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Abstract

A joint study of the rotational dynamics and free volume in amorphous 1-propanol

(1-PrOH) as a prototypical monohydroxy alcohol by electron spin resonance (ESR) or
positron annihilation lifetime spectroscopy (PALS), respectively, is reported. The dynamic
parameters of the molecular spin probe 2,2,6,6-tetramethyl- 1-piperidinyloxy (TEMPO)

and the annihilation ones of the atomic ortho-positronium (o0-Ps) probe as a function of
temperature are compared. A number of coincidences between various effects in the ESR and
PALS responses at the corresponding characteristic ESR and PALS temperatures were found
suggesting a common origin of the underlying dynamic processes that were identified using
viscosity (VISC) in terms of the two-order parameter (TOP) model and broadband dielectric

spectroscopy (BDS) data.

1. Introduction

The structural-dynamic state of organic systems can be basi-
cally investigated by two types of experimental techniques.
The first group is formed by direct techniques that use the
so-called internal probes stemming from the more or less
large number of the material’s constituents such as static and
dynamic density fluctuations in diffraction or scattering tech-
niques [1], or various effective electric dipoles in dielectric
spectroscopy [2] etc. Besides these classical techniques, indi-
rect ones based on the addition of very small amounts of an
appropriately small probe from the external surroundings of
the studied system and monitoring its corresponding behavior
are also utilized, however, to a much smaller extent. Recently,

combined studies on a series of amorphous small molecular
[3] and oligo and polymeric [4—7] organic glass-formers of
van der Waals and H-bond interaction types by two external
probes using electron spin resonance (ESR) and positron
annihilation lifetime spectroscopy (PALS) techniques have
been reported. The former utilizes one of the smallest stable
molecular radicals of the nitroxyl type, the so-called spin
probe, 2,2,6,6-tetra-methyl piperidinyl-1-oxy (TEMPO). The
temperature dependence of its rotational dynamics was com-
pared with the annihilation behavior investigated by PALS,
using the atomic-sized ortho-positronium (o-Ps) probe and,
subsequently, with the extracted local free volume parameters
of the organics studied. The ESR response of a spin system,
namely, the temperature dependence of the spectral parameter,


publisher-id
doi

2A,,, of spin probe TEMPO mobility in a given medium
revealed several characteristic ESR temperatures, such as the
most pronounced one, Ts5og, Which quantifies operationally a
main transition of the spin probe from the slow (s) to fast (f)
motional regime [8, 9]. Additional ESR temperatures were T;
and Tg(i, with i = 1 or 2, which reflect subtle changes in the
spin probe dynamics within the individual motional regimes
[3-7]. Another measure of the spin probe dynamics, i.e. the
correlation time, 7., of spin probe rotation ranges from 107 s
down to ca. 107 s in the slow regime and from ca. 107% s
down to 107! s in the fast one with a typical value at Tsog
of a few nanoseconds [9]. The PALS response for the same
amorphous glass-formers, the o-Ps lifetime, 73, exhibits sev-
eral regions of distinct behavior as a function of temperature
separated by the characteristic PALS temperatures, namely,
TbGi, TEALS, Tt,, and T, [10-13]. Subsequently, the 73 values
and sometimes also the characteristic PALS temperatures
of a series of glass-formers are in very close relationships
with various effects in the ESR response, especially above
the calorimetric glass temperature, TgD SC, Thus, the averaged
mean o-Ps lifetimes at the main characteristic ESR tempera-
ture, 73(7T50G), and at the other one within the fast regime,
7'3(T§i), lie in a series of various glass-formers in remarkably
narrow ranges of 2.17 £+ 0.15ns[3,4] or 2.85 £ 0.18 ns [4-7],
respectively. According to a standard quantum-mechanical
(SQM) model of o-Ps annihilation in a spherical free volume
hole approximation [14], these averaged mean characteristic
73 values correspond to the averaged mean free volumes
of Vi(Tsog) = 114 £ 15 A3 [3] or Vi(Thy) = 185 + 18 A3,
respectively [5—7], the latter one being comparable with the
van der Waals volume of the TEMPO molecule [4, 6]. These
findings indicate that the afore-mentioned dynamic changes
of TEMPO are closely connected with the presence of a cer-
tain local free volume that appears to be almost independent
of the chemical structure and the related type and extent of
vdW- or H-intermolecular bonding [3, 4], the topology of
molecules, i.e. small or short versus long) [3, 7] as well as
of the physical (glass versus liquid) state [6] of amorphous
compounds.

In most organic materials studied so far, the main charac-
teristic ESR temperature is situated above the glass transition
temperature with Tsog from TgDS’C + 26K up to TgDSC + 93K
or (1.10-1.50) x T°° [3] with one exception [6], and
Tsoc — TgDSC
nature of glass-formers. Similarly, the other characteristic
ESR temperature T%f‘ (i=1,2) lie at TgDSC + 63K up to
TgDSC + 138K or at (1.30-1.67) x TgDSC again dependent on
the chemical composition of the amorphous compound. At the
same time, T5og often coincides quite well with some of the
characteristic PALS temperatures such as T, and T, in the
liquid state of small molecule glass-formers or the liquid and
elastic state of oligo or polymeric ones, respectively. This sug-
gests common origins of the underlying physical processes
independent of the size of the used external probe differing by

or TSO(;/T?SC strongly depend on the chemical

a factor of ca.10: R,ps = 0.53 Aand RWTEMPO =345A. Thus,
for fragile vdW- as well as H-bonded small molecule glass-
formers such as propylene carbonate (Pc) and meta-toluidine
(m-TOL) or the intermediate H-bonded 1,2,3-propanetriol,
i.e. glycerol (GL) with quite different fragilities m, = 104
and 84 or 53 [15], respectively, the corresponding T’sog values
lie close to the so-called plateau effect in the PALS response
at TI,;2 [5, 17-20]. On the other hand, another fragile small
molecular glass-former, meta-tricresyl phosphate (m-TCP),
with mg = 87 exhibits rather the Ts5og = T, relationship
[3, 19]. For a series of five homo and hetero-polymers of simple
chemical structure without side groups, or at most with very
small ones, the corresponding characteristic ESR temperature
Tsog also compares quite well with the characteristic PALS
temperature Tt [4, 20]. Finally, in some other small molec-
ular glass-formers, 75 lies in between Tﬁl and Tﬁz [3, 21].

Next, for some glass-formers the origin of the charac-
teristic PALS temperatures T{jz and Tﬁl could be identified
with the specific motional modes as obtained mainly from
broadband dielectric spectroscopy (BDS). Thus, in a series of
organic glass-formers studied so far a dramatic bend effect at
the so-called plateau temperature T]gz is almost always con-
nected with the approximate identity: Tﬁz N T3(T£§2)]
[16-20], so that the second pronounced effect in the 73 versus
T dependence is associated with the primary « relaxation.
Consequently, on the basis of the closeness of Tsog with T%Q
as well as of the closeness of the respective mean time scales
one can also infer that a slow to fast regime transition in the
molecular spin probe dynamics may be controlled by the
same large-scale structural relaxation process. However, such
an identification of the underlying motion responsible for the
change in the rotational dynamics of the molecular probe was
possible in a few cases only such as the above-mentioned
small molecular glass-formers: fragile Pc [3, 17] and m-TOL
[3, 18] as well as intermediate GL [3, 16]. On the other hand,
as mentioned above, in some small molecular ones, 750 lies
in between Tlgl and Tﬁz [3] and the origin of the underlying
process remains unclear. Thus, while for the simplest polyal-
kanol (polyhydroxy alcohol), 1,2,3-propanetriol, i.e. glycerol
the approximate identity Tsog = T{;z is valid, for 1,2-pro-
pandiol, i.e. propylene glycol the relation T4, < Tsog < Tt»
[3, 21] was found. Therefore, it is of interest to apply both
the external probe ESR and PALS techniques, the former in
both the dynamic quantities, i.e. 2A,, and 7, on a typical
representative of the group of monohydroxy alcohols, i.e.
1-propanol, with the same number of carbon atoms in the
molecule but with one terminal hydroxy group only and to
address the role of the extent of the H-bond network on both
the ESR and PALS responses and their mutual relationship as
well as their relation to internal probe techniques detecting
structural relaxation such as viscosity and dielectric relaxa-
tion spectroscopy.
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Figure 1. Spectral evolution from broad triplets in the low 7 region through superimposed triplets in the intermediate 7 region to narrow
triplets at the high-7 region of TEMPO in 1-PrOH over a wide T range from 100K up to 260 K.

2. Experimental

2.1. Materials

1-propanol (1-PrOH) from Sigma-Aldrich, Inc, Germany of
99% purity was used as a medium. The glass temperature was
TgDSC = 100K [22]. As the spin probe, one of the smallest
stable free radical of nitroxyl type 2,2,6,6-tetramethyl-1-
piperidinyloxy (TEMPO) was utilized at very small concen-
tration of 4 x 10~* spin mol~! to avoid spectral line distortion
of the triplet signal.

2.2. ESR technique

ESR measurements of the spin system 1-PrOH/TEMPO were
performed on the X-band Bruker-ER 200 SRL spectrometer
operating at 9.4 GHz with a Bruker BVT 100 temperature
variation controller unit. The ESR spectra of the slowly cooled
doped 1-PrOH/TEMPO system were recorded on heating over
a wide temperature range from 100K up to 270K with steps
of 5K. To reach thermal equilibrium, the sample was kept at a
given temperature for 15 min before the start of three spectra
accumulations. The temperature stability was +£0.5K. The
microwave power and the amplitude of the field modulation
were optimized to avoid the signal distortion. Evaluation of
the ESR spectra was performed in terms of the spectral param-
eter of mobility, 2A,,,, as a function of temperature with a sub-
sequent evaluation of the spectral parameter of the mobility
Tsog parameter [8] and further characteristic ESR tempera-
tures, T?gﬂ', in both the slow and fast motional regimes [3-7].
The correlation time, 7.(7), as another measure of the spin

probe mobility and the corresponding characteristic ESR tem-
peratures such as 7. and further ones, T'%;, were obtained in
two ways: (1) Estimated using semi-empirical expression in
the fast regime [9] and (2) evaluated using a Non-linear Least
Squares Line (NLSL) simulation program based on the iso-
tropic Brownian model of the spin probe reorientation, which
allows the determination of both the time scales, TE:NLSL(T)
and T&NLSL(T) and the population fraction Fy(T'), F{(T) of the
spin probe TEMPO rotation dynamics in both the slow and
fast motion regimes [23].

2.3. PALS technique

The positron annihilation lifetime spectra of 1-PrOH were
obtained at the Institute of Physics of SAS, Bratislava by the con-
ventional fast—fast coincidence method using plastic scintillators
coupled to Phillips XP 2020 photo-multipliers. The time resolu-
tion of prompt spectra was about 320ps. The radioactive posi-
tron 2>Na source plus samples assembly was kept under vacuum
in a cryogenerator. During the low temperature measurements
from 15K up to 300K, samples in a holder were fixed at the
end of a cold finger of a closed-cycle refrigerator (Leybold) with
automatic temperature regulation. The higher temperature study
above room temperature (RT) was performed in a chamber
without vacuum. The stability of temperature was about 1K
[24]. The positron lifetime spectra were analyzed using the well-
known PATFIT-88 software package [25] in terms of a short-
term component from para-positronium p-Ps, 7, an intermediate
one attributed to ‘free’ positron, 7, and a long-term one, related
to free volume: ortho-positronium o-Ps, 73. The acquisition time
per each temperature point was at least 2 h.
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Figure 2. Spectral parameter of mobility of TEMPO in 1-PrOH as
a function of temperature. Four characteristic ESR temperatures:
T, Tsog, TR and T3 within the slow and fast motion
regimes are marked and discussed in the text. The open square
means one case of the ESR spectra just below Tsog with the
simultaneously distinguished slow and fast components. The error
bars do not exceed the point size.

3. Results

3.1. ESR data

Figure 1 displays the experimental ESR spectra of the TEMPO
probe in 1-PrOH as a function of temperature over a wide
temperature range from 100K up to 270K with a 20K step.
The typical course from a broad triplet to a narrow one with
increasing temperature with some fine structure in an interme-
diate region, which will be discussed in detail later, is evident.
The temperature dependence of the first measure of
spin probe dynamics, the spectral parameter of mobility of
the TEMPO, 24,,, in 1-PrOH is shown in figure 2. Five
regions of distinct thermal behavior depicted as A-E can
be distinguished. In the lowest T region A, a broad triplet
from the slow reorientation of the spin probe is character-
ized by a linear decrease in the extreme separation of the tri-
plet 24,/ from ca. 72.5 G with an onset of deviation above
T = 130K = 1.30 T2°C. This deviation initiates the
slow to fast transition region B with the sharp reduction in
2A,, caused by the averaging of magnetic anisotropy of the
molecular probe TEMPO due to some local mobility in its
surroundings. The most pronounced effect in the 2A,, versus
T plot is operationally quantified by the characteristic ESR
temperature at Tsog = 163K = 1.63 Tg SC, Finally, three
regions C-E of a narrow triplet signal within the fast motion
regime are marked by the subsequent characteristic ESR tem-
peratures Ty =182K = 1.82T, and T3 = 203K = 2.03
TgDSC. Note that both the relative characteristic ESR tempera-
tures Tsoc,/Tlgsc and T§;21Azz’/T§5C for 1-PrOH are higher than
those for other glass-formers including H-bonded ones lying
in the range of Tsoa/T>C € <1.10; 1.50 > [3] or T, /T2

g
€ <1.30;1.67>, respectively.
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Figure 3. Correlation times, TCNLSL and TEF , of TEMPO in 1-PrOH
as a function of temperature 7. Four regions are described by
the Arrhenius equations 7(7) = 7o ;.exp E; /RT with 7 ;in s
and E; in kJ mol~! as follows: (a) Slow regime 100-130 K:
7(T) = 2.2 x 10~ "exp (0.45/RT); (bl) slow regime:140-170 K:
7(T) = 2.7 x 10~ '%xp (23.8/RT) (b2) fast regime: 145-170 K:
7(T) = 9.3 x 10~ '%exp (8.3/RT), (c) fast regime 180-240 K:7
(T) = 1.1 x 10~ '* exp(18.5/RT). The inset displays the population
of slow component F,,, versus 7 with a linear fitting giving by

& ~ 180K. The characteristic

extrapolations: 7%, ~ 141 K and TE 4
ESR temperatures are discussed in the text.

In figure 3 the correlation times, T?LSL, obtained from the

detailed spectral simulations using the NLSL routine over
the whole T range from 100K up to 240K are presented as a
function of 1/T. The inset shows the temperature dependence
of the slow component fraction, F(7T'). In contrast to figure 2,
three basic regions of distinct behavior in the Arrhenius plot,
including the slow, the superimposed slow and fast and,
finally, the fast regimes (a—c) are evident with some similari-
ties but also some differences with respect to the 24,/ versus
T dependence. Thus, in the low-T region the raw broad triplet
spectra in the slow motion regime could be reproduced as an
one-component spin system, which provides the characteristic
ESR temperature 7%} = 137 K. This region is followed by the
ESR spectral region in intermediate 7 zone b from ca. 145K
up to ca. 170K characterized by the coexistence of broad
(bl) and narrow (b2) triplet signals and finished by high-T
region ¢ with the raw narrow triplet modeled as another one-
component spectrum again, see figure 4). The intermediate
zonebin figure 3 seems to startat around Tx 7 = T, = 137K
and to end at T, = 178K, as indicated by the respective
crossover points with the low-7 slow region a or the fast com-
ponent region b2, respectively. The extracted population frac-
tion F versus 7T data can be fitted quite well in a linear fashion

over the measured points providing the extrapolated boundary

temperatures: Th.. ~ 141 K and TE | ~ 180K values corre-
sponding to the limit cases of Fy =100% or Fy = 0%, respec-
tively. Strictly speaking, however, for 175K the raw ESR

spectra of TEMPO in 1-PrOH could not be already simulated
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Figure 4. Experimental and simulated ESR spectra of TEMPO in 1-PrOH at the following three representative temperatures 120K, 155K,

and 200K in the slow, intermediate, and fast motion regimes.

as a two-component spin system because of the extreme close-
ness of the respective correlation times and incapability of the

NLSL program to distinguish such close values of the correla-

tion times TZ’NLSL and Ti’NLSL, so that the true T.,q seems to lie

rather between 170 and 175K.

The characteristic ESR temperature 7, = T, is charac-
terized by the correlation time 7o (T%,.) = 2.7 x 1077 s.

Thus, while the first crossover temperatures within the slow
regime in both the way of analysis agree plausibly with each
other, T{F ~ T3 =T, =T
Tsog from 2A,, versus T plot lies within the superimposed
range b in figure 3, where the ESR spectra can be fitted by
a superposition of the slow and fast triplets with two distinct
time scales of the spin probe TEMPO. This co-existence of two
populations indicates the presence of dynamic heterogeneity in
the surroundings of spin probe TEMPO in the intermediate 7'
range of the 1-PrOH. In our case the dynamic heterogeneity as
seen by the TEMPO probe can be considered as a reorientation
of the spin probe in some ‘rigid’ or ‘mobile’ environment of
the medium. Finally, at and above the characteristic ESR tem-
perature, T, . the ESR spectra can be again simulated as the
one-component spin system of the spin probes TEMPO in the
fast region the TCNLSLS. The last characteristic ESR temperature
is T} = 183K, which results from a cross-section of the cor-
relation time from the fast component in the superposed ESR
spectra with the following rapidly decreasing one in high-T
fast region c. The activation parameters for all the four distinct
regions a—c are given in the caption of figure 3. In addition to
simulations, assuming the model of the isotropic rotation of the
nitroxide radical [9], the correlation times, TfF, of the spin probe
TEMPO in 1-PrOH as a function of temperature over the fast
motion regime above Ts5og = 163K in 7 range from 170K up
to 270K as estimated using the semi-empirical Freed—Fraenkel
(FF) equation [9] are also plotted in figure 3. Two linear regions
indicating different Arrhenius regimes are observed with the
following activation parameters: Tiow(7) = 700,eXp[E/RT]
= 5.4 x 107 "%exp[8.9 kJ mol~'/RT] and Thigh(T) = ToOheXP
[EW/RT] = 2.5 x 10~ "%exp[20.9 kJ mol~!/RT] with crossover
at TYT = 183K in good accordance with T;ZIA“’ = 182K for

2A,, in figure 2 as well as with T, ,, = 178K from figure 3.
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Figure 5. o-Ps lifetime, 73, and relative o-Ps intensity, /3, as a
function of temperature 7 in 1-PrOH with the characteristic PALS
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Note that T§<2 = 205K for 2A,,/ does not have a counterpart in

the log 7. versus 1/T plot. Both the correlation times, TfF , and
the crossover temperature, Tg’(?FF as determined from the semi-
empirical analysis are in plausible agreement with the corre-

NLSL

sponding correlation times, 7, -, and temperature quantity

T%“ from the spectral simulations.

3.2. PALS data

Figure 5 shows the temperature dependencies of both o-Ps
annihilation parameters, namely, the mean o-Ps lifetime, 73,
and the relative o-Ps intensity, I3, as measured in 1-PrOH over
an extraordinarily wide 7 interval from 15K up to 300 K. The
former quantity exhibits roughly a quasi-sigmoidal course,
typical for amorphous organic compounds with several dis-
tinct regions denoted as I-IV [10-13, 16]. These can be
approximated by the following set of linear expressions:
Region I: 47 K-90 K

7= (2.37£0.46) x 1037+ (1.23 £0.03) r = 0.935
Region II: 103 K-133 K



7= (1.78 £0.04) x 1072 —
Region III: 140 K-170 K

(0.28 £0.107) r = 0.989

7= (1.98+0.19) x 10727 —
Region IV: 200 K-300 K
7= (241 £0.65) x 1073T + (2.64+0.16) r = 0.919

(0.55+0.03) r = 0.972

In the lowest T region I, the o-Ps lifetime, 3, and the related
free volume, V4, expand very slightly indicating the almost
static structure of the 1-PrOH medium. The first clearly pro-

nounced bend effect in the PALS response is situated at around

DSC

100K and because of its closeness to the calorimetric Tg

[22] is marked as TT* TP ALS On crossing T ALS , T3 begins

to grow relatively rapidly in region II and at TL = 139K,
the 73 versus T plot undergoes a slight change in the slope
giving rise to region III. Finally, on a further temperature
increase, the second dramatic change in the 73 versus T plot
is observed, which leads to the lower slope in region IV of
the PALS response at the characteristic PALS temperature
T = 180K. On the other hand, the relative o-Ps intensity,
I3, exhibits three regions A—C with the corresponding char-
acteristic PALS temperatures TI3 =Tg= TPALS nd TL b

140-145K quite close to Tbl ™, A 51m11ar type of dependence
was found for glycerol [16]. Analogously to the ESR data,
it is of interest to remark that both the relative characteristic
PALS temperatures T, ”/TPALS =1.39 and T ”/TPALS = 1.80
are rather significantly hlgher than those for the other
glass formers studied so far: Tﬁi”/T}g)ALS € <1.1;1.27> or
TIgi”/TgALS € <1.26;1.53>, respectively [3]. This aspect of

the problem will be addressed in the discussion section later.

4. Discussion

4.1. Comparisons between the external probe responses

On going from the lowest temperatures of the ESR response,
an onset of the decrease in 2A,,, with temperature and the first
crossover region in the log TNLSL 1/T plot begin in the liquid
state above T, above T ~ 130-137K, see figures 2 and 3.
These changes are followed by the slow to fast transition zone,
which is accompanied by the appearance of the superimposed
slow and fast spectral region at 77, ~ 141K in figure 3
close to the slight effect in the 73 versus T plot at T%l = 139K
in figure 5. On heating, the operationally defined Tsog of the
slow to fast transition does not have any counterpart in both
the spin correlation time or positron annihilation lifetime.
Finally, on further increasing the temperature, the first cross-
over temperature within the fast region in 2A,, versus 7 plot
at T5% = TE24% after the full disappearance of the slow com-
ponent as seen in spectral simulations in figure 3 occurs in the
vicinity of the second pronounced effect at T{;z in the 73 versus
T dependence in figure 5. Thus, the superimposed region of
the ESR spectra ranges from T4 up to Th,. In partial sum-
mary, some of the crossover effects in both the ESR and PALS

responses appear to be closely related and they seem to have
the similar origins, which will be discussed in the following
subsections.

Next, in this section we address the empirical ESR versus
PALS rules found from the 2A,, and 73 versus T plots of
various glass formers [3]. We find that at T5og = 162.5K
both the quantities 73(750g) =2.62 ns and the corre-
sponding V(Ts50g) = 160 A are significantly higher than
expected from the first rule: 73(7T50g) = 2.17 = 0.12 ns and
Vi(Ts0g) = 114 £ 15 A3 [3]. In contrast, the o-Ps lifetime
at this first characteristic ESR temperature T%; = 137K
achieving the relatively large value of T3(T{;1 =139K)=2.1ns
is rather close to the typical value for the main slow to fast
regime transition of a large set of organic glass-formers [3]. On
the other hand, at TIS(Z]AZZ’ ~ T% = 182-183 K, which are very
close to TE ,, = 180K, the corresponding 73(T',,) = 2.7 ns
leads to Vi = 169 A’ and all the quantities fall into the
ranges for the second rule with 7'3(T”°A ) =2.85 £ 0.18 ns,
i.e. with Vy(Th) = 185 + 18 A3 These findings on the
1-PrOH/TEMPO system suggest that the second rule seems
to be more universal than the first one, which is based on
the operational Tsog quantity, at which we still observe the
superposed ESR spectra in the 1-PrOH medium, in contrast to
Tf A Tch > Tqna based on the pure fast ESR ones.

4.2. Comparisons between the external (ESR, PALS) and
selected internal (VISC, BDS) probe techniques

In order to interpret the afore-mentioned mutual coincidences
between the crossover effects of external probings, the rel-
evant dynamic data from the appropriate internal ones are
needed. In figure 6(a) a compilation of all the accessible vis-
cosity data on 1-PrOH from five sources in the literature [26—
30] over an extraordinarily wide 7T range from 103.5K [30]
up to 369K [26] is presented. Evidently, two regions can be
distinguished, namely, a high-7" Arrhenius regime and a low-
T non-Arrhenius one separated by the characteristic viscosity
(VISC) temperature, the so-called Arrhenius temperature:
T, = 176K, as often observed for many glass-formers also by
other techniques [31-35]. Note that the melting temperature
of the crystalline 1-PrOH, which is prepared under special
thermal conditions, is 7, = 149K [22], i.e. T lies somewhat
above T}, in the normal liquid state of 1-PrOH in accordance
with many other organic glass-formers [31].

In the literature, several phenomenological models exist
that try to account for the dynamics of glass-forming organic
compounds over a wide temperature range [37—41]. These
approaches based on the extended free volume (EFV) model
[36], the coupling model (CM) [37] and the frustrated-limited
domains (FLD) model [38] have been proposed to interpret
the physical nature of these characteristic dynamic tempera-
tures. Recently, a joint diffraction and computer modeling
work indicated the presence of cluster-like heterogeneities
in a few amorphous glass formers [39]. These structural
findings could be plausibly explained in terms of solid and
liquid-like domains of the hetero-phase fluctuation (HPF)
[40] or the two-order parameter (TOP) model [41]. In this
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Figure 6 (a-c). Compilation of the viscosity data with a
manifestation of the two distinct dynamic regimes at 7y = 176K (a)
together with their phenomenological analysis in terms of the TOP
model with the pre-exponential factor 700 = 1.5 x 107> P and the
activation energy £, = 17.8 kJ mol~' (b) and the probability of
solid-like domains, f(7), as calculated from the fitting parameters of
the TOP model (c). The characteristic ESR temperatures: T%;’s,
T T50G T Ty and Ty, and the characteristic PALS
temperatures T}g)ALS, Tﬁl and Tﬁz as well as the characteristic TOP

temperature T}, depicted as vertical lines are marked and discussed
in detail in the text.

paper it is demonstrated that the log n versus 7 data over an
extraordinarily wide T range in figure 6(b) can be satisfacto-
rily described in terms of the TOP model of supercooled and
normal liquid dynamics [41]:

N(T) = 1 explE;/RT 1 exp[Bf (T)(T — Tp)] (1)

where n(T) is the viscosity, 17, is the pre—exponent factor, E zis
the activation energy above T, & T}, Ty is the divergence tem-
perature, B is the coefficient, and f(7T') is a probability func-
tion for solid-like domains. The latter quantity is defined as

F(T) = 1/{exp[s(T — Ty)] + 1} 2

where r describes the sharpness of the probability function
between solid-like and liquid-like domains and T7, is the char-
acteristic TOP temperature. This is the critical temperature
where the free energy of a crystallizing liquid is equal to that
of the crystal AGyq = AG,; or, in the general case of non-crys-
tallizing glass-formers, the free energy of a non-crystallizing
liquid is equal to that of a solid:AGq = AGqq.

The physical picture of glass-forming liquids covering
the glassy, the supercooled liquid state, as well as the normal
liquid state of 1-PrOH in terms of the temperature dependence
of the solid-like domain probability f(7) following from this
fitting of the viscosity is depicted in figure 6(c). As will be
shown, this specific model of glass-forming liquids is useful
to explain the ESR and PALS findings.

Thus, the characteristic ESR and PALS temperatures
TS = 130-137K = T{;iT3 = 139K are quite close to the char-
acteristic TOP one T}, = 141 4 2K indicating that an onset
of the slow to fast transition of the spin probe TEMPO, which
approximately coincides with the slightly enhanced expansion
of the free volume in the PALS one at 74" may be associ-
ated with a crossover in the dominance between the solid-like
and liguid-like domains within the non-Arrhenius regime of
supercooled liquid and the related ‘softening’ of the 1-PrOH
matrix.

Next, almost immediately after crossing T%;, the ESR
spectra of TEMPO in 1-PrOH could be reproduced as a super-

position of the slow one with the relatively sharply decreasing

correlation time, TE?SL, and of the fast spectral component

with a slightly changing T?}“ SL at ca. Tinitia1 =~ 141 K, which
indicates the co-existence of slow and fast moving probes per-
sisting effectively up to 170-175K. It is of interest that also
this initial temperature of this appearance of the fast moving
spin probes on the ns-scale with an activation energy of a few
kcal/mol is very close to the characteristic TOP temperature,
T, where the liquid-like domains begin to dominate over the
solid-like ones. On the opposite side, the disappearance of the
coexistence of slow and fast moving spin probes TEMPO is
close to the Arrhenius temperature 7, where the solid-like
zones almost completely disappear. This ESR finding indi-
cates that the spin probe TEMPO ‘feels’ two different dynamic
surroundings in the medium and that the dynamic hetero-
geneity of 1-PrOH as monitored by the external molecular
TEMPO probe does exist in between T, and Ty, i.e. even in
the ‘normal’ liquid state above Ty, of crystalline 1-PrOH up to
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Figure 7. (a) Compilation of the dielectric relaxation times indicating
the presence of three distinct relaxation processes: Debye relaxation,
primary « relaxation, and secondary (3 relaxation [42-44].

The relevant characteristic BDS (T, T,), PALS (TI,;I, T]b“z) and ESR
(Ts06) are indicated in figure b. Details of the high 7 and high f part
of the relaxation map also containing the relaxation times from other
techniques: NMR (crosses) [45] and QENS for scattering vector

QO = 1.4 1/A corresponding to the main peak (empty squares) and for
O = 0.7 1/A belonging to the pre-peak of the structure factor (empty
diamonds) from 44. The correlation times, 7., of the TEMPO probe
from the spectral simulations are shown as blue and red stars and those
from the semi-empirical rotational model are included as green stars.

the dominance of the Arrhenius regime in the viscosity, where
only the fast moving spin probes exist. These findings seem
to suggest some association between slowly moving probes
and solid-like domains of the medium connected according
to the TOP model with the rearrangement of the solid-like
domains postulated to be the structural relaxation process
[41] both exhibiting a decreasing trend with increasing tem-
perature. This hypothesis about the origin of the slow compo-
nent implies a coupling of the times scales of the spin probe
dynamics with the structural relaxation and this issue will be
discussed in the next paragraph. At the same time, the range
of dynamic heterogeneity detected by ESR overlaps with the

higher-T liquid range in the PALS response from Tﬁl up to Tﬁz.
Note that according to the TOP model, the solid-like domains
persist over the melting temperature of the crystalline form of
1-PrOH, i.e. into the normal liquid, so that this picture appears
to be consistent with the ESR finding of the dynamic hetero-
geneity of the 1-PrOH sample.

4.3. BDS data

To identify in more detail the motional mode(s) responsible
for the observed effects in the ESR and PALS response,
a compilation of three dielectric relaxation dataset sources
[42—44] over an extraordinary 7 range from 77 K up to 377K
is of relevance, see figure 7(a). The following three basic
dielectric relaxation processes exist: The slow Debye pro-
cess, primary « relaxation, and fast secondary /3 process with
the non-Arrhenius character for the former two and with the
Arrhenius one for the latter. These can be confronted with
the spin probe dynamics at two levels: (i) characteristic time
scales and (ii) characteristic temperature(s).

Figure 7(b) displays the relevant time scales of ESR from
figure 3 together with those from BDS [42—-44], NMR [45]
and QENS [42]. As seen, the TEMPO mobility in the slow
regime a is fully decoupled, i.e. is more rapid with a much
lower activation energy than both the mean primary « relaxa-
tion time as well as from the mean secondary 3 process. On
increasing the temperature, the time scale of the spin probe
TEMPO approaches that of the primary « relaxation, and at
around 140-145K the slow component from the superim-
posed ESR spectra, TZ’NLSL, becomes merged with the mean
relaxation time of the structural relaxation,7,, and both lines
continue together up to 170-175K. This indicates that the
structural o process governs the TEMPO reorientation in
between ca. 140 and 170-175K. It is of interest that around
this merging region the fast component in the superimposed
ESR spectra just begins to occur. As seen in figure 8 the time
scale of the fast component of the spin probe TEMPO trans-
formed into the equivalent frequency, fiNT) = 1/2w7(T)),
reaches the high-frequency tail of the primary « peak in the
decomposed BDS spectra for two very close temperatures:
134K and 144 K. A similar relationship occurs for the slight
bend effect at T; = 139K in the PALS response, as expressed
by means of the equivalent frequency f° ;?bl(T) = 1/Q2n13(T)).
This is another indication that the dynamic heterogeneity of
the spin probe TEMPO in 1-PrOH is related to the primary
Qv process.

On further heating, the TEMPO correlation time leaves the
trace of 7(T) of the primary « relaxation deduced from BDS,
but both dependencies follow a parallel course, except in the
very high-7 region. As discussed in 44, this rather atypical
course of the dielectric relaxation time is due to the mutual
influence of the very close Debye process, which causes sig-
nificant uncertainties in spectral analysis. On the other hand,
further relaxation times from other dynamic techniques,
namely, from NMR [45] and QENS [42] provide the expected
linear Arrhenius behavior above Th = 175 K-180K in full
consistency with the viscosity data in figure 6(a) [26-30].
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Figure 8. The BDS spectra of 1-PrOH at four temperatures
decomposed into three components, i.e. the Debye process (green),
the primary « process (blue), and secondary (3 relaxation (orange)
at 121K and 134K or into two, i.e. Debye (green) and primary «
process (blue) at 144K and 179 K. The equivalent ESR and PALS
frequencies corresponding to the respective effects in the ESR and
PALS responses at close temperatures 139K and 145K fall into the
high-frequency tail of the primary « peak. The equivalent PALS
frequencies corresponding to the onset of lower slope in the PALS
responses at 179K lie close to the peak maximum of the primary o
process.

These findings indicate that the structural relaxation process
influences the TEMPO reorientation above 185K.

Next, the corresponding analyses of the broadband die-
lectric spectroscopy (BDS) relaxation time data give several
characteristic BDS temperatures that are also in a remarkable
relationship to both the characteristic ESR and PALS temper-
atures T, or T't;, respectively. Thus, the first obtained relaxa-
tion times about all three processes from Hansen et al [42]
using a derivative Stickel’s type analysis [46] provided the
characteristic BDS temperature Tlng = 138K [42]. As men-
tioned in [42], this value agreed with another characteristic
BDS temperature, the extrapolated o3 merging temperature
T,5 = 138K. This simple extrapolation appears to be sup-
ported by the very recent BDS study [40]. All three datasets of
the secondary (3 relaxation times including the ones within the
liquid state from [42—44] can be accounted for by the Arrhenius
equation: 75 = Ts00exp[E4JRT] = 1.42 x 10~ exp[10.4 kJ
mol~!/RT]. A subsequent extrapolation towards the primary
o relaxation times gives T,,3 = 140K, in accordance with the
original value on the limited glassy dataset only: T,,3 = 138K
[42, 47] and also with the other characteristic BDS tempera-
ture relating to the primary process, T 153T» as well as with the
characteristic ESR and PALS temperatures. Moreover, all
these external (T, T{;l) as well as internal (TSBT, T,p) probe
findings appear to be consistent with the TOP model with the
characteristic TOP temperature, above which the liguid-like
domains begin to dominate over the solid-like ones formed
by more or less dense clustered molecules. In particular, the
disappearance of the secondary 3 process above T3~ Ty,
appears to be strongly related to a change in the character of

the primary « process at TIS;T, and both dynamic phenomena
seem to be connected with the loss of the dominance of the
solid-like domains in favor of the liquid-like ones.

In the fast motional regime, two changes in the 24,/ versus
T dependence (figure 2) at the characteristic ESR tempera-
tures T2 = 182K and T3 = 203 K and one change in the
log 7. versus 1/T plot (figure 3) at the characteristic ESR tem-
peratures Tg(? = 183K indicate the further averaging of the
magnetic anisotropy of the spin probe TEMPO dynamics. The
T, values are consistent with the characteristic PALS tem-
perature of the onset of the lower slope effect in the PALS
response at Tﬁz =~ 180K. Further, by a comparison of the
corresponding o-Ps lifetime with the time scale of the primary
« process we find a plausible accord with the so-called equiva-
lent o temperature TzALS [T3(T1b“2) =71,=23.1 ns] = 172K,
which indicates the mutual connection of an onset of the bend
effect in the PALS response and the structural dynamics of
1-PrOH. As mentioned above the relative characteristic PALS
temperature T%z/Tg is significantly higher compared to those
for the other glass-formers studied so far [3]. This is true even
for highly H-bonded systems such as polyalcohols with the
same number of carbon atoms in the molecule, i.e. 1,2-pro-
panediol (propylene glycol) and 1,2,3-propanetriol (glycerol)
with TﬁZ/Tg = 1.53 [3]. These findings are consistent with an
essentially smaller fragility of 1-PrOH mg = 40 [48] in com-
parison with similar fragilities of both the related polyalco-
hols: my = 52 or 53, respectively [15].

In the context of the PALS and BDS data, it is important
to mention that the finding Tf, >~ 180K versus TEALS is not
inconsistent with an alternative interpretation of the plateau
effect in the PALS response based on the so-called bubble
effect of the quantum-mechanical o-Ps particle in a low vis-
cosity medium [49]. Note that while the plateau effect within
this scenario is an artefact of the PALS techniques due to
strong interaction between the quantum-mechanical o-Ps par-
ticle and the low viscosity medium, in the case of ESR this is
not the case and the molecular probe reflects the true change
in the structure-dynamic state of the medium. Evidently, this
is connected with the classical character of the used molecular
probe versus the quantum-mechanical one of the used atomic
probe. Both the dramatic changes in the TEMPO dynamics at
Tg(z as well as the o-Ps annihilation at T%z appear to be con-
sistent with the output of the TOP model, i.e. a low level of the
fraction of the solid-like domains close to T, see figure 6(c).

Finally, the T§<1 = T]gz =~ T, relationships between all three
phenomena suggest that the primary « process also takes part
in the spin probe TEMPO reorientation in the fast motion
regime. This is supported by the closeness of the equivalent
frequency f54(Tt,) to the maximum frequency of the pri-
mary « process from the decomposed BDS spectra at 179K
in figure 8. In addition, all these three characteristic ESR,
PALS, and BDS temperatures are close to the characteristic
VISC temperature, Tao = 176K, where the structural relaxa-
tion dynamics is closely related to the viscosity changes from
the non-Arrhenius to the Arrhenius regime. Thus, on the basis



of the approximate identity of the correlation times in the slow
regime of the superimposed region b with the mean relaxation
times from BDS, we can conclude that the primary « process
governs the spin probe TEMPO reorientation in intermediate 7'
region above T = TSBT = T,puptoca. 170 K-175K. Further,
on the basis of the closeness and parallelism of the correla-
tion time in the fast motion regime ¢ with the mean relaxation
times from NMR and BDS (except of very high 7s) as well
as the similarity of the ESR activation energies together with
those from NMR and QENS we can infer that the primary o«
process closely influences the spin probe TEMPO reorienta-

tion in the high 7 region c above T;l = Ta.

5. Conclusion

We have presented a combined ESR and PALS study of the
rotational dynamics and free volume in amorphous 1-pro-
panol (1-PrOH) as a prototypical monohydroxy alcohol.
The dynamics of the molecular spin probe TEMPO, charac-
terized by the spectral parameter of mobility and the corre-
lation time, and the dynamics revealed by the annihilation
of atomic o-Ps probe in terms of the o-Ps lifetime and the
related free volume as a function of temperature, were com-
pared and numerous coincidences between various effects in
the ESR and PALS responses at the corresponding character-
istic ESR and PALS temperatures were found. These coinci-
dences suggest a common origin of the underlying motional
processes that were discussed within the TOP model in terms
of solid-like and liguid-like domains using the viscosity data.
Subsequently, and consistent with this model, the under-
lying dynamic process is identified by means of broadband
dielectric spectroscopy data. In the low-T region within the
pure slow motion regime a strong decoupling between the
spin probe dynamics and all three relaxation processes in
1-PrOH exists. On the other hand, in the intermediate T range
the TEMPO reorientation is dynamically heterogeneous with
the reorientation in the slow regime being closely controlled
by the mean primary « process, while the fast component is
related to the high-frequency tail of this relaxation. Finally,
in the highest T interval the dynamics of spin probe TEMPO
within the pure fast regime is continuously influenced by
structural relaxation.
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