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Calorimetric indications of a cooperativity onset in the crossover region
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Heat capacity spectroscofyiCS), dielectric spectroscopy, and shear viscosity data are reported for
liquid benzoin isobutylethe(BIBE). Dielectric and viscosity peculiarities indicate the crossover
region of dynamic glass transition @t=(—8=*8) °C where the extrapolated Johari Goldstgin
relaxation intersects the main transition trace in an Arrhenius plot. Although HCS does not reach the
crossover frequency of ordem=2x1Cfrad/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. 199 American Institute of Physics.
[S0021-9606029)50938-7

I. INTRODUCTION nm® at the glass temperaturg,, for substances whefg, is

) ) ) o far below the crossover temperature. This length corresponds
Dynamic heterogeneity of dynamic glass transition is ang N of order 100.

active field of experimental and theoretical research. The  Tha crossover region of dynamic glass transition was
field is well reviewed by Sillesctiyecent general reviews of first observed in polymeté and later, by Johari and
the glass transition are Refs. 2-5. An important property of5qgstein’® for many small-molecule glass formers. The
dynamic heterogeneity is its characteristic length This ¢ 5q50ver is indicated by an approach of the trace forathe
lengtif can be identified with the average size of cooperayansition—the conventional dynamic glass transition—to
tively rearranging region¢CRR) introduced by Adam and hat of 4 typical activated Arrhenius process, in the
Gibbs.” A CRR is defined as a subsystem which, upon @ rhenjus plot. The latter was later called Johari and Gold-
sufficient thermodynamic fluctuation, can rearrange into angiqin process. It was Williams in 1988wvho first stated that
other configuration independently of its environment. the high-temperature process above the crossover should be
. Th|59CRR definition by statistical independence leads,gnsigered as a distinct and separate process. In our paper
directly®® to a calorimetric fluctuation formula for the aver- this process is called, the high-temperature process.
age CRR size: The crossover is further indicated by a peculiarity in the

_pT2 2 _pT2 —2 2 temperature dependence of viscosty® Usually, thea and
No=RTA(1/e,)/M ST"~RTAc, fc g M oTS, - (1) the « processes can reasonably be approximated by their
where all variables on the right hand side can be determinegwn VFT functions for the viscosity. They have different
from heat capacity spectroscoyCS).° In Eq.(1), N, isthe ~ parameters, especially different Vogel temperatdresvith,
cooperativity, defined as the volume of a CRRazle as a rule,T..(a)>T.(a). This behavior would be expected
reduced by the volume of one molecule with molecular mas§ @ has a larger length scale thart’ It was confirmed by
M, R the molar gas constamh(1/c,) the step height of the Stickelet al 8 for dielectric traces in the Arrhenius diagram,
reciprocal specific heat at constant volufapproximated by modeled by corresponding WEF functions fora and «
Acy/cZ in this work), and 5T? the ms temperature fluctua- touching one another in the crossover,
tion related to the dynamic glass transition of one Ci¥f
this paper,6T is determined as the dispersion of a Gaussian
fit for the imaginary part of isochronous dynamic heat
capacity'°

0 wmax=10gQ—B/(T—T.,). 3

In Eq. (3), wmay is the frequency of the dielectric loss maxi-

mum at the temperatufe There are many other peculiarities
C(T) ~ex] (T—Tpa 212 5T2]. (2)  inthe crossover regi.o%?;ﬂ.recent reviews are Refs. 22. Fur-

thermore, the calorimetric contour mag(logw,T) from

The proof, for Gaussian distributions in the framework HCS has a saddle betweea and « process at the

of linear response, that this dispersién is identical to the  crossovefr?

temperature fluctuation of a CRR will be published Different dielectric scenarios for the crossover region of

elsewheré! The typical characteristic length i,~2---3  dynamic glass transition were discussed sc’f&r.The two

0021-9606/99/111(14)/6462/9/$15.00 6462 © 1999 American Institute of Physics
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scenario | scenario ll when compared to the critical state where the singularity is
P a restricted to the order 1 kelvin arouiq .
3 R In our paper we therefore combine many methods to find
3 \ § ~38 consistently an onset temperaturg,, an onset frequency
o a wo,, and a cooperativity exponemy, from the ansatz
w | & o /OL NZg~(T0n—T), T<Ton. (6)
<
Tc;rl1l B First we determine crossover temperatures and frequencies
S by the methods(i) to (iv) described in the following.
1/T 1/T They were then identified with the: cooperativity onset

FIG. 1. Two sc_:hema}t_ic dielectric crossover scen_ar_ios: Top: Arrhenius diatemperatureTon and frequencyw,,,, from method(v) accord-
?;izn:ﬁgogegﬁi”:éietse;m onset temperature is indicated By, inthe 34 15 Eq, (6). A complex strategy is needed for BIBE be-
cause no clear trend idcy(T) could be detected in the
present HCS frequency window. The following methods are
used.
scenarios | and Il in Fig. 1 are a generalization of the four,.
scenariogA,B,C,D) in Ref. 24: A,B—I: C,D—ll. (i)
Scenario |, as a rule, is observed if the dielectric relax-
ation strengths oB and« relaxation are of the same order of
magnitudeAez~Ag,, . It has a continuouga trace angza
intensity, but thex intensity tends linearly to zet$?°~?%and
has a separate onset. Scenario Il is observed for several
small-molecule glass formers with’ee ;/Ae , <1 ratio. Itis
characterized by a continuoug trace, theg intensity is
small, and thexa intensity is continuous with a bend in the
crossover regiof®~3!
In all substances with the | scenario investigated so far
where the crossover is accessildte nearly accessibleby

Find aT,, temperature and a,, frequency from the
intersection of dielectriee and g3 traces in the Arrhen-
ius plot.

(i)  Find a peculiarity in the temperature dependence of
d/dT[(d1og wmay/dT) 2] for the dielectric trace
(Stickel methodf).

(i)  Similarly, from (—dlog#/d(1/T)) "2 for the vis-
cosity.

(iv)  Find logw,, from a peculiarity of thel e vs logw plot
(Schmhalset al. method®), and find then the corre-
spondingT,,, temperature from the Arrhenius plot.

(v)  Find the vy(T,,) function from linear extrapolations

HCS, we observed fof <T,,2° of N3~ (Ton—T) to N,—0 from HCS.
Acy~(Tor—T) (4) In the Appendix two further methodsvi) and (vii)] to

determine onset temperatur€g, are described.
The aim of this paper is thus to find a consistent set of
NY2— (To—T). (5)  cooperativity onset parameters: temperatligg, frequency
oo, and cooperativity exponendy, from viscosity, dielec-

Equation(5) means that the dielectrie onset is accompa- ¢ spectroscopy, and heat capacity spectroscopy HCS for
nied by acooperativity onsein the | scenario. The question penzoin isobutylether.

is if a cooperativity onset also exists for the Il scenario.

The main experimental problem is that the crossover req, expeRIMENT
gion for Il scenario substances is usually in the mega-to-
gigahertz frequency region, at present not accessible bf- Sample

HCS. We observed that at present benzoin isobutylether  The benzoin isobutylether samiBIBE) was purchased
(BIBE) is the most promising Il candidate for an HCS inves-from Aldrich. It was purified by distillation under reduced
tigation. Its crossover frequency is at aboux 20° rad/s, pressure over a short columrbp(2 mbar)=154°Q.
only two frequency decades above the upper frequency limit00 ml of the raw product yielded about 85 ml of the yellow,
of our present HCS device developed to detect small angiscose liquid. BIBE is a photo initiator and has a
wide cp(T) peaks?3?%32 3 weak tendency to crystallizatiotas observed, e.g., after
This frequency gap, however, generates specific probmany weeks at a storage temperature of abeds °C).
lems when the cooperativity onset behavior should be dethe crystallization rate of the unpurified sample is slightly
tected with a certain confidence. In a way, they correspond t@igher. The dipole moment of one BIBE molecule is

problems of critical-behavior studies in the early 1960’s. Theabout 2D, as estimated from charge distribution and hybrid-
low experimental precision at that time did not allow, for onejzation.

property, to determind& . and a critical exponent indepen-

and

H H H
dently. Instead, only a functior(T.) could be determined. J}—O—tl.‘z—é‘/—CH
Other activities were needed, e.g., to Tix first. Then thex J;:o ||-| <l:H 8

3

exponent could be determined from the function.

The application of such methods to our gap problem is
supported by the experieri@é® that the onset behavior is
well established even several decat@sseveral ten kelvins,
respectively below the onset itself. This is an advantage benzoin isobutylethe(BIBE)
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B. Measurements DSR: cup diameter32 mm, bob diameter29.5 mm,
. ] length=44 mm), and in RDA parallel plate geometiplate
1. Dielectric spectroscopy diameter=25 mm, gap=1 mm).

The dielectric measurements were carried out on two
different setups to cover a broad frequency range=@
x 10" 3rad/s tow=2mx2x 10° rad/s). A broadband dielec- 3 Heat capacity spectroscopy (HCS)
tric spectrometer Novocontrol BDS 400(based on a
Schlumberger 1260 frequency response analyzes used
to measure the dielectric function,e*(w)=¢'(w)

The frequency dependence of the product of mass den-
sity, thermal conductivity, and heat capacity«Cp(w))*, is
“i&"(w), in the frequency range from=27x 10 3rad/s Measured by thed met.hod‘8 using a heat capacity spec-
to w=2wx10rad/s. The high frequency ranga&2m trometer accord_mg to Birge and Nagel. The .product was de-
X 10P rad/s tow=2mx 2x 10° rad/s) was covered by a No- c_oupled assuming that t_he thermal conductivitand den-
vocontrol BDS 600Qbased on a Hewlett Packard 4291 im- SItY P ”have no dispersioff, i.e., (pxcy(w))* =prcy(w)
pedance analyzgr Isothermal frequency scans were per—_'PKCp(“’)'

formed in the temperature rangel30 °C to+55 °C. The centra}l part of the spectrometer is a thin-film
To perform the Stickel methd8 we measured the di- (70100 nm nickel heater on the surface of a thigkmm)
electric data in the temperature rang&0 to +55°C with substrate of poI@eth_er ether _ketor)ePEEK. The lateral di-
small temperature steps. First, downwards, isothermal fremensions of the nickel stripe are abouxd mn?. The
quency scans with temperature steps & were taken. Sub- heater has a high temperaturg coefficient of electrical resis-
sequently, beginning at the lowest temperature with a shift ofance €1:--2x10 *K™) and is also used as the thermom-
0.5 K, isothermal frequency scansi K steps upwards were eter. This assembly was coatgd with the samplle after a ref-
taken. This allows to check the dielectric data for possibleErénce measurement at different frequencies for the
influence of thermal history. No significant influence on thedetermination of the heater and substrate parameters. The

peak positions could be detected. The dielectric intensity als§@MPle thickness was about 4 mm. Further details of the

remained stable within 0.3%. spectrometer are published in Ref. 32. We started at the
Using the nonlinear least-squares Levenberg—Marquarflighest temperatureT(=30°C), the equilibration time be-

method® in the range—50 to +55 °C the dielectric results 0ré €ach frequency sweep was 900 sec.

are fitted by single Havriliak—NegantHN) functiort

* — ! ian — X H by—g
¥ (0)=8'(0)=ie"(0)= Az (1+(I0/wg)") Pte.  (7) 4. Differential scanning calorimetry (DSC) and
and a conductivity termopc/eqw 4% where opc is the  temperature modulated DSC (TMDSC)

temperature dependent DC conductivity aeE1 (in our . . i
cas@ means ionic or ohmic conductivity., is the high fre- A DSC 7 apparatugPerkin Elmey, was used with cool

quency limit ofe’ outside the dispersion zone. Because ofIng and heating rates gdT/dt|=10 K/min in the tempera-

. o . ture interval from 0°C down to—100°C, and annealin
the small magnitude of th@-process, it is not possible to g

i d HN-functi f times of 5 min atT=-100°C. The TMDSC curve was
sspara €a and § process “functions rom-a common o.orded with saw-tooth waves and a frequency w/2
¢"(log w) peak in the crossover region.

) . ; =16.7 mHz. The amplitude of the first harmonic was 0.2 K,
T_he dielectric results b_eIoWg are f|.tted by CoIe—CpIe and the underlying cooling rate was 0.5 K/min. The tempera-
functions forg andy relaxation, respectiveljparameteg in

Eq. (7) was set to orfand a power lavito consider the high ture interval for a scan was from10 °C down to—90 °C.

frequency wing of thex process Usually, local processes The sample weight was about 5.5 mg.
are well represented by Cole—Cole functidfs. The glass temperaturgy was calculated by an equal-

area construction using the two tangents below and above

The maximum loss frequenay,,., Wwas analytically cal- T. 40
culated from the fit parameters by g°
. 7Tb —1hb
siny w lll. RESULTS
W max= W¢ - coszb . (8)
tanzi The TMDSC curves for the purified sample with a pe-
(g+1) riod 7,=60 s (v=16.7 mH2 show the usual step in the real

FOr 0 < wmay @aNdw > wmay the HN function fore” reduces to  part, ¢,(T), and the usual maximum in the imaginary part,

power laws with exponents and —bg,*” respectively. cp(T) [Fig. 2A)]. The Gaussian fit Eq(2) results in the
maximum temperatur@d ,= —49°C and the dispersioAT

) ) =2.7K. The glass temperature from the DSC heating ther-
2. Viscosity measurements mogram at 10 K/mirjFig. 2(B)] is T,=—53 °C for both the
Three rheometers, RDA Il, RFS Il, and D§Rheomet-  purified and unpurified sample. The DSC melting point of a
rics), were used to determine the temperature dependence pértially crystallized sampléstored more than 30 days &t
viscosity in the temperature range46 °C to +60°. In the =-18°C) is aboufl,= +40 °C[inset of Fig. 2B)].
RFS and DSR analyzer we used a Coudf®FS: cup The imaginary part of dielectric functiors,’(log w), for
diameter=34 mm, bob diameter32 mm, lengtk=33.5 mm, temperatures from-110 °C to+50 °C, displays three relax
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< 1.5r TMDSC
-.l—! 1.2 | v = 16.7mHz
o 1

>

A
Y

2 0 2 4 20 2 4 -2 0 2 4

log (frequency / Hz)

1.0 B Tg o 20 4o FIG. 4. Imaginary part of dielectric loss’ as a function of frequency at
: : ! : three selected, low temperatures. The solid line in the isotherms results from
-100  -80 -60 -40 -20 a two Cole—Cole function fit and the dotted lines correspond to each com-
temperature (°C) ponent of the fit. The lower part of the figures shows the deviation plot

FIG. 2. Specific heat capacity of benzoin isobutylettBIBE, purified  between measured values and fit curve.
sample in the glass transition region from TMDS@) and DSC(B). The

dotted line in the imaginary pacf is a Gaussian fit by Ed2). The inset in

(B) shows the melting curve of a partially crystallized sample. The melting

point is at aboufl =40 °C. The peak locations for the different processes were
transferred to an Arrhenius diagraifiig. 6, see beloyv The

ation processesx, 3, and y [Figs. 3A) and 4. The «  activation energy of theg process is abouEX =55 kJ/mol
intensity is more than 100 times larger than fBeand y  @nd the extrapolated frequency asymptote @¥jfad's *)
intensities. Ana3 separation analysis using an additive an-=16.3=1. The activation energy of the process is about
satze* + %% would, therefore, fail in the crossover re- EA=28kJ/mol and the extrapolated frequency asymptote
gion. log(Q”/rads 1)=14.3+1.

The complex dielectric relaxation behavior was analyzed ~ The shear viscosity depends on temperature as expected
at lower temperatures where the relaxation is separated for a fragile liquid [Fig. 3B)]. The extrapolated steepness
from the 8 and y relaxations. Figure 4 shows examples forindex atT=Ty (DSC) is m=—dlog;e7/d INT=100. The
the dielectric traces, the fit functions, and the deviations beParameters of the two separate VFEquations
tween measuremegt and fit for three representative tempera- log( 7/ 70) =B'/(T—T~) 9)
tures. AtT=-110°C we have a separate peak for {Be
process, al = —90 °C the high frequency wing superim- above and belowl=—8 °C are listed in Table I. The ex-
poses theB process. For temperaturds>—65°C a mean- trapolated high temperature viscosity lgg(Pas) is —3.9
ingful analysis of the3 process is no longer possible. =1 for thea and — 7.4+ 1 for the « process.

Deviations between different measurements of viscosity
in the temperature region below about 0 °C of Fi@BBwere
observed. Surprisingly, we found a small real pantder 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 aff¢sésd
Fig. 7(B), below].
10210° 102 10° 10° 10° Isothermal HCS sweeps for seven frequencies between

frequency (Hz) v=w/27=2 Hz andv=2000 Hz yield the complex quantity
pxCy (Fig. 5. The real part shows the expecte((T) step
[Fig. 5(A)] and the imaginary part shows the expeatg(r)
peak[Fig. 5B)]. Both, peak and step, shift to higher fre-

=

iy

b=

° . ‘ . ) TABLE I. VFT parameters fom and « traces(Fig. 6) from dielectric and

32 36 4.0 4. viscosity measurements.
1000K /T
Process a a

FIG. 3. (A) Imaginary part of dielectric loss” as a function of frequency at
8 selected, high temperaturdll, 50 °C;O, 20 °C; A, 0°C;V, —10°C; ¢, Parameter B (K) T. (°C) B (K) T, (°C)
—20°C;+, —30°C}, —40°C; ---, 50 °Q (only every third point is shown Dielectric 305-30 —61+10 683+20 —-93+10
for the purified sample(B) Logarithm of reciprocal viscosity vs reciprocal  Viscosity 208 —48+10 724+20 —93+10

temperature for the purified sample from different devices:RFS; @,
DSR; O, RDA. 4nfluenced by systematic reasons. See Fig) &nd text.




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

-y
o

0.5

log (1/M)

0.0 t } } } }

1000K/T

FIG. 6. Arrhenius diagram for the purified BIBE sample. The frequency
position of the peak maxima an“; (O), dielectrica (+), B (A), andy (+)
processe” correspond to the left axis. The TMDSC peak maximum is in-
cluded. The viscositie€O) correspond to the right axis.

- , 3,2 4,2
pe," (10 “J%em‘K’s) pre,’ (10 7J7/em K’s)

0.0 5 — listed in Table Il. Thecy(T) peaks were fitted with the
-80 -60 -40 -20 0 20 Gaussian of Eq(2) defining the maximum temperatur@s
temperature (°C) and the temperature dispersiod$. The c, steps heights,

FIG. 5. Real(A) and imaginary partB) of pxc} versus temperature from Ac,, and the?p average of glassy and liquisbnesat theT,,

HCS at seven frequenci¢ll, 2 Hz; O, 6 Hz; A, 20 Hz;V, 60 Hz; ¢, 204 ; ;

o maximum temperature are obtained from a tangent construc-
Hz; +, 600 Hz; X, 2000 H2 for the purified sample. The temperature step . fe/(T 1825 Each i h YT 9 i
was 2 K, andpxcj; was measured two times at each temperature. The reapon 0 Cp( )- ach 1soc ronousp( ) curve was cali-

part was used to estimate the heat capacity step height. For reasons of clarWatEd atT=—10°C by the DSC curve.
only each fourth point is shown. The imaginary part was used to estimate

the dispersionST and peak maximum temperatufe [via Gaussian fit Eq.

(2)]. Each isochronous measurement was averé&§gainty and FFT filter IV. DISCUSSION

smoothed. The disturbance at abdut — 60 °C results from contact prob- . . ..
lems between the sample and nickel heater. The discussion follows the method listing at the end of

the Introduction.
(i) The Arrhenius diagram (10@ax OF log 1/ vs 1IT)
guencies with increasing temperature. The step at about includes all the different physical quantities discussed in this
=—60°C is an artifact generated by partial separation of thepaper (Fig. 6). The 8 and v traces are only indicated by

sample from the nickel heater. dielectrics. The lineaB extrapolation intersects the dielec-
The parameters of the HCS swedpso separate runs tric « trace at logywyfrads })=5.5+1.0 and T,
with the purified and unpurified sample, respectiyedye =-17°Cx10K. The « traces of calorimetry and dielec-

TABLE II. Calorimetric characteristics of dynamic glass transition in BIBE at different frequenejefspm
HCS for two different measurements. The 16.7 mHz isochronous data from TMDSC afe tt@eK/min DSC
heating run data are included, = temperature of the (T) peak maximum for each isochroAgc, the heat
capacity step height,= (c'p+ cp)/2 atT,, with c'p andc] the heat capacity &, extrapolated from liquid and
glass zonesT= temperature dispersion from a Gauss fit of the isochromﬁ@'ﬁ) peaks,cg(T)~exp(—(T
—T,)%2(5T)?), N,= cooperativity calculated from Eq1).

vIHz T,/°C Ac,/dg iK™t c/Ig iK1 STIK N,
2000 —-26.7 0.37 1.23 15.2 6
600} -29.4 0.41 1.23 15.0 7
204 -32.2 0.44 1.23 13.9 9
60 -35.3 0.47 1.23 12.2 12
20° -38.4 0.48 1.23 124 12
6 —40.6 0.48 1.23 11.3 14
2 —41.6 0.47 1.23 11.0 14
2000 -33.0 0.37 1.36 15.3 8
600° -36.0 0.43 1.35 9.8 21
204 -39.3 0.49 1.34 9.8 23
60° —-41.9 0.51 1.36 9.6 25
200 —44.3 0.54 1.35 7.5 41
6° —47.2 0.57 1.36 7.8 39
2° —-50.1 0.54 1.42 7.9 34
0.0167 —-49 0.48 1.25 2.7 65
T=10 K/minP —53 0.72 15 2.2 100

Uncertainty *2 +10% +10% +20% +40%

& or unpurified sample.
bFor purified sample.
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in Table |. The second derivative of the dielectric trace, ac-

07 - ' A cording to Stickel® shows a bend af,,=—1°C+10K
gy @ [Fig. 7(C)], corresponding to logf,,/rads 1)=6.7+1.0.
0.5: *‘t% 1 The second derivative would be constant for a WLF equa-
* tion, d/dT[(dlogwma/dT) ¥?]=B~2=0.037. The
M”;ﬁqﬂ slopes in Fig. 7C) are different from zero indicating small
031 7 c-3cetok O TEme, ] but definite deviations from WLF equations faanda. The
; : physical nature of the second bend at abb#t25 °C is not

B known. Note that they process extrapolation does not inter-
sect thea process at this temperatuiieig. 6). The values for
the frequency asymptote ldg(rad s %) are 11.8-1 for thea
and 14.4-1 for the o process.

®_E o

(dlogn/dM)™ (diogw,,, /d(1mM) "

o | agfgegg_cbza ) (iv) The dielectric Schohals plot (logwmay VS Ae,, the
T, =2°C 10K N U OR dielectric intensity Ae,) has a weak bend at
3.0 3.4 38 a2 log;o( wofrad s 1) =5.9+1.0 corresponding, via the projec-
1000 K/ T tion on an Arrhenius plot, td,,= — 13 °C+ 10 K [Fig. 8A)

& and 8B)]. Additionally, two WLF curves for the regions

P above and below the crossover calculated from the param-

2 o010 eters of Table | are included in Fig(B).

sé (v) We calculate now the functiony(T,y from a linear

2 0.05 extrapolation ofNZg [Eq. (6)] to zero (this results inT

5 =T, for given vy). Some examples are given in FigA9

E 0 (vg=0.3 /0.5/1.0. The.fL.J” function[Fig. 9B)] is used to

5 0.00 _'40 20 o 20 a0 determine the cooperativity exponenj from T, for each

temperature (°C) method, (i)---(iv). The results are listed in Table Ill. The

FIG. 7. Temperature dependence of different temperature derivatives fo Verage vqllu.e IS'QZO'A'% '0.15@ 1/2. T\,NO further variants
BIBE: (—d log x/d(1/T)) ~ 2 versus 1T, wherex represents ., [dielectric (vi) and (vii); see Appendixare also displayed.
measurements, for the purifigfll,+) and unpurified sampléll) (A), and Finally, Acy(T) and Nilz(T) are directly displayed as a
1/7 for the purified sampléB)]. The viscosities where measured with RDA  fnction of temperaturé¢Fig. 10. The ACp values from the
(©), RFS(O), and DSR(@®). (C) Second derivative of dielectric data of part tangent construction mu(-l-) where supplemented by isoch-
A). P )

ronous Ac, values calculated fromcg(T) using the

Kramers—Kronig relatiotf

trics coincide within the experimental uncertainty. The tem-

perature dependence of viscosity nearly parallels those of the

dielectric « trace. Acy(T)=(2/m)-In10-d log w/dT(T)~f cg(T)-dT.
(ii) and(iii ) The first derivativ&® of the dielectrica trace Peak 1

seems to indicate a peculiarity @t,= —3 °C =10 K [Fig. (10

7(A)], corresponding to logf,/rads })=6.7+1.0 (from

Fig. 6. This peculiarity separates the high-temperatare No clearAc,(T) trend can be predictefFig. 10A)]. The

process from the low-temperatuseprocess. The derivative parameter with the strongest temperature dependengt. is

is calculated by a two-point secant between the right and lefThe square root of cooperativity, correspondingly, varies be-

neighbor points. The first derivative of viscosififig. 7B)  tween about 6 and 2, and shows a clear trend to zero in the

indicates the onset peculiarity at,,=2 °C*=10K, corre- crossover. The cooperativity, itself varies between 39 and

sponding to logg,,/rads 1)=7.1+1.0. As mentioned 6 (Table ll), i.e., more than a factor of six. The cooperativity

above, the VFT parameters faranda processes are listed exponentrg=1/2 as used in Fig. 18) leads, via a linear

FIG. 8. Dielectric peak maximum fre-
qguency logwy., Vs dielectric relax-
ation strengthAeg, 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(wmadrad s 1)=5.9+1.0,  corre-
sponding to a temperature of about
—13°C£10 K in an Arrhenius dia-
. \ \ . \ L X gram(B). The WLF traces, touching—
7 9 11 13 3.2 3.6 4.0 4.4 not crossing—each other in the cross-
over, from the parameters of Table |
Ae 1000 K / T are included in the Arrhenius diagram.

~Jogwgy,= 5.9+1 [==

2 \

(o)
@

L

o
T
H

log (Wmay /rad s )
-1
log (0qax/rads )

o
>
-0
(=]
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1.0 — o . . .

Ac,
=]
o
[ N
'o

L

n

%50 40 -30 20 -10 o

temperature (°C)

FIG. 10. Heat capacity step height, (A) and square root of cooperativity
N2 (B) as a function of temperature for the purifidll) and unpurified ®)
sample. Thell 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 temperaturelig=—11 °C+ 10 K.

0.0 R R I .
-0 0 10

Ton °C)

FIG. 9. (A) Temperature dependence I‘(;bﬁg for different examplesy,=1
(M), v,=0.5 (A7), v4=0.3 (@). The linear fitsNZg(T)HO mark the onset
temperatures ,, for different v, defining thevy(T,,) function[method(v)].
(B) Exponentyy versus the extrapolated onset temperatiiiggs The dotted
lines indicate the values from the other methods listed in the Introduction T =—-8°C+8K
[(i): B crossover in the Arrhenius diagram, Fig.(B): dielectric peculiar- on '
ity, Fig. 7(A); (iii): peculiarity in the viscosity, Fig.(B); (iv): peculiarity in
the logwmay VS Ae plot, Fig. 8;(vi): dx/dT=0, Fig. 13; and\vii): dx'/dT
=0, Fig. 14, both in the AppendixThe differentT, values correspond to
different exponentg values.

20 30

l0g1o( wofrads 1) =6.3+0.7, (11

vg=0.49+0.15.

The = values indicated include possible systematic un-
. certainties. It seems that the confidence is high enough to
extrapolation, to the onset temperatufB,=—11°C  cqncjyde that BIBE has a cooperativity onset in the cross-
*10K, consistent with the average value obtained with the,, o, region which is consistent with E5), NY?~(T,,
four methods above. —T), for T<T,,—10 K. An enlargement of the HCS fre-
quency window could improve the confidence in the future.
Since BIBE belongs to the dielectric Il scenario and
since Eq.(5) is typical for the dielectric | scenario, our re-
sults suggest a similar cooperativity onset in both crossover
scenarios, | and Il. We think that such a cooperativity onset
is an important and general characteristics of the crossover

V. CONCLUSIONS

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

tylether: . . -
region of dynamic glass transition. For the few substances
accessible by heat capacity spectroscopy so far, the high-
TABLE Ill. Crossover temperaturesT,,, corresponding frequencies temperaturea relaxation above the onset has only a small

log w,n, and cooperativity exponent; for different methods of data analy-
sis. The bold roman numerals indicate the mettsmk the Introduction and
Fig. 9.

N,~1 cooperativity. The low-temperatuee relaxation be-
low the crossover has an increasing cooperativity reaching
N,~100 at the glass temperature if the latter is far below the

Method Ton(°C)  log(werads ) Vg crossover. It seems that the dynamic heterogeneity develops
()  ap crossover 17 55 066 only belovy the crossover. Thi; may help to clarify some
(i)  Stickels* -3 6.7 0.41 controversies regarding dynamic heterogen&ify/.
(i) Stickel 7 2 7.1 0.36
(iv) SchahalsAe -13 5.9 0.49
v)  NY2_o -11 6.2 (112
(vi) dx/dT=0? -22 4.8 0.88 ACKNOWLEDGMENTS
(vii) dx'/dT=0° -7 6.5 0.48
Uncertainty +10 K +1 +25% We thank the Deutsche Forschungsgemeinschaft DFG
Averagé —-8x8 K 6.3£0.7 0.49:0.15 (Sonderforschungsbereich 418nd the Fonds der Chemis-

%= STX(T—Ton ™2
"= STX(T—Top.
‘From methodgi)- - -(iv).

chen Industrie FCI for financial support. Furthermore, we
thank Dr. M. Stdzer for preparing the nickel heaters, and Dr.
S. Zeeb for sample preparation.
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FIG. 11. Temperature dependence of the dielectric full width at the half = N oA A 4
maximum (FWHM). The inset shows the temperature dependence of the = 400 o Q fo ¥ ]
Havriliak—Negami wing parametetsandbg. 5 w-
o e ]
e 200
B
APPENDIX oL— : .
10 30 50
This Appendix is to discuss two further evaluation meth- T -T(K)
. . . on
ods comparlng dlfferenAcp(T) behavior for the two onset FIG. 12. Product of temperature dispersion and square root of distance to
scenarios. the onset temperatura=(8T(To—T)Y? (A), and product of dispersion

We start with a short remark on the isothermal dielectricand distance to the onset temperatures (ST(T,,—T)) (B) vs distance to
FWHM (full width at half £” maximum. We find a constant Lhe | Oniet }emperature T&n__;]r)z f.or 8th2§e Cgpfésg;ﬂers poiyl-
Va.lue of about 1.40 decades fo.r tbe_process T> 10°C) Tﬁtg crinaet; 2ft;yf?c:6r751{§:ftg.r 62n5€)avr\1/(ljt 46. (Th)é do(tte)d I?r?es areolirsmtg;rf]ifs. "
(Fig. 11). For thea process, a sigmoid-shaped increase for
lower temperatures is observed, terminating at abdut
~—30°C well above Ty. The wing analysis of the
log £”(log w) diagram[Fig. 3(A)] with the aid of Havriliak—
Negami exponents from Ed7) shows that it is the high-
frequency wing(product ofb and g exponentsthat causes
the increase of FWHMinset of Fig. 1].

A set of WLF curves with common asymptotes would
result in complementary isothermab In o~ FWHM) and
isochronous §T) widths, 6Inw~1/(T-T,), 6T~(T
—T.), 8InwxsT=const®"* Consider now the isochro-
nous ST dispersions from theg(T) peaks according to Eq.
(2), Table 1. 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 cufeésFig.
7(C)]. The 8T dispersion in fact decreases with falling tem- '
peratures but the calorimetri6T decrease is much larger
than the dielectric FWHM increase.

The 6T decrease supports increasing cooperativjiis
(1), Table Il]. We shall discuss two variants for a given co-

three samples we plot the two products versus the tempera-
ture distance from the individual onsetg,—T. We get a
uniform picture because the three samples are similar. From
Fig. 12A) we see that the produdT (T,,— T)Y? is almost
temperature independent, as expected frorg— 0,4 but

the productsT (T,,— T) turns out to depend linearly on tem-

on

5T (T _T)1/2 (K3/2)

X =

-50 -40 -30 -20

operativity exponeniy=1/2 in Eq.(6). ' ' ' '
(vi) In caseAc,~(To—T), from Egs.(1) and (5) we o« 21 B 1
would expect i
ST(T)- (Ton— T)Y?=const. (12 5 o
(vii) In caseAc,= const, from Eqgs(1) and(5) we would E
expect ‘T°n= -22°C
ST(T)-(T—Ton =const. (13) 270 50 0 20
The two variants were tested for three random copolymers T,, (°C)

poly(n-butylmethacrylatestatstyreng P(NnBMA-statS) with  FIG. 13.(A) x product of dispersion and square root of distance to the onset

2 8. and 19% styreﬁ%“ﬁ*“(Ton: 78°C. 83°C. and 100°C, temperaturex=23T(To,— T)Y2 vs temperature for BIBE at different hypo-
T ' ’ . . thetical onset temperature$,, [T,,=20(l), 100), 0(A), —1QV),
respectively. The copolymers belong to the | scenario. Fig ~20(4), —30(+), —40(x)]. The lines represent linear fit8) The slopes

12
ure 12 shows the produciT (To,—T)™ (A) and 6T (Ton  d/dT(5T(T,—T)Y?) are taken from the linear fits and displayed vs onset
—T) (B) vs temperature for the copolymers. To compare thaemperaturél,,. The slope is zero af,,= —22 °C+10K.
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20°C 1

. 800 u
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" 400 x -
':,c> IV eIy, ;‘7 % v
= %—2000
Toor M -
x . . 2 x-40,C
-50 -40 -30 -20
temperature (°C)
10f g -
g s ]
5 o
i ]
-10F} Ton= -7°C
-40 20 0 20

T, (°C)

FIG. 14. (A) x" product of dispersion and distance to the onset temperature;g
ST(T,—T), vs temperature for BIBE at different hypothetical onset tem-

peraturesT,, [Ton=20(H), 1000), O(A), —10(V), —20(#), —30(+),
—40(X), same data as for Fig. 13The lines represent linear fitB) The

slopesd/dT(8T(T,,—T)) are taken from the linear fits and displayed vs

onset temperaturé,,. The slope is zero af,,=—7 °Cx10K.

perature. The solid lines are linear fits. The varian} is
confirmed by the explicit observation afc,~ (T,,—T) ac-
cording to Eq.(4).

The situation is now analyzed for BIBE. As thkc,

values of Table Il scatter considerably both variants to esti

mate the onset temperature were udéds. 13 and 14 The

slopes for the(vi) variant[Fig. 13A)] are displayed as a

function of theT,, parameter in Fig. 18). The onset tem-
perature is obtained from the zero slope Tag=—22°C
+10K, corresponding to log,,=4.8+1.0. The slopes for
the (vii) variant(Fig. 14 result inT,,=—7 °Cx 10K, cor-
responding to log,,= 6.5+ 1.0. Both variantgvi) and (vii)
are also incorporated in Fig(B®). The (vii) onset tempera-
ture agrees well with th&,,= —8 °C* 8 K average of Table

11, the (vi) value does not agree. It seems, therefore, that for
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