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Note: Thermorheological complexity in polymers and the problem
of the glass transition
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The “glass transition problem,” which refers to the spec-
tacular change in dynamic properties of liquids cooled to-
wards their glass transition, remains unsolved. The difficulty
is that there are many properties associated with vitrification
of a liquid, and these have interrelationships which compli-
cate any analysis. Recently attention has been directed at the
spatial heterogeneity of the dynamics; this “dynamic hetero-
geneity” is a general feature of supercooled liquids, inves-
tigated both experimentally and by computer simulations.1

Whether dynamic heterogeneity is the key to resolving the
glass transition problem remains to be seen. Our interest
herein is a seemingly related problem—the thermorheologi-
cal complexity of polymers. This refers to the different tem-
perature dependences of modes of motion in polymers, which
leads to a breakdown of the time-temperature superposition
principle. The differing response of global and local mo-
tions extends to changes in various thermodynamic quantities
(Figure 1; Ref. 2), the failure of time-temperature superpo-
sitioning being the most often observed manifestation of the
phenomenon.

There is a common belief that dynamic heterogeneity
underlies thermorheological complexity, and that upon res-
olution of the glass transition problem, further investigation
of the polymer problem will no longer be required. This
idea arises from the notion that the different temperature-
dependences of the segmental and chain motions are due
to dynamic heterogeneities affecting the former but being
averaged out over the longer length and time scales of
the latter.3, 4 The purpose of this note is to point out that
neither dynamic heterogeneity as currently applied nor an
eventual solution of the glass transition problem can pro-
vide an explanation for the thermorheological complexity of
polymers.

The traditional assumption in the field of polymers is
that all viscoelastic mechanisms are governed by the same
monomeric friction coefficient, and thus have the same de-
pendences on temperature, pressure, etc. This ideal behavior
leads inter alia to time-temperature superpositioning, and is
inherent to classic theories of polymer dynamics.5, 6 Deviation
from the single friction factor idea was first observed in entan-
gled polymers,7 and subsequently in unentangled polymers.8

These findings have since been confirmed in a large number
of materials,5, 9, 10 so that thermorheological complexity can
be considered a general property of polymers. The fact that
this behavior cannot be directly connected to dynamic het-

erogeneity and the glass transition problem is indicated by
several experimental facts:

(i) The self-diffusion constant and viscosity of entangled
polymers are decoupled, with the activation energy for self-
diffusion being smaller than for the viscosity.11 This differ-
ence is similar to the difference in temperature dependences
for the segmental and chain dynamics. Since the self-diffusion
constant and the viscosity both involve global motions (length
scales large compared to the segmental dynamics), spatially
heterogeneous dynamics cannot be the origin of the decou-
pling; i.e., distinct averaging over the length and time scales
cannot underlie differences in properties that involve similar
length and time scales.

(ii) The viscosity of polymers has a different temperature
dependence than do the relaxation times governing the chain
dynamics.9, 12 Depending on the molecular weight and tem-
perature, the viscosity can exhibit a stronger temperature de-
pendence than even the local segmental modes. Such behavior
cannot be explained as a consequence of averaging over dif-
ferent length scales, since the viscosity and chain relaxation
are both global processes. Moreover, use of the averaging ar-
gument to explain the stronger temperature dependence of the
local segmental dynamics obviates its use to explain a weaker
temperature dependence.

(iii) The diminished role of dynamic heterogeneity for
polymers is also evident in the decrease of the steady state re-
coverable compliance, J 0

s , of low molecular weight polymers
on cooling towards Tg.8, 9 The product of this compliance and
the viscosity yields the terminal relaxation time, so that the
changes of J 0

s with temperature cause another failure of the
“single time scale” picture that cannot be ascribed to the spa-
tially heterogeneous dynamics.

(iv) The difference in temperature variations of chain
and segmental friction has been observed mostly by mechan-
ical measurements, and occasionally by dielectric relaxation,
but not from chain diffusion. Thus, the argument13 that dy-
namic heterogeneity is averaged out for chain diffusion dif-
ferently than for the segmental dynamics cannot be applied to
the problem of thermorheological complexity. This argument,
used to account for the breakdown of the Stokes-Einstein re-
lation in glass-formers, has been contradicted by both experi-
ments and simulations.4

(v) The heterogeneous dynamics has been quantified for
various materials, and for 1,4-polyisoprene the number of dy-
namically correlated repeat units, Nc, is of the order of 100,
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FIG. 1. Relaxation times for the normal mode (open symbols) and local segmental dynamics (solid symbols) of unentangled 1,4-polyisoprene, as a function of
inverse temperature, pressure, density, and the ratio of temperature to density with the latter raised to a material constant (respectively, from upper left to lower
right). The lines represent fits of the Vogel-Fulcher equation5 or variations thereof.2 For all thermodynamic quantities, the segmental relaxation times exhibit a
stronger dependence than does the normal mode. Data from Ref. 2.

depending only weakly on chain length.2 If dynamic het-
erogeneity were related to thermorheological complexity, the
expectation is that the latter would be magnified for poly-
isoprenes having a chain length significantly larger than Nc,
while shorter chains would be thermorheologically simple.14

However, the breakdown of time-temperature superposition-
ing has been reported for polyisoprenes having chain lengths
that span Nc.2, 15–17 No inference can be drawn from these data
of any connection between the length scale of the heteroge-
neous dynamics and the spatial dimensions of the chains.

A complete understanding of supercooled liquids re-
quires multiple interrelated lines of inquiry.4 For polymers
the task is even more daunting—neither dynamic heterogene-
ity as currently applied nor an eventual solution of the glass
transition problem will explain the thermorheological com-
plexity of long chain molecules. Determining the mechanisms
giving rise to different friction factors for different modes
of motion is of fundamental importance, although it is ne-
glected by mainstream viscoelastic theories. One approach
with some success is the coupling model, wherein the depen-
dences of molecular mobility on thermodynamic quantities
are magnified by the many-molecule dynamics, which exert
different effects on the segmental and chain dynamics.9, 18, 19

Even though a resolution to the glass transition problem
through concepts based on dynamic heterogeneity may be
tantalizingly near, thermorheological complexity will remain
unsolved because it is a different issue involving different
mechanisms.

The work at NRL was supported by the Office of Naval
Research.

1Dynamical Heterogeneities in Glasses, Colloids, and Granular Media,
edited by L. Berthier, G. Biroli, J.-P. Bouchaud, L. Cipelletti, and W. van
Saarloos (Oxford Univ. Press, New York, 2011).

2D. Fragiadakis, R. Casalini, R. B. Bogoslovov, C. G. Robertson, and C. M.
Roland, Macromolecules 44, 1149 (2011).

3A. P. Sokolov and K. S. Schweizer, Phys. Rev. Lett. 102, 248301 (2009).
4M. D. Ediger and P. Harrowell, J. Chem. Phys. 137, 080901
(2012).

5J. D. Ferry, Viscoelastic Properties of Polymers, 3rd ed. (John Wiley, New
York, 1980).

6H. Watanabe, Prog. Polym. Sci. 24, 1253 (1999).
7D. J. Plazek, J. Phys. Chem. 69, 3480 (1965).
8D. J. Plazek and V. M. O’Rourke, J. Polym. Sci., Part A 29, 209 (1971).
9K. L. Ngai and D. J. Plazek, Rubber Chem. Technol. 68, 376 (1995).

10C. M. Roland, Viscoelastic Behavior of Rubbery Materials (Oxford Univ.
Press, New York, 2011).

11G. B. McKenna, K. L. Ngai, and D. J. Plazek, Polymer 26, 1651 (1985).
12C. M. Roland, K. L. Ngai, and D. J. Plazek, Macromolecules 37, 7051

(2004).
13K. S. Schweizer and E. J. Saltzman, J. Phys. Chem. B 108, 19729 (2004).
14The domain of cooperative segments contains repeat units from many dif-

ferent chains, given the interspersed nature of polymer melts. However, the
argument is that the chain modes would average over these dynamically
heterogeneous regions, while the local segmental modes would not.

15D. Boese, F. Kremer, and L. J. Fetters, Macromolecules 23, 1826 (1990).
16A. Schönhals, Macromolecules 26, 1309 (1993).
17G. Floudas and T. Reisinger, J. Chem. Phys. 111, 5201 (1999).
18K. L. Ngai, R. Casalini, and C. M. Roland, Macromolecules 38, 4363

(2005).
19K. L. Ngai, Relaxation and Diffusion in Complex Systems (Springer, New

York, 2011).

Downloaded 16 Jul 2013 to 132.250.22.6. This article is copyrighted as indicated in the abstract. Reuse of AIP content is subject to the terms at: http://jcp.aip.org/about/rights_and_permissions

http://dx.doi.org/10.1021/ma102795w
http://dx.doi.org/10.1103/PhysRevLett.102.248301
http://dx.doi.org/10.1063/1.4747326
http://dx.doi.org/10.1016/S0079-6700(99)00029-5
http://dx.doi.org/10.1021/j100894a039
http://dx.doi.org/10.5254/1.3538749
http://dx.doi.org/10.1016/0032-3861(85)90280-0
http://dx.doi.org/10.1021/ma049573c
http://dx.doi.org/10.1021/jp047763j
http://dx.doi.org/10.1021/ma00208a045
http://dx.doi.org/10.1021/ma00058a019
http://dx.doi.org/10.1063/1.479774
http://dx.doi.org/10.1021/ma050005m

