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ABSTRACT

In this study, we examined the viscoelastic properties of a series of comb-shaped ring (RC)
polystyrene samples with different branch chain length, i.e., the molecular weight of the ring
backbone My, (= 4M. where M. is the entanglement molecular weight) and branch chains My, (=
M., 2M., and 4M.). Even for the RC sample with the shortest branch chains, a plateau region of the
dynamic modulus G'(w) was observed in the middle angular frequency w region, suggesting that
intermolecular branch chain entanglement occurs. In the @ region between the plateau and terminal
region, G (w) with a weaker & dependence than the terminal relaxation was observed. This behavior
was more pronounced for the RC samples with shorter branch chains and also for the corresponding
linear comb (LC) samples than the RC ones. Molecular weight dependence of zero-shear viscosity
no and steady-state recoverable compliance J.° of the RC and LC samples was evaluated, and the
effect of different molecular structures (i.e., ring or linear) of the backbones on the terminal
relaxation behavior was discussed. Moreover, the G (w) data were analyzed with two models: the
comb-Rouse model in which the structure of the RC/LC molecules is taken into account by graph
theory, and the Milner-McLeish model for entangled star-shaped polymers. The former model was
able to qualitatively describe the terminal relaxation behavior of G'(w) at low w, but failed to
reproduce the plateau in the middle @ range. Conversely, the latter model described the
entanglement plateau in the middle w range, but the difference in the terminal relaxation regime

between the RC/LC samples seen in the data and the comb-Rouse model was disappeared.



37
38
39
40
41
42
43
44
45
46
47
48
49
50
51
52
53
54
55
56
57
58
59
60
61
62
63
64
65
66
67
68
69
70
71

INTRODUCTION

The molecular architecture of polymers is known to strongly influence various physical
properties of polymers, such as viscoelasticity. Elucidation of the correlation between
molecular structure and dynamics of polymers is one of the important issues in polymer science.
Many studies have been conducted on the dynamics of linear and branched polymers,'~ and
their properties are well-understood by tube models that assume entangled polymers. Ring
polymers, which do not have chain ends, exhibit significantly different dynamics from linear
and branched polymers having chain ends."!” Specifically, while linear/branched polymers
with sufficiently high molecular weights exhibit a wide plateau region in relaxation modulus
due to intermolecular entanglement, ring polymers exhibit a power-law type decay of the
modulus,®'? suggesting that the global dynamics of the ring chain is considerably different from
that of entangled linear/branched polymers. Several molecular models have been proposed to

describe the dynamics of ring polymers,'!'"!? but they are still not fully understood.

Tadpole-shaped polymers where a single linear chain is connected to a ring exhibit a
characteristic viscoelastic property.!%!>'* That is, the linear chain part of the tadpole polymer
spontaneously penetrates into the ring part of another molecule, resulting in significantly slower
global relaxation than the individual ring polymer. If the number of branch linear chains
connected to a ring is increased, it is expected to show different molecular dynamics from that
of the tadpole polymers as well as of the ring ones. These kinds of molecules are called comb-
shaped ring (RC) polymers or cyclic graft polymers. Their synthesis and characterization in
dilute solution have been mainly reported,'>"'® but to the best of the authors’ knowledge, there
are no examples of experimental studies that have evaluated viscoelasticity using systematic
RC samples. When many branch chains are present in RC molecules, it is expected that the
contribution of intermolecular interactions of the branch chains becomes larger than those
between the linear and ring parts (i.e., branch and backbone in this case) observed in tadpole
polymers. From the viewpoint of fundamental polymer science, it is meaningful to understand

the viscoelastic properties of a series of RC polymers.

In examining the dynamics of RC polymers, it is important to understand the dynamics of
conventional comb-shaped linear (LC) polymers, which have already been studied well.!”2> A
hierarchical relaxation model has been proposed for the dynamics of entangled LC polymers,
where both the branch and backbone chains have molecular weights higher than the
entanglement molecular weight M., in which the outer branch chains relax first, followed by

the inner backbone.**® Roovers and Graessley'’ pioneeringly synthesized two series of LC

2
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polystyrene (PS) samples, which have two different backbone lengths and systematically varied
branch lengths, and investigated their viscoelastic properties. They discussed the molecular
dynamics of the LC polymers by estimating the molecular weight dependence of zero-shear
viscosity 70 and steady-state recoverable compliance J.°. Daniels et al.’’ investigated the
viscoelastic properties of a series of well-entangled LC polybutadiene (PB) samples, with
variously different molecular weights of the branch and backbone chains. They found out that
the behavior can be described by a combination of the relaxation model of entangled star-
shaped polymers®’ (for branch chains) and the modified reptation model of linear polymers (for

backbone chains).

Based on the above background, in this study we experimentally investigate the viscoelastic
properties of a series of RC samples with different branch chain lengths by comparing with the
corresponding LC ones, and evaluate the effect of the difference in molecular structure (i.e.,
linear or ring) of the backbone on the viscoelasticity of comb-shaped polymers. Several
viscoelastic parameters such as 70 and J.° of the RC and LC samples are estimated, and their
molecular weight dependence is discussed. In addition, the data obtained are analyzed by two
models, i.e., the Rouse-Ham model,>®>° which explicitly introduces the effect of molecular
structure based on graph theory*’*! (hereafter, this model is referred to as “comb-Rouse
model”), and the Milner-McLeish model,”” which describes the relaxation of entangled star-

shaped polymers, and the molecular dynamics of the RC molecules is discussed.

EXPERIMENTAL

The synthesis, purification, and characterization of a series of LC and RC polystyrene (PS)
samples as well as their backbones (Lbb and Rbb) used in this study were reported previously.'”
The molecular characteristics, i.e., total weight-average absolute molecular weight M total,
molecular weight distribution My/M,, molecular weight of one branch chain My, average
number of branch chains f (= My total — Mwpb)/Mwpr, Where My pp is the molecular weight of
backbones, and volume fraction of branch chains in the molecules @y (= fMv/Miotar), for the
LC and RC samples together with their backbones are summarized in Table 1. Details of the
characterization methods are described elsewhere.!” Here, the number in the sample code for
the backbone samples denotes My, in kg/mol (with one significant digit), while that for the LC
and RC samples represents My The RC-80" sample, which has the exactly same My, to the
corresponding LC-80, was newly prepared by the same method in the previous report,'” and
used for the rheological measurements in this study. The entanglement molecular weight M. of

PS is 18.0 kg/mol,' and My b is ca. 4 times higher than M., while My b is roughly 1, 2 and 4
3
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times higher than M. for the LC-20/RC-20, LC-40/RC-40 and LC-80/RC-80° samples,

respectively.

Table 1. Molecular characteristics of a series of LC and RC samples and their backbones

Samples My soal ® My/M,"® My fe Py !

kg/mol - kg/mol - -

Lbb-70 70.9 1.01 - - -

Rbb-70 70.5 1.01 - - -
LC-20 491 1.02 20.2 21 0.86
RC-20 434 1.03 19.2 19 0.84
LC-40 1070 1.05 41.5 24 0.93
RC-40 929 1.04 41.5 21 0.92
LC-80 1630 1.08 75.9 21 0.96
RC-80° 1100 1.14 75.9 14 0.94

Estimated from (a) SEC-MALS and (b) SEC with PS standards. Calculated from (c) f'= (Mw,total — Mw,ob)/ M pr,
where Mo is the molecular weight of backbones, and (d) @vr = fMw,br/ M total.

Dynamic viscoelasticity of the RC and LC samples was measured by an ARES-G2 rheometer
(TA-Instruments) with 8 mm diameter and 0.1 rad angle cone and plate geometry.
Measurements were performed in a temperature range of 120~220 °C (i.e., the highest
temperature was depending on the sample) under nitrogen atmosphere with angular frequency
o ranging from 107!'~10? rad/s under linear strain (< 5%). Disk-shaped samples for the
measurements were prepared by thermal annealing as reported previously.!® After the
viscoelastic measurements, it was confirmed from size-exclusion chromatography with multi-
angle light scattering detector (SEC-MALS) measurements that no thermal degradation of the
RC and LC samples occurred.

RESULTS AND DISCUSSION

Linear viscoelastic data of RC samples

Figure 1 shows the master curves of the dynamic modulus G*(w) (= G'+ iG", where G’ and G”
are storage and loss moduli, respectively, and i is the imaginary unit) and tan J (= G"/G") against
o for the series of RC and LC samples as well as their backbones. By applying the time-
temperature superposition, the data are reduced to the reference temperature 7: = 7, + 60 K,

where 75 is the glass transition temperature of the samples. That is, the data at each temperature



131 was first shifted horizontally by a shift factor ar so that the data at any given temperature (e.g.,
132 160 °C) was used as a reference and tan ¢ at the other temperatures overlapped. At this time,
133  G'and G" were also vertically shifted to reflect changes in density and temperature as bt =
134 p(T)Ti/p(1)T, where p(T) is the density of PS at temperature 7, known as p(7) = 1.2503 — 6.50
135 x 10* T (pingcm ! and 7T in K).*? T; was then corrected so that the 7' — T; dependence of ar
136  for each sample overlapped with that of linear PS with high molecular weight, using the WLF
137  relationship,' log ar = Ci(T— Ty)/(C> + T— Ty) with C1 = 6.3 and C> = 110 K.'*3* Figure 2 shows
138  the T— T: dependence of ar for the RC and LC samples, in which ar of the RC and LC samples
139  can be described well with the single WLF curve.

140
8 8
(a) (b)
7t 7t
e L =
N &
R Os |
&) &)
“4 | G' G" \5/04 G' G"
S S
- B O Lbb-70 || = g O LC20
3 | ..l © O Rbb-70 3 L & £ @ O RC-20
a l“ Of
2 L o
2
= 1bb-70 = LC-20
“w 1, < "
L ) L " 1} o _
3! S ° Rob-70 | | °§ ® RC-20
§°0 \M ,50 .....
-1 .
4 3 2 1 0 1 2 3 4 5 6 6
log(war/s™)
® 1.C-40
o
1 ) -
g e —
2o ~“vd?
-1 L L L L L 1
-3 -2 -1 0 1 2 3 4 5 6 -4 -3 -2 -1 0 1 2 3 4 5 6
141 log(war/s™) log(war/s™)

142  Figure 1. Master curves of G’, G” (top) and tan J (bottom) for (a) Rbb-70, (b) RC-20, (¢) RC-40 and

143 (d) RC-80°, compared with those for the corresponding linear counterparts, reduced at 7; = T, + 60 K.
144
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Figure 2. Temperature dependence of log ar for a series of RC and LC samples as well as their
backbones reduced at 7; = T, + 60 K. The solid curve indicates the WLF relationship for linear PS
samples as log ar = Ci(T— T,)/(C> + T — T;) with C; = 6.3 and C, = 110 K."?

From Figure 1, the following facts can be found out at first glance. First, in the high w region
of war = 10°° s7!, G’ and G" as well as tan ¢ for the all RC and LC samples are overlapped
well, and the overlaid data are shown in Figure S1 in Supplementary Information (SI). This
result is associated with the fact that the temperature dependence of ar shown in Figure 2 can

be described by the single WLF curve.

For the backbone samples in Figure 1a, Lbb-70 shows a small entanglement plateau region (i.e.,
G'> G")in G'(w) at 10" S war/s™' < 10°2, whereas Rbb-70 shows no plateau but reveals an
apparent Rouse-like behavior even though its molecular weight is about four times higher than
Me.. This result on Rbb-70 is qualitatively similar to that reported for highly-purified ring PS

samples.**

Regarding the RC and LC samples, an entanglement plateau-like region in G’(w) is observed
at war/s ! = 10" ~ 1032 7! for RC-20 and LC-20 with the shortest My, (= M), and the region
is extended toward lower w with increasing My:. At sufficiently low w, a terminal relaxation
behavior with G’ < w? and G” « w! is observed for most of the samples. In the w region between
the plateau and terminal region, there is a region where G'and G" show a weaker @ dependence
than the terminal relaxation, which is also confirmed in tan J. This behavior is more distinct for
the LC samples than for the RC ones, and more evident for the samples with shorter branch
chains. Similar trend has been also observed in previous studies of some comb-shaped polymers

with linear backbones.!?22
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When comparing the RC and LC samples with the same branch chain length, their G" and G”
as well as tan 0 overlap with each other up to slightly lower @ than the plateau region (at war
= 102 s7! for LC-20/RC-20, at war = 10792 s7! for LC-40/RC-40, and at war = 10712 s7! for
LC-80/RC-80%). Note that the width of the plateau region for LC-20 and RC-20 is slightly
different, probably due to the slightly different My of the samples. For entangled comb-shaped
polymers, a hierarchical relaxation mechanism has been proposed, in which the outer entangled
branch chains relax first, followed by the inner backbone chains.**® Naively, the agreement in
G*(w) of the RC and LC samples with the same My, in the high to middle @ range (from glass
transition to plateau region) can be explained by assuming that the branch chain relaxation is
dominant in this w range. In contrast, at the low w side, the LC samples exhibit slower terminal
relaxation behavior than the corresponding RC ones, as can be seen in Figure 1. In other words,
in the RC and LC samples examined in this study, the differences in the molecular structure of

the backbones are mainly affected at the lower w region than the entanglement plateau in G*(w).

Several viscoelastic parameters are estimated from G*(w) in Figure 1 in order to discuss the
differences between the RC and LC samples. The plateau modulus Gn® of the samples (except
Rbb-70) is determined from the G’ value at the minimum tan J, and the obtained values are
summarized in Table 2. Whilst the details are given in SI, the Gn° values are higher for the RC

and LC samples with lower My, (in other words, lower @y,).

In order to characterize the terminal relaxation behavior of the LC and RC samples, the zero-
shear viscosity 7o and the steady-state recoverable compliance J.°, expressed as follows, are
estimated:

o = lim {6 (w)/w} (1)
and

Je° = lim[{G'(0)/@?}/[6" ()/w]?] @)
In relation to Je°, the complex compliance J () (= J' — iJ", where J' and J" represent storage
and loss compliances, respectively), converted from G*(w) in Figure 1, is shown in Figure S3
in SI. Details on how to actually estimate J.° are summarized in SI. The obtained 7o and J°
values for the samples are summarized in Table 2. While 7o was obtained with high accuracy,

Je° is shown with error due to the uncertainties involved in its determination.



206

207
208
209
210
211
212
213
214
215
216
217
218
219
220
221
222
223
224
225
226
227
228
229
230

Table 2. Viscoelastic parameters of the LC and RC samples at 7: = T + 60 K.

Samples 107°Gr° 1050 10°J° (ENIA
Pa Pas Pa”! -
Lbb-70 2.1 0.18 0.73 +£0.02 1.5
Rbb-70 - 0.015 0.59 £0.04 -
LC-20 3.0 0.37 3.9+0.1 11.7
RC-20 29 0.14 1.6 +£0.1 4.7
LC-40 24 1.5 59403 14.0
RC-40 2.5 0.97 2.7+0.2 6.7
LC-80 23 10.1 58+0.3 12.9
RC-80" 2.2 7.0 2.7+0.2 5.9

Figures 3 and 4 show the molecular weight dependence of 7o and J.°, respectively, for the RC
and LC samples. In Figure 3, 5o for the RC and LC samples is plotted against My in double-
logarithmic scale, and compared to that for linear PS*-# (plotted against Miota1) and star-shaped
PS* (plotted against the molecular weight of one arm M, (= Mur)) reported elsewhere. For the
reference, Figures S4 and S5 in SI show the 70 and J:° data, respectively, plotted against Motal
for the RC/LC and star PS samples as well as linear PS. If the branch chains in RC and LC
molecules are long enough (in other words, if the fraction of the backbone @y, = 1 — @y is
small enough), their viscoelastic behavior is expected to be similar to that of star polymers with
the same My:. Hence, comparing 70 of the RC/LC polymers with that of star ones against My, is
a good way to discuss the contribution of the backbone in the terminal relaxation of the RC and

LC samples.

In Figure 3, linear polymers exhibit 70 o< M! below the critical molecular weight M. (= 2M.),
whereas above M, they show a dependence of 79 on M>* due to intermolecular entanglement,
as is well-known.! (Note that the variation in 7o data for linear PS at M < M_ is possibly due to
the lack of proper correction of 7g.) The 7o of star polymers is known to increase in an
exponential manner independent of the number of arm chains, when plotted against M, instead
of Miowal.*”*° As shown in Figure S4 in SI, when plotted against Miowl, 70 of the RC and LC
samples is evidently lower than that of the linear and star PSs at the same Mol However, as
shown in Figure 3, if 5o is plotted against Mo, 70 of the LC and RC samples in this study is
well-above that of linear PSs, and even higher than that of star polymers with the same branch
chain length. Since there are only three data points of 7o for the both LC and RC samples, it is

difficult to correctly discuss their molecular weight dependence, but they appear to show a

8
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similar exponential-like viscosity increase as the star polymers. Although 7o of LC is higher
than that of RC at the same My, (as can be seen from Figure 1), the difference in 7o between the
LC and RC samples becomes smaller as My, increases (i.e., #o,.c/fo,rc = 2.6, 1.6 and 1.4 for
LC-20/RC-20, LC-40/RC-40 and LC-80/RC-80°, respectively), and their 7o appears to

asymptotically approach that for star polymers.
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Figure 3. Molecular weight dependence of 7o for RC and LC samples, compared with linear PSs***

and 4-arm and 6-arm star PSs,’” reported elsewhere. For the RC/LC and star PS samples, the 7, data are
plotted against My, while those for linear PSs are against M. The solid line and the dotted curve

indicate the #0-M dependence for the linear and star PSs, respectively.

In Figure 4, J.° for the LC and RC samples is plotted against My, and compared to that for
linear and star PSs, as done in Figure 3. For monodisperse linear polymers, J.° is known to
increase in proportion to M up to M.’ (= 5~6M.), and to remain constant above M."! For star
polymers, J° continues to proportionally increase to My even above M."*” The RC and LC
samples measured in this study exhibit considerably higher J.° than the star-shaped PS with the
same My, This J.° difference between the RC/LC and star polymers is naturally due to the
presence or absence of the backbone in molecules, and the associated difference in molecular
dynamics. In addition, the RC exhibits a J.° value about half as large as the corresponding LC
(i.e., Jerc® = 0.4~0.5 J.1c°) irrespective of My This J.° difference between the RC and LC
samples may be due to the difference in the contribution of linear or ring backbone relaxation
in the terminal region, if one accepts the idea of the hierarchical relaxation model for comb-
shaped polymers.?° In addition, unlike star polymers, J.° values increase from LC-20/RC-20 to
LC-40/RC-40, whereas they are apparently saturated from LC-40/RC-40 to LC-80/RC-80".



256
257
258
259

260

261
262
263
264
265

266
267
268
269
270
271
272
273
274
2175
276
2717
278
279
280

Similar molecular weight dependence of Jc° (i.e., the My-dependent exponent of J.° becomes
gradually smaller with increasing M) is reported for a series of linear comb PSs with equal

backbone lengths and different branch chain lengths by Roovers and Graessley.'”
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Figure 4. Molecular weight dependence of J.° for RC and LC samples compared with linear PS**->-*
and 4-arm and 6-arm star PS* samples. For the RC/LC and star PS samples, the J.° data are plotted
against the molecular weight of one branch chain My, while those for linear PSs are against Mo The

solid and dotted lines indicate the J.°-M dependence for the linear and star PSs, respectively.

In order to further see the shape of the terminal relaxation for the LC and RC samples, the
product of Gn° and Je°, which is a measure of the distribution of terminal relaxation modes, is
estimated and summarized in Table 2. Gn°Je° of the LC samples is higher than that of the RC
ones, and much higher than that of well-entangled linear polymers (with M > M."; GNOJ° = 2.5
+0.5)."3 Moreover, the GnOJe° value of the RC samples (as well as the LC ones) is comparable
irrespective of the molecular weight of the branch chains. These results suggest that the shape
of the terminal relaxation of the RC samples is independent of the branch chain length within

the range of the samples examined in this study.

In the following subsections, we analyze the G*(w) data of the RC and LC samples using several

molecular models, and further discuss the molecular dynamics of the RC and LC molecules.

Data analysis with comb-Rouse model
The obtained experimental G*(w) data are first analyzed with the discrete spring-bead model,*®

which does not take intermolecular entanglement effects into account. Even for entangled linear

10
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polymers, their dynamics are described based on the motion of spring-bead Rouse chains
constrained in a virtual tube,” and hence, understanding the Rouse dynamics for the LC and RC

polymers is important.

Whilst the details are given in the textbook,? the relaxation modulus G(¢) of linear polymers
based on the spring-bead Rouse model is described as

G(t) = (PRT/Miotar) p=1i exp (—t/6,7r) 3)
where p is the density of a polymer, R is the gas constant, 7T is the temperature, Miol s the total
molecular weight of the polymer, N is the number of total Rouse segments, 8, is the ratio of the

first and pth eigenvalues, 11 and 4,, of the Rouse matrix as

0, = A1/, = sin®(n/2N)/sin*(pm/2N) 4)
tr 1s the longest Rouse relaxation time at p = 1, and is represented in the high limit of N as
R = (N*b?/67°ksT (5)

where {is the monomeric friction, b is the segment length, kg is the Boltzmann constant. G"(w)
can be actually obtained by Fourier transformation of G(¢). For comparison with experimental
data for PS, G*(w) of the model is appropriately shifted based on the fact that a linear PS with
the molecular weight M = M. = 18.0 kg/mol has a terminal relaxation time g = 7. = 1.3 x 1073
sat T; = T, + 60 K.*!

In contrast to linear homologues, as for ring polymers consisting of N beads, the eigenvalues at
even p mode are obtained as double roots in the model. Thus, G(¢) of the ring polymers can be
42,43

G(t) = (ZpRT/Mtotal) ley:g\}'en €xp (_t/ngR,ring)

Wlth TR,ring = (N2b2/247'[2kBT (6)

written as

For polymers having branched architectures, their modulus as well as eigenvalues naturally
depend on the molecular structures. In fact, Ham represented branched polymers with arbitral
branch points as beads (Rouse segments) connected by springs in matrices.?” Nitta proposed
that the Rouse-Ham matrix can be described by various different types of matrices using graph
theory, and reported that the dynamics of polymers with arbitrary branching structure can be

described by calculating eigenvalues of the matrices.?’!

In this study, we estimated the dynamic modulus from the comb-Rouse model, G comb-Rouse(®),
for RC and LC molecules with the Rouse segment connections shown in Figure 3 by calculating
the eigenvalues of the matrices composed of these connections, following the method by

Nitta.’*3! Note that Nitta treated the systems without any loops in molecular structures in his

11
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reports, but we have confirmed that the calculation on polymers with loops (i.e., Rbb and RC)
is also available. Here, the number of beads in one branch chain is zy,, the number of backbone
beads between adjacent branches is nvb, and the number of a repeating unit is defined as g. For
simplicity, branch chains are assumed to be linked to the backbone at equal intervals. In addition,
the LC samples are modeled as such that the branch chains are linked to both ends of the
backbone, based on the actual molecular structure.'!” The structural parameters for the RC and
LC samples used in this study, calculated based on the Rouse segment molecular weight of 850
g/mol for PS,>*?>* are summarized in Table 3. The matrix eigenvalues for each sample were
calculated using the open-source GNU Octave software (ver. 5.2.0) which utilizes LAPACK
for linear algebra calculations. The eigenvalues given were substituted into eq. 3 so as to obtain

G(?), resulted in getting G*(w), for the LC and RC samples.

(a) 8 (b) 8 8
Ny M Mo .

....
. o
e .
-------
------------------

Figure 5. Schematic representation of (a) RC and (b) LC molecules by the connection of beads with the

structural parameters 7y, 1o, and g.

Table 3. Structural parameters in graph theory for a series of LC and RC samples

Samples Hbb Tbr q Mrotal *
Lbb-70 84 0 1 84
Rbb-70 84 0 1 85
LC-20 4 24 20 585
RC-20 4 23 19 513
LC-40 4 49 23 1269
RC-40 4 49 21 1113
LC-80 4 89 20 1950
RC-80" 6 89 14 1330

(a) Calculated from niotat = g(nvb + 16r) for RC and noeal = g(7ob + 1or) + (1 + nur) for LC molecules.

12
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Figure 6 compares the experimental G*(w) data for the series of RC and LC samples with the
predictions of the comb-Rouse model (thin curves). The complex modulus of the model is
shown as G"Model-1 = G comb-Rouse + G glass, Where G glass Tepresents the modulus of the glassy
mode as G"glass = 10! %w in accordance with the experimental data. Here, G’ of the glassy mode,
G'glass, 18 not considered, because G'glass has little effect in this observation window. A direct

comparison of GMmodel-1 between the LC and RC samples is shown in Figure S7 in SI.

Regarding the backbone samples in Figure 6a, it is obvious that the experimental G"(w) of Lbb-
70 cannot be described by G Model-1 since Lbb-70 shows an entanglement plateau. For Rbb-70,
the model describes the data well at high @ with war = 10* s, but at lower w the relaxation
of the data is slightly but non-negligibly slower than the model. This result is apparently
inconsistent with that for previous highly-purified ring PS samples with similar molecular
weights.** One possibility might be the presence of a very small amount of linear chain
precursor (Lbb-70) in Rbb-70 as an impurity. Another possibility might also be due to some
intermolecular interaction between the vinyl group type functional groups (ca. 20 units
randomly present in about 700 styrene monomers in the main chain), which serve as branch
chain linkage points in the RC sample. Although we do not know the exact reason, we believe
that this slight deviation of the Rbb-70 data from the Rouse model has not significantly affect

the following discussion on the RC and LC samples.

For the RC-20 and LC-20 samples with short branch chains in Figure 6b, G model-1 does not
apparently describe the experimental G*(w) data. Specifically, G model-1 fails to reproduce the
plateau region (i.e., G' > G") of the experimental G*(w) seen at war/s™' = 10" ~ 1032 57! for
both RC-20 and LC-20. This result suggests that entanglement between branch chains occurs
in the RC-20 and LC-20 samples even though their My, is just close to M.. On the low w side,
the model shows a considerably faster relaxation than the data, but the shape of G*(®) is similar
to each other in between the data and model. That is, at @ region lower than the plateau region
in RC-20, the model exhibits relatively simple terminal relaxation behavior, whereas in LC-20,
the model shows weaker @ dependence for G’ and G” than the terminal relaxation at 10%7 <
wart/s”! < 10?2, From the above, the comb-Rouse model that explicitly takes into account the
branching structure of the molecules qualitatively reproduces the terminal relaxation behavior
of the RC-20 and LC-20 samples, although some time-scale corrections (e.g., by introducing

entanglement effects) are necessary.
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For the LC-40/RC-40 and LC-80/RC-80" samples with long branch chains, the G model-1
reproduces the experimental data only at war = 10*? s7! for G’ and at war = 10?2 s for G”,
but fails to explain the data covering the other w range, probably due to entanglement effects
between the branch chains. Focusing on G model-1 for the LC and RC molecules with the same
branch chain length, the difference in backbone structure is pronounced only on the lower w
side than the power law behavior of G model-1, Which is specific to the Rouse model (i.e., G’ <
G" « @'?). This trend itself is qualitatively consistent with the experimental G*(w) data for the
RC and LC samples. Notably, unlike the hierarchical relaxation model of entangled branched
polymers,’® G comb-rouse describes the molecular motion without separating that of the backbone
and branches. Thus, it is significant that the difference in terminal relaxation behavior between
the RC and LC samples could be qualitatively expressed from the comb-Rouse model that

reflects the intrinsic molecular structure without using the hierarchical relaxation model.
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Figure 6. G'(w) for (a) Rbb-70, (b) RC-20, (c) RC-40 and (d) RC-80" compared with those for the

corresponding linear counterparts. The data (symbols) are compared with the prediction (curves) of

G 'Model-1 = G combRouse T G glass (thin) and G 'model2 = G vmm + G comb-Rouse T G gtass (thick). G'(w) for the

Lbb and LC samples are vertically shifted by a factor of 4 = 400.
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Data analysis with entanglement polymer model

In the previous subsection, we found out that the comb-Rouse model which takes into account
the branching structure explicitly does not adequately express the G*(w) data for the RC and
LC samples in this study. Specifically, it was suggested that intermolecular entanglement of

branch chains occurs even in the RC-20/LC-20 samples with short branch chains.

Therefore, in this subsection, we attempt to describe the viscoelastic data of the RC and LC
samples by assuming that the branch chain entanglement relaxation of the RC and LC samples
can be described by the model for entangled star polymers. Here, we applied the Milner-
McLeish (MM) model,”” which considered the dynamics of arm retraction motion with
introducing the concept of dynamic tube dilution in star polymers. Specifically, we attempt to
describe the experimental data by considering the branch chain entanglement contribution
G*mm, in addition to G comb-rouse and G giass calculated in the previous subsection: G vodel-2 =
G'Mm + G comb-Rouse + G alass. Note that the simple addition of G*mm and G comb-rouse iS not
actually correct (because the dynamics assumed by the two models are not independent), but
still this treatment tells us to what extent the viscoelastic data in terminal region can be correctly
described. Whilst the details of the MM model are given in the original paper,”’ the parameters,
M. =18.0 kg/mol, e = 1.3 x 1073 s, Gy = 2.1 x 10° Pa and tube dilution parameter d = 1, are
used in the present study. The number of branch chain entanglement Z, is estimated as Zy: =
My pi/Me. Even using these experimentally determined parameters, quantitative differences
between the data and the model are known to exist.”” In SI, the viscoelasticity data for 4-armed
star PSs reported by Graessley and Roovers*” are fitted by the MM model, and the differences
between the model and the data are discussed. In particular, we adopt an additional horizontal
shift factor log x = —0.4 for the G*wmwm of the LC and RC samples, which is the same value as
that required to describe the G*(w) data of the star PSs. As for the tube dilution parameter, we
confirmed that the model fits the data better when d = 1 rather than d = 4/3 for the LC and RC

samples.

In Figure 6, G*(w) data (symbols) for the LC and RC samples are compared with G “vodei-2 (thick
curves). A direct comparison of G vodel-2 between the LC and RC samples is shown in Figure
S7 in SI. The G*mm term in the G Mmodel2 is vertically shifted by log y = 0.25 for LC-20/RC-20,
0.20 for LC-40/RC-40, and 0.05 for LC-80/RC-80", in addition to the common horizontal shift
(log x = —0.4), for better agreement with the experimental data. Note that for the LC and RC
samples with the same branch chain lengths, the same shift factors are applied since the G* data

in the plateau region are in good agreement with each other. log y is larger for the LC/RC
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samples with shorter branch chains. This result is probably because the contribution of G mm
in G Model-2 is related to @y in the LC/RC molecules, as proposed in the hierarchical relaxation
model for comb-shaped polymers.?*?? In fact, we confirmed in Table 1 and Figure S2 in SI that
the Gn° value of the LC and RC samples used in this study becomes higher for lower M, (i.e.,

lower @yy).

Figure 6 shows that G model2 reproduces the G'(w) data well in the high to middle o range,
including the glass transition and part of entanglement plateau, for the all LC and RC samples
examined in this study. In contrast, at low @, G"(w) data are not well-described by G “vodel-2. In
fact, the plateau region predicted by G Model-2 is slightly but non-negligibly narrower than that
of the data, which is clearly different from the results of star polymers as shown in Figure S5
in SI. More importantly, G mode2 for RC-40 and RC-80" is almost perfectly overlapped with
that of the corresponding LC samples. This fact means that the model does not correctly present
the differences in terminal relaxation behavior between the RC and LC samples, which was
observed in the experimental data as well as in G model-1. These results suggest that G*model-2
evidently lacks a contribution to reflect the effects of the differences in backbone structure in

the RC and LC samples.

As a summary of the model analyses, we clarified that neither the comb-Rouse model nor the
MM model can accurately reproduce the viscoelastic data of the RC samples in this study. In
fact, to the best of our knowledge, no specific model exists to describe the viscoelastic data of
RC polymers (as well as no viscoelastic data of a series of RC polymers exist prior to this study).
Thus, as a first step, we believe it is worthwhile to show the fact that the data of the RC samples
cannot be reproduced by the above models. As an idea to better describe the experimental
results, in the future, we will examine to develop the hierarchical relaxation model to the RC

samples.

CONCLUSION

In this study, the viscoelastic properties of systematic RC samples with different branch length
(i.e., Moo = 4M. and My = M., 2M., and 4M.) were investigated by comparing with the
corresponding LC ones. Even the RC-20 and LC-20 samples with shorter branch chains
exhibited an entanglement plateau of G*(w) in the middle o region, and its region is extended
with increasing branch chain length in the RC/LC samples. We attribute this region to the
contribution of intermolecular entanglement of the branch chains. In the low w region, all the

samples exhibited terminal relaxation behavior. In the @ region between the plateau and
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terminal regions, the G' and G"” showed a weaker @ dependence than the terminal relaxation.
This behavior was more pronounced for the LCs than the RCs, and also for the samples with
shorter branches (i.e., the larger fraction/relaxation contribution of the backbone). 7o for the RC
and LC samples was considerably higher than that of star polymers with the same My, but the
molecular weight dependence of 7o for the RC and LC samples showed a similar exponential-
like dependence for star polymers. Moreover, the ratio of 7o between the LC and RC samples
becomes smaller as My, increases, and their 7o appears to asymptotically approach that for star
polymers. J:° of the RC and LC samples first increases and then converged to an apparently
constant value with increasing branch chain length. By reflecting the difference in backbone
structures, J.° of RC was almost half of that of the corresponding LC, irrespective of Mo:.
Moreover, the product Gn°Je° of the RC samples is higher than that of the LC ones, and the
GN°Je° value of the RC (as well as LC) ones is comparable irrespective of the molecular weight
of branch chains. These results suggest that the shape of the terminal relaxation of the RC
samples is independent of the branch chain length within the range of the samples examined in

this study.

The experimental viscoelasticity data obtained were analyzed using G comb-rouse Which reflects
the molecular structure explicitly by matrix description using graph theory. G"comb-Rouse failed
to reproduce the plateau of the G* data in the medium w range for all LC and RC samples. At
low @, the model showed considerably faster relaxation than the data, but the shape of G”
exhibited similarity between the model and the data. It is worthwhile that the model was able
to qualitatively reproduce the terminal relaxation data in the LC and RC samples, without
separating the motion of the branch and backbone chains, unlike the hierarchical relaxation
model. We also attempted to describe the G* data for the LC and RC samples by adding the
G wm, which was estimated from the Milner-McLeish star polymer entanglement relaxation
model, to the G comb-rouse. By introducing G*mwm, the model showed better agreement with the
data, but was still incomplete. Specifically, the plateau region in G" predicted by the model was
narrower than the data, and the difference in G* between the LC and RC samples in the terminal
relaxation region on the low w side disappeared in this model, which was visible in the data
and in the G comb-Rouse. In the summary of the data analyses, the two models used in this study
could not fully describe the data for the RC and LC samples. It is interesting to note, however,
that G comb-Rouse, Which takes the molecular structure into account, was able to describe the
differences between the LC and RC samples at the low w side of G*(w). In the future, we will
modify the existing hierarchical relaxation model to better describe the experimental data by

appropriately introducing the contribution of slow relaxation of ring backbones.
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