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ABSTRACT: The crossover region of the dynamic glass transition in poly(n-hexyl methacrylate), PnHMA,
was investigated by heat capacity, dielectric, and shear spectroscopy. Two distinct parts of the dynamic
glass transition were observed in the calorimetric data, surprisingly separated by a saddle in the
¢p (logf, T) contour map at log(f/Hz) = 0.33 and T = 2 °C. The high temperature process a, above the
saddle, is characterized by nearly temperature independent Ac, values and a very small but constant
cooperativity. Its calorimetric relaxation strength dies off above the saddle. The conventional cooperative
o relaxation sets on about one frequency decade below. Its calorimetric relaxation strength Ac, and
cooperativity N, strongly increases with decreasing temperature. The calorimetric onset of the a relaxation
in the crossover region is confirmed by an additive analysis of dielectric data using two Havriliak—Negami
functions. The results are discussed with respect to cooperativity as a function of temperature.

I. Introduction

The microscopic picture of slow relaxations in complex
systems?~3 is still poorly understood. New experimental
approaches seem still necessary. Linear response is of
general interest because it can directly be reduced to
thermal fluctuation in equilibrium. Dynamic entropy
compliance, c’;/T, from heat capacity spectroscopy (HCS)
is of particular interest since entropy fluctuation seems
directly be connected with cooperatively rearranging
molecules.*

The crossover region is important for understanding
of dynamic glass transition or main relaxation. Seen
from lower temperature, this can be defined as the
region where the low temperature part of the main
relaxation, a, and the secondary Johari Goldstein
relaxation, 8,5 approach each other. Several properties
of the relaxation processes change there. (i) The tem-
perature dependence of viscosity® and of dielectric main
relaxation times’ in glasses with weak j relaxation
indicate that the WLF parameters, characterizing the
underlying cooperativity, change in the crossover region
from one set to another. (ii) Rotational and transla-
tional diffusion coefficients decouple® below the cross-
over region. (iii) Analyzing dielectric isotherms by
additive o and f compliances, an onset of the a
relaxation from zero intensity was obtained in the
crossover region for a number of glasses with different
chemical structures.®14

In spite of increasing interest in the crossover,” 15 it
is still an open question what the basic reason for all
the changes is. We can ask how the cooperativity
behaves in the crossover. This can be deduced from
HCS. This spectroscopy has the advantage of being not
sensitive to secondary f relaxations (Acp (5) ~ 0, apart
from some biopolymers'’). This avoids two problems of
dielectric spectroscopy in the crossover region: (i)
overlap of a and g loss peaks (fit problem) and (ii)
decoupling of the two relaxation processes by differing
models.*® First calorimetric experiments by conven-
tional DSC?® and HCS1020.21 jndicated a linear decrease
of the step height, Acy(T), when the crossover region is
approached from below. This allows a simple extrapo-
lation to a calorimetric o onset temperature Ton, Where
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Acp, — 0. The dynamic heat capacity data can be
represented as a surface over the log frequency-tem-
perature plane, c’g(log f, T). Its behavior above the o
onset and the details near the onset, i.e., in the crossover
region, remained unknown so far.

Two main problems of such experiments are (i)
finding a substance having the crossover region in the
frequency-temperature HCS window and (ii) the real-
ization of measurements in a large frequency-temper-
ature range which are precise enough for detecting
small and wide c;(logf,T) peaks.

The homologous series of the poly(n-alkyl methacry-
late)s has been known for a long time?2-22 to have an o8
splitting which shifts systematically to lower frequen-
cies/temperatures if the length of the alkyl side chain
increases. Reanalyzing previous results,®1921-24 we
have chosen poly(n-hexyl methacrylate), PnHMA. Its
crossover region is in the middle of the HCS frequency
window. We used the 3w method of Birge and Nagel?>26
with a frequency window from 100mHz to some kHz.
The comparison of typical HCS signal parameters for
PnHMA with other glasses (Table 1) shows that HCS
in the crossover region really requires a high signal
quality. The amplitudes to be detected are ten times
smaller and the peaks are three times wider as typical
for the dynamic glass transition of good glass formers
with Ty far below the crossover region. Wide glass
transformation intervals cannot easily be detected
because the measurements must be extended over a
huge temperature range. This is an additional problem
because a continuous heater-sample contact must be
realized from far below to far above the glass temper-
ature Tg. The experimental methods to overcome these
problems are shortly described in the experimental part
and are extensively discussed in ref 27.

In this paper we report on, to our knowledge, the first
measurements of the dynamic heat capacity c’;(log f,
T) in the crossover region of a glass former, the polymer
poly(n-hexyl methacrylate) PnHMA. The calorimetric
results are compared with dielectric and dynamic me-
chanical data in a comparable frequency—temperature
range and are discussed with respect to cooperativity
behavior in the crossover region.
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Table 1. Calorimetric Characteristics of the Dynamic
Glass Transition for the f = 20 Hz Isochron of Several
Glass Formers Having Different Distances from the

Onset?
log tan

substance® Tao/K (fon/20 Hz)® ACp/Ep  Omax OT/K Ny refs
Glycerol 209 7 0.56 0.17 6 40 25,27
PVAC 330 7 0.27 0.10 6 40 27,46
SBR 1500 234 35 0.12 0.021 6 14 27

Co 8% 326 15 0.16 0.032 15 3 10
PnHMA 284 -1 0.07 0.018 20 0.7 this

work

uncertainty +2 +1 +10% +0.005 +£15% +40%

a T,y = temperature of the E”(T) maximum for f = 20Hz, f,n =
frequency of o onset, A%, = cp(llqmd zone for T > Ty) — cg"ass
(glass zone for T < Ty), ¢, (c + cg'ass)/Z at Tao, tan dmax ”/c at
Too, 0T = Gauss dlspersmn from a Gauss fit of the |sochronous &
peak, €(T) ~ exp(—(T — T20)%/2(6T)?), and , Na = cooperatIVIty
calculated fromeq.1 P PVAC = polyvmylacetate SBR 1500 = the
random copolymer of styrene—butadiene rubber with 23% weight
styrene, Co 8% the random copolymer of n-butylmethacrylate with
8% mole styrene, PnHMA = poly (n-hexyl methacrylate). ¢ log =
logio always.
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¢, (W/gK)

1.0F PnHMA

G" (MPa)

temperature (°C)

Figure 1. (a) Specific heat capacity of poly(n-hexyl methacry-
late) in the glass transition region. The DSC curve was
recorded at a heating rate of 20 K/min after cooling with the
same rate. (b) Shear loss modulus G" vs temperature for
PnHMA at three frequencies (¢, 0.1 Hz; ©, 1 Hz; &, 10 Hz).
The different relaxation processes are indicated by vy, apg, and
o+ .

1. Experimental Section

A. Sample. The PnHMA sample was kindly provided by
Dr. G. Meier (MPI fur Polymerforschung Mainz). It is the
same sample as investigated by dynamic light scattering and
other methods in refs 28 and 29. The polymer was prepared
by thermal polymerization of the filtered monomer by R6hm
AG (Darmstadt, Germany). The average molecular weight is
My = 1.6 x 10° g/mol and the polydispersity My/M, = 2.1 (GPC
with THF as eluent). The tacticity of the sample, soluted in
nondeuterated THF, was obtained by *C NMR with a Varian
400 spectrometer. The sample has 78 + 4% syndiotactic
diades. The glass temperature from conventional DSC mea-
surements by a Perkin-Elmer DSC7 at a heating rate of T =
+20 K/min is Tg = —19 4+ 2 °C. The corresponding thermo-
grams have a very broad transformation interval, AT ~ 40 K
(Figure 1a). Further details of DSC on PNnHMA are discussed
in ref 30. The shear loss modulus G" visualizes the complexity
of the relaxation spectrum of PnHMA (Figure 1b). Besides
the a (or better o + f3, see below) peak near Ty a secondary
peak at about T = —100 °C is observed. This relaxation
process (ape) Was discussed as an additional polyethylene-like
glass transition in poly(n-alkylmethacrylate)s with long alkyl
groups in the side chain.®* The maximum of the y relaxation
(T, (1 Hz)~ —180 °C®) is outside our temperature window.
To remove moisture, the samples were dried under vacuum
for at least 12 h at T = 100 °C prior to the measurements.
After this procedure, the dielectric, mechanical, and calori-
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metric properties were immediately measured in a dry nitro-
gen atmosphere.

B. Methods. HCS was performed by a home-made setup®?
using the 3w method according to Birge and Nagel.?®> The
quantity measured by this method is the product of density p,
thermal conductivity «, and dynamic heat capacity: p«c, *(log
f, T) = px(c, — icy). Density and thermal conduct|V|ty are
usually reaf quantities that practically do not depend on
frequency.®® The relative change of the thermal conductivity
k(T) in the temperature interval from —75 to +75 °C is about
20%.

The details of the 3w method, our setup, and the improve-
ments are described in ref 27. Two main improvements are
as follows: (i) The first is introduction of a new substrate
material with very small p«kc, values, poly(ether ether ketone)
PEEK (Tg ~ 143 °C). This results in a large (about 10x)
increase of the useful signal amplitude compared to window
glass substrates as used by other authors. (ii) The second is
application of a sampling oscillograph in combination with a
selective Fourier transformation (a fit of the raw voltage data
with a superposition of only two sine components, Us, and
U,). This procedure significantly increases the phase angle
stability.

HCS on our polymeric glasses requires an extremely good
heater-to-sample contact in a huge temperature range over
long times. Even a “microscopic” separation of the sample
from the heater surface leads to troublesome steps in the
PKCy *(T) curves because the penetration depth of temperature
Waves is small, especially at high frequencies (about 15 um at
2 kHz). The necessary adhesion was achieved by annealing
the sample-heater-substrate sandwich at 85 °C for 3 days. Our
PnHMA slowly flows under this conditions which leads to a
“microplugging” between sample and the rough surface of the
PEEK substrate around the nickel heater. This procedure and
a slight pressure on the sample during the measurements
guarantied a continuous sample-heater contact also when
internal strains appeared below Tj.

The heater size was about 3 x 7 mm? and the sample
thickness about 3 mm for HCS in the frequency range from
0.2 to 6Hz. Heaters of about 1.4 x 4.7 mm? and a sample
thickness of about 1 mm were used in the frequency range
from 2 to 2000 Hz. The heater resistance at room temperature
was about 25Q for both heaters, the substrate thickness was
about 5mm and the relative temperature coefficient of resis-
tance or at room temperature about 1650 ppm/K. Two
independent HCS measurements were carried out on both
heaters. Each data point was recorded two times per mea-
surement; i.e., each p«cy *(log f, T) value was measured at least
four times and in the frequency overlap region up to eight
times. The annealing time prior to the isothermal frequency
sweeps was always 900 s. On each substrate, one run was
started at the lowest temperature and the other run at the
highest temperature. No systematic deviation in the experi-
mental data was observed for these two equilibrating condi-
tions; i.e., no influence of the temperature program was
observed.

A commercial Novocontrol dielectric spectrometer using a
Schlumberger frequency analyzer FRA1260 with active pream-
plifier on the cell was used for dielectric measurements. The
diameter of the capacitor was 20 mm, the plate distance about
100 um.

Deformation-controlled dynamic shear measurements were
performed with a commercial rheometer RDAII from Rheo-
metric Scientific. The strain amplitude was varied in the
range from 0.2 to 0.5%. The linearity of the response was
checked by isothermal strain sweeps. Stripe geometry was
used. The dimensions of the sample were 1.5 x 10 x 25 mm?.
The G* absolute values are comparatively uncertain because
of nonideal sample geometry.

111. Results

Figure 2 shows raw HCS data for PnHMA from two
independent isochronous scans (constant frequency of
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Figure 2. Heat capacity spectroscopy (HCS) data of PnHMA
in the dynamic glass transition region. The two curves in both
figures represent independent runs at constant frequency f =
60 Hz. (a) Raw data for the real part &, as calculated from the
3w signal amplitude and calibrated to the specific heat from
DSC (see text). (b) Raw data for the 3w signal phase angle ¢
containing the information on the imaginary part c;. The
solid lines are Gaussian adjustments with dispersions of 6T
=17 K and 6T = 23 K, respectively.

60 Hz) in order to demonstrate the reproducibility. The
upper part (a) shows the real part of the HCS output
pkcy as calculated from the third harmonic voltage Us,,
for the sample-heater-substrate sandwich and the empty
substrate as a function of temperature. To get specific
heat capacities, the p«c,, data were reduced to absolute
Cp values from conventional DSC (vitrification) mea-
surements (Figure 1a). The data of both p«c,(T) mea-
surements were multiplied by a frequency and temper-
ature independent factor representing the ratio of
the half step height values from DSC and HCS: (C/
(Jg K™ =prcy/(I%em K ?s™!) x 1.57/3.537 x 10~ 3)
The raw data of the third harmonic phase angle ¢ as a
function of temperature display the small and wide
peaks expected (Figure 2b) This quantity contains the
information about the imaginary part pxc;. The peak
shapes from the two measurements shown are similar.
Each ¢(T) peak can be fitted by one single Gaussian
function. Their temperature dispersions, 6T, are only
slightly different (see figure caption). Both primary
signals, Uz, and ¢, are sufficiently reproducible to give
a significant indication for a relaxation process at T(60
Hz) ~ 17 °C: the real part has a steplike transition,
almost degenerated to a bend, and the imaginary part
has a peak.

Figure 3a displays the imaginary component p«c, for
PnHMA as function of temperature at nine different
frequencies. The data are corrected by a linear base
line to get ¢, ~ O for low and high temperatures outside
the peaks. Two independent isochronous measurements
were averaged and FFT filter smoothed. For reasons
of clarity only each fourth point is shown. Significant
peaks in the p«c)(T) curves are observed at all fre-
guencies. Peak heights and shapes at higher frequen-
cies (f > 6 Hz) are similar, while at lower frequencies
(f < 2 Hz) the peak height increases significantly. The
temperature dispersion oT is large for all frequencies.
It ranges from 15 to 20 K for PnHMA, while 6T values
of about 6 K are typical for conventional glasses like
glycerol or polyvinylacetate (see Table 1). A complete
set of fit parameters for the isochronous PnHMA data
is listed in Table 2.

The real-part isochrones of the HCS output, p«c;, at
seven different frequencies in the range from 0.2 to 200
Hz are shown in Figure 3b. No clear steplike transfor-
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Figure 3. HCS data versus temperature for PnHMA at nine
frequencies (M, 0.2; @, 0.6; @, 2; A, 6; <, 20; O, 60; v, 202; O,
600; x, 2000 Hz). (a) The imaginary component p«c, as used
for the construction of the contour maps and spectra Figures
4b and 6. The isochrones were obtained in the following way:
The raw phase angle data were corrected by a base line,
averaged, FFT (fast Fourier transformation) filter smoothed
to improve the signal-to-noise ratio, and finally thinned out
by a factor of 4 for better representation. (b) The real part
pkcy, as measured by HCS. The isochrones above 2 Hz were
measured on the small, and the 0.2 and 0.6 Hz curves on the
large nickel heater.

Table 2. Calorimetric Parameters for PNnHMA As
Obtained from HCS (upper part) and DSC (lower part)

prCp. x 10% AEp/

fiHz TJ/°C OT/IK JFKZ2cm™@st JgtK?1 Ng
2000 39.6 20.9 5.8 0.10 0.4
600 337 212 7.2 0.14 0.6
600 30.8 21.0 6.1 0.12 0.5
200 26.3 23.1 6.8 0.16 0.6
200 21.4 18.2 6.2 0.13 0.7
60 18.6 215 6.4 0.16 0.6
60 152 17.2 6.6 0.14 0.8
20 149 16.1 5.2 0.11 0.7
20 10.8 20.9 5.8 0.17 0.7
6 8.0 181 5.8 0.15 0.8
6 39 11.2 3.7 0.07 0.9
2 35 134 3.3 0.08 1.0
2 49 109 4.2 0.07 1.0
2 —-25 153 4.6 0.13 0.9
0.6 -75 186 8.0 0.31 1.4
0.2 -71 142 8.8 0.26 1.8
0.2 -8.2 1438 9.1 0.29 1.8
T=20K/min —18 7.3 0.24 5.8
T=20K/min —-20 7.3 0.29 7.8

mation, as otherwise typical for the dynamic glass
transition, is observed for PnHMA at higher frequencies
(f > 2 Hz). Instead a degenerated, bendlike transforma-
tion is observed at temperatures between 15 and 35 °C.
Indications for a steplike glass transition, however, were
observed at the lower frequencies (f < 0.6 Hz). This
finding corresponds to the increasing pxc; values at
low frequencies in Figure 3a. All data points above the
DSC glass transition temperature Tg = —19 °C are in
thermodynamic equilibrium; e.g., these points are not
affected by vitrification. The slight vertical shift of the
low frequency isochrones (Figure 3b) results probably
from a systematic error of the p«c, measurements on
different substrates and an increasing influence of finite
heater width and sample thickness at low frequencies.
The low-frequency trend in the pxcy peak intensity,
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Figure 4. Comparison of dielectric (a), calorimetric (b), and
mechanical (c) contour maps of the imaginary parts for
PnHMA. The calorimetric map shows a saddle between the a
death and the o onset. The dielectric and mechanical maps
have no saddle there (cross). The dielectric onset details are
hidden under a large 3 activity obviously absent in the
calorimetric map. The temperature uncertainty between the
three devices is +2 K. The summit heights are (p«cp)" = 1.0 x
107 J%/cm?*K?3s, €' = 0.30, and G"" = 90MPa. The symbols are
the relaxation frequencies for o (O), 8 (¢), and a (O) process
as obtained from the isotherms (see text).

however, remains nearly unaffected. Itis mainly caused
by changes of the phase angle ¢.

The isochronous presentation has a disadvantage:
Isochrones do not represent a thermodynamic state. The
latter is defined by isotherms. The p«c;(logf,T) contour
map (Figure 4b) shows that the diff%rence between
isochrones and isotherms is important in the crossover
region. Two clearly distinct processes, surprisingly
separated by a saddle at (log(f/Hz) = 0.33, T = 2 °C),
can be observed in the calorimetric contour map. The
two processes are not simultaneously visible in the
isochrones (Figure 3a).

The contour map of the dielectric loss compliance
€"(log f, T) of PNHMA has no saddle (cross in Figure
4a). There is also no saddle in the contour map for the
dynamic shear loss modulus G"(log f, T) (Figure 4c). The
separation of a and f relaxation at low temperatures is
only indicated by a significant broadening of the iso-
thermal frequency range where the €' and G" values
are large. The €' and G" isotherms in Figure 5 reflect
the development of an independent o relaxation only
by a systematic increase of the low frequency wing of
the loss peaks with decreasing temperature.

The pkcy isotherms in Figure 6, called the “spectra”
for short, show that the intensity of the high tempera-
ture process, called a, dies off above the saddle (Figure
6a), while a new relaxation process, the dynamic glass
transition a, sets on below the saddle (Figure 6b). The
intensity of the o relaxation increases with decreasing
temperature. When the isothermal calorimetric relax-
ation frequencies are transferred into the contour plot
(symbols in Figure 4b), we see that the high tempera-
ture relaxation a dies off at about log(f/Hz) = 1.5, about
one frequency decade above the o onset.

The absence of a saddle in €' and G"” may provoke
the question how significant this phenomenon is in
pkCy, i.e., how reproducible the small peak height of the
2 Hz isochrone is (Figure 3a). Three independent HCS
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Figure 5. (a) Imaginary part of dynamic shear modulus G"
for PNHMA as a function of frequency at nine temperatures
(x,—40°C,+, —30°C;*, —20°C; v, —15°C; A, —10°C; H, -5
°C; ®,0°C; ¢,5°C; O, 10 °C) and (b) the dielectric loss ¢ as
a function of frequency at seven temperatures (l, —45 °C; a,
—27 °C; @ —9 °C; ¢, 9 °C; O, 27 °C; <©, 45 °C; v, 76 °C).

log (f / Hz)

Figure 6. Isothermal sections of the imaginary-part surface
cp(logf,T) for T = =76 °C (+3K) +76 °C in PNHMA. According
to the fluctuation dissipation theorem (FDT), ¢ (w) for any
given temperature is proportional to the spectral density of
entropy fluctuations, Asz(w):ch”(a)) = awAS*(w). The iso-
thermal sections represent, theret%re, the “entropy fluctuation
spectra” at the dynamic glass transition: (a) seen from the
low-temperature side showing the “death” of the a process; (b)
seen from the high-temperature side showing the “onset” of
the o process.

measurements with heaters of different geometry, all
at a frequency of 2 Hz are compared in Figure 7. The
empty substrates were separately measured, the base
lines were independently determined (Figure 7a), and
different temperature programs were used. Neverthe-
less, all curves coincide (Figure 7b). The peak height

pKCy is significantly lower, and the 6T value is
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Figure 7. HCS data for PnHMA at a frequency of 2 Hz. The
different symbols represent independent runs on the small (<,
®) and the large nickel heater (O). (a) Raw phase angle ¢ vs
temperature as calculated from the 3w signal. The data were
FFT filter smoothed (solid lines) and a linear base line was
constructed (dashed lines). (b) The imaginary part p«cy vs.
temperature as calculated from the three ¢ curves in part a.
The solid line is a FFT filter smoothed curve. The dotted line
is a fit to the data with a Gaussian function.
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Figure 8. Calorimetric intensity (®, ®) and dielectric o
intensity (O) as function of temperature for PNHMA. The
calorimetric intensity was calculated from the imaginary part
prc, by the Kramers—Kronig relation: directly from p«cy
isotherms (®) or from isochrones by a transformation of the
Kramers—Kronig relation in the temperature domain (@, see
text). A linear extrapolation of the a intensities gives o onsets
at T =9 £ 10 °C and T = 8 £ 10 °C for Ae, and ACp,
respectively.

smaller, than for the neighbor frequencies (see Table
2). A peculiarity of the equilibrium calorimetric trace
in the Arrhenius diagram at about T = 5 °C was also
confirmed by a modified Narayanaswamy model evalu-
ation of the DSC curve.30

The calorimetric relaxation strength Ay(T) as func-
tion of temperature was calculated from the isochrones
of the imaginary part ES(T) using the Kramers Kronig
relation transformed into the temperature domain
(ATp(T) ~ (2/7)(d(Inf)/dT)/E(T)dT). The AL, values
were adjusted by a fixed factor to absolute c, values from
the conventional DSC measurement as described above.
At high temperatures (T > Ton) a nearly constant value
of Aty ~ 0.12 J g~ K™% was observed for the a process,
while below the a onset (T < T,n) a linear increase of
the o relaxation strength AT, with decreasing temper-
ature is indicated (Figure 8). A linear? extrapolation
to a calorimetric o onset temperature (Acy(Ton) = 0)
gives Ton = +8 + 10 °C. Beside the evaluation of the
isochrones, the calorimetric relaxation strength of the

a process was also calculated from the ¢ isotherms
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Figure 9. (a) Full width at half-maximum, fwhm, of the
isothermal dielectric loss peaks as function of temperature for
PnHMA. (b) Dielectric intensities Ae of a (O), f (<), and a (O)
process as function of temperature obtained from fits to the
isothermal data with one or the sum of two Havriliak—Negami
functions (see text). The solid line indicates the linearity of
the o intensity Aeq(T).

using the Kramers Kronig relation (crossed open circles
in Figure 8). Both procedures give consistent ACy(T)
values in the temperature range from 11 to 27 °C. Two
additional Ac, values are obtained from independent
conventional DSC (nonequilibrium) measurements at a
heating rate of +20 K/min: Acp, = 0.24 and Ac, = 0.29
J gt K?tat Tg = —18 and —20 °C, respectively (not
presented in Figure 8).

An extended analysis of the €' isotherms gives, in
spite of the difference in the contour maps discussed
above, a certain similarity of dielectric and calorimetric
behavior. The increase of the dielectric full width at
half maximum (fwhm) below the calorimetric onset
temperature of 8 °C (Figure 9a) is an indication of the
o splitting in dielectric data.?! Above T ~ 20 °C, the
dielectric fwhm is nearly temperature independent and
has a constant value of about 2.5 decades (Bkww ~
0.45). The prc, peaks at comparable temperatures (a
process) have a similar fwhm of about 2.5 decades. To
get more information about the dielectric af splitting,
a sum of two Havriliak Negami (HN) functions,34 ¢* —
€w = Ae(1 + (iw/wp)?)79, was fitted to the ¢’ isotherms
by a nonlinear regression method based on the Leven-
berg—Marquardt algorithm.3> The procedure used, the
presumed additivity of dielectric o and § compliances,
and the typical features in the splitting region are
discussed in previous papers.>1° Applied to PnHMA we
get the following result: Above T =9 °C acceptable fits
could be obtained by using one single HN function for
a (+ conductivity term). No systematic deviations were
observed. Below 0 °C systematic deviations of a single-
function HN fit from experimental data were obtained.
Such a behavior is characteristic®1° for the a3 splitting
region and indicates the presence of two underlying
relaxation processes. The € isotherms for T < 0 °C
were therefore fitted by a superposition of two HN
functions and a conductivity term. The intensities of
all three dielectric relaxations (a, a, and ) depend on
the temperature (Figure 9b). The intensity of the a
relaxation increases linearly with decreasing tempera-
ture. The extrapolation Ae¢, — 0 gives a dielectric onset
temperature To, of 9 + 10 °C coincident with the
calorimetric onset at 8 + 10 °C (Figure 8).
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Figure 10. Arrhenius diagram for PnHMA. The frequency
position of the peak maxima of a (squares), a (circles), and
(diamonds) processes from dielectric spectroscopy (open sym-
bols) and dynamic shear modulus (cross at center). The
isothermal HCS peak maxima (full symbols) for o and a are
shown for comparison. The gray a points stem from very small
intensities; g is absent in HCS data. The cross (+) indicates
the saddle point in the calorimetric contour map (Figure 4b).

The dielectric loss peak maxima frequencies fmax of
PnHMA for all three relaxation processes (a, o, and f3)
are transferred into an Arrhenius diagram, log fmax Vs
reciprocal temperature, 1/T (Figure 10), and the dielec-
tric contour map (Figure 4a). The o intensity onset is
about one frequency decade below a quasi-continuous
ap trace. The a and a traces are slightly curved, while
the j trace is a straight line, as expected for a local
process.

The shear loss maxima for the different processes as
obtained from logarithmic Gauss fits to the G" iso-
therms and the isothermal p«c, maxima from Figure
4b are added in Figure 10. The comparison of the
isothermal peak frequencies from the three different
responses shows good agreement for the o and a
processes. With respect to the different shape of the
€"(log f, T) and pxcy(logf,T) surfaces the large degree of
coincidence seems surprlsmg The difference between
the contour maps of €’ and pkc, is caused by the
different activities of the local § relaxation: The large
dielectric § activity hides the a onset. The latter is,
however, clearly seen in the calorimetric contour map
because f is calorimetrically inactive.

IV. Discussion

The main experimental finding is a separate o onset
in the crossover region by both dielectric and heat
capacity spectroscopy. While this onset can be obtained
from dielectric data only by a fitting procedure, it can
directly be seen as a saddlelike peculiarity in the
calorimetric contour map. This saddle of the p«cy
(logf,T) surface can be described as follows: At high
frequencies and temperatures, the a process is calori-
metrically weakly active with a nearly constant inten-
sity and shape. But its intensity dies off at a frequency
of about log(f/Hz) = 1.5, and a new process (o) sets on
about one frequency decade below (log(fon/Hz) ~ 0.3 +
0.5). The intensity of the a process increases strongly
below the onset. This view is supported by the agree-
ment of the independently determined calorimetric and
dielectric o. onset points, by the temperature dependence
of the a intensity from our dynamic shear data (not
shown), and by an analysis of DSC measurements by a
modified Narayanaswamy model.3°

In order to discuss the crossover region in a more
general context we will enlarge the experimental basis
by results on some materials with similar chemical
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Figure 11. Calorimetric indication of the onset linearity. (a)
The AE, values for PnHMA from Figure 8 (®) are completed
by two DSC points (see Table 2) and A, values of similar
substances where the onset is slightly above the frequency
window of HCS: random copolymers of nBMA with styrene
for 2% mole S (O), 8% S (O), and 19% S (<).2° (b) The square
root of cooperativity, N, as evaluated by eq 1 from HCS data
for the same substances. The onset temperatures are from
dielectrics.

structure and relaxation behavior. In the homologous
series of poly(n-alkylmethacrylate)s the frequency-tem-
perature position of the of splitting region shifts
systematically downwards with increasing length of the
side chain, due to internal plasticization.?? We assume
that this shift does not destroy the universality of the
underlying a, 8, and a relaxation mechanisms in the
crossover region of our substance class. A calorimetric
o onset can also be extrapolated from HCS data on
random copolymers P(nBMA- stat-S)1° and PnBMAS32:36
having slightly higher crossover frequencies (log(fon/Hz)
~ 3). Below this onset, both the calorimetric and the
dielectric intensity of the a process increase linearly as
it is indicated for PnHMA in Figure 8. By plotting the
calorimetric intensities of o. and a processes vs reduced
temperature (Ton — T) for several random copolymers
and PnHMA in one diagram, we obtain a masterplot
(Figure 11a) which visualizes the calorimetric behavior
in the crossover region of our substance class. The onset
temperatures Ton, for the copolymers were extrapolated
from dielectrics, Aeq — 0 for T — Ton. There are two
ranges with clearly distinct behavior: (i) the tempera-
ture range of the a process (T > Ton) Where Acp is small
and nearly constant and (ii) the o region below the onset
temperature (T < Ton) with a linear increase of Ag, as
function of temperature, i.e., AC, ~ (Ton — T). The
difference, if any, between dielectric and calorimetric
onset temperatures is smaller than AT,y = 15 K (Figure
11). This seems slightly outside the experimental
uncertainty which mainly results from the uncertainty
of extrapolation.

Now we introduce the cooperativity concept in the
discussion. From the calorimetric contour map we see
that the character of entropy fluctuation (i.e. of the
cooperativity) changes abruptly in the crossover region.
The size of cooperativity is quantified by using a
fluctuation formula:37:38
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N, = RT? A(1/c,)/My(0T)? & RT?Ac,/Mo(6T)* ¢,2 (1)

N is the volume of a cooperatively rearranging region,
CRR, divided by the mean volume of a monomeric unit
with molecular weight My (~0.28 nm?3). For larger
CRRs, Ng is the number of units within. Furthermore,
Acp is the step height, 6T the temperature fluctuation
of one CRR determined as the Gaussian dispersion of
the cy(T) peak, ¢, the mean value of ¢, at half step
height, and R the molar gas constant. The applicability
of eq 1 to small N values down to Ny =~ 1 is discussed
in ref 20.

The calculated N, values for PnHMA are listed in
Table 2, together with the experimental Ac, and 6T
values. The square root of Ny as function of tempera-
ture is plotted for PNHMA and the copolymers in Figure
11b. All N values near the o onset temperature are
about N, = 1. This is very small when compared with
typical N, ~ 50 values far below the onset for glasses
having crossover frequencies above MHz (Table 1).
Different behavior above and below the a onset tem-
perature is observed for the N,Y2(T) function: Above
the onset the N values weakly depend on temperature
and are smaller than one. Below the onset, T < Ton,
N2 increases linearly.

Small Ny ~ 1 values are inconsistent with the inter-
pretation of cooperativity as a motion of a larger number
of particles which are, in a way, coupled in space and
time, at least if we think about the monomeric unit as
a “particle”. The temperature dependence of our Ng(T)
and Acy(T) functions suggests the following interpreta-
tion: Above the onset (T > T,p) parts of few monomeric
units (also from different chains) act together to make
the a process with a small residual entropic activity.
We suggest the term “coordinative” here in the sense
that coordination means a harmonious functioning of
parts for most effective result. This includes, of course,
orientational dependence of intermolecular potentials
and perhaps participation of intramolecular degrees of
freedom. Below the onset (T < To,) the o cooperativity
increases, and more and more intermolecular possibili-
ties come into the play (N, > 1). This means that a
qualitative change from coordinative motions above Ty
(high temperature a process) to intermolecular cooper-
ativity below T, (low temperature o process) is observed
in the crossover region. The qualitative difference
between a and a® is indicated by the saddle in the
calorimetric contour map (Figure 4b) and the separate
o onset in the Arrhenius diagram (Figure 10). A highly
cooperative o relaxation in the classical sense is re-
stricted to temperatures far below Ty, It is such an a
relaxation that usually freezes-in near the glass tem-
perature T4. The main difference may be a thermoki-
netic structure3840 in case of o which is probably absent
for an a process. A physical picture describing the
similarities and differences of o and a is discussed in
ref 30.

Finally, we will assembly some arguments why we
believe that an onset of a relaxation and intermolecular
cooperativity is a general phenomenon in the crossover
region of glasses: (i) A dielectric oo onset has been
observed in several (poly(n-alkyl methacrylate)s®4! and
their random copolymers with styrene,'© epoxy res-
ins,1112 polybutadiene,’® and toluene.'* (ii) A calori-
metric onset was observed for glasses having the
crossover in the HCS frequency window (PnHMA and
PnNBMA?36 and its random copolymers with styrenel?).
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A general calorimetric o onset is indicated by the finding
that the calorimetric o relaxation strength Acy(T)
decreases with increasing temperature for many
glasses.?12527.33  The opposite case has never been
observed. In the extrapolation Acp(T) — 0 modulated
calorimetry yields a calorimetric o onset point (log fon,
Ton).*2 (iii) Although there are several substances,*?
where the dielectric relaxation strength Ae, does not
tend to zero in the crossover region, first HCS measure-
ments on such a substance indicate a cooperativity onset
also in such glasses. The experiments were done on the
good glass former benzoisobutyl ether, BIBE,** having
the crossover in the 10 kHz range.

V. Conclusions

The crossover from the high temperature a process
to the classical low temperature a process in PNnHMA
was investigated by heat capacity spectroscopy. The
high temperature a process is connected with coordi-
native molecular motions on a length scale <1 nm, while
the a relaxation is characterized by an increasing
intermolecular cooperativity arriving at length scales
>1 nm far below the onset. These length scales depend
upon the condition that eq 1 is reasonable for the a. and
a process. We observed that the a and o processes are
not continuously connected, but are separated by a
saddle of less calorimetric activity. We found a death
of the a process which is clearly separated from an onset
of the o process. The frequency gap is of order one
frequency decade. This gap is supported by an additive
analysis of dielectric compliance. There is increasing
evidence that a calorimetric a onset can be observed not
only in some exotic materials but also in the conven-
tional glass formers with crossover frequencies above
MHz. We think that not only the extrapolation of mode
coupling theory*® to low frequencies but also the ex-
trapolation of cooperativity concepts to high frequencies
will lead to an inadequate description of the relevant
relaxation mechanisms. Instead, the main transition
in glasses seems to consist of two calorimetrically
distinct parts, just the high temperature a process and
the low temperature a process, which need different
concepts for molecular understanding.
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