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ABSTRACT: We present experiments and theory on the melt dynamics of monodisperse entangled
polymers of comb-shaped architecture. Frequency-dependent rheological data on a series of comb polymers
are in good agreement with a tube-model theory that combines star polymer melt behavior at high
frequency with modified linear polymer reptation behavior at low frequencies. Taking into account mild
polydispersity and by incorporating the high-frequency Rouse modes, we are able to model quantitatively
the entire frequency range. Qualitatively distinct dynamical features of the comb architecture are compared

to those of the simpler star and H-topologies.

1. Introduction

The observed complex rheological properties of poly-
mer melts are well described by the tube model of
entanglements.! It predicts very different entangled
dynamics for the cases of linear?3 and star-shaped?3
chains. Linear chains renew their configurations via a
process known as reptation, which gives rise to a
dominant characteristic relaxation time scale, rep. Star
polymers, on the other hand, must rely on a type of
“activated diffusion”, arising from breathing motions of
the arms, to renew chain configurations ever closer to
their branch points. This leads to a very broad spectrum
of relaxation times, with the longest relaxation time
having an exponential dependence on the arm molecular
weight.*

Tube inspired models have now become increasingly
advanced® and have recently been applied to more
complex architectures, e.g., the H-architecture.® H-
polymers possess four starlike arms connected by a
central “cross-bar” and combine the features of star and
linear polymers in linear response in new and novel
ways. Typically”-® the cross-bar provides reptation-like
relaxations at lower frequencies while the arms provide
starlike relaxations at higher frequencies, consistent
with a separation of time scales into fast (arms) and
slow (cross-bar) times.?19 For more details the reader
is referred to ref 6.

The success of the tube model in the H-polymer case
motivates this study of comb-shaped polymer melts, the
next case in a series of increasingly complex topologies.
Comb polymers possess a number of starlike arms
distributed along a central backbone, unlike H or pom-
pom polymers where the arms are concentrated at the
backbone end points. Some viscoelastic data on lightly
entangled comb polystyrenes exist,® and a rudimentary
application of the tube model suggested a similar time
scale separation of relaxation times for arm and back-
bone as in H-polymers.!! For comb polymers the arms
continue to provide starlike excitations at higher fre-
quencies with the backbone providing reptation-like
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relaxations at lower frequencies. Because of the distri-
bution of arms along the comb cross-bar, however, this
opens up an additional spectrum of relaxations at lower
frequencies for comb polymers, not available to H or
pom-pom polymers. This property of comb polymers
produces novel and significantly different linear rheo-
logical response at lower frequencies in comb polymers
compared to H or pom-pom polymers. Very recently, a
polyisoprene comb with eight arms on an entangled
backbone was reported to exhibit anomalously low
viscosity and terminal relaxation time (lower even than
a pom-pom polymer of similar arm fraction and identical
molecular weight, but with half the cross-bar molecular
weight). This was conjectured to be due to additional
Rouse-like relaxations available to combs. Our extensive
series of comb architectures would be hoped to shed
light on such a surprising result.13

Recent developments in tube theory of branched
polymers have motivated the synthesis of a series of
polybutadiene combs, highly entangled and of variable
architecture; this is the subject of an accompanying
paper to this one.’* They are the subject of the rheology
and theory of this study. The materials of our study also
introduce a limited degree of stochastic variation in
molecular topology. Although the molecular weights of
cross-bar and arms are monodisperse, the method of
attachment of arms to the cross-bar'* yields a Poisson
distribution in the number of attached arms.

Below, we will find for comb polymers two distinct
and discernible regimes for the low-frequency relax-
ations. If the number of arms distributed along the
crossbar is relatively small, then we find that the comb
backbone behaves essentially as a H-polymer crossbar.®
On the other hand, if the number of arms along the
comb crossbar is relatively large, then we find the low-
frequency relaxations to be drastically altered, and the
linear rheological response of comb polymers will differ
markedly from that of H-polymers.

In the next section we describe the synthesis and
experimental rheology. In following sections we derive
the tube-model theory for well-entangled comb polymers
in linear step strain. We then conclude in the final
section with a discussion of results obtained. A number

© 2001 American Chemical Society

Published on Web 08/30/2001



7026 Daniels et al.

Macromolecules, Vol. 34, No. 20, 2001

Table 1. Comparison of Theory (fit) and Chemistry (ch) Parameters for Comb Polymers Studied

polymer sa(ch) sa(fit) sp(ch) sp(fit)r €a(ch) ea(fit) en(ch) ep(fit) q(ch) q(fit)
PBC2 10.3 12.8 123.2 124.3 1.02 1.05 1.02 1.05 31.6 22
PBC3 17.7 16.8 124.6 111.6 1.01 1.02 1.06 1.01 4.9 5
PBC4 24.6 26.8 120.1 149.2 1.07 1.08 1.03 1.10 25.2 20
PBC5 11.9 12.4 63.9 68.7 1.04 1.06 1.06 1.01 8.6 8
PBC6 28.8 25.3 60.5 72.9 1.03 1.04 1.03 1.01 9 8
PBC7 22.7 23.1 61.4 74.1 1.07 1.07 1.03 1.01 8.4 8
PBC8 22.7 26.1 1185 127.1 1.00 1.02 1.02 1.13 34 5
PBC9 20.1 20.9 81.8 87.6 1.00 1.03 1.00 1.02 7.7 8
PBC10 14.9 14.4 53.8 64.7 1.00 1.02 1.00 1.01 8.0 7
PBC11 5.8 6.3 62.7 64.0 1.03 1.04 1.03 1.02 8.2 7

of further details of the background theory can be found

in refs 5 and 6. 9

2. Experiment 6
2.1. Synthesis. Butadiene was polymerized in n-hexane %

using sec-BuL.i as the initiator in an all-glass apparatus flamed @

under vacuum before use at 30 °C using normal anionic -7

synthesis techniques.’* NMR analysis revealed that the degree o

of 1,2 addition of butadiene was 7%. CIMe2HSi was used to §’

functionalize a fraction of these dangling vinyl moieties on a 6

linear PB “backbone” for the comb architecture via a catalyzed

hydrosilylation. The “branches” of the comb were attached by

preparing PB—L.i linear fraction in a manner similar to the 5

backbone. The “branches” then reacted (nucleophilic) at the

Si—Cl functional sites on the “backbone”. Samples were taken
for subsequent analysis prior to reacting “branches” with
“backbone”. Capping of the functionalized vinyl groups was
achieved by adding n-BuLi after 24 h.}* This procedure is
expected to yield Poisson distributions of the number, g, of
attached arms to the monodisperse backbones.’* The comb
product and linear constituents were measured in a GPC with
L/M-ALLS detection to measure architectural parameters such
as “branch” My, “backbone” M,,, polydispersity (M./M,), and
branches per backbone. In Table 1 we can see that 10 comb
polymers were used in this study, with varying number of
entanglements along the backbone s, and along the arms s,
and number of arms g. For example (see Table 1), PBC2 and
PBC4 each possess a relatively large number of arms, with
PBC4 having an arm length roughly twice that of PBC2. PBC3
and PBC8 possess relatively few arms, with almost equal
backbone lengths, while PBC8 possesses slightly longer arms.
The remaining comb polymers used each contain a similar
number of arms and similar backbone lengths (apart from
PBC9 which has a backbone some '/; greater). The main
difference in the remaining comb samples lies in their arm
lengths. For example, PBC11 has relatively short arms,
whereas PBC6 has much longer arms (see Table 1).

2.2. Rheology. For rheology, the samples were pressed
either in nitrogen or in vacuo into 10 mm diameter disks.
These samples were compressed between the opposing fixtures
in the rheometer until the desired gap was achieved. For linear
rheology 10 mm parallel plates with between 0.8 and 1.2 mm
gaps were chosen. The samples were loaded and trimmed at
room temperature followed by further compressing by about
10%. Rheometrics Scientific Incorporated (RSI) RDA 2 or RDS2
rheometers were used to measure rheological parameters.
Dynamic frequency sweeps were performed such that the
upper frequency was 100 rad/s, and the lower band was
between 0.1 and 10—3 rad/s in the linear strain regime (as
determined by overlaying with similar sweeps but with strains
different by a factor of 2). Temperatures were between 100
and —90 °C with nitrogen purge. The highest temperatures
were only attempted after completion of low-temperature work
was finished. Overlaying of room-temperature rheograms was
done to check for sample degradation, of which there was none.
RSI Orchestrator software was used to perform time—tem-
perature superposition of data taken at different temperatures
and to produce master curves. The overlay technique selected
was first frequency (horizontal) shifting to minimize tan(d)
residuals followed by vertical shifting to minimize residuals
of viscoelastic moduli. In this way smooth master curves were

Figure 1. Comparison of high q experimental data and
theoretical predictions for G'(w) and G"(w) for (from bottom
to top) PBC2 and PBC4. Note the relatively low values of
“backbone modulus” in these cases. PBC4 has been shifted
vertically by a factor of 100.

obtained for all the polybutadiene samples. The vertical
shifting was required to accommodate the thermal expansion
of the plates at different temperatures.

2.3. Linear Rheology. The time-dependent modulus is
calculated as a sum of contributions from the arms (or starlike
part), the backbone (or linearlike part), and the high-frequency
Rouse contributions. The dynamic modulus G*(w) is related
by Fourier transform to the time-dependent modulus as G*(w)
= 07 [G(t)](w).*

Linear rheological spectra are given in Figures 1—4 for the
polymers studied, together with the results of the theory
developed below for each case. Overall, we see the obvious
rheological “signatures” we expect from entangled comb-
shaped structures. This is particularly clear in the shape of
the G"(w) curves. Free Rouse modes within the tube at high
frequencies give G"(w) ~ w'?, progressing to lower frequencies
where there is a minimum at w < 7., when entangled modes
set in. This is followed by an extended “shoulder” feature
whose width grows approximately linearly (on a log o plot)
with the molecular weight of the arms, M, (see Figure 3). It
corresponds to their relaxation by activated arm retraction.
Finally, there is a weak maximum or step at lower frequencies
coming from the relaxation of the cross-bars or linear portion.
For comb polymers, the more highly entangled the cross-bars
are with themselves the more sharply defined is their reptation
peak.

Increasing the backbone molecular weight (Figure 4), My,
takes the peak to lower frequencies, while reducing it both
speeds up the cross-bar relaxation and weakens the magnitude
of the peak as the volume fraction of backbone material, ¢u,
reduces and with it its contribution to the modulus (as ¢,'**,
where o = 4/3). So the comb polymer spectrum we expect
contains features reminiscent of the spectra of both star (a
broad shoulder in G"(w)) and linear polymers (a well-defined
peak in G"(w)) at the frequencies corresponding to the inverse
relaxation time of the structural components that resemble
them (arms and cross-bar, respectively).
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Figure 2. Comparison of low g experimental data and
theoretical predictions for G'(w) and G"(w) for (from bottom
to top) PBC3 and PBCB8. Note the relatively high values of
“backbone modulus” in these cases. PBC8 has been shifted
vertically by a factor of 100.
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Figure 3. Comparison of experimental data and theoretical
predictions for G'(w) and G"(w) for (from bottom to top) PBC5,
PBC6, PBC10, and PBC11 comparing comb polymers with
differing arm lengths. PBC6, PBC10, and PBC11 have been
shifted vertically by factors of 10%, 104, and 108, respectively.
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Figure 4. Comparison of experimental data and theoretical
predictions for G'(w) and G (w) for (from bottom to top) PBC7
and PBC9 comparing comb polymers with differing backbone
lengths. PBC9 has been shifted vertically by a factor of 100.

3. Linear Response and Relaxation Times

We now proceed to outline the theory used and
relevant time scales®® for comb polymers.

At early times stress will relax in any dangling arms
by rapid Rouse motion of the chain end along its tube,

Rheology of Comb Polymer Melts 7027

just as for star polymers* except for the presence of
effectively “frozen” backbone material. At later times,
this rapid path length fluctuation crosses over to an
exponentially slow “activated diffusion” for the deeper
arm fluctuations. The effective tube diameter grows
continuously and self-consistently throughout this re-
gime, and the comb cross-bar remains effectively im-
mobile. After the starlike arms have completely re-
tracted, we need to consider the mobility of the cross-
bars present in widened tubes defined only by their
mutual entanglements. The effective friction in the case
of comb polymers with relaxed dangling arms is con-
centrated along the backbone at the branch points. This
contrasts with the case for H-polymers, where all the
friction is concentrated at the crossbar end points. But
just as with H-polymers, the rapidly fluctuating arms
provide drag that far outweighs the sum of monomeric
drags along the cross-bars. This means that the total
drag on the backbone will vary as the number of side
branches g, not as M. Initially, stress is lost from cross-
bar segments via uncorrelated diffusion of the branch
points along the tube (analogous to the early motion of
the free arm ends). The diffusion of the chain ends is
suppressed when path length fluctuations become slowed
by the effective elastic potential (so thinking of the cross-
bar as a “two-arm star”1%). Central portions of the cross-
bar are relaxed by reptation. This is the slowest
contribution to the linear stress relaxation.

Following ref 6, the key ingredients required for our
model are as follows. We need to calculate a hierarchy
of time scales 7(x) in terms of an arc length coordinate
x that runs from the ends of a polymer chain to the
center. For example, in star polymer melts, x takes the
value 0 at the chain ends and increases to 1 at the core
where the arms meet. We must also write a form for
the effective modulus of an entanglement network
corresponding to a concentration ®(x), where G(®) =
Go®1*t® and @(x) is the concentration of unrelaxed
material when segments with coordinate x are just
relaxing (i.e., at the time scale when tube segments at
x are just being reached by free ends for the first time).
These are the assumptions of the “dynamic dilution”
hypothesis. Then an expression for the relaxation
modulus G(t) may be written from the general expres-
sion>15

G(t) = 018G(;I)>((X)) o0 gy @

This expression assumes only that the effective modulus
at time t depends on the amount of unrelaxed tube and
is valid providing all currently unrelaxed chain has been
able to explore fully the dilated tube at t. At time t the
unrelaxed fraction of chain is ®(x(t)).

For comb polymers it is natural to divide the arc
coordinate into two sections: X, runs along the arms
from the ends to the branch points (0 < x, < 1), and x,
runs from the branch point to the middle of the cross-
bar (0 < x, < 1). Now (1) becomes

G(t) = Gy(o + 1){ ,f()l¢ba+l(1 _ Xb)ae—t/rb(xb) dx,, +
[ = %) e 0D dxa} )

Here ¢, and ¢, are the volume fractions of arms and
cross-bar, respectively. The first term comes from the
contribution of cross-bar material and the second from
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the relaxation of the dangling arms. In each integral,
the term in round brackets represents physically the
effective concentration of unrelaxed entangling network
surrounding a segment relaxing on a time scale ta(X).
We now turn to the derivation of the relaxation time
scales for the dangling arms 7,(x) and for the cross-bar
h(X) (see also ref 6).

3.1. Arm Relaxation. The very outermost tube
segments are relaxed by curvilinear Rouse motion of the
free end and has a spatial mean displacement s follow-
ing the sub-Fickian form s ~ t¥4, Inversion and substi-
tution of the Rouse result in terms of monomeric friction
provides a characteristic time for the diffusion of free
ends to segments at arc coordinate x:°

225.7'[3(Na)2 .
R

Tearly(x): 256 N 3)

Ne

in terms of the Rouse time tr of the dangling arm.

Note that the use of this expression as an effective
first passage time involves two approximations: that of
single-exponential relaxation of stress per segment and
the equivalence of first passage time to inversion of the
mean displacement of the chain end, 2(t)CJ Simulations
indicate that neither is exact but that the use of such
expressions yield good approximations for G(t),'6 and
exact calculations are underway?® for future comparison.

Beyond an arc coordinate x ~ (Ma/M¢)~%2 fluctuations
of the entangled path length of the arm begin to require
entropically unfavorable unentangled folded loops either
within the tube or emerging from its sides. The elastic
potential for such retractions in a fixed network was
calculated by Pearson and Helfand'” to be Ug(x) =
kTvsax? with the constant v = 15/8 and s, = Ma/Me.
However, as we have seen, the tube diameter relevant
to further retractions at any time scale is diluted by all
material occupying tube segments already relaxed. This
leads to a renormalization of the potential to an effective
potential Ues(x) which takes into account the dilution
of the entanglement molecular weight as a function of
relaxed material fraction M¢(x).18 This can be achieved
self-consistently, and Ues(x) is generally given in terms
of the solution of the differential equation

dUeff — aUO(X;Ma’ Me(x))
dx X

(4)

which says that the effective dilution of the potential
from segments at x may only be realized for processes
on time scales z(x) or longer.’

An approximation for the mean first-passage time for
diffusers over such a potential barrier as Ug(x) can be
calculated analytically for all x in terms of integrals over
the potential (see ref 6).

T (X ) — La2 exp[Ua,eff(Xa)]l b4 12
e DavEff U'a,eff(xa) \ZU”aveff(XaZO)

®)

where L32/Dg et = 1572S,7r/8. By crossing over smoothly
to eq 3 for small x, the spectrum of arm relaxation times
7a(X) is calculated, including a weakly x-dependent
prefactor.®

_ Tae(xa) exp[ua,eff(xa)]
Ta(xa) a 1+ Tae(Xa) exp[ua,eﬁ(xa)]/ral(xa) (6)
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This simple crossover form works because 7,(Xa) goes as
Tae(Xa) for small Xa when Uge(Xa) and Tae(Xa)/Tai(Xa) goes
to zero. Similarly, ta(Xa) goes as 7ai(Xa) as Tae(Xa) EXP[Uaeft-
(Xa)l/tai(Xa) > 1 for intermediate values of X.

The application of this procedure, as outlined, to the
activated retractions of star and H-polymer arms is
discussed in ref 6, where the form of the effective
potential is given as

0. ) 155, 1 — (1 — ¢.x)* (1 + (1 + a)p.x,)
X =
aefffal = 4 1+ )2+ a)¢,?

(7)

It is easy to see that the potential well is deeper and
steeper than for pure star polymers, due to the fraction
of cross-bar material that behaves as permanent net-
work for the relaxing arms. In this way for H and comb
polymers, the fraction of arm material enters into the
exponent for the longest relaxation time among arm
retractions, which becomes (the version of eq 5 ap-
plicable to comb polymers)

155, 1 — (1 — )" "1 + (1 + o))
4 1+ )2+ a)p,?

7,[1] ~ exp (8)

We notice one very important physical consequence
of the cooperative nature of the arm relaxations: the
longest relaxation time of the arms is exponentially
dependent not only on the number of entanglements on
each arm s, but also on the arm fraction ¢,. Increasing
the amount of material in the cross-bars, which acts as
a permanent network throughout the relaxation of the
free arms, greatly extends the slowest mode of the arms.
So star-arms attached to cross-bars of an H-polymer or
comb polymer melt would be expected to exhibit expo-
nentially slower relaxation times than when attached
to simple branch points as in a melt of pure stars. This
is the reason for Roover’s early observation”® that the
“viscosity enhancement” of dangling arms (over the
value they would have as linear polymers) was much
greater in his comb and H-polystyrenes than in the
corresponding stars. We expect to observe the same
phenomenon in entangled combs, but more sensitively,
since the arm fraction ¢, varies with M, multiplied by
the number of arms g, which may reach values as high
as 30 in our samples.

3.2. Backbone Relaxation. Once the arms have
relaxed the comb backbones behave as linear polymers,
entangled with each other only, moving against drag
concentrated at the branch points. Portions of tube are
renewed first by fluctuation of the backbone path length
and then by reptation of the remaining backbone as a
whole. The form of the very earliest fluctuation-
dominated relaxation depends on whether the number
of arms is large or small, as we will find below, but at
later times the activated fluctuation in all cases takes
a form similar to the H-polymer case.® The spectrum of
relaxation times may be constructed by thinking of
linear polymers as “two-arm stars” for times less than
their reptation time.

A crossover formula for the spectrum of relaxation
times 7,(x) is constructed in an analogous way to 74(X)
above (for details see ref 6) such that

Tpe[Xp] XPIUp eri[Xp]]
1+ TpelXp] €XPIUp erilXopll/ 71 [Xp]

(9)

tb,ret[xb] =
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where

7 (%) = Ly’ exp[Uy, er(Xp)]( T 112
P ADperr U'y erilXp) \ZU”b'eﬁ(Xb=0)

is the late time activated result, with Dy ¢t calculated
below, U'p efi(Xp) = 15Sp¢p™Xn(1 — Xp)*/8 and Uy e(Xp=0)
= 15sp¢p*/8. We now consider the form of the relaxation
times for the early and late time backbone fluctuation
spectrum, in the two cases of small and large numbers
of arms. The criterion for deciding between each case
for a given sample is discussed in section 4.

3.3. Case 1 (Small Number of Arms). We expect
comb polymers with a small number of arms to behave
essentially as H-polymers, in that the early-time (un-
activated) path length fluctuations are dominated by the
diffusion of the terminal branch points alone. When the
path length of the dangling arms eventually fluctuates
to zero, corresponding to the free end retracing a path
through the melt to the branch point itself, the branch
point may make a diffusive hop through the melt. At
this time scale of 7,5(1), the tube diameter is set only by
other comb cross-bars so has a value a* = a¢, 2. There
is a slight uncertainty in the O(1) number that relates
the time scale of the hop to the mean hopping distance,
so we will set the effective curvilinear diffusion constant
of the branch point to the value!?

(10)

2 2

p ab,eff
Db,eff 2ra(1) (11)
where p = 1/4/12, identical to the value chosen in ref 6
for H-polymers. (Note that p does not change with arm
length, and in ref 6 the value of p = 1/v/6 was
erroneously reported.) Recently, it has been reported!®
that data on symmetric star polymers indicate that
branch points hop in bare narrow tubes than in the
“dilated” tubes considered here. However, for star
polymers the diffusion of their branch points is a subtle
consequence of the disentanglement transition, whereas
our comb backbones remain entangled. We prefer to
assume “dilated” tube hops here, leaving the physics of
this question open to further examination.

The diffusive motion of the ends of the cross-bar is
initially responsible for the loss of orientation and stress
from its outer segments. In an analogy with the free
Rouse diffusion orientation loss from the dangling arms,
we write the “early form” for stress loss from the cross-
bars as e = X?Lp?/8Dpe.° Note that the relaxation
times depend on the cross-bar arc coordinate as x2
rather than x* for the free ends. This is because the
effective friction for motion of the branch points is
concentrated at the branch points themselves—only a
negligible correction comes from the true monomeric
friction of the cross-bar chains themselves.

So (as outlined above and in ref 6), in the case where
the early-time backbone fluctuation is dominated by the
diffusion of a single branch point:

25 o
The[Xp] = ;pg st o't [11%} (12)

is the early time relaxation result, near the cross-bar
ends, with Lbyeff/abyeff = 5/4Sb¢ba.

A final crossover to the reptation time of the comb
polymer cross-bars is also required, since their central
sections will typically have starlike fluctuation times
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much longer than the center-of-mass reptation mode of
stress—relaxation available to them. The reptation time
for comb polymers with a small number of arms is
determined by the time taken for the linear comb
polymer cross-bar to diffuse the curvilinear length not
already relaxed by fluctuations and so is given by the
self-consistent relation

_ 25(1 = x)’sy” ¢,z (110
4p2n2

(13)

Trep

With 74i(Xc) = Trep, Td = (Lbef(1 — Xc)?)/(71°Drep) and where
a simple addition of drags from each branch point gives
Drep = Dp,eriQ.

3.4. Case 2 (Large Number of Arms). In the above
analysis for a small number of arms it was assumed
that the terminal frictional blobs, produced by an
already relaxed arm attached at a branch point, acted
independently from other frictional blobs. In this sense
the motion of the comb backbone corresponded to the
uncoupled dynamics of each separate frictional blob, and
the center-of-mass diffusion constant for each blob
dominated. For the case of many arms distributed along
the comb cross-bar this physical picture is no longer
valid, and we must now consider the coupled dynamics
of all the frictional blobs taken together. In this limit
the comb backbone behaves as an entangled Rouse
chain with distributed drag. The Rouse expression for
the mean displacement of the chain end is given by?

a1
—(1 = exp(—n’r, /1)) (14)
n=1p

where [AR?00= (x,L/2)? is the average of the displace-
ment squared and Dr = Dy er/q and 7r = 2Ly eff@p eft/ 3772
are the “renormalized” diffusion constant and Rouse
time for the comb cross-bar. This is consistent with our
modeling the cross-bar with frictional blobs distributed
along its length as a “renormalized” Rouse chain. The
effective friction, generated by the presence of already
relaxed arm material at the branch points, vastly
outweighs the monomeric friction and therefore becomes
“renormalized” to a much higher value. The underlying
physics remains the same, however.

In the high g limit, with again Ly esfap et = /4Spgp,
and converting the above sum into an integral over all
n, we get

[AR?’[}= 2Dgtx

3757

s ¢, 37 [1]x¢ 15
4096p2(]b bp Tal1lX, (15)

Tbe[xb] =

which corresponds to the case of highly coupled back-
bone frictional blob dynamics.

Again, we need a final crossover to the reptation time
of the comb polymer cross-bars and so is again given
by the self-consistent relation zp(X) = trep With 79 =
(Lo eP(1 — Xc)2)/(x°DR).

_375(1 — x)%s,” ¢, 7, [1]q
256p°n

(16)

Trep

We can see by comparing the low and high g limits that
the relaxation times for the case of high g are signifi-
cantly increased with respect to the case of low q. This
is due to the coupled nature of the frictional blob
dynamics in the former case, as opposed to the un-
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coupled nature of the frictional blob dynamics in the
latter case. We will see how both of these separate
dynamical scenarios for low and high q arise in the
linear rheological response of different comb polymers
below.

As stated in section 2.1, the number of arms follows
a Poisson distribution. The main effect of this will be a
contribution to the broadening of the “reptation peak”
in G"(w). (Other contributions such as constraint—
release are not invoked at the current level of our
theory.) This broadening will be directly proportional
to the relative deviation in g, which is 1/v/q for a Poisson
distribution. We comment on the effect of this on our
samples in the discussion below.

3.5. Rouse Modes (o = 1/tr.). For these high fre-
guencies, the tube constraints do not significantly affect
the relaxation modes of comb polymers, which proceed
via Rouse dynamics on length scales smaller than a.

We write the Rouse spectrum for large frequencies
as follows:!

GONe N
Gp(t) = —— exp(—nt/t 17
(D N = NIN, o p( R (A7)

where the Rouse time g is given as r = (N/Ng)2ze and
7 is the entanglement time. Note that this expression
for the Rouse spectrum differs slightly from the repre-
sentation given in ref 20, although in reality this makes
for little difference. Here we make the simpler assump-
tion that Rouse modes are suppressed below the lowest
limit in the above sum, so as to capture the crossover
from entangled to pure Rouse behavior correctly. Rouse
modes with a lower index are precisely those that are
strongly affected by entanglement and relax via the
sequence of retraction/activated retraction and reptation
as discussed above. The normalizing prefactor is chosen
such that Ggr(t=7¢) = Go. It is straightforward to
calculate the contribution to response in frequency space
by carrying out the appropriate Fourier transform.!
Note that G'(w) ~ G"(w) ~ w2 @ — . For polybutadi-
ene, however, it is routinely reported that the high o
behavior has a steeper slope than that predicted from
the Rouse spectrum. This is almost certainly due to this
regime being strongly affected by the a transition.
3.6. Polydispersity. Even though the materials
investigated here were anionically polymerized, achiev-
ing the highest possible standards of monodispersity,
we might expect that the exponential sensitivity of the
branch point diffusion constant of the path length of the
arms to amplify any slight polydispersity, especially in
the molecular weights of the arms. Polydispersity
induces two effects on the relaxation spectrum at times
longer than 75(1): (i) a positive shift of the mean
relaxation time; (ii) a spread of the relaxation times. In
the comb polymer spectra, these may be particularly
evident in the position and shape of the “reptation peak”
at low frequencies. Calculations on arbitrary distribu-
tions via a moment analysis carried out in ref 6 tend to
overestimate the effects of polydispersity on the average
arm relaxation time. The treatment given in ref 6
assumed a fixed entanglement network, whereas the
arm fraction of the entanglement network is mobile
(with the backbone fraction fixed), and this will lead to
some amount of “motional narrowing”. Recent calcula-
tions that include the effect of motional narrowing have
been carried out in ref 12, which involves solving the
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full Ball—Mcleish equation (4) in the presence of a
distribution of polydisperse arms (see ref 12 for details).

Writing My/Mp, = 1 + ¢, we find from ref 12 that to a
good approximation small polydispersity effectively
renormalizes the number of entanglements along an
arm s, to (with a = 1):

V.S
Sar ¥ Sat 56 (18)
where
15 ¢y 19)

YaT 8 403 1 oy

Thus, the polydispersity ¢, enters our expression for
the arm relaxation time via its effect on s,. (However, a
change in the bare value of s, can be distinguished from
a change in ¢, since it is only s, and not ¢, which has an
effect on the concentration of arm material ¢,.)

An expression for the renormalized number of en-
tanglements along the backbone s, can also be con-
structed, where in this case the effects of motional
narrowing are much smaller. The effects of polydisper-
sity on the comb backbone dynamics is more subtle than
the case for the motion of the comb arms, and in this
case we use the treatment outlined in ref 6, which leads
to a renormalized backbone length, sy, of

2
Spr ~ Sp T+ % €p (20)
with
_ 156 (1~ (1 =59 (L + (1 + 0)sy)) 21
"o " g 1+ )2+ a)

The spread in relaxation times increases rapidly with
the molecular weight of the dangling arms, however,
well-controlled the polydispersity. A similar effect arises
in the contributions to the relaxation spectrum arising
from the cross-bar because in practice a significant
fraction of cross-bar material relaxes by fluctuation
modes (see ref 6). Such a strong effect of polydispersity
might have been expected in the simpler case of star
polymers. However, in that case the mutual retraction
dynamics proves to be strongly motion narrowing.® It
is the presence of slowly relaxing cross-bar material that
“amplifies” the inherent polydispersity of the arms’
relaxation times. To appreciate more fully this high
sensitivity to small polydispersity, more details on the
determination of the polydispersity from chemistry and
synthetic procedure will be given in an accompanying
paper.14

4. Results and Discussion

Quantitative consideration requires careful compari-
son with curves calculated for G*(w) from the theory
above. Polydispersity in the comb polymer case was
treated at the relatively crude level of incorporating only
the resulting shifts in the relaxation times. For comb
polymers the polydispersity of the dangling arms is
much more important than that of the cross-bars.
Because of the slight uncertainties in molecular weight
and polydispersities, the procedure adopted in each case
for the comb polymers was to vary the values of M, and
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Figure 5. Diagram of a comb polymer illustrating the need
for backbone length s, correction.

My, and polydispersities of arm and backbone via € =
Mw/M;,, — 1, until a fit with the data was obtained and
then to check consistency with the results of other
standard characterization methods reported above. The
two universal (for PB) parameters Gy and 7. were also
allowed minor adjustment within the range represented
by rheology and experimental variation on samples with
different synthesis but remained within factors of 1.2
of 1.25 MPa and 2.2 x 1077 s at 25 °C. Values used for
M. were around 1850 g mol~! for 1—-4 PB, which we
adhere to throughout. This is consistent with values of
M. quoted in refs 21 and 22, using the convention for
M in which the appropriate coefficient for the activated
diffusion potential is 15/8. Microstructure does have an
effect on Me, but in our case where we have PB 1—4,
trans 54%, cis 40%, and vinyl 6%, an M, ~ 1900 is
correct,?1:22 while values of M. between 1850 and 2000
have been quoted in ref 23. The value of 7. used agrees
well with the value given in ref 21, within a factor of 3,
albeit given a slightly different microstructure. We
found best-fit rheological values for the dimensionless
structural parameters s, = Ma/Me, s, = Mp/Me, €,, and
€p in each case. These are compared with the values
obtained from synthesis and characterization in Table
1.

The theoretically predicted moduli G'(w) and G"(w)
for PBC3 and PBC8 (shown in Figure 2) were calculated
using the low g analysis outlined above, while G'(w) and
G"(w) for the remaining samples were calculated using
the high g analysis outlined above. All rheological data
and model fitting at an effective temperature of 25 °C
are give in Figures 1—4.

We have arranged the figures so that comparisons can
be easily made of (i) high arm-number materials (Figure
1), (ii) low arm-number materials (Figure 2), (iii) effect
of varying arm length (Figure 3), and (iv) effect of
varying backbone length (Figure 4). Vertical shifts have
been applied to each data set to separate them on the
comparison plots.

To be able to make a comparison between the values
of the backbone length derived from theory sy(fit) and
chemistry sp(ch), we must proceed carefully due to the
following (see Figure 5). Imagine following the portion
of backbone from its end inward, toward the center until
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Figure 6. Comparison of sy(ch)/sy(fit)s (data points) and
sp(fit)r/sp(fit)s (dashed line), plotted against the number of arms
qg.

the very first branch point is reached. The “free end”
portion of the backbone already traversed will contrib-
ute to the linear rheology in precisely the same manner
as the other arms attached to the comb backbone. If this
portion is shorter than M, (as it will, on average, be if
Mp/(q + 1) < My), then the outermost branch points
become mobile before arm retraction is complete. On the
other hand, in all cases the length of the backbone is
shorter than the original chemical length after arm
retraction, since some of the backbone acts dynamically
as arm material. We find that this phenomenon of
“branch point evaporation” to affect the relatively low
g PBC3 and PBCS8 rather less than the other samples
used, since for higher g the probability of hitting a
branch point on the way in from the backbone end is
markedly higher. To facilitate a realistic comparison of
theory sp(fit) and chemistry sp(ch) for the comb polymers
used, we need to incorporate this q dependence via an
approximate correction to the backbone length s,. As-
suming the arms are distributed evenly along the
backbone (monodisperse), we require the following
mapping between the “renormalized R” and “bare B”
values for sp(fit) (see Figure 5):

sffide 1
sfit)y | _ 2

(22)

q+1

The values of sy(fit) given in Table 1 are necessarily
those of the corrected backbone length sy(fit)r, which is
the value that can be compared directly with the
chemical value of the synthesized backbone s,(ch). Note
that sy(fit)r > sp(fit)s. Shown in Figure 6 is a comparison
between sp(ch)/sy(fit)s (one data point for each material)
and sy(fit)r/sy(fit)s (dashed line), both plotted against the
number of arms q. The value sy(fit)g corresponds to the
backbone length relevant to rheological response, while
sp(fit)r corresponds to the backbone length relevant to
chemistry. We can see that our expression for sp(fit)r/
sp(fit)g (dashed line) accurately captures the observed
behavior of spy(ch)/sp(fit)s (data points) for the comb
polymers used over a wide range of values for the
number of arms g. We emphasize again that sy(fit)r
includes the comb terminal branches for direct com-
parison with the chemistry value sp(ch), whereas the
value sp(fit)g is used in the formulas such as (15) and
(16) to calculate the low-frequency dynamics.

The g values given in Table 1, both theory and
chemistry, agree very well except for PBC2 and PBC4
in which only moderate agreement is obtained. Increas-
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ing the value of g produces its largest effect on the ratio
of the two plateaus given by the arm and backbone
contributions, as can be easily seen in the rheological
response. The observed discrepancy in Table 1 between
the g values obtained from theoretical modeling and
chemistry remains to be explained.

The theory outlined above can be seen to be extremely
accurate in capturing the linear rheological response of
varied comb polymers. However, due to the exponential
factors appearing in the expressions for the relaxation
times, it is a little difficult to predict the linear vis-
coelastic response of any particular comb polymer ahead
of time. Taking PBCS6, for example, an increase of 10%
in its arm molecular weight would lead to its terminal
time being increased by roughly a factor of 3.

As mentioned in the Introduction, the method of
attachment of arms to the cross-bar'4 yields a Poisson
distribution in the number of attached arms. Taking this
distribution into account fully would be straightforward
but lengthy in detail, so here we estimate the degree of
approximation expected using our monodisperse q as-
sumption. The principal effect of the distribution in the
number of arms, via the variance ~1/4/q, in the number
of arms ~q, is to broaden the terminal time. The
variance ~1/+/q can be seen to be small for most the
comb polymers studied (e.g., for PBC 6 1/v/q ~ 1/3).
PBC3 and PBCS8, on the other hand, possess a relatively
low number of arms, and we do indeed observe a more
broadened reptation peak than theory predicts.

We find above for comb polymers two distinct and
discernible regimes for the low-frequency relaxations.
If the number of arms distributed along the cross-bar
is relatively small (Figure 1), then we find that the comb
cross-bar behaves as essentially a H-polymer cross-bar.6
On the other hand, if the number of arms along the
comb cross-bar is relatively large (Figure 2), then we
find the low-frequency relaxations to be drastically
altered, and the linear rheological response of comb
polymers will differ markedly from that of H-polymers.
We can resolve this separation of low and high g
dynamical regimes quantitatively as follows for comb
polymers. The criterion for using the high q, distributed
drag treatment above is that the portion of backbone
relaxed by fluctuations, cutoff at the reptation time,
should contain more than one branch point. Quantita-
tively, this criterion reads srep = 1/(Mp/2M7)Y2 > 2/q or
Qerit > (2Mp/M)Y2, where M takes into account the
“effective” entanglement molecular weight due to the
fraction of already relaxed material. For example, using
the above criterion for PBC8 which has ¢, ~ 1/2 and q
= 3 arms, we find qcrit = 10 and therefore g < gerit, and
we must have the low g relaxation dynamics dominated
by the local frictional drag at the chain ends as in the
H-polymer case. However, using the above criterion for
PBC7 which has ¢p ~ 1/4 and q = 8 arms, we find qcrit
= 5 and therefore q > qcrit, and we must have the high
g relaxation dynamics dominated by the distributed
frictional drag along the comb cross-bar.

In Figure 3 we can see the effect of arm length on
the rheology. Increasing the arm length leads to a
broadening of the rheological spectra at intermediate
frequencies, as well as providing more arm material to
undergo starlike activated diffusion behavior. In Figure
4 we can see the effect of backbone length on the
rheology. Increasing the backbone length leads to a
larger terminal time, as well as providing a higher
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Figure 7. Comparison of experimental data and theoretical
predictions for G'(w) and G (w) for (from bottom to top) a comb
polymer PBC6, a star polymer S105, and a H-polymer
H110B20A. S105 and H110B20A have been shifted vertically
by a factor of 100 and 1000, respectively.

concentration of backbone material to undergo late-time
reptative behavior.

We are now in a position to discuss the different
response of star, H, and comb architectures. Shown in
Figure 7 is a comparison of experimental data and
theoretical predictions for G'(w) and G'(w) for a comb
polymer PBCB6, a polyisoprene star polymer S105 with
arm length 105 kDa,?* and a polyisoprene H-polymer
H110B20A with a backbone length of 110 kDa and arm
length 20 kDa.® The two universal (for Pl) parameters
Gy and 7, were taken to be 0.52 MPa and 7 x 1076 s at
25 °C.2! Values used for M were around 4500 g mol—2
for P1.21

From the figure we can clearly observe the dramatic
effects of topology on polymer dynamics. For a typical
star polymer we see a very broad maximum in its
rheological spectrum, which is due to the exponential
dependence of the arm relaxation time on the arm
molecular weight and spread of spatially localized
relaxation modes along the arm. The low-frequency
reptative peak associated with any backbone material
present is absent for stars. For comb and H-polymers
we again see starlike behavior at intermediate frequen-
cies due to the relaxation of arm material, eventually
giving way at low frequencies to reptative motion of the
backbone. The difference between the backbone dynam-
ics of comb and H-polymers can be clearly seen in Figure
7. For H-polymers we see a much more sharply defined
reptation peak than for comb polymers. This is rather
typical of combs for two reasons. First, it is consistent
with the much greater number of relaxation modes
available to backbones of comb polymers, where the
frictional drag is distributed along the backbone, over
that of H-polymers where the frictional drag is localized
at the backbone extremities, leading to the existence of
only one single path length fluctuation mode. Second,
a higher number of arms tends to dilute the cross-bar
fraction relative to an H-polymer with the same arm
and cross-bar molecular weights. It is worth pointing
out that a “pom-pom” architecture would contain the
second, dilution, effect but not the first.

5. Conclusion

We have studied the dynamics of entangled comb
polymers in linear rheological response.
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The rheology is well accounted for by the assumption
of path length retraction in any dangling arms present,
followed by reptation/fluctuation of the cross-bar present.
For comb polymers (as for H-polymers®), the presence
of the cross-bar has several important consequences for
the relaxation of the dangling arms. First, their presence
as unrelaxed material during the faster dynamics of the
arms greatly slows down the arm retraction relative to
the rate it would adopt in a melt of pure stars. The
coefficient of Ma/Mg in the exponential term for all long
time scales increases with the fraction of cross-bar
material. Second, the presence of this effectively fixed
network fraction enhances the role of polydispersity in
the arm molecular weight. The presence of even the
small degree of polydispersity arising in anionic poly-
merizations shifts the terminal time of the retracting
arms to a longer time scale than would result from a
monodisperse ensemble possessing the same weight-
average molecular weight.

The rheology is also well accounted for by careful
consideration of the effect of the number of arms a comb
polymer has distributed along its backbone. The rheol-
ogy shows that if a comb polymer possesses a small
number of arms, then we can essentially consider its
backbone dynamics as comprising a set of independent
relaxation modes, like a H or pom-pom polymer. How-
ever, if the number of arms increases, then we get
coupled frictional blob dynamics along the comb back-
bone. This signature can be clearly seen in the linear
rheological response of our model comb polymers. We
do not see any sign of the anomalously rapid relaxation
reported for similar polyisoprene architectures in ref 13,
nor of anomalously slow branch point motion reported
in asymmetric stars,’? despite the wide variety of
architectures explored.

We emphasize that the approach given here is com-
pletely generic for combs. A satisfactory theory for the
linear response of these topologically complex polymers
is a requirement for any understanding of their non-
linear response. In particular, the stress in transient
extension for combs is expected to exhibit strong “hard-
ening” under large strains and strain rates. A study of
these materials in strong flows will be the subject of a
future report.?® Finally, comb polymers take us a step
closer to the rheology of industrial polymers than
canonical pom-pom?é polymers. This is due not only to
the presence of (Poisson) polydispersity in arm number
but also to the direct relevance of the comb structure.
In one case at least (metallocene single-site branched
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resins), the low-frequency topology of the molecules is
predominantly comblike when branching frequency is
high.?’
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