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ABSTRACT: This study addresses the linear viscoelasticity of 1073 Comb in linear matrix . DSBS

blends involving monodisperse comb and linear polymers, the _ jo¢] Molarmassof matrx Myew T 'T'V‘ E e e

latter being the matrix of varying molar mass. This is dynamically a % g7 Retardation factor o matrx, 0 bj“WQW’@ .

three-component system, comprising linear chains, branches & <5 o8z ra s iaggs A‘::;:Z:AAA‘A

(which are short enough to undergo essentially Rouse relaxation), :‘C-:‘; 10°4 ;‘* = M im

and backbones. We examine systematically the relaxation of the & 10°4 Aé,né;“@ + Craapssi

same comb diluted in the linear matrix as a function of the molar < 442} B 3 Crapsias

mass of the linear chain for all possible situations (when the latter 10" 4 ; ooy

is oligomer or polymer relaxing faster or slower than the branches) 107 10° 10° 10 10 100 108
aro [rad/s]

as well as the case of backbone self-entanglements. We develop a

simple tube model for the contributions of the three components to comb relaxation by accounting for the dynamic dilution and two
delay factors, one for the matrix and another for the comb. The former represents the frictional contribution of the linear polymers
to the constraint release Rouse process of the branches and backbone, and the latter represents the relevant effect of the branches on
the backbone motion. The model provides an excellent quantitative description of the experimental data. The resulting retardation
factors controlling the relaxation process of the combs as a function of the linear polymer’s molar mass complement and extend our
earlier investigations with blends involving H-polymers in linear matrices, pointing toward a universal description of the dynamic
response of architecturally complex polymers in linear matrices based on constraint release mechanisms. This finding enhances our
ability to tailor the dynamics of topological homopolymer blends as per our wish. The remaining challenges associated with the
possible universality of the delay factor of combs and the coupling of branch and backbone motion are discussed.

1. INTRODUCTION 1
The tube model” has successfully established a relationship
between topology of entangled polymers and their rheological
properties. The linear viscoelasticity (LVE) of monodisperse
entangled linear polymers was first well understood and

complexity of this problem.'””* A criterion marking the
crossover from the relaxation of the slow component in a well-
entangled environment (i.e, accounting for the entanglements
with both short and long components) to a CR-dominated
relaxation was first suggested by Struglinski and Graessley™®

predicted by means of state of the art tube-based molecular
models.*® The LVE of complex topological polymers, such as
comb and H-polymers, is also understood in the context of a
tube-model-based hierarchical relaxation picture, according to
which the branches relax by retraction first and then the
backbone reptates in a solvent-like environment diluted by
relaxed branches.”™"® With this background, investigating the
dynamics of topological blends and in particular, understanding
how such an architecturally complex macromolecule (which
mimics commercial polymers) relaxes when diluted in a linear
matrix, has been an important research direction.

So far, the study of the rheological behavior of binary blends
has focused mainly on star/linear blends'”~* or on linear/linear
blends.***~*’ Determining the terminal relaxation of the slower
component is a nontrivial challenge. The competition between a
single-chain relaxation mechanism, for example, reptation and
contour length fluctuation (CLF) in a fixed environment, and
the relaxation triggered by the motion of the surrounding chains,
for example, by constraint release (CR), constitutes the main
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based on the ratio of the reptation time of the long chains in an
non-dilated tube and their CR Rouse (CRR) time, which yields
ssg = Zlong/Zhneaf, with Z the number of nondilated
entanglements and subscripts long and linear representing
long and short chains in blends, respectively. The critical
transition ratio, ssg ., was experimentally found to be around 0.1
in binary linear blends.”***>*! Low M,, components behave like
solvents only when sqg is larger than this value. In star/linear
blends with star as the slow components, ssc. has been
approximated to around 0.075.” Viovy et al.’® and, more
recently, Read et al.* extended the SG criteria by incorporating
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the concentration of long chains. In their dynamic diagram
indicating regimes of different mechanisms of relaxation, there
are two distinct types of entanglements: a thin tube in which
long chains entangle with all other chains and a fat tube in which
long chains only entangle with other long chains (Figure
1).7393%%% The time that the long component needs to explore

Sl
M/W\ﬁj

Figure 1. Cartoons depicting the entanglement of long chains in binary
linear/linear blends: long chains entangle with all other chains and
reptate along a thin tube (left) vs long chains only entangle with other
long chains and reptate along a fat tube driven by CR (right).

its fat tube depends on both the diameter of the fat tube (i.e, on
the concentration of the slow component) and on how fast the
short component disentangles and re-entangles (ie, on its
relaxation time).””** The transition from the thin tube picture to
the fat tube picture is well described by a CRR process, that is, a
Rouse process governed by the disentanglement dynamics of the
short component,'¥***%*”

When the long chains are much longer than the short chains,
the CR effect from the latter is the dominant reason for long
chain relaxation, and the full dynamic tube dilution (full- DTD)
picture®*** can be used as soon as the long chains have
explored their large tube. If the long component is self-
entangled, it has been recently proposed that the motion of the
long chains along the contour of the thin tube is accelerated b
the enhanced CLF effect due to CR in the fat tube,>**7*%40%
Otherwise, if the long component is diluted in the linear matrix
and does not contain self-entanglements, the fat tube does not
exist and its relaxation is fully governed by the CRR process. Its

terminal relaxation time, Tcrpiong is therefore well described
25252640

=0

2
matrixTeZ long

— 7 2
7’-CRRlong = Tobs long

(1)

where 7,,, represents the lifetime of an entanglement between a
short and a long component and 7, represents the intrinsic
Rouse time of an entanglement segment. The CRR time TCRRlong
is thus longer than the intrinsic Rouse time, 7 = TeZlongz, by a
factor O, > 1. While according to Graessley and Struglinski26
Tops Should be well-described by the disentanglement time of the
polymer matrix, 7j;,.,,, recent works have shown that it is actually
much smaller.”**’ In particular, based on slip-spring simulations
on bidisperse linear blends, Read et al.** found that 7, is well
determined by the empirical relationship

%

1
T ps(slip—spring) = 0.0477;, ../ 1 + ——
ps(slip—spring) 1 0.0477,

0.36

+ % 2

On the other hand, Shahid et al. proposed that for linear

chains diluted in a short linear matrix, this time can be
approximated as>®

Tlinear

RE

linear (3)

based on the idea that the reptation of the linear short chains
leads to the disentanglement of Zy;,. obstacles. Similar results
were reported by Ebrahimi et al.”” for the case of star polymers
diluted in a linear matrix. While eqs 2 and 3 yield very similar
results if the linear matrix is not too entangled (Zy,.., < 10), they
largely differ if longer matrices are used.” However, these
equations were not tested in this regime, which is difficult to
reach experimentally.

For more complex topological blends, such as comb polymers
diluted in a linear matrix, the challenge lies in the fact that the
blends are actually behaving as dynamically three-component
blends, including linear chains, branches, and backbones. While
both the linear matrix and the branches control the eventual
relaxation of the macromolecular backbone, the relaxation of the
branches is controlled by the motion of the linear chains if the
latter are short enough to relax first. On the other hand, if the
comb is diluted in a very long linear matrix, the branches are
expected to relax in an undiluted thin tube, and the relaxation of
the comb backbone should depend on the motion of both the
branches and the linear matrix. As illustrated in Figure 2, there
are therefore three successive levels of relaxation (linear chains
vs branches vs backbone), which strongly depend on the
respective molar masses and the composition of the blend.

Recently, we investigated the viscoelastic properties of a H-
polymer diluted in linear matrices of different molar masses and
concentration.”* When diluted in an oligomeric matrix at
concentration low enough to avoid self-entanglements, it was
found that the terminal relaxation of the H backbone was well
described by a Rouse process, but with a delay 0}; due to the
extra friction coming from the branches attached to the
backbone. By diluting the H-polymer at the same concentration
in a longer (entangled) linear matrix which still relaxes much
faster than the branches of the H-polymer, the relaxation of the
branches was well described by a CRR process, that is, by
considering that their intrinsic Rouse relaxation was delayed by a
factor 6, > 1, as described by eq 1. On the other hand, it was
found that the CRR relaxation of the H backbone was well
described by considering a retardation factor equal to the
product Oyl that is, by accounting for the extra friction
coming from the branches, on top of the overall delay is the

Tobs = max[fe )

(a) (b)

<
)

Figure 2. Cartoon of (a) combs in a sea of short linear chains, (b) combs in a sea of long entangled linear chains, and (c) combs that entangle with
themselves and with a linear matrix. The blue and red cartoons are combs, while the black ones are linear chains.
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linear matrix during its Rouse relaxation. While the delay factor
attributed to the linear matrix ., depends on its molar mass,
the delay factor coming from the H branches, 6y, is constant.
This interesting result suggests that one can decouple the effects
of the two contributions (matrix and branches) to determine the
terminal relaxation time of the H backbone. However, because
only one architecture (and in fact one H-polymer sample only)
was tested, the validity of this result, let alone its potential
dynamic implications, could not be assessed.

In this work, we build-up on our earlier work™* and investigate
the relaxation dynamics of a (more complex) comb
polymer' "' **~* diluted in different linear matrices (same as
in ref 44) encompassing the three situations, as shown in Figure
2. The following specific challenges are addressed:

(i) Because the same linear polymers are used as in ref 44, we
would like to examine whether the same delay factor 0, ;.
can be used to determine the CRR of the comb’s
branches. Furthermore, we would like to know whether
the influence of the extra friction due to the branches on
the relaxation of the backbone can be taken into account
by means of a single parameter, ..., and whether it
depends on the molar mass of the linear matrix. This may
provide a new tool to tailor the flow properties of
architecturally complex polymers.

(ii) In addition, we explore the relaxation of the comb
backbone in very long linear matrices. In such a situation,
the branches of the comb are expected to relax before the
relaxation time of the linear chains by retraction in a thin
tube (rather than by CRR process). The effects of
inverting the relaxation order of the branches and the
linear matrix and their consequences on the motion of the
comb backbone are not known and will be assessed. In
particular, it is interesting to examine whether the overall
delay of the backbone CRR relaxation can still be
rationalized by the product O..,,0m.ui In our earlier

work with H/linear polymer blends,™ this regime could

not be examined unambiguously due to the fact that the
backbone and the branches of the H-polymer had almost
the same molar mass;*® hence, the dynamics could not be
clearly distinguished. In the present work, we use a comb
polymer with a long backbone and multiple much shorter
branches; hence, the two relaxation processes are
decoupled."’ Furthermore, the analysis should allow us
to determine the molar mass dependence of 6, in case
of very long linear chains and therefore to discriminate
between eqgs 2 and 3.

This article is structured as follows. We first describe the
materials used, their characteristics, and the experimental
methods. Then, the model developed to predict the viscoelastic
properties of the different blends is presented. In Section 4, the
LVE data are discussed with emphasis on the systematic
examination of their dependence on concentration and molar
mass of linear chains. The data are analyzed in the context of the
model in Section S. Finally, Section 6 presents the concluding
remarks.

2. MATERIALS AND METHODS

2.1. Polymers. The comb polymer, C742, is a polystyrene (PS)
consisting of a linear, monodisperse backbone with a weight-average
molar mass Mg of 860 kg/mol, on which an average of g = 29 nearly
monodisperse linear branches with a number-average molar mass
Myne, of 47 kg/mol are randomly grafted. Both backbones and
branches have a polydispersity index M,,/M, smaller than 1.07.' ' ¥#>

It was synthesized anionically and extensively characterized by
Roovers."™*” Whereas grafting is random, based on the synthesis,
characterization, and rheological analysis, we can reasonably consider
that we have nearly equidistant branches.'' Recently, this sample has
been characterized again by gel permeation chromatography and
temperature-gradient interaction chromatography*® and rheology'" to
confirm the molar mass distribution, molecular structure, and stability
over long time. The monodisperse (M,,/M,, < 1.05) linear samples are
PSSk, PS64k, PS143k, PS285k, PS483k, and PS1M, with the code
denoting the weight average molar mass and units k for kg/mol and M
for 10* kg/mol (see Table 1). They were obtained either from Polymer

Table 1. Weight-Average Molar Mass and Relaxation Time
(160 °C) of Linear Polymers

M, (kg/mol) Tejinear (S) T, (°C)"
PSSk 5 87.6
PS64k 64 0.053 104
PS143k 143 0.70 106
PS285k 285 10 106
PS483k 483 53 106
PSIM 1000 1.0 X 10° 107

“Determined from the crossover of G’ and G”. ?Obtained from ref 44.

Laboratories (USA) or from Polymer Source (Canada). Blends were
prepared using an excess of toluene as co-solvent. After complete
dissolution, the co-solvent was first slowly evaporated at room
temperature and then more rapidly at elevated temperatures above
the glass transition temperature in a vacuum oven. In order to ensure
that toluene was completely removed, the weight of the blends was
monitored. All blends (code C742/PSXk) have the same volume
concentration of the comb v, of 0.17, except for C742/PS143k for
which Uy, = 0.5. The number of entanglements Zgg, Zy,0nqy and Zieor
are defined as Myp/M,, My.,na/M,, and My,.,./M, for backbone,
branches, and linear chains, respectively. M, is the molar mass between
entanglements in the melt and has a value of 14.8 kg/mol, consistent
with our previous work. The main molecular characteristics are listed in
Tables 1 and 2.

2.2. Methods. Rheological measurements were performed on a
strain-controlled ARES rheometer (TA Instruments, USA), equipped
with a force rebalance transducer (2KFRTN1) and a forced convection
oven to enable accurate temperature control (+0.1 °C) in nitrogen
environment. Both linear dynamic frequency sweep and nonlinear step-
rate measurements were performed in a home-made cone partitioned-
plate geometry geometry, which was designed to minimize the flow
instabilities like edge fracture and wall slip.*”*° In this study, we only
discuss the LVE response. For the top geometry, a home-made stainless
steel plate with 6 mm diameter was used along with a shaft (outer ring)
of inner diameter 10 mm, allowing the entire geometry to fit into the
ARES convection oven.*® For the bottom geometry, a standard 25 mm
diameter cone with an angle of 0.1 rad and a truncation of 0.051 mm
was used. For C742/PS483k and C742/PS1M, the relaxation time is
too long to be probed by dynamic frequency sweeps at low enough
temperatures in the absence of degradation. Hence, we resorted to
creep measurements at 170 °C using a stress-controlled Physica MCR
501 (Anton Paar, Austria) rheometer. For C742/PS483k, a stress of
150 Pa was applied during 2.4 X 10° s. For C742/PS1M, a stress of 300
Pa was applied during 5.7 X 10° s. It was checked that the applied
stresses were within the LVE regime, while the measurement times were
chosen so that the terminal regime could be reached. After completing
the creep measurements, dynamic frequency sweeps were performed
and the moduli were found to overlap with those measured before
creep. The compliance data as a function of time were subsequently
converted to the dynamic storage and loss moduli G’ and G” as a
function of angular frequency. The details of conversion are discussed
in ref 51. The converted data extend the moduli to lower frequencies,
while they overlap with the conventional dynamic frequency sweep data
from ARES (see Section 4 below).

https://doi.org/10.1021/acs.macromol.1c01329
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Table 2. Molecular Characteristics of the Investigated Polymers and Comb—Linear Blends

Vcomb Mg (kg/mol) Miraneh (kg/mol) Vg M. s (kg/ m°1)b

C742° 1 860 47 (9 =29) 0.36 41
C742/PS5k 0.17 0.06 245
C742/PS64k 0.17 0.06 245
C742/PS143k 0.17 0.06 245
C742/PS143k 0.50 0.18 82
C742/PS285k 0.17 0.06 245
C742/PS483k 0.17 0.06 245
C742/PSIM 0.17 0.06 245

a %MBB b e o 44

Equal to Vi 1 290, Feomb- Equal to M,/vgg. “T, is 106 °C.
3. MODELING The value of G was fixed to 0.23 MPa, consistent with ref 44,

In order to model the LVE properties of the comb/linear blends,
we first determine the stress relaxation modulus as a function of
time, G(¢t), taking into account the contribution from the linear
matrix, the branches, and the backbone of the comb'>**

G(t) = I‘/IinearGlinear(t) + Vbrancthranch(t) + DBBGBB(t)

(4)
where Uy ean Vpranaw @01d Upp are the weight fractions of the linear
matrix, the branch, and the backbone, respectively. Then, the
storage and loss moduli are determined based on the
approximation of Schwarzl.”' While usually with linear/linear
or star/linear blends the total fraction of unrelaxed tube
segments is first determined and then used to determine the CR
effect, here we shall consider each of the three dynamic
constituents above separately in order to be able to properly
account for the different relaxation processes.

3.1. Relaxation of the Linear Matrix. If the linear matrix is
unentangled, its contribution to the relaxation modulus can be
approximated by the intrinsic Rouse relaxation"***

RT 'S —2p®
Glinear(t) = ]CI 2 exp[—pJ

linear p=1 TR (Mlinear)

(s)

Otherwise, its relaxation modulus includes the fast Rouse
relaxation taking place up to the time for relaxation of the
entanglement segments, followed by its disentanglement
process by CLFs and by reptation”

Glinear(t) = GR,linear(t) + Gd,linear(t) (6)
with
Ziinear 2
pRT |1 —p°t
GR linear(t) = - eXpl ———
' Mlinear 4 p=1 TR(Mlinear)
. —2p*t
+ Z exp[ip )
P=Zjpeart1 TR (Mlinear) (7)
and
Gd,linear(t) = GI(\)I(phnear(t)¢(t)a (8)

where Gy, is the entanglement plateau modulus. It is related to
the molar mass between two entanglements, M, by the
relationship®

GO — 4 pRT
NS M, 9)

which is close to the usual value proposed in literature, 0.20
MPa. The value of M, was fixed to 14.8 kg/mol. The dynamic
dilution exponent & has been fixed to 1, in agreement with refs
36 37 44,. It must be noted here that previous research studies
have suggested that while a = 1, the effective dilation exponent
determined from the experimental data (by looking at the
decrease of the stora§e modulus) may be larger than unity
~1.3) at long time.””>’ This increased effect of dilution has
been attributed to the possible monomeric tension equilibration
along the slow component, dictated by the motions of the short
component. In the present work, we do not account for this extra
process. Indeed, its influence is negligible in the relaxation of the
short component (see eq 8), which takes place at a short time.
Furthermore, for most of the comb/linear blends, the comb
polymer is relaxed by the Rouse or CRR process, and
consequently, the dilution exponent has no influence because
the dilated tube does not exist anymore. However, as further
discussed in Section 5.6, omitting this process could slightly
influence the survival fraction of initial backbone—backbone
entanglement segments in case the comb backbones are self-
entangled.
In eq 8, the unrelaxed fraction of initial tube segments at time
t) @Ptinear(t), is determined by considering all molecular segments
along the chain and determining the probability p,..(x,t) that
they are not relaxed by reptation at time t and the probability
Pauc(,t) that they are not relaxed by CLF 15

x=1
gDlinear(t) = ‘L:O prept(xl t)pﬂuC(x; f)dx (10)

where x is a normalized curvilinear variable that represents
primitive path segments along a given arm, measured as a
fractional distance along the branch inward from the free end
(note that linear chains are treated like star polymers with two
arms.) The probability prept(x,t) of a segment at the fractional
distance of x to survive from the reptation process at time ¢ is
given by the Doi—Edwards equation,' while the survival
probability from the fluctuation process is approximated by
the decreasing exponential function, exp(—t/7g,(x)), where
Tauc(%) is the fluctuations time corresponding to segment at the
position of x, as described in ref 54. The unrelaxed fraction for
the branches on the comb, @, (t), uses the same formula of eq
10, with pg..(x,t) = exp(—t/7gu(x)), where 74,.(x) is described
in ref 54, and prept(x,t) = 1 considering no reptation for branches.

On the other hand, the tube dilation factor ¢(t) takes into
account the effect of CR on the chain entanglements and defines
the diameter of the dilated tube (such as a = ayp(t)~*?2). It can
be approximated by the overall unrelaxed fraction of initial tube
segments

https://doi.org/10.1021/acs.macromol.1c01329
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Figure 3. Rouse and CRR modes of the comb backbone when (a) the linear matrix relaxes faster than the branches and (b) the branches relax faster

than the linear matrix.

¢(t) = Ulinear¢1inear(t) + Ubranchgobmnch(t) + Upp fort < TpB
(11)

In eq 11, itis assumed the inner comb backbone does not relax
at the time scale at which the linear matrix and the comb
branches relax. Note that the outer branches of the backbone are
taken into account in the fraction v4,,, 4, with the “backbone”
representing only the inner part of the main chain.

3.2. Relaxation of Branches. Each branch of the polymer
comb C742 contains three entanglements. Therefore, if their
relaxation is faster or of the order of the relaxation time of the
linear matrix, the branches mainly relax by CLFs or arm
retraction, from x = 0 at the extremity to x = 1 at the branching
point to which they are attached.” As for the linear matrix, CR
must also be accounted for.*® Thus, in this case, their relaxation
is described by eqs 5—11, where the branches are not allowed to
reptate [ie, fixing p,o(%t) = 1].

However, if the branches relax slower than the linear matrix,
they will rather relax by Rouse and CRR processes because they
do not contain self—entanglements.44 In such a case, the
molecular segments of mass shorter than M, relax by intrinsic
Rouse process, while the relaxation of the longest segments, that
is, the longest modes of the branches, has to include the extra
friction coming from the disentanglement/re-entanglement of
the matrix.”> This is done by considering a delay factor 6.
Therefore, following ref 14, we have

-
(12)

P=Zpanch

-2 p2
p=1 HmatrixTR (ZMbranch)

If the linear matrix comprises oligomers and if the weight
fraction of the comb polymer is 0.17 (see Table 2), the comb
branches are not entangled anymore and they fully relax by an
intrinsic Rouse process

PRT

G t) = ——
branch( ) ZMbranCh

p=N

)

P=Zprancn 1

—2}72

+ —_—
5:3 ( 2‘Mbranch)

RT & -2’
Gbranch(t) = pi Z €xp 7}7
2’Mbranch p=2 TR(ZMbranch) ( 13)

11051

It should be noted that in eqs 12 and 13, the longest mode of
the Rouse relaxation process has a characteristic time equal to
TR(2Mpanen), and not 7x(My,.nq)- This choice is motivated by
two considerations which reflect the fact that there are two
branches at a branch point; hence the associated span molar
mass is 2My,nc, which (i) ensures consistency with the Rouse
time of an equivalent linear chain of mass 2M,,,q, and (ii)
accounts for the reduced mobility of the branching point.**
While determining the exact longest relaxation time of the Rouse
relaxation would require solving the full Rouse model for comb
architecture, it is found here and in ref 44 (where the solution of
the exact Rouse modes for H polymers was presented) that this
approximation leads to a good description of the longest
relaxation time of the arms.

3.3. Backbone Relaxation. For most samples, the weight
fraction of the backbone is very low (see Table 2) and the comb
backbones are considered not entangled with other comb
backbones. Indeed, after the relaxation of the linear matrix and
the comb branches, the number of backbone—backbone
entanglements per macromolecule is Zgg = 3.5 (using dilution
exponent « of 1), which corresponds to a marginally entangled
state. Note that if we used @ of 1.3,”” we would end-up with Zg;
= 1.5. Hence, we can consider that the comb backbones relax by
CRR processes. As mentioned in the Introduction, two different
scenarios are possible:

(1) When the linear matrix relaxes faster than the comb
branches, as illustrated in Figure 3a, the relaxation of the
backbone by Rouse and CRR processes is divided in three
steps: at short times, the molecular segments of molar
mass lower than the average molar mass between two
entanglements or branching points (M,,,) relax by
intrinsic Rouse modes, where

1 )_1
+ -
M,, (14)

based on the classical rubber elasticity theory."® Then, the
modes involving molecular segments longer than M, ,, but
shorter than the molar mass between two branching point, M,,,
relax at the rhythm of the release and (re)formation of
entanglements with the linear matrix. Therefore, the delay of

this CRR process compared to the intrinsic Rouse time is 0,y

1

M,

e

Me,xx = [
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Finally, the longest modes are further delayed by a factor 0.,
which takes into account the slow motions of the branching
points, leading to extra friction coming from the branches. The
delay 6., corresponds to the case where the comb branches are
relaxing by the intrinsic Rouse process. However, because the
relaxation of the latter ones is also delayed by a factor 0,5, due
to slow relaxation of the linear matrix, the CRR process of the
backbone takes place with a total delay .,,,,0 .00 cOmpared to
its intrinsic Rouse relaxation. Thus, this approach accounts
implicitly for the branch point hopping via the parameter

0.omp

comb" matrix

In this case, the correspondmg relaxatlon function of the
backbone is therefore described as™

RT p=4 ) 2
Gu(t) = 2= 3 exp( PRI ]

BB | p=1 ‘comb matnxTR(MBB)

[ _op? ]
+ Z exp 9—

‘matrix *R (MBB)

5 A2

P=Zut1 TR(MBB)

(1)

with Z,,, being the number of entanglements or branching
points along the backbone (see Figure 3) and g, the number of
branches along the backbone. It should be noted that while the
Rouse time of the backbone is determined by considering the
entire backbone, the outer free ends of the backbone, which have
a molar mass of 29 kg/mol, are considered to relax with the
branches.'”""'? This is taken into account in the way the weight
fractions v and vy, have been defined (see Table 2).

(2) On the contrary, if the branches of the comb relax faster
than the linear matrix, the intermediate relaxation modes
of the backbone are active before the disentanglement of
the linear matrix; therefore, they are delayed only due to
the friction coming from the branches, 6., (see
Figure 3b). Then, at longer times, the influence of the
branches on the slow relaxation of the backbone becomes
negligible compared to the influence of the linear matrix.
Neglecting their effect, the CRR time of the backbone is
expected to be delayed by a factor 6.,y The
corresponding modulus is therefore written as

=Z .
RT P=2BB-lin -2 2
Gun(®) = 2= D e ——
Myp| o OrnatrixTr (Mpp)

P=Z¢

e, _ 2p2
+ 2 exp(—]
P=Zppnt1 ecomb—entTR (MBB)

R

]
P=Z ¥ 1 TR(MBB) (16)

with Zgg 11 = (Vg + Viinear) Zp being the number of active strands
along the backbone after the relaxation of the branches (see
Figure 3b). In this specific case, the value of 6,y e is different
from 6., in eq 15 because the branches relax dominantly by
retraction rather than by Rouse. Because their relaxation is
slower, it is expected that 0., is larger than 6. As further
discussed in Section 5.5 below, it is however difficult to
experimentally extract 6., because the intermediate

relaxation modes have a negligible effect in the experimental
relaxation time spectrum. Only the delay induced by the matrix
on the slow relaxation modes of the backbone, 0., can be
definitely obtained by fitting the terminal regime of the
spectrum.

For large concentrations of the comb polymer, the presence of
backbone—backbone entanglements is possible. In this case, the
backbone relaxation by Rouse and CRR processes is possible
only up to the time when the molecular segments between two
backbone—backbone entanglements, M, g, are relaxed. If we
consider that the linear matrix relaxes faster than the branches
and if Z, gy = Mpp/M, pp represents the number of backbone—
backbone entanglement segments, the relaxation modulus of the
backbone is described by
PRT

Gpg(t) = GO,BB(PBB(t)2 +
BB

p=4 ( _ Zp ]
PINES
p=Z, ppt+1 ecomb materTR(MBB)

LY (9

p=q+1 matnxTR(MBB) ]

—Zp
+ Z exp[ )
p=zott \Tr(Map)

(17)

In this eq 17, Gopp = 4prppRT/5M, g5 is the low-frequency
plateau modulus due to backbone—backbone entanglements,
and the function ¢@g;(t) represents the survival fraction of initial
backbone—backbone entanglement segments at time t.>* Its
exact definition is discussed in Section S.6.

The different equations proposed in this section are tested
and compared to the experimental data in Section S.

4. LVE OF COMB/LINEAR BLEND

The LVE of the comb polymer C742 has been carefully
investigated in the past.'"*’ Here, we use the data from ref 47.
Figure 4a—c depicts the LVE master curves of the dynamic
storage and loss moduli G' and G” for all pure polymers and
comb/linear blends as a function of angular frequency @ at a
reference temperature T, which is discussed below. The time—
temperature supergosmon principle was employed to construct
the master curves.”’” The data were first shifted vertically with a
factor by = [p (Tep) X (Toee+273.2)]1/p(T) X (T +273.2)], with
T being the temperature in °C and p being the density in g/cm?,
which depends on temperature as p(T) = 1.2503—6.05 X 10~*
(2732 + T).*" Subsequently, the data were shifted along the
frequency axis. The horizontal shift factors a; overlap for all
samples and are fitted with the empirical WLF equation:’
log(ar) = [—=Ci(T = T,p)]/[C, + T — T, with C; = 6.10 and
C, =110 °C. Avalue of T, = 106 °C was chosen as the reference
transition temperature, T, .. Because differences of T,
correspond to the horizontal shift along the frequency axis, the
data for samples PSSk, PS64k, and PS1M must be plotted at iso-
T, conditions,” that is, (T, — Tg) = 54 °C. Therefore, the
reference temperatures used for samples PSSk, PS64k, and
PS1M are 141.6, 158, and 161 °C, respectively. Concerning the
blends, their T, values are estimated by means of the Fox
equation 1/ Tgpjena =/ Tg + (1- v)/ng, where 1 and 2 refer to
the two constituents of the blend and v is the volume

fraction.”®! Tgbienas are equal to 90.6, 104, and 107 °C for
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Figure 4. Shifted storage (open) and loss (closed) moduli under iso-T,
conditions, with (T,¢ — T,) = 54 °C, as a function of the shifted angular
frequency for (a) C742 and linear chains, (b) C742/PS143k blends
with v, = 1,0.5,0.17,and 0, and (c) C742/PSXk blends with v/, =
0.17. The curves in (c) were transformed from creep data. Data of C742
in (a,c) were vertically shifted by factors of 30 for clarity. (d) Horizontal
shift factor, ar, as a function of T — T for all blends. The solid curve is
the WLF fit with C, = 6.10 and C, = 110 °C. The symbols are the same

as (c).

C742/PS5k, C742/PS64k, and C742/PSIM, respectively.
Therefore, their reference temperatures are equal to 144.6,
158, and 161 °C, respectively. The horizontal shift factors are
shown in Figure 4d.

The LVE data are presented in three groups: one including
the pure melts (Figure 4a), one including C742 and its blends
with PS143k at two different concentrations (Figure 4b), and
one including C742 and its blends with the different M,, linear
chains at the same concentration (Figure 4c). Figure 4a shows
the moduli collapse at high frequencies, as expected due to
virtually identical segmental and transitional Rouse-like
motions. This confirms the reliability of the data and the fact
that they are under iso-T, conditions.”” At lower frequencies,
one can discern the rubbery plateau of the linear polymers and
the additional slower relaxation peak (and associated lower
plateau modulus) for the monodisperse comb polymer, which
reflects the contribution of the diluted backbones.'"”"* Upon the
addition of linear chains to the comb polymer, the level of this
lower plateau decreases and the corresponding relaxation time is
becoming shorter, as illustrated in Figure 4b with linear chains of
143 kg/mol at a volume fraction v .y, of 1, 0.5, or 0.17,
conforming to the dynamic dilution due to linear chains and
from branches. For the more diluted blend (v .y, = 0.17), the
low-@ plateau disappears and one can observe a power-law
behavior G',G” « ®", with n being 1/2, reflecting the CRR
relaxation of the not-self-entangled backbone, as observed
before with other H->">** and comb''~"* polymers and further
discussed in Section 3.

Several LVE parameters were extracted from the master
curves and collected in Table 3. The zero-shear viscosity 7, and
recoverable compliance J.” were obtained and averaged by three
methods: taking the point at the lowest frequency, fitting the
available dynamic complex viscosity data by means of the Cross
model, and fitting by means of the Carreau model. The terminal
relaxation time was calculated as 7y = 7,].° and is shown in
Figure S as a function of the molar mass of the linear matrix. In
most blends, the relaxation times of the linear chains and the
comb branches cannot be distinguished, as discussed in Section
S, with the help of our model. A specific relaxation time that can
be extracted is the reciprocal of the G — G” crossover frequency,
Teplends Which appears after the high-frequency entanglement
plateau. This time reflects the relaxation of the linear matrix in
the presence of the comb polymer. As shown in Figure §, it is
very similar to the relaxation time of the pure linear chains,
Tlinear (S€€ Table 1). This indicates that the relaxation of the
linear component is not substantially affected by the presence of
the comb.

In Figure 5, we also observe that 735 follows a similar—albeit
not identical—trend compared to the relaxation time of the
linear matrix, 7_ji,e,- As the molar mass of the linear matrix
decreases, the times further deviate from each other. This will be
further discussed in Section S in the context of the lifetime of an
entanglement segment, 7.

5. DISCUSSION

In this section, the experimental data of the monodisperse pure
components and their blends are analyzed based on the model
proposed in Section 3. In addition to the three material
parameters, GY, M,, and 7, which are fixed based on our
previous works,** the model requires determining the
retardation factors 6., and 6, To this end, once the
model is validated for the monodisperse linear matrices (see
Section S.1), we analyze the rheological data of the comb
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Table 3. LVE Parameters of the Investigated Polymers and Blends at (T — T,.) = 54 °C

Vcomb Mo 10_5 (Pa-s) ]eo 105 (Pa_l) Tpp (S) T¢blend (S)
C742 1.0 (20 + §) x 10? 17+7 (32 +£6) x 10°
C742/PSsk 0.17 0.034 + 0.001 (19+£1)x 10 6.6+02
C742/PS64k 0.17 1.4+ 0.1 (18 £2) x 10 (25 +3) x 10 0.10
C742/PS143k 0.17 6.5+ 0.1 (22+2)x 10 (15 +2) x 107 1.1
C742/PS143k 0.50 (21 £2) x 10 38+2 (80 + 4) x 107 1.7
C742/PS285k 0.17 70 + 7 9B +S (65 +7) x 107 13
C742/PS483k 0.17 (20+1) x 10 (12+1)x 10 (25 +1) x 10° 68
C742/PS1IM 0.17 (35 £2) x 10? 7343 (25 +1) x 10* 2.1x10°
10°
[ |
10°4 ] -
— and u a,
w 10”3 n E =
5 10° n =
ié 10°+ . ¥ E (.')._ 10
Pi; 10%4 o E
5104 v ]
ﬁ [ ]
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e 107 o Y 1 a, A: PS5k
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M;;..cor [kg/mol] *: PSIM
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Figure S. Backbone relaxation time 75 (M), the crossover relaxation
time of blends 7_pjnq (V), and the crossover relaxation time of pure
linear chains 7 j,.,, (V) as a function of molar mass of linear
components, Mj;,.,.. The comb composition in blends is 0.17.

polymer diluted in an oligomeric matrix, for which it is expected
that 6, = 1 (see Section 5.2). In this way, the delay factor for
the Rouse relaxation of the backbone can be fully attributed to
the friction coming from the branches, and the value of the
constant 6, can be determined. The viscoelastic properties of
the comb diluted in a short or in a long linear matrix are then
analyzed in Sections 5.3 and 5.4, and the values determined by
the best fitting procedure for the retardation factor O, are
rationalized and discussed in Section 5.5. In Sections 5.6 and 5.7,
the samples with the self-entangled backbone of the comb and
pure combs are discussed, respectively.

5.1. LVE Properties of the Linear Matrices. We first apply
our tube-based model (eqs 4—11) to predict the relaxation
moduli of the linear matrix. The material parameters Gy, M,, and
7, have been set as 0.23 MPa, 14.8 kg/mol, and 2.3 X 107 s,
respectively, at (T, — Tg) = 54 °C. Results are shown in Figure
6, along with the experimental data. It is evident that the model
correctly predicts the relaxation of the linear matrix and can
therefore be used as a starting point to model the LVE behavior
of the blends.

5.2. Comb Polymer in an Oligomeric Matrix. The
storage and loss moduli of the blend C742/PSSk are shown in
Figure 7. Because the matrix is composed of oligomers, it relaxes
by Rouse (see eq S) at very high frequencies with 7p (M) =
2.6 X 107* s and does not contribute to the possible
entanglements. Therefore, the molar mass between two
entanglements must be rescaled as M, .omp = Me/Veomp = 89
kg/mol. This value is much larger than the molar mass of the
branches (of 47 kg/mol), which therefore relax by a Rouse
process (see eq 13). The relaxation of both the linear matrix and
the branches is shown in Figure 7. On the other hand, the comb
backbone can only relax after the relaxation of its branches.
Because it represents only 6% of the sample (see Table 2), it

aLo [rad/s]

Figure 6. Comparison between the experimental (symbols) and the
theoretical (—) storage (a) and loss (b) moduli for the linear matrices at
(Tt = Ty) = 54 °C.

6T T
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©
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Figure 7. Comparison between the experimental (symbols) and the
theoretical (black —) storage and loss moduli of the blend C742/PSSk
at (T — Tg) = 54 °C. The contribution from the linear matrix and the
branches is shown by the thin continuous curves. The Rouse relaxation
and CRR relaxation of the backbone are shown by the gray and black
dashed curves, respectively.

contains virtually no effective backbone—backbone entangle-
ments and its relaxation is described by a Rouse process, with
typical slopes a 1/2 observed for G' and G”. As discussed in
Section 3, this Rouse process must be delayed due to the extra
friction arising from the slow motions of the branching points.
This is also observed in Figure 7, where the intrinsic Rouse
relaxation of the backbone is represented by the dashed gray
curves. While these curves correctly capture the shape of the
experimental data, they underpredict the relaxation spectrum
(shifted to high frequencies compared to the data).

Therefore, we consider that the comb backbones relax by
CRR (see eq 15), with no delay coming from the matrix (6,1, =
1), but with a retardation factor due to the friction from the
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branches, ., This parameter is determined by the best-fit
procedure and its value is set as 0, = 12. Because this value
should not depend on the molar mass of the linear matrix in case
the branches relax slower than linear chains (zy,nc, > Tinear), it is
used for all these blends analyzed in the Section 5.3.

Thus, in the Rouse motion, the dynamics of arm and
backbone are coupled until the relaxing subsection of the
backbone has expanded to M,,, the strand between branching
points. From this point on, the Rouse motion of the backbone
begins to feel the delay of the branching point (or the “fixed”
branching points), as reflected by the retardation factor O,
This mechanism is possible in this comb because the molar mass
of the branch My, (47 kg/mol) is larger than M,, (29 kg/
mol), hence completing its Rouse or CRR relaxation slower. The
delay coming from branching points results in a relatively large
Ocomp value (= 12). In contrast, the delay factor for H-polymers,
Oy, is only 1.7," indicating the low sensitivity of backbone
Rouse relaxation to the branching points (i.e., the branching
points are not “fixed”). This is probably because the arms in H-
polymers have almost the same molar mass as M,, of the inner
backbone, say, My.na, = M,,. However, more work will be
needed to elucidate this point in the future. In particular, we
cannot exclude a slight overestimation of the value of 6., due
to the presence of a few backbone—backbone entanglements.
Figure 7 evidently illustrates the importance of the retardation
effect coming from branching points. Without considering the
retardation (setting 0., = 1), the theoretical fitting significantly
underestimates both the Rouse relaxation of the backbone and
its terminal relaxation time.

5.3. Comb Polymer in a Short Chain Matrix (z,nch >
Tjinear): 1f the linear matrix PS64k is used to dilute the comb
polymer, it is ensured that the linear matrix relaxes before the
branches of the comb. Because the branches are entangled with
the polymer matrix and because their relaxation time is not
expected to be largely different (see Figure 4), we consider that
both the linear chains and the comb branches relax by reptation
and CLF, as described by our tube model (see eqs 4—11). Thus,
the branches relax similarly to a linear polymer, from x = 0 at the
extremity to x = 1 at the branching point, with imposing the
restriction that reptation is not possible. During the relaxation of
the linear chains and the branches, the fraction of the (inner)
backbone relaxed is considered as equal to 0.

The relaxation of both the linear chains and the branches in
sample C742/PS143k can be modeled in the same way as with
PS64k. In this case, these two components have the same
relaxation times.

Because for these two samples, the linear matrix is entangled
with the comb backbone, and the latter will partially relax by the
CRR process governed by the disentanglement/re-entangle-
ment of the matrix, as illustrated in Figure 3a. This CRR process,
which takes place with a retardation factor 6., compared to
the intrinsic Rouse process, stops when it reaches the relaxation
time of the molecular segments of mass M,, = 28.6 kg/mol,
corresponding to the molar mass of the segments between two
branching points. At this stage, longer Rouse modes involve the
motion of the branching points, hence an extra delay which has
been defined as 6_,,,;, = 12. The relaxation of the backbone is
therefore well described by eq 1S5, as confirmed in Figure 8,
which compares the theoretical and the experimental
viscoelastic data of the blends. In order to correctly describe
the data, the retardation factor 6, has been fixed to 6.7 and
29.2 for the linear matrix PS64k and PS143k, respectively.
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Figure 8. Comparison between the experimental (symbols) and the
theoretical (black curves) storage and loss moduli of the blends C742/
PS64k (a) and C742/PS143k (b) at (T — T,) = 54 °C. The
contribution from the linear matrix and the branches is shown by the
thin continuous curves. The Rouse relaxation and CRR relaxation of the
backbone are shown by the thin and thick dashed gray curves,
respectively. The regime between the vertical dashed-dotted lines
corresponds to the intermediate CRR relaxation of backbones from
M, .. to M,..

e,xx

In Figure 8, the contributions of the different components to
the storage and loss moduli can be observed. In particular, we see
that terminal CRR relaxation of the backbone (from M, to M)
starts approximately at the crossover frequency, that is, the
relaxation time of the linear chains (see Figure S). However, the
intermediate CRR relaxation (from M,,, to M,,), which only
requires the motion of the matrix, starts much before the
relaxation time of the latter, in agreement with the results found
previously** and eqs 2 and 3. This will be further discussed in
Section 5.5, based on the analysis of 6. We also observe that
the intermediate regime (between the vertical dashed-dotted
lines) is rather short, which is easily explained because it only
concerns the relaxation of the molecular segments from M, =
9.7 kg/mol to M, = 28.6 kg/mol, while the molar mass of the
entire backbone is of 860 kg/mol. The negligible influence of the
intermediate matrix-dominated CRR process also suggests that
other values of 0,,;, and 6_,,..;, could have been used to describe
the data, as long as their product 0,,,.;0.omp is kept constant.
However, because .., has been fixed in Section 5.1, 0, can
be fixed without this degree of freedom. Nevertheless, it is
important to discuss the validity of the chosen values, as
proposed in Section 5.5.

5.4. Comb Polymer in a Long Chain Matrix (zy.anch <
Tjinear)- For the blends for which of the branch’s relaxation time
Thranch < Telinear (€:» PS285k, PS483k, and PS1M), first, the
branches relax, enhancing the mobility of the backbone, which
can explore a dilated tube formed only by the entanglements
with the linear chains. This is described by a CRR process at the
thythm of the disentanglement and re-entanglement of the
branches, allowing for the relaxation of backbone segments
having mass between M, . and M,/ (Vpp + Vjjnes,)- Subsequently,
as observed in Figure 3b, the relaxation of the linear matrix takes
place, followed by the relaxation of the backbone. It is important
to note here the fact that the relaxation time of the backbone in
the monodisperse comb is similar to the relaxation time of the
linear matrix does not imply that the comb backbone will relax in
a thin and undiluted tube. Indeed, the relaxation by reptation or
CLF of the backbone of a comb blended with very long linear
chains is expected to be much slower than the respective
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relaxation time in the pure comb melt; the reason is that in the
blends, the branches represent only a small fraction of the
sample, and hence, the DTD process is much weaker in the case
of a long linear matrix, which slows down the relaxation of the
backbone in comparison to the pure comb. In fact, the terminal
relaxation process of the backbone is well described by a CRR
process governed by the matrix alone, as the influence of the
branches becomes negligible (see eq 16). This equation is

shown in Figure 9. As the value of 0.y, is not known, we fix it
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Figure 9. Comparison between the experimental (symbols) and the
theoretical (black curves) storage and loss moduli of the blends C742/
PS285k (a), C742/PS483k (b), and C742/PSIM (c) at (T — T,) = 54
°C. The contribution from the linear matrix and the branches is shown
by the thin continuous curves. The Rouse relaxation and CRR
relaxation of the backbone are shown by the thin and thick dashed gray
curves, respectively.

here as equal to 6. As already mentioned, because the
relaxation of the entangled branches is slower than the Rouse
relaxation of the backbone, the latter value is underestimated.
However, its influence on the data is negligible.

A good agreement is found by using a delay factor 6, .., =
2500, 12,500, and 180,000 for the linear matrix of mass 285, 483,
and 1000 kg/mol, respectively, on the backbone Rouse
relaxation, compared to its intrinsic Rouse process. We note
however a slight deviation at low frequencies, with the
predictions slightly overestimating the terminal relaxation of
the comb. This could be due to the possible relaxation of the
inner backbone extremities (after the relaxation of branches and
the free ends of backbones) by CLF before the CRR takes
place.'”"® The fitting result cannot be further improved by
tuning the values of 6,,,,;,. The issue here is that whatever the
value of €., is, the predicted relaxation shoulder in G’ is too
high compared to the experimental one. Therefore, we have
fixed the value of 6,,..;,, which has been determined by the best
fitting procedure, in order to ensure keeping the right shape of
this shoulder, despite the shift observed. The resulting fitting of
the whole spectrum was satisfactory.

5.5. Retardation Factors of the Comb Polymer in
Linear Matrices. In Figure 10, the values of 0, are plotted as
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Figure 10. Extracted values of the matrix retardation factor 6,,,,;, (black
symbols) vs the molar mass of the linear matrix for the comb/linear
blends (black V) or for the H/linear blends** (1), and relaxation time
of the linear matrix (blue), eqs 2 (orange dashed-dotted) and 3 (red
dashed). The values of the overall delay 6, on the Rouse relaxation
time of the backbone, with 0, = 0,,..0:x0comb if (Toranch > Thinear) ANdOyye =
Ormatrix if (Toranch < Tiinear)s are also presented (gray V), as well as the value
of 7, equal to .7, (magenta ), and the CRR time of the backbone

(green*).

a function of the molar mass of the linear matrix. These data are
compared to the crossover relaxation time of the linear polymers
and the scaling proposed in eq 2 (orange dashed-dotted curve)
and eq 3 (red dashed curve). The values of the overall delay 6,
on the Rouse relaxation time of the backbone, with 6, =
Hmatrixecomb if (Tbranch > Tlinear) and etot = amatrix if (Tbranch < Tlinear))
are also shown (gray V), as well as that on the CRR time of the
backbone, equal to O, 7z(Mgg) (green curve).

First, one may remark that at high molar mass of the linear
matrix, both the retardation factor 6, (or equivalently, the CRR
time) and the relaxation time of the linear chains follow the same
trend, as predicted by the Graessley—Struglinski relationship,*®
TeRR = TopsZap s With Top representing the average lifetime of an
entanglement segment. According to the Graessley—Struglinski
criterion, Ty, = Tjpeay Which can be compared to the value
determined from the experimental data and is equal to the ratio
Terp/ Zps” = Oyt Te- As seen in Figure 10, 7, is indeed very similar
tO Tjje,, for the larger molar mass matrices, which corresponds to
the case for which the matrix relaxes similarly or slower than the
comb branches. Therefore, we can conclude that in this regime:
(i) the Graessley—Struglinski criterion for linear—linear
blends™® is valid, (ii) the CRR relaxation of the comb backbone
is strongly dominated by the linear matrix, and (iii) the influence
of the extra friction coming from the branching points is
negligible, which is in good agreement with the assumption
made in eq 16 according to which the delay on the Rouse
relaxation of the backbone is only due to the long linear matrix.
From the values of 8, we can remark that in this regime, both
eqs 2 and 3 underestimate the influence of the matrix. However,
the key assumption that the fast motions of the branches do not
significantly affect the long Rouse relaxation modes of the comb
backbones should be further tested. Because this cannot be done
based on binary blends of linear chains (as it requires very long
“short chains”), one should test it on another comb polymer. It
must also be noted that in the case of the comb/PS285k blends,
the value of 6,,,..;, is probably slightly underestimated due to the
fact that we consider that the backbone relaxation is fully
dominated by the branch motion, ignoring the possible
disentanglement of the backbone extremities, taking place in a
thin tube, and which in reality should also play a role. On the
other hand, in the regime in which the linear matrix is relaxing
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faster than the comb branches, the Graessley—Struglinski
criterion strongly deviates, in agreement with findings of
previous works.**

The retardation factors of the comb/linear blends are also
compared to the retardation factors found in our previous work
for H/linear blends.** A very good overlap between the curves is
found. This result suggests that the retardation factor governed
by the slow motion of the matrix, which delays the relaxation of
the entire comb, does not depend on the molecular structure
(architecture) of the comb but only on the matrix instead. More
importantly, it suggests that as long as the relaxation of the
backbone of a complex architecture is mostly governed by the
motion of its branches, we may decouple the retardation effect
coming from the matrix, 6., and the retardation factor
coming from the branches of the complex architecture, 6., =
12 and 6y = 1.7 (for H-polymers), which provides a new tool to
control the relaxation and viscosity of such complex polymeric
blends. As a perspective, in order to obtain a fully predictive
model, one should understand how the retardation factor
associated to the complex macromolecules depends on its
architecture. Obviously, this parameter should depend on the
number and molar mass of the branches attached to the
backbone. However, more experimental data are needed in
order to fully understand their effects.

5.6. Comb/Linear Blends at Large Concentrations:
Self-Entangled Backbones. As mentioned in Section 3, if the
concentration of the comb polymer is increased, the backbones
of the combs are also entangled with other backbones and the
CRR process does not lead to the full relaxation of the sample. In
this section, the viscoelastic behavior of the blend composed of
50% of C742 and 50% of PS143k is analyzed with the objective
to assess whether the retardation factors determined in the
diluted regime can also be used in this case. Once the linear
matrix and branches of the combs relax, the molar mass between
two backbone—backbone entanglements can be estimated as
M, g = 82 kg/mol, that is, the backbone contains around 10
entanglements with other backbones.

To this end, we first model the two extreme situations, that is,
either assuming that the backbone relaxes up to the level of the
backbone—backbone entanglements, which are considered as
permanent (i.e, considering eq 17 with ¢ = 1) or assuming that it
fully relaxes by CRR (i.e, considering eq 15), without any effect
of these entanglements. While the latter assumption is certainly
not correct, it allows for highlighting the effect of the
entanglements. Results are shown in Figure 11a. The predicted
curves have been obtained by using the retardation factors found
in Section 5.2 for the comb diluted in PS143k. It is seen that
considering that the CRR process stops at the level of M, pp
correctly describes the experimental data at high frequencies.
Moreover, the influence of backbone—backbone entanglements
is also clearly observed by looking at the discrepancy between
the experimental data and the data predicted by assuming the
full CRR process.

After the relaxation of the linear matrix and of the branches,
the relaxation of the entangled backbones follows. It takes place
in a diluted tube by reptation and is influenced (here,
dominated) by the preceding branch point hopping mecha-
nism.”"* The dilution state of the tube corresponds to the tube
formed only by the backbone—backbone entanglements, that is,
considering that only a fraction vgg of the sample is not relaxed.
To describe it, we first rescale the material parameters
accordingly (see eq 17)3’7’3’8
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Figure 11. Comparison between the experimental (symbols) and
theoretical (curves) storage and loss moduli of the blend composed of
50% of C742 and 50% of PS143k at T = 160 °C. (a) Predicted curves
determined by assuming that the backbone—backbone entanglement
segments do not relax (—) or by assuming full CRR (--); (b) Predicted
data determined by assuming that the backbones are self-entangled and
relax according to eq 22 (—). The dashed curve shows the contribution
from the comb backbones and the thin continuous curve and the
contribution from the linear matrix and the comb branches.

M M.
BB —
¢ Upp (18)
0. 2
Gops = Gnls (19)
Te
Te,BB — 2
Upp (20)

with vgg = 18% (see Table 2). Because each entanglement
segment M, pp contains several branch points, we then account
for the retardation effect induced by the slow motion of the
branch points by considering a delay factor on the relaxation
time of an entanglement segment, 7, gp. To this end, the intrinsic
Rouse time of a backbone—backbone entanglement segment,
7, pp, is replaced by its corresponding CRR time

7'-e,BB, CRR — ematrixecombre,BB (21)

In the latter expression, it is assumed that the relaxation of a
backbone—backbone entanglement segment is a Rouse process
governed by the motion of the branch points it contains, while
the relaxation of the branches is delayed by the linear matrix (see
also discussion on pure comb melts below).

This new parameter is used along with M,z and Gy in our
tube model to determine the survival probability of the
entanglement segments. At this level, the backbones are thus
considered as linear chains bearing extra friction, which is taken
into account in the value of 7,z crr. Their reptation times are

therefore equal to”*~*’
3
28
o Mss
-3 30
Trept = 9%, BB,CRR M
¢,BB (22)

It must be noted here that only the inner backbone has been
considered to determine the reptation time because the
relaxation of the outer se%ments is much faster than the
relaxation of the inner part."” Considering the whole backbone
would have led to a reptation time 1.2 times slower."
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As shown in Figure 11b, using this molecular picture provides
a satisfactory description of the terminal relaxation of the comb
backbones (see the dashed curves in the figure). Addition of the
CRR modes, which take places until the backbone—backbone
entanglement segments are relaxed (see eq 17), leads to a good
prediction of the entire viscoelastic spectrum. Therefore, this
result suggests that our model based on the retardation factors
can be extended to entangled systems, as long as the hierarchical
nature of the relaxation of the branches and the backbone is
preserved and as long as the density of branch points is larger
than the density of backbone—backbone entanglements.

As alast comment, it must be noted that the dilution exponent
a has been fixed to 1 in eqs 20—22. This is justified as the model
accounts for the early fluctuations of the backbone in its dilated
tube’®™** and considers the outer backbone segments as the
solvent. We see however that the predicted low frequency
plateau is too pronounced and slightly overestimated, suggesting
a too strong influence of the entanglements.

5.7. Pure Comb Melts. Given that the physics of comb
polymer relaxation'”"""? is invoked in the presented analysis
(and implicitly accounted for, along with CR effects, with the
different delay factors), it is interesting to test the limiting case of
our approach in the absence of the matrix polymer, that is, the
case of monodisperse comb melt. In particular, we would like to
see if the extra friction coming from the branch points can be
included in the relaxation time of the backbone—backbone
entanglement segments. We consider that the branches relax by
fluctuations, after the high-frequency Rouse relaxation of the
entanglement segments with molar mass M, and therefore, their
contribution to the relaxation modulus is taken into account in
eq 4. On the other hand, the backbone relaxes first by Rouse
relaxation of its segments M, ,,, and then, it relaxes by CRR
induced by the relaxation of the branches. This CRR process
takes place until the backbone segments of mass M, g5 = M./vpp
(with vgg = 0.36) have relaxed. The CRR relaxation of the latter
segments, 7, gy crr, NECessitates to account for the effects of both
the M, gp/M, entanglements and the M, z/M,, branch points.
Because the lifetimes of these two groups of species are well
approximated by the relaxation time of the branches, 7, We
can approximate the characteristic time of a backbone—
backbone entanglement segment as T.ppcrr = Toranch(Mepp/
Me,)® = 17.7 Tyna (see eq 14). Defining the lifetime of the
branches as the inverse of their G’, G” cross-over frequency (see
the red curve in Figure 12), 7,nq, = 0.29s, we find that 7, g crp =
5.15s. The CRR relaxation of the backbone is followed by its
reptation in the dilated tube (see eqs 18—20), governed by the
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Figure 12. Comparison between the experimental (symbols) and the
theoretical (thick continuous curves) storage and loss moduli of the
monodisperse comb C742. The dashed curve shows the contribution
from the comb backbones and the thin continuous curves and the
contribution from the comb branches.

hopping of the branch points. As the influence of the latter is
accounted for in the value of 7.ppcrr, €q 22 can be used to
determine the corresponding reptation time of the backbone.

The predicted curves are compared to the experimental
curves shown in Figure 12, and a satisfactory agreement is found,
despite the simplicity of the model proposed (which contains
implicitly and in approximate form the correct physics of comb
relaxation). It seems therefore possible to interpret the
relaxation of the complex branched architecture based on its
decomposition into different hierarchical levels of complexity,
each level accounting for the retardation effect from the
relaxation of the faster component. This result points to the
internal consistency of the present approach.

6. CONCLUDING REMARKS

This study addresses the LVE of topological blends involving a
small fraction of monodisperse comb PSs in a matrix of linear
PSs. Such a blend is dynamically a three-component system,
comprising branches, backbones, and linear chains. We examine
systematically the relaxation of the same diluted comb having
relatively short arms (relaxing by Rouse modes) and even
shorter segments between branches, as a function of the molar
mass of the linear chain (oligomer, relaxation faster than or
slower than that of the branches), as well as the case of backbone
self-entanglements. We develop a model for the contributions of
the three components to comb relaxation by accounting for the
dynamic dilution and two delay factors, one due to the matrix
and another due to the comb. The former represents the
frictional contribution of the linear polymers to the constraint
released Rouse process of the branches and backbone and the
latter represents the relevant effect of the branches on the
backbone. When the branches relax slower than the matrix, the
Rouse motions of the backbone are governed by the motion of
the branches, which themselves are governed by the motion of
the matrix. On the other hand, when the branches relax faster
than the matrix, their influence is negligible compared to the
matrix, and the Rouse motions of the backbone are mainly
governed by the matrix. The model provides an excellent
quantitative description of the experimental data. In addition,
the resulting retardation factors in the relaxation process of the
combs as a function of the linear polymer molar mass extend our
earlier investigations of blends involving H-polymers in linear
matrices,** suggesting a universal relaxation behavior of
architecturally complex (branched) polymers in linear matrices
based on CR mechanisms and the ability to tailor the dynamics
of such composites at wish. This analysis with the delay factors
accounts implicitly for the physics of comb polymer relaxation
(hierarchical relaxation and branch point hopping) through the
delay factors, and in the limiting case of the absence of the linear
matrix, it predicts satisfactorily the viscoelasticity of pure comb
melt, and hence, it is internally consistent. There are still some
challenges to address in the future, such as the validation of the
value of 0, and the coupling of branch and backbone motion.
Nevertheless, the present results could open new directions in
the tunability of polymeric blends involving architecturally
complex macromolecules and the consideration of dynamic
dilution in such composite materials.
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