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ABSTRACT

Nearly monodisperse spherical microgel particles of poly(N-isopropylacryl-
amide) (PNIPAM) were prepared by emulsion polymerization in water. The
volume phase transition of the microgel particles was studied by static and
dynamic laser light scattering (LLS) in terms of the radius of gyration (R,)
and hydrodynamic radius (R,). The phase transition temperature of the
microge! ~33.0°C, similar to that of individual PNIPAM chains in water.
The temperature independence of R,/R,(~0.78 x 0.03) shows that in both
the swollen and collapsed states the microgels are uniform particles behav-
ing as hydrodynamically equivalent spheres. About 94% of the water inside
the microgel network is driven out during the phase transition. The volume
change of the microgel particles is continuous, in contrast to the discontinu-
ous volume change observed in some bulk PNIPAM gels. The microgel
particles are thermodynamically stable even at their collapsing limit. The

' behavior of microgel particles is compared to that of individual PNIPAM
chains.

INTRODUCTION

Since Dusek and Patterson predicted the possibility of a discontinuous volume
change of a polymer gel in analogy to the coil-to-globule transition [1] the volume
phase transition of polymer gels has attracted much attention [2-5]. Remarkable
progress has been made in the understanding of the phase transitions and critical
phenomena in polymer gels. It has been reported that some polymer gels can swell
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or shrink discontinuously and reversibly in response to many different stimuli, such
as temperature [6], pH [7], electric fields [8], or light [9], depending on the chemical
composition of a given gel/solvent system. The volume change can be as large as a
1000-fold [10]. The large volume change of polymer gels in response to an infinitesi-
mal alternation in environment may also be utilized in controlled release of biologi-
cal molecules at specific body conditions, with selective absorbents, chemical memo-
ries, sensors, and artificial muscles.

Poly(N-isopropylacrylamide) (PNIPAM) gels have been extensively studied
[13-26]. Their volume can change a 100-fold in water when the temperature varies
only ~1-2° [11,12]. Several models have been proposed to explain the value phase
transition. The earliest prediction of the collapse of the PNIPAM gel was made by
Hirotsu et al. [13], and recently they have considered the concentration dependence
of the Flory interaction parameter x which can make the phase transition possible
within the Flory~-Huggins incompressible lattice model [14]. However, this model
cannot explain the experimental data in the collapsed regime since it neglects the
volume changes of mixing and the topological constraints of the gel network. Mar-
chetti et al. [16] introduced the lattice vacancy and finite chain extensibility to allow
for a nonzero volume change of mixing, so that the data from larger deformation of
the gels can be reasonably fitted. Considering the gel collapse as the coil-to-globule
transition of subchains, Grosberg et al. [17] discussed the contribution of topologi-
cal constraints to this process. Their theory can satisfactorily describe part of the
results in the phase transition range. The diversity of theories shows that a better
understanding of the volume phase transition of the PNIPAM gels is required.

So far, most experimental studies have dealt with the swelling and shrinking
of bulk PNIPAM gels by using various methods, such as microscopy [18], dilatome-
try [19], differential scanning calorimetry [20], friction measurement [21], small-
angle neutron scattering [22], and nuclear magnetic resonance (NMR) [23]. Only a
very few studies of PNIPAM microgels have been reported [24-27]. Tanaka et al.
[20] showed that for a spherical gel, the time required for swelling of shrinking is
proportional to the square of its radius. Microgel particles with a small radius will
have a much faster response to a change of the environment. The phase transition
of gels is a macroscopic manifestation of the coil-to-globule transition of individual
linear chains. Therefore, a comparison between the PNIPAM gel networks and
individual PNIPAM linear chains in water will improve our understanding of swell-
ing and shrinking at the molecular level.

In this study, nearly monodisperse spherical PNIPAM microgel particles (R,
~ 180 nm) were prepared by emulsion polymerization. Their volume phase transi-
tion was studied by both static and dynamic laser light scattering (LLS). A compari-
son of the properties of the microgel particles with those of individual PNIPAM
chains in water is presented.

THEORETICAL BACKGROUND
Thermodynamics of the Volume Phase Transition of Gels
The swelling and collapse of a polymer gel can be characterized by the linear

expansion factor a = (V/V,)'* = (¢/¢o)", where ¢g and ¢ are the volume frac-
tions of the gel networks at the temperature © and T, respectively. In the mean
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field theory the free energy (AF) of a neutral polymer network has two parts [4,16],
that is:

AF = AF, + AF, )
with
AF, = kgTI(1 = ¢)In(l = ¢) + x¢ — xo'] 2
and
- W[ &) 1)
AF, = 5N [ " 1 In s 3)

where AF, and AF,, represent the free energy contributions of mixing and elasticity,
respectively; x, the Flory interaction parameter; /V, the average degree of polymeri-
zation of the subchain between two neighbor crosslinking points; ¢, the volume
fraction of polymer; and ¢,, the initial volume fraction of polymer. The temperature
dependence of x can be expressed as [32]
_AF, AH, — TAS,
ke T ks T
where AH,, and AS, are the enthalpy and entropy changes of polymer-solvent
mixing, respectively. The osmotic pressure I1 is given by
; 3(AF/)
d¢

At swelling equilibrium, II = 0. The phase diagram for a phantom network can be
calculated from a combination of Egs. (1)-(5) and

1 AS kg {‘bo 3 s 6 ( ¢’o> 3}
= - - 1 -—=} =2 6
T— + g N(a 2a’) 2a°In| 1 3 B (6)

X @

O=29 (%)

where a = (¢/¢,), a relative volume change.
Static Laser Light Scattering

For a dilute solution or colloidal dispersion at a small scattering angle the weight-
average molecular or particle molar mass M, can be related to the excess absolute
time-averaged scattered light intensity (the Rayleigh ratio [R,(q)]) by [33,34]:

KC 1 1

= —(1 + = (R}),g%) + 24,C @)
Ry (q) M, 3 ( l) ?

where K = 47%n*(dn/dC)*/ (N \") and ¢ = (4wn/N)sin(©/2), with Ny, n, N, and 8

being Avogadro s number, the solvent refractive index, the wavelength of light in

vacuo, and the scattering angle, respectively; C is the concentration (g/mL); (R:)” 2

(written as (R,)) is the average radius of gyration; and A, is the second virial coefficient.

Dynamic Laser Light Scattering

A precise intensity-intensity time correlation function G%(t,q) in the self-
beating mode was measured [33,34] and

GP(t,q) = All + B8|g™(t.) |1 ®)
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where A is a measured baseline; 3, a parameter depending on the coherence of the
detection; ¢, the delay time; and g'"(¢,q), the normalized electric field time correla-
tion function which can be related to the linewidth distribution G(I') by

g (tq) = So G(T)e "dT ©

where the linewidth I is usually a function of both C and 6 [35] G(T'") can be obtained
from the Laplace inversion of G®(t,q). If the relaxation is diffusive, ['/g* is equal
to the translational diffusion coefficient D at ¢ — 0 and ¢ — 0. In this case, G(I")
can be converted to the translational diffusion coefficient distribution G(D) or to
the hydrodynamic radius distribution f(R,) by R, = k3T/(6wnD), where kg and ¢
are the Boltzmann constant and solvent viscosity, respectively.

EXPERIMENTAL

Materials

N-Isopropylacrylamide (courtesy of Kohjin, Ltd., Japan) was recrystallized
three times in a benzene/n-hexane mixture; N,N'’-methylenebis(acrylamide) (BIS) as
a crosslinker was recrystallized from methanol. Potassium persulfate (KPS) (from
Aldrich, analytical grade), as an initiator, and sodium dodecyl sulfate (SDS) (from
BDH, 99%), as a dispersant, were used without further purification.

Sample Preparation

The PNIPAM microgel particles were made by emulsion polymerization. 3.84
g PNIPAM, 0.0730 g BIS, and 0.0629 g SDS were added into 240 mL dust-free
deionized water. A 500-mL reactor fitted with a glass stirring rod, a Teflon paddle,
a reflux condenser, and a nitrogen bubbling tube was used. The solution was heated
to 70°C and stirred at 200 rpm for 40 min with a nitrogen purge to remove oxygen.
Finally, 0.1536 g KPS dissolved in 25 mL dust-free deionized water was added to
start the reaction. The solution was stirred for another 4.5 h. The microgel particles
were purified and diluted to ~1 x 107° to ~ 1 x 107® g/mL for further LLS
measurements.

Laser Light Scattering

A commercial laser light scattering (LLS) spectrometer (ALV/SP-150)
equipped with an ALV-5000 digital time correlator was used with a solid-state laser
(ADLAS DPY425I11, output power =400 mW at A = 532 nm) as the light source.
The incident light was vertically polarized with respect to the scattering plane, and
the light intensity was regulated with a beam attenuator (Newport M-925B) to avoid
a possible localized heating in the light-scattering cuvette. In our setup, the coherent
factor 8 in dynamic LLS is ~0.87. With some proper modifications [36], our LLS
spectrometer is capable of recording both static and dynamic LLS continuously in
the range of 6°-154°, The accessible small-angle range is particularly useful in the
measurement of large microgel particles because the condition of gR,; < 1 is re-
quired to determine the precise values of M,, R;, and D.
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RESULTS AND DISCUSSION

Figure 1 shows the angular dependence of the characteristic linewidth distribu-
tions G(I'/q*) of the PNIPAM microgel particles, where C = 1.18 x 10~° g/mL
and 7 = 15°C. When § < 20°, only one peak with )/q* ~ 9.95 x 10~° cm?*/sec
was observed. This peak is related to the translational diffusion of the microgel
particles in water, from which we can calculate the hydrodynamic radius distribu-
tion f(R,). When § = 90°, a very small second peak (barely seen in Fig. 1) appears
at (T)/g* ~ 1.45 x 1077 cm*/sec. This small second peak reflects the internal mo-
tion of the PNIPAM subchains between two neighbor crosslinking points and it will
be discussed in detail in a separate paper. The first peak is very narrow and nearly
independent of 4 in the range of 8° < 6 < 110°. This angular independence indi-
cates a spherical symmetry of the microgel particles. The average hydrodynamic
radius (R,) of the PNIPAM microgels is 190 £ Snm at T = 15°C.

Figure 2 shows the temperature (7) dependence of (R,) in water. When T <
31°C, the microgel particles shrink slightly as T increases. However, when T in-
creases from 31°C to 35°C, the microgel particles undergo a dramatic, but continu-
ous, volume change, which is in contrast with the discontinuous volume change
observed in some bulk PNIPAM gels. The phase transition temperature of the
microgel particles is ~33.0°C, similar to that of individual PNIPAM linear chains
in water. Further increase of T had little effects on (Ry), which remained constant
(~65 nm) when T > 35°C. After determining the temperature dependence of (R,),
we used static LLS to characterize the PNIPAM microgel particles at three different
temperatures which correspond to the different stages of swelling and collapse.

Figure 3 shows a typical Zimm plot of the PNIPAM microgel particles in
water, where T = 35°C, 2.95 x 10™* g¢/mL =< ¢ < 1.48 x 10~* g/mL: and 20°
=< 0 =< 140°. KC/R,,(q) depends linearly on both 6 and C, M., (R,), and A, was
obtained from Eq. (7). As shown in Fig. 2, when T < 30°C, the microgel particles
swelled in water and (R,) is very large, so that an extrapolation of KC/R,.(q) in the
small-angle range (6°-20°) is necessary. Table 1 summarizes the results of static
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FIG. 1. Linewidth distributions G(I'/¢?) of the PNIPAM microgel particles in water
at different scattering angles, where 7 = 15°Cand C = 1.182 x 10~° g/mL.
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FIG. 2. Average hydrodynamic radius (R,) of the PNIPAM microgel particles as a
function of the solution temperature.
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.FIG. 3. Typical Zimm plot of the PNIPAM microgel particles in water, where 7 =
35°C and Cranges from 2.95 x 10™%to 1.48 x 10~ g/mL.

TABLE 1
Laser Light Scattering Results for the PNIPAM Microgel Particles in Water at Two T Values

Microgel particles Linear chain

T dn/dC M, A, R, R, P p dn/dC
(°C) (mL-g”") (g/mol) (mol-ml/g’) (nm) (nm) R/R, (g'mL~") R/R, (g-mL”") (ml-g™")

30.01 0.181 2.19 x 10*® 3.02 x 107® 124 160 0.78 0.021 1.52  0.0063 0.167
35.01 0.201 2.25 x 100-2.25 x 10~ 57 70 0.81 0.3¢° 0.65* 0.20° 0.171°

“Represent the values at the collapsing limit.
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LLS measurements at T = 30°C and T = 35°C. The large dn/dC increase from
0.181 mL - g-'at T = 30°Cto 0.201 mL - g~' at T = 35°C is attributed to the
increase in the PNIPAM chain segment density p from 0.021 g/cm’ to 0.30 g/cm’,
where p was calculated by p ~ My/[N.(4/3)7R,’]. On the basis of the p and R,
values in Table 1, we know that ~94% of water inside the swollen microgel network
is driven out during the phase transition. The independence of M, from tempera-
ture indicates that there is no aggregation, which would be expected to increase with
T. Both (R,) and A, decrease as T increases from 30°C to 35°C. The decrease of
(R, reflects the clear collapse of the microgel particles. The change of A, from
positive to negative indicates that water becomes a poor solvent at 35°C, just as for
individual PNIPAM chains in water. The O temperature (~31°C) of the PNIPAM
microgel in water, as estimated from the temperature dependence of A4,, was similar
to that of individual chains.

In Table 1 we compare results of the microgels with those of linear PNIPAM
chains, whose My, and My, /M, are 1.08 x 10’ g/mol and 1.05, respectively. For
PNIPAM microgel particles in water, (R,)/(Ry) (~0.78 + 0.03) is very close to
- 0.774, predicted for a uniform hard sphere [37]. The temperature independence of
(R)/(Ry) shows that even in the swollen state the microgel particles are homoge-
neous in density, because in the microge! network the subchains are short and
uniformly distributed. The value of (R,)/(R,) ~ 0.78 also shows that the microgel
particles are nondraining; that is, all water molecules in the interior move with the
microgel network. This constant (R,)/(R,) value suggests that the collapse speed in
the center of the particle is the same as near the surface. This contrasts with the
behavior of individual PNIPAM linear chains in water, where (R,)/(R,) decreases
dramatically from ~1.52 to ~0.65 in the same temperature range, and the chain
conformation changes from an extended coil to a collapsed globule. This difference
between the PNIPAM microgel particles and individual PNIPAM linear chains is
understandable. When T =< 30°C, water is a good solvent and the PNIPAM linear
chain with an extended coil conformation is draining, which leads to a smaller R,
and a higher (R,)/(R,) value (~1.5). During the collapse, some water, especially
that in the center of the coil, is expelled, so that the coil become less draining so that
(R.) approaches the outside radius of the collapsed coil. The portion of the chain in
the center of the coil should be less solvated and more compacted. Therefore, the
density in the center of the collapsed single-chain globule is higher than that near
the surface. This is why (R)/(R,) is even lower than the value of 0.774 predicted for
a uniform sphere. Table 1 shows that the chain density o of the PNIPAM microgel
network is only ~30 g/cm’® even in the collapsing limit, which is in agreement with
that of bulk gels studied by small-angle neutron scattering [21]. This low chain
density was explained by Grosberg and Nechaev in terms of the concept of the
crumpled globule state [16]. In comparison with the chain density (p ~ 0.20 g/cm’)
of the PNIPAM linear chain in the globule state, the chain density of the microgel
at its collapsing limit is slightly higher, but still much lower than the density (~1 g/
cm?®) of bulk PNIPAM. In contrast, the chain density of the swollen microgel
particles in the swollen state is ~4 times higher than that of the PNIPAM linear
chains under the same conditions. This difference in the swelling capability can be
better demonstrated by the expansion factor «. ‘

Figure 4 shows the expansion factor o,[= (R)AR,)*] as a function of tem-
perature, where (R,)* is the hydrodynamic radius at the collapsing limit. The
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FIG. 4. Expansion factor a, [= (R,)/(R,)*] as a function of temperature for the

PNIPAM microgel particles and individual chains (M, = 1.08 x 10’ g/mol and M/M,, ~
1.05), where (R,)* is the average hydrodynamic radius at the collapsing limit.

open circles (O) represent the PNIPAM linear chains (My = 1.08 x 10’ g/mol
and M;/M, < 1.05) in water at C = 4.60 x 107° g/mL; and the open squares
represent ((J) the microgel particles in water at C = 1.18 x 10~* g/mL. Both of
the volume changes are continuous. Three features in Fig. 4 should be noted. First,
as expected, the linear chains swell much more than the microgel particles in the
good solvent region. Second, the phase transition of the microgel particles is less
sharp. In the past, this less-sharp phase transition was attributed to the irregularity
of particle surface and the inhomogeneous particle size. This would make the phase
transition of individual PNIPAM linear chains even less sharp because a linear
chain has a wide distribution of chain extensions. We believe that the less-sharp
phase transition of the microgel particles is due to different lengths of the subchains
in the microgel network. It is known that for a given polymer concentration, poly-
mer chains with different lengths undergo a phase transition at different tempera-
tures. Third, the phase transition temperature of the microgel particles is ~1.5°C
higher than that of the PNIPAM linear chains. The difference can also be explained
in terms of the difference in the chain length. In comparison with the high molecular
weight PNIPAM linear chain, the subchain between two neighbor crosslinking
points inside the microgel network is much shorter. Qualitatively, the higher phase
transition temperature can also be explained on the basis of Egs. (1) and (3). For the
linear chains, AF = AF,, while for the microgel particles, AF = AF, + AF,.Ina
good solvent, AF < 0, and both the linear chains and the microgel particles are
swollen. When AF > 0, the segment-segment interaction is stronger than the sol-
vent-segment interaction so that the linear chains and the microgel particles collapse
[40]. According to Eq. (3), when a gel is swollen, « > 1 and AF; > 0. The elasticity
will retard the chain expansion in a good solvent. When a gel is shrunken, a < 1
and AF, < 0. AF, contributes negatively to AF and the elasticity prevents the gel
collapse in a poor solvent. Therefore, the collapse of a linear chain is easier than
that of a gel. Equation (3) also shows that AF,, is inversely proportional to M. This
implies that in a poor solvent, the higher the crosslinking density ( the smaller N),
the higher the transition temperature, as experimentally confirmed [38].
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Figure 5 shows the scattered light intensity (I) of the microgel particles as a
function of temperature, where 6 = 20° and C = 1.182 x 1075 g/mL. The in-
crease of (/) at T > O is attributed to the increase of dn/dC that is:

(5 e = 12 T,
dC /t=is°C “\dC Jraw0ec

In contrast, the dn/dC of the linear PNIPAM chain in water is independent of
temperature even at T > ©. This difference in the temperature dependence of dn/
dC implies that individual PNIPAM linear chains and the microgel particles might
reach different collapsed states.

Our results (not shown) indicate that the distribution of the hydrodynamic
radius is time independent show that the collapsed microgel particles in water are
thermodynamically stable. No aggregation was detected even for 1 week at T =
39°C. By contrast, the single PNIPAM linear chains are only kinetically stable in
the collapsing limit (77 = 33°C) and the interchain aggregation occurs after ~ 10°
sec even in very dilute solution [39].

Figure 6 shows the collapsing and swelling kinetics (in terms of (Ry)) of the
microgel particles, where ¢ is the standing time after the solution was quenched from
35.0°C to 30.0°C, or inversely jumped from 30°C to 35°C. In order to speed up
the temperature equilibrium, a very special thin-wall (~0.4 mm) LLS cuvette was
used. Both the swelling and collapse are too fast to follow by our procedure. As
stated before, for a spherical gel, ¢t = R*/x°D. Here, the radius of the microgel
particles at T = © is ~ 150 nm and the collective diffusion coefficient D, is ~ 1077
cm?/sec, so that ¢+ ~ 10~* sec. In comparison, the coil-to-globule transition of the
high molecular weight linear PNIPAM chain is much slower. This difference in the
transition speed is due to the fact that the subchain between two crosslinking points
in the microgel particles is ~ 10* times shorter than the length of the high molecular
weight linear PNIPAM chains [41]. Moreover, the swelling or shrinking speed of a
gel in response to an excess osmotic pressure is controlled by the collective diffusion
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FIG. 5. Scattered light intensity (I) of the PNIPAM microgel particles in water as a
function of the solution temperature, where C = 1.182 x 10~° g/mL, § = 20°, and the
units are arbitrary.
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FIG. 6. Collapsing and swelling kinetics of the PNIPAM microgel particles, after the
solution temperature abruptly changes from 30.0°C to 35.0°C, or inversely.

of solvent into the gel. The very large surface-to-volume ratio of the microgel
particles leads to a very fast swelling or shrinking in comparison with bulk gels. In
addition, the coil-to-globule transition of the longer linear PNIPAM chain in water
involves the intrachain penetration (knotting) and rearrangement of the collapsed
chain, which requires a relatively long time [39].
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