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ABSTRACT: We studied the effect of nonaffine displacement of micellar junctions on the linear viscoelasticity

of transient networks formed with telechelic associating polymers. For a junction of small aggregation number,
the recoil motion is large when a hydrophobic end chain dissociates from it and, hence, leads to large nonaffine
fluctuations. We show that diffusive motion around the mean position of the junction gives rise to nonsymmetric
deviation of the loss modulus from that of Maxwell fluid with a single relaxation time. We calculate the high-
frequency shoulder and the degree of low-frequency softening in the loss modulus as functions of the parameter
DBy~ Yn&, the mean radius of fluctuations during the end-chain lifetime divided by the mean-square end-to-end
distance of a bridge chain. The degree of softening in the storage modulus at low frequencies is also calculated.
We find that nonlinearity in the tension-elongation curve of a chain significantly affects the linear viscoelasticity
due to fluctuations of the end-to-end distance.

1. Introduction The affiness assumption for the transient networks is the

Rheological properties of the transient networks formed with counterpart of the old Kuhn's thedfy® of rubber elasticity
associating polymers have attracted much experimental andfor the networks with permanent junctions. Itis, however, now
theoretical interest in recent years. Typical examples are \_/vell-known_ that_ the fluctuations in the position of_ the network
networks in aqueous solutions of polymers with short hydro- junctions significantly affects the elastic moduli of the rub-
phobic chains attached at both chain ends (telechelic polymers)Per="° The phantom network theory proposed by James and
such as hydrophobic ethoxylated urethane (called HEUR), ~Guth®*°(referred to as JG) had been the first attempt to study
hydrophobic polyi-isopropylacrylamide}¢ poly(propylene rubber elasticity W|thout_ affiness assumption. They dt_enved t_he
oxide)—poly(ethylene oxide}poly(propylene oxide) triblock free energy of dgformatlon fgr the netlworks of Ga}us&an chal.ns
copolymers,~9 etc. The rheological properties of the associating whose only action is to d_ellve_r tension _(proportlonal to their
polymers are commonly studied by dynamic mechanical mea- en_d-to-end_d|stanoe) at _the junctions to which t_hey are attached.
surements. A simple theory of the transient networks in which Without prior assumptions concerning the displacement of the
network junctions can break and recombine by thermal motion junctions, JG derived that (JG1) the mean end-to-end vectors
of the polymers and/or under applied deformation was proposed@'® affine in the strain, that (JC_52) their f_Iuctuatlons are Gau35|a_n,
by Green and Tobolsk§ and later developed by Lodieand and that (JG_3) these qu_ctua_tlons are independent of the strain.
Yamamoto2 The fluctuations of the junctions were found to be substantial.

More recently, Tanaka and Edwatél$* (hereafter referred The mean-squared magnitude of the fluctuations in the chain
to as TE) refined their theory to establish a detailed molecular- Vectors caused by them is given by
theoretical picture for the Maxwellian behavior of the dynamic
mechanical moduli and also to account for the observed shear- AN’ C= (2/) EZQ (1.2)
rate dependence of the nonlinear viscosity. The fundamental
gssumption qf TE theory.is the affine deformation qf Fhe network \where[12[g = na? is the mean-square end-to-end distance of a
junctions as in the classical theory of rubber elasticity; the end- chain consisting of statistical units of the siza, and¢ the

to-end vector of a bridge chain connecting the neighboring ayerage functionality of the junctions, i.e., the number of chain
micellar junctions deforms affinely to the macroscopic deforma- paths connected to one junctish.

tion tensor. TE derived the master curve for the dynamic moduli
with a well-characterized single relaxation time: 8o, where

Pois the disengagement rate of a bridge chain from the junction.
(It is assumed at this stage to be independent of the chain
extension. The effect of the tension along the chain on the
disengagement rate will be discussed below in detail.) It was
later experimentally confirmed that, in some ideal cases, the
rheological time scale is governed by the disengagement rate
Bo given by the activation type

The main purpose of this paper is to present our study of the
effect of fluctuations in the position of network junctions on
the dynamic mechanical moduli on the basis of nonaffine
transient network theory. As in TE, we focus on the networks
made up of telechelic polymers carrying associative groups at
their chain ends. The network junctions are micelles formed
by the aggregation of the associative groups. In our series of
papers on thermoreversible gélg2the number of associative
groups in a junction is referred to as multiplicity The

o= wyexpE/kgT), (1.2) functionality of the junction is therefore related to the multiplic-
_ o _ ity by ¢ = 2k. (We neglect loops.) Because the associative
whereE is the activation energy for the disengagentent. groups can be extruded from a junction and recombine to

another junction either by thermal motion or by the chain
* Corresponding author. E-mail: ftanaka@phys.polym.kyoto-u.ac.jp.  tension, the junctions can diffuse from one place to another
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Figure 1. Bridge chain with the end-to-end vectogrand a dangling
chain with one free end in the transient network made up of telechelic
polymers. Micellar junctions make Brownian motion by the thermal
force under tension§ given by the polymer chains whose ends are
connected to them. The diffusion const&nof a junction depends on

its aggregation number. The instantaneous vectdoes not change
affinely to the external deformation tensor.

through repetition of dissociatierassociation of the associative
groups. Consider a bridge chain connecting two junctions. If
the average diffusion constant of the network junctions is well
defined and given by, the mean square radit&\r)2of the

displacement that a junction to which the bridge chain is attached

makes before its end is dissociated is givenOfy 1. Let us
compare this radius with the mean-square end-to-end distanc
[f2d = n&? of the bridge chain and introduce a very important
dynamic parameter

ep = Dp, 'Ind (1.3)
If ep is small, the network is well described by the affine
network of TE. But, to the contrary, if it is of the order of unity,
the effect of fluctuations is large. The profile of the dynamic
mechanical moduli deviates from that of Maxwell fluid with a
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ranging fromm = 12—222324and poly{(-isopropylacrylamide)
(PNIPAm) of the molecular weight ranging from 7 10 to
5.9 x 10* with m = 1856

There are fundamentally three kinds of chains in such
networks: bridge chain (elastically effective chain), dangling
chain, and loop chain. A bridge chain connects two different
junctions, while a dangling chain has one free end. There may
be many loops attached to the junctions, but we neglect them
in this study for simplicity because their effect is only to reduce
the number of chains in the network from the total number given
by the polymer concentration to the effective number decided
by the thermodynamic equilibrium condition.

We also neglect the free chains that are separated from the
network and floating in the solution because their contribution
to the viscoelasticity is small compared with that of the chains
connected to the network.

Suppose the network is subjected under a time-dependent
deformation described by the tengdt). It can be a shear flow,
an elongational flow, etc., but need not be specified at this stage.
Let y(r, t) be the number of bridge chains per unit volume at
time t whose end-to-end vector is given byand leté(r, t) be
that of the dangling chain (see Figure 1). Consider a bridge
chain with the end-to-end vector and letf(r) be the tension
working on the micelle to which the bridge chain is connected.
The tension is a function of the vector Similarly, letf; (j =
1, 2, 3, ...) be the tensions given by the other chains connected
to the same micelle. Then, the random motion of the micelle is
described by the Langevin equation

md—v—— —v@)+f+ ) f+R(t 21
&= SIS RO @)

wherem is the mass of the micell€, the friction coefficient it
feels from the medium during its movementsthe instanta-

€heous velocity vector of the micellg(t) its average velocity

vector, andR(t) the random force originating in the thermal
motion of the medium. Throughout this paper, we neglect
hydrodynamic interaction among the junctions caused by the
local flow of the solvent medium. For the average movement
of the micellar junction, we follow the assumption of JG1
described in the Introduction and assume an affine deformation

T(t+ At t) = A(t + At)-A(t) " (t), (2.2)

single relaxation time. The storage modulus is softened at low for 3 small time intervalt. By taking the limit of At — 0, we

frequencies, while the loss modulus loses its symmetric profile
by forming a high-frequency tail. The diffusion constedt

depends on the size of the junctions and, hence on their

multiplicity, so that we can obtain molecular information on

have

v(t) = R(O)r (©) (2.3)

the aggregation number by rheological measurements. Infor the average velocity, wherei(t) = di(t)/dt-A(t) . We also
particular, for small junctions, fluctuations are very large because @SSume as in JG2 that the random force has Gaussian white
there should be a large recoil at every moment when a chainn0IS€

end is extruded from them.

2. Theoretical Model of Nonaffine Transient Networks

R, (ORs(t) = 28kgT 0y 5 O(t — 1),

where the value of (friction coefficient) is independent of the

(2.4)

Consider transient networks made up of telechelic polymers deformation

carrying short hydrophobic groups at their chain ends (Figure
1). Letv be the number of chains in a unit volunmthe number

of statistical units on a chain, aralthe size of the statistical
repeat unit. The total length of the chain is givenlby na
(We neglect finiteness in the length of the end chains by
assuming that they are negligibly short compared with the
middle chain.) Typical polymers used in the experiments are
poly(ethylene oxide) (PEO) of the molecular weight ranging
from 6 x 10° to 35 x 10 carrying alkyl chains—CyHom+1

Similarly, the equation of motion of the free end of a dangling
chain is given by
dv

e —&v+ T+ Ry(Y) (2.5)
wheremy is the mass of the end groupits velocity, andR;(t)
the random force acting on it. Because a dangling chain is free
from macroscopic strain, the equation has no terms originaCEiBQ/
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in the deformation. The magms is related tomy through the 0 - _

multiplicity asm = my(k + k'), wherek' is the number of end 5t Y(r, 0 + V-(VOu(r, ) = DV-[V + flkgT +

chains on the loops attached to the junction. As noticed above, In K(N]yp(r,t) — Br)w(r,t) + a(r)e(r, t) (2.11a)

however, we neglect the existence of loops in this study. The

friction coefficient of the micelle is also related to that of the  — (r, t) = D,V-[V + flkgT]ep(r, t) + B(r)w(r, t) —

end groups; through the multiplicity, but the relation depends ot

on the structure of the micelle. a(r)e(r,t) (2.11b)
To study the time development of the two kinds of chains

. N : ' where the diffusion constants are given by= kgT/C for a
let us next introduce their distribution functions. Let g by= keT/c

micelle, andD; = kgT/¢; for an end chain. The characteristic
~ . time for diffusion is given byr = I%/D for the junctions, and;
Y(r, ) = o(r — (1) (2.6) = 12/D; for the end chains. In these equations, we have changed
) ) ) . the sign of the tension so that it agrees with the conventional
be the density operator for the chain vector of the bridge chains, yefinition. In the standard statistics of polymer chains, the
and let elongation of a chain is expressed as a function of the force
A . given at the chain end. In the present problem, therefore, the
o(r,t) =o(r — (1) (2.7) force given to the bridge chain from the junction must be taken

. . N as the positive direction, which is the opposite to the one we
be that for the dangling chains. (To show that the position vector ook in our equations of motion, egs 2.1 and 2.5. In what

is a dynamical variable, we indicate it by putting the hat symbol folows, we adopt the conventional definition.
onr.) These are operators (dynamical variables) at this stage,

but eventually give their distribution functiong(r, t) = Oy(r, 3. Solutions under No Deformation

t)Oand ¢(r, t) = O¢(r, t)Oafter the thermal average is taken.

. ; Let us first find the solution of the coupled equations for
These operators obey the chain conservation law b . fo

and¢ under no deformation. Network junctions fluctuate around
their average positions so that the mean velocity is 2&(td €

9 P(r, 1) + V-(v@)p(r, £) = —BE)p(r, t) + a(r)é(r, t) 0). Because we have the situation®@f > D, the relaxation

at time of the free ends is much shorter than that of the micelles.

(2.82) We, therefore, assume, as in TE, that all the dangling chains
d 4 A A A instantaneously relax to equilibrium conformation and should
900+ VO, ) = B0, ) — o), Y Uil the condivon q

(2.8b)

(V + flkgT)o(r, ) = 0 (3.1)

wherej(r) is the chain dissociation rate, i.e., the probability Hence, we find that their distribution function is given by

per unit time for an end chain to dissociate from the junction it
is attached to, and(r) is the chain recombination rate, i.e., the do(r, 1) = v ()D(r) (3.2)
probability per unit time for a free end to catch a junction in o0 d
the neighborhood at the position specified by the chain vector yherev(t) is the number of dangling chains in a unit volume
r. (In TE, . was written ap and was assumed to be independent of the network at time, and
of the chain vector.)

We now neglect the inertial term (the acceleration term) in ®(r) = C, exp[— f’ (flkgT)dr] (3.3)
eq 2.1 as in the conventional treatment of the Brownian motion 0

in&5.26 it i . . . . . . .
of polymer chaing>#®solve it in the form with C,, being the normalization constant, is the distribution

function of the end-to-end vector. Such an assumption of
v(t) = v(t) + f + Z f, + R(®)] (2.9) complete relaxation for the dangling chains has recently been
] examined theoreticalf§?° and experimentally® They found
that, under a certain condition, a high-frequency tail in the loss
and substitute the result into eq 2.8a. After this procedure, We modulus appears due to the incomp|ete relaxation of the
take the thermal average of the equation. The tendjagisen dangling chains within the time interval between their dissocia-
by other members of the bridge chains connected to this junctiontion and recombination. In this study, we assume the separability
are then averaged out and give the chemical affinity of the for the time scales; andz due to the large size of the micellar
associatiorrdissociation process. If the conversion from a bridge junctions and neglect the effect of incomplete relaxation.
chain into a dangling chain, and vice versa, is regarded as a The tension along the chain depends on the nature of the

reversible chemical reaction, the equilibrium consté(r) is polymer chain. If it is Gaussian, we hafigT = 3r/na2, and
given by K(r) = p(r)/o(r). Because the chemical affinity of  hence

the reaction is given by Gibbs’s free energyT In K(r), the
average tension should be given by d(r) = C, exp(— 3r’/2na’) = Or) (3.4)

Dz f.0= V[kgT In K(r)] (2.10) where the normalization constant is given@y= (3/27na?)32

j . - g .

T under the condition that the upper limit of the integral can be
extended to infinity. If it is, for instance, a Langevin chain, we

As for the random force due to thermal motion, we follow the have

conventional treatment of the Gaussian white néideading

to a diffusion term in the time-development equation of the O(r) =C, exp[— jg L~*(r/na) dr/a] (3.5)
distribution function. We then finally have the coupled equations
for the chain distribution functions in the forms whereL(x) = cothx — 1/x is Langevin's functiort>

Ccbv
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Substituting the form eq 3.2 into eq 2.11b, and integrating
the result over all possible values fwe find
dv(t)/dt = — [ vy(t) + fﬁ(r)w(r, t) (3.6)

where

= [ a(r)d(r) dr (3.7)

Macromolecules, Vol. 39, No. 17, 2006

we can expand the chain distribution functions in powers. of
Let us find the solution within the linear terms. We then have

P(r, 1) =yo(r) +ep(r, 1) (4.4)
and

o(r, 1) = ¢yr) (4.5)

is the average recombination rate of the free ends. The total.(The linear term inp is zero as was shown by TE.) Substituting

numbervg(t) of the effective chains in a unit volume at tinhe
is then given by
ve(t) = v — v4t) (3.8)

due to the chain conservation law.

y

into eq 2.11a, we find

0
+ wy cospt) 8—”; DV-[V + F()]y; — A )y, (4.6)

ot

for the linear term ire. To solve this equation, we introduce

Consider next an aged system that has been kept quiescentV0 amplitudesA andB by assuming the form

for a long time so that all chains relax to the equilibrium state.
We havego(r) = vy(0)®(r), and from eq 2.11b, we find the
equilibrium distribution of the effective chains in the form

Po(r) = vy()a(r)D(r)/B(r) (3.9)

Because the ratig(r)/a(r) is the equilibrium constarK(r) of

the “chemical reaction” between effective and dangling state,

the above equation is transformed to

Yolr) = v()Cy expl= [ (flkgT + VInK(r)ydr] (3.10)

Py(r, 1) =[A(r, w) sin(t) + B(r, ) cos@t)]y(r) (4.7)

for the stationary oscillatory state. Upon substitution into the
above equation, we find these amplitudes should satisfy the
coupled equations

alny, A
o|A(r, w) +y ™ = (DQ — B(r)B(r, w) (4.8a)
—wB(r, w) = (DO — B()A(r, w)  (4.8b)

where the operatof) = V2 — F-V has been introduced to

Here, we can explicitly see that an effective chain experiences, Simplify the result. Eliminating one amplitudg from these

in addition to the direct tensidnalong its contour, the chemical
affinity V In K(r) originating in the tensions from other end

chains connected to the same junction. Thus, the total force

working on the end of an effective chain is given by

F(r) = flke T+ VIn K(r) (3.11)
Finally, by integrating eq 3.9 over all we find
V(00)/vy(c0) = f a(n)@(r)/Br) dr = @8y (3.12)
and hence we have
() = vI(1+ B (3.13)

4. Linear Viscoelasticity

Consider a small oscillatory shear flow given by the deforma-
tion tensor

R 1 esint) 0
At =|0 1 0 4.1)
0 0 1

with a small amplitude. The velocity tensor is then given by

0 ew cost) O

k() =|0 0 0 (4.2)
0 0 0
so that the average velocity of the junction is
ewy cost)
v(t) = 0 (4.3)
0

The amplitude: is assumed to be sufficiently small, and hence

equations, we find thah should satisfy the equation

[w” + (B(r) — DQYIA(r, ») = w*YF,

To simplify the result still further, we assume the network is
homogeneous. As in TE, we consider a constant recombination
rateo. and isotropic dissociation raf¥r) = (r). The direction
of the total force working on the chain end is then parallel to
the end vectoF(r) = F(r)e,, so that the operatdD takes the
form

(4.9)

Q=V"— F(r)aﬁr (4.10)
whereF(r) = f(r)/ksT + d In 5(r)/dr
The formal solution of eq 4.9 is given by
2
AT, ) = @[ 4.11
)= o (B(r) — DOAT (r)) (4.11)

From eq 4.8b, we then find

B(r, @) = (B(r) — DQ)—

® Xy F(r)) (4.12)
w

+ (B(r) — DQAT
5. Dynamic Mechanical Moduli

Following TE, the shear stress can be calculated by the
relation

g @ =c [dr X—ry f()py(r, ) (5.1)
Upon substitution of the above solution fgr, we find
axvya3 = ¢[G'(w) sin(wt) + G"(w) coswt)] (5.2)

where CDV
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G(w) = [ dr Y1) A, @)yl) (5.33) G/@) = cay (5.10a)
) = 228
G'(w)= [ dr XTV f(r) B(r, @)p4(r) (5.3b) G'(w)=-_"1+Doj (5.10b)
are storage and loss modulus. From the amplitude obtained®" Ngn-frequency limit, and
above, we finally find the formal solutions for the dynamic ,
mechanical moduli in the form G'(0) = c,wdy(@)[1 — DI (w)] (5.11a)
G"(w) = cowby(@)[1 — Dog(w)] (5.11b)

o) — Xy w? Xy
G =/ drwo(r)(r f(r)) e DQ)Z(r F(r))

up to the first order of the diffusion constant over the whole

(5.43) range of the frequency, where
I — Xy
G'(w) = f d”/’o(r)(T f(f)) x 6, = (a, + Aay)la, (5.12a)
- w Xy

(r) — DO) . (— F(r)) (5.4b) 0,() = [dy() + Ady()]/dy(e 5.12b

B o7+ (B(r) — DO \T w) = [dy(w) K@) dy(w) ( )

O5(w) = [by(w) + Ab,(w)]/by(w 5.12c

Now, let us see the effect of nonaffine displacement of the (0) = [y(®) A0)Do(®) ( )
junctions. At sufficiently high frequencies whefie< w holds, are given in terms of the radial integrals in Appendix A, together

there is no effect on the plateau value of the storage modulus,yith the ratiol = ¢1.1/C,. The numerical coefficients, andcy 1
but the loss modulus is changed to come from the directional integral of the end-to-end vector. They

1 Xy A XY are defined in Appendix A. Other coefficients froasg to as,
G'(w) == f drwo(r)(— f(r))(ﬂ(r) - DQ)(— F(r)) (5.5) and functiondi(w), di(w) come from the radial integration over
@ r r all possible elongations of the bridge chain ranging from 0 to
In what follows, we show the correction due to the diffusion is | Of full stretching. They are explicitly given in Appendix A.
positive at high frequencies; nonaffine diffusion of the junction All results reduce to the affine network theory of TE whign
position leads to the appearance of the high-frequency shoulder’S S€t to zero.
in the loss modulus. 6. Numerical Results and Comparison with Experiments
To see how the modulus is modified over all frequency  For numerical calculation, we first scale all lengths by using
ranges, let us next expand it in powers of the diffusion constant. the chain contour length= na as a unit. We then specify the
Up to the first order, the storage and loss moduli take the form dimensionless tensioh( ) = f (r)a/kgT as a function of the
scaled end-to-end distanée= r/l. Let us, as in Indei et af

G'(w) = Go(w) + DG y(w) + ... (5.6a)  assume the form
G'"(w) =G"((w) + DG"(w) + ... (5.6b) 3 o §2
f(F)=3F(1+—A 2) (6.1)
where 3 1-—¥F
. _ Xy w? Xy for the profile. The numerical amplitud& shows the effect of
o) = f dr%(r)(T f(r)) ﬁ(r)z—-i-w2 (T F(r)) (5.7a) nonlinear stretching. IA = 0, the chain reduces to Gaussian.
If A= 1, this profile agrees with that of a Langevin chain within
BNw a very high accuracy. The nonlinearity increases with the

&) = [ drypg(n) 7 100) (FF0) 7o)

r amplitude A. Hence, we can see the effect of nonlinear

2 2
POy + o elongation of the bridge chains on the rheological properties of
are those given by the affine network theory studied by TE, the networks by changing.

and As for the dissociation rate of the chain ends, it must be an
, even function of the tension by symmetry. We propose the form
U p— Xy w a Xy ~
@@.“%WﬂﬂwngQﬂmﬁ B = Bo(MIL + 9T (7)1, (62)
(5.8a)
wherefo(T) is the thermal dissociation rate, agthe coupling
G'y(w)=w f dry(r) X_yf(r) x constant between the dissociation rate and the chain tefision.
r This form can be derived by applying the conventional
A 1 B(r) N Xy Kramers’s metho# to calculate the first passage time required
-Q 2 2 P > 2Q1 T F(r)] (5.8b) for a trapped Brownian particle to overcome the barrier height
PO+ o (BN + o) of the force potential. The coupling constagitprovides a
are the first-order corrections. Here, the new operator measure for how easily the end chains are extruded from the
micelles they are attached to. In the work by Green and
Q, = pnNQ + QB(r) (5.9) Tobolskythe dissociation rate was assumed to be independent
of the end-to-end vector, and hence of the chain tension. We
has been introduced. therefore go back to their theory by fixirg= 0 (referred to as

_In Appendix A, we show detailed treatment of the operators GT limit). The thermal dissociation rajgy depends only on
Q andQi. After lengthy calculation, we find that the specific  the temperature. In what follows, we ys¢* as a unit of time
forms of the moduli are given by so that we may replacg(r) = 1 + g f(7)? in the following CDV
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0.001 L1 L L1 ]
0.01 0.1 1 10 100 G
0] Figure 3. Cole—Cole plot of the complex moduli. There are significant

Figure 2. Complex moduli for the Gaussian chains in the GT limit. upward deviations at low frequencies with the diffusion parameter.

The diffusion parametetp is changed from curve to curve ranging
from 0 to 0.08 by the step 0.02.

T T T

integrals. The characteristic time for diffusion turnsrte= 12/
Dot for the junctions, and; = 12/D13,~* for the end chains.
Looking into then dependence of the equilibrium chain
distribution function, we finday/a; ~ agla; ~ 1/naé, by(w)/bo-
(@) ~ b(w)lbo(w) ~ Lina, anddi(w)/do(w) ~ da(w)/do(w) ~
1/na2. We therefore easily confirm that the series expansions
with respect tdD given above are in fact the series expansion
in powers of the dimensionless parameter

0.1

GV, G"

0.01

<

= -1 A T BT B
€= Dfy na’ (6.3) %0 0.1 1 10 100

i.e., the average displacement of a junction during the lifetime o
e g P J 9 Figure 4. Complex moduli for the nonlinear chains with= 10 in

Of a bridge chain d'\_/'ded by the mean-square end-to-end the GT limit. The diffusion parametes, is changed from curve to
distance of a free chain. curve, ranging from 0 to 0.04.

Let us first study the GT limit oy = 0. The dissociation
rate remains constant even under the high tension. Although
we study small oscillatory deformation, the effect of chain
stretching is significant under such conditions. For Gaussian
chains, we have explicitly

0.4 T T T T T T

2 -
() = v(oo)kgT—2—|1— 1 1 4
G =T 1120 1] 642
G () = vy(oo)ke T —2 ’1+ 6 L_l] (6.4b)
¢ 1+ o? ° 1+ o? | | | | |
00 0.0 0.1 0.2 0.3 0.4 0.5 0.6
under the condition that the upper limit of the radial integrals G'
can be extended to infinity. ) ) Figure 5. Cole—Cole plot of the complex moduli fosp = 0—0.08.
In the following numerical calculation, we fix = 20. (The There are significant upward deviations at low frequencies with increase

effect of chain length is examined by changing frars 20 to in the diffusion constant.
n = 100, and we found only minor differences.) We also
assumed a constant recombination rateof@nd fixed ato/3o because the storage modulus becomes negative. We need
= 1. Figure 2 shows the storage and loss moduli plotted as calculate the second-order correction or numerically solve eqgs
functions of the frequency for Gaussian chaiAs=f 0). The 4.8a and b. In the high-frequency limit, however, the asymptotic
moduli are scaled by the common factdgT. The broken line form (eq 5.10b) remains valid irrespective of the valuegf
shows the modulus of an affine networg (= 0). Solid lines Figure 3 shows the CoteCole plot of the complex moduli.

show those for the parametes ranging from 0.02 to 0.08 by ~ We can see an upward shift at low frequencies (shift of the
the step 0.02. At frequencies lower than the thermal dissociationmaximum to lower frequency) from Debye’s semicircle ¥aw
rate, significant softening of the storage moduli due to the to Davidson-Cole’s lemniscate laft with increase ofp.
junction fluctuations can be seen. This is analogous to the fact Figure 4 shows more about the GT limit, but for a highly
that the JG phantom network theory gives lower elasticity than nonlinear chain withA = 10. Although we are studying linear
the affine network theory in the study of rubber elastiéfyn viscoelasticity, the effect of nonlinear stretching of the main
contrast, the effect of fluctuations on the loss moduli depends chain turns out to be significant. We can see a large shift of the
on the frequency. They are enhanced in the frequency regionmaximum point in the low-frequency region in the Celgole
higher than the thermal dissociation rate, while they shift down plot, as shown in Figure 5. This is because there are many
in the low-frequency region. The power expansion with respect chances for the bridge chains to be highly stretched if the
to ep breaks down when the parameter exceeds H#12083 fluctuations in the positions of the junctions are large. CDV
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1
T T T T T T

the degreesp = DBy Yna of the average displacement of a
junction during the lifetime of a bridge chain connected to it.
We neglected the effect of loops throughout this paper. They
may reduce the amplitude of the complex moduli freg)
= v — v4(0) t0 ve(00) = v — vy(0) — wy(e0), wherew(t) is the
number of loops at timé More importantly, they reduce the
diffusion constanD of a micellar junction because its mass, as
well as the friction with the solvent, increases with the number
of loops attached to it. Information on the structure of the
network junctions can therefore be obtained from detailed
examination of the complex moduli.
0.001 TR B In our recent study of shear thickening in model-associating
0.01 0.1 1 10 100 polymer solutions? we studied nonlinear stationary viscosity
® by the nonequilibrium molecular dynamics simulation. We
Figure 6. Complex moduli for the nonlinear chains wig= 10 with found that the viscosity shows a maximum at a certain value of
}Poer:(éﬂ?\'l'gﬁiocgﬂf\ﬁrgr;Oi-r?- g‘?ﬂdgfils'g%garamemb ischanged  the shear rate where bridge chains are oriented in a direction of
» ranging ro 0 U.Lo. a fixed angle from the direction of shear and fully stretched.
0.30 | T T | By three-dimensional visualization, we also observed that there
are large fluctuations in the position of the junctions around
7 the average one for all values of the shear rate. The fluctuations
are particularly evident under a small shear rate where there is
only small displacement of the average position. Application
of the present theory to nonlinear viscosity and shear thickening

v 1 bd

0.1 F

G', GH

<

0.01

>

0.25

0.20

0.15 -1
O is straightforward and will be reported in our forthcoming paper.
010 7 Appendix A. Derivation of the Radial and Angular
005 | Integrals . .
To separate the angular integral from the radial one, let us
0.00 ! . . ! first move to the polar coordinates. The Cartesian coordinates
00 0.1 0z 08 04 0.5 are expressed by=r sin6 cos¢, y =r sinf sing, z=r cos6
G as usual. Th&) operator is then split into
Figure 7. Cole—Cole plot of the complex moduli for a nonlinear chain.
Similar upward shifts at low frequencies as in the GT limit can be Q =R+ er[\, (A.1)
seen.
where
Figure 6 shows the moduli for a nonlinear chain with the
value g = 0.2 of the tension-dissociation coupling. In our N 2\ 9
previous study! we calculated the initial slope of the nonlinear R=—— (F(r) - F)& (A.2)
stationary viscosity as a function of the shear rate (referred to or
as “nonlinear intrinsic viscosity”) and showed tlgat= 0.2 is is an operator acting only on functions nfand

the marginal case where the viscosity reveals shear thickening

for the chains with amplitudé higher than a certain critical . 1 (s . 9 1

value around 10. Shear thinning phenomena for the chains with A=55 365N 0 36 T SinG A2 (A.3)
small A change to shear thickening Asincreases above this 9

critical value. If the coupling constagtis large, the end chains
are so easily extruded from the micellar junction by the tension
that the network always reveals shear thinning. In the GT limit . R 26(r) -

of g = 0, to the contrary, chains with small may show Q=R +—A (A.4)
thickening because they can fully stretched until their ends are r

extruded by the shear force. Figure 7 for the chains Witk for Oy with

10 falls on the thickening category. We find larger deviations

from Maxwell's form both in storage and loss moduli with R, = A(r)R+ RA(r). (A.5)
increase in the diffusion constant. The Cefeole plot, however,

turns out to retain almost the same shape as before as in the Because we havey = r?0© with © = sir? 6 sin ¢ cos¢, the

previous cases. angular parts in the integrals can be separated from the radial

7. Conclusions and Discussion parts and easily be carried out. For instance, we have a relation
In this paper, we have eliminated the affiness assumption in )

the TE transient network theory and studied linear viscoelasticity AXY _ Af F(r) 2

of polymer networks formed with telechelic associating poly- Q( r F(r)) = OR(F() + r A® (A-6)

mers. It was found that there is significant softening in the N

complex moduli at low frequencies by the fluctuations of Upon such decomposition, we are led to the two types of angular

junctions. The loss moduli show asymmetric profile with low- integrals defined by

frequency softening and a high-frequency shoulder. The am-

plitudes of such shifts give a measure of nonaffine deformation Cph= f sin6 do dp ©™ (A.7a)

in the relative positions of the network junctions. From the .

detailed measurements of the complex moduli, we can estimate Cm= ()" f sing do dp ©' A@™ (A.7b) D

is the angular part of the Laplacian. Similarly, we have

\Y
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(The sign ()™is included so that; , takes positive values.) In
particular, we havec, = 47/15. By noticing that® is an
eigenfunction (d-orbit) of the operatok satisfying A® =
(—6)0, we havel = 6.

After carrying out all angular integrals, we are left with the
radial integrals. The necessary and sufficient ones to describe
the dynamic mechanical moduli up to the first order of the
diffusion constant are listed below:

3= [, dry(r)(r *f (F() (A.8a)
a,= [ drypo()(r ‘B f (DF(F)) (A.8b)
= fy v 1 oFo T2+ YEQ 1) s
a,= fo' dryo(r)(r 2 (F(F)) (A.8d)
o () f (F ()
by(w) = ﬁ)dr%(r)( T (A.9a)
PN (&G LIS\ I
bl(w)_ﬁ’dr%(r)( B+ o7 ) [(1 ﬂ(r)z)x
1, 1\(Fo) 8 (F_(r) ;)
(f(r) i )(F(r)+ )+[3 s0i+ A\FO 1) T
3t M, 3|(Bm)\ [, 460) (m)]
00 (ﬁ(r))+(1 507+ o\ | 4P
_ ) B — o
by(w) = [, dryg(r)(r FOFO) o (A.9c)
r f(r)F(r)
do(@) = [} drypo(r)——"— O+ o (A.10a)
dl(w)z
| \r 4B(r) f (r)F(r) fr{  1\(F() 1
Jo vl o 07 [Z(fm r) Fo )"
(1_ 8p(r)° (F_(r) +) ro, (ﬁ'(r))_
B>+ ?\F(r) T f(r) B(r)
4p(r)* (&2)2}
s+ ot B0 | | A1)
_ 2r 38(r) f (F()
dy(w) = [ dryg(r) B0t o (A.10c)
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