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ABSTRACT: The longer segmental dynamics of sub-Rouse modes in
polystyrene with different molecular weights has been investigated by 2D
correlation mechanical spectroscopy. The sub-Rouse modes were first
separated from the α relaxation and Rouse modes, and their dynamics
exhibits a similar change at the same temperature, TB ≈ 1.2Tg, as the α
relaxation. The relaxation time of sub-Rouse modes at TB is independent
of molecular weight and has a value of about 0.1 s, indicating that solely
the time scale of the relaxation determines the change in dynamics of
sub-Rouse modes. According to the coupling model, the change is
caused by a strong increase in intermolecular cooperativity. The present
work provides direct evidence for the intermolecular coupled nature of
the sub-Rouse modes and demonstrates that the properties of the sub-
Rouse modes resemble those of α relaxation, which could provide a new
perspective for understanding the glass transition of polymers.

■ INTRODUCTION
Relaxation processes of amorphous polymers are an important
concern because they govern their macroscopic mechanical
behavior. Hence, the detailed analysis of these relaxation
processes and their origin on a molecular scale have been
subjects of interest in the past several years.1−4 Depending on
the temperature, relaxations of various length scales in polymers
take place at various times. Local motions within a chain are
secondary β relaxation. The local segmental (α) relaxation, a
cooperative motion of repeat units from polymer chains, is
enthalpic and determines the glass transition. Rouse modes,
based on the motions of Gaussian submolecules formed by
sufficient numbers of repeat units in each chain, are entropic in
nature and dominate the viscoelastic response in the glass−
rubber region.5,6 Rouse dynamics occurs over a length scale
shorter than that associated with topological interactions
(entanglements) but involves chain segments sufficient long
to be Gaussian submolecules. It has been suggested that these
chain segments contain on the order of 50 or more backbonds.
Furthermore, sub-Rouse modes, another type of relaxation
mode that is immediate in both time and length scales between
α relaxation and Rouse modes, were also observed in some
polymers in the glass-to-rubber transition zone, also referred to
as the softening dispersion.7−10 The relaxation units of sub-
Rouse modes involve backbone bonds on the order of 10,
which are larger than the local segmental relaxation, but smaller
than the Gaussian submolecules that are the basis unit of Rouse
modes. The motion of the sub-Rouse modes is slower than
local segmental motion because of the longer length scale of
motion but still faster than the entropically driven Rouse
modes. Donth et al.11,12 also divided the softening dispersion
region into three zones, namely, proper glass transition,

confined flow, and hindering zone, corresponding to local
segmental motion, sub-Rouse modes, and Rouse modes,
respectively.
For the first time, sub-Rouse modes were found in

polyisobutylene (PIB) together with α relaxation by photon
correlation spectroscopy8,13 and together with Rouse modes by
creep compliance and dynamic mechanical relaxation.6 This
polymer was chosen because it has a very broad glass−rubber
transition zone, which makes it easier to resolve the sub-Rouse
modes from the α relaxation and the Rouse modes. Recent
results show that the sub-Rouse modes can also be resolved in
some other polymers by inverted torsion pendulum and
dielectric probes.10,14−19 Furthermore, by using two-dimen-
sional (2D) correlation analysis, Wang et al. were able to
discern the sub-Rouse modes in type-B polymers from the α
relaxation and the Rouse modes.20,21 However, these results
have not shed more light on the properties and viscoelastic
mechanism of the sub-Rouse modes. In this work, by separating
the sub-Rouse modes from the other two modes using 2D
correlation mechanical spectroscopy, the molecular relaxation
dynamics of the sub-Rouse modes in polystyrene (PS) with
different molecular weights (MWs) has been investigated. It
was found that the sub-Rouse modes are cooperative in nature
and their dynamics is determined solely by the time scale of the
relaxation, which provides new insight into the relaxation
dynamics of polymers during softening dispersion.
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■ EXPERIMENTAL SECTION
Materials. Monodisperse PS samples, characterized by 3.0

≤ Mw ≤ 110 kg/mol and Mw/Mn ≤ 1.05, were prepared by
anionic polymerization. The characterization of the samples is
listed in Table 1. The PS samples were prepared by anionic

polymerization in tetrahydrofuran (THF) with n-butyllithium
as the initiator at a temperature of ∼351 K under a pressure of
< 10−6 mm. The molecular weights and polydispersities were
estimated by gel permeation chromatography (GPC) on a
Waters 1515 instrument using polystyrene as a standard. The
glass transition temperature was measured by differential
scanning calorimetry (DSC) using a Perkin-Elmer instrument
at a heating rate of 10 K/min. Prior to the mechanical
spectroscopy measurements, all samples were dried under a
vacuum to remove water, solvent, and residual monomer.
Measurements and Characterization. Measurements of

the shear mechanical losses of the samples were made by using
a modified low-frequency inverted torsion pendulum with a
Couette-like setup using the forced-vibration method. A
detailed description of the apparatus and procedure can be
found elsewhere.15 The isothermal loss tangent tan δ, storage
modulus G′, and loss modulus G″ were measured over a
frequency ( f) range from 5 × 10−3 to 100 Hz at constant
temperature. These isothermal measurements were first carried
out at some low temperature and thereafter at higher
temperatures incremented by small steps. Isochronal measure-
ments of tan δ, G′, and G″ were also made for samples during
the cooling process at fixed frequencies of 0.05, 0.5, 2.0, and 8.0
Hz.
Two-Dimensional Correlation Analysis of Mechanical

Spectra. Generalized 2D correlation spectroscopy was
originally proposed to study the spectral intensity fluctuations
under certain environmental perturbations.22,23 Since then, 2D
correlation analysis has been expanded to various spectroscopic
techniques including NMR, IR, Raman, and dielectric spectros-
copies,20−26 which have been applied to study molecular
dynamics where an exact identification of relaxation mecha-
nisms with different time scales is always the key goal. In the
present study, the 2D correlation mechanical spectra were
processed and calculated by a homemade program of Matlab
(Mathworks, Natick, MA), which can be used to improve the
resolution by spreading the band peaks along the second
spectral dimension from the heavily overlapped 1D spectra. A
detailed description of the theory can be found elsewhere.20,21

The 2D synchronous correlation intensity can be obtained from
mechanical spectra by
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where y(̃υ,t) refers to “dynamic spectra” at temperature t (Tmin
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where y(υ,t) is the mechanical intensity at frequency υ and
temperature t. The 2D spectrum describes the variance of a
spectral intensity change induced by an external parameter,
which is usually wavelength, scattering angle, frequency, and so
on. In the present study, however, the treatment with
temperature and frequency as the primary variables is unusual.

■ RESULTS AND DISCUSSION
The loss tangent, tan δ, is an alternative to the storage modulus
G′ and loss modulus G″ to characterize the material
viscoelasticity. For some viscoelastic mechanism, tan δ is
more prominent and sensitive to changes in temperature in
isochronal measurement and in frequency in isothermal
measurement than G′ and G″. This is the case for modes of
relaxation involving motion of longer scales such as the sub-
Rouse modes and Rouse modes. On the other hand, the local
segmental relaxation shows up more favorably as loss peaks
when mechanical data are presented by G″.11,27 The isochronal
mechanical spectra given in terms of tan δ, G′ and G″ of PS
with Mw = 88 kg/mol at different frequencies are shown in
Figure 1 at the temperature range of 350−510 K. The loss

tangent of PS exhibits an asymmetric double-peak structure.
With the appearance of the lower temperature peak, G′ exhibits
a sharp decrease and G″ shows a maximum. It is well-known
that a strong decay of G′ occurs during the glass transition and
at the same time G″ (and also tan δ) displays a maximum.28

Moreover, the value of Tg corresponds to the temperature at
which the segmental relaxation time becomes the time scale of

Table 1. Molecular Weights of the Samples Studieda

nameb Mw (g/mol) Mw/Mn Tg (K)

PS3000 3000 1.09 330
PS6000 6000 1.05 351
PS14000 14000 1.03 362
PS20000 20000 1.02 366
PS27000 27000 1.03 374
PS42000 42000 1.05 375
PS88000 88000 1.10 376
PS110000 110000 1.01 377

aMw, weight-average molecular weight; Mw/Mn, polydispersity; Tg,
glass transition temperature. bSample name indicates Mw.

Figure 1. (a) tan δ and (b) G′ and G″ versus temperature for PS with
Mw = 88 kg/mol at 0.5, 2.0, and 8.0 Hz.
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DSC measurements, namely 100 s ( f = 1/(2πτ) ≈ 10−3

Hz).29−32 The lower temperature G″ peak at a very low
frequency is located approximately at Tg determined by DSC
measurements. So it is reasonable to attribute the lower
temperature tan δ peak to the faster α process. Naturally the
higher temperature tan δ peak is associated with motion of
more repeat units in each chain than the α process.
The isochronal mechanical loss tangent spectra of PS with

different MWs are shown in Figure 2 at 2.0 Hz. As shown, all

samples exhibited an asymmetric double-peak structure. The
outstanding feature in Figure 2 is the trend of the variation of
tan δ with MW. With increasing chain lengths, both the α
process and the slow relaxation move to higher temperatures
mainly because of an increase in Tg. Furthermore, for PS with
high MW, both of the processes are clearly observed over a
large temperature and frequency range. The lower the MW, the
smaller the separation between the two relaxations. Hence, with
decreasing MW, the α peak becomes almost submerged under
the maximum peak. The merging of the α process and the slow
relaxation with decreasing MW indicates strong coupling
between the two modes. This is understandable because the
relaxation units of both the α motion and the slow relaxation
are close to each other with decreasing MW.
Because of the overlap and coupling of different molecular

modes in Figures 1 and 2, it is difficult to resolve the
contribution of each mode and gain more useful information
from 1D loss tangent spectra. With the help of 2D correlation
analysis, synchronous spectra can be obtained, as shown in
Figure 3a. The synchronous 2D correlation spectra show a
simultaneous change of two peaks, where the red-colored
regions are defined as the positive correlation intensities and
the blue-colored regions are regarded as the negative
correlation intensities.20,21 The synchronous spectra are
symmetric with respect to the diagonal line. The peaks located
along the diagonal line are called autopeaks and are always
positive, whereas those located at off-diagonal positions are
called crosspeaks and will be positive if the intensity variations
of the two peaks occur in the same direction (the intensities of
corresponding peaks in 1D spectra both increase or decrease)
or negative otherwise. Surprisingly, although only two peaks
(the shoulder and the maximum) can be found in Figures 1 and
2, three peaks appear in Figure 3a, which indeed verifies the
high resolution of 2D correlation analysis. Compared with
Figure 3b, the crosspeak at (383, 410) K and the autopeak at
(410, 410) K are assigned to the shoulder and the maximum,
respectively, of the tan δ peak. As mentioned above, the
shoulder is related to the faster α process, whereas the

maximum is ascribed to a slow process such as the Rouse
modes. Therefore, the crosspeak at (398, 410) K, which is
located between (383, 410) and (410, 410) K, should be
referred to the motions intermediate in length and time scales
to the α relaxation and Rouse modes. Following the
nomenclature proposed by Santangelo et al.,29 the relaxation
mode is assigned to sub-Rouse relaxation, involving on the
order of ∼10 backbone bonds. This successful and direct
separation of three heavily overlapped modes of molecular
motions reveals the remarkable advantages of 2D correlation
analysis for studying molecular dynamics. On the basis of the
positions and widths of the autopeaks and crosspeaks, the
asymmetrical loss peak can be decomposed by the nonlinear
fitting method.33 Assuming that the peak function is a Debye
function with a log-normal distribution in the relaxation time,
the total temperature-dependent function of tan δ is the linear
composition of one or more Debye peaks described as
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Figure 2. Isochronal mechanical loss tangent spectra of PS with
different MWs at 2.0 Hz.

Figure 3. (a) Synchronous 2D correlation mechanical spectrum of PS
with Mw = 27 kg/mol in the temperature range of 373−450 K (red
region, positive; blue region, negative). (b) According to the results of
2D correlation analysis, the asymmetric loss tangent spectrum at 0.14
Hz of PS can be resolved into three peaks (dotted blue lines) using a
nonlinear fitting method, corresponding to local segmental motion,
sub-Rouse modes, and Rouse modes.
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where M is the number of peaks, xi = ln(ωτmi), ω = 2πf, τmi is
the most probable relaxation time of the ith relaxation process
(the ith peak), w is the integrating variable, tan δ(Tc) is the
background, βi is the distribution parameter, and Δi is the
relaxation strength of the ith peak. Note that the fitting
procedures were carried out manually by changing the peak
temperature, the relaxation strength, the most probable
relaxation time, and the distribution parameter at one time,
so the obtained fitting results have some inevitable
uncertainties. In the present study, because the peak positions
and the widths of the autopeaks and crosspeaks for three modes
were determined by the 2D correlation analysis, the tan δ
spectrum can be well resolved into three peaks by the nonlinear
fitting procedure shown in Figure 3b, corresponding to local
segmental mode, sub-Rouse modes, and Rouse modes.
As described above, the G″ peak mainly reflects the motion

of local segments, whereas the tan δ peak mainly reflects the
sub-Rouse modes and Rouse modes.11,27 This could also be
confirmed by measurements of frequency-domain mechanical
spectra. Figure 4 shows the isothermal mechanical spectra of

tan δ and loss modulus G″ of PS20000 at 408 K. Similarly to
the findings of Donth et al.,11,12 the main transition can be
divided into three log f ranges that are called zones, namely,
local segmental motion (zone 3), sub-Rouse modes (zone 2),
and Rouse modes (zone 1). Note that the relaxation behaviors
presented by G″ in zones 1 and 2 are not obvious compared to
that presented by tan δ, so the dynamics of the sub-Rouse and
Rouse modes can be obtained by the analysis of tan δ peak in
zones 1 and 2.
To gain a better insight into the dynamics of the sub-Rouse

modes, the frequency-domain spectra of PS27000 were
transformed into a 2D correlation spectrum based on
autocorrelation calculations in the frequency range of 10−2.5−
102 Hz, as shown in Figure 5a. Figure 5b is the corresponding
tan δ curve. Compared with Figure 5b, the positive autopeak at
(10−1.7, 10−1.7) Hz is identified with α relaxation. The negative
crosspeak at (101.4, 10−1.7) Hz, appearing to be much slower
than α relaxation, should be assigned to the Rouse modes.
Naturally, the crosspeak at (10−0.6, 10−1.7) Hz, which is located
between (10−1.7, 10−1.7) and (101.4, 10−1.7) Hz, should be
ascribed to the sub-Rouse modes with motions intermediate in
length and time scale between the α relaxation and the Rouse
modes. Based on the peak positions and the widths of the three
modes determined by the 2D correlation analysis, the spectra

were fitted by additive contributions of three Haviliak−Negami
(HN) functions for G″ and tan δ according to

∑ ωτ″ = Δ + λ γ

=

G i/[1 ( ) ]
i

i i
1,2,3

i i
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where Δi is the relaxation strength and λi and γi are fractions of
unity. From the fits, the relaxation time and frequency
dispersion of the sub-Rouse modes were obtained as a function
of temperature. As an example, the three HN functions that fit
the tan δ peak of PS27000 at 402 K are shown in Figure 5b.
In Figure 6 are plotted the temperature dependence of

characteristic relaxation time τ of the sub-Rouse modes for PS
with different MWs. A close examination of data over a wide
temperature range where the sub-Rouse modes occur reveals
that the τ(T) dependence cannot be described accurately by a
single Vogel−Fulcher−Tammann (VFT) equation over the
entire temperature range, as shown by dashed lines in Figure 6.
Two VFT equations are required to fit the data for PS. This was
confirmed using the method proposed by Stickel and co-
workers,34 whereby the τ(T) data are transformed into ϕT =
{−d log[τ(T)/dT]}−1/2 as a function of T. Note that the
derivative in the Stickel plots is highly accurate because the
temperature data (∼4 K) are sufficiently finely spaced. The
crossover of τ(T) from one VFT law to another is confirmed by
the fact that ϕT exhibits a change in slope at some characteristic
temperature TB (inset in Figure 6). The values of TB increase

Figure 4. Isothermal mechanical spectra of tan δ (squares) and G″
(circles) of PS20000 at 408 K. Similarly to the results of Donth et
al.,11,12 the main transition can be divided into three zones, namely,
local segmental motion (zone 3), sub-Rouse modes (zone 2), and
Rouse modes (zone 1).

Figure 5. (a) Synchronous 2D correlation mechanical spectrum of PS
with Mw = 27 kg/mol in the frequency range of 10−2.5−102 Hz (red
region, positive; blue region, negative). (b) According to the results of
2D correlation analysis, the tan δ spectrum of PS at 402 K can be fitted
by additive contributions of three HN functions, corresponding to
local segmental motion, sub-Rouse modes, and Rouse modes.
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with increasing MW, but the TB/Tg ratios decrease, which is
similar to the behavior for the dynamics of α relaxation in
polymers.35−37 However, the crossover relaxation time is
almost the same for the polymers: τ(TB) = 0.1 s, independent
of MW.
It is known that the dynamics of α relaxation in amorphous

polymers exhibits a crossover at ∼1.2Tg and that the crossover
relaxation time is almost the same for amorphous polymers,
being τ(TB) = 10−7−10−6 s, independent of MW and molecular
structure as well as applied pressure.36,38 The change in
dynamics seems to be related to some critical relaxation time at
which the dynamics of glass-forming liquids crosses over from a
liquid-like behavior to a solid-like behavior on a molecular scale.
Here, we found that the crossover in dynamics of the sub-
Rouse modes and the α relaxation appears to occur at
approximately the same temperature: TB ≈ 1.2Tg. The variation
in MW, as well as the blend compositions in the previous
work,16 has no significant influence on the crossover relaxation
time at TB. This fact demonstrates that the time scale of the
relaxation is the most important parameter governing the
change in dynamics for the sub-Rouse modes. This crossover
arises not at some critical temperature, but rather at a particular
value of the relaxation time, which is again another character-
istic of the change in dynamics of the structural relaxation of
low-molecular-weight glass formers at TB.

39,40 It is generally
accepted that the structural and segmental relaxation time for
molecular liquids and polymers is invariant to thermodynamic
conditions at various dynamic “transitions”.38 If the origin of
this phenomenon found for sub-Rouse modes is the same as
local segmental relaxation or structural relaxation in the case of
low-molecular-weight glass formers,41 then the crossover of
τ(T) is caused by a change in intermolecular coupling at TB.
The crossover behavior of τ(T) is also visible in the

temperature dependence of the frequency dispersion of the
sub-Rouse modes. The only theoretical model for relating
frequency dispersion to dynamics of relaxation processes is the
coupling model (CM), which identifies the broadening of the
relaxation peak as being due to intermolecular coupling.8,42,43

In the CM, the broadening or degree of departure from
exponential decay is measured by the coupling parameter, n,

appearing in the exponent of the Kohlrausch−William−Watts
function

φ τ= − −t t( ) exp[ ( / ) ]n(1 )
(5)

whereas n is related to w, the full-width at half-maximum of the
loss peak normalized to that of the Debye relaxation, by the
relation n = 1.041(1 − w−1).35,44 The parameter n (0 ≤ n < 1)
increases with increasing intermolecular interaction. The
temperature dependence of n is a direct indication of how
intermolecular coupling strength changes with temperature.
Because the parameter n is equivalent to (1 − βKWW) and βKWW
= (λγ)1/1.23 for an HN function,45 the value of n for the sub-
Rouse modes can be obtained. In Figure 7, we plot the

temperature dependence of the coupling parameter of the sub-
Rouse modes for PS with different MWs. It can be seen that,
with decreasing temperature, n(T) crosses over at TB from
slowly varying and small values of n(T) to a more rapidly
increasing values of n(T). The increase of n(T) is monotonic,
and n(T) reaches a large value on approaching Tg. Therefore,
the crossover phenomenon of n(T) and τ(TB) seems to be
general and is apparently due to the change in the
intermolecular coupling of the sub-Rouse modes at TB,
analogous to that found in the α relaxation and structural
relaxation in the case of low-molecular-weight glass formers.
Moreover, it can be seen from Figure 7 that the value of n(T)
seems to be dependent on MW, and at a given temperature,
n(T) decreases with decreasing MW, which agrees well with the
results of Ngai et al.42 With decreasing MW, the concentration
of chain ends increases, leading to a higher mobility. In the CM,
the presence of a more mobile component reduces the coupling
parameter n of the other component. Thus, a polymer with
lower MW will have a smaller value of n.42

It has been argued that the slow process was caused by a
third-order thermodynamic transition from one liquid state to
another with the breakup of localized order,46 but it was refuted
by Plazek, who showed that there is an absence of transition in
the softening dispersion zone.47 The proper interpretation of
the slow mode is a longer-scale segmental relaxation composed
of the sub-Rouse modes and Rouse modes.15−17 The present
results further confirm the existence of sub-Rouse modes and
Rouse modes at frequencies below α relaxation and that there is
no thermodynamic transition in the glass-to-rubber transition
zone. The only change is the change in dynamics of the sub-
Rouse modes when crossing TB due to the marked increase in
the degree of intermolecular cooperativity with falling temper-
ature, similar to that found for the dynamics of α relaxation.

Figure 6. Temperature dependence of relaxation time of the sub-
Rouse modes for PS with different MWs. Two VFT equations are
required to describe the relaxation behaviors of PS above Tg. The solid
lines represent the two VFTs for the polymers, and a crossover is
clearly seen. The dashed lines correspond to the fits by a single VFT
equation. The inset shows plots of the Stickel function, ϕT = {−d
log[τ(T)]/dT}−1/2, against temperature for PS3000, PS6000,
PS20000, and PS110000. The crossover temperature TB was estimated
from the intersection of two straight lines.

Figure 7. Temperature dependence of the coupling parameter n for PS
with different MWs.
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Naturally, because the sub-Rouse modes are much slower than
the local segmental mode, the crossover relaxation time τ(TB)
of the sub-Rouse modes is much longer than that of the local
segmental mode.

■ CONCLUSIONS
In conclusion, using 2D correlation mechanical spectroscopy,
the sub-Rouse modes of polystyrene were first separated from
the α relaxation and the Rouse modes. The dynamics of the
sub-Rouse modes exhibit a crossover at TB similar to that of the
α relaxation and structural relaxation in the case of low-
molecular-weight glass formers. The crossover relaxation time
of the sub-Rouse modes at TB is almost the same for all of the
polymers investigated, that is, τ(TB) = 0.1 s, independent of
molecular weight. Using the coupling model for interpretation,
the crossover is suggested to be due to a change in the strength
of intermolecular coupling when crossing TB, in the same
manner as used by others to interpret the similar change of
dynamics of structural relaxation. The results suggest that the
sub-Rouse modes and the dynamic crossover they exhibit can
generally be found in polymers by 2D correlation mechanical
spectroscopy.
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