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A free-volume theory is developed based on the defect diffusion modelsDDMd. In addition, positronium
annihilation lifetime spectroscopysPALSd ortho-positronium free-volume and intensity data are presented for
polyspropylene glycold with a molecular weight of 4000sPPG 4000d in both the glassy and liquid states and
dielectric relaxation and electrical conductivity data are reported for PPG 4000 in the liquid state. The DDM is
used to interpret all of the data for PPG 4000 and previously reported PALS and dielectric relaxation data for
glycerol. It is shown that while the PPG 4000 data exhibit a preference for the three-halves power law, the data
for glycerol favor the first powersstandard Vogel-Fulcher-Tammannd law. Good agreement between the DDM
and the experimental results is found for all of the electrical data and the PALS free-volume data. While
reasonable agreement is also found for the PALS intensity data for PPG 4000, a discrepancy exists between the
experimental PALS intensity data and theory for glycerol. For the electrical conductivity for PPG 4000, a
transition is observed at the same temperaturesabout 1.4Tg whereTg is the glass transition temperatured where
the PALS free volume changes from steeply rising with temperature to approximately independent of tempera-
ture. The same behavior is observed at about 1.5Tg for previously reported dielectric relaxation and PALS data
for glycerol. Model parameters are presented that show the dominance of mobile single defects above
s1.4–1.5dTg and the dominance of immobile clustered single defects belowTg. Finally, a coherent picture of
glasses and glass-forming liquids is presented based on the theory and results of the experiments.
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I. INTRODUCTION

In spite of the enormous technological and scientific im-
portance of the glassy state, a fundamental understanding of
why many liquids supercool below their crystallization tem-
perature and then solidify to an amorphous solid state re-
mains elusivef1–5g. Most remarkably, perhaps, no consensus
has yet been reached as to whether the basic physics of glass
formation is controlled by kinetics or thermodynamics. The
Kauzmann entropy paradox strongly suggests that the ther-
modynamics of the liquid state plays a major role. Kauz-
mann first noted that the excess heat capacity of a super-
cooled liquid results in such a rapid decrease in the entropy
of the liquid with falling temperature that if the glass transi-
tion did not intervene, the entropy of the liquid would shortly
fall below the entropy of the crystalf6g. The intervention of
the kinetic glass transition to avoid this thermodynamic ca-
tastrophe is either a striking coincidence, or else evidence
that underlying thermodynamic changes are fundamentally
related to glass formation. Kinetic features of glass formation
have been intensely studied in recent yearsf1g and a consen-
sus has largely resulted. The transition to the vitreous state is
accompanied by a dramatic slowing of all molecular pro-
cesses in the fluid. Characteristic time scales vary from
10−9 to 103 s over a temperature interval as small as 50 °C.
Hallmarks of the region above the glass transition tempera-
ture Tg include relaxation studies that find a stretched expo-
nential law

fstd = expf− st/tdbg s1d

with b,1, and the time scalet diverging with an essential
singularity according to a Vogel-Fulcher-TammannsVFTd
law f7–9g

t = A expS D

T − T0
D s2d

as temperature falls towards a valueT0. This critical tem-
perature, wheret diverges, is belowTg, and evidence sug-
gests that it is closely tied to the Kauzmann temperatureTK,
the temperature at which the entropy of the liquid extrapo-
lates to zero.

In previous work f10–15g, a defect diffusion model
sDDMd was described that is consistent with the above-
mentioned kinetic features of glass-forming liquids. When
the defect mean trapping time is longer than the experimental
observation time the stretched exponential law follows, and
the time scale is inversely related to the concentration of
mobile single defectssMSDsd. Immobile, clustered single
defectssICSDsd were also considered. As temperature falls
the number of ICSDs increases leading to increased rigidity
and giving rise to a Vogel-Fulcher-Tammann type law. Pre-
vious workf10–15g focused completely on the kinetics of the
fluid and the kinetic effects of the defects. At a given tem-
perature and pressure aboveTg, the mobile defects are con-
served in number and assumed to be reasonably abundant so
that they can visit every site in the fluid on the time scale of
the experiment. The defects catalyze events in the super-
cooled liquid by freeing up degrees of freedom directly par-
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ticipating in a molecular process. If dielectric relaxation is
studied, the pertinent degrees of freedom are dipole orienta-
tions, and the defects assist relaxation by freeing dipole ro-
tations. The degrees of freedom associated with the defects
themselves were neglected and not assumed to contribute to
the changes taking place asTg was approached or traversed.

In this paper we show that positron annihilation lifetime
spectroscopysPALSd experiments above and belowTg can
be successfully interpreted if one identifies the MSDs and
ICSDs with the free-volume holes in which the ortho-
positroniumso-Psd resides. We can term these free-volume
regions packets, since we assume that some are mobileslike
the MSDsd and experience intermittent diffusion throughout
the fluid visiting and relaxing dipoles, ions, volume, stress,
etc., and some are fixed in positionslike the ICSDsd. Identi-
fying the defects with free-volume packets yields excellent
agreement with experiment both above and belowTg. The
results give insight into the manner whereby the kinetics and
thermodynamics of a supercooled liquid are simultaneously
altered through the same defect mechanism.

Many other theories of glass-forming liquids exist and
have recently been reviewedf2–4g. In addition, a theory of
glass formers based on a lattice model has recently appeared
f16g. To date, however, none of the theories has been applied
to the results of PALS experiments both above and belowTg.

II. A MODEL OF MOBILE FREE-VOLUME PACKETS

In the DDM, the total volume of the MSDs can be written

VsingsTd = NVMSDc1 s3d

whereN is the total number of sites,c1 is the concentration
of MSDs sprobability that a MSD existsd, and VMSD is the
mean volume of a MSD. Next, the total volume of the clus-
ters is given by

VclussTd = NVICSDsc − c1d s4d

wherec is the total concentration of single defectssprobabil-
ity that a single defect existsd andVICSD is the mean volume
of an ICSD.sc−c1 is the concentration of ICSDs.d

Next, from previous workf10–14g and generalizing to
include the effect of an anisotropic correlation volumef15g,
the concentration of the MSDs is

c1 = c expF− S bB*TC
0.5hg

sT − TCd0.5hgDG, T . TC, s5ad

and

c1 = 0, T , TC. s5bd

Further, B* =−sL1L2L3/d0
3dlns1−cd /b where b is the

stretched exponential parameter,d0 is the average distance
between neighbor “lattice sites”spositions where defects can
existd at P=0 and some reference temperature, andL1, L2,
andL3 are characteristic lengths associated with the correla-
tion volume. These lengths are defined byjisTd=LifTC/
sT−TCdg0.5. TC is the critical temperature below which there
are no MSDs andg is a constant that describes local field
effects. It has been pointed out thatg=1 except very near to

TC f15g so the approximation thatg=1 will be made in what
follows. Finally, h is a constant describing the dimensional-
ity of the correlation volume. This gives rise to the following
VFT-like equation for dynamical properties:

xDDMsP,V,Td = Ax expS B*TC
0.5h

sT − TCd0.5hs1 − dd
D . s6d

x represents the dielectric relaxation time, electrical resistiv-
ity, or reciprocal viscosity, for example. In the case where
h=2 andd=0 the “standard” VFT equation, Eq.s2d,

xDDMsP,V,Td = Ax expS B*TC

T − TC
D ; Ax expS D

T − T0
D , s7d

is obtained and ifh=3 sisotropic three dimensional correla-
tion volumed and d=0 the theory predicts the original 3/2
power VFT-like lawf10–14g

xDDMsP,V,Td = Ax expS B*TC
1.5

sT − TCd1.5D . s8d

Finally, then, the total volume of the defectsstotal free vol-
ume in the materiald is given by

Vdefect total= Vsing+ Vclus. s9d

This theory of free volume can be compared with other free-
volume theories that have been used widelyf17–20g.

III. EXPERIMENTS AND RESULTS

The polyspropylene glycold of molecular weight 4000
sPPG 4000d studied in the present work was obtained from
Polysciences, Inc. The PALS data for glycerol have been
reported previouslyf21g.

A. Positron annihilation lifetime spectroscopy

The PALS spectra for PPG 4000 were obtained by the
conventional fast-fast coincidence method using plastic scin-
tillators coupled to Philips XP 2020 photomultiplier tubes.
The time resolution full width at half maximum of the
prompt spectra was 320 ps. A standard three component
analysis was carried out using aPATFIT-88 software package
f22g.

The temperature range of measurement was 15–320 K.
For data from 15 to 300 K, the sample was placed at the end
of the cold finger of a closed cycle helium refrigerator. The
sample was in vacuum and the temperature was controlled to
within ±0.5 K during the data acquisition. For measurements
from 290 to 320 K, the samples were placed in a sample
holder at atmospheric pressure and the temperature was con-
trolled to within ±2 K.

The sample was initially cooled to 15 K in about 2 h and
data were taken after allowing the sample to achieve thermal
equilibrium. The sample temperature was then increased sev-
eral kelvin, allowed to equilibrate for 15 min, and data were
taken. The process of increasing the sample temperature, al-
lowing the sample to equilibrate in 15 min, followed by data
acquisition was repeated until the highest temperature was
achieved. In all cases, the measuring time was 2 h or longer.
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After the heating cycle, data were taken similarly during a
cooling cycle beginning at room temperature. No hysteresis
was observed.

The resultant values of the o-Ps lifetimet3 were related to
the average radius of a spherical free-volume hole with an
electron layer of thicknessDR using

t3 =
1

2
F1 −

Rh

R0
+

1

2p
sinS2pRh

R0
DG−1

s10d

which is based on a simple quantum-mechanical modelf23g.
R0=Rh+DR where Rh is the radius of a spherical free-
volume hole andDR has been determined from the experi-
mental values oft3 for molecular solids of known hole size
to be DR=1.66310−10 m. Finally, the volume of the free-
volume holes was calculated usingVh=s4pRh

3/3d. The rela-
tive intensityI3, which reflects the PALS free-volume popu-
lation densityf24g, was also determined from the data. The
PALS results forVh and I3 vs temperature for PPG 4000 are
shown in Fig. 1. The PALS results for glycerolf21g are
shown in Fig. 2.

For both PPG 4000 and glycerol at the lowest tempera-
tures the PALS volumes exhibit an approximately linear re-
gion with a small positive slope. At aboutTg for each mate-
rial s197 K for PPG 4000 and 190 K for glycerold, the PALS
volumes begin to increase rapidly and nonlinearly as tem-
perature increases. At about 272 K for PPG 4000 and 280 K
for glycerol, the rapid rise in the PALS volume with tempera-
ture ceases and at higher temperatures the PALS volume is
relatively independent of temperature. This behavior is simi-
lar to that observed for other materialsf25–27g.

B. Dielectric relaxation and electrical conductivity

The electrical measurements were carried out using either
a CGA-85 capacitance measuring assembly, which operates
at 17 frequencies from 10 to 105 Hz, or a Solartron 1296

interfaced with a Solartron 1255 frequency response ana-
lyzer, which was used over the frequency range from about
10−2 to 106 Hz. All measurements were recorded asG/v
whereG is the conductance andv is the angular frequency.
The temperature was varied in a Precision Cryogenics CT-14
Dewar and the temperature was controlled using a Lake-
Shore Cryotronics DR92 temperature controller. The conduc-
tivity at temperatures other than room temperature and all of
the dielectric relaxation data were determined using a cell
similar to that described elsewheref28g.

Electrical response typical of both thea relaxation and
ionic conductivity were observed. For convenience, the
imaginary part of a Havriliak-NegamisHNd function f29g

«9svd = ImH D«a

f1 + sivtHNda1gg1
J s11d

was best fitted to the imaginary part of the dielectric constant
in order to determine the peak position for thea relaxation.

FIG. 2. PALS hole volumeVh, sopen symbolsd vs temperature
for glycerol. The solid line is the best-fit curvefEq. s19dg based on

the defect diffusion model withh=2 andN̄=2.

FIG. 3. Logarithm of the frequency of the maximum value of
the best-fit HN function,vmax sopen symbolsd, and logarithm of the
electrical conductivitys ssolid symbolsd vs temperature for thea
relaxation in PPG 4000. The solid line is the best-fit 3/2 power law
fEq. s8dg to the dielectric relaxation data.

FIG. 1. PALS hole volumeVh sopen symbolsd and relative o-Ps
intensityI3 ssolid symbolsd vs temperature for PPG 4000. The solid
line is the best-fit curvefEq. s19dg based on the defect diffusion

model with h=3 andN̄=2. The curved dashed line is the volume
associated with clusters aboveTg.
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The quantitiesD«a, tHN, a1, and g1 are the fitting param-
eters. The resultant peak position vs temperature is shown by
the open symbols in Fig. 3.

Both Eqs.s7d and s8d were best fitted to the relaxation
time vs temperature data for thea relaxation. The curve
generated by the best-fit 3/2 power VFT-like equation is
shown by the solid line in Fig. 3. For comparison, those
equations were also best fitted to data published by several
authorsf30–33g. All of the fitting parameters for PPG 4000
are listed in Table I. Fits of Eqs.s7d ands8d were also made
to literature data for glycerolf34–38g. Those parameters are
listed in Table II along with VFT parameters from the litera-
ture f39g. It is noted that, on the basis ofx2, four of the five
sets of dielectric relaxation data for PPG 4000 favor the 3/2
power law while all of the dielectric relaxation data for glyc-
erol favor the first powersVFTd law.

The conductivity measurement at room temperature for
PPG 4000 was carried out in a cylindrical cell identical to
that used in the study of ion-containing PPGf40g. The con-
ductance was determined from an impedance arc at room
temperature and the conductivity was calculated using

s =
Gl

A
s12d

wherel andA are the length and area of the sample, respec-
tively. The conductivity at room temperature was found to be

1.7310−10 S/cm. Since the conductivity is very low for
PPG 4000, it was only possible to obtain an impedance arc
for the highest temperatures studied. Consequently, the con-
ductance was calculated fromG/v at 0.1 Hz for all tempera-
tures other than room temperature and it was assumed that
the relative change in conductivity is the same as the relative
change in conductance.

The results for the conductivity vs temperature for PPG
4000 are shown by the filled symbols in Fig. 3. The axes
have been shifted so that both types of data appear to form a
single curve. Equationss7d ands8d with a factor of 1/T in the
preexponential because of the Nernst-Einstein relationf13g
were best fitted to the data for comparison with the dielectric
relaxation results. The best-fit parameters are listed in Table
I. As for most of the dielectric relaxation data, the fit favors
the 3/2 power law. It is seen in Fig. 3 that the curve gener-
ated by the 3/2 power VFT-like equation for thea relaxation
also does a reasonable job of representing the low tempera-
ture portion of the electrical conductivity data. This is not
surprising since it has been known for many years that both
the a relaxation and the conductivity appear to be related
f41g. However, the best-fit curve begins to deviate from the
conductivity data in the vicinity of 270 °C.

To further investigate the difference between the best-fit
curve and the data, a Stickel plotf42g was made for both the
conductivity and dielectric relaxation data for PPG 4000 and
is shown in Fig. 4. The conductivity shows an abrupt change

TABLE I. Best-fit parameters for VFT-like equations applied to PALS, dielectric relaxation, and electrical conductivity data for PPG

4000. The PALS parameters are forN̄=2. x2 are reduced values as given byORIGIN®.

First powersVFTd Three halves power

PALS

VMSD,0

s10−30 m3d
bB*TC

sKd
TC

sKd x2
VMSD,0

s10−30 m3d
bB*TC

1.5

sK1.5d
TC

sKd x2

324±44 273±34 140±7 7.2 238±25 3310±520 118±8 6.9

Electrical conductivityspresent workd
Temperature
sKd log10fAs sS K/cmdg B*

TC

sKd x2 log10fAs sS K/cmdg B*
TC

sKd x2

227.5–269.6 −3.69±0.13 5.95±0.32 168.8±1.6 0.00017 −4.63±0.10 5.55±0.39 150.0±1.9 0.00014

Dielectric relaxation

Temperature
sKd log10fAt ssdg B*

TC

sKd x2 log10fAt ssdg B*
TC

sKd x2

Present work

204.8–228.8 12.4±0.2 5.5±0.2 171.5±0.7 0.00025 10.8±0.13 3.6±0.2 160.8±0.9 0.00021

Schönhals and Schlosserf30g
195.7–268.2 12.2±0.2 7.2±0.3 163.4±0.8 0.0091 10.7±0.14 5.5±0.3 150.1±1.1 0.0084

Parket al. f31g
210.5–268 11.9±0.4 4.9±0.7 173±3 0.0116 10.9±0.3 3.8±0.7 159±3.9 0.0110

Leon et al. f32g
196–232.5 11.6±0.4 5.2±0.5 170±1.4 0.0101 10.0±0.3 3.1±0.4 161±1.8 0.0095

Schwartzet al. f33g
205–268 12.44±0.03 5.65±0.05 172.9±0.2 0.00018 11.17±0.05 4.1±0.1 159.9±0.5 0.00066

BENDLER et al. PHYSICAL REVIEW E 71, 031508s2005d

031508-4



in slope at about 270 K which is approximately the tempera-
ture where the best-fit curve begins to deviate from the con-
ductivity data. This implies the existence of a change in the
liquid spresumably a liquid-liquid transitiond at about 270 K.
This transition occurs at about the same temperature as the
high temperature transition in the PALS data for PPG 4000.

It is also interesting that, even though the axes have not
been shifted, the conductivity and dielectric relaxation data
fall on the same, approximately straight-line segment at low
temperatures. This agreement between thea relaxation and
the electrical conductivity data represents further evidence
for a common origin of the two processes.

IV. ANALYSIS OF THE FREE-VOLUME DATA

The theory was applied to the PALS data as follows. The
assumption is made that at low temperaturessT,TCd only
clusters existsc1=0d. Consequently, at low temperatures, the
PALS free volume is a measure of the average size of a free
volume cluster from which it follows that

VPALS
LT = N̄VICSD s13d

whereN̄ is the average number of single defects associated
with a cluster.

The ICSDs are assumed to have a thermal expansion co-
efficient aICSD. If VICSD,0 is the volume of an ICSD atT
=0 K, then

VPALS
LT = N̄VICSD,0s1 + aICSDTd. s14d

This equation was fitted to the data for PPG 4000 below
160 K where the concentration of MSDs is very small or

zero. The result for PPG 4000 is thatN̄VICSD,0=28.1
310−30 m3 andaICSD=4.0310−3 K−1. Since the data are ap-
proximately linear, for glycerol Eq.s14d was fitted to the data
over the temperature range 101–190 K. The fitting param-

eters for glycerol areN̄VICSD,0=9.6310−30 m3 and aICSD
=5.8310−3 K−1.

The next assumption that is made is that aboveTC both
MSDs and ICSDs exist. In this case, the PALS free volume is

VPALS
HT = Vdefect total/Ndefects s15d

whereVdefect total is given by Eq.s9d and Ndefects is the total
number of defects. However, because some of the single de-
fects are clustered, the total number of defects is given by

TABLE II. Best-fit parameters for VFT-like equations applied to PALS and dielectric relaxation data for

glycerol. The PALS parameters are forN̄=2. x2 are reduced values as given byORIGIN®.

First powersVFTd Three halves power

PALS

VMSD,0

s10−30 m3d
bB*TC

sKd
TC

sKd x2
VMSD,0

s10−30 m3d
bB*TC

1.5

sK1.5d
TC

sKd x2

430±230 570±170 107±23 2.58 240±99 8100±2900 72±28 2.60

Dielectric relaxation

Temperature
sKd log10fAt ssdg B*

TC

sKd x2 log10fAt ssdg B*
TC

sKd x2

Lunkenheimeret al. f34g
185–273 15.1±0.4 18.1±1.6 128.0±2.7 0.0082 13.2±0.4 23.3±3.5 106.2±4.0 0.0107

Stickel et al. f35g
186.9–280.5 15.12±0.02 19.5±0.1 125.9±0.2 0.00009 13.28±0.03 26.6±0.3 102.8±0.3 0.00019

Kudlich et al. f36g
185–278 15.1±0.3 18.6±1.4 129.2±2.3 0.0117 13.2±0.3 23.8±2.7 107.4±3.0 0.0125

Davidson and Colef37g, McDuffie and Litovitzf38g
198.6–265.6 15.3±0.1 20.3±0.7 126.0±1.1 0.00022 13.5±0.1 28.8±1.7 101.7±1.7 0.00032

Jeonget al. f39g
200–270 15.2 17.9 129

FIG. 4. Stickel plot for the electrical conductivity and frequency
of the maximum value of the HN function for PPG 4000.
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Ndefects=
Nsc − c1d

N̄
+ Nc1. s16d

Consequently, it is predicted that

VPALS
HT =

c1VMSD + sc − c1dVICSD

sc − c1d/N̄ + c1

s17d

and it follows that

VPALS
HT =

VMSD expF− S bB*TC
0.5h

sT − TCd0.5hDG + VICSDH1 − expF− S bB*TC
0.5h

sT − TCd0.5hDGJ
expF− S bB*TC

0.5h

sT − TCd0.5hDG +
1

N̄
H1 − expF− S bB*TC

0.5h

sT − TCd0.5hDGJ T . TC. s18d

Equivalently, the working equation is

VPALS
HT =

sN̄VMSD − VPALS
LT dexpF− S bB*TC

0.5h

sT − TCd0.5hDG + VPALS
LT

1 + sN̄ − 1dexpF− S bB*TC
0.5h

sT − TCd0.5hDG .

s19d

In order to fit the free-volume data, the simplest cluster
was chosen by assuming that on average there are two single

defects per cluster, i.e.,N̄=2. It was also assumed that MSDs
exhibit the same thermal expansion behavior as do the
ICSDs, i.e., it was assumed thataMSD=aICSD, so that

VMSD = VMSD,0s1 + aICSDTd. s20d

A best fit was carried out and the resulting fitting parameters
are listed in Tables I and II for PPG 4000 and glycerol,
respectively, and the best-fit curves are shown in Figs. 1 and
2. It is clear that the fit is good for both materials except at
high temperatures. It is interesting that, on the basis ofx2,
the 3/2 power law provides a better fit for PPG 4000 while
the first power law provides a better fit for glycerol. This is
consistent with the fits to the dielectric relaxation and elec-
trical conductivity data.

V. DISCUSSION

The preference of all of the glycerol data for the first
powersstandard VFTd law and the preference of most of the
PPG 4000 data for the three halves power law can be under-
stood in terms of the DDM. As mentioned in Sec. II, and
discussed previouslyf15g, the three halves power law of Eq.
s8d describes isotropic correlation volumessh=3d while the
first power law Eq.s7d corresponds to an anisotropic corre-
lation volumesh=2d. Consequently, the conclusion is that
glycerol exhibits a strongly anisotropic correlation volume.
This is consistent with the strongsdirectionald hydrogen
bonding that occurs in glycerol. Correspondingly, PPG 4000
appears to exhibit isotropicsnondirectionald van der Waals
intermolecular bonding.

The present treatment of PALS data gives an account of
the free volume both in the liquid nearTg and in the glass
below Tg. PALS data are usually interpreted in terms of a
single type of hole which expands rapidly at temperatures
aboveTg. However, a reason for this rapid expansion has
never been satisfactorily established. The present theory of-
fers an interpretation of PALS data suggesting that the o-Ps
spends time in two types of free-volume packets, with the
population of the larger packets growing rapidly aboveTC. In
this picture, the terms in the numerator of Eq.s18d
have a simple interpretation. Specifically, the term
exph−fbB*TC

0.5h / sT−TdC
0.5hgj=P is proportional to the prob-

ability that o-Ps is associated with a MSD ands1−Pd is
proportional to the probability that o-Ps is associated with a
cluster.

This interpretation is reminiscent of the explanation given
by Kobayashiet al. f24g to account for the single, well-
defined mean lifetime that is usually observed by PALS ex-
periments. Specifically, while it is expected that there is a
wide distribution of sizes of free-volume holes, the data can
be characterized by a single mean lifetime. The explanation
given by Kobayashiet al. f24g is that averaging takes place
because o-Ps can exist in more than one hole before annihi-
lation. Such averaging will take place if o-Ps can visit both
clusters and mobile single defects before annihilation. This is
consistent with our theory since aboveTC the MSDs are in
thermal equilibrium with ICSDs.

Several other aspects of the theory are consistent with the
PALS data. First, the relative intensityI3 is proportional to
the numberdensityof holesf24g and thus should be propor-
tional to the total number of defects,Ndefects, as given by Eq.
s16d, and also inversely proportional to the volume. At low

temperaturesT,TC, c1=0 andc, N, and N̄ are constant so
that Ndefects is constant. Since the change in volume with
temperature is small for the glass, it is predicted thatI3 is
approximately constant at low temperatures. At high tem-
peraturesT.TC, Ndefects increases as temperature increases.
The reason is that, in the present model, two single defects
are generated when one cluster breaks up as temperature in-
creases and thus assmalld increase inI3 with temperature
aboveTg is predicted. In addition, the volume increases as
temperature increases. Consequently,I3 will either increase
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or decrease as temperature increases depending upon
whetherNdefectsor the volume dominates the temperature de-
pendence. In order to undertake a quantitative test of the
model, the following quantity was identified as the theoreti-
cal normalized relative intensity:

N̄Ndefects

NcsVmacro/Vmacro,Tg
d

=
sc − c1d/c + N̄c1/c

1 + asT − Tgd
, s21d

where a is the macroscopic thermal expansion coefficient,
Vmacro is the macroscopic volume at any temperature, and
Vmacro,Tg

is the macroscopic volume atTg. For glycerol,a is
taken to be 5.0310−4 K−1 which is the average of the value
quoted by Kovacsf43g and the value calculated from the
data given by Piccirelli and Litovitzf44g. The value used for
PPG 4000 isa=6.97310−4 K−1 f45g. The experimental data
were normalized by arbitrarily dividingI3 by 0.235 for PPG
and 0.255 for glycerol, the respective low temperature limit-
ing values ofI3. The theoretical and experimental normalized
relative intensities are shown in Figs. 5 and 6. For PPG 4000,
the approximately constant value belowTg is reproduced and
both the theoretical and experimental relative intensities
show an increase of about 20% as temperature increases
from Tg s197 Kd to Tb2 s272 Kd. sSee below for discussion
of Tb2.d Interestingly, the theory also does a reasonable job of
predicting the variation of intensity aboveTb2 as can be seen
in Fig. 5 since both the experiment and theory are plotted up

to 305 K. For glycerol, the approximately constant value be-
low Tg is reproduced. In Fig. 6, aboveTg, I3 decreases mono-
tonically until it reaches a minimum, after whichI3 increases
monotonically. However, because the theoretical and experi-
mental values ofI3 are on different scales, the magnitude of
the theoretical decrease just aboveTg is much smaller than is
observed experimentally. This is not surprising since there
are phenomena that affect the intensity but not the lifetime.
However, the reason for the difference between the theoret-
ical and experimental intensities for glycerol remains to be
determined.

Next, the values of the exponents such asbB*TC are of
interest. The general features of the PALS exponent are con-
sistent with those for the electrical data in that the values for
PPG 4000 are smaller than for glycerol. This is usually in-
terpreted as an indication that PPG 4000 is more “fragile”
than glycerol. In fact, in early work, the valueD=B*TC was
proposed to be a measure of “fragility”f46–48g; the smaller
the value ofD, the more “fragile” the material. However, in
order to make a detailed comparison of the exponents, some
care must be taken since the numerator of the exponent for
PALS isbB*TC

0.5h vs B*TC
0.5h for either dielectric relaxation or

electrical conductivity. Interestingly, this makes the present
theory of PALS independent of the stretched exponential pa-
rameter sinceB* has b in the denominator, i.e.,B* =
−sL1L2L3/d0

3dlns1−cd /b. Using the values ofTC and b
=0.51 for PPG 4000f49–52g, B* was calculated for the PPG
4000 PALS data and the results are listed in Table III. The
value ofb for glycerol, however, appears to be temperature
dependent, varying from about 0.55 atTg to about 0.8 at

FIG. 5. Normalized relative intensity vs temperature for PPG
4000. The data are shown by the points and the theory based on the
three halves power law and Eq.s21d is shown by the line.

FIG. 6. Normalized relative intensity vs temperature for glyc-
erol. The data are shown by the points and the theory based on the
first power law and Eq.s21d is shown by the line.

TABLE III. PALS parameters.

First powersVFTd Three halves power

Compound B* c1/ c Vsing/Vdefect total sc−c1d/ c Vclus/Vdefect total B* c1/ c Vsing/Vdefect total sc−c1d/ c Vclus/Vdefect total

Tb2 Tb2 Tg Tg Tb2 Tb2 Tg Tg

PPG 4000 3.8 0.12 0.76 0.9937 0.87 5.1 0.18 0.79 0.9909 0.86

Glycerol 9.7–6.7 0.036 0.77 0.9990 0.92 24.1–16.6 0.068 0.78 0.9982 0.92
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about 280 Kf53g. That leads to the values for the PALSB*

that are listed in Table III.
While the value ofB* is about the same for both PALS

and the electrical data for the three halves power law, the
PALS values are smaller for the first powersstandard VFTd
law. Since the three halves power law provides a better fit for
most of the data for PPG 4000, the exponents for the PALS
and dynamical data are probably about the same. However,
for glycerol, for which all of the data favor the first power
law, the value ofB* is significantly smaller for the PALS data
than for the dynamical data. Certainly, differences between
the characteristic parameters for the PALS and dynamical
data are not unexpected since it is likely that the PALS re-
sponse is sensitive to more defects than just those respon-
sible for either dielectric relaxation or electrical conductivity,
for example. The concept is that MSDs exist that are not
involved in dielectric relaxation or electrical conductivity
and PALS should also be sensitive to those MSDs.

This interpretation may also explain the behavior of the
critical temperatureTC. Again, as is clear from Tables I and
II, the general trend observed for the PALS critical tempera-
ture is the same as that for the electrical data since the critical
temperatures for the PALS data for glycerol are significantly
lower than those observed for PPG 4000. However, it is also
clear from Tables I and II that there is a tendency forTC to be
lower for the PALS data than for the dynamical data though
the critical temperatures are almost the same to within the
uncertainty for glycerol. Again, the explanation is that PALS
is a measure of all MSDs while the dynamical data are only
sensitive to a subset. That implies that, on average, the con-
centration of MSDs becomes zerosMSDs cease to existd at a
lower temperature than the dielectric relaxation or electrical
conductivity MSDs.

Next, in the standard VFT formulation, it is found that the
volume of a MSD extrapolated to zero temperature,VMSD,0,
is approximately 273310−30 m3 for PPG 4000 and 570
310−30 m3 for glycerol. These values are somewhat larger
than the values based on the 3/2 power law and can be
compared with the van der Waals volume of a monomer unit
of PPG 4000, 61310−30 m3 and the van der Waals volume
of a molecule of glycerol, 86.5310−30 m3. The correspond-
ing radii, which are on the order of 0.4 nm, are reasonable
and consistent with what would be expected to facilitate dy-
namical processes such as dipole reorientation or ion trans-
port. A noteworthy feature is that for both materials the value
of VMSD,0 is larger than the volume of a cluster since

N̄VICSD,0=28.1310−30 m3 for PPG 4000 andN̄VICSD,0=9.6
310−30 m3 for glycerol. At first sight, this may seem unrea-
sonable and it would be for a cluster of atoms. However, in
the present theory these are empty holes and the concept is
that when the holes cluster, the atoms fit together more effi-
ciently so that there is a reduction in the free volume.

Next, in the case of PPG 4000, as has been pointed out
from both the electrical conductivitysFig. 3d and PALS, a
transition occurs at about 272 K. For glycerol, the PALS data
exhibit a transition at about 280 K. Correspondingly, dielec-
tric relaxation data for glycerol show a transition at about
285 K f48g. The ratio of the transition temperature toTg is
approximately 1.47 for glycerol and 1.38 for PPG 4000. Evi-

dence for subtle transitions at temperatures above the glass
transition temperature, usually but not always close to 1.2Tg,
has been discussed in detail as early as 1963f54g. In fact,
Boyer discussed the evidence for a transition in glycerol at
1.48Tg. Boyer labeled this transition temperature asTLL, re-
flecting the fact that he considered this to be a liquid-liquid
transition. Transitions in this temperature regime have also
been discussed by van Krevelenf55g and Stickelet al. f56g.
Stickel et al. label the transition temperature asTB. In the
case of the PALS data, the temperature where this transition
occurs is often labeled asTb2 f57g and interpreted as a limi-
tation of the PALS technique. The reason is that aboveTb2
the holes can no longer be considered to be static andt3
becomes approximately constant because of the effect on the
o-Ps of the vibrations of the atoms near the holes.

Some insight into the nature of this transition can be ob-
tained by examining the model parameters atTb2 s272 K for
PPG 4000 and 280 K for glycerold. The values ofc1/c, the
ratio of the average concentration of MSDs to the average
total concentration of defects, andVsing/Vdefect total, the ratio
of the average volume of MSDs to the average total volume
of defects, were calculated and the results are listed in Table
III. The values ofc1/c for PPG 4000s0.12 and 0.18 for the
first power and three halves power laws, respectivelyd are in
the range of fractions that are typical for percolationf58,59g
but the values for glycerols0.036 and 0.068d are lower. How-
ever, it is also seen in Table III thatVsing/Vdefect totalis about
the same for both materials and both laws nearTb2, ranging
from about 0.76 to 0.79. Consequently, atTb2 on the order of
78% of the total defect volume is mobile single defects. The
large fractional volume of MSDs atTb2 is reasonable and is
qualitatively consistent with the results of recent computer
modeling studies of PPG 4000 which suggest that at about
20 K aboveTb2, free volume percolatesf60g. It is interesting
to speculate that a true liquidsT.Tb2d is a liquid where
MSDs percolate.

The theory parameters atTg are also of interest since, in
the context of defect diffusion theory, the glass transition
temperature is interpreted to be the temperature at which
rigidity percolatesf10–13g. The values ofsc−c1d /c, the ratio
of the average concentration of ICSDs to the average total
concentration of defects, andVclus/Vdefect total, the ratio of the
average volume of ICSDs to the average total volume of
defects, atTg s197 K for PPG 4000 and 190 K for glycerold
were calculated and the results are listed in Table III. For
PPG 4000 it is found thatsc−c1d /c=0.9937 and 0.9909 for
the first power and three halves power laws, respectively,
while for glycerol, the values are 0.9990 and 0.9982. While
those values are larger than would be expected for standard
percolation phenomena, it is also found thatVsing/Vdefect total
is 0.87 for the first power law and 0.86 for the three halves
power law for PPG 4000 and about 0.92 in both cases for
glycerol. Consequently, the volume fraction of ICSDs atTg
is on the order of the volume fraction of MDSs atTb2. Thus,
the data are qualitatively consistent with the defect diffusion
interpretation that the glass transition occurs when rigidity
percolates.

VI. SUMMARY

In summary, a free-volume theory is developed based on
the DDM. PALS o-Ps free-volume and intensity data are pre-
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sented for PPG 4000 in both the glassy and liquid states. In
addition, dielectric relaxation and electrical conductivity data
are reported for PPG 4000 in the liquid state. The DDM is
used to interpret all of the data for PPG 4000 and previously
reported PALS data for glycerol.

It is shown that while the PPG data exhibit a preference
for the three halves power law, the data for glycerol favor the
first powersstandard VFTd law. Good agreement between the
DDM and the experimental results is found for all of the
electrical data and the PALS free-volume data. In general,
both the value of the exponent and the critical temperature in
the VFT-like law are found to be lower for the PALS data
than for the electrical data. The difference is attributed to a
PALS experiment being sensitive to all types of defectssfree-
volume holesd, while the electrical experiments only sample
a rather specialized subset of defects. While good agreement
is also found for the PALS intensity data for PPG 4000, a
discrepancy exists between the experimental PALS intensity
data and theory for glycerol.

For the electrical conductivity for PPG 4000, a transition
is observed at the same temperaturesapproximately 1.4Tgd
where the PALS free volume changes from steeply rising
with temperature to approximately independent of tempera-
ture. The same behavior is observed for previously reported
dielectric relaxation and PALS data for glycerol. Model pa-
rameters are presented that show the dominance of MSDs
above 1.4Tg and the dominance of ICSDs belowTg.

As a consequence, the following picture of glasses and
glass-forming liquids emerges.

s1d Below Tg a material is dominated by immobile clus-
ters and thus a glass is a material where rigidity percolates.
There may also be mobile defects in the glassy state such as

those responsible for theb relaxation. Presumably, those de-
fects do not cluster since theb relaxation in the glassy state
usually exhibits Arrhenius behaviorf61g and the DDM pre-
dicts Arrhenius behavior for nonclustering defectsf15g.
However, these sub-Tg defects have not been taken into ac-
count in the present simple formulation.

s2d BetweenTg and a higher temperature such as 1.4Tg
sTB, Tb2, or TLLd there is a mixed system of MSDs and IS-
CDs. Depending on the system and correspondingly the be-
havior of the defects, there may be transitions or changes in
dynamics at an intermediate temperature. For example, in
some materials, PALS data show changes atTb1 that is inter-
mediate betweenTg andTb2 f57g.

s3d Above the higher temperature, a material is dominated
by mobile defects and thus a true liquid is one where MSDs
percolate. It is interesting to speculate that above the higher
temperature is the region where mode coupling theory
sMCTd is applicablef62–64g. The fact that the higher tem-
perature region begins well aboveTg would explain the rea-
son that the critical temperature in the MCT is significantly
aboveTg.
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