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ABSTRACT: The beaespring model is the fundamental model in the field of polymer physics, but its
conformational dynamics under stress-controlled conditions had not been analyzed so far. For completeness of
the model, this dynamics was recently analyzed for linear and starspaithg chains during the creep process
under a constant stress. In this paper, the analysis is extended to thespead ring chain having no free end.

Since all segments of the ring chain are equivalent (due to the lack of the chain end) and the orientational anisotropy
summed over these segments corresponds to the stress<sipésal rule), the segments have the same, time-
independent anisotropy throughout the creep process. In other words, no retardation occurs for the segment
anisotropy. However, the ring chain exhibits the retarded creep behavior (delay in achieving the steady flow
state), as similar to the behavior of the linear chain. The analysis of the conformational dynamics reveals that this
retardation of the ring corresponds to growth of the orientational correlation between different segments with
time. The analysis also indicates a difference between the ring and linear chains that the ring segments have
either positive or negative correlations depending on their separation along the chain backbone while the correlation
is always positive for the segments of the linear chain.

1. Introduction of the segments near and far from the chain end decrease and
increase, respectively, thereby achieving a nonuniform anisot-
ropy distribution in the steady flow state. This transient change
in the anisotropy distribution (partly) contributes to the retarda-

chains of various topological structure under theain- tion in achieving the steady flow state described by the creep

controlled condition such as the rate-controlled flow has been compliance. . . o

fully analyzed in the literatur&;® and the corresponding linear ~ The above change in the anisotropy distribution occurs
viscoelastic properties (such as the relaxation modulus) havePecause the segments near the chain end can relax more quickly
been formulated with no ambiguity® compared to the segments far from the end and the former

segments compensate for a delay in the anisotropy growth for
the latter. In relation to this point, we expect an interesting
feature for a beadspringring chain: Since all segments of
the ring chain are equivalent, we note, even without any detailed
analysis, that the anisotropies of these segments should be the
same and time-independent during the creep process. At the
same time, the creep compliance of the ring chain is similar to
rthat of the linear chain and exhibits the retardation. Thus, we

chainds (Rouse-Ham chains), both in the absence of hydro- naturally ask a question: How does this retardation emerge

dynamic interaction. The analysis indicated that the eigenmodesun.der the t_|me-|ndependent, uniform distribution of the orien-
of different orders defined for the position of the chain segments, tational anisotropy of the segments?

being independent under the strain-controlled condition, have We have addressed this interesting question by solving the
correlated amplitudes during the stress-controlled creep pro-e€duation of motion for the beatpring ring chain and making
cessl0.121415The correlation also emerges for long and short @ full analysis of the orientational correlation of the ring
chain components in the blends during the creep prddess. segments. The analysis indicates that the retardation seen for
These correlations naturally result from the constant-stressthe creep compliance reflects a growth of this correlation with
requirement that forces the orientational anisotropy summed overtime (while keeping the same anisotropy for respective seg-
all segments to be kept constant during the creep process.me”ts)- Details of these results are presented in this paper.
Furthermore, the analysis gave an analytic expression of the

creep compliance as a byprodd@tls 2. Results

The above analysis also revealed that the linear and star 2.1, The Model. We consider a monodisperse system of
bead-spring chains have a uniform distribution of the orien- pead-spring ring chains. No hydrodynamic interaction is
tational anisotropy along the chain backbone (corresponding to considered and thus our system corresponds to melts of low
the affine deformation) on sudden imposition of a stress at the molecular weight, nonentangled chains. Each chain is composed
onset of creep!1415During the creep process, the anisotropies of N segments having the friction coefficiefit Neighboring

segments are connected with the Gaussian spring of the

*To whom correspondence should be addressed. E-mail: hiroshi@ €duilibrium lengtha and spring constant = 3kgT/a?, with kg
scl.kyoto-u.ac.jp = Boltzmann constanf, = absolute temperature. We consider

The bead-spring model of the flexible chains is the very
important, fundamental model of polymer dynamics and has
been widely utilized so far®> The dynamics of the beagpring

Nevertheless, no conformational analysis was made in the
literature for the dynamics of the beadpring chains under the
stress-controlleatondition. This lack of the analysis was quite
surprising to the current authors when they thought about the
fundamental importance of the beaspring model. Thus, for
completeness of the model, they recently made this analysis
for monodisperse systems and blends of linear ch#ifs
(Rouse chains) as well as for monodisperse systems of sta
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the continuous limit forN — o where the analysis of the
conformational dynamics is greatly simplified. (In this limit,
we can neglect a difference betwedhand N-1 whenever
necessary.)
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Considering this condition, we can expan(h,t) with respect

We arbitrarily choose a segment in the chain and assign it asto the sine and cosine eigenfunctions associated with eq 4:
zeroth segment. Then, we can specify the remaining segments

of the ring with the segment indexrunning from 1 toN, where

the Nth segment is identical to the zeroth segment. The
orientational correlation of two segments under a shear field is
quantified by an isochronal orientational correlation function
defined by

arg(n,t)
an
)
Here,rg(n,t) andug(n,t) are thef components§ = x, y) of the
spatial positionr(n,t) and bond vectou(n,t) (= ar/an in the

continuous treatment) of theth segment at time, and [4--[1
represents an average over all chains in the system. Ineq 1 an

S0 = SmMnHu MO0 with uy(ng) =
a

hereafter, the shear and shear gradient directions are chosen t0

be thex- andy-directions, respectively. Note that the expression
of S(n,n',t) derived later (eqs 22 and 25) is independent of our
choice of the zeroth segment and has a generality.

The orientational anisotropy of respective segments is de-
scribed by an orientation function

1
Snt) = S,(nnt) = ;zmx(n,t)uy(n,t)ﬂ @
The stressoptical rule, generally valid for slow viscoelastic
processes of uniform polymeric liquid%allows us to relate

the shear stress of the ring chain system at tirteethis S(n,t)
ag®

o(t) = 3vkgT [ () dn ©)

Here,v is the number density of the chains in the system.
The time evolution ofSy(n,n’,t) and§(n,t) is determined by
the equation of motion of the chain. In the continuous treatment,

this equation is written ds®

{

Here,k is the spring constant, ark{n,t) is the Brownian force
acting onnth segment at timé& F(n,t) is modeled as a white
noise characterized with the dyadic average

F(nH)F(N' t")= 28k To(n — n')o(t — t')I - with
| = unit tensor (5)

Fr(nt)
an?

ar(n,t)
ot

- V(r(n,t))} =K + F(nt) (4)

TheV(r(n,t)) term appearing in eq 4 indicates the flow velocity
of the frictional medium for the chain motion at the position
r(n,t). In the linear viscoelastic regime of our interest, the shear
field is uniform in the system an¥(r(n,t)) can be written, in
terms of the strain ratg(t) at timet, as

7(®ry,(nt)
V(r(nt)) =1|0
0

(6)

2.2. Eigenmode AnalysisThe position of the ring segment,
r(n,z), should be a continuous and smooth functionncdnd
thus satisfy the boundary conditién,

N/2 . 2p.7m N/2 zpn.n
B(t;p) sm(—) + ) B(t;p) cos(—) (8)
2% AP N

Here, Bg(t;p) with & = S and C represent the stochastic
amplitude vectors of thpth order sine and cosine eigenmodes
at timet. In eq 8, the upper limit of the summation of the mode
index p is set to beN/2 so that the total number of modes
coincides with the number of segments. However, in the
continuous treatment foN — oo, this factor of N/2 can be
replaced byo in most of the calculation steps explained below.
As noted from egs 1 and 8, the orientational correlation
functionS(n,n',t) is expressed in terms of thy component of
he dyadic averages of the eigenmode amplitudgl},. These
verages can be calculated from the equation of motion (eq 4)
ewritten forBeg:

r(nt) =

, » yOYEm)
B(tip) = — B(tp) + |0 +ZF(tp) with
277ring 0 C

E=S,Cp=1,2,.) (9

whereég(t;p) is the time derivative oBg(t;p), Yz(t;p) represents
the y component ofBg(t;p), and ting denotes the longest
viscoelastic relaxation time of the beaspring ring chain:
g(N)Z za?N?
"9 2d02n] 247K T

Ineq 9,|3§(t;p) with £ = S and C represent thgth order sine-
and cosine-Fourier components of the Brownian force defined

by
E(tp) = % [N anF(n sin(le\Tn) (0=1,2.) (11)

Eo(tp) = % [N dnF(n) co M) 0=12.) (12)

N

Equation 9 is formally identical to the time evolution equation
for the eigenmode amplitudes of the linear chain and can be
solved with the standard methé&dl415Specifically, from egs
5 and 9, we find that thg andy components oBg, designated
by Xe andY;, have the averages given by

2, 20w
[Xg(t;p)ng(t;q)%égg,dpq(Gi—zl;lz) [ dty(t) exp(_p (;mgt ))
(P.g=1,2,..) (13)

In derivation of eq 13, we have utilized the dyadic averages at
equilibrium, B(p)Be(0) 89 = dgz0p@°NI/672p? with | = unit
tensor. (ThigBB®Yis calculated from the equilibrium distribu-
tion function351517P({ B}) O exp(—E/ksT) with E = elastic
free energy= (k/2)/4 {dr/on}2 dn.)
2.3. Calculation of Sy(n,n',t). From egs 1, 8, and 13, we find
a compact equation that determines the isochronal orientational
correlation function:
S =2 fo g MN =) (14)
Cbv
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Table 1. Low Order Eigenvalues for Creep Process of BeadSpring
Ring Chain
p 1 2 3 4 5
O/ 1.430 2.459 3.471 4.477 5.482
with

N/2 p2t

(01 ) % ) {%ﬂn—m) (15)
g,(n,n't) = ex co
° le ring N

For the strain-controlled processegt) is known and eq 14
straightforwardly givesS(n,n’,t).18 However, for the stress-
controlled creep procesg(t) is not known in advance but self-

T

consistently determined in a way that the stress sustained by

the chains always coincides with the applied strgsé\s noted

from egs +3 and eqgs 14 and 15, this constant-stress require-

ment gives an equation that determins for the ring syster?

] (16)

00

2
p(t— 1)
Z ex;{——
p= Tring

0= 2vkgT [t ')'/(t')l

(In eq 16, we have made the continuous treatment to set the

upper limit of the summation gb to e, instead ofN/2.) This
equation can be solved with the previously utilized Laplace
transformation methdd*15 that is briefly summarized in
Appendix A. The results can be conveniently written in the form
of the creep compliancé(t):

y(M) ot 2 21 t
J)=—=—+ Z— 1—exg—— (17)
o g vkgTEE 0q2 Ag®

with
. vkg Tt
e = % (zero-shear viscosity of ring)  (18)
and
2
jring — 7 Tring (gth retardation time of ring) ~ (19)
q 02

q

The factorfy appearing in eqs 17 and 19 is théh eigenvalue
for the creep process determined from

tan6, =0, (=1,2,.;1<60,<0,<.) (20)
(The 64 values for low order eigenmodes are summatrized in
Table 1.) Thes&y are identical to those for the linear chain
and satisfy the summation rufeéd-1> (cf. Appendices A and
B),

1 12 1
fo; 10 o1

Substituting the strain ratg(t) = ooJ(t) specified by eq 17
into eq 14, we can calculate the orientational correlation function
of the ring chain with the method explained in Appendix B.
The results are summarized as

3
- (p=integer) (21)
21

, 0o , - ' t
Sz(n,n ,t) = VNkBT Qo(nvn) + qZ‘Qq(n’n) ex _/lqring
(22)
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with
N1, _2n—npz_1
Qy(n,) = 2{1 N } 5 (23)
and
5 cosf, (1 — %)
Qy(nn) = 1- (24)
a 30,° cosf,

An equivalent expression di(n,n’,t) can be obtained from
Fourier analysis of the right-hand side of eq 22 (cf. Appendix

B),

Oy 2 S(szr(n - n’))
nn't) = f)coq———— 25
S(nn'.b) kaBTpZ\Ap() N (25)
with
i 1 t
HD=——+— ex :
pzﬂz 37[2q= p2 _ Gq 2/7[2 ;{ /»Lgng)

P=1,2 .. (26)

This Ay(t) is identical to the normalized anisotropy of thth
eigenmode amplitude common to sine and cosine eigenmodes;
A(t) = {4vkeTp?n?/a®Nog} Xe(t;p)Ye(t;p)Owith £ = S and C.
Equation 26 indicates thaby(t) is associated with infinite
number of characteristic timelg™ because of the correlation
of the eigenmodes due to the constant-stress requirement during
the creep process.

For the beaespring linear chain (Rouse chain) composed
of N segments, the orientational correlation func@?{n,n’,t)
is also defined by eq 1, witlm, " = 0 andN indexing the
segments at the chain ends. For convenience of comparison with
the ring chain, we have caIcuIat@P(n,n’,t) in a way similar
to that for the ring chain. The results are summarized in
Appendix C.

3. Discussion

3.1. Conformational Behavior of Ring Chain. As noted
from eqgs 22 and 25, the orientational correlation funci®n
(n,n'",t) of the ring chain is not separately dependentaand
n' but only on an interval between the indices of the two
segmentsAn = n — n' (more accurately, omAn|). This result
means that the expression &{n,n',t) given by egs 22 and 25
is a general expression not affected by our arbitrary choice of
the zeroth segment.

Figure 1 shows plots of the normalized correlation function,
S(nn',t) = {vNkgT/oo} S(n,n',t), against the normalized time,
/21", The numbers indicate the segment inter&al We first
note that the normalized orientation functi8in,t) (An = 0;
thick curve) does not change within fact, S°(n,t) is dependent
on neithert nor n and has a value df; (cf. eq 22-24 with n
= n'), confirming that all segments of the ring chain are
equivalent and have the same orientational anisotropy. We also
note that different segments have no orientational correlation
at short times $(n,n',t) = 0 for n = n" att — 0) but the
correlation represented by nonze®(n,n’,t) grows with in-
creasingt; see thin curves. Thus, the ring chain exhibits a
transient conformational change during the creep process even
though the anisotropies of respective segmesi®)) are keptCDV
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log (t/A) for the half portion of the backbone of the beapring ring and linear

Figure 1. Time evolution of the normalized, isochronal orientational chains during the creep process.
correlation functionSy(n,n',t) for the beae-spring ring chain during

the creep process. The numbers indicate the interval of the segment 0.6
induces, An = n—n'. S(n,n',t) with An = 0 (thick curve) is identical .
to the normalized orientation functid®(n,t). 05 linear An/N
constant in this process. This conformational change results in<3 04 0.1
the retardation behavior seen for the creep complidfigdeq = 03+ 0.2
17). <
Here, we examine some details of this transient conforma- Bmiq 0.2 04
tional change. At equilibrium just before the onset of creep, 0.1
the bond vectors(n,t) of the chain segments have the isotropic ) 0.6
orientation characterized with a dyadic averagaieq(n)ucs 0 0.8
("0 = {a%3} 16ny. If an affine shear deformation of a
magnitudey, (represented by a displacement teri3pis applied -0.1
to these bond vectors, the dyadic average becomes n/N
0.5 0.5
' € 18
@(nu(n)t= GD-u*{n)} {D-u*{n)} D1=+ o ~ 04 0.3
2 Ya a 5
a 0.2
Fomlra 1 0|@) g 03
0 0 1 0.2 0.1
The correlation function corresponding to tkeecomponent of 0.1 0.05
this @i(n)u(n’)is given byS, = y0nn/3 (cf. eq 1). Thus, the 0 1 1 1

nonnormalized correlation function of the ring chairt at 0, D) 1 0 1 2
S = {0o/VNKgT}S, = {00/vNkgT} Onn/3 (cf. Figure 1), coin- )

cides with that for the affine deformation of the magnityde log (t/}\,l)

= 00/G(0), with G(0) = vNksT being the initial modulus of the Figure 3. Time evolution of the normalized, isochronal orientational

ring chain syst_erﬂf? This affine deformation requires no  ¢grrepation functionSy(n,n't) (top panel) and normalized orientation
relaxational motion of the chain thereby enabling the chain to function $°(n,t) (=S3(n,n,t); bottom panel) for the beagspring linear

instantaneously respond to the applied stigss-1415At t > chain during the creep process. Fg(n,n',t), nth andn'th segments
0, the chain exhibits this motion to change its conformation to er‘?/zlocaéeq Sym/r;et”zar‘]'/'%’)w'th dr?ﬁpe_CE to tr:e fc?r?'n cemtet (t\V'Z(;'r

. : . . : : andn = - , an e Interval O € segment Indices,
the _nonafflne conformation having thg onentanonal_correlat|on An = n—n', is increased from ONLto 0.8N.
of different segments. Thus, the transient conformational change _ _ _
seen in Figure 1 can be classified as a change from the affinetional anisotropy of the half portion of the chain (larger than

to the nonaffine state. the segment). This increase is exclusively due to the growth of
For the ring chain, this conformational change is associated the correlation between segments, as easily noted from a discrete
with no change in the orientational anisotropiesregpectie expression of the orientation functiog(t) = {4/N} Z.S(n,t)

segments$(n,t) = constant; cf. Figure 1). However, the same + {4/N} Znnr=nS(n,n',t) with §n,t) = constant for the ring
conformational change induces a change in the anisotropy forchain.
a larger portion of the chain (and leads to the retardation 3.2. Similarities/Differences between Ring and Linear
behavior ofJ(t)). As an example, we focus on the anisotropy Chains. Now, we focus on similarities/differences between the
for an end-to-end vector of a half portion of the ring chain ring and linear chains. For the linear chain composedof
backboneAr(t) = r(N/2) — r(0}). The orientation function ~ segments, the expression ®{n,n',t) is given in Appendix C.
quantifying this anisotropy is calculated fro&(n,n’,t) as The corresponding normalized correlation functi&(n,n’,t)
L 4 = {vNkgT/og} S(n,n',t) is shown in the top panel of Figure 3:
_ 4 N2 Nz . The nth and n'th segments are located symmetrically with
S = [Ar2 qmrx(t)Ary(t)D= Nf dn dn'S,(n.n'.) respect to the chain centar € N/2 + An/2 andn’ = N/2 —
(28) An/2), and their intervalAn is varied from 0.N to 0.8N. The
bottom panel shows the normalized orientation funcgt(m,t)
Here,[Ar2[39 (= Na?/4)" is the mean square end-to-end distance = {vNksT/og} S(n,n,t) for the n values as indicated. The
of this portion at equilibrium. In Figure 2, the normalized normalized anisotropy of the end-to-end vectaor(t) = r(N/
orientation functionS}, (t) = {vksT/oo} Sar(t) calculated with 2t) — r(0}) of the half portion of the linear chairg;,(t) =
the aid of eqs 22 and 25, is shown with the solid curve. This {vksT/og} [Ary(t)Ary(t)IZIAr2E with [Ar?[9 = Ne?/2 for this
S (t) increases witht, confirming the growth of the orienta-  portion, is shown in Figure 2 with the dotted curve. (TEBV
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S (t) is calculated frony(n,n',t) of the linear chain through  along the chain backbone have positive and negative correla-
an equation similar to eq 28.) tions, respectively, while any two segments of the linear chain
Figure 3 demonstrates thattat> 0 Si(n,n",t) = 0 forn=n’ have the positive correlation. This difference is a natural
and S°(n;t) = Y irrespective of then value. This short time ~ consequence of the lack of the end for the ring chain.
behavior of the linear chain, corresponding to the affine  McKenna et aP* reported the zero-shear viscosity data of
deformation against the applied stress, is identical to that of ring and linear polystyrenes (PS) melts in a wide range of the
the ring chain. In addition, the orientational correlation of the molecular weighM. The viscosity ratia, of nonentangled ring
segments (top panel of Figure 3) and the anisotropy of the half and linear PS of the sanid evaluated from their data is close
portion of the chaif? (Figure 2) grow witht. These features of  to the ratio deduced from the beaspring modelr, = oY
the linear chain are qualitatively similar to those of the ring #0"® = 1/2 at the iso-segmental friction state (cf. egs 10, 18,
chain. C1, and C3). Thus, this model seems to work for the linear and
However, we also note an important difference: For the ring ring PS chains in the nonentangled regithédowever, we
chain, S’(n;t) is independent oh andt throughout the creep  should note that the viscosity (and other viscoelastic properties
process (Figure 2) because of the equivalence of all segmentssuch as the dynamic modulus) just corresponds to the orienta-

therein. In contrast, for the linear chai(n,t) at n = N/2 tional anisotropyaveraged @er all segmentand thus the details
monotonically increases from the affine value of 1/3 to the of the bead-spring model (motion ofespectie segments) have
steady-state value>{/3), while S°(n,t) at n well bellow N/2 not been verified even for the ring and linear PS. It is of interest

exhibits a overshoot and then decreases to its steady-state valuto rheooptically examine if the low ring and linear polymers
(<Y3), and the magnitude of this overshoot is reducechas exhibit the detailed conformational features deduced from the
approaches 0; see bottom panel of Figure 3. This behavior ofcurrent analysis. This test, to be made for partially labeled
the linear chain reflects the nonequivalence of its segments: Thepolymers to detect the dynamics of respective segments, is
relaxation can occur more quickly and the steady-state orienta-considered as an important subject of future work.

tion is smaller for the segment closer to the chain end. Thus,

under the constant-stress requirement, the segments near the Acknowledgment. This study was partly supported by
chain end compensate for a delay in the anisotropy growth at Grant-in Aid for Scientific Research from JSPS (Grant Numbers
around the chain center and approach the steady state togethek7350108, 17540381, and 17750204).

with the segments near the center. This compensation results ) ) )
in the overshoot and decreaseS3{n,t) explained above. APPENDIX A. Calculation of Creep Compliance of Ring

The other type of difference is noted for the orientational Chain _ ) _
correlation of the segments specified §¢n,n’,t) with An = For calculation of the straip(t) during the creep process of
n—n' > 0. For the ring chainSy(n,n',t) exhibits the transient  the ring chain, we can focus on the Laplace transformation of
increase and decrease from the initial valee(Q) for An = 0 y(®), T(s) = [ y(t) exp(=st dt. Considering the initial

andN/2, respectively, and its steady-state value can be eitherconditiony(0) = 0 (no strain just before the onset of creep)
positive or negative according to then value; cf. Figure 1. In and making the Laplace transformation for both sides of eq 16,
contrast, for the linear chairg(n,n',t) is positive for allAn we find
values att > 0; cf. top panel of Figure 33

The behavior of the ring chain is a natural consequence of _
the lack of the chain end: This lack gives a constraint for the ; = 2vkgT Z‘ 1Y sI'(9) (A1)
segment bond vectorEy—oNu(n',t) = 0, which results in a zero- P=IS T P Iring
sum rule 2 y=NU(n,Hu(n' t) Gy = a2Zr—o"S(n,n’,t) = 0. Since
Sn,t) (= S(n,n,t)) is positive for all ring segments during the
creep process and the chain connectivity requires neighboring
segments (with smal\n) to have positiveS(n,n",t) close to
this §(n,t), the segments far apart along the ring backbaxe ( I'(s) = ing
= N/2) are forced to have negati®(n,n’t) to satisfy the zero- $ Mo
sum rule. In contrast, the segments of the linear chains are not
subjected to this rule and tend to be oriented in the same With
direction to have the positiv&(n,n’,t) during the creep process. 5
For this case, an increase Ah just results in a decrease of () = % |3+ 7t — 3wv/stcothey/se =1,
S(n,n',t) to zero. VkBTI JTZSZT{JT\/S_tCOtI’VT\/S_l’ -1} 9

(A3)

(o) ©

With the aid of the mathematical formut&?* = {p? + x} 1
= (7/X) cothzx) — 1/22, eq Al is rewritten as

Op

+ I'x(9) (A2)

4. Concluding Remarks )

Here, 75" (= vkeTa%Tring/3: €q 18) andting (= £a?N%
247%kgT; eq 10) are the zero-shear viscosity and longest
viscoelastic relaxation time of the ring system, dids) is the
Laplace transformation of the recoverable str&ig(s) has the
first-order poles as = 0 (with a residueql'r(S)]s—0 = 0o/5vksT)

and ats = s, = — 627t (With a residue [§ — s)I'r(S)]s—s,

= — 200¢/vksT,?), whered,, is thepth eigenvalue for the creep
process determined from

We have solved the equation of motion for the beagring
ring chain to analyze its conformational dynamics during the
creep process. Since all segments of this chain are equivalent
the orientational anisotropy during this process is the same for
all segments and independent of time. In other words, no
retardation occurs for the segment anisotropy. However, the ring
chain exhibits retardation behavior in its creep strain. The
conformational analysis indicated that this retardation of the ring
chain corresponds to growth of the orientational correlation of tanf.= 6 (A4)
different segments with time. PP

This correlation was found to be different for the ring and Considering the above results, we can make the Laplace
linear chains. For the ring chain, the two segments near and farinversion of eq A2 to find CDV
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t
70 = ao{ L JR(t)} (a5)
Mo
Here, Jr(t) is the recoverable compliance given by
() = 2 51 (A6)
= R — e —
Bk T kg TE 219
with
. T,
A=~ 1_ —22 (qth retardation time) (A7)
Sy 0

q

From eq AB,Jr(t) is written as{2/vksT} =_{ 1164 225"%}
exp t//l””g) and thus its integral is given by

o 2 21
d=—§F5 —
Jo Jr® dt kaqung

Since the system of the ring chains with lafgé— o) has an
infinitely large initial modulug® G(0) = vNkgT (— =) and the
corresponding infinitesimal initial compliancig(0) — 0, we
find that the same integral can be also written as

(A8)

o IOt = Jn(e0) — Ig(0) = Ig(e0) = (A9)

_1
SvksT
(Here, we have utilized eq A6 to specify thlig(e) value).

Comparison of eqs A8 and A9 indicates tht satisfy the
summation rulé?.14.15

> 1 1

From egs A6 and A10, we find a compact expression of the
creep compliancd(t) shown in eq 17.

(A10)

Appendix B. Expression ofSy(n,n’,t) for Ring Chain

B-1. Calculation of Sy(n,n’,t). Considering the initial condi-
tion for the strain in the creep proceg$0) = 0, we can express
the Laplace transformation of the strain rate for the ring chain
as

15 7 expshdt = s [” (t) exp(-sdt =
s/ 0,d(t) exp(=shdt = osXs) (B1)

Here,J(s) is the Laplace transformation of the creep compliance
given by

1
cothr,/st

Je) = (B2)

VkBTq % sTring

(This J(s) is obtained from eqgs A2 and A3s) = I'(s)/oo.)
Thus, from eqs 14 and 15, the Laplace transformation of the
correlation functionS(n,n',s) = [ S(n,n',t) exp(—st) dt, is
obtained as

ring 1}

S(nn9) = (83)

20X

Here, d,(n,n',s) is the Laplace transformation gb(n,n',t) (eq
15) given by
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Gy(nn',s) = 7 dig,(nn' 1) exp(-sY

> 1 2pr(n —n')
= Tringz co
P= p2 + STiing N
(B4)
With the aid of the mathematical form@dfe?
® cospx mcostB(r—x) 1
Z = . - —, for0=x=< 27,
Mp?+ % 2Bsinh@B) 27
we can rewrite thigj,(n,n’,s) as
2in—n'|
nrcos)’(n Sl'{ 1- T}) 1
G,(n,n",8) = -
2 2J/stsinh(zy/st) 2s
with 7 = 7, (B5)

As can be noted from eqs B2, B3, and BE(n,n',s) has first-
order poles as = 55 = 0 ands = §q = — 0%7%Ting =
1//1””g with 6 belng the eigenvalue determined by eq A4. The
re3|dues at these first-order poleg(s — s)Sx(n,n’ 9)]s—g,) are
given by the following equations.

At 55 = 0:
residue= ( NkBT)QO(n n') with
N Y. o 2n—n|® 1
Qy(n,n’) _5{1 N } 6 (B6)
At 5g= — 1//12”9:
residue= ( NkBT)Qq(n n') with
2. cosf, (1 - w)
Qq(n,n) = S| 1— (B7)
q cos@q

Thus, the Laplace inversion of eq B3 gives the expression of
S(n,n',t) shown in eq 22.

B-2. Fourier Expression of Sy(n,n',t). As noted from eqs
22—24 as well as eq Blsz(n,n',s) is a function ofn — n’ and
can be expanded with respect to £gsr(n — n')/N}. Thus, we
can decompose the right-hand side of eq 22 into the Fourier
components (by conducting the integral shown below) to find
the Fourier expression &(n,n',s)

g

nn't) = ° S tcos(m) B8
S(n, ')_kaBTpZ‘Ap() N (B8)

with

20k T , , 2pr(n — ')
At = oo J d{n—n} S(nnp cos(T)

1 t
ex -
p2 _ 9q2/ﬂ2 lgng

(p=1,2,.

2 4 =
— —+—
p2n2 37_[2q:

) (B9)

This Ax(t) is identical to the normalized anisotropy of thth
eigenmode amplitudedy(t) = {4vkeTp?r2/a®Noo} Xe(t;p) Ye- CDV
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(tp)Dwith £ = S and C. As noted from eq 1By(t) can be also transformation og"”(n,n',t) is obtained as
calculated from the derivative of the creep compliarkg,(=

y(t)/oo) specified by eq 17: i In—n'|
g, (nn',9) = h cosl( })
kT p(t — t) (Z) (n+m)
A = J dt'3(t) ex —T—g = cosr(z{l— N }) with 2= 7,/st;,, (C5)
2 1— ex _p_ +i - ; % Analyzing the poles of the Laplace transformation of the
0% Ting Zp — 0.2 orientational correlation functior§y'(n,n',s) = 20sJ"(s)g,"-

(n,n",9)/3N, we find a compact expression of this function:

q
t p’t
exp(— _g)—ex _r_ (B10) gz . .
Ann rin ty=— Q" + in n .
} 0 (1) kB Q) ZQ (nn)exp(

:
Al

Comparing eqgs B9 and B10, we find a summation rule for the

eigenvalued, (C6)
w 1 3 with
—=—— (p=integer) (B11) , ,
) 2, 2 ) lin _n+n _[n—nf_2nn
g=1p Gq I 27 (n n) T T F (C?)
Appendix C. Expression ofSy(n,n’,t) for the Linear Chain and

For a monodisperse system of the linear Rouse chain
composed oN segments, we define the isochronal orientational 2 n+n
correlation functionS;'(n,n',t) by eq 1, withn, n' = 0, N Qq (n.n) = 30,sin 0, [COS{QQ(l_ N )} B
indexing segment at the chain end. We can utilize the method
explained in Appendix B to calculate th&"(n,n't) in the COS{H ( )” (C8)
following way.

Since the end segments of the linear chain is subjected to
the spring force only from the inner segments, the segment
position for this chainr(n,t), can be expanded with respect to
the cosine eigenfunctiods® cos@nn/N). Considering this
expansion form, we can make the eigenmode analysis similar
to that for the ring chain and find th% (n,n",t) is determined
by eq 14 with thegy(n,n',t) term therein being replaced by gzi“(nm',t) =

N ’
i pzt pan|  [pzn .
g, (nnt)="7Y% ex sin|—| sin|——] with ith
’ IJZ‘ F{ Tlin N N "

°N? : 20k T _ ,
=S ey A= o s

As noted from eq 14 and eq Cs"o,'!”(n,n',t) is expanded with
respect to singzn/N) sin(pszn'/N). Thus, we can decompose the
right-hand side of eq C6 into the Fourier components to find
the Fourier expression Q”(n,n’,t) equivalent to eq C6:

_[prn
N kBTZAp (t) sm( )sm(T) (C9)

61°kgT
2 4 = 1 t
The other term included in eq 14(t'), is calculated from the =—t+t—)Y—exp——|(p=1,2,..)
creep compliance (obtained in the previous wdfidf15 p’r? p> — 0 2n /1"”
¢ (C10)
lin - —
Jo= i kaTZ [ ex;{ ;le } (€2) The orientation function obtained from eq C§nt) =
o $"(n,n,t), is identical to that derived in the previous wdfk.
with References and Notes
' VKTt I 7T 1) Ferry, J. DViscoelastic Properties of Polymefrd ed.; Wiley: New
pin = ——0 Ay = —';" (qth retardation time) (C3) @ York, 1680, P g Y
6 Gq (2) Graessley, W. WAdv. Polym. Sci1974 16, 1.

(3) Doi, M.; Edwrads, S. FThe Theory of Polymer Dynamjc€laren-

; ing i don: Oxford, U.K., 1986.
The eigenvalues for the creep procegappearing in eqs C2 (4) Larson, R. GThe Structure and Rheology of Complex Flyidsford

and C3, are determined by eq A4. Namely, the eigenvalues for University Press: New York, 1999.
the linear chain are identical to those for the ring chain and (5) Watanabe, HProg. Polym. Sci1999 24, 1253.

thus Jin(t) (eq C2) is similar taJ(t) of the ring chain (eq 17).  (6) Rouse, P. EJ. Chem. Phys1953 21, 1272.
(®) (eq C2) ta)(y of the ring chain (eq 17). (2 100 T = hem. Physies?, 26, 625,
The Laplace transformation d@f(t) is written ad (8) Zimm, B. H.; Kilb, R. W.J. Polym. Sci1959 37, 294,
(9) Yamakawa, H.Modern Theory of Polymer Solutionslarper and
j”"(s) — 2 (C4) Row: New York, 1971.
. (10) Watanabe, H.; Inoue, Rheol. Acta2004 43, 634.
vkg TS 7t/ sty cothey/sty, — 1} (11) Watanabe, H.; Inoue, Kor.-Austr. Rheol. J2004 16, 91.

) . ) ) (12) Watanabe, H.; Inoue, Nihon Reoroji Gakkaishi (J. Soc. Rheol. Jpn.)

With the method explained in Appendix B, the Laplace 2004 32, 113.

Ccbv



5426 Watanabe et al.

(13) Watanabe, H.; Inoue, Macromolecule004 37, 8167.

(14) Watanabe, H.; Inoue, T. Phys.: Condens. Matt&005 17, R607.

(15) Matsumiya, Y.; Inoue, T.; Qishi, Y.; Watanabe,HPolym. Sci. Phys.
in press.

(16) Janeschitz-Kriegl, H?olymer Melt Rheology and Flow Birefringence
Springer-Verlag: Berlin, 1983.

(17) Combining eq 8 (wittN/2 — o) and the expression of the dyadic
averages of the eigenmode amplitudes at equilibritBy(p)B(q) &

= 0z0p@®NI/67%% (p, g = 1), and utilizing the mathematical
formule?®21=>  p~2sir?px = x(t — X)/2, we recover the well-known
expression o? the mean square distance betwteandn'th segments
of the ring chain at equilibriurd:qr (n) — r(n")} 209 = 2a®N/z? =7
p~2 sirf(pa(n — n)/N) =a%n — n')}{1— (n—n)/N}.

(18) From eq 143(n,n',t) of the ring chain under the step strain(t) =
y00(t)) is obtained a(n,n',t) = {2y¢/3N} 2 1 EXP(=P?t/Tring)cOS-
{2p7(n — n")/N}. Utilizing this Sg(nn 1) |n eq 3, we obtain the
relaxation modulusG(t) = 2kaT2p_1 exp(— p2t/r,.ng) for the ring
chains. Similarly, we obtansiZ (nn't) = {2y0/3N} Zp_1 exp(— pA/
Tiin)sin(zn/N)sin(zzn’/N) and Gin(t) = vkgT=Y o1 EXPp2UTin) for
the linear chain composed &f segments. For both of the ring and
linear chains, the initial modulus is given 18(0) = vNkgT.

(19) Equation 16 is equivalent to the linear viscoelastic constitutive equation
under a condition of zero strain at time0, o(t) = ff) dt' p(t)G(t —

t') with G(t) being the relaxation modulus.

(20) Grandshteyn, I. S.; Ryzhik, |. Mlables of Integrals, Series, and
Products 6th ed.; Academic Press: San Diego, CA, 2000.

(21) Moriguchi, S.; Udagawa, K.; Hitotsumatsu Mathematical Formulae
II, Iwanami: Tokyo, 1986.

(22) For the linear chain, the growth & (t) seen in Figure 2 is
contributed from time-dependent changes in both of the orientational

Macromolecules, Vol. 39, No. 16, 2006

correlation of different segments and the orientational anisotropy of
respective segments.

(23) The difference in the orientational correlation of the segments of the

ring and linear chains is not limited to the stress-controlled creep
process but also observed for the start-up process of constant rate flow.
In both processes, positive and negative correlations grow for the ring
segments withAn = 0 andN/2 while the positive correlation grows

for all segments of the linear chain.

(24) McKenna, G. B.; Hadziioannou, G.; Lutz, P.; Hild, G.; Strazielle, C.;

Straupe, C.; Rempp, P.; Kovacs, AMacromolecule4987, 20, 498.

(25) (a) The viscosity ratio deduced from the bead-spring model in the

absence of the hydrodynamic interactiop= 7eMInere = 1/2 at the
iso- state, is not in harmony with the data for nonentangled ring and
linear poly(dimethylsiloxane) (PDMS) meltgy™d O MO&£0-05 and
Janear ) 105 £0.05 reported by Cosgrove et P A difference in the
power-law exponents for the ring and linear PDMS means tthat
changes withM. In contrast, the viscosity data for nonentangled ring
and linear PS melts reported by McKe#rhgive a constant, = 1/2

and appear to be described by the bead-spring model. No rigid
explanation seems to have been given for this difference between
PDMS and PS. Apart from this problem, we note that the viscoelastic
properties just correspond to the orientational anisotraggraged
over all segmentsand thus, the details of the bead-spring model
(motion of respectie segments) have not been verified even for the
ring and linear PS. It is important to test the model through a rheo-
optical experiment for partially labeled chains. (b) Cosgrove, T.;
Griffiths, P. C.; Hollingshurst, J.; Richards, R. D. C.; Semlyen, J. A.
Macromoleculesl992 25, 6761.

MA0608471

Ccbv



