® The results indicate
that the gauche conformation decreases and the trans conformation
increases when PNIPAM changes into the globule state. Figure 3 shows the
dimer models of these two conformations of PNIPAM and the corresponding
diameters. The diameter of trans-conformation dimers is larger than that of
gauche-conformation dimers, which illuminates that the gauche-to-trans tran-
sition would make V; in the PNIPAM aqueous solution increase. Thus, the
changes of V; from 28.0°C to 32.5°C could be considered as a result of the
coexistent effects of the collapse and the gauche-to-trans transition of
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Figure 3. Conformational change of dimer models of PNIPAM during the phase
separation. The conformations were optimized by DFT calculations at the B3LYP/
6-31G(d) level.

PNIPAM. The phase separation temperature (7,) of the PNIPAM aqueous
solution was measured to be about 32.5°C from the turbidity results (as
shown in the inset of Fig. 2). The chain mobility of PNIPAM would be con-
strained above 32.5°C due to the gelation of the sample; as a result, the V;
in the sample would decrease suddenly. Compared with the cross-linked
PNIPAM gel, the physical gel possessed less inhomogeneities in collapsed
state due to the existence of two kinds of annihilation lifetimes of o-Ps of
collapsed cross-linked gel.!'®! Further phase separation of the PNIPAM gel
above 34.0°C would cause the amount of water buried in the free-volume
cavities of the PNIPAM to reduce. Accordingly, the size of free-volume
cavities increases.

The results obtained for the o-Ps intensity in the PNIPAM aqueous
solution and distilled water are showed in Fig. 4. I3 exhibits a first increase
with increasing temperature followed by a decrease below the LCST, and a
similar variation is observed above the LCST for the PNIPAM aqueous
solution, while /3 in distilled water gradually decreases with increasing temp-
erature. Interpretation of /5 is complicated by its dependence on relative free-
volume element concentration and the probability of o-Ps formation. During
the spur processes, Ps formation takes place in the positron terminal spur
where electron-ion recombination and scavenging and trapping of electrons
and/or positrons are competing. Thus, the Ps formation process is strongly
affected by many factors, such as free radicals, chemical functional groups,
hydrogen bonds,'" and so on. For the PNIPAM aqueous solution, the lone
electron pairs of the amino group and those of the doubly bonded oxygen of
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Figure 4. Variations of 0-Ps intensity for the PNIPAM aqueous solution (square) and
distilled water (triangle) as a function of temperature. The inset is the hydrogen-bonded
chemical structure of PNIPAM in aqueous solution.

the carbonyl group play a significant role in the o-Ps formation. The location
of these lone electron pairs could result in the decrease of the o-Ps formation.
The hydrogen-bonded chemical structure of PNIPAM in aqueous solution is
shown in the inset of Fig. 4. Thermal micro ATR/FT-IR spectroscopic
studies of the PNIPAM aqueous solution revealed that there was an initial
decrease of the composition of the free C=0 group below ~33°C (break of
hydrogen bonds) followed by an increase as the temperature increased
above ~33°C (formation of hydrogen bonds), while the composition of the
free amino group exhibited an opposite result.”! However, the changing
rates of the free C=0 group and the free amino group were not consistent
at different temperatures and their effects on the Ps formation could not com-
pensate exactly, which resulted in the observed changes of 5.

In conclusion, the changes in free-volume during phase separation of
PNIPAM aqueous solution were investigated in situ by PALS. The
observed variations of the o-Ps intensity were related to the formation and/
or break of the intramolecular and intermolecular hydrogen bonds (the vari-
ations in composition of the free C=O group and the free amino group).
The data in this study may become a basis for the interpretations of the
static structure and the interactions between solvents and solutes in polymer
solution or gels of the order molecular dimensions.
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