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Abstract

The formation conditions of macroporous poly(N-isopropyl)acrylamide (PNIPA) networks by free-radical crosslinking copolymerization
are described. The networks were prepared in water at an initial monomer concentration of 20% using N,N'-methylene(bis)acrylamide
(BAAm) as the crosslinker. The synthesis parameters varied were the crosslinker concentration and the gel preparation temperature 7.
Depending on these parameters, the variations of the swelling, mechanical and texture properties of the networks were investigated. It was
shown that, after passing a critical crosslinker concentration (2—5% BAAm), the network structure changes from homogeneous to hetero-
geneous ones. Further increase of the crosslinker content increases both the rate of swelling and the porosity of the networks. Heterogeneous
PNIPA networks consist of spherical globules called microspheres of 0.1-0.5 wm in diameter aggregated to large, unshaped, discrete clusters
with dimensions of a few pwm. At 30% BAAm, the structure looks like cauliflowers, typical for a macroporous network. The dependence of
the elastic moduli of PNIPA gels on the crosslinker content shows three different regimes depending on the structure of the networks.
Increasing Ty, from 9 to 50°C at a fixed BAAm content increases both the rate of swelling and the swelling capacity of the networks, while
the total porosity decreases. © 2001 Published by Elsevier Science Ltd.
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1. Introduction

Gels are crosslinked polymer networks swollen in a liquid
medium. The liquid inside the gel allows free diffusion of
some solute molecules, while the polymer network serves as
a matrix to hold the liquid together. Poly(N-isopropyl)acry-
lamide (PNIPA) gel is a typical temperature sensitive gel
exhibiting volume phase transition at approximately 34°C
[1,2]. Below this temperature, the gel is swollen and it
shrinks as the temperature is raised. The temperature sensi-
tivity of PNIPA gels has attracted great attention in the last
years due to both fundamental and technological interests
[3—6]. These materials are useful for drug delivery systems,
separation operations in biotechnology, processing of agri-
cultural products, sensors and actuators. In these applica-
tions, a fast response rate of the hydrogel to the external
stimuli is needed. In order to increase the response rate of
PNIPA gels, several techniques were proposed:
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1. Submicrometer-sized gel particles [7]: Since the rate of
response is inversely proportional to the square of the
size of the gel [8], small PNIPA gel particles respond
to the external stimuli more quickly than bulk gels.

2. Gels having dangling chains [9-11]: Dangling chains in
a gel easily collapse or expand upon an external stimulus
because one side of the dangling chain is free.

3. Macroporous PNIPA gels: The kinetics of gel volume
change involves absorbing or desorbing solvent by the
polymer network, which is diffusive process. This
process is slow and even slower near the critical point.
However, for a network having an interconnected pore
structure, absorption or desorption occurs through the
pores by convection, which is much faster than the diffu-
sion process that dominates the non-porous gels.

To prepare macroporous PNIPA networks, one idea is to
start the NIPA polymerization below the lower critical
solution temperature (LCST) of PNIPA and then elevating
the temperature above it [12]. Wu et al. [13] synthesized
macroporous PNIPA gels above their LCST in the absence
or presence of hydroxypropyl cellulose acting as a pore-
forming agent. Other idea is to apply a radiation induced
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polymerization method [14—-16]. Use of inert diluents such
as poly(ethylene glycole) during the network formation
process was also suggested for the preparation of macro-
porous PNIPA [17,18]. All of these works, however, only
deal with the investigation of the swelling rate of the gels
depending on the synthesis parameters and therefore, they
fail to explain the formation process of macroporous PNIPA
networks. Furthermore, whether the PNIPA networks
prepared so far are macroporous or not is also unclear due
to the fact that the term macroporous defines a material
having a dry state porosity [19].

It is now well understood that a phase separation during
the network formation process is mainly responsible for the
formation of porous structures in a dried state [19-24]. In
order to obtain macroporous structures, a phase separation
must occur during the course of the crosslinking process so
that the two-phase structure is fixed by the formation of
additional crosslinks. Depending on the synthesis para-
meters, phase separation takes place on a macroscale or
on a microscale. In the first case, the gel deswells (or
collapses) at the critical point for phase separation and
becomes a microsphere, whereas the separated liquid
phase remains as a continuous phase in the reaction system
(Fig. 1A). As the reaction proceeds, new microspheres are
continuously generated due to the successive separation of
the growing polymers. Agglomeration of microspheres
leads to the formation of a macroporous network consisting
of two continuous phases. In the second case, phase separa-
tion results in the formation of a dispersion in the reaction
system instead of deswelling. Thus, the liquid phase during
the gel formation process separates in the form of small
droplets inside the gel and it becomes discontinuous (Fig.
1B). Due to slowness of the volume change of the gel
sample, the interior of the sample is initially under constant
volume condition; further polymerization and crosslinking
reactions fix the two-phase structure in the final material.
Many studies have been investigated the formation process
of macroporous networks derived from the monomers styr-
ene [19-31], acrylamide [32,33], trimethylolpropane
trimethacrylate [34], glycidyl methacrylate [35,36] and 2-
hydroxyethyl methacrylate [37-40].

The present paper is the first report on the preparation and
characterization of macroporous PNIPA networks. Here, we
describe the formation conditions of macroporous PNIPA
networks by free-radical crosslinking polymerization and
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Fig. 1. Schematic representation of phase separation during crosslinking
copolymerization on macroscale (A) and microscale (B). White area: liquid
phase. Hached area: gel phase.

explain their formation process. The crosslinking copoly-
merization of NIPA was carried out in water using N,N'-
methylene(bis)acrylamide (BAAm) as the crosslinker. The
synthesis parameters varied were the crosslinker concentra-
tion and the gel preparation temperature. Depending on
these parameters, the variations of the swelling, mechanical
and texture properties of PNIPA networks were
investigated.

2. Experimental
2.1. Materials

The monomer NIPA (Aldrich), the crosslinker BAAm
(Fluka), the initiator ammonium persulfate (APS, Fluka),
and the accelerator N,N,N',N'—tetramethylethylenediamine
(TEMED, Aldrich) were used as received. TEMED stock
solution was prepared by dissolving 0.48 ml of TEMED in
10 ml of water. Distilled and deionized water was used for
the swelling experiments. For the preparation of the stock
solutions and for the hydrogel synthesis, distilled and deio-
nized water was distilled again prior to use and cooled under
nitrogen bubbling.

2.2. Copolymerization

PNIPA gels were prepared by free-radical crosslinking
copolymerization of NIPA and BAAm in aqueous solutions.
The initial monomer concentration was kept constant at
20% (w/v). The polymerization reactions were initiated
using 3.5 mM APS and 0.24% (v/v) TEMED. The polymer-
ization time was set to 1 day. Two sets of experiments were
carried out. In the first set, the gel preparation temperature
(Tyrep) Was kept constant at 22.5°C while the crosslinker
(BAAm) concentration was varied between 0.2 and
30 wt% (with respect to monomers). (The monomer
mixtures containing higher than 30% BAAm were not solu-
ble in water.) In the second set, the crosslinker concentration
was 5 wt% while T}, was varied between 9 and 50°C. It is
to be noted that T, is the temperature of the thermostated
water bath in which the PNIPA gels are prepared. According
to the previous works, the actual reaction temperature 7T
deviates from the value of T, due to the exothermic reac-
tion profiles of the crosslinking copolymerization of NIPA.
Depending on the surface-to-volume ratio of the reactor as
well as on the composition of the reaction mixture, 7 attains
larger values than T, during the course of the polymeriza-
tion. The exothermic nature of NIPA polymerization leads
to the apperance of turbidity in the gel formation system
well below the LCST of PNIPA. The non-isothermal nature
of the crosslinking copolymerization of NIPA has been dealt
in many papers [41,42]. In our experiments, we fixed the
surface-to-volume ratio of the reactors, which were
cylindrical glass tubes of 4 mm in diameter and 10 mm in
height.

To illustrate the synthetic procedure, we give details for
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the preparation of PNIPA gels with 5% BAAm as the cross-
linker: NIPA (1.9 g) and BAAm (0.1 g) were first dissolved
in water in a graduated flask of 10 ml in volume and the
volume of the monomer solution was completed to 10 ml
with distilled water. The solution was purged with nitrogen
gas for 20 min and then, portions of this solution, each
1.5 ml, were transferred to glass tubes of 4 mm in diameter.
After addition of APS (12 mg) and TEMED stock solution
(0.075 ml), the solutions were mixed, the glass tubes were
sealed, immersed in a thermostated water bath and the poly-
merization was conducted for 1 day. After polymerization,
the gels were cut into specimens of approximately 10 mm in
length and immersed in a large excess of water to wash out
any soluble polymers, unreacted monomers and the initia-
tor. The hydrogels after extraction were carefully deswollen
in a series of water—acetone mixtures with increasing
acetone contents. This solvent exchange process facilitated
final drying of the hydrogel samples. They were then
washed several times with acetone and dried at room
temperature under vacuum to constant weight.

Elemental microanalysis of dried PNIPA networks was
performed on a Carlo Erba 1106 elemental analyzer. Table 1
shows the measured elemental composition of some dried
PNIPA networks together with the calculated values.
Calculations indicate existence of 10—16 wt% water in the
network samples even after constant mass drying under
vacuum. Such amounts of bounded water were also found
before in poly(acrylamide) hydrogels [43]. Moreover,
measurements of the diameter of the gels after preparation
(Dy) and after drying (Dg4y) gave the volume fraction of
crosslinked polymer after the gel preparation vg((Ddry/
Do)3 ) as 0.24 = 0.02, compared to its theoretical value of
0.15, assuming the polymer density as 1.35 g/ml. The »
value higher than the theoretical value also indicates the
presence of bounded water in the dried gel samples.

2.3. Monomer conversion and gel fraction

The polymerization time for the preparation of PNIPA
gels was set to 1 day throughout this study. The gels after
preparation were first swollen in water to extract nonpoly-
merizable or soluble components and then dried to constant
mass. The fractional monomer conversion x and the gel
fraction W, were estimated from gr values, which are the
swelling ratios of the networks after their preparation (mass

Table 1

of gel after preparation/mass of the extracted dry network).
gr relates to x and W, through the equation:

100 — Water% 1
aF = ( Monomer% )(xW ) )
g
where Water% is the residual water content of the network
samples and Monomer% the initial monomer concentration
(20%). The experiments carried out at various crosslinker
contents and temperatures gave gp = 4.69 = 0.05. Using
this value of gp values together with the water contents of
the networks (Table 1), we calculated using Eq. (1) that the
product of the fractional monomer conversion and gel frac-

tion is higher than 90% for all the networks prepared in this
study.

2.4. Swelling measurements

The weight and the volume swelling ratios of PNIPA
networks were determined in distilled water at 20°C using
separate techniques. For the weight swelling ratio measure-
ments, dry PNIPA network samples were immersed in vials
filled with distilled water. The vials were set in a tempera-
ture-controlled bath of 20 £ 0.1°C. In order to reach the
equilibrium degree of swelling, the gels were immersed in
water at least for 3 weeks. The mass of the swollen gels was
measured on an analytical balance. The weight swelling
ratio g,, was calculated as

swollen mass

= SWoTCel Tass 2
T dry mass @

The volume swelling ratio of PNIPA networks was
measured using an image analyzing system consisting of a
stereo microscope (Olympus Stereomicroscope SZ), a video
camera (TK 1381 EG) and Pentium 2 PC with a data analyz-
ing software (BS-200 BAB). First, the diameters of dry
networks were measured. Then, the networks were
immersed in vials filled with distilled water of 20 = 0.1°C.
The change in the diameter of the gel samples was followed
in situ under microscope. The images were captured at
various swelling times and the diameter of the cylindrical
specimens were measured using BS-200 BAB data analyz-
ing software. The volume swelling ratio of the gels g, was

Elemental microanalysis results of PNTPA networks of various crosslinker contents. Initial monomer concentration = 20%; T}y, = 22.5°C. Calculations were
for water contents given in the last column of the table. The values in parenthesis are calculation results for dry networks

BAAm (wt%) C (%) H (%) N (%) Water (wt%)
Found Calculated Found Calculated Found Calculated

2 58.33 56.60 (63.53) 10.17 9.83 (9.67) 10.82 11.14 (12.51) 10.9

10 57.88 55.61 (62.80) 9.79 9.61 (9.41) 11.05 11.48 (12.97) 11.5

20 54.76 51.90 (61.88) 8.79 9.41 (9.09) 10.80 11.36 (13.55) 16.1

30 53.76 52.78 (60.97) 8.48 9.08 (8.76) 12.01 12.23 (14.13) 13.4
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Fig. 2. Uniaxial compression apparatus for measuring stress—strain data on
PNIPA gels after preparation.

calculated as

3
D

=5 3

K (DdrY) ®

where D and Dy, are the diameters of the swollen and dry
gels, respectively.

2.5. Mechanical measurements

Uniaxial compression measurements were performed on
PNIPA gels after preparation state. All the mechanical
measurements were conducted in a thermostated room of
21 = 0.1°C. The key parts of the apparatus used is shown in
Fig. 2.

Briefly, cylindrical gel sample after preparation of 4 mm
in diameter and 10 mm in length was placed on a digital
balance. A load was transmitted vertically to the gel through
a road fitted with a PTFE end-plate. The force acting on the
gel was calculated from the reading of the balance m as F =
mg, where g is the gravitational acceleration, which is
9.803002 m/s” in the place of the measurement (National
Metrology Institute of Turkey, UME, TUBITAK, Turkey).
The resulting deformation Al = [, — [, where [, and [ are the
initial undeformed and deformed lengths, respectively, was
measured using a digital comparator (IDC type Digimatic
Indicator 543-262, Mitutoyo), which was sensitive to
displacements of 10> mm. The force and the resulting
deformation were recorded after 20 s of relaxation. The
measurements were conducted up to about 20% compres-
sion. The deformation ratio o (deformed length/initial
length) was calculated as & = 1 — Al/l,,. The corresponding
stress f was calculated as f = F/A, where A is the cross-
sectional area of the specimen, A = 7TV(%, where ry is its
initial radius.

For uniaxial deformation, the statistical theories of
rubber elasticity yield for Gaussian chains an equation

of the form [44]:
f=Gla-a? )

where G is the elastic modulus of the samples. Typical
stress—strain data correlated according to Eq. (4) are
shown in Fig. 3 as filled symbols. Here, the data were from
two PNIPA gel samples prepared separately but under identi-
cal conditions (monomer concentration = 20%, crosslinker
concentration = 5%, gel preparation temperature = 9.5°C).
A discrepancy from the linear relationship is obvious at
small compressions, which was observed in all gel samples
prepared in this study. This deviation from theory can be
attributed to the imperfect geometry of the surface of the
sample, which decreases the contact area between the PTFE
plate and the sample at low compression, and results in rela-
tively high deformations at low stresses. Such deviations were
also reported in the literature [45—47]. In order to correct this
imperfection, the isotherm was re-drawn by discarding the
data at very low strains. The linear portion of the curve was
then extrapolated to a value of —(a — « “2) at f = 0 (dashed
curves in Fig. 3) from which the corrected initial length was
computed and the deformation ratios were suitably adjusted.
The data corrected in this manner are also shown in Fig. 3 as
open symbols. The reversibility of the gel deformation was
also checked by several samples and found to be reversible.

2.6. Texture determination

The pore sizes, the pore size distribution and the total
porosity of PNIPA networks were determined by mercury
porosimetry (Micromeritics AutoPore 9220). This techni-
que involves penetration of mercury, at known pressures,
into the pores of dry polymer and is based on the Washburn’
relationship that the pressure required to force the mercury
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Fig. 3. Typical stress—strain data for two PNIPA gel samples. Monomer
concentration = 20%; BAAm concentration = 5%; Tprep =95°C. (@, )
Uncorrected data; (O, () corrected data.
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Fig. 4. Differential pore size distributions of two PNIPA network samples
taken from the same batch. Monomer concentration =20%; BAAm
concentration = 30%; Ty, = 22.5°C.

into the pores is inversely proportional to their radius [48].
Cumulative pore volume V,, and the total porosity P were
estimated from the intruded mercury volumes and the distri-
bution function AV/Alog r was used to express the pore size
distribution, where AV is the pore volume change when the
radius of a cylindrical pore was changed from r to r — Ar.
We obtained reproducible results using PNIPA samples
prepared at various conditions. For example, Fig. 4 shows
the differential pore size distribution curve of two PNIPA
network samples taken from the same batch. The slight shift
in average pore diameter values between two successive
runs was due to the inefficient mechanical conduction of
pressure pulses within the porosimeter.

Scanning electron microscopy studies were carried out at
a magnification of 5000 X (Jeol JXA-840A).

3. Results and discussion

We discuss the results of our experiments in two sections.
In the first section, the formation condition of macroporous
PNIPA networks depending on the crosslinker content is
described. In the second section, the effect of the gel
preparation temperature on the swelling, mechanical and
texture properties of PNIPA networks is given.

3.1. Effect of crosslinker concentration

The PNIPA networks were prepared at 20% initial mono-
mer concentration. The gel preparation temperature was set
to 22.5°C. The crosslinker (BAAm) concentration was
varied between 0.2 and 30%. The gels after preparation
were first swollen in water to extract nonpolymerizable or

soluble components and then dried to constant mass. All the
swelling experiments were conducted starting from dry state
networks.

Results of gravimetric swelling measurements are
collected in Fig. 5, which show the weight swelling ratio
qy (swollen mass/dry mass of the network) plotted against
the swelling time. In Fig. 6, the equilibrium values of both
the weight and volume swelling ratios of the networks are
shown as a function of the crosslinker concentration. All the
swelling experiments were carried out at 20 = 0.1°C. As
expected, the equilibrium swelling ratio decreases continu-
ously with increasing crosslinker concentration. The
dependence of the swelling rate on the crosslinker content
shows, however, two different regimes below and above 5%
crosslinker BAAm (Fig. 5). Below 5% BAAm, increasing
crosslinker concentration decreases the rate of swelling of
the networks. This is expected due to the decreasing mesh
size of the network with increasing crosslink density, which
limits and slows down the diffusion of water molecules into
the gel network. However, above 5% BAAm, although the
swelling capacities of the networks continue to decrease, the
rate of swelling rapidly increases with increasing crosslin-
ker content, which is opposite to what observed below 5%
crosslinker (Fig. 5).

Because of the fast swelling of the networks formed
above 5% BAAm, their equilibration times in water cannot
be measured precisely by the gravimetric technique. There-
fore, volumetric measurements were conducted by measur-
ing the diameter of the gel samples, immersed in water,
under microscope. Fig. 7 shows the volume swelling ratios
of the networks g, plotted as a function of the swelling time.
Large error bars in the figure and the appearance of a
maximum in the swelling curve of 20% crosslinker sample
are due to the deformation of the originally cylindrical

BAAM wt % =

'F AT S T E S R B KR B

0 30 60 90 120 150 180 210 240
Time / min
Fig. 5. Weight swelling ratio of PNIPA networks ¢g,, shown as a function of

the swelling time. BAAm contents are indicated in the figure. Monomer
concentration = 20%; Ty, = 22.5°C.
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Fig. 6. Equilibrium weight and volume swelling ratios (g, and ¢y, respec-
tively) shown as a function of the crosslinker (BAAm) concentration.
Monomer concentration = 20%; Ty, = 22.5°C.

PNIPA networks during their swelling process. In calculat-
ing the average value of the volume swelling ratio gy, the
averages of the measurements made at both ends and in the
middle of each sample were taken. A series of photographs
taken during the swelling process are shown in Fig. 8 and
illustrate gel deformation during swelling. When the dry gel
sample is immersed in water, it gradually bends; the amount
of bending first increases with time, then decreases and
finally the gel attains its originally cylindrical shape at swel-
ling equilibrium. Another point is that the gel bends at
certain modulated sites, leading to the deformation of the
sample. For example, in 10% crosslinker sample, the maxi-
mum deformation occurs after 11 min of immersion time in
water (Fig. 8). Then, the gel starts to re-homogenize and the
original cylindrical shape is recovered after about 30 min,
i.e. with the onset of equilibrium swelling. For 20% cross-
linker sample, sample deformation was again observed but

BAAM % =

20 40 60 80 100 120

Time / min

Fig. 7. Volume swelling ratio of PNIPA networks g, shown as a function of
the swelling time. BAAm contents are indicated in the figure. Monomer
concentration = 20%; Ty, = 22.5°C.

with much higher extent (Fig. 8). Here, the maximum
deformation appears after 4.5 min, re-homogenization and
the equilibrium swelling set in after about 25 min. If the
crosslinker content is further increased to 30%, no deforma-
tion was observed. This sample attains its equilibrium
position in water almost instantaneously within 1 min.
One may expect that the deformation and the recovering
of the original shape of this sample occur very rapid. Similar
deformations were reported before during the swelling and
shrinking experiments with PNIPA gels by changing the
temperature of solution [49]. A possible explanation of
deformation during swelling is associated with the inhomo-
geneity of PNIPA gels, as will be discussed later. Figs. 7 and
8 also show that the rate of volume swelling increases
drastically with increasing crosslinker content from 5 to
30%. The equilibration times of dry networks immersed in
water are 30, 25 and about 1 min for 10, 20 and 30% cross-
linker samples, respectively.

Increasing swelling rate of the networks with increasing
crosslinker content above 5% BAAm can be explained with
the formation of heterogeneous structures in PNIPA
networks. Indeed, scanning electron micrographs (SEM)
shown in Fig. 9 illustrate the development of heterogeneity
in the networks depending on the crosslinker content. The
numbers in the figure denote the crosslinker contents. At 2%
BAAm, the network consists of large polymer domains; the
discontinuities between the domains are also large. If the
crosslinker content increases from 2 to 5%, the morphology
changes drastically and a structure consisting of aggregates
of spherical domains appears. We will call these spherical
domains as microspheres. The microspheres in 5% cross-
linker sample are more or less fused together to form large
aggregates. The drastic change of the network structure
between 2 and 5% BAAm is reflected by the swelling
experiments with increasing swelling rate of the networks
(Figs. 5 and 7). As the crosslinker content further increases
from 5 to 30% BAAm, the morphology changes from a
structure of large aggregates of poorly defined microspheres
to one consisting of aggregates of 1-2 wm dimensions of
well defined microspheres. The microspheres are about 0.1—
0.5 pm in diameter. At 30% BAAm, the structure looks like
cauliflowers, typical for a macroporous copolymer network.

From the SEM images, one can identify the pores and the
connectivity of the pores in 30% crosslinker sample.
Connectivity of pores plays a crucial role in fast weight
swelling kinetics of the gels. Water can enter or leave the
gel through the interconnected pores by convection. More-
over, increasing internal surface area of the networks also
increases the contact area between water and the polymer,
which leads to their accelerating volume swelling rates. The
PNIPA network with 30% BAAm swells about 60 times
faster that the network with 5% crosslinker. As a result,
the gel has potential applications in gel sensors and devices.

Fig. 10 shows differential and integral size distributions
of pores in PNIPA networks with crosslinker contents between
2 and 30% BAAm recorded using mercury porosimetry. The
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Fig. 8. A series of photographs taken during the swelling process of PNIPA networks. Swelling times in minutes are given in the photographs. Monomer
concentration = 20%; Ty, = 22.5°C.
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Fig. 9. SEM images of PNIPA networks at 5000 X (1 wm bar in the lower right corner). BAAm contents are indicated in the figure. Monomer

concentration = 20%; Ty, = 22.5°C.

porosity characteristics of the network samples are collected
in Table 2. The volume of the pores V), and the total porosity
P of PNIPA networks increase with increasing concentra-
tion of BAAm in the feed. As a result, the density of the
networks d, decreases from 1.19 to 0.47 g/ml with increas-
ing BAAm content (Table 2). From Fig. 10, one can identify
three pore size distributions:

1. large pores of about 10—100 pwm in radius;
2. macroporous of about 0.1-0.2 pm in radius;
3. micropores of radius less than 60 A.

A conventional homogeneous PNIPA gel has the network
mesh size in solvents around 5 nm, which corresponds to the
micropores of our samples [50]. The micropores and the
large pores exist in all network samples studied. However,
macropores only exist in 30% crosslinker sample and these
pores contribute about 96% of the total porosity of this
sample (Table 2). The pore size distribution of macropores
is very narrow. Considering the SEM picture of 30% cross-

linker sample, the macropores correspond to the interstices
between the microspheres. This indicates that the interstices
between the microspheres are accessible to mercury only for
the 30% crosslinker sample. For this sample, the total

Table 2

Porosity  characteristics of PNIPA networks. Initial monomer
concentration = 20%; initiator (APS) concentration = 3.5 mM; accelerator
(TEMED) concentration = 0.24% (v/V). Tyyep: gel preparation temperature;
V,: total volume of pores; dy: apparent density; P: total porosity; V,,: total
volume of micro- and macropores

Tpep °C)  BAAmM (Wt%) V, (ml/g) d,(g/ml) P (%) V. (ml/g)

22.5 2 0.10 1.19 0.12 0.02
225 5 0.32 0.94 0.30 0.04
22.5 30 1.35 0.47 0.65 1.32
22.5 30° 0.95 0.59 0.56 0.91
9.5 5 0.21 1.06 0.22 0.04
225 5 0.32 0.94 0.30 0.04
36.6 5 0.11 1.18 0.12 0.04
50 5 0.09 1.20 0.11 0.04

* Initial monomer concentration is 10%.
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Fig. 10. Pore size distributions of PNIPA networks in (A) differential and
(B) integral modes. BAAm contents are indicated in the figure. Monomer

concentration = 20%; Ty, = 22.5°C.

porosity calculated from the intruded mercury volume
was 65%.

We also tried to increase further the macroporosity of
30% crosslinker sample by decreasing the initial monomer
concentration below 20% or, by increasing the crosslinker
content above 30%. As is known, the lower the concentra-
tion of monomer during gel formation or the higher the
crosslinker content, the more heterogeneous is the gel
obtained [19]. However, experiments carried out at 10%
initial monomer concentration decreased the porosity to
56% (Table 2). Further decrease of monomer concentration
to 5% resulted in the formation of weak gels, which
collapsed during the drying process. On the other hand,
increase of the crosslinker content above 30% was not
possible due to the insolubility of BAAm in the aqueous
solution.

We propose the following scheme for the formation of
heterogeneous PNIPA networks: When the polymerization
is initiated by the decomposition of APS and TEMED
molecules, the primary radicals formed start to grow by
adding the monomer NIPA and the crosslinker BAAm.
Initially, the primary molecules contain NIPA units,
BAAm units with one vinyl group unreacted (i.e. with
pendant vinyl groups) and BAAm units involved in cycles.
As the time goes on, more and more primary molecules are
formed so that the intermolecular crosslinking reactions
between the primary molecules may also occur during the
polymerization. Previous works indicate, however, impor-
tance of cyclization reactions in free-radical crosslinking
copolymerization [51]. For example, in free-radical copoly-
merization of acrylamide and BAAm at 5% initial monomer
concentration, at least 80% of the pendant vinyl groups are
consumed by cyclization reactions [52,53]. Thus, cycliza-
tion clearly dominates over the intermolecular crosslinking
reactions. Since every cycle reduces the coil dimension of
the molecules as well as the solvent content inside the coil,
the structure of the polymers formed is rather compact and
can be considered as clusters. The higher the crosslinker
content, the higher is the cyclization density of the clusters,
or the lower is their solvent content. When the cyclization
density of the clusters exceeds a critical value, they phase
separate and form primary particles called microspheres of
about 0.1-0.5 pm in diameter. This point corresponds to a
BAAm concentration between 2 and 5%. The microspheres
are nonporous and constitute the highly crosslinked regions
of the network. The agglomeration of the microspheres
during crosslinking polymerization through their peripheral
pendant vinyl groups and radical ends leads to the formation
of large, unshaped, discrete agglomerates of 10—100 pm in
diameter, which are further agglomerated to form the final
network. Macropores of 0.1—0.2 pm in radius constitute the
interstices between the microspheres while the voids
between the agglomerates build the large pores in PNIPA
networks. Fig. 11 shows a schematic representation of the
porous structure of PNIPA networks formed at high cross-
linker contents.

Comparing the reactivities of the monomers NIPA and
BAAm in free-radical copolymerization, BAAm reactivity
is at least twice the NIPA reactivity due to the existence of
two vinyl groups on each BAAm molecule. Therefore, the
molecules formed earlier should contain more BAAm units
and therefore highly crosslinked than those formed later.
Due to the rapid consumption of BAAm monomer during
polymerization, the density of the clusters will decrease as
the monomer conversion increases and, at high conversion
degrees, the structure of the clusters will approach to that of
the primary molecules. Thus, the microspheres formed
earlier (locating in the interior of agglomerates) probably
form the highly crosslinked regions of the final material,
which are interconnected with loosely crosslinked regions.
The presence of these kinds of regions is well known as
spatial inhomogeneities. If such an inhomogeneous network
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microsphere

Fig. 11. Schematic representation of the porous structure of PNIPA
networks.

is immersed in a good solvent, the loosely crosslinked
regions can adjust their orientation to fit a new equilibrium.
However, the highly crosslinked regions require much more
time to reorganize. As a result, the network will bend toward
the parts with lower crosslink density. The deformation of
PNIPA networks during swelling can thus be related to the
network inhomogeneities. According to Fig. 8, increasing
crosslinker content increases the extent of deformation
during swelling indicating increasing gel inhomogeneity
with increasing crosslinker content. Light scattering measure-
ments indeed show that the extent of gel inhomogeneity
increases with increasing crosslinker concentration [54].

The elastic modulus G, of PNIPA gels prepared at various
crosslinker contents was measured after their preparation.
An interpretation of the modulus G, of heterogeneous
networks is complicated due to the complex character of
their deformation process. However, for a homogeneous
network of Gaussian chains, G relates to the network cross-
link density through the equation [44,55]:

Go=A MLCRTvg 5)
where p is the polymer density, M, the molecular weight of
the network chains, vg the volume fraction of crosslinked
polymer after the gel preparation, R and T in their usual
meaning. The front factor A equals to 1 for affine network
and 1 — 2/¢ for phantom networks, where ¢ is the function-
ality of the crosslinks.

Fig. 12 shows the moduli of the networks Gy in kPa
plotted as a function of the crosslinker content. Three differ-
ent regimes can be seen in the figure. (1) At crosslinker
contents below 3%: G, increases with increasing crosslinker
content; (2) between 3 and 5% BAAm: G, decreases with

50

G, / kPa

40 -

BAAmM wt %

Fig. 12. Elastic modulus G, of PNIPA networks after preparation shown as
a function of the crosslinker (BAAm) concentration. Monomer
concentration = 20%; Ty, = 22.5°C.

increasing crosslinker content; (3) above 5% BAAm: G
first remains constant but then increases with the crosslinker
content, this increase is rapid between 20 and 30% BAAm.

At a crosslinker content below 3% BAAm, the PNIPA

q ﬁ Tpp! °C = A
w12 50

10 36

8t 22.5

Time / min

L.y\.;lw‘\“l..l..l‘.l‘
0 20 40 60 80 100 120 140

Fig. 13. Weight and volume swelling ratios of PNIPA networks (g, and gy,
respectively) shown as a function of the swelling time. Gel preparation
temperatures  (Ty,) are indicated in the figure. Monomer
concentration = 20%; BAAm = 5%.
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Fig. 14. Equilibrium weight and volume swelling ratios (g, and g, respec-
tively) shown as a function of the gel preparation temperatures T}y, Mono-
mer concentration = 20%; BAAm = 5%.

networks formed are close to the homogeneous limit. There-
fore, in accord with the statistical theory of rubber elasticity
(Eq. (5)), the elastic behavior in the first region is expected.
The rapid decrease of the modulus in the second region
(between 3 and 5% BAAm) can be explained with the
help of Fig. 9. As seen in this figure, increasing crosslinker
content from 2 to 5% changes the network structure drasti-

cally; a network consisting of large polymer domains
becomes a heterogeneous network consisting of agglomer-
ates of microspheres. As a result, bending-type deforma-
tions become also operative with increasing crosslinker
content due to the buckling of the pore walls or of
chains connecting the microspheres. This leads to a
decrease in G, with increasing crosslinker content in
the second region. Literature data also indicate that
the modulus of a porous material is less than its value
for matrix polymer and it decreases as the porosity
increases [56-59].

The drastic increase of the modulus at high crosslinker
contents in the final region is attributable rather to a change
in the state of the polymer than to a change in the porous
structure. As seen in Fig. 6, with increasing crosslinker
content from 20 to 30%, the volume swelling ratio g, of
the network decreases from 6 to 2 while the weight swelling
ratio ¢, remains at its limiting value of 5.2. The volume
swelling is mainly caused by the solvation of the network
chains and thus, it includes the amount of solvent in the
network region, while the weight swelling includes the
amount of solvent both in network and pore regions [19].
Therefore, decrease of ¢, at fixed g,, between 20 and 30%
BAAm indicates that the microspheres in 30% crosslinker
sample are largely unswollen, which facilitates the condi-
tion of attaining the glassy state of this sample after the gel
preparation. Thus, one may expect that the PNIPA network
passes from rubbery to glassy state between 20 and 30%
BAAm, resulting in a rapid increase of the modulus

Fig. 15. A series of photographs taken during the swelling process of a PNIPA network sample prepared at 50°C. Swelling times in minutes are given in the

photographs. Monomer concentration = 20%; BAAm = 5%.
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(Fig. 12). This may also explain the existence of macropores
in 30% crosslinker sample. Below 30% BAAm, the voids
between the microspheres disappear during drying process
due to the cohesional forces between the solvated chains on
the microspheres. At 30% BAAm, the microspheres, which
are in the glassy state after gel preparation, remain stable
during drying so that the macropores become accessible to
mercury intrusion in dry state.

3.2. Effect of the gel preparation temperature

In this section, the PNIPA networks were prepared at a
crosslinker content of 5%, while the gel preparation
temperature Tp,, was varied. Visually, we observed forma-
tion of glassy polymers below 22.5°C whereas opaque gels
were obtained above this temperature. Further, opacity
increased as Ty, is increased. Since the opacity is a result
of light scattering from the spatial inhomogeneities of the
gel refractive index, these results indicate existence of
domains in PNIPA gels in the order of the wavelength of
visible light.

Fig. 13 shows the weight and volume swelling ratios of
the networks (g, and g,, respectively) plotted as a function
of the swelling time. In Fig. 14, the equilibrium weight and
volume swelling ratios are shown as a function of Tj,. As
expected [60,61], both the rate of swelling and the equili-
brium swelling ratio increase with increasing T,. Again,
sample deformation was observed during the swelling
process leading to the large error bars in the volume swel-
ling curves (Fig. 13B). Fig. 15 shows photographs taken
from a gel sample prepared at 50°C at various swelling
times. Swelling was accompanied with the deformation of
the gel sample. The extent of deformation increased with
increasing T, indicating increasing inhomogeneity in the
network structure on raising the gel preparation tempera-
ture. The inhomogeneities in PNIPA gels depending on
T,p have been extensively investigated using light scatter-
ing techniques [62,63]. The results also show that the extent
of inhomogeneity steeply increases with increasing T}, for
above 23°C [64].

Another point shown in Fig. 14 is that, although both ¢,
and ¢, increase with increasing T, the increase of g is
much rapid than that of ¢,. According to the relations
between the swelling ratio and the porosity of hetero-
geneous networks [19,65,66], this indicates a decrease of
the porosity with increasing T},p. Indeed, the porosity char-
acteristics of the networks collected in Table 2 show that the
porosity of the networks decreases with increasing Tprep.
This is rather contradictory to our expectation since (a)
the PNIPA gels are believed to be more heterogeneous as
Torep increases due to the action of water as a poor solvent
(pore-forming agent) at elevated temperatures and (b) the
opacity of gels formed above 22.5°C indicated existence of
phase separated domains of sizes 10~ wm. Fig. 16 shows
differential and integral size distribution of pores in PNIPA
networks prepared at various temperatures. One can identify
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Fig. 16. Pore size distributions of PNIPA networks in (A) differential and
(B) integral modes. Gel preparation temperatures T, are indicated in the
figure. Monomer concentration = 20%; BAAm = 5%.

large pores of 10—100 pm in radius and micropores of less
than 60 A in radius. However, macropores of sizes 10~' pm
are missing and, an increase of T, up to 50°C does not
induce formation of these pores. The networks prepared at a
low temperature mainly consist of large pores. As Tpep
increases, the volume of large pores decreases while that
of micropores remains constant at 0.04 ml/g over the entire
range of Ty, studied (Table 2).

The results can be explained as follows: At a Ty, above
the LCST of PNIPA, the phase separation of growing chains
causes to the formation of a fine dispersion in the reaction
system. However, if T, is below the LCST, large polymer
clusters forming in the system agglomerate with each other
leaving large voids between them (Fig. 8). Thus, more
ordered structures form as the gel preparation temperature
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Fig. 17. Elastic modulus G, of PNIPA networks after preparation shown as
a function of the gel preparation temperatures T7p.,. Monomer
concentration = 20%; BAAmM = 5%.

increases, so that the volume of large pores decreases.
Appell et al. [50] investigated by Raman spectroscopy the
PNIPA gel structure by swelling in water at various
temperatures. By using this technique, they were able to
distinguish areas of increasing concentration of water,
which can be interpreted as the pores. When the swelling
temperature is below the LCST of PNIPA, the gel consists
of interconnected pores with the size in the order of 75 wm,
which corresponds to what we observed in PNIPA networks
prepared at low temperatures. In accord with our findings,
they also observed disappearance of these large pores above
36°C.

In Fig. 17, the elastic moduli G of the gels are shown as a
function of 7, Gy remains almost constant up to 30°C but
then rapidly increases with increasing T, probably due to
the decrease of porosity of the networks formed at a high
temperature.

4. Conclusions

PNIPA networks were prepared by free-radical crosslink-
ing copolymerization in water at an initial monomer
concentration of 20% using BAAm as a crosslinker. The
synthesis parameters varied were the crosslinker concentra-
tion and the gel preparation temperature Tj,. The following
conclusions were drawn from the experimental data:

1. After passing a critical crosslinker concentration (2—5%
BAAm), the network structure changes from homo-
geneous to heterogeneous ones. Further increase of the
crosslinker content increases both the rate of swelling
and the porosity of the networks.

2. Heterogeneous PNIPA networks consist of spherical
globules called microspheres of 0.1-0.5 pm in diameter
aggregated to large, unshaped, discrete clusters with
dimensions of a few wm. Macropores of 0.1-0.2 wm in
radius constitute the interstices between the micro-
spheres, while the voids between the agglomerates
build the large pores in PNIPA networks. At 30%
BAAm, the structure looks like cauliflowers, typical for
a macroporous network.

3. The dependence of the elastic moduli of PNIPA gels on
the crosslinker content shows three different regimes
depending on the structure of the networks.

4. Increasing T, from 9 to 50°C at a given BAAm content
(5%) increases both the rate of swelling and the swelling
capacity of the networks, while the total porosity
decreases.
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