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Abstract. The polymer dynamics in blends of long and short chains spans several decades in time and the
understanding of the effect of the short chains on the relaxation mechanism of the long chains due to
constraint release requires the combination of microscopic and macroscopic techniques. While the long-
time dynamics can be accessed by mechanical or dielectric spectroscopy (DS), its relation to the
microstructural details requires the application of theoretical models. In contrast, neutron spin echo (NSE)
measures directly the dynamic structure factor reflecting the process of constraint removal at the molecular
scale. Here the comparison of NSE and DS results in a model blend of short and long polyisoprene enables
the exploration of the entire time regime showing that constraint release leads to a dilation of the confining
tube. We show the description of the dynamic tube dilation using a simple model in which the time
controlling the tube dilation for the long chain is the terminal time of the short chain.

1 Introduction

In polymer materials, additives are typically used to
modify their mechanical properties or improve
processability. In particular, the addition of small
molecules to high molecular weight entangled polymers
leads to lower viscoelasticity, which is very relevant in
blends and polydisperse polymers. In general, the long-
time dynamics of well-entangled linear monodisperse
chains in the melt is well understood in terms of the tube
model proposed by Edwards and De Gennes [1,2]. In
this ideal tube model the surrounding chains act as
topological constraints and confine the probe chain into
a tube region, which restricts the lateral motion of the
chain within its diameter, d. Then, the probe chain
relaxes by reptation. However, in real systems other
mechanisms compete with reptation, mainly contour
length fluctuations (CLF), i.e., fluctuations of the length
of the tube, and constraint release (CR), which refers to
the probe chain motions induced by the motions of the
surrounding chains [3 4].

Binary polymer blends composed of two
monodisperse components with the same chemistry
(isofrictional blends) and architecture, are simplified
model systems to investigate the effect of polydispersity
[5-13]. CR effects are more important in binary blends
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of short and long chains, where the rapid motions of the
short chains release the constraints on the long chain,
allowing the latter to relax faster than it would by its own
reptation mechanism. Thus, the tube that confines the
long chain reorganizes as a consequence of the release
of constraints. This process can be, in principle,
modelled by assuming Rouse-like motion of the tube,
where the segmental motion is replaced by individual
CR-events [14]. On the other hand, a simplified
representation of the many-chain CR effects is the so-
called dynamic tube dilation (DTD), where the diameter
of the tube confining the long chain increases with time
due to CR. The concept of the DTD was first proposed
by Marrucci [15] for homopolymer monodisperse melts
where the portion of the chain that has escaped from its
original tube can act as a solvent for the remaining tube
sections.

Most of the experimental studies of CR effects in
polymer blends are carried out with macroscopic
rheological or dielectric techniques, focusing on the
terminal regime of the viscoelastic behavior. Yet, within
a DTD mechanism, the tube should already have
reached its final dilated value at that time-regime.
Therefore, the time dependence of the CR or DTD
mechanism at molecular level is little known. Some
molecular dynamics (MD)-simulations studies have
attempted to address this problem from a molecular
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point of view [16,17]. In a recent study [18] we have
shown that the time-dependent tube dilation in
isofrictional polymer blends can be directly observed by
neutron spin echo (NSE) as an additional time
dependence of the dynamic structure factor in the local
reptation regime. By combining NSE with DS, we could
identify the characteristic time driving tube dilation as
the terminal time of the short component of the blend.

In general, the dynamic process of tube reptation
occurs over a very wide range of time scales, which
requires not only the time and length scale resolution
provided by neutron spectroscopy but also the
combination with other macroscopic techniques. In
particular, dielectric spectroscopy in combination with
neutron spectroscopy has been very helpful to shed light
on the dynamic mechanisms of many systems such as
water [19]. In this article, we show the dynamics of
entangled chains blended with shorter chains along the
entire time regime by combining NSE and DS.

2 Experimental

The single-chain dynamics of a polymer chain can be
measured with neutron spin echo by selectively H-
labelling a small part of the long chains immerse in a
matrix of deuterated polymers. Nearly monodisperse
long and short linear polyisoprene were synthesized by
anionic polymerization. The molecular weight of the
polymers were : My, = 83.5 kDa and PDI=1.01 (long
hPI); My, = 90.2 kDa and PDI=1.03 (long dPI); M, =
12.4 kDa and PDI=1.04 (short dPI). The entanglement
mass of PI is M, =5 kg/mol. Long-linear PI had Z =
M/M, = 16 entanglements per chain while the short-
linear PI had Z =2 .4. The samples for neutron scattering
experiments contained 10% of long protonated PI chains
in the otherwise deuterated material. The NSE data were
obtained in IN15 (ILL, Grenoble, France) [20]. A
broadband dielectric spectrometer, Novocontrol Alpha
analyzer, was used to measure the complex dielectric
permittivity.

3 Results

Figure 1 shows the normalized chain dynamic structure
factor S(Q,t)/S(Q,0) corresponding to long chains in
the melt and in the blend with the small linear additive
(with a total long chain volume fraction ¢, = 0.5) that
were previously reported [18]. In both cases, the curves
are characterized by a first decay at short times, related
to motions of the chain within the tube, followed by a
plateau characteristic of confinement. The Q-
dependence of this plateau is related to the confining
geometry, in this case the tube.

The dynamic structure factor of entangled polymers
can be described in terms of the De Gennes model [21]:

Son = [1-ew (-55)] s @0+

exp (- L&) 5250, 0) (1)

where §'°¢(Q,t) and S¢¢(Q, t) are related to the local
reptation and escape process from the tube (creep
motion), respectively. Generally, in the time window
covered by NSE it can be assumed that $°°°(Q, t) = 1.
We will show later that this is a good approach also in
our case. On the other hand, S$"¢(Q,t) might be
approximated by a phenomenological stretched
exponential function. Then, the expression for the
dynamic structure factor is reduced to:
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Fig. 1. a) Single-chain dynamic structure factor measured by
NSE of long-PI chains in bulk (filled symbols) and in blends
with short linear (empty symbols) at ¢, = 0.5 and the three
values of the scattering vector indicated. Lines are fits as
explained in the text. b) Time dependence of the tube diameter.
¢) Normalized natural-log frequency (f) derivative of the real
part of the dielectric permittivity as a function of the time
variable t = 1/(2rf). All results correspond to 423 K.

Using eq. 2 to model the S(Q,t)/S(Q,0) of the pure
long chains (solid lines in Figure 1a), we obtain a value
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of the effective tube of d, = 64 A — in good agreement
with the values reported for polyisoprene [22]. We
explicitly refer to this tube diameter as effective since it
includes all effects of CR, CLF, etc. taking place in the
homopolymer. This is our reference value.

The comparison between the data of the long/short
blend and pure long melt reveals that the dynamic
structure factor of the long chain is unaffected by the
presence of the additives at times shorter than ~100 ns.
At about 100 ns, a progressively more pronounced
decay of S(Q,t)/S(Q,0) is observed for long chains in
the blends with respect to the pure long chains. Yet, the
decay does not reveal a significant tube dilation. This
suggests that up to 100 ns the confinement is the same
in both systems and the tube starts to dilate at around
100 ns. Incidentally, this time is close to the
entanglement time of polyisoprene, 7, = 90 ns at 423K.

If the additives were small (or fast) enough, the tube
would be expected to be fully dilated in the NSE time
window and the tube diameter obtained from eq. 2 and
from macroscopic spectroscopy techniques should agree
[23]. Here, the short chains are twice the entanglement
molar mass, and NSE shows that the tube barely starts
dilating within the accessible time window. Thus, to
probe the tube dilation it is necessary to measure the
long-time behavior with macroscopic relaxation
techniques. In the case of polyisoprene that has both
local dipole moments parallel and perpendicular to the
chain backbone, the terminal relaxation range can be
nicely assessed by dielectric spectroscopy (DS) through
the so-called “normal mode” [24]. This relaxation
reflects the fluctuations of the end-to-end vector of the
chains and therefore it directly reveals the
disentanglement time, which is related to the tube
diameter with the tube theory.

Generally, DS results are measured as a function of
frequency but, to compare with NSE, here it is more
convenient to represent the data in terms of the time (t =
1/(2xrf)). Figure 1c shows the time-dependence of the
derivative of the real part of the complex dielectric
permitivity, de'(f)/dIn(f), with Inf being the natural
logarithm of the frequency f. The peaks observed in the
experimental dynamic window at the high temperature
explored correpond to the above introduced ‘“normal
mode”. In the case of entangled polymer melts, the
maximum of this peak corresponds to the
disentanglement time, 7;. In the pure melt, only one
peak is observed. By contrast, the results corresponding
to the blend show two peaks: one centered at shorter
time associated with the terminal time of the short
polymer (35 =1086 ns) and the long-time peak related
to the normal mode of the long polymer in the blend,
74(¢,) . The latter is shifted to faster times compared to
the long chain in its pure matrix, owing to the
acceleration of 7, in the presence of the short-chain
additives.

In the tube model, the tube diameter d is related to
the reptation time as d = [3RS/(m2W#*1,)]*/?, where
R; is the chain end-to-end distance and W#* the Rouse
rate. Taking into account that the blend is isofrictional
(with the same W#*) and that the conformation of the
long linear chains doesn’t change upon blending

(Gaussian, with R=24 nm) [18,25], the dilated tube
diameter for the long PI component in the blend relative
to the diameter of the pure long Pl is given by d.,/d, =
[ta/Ta(¢)]*/?. Considering the value of the undilated
tube as d, = 64 A, then the fully dilated tube diameter in
the blend is d., = 89 A.

Note that the dynamic structure factor of the chain in
the blend cannot be described using eq. 2 with the
dilated tube diameter obtained from DS. Thus, the
dilation from d,, to d,, happens at times between t, and
74. In dielectric spectroscopy, the effective dilation
process is inaccessible because it is hidden by the
normal mode relaxation of the short component.
Therefore, it can only be accessed by NSE that probes
the long single chain dynamic structure factor
selectively. Then, in the spirit of the DTD, instead of a
static tube, we use a time-dependent tube for the long PI
chains in the blends growing from d, to d,, in the time
range of the relaxation of the fast component of the
blend. Accordingly, eq. 2 becomes:
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As a first approximation, the time dependence of the
tube diameter can be considered as an exponential
function d(t) = do, + (dy — d) exp[—t/t5] with the
time constant corresponding to the terminal time of the
short additive in the blend, 73, obtained from DS (see
Figure 1b).

Moreover, considering that the blend is isofrictional
and the short-time behavior of the NSE results is
insensitive to the presence of additives, the 3 and T
parameters of the first term in eq. 3 were fixed to the
values obtained for pure long-linear PI. The fits using
eq. 3 for the blend represented by dotted lines in Figure
1a show excellent agreement with the experimental data,
in particular considering that there are no fitting
parameters.

We note that a similar result was also found for star
additives with 8 and 18 arms, where there the time
governing the tube dilution was closer to the terminal
time of the additive obtained from rheological
measurements [25].

Finally, we can verify the validity of neglecting the
escape dynamics using eqs. 2 and 3 to describe the NSE
data since we know from DS the reptation time
controlling the escape process from the tube $¢°¢(Q, t).
For that, in Figure 1a we calculated the full curves in a
representative Q-value (Q=0.09 A") in an extended time
window considering for the escape term the expression

S%°(Qt) = = Tn-o exp (=" t/z,) [26]. This is
obtained from the full general one given by Doi and
Ewards [27] under the assumption QR; > 1. The full
model is represented by the dashed lines in Figure la
showing that they overlap with eqs. 2 and 3 up to ~3-10:
ns both in the case of the pure long polymer and the
blend. In this way, we demonstrate that within the NSE
time window (t < 480 ns), the expression S¢*(Q,t) =
1 is valid.
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4 Conclusions

The combination of neutron spin echo with dielectric
spectroscopy in isofrictional polymer blends of short
and long polyisoprene chains shows that at short times
the tube is unaltered and at long times it is dilated. NSE
can directly probe the process of time-dependent
constraints removal at molecular scale. A model of
dynamic tube dilation describes the NSE experimental
data using the parameters obtained from dielectric
spectroscopy showing that the time at which the tube
dilates is the terminal time of the additive.
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