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Abstract

A positron annihilation lifetime spectroscopic (PALS) study was carried out on
a typical representative of simple hydrogen-bonded glass formers—glycerol—
over a wide temperature region from 100 K up to room temperature. Several
crossover temperatures, Ty;, were identified in the temperature dependences
of the ortho-positronium (o-Ps) lifetime and the relative o-Ps intensity. The
onset temperature of free-volume change, 137 K, was compared with the value
of 135 £ 3 K obtained from extrapolating thermodynamic data and with the
temperatures from relaxation data. In order to determine the influence of the
free-volume evolution on the relaxation dynamics above the glass transition
temperature T, the free-volume fraction from the PALS data was related to
the behaviour of the dielectric loss of glycerol. A new relationship between
the temperature parameters of the onset of free-volume change and of the high-
frequency wing of the dielectric loss is presented. Taking the PALS free-volume
data as input for a free-volume model (Doolittle ansatz), it was found that the
relaxation times t,, can be reproduced above the bend temperature Ty, = 241 K;
the latter lies in the vicinity of crossover temperatures reported from mode
coupling theory analyses of dynamic data. In the lower-temperature region
To>T > Ty = T,, a contribution from thermally activated mobility has to
be included to reproduce the dielectric relaxation time data.

1. Introduction

Glycerol (1, 2, 3-propanetriol) is one of the most systematically studied glass formers.
The classical calorimetric studies on both the supercooled liquid and the glassy state of
disordered systems started just on this important compound [la, b]. Later, with the
developments of various dynamic techniques such as viscosity [2a—c], ultrasonic [2b, 3a, b]
and dielectric relaxation spectroscopy (DRS) [4a—e] light scattering (LS) [Sa—d] and neutron
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scattering (NS) [6a—c] and NMR [7a—d], glycerol has been repeatedly used as a model
system for its good glass formation ability. Glycerol exhibits all the common features of
the supercooled liquids, i.e. non-Arrhenius temperature and non-Debye time or frequency
behaviours of the primary relaxation [8]. According to the Oldekop—Uhlmann—Angell
classification scheme [9a—c] it belongs to the group of the glass-forming liquids of intermediate
fragility. The corresponding mean relaxation time—temperature plots are virtually independent
of the measuring methods [3b, 7d, 10a—e]. This remarkable behaviour points towards a single
relaxation mechanism for various measuring probes [3a], which may be connected with the
possibility of forming hydrogen bridges between the molecules and their potential influence
on the dynamics in the supercooled liquid state of glycerol [11].

Understanding the phenomenological features of the dynamics in supercooled liquids
requires the knowledge of the structural evolution of any glass-forming system on going from
the normal fluid liquid through the supercooled liquid state into the rigid glass, where the
relaxation time varies over 13—14 decades. Traditionally, x-ray and NS techniques provide
important information via the static structure factor. These data however comprise only
aprojection from 3D space into a one-dimensional structural coordinate and show only more or
less smooth continuous temperature dependence of the main—peak position and width, which
somehow change at the glass transition temperature, T, [12a—d]. These studies led to the
conclusion that the glassy state behaves like an amorphous solid that keeps the microscopic
structure of the liquid.

Positron annihilation lifetime spectroscopy (PALS) is a unique technique for measuring
the local variation of density via the ortho-positronium (o-Ps) probe. Positrons from a *’Na
source enter the condensed sample and the lifetime of each single positron is measured. The
positron can annihilate as a free positron with an electron in the medium in about 7, = 0.4 ns
or form a metastable bound state called positronium (Ps) together with an electron. If the spins
are antiparallel, para-positronium (p-Ps) is formed, having an intrinsic lifetime t; = 0.125 ns.
The o-Ps with parallel spins has a lifetime 73,0 = 142 ns in a vacuum. In condensed matter,
this lifetime of o-Ps is shortened to 73 = 1-5 ns because the positron can pick off an electron
with opposite spin from the surrounding medium and annihilate with it. Thus, o-Ps is very
sensitive to the presence of various defective regions such as vacancies in crystals or free-
volume holes, cavities and voids in disordered systems [13]. The relative intensities of the
discussed annihilation channels are I;, where i = 1, 2 and 3. Recent methodological progress
enables the extraction from the o-Ps data (73 and /3) of the free-volume characteristics such as
the mean free-volume hole sizes [14a—c], Ry, and the free-volume hole fractions [15a, 15b],
Jn. Consequently, the availability of these parameters allows us to discuss directly the role of
the free-volume factor in the dynamics of supercooled liquids [15b, 16].

The aim of this paper is to present the results of a PALS investigation on glycerol over
a wide temperature range and to check the free-volume ansatz by Doolittle describing the
relaxation dynamics of the supercooled liquid state as obtained by means of detailed dielectric
spectroscopic study [4e,7d]. Finally, the results of the analysis on glycerol will be compared
with those from an analogous study on a typical fragile van der Waals simple glass former,
namely ortho-terphenyl (OTP) [15b, 16, 17].

2. Experiment

Glycerol as supplied from Aldrich was used in both PALS and dielectric experiments.

The positron annihilation lifetime spectra were obtained by the conventional fast—fast
coincidence method using plastic scintilators coupled to Phillips XP 2020 multipliers. The
time resolution of prompt spectra was 320 ps. A model-independent instrumental resolution
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function was obtained from the decay curve of 2°’Bi with a single lifetime of 186 ps. In the
conventional three-component analysis the PATFIT-88 software package [18] was used.
Temperatures from 100 K up to room temperature, including the glass transition
temperature TgDSC = 190 K, were covered.
The details of dielectric measurements and of a phenomenological description of the
dielectric loss behaviour of glycerol have been reported in [4e] and [7d].

3. Results

3.1. o-Ps annihilation and free-volume data

Figure 1(a) shows both the 0-Ps annihilation characteristics of glycerol as a function of
temperature. The o-Ps lifetime, 13, exhibits four regions of different temperature behaviour.
The transition from one region to the other can be characterized by three crossover temperatures,
Tpi. The most pronounced change is found at T, = 189 K, which is close to 7, as
monitored by dilatometry [19] or calorimetry [la, b]. Thus, it defines the glass transition
temperature as measured by the PALS method, 7;*™°. In addition, the second change is
observed in the liquid state at Ty, = 241 K. This effect at 1.277 lies in the vicinity of the
so-called critical temperature as obtained from recent mode coupling (MCT) analyses [24] of
glycerol: TLS = 235 K [20], TPRS = 249 K [21], T} = 250 K [22], T’ = 259 K [23],
TPRS =262 K [11] and TL5 ™9 NS — 262 K [5d]. Here, the superscripts 1, DRS, LS and NS
mark the corresponding techniques. On the other hand, a model-independent determination of
a crossover temperature was obtained by Stickel et al by analysing the temperature dependence
of the dielectric relaxation time; this yielded a temperature 7g = 285 K [25]. This Ty value is
rather close to the third bend temperature at around Ty,3 = 290 K, which is characterized by the
equality between the mean o-Ps lifetime and the characteristic time of the primary « relaxation,
7, [7d]. The region above T3 indicates a relatively soft matrix characterized by rapid exchange
of positions of molecular constituents. Consequently, only below this temperature does the
o0-Ps probe ‘feel’ relatively rigid surroundings, so that it can be used to characterize the free-
volume microstructure of condensed material. A similar temperature dependence of t3 has
been found also for OTP [17]—see figure 1(b)—as well as a typical polymer glass former:
cis—trans-1,4-polybutadiene (PBD) [26].

The second o-Ps annihilation quantity, the relative intensity, I3, exhibits three regions of
different behaviour (cf figures 1(a) and (b)). In the glassy state we observe a rather constant
value with relatively large scatter. Above TgPALS two regions with opposite temperature
dependences can be found, leading to a minimum at around 260 K. The initial decrease
starting just above Ty is replaced by an increase slightly above Ty, as obtained from the 73-T
dependence. A similar behaviour of /3 can be found in the OTP case—see figure 1(b).

The two quantities t3 and /3 have to be converted into free-volume quantities. The mean o-
Ps lifetime, 73, is a measure of the size of the free-volume region, R}, and both these quantities
are related via a semi-empirical quantum mechanical model of o-Ps in a spherical hole [14a—c]:

73 = 1/2[1 — Ru/Ro + (1/27) sin (27 Ry / Ry)]™" M

where Ry = R, + AR; AR = 1.656 A is an empirical parameter obtained from fitting PALS
data on molecular solids of known hole size such as molecular crystals and zeolites [14b, c].
The mean free-volume hole sizes, V},, measured for glycerol (see figure 2) are relatively small
compared with the van der Waals molecular volume, V| = 86.5 A3, indicating very effective
packing of glycerol molecules. At T;A"S and Ty, the mean free-volume hole sizes reach about
23 and 54% of the molecular volume, respectively. At temperature T = 270 K the mean
free-volume hole is comparable to the molecular size. Note that these estimations in glycerol
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Figure 1. (a) Mean o-Ps lifetime, 73 (M) and
0-Ps relative intensity, /3 ({J) as a function
of temperature for glycerol. (b) The same
dependences for OTP from the data of [17].
The same symbols as in (a).

are comparable to those for OTP [15b], but essentially smaller than those reported for various
polymers [26,27]. This indicates that there is an essential difference in the mean relative free-
volume hole sizes between the small-molecular and polymer amorphous systems in identical
physical states, (e.g. at Ty, = T, or Tyz). This may be explained by the connectivity of polymer
chains, which does not allow effective filling of the space by the monomer constituents held

together by directed bonds.
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Figure 2. Mean hole volume, V}, (M) and free-volume hole fraction, f;, ((J) versus temperature for
glycerol as obtained from equations (1)—(4), respectively.

The second free-volume characteristic, i.e. the free-volume hole fraction, f;, can be
obtained from another semi-empirical equation [15a]:

(™) = Kyn - W(T) - I(T) 2
where I3(T) is the relative o-Ps intensity (a measure of free-volume hole density),
Vi = (47r/3’)R}3l [13a—] and Ky is the proportionality coefficient obtainable from a

phenomenological model of volumetric and free-volume hole properties [15b]. This model
links the macroscopic volume behaviour from dilatometry to the microscopic free-volume
properties from PALS via their respective thermal coefficients in order to quantify the free-
volume hole fraction. Starting with a linear dependence of the macroscopic volume V on
temperature for a liquid phase above the glass transition temperature, 7:

V(T) = Vi+ By (T = T) 3

where ,3{, is the liquid-state expansivity and V; and 7; are the initial (onset) volume or
temperature, respectively, at which the free volume V(T) — V; begins to appear. The
free parameters of our model can be determined from both the dilatometric and PALS
data and, consequently, their physical meaning can be discussed by comparisons with
the relevant thermodynamic and dynamics data. Continuing with the usual definitions of
the free-volume fraction f(7) = Vy(T)/V(T) and for its thermal expansion coefficient
afpe =[1/f(Ty]-[Af(T)/AT], we can arrive at a quadratic equation in T;,

T?+bT,+c=0 “)

where the coefficients contain experimentally accessible quantities only:
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Figure 3. Dielectric loss ¢” (v) as a function of frequency, v, at different temperatures for glycerol
from [4e] and [7d].

b=—[1+ay (T +Tl/ay, (4a)
c=[(1+ay T)Tl/ay, +[(1+ay DT/} (T — Tyay,]
— (1 +ay  T)T 1/l se (T — Ty)ay,gl (4b)

where o:lv o 1s the thermal expansion coefficient of the macroscopic volume and oc}g is

the thermal expansion coefficient of the free-volume fraction. In the context of the PALS
method, the free-volume fraction f(7') can be identified with the free-volume hole fraction
J/n(T) through the o-Ps annihilation data—equation (2). Then, Ky can be determined from
equations (3) and (4) using V-T liquid-state data.

Thus, in the case of glycerol, by using the input data, i.e. oy, = 4.8 x 1074 K~ [19],
oshg = 1.78 x 1072 K~!, T, = 190 K and the higher boundary temperature of region I, 7 =
240 K, we obtain 7; = 137 K and the corresponding packing coefficient p; = V| /V; = 0.75.
The temperature T; is in good agreement with the Kauzmann temperature of glycerol [28a],
at which the extrapolated entropy of the supercooled liquid reaches that of the corresponding
crystal Tx = 135 +/— 3 K [28b-d] as determined from the data of the original calometric
results [1b]. In addition, 7; is quite consistent with the Vogel temperatures, 7, at which
the relaxation time diverges, as found from numerous fittings to dynamic data by the Vogel-
Fulcher-Tammann-Hesse (VFTH) equation [2a, 3b, c, 4a—d, 5c, 10a—e, 11]. This observation
is similar to that for OTP [15b] with one exception. In the case of OTP, the identification of
Ty is rather sensitive to the temperature interval used in the VFTH equation fit. The second
free parameter of the model, p;, obtained for glycerol lies in the vicinity of that of the closest
regular packing of hard spheres, 0.74. Again, similar results are found for the OTP case [15b].

Having determined both free parameters of the phenomenological volumetric—free-volume
model, we can fix the calibration coefficient Ky, to be 5.14 x 1073 A3 and the resulting
effective free-volume hole fraction is depicted in figure 2. These values will be utilized in
analysis of the role of the free-volume hole factor in the supercooled liquid dynamics. Note
that the free-volume hole fraction ranges from about 2% in the glassy state up to 12% at
around Ti;3.
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Figure 4. Spectral parameters § and y of the imaginary part of the dielectric susceptibility as
a function of temperature for glycerol from [4e] and [7d].
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3.2. Dielectric relaxation data

The results of the detailed DRS studies [4e,7d] on glycerol over wide temperature and frequency
ranges are compiled in figure 3, where the dielectric relaxation data in terms of log &” versus
log v are presented. Here, ¢” marks the imaginary part of the dielectric sucsceptibility at
measuring frequency v as a measure of the dipole reorientational mobility. The data include
not only the primary o relaxation peak region characterized by the &”(v) o« v=# power law
at v > Vpeak, but also its high-frequency wing at v > vpeax, for which ”(v) o v, with
B > y. The relaxation peak can be interpolated by a Cole-Davidson (CD) function [4a, b],
while both the first and second power-law regimes can be quantitatively described by a novel
generalized Cole—Davidson (G-CD) function [4e, 7d]. Figure 4 represents the temperature
dependences of both exponents, 8 and y, from 100 K up to 320 K. The 8 exponent depends
slightly on temperature, indicating that the frequency superposition principle holds in first
approximation for the frequency region around the relaxation peak. On the other hand, the y
exponent exhibits stronger temperature dependence. At high temperatures § and y become
similar, which may indicate that the wing disappears at highest temperatures. Well below T,
the exponent appears to be frozen in at a very low value. Similar results have been reported in
the literature [29a—c]. In addition, the mean relaxation time of the primary « process, 7y, as
a function of temperature is presented in figure 5. All these fitting parameters of the lineshape
analysis are to be interpreted in the context of the PALS results. This will be the subject of the
following section relating the structural and dynamical information.
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Figure 5. Relationship between the « relaxation time, 7,,, from dielectric spectroscopy and the free-
volume hole fraction, fp, from the PALS method for glycerol in terms of the WLF-Doolittle-type
equation (5) with Tier = 241 K.

4. Discussion

4.1. Relationships between o-Ps annihilation, free-volume hole and relaxation data

Having compiled PALS and DRS data on the same sample glycerol offers a unique opportunity
to relate structural and dynamic properties. On cooling, the change of slope in the dependence
of 73 on T at around 240 K in figure 1(a) may reflect the impact of the onset of certain frustra-
tional constraints, such as clusters or even microcrystals on the free-volume hole contraction
still in the liquid state above 7. This may lead to the change in the motional state of supercooled
liquid and to the approximate identity of Ty, with the crossover temperatures 7., determined
from mode-coupling theory (MCT) analyses of a series of dynamic quantities. Thus, our ex-
perimental finding of the different o-Ps lifetime expansivities above and below the temperature
Ty» ~ T, suggests the structural origin of dynamic change in the supercooled liquid above 7.

The initial decrease in I3 just above T in figure 1(a) suggests the existence of some relative
rapid motion because a fraction of the free-volume sites for o-Ps localization can be eliminated
due to some mobility on a timescale of up to nanoseconds—the blocking hypothesis [30]. In-
deed, the dielectric data on glycerol (see figure 3) reveal the presence of such a motion, which is
manifested by the high-frequency wing of the relaxation peak of the primary «-process close to
T, [4c,31]. Withincreasing temperature and the accompanying macroscopic volume expansion
the blocking effect of the localized rapid mobility is reduced and, consequently, /3 begins to in-
crease. This finding is consistent with the above-mentioned releasing of restricting constraints
on the expansion of free-volume holes during heating of the sample beyond T = 240 K.
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Phenomenologically, the high-frequency motion is characterized by the y exponent (see
figure 4). Linear extrapolations of y(T') in the liquid, i.e. above T,, provide two interesting
limiting cases, which can be related to the PALS results. The low-temperature extrapolation
to y = 0 gives Tp,, = 134 K, which agrees with the above-mentioned initial temperature of
the free-volume change 7;, with the Vogel temperatures 7j from various dynamic quantities
as well as the Kauzmann temperature Tx. Although it is not clear whether the high-frequency
wing strictly belongs to the primary « relaxation, or may be regarded rather as some sort of
secondary relaxation [32a, b], this coincidence seems to suggest that many dynamic properties
of supercooled liquid glycerol have a common origin and supports the idea that the wing might
at least be a precursor of the « relaxation in glycerol.

On the other hand, the high-temperature extrapolation to the case y = B gives Ty, =
308 K, which is in the vicinity of T3 = 290 K from PALS and apparently consistent with
the fluid character of liquid. However, this extrapolation must be considered as tentative only,
because the high-frequency wing feature apparently disappears already at around 265 K, consis-
tent with our findings that I3(T) reverses its trend with temperature (from decreasing to increas-
ing) and that the mean free-volume hole size becomes comparable to the molecular volume.

Summing up these findings we can suggest that the high-frequency wing might be
some type of localized ‘in-cage’ motion which precedes the large-scale ‘out-cage’ primary
«a relaxation and is reflected by the PALS data.

After having established these mutual relationships between the free-volume
microstructure and the primary « relaxation, including its high-frequency part, we can analyse
the role of the free-volume factor in the dielectric relaxation dynamics directly. Figures 5 and 6
show the results of the analysis of further fitting quantities from the detailed DRS study, i.e.
the mean « relaxation time, 7, in terms of free-volume hole fraction f,(7") from figure 2.

The WLF-Doolittle-type equation [33a, b],

loga:(T) =log 7(T)/t(Trer) = (B)[1/fu(T) — 1/ fo(Trer)] &)

where Tir is an appropriately chosen reference temperature and (B) = B/2.303 is a fitting
parameter, works quite well in region III—see figure 5. According to the Cohen—Turnbull
statistical-mechanical interpretation [34] of the Doolittle equation, the B-coefficient is a mea-
sure of the critical free volume necessary for the movement of a kinetic unit. Thus, the (B)
fitting parameter coefficient can be considered as a measure of the extent of the cooperative
region of supercooled liquid responsible for free-volume redistribution which leads to the
formation of a critical free-volume hole in the immediate neigbourhood of the moving entity
participating in the primary relaxation. Outside region III we observe deviations from equa-
tion (5). Above 290 K the deviation is due to the equality between 73 and 7, and, hence, the
intrinsic limitation of the PALS method. It is interesting to note that the onset of this departure
agrees with the crossover temperature at 285 K for the crossing from the VFTH (or Doolittle)
equation to the Arrhenius one [25].

At lower temperatures, below Ti.s = Tyy = 240 K, the character of the deviation suggests
some additional factor which contributes to the primary relaxation process. The two basic
factors controlling the motion in condensed matter, i.e. the free volume and thermal activation,
may be combined to yield a single equation. This was introduced by formulating the WLF-
Doolittle-Macedo—Litovitz-type equation [35]:

loga(T) = (B)[1/fn(T) — 1/ foa(Trer)] + (Eact/2.303R)[1/T — 1/ Tre]. - (6)

Here, E, is the activation energy. This approach can be used in the analysis of the difference
between the measured log a(T) dependence and the free-volume contribution obtained from
PALS. Figure 6 shows that this additional factor indeed obeys the Arrhenius law with
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E.« = 63+ 2 kJ mol~!. This value is about three times the typical cohesive energy of
the hydrogen-bond bridge (220 kJ mol~") [36a—c].

We note that the change from the free-volume-dominated regime to that controlled by
both the free volume and the thermal activation at around 240 K does not necessarily indicate
the onset of hydrogen bonding among molecules, because they can be formed already above
Ty, as in simple alcohols [37]. It might mean a qualitative change in the impact of hydrogen
bonding of molecules on the cooperative « relaxation. This statement seems to be consistent
with the results of the analysis of the density data of glycerol in terms of the simple cluster
model [38a, b]: on cooling the volume fraction of clusters of the bonded molecules increases
slightly from room temperature down to 233 K, where it achieves 10%, and grows further more
steeply up to a level of 30% at T, where an infinite percolating cluster of strongly bonded
molecules should be formed [38a, b].

Finally, our finding of a transition from the free-volume-controlled regime above Ty,
to the combined free-volume and thermal activation one at lower temperatures seems to
resemble the potential energy landscape concept [39a—d] postulating the growing role of
thermal-activated dynamics with decreasing temperature. However, in contrast to the original
landscape postulate, the sub-Ty,, dynamics of glycerol is dominated by a common action of both
the free-volume and the thermal activation factors and not by the activation energy term alone.

4.2. Comparison of intermediate and fragile simple glassformers

In this section, we compare the two low-molecular-weight glass formers analysed so far from
the point of view of free-volume theory: glycerol as a liquid with an intermediate fragility
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mg = 53 [40] and OTP [15b, 17] with a high fragility (m; = 81) [40]. In spite of their
different chemical structure (H-bridge bonded versus van der Waals system) both molecular
glass formers exhibit universal behaviour in the o-Ps data—see figures 1(a) and (b): (i) the t3—-T
dependence bends at 1.277, or 1.17T,, respectively and (ii) the /3—T dependence shows similar
behaviour, consisting in a decrease (minimum) just above the particular 7, in the vicinity of the
bend temperature. On the other hand, the main difference is the fact that the dynamics of OTP
can be reproduced over the whole liquid range [15b] by taking the effective PALS free-volume
hole fraction, while for glycerol the structural relaxation is controlled by this factor only above
T2; below Ty, an activation-energy term has to be included. This comparison implies that the
H-bond bridges alone are not responsible for the presence of the change of slope in the 73-T
dependence, although they influence essentially the fragility of glycerol with respect to OTP
as well as the polymer glass former PBD [26]. The open question remains what causes the
characteristic changes in the temperature dependence of the PALS parameters in all the types
of glass former in the supercooled liquid state above T,. Evidently, a deeper understanding of
these phenomena requires the application of an interdisciplinary approach combining PALS
with various dynamic techniques on further suitable chosen model systems.
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