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Introduction
The relaxation behavior of glasses is characterized by

multiple relaxation processes that can be detected by
different experimental methods. It is well-established
that many glasses, e.g., amorphous polymers1 and
small-molecule glass formers,2 exhibit a main or R
process and a secondary â or Johari-Goldstein2 process.
In an Arrhenius plot (logarithm of frequency vs inverse
temperature) relaxation frequencies of the main process
R show a curved trace that can usually be parametrized
by a WLF equation,3 whereas the â process follows an
Arrhenius law linear in this plot. The R process is
generally attributed to cooperative motions of many
particles, whereas the â process is associated with more
local motions. Both relaxation processes approach each
other with increasing temperature and frequency in the
so-called crossover region. Above this region, only one
process, the “high-temperature process” a (sometimes
called Râ ) can be observed.

The crossover region in poly(n -alkyl methacrylate)s
was extensively investigated by different linear-re-
sponse methods.4-9 A typical scenario6 was observed in
poly(n -butyl methacrylate), PnBMA: The a and â traces
are continuously connected, whereas the R trace sets
in separately about 1 frequency decade below the
continuous aâ trace, with linearly increasing R intensi-
ties ∆εR and ∆cp. In general, we have two scenarios, I
and II. (I) The scenario as described above, i.e., with a
separate R onset, will be called the splitting scenario.
(II) A second scenario,10-12 with a seemingly continuous
aR trace, will be called the merging scenario.

We asked whether the splitting scenario is specific
for PnBMA or typical for a more general system class.
PnBMA was therefore chemically disturbed by (i) the
variation of the n -alkyl side chain length inclusive of
random copolymerization with respect for different side-
chain lengths, (ii) external plasticization with DOP, and
(iii) random copolymerization of n -BMA with styrene.13

The change of the crossover was always the same: We
remain in the splitting scenario. The details correspond
to an old conjecture of Williams concerning the pressure
dependence:5 Both relaxation processes, a and R, move

to lower temperatures (higher mobilities) when the
disturbance can be interpreted as an increase of free
volume, whereas the â process position in the Arrhenius
plot approximately remains unchanged. Although the
splitting scenario remains unchanged, the details seem
to be different for different disturbances.13 This means
that the influence of free volume on the splitting can
not be parameterized by one parameter.

It is well-known that lower molecular weights also
correspond to larger free volumes.14 The aim of this
paper is to investigate if the Râ splitting behavior for
poly(ethyl methacrylate) (PEMA) depends on molecular
weight in a way similar to those described for the other
free-volume disturbances.

Experimental Section
The molecular characteristics of the poly(ethyl methacry-

late)s investigated are listed in Table 1. Samples I and IV were
purchased from Polysciences, Inc., and Polymer Standards
Service, respectively. Samples II and III are synthesized by
group transfer polymerization.15 The tacticity of all the samples
as determined by NMR is comparable (see Table 1); i.e., the
influence of tacticity on the relaxation behavior is small.
Specific heat of the samples was measured in a Perkin-Elmer
DSC 7 at a heating rate Ṫ ) +10 K/min after a cooling run
with Ṫ ) -10 K/min. The glass temperatures in Table 1 were
calculated from the thermograms using an equal-area con-
struction. All samples were carefully dried at a temperature
between 100 and 130 °C for 12 hours under vacuum to remove
moisture, residual solvent, or monomer.

The dielectric function ε*(ω,T) was measured using a BDS
4000 system from Novocontrol. Isothermal frequency scans
were performed at temperatures between -40 and 150 °C. The
frequency ranges from ω ) 2π × 10-2 to ω ) 2π × 106 rad/s.

One, or a sum of two Havriliak Negami (HN) functions,16

and an additional conductivity term (∼ω-1 ) were used to fit
the isothermal ε′′ data. The details of the fitting procedure are
described in Kahle et al.17 The exponents b and g (0 < b, g e
1) in eq 2 describe the shape of the ε′′ peak: b and -bg are
the slopes of low- and high-frequency wing in a double
logarithmic plot log ε′′ vs ε′′ log ω. The parameter ε∞ gives the
real part of permittivity at very high frequencies outside the
dispersion zone, and ∆ε is the intensity or relaxation strength
of the relaxation process. The HN frequency, ω0, is connected
with frequency of maximum loss, ωmax, used for the represen-
tation in the Arrhenius plot, by the equation

Results and Discussion
The dielectric isotherms at T ) 70 and 80 °C for poly-

(ethyl methacrylate)s with different molecular weights
illustrate different stages of the Râ splitting process
(Figure 1): At high temperature and low molecular
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ε*(ω) ) ε∞ + ∆ε

[1 + (iω/ω0)
b]g

) ε′ - iε′′ (1)

ωmax ) ω0{sin[πgb/(2g + 2)]
sin[πb/(2g + 2)] }-1/b

(2)
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weight, only one relaxation process, the high-tempera-
ture process a, was observed. The corresponding iso-
therms can be fitted with one HN function and the
additional conductivity term without systematic devia-
tions. With decreasing temperature or increasing mo-
lecular weight, a slight shoulder appears on the low-
frequency wing of the loss peak, indicating the emerging
R relaxation. These isotherms cannot be approximated
by only one HN function. An additive superposition of
two HN functions, representing R and â relaxation, was
used. At low temperature and high molecular weight,
two well-separated relaxation processes (R and â ) can
be detected. At least in the frequency-temperature
range investigated, this separation process is accompa-
nied by a decrease of the maximal dielectric loss under
isothermal conditions. Similar behavior in this region
was previously observed for poly(n-alkyl methacrylate)s
with different side-chain lengths.6,7 In a way, the
isotherms in Figure 1 indicate that the changes in M
and T-1 affect the dielectric relaxation behavior in a
similar way; i.e., for a certain distance from the Râ
splitting, the shape of the isotherms seems comparable.

In the Arrhenius plot (Figure 2a), the complete Râ
splitting region shifts along the â trace to lower tem-
peratures and frequencies with decreasing molecular
weight M. In other words, the â process is practically
independent on molecular weight while R and a shift
to lower temperature and frequency. The topology of the
Râ splitting region is not affected by molecular weight.
A quasicontinuous aâ trace was observed for all samples
by HN fits to the dielectric data. The R trace is well-
separated and starts about 1 frequency decade below.
Below the onset, the relaxation strength of the R process
increases linearly for all molecular weights, ∆εR ∼ (T-1

- Ton
-1) (Figure 2b). The slope d∆εR/dT-1 does not

significantly depend on M. The R onset temperature Ton

(Table 1) can be linearly extrapolated for temperatures
where ∆εR f 0. The corresponding onset frequency, ωon,
is calculated using the WLF parameters of the R trace.
The frequency-temperature position of the R onset in
the Arrhenius plot is indicated by crosses in Figure 2a.
The onset shifts to lower frequencies and temperatures
with decreasing molecular weight, as does the whole Râ
splitting region. The variation of M does not change the
scenario; we remain in the splitting scenario.

As shown previously for poly(n-hexyl methacrylate),7
all three relaxation processes R,â, and a behave quali-
tatively differently; i.e. there are three distinct, rela-
tively independent relaxation processes.5-7 Regarding
the dielectric behavior, the influences of molecular
weight, internal or external plasticization, and pressure5

on the a and R processes are similar. We think,
therefore, that both processes are similarly affected by
free volume.

The separateness of the R onset, however, points to a
property that is only typical for R but not for a. This
new element for R is expected to be the intermolecular
cooperativity of the molecular environment. This was
concluded from the determination of the size of coop-
eratively rearranging regions (CRR)18 for several poly-
(n -alkyl methacrylate)s using a fluctuation formula.19

The interpretation is that the a process is connected
with localized cage escape motions in a material that is
dynamically homogeneous. The R relaxation is charac-
terized by a slower cooperativity shell around these
cages assisting the escape. The material becomes dy-
namically heterogeneous with a characteristic length of
1...3 nm. The details of this empirical picture are
discussed elsewhere.20

As mentioned above, the â trace is not significantly
affected by molecular weight (and pressure); i.e., the
effect of free volume on the underlying motions is small.
This finding is consistent with the picture given by
Kuebler et al.21 They conclude from NMR experiments
that a stepwise side-chain rotation accompanied by a
reorientation of the backbone is responsible for the â

Table 1. Molecular Characteristics of the Poly(ethyl
methacrylate) Samples

sample symbol Mh n Mh w/Mh n

tacticity
(% synd.
diads)

Tg
(°C)

Ton
(°C)

log ωon
a

(rad/s)

I 0 154 1.90 78 74 107 3.6
II b 21 1.26 78 55 84 2.8
III 4 7.1 1.37 78 42 72 2.6
IV ( 1.65 1.08 80 10 39 2.3
a Obtained at the onset temperatures of Figure 2b from the WLF

parameters for the R process. In this paper, log means log10.

Figure 1. Double-logarithmic plot of dielectric loss vs fre-
quency at 70 (a) and 80 °C (b) for poly(ethyl methacrylate)s
with different molecular weights. The symbols are explained
in Table 1.

Figure 2. (a) Arrhenius plot for poly(ethyl methacrylate)s
with different molecular weights (for explanation of symbols,
see Table 1; a ) high-temperature process above the crossover,
R ) cooperative process below the crossover, â) local Johari-
Goldstein process). The error bars indicate the uncertainty of
the fitting procedure in the Râ splitting region. The crosses
mark the R process onsets. (b) Dielectric intensity of the R
relaxation vs inverse temperature. The straight lines are linear
fits used for the extrapolation ∆εRf 0 to the R onset temper-
atures Ton.
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process in PEMA.
We conclude that our PEMA series behaves similarly

to other methacrylate polymers: Decreasing molecular
weights corresponds to larger free volumes, which does
not change the crossover scenario. Both a and R
relaxations shift to lower temperatures. This proves that
the PnBMA splitting scenario is stable against many
chemical disturbances. It represents, therefore, a dis-
tinct and independent crossover scenario that may also
be representative for a certain class of other substances.
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