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Heat capacity spectroscopy~HCS!, dielectric spectroscopy, and shear viscosity data are reported for
liquid benzoin isobutylether~BIBE!. Dielectric and viscosity peculiarities indicate the crossover
region of dynamic glass transition atT5(2868) °C where the extrapolated Johari Goldsteinb
relaxation intersects the main transition trace in an Arrhenius plot. Although HCS does not reach the
crossover frequency of orderv523106 rad/s, the linear decrease of the square root of
cooperativity as calculated from HCS data at lower frequencies indicates a cooperativity onset in the
crossover temperature-frequency range. As BIBE belongs to another dielectric crossover scenario as
the substances where such an onset could previously be observed, it seems that the cooperativity
onset is a general property of the crossover region. ©1999 American Institute of Physics.
@S0021-9606~99!50938-0#

I. INTRODUCTION

Dynamic heterogeneity of dynamic glass transition is an
active field of experimental and theoretical research. The
field is well reviewed by Sillescu,1 recent general reviews of
the glass transition are Refs. 2–5. An important property of
dynamic heterogeneity is its characteristic lengthja . This
length6 can be identified with the average size of coopera-
tively rearranging regions~CRR! introduced by Adam and
Gibbs.7 A CRR is defined as a subsystem which, upon a
sufficient thermodynamic fluctuation, can rearrange into an-
other configuration independently of its environment.

This CRR definition by statistical independence leads
directly8,9 to a calorimetric fluctuation formula for the aver-
age CRR size:

Na5RT2D~1/cv!/ M dT2'RT2Dcp / c̄ p
2 M dT2, ~1!

where all variables on the right hand side can be determined
from heat capacity spectroscopy~HCS!.9 In Eq. ~1!, Na is the
cooperativity, defined as the volume of a CRR,Va5ja

3 ,
reduced by the volume of one molecule with molecular mass
M, R the molar gas constant,D(1/cv) the step height of the
reciprocal specific heat at constant volume~approximated by
Dcp / c̄ p

2 in this work!, anddT2 the ms temperature fluctua-
tion related to the dynamic glass transition of one CRR.8,9 In
this paper,dT is determined as the dispersion of a Gaussian
fit for the imaginary part of isochronous dynamic heat
capacity,10

cp9~T!;exp@~T2Tmax!
2/2dT2#. ~2!

The proof, for Gaussian distributions in the framework
of linear response, that this dispersiondT is identical to the
temperature fluctuation of a CRR will be published
elsewhere.11 The typical characteristic length isja'2¯3

nm6 at the glass temperature,Tg , for substances whereTg is
far below the crossover temperature. This length corresponds
to Na of order 100.

The crossover region of dynamic glass transition was
first observed in polymers12 and later, by Johari and
Goldstein,13 for many small-molecule glass formers. The
crossover is indicated by an approach of the trace for thea
transition—the conventional dynamic glass transition—to
that of a typical activated Arrhenius process,b, in the
Arrhenius plot. The latter was later called Johari and Gold-
stein process. It was Williams in 196614 who first stated that
the high-temperature process above the crossover should be
considered as a distinct and separate process. In our paper
this process is calleda, the high-temperature process.

The crossover is further indicated by a peculiarity in the
temperature dependence of viscosity.15,16 Usually, thea and
the a processes can reasonably be approximated by their
own VFT functions for the viscosity. They have different
parameters, especially different Vogel temperaturesT` with,
as a rule,T`(a).T`(a). This behavior would be expected
if a has a larger length scale thana.17 It was confirmed by
Stickelet al.18 for dielectric traces in the Arrhenius diagram,
modeled by corresponding WLF19 functions for a and a
touching one another in the crossover,

logvmax5 logV2B / ~T2T`!. ~3!

In Eq. ~3!, vmax is the frequency of the dielectric loss maxi-
mum at the temperatureT. There are many other peculiarities
in the crossover region,20,21 recent reviews are Refs. 22. Fur-
thermore, the calorimetric contour mapcp9(logv,T) from
HCS has a saddle betweena and a process at the
crossover.23

Different dielectric scenarios for the crossover region of
dynamic glass transition were discussed so far.24,25 The two
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scenarios I and II in Fig. 1 are a generalization of the four
scenarios~A,B,C,D! in Ref. 24: A,B→I; C,D→II.

Scenario I, as a rule, is observed if the dielectric relax-
ation strengths ofb anda relaxation are of the same order of
magnitude,D«b;D«a . It has a continuousba trace andba
intensity, but thea intensity tends linearly to zero24,26–28and
has a separatea onset. Scenario II is observed for several
small-molecule glass formers with aD«b /D«a!1 ratio. It is
characterized by a continuousaa trace, theb intensity is
small, and theaa intensity is continuous with a bend in the
crossover region.29–31

In all substances with the I scenario investigated so far,
where the crossover is accessible~or nearly accessible! by
HCS, we observed forT,Ton

25

Dcp;~Ton2T! ~4!

and

Na
1/2;~Ton2T!. ~5!

Equation~5! means that the dielectrica onset is accompa-
nied by acooperativity onsetin the I scenario. The question
is if a cooperativity onset also exists for the II scenario.

The main experimental problem is that the crossover re-
gion for II scenario substances is usually in the mega-to-
gigahertz frequency region, at present not accessible by
HCS. We observed that at present benzoin isobutylether
~BIBE! is the most promising II candidate for an HCS inves-
tigation. Its crossover frequency is at about 23106 rad/s,
only two frequency decades above the upper frequency limit
of our present HCS device developed to detect small and
wide cp9(T) peaks.23,25,32

This frequency gap, however, generates specific prob-
lems when the cooperativity onset behavior should be de-
tected with a certain confidence. In a way, they correspond to
problems of critical-behavior studies in the early 1960’s. The
low experimental precision at that time did not allow, for one
property, to determineTc and a critical exponentx indepen-
dently. Instead, only a functionx(Tc) could be determined.
Other activities were needed, e.g., to fixTc first. Then thex
exponent could be determined from the function.

The application of such methods to our gap problem is
supported by the experience10,25 that the onset behavior is
well established even several decades~or several ten kelvins,
respectively! below the onset itself. This is an advantage

when compared to the critical state where the singularity is
restricted to the order 1 kelvin aroundTc .

In our paper we therefore combine many methods to find
consistently an onset temperatureTon, an onset frequency
von, and a cooperativity exponentng from the ansatz

Na
ng;~Ton2T!, T,Ton. ~6!

First we determine crossover temperatures and frequencies
by the methods~i! to ~iv! described in the following.
They were then identified with thea cooperativity onset
temperatureTon and frequencyvon from method~v! accord-
ing to Eq. ~6!. A complex strategy is needed for BIBE be-
cause no clear trend inDcp(T) could be detected in the
present HCS frequency window. The following methods are
used.

~i! Find aTon temperature and avon frequency from the
intersection of dielectrica andb traces in the Arrhen-
ius plot.

~ii ! Find a peculiarity in the temperature dependence of
d/dT @(d logvmax/dT)21/2# for the dielectric trace
~Stickel method18!.

~iii ! Similarly, from (2d logh / d (1/T))21/2 for the vis-
cosity.

~iv! Find logvon from a peculiarity of theD« vs logv plot
~Schönhalset al. method30!, and find then the corre-
spondingTon temperature from the Arrhenius plot.

~v! Find theng(Ton) function from linear extrapolations
of Na

ng;(Ton2T) to Na→0 from HCS.

In the Appendix two further methods@~vi! and ~vii !# to
determine onset temperaturesTon are described.

The aim of this paper is thus to find a consistent set of
cooperativity onset parameters: temperatureTon, frequency
von, and cooperativity exponentng , from viscosity, dielec-
tric spectroscopy, and heat capacity spectroscopy HCS for
benzoin isobutylether.

II. EXPERIMENT

A. Sample

The benzoin isobutylether sample~BIBE! was purchased
from Aldrich. It was purified by distillation under reduced
pressure over a short column.@bp(2 mbar)5154 °C#.
100 ml of the raw product yielded about 85 ml of the yellow,
viscose liquid. BIBE is a photo initiator and has a
weak tendency to crystallization~as observed, e.g., after
many weeks at a storage temperature of about218 °C!.
The crystallization rate of the unpurified sample is slightly
higher. The dipole moment of one BIBE molecule is
about 2D, as estimated from charge distribution and hybrid-
ization.

benzoin isobutylether~BIBE!

FIG. 1. Two schematic dielectric crossover scenarios. Top: Arrhenius dia-
gram; bottom: intensities. Thea onset temperature is indicated byTon in the
I scenario. Details see text.
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B. Measurements

1. Dielectric spectroscopy

The dielectric measurements were carried out on two
different setups to cover a broad frequency range (v52p
31023 rad/s tov52p323109 rad/s). A broadband dielec-
tric spectrometer Novocontrol BDS 4000~based on a
Schlumberger 1260 frequency response analyzer! was used
to measure the dielectric function,«* (v)5«8(v)
2 i«9(v), in the frequency range fromv52p31023 rad/s
to v52p3107 rad/s. The high frequency range (v52p
3106 rad/s tov52p323109 rad/s) was covered by a No-
vocontrol BDS 6000~based on a Hewlett Packard 4291 im-
pedance analyzer!. Isothermal frequency scans were per-
formed in the temperature range2130 °C to155 °C.

To perform the Stickel method18 we measured the di-
electric data in the temperature range250 to 155 °C with
small temperature steps. First, downwards, isothermal fre-
quency scans with temperature steps of 1 K were taken. Sub-
sequently, beginning at the lowest temperature with a shift of
0.5 K, isothermal frequency scans in 1 K steps upwards were
taken. This allows to check the dielectric data for possible
influence of thermal history. No significant influence on the
peak positions could be detected. The dielectric intensity also
remained stable within 0.3%.

Using the nonlinear least-squares Levenberg–Marquard
method,33 in the range250 to 155 °C the dielectric results
are fitted by single Havriliak–Negami~HN! function34

«* ~v!5«8~v!2 i«9~v!5D«•~11~ iv/vc!
b!2g1«` ~7!

and a conductivity termisDC/«0v2A,35 where sDC is the
temperature dependent DC conductivity andA51 ~in our
case! means ionic or ohmic conductivity.«` is the high fre-
quency limit of «8 outside the dispersion zone. Because of
the small magnitude of theb-process, it is not possible to
separatea and b process HN-functions from a common
«9(logv) peak in the crossover region.

The dielectric results belowTg are fitted by Cole–Cole
functions forb andg relaxation, respectively@parameterg in
Eq. ~7! was set to one# and a power law~to consider the high
frequency wing of thea process!. Usually, local processes
are well represented by Cole–Cole functions.36

The maximum loss frequencyvmax was analytically cal-
culated from the fit parameters by

vmax5vcF sin
p

2
b

tan
pb

2~g11!

2cos
p

2
bG 21/b

. ~8!

For v!vmax andv@vmax the HN function for«9 reduces to
power laws with exponentsb and2bg,37 respectively.

2. Viscosity measurements

Three rheometers, RDA II, RFS II, and DSR~Rheomet-
rics!, were used to determine the temperature dependence of
viscosity in the temperature range246 °C to 160 °. In the
RFS and DSR analyzer we used a Couette~RFS: cup
diameter534 mm, bob diameter532 mm, length533.5 mm,

DSR: cup diameter532 mm, bob diameter529.5 mm,
length544 mm!, and in RDA parallel plate geometry~plate
diameter525 mm, gap'1 mm!.

3. Heat capacity spectroscopy (HCS)

The frequency dependence of the product of mass den-
sity, thermal conductivity, and heat capacity, (rkcp(v))* , is
measured by the 3v method38 using a heat capacity spec-
trometer according to Birge and Nagel. The product was de-
coupled assuming that the thermal conductivityk and den-
sity r have no dispersion,39 i.e., (rkcp(v))* 5rkcp8(v)
2 irkcp9(v).

The central part of the spectrometer is a thin-film
~70̄ 100 nm! nickel heater on the surface of a thick~4 mm!
substrate of poly~ether ether ketone!, PEEK. The lateral di-
mensions of the nickel stripe are about 135 mm2. The
heater has a high temperature coefficient of electrical resis-
tance ('1¯231023 K21) and is also used as the thermom-
eter. This assembly was coated with the sample after a ref-
erence measurement at different frequencies for the
determination of the heater and substrate parameters. The
sample thickness was about 4 mm. Further details of the
spectrometer are published in Ref. 32. We started at the
highest temperature (T530 °C), the equilibration time be-
fore each frequency sweep was 900 sec.

4. Differential scanning calorimetry (DSC) and
temperature modulated DSC (TMDSC)

A DSC 7 apparatus~Perkin Elmer!, was used with cool-
ing and heating rates ofudT/dtu510 K/min in the tempera-
ture interval from 0 °C down to2100 °C, and annealing
times of 5 min atT52100 °C. The TMDSC curve was
recorded with saw-tooth waves and a frequencyn5v/2p
516.7 mHz. The amplitude of the first harmonic was 0.2 K,
and the underlying cooling rate was 0.5 K/min. The tempera-
ture interval for a scan was from210 °C down to290 °C.
The sample weight was about 5.5 mg.

The glass temperatureTg was calculated by an equal-
area construction using the two tangents below and above
Tg .40

III. RESULTS

The TMDSC curves for the purified sample with a pe-
riod tp560 s (n516.7 mHz! show the usual step in the real
part, cp8(T), and the usual maximum in the imaginary part,
cp9(T) @Fig. 2~A!#. The Gaussian fit Eq.~2! results in the
maximum temperatureTn5249 °C and the dispersiondT
52.7 K. The glass temperature from the DSC heating ther-
mogram at 10 K/min@Fig. 2~B!# is Tg5253 °C for both the
purified and unpurified sample. The DSC melting point of a
partially crystallized sample~stored more than 30 days atT
5218 °C) is aboutTm5140 °C @inset of Fig. 2~B!#.

The imaginary part of dielectric function,«9(logv), for
temperatures from2110 °C to150 °C, displays three relax

6464 J. Chem. Phys., Vol. 111, No. 14, 8 October 1999 Kahle et al.



ation processes:a, b, and g @Figs. 3~A! and 4#. The a
intensity is more than 100 times larger than theb and g
intensities. Anab separation analysis using an additive an-
satz «a* 1«b*

24,25 would, therefore, fail in the crossover re-
gion.

The complex dielectric relaxation behavior was analyzed
at lower temperatures where thea relaxation is separated
from theb andg relaxations. Figure 4 shows examples for
the dielectric traces, the fit functions, and the deviations be-
tween measurement and fit for three representative tempera-
tures. At T52110 °C we have a separate peak for theb
process, atT5290 °C the high frequencya wing superim-
poses theb process. For temperaturesT.265 °C a mean-
ingful analysis of theb process is no longer possible.

The peak locations for the different processes were
transferred to an Arrhenius diagram~Fig. 6, see below!. The
activation energy of theb process is aboutEA

b555 kJ/mol
and the extrapolated frequency asymptote log(Vb /rad s21)
516.361. The activation energy of theg process is about
EA

g528 kJ/mol and the extrapolated frequency asymptote
log(Vg /rad s21)514.361.

The shear viscosity depends on temperature as expected
for a fragile liquid @Fig. 3~B!#. The extrapolated steepness
index at T5Tg ~DSC! is m52d log10h/d ln T5100. The
parameters of the two separate VFT41 equations

log~h/h0!5B8/~T2T8̀ ! ~9!

above and belowT528 °C are listed in Table I. The ex-
trapolated high temperature viscosity log(h0 /Pas) is 23.9
61 for thea and27.461 for thea process.

Deviations between different measurements of viscosity
in the temperature region below about 0 °C of Fig. 3~B! were
observed. Surprisingly, we found a small real part~order 1
per cent! of the shear modulus there. The reason could not be
clarified. Note that this region corresponds to the crossover.
The temperature derivatives used below are less affected@see
Fig. 7~B!, below#.

Isothermal HCS sweeps for seven frequencies between
n5v/2p52 Hz andn52000 Hz yield the complex quantity
rkcp* ~Fig. 5!. The real part shows the expectedcp8(T) step
@Fig. 5~A!# and the imaginary part shows the expectedcp9(T)
peak @Fig. 5~B!#. Both, peak and step, shift to higher fre-

FIG. 2. Specific heat capacity of benzoin isobutylether~BIBE, purified
sample! in the glass transition region from TMDSC~A! and DSC~B!. The
dotted line in the imaginary partcp9 is a Gaussian fit by Eq.~2!. The inset in
~B! shows the melting curve of a partially crystallized sample. The melting
point is at aboutTm540 °C.

FIG. 3. ~A! Imaginary part of dielectric loss«9 as a function of frequency at
8 selected, high temperatures~j, 50 °C;s, 20 °C;m, 0 °C; ,, 210 °C;l,
220 °C;1, 230 °C;* , 240 °C; ---, 50 °C! ~only every third point is shown!
for the purified sample.~B! Logarithm of reciprocal viscosity vs reciprocal
temperature for the purified sample from different devices:s, RFS; d,
DSR; (, RDA.

FIG. 4. Imaginary part of dielectric loss«9 as a function of frequency at
three selected, low temperatures. The solid line in the isotherms results from
a two Cole–Cole function fit and the dotted lines correspond to each com-
ponent of the fit. The lower part of the figures shows the deviation plot
between measured values and fit curve.

TABLE I. VFT parameters fora anda traces~Fig. 6! from dielectric and
viscosity measurements.

Process a a

Parameter B (K) T` (°C) B (K) T` (°C)
Dielectric 305630 261610 683620 293610
Viscosity 208a 248610 724620 293610

aInfluenced by systematic reasons. See Fig. 3~B! and text.
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quencies with increasing temperature. The step at aboutT
5260 °C is an artifact generated by partial separation of the
sample from the nickel heater.

The parameters of the HCS sweeps~two separate runs
with the purified and unpurified sample, respectively! are

listed in Table II. Thecp9(T) peaks were fitted with the
Gaussian of Eq.~2! defining the maximum temperaturesTn

and the temperature dispersionsdT. The cp steps heights,
Dcp , and thec̄p average of glassy and liquidzonesat theTn

maximum temperature are obtained from a tangent construc-
tion of cp8(T).10,25 Each isochronouscp8(T) curve was cali-
brated atT5210 °C by the DSC curve.

IV. DISCUSSION

The discussion follows the method listing at the end of
the Introduction.

~i! The Arrhenius diagram (logvmax or log 1/h vs 1/T)
includes all the different physical quantities discussed in this
paper ~Fig. 6!. The b and g traces are only indicated by
dielectrics. The linearb extrapolation intersects the dielec-
tric a trace at log10(von/rad s21)55.561.0 and Ton

5217 °C610 K. The a traces of calorimetry and dielec-

FIG. 5. Real~A! and imaginary part~B! of rkcp* versus temperature from
HCS at seven frequencies~j, 2 Hz; s, 6 Hz; m, 20 Hz;,, 60 Hz;l, 204
Hz; 1, 600 Hz;3, 2000 Hz! for the purified sample. The temperature step
was 2 K, andrkcp* was measured two times at each temperature. The real
part was used to estimate the heat capacity step height. For reasons of clarity
only each fourth point is shown. The imaginary part was used to estimate
the dispersiondT and peak maximum temperatureTn @via Gaussian fit Eq.
~2!#. Each isochronous measurement was averaged~8 points! and FFT filter
smoothed. The disturbance at aboutT5260 °C results from contact prob-
lems between the sample and nickel heater.

FIG. 6. Arrhenius diagram for the purified BIBE sample. The frequency
position of the peak maxima ofcp9 ~h!, dielectrica ~1!, b ~n!, andg ~1!
process«9 correspond to the left axis. The TMDSC peak maximum is in-
cluded. The viscosities~s! correspond to the right axis.

TABLE II. Calorimetric characteristics of dynamic glass transition in BIBE at different frequencies,n, from

HCS for two different measurements. The 16.7 mHz isochronous data from TMDSC and theṪ510 K/min DSC
heating run data are included.Tn5 temperature of thecp9(T) peak maximum for each isochron,Dcp the heat
capacity step height,c̄p5(cp

l 1cp
g)/2 atTn , with cp

l andcp
g the heat capacity atTn extrapolated from liquid and

glass zone,dT5 temperature dispersion from a Gauss fit of the isochronouscp9(T) peaks,cp9(T);exp(2(T
2Tn)

2/2(dT)2), Na5 cooperativity calculated from Eq.~1!.

n/Hz Tn /°C Dcp /J g21 K21 cp/J g21 K21 dT/K Na

2000a 226.7 0.37 1.23 15.2 6
600a 229.4 0.41 1.23 15.0 7
204a 232.2 0.44 1.23 13.9 9
60a 235.3 0.47 1.23 12.2 12
20a 238.4 0.48 1.23 12.4 12
6a 240.6 0.48 1.23 11.3 14
2a 241.6 0.47 1.23 11.0 14

2000b 233.0 0.37 1.36 15.3 8
600b 236.0 0.43 1.35 9.8 21
204b 239.3 0.49 1.34 9.8 23
60b 241.9 0.51 1.36 9.6 25
20b 244.3 0.54 1.35 7.5 41
6b 247.2 0.57 1.36 7.8 39
2b 250.1 0.54 1.42 7.9 34
0.0167b 249 0.48 1.25 2.7 65

Ṫ510 K/minb 253 0.72 1.5 2.2 100
Uncertainty 62 610% 610% 620% 640%

aFor unpurified sample.
bFor purified sample.

6466 J. Chem. Phys., Vol. 111, No. 14, 8 October 1999 Kahle et al.



trics coincide within the experimental uncertainty. The tem-
perature dependence of viscosity nearly parallels those of the
dielectrica trace.

~ii ! and~iii ! The first derivative18 of the dielectrica trace
seems to indicate a peculiarity atTon523 °C 610 K @Fig.
7~A!#, corresponding to log(von/rad s21)56.761.0 ~from
Fig. 6!. This peculiarity separates the high-temperaturea
process from the low-temperaturea process. The derivative
is calculated by a two-point secant between the right and left
neighbor points. The first derivative of viscosity~Fig. 7B!
indicates the onset peculiarity atTon52 °C610 K, corre-
sponding to log(von /rad s21)57.161.0. As mentioned
above, the VFT parameters fora anda processes are listed

in Table I. The second derivative of the dielectric trace, ac-
cording to Stickel,18 shows a bend atTon521 °C610 K
@Fig. 7~C!#, corresponding to log(von /rad s21)56.761.0.
The second derivative would be constant for a WLF equa-
tion, d /dT @(d logvmax/dT)21/2#5B21/250.037. The
slopes in Fig. 7~C! are different from zero indicating small
but definite deviations from WLF equations fora anda. The
physical nature of the second bend at aboutT525 °C is not
known. Note that theg process extrapolation does not inter-
sect thea process at this temperature~Fig. 6!. The values for
the frequency asymptote log(V/rad s21) are 11.861 for thea
and 14.461 for thea process.

~iv! The dielectric Scho¨nhals plot (logvmax vs D«a , the
dielectric intensity D«a) has a weak bend at
log10(von/rad s21)55.961.0 corresponding, via the projec-
tion on an Arrhenius plot, toTon5213 °C610 K @Fig. 8~A!
and 8~B!#. Additionally, two WLF curves for the regions
above and below the crossover calculated from the param-
eters of Table I are included in Fig. 8~B!.

~v! We calculate now the functionng(Ton) from a linear
extrapolation ofNa

ng @Eq. ~6!# to zero ~this results inT
5Ton for given ng). Some examples are given in Fig. 9~A!
(ng50.3 / 0.5 / 1.0!. The full function@Fig. 9~B!# is used to
determine the cooperativity exponentng from Ton for each
method, ~i!¯~iv!. The results are listed in Table III. The
average value isng50.4960.15'1/2. Two further variants
@~vi! and ~vii !; see Appendix# are also displayed.

Finally, Dcp(T) andNa
1/2(T) are directly displayed as a

function of temperature~Fig. 10!. The Dcp values from the
tangent construction ofcp8(T) where supplemented by isoch-
ronous Dcp values calculated fromcp9(T) using the
Kramers–Kronig relation42

Dcp~T!5~2/p!• ln10•d logv/dT~T!•E
Peak

cp9~T!•dT.

~10!

No clearDcp(T) trend can be predicted@Fig. 10~A!#. The
parameter with the strongest temperature dependence isdT.
The square root of cooperativity, correspondingly, varies be-
tween about 6 and 2, and shows a clear trend to zero in the
crossover. The cooperativityNa itself varies between 39 and
6 ~Table II!, i.e., more than a factor of six. The cooperativity
exponentng51/2 as used in Fig. 10~B! leads, via a linear

FIG. 7. Temperature dependence of different temperature derivatives for
BIBE: (2d log x/d(1/T))21/2 versus 1/T, wherex representsvmax @dielectric
measurements, for the purified~h,1! and unpurified sample~j! ~A!, and
1/h for the purified sample~B!#. The viscosities where measured with RDA
~(!, RFS~s!, and DSR~d!. ~C! Second derivative of dielectric data of part
~A!.

FIG. 8. Dielectric peak maximum fre-
quency logvmax vs dielectric relax-
ation strengthD«a for the purified
sample~A!. The tangents indicate two
temperature regimes of the dynamic
glass transition. The extrapolated
crossover of the tangents is at
log(vmax/rad s21)55.961.0, corre-
sponding to a temperature of about
213 °C610 K in an Arrhenius dia-
gram~B!. The WLF traces, touching—
not crossing—each other in the cross-
over, from the parameters of Table I
are included in the Arrhenius diagram.
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extrapolation, to the onset temperatureTon5211 °C
610 K, consistent with the average value obtained with the
four methods above.

V. CONCLUSIONS

From a combination of the four evaluation methods
listed at the end of the Introduction we find the following
consistent crossover5 onset parameters for benzoin isobu-
tylether:

Ton528 °C68 K,

log10~von/rad s21!56.360.7, ~11!

ng50.4960.15.

The 6 values indicated include possible systematic un-
certainties. It seems that the confidence is high enough to
conclude that BIBE has a cooperativity onset in the cross-
over region which is consistent with Eq.~5!, Na

1/2;(Ton

2T), for T,Ton210 K. An enlargement of the HCS fre-
quency window could improve the confidence in the future.

Since BIBE belongs to the dielectric II scenario and
since Eq.~5! is typical for the dielectric I scenario, our re-
sults suggest a similar cooperativity onset in both crossover
scenarios, I and II. We think that such a cooperativity onset
is an important and general characteristics of the crossover
region of dynamic glass transition. For the few substances
accessible by heat capacity spectroscopy so far, the high-
temperaturea relaxation above the onset has only a small
Na'1 cooperativity. The low-temperaturea relaxation be-
low the crossover has an increasing cooperativity reaching
Na'100 at the glass temperature if the latter is far below the
crossover. It seems that the dynamic heterogeneity develops
only below the crossover. This may help to clarify some
controversies regarding dynamic heterogeneity.43,44
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FIG. 9. ~A! Temperature dependence ofNa
ng for different examples:ng51

~j!, ng50.5 ~n!, ng50.3 ~d!. The linear fitsNa
ng(T)→0 mark the onset

temperaturesTon for differentng defining theng(Ton) function@method~v!#.
~B! Exponentng versus the extrapolated onset temperaturesTon . The dotted
lines indicate the values from the other methods listed in the Introduction
@~i!: ab crossover in the Arrhenius diagram, Fig. 6;~ii !: dielectric peculiar-
ity, Fig. 7~A!; ~iii !: peculiarity in the viscosity, Fig. 7~B!; ~iv!: peculiarity in
the logvmax vs D« plot, Fig. 8; ~vi!: dx/dT50, Fig. 13; and~vii !: dx8/dT
50, Fig. 14, both in the Appendix!. The differentTon values correspond to
different exponentng values.

FIG. 10. Heat capacity step heightDcp ~A! and square root of cooperativity
Na

1/2 ~B! as a function of temperature for the purified~j! and unpurified~d!
sample. Theh symbols result from a Kramers–Kronig evaluation of the
imaginary part for the purified sample. The solid line is a linear fit, and the
extrapolated onset temperature isTon5211 °C610 K.

TABLE III. Crossover temperaturesTon , corresponding frequencies
log von , and cooperativity exponentng for different methods of data analy-
sis. The bold roman numerals indicate the method~see the Introduction and
Fig. 9!.

Method Ton (°C) log(von/rad s21) ng

~i! ab crossover 217 5.5 0.66
~ii ! Stickel «* 23 6.7 0.41
~iii ! Stickel h 2 7.1 0.36
~iv! SchönhalsD« 213 5.9 0.49
~v! Na

1/2→0 211 6.2 ~1/2!
~vi! dx/dT50a 222 4.8 0.88
~vii ! dx8/dT50b 27 6.5 0.48

Uncertainty 610 K 61 625%
Averagec 2868 K 6.360.7 0.4960.15

ax5dT3(T2Ton)
1/2.

bx85dT3(T2Ton).
cFrom methods~i!¯~iv!.
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APPENDIX

This Appendix is to discuss two further evaluation meth-
ods comparing differentDcp(T) behavior for the two onset
scenarios.

We start with a short remark on the isothermal dielectric
FWHM ~full width at half «9 maximum!. We find a constant
value of about 1.40 decades for thea process (T.10 °C)
~Fig. 11!. For thea process, a sigmoid-shaped increase for
lower temperatures is observed, terminating at aboutT
'230 °C well above Tg . The wing analysis of the
log«9(logv) diagram@Fig. 3~A!# with the aid of Havriliak–
Negami exponents from Eq.~7! shows that it is the high-
frequency wing~product ofb and g exponents! that causes
the increase of FWHM~inset of Fig. 11!.

A set of WLF curves with common asymptotes would
result in complementary isothermal (d ln v; FWHM) and
isochronous (dT) widths, d ln v;1/(T2T`), dT;(T
2T`), d ln v3dT5const.8,17,45 Consider now the isochro-
nousdT dispersions from thecp9(T) peaks according to Eq.
~2!, Table II. They are not complementary to the isothermal
dielectric FWHMs. Such a complementariness, however, is
not necessary because dielectrics and calorimetry are differ-
ent activities, and because the traces in the Arrhenius dia-
gram below the crossover are not exact WLF curves@cf. Fig.
7~C!#. ThedT dispersion in fact decreases with falling tem-
peratures but the calorimetricdT decrease is much larger
than the dielectric FWHM increase.

ThedT decrease supports increasing cooperativities@Eq.
~1!, Table II#. We shall discuss two variants for a given co-
operativity exponentng51/2 in Eq.~6!.

~vi! In caseDcp;(Ton2T), from Eqs.~1! and ~5! we
would expect

dT~T!•~Ton2T!1/25const. ~12!

~vii ! In caseDcp5const, from Eqs.~1! and~5! we would
expect

dT~T!•~T2Ton!5const. ~13!

The two variants were tested for three random copolymers
poly~n-butylmethacrylate-stat-styrene! P~nBMA-stat-S! with
2, 8, and 19% styrene25,46,47(Ton578 °C, 83 °C, and 100 °C,
respectively!. The copolymers belong to the I scenario. Fig-
ure 12 shows the productdT (Ton2T)1/2 ~A! and dT (Ton

2T) ~B! vs temperature for the copolymers. To compare the

three samples we plot the two products versus the tempera-
ture distance from the individual onsetsTon2T. We get a
uniform picture because the three samples are similar. From
Fig. 12~A! we see that the productdT (Ton2T)1/2 is almost
temperature independent, as expected fromDcp→0,25,46 but
the productdT (Ton2T) turns out to depend linearly on tem-

FIG. 11. Temperature dependence of the dielectric full width at the half
maximum ~FWHM!. The inset shows the temperature dependence of the
Havriliak–Negami wing parametersb andbg.

FIG. 12. Product of temperature dispersion and square root of distance to
the onset temperature,x5(dT(Ton2T)1/2) ~A!, and product of dispersion
and distance to the onset temperature,x85(dT(Ton2T)) ~B! vs distance to
the onset temperature (Ton2T) for three copolymers poly~n-
butylmethacrylate-stat-styrene! with 2 ~j!, 8 ~s!, and 19% styrene~m!.
The data are from Refs. 25 and 46. The dotted lines are linear fits.

FIG. 13. ~A! x product of dispersion and square root of distance to the onset
temperature,x5dT(Ton2T)1/2 vs temperature for BIBE at different hypo-
thetical onset temperaturesTon @Ton520(j), 10~s!, 0~m!, 210~,!,
220~l!, 230~1!, 240~3!#. The lines represent linear fits.~B! The slopes
d/dT(dT(Ton2T)1/2) are taken from the linear fits and displayed vs onset
temperatureTon . The slope is zero atTon5222 °C610 K.
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perature. The solid lines are linear fits. The variant~vi! is
confirmed by the explicit observation ofDcp;(Ton2T) ac-
cording to Eq.~4!.

The situation is now analyzed for BIBE. As theDcp

values of Table II scatter considerably both variants to esti-
mate the onset temperature were used~Figs. 13 and 14!. The
slopes for the~vi! variant @Fig. 13~A!# are displayed as a
function of theTon parameter in Fig. 13~B!. The onset tem-
perature is obtained from the zero slope asTon5222 °C
610 K, corresponding to logvon54.861.0. The slopes for
the ~vii ! variant ~Fig. 14! result inTon527 °C610 K, cor-
responding to logvon56.561.0. Both variants~vi! and~vii !
are also incorporated in Fig. 9~B!. The ~vii ! onset tempera-
ture agrees well with theTon528 °C68 K average of Table
III, the ~vi! value does not agree. It seems, therefore, that for
BIBE the calorimetric intensityDcp in the crossover region
is nearly constant@variant~vii !#, irrespective of theNa onset.

1H. Sillescu, J. Non-Cryst. Solids243, 81 ~1999!.
2M. D. Ediger, C. A. Angell, and S. R. Nagel, J. Phys. Chem.100, 13200
~1996!.

3C. A. Angell, Science267, 1924 ~1995!; B. Frick and D. Richter,ibid.
267, 1939~1995!.

4C. A. Angell, Curr. Opin. Solid State Mater. Sci.1, 578 ~1996!.
5W. Götze and L. Sjo¨jren, Rep. Prog. Phys.55, 241 ~1992!.
6E. Donth, J. Non-Cryst. Solids53, 325 ~1982!.
7G. Adam and J. H. Gibbs, J. Chem. Phys.43, 139 ~1965!.
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6470 J. Chem. Phys., Vol. 111, No. 14, 8 October 1999 Kahle et al.


