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ABSTRACT: The pH dependence of the microstructure formation of three types of polymer gels that consist of
N-isopropylacrylamide (NIPAm) and acrylic acid (AAc) but have different architectures was investigated by
means of macroscopic swelling measurements and microscopic small-angle neutron scattering. The first type
was an NIPAm/AAc copolymer gel in which NIPAm and AAc monomers were randomly copolymerized by
redox polymerization (redox-mono). The second type was an ultraviolet (UV)-cross-linked NIPAm/poly-AAc
copolymer gel in which NIPAm monomer was copolymerized with poly(acrylic acid) (UV-poly). The third type
was a mixture of poly-NIPAm gel and poly-AAc in which the poly-NIPAm network was prepared by redox
polymerization in the presence of cross-linker, whereas poly-AAc was physically entrapped in the poly-NIPAm
polymer network (redox-poly). These three types of gels contain the same amount of AAc but different spatial
configurations. The following conclusions were obtained: (1) Redox-mono and UV-poly showed swelling behavior
in the middle pH range (i.e., pH 6—10) because of the ionization of AAc. Redox-poly did not show such a
swelling behavior over all pHs. (2) SANS analyses confirmed that redox-mono and UV-poly, which exhibit
similar swelling behaviors, had marked pH dependence in the gel microstructure because of different architectures

and spatial distributions of charged AAc groups.

Introduction

Tonic hydrogel is one of the most functional gels not only
because it can absorb a large amount of water but also because
a small change in the degree of ionization can dramatically affect
its swelling degree and transparency.'~’ In general, an introduc-
tion of ionic groups to a neutral polymer gel leads to improve-
ment in transparency and swelling. This phenomenon has been
explained as being a result of the effects of electrostatic repulsion
and the osmotic pressure of counterions.** ! These effects play
essential roles in determining not only the macroscopic equi-
librium swelling degree but also the microscopic network
structures. In regards to the microscopic structures of gels,
inhomogeneities in gels have been extensively investigated
during the past two decades theoretically'” and by the use of
scattering methods.'® In particular, those in charged gels have
been intriguing problems as reported with various scattering
methods such as static light scattering (SLS),'*'> dynamic light
scattering (DLS),'®!” small-angle X-ray scattering (SAXS),"*'®
and small-angle neutron scattering (SANS).*'*° However, none
of these works have focused on the spatial distribution of the
charged groups in the network.

In this series of articles, we explored the microstructure and
dynamics of thermo/pH-sensitive polymer gels consisting of
thermosensitive N-isopropylacrylamide and pH-sensitive acrylic
acid comonomer (NIPAm/AAc) with different architectures,”**
where AAc comonomers were distributed either (1) randomly
as a monomer unit (redox-mono), (2) sequentially as a poly-
AAc chains (UV-poly), or (3) physically entrapped in a poly-
NIPAm network (redox-poly). It is known that NIPAm gels
undergo a continuous volume phase transition at ~33 °C
because of hydrophobic interactions.>> The volume phase
transition of NIPAm/AAc gels becomes discontinuous by the
introduction of charged AAc comonomer, and the transition
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temperature shifts upward.' Microscopically, it corresponds to
microphase separation with a repeat distance of a few hundred
angstroms. The origin of microphase separation was successfully
explained as being a balance of enthalpic and entropic driving
forces, that is, macroscopic shrinking by hydrophobic interaction
versus swelling due to the requirement of the uniform spatial
distribution of counterions. As a result, the system chooses a
microphase separation. In the first article of this series,?’ we
discussed the temperature dependence of the microstructure for
the above-mentioned three types of gels with different distribu-
tions of charged groups, following the difference of effective
cross-linking density between redox- and UV-induced polym-
erized gels by swelling measurements. In the second article,
these microstructure formations were studied by DLS and
swelling measurements from the viewpoints of both static
inhomogeneities and dynamic fluctuations.>> On the basis of
these studies, it was concluded that quite different gel micro-
structures were formed by depending on different spatial
configurations of ionizable groups in polymer gels. Redox-mono
has a higher effective degree of ionization than does UV-poly
because counterion condensation along poly-AAc chains occurs
in the latter. The counterion condensation also results in lowering
the gel volume transition temperature of UV-poly in contrast
with that of redox-mono. However, one of the most important
aspects of charged gels, that is, pH dependence, has not been
investigated so far.

To clarify the roles of ionized groups in these gels, we studied
here the pH dependence of microscopic network structures.
Emphasis was on the discussion about the pH dependence of
(1) the macroscopic ionization effect below the volume phase
transition temperature by observation of swelling behavior and
of (2) microscopic inhomogeneities of polymer networks above
and below the volume phase transition temperature.

Theoretical Background

Elastic Behavior. The elastic modulus, E, can be determined
from the slope of linear dependence at a low strain region by
the equation
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where o is the applied stress and 4 is the relative deformation
ratio (deformed length/initial length). For an affine network
model, the effective cross-linking density, v, is determined using
the equation®**

E=RT¢, ", )

where R, T, ¢o, and ¢ are the gas constant, the absolute
temperature, and the polymer volume fraction in the sample
preparation and in the swollen state, respectively. Because ¢
equals ¢y just after the sample preparation, eq 2 becomes

E=RT¢y, 3)

From the elastic measurement just after the sample prepara-
tion, we can obtain v by using the value of E with eqs 1 and
3.

Swelling Behavior. The osmotic pressure, I1, of a charged
gel is given by

Im= IImix + Hel + Hion = _évﬁ (4)

S
where V; is the molar volume of the solvent and Au is the
chemical potential change by gel swelling. I1yix, [1e), and iy
are the contributions to the osmotic pressure due to polymer—solvent
mixing, polymer chain elasticity, and Donnan potential, respec-
tively. In the context of conventional theories for swelling,8 I mix
is given as a function of the polymer volume fraction, ¢, by

1. =

mix

—2Hg + In(1 = ¢) + 1) )

where y is the Flory—Huggins interaction parameter.
I1, is given by

—vrrli(2) = [2)"”
nd_chT[z( %) ( %) ] ©®

The theoretical value of cross-linking density, v;, is stoichi-
ometrically given by?°

v :fccl ¢ :fccl
' 2C0 VNIPA 2

)

where f, C, Cp, and Vnipa are the functionality of cross-linking,
the feed concentration of the cross-linkers, the initial monomer
concentration, and the molar volume (dm?3/mol) of the NIPAm
monomeric unit, respectively.

The osmotic pressure generated by Donnan potential is given
11

by
— = RTAC (8)

where AC is the difference in the mobile ion concentrations
between the inside and outside of the gel,**”*® that is

AC=([Na"],,+[OH ],,) — (INa"],,,+ [OH 1,,) (for pH>7)
AC=([H"],, +[CIT;,) = ([H o+ [Cl 1) (for pH>7) (9)

Because of the osmotic balance of mobile ion and electro-
neutrality, AC is given by”

out

I, = AC=V[COO > +4F —2I (10

where [COO™] is the concentration of the ionized AAc groups
and [ is the ionic strength of the system. Here [COO™] is given
by
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[COO ]= afAACCO(g) (11)
0

where o is the degree of ionization of AAc groups and faac is
the fraction of AAc groups in the polymer networks. a. is related
to pH by the Henderson—Hasselbalch equation®®-*

1—a

pH=pK, —n, log (12)

where K, is the dissociation constant of AAc. From eq 12, the
following equation is obtained

_ 1
o= 10PKPID/no 4 (13)
It is convenient to employ the linear swelling degree, d/dy,
where d and dj are the gel diameter at the observation and that
at the gel preparation, respectively. The swelling degree and
the volume swelling ratio can simply be related by

¢ 173
(3

By imposing a condition of IT = 0 and using eqs 4—6, 10,
and 14, we can theoretically obtain d/d, as a function of pH.
Rabin—Panyukov Theory for Small-Angle Neutron
Scattering. The microphase separation of weakly charged gels
is described by the Rabin—Panyukov theory (RP theory).'>?!?
The RP theory properly describes the frozen inhomogeneities
on the basis of a mean-field theory of polymer gels. The
theoretical structural factor, S(g), consists of two contributions,
one from the static inhomogeneities, C(q), and the other from
the thermal concentration fluctuations, G(g), where ¢ is the
scattering vector. Both C(g) and G(g) are built up with well-
defined parameters, that is, the average degree of polymerization
between cross-links (N), the polymer volume fraction (¢), the
degree of ionized charged groups (f = 0Ofaac), and T (or the
Flory’s interaction parameter, ). Here we define N as N = [(Cy
+ 2C)/2Cq]. Using two sets of parameters, that is, those at
sample preparation (¢, fo, )0), in addition to those at observation
(o, 1, 1), S(g) is given by eqs 15—17
Slg)= G(cgvﬂL(ng) (15)
- 8\q
A= T s 1o
Clg)= .

T U@ @1+ Q)

9

+
wolq) = 1+ (120 () ¢, "
where the subscript 0 means the parameter value at sample
preparation, Q (= aN'?g) is the dimensionless wave vector, and
a and w(g) denote the segment length (8.12 A for NIPAm
polymer chains)'*>* and the effective second virial coefficient,
respectively. The function of g(g) is given by eq 18

) . 2(¢/¢0)2/3¢01/4
0+ 40H ' +1 (1+ 0%

The functions of w(q) and wy(g) are expressed by eqs 19 and
20, respectively

17)

glg)= (18)

Iy [N
=1 -2+ P)pN+——— 19
w(g)=(1—2+d)p oo (19)
l 2 5/4N2
wo(@) = ¢y "N + 2/o 4o (20)

Q2(¢0/¢)2/3 + le0¢)05/4N

I is the dimensionless Bjerrum !ength given by Iz = 47tlp/a, where
Lg is the Bjerrum length set at 7 A for aqueous solutions at 25 °C."

Experimental Section

Samples. N-isopropylacrylamide (NIPAm), acrylic acid (AAc),
N,N'-methylene bisacrylamide (BIS), ammonium persulfate (APS),
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Table 1. Sample Code, Concentrations, and Diagram Models

Code Cyipa Caae Cris Caps Crewmep  Schematic Diagrams
(mM)  (mM) (mM) (mM) (uL)

Redox-mono 668 32 7 1.54 24

UV-poly 668  32¢ 0 20 0

|
Redox-poly 668 32% 7 1.54 24 ’—\_‘_l_\\-‘:l

* Cpac Was calculated in monomer units.

and N,N,N',N'-tetramethyl ethylenediamine (TEMED) were pur-
chased from Wako Chemical, Tokyo. NIPAm and AAc were
purified before use by recrystallization and distillation, respectively.
Poly-AAc (M,, = 118 000) was purchased from Polymer Source,
Canada, and was used without further purification.

Gel Preparation. Three types of NIPAm/AAc copolymer gel
were prepared using two polymerization methods. Details of the
concentrations of each component and the schematic diagrams of
network architectures are given in Table 1. In the schematic
diagrams, the thin gray lattice-shaped boxes, the black dots, and
the black lines represent poly-NIPAm chains, AAc monomers, and
poly-AAc chains, respectively. The first type is a NIPAm/AAc
copolymer gel in which NIPAm and AAc monomers are randomly
copolymerized by the use of conventional redox polymerization
(code: redox-mono). The second type is an NIPAm/poly-AAc
copolymer gel in which poly-AAc is copolymerized with NIPAm
by UV-induced polymerization method (code: UV-poly). The third
type is an NIPAm/poly-AAc polymer gel prepared from NIPAm
and poly-AAc by the use of a redox polymerization method in
which poly-AAc chains are physically entrapped in the NIPAm
network without copolymerization with NIPAm (code: redox-poly).
Note that these three types of gels have the same monomer
concentrations of AAc (32 mM) and NIPAm (668 mM) but different
spatial configurations of AAc groups. In addition to these gel
samples, NIPAm homopolymer gels were prepared using either
redox or UV-induced polymerization for the estimation of v, and
the reference values of y and C, for noncharged gels (code: redox-
NIPAm, UV-NIPAm, respectively). The preparation process for
each type of gel was as follows.

(Redox-mono): Prescribed amounts of NIPAm and AAc were
dissolved in 10 mL of deionized water in a test tube. Then, BIS
and APS were added to the solution as a cross-linker and redox
initiator, respectively. The concentrations of NIPAm, AAc, BIS,
and APS were 668, 32, 7, and 1.54 mM, respectively. After the
further addition of 24 uL. of TEMED as an accelerator, the solution
was kept at 20 °C for 24 h for gel maturing.

(UV-poly): An aqueous solution containing NIPAm, AAc
polymer (M,, = 118 000 and M/M, = 1.13, M,, and M,, being the
weight- and number-average molecular weights, respectively), and
APS (as UV photoinitiator) was exposed to UV radiation provided
by a 500 W deep UV lamp (USHIO, Tokyo, Japan) with an
illuminance spectrum including a range of wavelengths of <300
nm. The concentrations of NIPAm, AAc polymer, and APS were
668, 32 (expressed as monomer units), and 20 mM, respectively.
UV irradiation was carried out by the use of a parallel light
irradiated from the side of the test tube. The optical density of the
pregel solution was ~0.7 at 254 nm. Transparent gels were thus
obtained by UV irradiation for 1 h at 20 °C. We note that the UV-
induced polymerization of NIPAm monomers and poly-AAc
without any cross-linkers such as BIS as well as degradation had
been reported by Ikkai et al.>>-°

(Redox-poly): Prescribed amounts of NIPAm, AAc polymer,
BIS, and APS, were dissolved in 10 mL of deionized water in a
test tube. The concentrations of NIPAm, AAc polymer, BIS, and
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APS were 668, 32 (expressed as monomer units), 7, and 1.54 mM,
respectively. After the further addition of 24 uLL of TEMED as an
accelerator, the solution was kept at 20 °C for 24 h for gel maturing.

(Redox-NIPAm): NIPAm was dissolved in 10 mL of deionized
water in a test tube. Then, BIS and APS were added to the solution
as the cross-linker and redox initiator, respectively. The concentra-
tions of NIPAm, BIS, and APS were 700, 7, and 1.54 mM,
respectively. After the further addition of 24 uL. of TEMED as an
accelerator, the solution was kept at 20 °C for 24 h for gel maturing.

(UV-NIPAm): An aqueous solution containing 700 mM NIPAm
and 20 mM APS (as UV photoinitiator) was exposed to UV-
irradiation for 1 h at 20 °C.

The polymerizations of all gel samples were carried out at pH 8
where AAc was ionized.

Compression Measurements. Before pH dependence experi-
ments, the difference in the elastic modulus and the effective cross-
linking densities between redox and UV-induced polymerized gels
was measured for redox-NIPAm and UV-NIPAm. Uniaxial com-
pression measurements were carried out using a universal testing
machine (EZ-test, Shimadzu, Kyoto, Japan). The cylindrical samples
were prepared as discussed above. The diameter and height of
redox-NIPAm were 27 and 6.4 mm, and those of UV-NIPAm were
10 and 4.5 mm, respectively. Each compression measurement was
carried out just after the sample preparation in a thermostatted room
at 20 °C in <1 min to avoid the evaporation of water in the gels.
The crosshead speed was 10 mm/min.

Swelling Degree Measurements. For swelling measurements,
all gel samples were prepared in a narrow quartz capillary (800
um diameter). The prepared gels with cylindrical shape were taken
from the quartz capillaries and washed with an excess amount of
water. The sample was immersed in a thermostatted chamber filled
with distilled water. The swelling degree, d/dy, was measured by
monitoring the diameter of the cylindrical gel, d, via an inverted
microscope (TMD300, Nikon, Tokyo, Japan) coupled to an image
processor (Algas 2000, Hamamatsu Photonics, Hamamatsu, Japan).
The pH of the solution was carefully controlled by the outlet of
the flow adjusted by HCl(aq) for pH < 7 and NaOH(aq) for pH >
7 at T = 25 °C. When the shape of a gel became irregular upon
swelling or shrinking, the maximum width of the gel was measured.
The measurement was repeated at least three times, and its average
was employed as the value d.

Small-Angle Neutron Scattering. SANS experiments were
carried out using the 2D SANS spectrometer (SANS-U) of the
Institute for Solid State Physics of the University of Tokyo.*” The
SANS intensity functions were collected in a wide temperature
range for 1.5 and 8 h at a 2 and 8 m sample-to-detector distance,
respectively. Gel samples in quartz cells with a 4 mm optical path
were irradiated with a 7.0 A wavelength neutron beam. Incoherent
scattering subtraction was carried out with the method reported by
Shibayama et al.*® For SANS measurements, all prepared gels were
taken out of the test tubes and smashed through a 500 um sieve.
Then, gels were washed with a large amount of water for 3 days
under stirring, and freeze drying was carried out. The gel volume
fraction was fixed to be ¢ = 0.1 to suppress the change in
inhomogeneities resulting from the change in polymer concentration
with increasing temperature. For pD-adjusted gels, a D,O solution
with the predetermined pD adjusted by DCl(aq) or NaOD(aq) was
added to the freeze-dried gel to be a pH* of 4, 6, 8, or 11, where
pH* is the direct reading in a D,O solution by a conventional pH
meter. We should consider the fact that the pH in an H,O solution
is different from its corresponding pD in a D,O solution. The
relationship between pD and pH* is generally expressed as pD =
pH* + 0.41.%° This relation was employed in the discussion of
SANS results. SANS profiles were obtained at 25, 33, 37, 41, and
45 °C.

Results and Discussion

Compression Measurements. Prior to the discussion about
the pH dependence of the three types of NIPAm/AAc copolymer
gels, let us show the difference in the elastic behavior between



Macromolecules, Vol. 41, No. 24, 2008

120

& Redox-NIPAm .
100+ ve = 1.7mM °
¢ UV-NIPAm N

ve = 0.65mM g

80+

o/ Pa

Figure 1. Stress—strain curves for redox-NIPAm and UV-NIPAm under
a sample preparation condition.
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Figure 2. pH dependence of the linear swelling ratio, d/do, and the
corresponding fits for redox-mono (@, ---), UV-poly (O, — - —), and
redox-poly (A, ———). The inset shows d/d for redox-NIPAm (#) and

UV-NIPAm (9).

redox and UV-induced polymerized gels. Figure 1 shows the
stress—strain data for redox-NIPAm and UV-NIPAm. o of each
sample showed a linear dependence of strain in the low-strain
regions, as shown by the solid line obtained with eqs 1 and 3.
It can be easily seen from the slope that redox-NIPAm is more
rigid than UV-NIPAm. This means that more cross-links are
formed in redox polymerized gels than in UV-induced polym-
erized gels, which was also shown in our previous article of
the temperature dependence of swelling degree measurement.>'
We calculated v, from the slope and eq 3. The obtained v, values
were 1.7 and 0.65 mM for redox-NIPAm and UV-NIPAm,
respectively. We later discuss the v, in detail by the comparison
with the theoretical values.

Swelling Degree Measurements. Figure 2 shows the pH
dependence of the swelling degree of redox-mono, UV-poly,
and redox-poly at 25 °C. Different pH dependences in d/dy were
observed among the three types of gels. d/d started to increase
at ca. pH 4 for redox-mono (thick arrow) and ca. pH 5 for UV-
poly (thin arrow) and reached a plateau at pH 7 and then started
to decrease at a pH of about 10 (thick and thin arrows,
respectively, for redox-mono and UV-poly). Because the pK,
of AAc monomer is well known to be 4.25,*° the increase in
dldy above pH 4 is due to the ionization of AAc and the increase
in the osmotic pressure. The decrease above pH 10 is due to
electrostatic screening effect by the added NaOH. (See eq 10.)
Although d/d for redox-poly seemed to increase slightly in the
range of pH 6 and 11, the pH effect is much smaller than others.
This means that physical entrapment of poly-AAc does not
produce significant Donnan potential even if poly-AAc is fully
ionized. The inset shows the swelling behaviors for noncharged
redox-NIPAm and UV-NIPAm, which have no pH dependence.
Note that the swelling degrees are different between the two
(i.e., dldy ~ 1.1 for redox-NIPAm and 1.5 for UV-NIPAm).
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This means that the former has a higher cross-linking density
than the latter, as shown in the Figure 1.

Another interesting fact is that the pH values where d/d,
started to increase or decrease are different between redox-mono
and UV-poly. In particular, the starting point of swelling for
UV-poly shifted to a higher pH than that for redox-mono. That
is, at pH < 7, AAc groups of redox-mono become ionized more
easily with increasing pH than those of UV-poly because of
the uniform distribution of AAc in monomer units. At pH > 7
the d/dy of UV-poly decreased more easily with increasing pH
than that of redox-mono because the localization of AAcs and
surrounding Na™ resulted in the stronger screening effect (i.e.,
the so-called counterion condensation).*!*?

We theoretically calculated the swelling degrees by using eqs
4—17, 10, and 14 by solving IT = 0 under the condition of v, =
vy. Here, the following parameters were fixed: Vy = 0.018 dm?/
mol, f =4, Cy = 700 mM, ny = 1, and faa. = 0.0457 (= 32/
700) for redox-mono and 0.0184 for UV-poly (chain line),
respectively.**' The calculation was carried out as follows: First,
% and Cg of redox-polymerized gels (redox-mono and redox-
poly) and UV-induced gels (UV-poly) were estimated on the
basis of the d/dy of redox-NIPAm and UV-NIPAm, respectively,
with eqs. 4—7 and 14. Note that d/d, does not have any pH
dependence in the calculation without the use of eq 10. By
substituting the thus obtained y and C, we calculated d/dy and
estimated pK, values. The evaluated y and C were y = 0.47
and C; = 5.0 mM for redox-mono and y = 0.43 and Cy = 2.0
mM for UV-poly. These calculated values agreed well with the
experimental results, as denoted by the lines in the figure. The
fact that < 0.5 means that these gels are in a good solvent at
25 °C. The C, of UV-poly is lower than that of redox-mono,
as discussed so far.

Now let us mention the validity of the obtained C values. It
is obvious that C,; of redox-polymerized gel is close to the feed
concentration (i.e., 7 mM). However, the v, value given by eq
7 is much greater than the v, value discussed in Figure 1. There
have been many studies of the comparison between v, and v,
by not only swelling measurements but also compression
measurements. As far as we know, in the case of the compres-
sion measurements, many researchers have shown that v, is
about one or two orders of magnitude less than v.**~*® For
instance, Gundogan et al. showed the difference between v, and
v and indicated that the 70—85% of BIS can be wasted during
the polymerization. ** Xue et al. also showed the much lower
value of v, than that of v, in NIPAm/AAc gels.** In the case of
swelling behavior, the entanglement of polymer chains by
swelling is considered to play an important role, resulting in
additional cross-linking points.>**” Shibayama et al. showed this
effect for NIPAm gel and theoretically explained the swelling
behavior by employing v..>® The entanglement effect was also
studied with Monte Carlo simulations.*® Moreover, Tokuyama
et al. recently clarified that v, values of swollen NIPAm gels
are even higher than v, values because of the chain entangle-
ment.* Therefore, the difference between v, by compression
measurements and v, by swelling measurements in our experi-
mental results stands to reason, and these results strongly support
the additional cross-linking effects. In addition, it is noteworthy
that the ratio of redox-NIPAm to UV-NIPAm about v, is almost
the same as that about v, (~2.5).

As for the curve fitting results of pK, values, the obtained
pK. values were 5.3 and 6.1 for redox-mono and UV-poly,
respectively. These pK, values are obviously larger than the
pK, of AAc (= 4.25). It is conjectured that the ionization
tendency is suppressed depending on the degree of containment
of AAc groups in the NIPAm networks in the order of redox-
mono < UV-poly. The suppression of the ionization tendency
of AAc groups in UV-poly is probably due to the localization
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Figure 3. pH* dependence of SANS profiles for (a) redox-mono, (b) UV-poly, and (c) redox-poly at 7 = 25 °C. The solid lines denote the results

of curve fitting.

of ionizable groups along the poly-AAc chains as well as
hydrogen bonding between poly-AAc chains. The swelling
behavior of redox-poly could not be reproduced by the above
equations and was rather reproduced by that for redox-NIPAm
(i.e., noncharged NIPAm gels).

Small-Angle Neutron Scattering Results. Figure 3 shows
the pH* dependence of SANS profiles, /(g), at T = 25 °C for
redox-mono, UV-poly, and redox-poly. Here the solid lines in
the Figure denote theoretical fitting curves described below. We
note that /(g) values of UV-poly at pH* of 4, 6, and 8 are much
higher than those of redox-mono and redox-poly, indicating that
larger static inhomogeneities exist in UV-poly than in the others.
In addition, the shapes of I(g) values are very different from
others, and I(g) values have a broad shoulder around g ~ 0.01
A~1. This is ascribed to the localization of ionizable groups in
the gel network as polymer chains, that is, poly-AAc, and the
counterion condensation occurs near poly-AAc, as discussed
in the previous article.?’ We discuss here the pD (or pH¥)
dependence of SANS profiles for each type of gels because the
temperature dependence has already been discussed in our
previous article.”' At a low temperature range (i.e., T = 25 °C),
no remarkable pH* dependence was observed except for pH*
of 11 in UV-poly. The very low pH* dependence in the SANS
profiles is due to the following facts. SANS measurements were
carried out under a fixed volume condition (¢ = 0.1). As a result,
swelling-causing force due to the ionized AAc groups was
suppressed, and the SANS curves became insensitive to pH*.
Note that the SANS curve for UV-poly at pH* of 11 is similar
to those of redox-poly at any pH*, suggesting that a strong
electrostatic screening effect occurred at pH* of 11 in UV-poly
because of the lower degree of ionization than that in redox-
mono.

Now let us discuss the results of curve fitting at 7= 25 °C.
In the case of redox-mono, an obvious upturn was observed at
low-g regions, indicating the frozen-in structural inhomogene-
ities discussed by Horkay et al. At 7= 25 °C (i.e., in the lower
temperature region before the volume phase transition occurs),
I(g) was well fit with a modified squared-Lorentz (SL) func-
tion30 52

1,(0) 15 (0)

1+8¢ (1+&¢)

Here the second term of the right-hand side of eq 21 is based
on the so-called Debye—Bueche function, and & denotes a
correlation length of concentration fluctuations in the gel
network. /;(0) and Is; (0) are the zero-g intensities corresponding
to the dynamlc and static contributions to /(g). The fitted & value
was ~10 A. We note that the & value increased until 20 A at
41 °C with increasing temperature, meaning the increase in
concentration fluctuation of polymer networks.

In the case of UV-poly, I(g) showed a convex curve at g <
0.03 A=, indicating the macroscopic structural inhomogeneities.
Such functions are no longer fit with the SL plot but rather the

phenomenological Gauss—Lorentz (GL) plot, which is given
by14,53,54

+1,00)g° Q1)

I(g)=

1,(0) R’q
I(q)= ngqz +15(0) eXp(— ) (22)

3

where the existence of randomly distributed static inhomoge-
neities of polymer networks with a characteristic mean size of
R, is assumed, as shown by the second term of the right-hand
side of eq 22. As the fitting results, structural parameters such
as & and R, showed no significant pH* dependence. At any pH*,
the fitted E and R, were about 20 and 100 A at 7= 25 °C and
then increased to 160 and 120 A at T = 33 °C because of the
increase in microscopic inhomogeneities.

In the case of redox-poly, SANS profiles were almost the
same as homopolymer gels irrespective of pH*. Indeed, 1(g)
values were well fit to eq 21 without showing remarkable pH*
dependence of the fitted & (= 30 A at 25 °C and 60 A at 33 °C,
irrespective of pH*). Therefore, we can conclude that the
physically trapped poly-AAc chains did not affect microscopic
inhomogeneities.

Figure 4 shows the pH* dependence of SANS profiles, 1(g),
for redox-mono at 7= 45 °C, UV-poly at T = 37 °C, and redox-
poly at T = 37 °C. These temperatures are close enough to the
volume phase transition temperatures of the corresponding gels.
The solid lines in the Figure denote theoretical fitting curves.
As shown in the Figure, remarkable differences in /(g) values
were observed depending on the pH* for each type of gels. This
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Figure 4. pH* dependence of SANS profiles at 7= 45 °C for (a) redox-mono and at 7= 37 °C for (b) UV-poly and (c) redox-poly. The solid lines

denote the results of curve fitting.
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Figure 5. pD dependence of the periods of the repeat distance of
microphase-separated structure, D, for (a) redox-mono and (b) UV-
poly.

directly indicates that the difference in the distribution of charged
groups significantly affects the microscopic network structures.
In the case of redox-mono and UV-poly, scattering peaks
appeared in I(g) values in the low ¢ region, indicating the
existence of microphase separation. We note that the temperature
at which microphase separation occurs in redox-mono is higher
than that for UV-poly.?' This clearly means that a uniform
distribution of AAc groups in redox-mono affects the mi-
crophase-separated structure of the polymer network more
strongly than does a blocky distribution of AAc in UV-poly. In
the case of redox-mono, these peaks remarkably shifted toward
a higher g region by increasing the pH* at not only 7 = 45 but
also T'= 49 °C (not shown here), reflecting the microscopic
structural changes in the microphase-separated state. In addition,
because the peak position of UV-poly is very low (¢ =~ 0.01
A~1), a microphase separation with a longer periodicity must
be present. To reproduce these peaks in redox-mono and UV-
poly, we employed RP theory. Here, the average degree of
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Figure 6. pD dependence of (a) the y parameter and (b) the degree of
charged AAc groups, f, for redox-mono and UV-poly.

polymerization between cross-links (&), the degree of ionized
charged groups at sample preparation (fp), and the polymer
volume fraction (¢), were fixed at N = 71, fo = 0.0457, and ¢
(= ¢o) = 0.1 for redox-mono and N = 417, fo = 0.0184, and ¢
(= ¢o) = 0.1 for UV-poly.?' In the case of redox-poly at 37
°C, a power law behavior with a slope of —4 (i.e., Porod law)
was observed, showing that redox-poly was macroscopically
phase-separated into polymer-rich and -poor domains with the
sharp boundary without exhibiting any characteristic features
originating from charged groups.

pD Dependence of Structural Parameters. Figure 5 shows
the pD (= pH* + 0.41) dependence of the characteristic length
at microphase-separated states, D (= 27/gmax) for redox-mono
and UV-poly. As shown in Figure 4, UV-poly underwent
microphase separation with a longer period length of D than
that of redox-mono. For redox-mono, D monotonically de-
creased with the increase in pD. This indicates that the pK, of
AAc in redox-mono is larger at 45 °C than at 25 °C, resulting
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Figure 7. Schematic models explaining the pH dependence of
microscopic network structure in conjunction with the pH dependence
of the macroscopic swelling degrees at 7= 25 °C for (a) redox-mono
and (b) UV-poly.

in a noticeable change in D. The pD dependence of D for UV-
poly is explained as follows. UV-poly underwent phase separa-
tion even when poly-AAc was not charged (pD = 4). This is
probably the phase separation between hydrophilic poly-AAc
domains and hydrophobic poly-NIPAm matrix. At pD of 8 and
11, screening effects are already dominant enough to enhance
the concentration fluctuations in UV-poly, giving a larger D
value. The difference in the pD dependence of the structural
parameters between redox-mono and UV-poly is discussed in
the following section.

Figure 6 shows the pD dependence of y and f obtained from
the curve fitting. The broken and chain lines in Figure 6b
indicate the fraction of AAc groups in the polymer networks at
sample preparation for redox-mono and UV-poly, respectively.
It is well known that the y parameter for the NIPAm aqueous
system increases with temperature. Regarding Figure 6a, the
following facts can be drawn. First, the fact that y > 0.5 clearly
means that both redox-mono and UV-poly are in a poor solvent
regime. Second, there is little or no pD dependence of ¥, as
expected. As for the pD dependence of f (Figure 6b), the
following features were observed. For redox-mono, f increased
with pD. With increasing pD up to 8, the effective degree of
ionization of AAc increases because of dissociation. Moreover,
f dramatically increased at pD of 11. This means that, unlike
UV-poly, the apparent ionization degree of AAc groups
increased without the occurrence of the screening effect by Na*.
This is conjectured to the hydrolysis of amide groups under
the strong basic condition, as reported elsewhere.>>® We note
that NIPAm polymer can be more strongly affected by hydroly-
sis in the case of redox-mono than by that in the case of UV-
poly. This is because amide groups in NIPAm of redox-mono
are more easily attacked by OH™ because of the uniform
distribution of AAc groups in the monomer unit, as also
represented by the low inhomogeneities in Figure 3a. In the
case of UV-poly, NIPAm networks rather form globule struc-
tures, as represented by the scattering profiles in Figure 3b.
Because of the formation of the globule structures, the possibility
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of attack by OH™ can be small. As for the pD dependence of f
for UV-poly, f remains constant up to a pD of 8. As discussed
above, however, UV-poly is susceptible to the screening effect
of Na™ because of the localization of AAcs. As a result, the
apparent degree of ionized AAc groups decreases at pD 11.

Figure 7 shows the schematic models that explain the pH
dependence of the microscopic network structure at elevated
temperatures (i.e., 37 or 45 °C) in conjunction with the pH
dependence of the macroscopic swelling degree at T = 25 °C
for redox-mono and UV-poly. Note that swelling curve mea-
surements as a function of pH at the elevated temperatures were
not possible because of the irreversible contraction of gels at
low pHs. In Figure 7ab, the NIPAm globules shrunken by
hydrophobic interactions are designated by the dense lattice-
shaped networks, and the characteristic distance of microphase
separation, D, is shown by outward arrows. AAc monomers
are designated by open circles with/without minus signs, whereas
poly-AAc chains are designated as an array of open circles with
bold solid lines. In the case of a, redox-mono is slightly charged
at pH 4 and hence microphase separation is observed. By
increasing pD, the ionization degree of AAc increases and D
decreases to pH 10. However, at pH 11, more NIPAm globules
are generated with the smaller size because of the hydrolysis
of amide groups in NIPAm, resulting in the decrease in D.”>®

In the case of UV-poly (Figure 7b), the microphase-separated
structure is observed at pD of 4 and 6 where poly-AAc is
noncharged or slightly charged. This results from phase separa-
tion between poly-AAc- rich domains and the poly-NIPAm
matrix. By increasing the pH, the ionization effect of poly-AAc
chains is effectively screened by added Na™, and D increases.

Concluding Remarks

The pH dependence of the structure and dynamics of three types
of NIPAm/A Ac gels with different spatial configurations of charged
AAc groups was investigated by macroscopic swelling measure-
ment and SANS. The pH dependences of the swelling degree for
these gels were observed with the occurrence of the dependence
of AAc distribution. The swelling degree profiles were well fit with
the theoretical calculations by considering the additional cross-
linking effects due to the chain entanglement. In addition, the
ionization tendency of each gel was estimated by the comparison
of obtained pKj, values. The SANS results indicate that there were
no remarkable pD dependences at 25 °C, irrespective of the gel
architecture. However, remarkable microscopic structural changes
appeared in the microphase-separated state, showing clear pD
dependences of the scattering peaks for redox-mono and UV-poly,
respectively. For redox-mono, the characteristic length of mi-
crophase separation, D, decreased with pD, indicating ionization
of charged groups and hydrolysis of amide groups in NIPAm under
strong basic condition. For UV-poly, D increased with pD as a
result of the screening effect by Na™. Curve fitting with the RP
theory disclosed different pD dependences of f depending on the
distribution of AAc groups. That is, f for redox-mono increased
with pD, whereas that for UV-poly remained unchanged up to pD
8 and then decreased. In contrast, only redox-poly showed no pD
dependence about microscopic inhomogeneities because of the
physical entrapment of poly-AAc chains.
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