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Abstract

We investigated the terminal relaxation behavior of entangled linear polystyrene L430 (with the entanglement number
Z=MI/M, ~ 24, where M is the molecular weight and M, is the entanglement molecular weight) blended with ring R30
(Mg ~ 1.8 M) and dumbbell-shaped D308030 (My ~ 1.8 M, and M ~ 4.7 M,) polymers. The L430/R30 blend exhibits a
one-step relaxation unlike binary linear polymer blends with different molecular weights. The zero-shear viscosity 7, of the
L430/R30 blend is slightly lower than that of the neat L430. These results suggest that spontaneous penetration of the linear
chains into the rings occurs, but the rings do not act as entanglement cross-linkers. The L430/D308030 blend also exhibits
a one-step relaxation, but its terminal relaxation is slower and broader than that for L430. This result is probably because
two ring sections in D308030 are penetrated by the linear chains, and hence D308030 acts as a pseudo-entanglement point

with longer characteristic time.

Keywords Terminal relaxation - Entanglement - Ring/linear polymer blends - Dumbbell-shaped polymers

Introduction

Ring polymers are one of the essential model polymers for
studying physical properties because they have no chain ends
in their structure. In particular, the dynamics of ring poly-
mers is still one of the unsolved and extensively researched
topics (Kapnistos et al. 2008; Doi et al. 2015a, 2017; Richter
et al. 2015; Vlassopoulos 2016; Kruteva et al. 2020a; Doi
2022). The current understanding is that highly purified ring
polymer melts fractionated by liquid chromatography meth-
ods (Lee et al. 2000) exhibit viscoelastic behavior similar
to that of Rouse ring models at low molecular weights M

> Yuya Doi
ydoi@mp.pse.nagoya-u.ac.jp

P4 Atsushi Takano
atakano@chemibio.nagoya-u.ac.jp

Department of Molecular and Macromolecular Chemistry,
Nagoya University, Nagoya 4648603, Japan

Department of Materials Physics, Nagoya University,
Nagoya 4648603, Japan

Institute of Materials Chemistry and Engineering, Kyushu
University, Kasuga, Fukuoka 8168580, Japan

Toyota Physical and Chemical Research Institute, Nagakute,
Aichi 4801192, Japan

(Doi et al. 2015a), while at high M, they exhibit a power-law
stress relaxation (Kapnistos et al. 2008; Doi et al. 2017).
The latter is distinctly different from relaxation behavior
for entangled linear and branched polymers (Vlassopoulos
2016). This characteristic molecular dynamic is associated
with a more compact conformation of ring polymers in melts
than ideal Gaussian ring chains (Suzuki et al. 2009; Halver-
son et al. 2011; Iwamoto et al. 2018a; Kruteva et al. 2020b).
Several molecular models (Obukhov et al. 1994; Ge et al.
2016) have been proposed to describe the dynamics of high-
M rings, however, they are not fully understood yet.
Another characteristic property of ring polymers is
found in ring/linear polymer blends. Namely, the addi-
tion of linear polymers to rings results in spontaneous
penetration of the linear chains into the ring molecule,
as confirmed by neutron scattering experiments (Iwamoto
et al. 2018b) and simulations (Iyer et al. 2007; Subrama-
nian and Shanbhag 2008; Halverson et al. 2012; Tsalikis
and Mavrantzas 2014, 2020; Hagita and Murashima 2021).
Due to the penetration, the dynamics of ring/linear blends
becomes slower than that of pure rings and sometimes
even of linear samples, as confirmed with rheological
(Kapnistos et al. 2008; Parisi et al. 2020), diffusion (Nam
et al. 2009; Kruteva et al. 2017), and spin-echo (Goossen
et al. 2015) measurements. In fact, Parisi et al. (2020)
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proposed that, especially when the fraction of rings is rela-
tively low (<0.3), rings trapped by the multiple threading
of linear chains can only relax by linear-chain-induced
constraint release (CR) with much slower relaxation than
that of the linear chains. Not only the synthetic polymers,
but also ring and linear DNAs are used as model polymers
to understand their dynamics (Robertson and Smith 2007,
Kong et al. 2022). The ring/linear polymer blends also
exhibit a peculiar nonlinearity in rheology (Zhou et al.
2019, 2021; Borger et al. 2020; Young et al. 2021). How-
ever, there are still few systematic experimental studies on
dynamics of ring/linear blends. In particular, in the case of
ring/linear blends, the ring/linear molecular weight ratio
and the ring/linear mixing ratio need to be considered as
parameters of the sample. In many previous rheological
studies on ring/linear blends (Kapnistos et al. 2008; Parisi
et al. 2020; Kong et al. 2022), ring and linear molecules
have the same M being sufficiently higher than the entan-
glement molecular weight M,. On the other hand, as the
molecular weight of ring polymers My becomes lower,
it is expected that the number of linear chains which can
penetrate into the ring decreases, and eventually the lin-
ear chains do not penetrate into the ring. As one of the
subjects of this report, we focus on the viscoelasticity
of samples blended with well-entangled linear polymers
(M > M,) and rings with relatively low molecular weight
(Mg ~18M,).

Inspired by the dynamics of ring/linear polymer blends,
there are several studies on the dynamics of ring polymer
derivatives, where ring and linear chains are covalently con-
nected (Doi et al. 2015b, 2020, 2021; Doi 2022). In single-
tail tadpole-shaped polystyrene (PS) samples, where a ring
(Mg ~ 1.8 M, or 3.3 M,) is connected to one end of a lin-
ear chain (M| ~ 1.5~6.7 M.), the linear tail spontaneously
penetrates into the ring part and exhibits a slower terminal
relaxation than the individual linear and ring polymers and
even the ring/linear polymer blends (Doi et al. 2015b, 2020).
In addition, in dumbbell-shaped PS samples, where rings
(Mg ~ 1.8 M) were connected to both ends of a linear chain
(M; ~6.7 M, and 14 M,), one dumbbell chain spontaneously
penetrates into the ring part of another dumbbell molecule,
forming a unique penetration/entanglement network with
a remarkably slow relaxation time (Doi et al. 2021). Note
that in some studies, polymers with short dense brushes on
both ends of a linear backbone are called dumbbell polymers
(Houli et al. 2002, Stadler et al. 2011), but they are differ-
ent from the dumbbell polymers we focus on in this study.
For the blend sample of a dumbbell-shaped polymer with
an entangled linear chain, it is expected that the dumbbell
molecule becomes a pseudo-entangled cross-linker with a
longer characteristic time than the conventional entangled
chains due to the penetration of the linear chain into the two
distant ring sections separated via the central linear chain in
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the dumbbell polymer. However, there are no such experi-
mental examples in the past, and hence the validity of the
above hypothesis has not been confirmed.

In this study, therefore, dynamic viscoelastic measure-
ments are performed on samples of entangled linear poly-
mers blended with a ring polymer with relatively low molec-
ular weight (M ~ 1.8 M,) and a dumbbell-shaped polymer
with the rings connected at both ends of a linear chain (M =~
4.7 M,). The effects of the addition of the ring and dumbbell
polymers on the terminal relaxation behavior of the entan-
gled linear polymers are discussed.

Experimental

L430 (Tosoh Co., Ltd.), which has a weight-average molecu-
lar weight M, of 427 kg/mol, was used as an entangled lin-
ear PS sample. The entanglement molecular weight, M., of
linear PS is known as 18.0 kg/mol (Ferry 1980), and hence
L430 has an entanglement number Z=M /M, ~ 24. The
synthesis of the dumbbell-shaped PS, D308030, as well as
its constituents linear L80 and ring R30, was reported previ-
ously (Doi et al. 2016). The molecular characteristics of the
samples are summarized in Table 1. Blend samples of L430
with L80, R30, or D308030 were prepared by freeze-drying
of mixed dilute solutions as reported previously (Doi et al.
2015b). Here, L80 and D308030 were weighted to be equi-
molar to L430, while R30 was weighted to be double molar
to L430. This mixing ratio was determined so that D308030
was present in equimolar to L430 in the L430/D308030
blend as a standard and that the linear and ring chains in
the other blends correspond to the number of moles of the
constituents in D308030 (i.e., one linear and two ring units).
The volume fraction of L430, @;, in the blend samples,
which assumes that all components have the same density,
is summarized in Table 2. After freeze-drying, the powder
samples were subjected to thermal annealing in vacuum to
make disk-shaped samples for rheological measurements.
Dynamic viscoelasticity measurements under linear strain
were performed using an ARES-G2 rheometer (TA Instru-
ments) under the same measurement conditions as in the past
(Doi et al. 2015a, 2015b). Basically, a cone and plate geom-
etry with 8 mm diameter was used, but due to the limited

Table 1 Molecular characteristics of the samples

Samples M,, / kg mol™! MM, Purity / %
L4307 427 1.02 -

L80° 84.0 1.06 -

R30P 33.7 1.02 99.9
D308030" 147 1.01 99.9

Reported commercially; Preported previously in Doi et al. (2016).
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Table 2 Characteristic rheological parameters of the samples

Samples (o 10735,/ Pas 10°J.°/Pa~!
L430 1 68., 1.2
LA430/L80 0.84 47, 13,
L430/R30 0.86 62.4 1.3,
L430/D308030 0.74 125., 1.44

4, is estimated under assumption that the density of all components
(i.e., L430, L80, R30, and D308030) is equal.

sample volume, 4 mm diameter parallel plate geometry was
used for the 1.430/D308030 blend. The data consistency for
the two geometries has been confirmed from the measure-
ments for standard polystyrene samples. The measurements
were performed in the range of temperature 7= 160 ~240 °C
with a linear strain amplitude of less than 5%.

Results and discussion

Figure 1 shows the master curves of storage and loss mod-
uli (G' and G", respectively) and tan 6 (= G"/G") for L430,
L430/L80, and L430/R30, while Fig. 2 compares those
for L430 and L430/D308030 at the reference temperature
T.,=160 °C. Figure 3 displays the temperature dependence
of horizontal shift factors a so as to construct the mas-
ter curves for all the samples, being evident that the blend
samples exhibit a temperature dependence of a; expressed
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Fig. 1 Master curves of a G', G" and b tan 6 for L430, L430/L80, and
L430/R30, reduced at 7,=160 °C
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Fig.2 Master curves of a G', G" and b tan § for L430 and L430/
D308030 reduced at 7,=160 °C
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Fig.3 Temperature dependence of horizontal shift factors a; for the
samples at 7,=160 °C

as log ar=—6.3(T—T,)/(1104+T—T,), which is consistent
with that of L430 and other linear PS reported previously
(Doi et al. 2015b, 2020). The dynamic modulus measured at
each T in Figs. 1 and 2 was corrected by shifting along the
vertical axis by by =p(T,)T,/p(T)T where p(T) is the density
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of PS at T described by an empirical equation, p(7)=1.2503
—6.50x107* T (p in g cm™! and T in K; Zoller and Walsh
1995). In addition, van Gurp-Palmen plot (i.e., the absolute
value of the complex modulus IG" 1= {(G"*+(G")*}'? vs
phase angle §; van Gurp and Palmen 1998) of the samples
is shown in Fig. 5 in Appendix.

Figure 1a shows that G"(w) of the two blends, L430/L80
and L430/R30, overlaps well with that of L430 at the high
o limit (i.e., wa; =107 s7"). The plateau modulus Gy, for the
blends estimated from the G’ value at the minimum point
of tan ¢ is also in good agreement with that of 1430, i.e.,
2 % 10° Pa, within the error range. In contrast, in the low to
middle w range (1073~ 10" s71), G*(w) is different among
the samples. That is, G’ in the plateau region decays faster
and G'and G" in the terminal region (wap= 1073~1072571)
is lower in the order of L430/L80, L430/R30, and L430.
Two rheological parameters that characterize the ter-
minal relaxation behavior, i.e., zero-shear viscosity 7,
(=lim,,_,;{G"(w)/w}) and steady-state recoverable compli-
ance J.° (= (I/noz)limaHo{ G'(w)lw?}), are estimated, and the
values obtained are summarized in Table 2. Qualitatively, 7,
increases in the order of L430/L80, L430/R30, and 430,
while J.°, which represents the relaxation mode distribution,
is almost the same among 1430, L430/L80, and L430/R30,
but that for L430/D308030 is slightly higher than the others.
The molecular weight dependence of 7, is shown in Fig. 6
in Appendix, in order to discuss the extent of the difference
in 57, values between the samples.

From Fig. 1b, the difference in the shape of tan  shows
the difference in relaxation modes between L430, 1430/
R30, and L430/L80. That is, L430 and L430/R30 essentially
exhibit a one-step relaxation with a minimum tan § at around
wa;=10%3 57!, whereas 1.430/L80 exhibits two minima of
tan § at around wap=10"" s™" and 107" 7!, indicating
the latter possesses two different relaxation origins. There
have been several reports on the linear viscoelastic proper-
ties of binary linear polymer blends with different molecular
weights (Watanabe 1999; Read et al. 2012, 2018), where it is
well-established that the low molecular weight component
relaxes first, followed by the relaxation of high molecular
weight component. Figure 4b shows a schematic illustration
of the entangled linear polymer blend L.430/L80 compared
to that of entanglement for the neat L430 in Fig. 4a.

In contrast, tan 6 of the L430/R30 blend is similar to that
of the neat L430. If R30, which originally has a much faster
relaxation time, relaxes independently from 1430, L430/
R30 would exhibit a two-step relaxation as observed in
L430/L80. However, the L430/R30 blend exhibits a one-
step relaxation, which could be due to the incorporation of
R30 into the entanglement network of L430. In other words,
R30 may be spontaneously penetrated by L430 and adopt
the conformation as schematically shown in Fig. 4c. In fact,
viscoelasticity data have been obtained for tadpole- and
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dumbbell-shaped polymers having R30 as a constituent,
suggesting that R30 is spontaneously penetrated by other
molecules in melts (Doi et al. 2020, 2021). This experimen-
tal fact is consistent with the present molecular picture in
Fig. 4c.

In some previous studies, 7, of ring/linear polymer blends
was evidently higher than that of the component linear neat
polymers (Kapnistos et al. 2008; Parisi et al. 2020; Kong
et al. 2022). In those studies, both linear and ring polymers
have sufficiently higher molecular weights (M; ~ My =~
10M,), where it can be considered that several linear chains
spontaneously penetrate into one ring. As a result, the
motion of the rings was heavily constrained by the penetrat-
ing linear chains. In other words, the constraint release (CR)
could be the primary relaxation mechanism for the rings
penetrated/entangled by the surrounding linear chains, as
proposed previously (Parisi et al. 2020). Correspondingly,
the occurrence of the CR process in the entangled linear
chains, which penetrate the rings, may also decrease in the
ring/linear blends. In contrast, 5, of the L430/R30 blend
examined in this study is just slightly lower than that of neat
L430. This result suggests that the underlying physics in
L430/R30 is different from the ring/linear blends with large
rings in the previous studies. Although a detailed molecular
picture cannot be described merely from the present viscoe-
lastic data, we consider that the ring must be large enough
to allow multiple linear chain penetrations to delay terminal
relaxation of the ring/linear blend systems, just like a pseudo
entanglement cross-linker. It can be assumed in the L430/
R30 blend that a threading of multiple linear chains into one
ring does not frequently occur due to the small size of R30,
and hence, the ring does not act as a pseudo entanglement
cross-linker. In order to elucidate the viscoelastic behavior
and molecular picture of ring/linear blends, further meas-
urements of systematic samples using rings with different
molecular weights and also different ring/linear fractions
are needed in the future.

Finally, we focus on the viscoelastic behavior of the lin-
ear/dumbbell-shaped polymer blend. Figure 2a shows that
G'of L430/D308030 is almost the same as that of neat L430
in the plateau region at wa;= 107"~ 10% s~!. On the other
hand, in the terminal region of wa < 107" s7!, G'and G”
of L430/D308030 are evidently higher than those of L430.
Table 2 shows that 7, and J.° of L430/D308030 are higher
than those of L430, which is a clearly different trend from
the L430/L80 and L.430/R30 blends.

From Fig. 2b, tan 6 of L430/D308030 has basically one
minimum, and its relaxation behavior is similar to that of
L430 and L430/R30. That is, the ring parts in D308030 is
considered to be incorporated in the entanglement network
of L430 like R30 in the L430/R30 blend, as schematically
shown in Fig. 4d. This molecular picture reminds us of slide-
ring gels (Okumura and Ito 2001; Mayumi and Ito 2010).

One particular difference from the L430/R30 blend is that
the two R30 sections in D308030 are separated via a central
linear chain L80, which may act as a pseudo-entanglement
point. In L430/D308030, there are three possible mecha-
nisms for D308030, as CR (as with large rings in ring/linear
blends, if both ring parts at the ends are penetrated by L430),
arm retraction (if one of the rings is free from linear chain
threading), and reptation (if both rings are free). As for the
reptation, it would not be a very frequent event in this case,
judging from the comparison of the viscoelastic data for
L430/D308030 and L.430/L.80. In order to estimate the con-
tribution of arm retraction, it would be useful to look at the
viscoelastic data of a blend of L430 and a single-tail tadpole-
shaped polymer S3080 where R30 is attached at only one
end of L430. The data is shown in Fig. 7 in Appendix. As
detailed in Appendix, the terminal relaxation behavior of
L430/S3080 is similar to that of L430/R30 (although there
is a difference between them in the middle w range), and
hence, L430/D308030 exhibits slower terminal relaxation
than L430/S3080. The above experimental facts support that
the CR mechanism is the main contribution in the relaxation
mode of D308030 in the 1.430/D308030 blend. Correspond-
ingly, D308030 does not allow the CR motion of a part of
entangled L430 chains. The slower and broader terminal
relaxation seen at wa; <1072 s~ (which corresponds to a
slightly higher 5, and J_° values than neat L430) can also
be attributed to this molecular picture. One might wonder
how the molecular weight of the linear and ring parts of
dumbbell molecules affects the viscoelastic behavior of lin-
ear/dumbbell polymer blends. At present, we have only one
data shown in Fig. 2, and thus, it is difficult to correctly
discuss the role of molecular weight in the dumbbell mol-
ecule. However, based on the above discussion, we can infer
that the length of the central linear chain section is not so
important, but rather the presence of two ring parts that can
allow linear chain penetration in dumbbell molecules. In this
respect, we need further experiments using dumbbell sam-
ples with different molecular weight of the ring and linear
sections in the future.

Conclusions

In this study, we investigated the effect of the addition of
R30 and D308030 to the entangled linear polymer L430 on
the terminal relaxation behavior. When R30 was blended
with L1430, the blend exhibited a one-step terminal relaxa-
tion behavior, which is clearly different from that of binary
linear chain blends with different molecular weights. 7, of
the L430/R30 blend is lower than that of neat L.430, which
is qualitatively different from the results of large ring/lin-
ear blends reported previously. These results suggested
that the penetration of multiple linear chains into R30 does
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not frequently occur and simply reduced the entanglement
concentration of L430 slightly. The L.430/D308030 blend
exhibited higher 5, and J,.° than L430, unlike the L430/R30
blend. This result suggests that the two ring sections in the
dumbbell molecule separated by the central linear chain
were spontaneously penetrated by the L430 chains, and the
dumbbell chain acts as a pseudo-entanglement point with a
longer characteristic time.

Appendix

Figure 5 shows the van Gurp-Palmen (vGP) plot
(i.e., the absolute value of the complex modulus
IG"l={(G)?+(G")*}2 vs phase angle §; van Gurp and Pal-
men 1998) for L430/D30/80/30 compared with those for
L430, L430/L.80, and L430/R30 at 7,=160 °C. The vGP-
plot is known to be sensitive to the differences in molecular
architecture and molecular weight distribution of the sam-
ples (Trinkle and Friedrich 2001; Trinkle et al. 2002; Qian
and McKenna 2018). We can see from Fig. 5 that time—tem-
perature superposition (TTS) is hold for all the samples
examined in this study, as confirmed in Figs. 1 and 2 in the
main text. Compared to L430, L430/L80 clearly shows a dif-
ferent vGP plot shape, which is due to the fact that L430 and
L80 relax separately on different time scales, as confirmed
in Fig. 1 in the main text. In contrast, L430/R30 and L430/
D308030 exhibit vGP plot apparently similar to those of
L430. A more careful look at Fig. 5 reveals that the L430/
D308030 blend shows a more gradual increase in § with
respect to the decrease in IG”l. This result corresponds to the
fact that L430/D308030 exhibits a broader terminal relaxa-
tion than L430.

Figure 6 shows the molecular weight dependence of 7,
for linear PS samples reported by various researchers (Doi
et al. 2015a; Roovers 1985; McKenna et al. 1989; Plazek
and O'Rourke 1971; Montfort et al. 1984). As is well known,
1, increases in proportion to M, in the M, range below the
critical molecular weight M ~ 2M,=36.0 kg/mol, while 7,
shows a dependence on M, >* at M, above M, (Ferry 1980).
We also plotted 7, for the series of blend samples examined
in this study at M, =427 kg/mol. Although there is some
variation in the reported 7, values of linear PSs, the 7, of
L430/D308030 in this study is considerably higher than that
of L430 in Fig. 6.

Figure 7 shows G', G" and tan ¢ for L430/S3080 com-
pared with those for L430, L430/L80 and L430/R30 at
T,=160 °C. Note that S3080 indicates the single-tail tad-
pole-shaped PS, which was obtained in the synthesis process
of D308030 as reported previously (Doi et al. 2016). The
temperature dependence of a of L430/S3080 is exactly the
same with that of other blends as well as L430. Figure 7
shows that G"() in the high o limit (i.e., wa;=10? s71)
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agrees well with that of L430 and other blends. The termi-
nal relaxation behavior of L430/S3080 at wa; < 107" ™! is
also in good agreement with that of L430/R30. On the other
hand, there is a difference between L.430/S3080 and the
other blends in the middle o region of 10~! <way /s~ <10
That is, in this @ range, there is no difference in G’ between
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Fig.6 Molecular weight dependence of 7, for linear PS samples
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the samples, while G" of L430/S3080 is higher than that of
L430 and L430/R30, but lower than that of L430/L80. Based
on the results in the main text, it is expected that the ring
part in S3080 is also penetrated by L430. Therefore, in the
middle o range, the linear tail part of S3080 can be relaxed,
but the whole S3080 molecule cannot be relaxed due to the
ring part bounded by the penetration.
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