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We have studied the relaxation dynamics of a homologous series of propylene glycol based dimethyl
ethers in the supercooled regime by means of broadband dielectric spectroscopy. The system is chosen
in order to minimize changes of the intermolecular interactions with varying molecular weight, M. A
gradual transformation from a scenario of well-separated to one of merged � and � loss peaks was
observed with decreasing M. The results give strong evidence for the currently debated excess wing
being due to an underlying � relaxation. The study suggests that the main difference between glass
formers with and without excess wings is the relaxation time at the merging temperature.
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glass transition. Indeed, dielectric measurements ex-
tended to very low frequencies, while maintaining ther-

samples will in the following be termed monomer, dimer,
trimer, heptamer, and polymer, respectively.
Understanding the liquid-glass transition and its re-
lated dynamics is one of the most important and chal-
lenging endeavors in condensed matter physics [1]. The
glass transition related relaxation scenario encompasses
the drastic viscous slowdown ( � 15 decades in relaxation
time) of the supercooled liquid, which ultimately brings
the liquid into the glassy state. A glass-forming liquid
generally shows a non-Arrhenius temperature depen-
dence of viscosity and the related � relaxation time. In
addition to the primary � relaxation process a secondary,
so-called Johari-Goldstein (J-G), � relaxation [2] often
exists at high frequencies. In contrast to the � relaxation,
the � process normally follows an Arrhenius temperature
dependence, i.e., ln���� / 1=T. At high temperatures the
primary and secondary relaxations merge and form one
effective process [3].

In some supercooled liquids the � relaxation appears to
be absent. Instead, in the dielectric loss "00 an excess
contribution to the high-frequency power law of the �
peak, "00 / f��, shows up a few decades above the � peak
frequency fp [4]. This so-called excess wing has been
found to be a common feature of glass-forming liquids
without a well resolved � process. It can be well described
by a second power law, "00 / f�
, with 
 < � [4]. There is
today no commonly accepted explanation for the micro-
scopic origin of the excess wing, although some theoreti-
cal approaches have been proposed [3,5–7]. Often it is
assumed that the excess wing and the � relaxation are
different phenomena [8], and even the existence of two
types of glass formers have been proposed: type A sys-
tems with an excess wing and type B systems with a �
process [9]. In contrast, another picture has been sug-
gested in which both the � process and the excess wing
phenomena have the same or at least very similar physical
origin [10–12]. The implication of this would be that �
(as well as �) relaxations are fundamental features of the
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mal equilibrium, have shown that the excess wing, for
low enough temperatures, shows up as a separate shoulder
suggesting an underlying � peak [11]. Based on dielectric
relaxation measurements at high pressures, arguments
have been raised both in support of [13,14] and against
[15] such a picture.

A way to test the hypothesis that the wing is due to
an underlying � relaxation is to study a system where
the separation between the � and � processes can be
tuned, while the nature of the relaxation processes
stays unchanged. One possibility is to vary the chain
length in a system for which the separation of the two
main relaxations are a function of molecular weight,
whereas the intermolecular interactions are expected
to be the same. To our knowledge, only two chain-
length studies have been performed with focus on the
excess wing [16,17]. These studies, which were both
performed on hydrogen bonded liquids, support the
idea of the excess wing being caused by an underlying
� process. However, for the investigated systems, the
intermolecular interactions change substantially
with chain length, thus rendering a conclusive analysis
difficult.

In order to obtain information on the development of
the excess wing without the disturbance from the hydro-
gen bonding properties we have chosen to study a ho-
mologous series of propylene glycol based dimethyl
ethers, CH3O-�CH2CH�CH3�O�n-CH3, including samples
corresponding to n 	 1; 2; 3 and ’ 7. The monomer,
dimer, and trimer can be regarded as monodisperse, while
for the higher M sample n corresponds to the peak
molecular weight. We have further included the hydroxyl
capped polymer, polypropylene glycol, with M 	 4000
(n ’ 69) as a good approximation of the polymeric be-
havior for the dimethyl ethers, since the influence of the
end groups is marginal at such high M [18–20]. The
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The five samples were measured over a broad fre-
quency (10�2–107 Hz) and temperature range, using a
high resolution dielectric spectrometer (Novocontrol
Alpha). Asymmetric (Kohlrausch-Williams-Watts–type
[21]) and symmetric (Cole-Cole [21]) response functions
were fitted to the primary and secondary relaxation
peaks, respectively. A detailed description of the experi-
mental procedure and the subsequent analysis can be
found in [20].

Figure 1 shows data taken at temperatures close to the
glass transition Tg (here defined as the temperature where
the relaxation time reaches 100 s) for all five samples of
the study. The data have been scaled with the peak
frequency and the peak amplitude in order to facilitate
comparisons of the loss processes. It is clear that there is a
large variation of the relative position and strength of the
secondary processes. For the polymer and the heptamer, a
relatively strong and distinct � peak is seen to be well
separated from the � peak, and also for the trimer the �
peak is discernible. The inset to the right in Fig. 1 shows
raw data for the heptamer, where both the � and �
relaxations are clearly observed over a large temperature
and frequency range. The lower the molecular weight is,
however, the smaller the relative distance between the two
relaxations become. The � peak for the dimer is almost
submerged under the much stronger � loss peak, even
though the � relaxation is clearly separated from the �
relaxation for temperatures below Tg. For the monomer
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FIG. 1. Normalized dielectric loss for the monomer (�),
dimer (�), trimer (4), heptamer (�), and polymer (5) at
temperatures corresponding to fp � 10�1 Hz. The data have
been scaled with the peak frequency fp and peak amplitude "00p,
respectively. The upper right inset shows data for the heptamer,
where the � relaxation, � relaxation, and dc conductivity (�)
are clearly seen. The lower left inset shows the derivatives of
the data for T � Tg. The ordinate refers to the monomer data.
The remaining data sets have been consecutively transposed
with 0.25 for clarity. The data within the box is the derivative
for the monomer at a temperature 11 K below Tg.
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we observe only an excess contribution, at high frequen-
cies, to the power law flank (dashed line) of the �
loss peak.

The behavior becomes even clearer in the derivative of
the data, i.e., dlog10�"

00�=dlog10�f� vs log10�f� as shown in
the inset to the left in Fig. 1. The secondary peak shifts
systematically towards the � peak with decreasing M.
For the monomer, however, only a very weak feature is
found at temperatures �Tg. The absolute strength of the �
process increases with decreasing M in the series, while
that of the � process stays relatively unchanged [20].
Thus, for the lowest M samples the contribution from
the secondary process is very weak compared to the
primary one. The data within the box in the lower left
inset of Fig. 1 shows dlog10�"

00�=dlog10�f� vs log10�f� for
the monomer at a temperature 11 K below Tg, where the
decreased influence of the � loss reveals that there is
indeed a change from the high-frequency power law of
the � relaxation into a second power law, demonstrating
the existence of an excess wing for the monomer. The rise
of the derivative towards the highest frequencies, seen for
all samples, is due to an additional fast relaxation process
[20,22]. In agreement with these results we note that the
analysis of the monomer "00�f� data at low temperatures
requires the addition of a power law contribution with a
negative exponent in the range 0.05–0.15, as expected for
an excess wing contribution near Tg [23]. The decrease of
the separation between the � and � relaxations with
decreasing M strongly suggests an identification of the
observed excess wing with an underlying � relaxation.

We will in the following concentrate on results con-
cerning the relaxation times (as calculated from the peak
frequencies fp by � 	 1=2�fp) of the two processes. In
Fig. 2, the obtained relaxation times for both the � and �
processes are plotted vs inverse temperature. A marked
feature is the huge shift of the � relaxation times and
accordingly the glass transition temperature with molecu-
lar weight. The intuitively expected trend that higher M
lead to slower relaxations is observed for both the � and
the � relaxations.We further note that the fragility [24] is
very similar throughout the series, even though the
samples span the range from monomer to polymer. This
is in striking contrast to the behavior found in the corre-
sponding hydrogen bonded glycol samples (propylene
glycol, dipropylene glycol, etc.) [16,20], where the fragil-
ity shows strong variations with M. The � relaxation time
data can be well described by Vogel-Fulcher-Tammann
(VFT) functions [3] over a large frequency range, as seen
by the solid lines in Fig. 2. For the secondary process, in
contrast, the data for all samples, except the monomer
(where a � peak cannot be directly observed), are well
described with an Arrhenius expression, as shown in
Fig. 2.

We proceed by investigating the chain-length depen-
dence of characteristic parameters describing the dynam-
ics. Figure 3 shows results from such an investigation,
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FIG. 3. Parameters, described in detail in the text, plotted vs
M (unfilled symbols). The filled symbols indicate the values
extrapolated for the monomer. The solid line in (a) is a fit to a
modified Fox-Flory relation, Tg 	 T1

g � A=M
 with T1
g 	

211 K, A 	 1585, and 
 	 0:6. (d) Data for 1000=Ti 	 7:5
(�), 8 (�), and 8:5 (4), respectively. The solid lines in (e)
and (f) are power law fits to the data for the dimer, trimer, and
heptamer. The solid lines in (b), (c), and (d) are guides to the
eye. The dotted lines indicate the parameter values for the
polymer. The errors in the displayed parameters are smaller
than the size of the symbols.
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FIG. 2. � and � relaxation times versus inverse temperature
for the studied systems. The symbols are the same as in Fig. 1.
The fits to the data are described in the text and are shown as
solid lines. The dash-dotted line indicates �� for the monomer
as extrapolated from the other data sets. The uppermost inset
shows Z versus 1000=T for the dimer, and the lowermost for the
monomer, where Z 	 ��dlog10�fp�=d�1=T��

�1=2 � 100 and fp
is the � peak frequency. The vertical dashed lines in the insets
mark 1000=T��, as obtained from the crossing of the �
relaxation and the extrapolated � relaxation.
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including six different parameters plotted as a function
of log10�M�. Figure 3(a) shows that the Tg values vary
in a smooth fashion, which can be described approxi-
mately by a modified Fox-Flory relation (see figure cap-
tion). Figure 3(b) shows the temperatures T�

g , i.e., the
temperatures where the time scale of the � relaxations
�� reach 100 s. We note that the behavior of the T�

g values
drastically change for chains of less than a few units. A
detailed discussion of the important length scales found
in the analysis will be deferred to a subsequent publica-
tion [20]. Figure 3(c) shows the temperature T��, where
the � and � relaxations would cross provided they are
undisturbed by the presence of each other. Figure 3(d)
shows the � relaxation time �� for the various samples at
three different temperatures Ti (see figure caption) within
the measured range. Figure 3(e), in turn, depicts ���Tg�,
and finally Fig. 3(f) shows the relaxation time ��� at the
extrapolated crossing of the � and � relaxation times.

The systematic nature of the M variation of all parame-
ters suggests that it is indeed possible to reach quantitative
information also about the location of the underlying �
relaxation for the monomer. By the use of power law fits
to the dimer, trimer, and heptamer data in Figs. 3(e) and
3(f) we can extrapolate to the monomer. The result gives
two points located at [1000=Tg; ���Tg�] and [1000=
T��; ���], which are marked in Fig. 2 with crosses. An
Arrhenius function that is consistent with these two data
points results in the dash-dotted line shown in Fig. 2.
Based on this function we calculate the resulting parame-
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ter values, which represent the monomer. The obtained
results are shown as solid symbols in Fig. 3. We note that
the temperature dependence of ��, indicated by the dash-
dotted line in Fig. 2, satisfies extrapolations to the mono-
mer for all related characteristic properties Figs. 3(b)–
3(f) very well. It should be emphasized that the ���Ti�
and T�

g are parameters solely referring to the secondary
process, while ���, ���Tg�, and T�� combine information
from both the � and the � processes. We have thus found
strong indications that the � relaxation of the monomer
follows the Arrhenius temperature dependence shown by
the dash-dotted line in Fig. 2. The activation energies are
nearly identical throughout the series ( � 0:32–0:34 eV),
while �� as well as �� varies systematically with M. The
result is a gradual transformation from the strongly
merged � and � processes for the monomer (where the
� process is observed only as an excess wing) to the well-
separated � and � loss peaks for the higher M samples.

Additional and independent evidence that the results of
the analysis presented above is physically sound can be
found in the two insets of Fig. 2. These are plots according
to Stickel [25], in which data pertaining to a VFT relation
show a linear behavior. For glass formers, it is well
documented [25] that the VFT relation that describes the
data at low temperatures, near Tg, will change into an-
other VFT relation at some higher temperature, TB [26].
It has been found that TB signals changing dynamics in
the material as observed in a whole range of different
properties [27]. The most important observation for our
075702-3
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purposes is that to a good approximation one generally
finds that T�� ’ TB. The uppermost inset in Fig. 2 shows a
Stickel plot for the dimer. We find as expected a crossover
between two linear regimes. A glance at the main plot of
Fig. 2 shows that this occurs very close to the extrapolated
merging of the � and � relaxations, also indicated by the
vertical dashed line in the inset. The lowermost inset
shows the corresponding plot for the monomer data.
Again, a crossover between two linear regimes is found,
which corresponds well with the location of the �-�
merging, as predicted from our scaling analysis described
above.

It has recently been argued that the excess wing is
caused by an underlying � relaxation, but that this pro-
cess has some features setting it aside from the J-G �
relaxation (see, e.g., [12]). This conclusion was based on
the temperature dependence of the � relaxation times, ��,
obtained from fitting the dielectric loss of a type A glass
former with a sum of an asymmetric (�) and a symmetric
(�) loss shape. The result of such an analysis is that both
relaxations follow each other closely in time. Two relax-
ations that are not well separated in time will merge [28],
and a fitting routine not taking this into account will by
necessity produce a secondary process following the
primary one [29]. Based on our analysis, there is no
evidence for a drastic change in the temperature depen-
dence of the � relaxation constituting the excess wing. On
the contrary, a simpler physical picture of an underlying
� relaxation with a �� following an Arrhenius depen-
dence emerges. This implies that the excess wing, at least
in this system, is due to an underlying � relaxation of the
J-G type.

In conclusion, we have found direct evidence for a
gradual transformation from widely separated to strongly
merged � and � relaxations in propylene glycol dimethyl
ethers of varying chain length. Several characteristic
temperatures and relaxation times display scaling rela-
tions with chain length. Taking advantage of this, it is
possible to locate the � relaxation time for the monomer,
even though the � process is hidden beneath the stronger
� peak. This � relaxation has the same characteristics as
the � processes of the other members of this sample
series. In general, this suggests that the main difference
between type A and type B glass formers is the relaxation
time at the merging temperature.
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