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The dielectric permittivity and loss spectra of the glassy state of 5-methyl-2-hexanol obtained by
quenching it from the liquid state has been studied. In one experiment, the spectra were studied at
different temperatures as the quenched sample was heated at 0.1 K/min from 105.3 to 160.5 K. In
the second experiment, the quenched sample was heated from 77 to 131.6 K and kept at that
temperature for 14.6 ks. The relaxation rdftg,;, the dielectric relaxation strength,e;, and the
distribution of relaxation time parameters, and B, for the Johari—Goldstein process were
determined. The parametgrwas found to be equal to 1 and independent of both the temperature
and time, A e, initially decreased on increasing the temperature, reached a minimum value at
~145.6 K, and then increased. The plotfgf, against the reciprocal temperature decreased in slope
and at~140 K became linear. This indicates thgf ; increases on structural relaxation. In the
course of the annealing at 131.6 K¢z of the quenched sample decreased with time, approaching

a plateau value. It is described by an equatidngs(t) =Aeg(t—)+[Aeg(t=0)—Aep(t
—o)]exd —(t/7)], wheret is the time, andr (=3.5 k9 is the characteristic time. It is pointed out

that contrary to the earlier finding;terphenyl shows @ relaxation in the equilibrium liquid state.

A consideration of dielectric permittivity arising from small-angle motions of all molecules, which
has been suggested as an alternative mechanism for the localized motions geeslaxstion,
indicates that this mechanism is inconsistent with the known increase in the equilibrium permittivity
on cooling. © 2002 American Institute of Physic§DOI: 10.1063/1.1485960

I. INTRODUCTION molecular motion, called the-relaxation process emerges.
Its rate rapidly decreases on supercooling and ultimately, at a

There are two characteristics of the glassy stéjeits tain t i b ble t )
physical properties change with time at a rate that increases | an temperature, becomes comparable fo one's measure-

with the temperature of the glass, afiid localized molecu- mer_lt time ecale. At this temperature, molecular diffusien as-
lar motions occur in its disordered structure. The first is a>ociated with thea-relaxation process becomes kinetically
result of structural relaxatidrf during which a glassspon- ~ frozen, and the liquid is said to have vitrified. The
taneously approaches the state of its equilibrium liquid, and>-Telaxation process persists in the vitrified staféus, mo-
its volume, enthalpy, and entropy decrease with time asympecular diffusion in a low-viscosity liquid occurs mainly by
totically, and its refractive index, vibrational frequencies, vis-the mechanism of thg-relaxation process, and at high vis-
cosity, and relaxation time increase. The second characteri§0sity it occurs by the mechanisms of both {he and the
tic refers to the secondary, ¢ relaxation in the otherwise a-relaxation process€s. In glasses,3 relaxation alone is
rigid state of a glass. Also called the Johari—Goldstein relaxobserved in the usual laboratory time scale experiments.
ation, these motions are also found to be a property of thdhus, the contribution to permittivity due to orientational
equilibrium liquid state, and are observed in dielectric, me-polarization in the low-viscosity liquid is only due to the
chanical, and light scattering spectroscopy as well as by-relaxation process, and in a viscous liquid and glass, it is
NMR and other measurements in which molecular diffusionequal to the sum of the contributions to permittivity from the
may be detected. A review by Bsler and co-workerSwho o, and B-relaxation processes, oAg,+Aeg), with dielec-
have contributed significantly to the understanding of thetric relaxation strengths afe, andAeg, respectively:’ In
localized motions by dielectric and NMR experiments maycertain theories, localized molecular motions of fBero-
be consulted for details. cess are seen to be the precursor of theelaxation®'°

In a low-viscosity liquid, only one relatively narrow di- These motions also contribute to the entropy of the
electric relaxation peak has been observéa a liquid is glass 1% These have been connectédo the non-Debye
cooled and its viscosity and density increase, a new mode Qémperature dependence of the heat capacity <t K,®
and the onset of their molecular motions on heating has been
dElectronic mail: jvij@tcd.ie found to occur over a broad temperature range, with a
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sigmoid-shape heat capacity increase resembling that ob 245 T T T T 7
served on glass softeniff=18 The effect of electrolytes on
the magnitude of their dielectric relaxation has been
studied!® These localized motions have been found to cause
nucleation and crystallization of some glassed atT ;.2

When a liquid is vitrified by rapid cooling, its glassy
state is bulkier and itA €4 is expected to be high, and ifitis ¢
vitrified by slow cooling, its glassy state is denser, and its
A€z is expected to be low. It is also expected that densifica-
tion would alter the relaxation rate of th@ process. Evi-
dence for this has been found for some glasses in som
experiment€??® but not in all glasses and other
experiments:®23-2"Structural relaxation of a glass has been
found to decrease itde;z, as the state of its equilibrium
liquid is approached at a constant temperature in all  0.02- .
case$:??72" Thus, although the extent of thermodynamic
metastability, as measured by the frozen-in volume, enthalpy
and entropy of a glass, raisész, the g process itself re- e

mains a property of the liquid state. ©

Since the total contribution to permittivity due to orien- 0011 8.5 Eua \
tation polarizationAe(=Ae€,+Ae€g), increases with an in- A 0 2 o
crease in densif§—3! and Aeg decreases, structural relax- ] v ) o
ation should increasfe,(=Ae—Ae€g), by an amount that - g0

would be greater than that expected from the density increas
alone. This amount is equal to the decreasa ép on struc-
tural relaxation. Thus the-relaxation process is expected to
grow at the expense of the-relaxation process as the den-

sity of the glass increases at a fixed temperature. FIG. 1. Thee and¢”’ spectra of 5-methyl-2-hexanol at several temperatures

Here we report a study of changes in thegelaxation  peiow and above itS, . Curves 1-5 are for 116.7, 125.5, 133.1, 142.3, and
process on spontaneous structural relaxation of the glassp1.7 K.

state of an uncrystallizable liquid, 5-methyl-2-hexanol under
two conditions (i) on heating at a fixed rate, afid) isother-
mally. We then examine the characteristics of theb

B-relaxation process in the equilibrium liquid and glassy eriment. The temperature reported here is the meansof

states, and discuss the results in terms of the combined ti g .
. . .~ U tiémperatures measured during each spectral scan. Two sets
and temperature effects, and briefly describe the implication

: . off experiments were performed. In one set, the sample was
of these observations for the potential energy landscape @ : S T
) ) . . quenched by immersing in liquid nitrogen, transferred to the
the B-relaxation process. Dielectric relaxation features of

5-methyl-2-hexanol as a function of temperature have bee'hemperature con trol assemply and &f_sand ¢ spectra were
reported beforé? measured continuously during heating at 0.1 K/min. In the
' second set, the sample was quenched by immersing in liquid

nitrogen and then transferred to the temperature control unit.

There it was heated rapidly to 131.6 K, the temperature sta-
5-methyl-2-hexanol was of purum grade, purchasedilized for ~30 min, and itse’ and €' spectra measured

from Fluka AG., Switzerland, and used as such. The dieleceontinuously while keeping the sample at 131.6 K over a

tric cell was a miniature parallel plate condenser with 18period of 14.6 ks.

plates and a nominal capacitance of 27 pF. This capacitance

was accurately measured in air prior to the use of the capaci-

tor. The sample was contained in a vial of 10 mm diam 33, resuLTs

mm length, in which a 10@) platinum resistance tempera-

ture sensor and the condenser were immersed. The assembly Typical spectra ot’ ande”’ obtained in the first set of the

was mounted inside a cryostat, purchased from Oxford Instudy are shown for five temperatures in Fig. 1. Their shapes

struments. The cryostat was thermostatted using a temperahow a broad steplike decreaseelnand a broad peak ig'.

ture controller(model ITC502, also by Oxfoyd The tem- The shapes of the relaxation spectra have been analyzed in

perature was programmed for heating at a rate of 0.1 K/mindifferent manners by different groups. However, for an unbi-

and the€ and €' spectra were obtained in the frequency ased analysis of the data, we use the Havriliak- and Negami-

range of 10 Hz—1 MHz by means of a Solartron FRA-1255Atype equationd’ which fits the data to several relaxation

frequency response analyzer interfaced with a Chelsea dprocesses by minimizing the deviation of the data from the

electric interface. The spectra were taken in a period ofits. It was done in the manner described earftdsy fitting

~218 s, during which the temperature would have increasethe following equatior?

0.00 T T T T T T

f [Hz]

y ~0.36 K due to the heating rate already set for this ex-

Il. EXPERIMENTAL METHODS
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The highest-temperature spectra of Figcarve 5 is for
X 2.361 i} a temperaturé151.7 K above theT, while curve 2(125.5
] K) is below the Ty, which is ~148 K for 5-methyl-2-
2341 , o —, hexanol. Peaks in the’ spectra at frequencies higher than
0.08F------mo- B the frequency of thex-relaxation peak in this temperature
o0sd T e § range have been observed beférand shown to be due to
0.00 £ ; : : | ] the Johari—Goldstein relaxation. The increasiigvith de-

creasing frequency below 500 Hz for curve 5 in Fig. 1, and
below 100 Hz for thee’ spectra in Fig. 2, is the high-
frequency tail of thea-relaxation process. In some cases,
where this tail has been found to contain contributiong”to
other than those from the-relaxation process, and a peak at
higher frequencies has not been clearly observed, this tail has
been called “the wing.” In that connection it should be noted
that this tail or “wing” (appearing in the low-frequency re-
gion of the€” spectra in Figs. 1 and)Zannot be due to the
dc conductivity for two reasongi) the slope of the plot of
log € against log in the region of this “wing” is not unity;
and(ii) this “wing” turns into the high-frequency part of the
a-relaxation peak at higher temperatures, which has already
been shown in Ref. 32, and therefore is not shown in Figs. 1
FIG. 2. The resolution of a typical spectra measured at 149.5 K for obtainand 2 here. After the-relaxation peak has appeared, and at
ing Aeg andfy, ; and thea and B parameters. still lower frequencies, contributions from the dc conductiv-
ity are expected to raise’. This a-relaxation process has
been described earlier in det#where the “wing” was not
found. Thus, there is little doubt that tleé peak observed in
ot i + i , Fig. 1 is due to the Johari—Goldstein relaxation. It is super-

[1+ (o)™ [1+(joTg) 2] imposed on the high-frequency tail of therelaxation pro-
@) cess, and its contribution approaches zero, as seen in the
to the data. Heré ¢, is the dielectric relaxation strength of lower panel of Fig. 2.
the a process,r, is its relaxation time,w is the angular The distribution of relaxation time parameté;, in our
frequency[=2=f (fis the frequency in H4, anda, and 8, analysis was found to be equal to 1.00 at all temperatures,
are the two parameters of the Cole—Cole and Cole—Davidsoput the value of the parametervaried. Its value is plotted
distribution functions. SimilarlyA e, is the dielectric relax- against the temperaturd, in Fig. JA). It increases from
ation strength of thgg processy is its relaxation time, and 0.25 at 115.3 K to 0.48 at 159.1 K. The value &k, is
a, and B, are the corresponding two parameters. From fitplotted againsfT in Fig. 3B). It decreases from 0.105 at
ting the equation to the’ and €’ spectra, onlyAeg, 75 5, 115.3 K to 0.073 at 145.6 K, and thereafter increases to
and 3, were reliably obtained. A detailed analysis of the dc0.106 at 159.1 K, thus showing a minimum. The value of
conductivity of 5-methyl-2-hexanol, and the characteristicsf, 4 is plotted against the reciprocal temperature in Fig. 4. It
of its a- and B-relaxation processes had previously been carshows a slight curvature and a change in the slope1at0
ried out in a separate study, which may be consulted foK.
details®? For studying the time dependence @f 8, Aegz, and

A typical fit of Eq. (1) to the €’ and €" spectra of the f, 5 in the second set of experiments, the 5-methyl-2-
B-relaxation process is shown in Fig. 2, where the full lineshexanol sample was kept at 131.6.04 K, and its spectra
indicate the resolved’ dispersion and” peak. As has been measured continuously up to a total elapsed time of 14.6 ks.
discussed earliéf the spectra obtained over this temperatureThe parameteg for the spectra, as obtained from the analy-
range correspond to process lll, and hence the quantities oBis was found to remain constant at 1.00. The valueg,of
tained correspond td e, , andf (frequency of maxi- Aez, andf, ; thus obtained are plotted against the tirge,
mum €', which is used as a general measure of relaxatiofin Figs. 5A), 5(B), and FC), respectively. Herexr remains
rate) in the earlier study. This relaxation process has beewonstant at 0.360.01. Aeg; decreases from 0.082 to
identified already as the Johari—Goldstein relaxation proces§.074 according to the equatiod e;=0.0736+0.00825
For brevity here, the subscript “llI” is dropped and the terms X[ exp(~t/3463)], wheret is the time in s. The relaxation
are written asA e and f,, ; for this relaxation process, and rate,f, 5, shows little change, and remains at3@3 kHz.
the parameters; and B3 are written ase and 8. Its relax-  The scatter in the data plotted in Fig. 5 was found to be
ation rate,f, 5, was obtained from the equation random, mostly due to the errors in the analysis. The

€ x10

f [Hz]

Ae, Aeg

e (w)=¢€
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0.07 1 ’ 4 FIG. 4. The frequency of maximum dielectric loss in the spectra ofghe
or Johari—Goldstein relaxation process in 5-methyl-2-hexanol is plotted
T T T T T T T against the reciprocal temperature. The dashed line and its extension in the
110 120 130 140 150 160 region, where the equilibrium state was not attained is a linear fit to the
T [K] high-temperature dataTy (from extrapolation of dielectric data to

10" 4 Hz)=148.1 K (after Ref. 32 is marked on the plot.
FIG. 3. (A) The value ofa for the fastest relaxation process in 5-methyl-2-
hexanol is plotted against the temperatu®) The dielectric relaxation
strengthA € of the fastest process in 5-methyl-2-hexanol is plotted against

the temperature. Also marked on the plotd jsof 148.1 K. It was obtained B, Effects of structural relaxation on localized motions
by extrapolating the dielectric relaxation rate of theprocess to 10* Hz . . .
from the data in Ref. 32. In order to discuss the occurrence of the minimum in

A€ on heating at a fixed rate, as seen in Fi@@)3it seems

necessary to consider first the characteristics of the
values, which are more sensitive to changeTithanAe;  p-relaxation process in relation to both the thermodynamic
and a however, could be correlated with the fluctuations innonequilibrium state of a glass and the equilibrium state of

the temperature. its liquid. As mentioned in Sec. I, the volume, entropy, and
enthalpy of a glass decrease and the refractive index, viscos-
IV. DISCUSSION ity, and relaxation time increase on its structural relaxation.

The rate of then-relaxation process decreases and the entire
relaxation spectra shifts to lower frequencies. In experiments
designed to determine the existence of localized motions in
It is well known that the magnitude of orientation polar- rigid molecular glasses, it was discovered that structural re-
ization, Ae, of a material varies inversely withiand directly  laxation or slow cooling led to a decrease in the height of the
with the number density of dipoledly. As the density of a  SB-relaxation peak observed in the dielectric loss. A small
glass increases on cooling, the orientation polarization due tohange in the3-relaxation peak temperature measured for a
the 8 processAeg, of a glass is expected to increase ap-fixed frequency was also detected on structural relaxation of
proximately by an amount proportional 84/T. The ?H  several glasses, but it was not certain whether that indicated
NMR studies of several glasses appear to show that all molk change in thg-relaxation rate or whether it resulted as an
ecules reorient by a small, temperature-independerdartifact of(i) a shift of thea-relaxation process toward lower
angle****Accordingly, A€, of a glass should increase with frequencies, andi) a decrease in the background dielectric
decrease inl. The finding here is the opposite, i.&\eg loss. These effects were later resolved by measuring the di-
decreases on cooling a glass, in agreement with the earli@lectric spectra of the differently quenched glasses and
studies>®?2-2' As mentioned earlier here, the density of aphysically aging a quenched gl#ssThe results demon-
glass increases on isothermal structural relaxation. Thereforstrated that structural relaxation of a glass decredses.
if the angle of reorientation of molecules did not change, asThus, like the volume, enthalpy, and entropy of a liquid,
concluded recentE?'%Aeﬁ would increase on an increase in of a glass is also time dependent. It was also found
density during structural relaxation. Physical aging studies obf an equilibrium liquid decreased on cooling, as it did of its
glasses here and elsewhere, however, show the opposite, i.egnequilibrium glassy state. Hence, tBaelaxation process
A€y decreases on physical aging or anneafing~>"% was found to have two further characteristi¢s: Ae; de-

A. Magnitude of orientation polarization due to
localized motions
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oagl '+ T T T T T T T quenched glassy state but not in the equilibrium liquid state,
o o o o which was called the G-type relaxatiéh.
o 036 o ° °OO 0 % ° oo AN o°°o of The above-given conclusion conflicts with the accepted
| Po®o, © o © ® | view that B relaxation is an intrinsic property of tHejuid
0.34-°, | state, and that it is a precursor of therelaxation process,
T T S R SO S which emerges after the density and viscosity of a liquid has
0.084- . B 1 reached a certain high value on supercooling. For these rea-
o sons, we reconsider the earlier d&tas follows: In Fig. 3 of
1 that study? the plots forT=250K and 246 K show a high-
. frequency shoulder that curves downward and that seems to
«. 0900 separate out as g-relaxation peak al <246 K. (Note that
AEB | 6\0?\ o | the curvature of this shoulder indicates that it is not the same
0.076 1 o R0 o o ©7 as the high-frequency wingSince the data acquisition time
0 Boom-mng. 0° | for the spectra at a single temperature in that study was
o % 909 "of around 1 h(3.6 k9,%° and the dielectric relaxation time at
0.072 ° o 246 K is 0.1 ksp-terphenyl at 250 and at 246 K would have
, been an equilibrium liquid. Also, the shapes of the spectra in
'C the high-frequency region in the equilibrium liquid at 250
o ° o and 246 K(Fig. 3, Ref. 25 are qualitatively similar to the
 4%10° - 0% & co®0a® o o %° 000003 4 shapes of the spectra of D-sorbitol at 284 and 28(Fig. 6
3 ® oo o %o ©o ° in Ref. 25. All these observations show that, contrary to the
o ° ° ° ¢ earlier conclusionsp relaxation does occur in the equilib-
X TT—T——T— T T — T rium liquid state ofo-terphenyl. It is also worth pointing out
c =2 4 6 8 10 12 14 that in the study ob-terphenyP* particularly in thee’ ande”
Time [ks] plots in Fig. 6 of Ref. 24¢’ showed a peak at about 200 K,
FIG. 5. (A) The value ofa for the fastest relaxation process in 5-methyl-2- but €' continued to increase with decreasing temperature.
hexanol is plotted against the time during which the quenched sample wa§his is quite the opposite of the known dielectric relaxation
kspt att131-t8;0-04 K-TE]B) ghehczrr|§3p9ndtigg Ftlott Oihthe diel(it(;tk:ic rflaX- behavior of materials, namely, that dielectric relaxation de-
. , . .
il(()).r(]ﬂs:%:-no%oégg exp—e(tISj?SS(;]. (I(r:])eTlr?e czrrclesp?)ndﬁ]g;e ?)lljt;at Iof tfrfé 2re— creases§ and that de,/q;rl) IS negative a ta tem-perature
quency of maximum dielectric oSy, ;. V\{hereg’ shows a peak® Moreover, this behavior con-
flicts with the Kramers—Kronig relation applied to the com-
plex permittivity at each temperature.
It is also noteworthy that the apparerdnishingof the
hﬁ-relaxation peak on annealing a quenched sample of
o-terphenyl at 234 B is contrary to the recent finding that

) he B-rel i k th I f i -
One more observation that bears on the nature of tht € p-relaxation peak that could not be found in iespec

: . . : i Ok (or fixed frequency measurements of the quenched
B-relaxation process is worth discussing here. On the basis A m les, became observablafter a glass was structurall
a recent study, it has been suggested thatghelaxation P 9 y

relaxed by annealing &t<T,.%" This decreased the con-

process in some cases may occur only in the quenched state:D tion f h laxai t th f :
of the glass, and that it may vanish on annealing the glasgI ution from hea-relaxation process at those Irequencies

and it is not observed in the equilibrium liquid stafé>The ~ Where theg-relaxation peak was present, hence revealing the

suggestion had been based on the finding that th@-relaxation process. It is conceivable that the maximum
p-relaxation peak of magnitude’~13x 10°° observed in  contribution to€” in the quenched sampfé?2® of magnitude

the quenched glassy state @terphenyl atT~205K van- —~13%10 ° at ~205 K, decreased, after annealing
ished after the-terphenyl glass was annealed for 24 h at 2340-t€rphenyl for 24 h at 234 K, enough to be overwhelmed by
K, 12 K below its glass-softening temperatufg,, of 246 K the contributions to{’ from it's a-relaxation process, and
(see the inset in Fig. 5 in Ref. 25Sinceo-terphenyl appar- that further annealing of the quenched glassy state of
ently approached the equilibrium state on structural relax9-terphenyl would shift itsa-relaxation process to much
ation, it was concluded that there is gerelaxation process lower frequencies, thereby decreasing theelaxation pro-

in liquid o-terphenyl aff >T,. Hence, it had been concluded cess contributions al~205K enough to reveal a much
thato-terphenyl is an exception as regards gheelaxation in ~ smaller magnitude of thgg-relaxation peak. The apparent
the liquid state, i.e., only its quenched glassy state shows th¢anishing of theg-relaxation peak iro-terphenyl may also

3 relaxation? After comparing the3-relaxation characteris- be understood in the light of the Hikimaet al.
tics of o-terphenyl against those of D-sorbitol, it was further observation$®?*thato-terphenyl nucleates rapidly and crys-
proposed that there may be two types of glasses, one itallizes during annealing at<T, in the range where it$
which B relaxation was observed both in the equilibrium relaxation occurs. Although this crystallization was not re-
liquid and the glassy states, which was called the L-typeported in their stud§*?® nucleation and crystallization can
relaxation, and a second in which it was observed only in thalso decrease the already lafvvalue of 13< 10 ° from all

5x10°

[Hz]
o
o
o

f
m,

o
(o]

creases spontaneously on structural relaxation toward t
equilibrium liquid value, andii) Ae; decreases as an equi-
librium liquid is cooled, and\ €, increases.
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relaxation processes mterphenyl, and most sensitively de- nearT ,2223\ye may consider that for at least< Ty, nei-

crease that due to th@process. ther the decrease in the configurational entropy associated
with the S-relaxation processS.q,g, nor that associated

C. Combined time and temperature effects with the unfrozen modes of the-relaxation process, affects

on localized motions the B-relaxation kineticd®® In the entropy theory, a de-
crease in the net configurational entropy is seen to affect the

The minimum observed in the plot dfe; againstT in ) e
Fig. 3(B) needs to be understood in terms of the time-, and"€laxation kinetic
temperature-dependent changestia,. To do so, we may We now consider how the proposed mecharﬁéﬁ?, _
write the change in\e, of a glass obtained by quenching a namely, that all molecgles_ contribute to the Johar_l—GoIdstem
liquid as the sum of the changes due to the structural rela€laxation, each reorienting by a temperature-independent

§9,40

ation with time. and due to the increaseTin small angle, affects the frozen-in configurational entropy of a
’ glass. When all molecule@vogadro numberN,, in one
dAc.e dAeg i+ dAeg 4T 3 mole of a glass contribute,Seonr 5 Will be equal toR In(n)
B at aT |/, ’ whereRis the gas constant amtthe number of orientational

sites available to one molecule, and would be less if less than
N, molecules contributed. In the simplest case, if there were
only two orientational sites, the8,.z would be equal to
5.76 J(mol K). Thus, the excess entropy of a glass over the
crystal phase valueS,,;, minus the residual entrop)sg,
dAes (dAeg) 1 [dAey would be at least 5.76 (Mol K). The S, data in Table | in

a7 =( P ) g\ (4)  Ref. 13c) show that Ge— Sp) of toluene, which has also

T t been studied byH NMR and dielectric measurements, is

whereq(=dT/dt) is the heating rate used in obtaining the only 4.3 J(molK) atT near itsT of ~117 K, and it is lower
spectra, which was 0.1 K/mif=1.67 mK/9. The quantity at a lowerT. Also, for several other liquidsS,,.— S}) is less
(dAeglat)r has been found to be negative h¢see Fig. than 5.76 JmolK), as given in the respective Table I in
5(B)], and elsewherg®**~?’and the quantitydAez/dT) to  Refs. 13c) and Ref. 40. Clearly, the simple two-site model is
#-822-21Thys, the minimum in the plot of Fig. inadequate for interpreting the entropy data of these glasses.

where the first term on the rhs of E@) represents the effect
of structural relaxation of the glass at a fix&d and the
second term is due to the effects of the increasd it a
formally fixedt. On dividing bydT,

be positive.
3(B) appears at a temperature Whe]’fl((?Aeﬁ/&t)T This agrees with the Vogel and Bsler conclusion, which
=—(dAegldT), in Eq. (4). This means that the minimum was reached by comparing the time scales of molecular
would appear at a loweF if g is chosen to be low, and at a jumps and the respective correlation tifté®
higher T when q is chosen to be high. In our study, this
condition is satisfied at 145.6 K. Al<145.6 K, structural
relaxation dominates the change &, with T, and atT
>145.6 K, the change id ez corresponds predominantly to o )
its temperature dependence in the equilibrium state. Plots of The values of the distribution parameter, plotted in
the enthalpy of a glass obtained by rapid cooling are knowrrig. 3(A) indicate a broad distribution of relaxation times.
to show a shallow minimum as a result of the time- andBecause of the broadness of the spectra ofafrelaxation
temperature-dependent structural relaxation, which is assod0cess at low temperatures, it has been difficult to deter-
ated mainly with thev-relaxation process. Thee, againsr ~ Mine the change in the relaxation ratg, ;, on annealing of
plot for the Johari—Goldstein relaxation for the glassy statdhe glass. Despite that, it is possible to deduce this informa-
obtained by rapid cooling appears in FigB3to be qualita- tion from the plots of Infy, ;) againstT or against II. The
tively similar to such enthalpy plots. This seems remarkabl€hange inf., ; with T may be written as a sum of time-
as it shows that a relatively more rapid increase in the energ§féPendent and temperature-dependent changes as follows, in
and entropy on heating abok, increases the rate of in- @ Similar manner ta\eg:
crease ofd ez . In Fig. 4 of their study, Wagner and Rich&rt din(frg) ( 9 |n(fm”8)) 1 ((ﬂn(fm’ﬂ))

t

E. The time- and temperature-dependent relaxation
rate

at a temperature about 30 K below ig. Olsenet a T

have found a similar change in the slope but in an apparentlgnd the change with T/is given by

continuous manner. dIn(f g [91N(Fr ) at . 21n(f ) .
B at Ld(m) ATy | ©)

®

have noted a more rapid increaseAl; of salol begllnzr;!?sg aT it oT

D. Entropy and localized molecular motions d(1/T)

Localized motions of thes-relaxation process also con- The first term on the rhs in Eq$5) and (6) represents the
tribute to the anharmonic part of the entropy and to the coneffect of structural relaxation and the second term the effect
figurational entropy of a glass, as do the faster modes oféf thermal energy. Thus, during measurements on a
diffusion in the relaxation time distribution of the quenched sample with increasiiigthe slope of the plot of
a-relaxation process 39 Since the relaxation rate of thg In(frg) against inverse temperature will be affected by the
process,f, s, has shown an Arrhenius-type temperaturestructural relaxation until a temperature is reached where the
dependencg‘,8 except for those in the recent studies on threeequilibrium state has been attained during the time of heat-
glasses, where the slope of the plot increases on coolifig ating. Consequently, a change in the slope of the plot from the
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Arrhenius equation[f, ;=Aexp(—E*/RT), where A is a expected rise irf, s was not observed during the annealing.
constantE* the Arrhenius energy, arilis the gas constaht ~ First, in the glassy state of 5-methyl-2-hexanol at 131.6 K,
would be a reflection of a time-dependent effect fon, the equilibrium was reached quickly and therefore its conse-
during the course of dielectric measurements, when the firsiuences orfy, ; were unobservable. In addition, the broad-
term on the rhs in Eq(6) is significant. The magnitude of ness of thee” peak at low temperatures contributes signifi-
(1/q) in the first term on the rhs of Eq5) is fixed at 600 cantly to the observed fluctuations in the fitting parameters,
sK™ and[dt/d(1/T) = (—T?/q)] in the first term on the rhs Which obscure small time dependenciesfipz. Unfortu-

of Eq. (6) decreases from-7.88x10°sK at 114.6 K, to nately, atT<120K wheref,, ; deviates increasingly more
—~15.2x10°sK at 159.1 K. Therefore, a very small rate from the Arrhenius temperature dependence in Fig. 4, the
of increase inf,, ; on spontaneous relaxation at a fixéd time dependence of the spectra at a fixed temperature was
would be substantially increased in magnitude on multiplicanot investigated. _ _ o

tion by the large values of 600 s/K in E¢) and —7.88 . Finally, it is likely that the increase |hm,B_ with time in
x10°sK~ ! in Eq. (6). [It may be noted that 5 obtained this study was _of the _qrder of the changed in; caused by
from the fixed frequency measurements differs from that ob® temperature instability of 0.1 K dt=131.6K, and again
tained from the fixed temperature spectra, and thereforlis would tend to obscure any changesfip, with time.
whenf, ; obtained from such two sets is used to constructor that reason, we deduce that the slight curvature noted at
the ploté of logt,s) against 1T, the slope of the plot lower temperatures for the data obtained during the heating
changes as a resuit of inconsistency between the two sets 8f the quenched glass is a reflection of the time-dependent
data analysis. This situation has been avoided here. changes. Alternatively, the increase in the slope of the

An examination of the change in the slope of the plot inArthenius plot in Fig. 4 on heating &t>140K is a reflec-
Fig. 4 shows thaf,, ; of the quenched state is lower than tion of the attainment of the equilibrium state. The first terms

that expected fof,, , of the equilibrium state after structural " Egs. (5) and (6) contribute significantly at low tempera-

relaxation has occurred, although the latter is denser. Thig/'es, but at high temperatures in the equilibrium liquid state
indicates that the ternidIn(f,,g)/dtl; is positive. Since this contribution vanishes. _ _

[dt/d(l/T)] is negative, the product of the two terms is One may also consider the alternative that the Johari—
negative, which adds to the negative second term in(&q. Goldstein relaxation in this case shows deviations from the
The net result is that the slope of the Arrhenius plot is moréo‘”hemus be::awor at very low relaxation rates, where the
negative when structural relaxation occurs during the meafagnitude ofe’ spectral features are not well resolved, be-

surements. To estimate its value at 131.6 K from the plot irf@use of the Iimitedhfrequency range and accurhacy ththe
Fig. 4, we extend the Arrhenius fit to the data from highMeasurements. Perhaps measurements on those hyper-

temperatures to 131.6 K, as shown by the dashed Iin(:_gu.enched _glasses whogk for the Johari—Goldstein relax-
Knowing [dtd(1T)] from the heating rate, ation remams_large .at t'emperatures far belbywould be
[dIn(fy, p)/d(LIT)]; from the slope of the extended line, and well worth an investigation.
[dIn(fy,)/d(1/T)] from an estimate of the actual slope in
Fig. 4 at 131.6 K[dIn(fy, g)/dt]; at 131.6 K can be calcu-
lated. Its value is~4.924x 10 °In(Hz)s L. The premise of at least two theories is tifatelaxation

A comparison of the actudl,, ; values at 131.6 K shows is a precursor of ther-relaxation proces®y i.e., viscous
that f, 5 should increase on aging from3.81 kHz (from  flow or the a-relaxation process would not occur unless the
extrapolation of smoothed data used to find the slope abcal motions of theg-relaxation process have occurred.
131.6 K) at the time the spectra was measured to an expectetherefore, the time dependence&é, is important for de-
4.56 kHz at a formally infinite time, when spectra could beveloping a theory of viscous flow. As has been mentioned in
measured in the equilibrium state. This means thai,Jg(  Sec. |, there is only one relaxation process in the low-
must increase by-0.1797, which should take roughly 3.6 ks. viscosity liquid at GHz frequencies® As the liquid is
This is far shorter than the time scale of the isothermal aneooled and its density and viscosity increase, this relaxation
neal at 131.6 K, which lasted 14.6 ks, yet during the anneabrocess shifts to lower frequencies. After a certain density
fm, g remained almost constant at 3.9 kHz. However, the staand viscosity has been reached on supercooling, the
bilization time before the commencement of measurementa-relaxation process emerges from the low-frequency side of
was ~1.8 ks sof,, ; should have achieved a constant valuethe g-relaxation peak and rapidly gains strength at the ex-
after about 1.8 ks of annealing. Reexaminingthe; datain  pense of the original relaxation process observed at GHz
light of this, thef, ; values obtained from spectra recorded frequencies, which now becomes the faster relaxation. Con-
before about 2 ks seem to be slightly below average, but theurrently the rate of the-relaxation process decreases pro-
data is very scattered. According to the annealing experimergressively more rapidly on further supercooling until the lig-
at 131.6 K, the equilibrium value df,, ; should be, at most, uid vitrifies. Thus, initially at a low viscosity, there is only
4.2 kHz. The higher value obtained from extrapolation of theone relaxation process with a relatively narrow distribution
equilibrium line must be unreliable. The fact thié; attains  of relaxation times. At a high viscosity, there are two relax-
an almost constant value during the isothermal anfe=¢ ation processes, each with a broad distribution of relaxation
Fig. 5B)] is further evidence that the sample reached equitimes?
librium. Although this postulate could not be verified by super-

In summary, there are several possible reasons why atooling a liquid, it has been verified by a different set of

F. The origin of the B-relaxation process
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experiments in which the state of a liquid changed irreversute to Aeg, or else only some molecules contribute to the
ibly with time isothermally as a result of the growth of a B-relaxation process. The former is apparently not supported
macromolecule in which covalent bonds replaced van deby the NMR studies®>°

Waals’ interactions. In such studies, it has been found that To summarize, there can be three occurrences that de-
there is only one relaxation peak in the GHz frequency rangereaseA e : (i) all molecules contribute to thg-relaxation

in the low-density, low-viscosity liquid**? As the liquid’s  process, but the already small angle of reorientation of each
density and viscosity increased as a result of the growth ofmolecule decreases further on coolirij) the angle of re-

the macromolecule at a constant temperature, therientation does not decrease on cooling, but only some mol-
a-relaxation process evolved, its peak continuously shiftececules contribute and their number decreases further on cool-
to lower frequencies, and its strength increased. Concuiing; and(iii) both the population of such molecules and their
rently, the peak of the original relaxation persisted at GHzreorientational angle decrease on cooling. Occurréijcis
frequencies without a significant shift in its frequency, but itseliminated by the observations that the angle of reorientation
dielectric relaxation strength decreased isothermally. The dds temperature independent, leaving us with and (iii) as
crease inAeg observed on structural relaxation, as seen inplausible mechanisms.

Fig. 5(B), admits to an equation similar to that observed for A justification for the picture of thg-relaxation process
the decrease in the strength of the faster relaxation during th@s originating in the nonuniform structure of a glass contain-
macromolecule’s growtf*4 ing randomly distributed regions of low density has been

The mechanism for thﬁ-relaxation process was origi- provided in Sec. 2.6 of Ref. 51. Brieﬂy, one molecule or
nally considered to be due to localized motions in regions ofeveral molecules in such regions occupy sites with non-
loose packing of molecules in the disordered structure, whergquivalent probabilities of orientations and/or positions, and
no two molecules are identically placed. These regions werg1olecules surrounding these regions are relatively fixed.
referred to as “islands of mobility” in an otherwise immobile Thus, there is a broad distribution of electrostatic field and
disordered structur&.’ It was also inferred that these islands field directions imposed by the relatively rigid surroundings
collapse on structural relaxation, and decreased’ Since  Of these molecules. This distribution perturbs the potential
the B-relaxation rate varies with temperature according to theénergy function and produces the features characteristic of
Arrhenius equation, configurational entropy arising from lo-the B-relaxation process.
calized motions would seem to play a minimum role in the ~ Finally, it is worth deducing the implication of an equi-
mechanism of these localized motions. librium liquid’s new entropy extrapolation to zero at 0°K,

In an alternative mechanism, originally by Williams and for the B-relaxation process. In this extrapolation, the en-
Watts*>4® all molecules in a liquid and a glass contribute to tropy of an equilibrium liquid decreases continuously from
the B-relaxation process, but by a small-angle reorientationaltS value atT>T, to zero at 0 K, and interpolation of the
diffusion. After this small-angle diffusion has occurred, aheat capacity has been used for this purpose. Accordingly,
large-angle diffusion occurs. The latter constitutes théh€ number of minima in Goldstein's potential energy
a-relaxation process. This has been supported by solvatioRndscape configurational space or the number of inherent
dynamicé” and NMR studied*35 This means that the rota- Structures in the Stillinger—Weber energy Iandséé@ a
tional translational diffusion of molecules in a viscous liquid fixed pressure decreases Bs-0 K, and only one minima
occurs in two steps: one by small-angle rotation and the se@€comesavailable not accessibleto the structure afl
ond by large-angle rotation. A number of observations ob-—0 K. much like the arrangement in Penrose files, which

tained from a study of metallic glaséBand the glassy state @S only one configuration. In this conjecture, the
%950 are inconsistent with this interpreta- B-relaxation landscape should also vanish at 0 K. Als@ if

of liquid crystals, ) ) ,
d relaxation was to be a precursor of therelaxation, as is

tion. Also, a decrease ke observed on cooling a glass an ar o
on its annealing indicates that if all molecules were to reori-{@ken to be the premise in at least two theo i€then the

ent by a small angle, the angle of reorientation would debart of the landscape that expressesghelaxation process

crease on cooling and on structural relaxation, but the NMRYOUld vanish concurrently with the vanishing of the deep
studies have shown that this angle does not ch&hte. minimum, thereby meaning that all loosely packed regions in
Alternatively, one may consider that a fraction of the an equilibrium liquid gradually vanish on cooling an equilib-

total population of molecules ceases to reorient by a smafi!M liquid to 0 K. This would not occur i@l molecules
angle on cooling and annealing. But this would entalil thatcontnbuted to t_th—reIaxatlon process afll temperatures by
there is no precursor motion for therelaxation of some a temperature-independeatall angle.

molecules and therefore there would be a lesser contributio

to bothAe; andAe,. Consequently, the net contribution to \f} CONCLUSIONS

the permittivity of the liquid,Ae, would decrease. But as an Structural relaxation of a glass decreases the orienta-
increase in Ae has been observed on cooling, as istional polarization due to th@-relaxation process, as does
expected®3Lit does not seem likely that at a high tempera-cooling. The relaxation rate of thg-relaxation process is
ture all molecules contribute to th®, and a-relaxation pro- also affected by structural relaxation, but much less, and is
cesses and at low temperature only some do. Evidently, thisot directly observed here. The combined effects of the time,
alternative is not supported by the experiments. Thus one iand temperature dependence produce a minimum in the plot
left with the possibility that either the angle of reorientation of the dielectric relaxation strength of th&process in the

of all molecules decreases if each molecule were to contribkemperature plane, which shows that the structural relaxation
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