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ABSTRACT: Volumes and other structural properties of polyelectrolyte gels in equilibrium with pure water
have been determined by Monte Carlo simulations. The role of chain length polydispersity and topological network
defects of four different networks with varying cross-linking density, monomer charge, and chain stiffness have
been investigated. Generally, a chain length polydispersity reduced the gel volume, whereas the presence of
chains with one end detached from the cross-linker (severed chains) led to an increased gel volume. Polyelectrolyte
networks displayed the largest and uncharged polymer networks the smallest dependence on chain length
polydispersity. The effect of severed chains was strongest for flexible polyelectrolyte gels and weakest for uncharged
networks and stiff polyelectrolyte gels. Mechanical properties of uncharged and charged polymer gels were also
investigated through uniaxially stretching and compared with theory.

1. Introduction calculated the mechanical properties of networks with a trimodal
chain length distribution and concluded that these networks
éshould be stronger than bimodal oéSimulations of networks
possessing a bimodal chain length distribution have been
performed but limited to neutral network&:26 Experimental
studies of the swelling of uncharged polymer networks from
mono- and bifunctional end-linked polymers showed a slight
increase in the swelling as the fraction of monofunctional chains
increased’ 28

Polyelectrolyte gels are networks of cross-linked polyelec-
trolytes. Such gels possess unique swelling and elastic propertie
of strong scientific interest and of vital technological use.
Swollen polyelectrolyte gels, often referred to as hydrogels, are
used in, e.g., drug delivery formulatiohgye lenses, super-
absorbants, and agriculture as humidity controffers.

There are two main routes to synthesize networks: (1) cross-
linking polymers (macromonomers) possessing reactive end . .
groups with cross-linkers and (2) cross-linking a mixture of The present study is focused on how properties of polyelec-

monomers and cross-linkers. Both methods result in networkstrolyte gels in equ_ilibriur_n with pure water_ are affected by (i)
with topological defects such as pendant chains, loops, andchaln length polydispersity and (ii) topological network defects

entanglements. Whereas networks made from method (1) havearising from incomplete cross-linking leading to pendant chains.

a controlled chain length distribution, viz. the distribution of ¢! volume and other structural properties of a coarse-grained
the macromonomers, method (2) produces networks with an model of polyelectrolyte gels with polydisperse chain lengths

unknown chain length distribution. The characterization of the or p?ntQant (lzhainst_halve beep de(';etrr:ni[neﬁ frolm '\:ﬁ ntel ((:jgrlo
length polydispersity of network chains is technically difficult, simuiations. In particufar, we found that chain iength polydis-

and hence the effect of the polydispersity on the gel properties persity gener_all)_/ decreases the gel volume, whereas an incom-
is hard to assess. plete cross-linking leads to an increased gel volume. The

) . . . . magnitude of these effects was strongly dependent on other
Simulation techniques, such as Monte Carlo simulations and 9 gly dep

. o .~ properties of the polyelectrolyte gel.
molecular dynamics, aretwomdlspensablemethodstoexamlnep P poly yie g

fundamental properties of systems at well-defined compositionsz_ Model

and/or at conditions not easily experimentally accessible.

Escobedo and de PaBloave recently revised the use of these  2.1. General Properties.A coarse-grained approach based
methods to examine uncharged polymer gels, and Evéitaass  on the primitive model of electrolytes has been used to describe
given an extensive review of different theories and provided polyelectrolyte gels. We have adopted basically the same model
simulation results illuminating the role of entanglements in as in previous studies of polyelectrolyte gels from our labora-
polymer networks. Furthermore, simulation methods have also tory.56:9.10

been used to investigate polyelectrolyte gel§,including the The systems of interest are composed of a positively charged
occurrence of first-order transitidi?,effect of added salt) and network with negatively charged counterions dissolved in excess
oppositely charged macromolecufés. of water. All charged particles are treated explicitly as charged

Experimentally, uncharged polymer gels made from a bimodal hard spheres, whereas the solvent is modeled as a dielectric
chain length distribution have been known to give a mechani- continuum. The network is composed of chains that are end-
cally stronger gel originating from the finite extensibility of connected to tetrafunctional cross-linkers (nodes). The network
chains!419 Kilian?° was able to reproduce the stresdrain topology is conserved during the simulation. The chains consist
curves obtained by Zhang and M&tkfor bimodal poly- of hard spheres (beads) that are connected by harmonic springs.
(dimethylsiloxane) (PDMS) networks using a van der Waals Beads and nodes will collectively be referred to as network
equation of state and considering that short chains behaved agarticles. These particles carry the same charg@ = Zode
rigid rods in the limit of small elongations. Erman and Mark and possess the same radR4gsag= Rnode = 2 A. The average
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Figure 1. Snapshot of networks (in highly nonequilbrium states) of
the reference system (one unit cell) with (a) polydisperse chain length
distribution aty = 1.16 and (b) severed chains @at= 0.25. Nodes
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polydisperse chain length distribution. Polydisperse networks
are characterized by their polydispersity indgx= My/M,
whereM,, denotes the mass average athe number average.

Furthermore, if nothing else is stated, in a unit cell the two
short chains connect the nodes located &2,0,0) anda (1/4,

1/4, 1/4) and the nodes locatedaf(0, 1/2, 1/2) anda (1/4,

3/4, 3/4), whera is the length of one unit cell. The two longest
chains connect the nodes locatechdB/4, 3/4, 1/4) anda (1,

1, 0) and the nodes located &i(3/4, 1/4, 3/4) anch (1, 1/2,

1/2). Medium-length chains connect the remaining nearest-node
pairs. Figure la illustrates this distribution of chains of different
length in the network, which in short will be referred to as
setup 1.

2.1.2. Topological Network Defects.Starting from the
perfect network, topological network defects can be systemati-
cally introduced. Here, we remove bonds between chains and
nodes to obtain chains which are attached to the network by
only one of its two ends (referred to as severed chains). Such
systems could be made experimentaiiyrerby using a mixture
of mono- and bifunctional end-linking polymé$sr by breaking
node-bead bonds after cross-linking by using, e.g., a biologi-
cally or chemically degradable cross-linker like sucrose di-
acrylate?® Here, we remove nodebead bonds in a controlled
manner such that the infinite connectivity of the network remains
in all three dimensions. The paramefedenotes the fraction
of chains being elastically inactive, i.e., chains having one free
end. Hencep = 0 implies no topological defects, aqd> 0

(black spheres) have been made artifically larger for clarity. Color represents networks with severed chains. Figure 1b illustrates

code: In (a), short chains (blue), medium-length chains (red), and long the |ocation of the inactive chains (blue) and their free ends
chains (green), and, in (b), active chains (red) and severed chains (blue)

In (a), arrows indicate super-strained medium-length chains, and in (b),

dashed circles indicate the free ends of the severed chains.

Table 1. General Data of the Model

node radius Rnode 2A

node charge Znode 0 and+1
bead radius Roead 2A

bead charge Zhead 0 and+1
small ion radius Ron 2A

small ion charge Zion -1

av no. of beads per chain Npead 20 and 40
temperature 298 K
relative permittivity €r 80

number of beads per chain is denotedrigy,s The flexibility

of the chains is regulated by a harmonic angular potential. There

are nipn simple monovalent ions with radiuRoe, = 2 A,

{open circles) ap = 0.25.
2.2. Potential Energy.The potential energy) of a system
can be expressed as a sum of four terms according to

U= Uhs+ Uelec+ Ubond+ Uangle (1)
The hard-sphere teritdys is given by
Ups= zui?s ) )
1<)
where
ey =] T =& R
Ay o if rijz(Ri+R‘-)

compensating the net charge of the network. General data ofwith R denoting the radius of particie(node, bead, or small

the model are collected in Table 1.
A network with (i) chains of equal length and (ii) a defect-
free diamond-like topology will be referred to asperfect

network. Such a network contains 8 nodes and 16 elastically

active chains per unit cell. Two deviations from a perfect
network will be investigated, viz networks with (i) a chain length
polydispersity or (ii) topological defects.

2.1.1. Chain Length Polydispersity. A network with a
polydisperse chain length distribution is composed of chains
of different lengths. In particular, we will consider networks
containing chains of three different lengths, sometimes referre
to as trimodal networkat

Unless otherwise stated, one unit cell contd\gains= 2
short chains of lengthyead s Nehainm= 12 medium-length chains
of length Npead m= Mpead @NdNchaini = 2 long chains of length
Npead. The lengths of the short and long chains are varied with
the constraintipead,st Nbead = 2Nbead WherenyeagiS constant.
Besides the monodisperse chain length distribution withy s
= Npead| = Npead W€ Will examine several networks with a

ion) andrj = |r; — rj| the center-to-center distance between
two particles. The electrostatic potentiflecis given according
to

2

zz¢e

U J
5 dmeqe, T

®3)

elec™

wherez is the valence of particle e the elementary chargeg
the permittivity of vacuum, and, the relative permittivity of

dthe solvent. The bond potential energyongis given by

Nbond kbond

Ubond: Z > (rm,bond_ rO)2 (4)
=

where Npong is the number of bonds in the network (nede
bead and beatbead bonds),mpondathe length of bonan, ro =

5 A the unperturbed equilibrium distance, agghq= 0.4 N/m

the bond force constant. When all interactions are considered,
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Table 2. Specification of Investigated Gel Systems and Their Equilibrium Volume for Perfect Networks

system Znode = Zbead Nbead kpond(J/ded) |g a (A) Mior? Ror?32 (A) Vperfecp (18 A3)
ref +1 20 0 7.0 328 6.10 8.85(3)
sysl 0 20 0 7.0 0 5.65 0.45(1)
sys2 +1 40 0 7.0 648 6.15 70.5(2)
sys3 +1 20 8.3x 1072 370 328 6.05 20.6(1)

aThe bare persistence Iengﬂq(the persistence length for a single, isolated, and uncharged chain) was evaluated accdgdmmzﬂ’zl(l — [tos

o).37 b Per unit cell.

the root-mean-square (rms) bead-to-bead separation becomet infinite block length?! the statistical efficiency was found to

Ror? @2~ 6.0 A. Finally, the angular potential enertngieis
given by

Nangle kangle

Uangle= n; T(am - ao)z %)

whereNangie is the number of polymer angles, the angle of
bond anglem formed by three consecutive beads in a chain,
kangiethe angular force constant, and= 180 the unperturbed
equilibrium angle.

2.3. SystemsFour different systems will be considered. One
of these will be referred to as the reference (ref) system, and it
is characterized by (i) monovalent node and bead chazggs,
= Znead= + 1, (ii) an average chain lengtheaq= 20, and (iii)
fully flexible chains,kange = 0. As compared to the reference
system, the network of system 1 (sys1) has a no chakge—=
Zvead= 0, and hence no counterions; the network of system 2
(sys2) has longer chaingyeag= 40; and the network of system
3 (sys3) possesses stiffer chaikg,ge = 8.3 x 10722 J/ded,
corresponding to a bare persistence Ierich= 370 A. The
specification of the different systems is given in Table 2. Each

be about 200; i.e., each of the 10 blocks comprise€s0
independent configurations. All simulations were performed
using the integrated molecular dynamics/Monte Carlo/Brownian
dynamics package MOLSINE

The osmotic pressure of the gel was evaluated as the sum of
the ideal term, a virial term, and a contact tefh.he volume
of the gel in equilibrium with pure water were obtained from
the simulated pressur&rolume isotherms at zero osmotic
pressure. Osmotic pressures obtained for systems represented
by one and eight unit cells were statistically indistinguishable.
The variation of the volume was made isotropically, That is
fine for the perfect networks, where the networks are isotropic
in the Cartesian directions, but leads to a small pressure
unbalance among the Cartesian directions for the nonperfect
networks.

The extension of chains was examined by considering their
(i) rms end-to-end separatioiRe32 and (ii) Flory scaling
exponentv. The former was calculated according to
—r 1)2[1]/2

RO = r (6)

Npead

of these four systems has been examined as a perfect networkyherer; denotes the location of beadn a chain. The Flory

and as several nonperfect networks.

The volume of the gel at equilibrium with pure wat¥f, is
a central property. The gel volumes of the modified networks
will be presented by using the volume ratitVperfecs WhereV
is the gel volume of the nonperfect network aVigecithe gel
volume of the corresponding perfect network. Table 2 also
provides the values o¥perrect AS compared to the reference
system, the volume of the uncharged gel is 20-fold reduced,
the volume of the polyelectrolyte gel with longer chains is 8-fold
increased, and the volume of polyelectrolyte gel with stiff chains

scaling exponent was evaluated from

R B = Ry, T (Mpgag— 1) (7)

Averages were made separately over chains of different lengths
(polydisperse network) and over active and inactive chains
(topologically defected network).

4, Results

is 2.5 times larger. The reasons for these volume variations have 4.1. Chain Length Polydispersity.In the following, we will

previously been discusséd.

3. Simulation Details
Monte Carlo simulations were performed using the NVT

(constant number of particles, constant volume, constant tem-

perature) ensemble employing the Metropolis algoritAfihe
particles were enclosed in a cubic box of lengtland periodic

first examine how two specific issues affect the properties of
the reference system with a polydisperse chain length distribu-
tion. Thereafter, we will investigate how such a polydisperse
chain length distribution affects properties of the different
systems described in Table 2.

4.1.1. Reference Systenihe influence of the distribution
of chains of different length in the network has been investigated

boundary conditions were applied. The long-range nature of theby employing three different distributions. Besides setup 1
Coulomb interaction was handled by using the Ewald summation previously presented in the Model section, two other setups have
with conducting boundary conditions. Gel volume and force been used. Setup 2 is identical to setup 1 except that the two

analyses were determined by using systems comprising one unitong chains now connect the nodes located(at4, 1/4, 1/4)

cell with Npoge = 8 nodes andNchain = 16 chains, whereas the
other properties at equilibrium were examined using systems
involving eight unit cells. Single translational displacements
ranging from 2.5 to 5.0 A were used for network particles and
10 A for counterion particles. Acceptance ratios were typically
20% and 70% for network and counterion particles, respectively.
The equilibration runs involved at least*jfiasses (trial moves
per particle) and the production runs at least fiésses. The

anda(0, 1/2, 1/2) and the nodes locatedaét/4, 3/4, 3/4) and

a(0, 1, 1). The two short chains retain their location in the
network as in setup 1, and the medium-length chains connect
the remaining nearest-node pairs. In setup 3, the two short chains
connect the nodes located&0, 0, 0) anda(1/4, 1/4, 1/4) and

the nodes located &t(3/4, 3/4, 1/4) anda(1, 1, 0). The two
long chains connect the nodes locateda@dt/4, 1/4, 1/4) and
a(1/2, 0, 1/2) and the nodes locateda$i/4, 3/4, 3/4) anc(1/

uncertainty of ensemble averages was taken from 10 block 2, 1/2, 1). Again, medium-length chains connect the remaining

averages. Using a block averaging technique with extrapolation

nearest-node pairs.
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Figure 2. Volume ratioV/Vyerect@s a function of the polydispersity
indexy for the reference system with (a) different distributions of chains
of different length in the network according to setups3land (b)
three different fractions of short chaims= 0.125, 0.25, and 0.375.
Errors are smaller than the symbol size.
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Figure 3. Volume ratioV/Vperectas a function of the polydispersity
index y for the reference system and systems31Errors are smaller
than the symbol size except for system 1.

Figure 2b displays the equilibrium volumes as a function of
y for the different values oks. Note for increasing values of
Xs, but under otherwise identical consitions,is increasing.
When viewing the equilibrium volume as a functionjgfthe
swelling for the different fractions of chains of different lengths
(i) is essentially independent & at smally and (ii) is weakly
dependent o at larger values of. Thus, the main effect of
increasing the number of short and long chains while decreasing
the number of medium-length chains is to reduce the equilibrium
volume. Again, we attribute this volume reduction to the
reduction of the topological shortest path in the network. Finally,
we notice that ay = 1.5 the equilibrium volume has reduced
7-fold as compared to the perfect network.

4.1.2. Comparison among the Different System$/arious
properties of the reference system and system3 Wwill now
be investigated. In the followind\pead,s= 2, Npeaa.m= 12, and
Nbead, /= 2 will be used in conjunction with the distribution of
the chains of different lengths in the network according to

Figure 2a shows the equilibrium volumes for the three setups setup 1.

studied for the reference system jat= 1—-1.16, the latter
corresponding tONpeads = 4 and Npead) = 36. First, the

Figure 3 shows the volume rat/Vpertect as a function of
the polydispersity index for the different systems. Generally,

equilibrium volumes of the polyelectrolyte gel reduce as the the gel volume becomes smaller as the chain length polydis-

polydispersity increases, andqat= 1.16 the swelling is 26
30% lower than that for the perfect network. Where 1.1,
the reduction of the swelling is found to depend on the
distribution of chains of different length in the network. In more

persity is increased. However, the polydispersity affects the gel
volume differently among the four systems.

In more detail, the reference system displays a reduction of
the volume ratio fromV/Vperrect= 1 to 0.72 asy is increased

detail, the swelling curves for setups 1 and 3 superimpose. Onfrom 1 to 1.16. Hence, a polydispersity index of 1.16 reduces
closer comparison, we observe that for both setup 1 and 3 theirthe gel volume by~25%. For the uncharged network (system
shortest paths through the network are closely related. Thesel), V/Vperect remains approximately unity at = 1.06 and
consist of two short plus two medium-length chains, but in decreases to 0.92 at= 1.16. Hence, the volume of uncharged
different order. In setup 2, which does not decrease in volume polymer gels is weakly dependent on chain length polydispersity,
with increasingy as much as the other two setups, the shortest which agrees with recent simulations of similar uncharged
path through the network consists of one short plus three polymer network22 The reduced swelling of the system with
medium length chains. Thus, we conjecture that a reduced lengththe longest average network chain length (system 2) displayed
of the topological shortest path in the network causes the smallersimilar sensitivity on the polydispersity as the reference system.
equilibrium volume for gels at otherwise identical polydispersity Thus, by increasing the average network chain length from 20
index. to 40, the effect of the polydispersity on the gel volume is
We will now examine how the equilibrium volume of the essentially unaffected. System 3 has stiffer chains as compared
polyelectrolyte gel depends on the variation of the fraction of to the reference system. Here we observed a slightly smaller
chains of the different lengths. The number of the short chains reduction of the gel volume as the chain lengths are made

Nchainsand of the long chainBlehain, is kept equal, preserving
Npead The fraction of short chains is given By= Nchain {Nchain

polydisperse as compared to the reference system.
To further characterize the gels and better understand their

whereNchainis the total number of chains. We have selected to equilibrium volumes, the extension of the chains in the networks

examine the casd@¥chains= 2, 4, and 6 short chains per unit
cell, corresponding to the fractions of short chags= 0.125,
0.25, and 0.375, respectively.

have also been evaluated. Table 3 provides rms end-to-end

separations and extension ratios of the chains of the different
systems at selected values)ofnvestigated.
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Table 3. Root-Mean-Square End-to-End Separation and Flory Scaling Exponent for Short, Medium-Length, and Long Chains in Polydisperse

Networks 2

system y e 2072 (A) en?2 (A) Ree /12 (A) Vs Vm v
1 81.2 0.88

ref 1.06 45.3 81.0 103.7 0.91 0.88 0.84
1.16 17.5 81.1 107.1 0.96 0.88 0.79
1 35.4 0.62

sysl 1.06 23.9 36.0 44.1 0.67 0.63 0.62
1.16 24.1 34.8 41.1 0.67 0.63 0.60
1 168.7 0.90

sys2 1.06 96.0 169.0 221.0 0.92 0.90 0.88
1.16 40.0 168.0 214.0 0.92 0.90 0.84
1 110.2 0.99

sys3 1.06 52.8 105.4 149.2 1.00 0.99 0.98
1.16 20.4 110.2 166.2 0.99 0.98 0.96

2 Nehains= 2, Nehainm= 12, andNchain) = 2 with setup 1 were used throughout. Maximum uncertaintig8R.£%?) = 0.9 A. The Flory exponents were
calculated according to eq 7.

First, independently of the systefRee 12 < [Ree nt}? < .
[Ree £[(¥2 was obtained. Thus, the longer chains occupy larger
space as compared to the shorter ones. This might not be totally
unexpected because the significant difference in the number of
beads among the chains of different length.

We will now focus on the stretching of the chains as reported
by their Flory scaling exponents in Table 3. For all systems,
we observe (i)vs > vy > v for polydisperse chain length
distributions, and (ii)vy is basically independent of the
polydispersity indexy, whereasys increases ana; decreases
at increasingy. In other words, observation (i) implies that in
these systems the short chains are those most stretched and the
long chains those least stretched. This finding is consistent with
experimental results by Mark et &k ,who studied uniaxial
stretching of trimodal gels made from short, medium-length,
and long PDMS chains and showed that the short chains reached
their maximum extension at low uniaxial extensions, while
medium-length and long chains became fully extended first at
much higher extensions. Observation (i) means that the
stretching of the short chains increases, while that of the
medium-length chains is essentially constant, and that of the
long ones reduces at increasing polydispersity. As a conse-
quence, chains withpeag= 20 beads are less stretchedyat
1 in the reference systemy(= 0.88) than as the shortest ones
aty = 1.06 in system 2y = 0.92). Figure 4a shows a snapshot
of the reference system at= 1.16 and the unequal stretching
of chains of different length is evident. Regarding the uncharged
network (system 1), the values ofare smaller. Sincen, =
0.62 is larger than that expected for chains in a good solvent,

v = 0.588%3 these medium-length chains still remain weakly
stretched. The short chains are more stretched than the longer
ones, just as for the reference system and system 2. Finally, for
the polyelectrolyte gel with stiff chains (system 3)js close

to unity and hence these chains behave nearly as rigid rods. .

The average force in individual bonds of the chains in the =
network is also of great value for characterizing the state of Figure 4. Snapshots of networks at equilibrium of the reference system
swollen gels. The average bond force of bands given by (eight unit cells) with (a) polydisperse chain length distribution at
Foondm= —kbondTbondm — FolJ(see eq 4). Figure 5 shows the 1.16 and (b) sever_ed chains @t= _0.25. Color code: In (a_l), short
average bond force as a function of the bond ragkg of all chains (blue), medium-length chains (red), and long chains (green),

S . . . and in (b), active chains (red) and severed chains (blue). The box lengths
the chqlns in a single unit cell for.all systems in the case of the 4¢ (@)L = 370 A and (b)L = 450 A.
monodispersey( = 1) and a polydisperse/ (= 1.16) network.

First two general observations. The average bond forces areshows some additional and interesting features. In charged
always negative. Hence, all bonds are extended as compared tmetworks (reference system and systems 2 and 3), as compared
their unperturbed equilibrium distancg hence, we have abond  to uncharged ones (system 1), (i) the bond tension is ca. twice
tension, which is consistent with the conformational stretching as large, (ii) the bond tension at the chain ends increases more,
of the chains. Second, the magnitude of the average bond forceand (iii) the end effects affect a larger fraction of the chain.
is largest for the bonds connecting the nodes. Issue (i) is of course related to the larger equilibrium volume

A comparison of the bond tension among the different (see Table 2), which originates from the fact that the osmotic
systems with monodisperse networks (Figure 5, left column) pressure contribution from the counterions exceeds that arising
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o 00T We have performed analogous uniaxial extension of our model
‘o 05k I 3 systems and simulated the stresfrain response of polymer
x 40k T h and polyelectrolyte networks. Starting with box lengths corre-
z Tt H“““\- sponding to equilibrium with pure water, the box lengths in the
< 45 (""'-'\ h V] p gtoequ p _ X g
B - .ﬁ N\ - x, y, andz directions were scaled accordingltp= Lo/v/%, Ly
o - —— — .
T 2.0 i | | | 1 | | | J = Lo/ﬁ, and L, = ALo, where Lo is the box length at
-2-50 1020 30 0 10 20 30 equilbrium an(_jl the box extension ratio. Note that_the volume
o 0.0 of the system is conserved. The normal stress acting on the box
"o o5k £ 2 was evaluated according to
= 1'0 e, ~ -~
E -1.5' T b 07 = 02— (Oxx+0yy)/2 (8)
g-20F 1 - whereoy, oyy, andoz.are the diagonal components of the stress
< Y| PR PR FRRTE PETE FTERE PTRTE PETTE P tensor. To avoid impulsive forces at hard-sphere contact, the
0 00 10 20 30 0 10 20 30 hard-sphere potential in these simulations was replaced with
9.0 B SR LR LR L the Lennard-Jones potentiblr) = 4e[(o/r)12 — (o/r)®] with
- or the values = 1.0 kdJ/mol andr = 2.0 A truncated at = 21/
; Uy and shifted by, making the potential purely repulsive.
>, -1. The simplest theoretical expression of the normal stress is
5 based on the phantom Gaussian chains and is givén by
LL.Q
T 255040 60 0 20 40 60 Nehai 2
o 0.0 eI or =— ke T(A* = 1/2) ©)
© -05F =+ -
< 10k _ﬁ\i wherekg is the Boltzmann factor ariithe temperature. A more
Z 5SS 17 N elaborated theory based on chains with Reéhuiers Cloizeaux
/\g 2'0 - + - statistics and the junction affine model gives
= _2.5'....|....|....|..."‘..E..|....|‘....|...'
] 10 20 30 O 10 20 30

) 2, 41
: : 07 = ANgaike TV)| ———22° + 1" —
lbond lbond ! ot 203 —1)

Figure 5. Average bond forcel as a function of the bond rank
9 9 Fbord 31%arctanf/A°> — 1) N

ibond for all chains in one unit cell for (a) the reference system, (b) O+ 3{_ = 11+t3 1-279) +
system 1, (c) system 2, and (d) system 3 at chain length polydispersity 3 A(t+5)/2\ 221l o 0
(i) y = 1 and (ii)y = 1.16. The first and last bonds are nedead =1
bonds. -

A 3+2F 33+t5 1,9 o)
from the excluded-volume interaction among the network 3 212 22

particles. Issues (ii) and (iii) arise from a combination of the
larger bead concentration appearing at the chain ends and thavhere® = (I' — 1)/v andt = 1/(1 — v) are constants related
long-range nature of the repulsive Coulomb interaction, as to the critical exponent8 I and v of the polymer, andF; is
compared to the short-range excluded-volume interaction. Thethe hypergeometric function defined byFi(ab,cz =
larger range of the end effect in system 2 compared to the 3J[(a)"(b)"/(c)"(ZVn!) with ()" = x(x + L)X + 2)...x + n —
reference system is due to the longer screening length in systerl).
2; i.e., in the reference system there is a higher accumulation Figure 6a shows the normal stress for system 1 as a function
of counterion charges around a node than in system 2. of A along with the two theoretical predictions. For the Gaussian
When introducing chain length polydispersity, again the theory (NchaifV)ksT = 0.150 MPa has been used and augmented
charged and uncharged gels displayed different behavior (Figurewith T = 7/6 andv = 0.59 for the non-Gaussian thed.
5, right column). In the uncharged gels, the bond tension in the Generally, the simulated normal stress increases roughly
chains of different chain length were practically the same [panel exponentially with increasing box extension ratio. Such an
(b.i)]. Regarding the charged gels, the shortest chains displayedupturn of the stress at high extensions has previously been
the largest bond tension, whereas the longest ones the smallestbserved by Mark and coauthors from experiments and simula-
bond tension. Moreover, the set of average bond force curvestions!836 As the polydispersity index increases, the rise of the
for the medium-length chains separates into two groups. This normal stress curve increases. At low extensions, the two
heterogeneous separation appears due to different surroundingtheoretical approaches predict similar slopes (modulii), but in
of the medium-length chains. The two arrows in Figure 1a point the case of eq 9, the result is a factor of 2 too low. At larger
on the two medium-length chains with the largest bond tension. box extension ratios, the Gaussian theory (solid curve) strongly
These chains are connected to two nodes which, in turn, areunderestimates the normal stress, whereas the non-Gaussian
both bonded to a short chain. Other medium-length chains aretheory (dashed curve) describes the increased normal stress at
connected to nodes of which at most one is bonded to a shortlarger box extension ratios in a better manner.
chain. The heterogeneous separation is strongest for the network The corresponding normal stresstrain relation for the
with the stiff chains, presumably since this network displays polyelectrolye gel is displayed in Figure 6b. For the Gaussian
the largest gel volume. theory Nehaicks T/V = 0.007 53 MPa, and for the non-Gaussian
The mechanical properties of polydisperse polymer networks theory we have used values 6f = 1 andv = 0.88. The
of mainly end-linked bimodal PDMS gels have been studied simulated normal stress for the polyelectrolyte gel resembles
experimentally and been compared with theoretical predictfons. that for the uncharged network. However, the normal stress is
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Figure 7. Volume ratioV/Vperectas a function of the fraction of inactive
chainsp for the reference system and systems31The large error in

the last point for system 1 is due to the small slope of the pressure
volume isotherm at this inactive chain fraction.

strongest to a change in polydispersity. On increasing the
fraction of short chains keeping the number of network beads
constant, the volume decreases even further strengthening the
view that it is the short chains that affect the volume in such
networks. Upon uniaxial stretching, the simulated normal stress
for both polyelectrolyte and polymer gels displayed roughly an
exponential behavior with increasirig On comparison with

the theory, the classical Gaussian theory gives lower stress in
both cases studied but was better for the uncharged network.
The non-Gaussian theory was comparably better than the
Gaussian theory for both networks studied, but predicted a too
Figure 6. Normal stressr as a function of the box extension parameter  |arge normal stress in the polyelectrolyte gel for 1.75.

A for (a) system 1 and (b) the reference systemyor 1 (circles),y 4.2. Topological Network DefectsThe volume ratio//Vperrect

= 1.06 (squares), and= 1.16 (triangles). Theoretical predictions based - . - . .
on eq 9 (solid curves) and on eq 10 (dashed curves) are also included @S & function of the fraction of inactive chainor the reference

The values of the parameters for the theoretical predictions are givensystem and systems—B is displayed in Figure 7. For all
in the text. Errors are smaller than the symbol size. systems, we observe that the volume ratio increases continuously

with increasing fraction of severed chains. As to the reference

smaller due to the fact that the chain density per unit area is system, the volume increases ®85% atp = 0.25, i.e., 25%
smaller. Here, at small the Gaussian theory underestimates severed chains.
the normal stress by a factor 10. The non-Gaussian prediction Regarding the uncharged system (system 1), the relative
is better than the Gaussian theory at snialbut unlike for volume change upon breaking neeleead bonds is smaller. At
system 1, there is a crossoverlat 1.75 whereafter the theory  p = 0.25 the volume has increased by 20%. The system with
predicts a too large normal stress. longer chains (system 2) displays a relative increase of its

In summary, the volume of a polyelectrolyte gel is large and volume similar to that of the reference system upon introducing
its network is under stress as shown by conformational as well severed chains. The increase of the relative volume of the system
as bond stretching analyses, owing to the osmotic pressurewith stiff chains (system 3) is smaller, in particular at the higher
arising primarily from the confined counterions. A change from fraction of severed chains, as compared to that with flexible
a monodisperse to a polydisperse chain length distribution with chains. Finally, the changes in volume on an absolute scale upon
constant average chain length leads to (i) a reduced gel volumebreaking node bead bonds becomes different due to the
and (ii) the shorter chains becoming more stretched and underdifferent volumes of the perfect gels (given in Table 2). For
larger bond tension, whereas the longer chains become lesexample, the largest volume increase appears for system 3.
stretched and under less tension, as compared to chains in the For polyelectrolyte gels with flexible chains (reference system
monodisperse network. The two observations are coupled. Weand system 2), the increased gel volume on increasing number
attribute the reduced gel volume to the short chains which are of inactive network chains is basically an effect of the reduced
highly extended, despite the presence of less-extended longrestoring force of the network counteracting the osmotic pressure
chains. The uncharged polymer gel constitutes an exception;contribution from the counterions. Even though the chains are
for this system the chain length polydispersity had only a severed at one end from a node, they are still attached to the
marginal effect. The reason for the difference between chargednetwork, and therefore their counterions remain in the network.
and uncharged networks is that in the former case network The volume changes would have been different if those chains
chains are stronger stretched due to the osmotic pressure arisingvould have been detached at both ends and completely removed
from the confined counterions, whereas in the latter case from the network. Regarding the uncharged system (system 1),
networks chains are only weakly stretched by the excluded- the gel volume is essentially a balance between the excluded-
volume interaction. On studying the effect of different distribu- volume interaction and the elastic contribution from the network.
tions of chains of different length in the network it was The smaller relative volume increase for the uncharged gel is a
concluded that those with the shortest topological path respondedreflection of the smaller magnitude of these contributions.

GT/ MPa
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Table 4. End-to-End Distance of Active and Severed Chains in volume increase was most prominent for the polyelectrolyte gels
Networks Containing Defects with flexible chains and smaller for uncharged gels and
system p Ree 4A) Ree SIA) polyelectrolyte gels with stiff chains. The large responses
0 81.2 observed for the polyelectrolyte gels originates from the strong
ref 0.125 81.4 62.9 osmotic pressure contribution from the counterions appearing
8-25 gg-gf 64.5 in the polyelectrolyte gel to electrostatically balance the network
sysl 0.125 353 33.4 charge. .
0.25 35.8 33.3 Our findings for the uncharged network agreed well with
0 167 previous experimental and simulation studies. Since the primitive
sys2 0.125 172 139 model has shown to accurately describe the electrostatic
8-25 11835 141 interaction in electrolyte and polyelectrolyte solutions, we are
sys3 0.125 111 107 conﬂdgnt that the present S|ml_JIat|on study is a first step of
0.25 112 107 modeling polyelectrolyte gels with nonperfect network topolo-
gies.

Finally, the smaller volume ratio increase of the gel with the

stiff chains (system 3) is rationalized by a more rigid network. - acknowledgment. Marcel van Eijk and Lennart Picullel are
We will now examine the stretching of the active and severed crnowledged for fruitful discussions at the initial part of this

chains of the different systems. Table 4 provides the averagesy,dy. This work was partly financed by the Centre for

end-to-end separations for the acti¥e 41and severedReed]  amphiphilic Polymers from Renewable Resources (CAP).
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