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Structure and Dynamics of Transient Gels

Fumihiko TANAKA*®)

Department of Applied Physics, Tokyo University of Agriculture and Technology
Koganei-shi, Tokyo 184, Japan

A simple transient network model is introduced to describe creation and annihilation of
the junctions in the networks of associating polymers. The time-evolution equation under
arbitrary deformation is derived for the number of elastically effective polymer chains in the
network. It is found that rheological properties depend rather sensitively on the chain dis-
engagement rate 3(r) and recombination probability p of associative groups. The dynamic
mechanical moduli are calculated as functions of the frequency w and the chain disengage-
ment rate. From the peak of the loss modulus, the lifetime 7« of the junction is estimated,
and from the high frequency plateau of the storage modulus the number of elastically effec-
tive chains in the network is found. On the basis of the Scanlan-Case criterion, the number
of elastically effective chains and the number of dangling ends are calculated as functions
of the polymer concentration and the temperature. The results are compared with the re-
cent experimental report on the elastic moduli of hydrophobically modified water-soluble
polymers.

§1. Introduction —Model transient network—

Most thermoreversible gels have multiple junctions combining more than two
network chains. The number of chains bound together in a single junction is called
multiplicity of the junction. Multiple junctions formed by weak associative interac-
tion can break and recombine under thermal fluctuation and/or external stress with
a finite average lifetime 7. To describe creation and annihilation of the junctions,
we consider a model network made up of polymers of uniform molecular weight M
(or the number n of statistical units) carrying associative functional groups at their
both chain ends (named telechelic polymer). 1) We focus our attention specifically on
the unentangled regime where M is smaller than the entanglement molecular weight
M., so that each chain obeys Rouse dynamics modified by mutual end-association.
In the following, we assume the lifetime of a junction is sufficiently long so that it
is well separated from the Rouse relaxation spectrum, the longest time of which is
given by 7 = Ca?n?/3w%kT, where ( is the friction coefficient of a monomer.

We consider a time interval dt smaller than 7, but still larger than 7. Under
a macroscopic deformation S\(t) given to the network, either end of a chain, being
stretched above a critical length, disengages from the junction and the chain relaxes
to a Gaussian conformation, whilst some of the free dangling ends recapture the
junctions in their neighborhood (Fig. 1). Since the stress is transmitted only through
the chains whose both ends are connected to the network junctions, we call these
chains elastically effective (or active) chains.

Let vg be the total number of polymer chains in a unit volume, and let F(r,t)dr
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be the number of active chains at time ¢ whose end-to-end vector 7 falls onto a small
region dr. The total number of active chains at time ¢ is given by v(t) = [ F(r,t)dr.
It is shown, by counting the number of active chains that are destroyed and created
in the interval dt under the deformation S\(t), that the time development of the
distribution is governed by the equation

¢
F(r,t)dr = O(r,t;19,0)F(ro,0)dry + p/ dto(r, ;7' t")[vo — v(t')] fo(r')dr’,
0
(1-1)

where O(r,t;7',t') = exp[— [; B(r »)dt"] is a probability for an active chain cre-
ated at time ¢’ in the past to remain active until the present time ¢. The function
B(r) gives the probability per unit time for an active chain to disengage from the
junction and is called chain breakage rate. The parameter p in the second term is
the probability per unit time for a dangling end to capture a junction (called chain
recombination rate). We have assumed that end-to-end vectors are mapped affinely
to the macroscopic deformation so that we have ruwy = A(t") - A(#)~! - ', etc.
The equilibrium distribution fy(r) of the end-to-end vector is assumed to take the

conventional Gaussian form with the average square distance {r?)o = na?.

§2. Dynamic mechanical moduli

On the basis of this fundamental equation, we find that the storage modulus
G'(w,T) and the loss modulus G”(w,T) for shear deformation of the network is
given by

G'(w,T) = ve(T)kTg1(w,T), (2-1)

G"(w’T) - Ve(T)kTg2(w»T)v (2'2)

where v,(T) is the number of elastically effective chains in a unit volume of the
network at temperature 7', and the new functions g;(w) are explicitly given by

1 w?r? _ 2B(n)A'(r) | '
g1(w) = o <ﬂ(7~)[w2 ¥ B(r)7] I:l 5[w? + B(r)?] | >0> (2-3)

1 < wr? [H[w?—ﬂ(r)?]rﬂ’(r)-» (24)
0

g2(w) = Co(r?Yo \ w? + B(r)? 56(r)?[w? + 8(r)?]

In the extreme limit where the chain breakage rate (G(r) is given by a constant
value fp, our model is reduced to the conventional Green-Tobolsky equation. To find
more realistic form of the chain breakage rate, let us consider that the free energy
barrier for an associative group to disengage from a junction is given by W. Since the
tension f = (3kT'/na®)r along the effective chain with end-to-end distance r reduces
this barrier to W — f - a, the chain breakage rate 3(r) is expected to be proportional
to exp[—(W — f - a)]. We thus find 3(r) takes the form

B(r) = Boe™, (2:5)
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where By(T) = wp exp(—W/kT) is the reciprocal of the duration time 7« of a bond
(wo being the intrinsic frequency of the vibration of the group), and x = 3/na a
constant depending on the molecular weight of the chain.

Upon substitution of (2-5) into the moduli, we find that a modulus-frequency
curve at any temperature T can be su-
perimposed onto a single curve at the
reference temperature Ty, if it is hori-
zontally and vertically shifted properly.
Specifically we have

Glw) , —g<——w—aT> (2-6) v

ve(To)kTo 7\ Bo(To)
for both G’ and G”, where
ar = Bo(To)/B(T)

7

Active Chain

is the frequency (horizontal) shift factor,
and

br = ve(To)kTo/ve(T)KT  (2-8)

is the modulus (vertical) shift factor.

From ar or the peak position of the loss Fig. 1. Chain disengagement and recombina-
modulus we find the free energy barrier tion in the transient network under a
W of activation, and from by or the high macroscopic deformation. The network is

made up of telechelic polymers with asso-

frequency plateau value of the storage
a y P g ciative groups at their chain ends.

modulus we find the number v, of elas-
tically effective chains.

§3. Structure of the transient networks

To count the number v, of elastically effective chains, let us next specify the
type of junctions in more detail. A junction of multiplicity & that is connected to
the matrix of the gel network through ¢ paths is referred to as an (4, k)-junction. Let
ik be the number of junctions specified by the type (i, k) for £ = 1,2,3,4,--- and
for 0 < i < 2k.

We now employ the criterion of Scanlan? and Case® that only subchains con-
nected at both ends to junctions with at least three paths to the gel are elastically
effective. We thus have ¢,7 > 3 for an effective chain. A junction with one path
(it = 1) to the gel unites a group of subchains dangling from the network matrix
whose conformations are not affected by an applied stress. A junction with two
paths (i = 2) to the gel merely extends the length of an effective subchain. We may
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call the junctions with 7 > 3 elastically effective junctions. An effective subchain is
defined as a chain connected to two effective junctions at its both ends. We thus find

1@ 2k
ve =1 S ipik (3-1)
k=21=3
for the number of elastically effective
chains.

These results can be compared with
the experimental data?) on the high
frequency dynamic modulus for HEUR
measured by Annable et al.®) Their ex-
perimental data for HEUR C16/35K
(end-capped with CjgHss, molecular
weight 35,000, Fig. 19 in Ref. 5)) are
compared with our theoretical calcula-
tion (Fig. 2). Because of the association
constant A(7") accompanying the con-
centration, and also of the difference in
the unit of the polymer concentration,
we have horizontally shifted the experi-
mental data. Although fitting by a sin-
gle theoretical curve with a fixed multi-
plicity is impossible due to the polydis-

In(v, &/V)

1 1 1 1 1. !

1
-5 4 3 2 -1 0 1 2

In(c-c*)+constant

Fig. 2. The number of elastically effective
chains as a function of the polymer concen-
tration. Experimental data of the HEUR
16C/35K are compared with theoretical
calculation. In the theoretical calculation
the. junction multiplicity is changed from
curve to curve.

persity in the multiplicity, our theory produces correct behavior over a wide range
of the concentration with the multiplicity covering the range from 4 to 7.

§4. Conclusions and discussion

In this study an attempt has been made to find the linear viscoelastic properties
of physically cross-linked networks with a finite junction dissociation time 7. The
model proposed in this study approaches two extreme limits for particular values
of 7«: the covalently crosslinked network (7« = 00), and the uncrosslinked melt
(7x=0). The activation barrier for a chain dissociation and the number of elastically
effective chains in the network are theoretically estimated and compared with the
experiments. This study provides a possible pathway to modelling the new types of

transient networks.
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