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Free-volume dynamics in glasses and supercooled liquids
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A free-volume theory is developed based on the defect diffusion m@i@M). In addition, positronium
annihilation lifetime spectroscopPALS) ortho-positronium free-volume and intensity data are presented for
poly(propylene glycol with a molecular weight of 4000PPG 4000 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 powefstandard Vogel-Fulcher-Tammaraw. 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 temperatabeut 1.4 whereTj is the glass transition temperatywehere
the PALS free volume changes from steeply rising with temperature to approximately independent of tempera-
ture. The same behavior is observed at abouElfér previously reported dielectric relaxation and PALS data
for glycerol. Model parameters are presented that show the dominance of mobile single defects above
(1.4-1.9T4 and the dominance of immobile clustered single defects bdlpwrinally, 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 o(t) = exfd - (t/7)7] (1)

with 8<1, and the time scale diverging with an essential

In spite of the enormous technological and scientific im'singularity according to a Vogel-Fulcher-TammatvFT)
portance of the glassy state, a fundamental understanding gf,, [7-9]

why many liquids supercool below their crystallization tem-

perature and then solidify to an amorphous solid state re- rerxp( D ) )

mains elusivg1-5]. Most remarkably, perhaps, no consensus T-T,

o Ko g, 288 temperature fals ovarcs 3 vall T cicl o
y y ' erature, wherer diverges, is belowl;, and evidence sug-

Kauzmanrj entropy para@ox strongly sugge;ts that the theg'ests that it is closely tied to the Kauzmann temperaiyre
modynamics of the liquid state plays a major role. Kauz-

. X the temperature at which the entropy of the liquid extrapo-
mann first noted that the excess heat capacity of a supefsies to zero.

cooled liquid results in such a rapid decrease in the entropy |, previous work [10-15, a defect diffusion model

of the liquid with falling temperature that if the glass transi- (DDM) was described that is consistent with the above-
tion did not intervene, the entropy of the liquid would shortly mentioned kinetic features of glass-forming liquids. When
fall below the entropy of the cryst§6]. The intervention of  the defect mean trapping time is longer than the experimental
the kinetic glass transition to avoid this thermodynamic ca-observation time the stretched exponential law follows, and
tastrophe is either a striking coincidence, or else evidencehe time scale is inversely related to the concentration of
that underlying thermodynamic changes are fundamentallynobile single defect§MSDs). Immobile, clustered single
related to glass formation. Kinetic features of glass formatiordefects(ICSD9 were also considered. As temperature falls
have been intensely studied in recent ydadisand a consen- the number of ICSDs increases leading to increased rigidity
sus has largely resulted. The transition to the vitreous state &nd giving rise to a Vogel-Fulcher-Tammann type law. Pre-
accompanied by a dramatic slowing of all molecular pro-vious work[10-15 focused completely on the kinetics of the
cesses in the fluid. Characteristic time scales vary fronfluid and the kinetic effects of the defects. At a given tem-
109 to 1C° s over a temperature interval as small as 50 °CPerature and pressure abolg the mobile defects are con-
Hallmarks of the region above the glass transition temperaS€rved in number and assumed to be reasonably abundant so

ture T, include relaxation studies that find a stretched expolhat they can visit every site in the fluid on the time scale of
nential law 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 T¢ [15] so the approximation that=1 will be made in what
studied, the pertinent degrees of freedom are dipole orientdellows. Finally, % is a constant describing the dimensional-
tions, and the defects assist relaxation by freeing dipole roity of the correlation volume. This gives rise to the following
tations. The degrees of freedom associated with the defecis~T-like equation for dynamical properties:

themselves were neglected and not assumed to contribute to 057

the cha_nges taking place agwas a_pproache_d_ or trav_ers_ed. xopm(P,V,T) = A, exp( O.c; ) (6)

In this paper we show that positron annihilation lifetime (T=Te)">(1-9)
spectroscopy(PALS) experiments above and beloly can ts the dielectric relaxation ti lectrical resistiv-
be successfully interpreted if one identifies the MSDs and: "ePresents the dielectric relaxation ime, electrical resistiv
ICSDs with the free-volume holes in which the ortho- |ty_, or recuirocal \{,'SCOS'ty’ tor example.. In the case where
positronium(o-P9 resides. We can term these free-volume 7=2 and4=0 the “standard” VFT equation, E(),
regions packets, since we assume that some are mbkéde B T D
the MSDs and experience intermittent diffusion throughout ~ Xoom(P,V,T) = A, GX%T ) =A eXp(T—T ) (7)
the fluid visiting and relaxing dipoles, ions, volume, stress,
etc., and some are fixed in positifiike the ICSD$. Identi- is obtained and ify=3 (isotropic three dimensional correla-
fying the defects with free-volume packets yields excellention volume and =0 the theory predicts the original 3/2
agreement with experiment both above and belgywThe  power VFT-like law[10-14
results give insight into the manner whereby the kinetics and ie15
thermodynamics of a supercooled liquid are simultaneously Xoom(P,V,T) = A, ex B—C> (8)
altered through the same defect mechanism. DOMAT T X (T-To)t®

Many other theories of glass-forming liquids exist and
have recently been reviewgé—4]. In addition, a theory of
glass formers based on a lattice model has recently appearéI
[16]. To date, however, none of the theories has been applied Vetect tota™ Vsing+ Velus: (9)
to the results of PALS experiments both above and bélgw

Finally, then, the total volume of the defedtstal free vol-
oe in the materialis given by

This theory of free volume can be compared with other free-
L. A MODEL OF MOBILE EREE-VOLUME PACKETS volume theories that have been used widély—20.
In the DDM, the total volume of the MSDs can be written Ill. EXPERIMENTS AND RESULTS

Vsing(T) = NViuspCy ©)] The polypropylene glycol of molecular weight 4000
(PPG 4000 studied in the present work was obtained from
Polysciences, Inc. The PALS data for glycerol have been
reported previously21].

whereN is the total number of sites; is the concentration
of MSDs (probability that a MSD exisjs and Vy,gp is the
mean volume of a MSD. Next, the total volume of the clus-

ters is given b
g y A. Positron annihilation lifetime spectroscopy

VeudT) =NViespl(C =) (4) The PALS spectra for PPG 4000 were obtained by the
wherec is the total concentration of single defe¢gobabil-  conventional fast-fast coincidence method using plastic scin-
ity that a single defect exist&indV,cgp is the mean volume tillators coupled to Philips XP 2020 photomultiplier tubes.
of an ICSD.(c—c;, is the concentration of ICSDs. The time resolution full width at half maximum of the

Next, from previous wor10-14 and generalizing to prompt spectra was 320 ps. A standard three component
include the effect of an anisotropic correlation volufi&],  analysis was carried out usingraTFIT-88 software package
the concentration of the MSDs is [22].
05y The temperature range of measurement was 15-320 K.
o= cexp{— ( BB TZ )} TST (58 For data from 15 to 300 K, the sample was placed at the end
! (T-To)%) |’ © 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
=0, T<Te. (5b) from 290 to 320 K, _the samples were placed in a sample
holder at atmospheric pressure and the temperature was con-
Further, B"=-(L,L,Ls/dd)In(1-c)/B where B is the trolled to within +2 K.
stretched exponential parametdy, is the average distance  The sample was initially cooled to 15 K in about 2 h and
between neighbor “lattice sitegpositions where defects can data were taken after allowing the sample to achieve thermal
exisf) at P=0 and some reference temperature, apdL,, equilibrium. The sample temperature was then increased sev-
andLz are characteristic lengths associated with the correlagral kelvin, allowed to equilibrate for 15 min, and data were
tion volume. These lengths are defined BYT)=L[Tc/  taken. The process of increasing the sample temperature, al-
(T-Te)1°5 T¢ is the critical temperature below which there lowing the sample to equilibrate in 15 min, followed by data
are no MSDs andy is a constant that describes local field acquisition was repeated until the highest temperature was
effects. It has been pointed out that 1 except very near to achieved. In all cases, the measuring time was 2 h or longer.

and
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FIG. 1. PALS hole volumé&/,, (open symbolsand relative o-Ps
intensityl; (solid symbol$ vs temperature for PPG 4000. The solid
line is the best-fit cu_rvéEq. (19)] based on the defect diffusion

model with »=3 andN=2. The curved dashed line is the volume
associated with clusters abo¥g.
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FIG. 2. PALS hole volume/,, (open symbolsvs temperature
for glycerol. The solid line is the best-fit_cur\&Eq. (19)] based on

the defect diffusion model witly=2 andN=2.

interfaced with a Solartron 1255 frequency response ana-
lyzer, which was used over the frequency range from about

After the heating cycle, data were taken similarly during al0?to 10° Hz. All measurements were recorded G¢w

cooling cycle beginning at room temperature. No hysteresi
was observed.

The resultant values of the o-Ps lifetimgwere related to
the average radius of a spherical free-volume hole with a

1

WwhereG is the conductance and is the angular frequency.
The temperature was varied in a Precision Cryogenics CT-14
Dewar and the temperature was controlled using a Lake-
l§hore 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 elsewhdi28].

2

T3=

electron layer of thicknesAR using
-1
)} (10

2

1-—+—sin

Ry 2m Ro
which is based on a simple quantum-mechanical mi|
Ry=R,*+*AR where Ry, is the radius of a spherical free- Ae
volume hole andAR has been determined from the experi- m
mental values ofr; for molecular solids of known hole size HN
to be AR=1.66x 1071 m. Finally, the volume of the free- was best fitted to the imaginary part of the dielectric constant
volume holes was calculated usihg:(47rRﬁ/3). The rela- in order to determine the peak position for theelaxation.
tive intensityl;, which reflects the PALS free-volume popu-
lation density[24], was also determined from the data. The
PALS results fotv,, andl; vs temperature for PPG 4000 are
shown in Fig. 1. The PALS results for glycerfi2l] 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 aboti, for each mate-
rial (197 K for PPG 4000 and 190 K for glycejpthe 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 i
relatively independent of temperature. This behavior is simi-
lar to that observed for other materig25—27.

Electrical response typical of both the relaxation and
ionic conductivity were observed. For convenience, the
imaginary part of a Havriliak-NegantHN) function[29]

g"(w) =1m (11
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FIG. 3. Logarithm of the frequency of the maximum value of
the best-fit HN functionw,,, (open symbols and logarithm of the
The electrical measurements were carried out using eitheflectrical conductivitys (solid symbol$ vs temperature for ther
a CGA-85 capacitance measuring assembly, which operateslaxation in PPG 4000. The solid line is the best-fit 3/2 power law
at 17 frequencies from 10 to 4®z, or a Solartron 1296 [Eq.(8)] to the dielectric relaxation data.

B. Dielectric relaxation and electrical conductivity
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TABLE |. Best-fit parameters for VFT-like equations applied to PALS, dielectric relaxation, and electrical conductivity data for PPG
4000. The PALS parameters are fdr2. ¥ are reduced values as given bRIGIN®.

First power(VFT) Three halves power
PALS
Vmsp,o BB Tc Tc Vmsp,o BB T Tc
(1030 md) (K) (K) X (10730 md) (K*9) (K) X
324+44 273134 140+7 7.2 238+25 3310+520 118+8 6.9
Electrical conductivity(present work
Temperature Tc Tc
(K) logid A, (S K/cm)] B’ (K) X logid A, (S K/cm)] B’ (K) X
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 Te Te
(K) logyd A, (s)] B’ (K) X log,d A, (s)] B’ (K) X
Present work
204.8-228.8 12.4+0.2 55+0.2 171.5+0.7 0.00025 10.8+0.13 3.6+0.2 160.8+0.9 0.00021
Schonhals and Schlosg&0]
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.[31]
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
Leonet al.[32]
196-232.5 11.6+0.4 5.2+£0.5 170+1.4 0.0101 10.0+£0.3 3.1+04 161+1.8 0.0095
Schwartzet al.[33]
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

The quantitiesAe,, Ty, @, and y; are the fitting param- 1.7X1071°S/cm. Since the conductivity is very low for
eters. The resultant peak position vs temperature is shown BPG 4000, it was only possible to obtain an impedance arc
the open symbols in Fig. 3. for the highest temperatures studied. Consequently, the con-
Both Egs.(7) and (8) were best fitted to the relaxation ductance was calculated fro@v w at 0.1 Hz for all tempera-
time vs temperature data for the relaxation. The curve tures other than room temperature and it was assumed that
generated by the best-fit 3/2 power VFT-like equation isthe relative change in conductivity is the same as the relative
shown by the solid line in Fig. 3. For comparison, thosechange in conductance.
equations were also best fitted to data published by several The results for the conductivity vs temperature for PPG
authors[30-33. All of the fitting parameters for PPG 4000 4000 are shown by the filled symbols in Fig. 3. The axes
are listed in Table I. Fits of Eq$7) and(8) were also made have been shifted so that both types of data appear to form a
to literature data for glycerd34—38. Those parameters are single curve. Equationd) and(8) with a factor of 17T in the
listed in Table Il along with VFT parameters from the litera- preexponential because of the Nernst-Einstein reldtic)
ture[39]. It is noted that, on the basis gf, four of the five ~ were best fitted to the data for comparison with the dielectric
sets of dielectric relaxation data for PPG 4000 favor the 3/2elaxation results. The best-fit parameters are listed in Table
power law while all of the dielectric relaxation data for glyc- |. As for most of the dielectric relaxation data, the fit favors
erol favor the first powe(VFT) law. the 3/2 power law. It is seen in Fig. 3 that the curve gener-
The conductivity measurement at room temperature foated by the 3/2 power VFT-like equation for theelaxation
PPG 4000 was carried out in a cylindrical cell identical toalso does a reasonable job of representing the low tempera-
that used in the study of ion-containing PP4®]. The con-  ture portion of the electrical conductivity data. This is not
ductance was determined from an impedance arc at roomurprising since it has been known for many years that both
temperature and the conductivity was calculated using the « relaxation and the conductivity appear to be related
[41]. However, the best-fit curve begins to deviate from the
_Gl (12) conductivity data in the vicinity of 270 °C.
A To further investigate the difference between the best-fit
curve and the data, a Stickel pl@t2] was made for both the
wherel andA are the length and area of the sample, respeceonductivity and dielectric relaxation data for PPG 4000 and
tively. The conductivity at room temperature was found to beis shown in Fig. 4. The conductivity shows an abrupt change

o
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TABLE II. Best-fit parameters for VFT-like equations applied to PALS and dielectric relaxation data for
glycerol. The PALS parameters are fdF2. x? are reduced values as given bRIGIN®.

First power(VFT) Three halves power

PALS
Vusp,o BB Tc Tc Vuvisp,0 BB T’ Tc
(10730 m3) K) K) X (1073 m?) (K9 K) X
430+230 570+170 107423 2.58 240499 8100+£2900 72+28 2.60
Dielectric relaxation
Temperature Tc Te
(K) logi A, (9] B (K) x> logidA; (9] B’ (K) X
Lunkenheimeet al. [34]

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. [35]
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. [36]

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 Col¢37], McDuffie and Litovitz[38]
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. [39]
200-270 15.2 17.9 129

in slope at about 270 K which is approximately the tempera- IV. ANALYSIS OF THE FREE-VOLUME DATA

ture where the best-fit curve begins to deviate from the con- .
ductivity data. This implies the existence of a change in the The theory was applied to the PALS data as follows. The

liquid (presumably a liquid-liquid transitigrat about 270 K. assumption is made that at low temperatfes:Tc) only

This transition occurs at about the same temperature as tl%USterS eX|stc1:O): Consequently, at low tempergtures, the

high temperature transition in the PALS data for PPG 4000!3ALS free volume is a measure of the average size of a free
It is also interesting that, even though the axes have nofo!ume cluster from which it follows that

been shifted, the conductivity and dielectric relaxation data VAT =NV

fall on the same, approximately straight-line segment at low PALS ™ TTTICSD

temperatures. This agreement betweendfvelaxation qnd whereN is the average number of single defects associated
the electrical conductivity data represents further ewdencgvith a cluster

for a common origin of the two processes. The ICSDs are assumed to have a thermal expansion co-
efficient aycsp. If Vicspo is the volume of an ICSD al

(13

L . L . =0 K, then
1.2- " - _
1 . PRGHA00 Vas=NVicspd 1 +aicspl)- (14)
o i " L
— 1.0 " This equation was fitted to the data for PPG 4000 below
o2 08' '-_ I 160 K where the concentration of MSDs is very small or
g o " | zero. The result for PPG 4000 is th&V,cspo=28.1
S 0 / . _ L X 1073 m3 and aycgp=4.0X 1073 KL, Since the data are ap-
T | x=o(Skm o " X= 0,8 i proximately linear, for glycerol Eq14) was fitted to the data
X -l T 1 i over the temperature range 101-190 K. The fitting param-
e ] E‘I“Iu% i eters for glycerol areNV,cgpo=9.6x103°m? and aicsp
2 ol bl =5.8x 103 K™,
o The next assumption that is made is that ab®yeboth
0.0 MSDs and ICSDs exist. In this case, the PALS free volume is
25 3.0 35 4.0 45 5.0

1000/T (K™

VEXLS = Vdefect totaﬁ Ndefects (15)

where Vyefect 1otaliS given by Eq.(9) and NyefectsiS the total

FIG. 4. Stickel plot for the electrical conductivity and frequency humber of defects. However, because some of the single de-
of the maximum value of the HN function for PPG 4000.

fects are clustered, the total number of defects is given by
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N(c-c c.V, +(Cc—cCcpV,
Ndefects: (ﬁ 1) +NCl. (16) VEXLS: 1VMSD ( 1) ICSD (17)

(c- cl)/ﬁ+ Cy

Consequently, it is predicted that and it follows that

BB*TO.Srj BB*TO.SU

VpaLs= T>Te. (18
pETE |, 1 pBTC”
expl -\ o5 ) | T = 1-exg - Y
(T=-To)™>" N (T=-Te)™>"
[
Equivalently, the working equation is The present treatment of PALS data gives an account of
05y the free volume both in the liquid nedy and in the glass
(ﬁv VAT Jex _( BB Tc + VAT below Ty. PALS data are usually interpreted in terms of a
o MSD — ¥PAL (T-To)5 PALS single type of hole which expands rapidly at temperatures

Veais= — BB TS ‘ aboveT,. However, a reason for this rapid expansion has
1+(N- 1)exp[— <—005)J never been satisfactorily established. The present theory of-
(T=To)™™" fers an interpretation of PALS data suggesting that the o-Ps
(19) spends time in two types of free-volume packets, with the
population of the larger packets growing rapidly abdyeln
In order to fit the free-volume data, the simplest clusterthis picture, the terms in the numerator of EL8)
was chosen by assuming that on average there are two singhkave a simple interpretation. Specifically, the term
defects per cluster, i.eN=2. It was also assumed that MSDs exp(—[8B"T¢>/ (T-T)¢>]}=P is proportional to the prob-
exhibit the same thermal expansion behavior as do thability that o-Ps is associated with a MSD afii-P) is

ICSDs, i.e., it was assumed thafsp=a|csp, SO that proportional to the probability that o-Ps is associated with a
cluster.
Vmsp = Vusp o1 + @icspl) - (20) This interpretation is reminiscent of the explanation given

A best fit was carried out and the resulting fitting parameter®y Kobayashiet al. [24] to account for the single, well-
are listed in Tables | and Il for PPG 4000 and glycerol,défined mean lifetime that is usually observed by PALS ex-
respectively, and the best-fit curves are shown in Figs. 1 anBeriments. Specifically, while it is expected that there is a
2. It is clear that the fit is good for both materials except atVide distribution of sizes of free-volume holes, the data can
high temperatures. It is interesting that, on the basis?of bg characterized by a single mean Ilfet|me: The explanation
the 3/2 power law provides a better fit for PPG 4000 whilediven by Kobayashet al.[24] is that averaging takes place
the first power law provides a better fit for glycerol. This is P€cause o-Ps can exist in more than one hole before annihi-
consistent with the fits to the dielectric relaxation and elec/ation. Such averaging will take place if o-Ps can visit both
trical conductivity data. clust(_ars and moblle single d(_afects before annihilation. Th|s is
consistent with our theory since aboVg the MSDs are in
thermal equilibrium with ICSDs.

Several other aspects of the theory are consistent with the
PALS data. First, the relative intensity is proportional to

The preference of all of the glycerol data for the first the numbedensityof holes[24] and thus should be propor-
power (standard VFT law and the preference of most of the tional to the total number of defectSyereis @s given by Eq.
PPG 4000 data for the three halves power law can be undef16), and also inversely proportional to the volume. At low
stood in terms of the DDM. As mentioned in Sec. Il, andtemperature§ <T¢, ¢;=0 andc, N, andN are constant so
discussed previouslyL5], the three halves power law of EQ. that Nyeecs iS cOnstant. Since the change in volume with
(8) describes isotropic correlation volumeg=3) while the  temperature is small for the glass, it is predicted thais
first power law Eq.(7) corresponds to an anisotropic corre- approximately constant at low temperatures. At high tem-
lation volume(%=2). Consequently, the conclusion is that peraturesT> Tc, NgerecisiNCreases as temperature increases.
glycerol exhibits a strongly anisotropic correlation volume.The reason is that, in the present model, two single defects
This is consistent with the stronfdirectiona) hydrogen are generated when one cluster breaks up as temperature in-
bonding that occurs in glycerol. Correspondingly, PPG 400@reases and thus @mall increase inl; with temperature
appears to exhibit isotropihondirectiongl van der Waals —aboveTy is predicted. In addition, the volume increases as
intermolecular bonding. temperature increases. Consequengywill either increase

V. DISCUSSION
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T(K) FIG. 6. Normalized relative intensity vs temperature for glyc-
erol. The data are shown by the points and the theory based on the
FIG. 5. Normalized relative intensity vs temperature for PPGfirst power law and Eq(21) is shown by the line.

4000. The data are shown by the points and the theory based on the 305 K. F | | th . | tant value b
three halves power law and E@1) is shown by the line. to 1. For glycerol, t € approximately constant value be-
low Ty is reproduced. In Fig. 6, abovig, |3 decreases mono-

) ) tonically until it reaches a minimum, after whithincreases
or decrease as temperature increases depending UPR{bnotonically. However, because the theoretical and experi-
whetherNgereisOr the volume dominates the temperature deomental values of; are on different scales, the magnitude of
pendence. In order to undertake a quantitative test of thehe theoretical decrease just abdygs much smaller than is
model, the following quantity was identified as the theoreti-ghserved experimentally. This is not surprising since there

cal normalized relative intensity: are phenomena that affect the intensity but not the lifetime.
— — However, the reason for the difference between the theoret-
NNgefects _(c=cy)lc+Ney/c 21) ical and experimental intensities for glycerol remains to be

determined.

Next, the values of the exponents suchgB T are of
where « is the macroscopic thermal expansion coefficient,interest. The general features of the PALS exponent are con-
Vmacro IS the macroscopic volume at any temperature, angistent with those for the electrical data in that the values for
VmacrOTg is the macroscopic volume at. For glycerol,ais ~ PPG 4000 are smaller than for glycerol. This is usually in-
taken to be 5.6 1074 K™t which is the average of the value terpreted as an indication that PPG 4000 is more “fragile”
quoted by Kovacg43] and the value calculated from the than glycerol. In fact, in early work, the vali2=B"T. was
data given by Piccirelli and Litovitg44]. The value used for proposed to be a measure of “fragilitit6—4§; the smaller
PPG 4000 isx=6.97x 10°* K1 [45]. The experimental data the value ofD, the more “fragile” the material. However, in
were normalized by arbitrarily dividingg by 0.235 for PPG  order to make a detailed comparison of the exponents, some
and 0.255 for glycerol, the respective low temperature limit-care must be taken since the numerator of the exponent for
ing values ofl 5. The theoretical and experimental normalized PALS is 8B"T%>” vs BT for either dielectric relaxation or
relative intensities are shown in Figs. 5 and 6. For PPG 400Glectrical conductivity. Interestingly, this makes the present
the approximately constant value beldyis reproduced and theory of PALS independent of the stretched exponential pa-
both the theoretical and experimental relative intensitiesameter sinceB” has S in the denominator, i.e.B =
show an increase of about 20% as temperature increasesL,L,L4/d3)In(1-c)/B. Using the values ofTc and B
from Ty (197 K) to Ty, (272 K). (See below for discussion =0.51 for PPG 400049-52, B" was calculated for the PPG
of Tp,.) Interestingly, the theory also does a reasonable job 0000 PALS data and the results are listed in Table 1ll. The
predicting the variation of intensity abovg, as can be seen value of 8 for glycerol, however, appears to be temperature
in Fig. 5 since both the experiment and theory are plotted uplependent, varying from about 0.55 B to about 0.8 at

NC(VmachVmacro',I'g) - 1+a(T- Tg) ’

TABLE lll. PALS parameters.

First power(VFT) Three halves power

Compound B* Cl/C Vsing/Vdefect total (C_Cl)/c Vclus/Vdefect total B* Cl/c Vsing/vdefect total (C_Cl)/c Vclus/vdefect total

Th2 Th Ty Tg Th2 Th2 Tg Ty
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 K[53]. That leads to the values for the PAIBS  dence for subtle transitions at temperatures above the glass
that are listed in Table Il transition temperature, usually but not always close td .2
While the value ofB” is about the same for both PALS has been discussed in detail as early as 1883 In fact,
and the electrical data for the three halves power law, th@oyer discussed the evidence for a transition in glycerol at
PALS values are smaller for the first powetandard VFT ~ 1.48T,. Boyer labeled this transition temperatureTas, re-
law. Since the three halves power law provides a better fit fofl€cting the fact that he considered this to be a liquid-liquid
most of the data for PPG 4000, the exponents for the paLdransition. Transitions in this temperature regime have also
and dynamical data are probably about the same. HoweveP€en discussed by van Krevelgsb] and Stickelet al. [56].
for glycerol, for which all of the data favor the first power Stickel et al. label the transition temperature &g. In the -
law, the value oB" is significantly smaller for the PALS data case of_the PALS data, the temperature where this transition
than for the dynamical data. Certainly, differences betweer‘?ct.CurS lfstﬁfteSAIEgetledhﬁz [57]|_ﬁmd mterpretetg atls ‘E limi-
the characteristic parameters for the PALS and dynamice} lon ot the echnique. The reason is that ablye

. T e holes can no longer be considered to be static @nd
data are not unexpected since it is likely that the PALS "®becomes approximately constant because of the effect on the

sponse is. sensi'tive to more dgfects than .jUSt those reSPOR-ps of the vibrations of the atoms near the holes.

sible for either dielectric rela_xatlon or eIectrlcal conductivity, = gome insight into the nature of this transition can be ob-

for example. The concept is that MSDs exist that are nofained by examining the model parameterdat(272 K for

involved in dielectric relaxation or electrical conductivity ppG 4000 and 280 K for glycejolThe values o, /c, the

and PALS should also be sensitive to those MSDs. ratio of the average concentration of MSDs to the average
This interpretation may also explain the behavior of thetotal concentration of defects, aMing/ Vaetect total the ratio

critical temperaturdc. Again, as is clear from Tables | and of the average volume of MSDs to the average total volume

Il, the general trend observed for the PALS critical temperaof defects, were calculated and the results are listed in Table

ture is the same as that for the electrical data since the criticall. The values ofc,/c for PPG 40000.12 and 0.18 for the

temperatures for the PALS data for glycerol are significantlyfirst power and three halves power laws, respectjvaig in

lower than those observed for PPG 4000. However, it is alsthe range of fractions that are typical for percolatié8,59

clear from Tables | and Il that there is a tendencyTgtto be  but the values for glycer@D.036 and 0.068are lower. How-

lower for the PALS data than for the dynamical data thoughever, it is also seen in Table Il thak,q/ Vefect totalS @about

the critical temperatures are almost the same to within thé&he same for both materials and both laws g ranging

uncertainty for glycerol. Again, the explanation is that PALS from about 0.76 to 0.79. Consequently;Tgs on the order of

is a measure of all MSDs while the dynamical data are only’ 8% of the total defect volume is mobile single defects. The

sensitive to a subset. That implies that, on average, the cof@rge fractional volume of MSDs &y, is reasonable and is

centration of MSDs becomes zeffdSDs cease to exisat a  dualitatively consistent with the results of recent computer
lower temperature than the dielectric relaxation or electricaNodeling studies of PPG 4000 which suggest that at about
conductivity MSDs 20 K aboveT,,, free volume percolatd$0]. It is interesting

Next, in the standard VFT formulation, it is found that the to speculate that a true liquil>Typ) is a liquid where

volume of a MSD extrapolated to zero temperatMgsp o MSDs percolate.

; ; 30 3 The theory parameters a&t, are also of interest since, in
's approximately 273 10*"m" for PPG 4000 and 570 the context of defect diffus%on theory, the glass transition

30 M3
X 10" m* for glycerol. These values are somewhat Iargertemperature is interpreted to be the temperature at which

than the values based on the 3/2 power law and can bg .jin nercolated10—13. The values ofc—c.)/c. the ratio
compared with the van der Waals volume of a monomer uni giaty p $ 3 fe-c)/c,

bf the average concentration of ICSDs to the average total
30 3
of PPG 4000, 6k 10" m*® and the van der Waals volume ncentration of defects, atdyy/ Vereet 11 the ratio of the

of a molecule of glycerol, 86.8 10™°° m®. The correspond- 4yerage volume of ICSDs to the average total volume of
ing radii, _whlch are on the order of 0.4 nm, are rga}sonablqjefects, afl, (197 K for PPG 4000 and 190 K for glycejol
and consistent with what would be expected to facilitate dyyyere calculated and the results are listed in Table Ill. For
namical processes such as dipole reorientation or ion trangpG 4000 it is found thaic—c;)/c=0.9937 and 0.9909 for
port. A noteworthy feature is that for both materials the valuene first power and three halves power laws, respectively,
of Vusp,o is larger than the volume of a cluster since while for glycerol, the values are 0.9990 and 0.9982. While
NV,csp 0=28.1x 10720 m® for PPG 4000 and\V,csp=9.6  those values are larger than would be expected for standard
X 10739 m? for glycerol. At first sight, this may seem unrea- percolation phenomena, it is also found tNaty/ Veetect total
sonable and it would be for a cluster of atoms. However, ins 0.87 for the first power law and 0.86 for the three halves
the present theory these are empty holes and the conceptpswer law for PPG 4000 and about 0.92 in both cases for
that when the holes cluster, the atoms fit together more effiglycerol. Consequently, the volume fraction of ICSDsTgt
ciently so that there is a reduction in the free volume. is on the order of the volume fraction of MDSsRp. Thus,
Next, in the case of PPG 4000, as has been pointed otihe data are qualitatively consistent with the defect diffusion
from both the electrical conductivit{Fig. 3) and PALS, a interpretation that the glass transition occurs when rigidity
transition occurs at about 272 K. For glycerol, the PALS datgercolates.
exhibit a transition at about 280 K. Correspondingly, dielec-
tric relaxation data for glycerol show a transition at about VI. SUMMARY
285 K [48]. The ratio of the transition temperature Tg is In summary, a free-volume theory is developed based on
approximately 1.47 for glycerol and 1.38 for PPG 4000. Evi-the DDM. PALS 0-Ps free-volume and intensity data are pre-
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sented for PPG 4000 in both the glassy and liquid states. Ithose responsible for the relaxation. Presumably, those de-
addition, dielectric relaxation and electrical conductivity datafects do not cluster since th@relaxation in the glassy state
are reported for PPG 4000 in the liquid state. The DDM isusually exhibits Arrhenius behavig61] and the DDM pre-
used to interpret all of the data for PPG 4000 and previouslyicts Arrhenius behavior for nonclustering defedtss].
reported PALS data for glycerol. - However, these sulf; defects have not been taken into ac-
It is shown that while the PPG data exhibit a preferencecount in the present simple formulation.
fpr the three halves power law, the data for glycerol favor the (2) BetweenT, and a higher temperature such asT}.4
first power(standard \_/FTIaW. Good agreement between the (Tg, Top, OF T, ) there is a mixed system of MSDs and IS-
DDM_and the experimental results is found for all of the ~pg Depending on the system and correspondingly the be-
electrical data and the PALS free-volume data. In general, . ior of the defects, there may be transitions or changes in
both the value of the exponent and the critical temperature i ynamics at an intermediate temperature. For example, in

the VFT-like law are found to be lower for the PALS data . o
than for the electrical data. The difference is attributed to &2 ¢ materials, PALS data show changeggathat is inter-

. : " diate betweeil, and Ty, [57].
PALS experiment being sensitive to all types of deféfrtse- me 9 b2 - .
volume holeg while the electrical experiments only sample (3) Above the higher temperature, a material is dominated

a rather specialized subset of defects. While good agreemem’ mobile de_fe(_:ts and _thus a true liquid is one where M.SDS
is also found for the PALS intensity data for PPG 4000, apercolate. It is interesting to speculate that above the higher

discrepancy exists between the experimental PALS intensit mpergture i.s the region where mode cou.pling theory
di':lta a%d tr?leo)r()ll for glyvé:lerol. Xper ! I MCT) is applicable[62—64. The fact that the higher tem-

For the electrical conductivity for PPG 4000, a transition perature regior] .begins well abovg would expl_ain.thej rea-
is observed at the same temperat(approximately 1.%,) son that the critical temperature in the MCT is significantly
“g

where the PALS free volume changes from steeply risind?°V€Tq:

with temperature to approximately independent of tempera-

ture. The same pehawor is observed for previously reported ACKNOWLEDGMENTS
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