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ABSTRACT: New amphiphilic terpolymer hydrogels containing a thermosensitive N-isopropylacryalmide
component, a hydrophilic comonomer (sodium acrylate), and hydrophobic alkylated comonomers (V-
alkylacrylamides) of various lengths were fabricated using a micellar polymerization technique in aqueous
media. These gels exhibit compositionally dependent swelling as a function of both pH and temperature,
demonstrating large, rapid discontinuous collapse in aqueous media between 30 and 40 °C. Surfactant
release from these gels can be modulated by gel composition, demonstrating extended release over several
weeks in some cases. The influence of hydrophobic chains in these networks is manifested in their robust
mechanical properties, significant alteration of swelling, and influence on release of entrapped moieties.

Introduction

Perhaps the most significant advance in water-soluble
polymers during the past 2 decades has been their
modification with hydrophobic moieties. Numerous
achievements in polymeric surfactants or water-soluble
polymers with a moderate content of hydrophobic groups
that significantly lower the surface tension of water have
been widely reported. These polymers play a very
important role in an array of current interfacial technolo-
gies, including flotation, flocculation, wetting, biomedical,
and pharmaceutical applications.

Unfortunately, very few polymers described to this point
relate to cross-linked networks that contain surfactant-
type hydrophobes. Covalent and ionically cross-linked
networks of water-soluble polymers, commonly referred
as hydrogels in their swollen state, are well known for
their successful biomedical applications, such as soft
contact lenses, wound management, and controlled drug
delivery. Recently, hydrophobically modified hydrogels
or so-called amphiphilic networks which exhibit hydro-
philic/hydrophobic heterophase structure in aqueous
media have received attention on account of their poten-
tially important and fundamentally interesting pro-
perties.]-* Their unique morphological features greatly
influence their properties compared to conventional
hydrogels. Inparticular, heterophasic gel structure should
provide versatile controlled delivery features for hydro-
philic, hydrophobic, and amphiphilic agents, enhanced
biocompatibility due to hydrophobic/hydrophilic balance,
and improved mechanical strength.

The object of this paper is to describe new amphiphilic
networks based on poly[(N-isopropylacrylamide)-co-
(sodium acrylate)-co-(N-n-alkylacrylamide)] (PNiPAAm-
co-SA-co-RAAm) hydrogel systems. PNiPAAm has been
well characterized4 in terms of its lower critical solution
temperature in solution, as well as its dramatic, reversible
aqueous swelling/deswelling behavior in cross-linked
networks (hydrogels). Atailored,delicate balance between
hydrophilic and hydrophobic components in PNiPAAm
hydrogels provides novel thermosensitive swelling behavior
in aqueous solution. Incorporation of a hydrophilic ionic
comonomer (e.g., sodium acrylate, SA) into PNiPAAm
hydrogels radically changes gel swelling behavior in
aqueous media.>? Copolymerization of hydrophobic N-n-
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alkylacrylamide into “neutral” PNiPAAm networks to-
gether with a hydrophilic comonomer (e.g., SA) should
also strongly affect gel swelling behavior as well as other
physicochemical properties including mechanical strength
and solute diffusivity.

Nevertheless, little work has been reported for am-
phiphilic hydrogel synthesis due primarily to synthetic
difficulties in dispersing and linking incompatible hydro-
philic and hydrophobic polymers together in a gel. One
such system based on poly(N,N-dimethylacrylamide)-1-
polyisobutylene networks [poly(DMAAm-co-PIB)] has
been synthesized for its potential biomedical and phar-
maceutical applications.? The networks were prepared
by radical copolymerization of methacrylate-telechelic
PIB macromonomers (MA-PAB-MA, alsoserves as cross-
linker) with DMAAm in THF. THF is a common solvent
for both PIB and DMAAm, thereby allowing for a
homogeneous reaction mixture.

This same polymerization method (i.e., free-radical
initiation of organic solution)!%-1¢ and other methods
including redox initiation in aqueous media,!”# ionic
polymerization,2®-25 and radiation initiation2627 have been
used to produce cross-linked PNiPAAm gels and their
copolymers. However, for synthesizing amphiphilic poly-
(NiPAAm-co-SA-co-N-n-alkylacrylamide) networks no
common solvent system is known which facilitates a
homogeneous reaction mixture. Preparation of PNiPAAm
gels in particular and hydrogels in general directly in
aqueous media with redox initiation has a number of
advantages. Thus, the synthesis of the amphiphilic
terpolymer hydrogel networks under such conditions
remains an extremely difficult and challenging, yet
compelling, area of research.

In this paper a novel micellar copolymerization tech-
nique, adapted from a similar technique developed for
linear poly(acrylamide-co-N-n-alkylacrylamide) synthe-
sis,28 has been used to synthesize amphiphilic terpolymer
networks using low-temperature redox initiation in aque-
ous media. In this system, hydrophobic comonomer (V-
n-alkylacrylamide, RAAm) was stabilized in aqueous
dispersions by the surfactants sodium dodecyl sulfate
(SDS) or 4-lauryl ether (Brij 30), forming mixed micelles
of this monomer, coexisting in aqueous solutions with
NiPAAm, SA, and either methylenebis(acrylamide)
(MBAAm) or N,N’-bis(acryloyl)cystamine (BAC) as cross-
linkers. The reaction scheme is illustrated in Figure 1. A
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Figure 1. Schematic diagram of micellar copolymerization of
poly(NiPAAm-co-SA-co-N-n-alkylacrylamide) networks in aque-
ous media, with MBAAm or BAC as cross-linker, SDS or Brij 30
as surfactant stabilizer, and AP/TEMED as redox initiator.

Terpolymer Networks

Miceliss

Aqueous

common redox initiation system (ammonium peroxydis-
ulfate and N,N,N',N’-tetramethylethylenediamine) is used
to initiate the polymerization reaction and gel network
formation at low temperature directly in aqueous media.
The comonomer properties, specifically their stability in
the reaction system, are significantly dependent on the
type and amount of the amphiphile used as well as the
mixing conditions (i.e., temperature, pH, and stirring).

The micellar copolymerization technique has many
unique advantages in preparing amphiphilic polymeric
networks for controlled release applications:

1. It is a more efficient incorporation of hydrophobic
components into a mainly hydrophilic framework when
compared to conventional approaches.

2. Aqueous phase polymerization can be performed in
the presence of either water-soluble or micellar-stabilized
(insoluble) proteins, polypeptides, drugs, or other species
at low temperature.

3. Stability and bioactivity of certain entrapped proteins
or peptides can be enhanced by this mild, encapsulating
approach.

4, It contains extended release kinetics due to a “depot
effect” from hydrophobic domains within the gel.

Experimental Section

Materials. All solvents used were reagent grade. N-Isopro-
pylacrylamide (NiPAAm; Eastman Kodak) was recrystallized
twice from benzene/hexane (4:6). Sodium acrylate (SA; Pfaltz
& Bauer) was used as received. Methylenebis(acrylamide)
(MBAAm; Aldrich) was recrystallized from ethanol. Acryloyl
chloride (Aldrich) was distilled under N; before use. Cystamine
dihydrochloride (Sigma), n-alkylamine (n-octyl-, n-decyl-, n-
dodecyl-, n-tetradecyl-, and n-octadecylamine; Aldrich) were used
without further purification. N-n-Butylacrylamide (Polyscienc-
es), tetramethylethylenediamine (TEMED; Aldrich), ammonium
persulfate (AP; Aldrich), sodium dodecyl sulfate (SDS; Sigma),
and 4-lauryl ether (Brij 30; Sigma) were used as received without
further purification. All buffer salts and solutes were reagent-
grade compounds. Water for buffers, gel swelling, and release
measurements was first reverse-osmosis filtered (deionized) and
then Millipore filtered to yield purified water having 18 MQ/cm
resistivity.

Synthesis. N-n-Alkylacrylamide. The classical route to
prepare the N-substituted acrylamide family is from the reaction
of acryloyl chloride with its respective amine at low temperature.
The reaction equation is

CH,~CR,C(0)Cl + R,NHR, — CH,—CR,C(O)NHR,R,

where R; = H or Me, R; and R; = H, alkyl, or aralkyl. Detailed
descriptions of the chemistry and procedures for this reaction
can be found in the original literature.?>-%! We prepared N-n-
octyl-, N-n-decyl-, N-n-dodecyl-, N-n-tetradecyl-, and N-n-
octadecylacrylamide by the same reaction scheme above according
to the following procedure.
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n-Alkylamine (20 mmol) and triethylamine (21 mmol) were
dissolved in 50 mL of tetrahydrofuran (THF). Thissolution was
cooled in an acetone/ice bath, and 20 mL of a THF solution
containing acryloyl chloride (20 mmol) was slowly added with
constant stirring over 30 min. The reaction temperature was
monitored and not permitted to exceed 0 °C. Thereaction vessel
was removed from the acetone/ice bath after addition of the
acryloyl chloride and permitted to equilibrate to room tempera-
ture for 30 min. An inhibitor, hydroquinone (5 mg), was added
to the reaction mixture prior to filtration through a medium-
pore sintered-glass filter. Tetraethylamine hydrochloride byprod-
uct was discarded, and the filtrate was washed with 0.1 N HCI,
brine, and saturated H;O/NaHCOQy/NaCl and dried with MgSO,.
After evaporating the solvent, the product was allow to recrystal-
lize from petroleum ether at 5 °C. The overall recovery was
greaterthan40%. The characterizationresultsarelisted in Table
1.

N,N-Bis(acryloyl)cystamine (BAC). BAC wassynthesized
from the reaction of acryloyl chloride (1 mol equiv) with cystamine
(2 mol equiv) by either the same procedure above or a hetero-
geneous phase reaction. The general procedure for the hetero-
geneous phase reaction follows.

Cystamine dihydrochloride (10 mmol) was dissolved in a
mixture of 15 mL of 3.5 M NaOH and 10 mL of chloroform. This
solution was heated to 50 °C, and 5 mL of chloroform containing
20 mmol of acryloyl chloride was added dropwise with constant
stirring over 15 min while the reaction temperature was main-
tained near 50 °C. After separating the phases while still warm,
the aqueous phase was discarded. The remaining organic phase
was cooled to room temperature and the product precipitated
directly from the solution. The white crystal product was
recovered by filtration and recrystallized from chloroform to give
a yield above 60%. The melting point of the product was 120-
121 °C. The infrared spectrum (FTIR, KBr pellet) shows major
peaks at 3253, 3067, 1653, 1622, 1555, 1312, 1254, 1238, 1075, 992,
961, and 806 cm-1. H-NMR spectrum (CDCl;) gave § 2.9 (2H,
triplet), 3.7 (2H, quartet), 5.6 (1H, multiplet), and 6.1 (2H,
multiplet).

Terpolymer Poly(NiPAAm-co-SA-N-n-alkylacrylamide)
Networks. NiPAAm-co-SA-co-N-n-alkylacrylamide networks
were synthesized by micellar copolymerization using either
MBAAm or BAC as a cross-linker. For aqueous redox polym-
erization, ammonium persulfate (AP) and TEMED were used as
initiators. At first, various amounts of hydrophobic monomers,
N-n-butyl-, N-n-octyl-, N-n-decyl-, N-n-dodecyl, N-n-tetradecyl-,
and N-n-octadecylacrylamide, were stabilized by either SDS or
Brij 30 (1-5%) in a transparent aqueous solution with proper
stirring and temperature control. Then aqueous solutions of
various amounts of mixed comonomers (NiPAAm and SA), cross-
linker (MBAAm or BAC), and TEMED were carefully added
into the micelle solution with stirring and N; bubbling for 15
min. The total monomer content in water was 10 wt % unless
specified. After the addition of AP, the complete mixture was
injected between precooled clean glass plates separated by 2-mm-
thick gaskets (2-mm-o.d. cross-linked silicone rubber O-rings)
with extreme care taken to avoid the introduction of air bubbles
into the solution. The plates were clamped securely and
suspended in an ice/water bath at temperatures less than 5 °C
for 24 h. The resulting gel films were then separated from the
plates and allowed to swell in deionized water/methanol (60/40)
for a week, followed by swelling in pure deionized water at room
temperature until no release of surfactant was detected. Swollen
terpolymer gel membranes were subsequently cut into disks of
1-cm diameter using a cork borer, dried ambiently for 1 day, and
dried under vacuum for 3 days at room temperature.

Swelling Measurements. For measurementsat pH 7.3,0.05
M phosphate buffers were used. Dried hydrogel disks were
initially immersed and equilibrated in buffer solutions in glass
vials at 20 °C for 2 days. These vials were in turn immersed in
a shaking water bath (American Scientific Model YB-521) at a
series of temperatures from 20 to 70 °C until gel weight changes
were less than 0.1%. Each sample was then removed from the
water bath and from its respective vial, tapped with a dampened
Kim-wipe towel to remove excess surface water, and weighed
directly using an electrobalance (Ohaus GA200D). The dry
weights were measured on the same balance after desiccating the
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Table 1. Characterization of N-n-Alkylacrylamide Monomers

alkylacrylamide monomer mp (°C) FTIR bands (cm1) 1H-NMR (ppm) (in CDCly)

octyl- 3300, 3057, 2956, 2926, 1656, 1625, 1543, 1476, 6.0-6.2, 6.2-6.4, 5.5-5.7, 3.3, 1.7-2.0, 1.4-1.6
1408, 1375, 1313, 1239, 990, 952

decyl- 44-45, 45-46° 3280, 3071, 2957, 2927, 1659, 1626, 1550, 1467, 6.0-6.4, 5.6-5.65, 3.3-3.4, 2.2, 1.2-1.8, 0.9
1408, 1362, 1220

dodecyl- 54-55, 55.5° 3271, 3072, 2957, 2922, 1653, 1622, 1550, 1469, 6.0-6.4,5.5-5.7, 3.7-3.8, 3.3, 2.2
1406, 1378, 1309, 1244, 989, 952

tetradecyl- 63.5-64, 61.5~-62¢ 3273, 3072, 2955, 2919, 1653, 1622, 1549, 1471, 6.0-6.4, 5.6-5.65, 3.3, 2.2
1407, 1379, 1310, 1240, 993, 963

octadecyl- 68.5-69, 69¢ 3303, 2957, 2918, 1654, 1624, 1542, 1408, 1377, 6.0-6.4, 5.6-5.65, 3.3, 2.2, 1.2-1.6

1311, 1238, 992, 953

¢ Reported value from ref 31. ® Reported value from ref 32. < Reported value from ref 32. ¢ Reported value from ref 33.

same gels for 3 days under vacuum at room temperature until
constant dry weights were maintained. Swelling ratios (SW) were
calculated from the following formula:

SW = (wet weight ~ dry weight)/(dry weight) or
(Wt - Wd)/Wd N

where W, = gel weight at temperature t, Wy = gel dry weight,
and W, = fully hydrated weight of the gel.

Model Amphiphile SDS Loading and Release Measure-
ments. The model amphiphile SDS was loaded into terpolymer
gels as part of the in situ gel polymerization method. Release
measurements of SDS from gels began immediately after gel
membranes were separated from the glass plate molds, cut, and
equilibrated in pure water for 24 h. Release of SDS was measured
by both HPLC assay and gel swelling ratio monitoring over time.
The HPLC (Waters) analytical conditions were as follows:
u-Bondapak Cis column as a stationary phase, water as a mobile
phase, UV (A = 225 nm) detection, 0.8 mL/min flow rate, 10-uL
injection volume, temperature = 21 °C, internal standard method
as quantitation calculation. The swelling ratio monitoring
method stems from the changes in gel swelling ratios as ionic
SDS is released. Due to the Donnan equilibria approximation
at constant temperature, SDS release is correlated to gel swelling
by the relation

M, SW,-8W,
M. SW,-Sw. @
where M, is the amount of SDS measured at each time interval,
M. the equilibrium value, SWy the initial swelling ratio measured,
SW, the swelling ratio at each time interval, and SW. the
equilibrium swelling ratio. Overall release measurements were
conducted under either “normal” conditions (no changes of the
20-mL aqueous release media) or “sink” conditions (equal volumes
of fresh aqueous media exchanged for 500-uL sampling volumes
in 20 mL of total release media). In all cases, the total released
SDS concentration amounted tolessthan 10% of the SDS critical
micelle concentration.

Results and Discussion

Thermosensitive Swelling Behavior of Amphiphilic
Terpolymer Networks. Figures 2 and 3 show differences
in temperature-dependent swelling equilibria for four
network systems—poly(NiPAAm-co-SA-co-N-n-butyl-,
N-n-octyl-, N-n-dodecyl-, or N-n-tetradecylacrylamide)—
with the same copolymer compositional ratio, 95/3/2, and
cross-linker MBAAm (Figure 2) or BAC (Figure 3),
respectively. Allfour networks containing either MBAAmM
or BAC show their reversible critical collapse temperature
between 30 and 35 °C.

The networks demonstrate higher swelling capability
at temperatures below their critical points and shrink
dramatically (swelling ratio near unity) as temperatures
increase above their respective critical points. After
introducing a hydrophobic comonomer, N-n-alkylacryla-
mide, with varying alkyl side chain length, the networks
decrease their swelling ratios at temperatures below their
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Figure 2, Thermosensitive swelling behavior of terpolymer
(NIPAAm/SA/Cn, 95/3/2, 0.8 mol % MBAAm) gels in 0.056 M
phosphate buffer (pH 7.3).
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Figure 3. Thermosensitive swelling behavior of terpolymer
(NiPAAm/SA/Cn, 95/3/2, 1.5 mol % BAC) gels in 0.056 M
phosphate buffer (pH 7.3).

critical points, and their critical temperatures decrease
with increasing length of the alkyl side chain.

Figure 4 shows temperature-dependent swelling equi-
libria for poly(NiPAAm-co-SA-co-N-n-butylacrylamide)
networks with fixed amounts of hydrophilic comonomer
(SA) incorporation (3 mol %) and four different amounts
of hydrophobic comonomer (N-n-butylacrylamide) in-
corporation (1, 2, 4, 6 mol %). All four networks
demonstrate their thermosensitive swelling behavior with
critical points between 28 and 35 °C. Figure 5 shows the
temperature-dependent swelling equilibria for poly-
(NiPAAm-co-SA-co-N-n-dodecylacrylamide) networks with
fixed amounts of (SA) incorporation (3 mol %) and four
different amounts of N-n-dodecylacrylamide incorporation
1, 2, 4, 6 mol %). All four networks demonstrate their
thermosensitive swelling behavior with critical tempera-
tures between 27 and 35 °C. Figures 4 and 5 show nearly
identical results in response to the amount of hydrophobic
comonomer, either N-n-butyl- (C4) or N-n-dodecylacryl-
amide (C12), incorporated. Swelling ratios consistently
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Figure 4. Thermosensitive swelling behavior of terpolymer
(NiPAAm/SA/C4,0.8 mol % MBAAm) gels in 0.05 M phosphate
buffer (pH 7.3).
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Figure 5. Thermosensitive swelling behavior of terpolymer

(NiPAAm/SA/C12,0.8mol % MBAAm) gelsin 0.05 M phosphate
buffer (pH 7.3).
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Figure 6. Thermosensitive swelling behavior of terpolymer
(NiPAAm/SA/C4,0.8 mol % MBAAm) gels in 0.05 M phosphate
buffer (pH 7.3).

decrease and critical points shift to lower temperature as
the amount of network hydrophobic comonomer incor-
poration increases.

Figure 6 shows temperature-dependent swelling equi-
libria for three poly(NiPAAm-co-SA-co-N-n-butylacryl-
amide) networks, with three different copolymer ratios:
90/7.5/2.5,90/5/5,90/2.5/7.5. Figure 7showstemperature-
dependent swelling equilibria for three poly(NiPAAm-
¢0-SA-co-N-n-tetradecylacrylamide) networks, with three
different copolymer ratios: 95/4/1, 95/2.5/2.5, 95/1/4.
Generally, both figures show similar results for network
swelling with regard to hydrophilic/hydrophobic comono-
mer ratio changes. When the amount of hydrophilic
comonomer (SA) incorporation increases, network tem-
perature-dependent swelling profiles shift to higher swell-
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Figure 7. Thermosensitive swelling behavior of terpolymer
(NiPAAmM/SA/C14,0.8 mol % MBAAm) gels in 0.05 M phosphate
buffer (pH 7.3).
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Figure8. Effect of cross-linker concentration on thermosensitive
swelling behavior of terpolymer (NiPAAm/SA/C4, 95/3/2) gels
in 0.05 M phosphate buffer (pH 7.3) (*mol % to monomer).

ing ratios and higher critical temperature points. On the
other hand, network swelling profiles shift to lower swelling
ratios and lower critical temperature points as the amount
of hydrophobic comonomer, either N-n-butyl- (C4) or N-n-
tetradecylacrylamide (C14), incorporation increases. Net-
work swelling is balanced by the function of incorporated
hydrophilic or hydrophobic comonomer species to increase
or decrease the transition temperature and magnitudes,
respectively, into these networks.®

Figure 8 shows temperature-dependent swelling equi-
libria for poly(NiPAAm-co-SA-co-N-n-butylacrylamide)
(95/3/2) networks with three different amounts of the cross-
linker, BAC (1, 1.5, and 2.5%). Network thermosensitive
swelling behavior and critical points do not change, except
that swelling ratios decrease as network cross-linking
density increases. Like the often-used cross-linker
MBAAm, the bis(acryloyl)cystamine cross-linker behaves
as a normal cross-linking agent in network synthesis, but
with the advantage that it might be cleaved with reducing
agents to solubilize the network.

Figure 9 summarizes the mutual effects of network
hydrophilic and hydrophobic (C4) comonomer ratios on
temperature-dependent swelling equilibria for PNiPAAm
amphiphilic networks. Thereversible swelling—deswelling
transition is shifted as a function of the balanced respective
influences of SA and RAAm components. However, none
of the currently existing theoretical models®*+! accurately
describe the temperature-dependent critical swelling
behavior of PNiPAAm gels quantitatively, particularly
the mixing component of the gel free energy expression.
The influence of ionized hydrophilic comonomer SA can
be estimated properly using an ideal Donnan equilibria
approach (see eq 10) as the networks have very high
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Figure 9. Temperature-dependent swelling equilibria of am-
phiphilic networks, cross-linked poly(NiPAAm-co-SA-N-n-bu-
tylacrylamide), versus hydrophilic SA and hydrophobic RAAm
comonomer ratio in 0.05 M phosphate buffer (pH 7.3).

swelling ratios (high solvent uptake), have very low
incorporation of ionized SA (less than 10 mol %), and
remain in equilibrium.

Toexplain the thermosensitive critical swelling behavior
observed for PNiPAAm gels, most gel theories basically
contain four additive terms reflecting the changes in free
energies of mixing, specific interactions, elasticity, and
osmotic effects for a gel in aqueous media.3*#! The
extensively used model invoked to describe gel swelling
behavior—Flory-Huggins mean-field theory*>—expresses
the Gibbs free energy of mixing as

AG ;. = kTnIn(l - ¢) + xnel 3)

where AG iy is the free energy change for mixing a pure
solvent and a polymer network, n the number of the solvent
molecules in the gel, ¢ the volume fraction of the polymer
network, x the polymer-solvent interaction parameter, &
Boltzmann’s constant, and T the absolute temperature.
However, the Flory—Huggins theory is based on a random-
mixing lattice model which assumes that interaction
potentials for solvent and polymer segments are homo-
geneous over the segment surfaces. This theory does not
account for orientation-dependent interactions (i.e.,
hydrogen bonds and hydrophobic interactions) which
dramatically influence the behavior of PNiAAm gels in
aqueous systems and result in temperature-dependent
hydration.

The hydrophobic contribution to the mixing term of gel
free energy has been expresseds® as

AGhydropbobic = ¢ 4 €, T + C,T? (@)

where C,, C), and C, are system-dependent parameters
related to the nature (amount and length of the alkyl side
chain) of the hydrophobic species in the networks.4
The thermosensitive swelling behavior of PNiPAAm
gels has been recently addressed by some very different
approaches, such as quasi-chemical approaches,? equa-
tion-of-state (compressible) approaches,?* and “blob
theory” approaches.#344 Nevertheless, a theoretical ex-
pression adequately accounting for the mixing term for
PNiPAAm gels in water is far from complete. Further
work addressing hydrogen bonding/hydrophobic interac-
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tions, as well as network structural characterization, will
be required for constructing a valid and rigorous analytical
solution.

Modern network theories can successfully deal with the
two ideal networks: affine!? and phantom?® types. How-
ever, real networks conform to neither of the two limiting
cases. A modified model of chemical potential change
(Ap) due to network elastic contributions#748 can be written
as

Aptye = ApPpEntom(] — F) + Aplifinep (5)

Aypffine - %RT(rbz“/xc)?\“(Z -9 (6)
m_ 1 .

Aufe™™ = SRT(6,"/ XN M

where x. is the average number of segments per network
chain (where a segment is defined to have the same volume
as that of a solvent molecule), ¢2? the volume fraction of
the gels in the reference state (i.e., at preparation), and A
= (¢2%/ ¢9)1/3. Forces exerted on the network are expressed
by

F=KM\x/(1-23 (8)

where F varies between 0 (no constraints on junctions)
and 1 (complete constraints on junctions) given by the
Flory-Erman theory.#” Parameter « is a measure of
constraints on junction fluctuations and is related to the
degree of network interpenetration through*®

1
k= P’x." 9)

where a dimensionless number, P, is determined by the
type of polymer and the molar volume of the solvent. For
aspecific polymer/solvent (gel) system, P remains constant
and « depends only on network composition (cross-link
density and monomer concentration at preparation).
Fixed charges on a network are confined (along with an
equal number of counterions) to the gel phase, resulting
in an unequal distribution of unbound ions between the
gel and surounding solution and a resulting osmotic
pressure difference between the two phases.*2 The osmotic
difference introduces an additional mixing contribution
(of ions with solvent) to the swelling free energy and
therefore to the solvent chemical potential. Semiquan-
titative Donnan equilibria for describing this contribution
can explain only some basic features of polyelectrolyte gel
swelling.#® In ideal Donnan equilibria theory

lon 1on

AG,, = AGE - AGE: = _;RTZ(cge‘ - (10)
J

where » is the solvent partial molar volume, and cf“l and
c;?“ are respectively ion concentrations within the gel and
in the surrounding solution. The summation over j
includes all mobile (unbound) ions.

Despite the ability to explain constituent behaviors (i.e.,
electrostatic, hydrophobic) in ideal gel networks, applica-
tion of any known theories to accurately account for
nonideal Donnan effects, temperature-dependent seg-
ment-solvent interactions, and hydrophobic segmental
clustering in nonideal networks in the gel free energy
expression remains an intractable analytical problem.
Trends observed in these ionized hydrophobic NIPAAm
gels cannot be accurately modeled with any of the theories
mentioned above for these reasons.
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Figure 10. SDS release from terpolymer gels (PNiPAAm/SA/
Cn, 95/2.5/2.5, 0.8 mol % MBAAm) in water under normal
conditions at 25 °C measured by the HPLC method.
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Figure 11. SDS release from terpolymer gels (PNiPAAm/SA/
Cn, 95/2.5/2.5, 0.8 mol % MBAAm) in water under “sink”
conditions at 25 °C measured by changes in swelling ratios over
time.

Model Amphiphile SDS Release from Amphiphilic
Terpolymer Networks. Figure 10shows sodium dodecyl
sulfate (SDS) release profiles from four different net-
works: nonhydrophobized, cross-linked poly(NiPAAm-
co-SA) (95/5) and poly(NiPAAm-co-SA-N-n-butyl-, N-n-
decyl-,and N-n-octadecylacrylamide) (95/2.5/2.5) in water
at 26 °C asayed using HPLC measurement. Except for
the poly(NiPAAm-co-SA) gels, all three of the other
samples’ release profiles demonstrate first-order (first 25
h) to pseudo-zero-order (after 25 h) kinetics. Releaserates
decrease dramatically as network alkyl chain length
increases. This is proposed to result from increasing
hydrophobic interactions between SDS hydrocarbon
chains and the network alkyl side chains. Release profiles
from poly(NiPAAm-co-SA) gels (no pendent alkyl side
chains introduced) show very rapid, complete, first-order
release kinetics (within 10 h). Rapid responses of swelling
changes in ionized NiPAAm hydrogels to media tempera-
ture, pH, ionic strength, and network ionic charge have
been described in our previous work.?

Figure 11 shows SDS release profiles from four differ-
ent networks: poly(NiPAAm-co-SA-co-N-n-butyl-, N-n-
decyl-, N-n-tetradecyl-, N-n-octadecylacrylamide) (95/2.5/
2.5) in water by monitoring swelling ratios under a fixed
temperature of 25 °C. All release profiles exhibit inter-
esting long-term pseudo-zero-order release kinetics over
the initial 200-h period, particularly in networks containing
long alkyl side chains. Release rates decrease as network
alkyl chain lengths increase due to increasing gel-surfactant
hydrophobic chain~chain interactions. While we cannot
be entirely certain that 100% SDS release is achieved at
the end of these measurements, the lack of further release

Amphiphilic Thermosensitive N-Isopropylacrylamide 4559

100
2 75¢
g :
S solif NIPAAMY/SA/C10
& —— ns.s’é/a.sn
g w—@—  95.5[2.5/2
@ 25 e s b
— e 94.5/2.5/3
0 ‘.
0 250 500 750 1000 1250
Time (hr)

Figure 12. SDS release from terpolymer gels (PNiPAAm/SA/
C10, 0.8 mol % MBAAm) in water under “sink” conditions at 25
°C measured by changes in swelling ratios over time.
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Figure 13. Schematic diagram of hydrophobic chain—chain
interactions between terpolymer networks and SDS which
influence amphiphile diffusion in these networks.

after plateau (as detected by HPLC; Figure 10) correlates
with plateaus in Figures 11 and 12, indicating the swelling
and SDS release both came to equilibrium concomitantly.

Figure 12 shows SDS release profiles from three different
networks of poly(NiPAAm-co-SA-N-n-decylacrylamide)
with fixed SA content (2.5 mol %) and different amounts
of N-n-decylacrylamide comonomer incorporation (1, 2,
and 3 mol %, respectively) measured by swelling ratio
changes over time at 25 °C. All release curves show the
same kinetic pattern. However, release rates decrease as
the amount of hydrophobic components increases due to
enhancement of hydrophobic interactions between SDS
and network alkyl chains. Swelling-based data shown in
Figures 11 and 12 consistently corroborate SDS release
data quantified by HPLC (Figure 10) as SDS releases
hydrophobic regions in the gels which act as pinpoints
inhibiting swelling. Removal of SDS accelerates gel
swelling, allowing the two methods to be closely correlated
over the first release period (<100 h).

Figure 13 shows a schematic diagram of proposed
molecular associations in the gel networks due to hydro-
phobic chain—chain interactions between amphiphilic
networks of cross-linked poly(NiPAAm-co-SA-co-RAAm)
and SDS. Their partial structural similarity is also
illustrated in thisfigure. Correlations with thermodynamic
data reported for hydrophobic binding between alkyl
chains in two different polymers#:5 show standard free
energies of interaction which are a linear function of alkyl
chain length from n = 1 to n = 16. This indicates that
each methylene group of the alkyl chain makes equivalent
contributions to total hydrophobicinteractions with SDS.
Such a model forms the basis for a semiquantitative
analysis of results for SDS release versus network hydro-
phobicity, including both length and amount of alkyl side
chains. While the simplest Fickian laws of diffusion have
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been extensively applied to describe the solute diffusivity
in hydrogels, resulting in frequent models for first-order
release kinetics, solute diffusivity in amphiphilic terpoly-
mer gels may be better interpreted by considering both
time- and position-dependent diffusivities of permeating
species through a multicomponent controlled diffusion
theory approach. Further detailed discussions about
solute diffusivity in these terpolymer networks will appear
in our future publications.5!

Conclusions

Amphiphilic terpolymer networks based on cross-linked
poly[(N-isopropylacrylamide)-co-(sodium acrylate)-co-(N-
n-alkylacrylamide)] demonstrate some remarkable and
interesting thermosensitive matrix swelling behaviors in
water as well as amphiphile diffusion kinetics. Network
swelling and thermosensitive critical points are readily
adjusted by controlling levels of hydrophilic and hydro-
phobic comonomers. Network amphiphile (surfactant)
release kinetics are controlled using this tunable network
swelling: fine tuning by type and amount of alkyl side
chain incorporated and broad control by network cross-
link density. Molecular-scale hydrophobic domainsinthe
networks are proposed to play a significant role in achieving
long-term zero-order release for amphiphiles.
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