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Thermodynamic Interactions in Double-Network Hydrogels
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Double-network hydrogels (DN-gels) prepared from the combination of a moderately cross-linked anionic
polyelectrolyte (PE) and an uncross-linked linear polymer solution (NP) exhibit mechanical properties such
as fracture toughness that are intriguingly superior to that of their individual constituents. The scheme of
double-network preparation, however, is not equally successful for all polyelectrolyte/neutral polymer pairs.
A successful example is the combination of poly(2-acrylamido-2-methyl-1-propane sulfonic acid) (PAMPS)
cross-linked network and linear polyacrylamide (PAAm), which results in DN-gels with fracture strength
under compression approaching that of articular cartilag20(MPa). Small-angle neutron scattering was
used to determine the thermodynamic interaction parameters for PAMPS and PAAm in water as a first step
to elucidate the molecular origin responsible for this superior property. Measurements on PAMPS/PAAmM
DN-gels and their solution blend counterparts indicate that the two polymers interact favorably with each
other while in water. This favorable PAMPS/PAAm interaction given by the condjienne < ¥pe-water
<ynpP-water Wherey is the Flory-Huggins interaction parameter, is consistent with some of the salient features
of the DN structure revealed by SANS, and it may also contribute to the ultimate mechanical properties of
DN-gels.

Introduction in DN-gels since the network backbone comprises a strong
) ) . polyelectrolyte with characteristic repulsive interactions. In a
Synthetic hydrogels have usually been mechanically inferior recent study of PAMPS/PAAM DN-gels using dynamic light
to natural soft tissues, such as Achilles tendon or articular gcattering, Gong and co-workers have proposed that the two
cartilage, WhICh can sustain Iqrge deformations in both tension gnstituents may be entangled and the deformation energy is
and compression, despite their water content of about 90% by majniy dissipated in a region that is sufficiently softened under
volume. Recent advances in synthesis have produced hydrogelgieformationts However, a clear insight into the nature of
with significantly improved mechanical properties, such as the gntanglements within the DN-gels and a molecular level
nanocom{)gsne gels, slide-ring gels, and double-network echanism for sustaining large deformations are lacking.
hydrogels.™ Both slide-ring gels and nanocomposite hydrogels Moreover, the scheme of double-network preparation is not

are highly extensible due to the presence of mobile junction I ful for all th | s F le. Tabl
points#~7 Double-network hydrogels (DN-gels), on the other equally successiul for all the polymer pairs. For example, Table
hand, are prepared by polymerizing a linear polymer within a 1in ref 3 shows that the fracture stress of the poly(2-acrylamido-
" e - 2-methyl-1-propanesulfonic acid) (PAMPS) single network
cross-linked polyelectrolyte that is highly swollen in water. In increases to 3 MPa when 2 mol/L PAMPS is in situ polvmerized
the absence of the linear polymer, the swollen polyelectrolyte L oy
. . ) . .. to form a DN-gel, whereas it increases to 17 MPa when 2 mol/L
network is stiff but extremely brittle. It is thus surprising that olyacrylamide (PAAM) is polymerized as the second compo-
the DN-gel sustains orders-of-magnitude higher compressive I:1er¥t C)I/earl the specific Eheymical nature of the constituepnts
stresses than that of the polyelectrolyte network due simply to : Y Pe . . .
seems to be influencing the ultimate mechanical properties of

the presence o,f a concentrf';\ted linear polymer ,SOI&néh' DN-gels. Establishing the thermodynamics specific to this
_ The mechanism responsible for the toughening of DN-gels pApps/pPAAM pair may thus be useful to unravel the syner-
is not clearly understood, despite several experimental andgistic mechanism due to which the materials sustain large
theoretical effortd2-1¢ Creton et al. have recently shown that  jeformations and high stress.

the toughness of cross-linked hydrogels can be increased by In a previous communication, we highlighted the difference

introducing weakly associative hydrophobic interactions along ; e
the network backbon¥.The improved strength in such systems between the structure of constituents within DN gels and the
structure of individual components in water using neutron

mzshag::)buﬁgg;gﬂiﬁg?ﬁgﬁﬁ: d(zr;irgyége?gwsdaf[?ogl;src])iclﬁlte scattering® We noted that the observed changes in structure
yarop propag 9" are consistent with enthalpically favorable interactions between

strained regions. The formation of such clusters is improbable - )
the constituents. Here, we use small-angle neutron scattering

(SANS) to measure the thermodynamic interactions between
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Figure 1. Changes in the static structure factor of aqueous PAMPS Figure 2. Changes in the static structure factor of 0.15 mol/L aqueous
solutions measured as a function of polymer concentration. Symbols PAMPS solutions diluted by the addition of 0.15 mol/L aqueous PAAmM-
are experimental data, and lines correspond to model fits obtained fromds; solution, measured as a function of blend composition. Legend

eq 8 by settingpne = 0. represents molar ratios. Symbols are experimental results. Lines
N ) ) correspond to model fits obtained from eq 8 and the best fit parameters
TABLE 1: The Compositions (in Volume Fraction) of the given in Table 3.
Solution Blend Samples Used in SANS Study
sample Pre onp @s eters between polymers and solvent. For the current ternary
(polyelectrolyte-neutral polymeiwater) system, there are three
pure PE 0.0179 0 0.982 h d . L . The basic simpli
3:1 (PE/NP) 0.0134 0.0021 0.989 thermodynamic pair interaction parameters. The basic simpli-
1:1 0.0089 0.0043 0.987 fication used in the above-mentioned approaches is the linear-
1:3 0.0045 0.0064 0.989 ization of the multichain interaction; that is, all the higher order
L7 0.0022 0.0075 0.990 interchain interactions are approximated as products of inter-
115 0.0011 0.0080 0.991 chain pair interaction in Fourier space. As long as the interchain
a Subscript PE stands for PAMPS, NP for PAAm, and S for water. interaction is highly localized, such as the case of excluded
The molar ratio of each sample is given in the first column. volume interaction in good solvent, the RPA or OZ approaches

are remarkably successful in fitting the scattering data at an
g arbitrary polymer concentration. For systems containing poly-

in polar solvents such as water. Most water-soluble polymers eleptrolytes, the interchain interaqtion is no longer short ranged.

are polarizable, and their dissolution is accompanied by an Stictly speaking, the abovementioned RPA or OZ approaches

exothermic heat of mixing as a result of hydrogen bonding with &€ not applicable; however, they are still used in this work to

the solvent. The polarizability of water-soluble polymers could M0del the SANS data, and the agreement between the theory

also make them susceptible to weak electrostatic interactions®"d experimental results appears reasonable.

with polyelectrolytes. We examine this hypothesis by measuring 1 he Static structure matrix in the RPA is given for a general

the changes in the static structure factor of linear PAMPS chains Multicomponent mixture by the classical Benoit's equatfon

in its solution blends with linear polyacrylamide. The in situ 1y et

structure of PAMPS and PAAm within solution blends and S=S, (o) tv 1)

within DN-gels can be accurately measured by SANS using ] ] _

contrast variation method8.Neutron-scattering results from ~ WhereSy(q) is the bare structure matrix, and the elements in

mixtures of neutral and charged polymers, such as the case witnthe excluded volume interaction matrix, are

DN-gels or their solution-phase counterparts, can be quantita-

tively modeled following the approach of Benmouna and co- =4 L )

workers elaborated in the theoretical section beltw? The Vooug \es Xis ™ Xis ™ Xi

thermodynamic interaction parameters were first determined

from the solution blends, and these results were used as awhereu; is the molar volume of the specigsy; is the Flory-

benchmark for comparison with those obtained from DN-gels. Huggins interaction parameter betweemndj (subscript S
Scattering Theory for Solution Blends of Charged and denotes the solvent), ad is the volume fraction of the solvent.

Neutral Polymers. For solution blends of two different For the present case, PAMPS is highly charged, and the

polymers, the scattering intensity as a function of the wave interchain interaction between charged chains is long ranged.

vector can be derived following the random phase approximation The approach based on RPA or OZ is not strictly valid; however,

(RPA) metho@® or a modified OrnsteinZernicke (OZ) ap- as a first order of approximation, we still adopt the RPA type

proach?* Both approaches result in an identical set of equations, results by following the work of Benmouna et?dIThe long-

which relate the observed scattering intensity to the intrachain range electrostatic interaction is simply added to the excluded

form factors of individual polymers and the interaction param- volume term. Explicitly, we have

not interact favorably with a charged polymer may not be vali
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Debye screening length, and the subscript PE denotes poly-

electrolyte or PAMPS.
The excluded volume interactions between polyelectrolyte and
neutral polymer are defined as

(i
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where the subscript NP refers to the neutral polymer (for the
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present case, polyacrylamide). The partial static structure factor 1 _

is defined as

Sual@ = Bul0) po(@* D (5)

whereV is the total volume of system ang(q) is the Fourier
transform of all segment distribution af-component. (The
dimension of the structure factor is cf) The partial intensity
can be written as

(6)

where b, denotes the scattering length of thecomponent.
From eq 1, the partial structure factor of PAMPS, i®g can
be expressed as
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She is the bare structure factor of PAMPS and is simply the
product of its number concentratiopddvpg), its molecular
weight relative to that of wateNpe vpe/vs), and its normalized
single chain form factor Rpe(q)). Combining eq 3 and the
definition of S, the above equation can be rewritten as
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TABLE 2: Best Fit Model Parameters Used in Eq 8 to
Describe the Polyelectrolyte Structure Factor Measured
Using Neutron Scattering from Aqueous PAMPS Solutions
as a Function of Polymer Concentration

PAMPS in

D,0 (mol/L) E(A) Npe Kkt APE-S
0.15 33 7 50 0.3
0.1125 37 10 75 0.3
0.075 44 15 100 0.35
0.0375 59 28 200 0.35
0.0188 79 60 320 0.3
0.0094 103 80 470 0.3

Similarly, the partial structure factor of PAAmM, i.&yp, can
be written as
s) -

Y

PE
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The molar volumes of the monomers (AMPS, 208 AAm,
85 A3) and the solvent (30 A are estimated from their melt
densities. As to the single chain form factor in eq 8, we use the
well-known Debye function,
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wherex is £¢?, and & is the mesh size for PAAm and the

electrostatic blob size for PAMPS. Following Odijk’s scaling
theory?6 the blob size for PAMPS was estimated as follows:

P(X) == [exp(— X) + x— 1] (10)

e anl| bAC)_l/4(4nAc)1’8(Ac)_3’4 (11)

E= cons(lp +
wherely, is the bare persistence length < [(C,/2)a)/0.8%, C,
is the characteristic ratio (12 for PAMPS), aads the bond
length; hencel, is 13.4 A),A is the contour distance for two
adjacent charge groups along the polymer chaisithe number
concentration, and the numerical constant is 67ZPhe blob
size for PAAm was similarly estimated following a scaling
relationship, &yp = 2.09C7%76 where C is the polymer
concentration in g/mi28

Experimental

Starting Materials. 2-Acrylamido-2-methyl-1-propanesulfon-
ic acid (AMPS) (monomer; TCI America) and 2-oxoglutaric
acid (initiator, Polysciences, Inc.) were used as received.
Acrylamide (AAm) (monomer) was recrystallized from chlo-
roform. Deuterium-labeled acrylamide monomer (AAR)free
of inhibitor was obtained from Cambridge Isotope Laboratories
Inc. and was used as receivédiN'-Methylene bisacrylamide
(MBAA) (cross-linker) was recrystallized from ethanol. Deu-
terated water was used as received from Aldrich Chemical Co.
Polymer Synthesis.Pure PAMPS and PAAnd; solutions
were prepared by free-radical UV-initiated polymerization of
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TABLE 3: Best Fit Model Parameters Used in eq 8 to TABLE 4: Best Fit Parameters That Describe the Structure
Describe the Polyelectrolyte Structure Factor in Blends of Factors of Polyelectrolyte and Neutral Polymer in PAMPS/
0.15 mol/L Aqueous PAMPS and PAAmd; Solutions PAAmM DN-gelst
'\S/Ice;[?:rri?lg as a Function of Composition Using Neutron DN-gel with [PAAM]
PE/NP : 5 mol/L Enp (A) Nee Nnp &1 ype-s XnP-s XPE-NP
Y _ 0 7 150 0.3
1
molarratio (A) (A) Nee Nwe &% yees swes zeewe 05 26 18 40 300 0.3 0.45 0.015
1.0 33 7 50 0.3 1 16 18 20 350 0.3 0.45 0.015
311 37 187 10 1500 75 0.3 0.45 0.05 2 9 18 15 450 0.3 0.45 0.015
1:1 44 111 15 580 110 0.35 0.45 0.05 . .
13 59 81 28 330 200 035 045 0.05 aEpe is kept constant at 33 A, since the same PAMPS network at
1:7 79 72 55 260 300 0.3 045 005 0.1 mol/L concentration was used to prepare all the DN-gels.

1:15 103 69 80 235 570 0.3 0.45 0.05
in absolute units was further normalized by the neutron contrast

their monomers in deuterated water at 1.8 vol % codissolved factor, fpe — bs),? and the volume fraction factogzee (1 —
with 0.1 and 0.01 mol % of 2-oxoglutaric acid, respectively. ¢pg), as described previously.Specific volumes of PAMPS
Solution-phase blends were prepared by mixing linear polymer and PAAm are taken ageavps = 0.575+ 0.1 cn#/g 32 and
solutions of PAMPS and PAAm; at various volume ratios,  vpaam = 0.696+ 0.1 cn#/g.2’
as shown in Table 1. The mixtures were homogenized by
continuous stirring for 24 days prior to the SANS measure- Results
ments.

Double-network hydrogels were prepared from AMPS and __Adueous PAMPS SolutionsThe thermodynamic parameters
AAm following a sequential two-step free-radical polymeriza- for polyelectrolyte in water were first obtalneq by modeh_ng
tion3 Briefly, 4 mol % of MBAA and 0.1 mol % of 2-oxoglu- the SANS_ data from aqueous _PAMPS solutions at various
taricacid were added to 1 mol/L AMPS aqueous solution (the concentrations. The effect of dllqtlon on the polye_lectrolyte
mole percent, 0.1 mol %, was determined with respect to the structure factor_ in aqueous solutions is WeII-es_tablls%eﬁ
AMPS monomer). The mixture was degassed by bubbling with 11erefore, the fitting parameters, Debye screening lengt) (
argon gas for 30 min. The cross-linked PAMPS network was 2nd the number of monomers in a mesh of polyelectrolyie)(
then prepared by UV irradiation of the mixture in a glass mold should further satisfy the scaling relationships for polyelectrolyte
separated by a silicone spacer of the desired thickness under agystems given by ™! [0 c™®%andNpe 0 % (§ ~ b VN, where
argon blanket. In the second step, the as-prepared PAMPS gep is the bond lengthy**°Figure 1 shows the normalized SANS
immersed into an aqueous solution of AAm or AAdy- data from aqueous PAMPS solutions and the corresponding fits
monomer. After allowing sufficient time for equilibrium swell- ~ obtained from eq 8 by lettingne equal to zero. The three model
ing of the first network €60 h), acrylamide was subsequently —Parametersy™*, Nee of PAMPS, andipe-s, obtained by fitting
polymerized in situ. The nominal PAMPS concentration in the the SANS data are shown in Table 2. The exponents for scaling
DN-gels is 0.1 mol/L since the swelling degree is about ten Of ¥+ andNeg, with ¢ and§&, respectively, are-0.43 and 2.2.
times by volume. The prepared DN-gels were washed thor- The value of 0.3 forgpe-s is unexpected and is rather high,
oughly in excess water to remove unreacted monomers. since water is a good solvent for strongly charged polyelectro-

Sample Preparation. The samples for determining the lytes, such as PAMPS. In the present scheme of extragting,
structure of linear chains within DN-gels were prepared by in however, the ionic contribution to solvation was separated from
situ polymerizing AAmel; within a PAMPS network swollen  xpe-s, and this high value may reflect the hydrophobic nature
in water. The scattering contribution from the PAMPS network ©Of the PAMPS chain without the sulfonic acid group.
structure swollen in water is negligible as compared to that from  PAMPS/PAAm Solution Blends.The structure of PAMPS
PAAmM-ds. The structure factor of PAMPS was measured by in the presence of PAArd; was measured using SANS in
matching the neutron contrast of PAAdg-using a mixture of contrast-matched water. The composition of solution blends was
light and heavy water at a 29:71 ratio by volutieror the chosen such that the PAMPS concentration in solution blends
overall polymer structure determination, both PAMPS and is analogous to that in agqueous solutions discussed in the
PAAmM are hydrogenated, and purg@was used as the solvent. ~ previous section. Thus, the thermodynamic parameters obtained
Therefore, each sample was prepared in triplicate to determinefrom aqueous PAMPS solutions can be used as starting points
the structure of each component and that of the overall DN- to fit the SANS data from solution blends. Figure 2 shows the
gel. normalized SANS data and the corresponding fits obtained by

Small-angle Neutron Scattering MeasurementsNeutron modeling the scattering profiles using eq 8. It is rather surprising
scattering measurements were performed using the 30 m NG3that eq 8 adequately describes the data for all PAMPS/PAAm
and NG7 beamlines at the NIST Center for Neutron Researchratios, with the exception of the upturn in scattering intensities
(NCNR)2° Scattering data were acquired at sample-to-detector as g approaches zero. A sharp increase in SANS intensity at
distances of 1, 4.5 (5 m), and 13.7 m (15.3 m) with a neutron low ¢ is a common occurrence in concentrated polymer

wavelength oft = 8.09 A and a wavelength spreatiz/A = solutions, gels, and polyelectrolyt&s*! Concentration fluctua-
0.11. This provides aj range of 102 < q (A1) < 0.15. tions at large length scales are believed to be the reason for the
Scattering data in the rangex5107% < g (A~1) < 1073 were observed excess scattering intensities. A more quantitative

collected using a Bonse Hart type diffractometer (the ultrasmall- description of the underlying physics for the large scale

angle neutron scattering, USANS, beamline BT5), also at heterogeneity is not the focus of this work.

NCNR20 The scattering data from samples with various PAMPS/
SANS and USANS data were reduced into absolute intensity PAAm volume ratios were simultaneously fit to eq 8 by allowing

units by subtracting contributions from the instrument back- the number of monomers in a blob of neutral polymixg),

ground and incoherent scattering from the sample and correctingand the two Flory-Huggins parametergnp-s and ype-np, 8s

for variations in the detector sensitivity Scattering intensity  floating variables. The parameters for polyelectrolyte, such as
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thex 2, Npg, andype—s, obtained from aqueous solutions (Table

2) are taken as initial estimates to fit the SANS data from DN-gels with
solution mixtures. The best fit model parameters obtained by mol/L PAAm
fitting the SANS data are given in Table 3. It is worth noting + 0

that the fitted value ofpe_np Of 0.05 is smaller than botpne-s 0.5
andype-s with their fitted values of 0.45 and 0.35, respectively. + 1

The value of 0.45 foynp-s indicates that water is a marginal L 92

solvent for PAAm and is close to that reported earlier by
Prausnitz and co-workefd Additional SANS results from pure
PAAmM aqueous solutions also support this notion of a marginal
solvent; the scattering has a huge forward intensity but drops
to a flat background level aff > 0.01 A11° This clearly
indicates excessive agglomeration of PAAmM segments in
semidilute aqueous solution. The Debye screening length in
solution blends is larger than that in aqueous solutions at the
lowest PAMPS concentration due probably to effective charge
compensation by PAAm in solution blends. The small mutual | | | |

Normalized Intensity (oma)

interaction parametegpe_np, iMmplies numerous AMPS-AAmM 10-4 10-3 10-2 10-1

contacts in aqueous solutions. q (A'1)
PAMPS-PAAmM Double-Network Gels.The thermodynamic 18

parameters in DN-gels were determined following the procedure 10~ DN-gels with

used for solution blends. The normalized SANS data that (b) mol/L. PAAM

corresponds to the polyelectrolyte structure factd®gnin DN- + 0

gels is given as a function of in situ polymerized acrylamide 10_19 _ 05

concentration in Figure 3a. The excess scattering intensity from
cross-linked PAMPS gels apapproaches zero is indicative of
concentration fluctuations at large length scales due to inho-
mogeneous distribution of cross-linksA power-law function
was employed to subtract the contribution of excess forward
scattering intensity without affecting the data at highThe
polyelectrolyte structure factor data obtained after subtracting
the excess forward scattering intensity (Figure 3b) is modeled
using eq 8 (Figure 3c), and the best fit parameters are given in
Table 4. The value of is set at 33 A for PAMPS, a value
taken from the result of solution bleigdat the identical PAMPS

Normalized Intensity (cma)

concentration. Note that the PAMPS networks used to prepare 10 I I I I

all the DN-gels are identical in their concentration. Hence, the

value for& used in all cases was the same. 0.05 0-1(_]1 0.15 0.20
The qualitative agreement between the experimental and q (A )

modeling results is especially satisfactory, since the excess 18

forward scattering intensity smeared out SANS data over a wide 10 ( c) DN-gels with

g range. Nonetheless, the thermodynamic interaction parameters
and the changes T as a function of PAAmM concentrationin ~ «
DN-gels are consistent with those obtained from solution blends.
The best fit parameters in Table 4 can also be used to predict
the structure factor of the neutral polymer within DN-gels. The
model predicts a gradual decrease in the normalized scattering
intensity at zero-angle, with an increase in PAAm concentration
within DN-gels. This is in good qualitative agreement with the
observed trends in measured PAAm structure factor at gigh
in the rangeq > 0.01 A1 (Figure 4).

We now focus on the lovg part of the SANS data from
individual components within DN-gels. The normalized lgw
scattering intensity from linear PAAm in DN-gels decreases with

PAAM @ ___ mollL

— ()

)

10" = 05

—_1
—_—2

-20

-21

Normalized Intensity (cm
o
l

an increase in PAAm concentration and is several orders of 22 _|

magnitude lower than that from corresponding aqueous PAAmM 10 | I T I
solutions. The decrease in scattering intensity with an increase 0.05 0.10 0.15 0.20
in polymer concentration is unexpected for neutral polymer A'1

solutions but is in line with the model predictions (Figure 4b). qQ(A)

Note also that the PAMPS network used in all the DN-gels is
9 Figure 3. (a) Static structure factor of PAMPS network within DN-

polymgrlzqd under identical conditions, and no Systemgtlc gels as a function of PAAm concentration, (b) scattering data after
deviations in network morphology are expected with the addition gyptracting the excess forward scattering intensity at dpand (c)

of linear PAAmM. However, the excess scattering intensity at model fits to experimental data obtained from eq 8 and the best fit
low-g from PAMPS network in DN-gels decreases with the parameters given in Table 4.
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(a) Predicted 30x10 / o PENP=17
o — ' -
E with mol/L PAAm £ | \ F’E-NPO ]
— 0.5 -~ i -—ees = .
% 19 _| — ] % 20 — ! \ 0
= E 15—-0 ', ---02
5 2 5 |1 ') — -03
- _ @ I
X 10 N
s £
E 5
o -21 =
Z 107 7
| | | |
4 3 2 A 0.04 0.08 0.12
10 107 40 10 q A7
q ( ) Figure 5. Influence of interaction parametefze np, ON the polyelec-
- trolyte structure facto&e in solution blends. Markers are experimental
SNP in DN-gels data presented in Figure 2 for the PAMPS:PAAgsolution blend of
. 1:7 volume ratio, and lines are estimates obtained by using the
e 10'13 —_ with mol/L PAAm corresponding best fit parameters from Table 3 for diffepgt np
= 0.5 values.
o
= © . . .
- ; polyelectrolyte peak is especially sensitive to the mutual
’ﬁ 10-19 _ © interaction parametepe_np. Figure 5 shows the effect of
G xpe-np ON the modeled scattering data from a 1:7 (PAMPS:
= PAAmM-ds) solution blend. The best fit values fgpe_np are
- clearly within —0.1 and 0.1, a range that is well below the
ﬂ 10‘20 — polymer-solvent interaction parameters for PAMPS and PAAmM
= with water. It is also to our surprise how well the model
E describes the experimental data in both the single component
o 21 PAMPS solutions and the solution blends of PAMPS and
< 10° PAAm, especially at very low polyelectrolyte concentrations.
(b) The presence of the neutral polymer seems to improve the fit
between the SANS data and the theory by comparing the results
| between Figures 1 and 2.
1 0—4 The association between PAMPS and PAAm is driven

probably by weak electrostatic interactions between sulfonic acid
and carbonyl groups. Such weak interactions are perhaps
Figure 4. Static structure factor of linear PAAm solutions within the  necessary to minimize the formation of irreversible complexes
DN-gels (a) predicted using eq 8 and the best fit parameters given in ; ; ; ;
Table 4 and (b) that measured using SANS as a function of PAAm that are getamed typically from mIXture.S_Of oppositely charged
concentration. polymers** Although our stugiy is spemﬂc to PAMPS/PAAm
system, the results are consistent with the behavior of charged
n polymer/neutral polymer blends in which PAAm is a constituent.
For example, polymerizing acrylamide in the presence of anionic

the two components given by the conditigsenp < ype-s < ° )
xnp-s is likely to be responsible for the macroscopic homog- components, such as sodium d(_)decyl sulfate or poly(sodmm
tp—phenylene sulfonate) results in a relatively homogenized

enization of cross-linking and entanglement heterogeneities tha work hol d to that di
contribute to excess scattering intensity from PAMPS network ne wo4r5 46mo_rp_ ology as compared 1o that prépared in pure
water#>4¢ Similarly, Durmaz and Okay reported that the

and linear PAAm solutions, respectively. swelling degree of copolymerized poly(AMR®-AAm) hy-
drogels unexpectedly attains a plateau region in the composition
range 10 mol % PAMP% 49 The observed results were
Our analysis of scattering data is clearly a first-order attributed to the existence of counterions that do not contribute
approximation for the current system involving charged poly- to Donnan osmotic pressure. The association between PAAM
mers. For example, we assume that the structure of PAMPSand the anionic polyelectrolyte in water may provide a physical
network can be approximated with a collection of polyelectrolyte explanation for the existence of “osmotically hidden” counte-
blobs. The critical parameters that describe the structure factorrions® Most of the polymer pairs used in ref 3 for the
of PAMPS in solution blends and DN-gels are the three preparation of DN-gels may similarly associate via hydrogen
interaction parametergie_s, ¥np—s, xpe-np) and Debye length bonding between the carboxylic acid or sulfonic acid group of
(«~1) of the polyelectrolyte. Nevertheless, the best fit parameters the polyelectrolyte and the amide group on the “neutral”
can be uniquely obtained due to their dissimilar influence on polymer. The association between the pair of poly(acrylic acid)/
the polyelectrolyte structure factoge The intensity of the poly(ethylene glycol) used recently by Frank and co-wo¥ers

addition of PAAm (Figure 3a). The mutual association betwee

Discussion and Conclusions
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in the preparation of artificial cornea was also well-established
previously by Tanaka and co-worke¥s.
We establish, for the first time, the weak (and possibly

J. Phys. Chem. B, Vol. 112, No. 13, 2008909

(17) Miquelard-Garnier, G.; Demoures, S.; Creton, C.; Hourdet, D.
Macromolecule2006 39, 8128.
(18) Huang, M.; Furukawa, H.; Tanaka, Y.; Nakajima, T.; Osada, Y.;

Gong, J. PMacromolecule007, 40, 6658.

reversible) thermodynamic interactions between the constituents (19) Tominaga, T.; Tirumala, V. R.; Lin, E. K.; Gong, J. P.; Furukawa,

of DN-gels in water using small-angle neutron scattering

H.; Osada, Y.; Wu, W.-LPolymer2007, 48, 7447-7454.
(20) Benmouna, M.; Vilgis, T. A.; Hakem, F.; Negadi, Macromol-

measurements. Such interactions may account for the highlyeculeslggl 24 6418

“entangled state” of PAMPS/PAAmM DN-gels reported recetitly.
Unlike topological chain entanglements, however, enthalpically
favorable interactions between PAMPS and PAAm in DN-gels
offer an energy dissipation mechanism that may account for
their improved mechanical properties. The deformation models
presented in the literature thus far do not consider energetic
interactions within DN-gels and instead rely on mechanistic
concepts pertinent to filled rubbers and semi-interpenetrating
networks. Relating the contribution of thermodynamic interac-
tions to energy dissipation and the resulting changes in
constituent structure during deformation of DN-gels is beyond
the scope of this paper but will be discussed elsewhere.

Supporting Information Available: We are grateful to Dr.

Paul Butler for his assistance during SANS measurements. They,

neutron scattering facilities were supported by the Department
of Commerce and in part by the National Science Foundation
under Agreement No. DMR-0454672. J.P.G. acknowledges
Grant-in-Aid for the Specially Promoted Research from the

Ministry of Education, Science, Sports, and Culture of Japan.

References and Notes

(1) Haraguchi, K.; Takeshita, Adv. Mater. 2002 14, 1121.

(2) Okumura, Y.; Ito, K.Adv. Mater. 2001, 13, 485.

(3) Gong, J. P.; Katsuyama, Y.; Kurokawa, T.; OsadaAdw. Mater.
2003 15, 1155-8.

(4) Shibayama, M.; Suda, J.; Karino, T.; Okabe, S.; Takehisa, T.;
Haraguchi, K.Macromolecule2004 37, 9606.

(5) Can, V.; Abdurrahmanoglu, S.; Okay, Polymer2007, 48, 5016.

(6) Ito, K. Polymer J 2007, 39, 489.

(7) Karino, T.; Okumura, Y.; Zhao, C.; Kataoka, T.; Ito, K.; Shibayama,
M. Macromolecule005 38, 6161.

(8) Shull, K. R.J. Polym. Sci. Polym. Phy2006 44, 3436.

(9) Okumura K.Europhys. Lett2004 67, 470.

(10) Vendamme, R.; Onoue, S. Y.; Nakao, A.; KunitakeNat. Mater
2006 5, 494.

(11) Tanaka, Y.; Osada, Y.; Gong, J.mog. Polym. Sci2005 30, 1.

(12) Brown, H. R.Macromolecule2007, 40, 3815.

(13) Webber, R. E.; Creton, C.; Brown, H. R.; Gong, JM&acromol-
ecules2007, 40, 2919.

(14) Jang, S. S.; Goddard, W. A.; Kalani, M. Y. &.Phys. Chem. B
2007, 111, 1729.

(15) Tsukeshiba, H.; Huang, M.; Na, Y. H.; Kurokawa, T.; Kuwabara,
R.; Tanaka, Y.; Furukawa, H.; Osada, Y.; Gong, JJPPhys. Chem. B
2005 109, 16304.

(16) Na, Y. H.; Kurokawa, T.; Katsuyama, Y.; Tsukeshiba, H.; Gong,
J. P.,; Osada, Y.; Okabe, S.; Karino, T.; Shibayama,MAcromolecules
2004 37, 5370.

(21) Vilgis, T. A.; Benmouna, MMacromolecules 991, 24, 4481.

(22) Benmouna, M.; Vilgis, T. AMacromolecules991, 24, 3866.

(23) de Gennes, P.-Gscaling Concepts in Polymer PhysigSornell
University Press: Ithaca, NY, 1979.

(24) Kotlarchyk, M.; Chen, S.-HJ. Chem. Phys1983 79, 2461.

(25) Higgins, J.; Benoit, HPolymers and Neutron Scatterin@xford
Science Publications, Clarendon Press: Oxford, 1994.

(26) Odijk, T.Macromoleculesl979 12, 688.

(27) Zhou, J.; Childs, R. F.; Mika, A. MJ. Membr. Sci2005 260,
164.

(28) Wu, C.; Quesada, M. A.; Schneider, D. K.; Farinato, R.; Studier,
W.; Chu, B.Electrophoresisl996 17, 1103.

(29) Glinka, C. J.; Barker, J. G.; Hammouda, B.; Krueger, S.; Moyer,
J.; Orts, W. JJ. Appl. Crystallogr.1998 31, 430-445.

(30) Barker, J. G.; Glinka, C. J.; Moyer, J. J.; Kim, M.-H.; Drews, A.
R.; Agamalian, M.J. Appl. Crystallogr.2005 38, 1004.

(31) Kline, S. R.J. Appl. Crystallogr.2006 39, 895.

(32) Munk, P.; Aminabhavi, T. M.; Williams, P.; Hoffman, D. E.
acromoleculedl98Q 13, 871-875.

(33) Yethiraj, A.Phys. Re. Lett. 1997, 78, 3789.

(34) Muthukumar, M.Pramana-J. Phys1999 53, 171.

(35) Prabhu, V. MCurr. Opin. Colloid Interface Sci2005 10, 2.

(36) Dobrynin, A. V.; Rubinstein, MProg. Polym. Sci2005 30, 1049.
(37) Beaucage, Gl. Appl. Crystallogr.1996 29, 134.

(38) Beaucage, Gl. Appl. Crystallogr.1995 28, 717.

(39) Sukumaran, S. K.; Beaucage, Burophys. Lett2002 59, 714.

(40) Tirumala, V. R.; llavsky, J.; llavsky, Ml. Chem. Phys2006 124,
234911.

(41) Ando, H.; Konishi, TPhys. Re. E: Stat. Phys., Plasmas, Fluids,
Relat. Interdiscip. Top200Q 62, 727.

(42) Hooper, H. H.; Baker, J. P.; Blanch, H. W.; Prausnitz, J. M.
Macromolecules99Q 23, 1096.

(43) Panyukov, S.; Rabin, YPhys. Rep1996 296, 1.

(44) Zeghal, M.; Auvray, LEurophys. Lett1999 45, 482.

(45) Zaroslov, Y. D.; Gordeliy, V. I.; Kuklin, A. I.; Islamov, A. H.;
Philippova, O. E.; Khokhlov, A. R.; Wegner, Glacromolecule2002
35, 4466.

(46) Philippova, O. E.; Zaroslov, Y. D.; Khokhlov, A. R.; Wegner, G.
Macromol. Symp2003 200, 45.

(47) Durmaz, S.; Okay, CRolymer200Q 41, 3693.

(48) Okay, O.; Durmaz, SPolymer2002 43, 1215.

(49) Ozdogan, A.; Okay, CRolym. Bull.2005 54, 435.

(50) Zeldovich, K. B.; Khokhlov, A. RMacromolecule4999 32, 3488.

(51) Myung, D.; Koh, W.; Ko, J.; Hu, Y.; Carrasco, M.; Noolandi, J.;
Ta, C. N.; Frank, C. WPolymer2007, 48, 5376-5387.

(52) Yu, X.; Tanaka, A.; Tanaka, K.; Tanaka, J.Chem. Phys1992
97, 7805.

(53) Certain equipment, instruments or materials are identified in this
paper in order to adequately specify the experimental details. Such
identification does not imply recommendation by the National Institute of
Standards and Technology nor does it imply the materials are necessarily
the best available for the purpose.

(54) The error in measurement of neutron scattering is less than the
size of the markers used unless explicitly shown using error bars.

F.

J.



