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1 Abstract

In this thesis depolarized dynamic light scattering (DLS) is applied to measure the rotational
dynamics of molecular and ionic liquids in a temperature range from around the glass
transition temperature T, up to the boiling point Tp,. We investigate depolarized light
scattering spectra measured with a tandem Fabry-Pérot interferometer (TFPI) and a double
monochromator (DM) of a series of sixteen molecular and six room temperature ionic
liguids. As most susceptibility spectra of glass forming liquids reported so far do not cover
high temperatures, they usually do not detect the crossover from “glassy dynamics” to
“simple liquid” spectra, where the a-relaxation and the contribution of the microscopic
(vibrational) dynamics have essentially merged. The aim of this work was to complement
several available spectra, measured during some preceding thesis, up to highest frequencies
and temperatures as well as to investigate and evaluate new samples. We focused on low-T,
liquids for which the high-temperature limit 7 =10™ s is easily accessed by standard

spectroscopic equipment (up to 440 K).

The susceptibility spectra and likewise the corresponding reorientational correlation
functions are characterized by the stretching parameter fcp, the time constant 7 for the
long-time decay (o-process), the strength of fast dynamics 1 — f, and the time scale at
shortest times expressed by kgT//* with the apparent inertial quantity /*. In addition, an
intermediate power-law regime (or excess wing in the frequency domain) between fast
dynamics and a—process has to be taken into account. For a given system the spectral
parameters are virtually temperature independent up to the boiling point, in particular,
frequency-temperature-superposition applies for the a-process. Among the liquids, the
guantity /* correlates with molecular mass and anticorrelates with 1 — f. No correlation
among 1 — f and fcp is revealed. Testing for correlation of fcp or 1 — f with parameters
describing the temperature dependence of the correlation time 7, which are the high-
temperature activation energy E,, the fragility m or the glass transition temperature Tg, no
significant correlation is found. Regarding molecular vs. ionic liquids, no relevant differences

in the evolution of their DLS spectra are observed.

Analyzing the DLS spectra, we developed a procedure to determine the reorientational

correlation time 7 of these liquids from the susceptibility spectra and complemented them
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with data from literature. Correlation times in the range 10" s—-100s are compiled, i.e., the
full temperature interval between the boiling point and the glass transition temperature T,
was covered. Regarding the temperature dependence, we developed a new interpolation
formula, decomposing the apparent activation energy EA(T) in a constant high temperature
value E,, and a "cooperative part” Ec.op(T) depending exponentially on temperature, and
guantitatively compared it with two other approaches, which are the widely used Vogel-
Fulcher-Tammann function and a newer expression developed by Mauro et al. [J. C. Mauro,
Y. Yue, A. J. Ellison, P. K. Gupta, D. C. Allen, Proc. Natl. Acad. Sci. USA 103, 19780 (2009).]
Introducing E. instead of T; as a reference energy, it allows the discussion of the
temperature dependence of the liquid’s dynamics in terms of the “generalized Angell plot”
Ecoop(T)/Ex vs. T/E, and suggests that E., controls the energy scale of the glass transition

phenomenon.

The susceptibility spectra are also analyzed in the frame work of the mode coupling theory
(MCT). They are fitted to numerical solutions of the schematic F;, model, which allows to go
beyond the asymptotic laws and to discuss their applicability. The model is able to
guantitatively describe the spectra up to the boiling point. The changes of the spectra with
temperature are mapped to only two control parameters, which show a smooth variation
with temperature. The numerical solutions are extrapolated down to T, where the
asymptotic scaling laws can be applied. Although the spectra apparently follow scaling
relations, the application of the asymptotic laws usually overestimates T.. In all the cases the
experimental spectra are outside the applicability regime of the asymptotic laws. This is
explained by more or less strong vibrational contributions. Within a phenomenological
approach which extends the spectral analysis down to T, and which allows for separating
fast and slow dynamics, the strength of the fast dynamics 1 — f,¢ is revealed. It shows the
cusp-like anomaly predicted by MCT; yet, the corresponding critical temperature is
significantly higher than that derived from the F;; model. In addition, we demonstrate that
close to Tg, the susceptibility minimum is controlled by the interplay of the excess wing, alias

intermediate power-law and the fast dynamics contribution.



2 Kurzdarstellung

Im Laufe dieser Arbeit wurde mit Hilfe der depolarisierten dynamischen Lichtstreuung (DLS)
die Rotationsdynamik von molekularen und ionischen Flissigkeiten im Temperaturintervall
zwischen der Glaslibergangstemperatur T, und dem Siedepunkt T, gemessen. Es werden
depolarisierte Lichtstreuspektren von sechzehn molekularen und sechs ionischen
Flussigkeiten untersucht. Diese wurden mit einem Doppelmonochromator (DM) und einem
Tandem Fabry-Pérot Interferometer (TFPI) gemessen. Da die meisten bisher veroffentlichten
Suszeptibilitatsspektren von Glasbildnern keine hohen Temperaturen einschlieRen, erfassen
sie nicht den Ubergang von ,glasartiger Dynamik” zur Dynamik einfacher Fliissigkeiten, bei
denen die Beitrage der o-Relaxation und der mikroskopischen (vibrations-) Dynamik
praktisch verschmolzen sind. Das Ziel dieser Arbeit war die Ergdnzung einiger existierender
Spektren, welche im Rahmen vorangegangener Arbeiten gemessen wurden, sowie die
Untersuchung und Auswertung neuer Proben. Wir legten den Schwerpunkt auf nieder-T,
FlUssigkeiten, bei welchen der Hochtemperatur-Grenzwert von 7 ~10" s leicht mit

spektroskopischer Standardausriistung (Temperaturen bis etwa 440K) erreicht werden kann.

Die Suszeptibilitatsspektren und ebenso die entsprechenden Reorientierungs-
korrelationsfunktionen werden durch einen Streckungsparameter des Langzeitzerfalls (o-
Prozess) fp, der Relaxationsstarke der schnellen Dynamik 1 — f und der Zeitskala zu
kiirzesten Zeiten kgT/I*, mit dem effektiven Tragheitsmoment /* charakterisiert. Ein
zusatzliches (intermedidres) Potenzgesetz, welches dem ,Excess wing” in der
Frequenzdomédne entspricht, muss zwischen der schnellen Dynamik und dem o-Prozess
berlicksichtigt werden. Die spektralen Parameter einer jeden Molekiilsorte sind praktisch
temperaturunabhangig bis hinauf zum Siedepunkt, also gilt das Frequenz-Temperatur-
Superpositionsprinzip fiir den a-Prozess. Bei der Betrachtung aller Flissigkeiten findet man
eine Korrelation der GroRe /* mit dem Molekulargewicht und eine Antikorrelation mit 1 — f.
Es zeigt sich keine Korrelation zwischen 1 — f und fcp. Weiterhin wurden keine signifikanten
Korrelationen zwischen fp oder 1 — f und Parametern, welche die Temperaturabhangigkeit
der Korrelationszeiten beschreiben, also der Hochtemperaturaktivierungsenergie E., der
Fragilitat m oder der Glasubergangstemperatur T, gefunden. Auch zeigen sich keine

relevanten Unterschiede in den Spektren von molekularen und ionischen Flissigkeiten.



Wir entwickelten ein Verfahren um die Reorientierungskorrelationszeiten rvon Flissigkeiten
aus den Suszeptibilitdtsspektren zu bestimmen und vervollstindigten diese mit
Literaturwerten. Korrelationszeiten im Bereich von 10* s — 100 s wurden zusammen-
getragen, was dem kompletten Temperaturbereich zwischen dem Siedepunkt und der
Glaslibergangstemperatur entspricht. Wir entwickelten eine neue Interpolationsfunktion fir
die  Temperaturabhangigkeit der  Korreltationszeiten, welche die apparente
Aktivierungsenergie EA(T) in einen konstanten Hochtemperaturwert E, und einen
»kooperativen Anteil” Ecoop(T), der exponentiell von der Temperatur abhdngt, aufteilt. Diese
wurde mit zwei weiteren, bereits bestehenden Ansdtzen quantitativ verglichen. Die
Einfihrung von E, an Stelle der Glastibergangstemperatur T, als Referenzenergie erlaubt die
Diskussion der Temperaturabhangigkeit der Dynamik von Flissigkeiten im Rahmen eines
»generalized Angell plot”, also von Ecoop(T)/Es in Abhdngigkeit von T/E,, . Diese Darstellung

legt nahe, dass E,, die Energieskala des Glasliberganges bestimmt.

Die Suszeptibilitatsspektren werden auch im Rahmen der Modenkopplungstheorie (MCT)
untersucht. Numerische Losungen des schematischen F;; Modells werden an sie angepasst,
was eine Auswertung jenseits der asymptotischen Skalengesetze und die Diskussion deren
Anwendbarkeit ermoglicht. Das Modell kann die Spektren quantitativ bis hinauf zum
Siedepunkt beschreiben. Die Temperaturabhangigkeit der Spektren wird dabei auf nur zwei
Kontrollparameter abgebildet, die glatte Funktionen der Temperatur sind. Die numerischen
Loésungen werden bis hinab zur kritischen Temperatur T, extrapoliert, wo die asymptotischen
Skalengesetze sicher angewendet werden kénnen. Obwohl die Spektren augenscheinlich den
Skalierungsregeln geniigen, Uberschatzen die asymptotischen Skalengesetze liblicherweise
T.. Dies lasst sich durch mehr oder weniger starke Vibrationsbeitrage erklaren. Mit einem
phdanomenologischen Ansatz, der die Analyse der Spektren bis hinab zur
Glasiibergangstemperatur T, erweitert und der die Trennung der schnellen Dynamik von
langsamen Beitragen erlaubt, wird die Starke der schnellen Dynamik 1 — f.o bestimmt. Sie
zeigt die von der MCT vorhergesagte Anomalie, jedoch ist die zugehorige kritische
Temperatur deutlich hoher als diejenige welche aus dem F;; Modell bestimmt wurde.
Zusatzlich  zeigen wir, dass das Suszeptibilititsminimum in der Nahe der
Glastibergangstemperatur vom Zusammenspiel des ,Excess wings“ mit der schnellen

Dynamik bestimmt wird.



3 Extended Abstract

3.1 Introduction

3.1.1 What is a Liquid, what a Glass?

Already in ancient times, men used the volcanic glass obsidian to manufacture tools like
knives and arrow tips.[1] The first glass vessels were built in Egypt about 1500 BC and the
discovery of glassblowing was probably made in Phoenicia in the 1st century BC. Today
glasses are materials of technological importance, not only in the classical fields, for example
architecture or packaging, but also in more recent applications, like communication
techniques (optical fibers) or medicine (bioactive implants). This is especially true
considering the modern definition of glass as a non-crystalline solid, i.e., a state of matter,
rather than the silica-based transparent material associated by everyday language to the

term glass.[2]

A liquid could be defined as a form of condensed matter, i.e., an ensemble of particles (e.g.
atoms, molecules, monomeric units of polymer chains, particles of colloidal suspensions)
with inter-particle distances of the order of the particle size.[3] This discriminates liquids
very well from gases, which show much larger inter-particle distances, but it is also valid for
crystals. Therefore one needs to add that liquids show a short range order in their structure,
but, in contrast to crystals, they do not have a long range order. As an example, Figure 1.1
shows the radial distribution function g(r) of liquid argon (taken from [4]). On short distances
g(r) has sharp peaks defining the first coordination spheres, at longer distances g(r) flattens

out to unity, indicating vanishing structural correlations.
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Figure 1.1 Radial distribution function g(r) of liquid Argon at T =86 K. Figure taken from [4]

There is still another group of condensed matter, glasses, for which all this is true. Also
properties like density or compressibility are not suited to discriminate liquids from glasses.
But in contrast to glasses, liquids show a finite viscosity. One could define a liquid as a dense
ensemble of particles which will flow, if an infinitesimal small (effective) force is applied for

an infinite time. This is equal to a vanishing shear modulus G’(w) at zero frequency

lim G'(@)=0 (1.1)

o—0

In a liquid the particles are able to rearrange, as they are dense but still mobile. The Stokes-

Einstein equation

— kBT
67mR

(1.2)

connects the self-diffusion coefficient D (a microscopic quantity, expressing the mobility of

the particles) with the viscosity 7 (a macroscopic quantity, expressing the ability of the
particle ensemble to flow). On long time scales, the mean square displacement <r2> of one

particle in the liquid is given by [3][5]

<r2> 6Dt . (1.3)

The only relevant differences between liquids and glasses are found in variables describing
the dynamics of the system, whereas those describing the structure are practically

indistinguishable. On cooling down, variables like the thermodynamic potentials, heat
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capacity or specific volume undergo only small changes, while the viscosity 77 and thus the
corresponding structural relaxation time, reflecting the translational and rotational dynamics
of the molecules, increases over 14 decades.[6] As soon as this relaxation time exceeds the
experimental time scales, the sample falls out of equilibrium and behaves as a solid. This
means that glasses are nothing else than liquids in a non-ergodic state. The ratio of the
characteristic response time of a material to the time of observation is called Deborah
number, named after the Biblical prophetess Deborah, who said that the mountains flow
before the Lord.[7]
The glass transition temperature T, is usually a defined by the convention that

7(r,)=100s (1.4)
which is a convenient time scale for human beings. It is approximately equal to the onset of
the “glass-step” in a DSC (differential scanning calorimetry) experiment performed at a
heating rate of ten Kelvin per minute. The experimental time scale dependence leads to a
heating rate dependence of T,. Of course, the structural relaxation rate, which is closely
related to the correlation time 7 of molecular reorientation, can be accessed by many

experimental methods, including dynamic light scattering.[5][8][9]



3.1.2 Experimental Setup

An overview of different methods suited for the measurement of particle dynamics is shown
in Figure 1.2 with the frequency domain depolarized light scattering methods used for this
work, double monochromator spectroscopy and tandem Fabry-Pérot interferometry marked
in green. The method of choice concerning molecular reorientations at high frequencies is
depolarized light scattering (DM / FPI), as it is not limited at the high-frequency side and
provides superior resolution compared to dielectric spectroscopy (DS). Photon correlation
spectroscopy (PCS) is a time-domain light scattering method which is fully comparable to DM
/ FPI and has a time window comparable to DS. Other important short time methods are
neutron scattering (NS) [10]-[13] and optical Kerr effect spectroscopy (OKE) [14]-[16], which

also probes molecular reorientations.
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1
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i
dielectric spectroscopy (DS)
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Figure 1.2 Time windows of the most important methods probing dynamics in dense
molecular liquids: neutron scattering (NS), Field cycling (FC) relaxometry, two-dimensional
NMR (2D NMR), double monochromator / Fabry-Pérot interferometry (DM/FPI), photon

correlation spectroscopy (PCS), and optical Kerr effect (OKE) (Figure taken from [17]).

The experimental setup used for this work mainly consisted of a Nd:YVO;-Laser, a furnace or
cryostat, a double monochromator, a Fabry-Pérot interferometer and further optical

components for beam guidance.



We measured two frequency ranges with the monochromator with wave number steps of
0.2 cm™ and 2.0 cm™ at frequency intervals of 50 GHz to 1.5 THz and 1.2 THz to 45 THz,
respectively. The tandem Fabry-Pérot interferometer was used with three different mirror
distances (Imm, 5mm, 20mm), which result in three overlapping frequency intervals of 4.5
GHz to 145 GHz, 0.9 GHz to 29 GHz and 0.35 GHz to 7.2 GHz, respectively. These five sub-
spectra are then joined to a single intensity spectrum by adjusting the relative intensity of
each sub-spectrum in order to match the overlapping parts. The spectra measured at
different temperatures are normalized to each other by assuming temperature

independence of the high frequency Raman modes.

General Aspects of the Optical Setup

As can be seen in Figure 1.3, the light created by the laser is sent via two mirrors to a small
prism. On its way, it runs through a polarizer to enhance the polarization of the already

polarized laser beam. After deflection by the prism, the beam is focused on the sample.

The detection of the scattered light takes place via two separate optical paths. On the one
hand, the scattered light is collected by the focusing lens itself in quasi-backscattering
geometry (about 175 degree). By the use of a mirror, it is focused on the pinhole of the
tandem Fabry-Pérot interferometer after passing through an analyzer. On the other hand,
the scattered light is simultaneously collected by a collimating lens at an angle of about 90
degree and then focused on the entry slit of the monochromator after passing a shutter. The
whole setup is placed in an air conditioned lab to prevent loss of alignment caused by

thermal expansion.
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Figure 1.3 Schematic experimental setup; containing laser (1), beam splitter (2), mirrors (3),
prism (4), lens (5), sample holder (6), monochromator (7), photo multiplier (8), polarizer (9),
tandem Fabry-Pérot interferometer (10), and avalanche photodiode (11). Figure taken from

[18].

The Light Source

Fs2*He  Figure 1.4 Energy level structure of

IF
. the trivalent neodymium ion. For
el E § E E pumping, the transition from 419/2
. & Al 2
- o
to 4F5/2 is used. Inversion between
dl15u'1
, *F,, and *I,, is used for emission.
I13J'1
v Figure adapted from [19].
dl'l'l_ﬂ
——#— E}

The laser used was a Verdi V2 from the manufacturer Coherent. It is a diode pumped,
frequency doubled solid state laser. The resonator is designed as a ring resonator with the
active medium, the optical active crystal and an etalon being integrated. The whole laser
head is aligned and encapsulated by the manufacturer, no maintenance by the user is
necessary. The active medium consists of a neodymium doped yttrium orthovanadate crystal

(ND:YVOQy,), emitting at a wavelength of 1064nm (infrared). In order to limit the width of the
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emission, a temperature stabilized etalon is integrated in the ring resonator. The light used
for the experiments with a wavelength of 532nm is created as the second harmonic in a

nonlinear optical crystal, a lithium-tri-borate crystal.

HR@1064nm HR1 HR2 HR@@1064nm
HT@B808nm NdIYV04 HT@808nm
Pump ——%E%q—mmp
— Compmeat % HR@1064
Ompensalﬂr nm
HR@1064nm e, AR@532nm

HR3 o

T -— IE' -— oc
LY | :

Temperature-Controlled Optical Greon

Etalon Diode Output

[Beam Paths: [808 nm —[1064 nm — [1064+532 nm _ [532 nm —|

Ring Cavity Resonator of Coherent, Inc. Verdi Green DPSS Laser

Figure 1.5 Sketch of the beam path and the relevant optical elements of the Verdi V2;
adapted from [20].

The laser reaches an extraordinary stability concerning emission power (optical noise <
0.02% RMS) and a line width narrower than 5 MHz. As this is about two orders of magnitude
smaller than the resolution of the Fabry-Pérot interferometer of about 300 MHz, the
influence of the laser line width on the measured spectra can be neglected. Inside the ring
resonator, where no stationary waves can show up, an optical diode is integrated. By the
design of this setup, no mode jump can occur. The pump light of the two titan sapphire laser
diodes is guided via optical fibers to the laser head and then focused on the active medium

along the optical axes. Only the transversal TEMgyy-mode is supported.

The active frequency stabilization is implemented by the temperature stabilization of the
etalon. The stability of the TEMgg-mode is provided by the active temperature control of the
active medium. To keep the emitted power constant over a long time, on the one hand the
temperature of the pump diodes is controlled to keep their emission resonant with the
absorption of the neodymium ions, on the other hand the nonlinear optical crystal is kept at

a temperature of 148 °C, because only then it has the same refractive index at both wave
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lengths 1064 nm and 532 nm. Small deviations of this temperature may lead to mayor
deviations of the emission power. The active control of the emission power is implemented
via a photodiode in the laser head and an adjustment of the pump power. A long term

power stability of about 1% is reached.[21]

The Verdi V2 is designed for a maximum power emission of 2 W, but for the light scattering
experiments only output powers of about 200 mW were used to prevent heating of the

sample in the focus of the beam.

Sample Temperature Control

For measurements higher than ambient temperatures, a small, self-built furnace was used. It
uses resistive heating and contains a temperature sensor. Combined with a Lakeshore 330
temperature controller, a given temperature can be approached and kept constant. The
relative temperature stability is, after some built up effects, less than the resolution of the
temperature controller of 0.1 K. The oven is covered by a metal cylinder with a cap, to
reduce cooling by air flow and establish a more homogeneous temperature distribution. For
gauging the absolute temperature, the voltage-temperature line was calibrated with boiling
water and ice water. The upper temperature limit of the oven is 440 K, which is not limited

by the power of the thermal heating, but by the stability of the used materials.

For measurements below ambient temperatures, a Cryovac Spectro 3 cryostat was used. It is
equipped with an open heat exchanger, which means that the temperature controlled
gaseous nitrogen flows into the sample chamber around the sample itself. The gas is sucked
in by a defined pressure from the exhaust flange. The nitrogen flow is manually adjusted to a
value where the Lakeshore 330 temperature controller works centered in its control range.
To avoid condensation and nitrogen consumption, an isolation vacuum of about 10 mbar is

created.

12



The Tandem Fabry-Pérot Interferometer

Centerpiece of the experimental setup is the JRS Scientific Instruments tandem Fabry-Pérot
interferometer TFP-1. It consists of two plane mirrors mounted accurately parallel to one

another, with an optical spacing L between them.

The beam path inside the interferometer can be described, according to Figure 1.6 as
follows. The scattered light, entering the interferometer via the input pinhole P1, is
transformed by the lens L1 into a parallel beam. This is led orthogonally onto the first etalon
FP1. The transmitted light is reflected by mirror M3 onto the second etalon FP2. After
passing both etalons, the light is directed twice through both etalons again, before it is
focused by lens L2 on the output pinhole P2. Thereby, higher order contributions are
eliminated by the prism PR2 and an upgraded interference filter F. An avalanche photodiode

is used as detector.
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Figure 1.6 Sketch of the beam path and relevant optical components inside the tandem

Fabry-Pérot interferometer. Figure adapted from [22].

For a given spacing L, the interferometer will transmit only certain wavelengths A as

determined by the Airy function [23]

- 1+(4F2 . in(27L 1.3)
o il )
Where 1p(<1) is the maximum possible transmission determined by losses in the system, and
F, the finesse, is a quality factor depending primarily on the mirror reflectivity, flatness and
alignment. As the interferometer consists of two pairs of mirrors, the challenge is the
variation of both distances while keeping the etalons resonant. The device by Dr. Sandercock
solves this by mounting one mirror of each etalon on a common slide, while the other one is
fixed. There is a constant angle of 18.2° between the etalons, which results in a relative
mirror distance of 19/20. This difference is enough to damp the first “ghosts”, the main

influence of higher order transmission of a single etalon, about four orders of magnitude.

In order to keep the spectrometer aligned, the whole device is placed on an active vibration
isolation table, and the transmission line is actively stabilized. For further details regarding

this machine, the reader is referred to the manufacturer.[22]
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The Double Monochromator

Figure 1.7 Sketch of the monochromator, consisting of a base plate (1), input and output
pinholes (2), optical gratings (3), a coupling mirror (4) and collimation mirrors (5). Figure

adapted from [24]

For measuring frequencies above about 100 GHz, the Yobin-Yvon U1000 double
monochromator is used. It is build from two identical monochromators with plane gratings
and concave mirrors. These reshape the spherical wave emerging behind the entrance slit
into a plane wave, illuminating the grating as homogeneously as possible. The first order
diffracted light hits a second mirror, focusing it on the current exit slit. Via a coupling mirror,
the light leaving the first monochromator is sent to the second one. The two diffraction
gratings are fixes on a common axis, which is rotated for varying the transmission frequency.

A sketch of the monochromator and its components is shown in Figure 1.7.

As the axis is aligned horizontally, the lines of the diffraction grating and the slits are aligned
horizontally, too. The focal length of each monochromator is 1000 mm, giving the whole
device some remarkable extent. A long focal length is quite desirable, as it allows detection
of small angular changes of the diffracted light. The collimator mirrors have a size of about

100 x 100 mm; an optimal illumination is achieved with an aperture of f/8.
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The angular dependence of the intensity of a diffracted wave is given by [25]

. 2
1(9):(51?]\’“) ,with o =" Zsing (1.6)
sin A

where N denotes the number of illuminated lines, a the line distance, and A the wavelength.
The grating used for the experiments shown in this work has a line density of 2400 lines per

millimeter and a size of 110 mm.

The calculated resolution %/1 is about 2.4x10°, equivalent to 2.2 pm at a wavelength of

532 nm. This more or less theoretical value is not reached in practical use, as the slits have

finite sizes.
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3.1.3 Dynamic Light Scattering — Theoretical
Approach

Light scattering is, as any interaction between matter and radiation, a quantum
electrodynamical effect. In the present context, the electrodynamics picture should provide

a sufficient explanation.[26]-[28] This chapter is mainly based on ref. [29]

In 1910, A. Einstein already stated, that local fluctuations of the medium’s dielectric constant
cause scattering of light.[30] A shift in frequency of the scattered light only occurs in the case
that the spatial Fourier transform of the dielectric fluctuations &(g,7) changes with time.

The spectral density for light scattering, which will be treated in the following sections in

detail, is given by [29]

1k} 1 o

I(C_j, a)f ,R): mg _weii(@f*w"), <&9l} (C_j,t),&?if (67,0)>d[ (17)

where &, (g.1) is the component of the fluctuation tensor of the dielectric constant, which

is aligned along the polarization of initial and the final wave respectively; g denotes the

wave vector of the scattering process; R is the distance between the detector and the

scattering region; ®,and @, are the frequency of the initial and the final light wave,

respectively. In comparison with equation 1.14, it is obvious that light scattering detects the

Fourier transform of an autocorrelation function.
From this equation, some general statements on light scattering can be derived:

e The spectral density is proportional to k;ﬁ or /1}4. This is the reason for blue skies and

makes shorter wavelength better suited for light scattering experiments.
e The scattered intensity decays as that of a spherical wave proportional to R~

e The shape of the spectral density does not depend on the absolute frequency @, , but
only on the relative frequency w, —w,, therefore results obtained by the use of

different light sources can be compared to each other.
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e In media not showing temporal fluctuations of the dielectric constant &y(é,t), one

only gets an elastic signal at o, —®; =0.

The dielectric fluctuations &(g.t) can be mapped on fluctuations of the molecular
polarizability 5a(t) In the case of molecules with cylindrical symmetry and an anisotropic

part f=a, —a,, one gets after some calculation the time-domain expression:[29]

I;(zl,z):<N>G_’5’jﬂz(gff>(t)+Flfz;(t)+F_f;(z)+Ffle(r))-<exp{ia-(f(z)—f(O))}> (18)

Where F (t)= <Y,Tm.(49(0),40(0))1/,,,”.(H(t),go(t)» denote the orientation correlation functions,

which reflect the temporal development of the molecular angels 8 and ¢ .

On inspecting equation 1.8, one recognizes that the light scattering signal is proportional to
[?, therefore molecules with small anisotropy are inappropriate for the measurement of

rotational dynamics.

As the orientation correlation functions anl,)n(t) only depend on the second order spherical

harmonics Y. (t), light scattering spectroscopy is sensitive to variation of second order

2.m
Legendre polynomials P, (cos@) only. This is a common feature with nuclear magnetic

resonance spectroscopy (NMR) and optical Kerr effect spectroscopy (OKE), hence the results,
e.g. time constants, are comparable without assuming models of motion. In contrast,

dielectric spectroscopy (DS) detects the variation of the first order Legendre polynomial

B, (cos ), what may lead to differences depending on the nature of motion.

Basically, via a variation of g (usually done via a variation of the scattering angle)

information on the spatial correlation of fluctuations can be obtained. As ¢ in the case of

light scattering is small, more precisely |c§|§ <<1, with & being the correlation length of the
studied process, it is sufficient to consider the limit |(}| — 0, where the exponential factor in

equation 1.8 can be omitted, what leads to a g -independent spectral density I(a)f,R).[31]
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3.1.4 Dynamics in a Liquid

The molecular movement (rotation as well as translation) of particles is erratic, therefore
any detected signal is erratic, too. One could speak of noise. It is obvious that the theory of
noise and fluctuations is relevant for light scattering, as well as for any other measurement
of liquid dynamics. The most important result of linear response theory is:[32] If two systems
are coupled only weakly, information on the uncoupled systems suffice to describe how one
system reacts to the other one. Thus, the response of the system is completely described by
the time correlation function of a dynamic variable, which characterizes the “noise” in the
unperturbed system. In the case of light scattering, the incident light is supposed to be weak

enough, that one can assume the equilibrated system’s reaction to be linear.

Correlation Functions
Time dependent correlation functions have a long tradition in being used in the theory of
stochastic processes.[33] They provide an expression on how much two dynamic variables
are correlated in a given period of time.
Let the variable A depend on positions and velocities of all particles in a given ensemble of
particles. Even though every single particle moves obeying Newton’s laws, the variable A
shows only noise caused by the huge number of particles in the systems. This concept is
used by molecular dynamics simulations.[34] By limiting the number of particles and the
calculated time steps, the equations of motion can be solved stepwise for each particle.
Let the quantity A be a noise signal with the following properties: The value A(t) at the time t
and the one at the time t’, A(t’), differ. If the difference between t and t’ is small compared
to the typical time scale of the fluctuations, it is probable that the value A(t’) is close to the
A(t). Therefore one can claim that A(t) and A(t’) are correlated, and that this correlation
decays at long times Ar=t'—t. A measure for such a correlation is the autocorrelation
function of A, which is defined by

(AQO)A(A) = tim - [ AG)A( + A ) (1.9)

T—)ooT
It is obvious that the correlation reaches its highest value at shortest times

(A(0)A(0)) = (A(0)A(Ar)) (1.10)

19



At times At, which are considerably longer than the typical time scale of the fluctuations of

A(t), one expects that the correlation among A(0) and A(At) exists no longer:

lim (A(0)A(Ar)) = (A(O))(A(A1)) = (4(0))° (111)

<A%>

\

<A>

time At

Figure 1.8 Sketch of the autocorrelation function of A(t), decaying from <A2> down to <A>2

at a time scale of At.

By the definition of the quantity dA(t)=A(r)—(A(t)), which is the deviation of A(t) from its
average value, the autocorrelation function of 5A(t) has a more simple structure, as the

constant part vanishes.

lim (A(0)5 A(Ar)) =0 (1.12)

At—o0

One can define a model independent time scale 7. of the fluctuations of A(t) by the integral
over the normalized autocorrelation function:

r = j:%d(m) (1.13)

Spectral Density
The spectral density (or power spectrum) /a(®) of a stochastic process described by the

autocorrelation function <A(0)A(t)> is, following the Wiener-Chintschin-theorem,[35] given
by:

L(@)=—[ e (A(0)A())dr (1.14)
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This quantity plays an important role in the following, as the spectral is directly measured by
the light scattering setup used for this work. The correlation function can be calculated from

the spectral density.

(A0)A@) = [ 1, (0)dw (1.15)

The autocorrelation function and the spectral density are their mutual Fourier transforms.

The quantity IA(a))da) can be interpreted as the amount of <A2> in the frequency interval

between wand o +dw.
Considering the short-time limit of equation (1.15), one gets the mean square value of the

guantity A in equilibrium.
2 00
<A(0)A(0)>=<|A(0] >: [" 1 (0)e (1.16)
Considering instead the low-frequency limit of equation (1.14) together with equation
(1.13), one gets

1,(0)=—- [~ (A(0)A@)dr == ) (1.17)
A 27 - ‘2
This means that for normalized correlation functions decaying from 1 for t=0 down to 0 at

long times, the spectral density at t=0 gives the time constant z./2 7.

Susceptibility
The imaginary part of the susceptibility "’ of a given system is connected to the spectral

density via the fluctuation-dissipation-theorem:[36]-[38]

ho
| T 1 IA(a))
- 1_ B I = 118
4 2h( ¢ JA(CO) 20 n(w)+1 (1.18)
with the Bose factor
n(w)= hwl (1.19)
el 1

where kg denotes the Boltzmann constant and T the absolute temperature. The left side of
equation (1.18) describes a system relaxing to the equilibrium state, while the right side
describes fluctuations of a system around its equilibrium state. The imaginary part of the
susceptibility ¢’ is proportional to the power dissipated by the system from a perturbation

with frequency .
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Dielectric spectroscopy is one of most powerful and most applied methods for the
investigation of super-cooled liquids’ dynamics. Usually, the dielectric loss €”’, which is
equivalent to the dielectric susceptibility %" is plotted versus frequency. Therefore light
scattering spectra may also be analyzed in the susceptibility representation for comparability
reasons.
The factor l—exp[—h—w] in equation (1.19) is in literature sometimes replaced by h_a)
kT k,T
what is a approximation for hw<<k,T. For example at a frequency of 1THz and a
temperature of 300K, this approximation deviates about 8% from the correct value.

Therefore this approximation was not used in this work.

Pulse Response
The autocorrelation function of a dynamic variable A can be understood as describing the
reaction of a system on a jump from one state to another one, the step response. The
system approaches the new equilibrium at a time scale .
The pulse response describes the reaction of a dynamic variable A of the system on a
Kronecker-Delta shaped pulse. Still assuming linear response theory, it is proportional to the
negative time derivative of the step response function:

O(A(0)Alr
Fp(t)oc _M (1.20)
ot

Analogously to the connection of correlation function to the spectral density, the pulse
response is connected to the susceptibility via Fourier transformation.

This relation is becoming relevant as some methods, for example the optical Kerr effect
(OKE), directly measure the pulse response function. OKE detects the reaction of a system to
a first strong laser pulse with a second delayed laser pulse. The results of the method may

directly be compared to the results of dynamic light scattering, as the same correlation

function is probed.[39]-[41]
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3.2 Results

3.2.1 Spectrum of Glass Formers

Glass formers show dynamics on virtually all observable time scales. While at the glass
transition temperature T, the a-relaxation is found at about 0.01 Hz, the microscopic
dynamics are found at about 1 THz. In order to fully capture the dynamics, a very broad
frequency interval has to be measured. This is usually done by the combination of different
methods (see Fig. 1.2).

Figure 2.1 schematically shows the typical development of the susceptibility spectrum " (w)
of a liquid when cooling down from the boiling point (a) down to temperatures below the
glass transition temperature T, (d). At high temperatures, the a-peak merges with the
microscopic (vibrational) dynamics to a broad single peak and the temperature dependence
of this simple liquid spectrum is weak. The microscopic dynamics, including the boson peak
can be thought of highly damped acoustic modes in the phonon spectrum of a crystal. At
even higher frequencies, say above 5 THz, only Raman lines occur. These are independent of
glassy dynamics as they are caused by intramolecular vibrations. The situation displayed in
Figure 2.1 (a) and (b) is the one which is comparable to most experimental spectra used in
this thesis. A minimum has shown up between the a-process at the low frequency side and
the microscopic / fast dynamics at the high frequency side. On further cooling down the
system, secondary processes emerge between the a-peak and the fast dynamics. Finally, at
lowest temperatures, below T,, the time scale of the a-process exceeds all experimental
time scales and shifts out of the frequency window.

As most susceptibility spectra of glass forming liquids reported so far do not cover high
temperatures (near the boiling point), and therefore do not detect the crossover from two
well separated contributions to a single broadened peak. The aim of this work was to
complement several available spectra, measured during some preceding thesis, up to
highest frequencies and temperatures as well as to investigate and evaluate new samples.
We focused on low-T, liquids for which the high-temperature limit 7 =10 s is easily

accessed by standard spectroscopic equipment (up to 440 K).
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Figure 2.1 Double logarithmic sketch of the susceptibility spectrum of a typical glass former
from high temperatures (a) down to low temperatures (d) as expected for a DS or DLS
measurement. The o-process shifts through the frequency window, while the microscopic

dynamics remain essentially unchanged.

Dynamics of liquids and glasses are usually and most conveniently studied by dielectric
spectroscopy, as it comprises about thirteen decades in frequency. But at frequencies typical
for a liquid, above 10 Hz, experiments become complicated and resolution suffers. An
example of an up to date dielectric spectrum of the glass former xylitol from the
Lunkenheimer group is shown in Figure 2.2. [42] The different regimes discussed above show
up, but this liquid shows a beta process instead of the excess wing, or in addition to it.
Clearly, the situation sketched in Figure 2.1 (a), the merging of the o-process with the

microscopic dynamics is not reached.
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Figure 2.3 Susceptibilities measured by TFPI / DM:
(a) spectra of CKN. Figure taken from [43].

(b) spectra of benzene. Figure taken from [44].
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A typical light scattering spectrum from the Cummins group, pioneering TFPI, is shown in
Figure 2.3 (a).[43] Compared to dielectric spectroscopy, it comprises a much narrower
spectral interval, which, yet, reaches up to highest frequencies. The merging of the a-
process with the microscopic dynamics is also not reached in this case, as high enough
temperatures have not been reached. In Figure 2.3 (b), the susceptibility spectrum of the
highly fluid liquid benzene is shown.[44] They reached the merging, but could not follow the

spectral development on super-cooling, as benzene crystallizes.

1.0 m-tricresyl phosphate (7, = 293 K; T =205K) |
____________ PCS
0.8 207 - 244K -
= 06
O
0.4}
02| TEPIDM 290K shifted \ 1
270 - 440K \ \
0.0 i m T e e

10"10"10"10™ 10° 10® 107 10° 10° 10* 10° 10® 10" 10° 10" 10°
t[s]

Figure 2.4 The correlation function, C,(t), obtained from photon correlation spectroscopy
(PCS) as well as from tandem-Fabry-Pérot interferometry (DM/TFPI) data after Fourier
transformation; dash-dotted line: fit by a Kohlrausch law including excess wing contribution,
solid blue line: correlation function at T = 290 K shifted to coincide with that at T= 207 K;
dotted line: amplitude f of a-process. DM/TFPI data obtained as a part of this thesis, PCS

data measured by N. Petzold. Figure taken from [50].

The same behavior as sketched above in the frequency domain in Figure 2.1 can be
discussed in the time domain in terms of correlation functions. As an example, Figure 2.4
shows the correlation function of m-tricresyl phosphate (m-TCP), which was obtained by PCS
and DM/TFPI [50]. Covering 15 decades in time, it shows very similar relaxation features as
were reported previously for o-terphenyl.[58] This representation of the data allows to
explain the main relaxation features of glassy dynamics which establish when the liquid is

cooled from high temperatures (T > T,;) down to Ty,
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At high temperatures an essentially single-step function is recognized which
transforms into a two-step correlation function at low temperatures.

Its long-time decay, determined by the a-relaxation, is invariably stretched. In most
liquids the non-exponential correlation function can be well reproduced by a
stretched exponential (Kohlrausch) function or by the corresponding time domain
representation of the Cole-Davidson function with a temperature independent
parameter fep. [59],[60]

As the a-relaxation does not change stretching, one can write the (normalized)

correlation function or the corresponding normalized susceptibility, respectively, in
form of scaling laws C(r)= C(% j and y"(w)= y"(@r).[3],[61],[62] This property

constitutes what is called the time-temperature superposition (TTS) and the
frequency-temperature superposition (FTS), respectively, and it is an important
property of cooperative dynamics and it persists up to the boiling point. In
susceptibility representation, this is directly shown in Figure 2.5 (b).

The relaxation strength f of the a-process is constant for all temperatures, at least
the variations, which were proven to exist in the frequency domain (see Figure 3.2),
are too small to be perceived in this plot.

Interpolating the long-time tail of the correlation function with some appropriate
function yields the time constants 7 (T) which exhibit a super-Arrhenius temperature
dependence setting in already above the melting point T,. The temperature

dependence of these time constants will be treated in detail in the next section.

Figure 2.5 (a) shows the susceptibility spectrum of 2-methyl tetrahydrofuran (MTHF), a glass

former with a particularly low T; of 92K, which was measured during this work. Due to its

rather low electronic polarizability, a lot of accumulations were necessary to obtain data

quality comparable to other liquids. The different regimes sketched in Figure 2.1 can be well

resolved as temperatures well above the boiling point were reached. We analyzed several

spectra like these and extracted parameters like high frequency slope fcp and the time

constants of the a-process. We developed a reproducible, quasi model independent way for

their extraction. At lower temperatures, where T(T) >107'%s, this is done straight forward by

fitting a Cole-Davidson function at the data, which gives about the same result as reading off
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the maximum frequency, often referred to as “peak picking”. But at higher temperatures,

the contribution of the a-relaxation and the microscopic dynamics merge to become a

broadened single peak.
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Figure 2.5 (a) Susceptibility spectra of 2-methyl tetrahydrofuran (MTHF; T, =92 K, T,= 137 K
and T,= 352 K) obtained by applying DM/TFPI for different temperatures. (b) Susceptibility
master curve obtained by rescaling the spectra shown in (a); solid line: Cole-Davidson (CD)
function with fcpl1=0.48; dashed line: low-frequency limiting behavior y"/x.’ = wrz; insert:
amplitude y,° of o—relaxation as revealed by constructing the master curve showing a

smooth change with temperature. Figure adapted from [Pub. 2].
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Figure 2.6 Time constants of 2-methyl tetrahydrofuran (MTHF, T, =92 K, T,= 137 K and
Tw,=352 K) obtained from different techniques (as indicated) showing a crossover to

Arrhenius law at high temperatures (solid line). Figure taken from [Pub 2].
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Here, we extracted time constants by scaling the spectra to a common low-frequency
envelope, explicitly " "/x«" = @z This way of building a master curve is unique, as long as the
a-process contributes to the spectrum in form of an additional shoulder. As a crosscheck,
the amplitude y,° follows the temperature dependence established at low temperatures up
to highest temperatures in a regular smooth way, cf. insert Fig. 2.5 (b). The time constants
extracted this way are shown in Figure 2.6 and match very well with those from other
methods. [Pub. 1],[45],[46]. A very large temperature interval of about 350 K is covered in
the case of the low-T, liquid MTHF and time constants down to about 5-107"*s are shown in
this Figure, and the crossover to an Arrhenius law is clearly visible. The description of these

time constants was a substantial part of this thesis and is treated in the next sections.
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Figure 2.7 Susceptibility spectra of 22 molecular and ionic liquids (cf. Table 1 in [Pub. 4])
normalized by the intensity of the a-process and plotted versus the rescaled frequency .
Pronounced differences are recognized regarding the width of the a—relaxation and the

relative amplitude of the microscopic peak. Figure taken from [Pub. 4].

The spectra of all liquids are quite similar, yet there are differences. These are best
recognized in Figure 2.7, where the normalized spectra of all liquids taken at comparatively
low temperature, yet still displaying a full a-peak in the present frequency window, are
plotted as a function of reduced frequency wr. For all liquids a common low-frequency

envelope, explicitly ¥ '/x« = @7 is found, and the different widths of the a-relaxations are
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directly reflected in the heights of its peaks. In addition, one clearly recognizes a strong

variation in the height of the microscopic peak.
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Figure 2.8 Logarithmic plot of C,(t) versus (t/ 7)™ yielding linear long-time behavior. For
each system, the stretching parameter S of the a-process is kept temperature independent.

The inset shows variation of S around its mean value, if it was allowed to vary. Figure taken

from [Pub. 4].

As stated above, the correlation function C,(t) can be approximated by a stretched
exponential (Kohlrausch) function at long times at which the a-process dominates. The
amplitude f describes the strength of the a-process also known as non-ergodicity parameter.
The Kohlrausch parameter 7x is related to the (mean) correlation time 7 via

7= 1% ['(1/5)/ P, where T" denotes the Gamma function. The Kohlrausch function can be
linearized by plotting C,(t) on logarithmic scales versus (t/rK)ﬁ" as it is shown in Figure 2.8

for TFPI/DM data obtained in this thesis. The values of f are system specific but not
temperature dependent, and parallel straight lines are found at long times for the different
systems. This plot demonstrates directly two features already partly obvious from the
correlation function shown in Figure 2.4 itself. First, the relaxation stretching does not
change with temperature, as the decays fall on straight lines by applying a unique f for each
molecule, thus FTS applies. Even up to highest temperatures close to the boiling point,
unchanged relaxation stretching is observed. No crossover to an exponential relaxation is

recognized. Glassy dynamics, like relaxation stretching, has nothing to do with super-cooling,
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even liquids which cannot be super-cooled, e. g. benzene,[44] show such glassy dynamics.
Second, the amplitude f is practically temperature independent, too, yet as f it varies
among the different systems. Below we investigate their correlation with other quantities

characterizing the glass transition.

i —e— MTHF
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Figure 2.9 (a) 1-G,(t) plotted versus squared time t*. The initial slope M, (red lines) is related
to some effective moment of inertia /*. (b) Temperature dependence of /* for some selected

liquids. Figures taken from [Pub. 4].

For short times, for the reorientational correlation function, one has
Cz(t)=1—M2t2+O(t4), as it is an even function in time. Figure 2.5 (a) shows that
correlation function can in deed be expanded in such a way, as the choice of the axis
linearizes the short time behavior. In the case of linear molecules, the coefficient M, is
related to the moment of inertia /* via [*=3k,T/M, .[63],[64] Figure 2.5 (b) shows the
calculated /* for some molecules versus relative temperature. At high temperatures, this
guantity is found to be temperature independent and thus being an attribute characterizing
the molecule. In [Pub 4] and Figure 2.10, these inertial quantities /* are compared with other

parameters describing a given liquid.

Having measured depolarized light scattering spectra, we compared the spectra and checked

for peculiarities and correlations among the parameters describing the spectra. Therefore
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we characterized every liquid by a set of three parameters, which are the stretching
parameter fcp of the a-process, the strength of the fast dynamics 1 — f, and the time scale at
shortest times expressed by kgT//* with the apparent quantity /* reflecting essentially inertia
effects. All these turned out to be temperature independent and we correlated them among
each other and with parameters describing the temperature dependence of the correlation
time 7, namely high-temperature activation energy E., fragility m or glass transition

temperature Tg.
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Figure 2.10 (a) Correlation between the strength of the microscopic dynamics 1 - f and the

effective moment of inertia /* indicating some correlations. (b) No correlation is found

between the intensity of the fast dynamics 1 - f and the stretching parameter fp. (c) High-

temperature activation energy E,, versus fcp. (d) Correlating relaxation strength of the fast

dynamics 1 - f and fragility index m. Taken from [Pub. 4]
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One finds a trend that molecules with high molar mass M have a high quantity /*. Of course,
different molecular geometries and sizes disturb a clear cut relation between /* and M. In
Figure 2.10 (a) the quantity 1 - f (relaxation strength of the fast dynamics) is plotted versus
I*. With a correlation coefficient of -0.64 we find a negative correlation: The higher 1 — f the
lower is the inertial quantity /*. Finally, in Figure 2.10 (b) we consider the correlation among
1 — f and the stretching parameter fcp. No, correlation is observed. The width parameter lies
in the range 0.32 — 0.80; no indication for a preferential value of fp= 0.5 is found as

suggested by Nielsen et al.[55]

We also discuss the connection between the spectral parameters and those characterizing
the temperature dependence of the time scale of the a-process t,(7), namely the high-
temperature activation energy E., fragility index m, and the glass transition temperature T,
itself. In Figure 2.10 (c) the stretching parameter Scp versus fragility index m is considered.
Again, we do not find any correlation; relaxation stretching is independent of fragility. This is
at variance with the conclusion of Bohmer et al.[56] which has been drawn when analyzing
relaxation data close to T;. A weak trend between 1 — f and fragility m may be observed in
Figure 2.10 (d): the more fragile, the higher is 1 - f. Comprising also inorganic network

glasses, an opposite trend was reported by Sokolov et al.[57]

In all cases and all representations of the spectra, the ionic liquids do not show any

particular behavior.

We are further interested in the differences between the spectra measured by different
methods on the same liquid. This was mainly investigated in [Pub. 3], where dielectric
spectra and those obtained from NMR have been included. Figure 2.11 (a) shows the a-peak
master curves of the liquid m-tricresyl phosphate (m-TCP) as measured by Field Cycling (FC)
'H NMR, photon correlation spectroscopy (PCS) and from dielectric spectroscopy (DS). DS
probes rank-one correlation function Cy(t) while LS and NMR probe a rank-two correlation
function G,(t). At highest frequencies, the amplitude of the excess wing differs by a factor of
about three, as would be expected when assuming that the reorientation is highly hindered
and proceeds via small angle steps,[47]-[49] while the exponent of the excess wing appears

to be about the same.
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Figure 2.11 (a) Comparing susceptibilities of m-tricresyl phosphate as obtained from PCS (red
squares, measured by N. Petzold), from Field Cycling (FC) *H NMR (black triangles, measured
by M. Hofmann) and dielectric spectroscopy (blue diamonds, measured by R. Kahlau); (b)
Comparison of the susceptibility of dimethyl phthalate (DMP) from photon correlation
spectroscopy (PCS, measured by N. Petzold) and from dielectric spectroscopy (DS, measured
by R. Kahlau); the slow B—process is not probed by PCS, instead an excess wing is observed;

adapted with permission from ref. [50]. Figures taken from [Pub. 3].

Many glass formers show in addition or instead of an excess wing a [-process, which is a
secondary relaxation caused by small angle motion, for example seen in the dielectric
spectrum in Figure 2.11 (b). There, the dielectric spectra are compared with the PCS results
for DMP after transforming the time domain data into the frequency domain at quite the
same temperatures. The B-process is not recognized in DLS, although a well resolved excess
wing is found. Therefore one may draw the conclusion that the excess wing is a different
phenomenon than the B—process and it shows quite universal features whereas relaxation

strength and spectral width of the B—relaxation vary and depend on the probing technique.

The identification of different power-laws dominating the correlation loss is done most
conveniently in the pulse-response representation of the DLS data. This is shown for the
molecular liquids m-TCP, toluene, salol, DMP and the room temperature ionic liquids (RTIL)
EAN on a reduced time scale t/7in Figure 2.12 (a).[Pub. 4] Indeed, in the case of salol, two
power-laws are well discernible. On the one hand, the intermediate power-law at short

times with an exponent 1 -y =0.8 and on the other hand a second one at longer times with
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exponent 1 - Bcp= 0.21. The latter is the short-time decay or high-frequency contribution of
the o—process and is called the von Schweidler law. It is somehow surprising that the
intermediate power-law can be identified in this representation, although no traces of it are
recognized in the susceptibility representation (cf. Figure 2.17). Even in the case of the ionic
liquid EAN, the intermediate power-law is found, despite the stretching exponent 1 - Bcp=
0.61 of EAN is quite close to that of the intermediate power-law. As has been discussed by
Brodin and coworkers [51]-[53], the intermediate power-law [16] is nothing else than the
excess wing usually identified in dielectric spectroscopy (cf. Figure 2.11 (b)). As molecular
liquids (full symbols) as well as (RTIL, open symbols) are included in this Figure (and in Figure
2.7), we can draw the obvious conclusion that RTIL do not show any striking differences in
their DLS spectra compared with molecular liquids. This is somewhat surprising, as RTIL show

peculiarities in DS spectra.[54]

By plotting the position of the minimum vs. position of the a-peak, as is done in Figure 2.12
(b), a kink in the power-law behavior is found. We attribute this to the emergence of the
excess wing, which influences the minimum position, but not that of the maximum. This kink

is found for all liquids around 7= 107s.
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Figure 2.12 (a) Pulse-response representation of the DLS data for the four molecular liquids
m-TCP, toluene, salol, DMP and the ionic liquid EAN obtained by PCS (points) and TFPI/DM
(lines). The excess wings are indicated by dotted lines, whereas the dashed lines mark the a-
process. (b)v . plotted vs. v_, solids lines reflect high and low temperature power-laws with

slopes indicated; dashed lines: MCT prediction. Figures adapted from [Pub. 4] and [Pub. 5].

35



3.2.2 Time Constants of the a-process

Concerning time constants t of the a-process, the well established interpolation function by
Vogel, Fulcher and Tammann [65] is widely used, although it is known that it does not work
when a large temperature range is taken into account. Sometimes two VFT-interpolations
are given to one dataset, one for high and one for low temperatures.[66] There are also
some theoretical issues on the free volume theory, on which the VFT equation is based, as
the divergence at a finite temperature.[67] Recently, Mauro et al.[68] discussed an
interpolation formula which we and others [69] found not to work that much better than
VFT, compare Figure 2.13 (a). Usually those interpolation formulae work rather well on the
description of the data around Tz and do not set much focus on highest temperatures (T>Ty,).
Having measured high temperature time constants, we decided to go the opposite way and

start the description from this side.

The analysis of Stickel et al.[66] has shown that for molecular glass formers the Arrhenius
regime is reached by dielectric experiments in some cases. However, the analysis included
only time scales below 10* Hz, which is not always sufficient to reach the high-temperature
range. There are also some theoretical considerations on the behavior of time constants in

liquids.[70]-[75]

Mode-Coupling theory also provides a prediction on the temperature dependence of the
time constants, but only for temperatures above a critical temperature T. which is located

between T; and Tp,,.[76]

There are also approaches for a parabolic interpolation of the time constants by Elmatad et
al. [77] (Figure 2.13 (b)). This form could be interpreted in terms of a random energy model,
where activation barriers are assumed to be distributed as Gaussian variables. From the
Boltzmann distribution, they predict an activation energy that grows as 1/T, so that log t
grows as 1/T2. But this interpolation does of course not cover high temperature behavior as

well.

Publications 1 & 2 deal with the description of time constants, as a new interpolation

formula was developed and tested.
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Figure 2.13 (a) Scaled Arrhenius plots (log t vs. reduced inverse temperature Tg/T) of the
average relaxation times with fits using VFT and the expression by Mauro et al.[68] Figure
taken from [69]. (b) Collapse to a parabolic form of the structural relaxation times, t, and
viscosities, n, as functions of temperature T for fragile glass forming liquids. Parameters t,
(sets time scale), T, (sets temperature scale), and J (sets energy scale) are determined by
scaling. The inset shows the same data when graphed in Angell-type plot. Figure taken from

[77].

As we measured y”’(®) up to high temperatures (around the boiling point), we combined t(T)
for a series of glass formers collected from dielectric spectroscopy and dynamic light
scattering covering a range 102 s < (T) < 10% s. Some examples are shown in Figure 2.13
with interpolations by the VFT-equation, the interpolation formula by Mauro et al.[68] and
our own approach (which will be explained below), which all have three parameters. A more
comprehensive plot of the time constants is shown in Figure 2.14(a). In the case of the high-
T4 system o-terphenyl the approaches by VFT and by Mauro et al. fail to interpolate the data
in particular at high temperatures. Yet, VFT works rather well for the low- T, liquid MTHF for
which again the Mauro et al. approach fails. In contrast our current approach interpolates
the data rather well in all cases. The high-temperature behavior is well reproduced by an

Arrhenius law, in the case of MTHF, it is observed over more than 250 K. This is also proven
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by Figure 2.17, where the activation energy is plotted versus temperature. Constant
activation energy corresponds to Arrhenius behavior. Consequently, in such well studied

systems the high-temperature activation energy E,, can be assessed model independently.

MTHF

toluene a)
DMP

o-terphenyi

o e o d

10

log, ( T/s)

——current approach
- - - Mauro et. al.

100 200 300 400 500 600 700
T/K 1000K /T
Figure 2.14 Reorientational correlation time of 2-methyl tetrahydrofuran (MTHF), toluene,
dimethyl phthalate (DMP) and o-terphenyl (OTP) plotted versus temperature (a) and versus
inverse temperature (b); Interpolation by VFT-equation, interpolation by Mauro et al. and

current approach (eq. 3.1). Figure taken from [Pub. 2]

Tarjus et al. [71] already discussed the time constants in terms of temperature dependent

activation energies E(T)

xp(@j 1

k,T

and interpreted it’s increase at low temperatures with increasing cooperativity. They gave a

power-law dependence of E(T) on temperature:

E for T >T*

o0

E(T)=

%
E, +B(T*)(1—%) for T <T* 2.2)

This corresponds to a decomposition in a low temperature non-Arrhenius regime (7<T*) and
a high temperature (T>T*) regime with constant activation energy. But these approaches are

not fully accepted yet.
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Analogously, describing the dynamics in terms of an activation energy E(T), we distinguish a
high-temperature regime characterized by an Arrhenius law and a low-temperature regime.
The Arrhenius regime has been observed since quite long ago in non-glass forming
systems,[78],[79] although it’s activation energy is not connected to a single particle barrier.
In deed, we found an Arrhenius behavior for all liquids investigated and, inspired by the

approach by Tarjus et al. (eq. 2.1), mapped t(T) on an temperature dependent activation

energy Ecoop(T) via

E,+E,,(T) 23)
— .

(T)=r. exp{

where E_ is the constant high-temperature activation energy and z_ a pre-exponential time
on the order of 10 s. The quantity Ecoop(T) reflects the cooperative dynamics becoming

dominant at low temperature, and its properties have been discussed by several authors.

[72],[75],[80],[81]
4F g zmzeenzene' 10000 ' E
\Sopmpyl benzene A
2r A g‘-;i:;fbenzene
O L g Zﬁ[é)gene carbonate i
. E)ii prgmlene glycol
o X e
- -4} Data3_PGE 4 =/ "Q
9 2 :eTnSEphenone §_ \
S L5 1w N
= 8 - 100 S ;
1ol (a) - O%?bo .
<
-12 1 0% I,
14 & 1 1 1 1 1 1 1 1 10 1 1 S, 1
0 1 2 3 4 5 16 7 8 9 100 200 300 400 500
1000/T [K'] TIK]

Figure 2.15 (a) Reorientational correlation times of molecular liquids obtained by dielectric
spectroscopy (open symbols) and dynamic light scattering (full symbols). Viscosity data for
o-terphenyl, trisnaphthyl benzene (TNB) and propylene glycol (crosses); for toluene, *H NMR
data have been included; straight dashed lines: high-temperature Arrhenius behavior; solid
lines: full fit by eq. (3.1). (b) Ecoop(T) in @ semi logarithmic plot; straight lines signal
exponential dependence in particular for low-Tg liquids. Marked points indicate Ecoop(Tg).

Figure taken from [Pub 1].
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Inspecting Ecoop(T), we found it can best be described by an exponential function decaying

with temperature, as it is shown in Figure 2.15 (b), like
E,, (T)oxexp[-cT] (2.4)

with a slope parameter c. We attribute deviations from this exponential behavior (especially
seen in the cases of the non-fragile glass formers glycerol and propylene carbonate) to a
slight overestimation of the high temperature activation energy E_ . Taking a closer look to
Ecoop(T), there was another peculiarity: Ecoop(Tg) seemed to be proportional to Ty itself. This is
illustrated by the marked points in Figure 2.15 (b), which form a straight line. But why should
the “man-defined” glass transition temperature T, be extraordinary? We updated equation

(2.4) by introducing an energy scale, E_, and a reference temperature Ta, which is defining

an isoenergetic point by Ecoop(Ta)= E

A

E, (T)=E, exp{— A[Tl - 1]} . (2.5)

Herein A is introduced as a “generalized fragility parameter” [Pub. 1] which controls the
“steepness” of Ecqop(T). Four fit parameters, namely 7z, E_, A and T, are needed to
describe the full temperature dependence of ©(T ) in the present state of analysis. This four-

parameter description of ©(T ) provides very satisfying interpolations.

In Figure 2.16 (a) the apparent activation energy Ex(T) as given by the derivative of 7{T) with
respect to the reciprocal temperature 1/T is shown with interpolations included. In this
representation, strong evidence is found that the apparent activation energy finally becomes
constant at highest temperatures. The present approach captures all features of #{T); in
particular, the crossover to E,, at highest temperatures is well reproduced. Of course this is

not unexpected, as our approach was constructed that way.

In Figure 2.16 (a), it appears that the lower E,,, the more the onset of cooperative dynamics
shifts to lower temperatures. In other words, this is a model independent hint that T, and E,
are likely to be correlated. Thus, we plotted the reduced activation energy Ex(T)/E. vs. T/E,,

in Figure 2.16 (b). Within the scatter of the data a universal dependence is observed. MTHF
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and OTP, for example, systems with rather different T, as well as E, display very similar

behavior. Not surprising, fragility parameters m are quite alike in these systems.
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Figure 2.16 Apparent activation energy EA(T) for selected molecular liquids as function of (a)
temperature; dotted lines: VFT equation [65], dashed lines: interpolation by Mauro et
al.[68], and solid lines: our current model (eq. (3.1)). (b) Reduced activation energy Ea(T)/E

vs. T/E... Figure adapted from [Pub. 2].

We found a strong correlation between E_ and T, which can best be expressed by
T,=bE,, with b=0.104, as displayed in Figure 2.17. This numerical value is, of course,
obtained by an optimization and may change slightly if different liquids are considered. The
resulting values of T, are between 1.1 and 1.2 T, and thus possibly close to T. of mode
coupling theory. This correlation leads to a three parameter interpolation (equation (3.1)) of
the time constants t(T ) of the a-process. All the fits shown in Figures 2.14, 2.15 and 2.17 (a)
are done with three parameters and lead to very satisfying interpolations. Mirigan and
Schweizer recently discussed our approach as a “phenomenological 2-barrier model” in
terms of the “Elastically Cooperative Nonlinear Langevin Equation (ECNLE)” theory and

found similar values of Ta/Ty and Ecoop(Tg)/ E, . Therefore they found our model to be

consistent with the ECNLE theory. [82]
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Figure 2.17 “generalized Angel plot”: Reduced energy Ecoop(T)/Ex Versus reduced

temperature T/E.., dashed lines mark optimal intersection. Figure taken from [Pub. 1]
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3.2.3 Theories of the Glass Transition

Overview

Mode-coupling theory (MCT) is a microscopic theory of liquids which takes an N-particle-
problem as a starting point. It was first introduced by Kawasaki, who was interested in the
description of a liquid approaching its critical point.[83] In 1984 the theory was extended to
dense liquids by Bengtzelius, Gotze and Sjolander,[84] and Leutheusser.[85] Therefore the
theory begins with the description of the onset of glassy dynamics beginning from high
temperatures, which means from the liquid state. Later the approach was extended to
molecular liquids with rotational degrees of freedom.[86]-[89] As Review Articles, the

publications of Schilling, Gotze, Das and Cummins have to be mentioned.[90]-[94]

The relevant time scale is the GHz-Regime, where the glassy dynamic separates from the
microscopic (vibrational) dynamics, the latter is located in the THz-Regime. Hence the
predictions of mode-coupling theory can be compared to results obtained by dynamic light
scattering, optical Kerr effect spectroscopy, neutron scattering and in some cases also
dielectric spectroscopy.[14],[69] Mode-coupling theory can also be used in analyzing
molecular dynamic simulations data, as it was shown by Barrat, Kob and Sciortino.[34],[95]-

[97] Even experiments on colloidal systems can be described. [92],[98],[99]

It has to be mentioned that there is another microscopic theory of the glass transition, the
replica theory.[100][101] It is based on the spin glass theory developed by Kirkpatrick and
Thirumalai,[102] but no details on the shape of the susceptibility spectrum have been
worked out yet. Another explanation of the glass transition was given by the theory of
frustration limited domains.[81][103] Caused by the dominance of locally favored structures,
which are incompatible to long range ordering, frustration phenomena show up. (cf.

equation 2.2)

Another view on the glass transition is known as potential energy landscape.[104]-[108] In
this model, the state vector, containing all the particles coordinates moves on a potential
energy landscape. This view is particularly useful for low temperatures, as the time

development of the system can be described as the sum of vibrations in the local minima
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and erratic jumps between these minima. The shape of the potential energy landscape is,
according to Angell,[104],[105] depending on the fragility of the liquids. In fragile liquids, the
minima of the potential energy landscape can be divided in so-called metabassins. Molecular
dynamic simulations have shown that transitions between these metabassins are involved in

the a-process.

MCT in Detail

Here we sketch mode coupling theory (MCT) and especially the schematic F;, model in more
detail, as it was used to describe the DLS spectra of the present work. Starting point of the
mode coupling theory is a generalized Langevin equation for the correlation function

connected to the wave vector g with a memory kernel M () :

0=0¢,(t)+ ¢q(t)+I;Mq(t—t')¢q(t') (2.6)

The memory kernel M (7)is split in a fast part, which can be approximated by a delta
function giving a damping term and a slow part m_(¢) . In mode coupling theory, this m, () is

expanded in a series of polynoms of density fluctuations. Then all terms are expressed as
products of correlation functions. In first order, one gets

migt)f= DV, 8, 1)) (2.7)

pk=q
With the coefficients V4, depending only on the static structure factors S(g), S(p) and S(k).
The dynamics of the system is completely determined by equation (2.7). The correlation
functions decay, depending on the values of Vg, and the temperature to zero or to a finite
value f,(T), which can be interpreted as a Debye-Waller factor.

0, T>T.

¢q(t—>00)={fq’ T<T. (2.8)

For temperatures higher than the critical temperature T, ¢

q(t) first decays down to a

plateau value of f4(T) then, for longer times, it finally decays down to zero. This relaxation

models the a-process.

44



Mode coupling theory predicts a divergence of the relaxation times of the o-process on
approaching T.. The experimentally found critical temperatures are well above the glass
transition temperature Tg, the predicted divergence is not observed. This is explained with
the approach that the relaxation via density-density coupling (described by equation (2.7))
freezes out, but other transport mechanisms, which are not included in the theory (as
phonon assisted hopping), survive or take over. They keep ergodicity of the system between

Tcand Tg.

The Asymptotic Scaling Laws

There is no analytical solution for equation (2.7) and the exact values of all the coefficients
Vgok are unknown. But numerical solution for some reasonable assumptions on the Vg, can

be obtained. These solutions were expanded around the plateau at ¢q(t:ta); f,» which

describes the transition between the fast microscopic dynamics and the final a-relaxation. A

scaling law with an amplitude h, and a scaling function g,(¢/z, ) is found

#e)=f,+n,g,(t/1,) (2.9)
As asymptotic cases, on has
te, t<t
t)oc ’ v (2.10)
8.0 {—tb, 1>1,

Where the exponents a and b are defined by the exponent parameter A:

*(1-a) T*(1+b)
(1-2a) T(1+2b)

= (2.11)
Herein I denotes the gamma function. Equation (2.10) predicts a scaling rule around the
plateau and this defines the shape of the minimum between the fast dynamics and the a-
process in the susceptibility spectrum. This is shown for the case of salol in Figure 2.18. Here,
the MCT prediction for the minimum (equation (2.12)) indeed interpolated the minima.
These are scaled to a common master curve, what proves the temperature independence of

the exponents a and b.
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Figure 2.18 Master curve (“minimum scaling”) for the susceptibility minimum for salol (250 —
360 K) with interpolation according to the asymptotic laws of MCT (dashed red line,
equation 2.12). The exponents a and b are not independent, as they are linked by equation

(2.11). Figure taken from [Pub. 5].

Equation 2.10 implies that mode coupling theory gives the interpolation function for the

susceptibility minimum

ZV)= Zoin b(vvJa + a(vJ_b (a+Db), (2.12)

min Vmin

where ¥min and vinin are the frequency and amplitude of the minimum. For their temperature

dependence, one expects

l/min o (T_T;)%

v ;%j o (T =T )2

Using this proportionality, T, can be obtained by extrapolating experimental data by plotting

(2.13)

rectified amplitudes and positions of the minimum versus temperature. Mode coupling
theory also predicts a scaling of the a-process, this means that normalized correlation

function follows a temperature independent shape.

#l1)= F(%aj (2.14)
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This statement is equivalent to the time-temperature superposition discussed above.

Further, for the relaxation times of the a-process a power-law is found

1 1

=|o| 2a2%  for T>T, (2.15)

~Ymcr

7 oc|o]

with the reduced temperature o = T;TC .

c

As the temperature dependence of relaxation times is treated in detail in this work, a check
of this relation is done (in [Pub. 5]). One may be tempted to state that relation (2.15)
contradicts our new interpolation formula (equation (3.2)) for time constants. Figure 2.19
shows our current interpolation function (equation (3.2)) with typical values (7, =5 10™ s,
E_= 2500 K, u = 60) scaled in a way that linearizes equation (2.15). The spectral parameter
were assumed to be a = 0.33 and b = 0.66, what corresponds to yycr = 2.27. One finds that in
deed, for high temperatures, a linear behavior is found as equation 2.12 predicts and a value
for T, can be extracted. This of course is not a mathematical proof, but it shows that
different approaches may indeed lead to similar asymptotic behavior. The dependence of

these T.from the values 7, E_ and u was not investigated in this work.
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Figure 2.19 Calculated time constants by our new approach (equation (3.2)) with typical

values (7,=5 10, u =60, E_[K]indicated in the Figure) scaled to linearize the prediction

by MCT (equation (2.15)).

One expects the asymptotic scaling laws of MCT (equations (2.13) and (2.15)) to be valid as
one approaches the critical temperature from the liquid regime. Close to T, yet above the
glass transition temperature T,, other relaxation processes, are believed to become more
and more important and lead to a breakdown of MCT scaling laws. Therefore there is no

well-defined temperature interval in which the scaling laws are expected to hold.

An alternative way to these scaling laws is the analysis of the full spectra by an approach
called schematic model. In this model, one gets the complete correlation function including
a-process and microscopic dynamics as the solution to a simplified set of differential
equations still containing the essential nonlinear feedbacks, therefore it allows the analysis

and discussion of the spectra beyond the regime of applicability of the scaling laws.[76]
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The F1> Model

One weakness of the above presented scaling laws (equations (2.13) and (2.15)) is that it is
not clear from the beginning in which temperature interval they are valid. As they are an
expansion around T, one expects deviations at higher temperatures. Near T., however, MCT
predicts a divergence of time constants not found in experimental data. The relaxation
process described by MCT gets more and more inefficient and other processes gain

dominance. Therefore one expects a collapse of the scaling laws also near T..

The approach of the F;; model is to solve equation (2.6) numerically with some reasonable
assumptions made. For this schematic model, equation (2.7) is reduced to only two
correlators, which are not derived from interaction potentials, but instead have to be taken

as parameter showing smooth temperature dependence.

The origins of this model go back to the description of the so-called tagged-particle
movement in atomic liquids, where also a memory kernel (compare equation (2.21)) for the
coupling of ¢S(t) to ¢(t) was used, while ¢(t) was modeled by an exponential relaxation
only.[109]-[113] A model describing ¢, (r) as well as () self consistently with memory

kernels was first introduced for the description of the glass transition.[84]

This model was already applied to several glass formers.[116]-[119] The capability of the Fq,
model to even describe distinctly non-glassy dynamics at high temperatures was already
demonstrated for the non-glass forming liquid benzene by Wiebel and Wuttke.[44] It's
applicability on OKE results have been shown for instance in the case of benzene and
recently for water.[120],[121] The theoretical background was extensively treated by Gotze
and Voigtmann,[122] and the numerical stability of the fits was confirmed by a numerical

analysis.[123]

One reduces equation (2.3) to one component ¢(t), with a damping constant yand takes a

polynomial of ¢(t) to describe the slow memory kernel m(t).

0=Q7¢ (t)+ b ()+¢ (t)+_[0tm (t—1")é (') (2.16)

mlt)="v,(4(0)) (2.17)



This is called the Fy-model. For being able to calculate a numerical solution, only a finite
number of summands can be considered. The most simple case of N=1 is only able to
describe exponential decay of ¢(t) and is therefore inadequate for the description of real
liguids. One faces the same problem for all other Fy-models with only one term of arbitrary

power. The simplest non-trivial model is the F;, model, where the memory kernel is given by

ml(t)=v,p(t)+v,(o(t)), (2.18)
but it already provides nearly all relevant details found in experimental spectra.[114]

In the vi/v, parameter space, one may discriminate areas describing ergodic (liquid) from
those describing nonergodic (glassy) states. The critical crossover can be parameterized by

the exponent parameter A, already used in the asymptotic laws.

o241
1= 2

11 (2.19)
V;:?

Therein A is limited to values between 0.5 and 1. The shape of the crossover in the vi/v,
parameter space is displayed in Figure 2.20, together with some sets of parameters v; and v,

that model experimental spectra.

Figure 2.20 v,/v, parameter space with the transition between liquid and glassy state
parameterized by the exponent parameter A. Open red circles show extrapolated critical

parameters. Figure from [Pub. 5]
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In order to be able to calculate experiment-like spectra, one needs to introduce another

correlator ¢S(t), which describes the coupling of the experimental observable to the

correlator ¢(t). It obeys the same equation as ¢(t) itself does

0=Q74,()+7.4.0)+4,0)+ [ m,(t-1)4.(t) (2.20)

with slightly different values for the frequency Qg and the damping v and the memory

kernel [115]

wherein ¢(t) resembles a solution to equation (2.17). By this construction, it is ensured that
¢,(¢) is coupled to #(t), but there is no feedback from ¢,(t) to ¢(r) itself. As one describes

spectra obtained by different measurement techniques, it is expected that the values of €,
Y, v1 and v, are equal as they describe the dynamics of the system itself, whereas the values
of ), vs and vs are expected to vary as they describe the method dependent coupling to the
dynamics of the system. So in total, there are seven parameters and one amplitude to be
determined by fitting the experimental susceptibility spectrum. The values of Q, vy, Qs and s
are mainly responsible for the microscopic dynamics and the boson peak and can be kept
constant for all temperatures. In contrast, the values of v, and v, are approaching the critical
crossover line in the vi/v, parameter space on cooling down a liquid (see Figure 2.20 and
2.22 (a)). The parameter v describes the relative amplitude of the a-process and is in most

cases constantly increasing on decreasing temperature.
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Figure 2.21 DLS susceptibility spectra of (a) MTHF and (b) dimethyl phthalate (DMP) fitted to
the F1, model of MCT (black line). The v1/v, parameter space is shown in the inset.

Figure taken from [Pub. 5].

As glassy as well as simple liquid dynamics are covered by the present work, we tested the
F1, model whether it allows describing this crossover. Therefore, eight DLS spectra have
been fitted by the F;; model and as an example the results are given as solid black lines in
Figure 2.21. In most cases, a quite satisfying description is provided up to highest
temperatures, in the case of toluene, ethyl benzene and MTHF even up to the boiling for
which contributions of a—process and fast dynamics have merged. Some deviations occur at
low temperatures for which the fits not fully reproduce the susceptibility minimum. They
become the larger the closer T, is approached and we refrained to fit the spectra at the
lowest temperatures. This is expected as according to MCT the F;; model does not contain
contributions from thermally activated hopping processes, which are expected to become

important near and below T..
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Figure 2.22 (a) Temperature dependence of the control parameter v,, approaching its critical
value (dashed lines) at T; Solid lines show a linear extrapolation towards T, (dotted lines).
(b) Extrapolation of the F;; model fits to temperatures very close to T.. Dashed lines
represent spectra for extrapolated, full ones for experimental temperatures. Red dots mark
the position of each minimum. The minimum positions follow two power laws indicated as

green lines. Figure taken from [Pub. 5]

The changes of the spectra with temperature are mapped to only two control parameters (v,
and vg) showing a smooth variation with temperature shown in Figure 2.22 (a), which allows
to determine T. and to extrapolate the fits to some lower temperatures around T. Such an
extrapolation is shown in Figure 2.22 (b). According to the asymptotic scaling laws (equation
(2.13)) one expects a power-law behavior of the minimum coordinates with a slope around
0.35. Instead, in all our experimental spectra we found a value of around 0.50. Similar values
were already found some time ago.[124] This can be seen as an indication that the
experimental spectra are not in the regime where the asymptotic scaling laws can be
applied. This is our explanation for the systematic deviation we found in the critical
temperatures estimated by Fi, model and the asymptotic laws. We used a third way to
extract the critical temperature T, which uses a phenomenological model only, therefore we
determined the strength of the fast dynamics 1 — f, by subtracting the a-process and excess
wing from the spectrum and integrating up to an upper cutoff frequency of 100 GHz. As it is
seen in Figure 2.23, it shows a cusp-like behavior as MCT predicts. The critical temperature

extracted this way is about 30 K above T, from the F;, model.
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All in all, we can state that most results from earlier MCT analyses, regarding the
applicability and the quantitative aspects of mode coupling theory have been confirmed. For
the first time, a variety of systems is considered in this work, which allows drawing
guantitative statements on the typical deviations and limitation of the asymptotic laws and
the F;, model as well. The discrepancy between T, from the F;; model and from the
phenomenological approach revealing clearly the cusp-like behavior of 1 — f deserves an

explanation.
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Figure 2.23 Square root singularity observed for the temperature dependence of the
amplitude of the fast dynamics 1 — f,. in the case of ethyl benzene and DMP as well as
o-terphenyl (OTP).[58] Red lines are guide-for-the-eyes. Straight dashed lines represent the

T. values obtained by the F;, model. Figure taken from [Pub. 5].
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3.3 Summaries of the publications

3.2.1 From boiling point to glass transition
temperature: Transport coefficients in molecular
liquids follow three-parameter scaling [Pub. 1]

This publication describes one of the most prominent features of the glass transition: The
super-Arrhenius temperature dependence of the transport coefficients. For a series of
molecular glass formers, we combined the time constants t(T) collected from dielectric
spectroscopy, photon correlation spectroscopy and dynamic light scattering covering a range
10 s < (T ) < 10° s, covering the dynamics between the glass transition temperature Tg up
to high temperatures around the boiling point T,. The focus was set on low-T, systems,
where the boiling point T, could be reached. Describing the dynamics in terms of an
activation energy E(T), we distinguish two regimes: A high-temperature regime characterized
by an Arrhenius law with a constant activation energy E,, and a low-temperature regime,
where Ecoop(T) = E(T) — Es increases while cooling. It is demonstrated that this increase can
be described by an exponential function, specifically Ecoop(T)/Ew o exp(-A(T/Ta-1)), where A is
a fragility parameter, and T, a reference temperature which showed to be proportional to

E.

The new three-parameter interpolation formula

o(T)=1, exp{% [1 + exp{— z{% - 1)“ , with b=0.104 (3.1)

provides interpolations better than the well-established VFT expression. This comparison

was done explicitly in Publication 2.
The further results of this publication are:

e F,could be determined, as high temperature data were used, especially well at low-

T, liquids.
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A variety of 17 systems with a quite broad range in T and fragility was investigated,

to allow systematic comparisons.
Ecoop(T) shows an exponential dependence on temperature.

A common intersection point was found in a Ecoop(T)/E Vs. T/E. plot, which allows to

replace T by bE.,.
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3.2.2 Reorientational dynamics in molecular
liquids as revealed by dynamic light scattering: From
boiling point to glass transition temperature [Pub. 2]

As time constants (T ) are discussed in Publication 1, the first part of this publication gives a
detailed description of how time constants can be extracted quite model independently
from the measured high-temperature DLS spectra. At lower temperatures, where
z-(T)Z 107'%s, this is done straight forward by fitting a Cole-Davidson function at the data,
which gives about the same result as reading off the maximum frequency, often referred to
as “peak picking”. But at higher temperatures, the contribution of the a-relaxation and the
microscopic dynamics merge to a broadened single peak. Here, we extracted time constants
by scaling the spectra to a common low-frequency envelope, explicitly ¥ "/x.° = @z. This way
of building a master curve is unique, as long as the a-process contributes to the spectrum in
form of an additional curvature. As a crosscheck, the amplitude y,° follows the temperature
dependence established at low temperatures up to highest temperatures in a regular
smooth way. The time constants extracted this way match very well with those from other

methods.

In the frame of this publication, we decided to rewrite our interpolation formula for the time

o(T)=1, exp {% (1 + exp{— ”(E% —bm] (3.2)

With the only difference being the newly introduced parameter &, which is linked to the

constants:

original A via u= % . This leads to values comparable with the fragility m.

The other main results of this Publication can be summarized as:

e DM/TFPI as well as PCS data of the low-T, liquid MTHF has been included, together
with some literature DS, diffusion coefficient and NMR data. This allows precise

estimation of E,, as the Arrhenius regime is observed for about 250K.
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The three-parameter description of 7(T ) gives good interpolations, better than those
following the VFT equation or the equation presented by Mauro et al.[68]. As the
deviations are quite small (but systematic), also the derivatives of the models were

compared with the derivatives of 7(T).

The crossover of t(T ) to an Arrhenius behavior was identified model-independently
by the use of the apparent activation energy. It was calculated using the derivative of

In(t(T)) with respect to (1/7).

The parameter E_has a physical meaning; its values match the high temperature

activation energy, which can be determined model-independent if enough high-

temperature data are available.

The newly introduced “generalized fragility parameter” 1 shows a strong correlation
. . . - dlg(r) .
with the conventionally defined fragility m:T— and may provide an
8
{"1)
T:Tg

absolute measure of fragility.
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3.2.3 From Boiling Point down to the Glass
Transition - Dynamics of Molecular Liquids Described
by a Generalized Angell Plot [Pub. 3]

This Publication is an overview of the measurements, ideas and results obtained during the
last years. It contains the findings of both aforementioned publications, together with some

new results.

Broad band LS and DS spectra are compared to each other revealing significant differences in
the high-frequency range where secondary relaxation processes occur. We showed that the
spectral shape of the a-process is the same when different spectroscopic methods are
applied, but at high frequencies, the amplitude (of the excess wing) differs by a factor of
about three. We also showed the absence of the B-process, which is clearly detected by DS,
in the DLS spectra. We conclude that the excess wing is a different spectral feature than the
B—process and it exhibits quite universal features whereas relaxation strength and spectral

width of the B—relaxation vary and depend on the method.

Another new idea was to use the separation of the activation energy of 7(T) in a constant,
“single particle” contribution E_ and an exponentially temperature dependent,

“cooperative” contribution Ecp(7) for an estimation of the number of correlated particles

Neore(T). This is following the idea of N. Fatkullin that

_E.T)
Ncarr - %]‘g (33)

The result is shown in Figure 3.1. In a physically reasonable way, N.(T) changes from about
1 at high temperatures up to about 300 at about T. This is quite similar to results from third-
order non-linear dielectric susceptibility.[125] Here it has to be added that in [Pub. 3], we
divided by T instead of T, as a reference energy scale. After discussions with G. Tarjus, we
now believe that T, is the proper scaling parameter. This leads to a minor shift at high

temperatures, but all the conclusions drawn stay the same.
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Figure 3.1 Estimate of the number N, of cooperatively moving molecules as a function of

temperature by applying eq. (3.3). Figure adapted from [Pub. 3].
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3.2.4 Relaxation Stretching, Fast Dynamics and

Activation Energy: a Comparison of Molecular and lonic

Liquids as Revealed by Depolarized Light Scattering
[Pub. 4]

We compared the spectra of different liquids, which are qualitatively similar, but

quantitatively characterized by parameters like fcp, I* and 1-f. These are correlated among

each other and with parameters describing the temperature dependence of the correlation

time 7. The results of this Publication can be summarized as follows:

The long-time tail of the correlation function can be described by a Kohlrausch
function and the a-scaling, i. e. frequency-temperature superposition (FTS) holds.
This must not be seen as perfect agreement of the spectra, but as the existence of a

common envelope, which the data follow the longer, the lower the temperature is.

The minimum scaling also holds (as a common envelope), but its high frequency

exponent shows deviations from MCT forecast.

The excess wing was identified in the pulse-response representation of our data,

including PCS data.

Based on the DLS spectra, an inertial quantity /*, which is temperature independent
at high temperatures and agrees with the scale of molecular moments of inertia, was

determined. As expected, it correlates with the molar mass M.

No further correlations between parameters have been found. In particular, the
stretching parameter fp does not correlate with the fragility m, even though this

was reported.[126]

None of the evaluated parameters shows significant differences between molecular

liguids and RTIL. From the view of DLS spectra, one cannot distinguish between them.

The time constants we found for the RTIL match those from dielectric spectroscopy.
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3.2.5 Depolarized light scattering spectra of
molecular liquids: Described in terms of mode coupling
theory [Pub. 5]

We analyzed DLS spectra in the frame work of mode coupling theory. Eight susceptibility
spectra are fitted to the numerical solution of the schematic F;, model of MCT and the
validity of the asymptotic laws is discussed. The results drawn in this Publication can be

summarized as follows:

e The F1;, model is able to quantitatively describe the spectra up to the boiling point,
where the main (structural) relaxation and the contribution of the microscopic
(vibrational) dynamics have essentially merged, and down to the moderately super-

cooled liquid where glassy dynamics is established.

e The parameters of the F;; model show smooth temperature dependence, allowing

for extraction of T, and extrapolation to temperature close to T..

e The value of MCT width parameter b, obtained by combining equations (2.11) and

(2.19), match the fcp values from Cole-Davidson fits to the experimental data.

e The experimentally extracted values of ®min, ®max and " min follow the asymptotic
scaling laws. But according to these asymptotic scaling laws one expects a power-law
behavior of the minimum coordinates with a slope around 0.35. Instead, in all our

experimental spectra we found a value of around 0.50.

e By a phenomenological analysis we show that 1 — f,¢ exhibits the cusp like anomaly

forecast by MCT, allowing the extraction of T..

e The critical temperatures T, determined by the scaling laws, the fits by the F;, model

and the phenomenological analysis show significant, systematic differences.

e The appearance of the excess wing around 7 =10"s is shown by plotting maximum

VS. minimum position.
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From boiling point to glass transition temperature: Transport coefficients in molecular

liquids follow three-parameter scaling

B. Schmidtke, N. Petzold, R. Kahlau, M. Hofmann, and E. A. Réssler”
Universitdt Bayreuth, Experimentalphysik 11, D-95440 Bayreuth, Germany
(Received 15 March 2012; revised manuscript received 3 August 2012; published 19 October 2012)

The phenomenon of the glass transition is an unresolved problem in condensed matter physics. Its prominent
feature, the super-Arrhenius temperature dependence of the transport coefficients, remains a challenge to be
described over the full temperature range. For a series of molecular glass formers, we combined t(7') collected
from dielectric spectroscopy and dynamic light scattering covering a range 1072 s < (T) < 107 s. Describing
the dynamics in terms of an activation energy E(7), we distinguish a high-temperature regime characterized by an
Arrhenius law with a constant activation energy E, and alow-temperature regime for which E.q,p(T) = E(T)-E
increases exponentially while cooling. A scaling is introduced, specifically Ecoop(T)/Eo o< exp[-A(T /Ta—1)],
where A is a fragility parameter and 7 a reference temperature proportional to E,. In order to describe t(7') still
the attempt time 7, has to be specified. Thus, a single interaction parameter E, describing the high-temperature

regime together with A controls the temperature dependence of low-temperature cooperative dynamics.

DOI: 10.1103/PhysRevE.86.041507

I. INTRODUCTION

Although of fundamental importance and extensively in-
vestigated, the glass transition phenomenon is far from being
understood. Its most prominent feature is the super-Arrhenius
temperature dependence of transport coefficients such as
viscosity or correlation time t, which is observed when a liquid
is strongly supercooled. While a simple (molecular) liquid well
above its melting point T3, exhibits a viscosity on the order
of 1073 Pas, upon supercooling it may finally reach values
of 10'> Pas which are typical for solids. The corresponding
temperature is defined as glass transition temperature T,. The
slowing down of dynamics is accompanied by only a slight and
smooth change in structure. This has lead to the interpretation
that the glass transition is a kinetic transition and several
theoretical approaches have been developed, yet none is fully
accepted [1-4]. In particular, it remains a great challenge of
any theory of the liquid state to provide an interpolation of
7(T), which covers the full range from the boiling point down
to Ts.

Often the empirical Vogel-Fulcher-Tammann formula
(VFT), Ig t/te = D /(T — Typ), is applied to fit experimental
data. One of the problems faced when applying VFT is that its
parameters depend strongly on the fitting interval and it fails
when relaxation data well above T;, are included. Regarding
the divergence of the correlation time implied by VFT at Ty <
T;, doubts have also been raised [5]. Numerous further
formulas have been proposed attempting to fit (7"), but none
is fully satisfying. Another route of searching for “corre-
sponding states” of liquids relies on scaling, for example,
the low-temperature regime by introducing some crossover
temperature [6-9]. Yet, in the different approaches the physical
meaning of the crossover temperature is quite different, and it
is difficult to extract unambiguously a crossover temperature.

Inspecting the experimental situation it turns out that,
although extensively studied close to 7y, molecular glass

*Corresponding author.

1539-3755/2012/86(4)/041507(6)

041507-1

PACS number(s): 64.70.pm, 77.22.Gm, 78.35.+c

formers are not sufficiently well investigated in the high-
temperature regime above T;,. With a few exceptions, most
tests of interpolating 7(7) are restricted to time constants above
about 1077 s, actually ignoring a temperature range of up to
300 K until the high-temperature limit 7, = 107'? s is essen-
tially reached. The most popular approach probing molecular
reorientation is dielectric spectroscopy [10—12], but for tech-
nical reasons most such experiments do not cover frequencies
above a few gigahertz. Correlation times down to 107'2 s are
now easily available when glass formers are studied by depo-
larized dynamic light scattering (LS) using a tandem-Fabry-
Perot interferometer (TFPI) and a double monochromator
(DM) [13-17]. We have combined LS, including also photon
correlation spectroscopy (PCS) data [17] measured up to 440 K
of a series of 17 molecular liquids with the data obtained by
dielectric spectroscopy, thus covering, in most cases, the entire
temperature range needed to attempt a complete description
of 7(T), i.e., which includes both the high- as well as the
low-temperature regime of molecular liquids. As different
rank reorientational correlation functions are probed by DS
and LS, one expects some difference in the absolute values
of t(T), which, however, can be neglected on a logarithmic
scale. For example, comparing t(7") obtained from DS and
LS, a factor of 1.65 among the time constant has been reported
[16]. The time constants 7(7) are extracted from the DS
and LS susceptibility spectra by standard line-shape analysis
described in Refs. [10-13,15,17-19]. Looking for a minimal
number of system-specific parameters controlling t(7') in the
range 10712107 s, we will show that actually three parameters
are sufficient.

II. RESULTS

Figure 1(a) displays, in an Arrhenius representation,
dielectric correlation times collected in our group (open
symbols) [10,15,18-22] together with few other literature data
for glycerol [11], benzophenone [23], salol [24], propylene
carbonate [25], n-butyl benzene [26], and iso-propylene ben-
zene [27,28]. In addition, we have included our data together
with previously published LS data [14-17] (full symbols)

©2012 American Physical Society
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FIG. 1. (Color online) Reorientational correlation times of molecular liquids obtained by dielectric spectroscopy (open symbols) [10,18-21]
and dynamic light scattering (full symbols) (this work and [14—-17]); 4-TBP: 4-tert-butyl pyridine, DHIQ: decahydroisoquinoline, DMP:
dimethyl phthalate, PGE: monoepoxide phenyl glycidyl ether, m-TCP: m-tricresyl phosphate; data for n-butyl benzene from [26,29], iso-
propylene benzene from [27,28,35]; viscosity data for o-terphenyl [31], trisnaphthyl benzene (TNB) [33], and propylene glycol [34] (crosses);
for toluene, ’H NMR data [36] have been included; straight dashed lines: high-temperature Arrhenius behavior; solid lines: full fit by Egs. (1)

and (3). Corresponding 7, values are listed in Table I.

together with literature LS data for n-butyl benzene [29].
In the cases of dimethyl phthalate (DMP) and m-tricresyl
phosphate (m-TCP), we only use LS data as we collected both
TFPI/DM and PCS data [30]. It is obvious that adding the LS
data (solid symbols in Fig. 1) extends the temperature range
significantly to be included in a full-scale description of 7(T'),
a fact better seen when the data are plotted as a function of
temperature [Fig. 1(b)]. Even including the LS data, however,
one reaches correlation times on the order of 1072 s at our
experimental high-temperature limit of 440 K only in the case
of the low-Tj liquids (say, T, < 180 K). For the systems with
high T, this limit is not reached. An exception is o-terphenyl
(T, = 245 K), for which viscosity data [31] are available up
to almost 700 K, which is actually above the boiling point
(T, = 605 K) [32] and allows us to cover the high-temperature
regime also for this high-7; system. Here, with regard to our
LS data measured up to 440 K, still another 260 K have to be
covered to reach 107!? s, finally. As another high-7, system
we included viscosity data of «op-trisnaphthyl benzene
(TNB; T, = 343 K) [33], additional data for propylene glycol
[34], and iso-propylene benzene [35].

It is well known from transport data in low-viscosity
(non-glass-forming) liquids that their temperature dependence
is described by an Arrhenius law [37]. This may also be
anticipated when inspecting the data in Fig. 1(a). At high
temperatures a simple Arrhenius law appears to describe
the data well, whereas the apparent activation energy E(T')
strongly increases at lower temperatures. The analysis of
Stickel et al. [38] has shown that for molecular glass
formers the Arrhenius regime has been reached by dielectric
experiments in some cases. However, the analysis included
only molecular rates below 10'° Hz, which is not always
sufficient to reach the high-temperature range. In Fig. 2 we plot
the apparent activation energy E(T) = dIn(tr)/9(1/T) at the
highest temperatures investigated as revealed by our LS data.
Although some scatter shows up as a derivative is involved,
in all cases the activation energy shows a trend to level off

at the highest temperatures. In the case of low-7, liquids the
Arrhenius behavior is well established over 100-200 K. For
example, E(T) is essentially constant above 200 K for ethyl
benzene, while for o-terphenyl for which viscosity data are
available up to the boiling point the Arrhenius behavior is
observed only above 500 K. Regarding the nonfragile glass
formers glycerol and propylene glycol, the Arrhenius regime
is not clearly reached but again a trend toward E(T) =
E., = const. is observed in both cases. This also holds for
some other fragile high-T, systems like salol. Thus, although
we significantly extended the temperature range studied so far,
only an estimate may be available for the activation energy E .,
in some liquids. In order to facilitate estimating E., in these
cases, we assumed a pre-exponential time 7., listed in Table I,
which actually does not significantly vary for the considered
liquids [cf. Fig. 1(b)]. Together with the experimental value
of 7 at highest temperatures, this allows some reasonable
estimate of E, for nonfragile glass formers. The optimization
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FIG. 2. (Color online) Apparent activation energy E(T) =
d1In(t)/d(1/T) of the temperature dependence of 7(7') at highest
temperatures, as revealed by light scattering. A trend of E(T) to
become constant is recognized; dashed lines indicate values of E,
used for the analysis (cf. Table I).
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TABLE I. Parameters of the analysis: glass transition temperature T, [defined by 7,(7;) = 100 s], high-temperature activation energy E.,
reference temperature 7, corresponding to the optimization, generalized fragility parameter A, logarithm of pre-exponential factor 7. /s.

Sample T, [K] E [K] T, [K] A 1g o0 /s TA/T,
Ethyl benzene 115 1369 128 7.67 —13.34 1.11
Toluene 117 1440 131 7.15 —13.49 1.12
n-Butyl benzene 131 1315 150 6.46 —12.74 1.15
Iso-propyl benzene 128 1342 145 6.44 —12.74 1.13
a-Picoline 129 1438 148 6.6 —13.47 1.15
Propylene carbonate 157 1729 177 7.04 —13.41 1.13
4-tert-Butyl pyridine (4-TBP) 164 1761 185 7.3 —13.30 1.13
Propylene glycol 168 2332 205 3.32 —13.69 1.22
Decahydroisoquinoline (DHIQ) 180 1851 201 7.37 —13.34 1.12
Glycerol 188 2271 235 3.56 —13.69 1.25
Dimethyl phthalate (DMP) 191 2029 221 5.66 —13.04 1.16
Monoepoxide phenyl glycidyl ether (PGE) 194 2321 215 7.08 —13.45 1.11
m-Tricresyl phosphate (m-TCP) 205 2301 235 6.21 —13.42 1.15
Benzophenone 207 2530 227 8.87 —13.37 1.10
Salol 218 2104 242 8.5 —12.58 1.11
o-Terphenyl 245 2441 274 8.26 —13.22 1.12
Trinaphthyl benzene (TNB) 343 3232 390 8.09 —13.22 1.14

procedure presented in the following takes specifically into
account that E, cannot be determined unambiguously in some
of the liquids considered.

Although the energy E is an apparent quantity and must
not be connected to some single-particle barrier in the liquid,
we take the Arrhenius high-temperature dependence of (7))
as an empirical fact and as a starting point of our analysis.
Explicitly, we assume

T(T) = To eXpl(Ec + Ecoop(T))/T1, (D

where the apparent activation energy E(T) is decomposed
into a temperature-independent part £, and a temperature-
dependent part Ecoop(7). The quantity Ecoop(7) reflects the
cooperative dynamics becoming dominant at low temperature,
and its properties have been discussed by several authors
[3,4,39-41]. The corresponding values E, and 7, are listed
in Table I.

In Fig. 3(a), by plotting T 1g(t/75) — Ex the quantity
Ecoop(T) is displayed as a function of temperature. The
high-temperature regime is now characterized by E¢qp being
essentially zero, while at low temperatures Ecqop(T') strongly
increases for most liquids in a rather similar way, except
for the nonfragile liquids glycerol and propylene glycol. In
Fig. 3(b) Ecoop(T) is plotted on a logarithmic scale. Straight
lines are observed for the low-T, systems. In the case of the
high-Tj, systems and particularly for the nonfragile liquids, the
curves bent over at low values of Ec,op. Most probably this is
due to an underestimated E,. This once again points to the
principal difficulty of determining E, correctly. Moreover, we
are faced with the problem of analyzing Ecoop(7") containing
the error of a not-correctly-chosen E,, in addition to scatter
reflecting experimental errors in t(7"). Regardless, we assume
that Ec0p(T) is a simple exponential function of temperature;
explicitly,

Ecoop(T) X eXP[—)»(T/ TA - 1)] (2)

For reasons which will become clear below, we have
introduced two parameters: a reference temperature 75 and
a generalized fragility parameter A which controls the “steep-
ness” of Ecoop(T) in Fig. 3(b). Together with E, and 7,
four parameters are needed to describe the full temperature
dependence of 7(T) in the present state of analysis, and so far
we are free to choose any reference temperature 7, defining
an “isoenergetic” point.

Here the question arises whether there is some connec-
tion between the reference temperature 7, and the high-
temperature activation energy E,. For this purpose we first re-
inspect Fig. 3(b). The quantity E.oop(T = Ty), i.e., the energy
at Ty, is higher, the higher 7 is. A trend already anticipated in
Fig. 1(a). Indeed, the ratio Ecoop(Ty)/ T appears to be roughly
constant [cf. Fig. 4(a)], but this is not surprising as it follows
from the definition of T 1g(7/75) — Exo, With E, being a
relatively small quantity. One may speculate whether Eo, o
T, holds. This is also checked in Fig. 4(a). Indeed, both ratios
Ecoop(Ty)/ Ty and E /T, appear to be constant, although some
scatter/trend is observed. As T is an “isodynamic point” cho-
sen arbitrarily, it is not expected to be a physically relevant tem-
perature, but the correlation observed in Fig. 4(a) suggests that
the temperature dependence of the low-temperature dynamics
may be linked to the high-temperature activation energy
E, explicitly Ta o E, and the four-parameter description
(T, Exo, A, T4) could possibly be reduced to a three-parameter
description.

In order to find the relationship among 7, and E,
we display the quantity Ecoop(T)/Es as a function of the
reduced temperature 7/Ey in a semilogarithmic plot [cf.
Fig. 4(b)]. Again, straight lines of different slopes are observed,
suggesting that a common intersection exists possibly in
the range 0.05 > T/E« > 0.15. Given the experimental
uncertainty of E.,, this intersection may be smeared out. In
order to find T} in the range T, < T) < E, we take recourse
to an optimization procedure. We fit Ecoop(7') in Fig. 3(a) for
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FIG. 3. (Color online) (a) Quantity Ec.op(T) [cf. Eq. (1)] as a function of temperature. (b) Data in a semilogarithmic plot; straight lines
signal exponential dependence in particular for low-7, liquids. Marked points indicate Ecqp(7,). For high-T, and nonfragile liquids the curves
bent over at low E,, values are probably due to an underestimated value of E.

all systems by the expression

T
Ecoop/Eoo = a exp |:—)\, (E - 1>:| ,

where a and b are universal (global) parameters to be
determined under the condition that the correlation between
the experimental and fitted values of E, [by applying Eq. (3) to
the data in Fig. 3(a)] becomes best. Our search yields the result
that Ecoop(Ta) = Ex (@ = 1) and Ty = 0.104E, (b = 0.104).
The inset in Fig. 5(b) shows a satisfying correlation between
the optimized E,.°"* and the experimental values of E,, con-
firming our procedure. In Fig. 5(a) we show Ecoop(T)/Eoxc®™

vs T/ ES', where the nonfragile liquids glycerol and propylene
glycol show a significantly different behavior reflected by
a much lower generalized fragility parameter A. The values
obtained for 7, and X are included in Table I. One may call
Fig. 5(a) [and Fig. 4(b)] a generalized Angell plot where
reduced relaxation data [here Ecoop(T)/Ex] are plotted vs
reduced temperature T /E,, instead of vs T /T,, as in the
original Angell plot [42]. In other words, the physically well
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defined (but in some glass formers experimentally difficult
to access) quantity E, defines the energy scale of the glass
transition phenomenon.

In Fig. 5(b) a master curve is shown by plotting
Emop(T)/Eggt vs MT /Ty — A), i.e., the fragility parameter
A is taken to scale the reduced temperature axis. Indeed, all
data can be collapsed to a single straight line. In Figs. 1(a) and
1(b) very satisfying three-parameter (Ex,A,Too) fits of 7(T)
by Eqgs. (1) and (3) are shown (using the universal parameters
a and b), which cover all the available data essentially from
the boiling point down to 7.

III. DISCUSSION AND CONCLUSION

Concluding, we propose a three-parameter interpolation of
the complete temperature dependence of transport quantities in
molecular liquids which can be easily supercooled, i.e., when
time constants in the range of 10~'2-10? s are covered. Here
one has to exclude diffusion data, as they show a “decoupling
phenomenon” close to T, [43]. The decomposition along
Eqg. (1) is not unique, and our sole justification is the success

T T
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propylene carbonate
4TBP
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propylene glycol
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salol -
o-terphenyl
TNB

(b)

omoexvAPICOE T

LA N X J

0.0 0.4 0.8

T/E_

0.6

FIG. 4. (Color online) (a) Correlation between Eqp(T = T;) and E, respectively, with the glass transition temperature 7. (b) Reduced
energy Ecoop(T)/Eo vs reduced temperature T / E, dashed lines mark intersection after optimization [cf. Fig. 5(a)].
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FIG. 5. (Color online) (a) Ecoop/ EX' as a function of the reduced temperature T /ES%' with EX' obtained by the optimization strategy
(values of T, and fragility parameter A given in Table I). (b) Corresponding master curve obtained by introducing the fragility parameter A and
T = 0.104 EX (cf. Table I); inset: correlation between EZ" and the experimentally determined E .

of the corresponding scaling, a minimal set of system-specific
parameters, and furthermore, a simple exponential describes
Ecoop(T). We interpret the quantity E, extracted from the
high-temperature transport data as an interaction parameter
which, together with the single fragility parameter A, controls
the low-temperature behavior of t(7). We emphasize that A
is defined by the “steepness” of Ecoop(7/T4) in contrast to
the conventional fragility parameter m defined via ©(T/Ty).
Thus, current attempts to relate m with some other physical
properties have to be reconsidered.

We note a scaling of the kind of Eq. (3) was already
proposed by the theoretical work of Kivelson, Tarjus, and co-
workers [3,39-41] and a similar one by experimental studies
[44]. Yet, to our knowledge, no one made a systematic study
on a series of molecular liquids including high-temperature
data which, as mentioned, have been rare. Important to
note, the crossover temperature discussed by Kivelson et al.
is connected to the presumable appearance of cooperative
dynamics well above T, (the so-called onset temperature),
whereas the present T, turns out to be right in the middle
between T, and T, and thus possibly close to T, of the
mode coupling theory [2]. We note that, as an optimization
procedure is applied, the universal parameters a and b depend
on the quality of the experimental data, and actually, the
optimization minimum is rather broad. As mentioned, attempts
to scale the 7(7T') data for glass formers have usually started
from the low-temperature side; for instance, the time constants
close to T, have been collapsed to provide a single master curve
by scaling out two parameters, namely, 7, and the fragility
index m, and which works up to a crossover temperature which
lies near 1.27 [7]. At higher temperatures individual curves

have been found, indicating that there a different transport
mechanism takes over. In contrast, the present approach
starts from the high-temperature side where an Arrhenius
law is well documented, and again, a two-parameter scaling
applies when the influence of the high-temperature dynamics is
separated from the 7(7') data. In both cases a similar crossover
temperature is disclosed. All in all, the present finding is of
great relevance for the future theory of the glass transition
phenomenon associated with the super-Arrhenius temperature
dependence of the correlation time, which sets in well above
the melting point and is thus an important feature of any liquid.

As we propose a universal description of t(7") for molecular
liquids, this also allows for some forecasts. For example,
Capaccioli and Ngai [45] recently reiterated the controversy
of providing a reliable estimate of 7, of water. They suggested
T, = 136 K as the best value. Taking this value for granted,
we fitted our formula to the 7(7") data from [46], which the
authors also used. In this way, we are able to extract the
fragility parameter A = 2.6 (referring to m = 37), which
is close to that of glycerol and propylene glycol, both of
which are nonfragile. As expected, water is a hydrogen bond
network, forming liquid similar to glycerol and thus is not a
fragile glass former. Actually, Capaccioli and Ngai estimated
m = 44, which is in good agreement with our prediction.
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We determine the reorientational correlation time 7 of a series of molecular liquids by performing
depolarized light scattering experiments (double monochromator, Fabry-Perot interferometry, and
photon correlation spectroscopy). Correlation times in the range 1072 s—100 s are compiled, i.e., the
full temperature interval between the boiling point and the glass transition temperature T is covered.
We focus on low-T, liquids for which the high-temperature limit T = 107'% s is easily accessed
by standard spectroscopic equipment (up to 440 K). Regarding the temperature dependence three
interpolation formulae of t(7) with three parameters each are tested: (i) Vogel-Fulcher-Tammann
equation, (ii) the approach recently discussed by Mauro et al. [Proc. Natl. Acad. Sci. U.S.A. 106,
19780 (2009)], and (iii) our approach decomposing the activation energy E(7) in a constant high
temperature value E,, and a “cooperative part” Ec,o,(7) depending exponentially on temperature
[Schmidtke et al., Phys. Rev. E 86, 041507 (2012)]. On the basis of the present data, approaches (i)
and (ii) are insufficient as they do not provide the correct crossover to the high-temperature Arrhenius
law clearly identified in the experimental data while approach (iii) reproduces the salient features
of (7). It allows to discuss the temperature dependence of the liquid’s dynamics in terms of a
Ecoop(T)/Es vs. TIE, plot and suggests that E,, controls the energy scale of the glass transition

phenomenon. © 2013 AIP Publishing LLC. [http://dx.doi.org/10.1063/1.4817406]

I. INTRODUCTION

Describing and understanding the temperature depen-
dence of transport quantities such as viscosity and diffusion
as well as structural correlation time 7 of molecular liquids is
an unsolved problem.'~” In particular, extending the tempera-
ture range to the super-cooled regime, a super-Arrhenius tem-
perature dependence is observed in which transport quantities
change by many orders of magnitude within a narrow tem-
perature interval. Numerous phenomenological descriptions
of 7(T) have been proposed; yet, most of them cover only
a limited temperature range. While a molecular liquid well
above its melting point T}, exhibits a viscosity on the order
of 1073 Pas, upon super-cooling it finally reaches values of
10'? Pass (provided crystallization can be avoided) which are
typical of solids. The corresponding temperature is defined as
glass transition temperature 7. The slowing-down of dynam-
ics in such glass formers is accompanied by a smooth change
in structure and the glass transition is interpreted as a kinetic
phenomenon. Several theoretical approaches have been de-
veloped, yet none is fully accepted.®3~!? In particular, no full
description of t(7) is offered from this side.

It turns out that, although extensively studied below T,
molecular glass formers are not well investigated in the high-
temperature regime above 7j,. With a few exceptions most
tests of interpolating t(7) are restricted to time constants
above 107'9 s—107° s actually ignoring a large tempera-
ture range until the high-temperature limit 7, = 1072 s is
reached. For example, a popular approach for probing molec-
ular reorientation is dielectric spectroscopy (DS),''"'* but in
most cases such experiments do not cover frequencies above

0021-9606/2013/139(8)/084504/10/$30.00
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a few GHz. Correlation times down to 107!2 s are now eas-
ily available when glass formers are studied by depolarized
light scattering (LS) using tandem-Fabry-Perot interferome-
ter (TFPI) and double monochromator (DM).!*!® In a recent
publication, we have reported the results of such a LS study
on a series of molecular liquids.* The data 7(7) have been
combined with those obtained from photon correlation spec-
troscopy (PCS) and DS and thus cover the entire temperature
range from the boiling point down to T, needed to attempt a
full description of t(7).

Often the empirical Vogel-Fulcher-Tammann (VFT)
formula'® is applied to fit experimental data. However, its pa-
rameters depend strongly on the fitting interval and it fails
when relaxation data well above Ty, have to be interpolated.
Recently, a three-parameter formula has been introduced by
Mauro et al.?® which appears to work over a larger temper-
ature interval.”! As an empirical formula it was already pro-
posed by Waterton in 1932.%> Here, the simple Arrhenius law
is (formally) generalized by introducing an exponential tem-
perature dependence of the activation energy. Actually, it is
based on a particular temperature dependence of the configu-
ration entropy of a liquid. The approach bears some similarity
with our recent attempt* in which, following ideas of Kivel-
son et al.”® and Sastry,”* the activation energy E(T) is decom-
posed into a temperature independent part E, describing the
high-temperature regime well above the melting point 7,, and
a quantity Ecoop(T) = E(T) — E reflecting “cooperative dy-
namics” dominating in the low-temperature regime close to
T,. The quantity Ecoop(7) appears to follow an exponential
temperature dependence.* Analyzing the data of the below
mentioned series of molecular liquids, we have introduced

© 2013 AIP Publishing LLC
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a “generalized” Angell plot displaying Ecoop(TVEq vs. T/E o,
and looking for a minimal number of system-specific param-
eters controlling 7(7) in the range 10~'2 s—107 s, three param-
eters turn out to be sufficient. Thus, instead of 7, the energy
scale of the glass transition phenomenon might be set by the
experimentally accessible quantity E,. Having at hand such
data, it is one aim of the present contribution to compare the
different approaches provided by VFT, Mauro et al.,”’ and our
own one.

In our previous work* we reported only the 7(7) data
without presenting the corresponding DM/TFPI spectra or
PCS decays and not describing their analysis; this will be
done here. As the boiling point T}, is reached, the susceptibil-
ity spectra (obtained from LS) collapse to a single broad re-
laxation including «-peak and the so-called microscopic peak.
Thus, it is not straightforward to extract the actual time con-
stant of the a-relaxation, and it will be done here in a model
independent way. The best chance to find a fully satisfying
description of t(7) will be provided by experimental data on
low-T, glass formers, where time constants between T, and
T, are easily accessed by standard LS apparatus. We present
DM/TFPI spectra and PCS decay curves also on the glass for-
mer 2-methyl tetrahydrofuran (MTHF) for which a tempera-
ture range 92 K-440 K is covered, and we complement our
previously published data'®'®2>-27 to include temperatures
up to 440 K. The values of T, show a variation of a factor
of almost four. Most importantly, we find clear indication that
all liquids display a trend of an Arrhenius temperature depen-
dence at highest temperatures, in the case of MTHF it is ob-
served over a range of 250 K. Although the high-temperature
activation energy cannot be attributed to some single-particle
barrier in the liquid, the Arrhenius law at high temperatures
has to be taken as a matter of fact and any description of
7(7) has to contain this limiting behavior. Yet, also, the afore-
mentioned analyses, e.g. the Mauro et al. formula,’*?' have
not included high-temperature data. The data analyzed in the
present work allow for the conclusion that in general the in-
terpolations by Mauro et al.”’ and by VFT (in the latter case
a well-known fact) are not appropriate to fully interpolate the
7(T). Still, the approach by Mauro et al.”’ provides satisfy-
ing interpolations in some cases as well as the VFT equation
does. Our recently introduced approach* appears to fit the data
between T}, and T, in all cases, and will be discussed in detail.

Il. EXPERIMENTAL DETAILS

The samples were commercially available (Sigma-
Aldrich) and were investigated without further purification.
The sample was vacuum distilled right into glass tubes with
an inner diameter of 8 mm. After degassing of the sample
the tubes were flame sealed. For measurements with TFPI
and DM the sample was either mounted in a self-built fur-
nace or a CryoVac continuous-flow (liquid nitrogen) cryo-
stat. As light source we used a vertically polarized Coherent
Verdi-V2 laser at a wavelength of 532 nm and 200 mW op-
tical power. Measurements with TFPI (JRS Scientific, triple-
pass tandem Etalon) and DM (Jobin Yvon, U1000) were per-
formed in parallel. TFPI was operating at horizontal polariza-
tion in almost backscattering geometry whereas the DM was

J. Chem. Phys. 139, 084504 (2013)

operating at orthogonal geometry. For details, the reader is
referred to Wiedersich et al.'> The TFPI-measurements were
done with three different free spectral ranges and the DM-
measurements with two combinations of slits and frequency
intervals. The parts are then adjusted in amplitude to match
together and form a smooth spectral density S(v). For per-
forming a Fourier transformation, an algorithm based on the
Filon algorithm has been used, because the arbitrary spaced
data points are incompatible with the fast Fourier algorithm.

For PCS measurements the samples were mounted in a
cold-finger (Advanced Research Systems). The incident light
again was vertically polarized. Scattered intensity was gath-
ered at an angle of 90° at horizontal polarization using a single
mode fiber. The fiber was then connected via a 50/50-splitter
with two avalanche photo diodes (Perkin Elmer). Both sig-
nals were cross-correlated with an ALV 6010 correlator with
a shortest lag time of 7 &~ 6 ns.

We investigated 13 different molecular liquids by
DM/TFPI, and four of them in addition by PCS. Some of the
DM/TFPI as well as PCS spectra were already published in
parts before.'®'8:25-27 In particular, we complemented all our
previous data to include temperatures up to 440 K. One sys-
tem (monoepoxide phenyl glycidyl ether) is only character-
ized by dielectric spectroscopy, and for further four ones, the
time constant 7(7) are taken from the literature. The systems,
their Ty, and fit parameters referring to Eq. (3), are listed in
Table I. For reasons of lucidity only a selection of DM/TFPI
spectra and PCS decays are shown.

lll. RESULTS AND DISCUSSION

Figure 1(a) shows depolarized LS susceptibility spectra
of MTHF (T, = 92K, T,, = 137 K, T}, = 352 K**) as obtained
by combing spectra from DM and TFPI measurements in the
temperature range 135 K—440 K. The highest temperature
is somewhat above the (ambient pressure) boiling point.
The experimentally measured spectral density S(v) was
converted to the susceptibility representation via x”(v)
= (1 + n(v))~'S(v) where n(v) is the Bose factor. The spectra
are normalized to an equal integrated intensity of Raman
bands which have turned out to show virtually no temperature
dependence. The liquid MTHF has a low scattering power due
to its low molecular electronic polarizability, and the signal-
to-noise ratio is rather low compared to that of ethyl benzene’
or o-terphenyl (OTP).'® At low temperatures and low fre-
quencies the primary or «-relaxation is well recognized as
a separate asymmetrically broadened peak in addition to the
microscopic (vibrational) peak around 2 THz. In between, a
minimum is observed in the susceptibility. While heating,
the a-process shifts to higher frequencies and approaches
the microscopic peak. At highest temperatures, both peaks
have virtually merged to become a somewhat broadened
single peak. Very similar results are observed for dimethyl
phthalate (DMP; T, = 191 K, T, = 233 K, T}, = 565 K;*
cf. Fig. 1(b)). As T, of DMP is significantly higher than that
of MTHEF, the «-relaxation and the microscopic dynamics
have not yet merged at 440 K. We note, that applying a de-
tailed spectral analysis including the contribution of the fast
dynamics, the stretching of the a-relaxation turns out to be

Downloaded 17 Sep 2013 to 132.180.21.123. This article is copyrighted as indicated in the abstract. Reuse of AIP content is subject to the terms at: http://jcp.aip.org/about/rights_and_permissions



084504-3 Schmidtke et al. J. Chem. Phys. 139, 084504 (2013)

TABLE I. Molecular liquids investigated and parameters of the analysis: glass transition temperature 7; high-temperature activation energy Ex as determined
by an Arrhenius fit; and E, fragility parameter ., and logarithm of pre-exponential factor 7, all obtained by applying fits with Eq. (3). Abbreviations used
and the methods with which the system is characterized in the present work are given in brackets (when taken from the literature: lit.). References to the
corresponding literature are given in the appropriate figures.

Sample T, (K) Eoo Arrhenius (K) Eso i (K) w 1g 700 (5)
2-Methyl tetrahydrofuran (MTHF; DM/TFPI, PCS) 92 1169 1020 80 —13.43
Ethyl benzene (DM/TFPI) 115 1369 1229 74 —13.34
Toluene (DM/TFPI) 117 1440 1258 59 —13.49
n-Butyl benzene (lit.) 131 1315 1440 62 —12.74
Iso-propyl benzene (lit.) 128 1342 1392 62 —12.74
a-Picoline (DM/TFPI) 129 1438 1421 63 —13.47
Propylene carbonate (DM/TFPI) 157 1729 1699 68 —13.41
4-Tert-butyl pyridine (4-TBP; DM/TFPI) 164 1761 1776 70 —13.30
Propylene glycol (lit.) 168 2332 1968 32 —13.69
Decahydroisoquinoline (DHIQ; DM/TFPI) 180 1851 1930 71 —13.34
Glycerol (DM/TFPI) 188 2271 2256 34 —13.69
Dimethyl phthalate (DMP; DM/TFPI/PCS) 191 2029 2122 54 —13.04
Monoepoxide phenyl glycidyl ether (PGE; DS) 194 2321 2064 68 —13.45
m-Tricresyl phosphate (m-TCP; DM/TFPI/PCS) 205 2301 2256 60 —13.42
Benzophenone (DM/TFPI) 207 2530 2179 85 —13.37
Salol (DM/TFPI) 218 2104 2323 82 —12.58
o-Terphenyl (DM/TFPI/PCS) 245 2441 2630 79 —13.22
Trinaphthyl benzene (TNB; lit.) 343 3232 3744 78 —13.22

135K 150K 440 K essentially temperature independent. No evidence of

1.00 crossover to a Debye spectral form is found.'® These findings

0.70 are virtually observed for all the liquids studied here.’

0.50 Extracting the time constant t(7) at low temperatures is

= easily carried out by interpolating the o-relaxation peak with a

g 030 Cole-Davidson (CD) function.>® Then, the spectra normalized

"~ 0.20 by the amplitude x? of the a-process are plotted as a function

0.15 of the reduced frequency wt (cf. Figure 2(a)). At the highest

0.10 temperatures, when the «-peak and the microscopic dynamics

have more or less merged, the spectra are rescaled to provide

a common low-frequency envelope, explicitly x"/x; = wt

1 10 v [GHz] 100 1000 holds as needed for a simple liquid. As a crosscheck, the am-

plitude x, follows the temperature dependence established

1.000 at low temperatures up to highest temperatures in a regular

0.500 smooth way, cf. inset in Fig. 2(a). The corresponding results

for DMP are shown in Fig. 2(b). By this scaling procedure

the time constants can be extracted in a model independent

— 0.100 way. The time constant 7(7) for MTHF is plotted in Fig. 4

3 0.050 together with results reported by other methods and also in

‘s Fig. 5 where it is compared to the data compiled for three

0.010 other liquids including DMP. In Fig. 10 all our data for the

0.005 18 liquids investigated are displayed, and the results will be

gy (b) DMP discusseq below.
0.001 In Fig. 3(a) we show the results for MTHF from our PCS

1 10 100 1000 set-up'® covering a temperature range from 92 K to 107 K.

v[GHz] The measured intensity correlation functions were normal-
FIG. 1. (a) Susceptibility spectra of 2-methyl tetrahydrofuran (MTHF; Ty ized and transformed utilizing the Siegert relation into
=92 K, Ty = 137 K, and T}, = 352 K) obtained by applying DM/TFPI for the field correlation function, respectively, the intermediate
different temperatures in K: 135, 140, 145, 150, 160, 170, 180, 200, 220, 240, scattering function ®(¢) = \/((I(I)IO)/UZ —1))/c with the

270, 300, 320, 350, 380, 410, and 440. (b) Corresponding spectra of dimethyl 31 . i .
phihalate (DMP: T, — 191 K, Ty — 233 K, Ty — 565 K) at temperatures in coherence factor ¢.”’ Upon cooling the long-time tail of the

K: 200,215, 230, 237, 245, 252, 260, 267, 275, 282, 290, 305, 315, 325, 340, «-relaxation enters the explored time window until the en-
355, 370, 385, 400, 420, and 440. tire non-exponential decay curve is observed at temperatures
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FIG. 2. (a) Susceptibility master curve of 2-methyl tetrahydrofuran (MTHF)
obtained by rescaling the spectra of Fig. 1(a); solid line: Cole-Davidson (CD)
function with 8 = 0.48; dashed line: low-frequency limiting behavior x"/xg
= ot; inset: amplitude x; of a-relaxation as revealed by constructing the
master curve showing a smooth change with temperature. (b) Corresponding
spectra (cf. Fig. 1(b)) and amplitude x, for dimethyl phthalate (DMP); CD
fit with 8 = 0.72 is shown as solid line.
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FIG. 3. Reorientational correlation function Cy () of (a) 2-methyl tetrahy-
drofuran (MTHF) and of (b) dimethyl phthalate (DMP) obtained from PCS
(open circles) and from DM/TFPI (after Fourier transformation; lines). Fits
by the time domain expression of the generalized Cole-Davidson function®?
(dashed lines).

J. Chem. Phys. 139, 084504 (2013)

close to T,. We included the DM/TFPI decay curves from
Fig. | (after Fourier transforming) which extend the dynamic
window to highest temperatures (up to 440 K). Again, due
to the low scattering power of MTHF, the PCS correlation
decay is probed over a rather narrow time window and the
amplitude had to be corrected to match the DM/TFPI data.
In contrast, in the case of DMP a much better data set is ob-
tained, cf. Fig. 4(b). Apparently no change with temperature
in amplitude as well as stretching is recognizable up to high-
est temperatures. After having established its bimodal shape
well above the melting point, essentially no further change is
recognizable in the reorientational correlation function while
cooling down to T,. Subtle features like the emergence of the
so-called excess wing can only be identified (by bare eyes) af-
ter transforming the data into the frequency domain.” At high-
est temperatures one can clearly see how the stretched long-
time decay “grows out” of the microscopic peak when the
temperature is decreased, i.e., a new relaxation feature char-
acteristic of glassy dynamics emerges well above the melting
point. Finally, we note that a slow B-process identified in the
dielectric spectra of DMP is not probed by PCS.”-*?

In order to extract time constants and stretching parame-
ters the decays are interpolated by the time domain expression
of the Cole-Davidson function or the more general function
introduced by Kahlau et al.>® (see Appendix B). An excess
wing can be taken into account for modeling the crossover
to the relaxation plateau, but it has virtually no influence on
the value of the time constants of the o-process.” The corre-
sponding time constants of MTHF are included in Figs. 4, 5,
and 10, and those of DMP in the Figs. 5 and 10.

Figure 4 compares our results v(7) for MTHF as ob-
tained by the different techniques: DM/TFPI, PCS, DS 33>
stimulated echo decay of nuclear magnetic resonance spec-
troscopy (NMR)* and diffusion™ as a function of recip-
rocal temperature. The data agree very well, no systematic
change is observed among the different methods although
single-particle as well as collective reorientational correla-
tion functions of different rank as well as diffusion data are
probed. Except the PCS data show some small deviations
at high temperatures. We note that a very large temperature
interval of about 350 K is covered and time constants down to

DS Richert et al.
DS Qietal.
diffusion

PCS

NMR stim. echo
DM/TFPI

....

A+ «Deo

TN N T T T T T T T B 1

10*F

1000K/T

FIG. 4. 7 of 2-methyl tetrahydrofuran (MTHF; Ty = 92 K, Tiy = 137 K,
and Ty, = 352 K) obtained from different techniques (as indicated); present
work (DM/TFPI and PCS) dielectric spectroscopy (DS),**3 diffusion coef-
ficient (shifted),>* and NMR (stimulated echo decay).34 Solid line indicates
Arrhenius law at high temperatures.
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FIG. 5. Reorientational correlation time of 2-methyl tetrahydrofuran
(MTHEF), toluene, dimethyl phthalate (DMP), and o-terphenyl (OTP) plot-
ted versus temperature (a) and versus inverse temperature (b); interpolation
by VFT-equation (Eq. (1)), Mauro et al.?’ (Eq. (2)), and current approach
(Eq. (3)).

about 5 x 10~'3 s are shown. At high temperatures an Arrhe-
nius behavior can be clearly anticipated (solid line).

In Fig. 5 we display the data 7(7) for two other lig-
uids, namely, o-terphenyl (T, = 244 K, T, = 328 K, T,
= 605 K),'* 18340 and toluene (T, = 118 K, Ty, = 178 K, T,
=384 K),'*! together with those from MTHF and DMP. The
liquids exhibit a significant variation in 7, and are studied up
to rather high temperatures. In this case we do not distinguish
any longer among the results from different techniques (cf.
caption of Fig. 10). In order to test the quality of often ap-
plied interpolation formulae the data in the entire temperature

range investigated are interpolated by the following expres-
l.20

sions, referring to the VFT,'? the Mauro et a expression,
and our current approach:*
(1) VFT:
T =1 exp[D/(T — Tp)]. (1)
(ii) Mauro et al.:*°
T =T explK/T exp(C/T)]. 2)

(iii) Our current approach:
T = Too eXpl(Eo + Ecoop)/ T]
= Too eXP[Eco/ T (1 +exp(—(T/Eo — D)))].  (3)

J. Chem. Phys. 139, 084504 (2013)

The three parameters showing up in approach (i) (7,
D, and Ty) and (ii) (T, K, and C) are assumed to be mere
fit parameters. Actually also in the case of our approach (iii)
a three-parameter (7, Eoo, and p) interpolation is implied
since the parameter b = Tx/Eo = 0.10 may be taken to be
constant for all the molecular liquids studied here and this
is done for all the following fits. Here, the temperature 7'a
refers to a common point in the plot Ecoop/Es vs. T/Ey, (cf.
below). In Appendix A our approach is again rationalized (cf.
also Ref. 4). As will be demonstrated, the parameter & has the
meaning of a generalized fragility parameter. We note that in
our previous work*” we used the parameter A = u b. Choos-
ing p instead of A leads to values for the fragility which are
on the same order of magnitude as the conventionally defined
fragility index m (cf. Fig. 9).

In Fig. 5 the rotational time constants T are plotted as
a function of temperature and inverse temperature, respec-
tively. In the case of the high-T, system o-terphenyl the ap-
proaches by VFT and by Mauro et al.?” fail to interpolate the
data in particular at high temperatures. Yet, VFT works rather
well for the low-T, liquid MTHF for which again the Mauro
et al.”® approach fails. In contrast, our current approach in-
terpolates the data rather well in all cases. We again want to
emphasize that the parameter b was set to the universal value
of 0.10. As already mentioned, the high-temperature behavior
is well reproduced by an Arrhenius law, in the case of MTHF,
it is observed over more than 250 K. Consequently, in such
well studied systems the high-temperature activation energy
E can be assessed model independently.

To inspect the temperature dependence of 7(7) in more
detail we show in Fig. 6(a) the apparent activation energy
as given by the derivative of In t with respect to the re-
ciprocal temperature 1/7. This is calculated point by point
and then averaged over three neighboring points to reduce
scatter produced by performing the derivation. The liquids
MTHE, toluene, propylene carbonate, propylene glycol, and
OTP are considered. Again, the derivative data are shown
as a function of inverse temperature (a) and as a function
of temperature (b). In both representations evidence is found
that the apparent activation energy becomes finally constant
at highest temperatures. The three approaches ((1)—(3)) pro-
vide specific analytic expressions for the temperature depen-
dence of E4(T) (cf. Appendix B) which are used to interpo-
late the experimental data. Again, the quality of the fits de-
pends on the fact whether 7, is high or low. While the Mauro
et al.” approach, which essentially yields a linear behavior
of E4(1/T), well interpolates most of the o-terphenyl data ex-
cept for highest temperatures, it severely fails for low-T7, lig-
uids. Here, the VFT equation works somewhat better. But
in any case, the final high-temperature behavior is not de-
scribed by approach (i) as well as (ii) what is best seen in
Fig. 6(b) displaying E4(T). The present approach (iii) cap-
tures all salient features of t(7); in particular, the crossover
to Eo at highest temperatures is well reproduced. Regard-
ing the non-fragile glass former propylene glycol all three ap-
proaches work well, and this is also the case for glycerol. !
As the high-temperature regime with constant activation
energy is not reached no decision regarding the quality of the
interpolation can be drawn here.
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FIG. 6. Apparent activation energy E(7) for selected molecular liquids as
function of (a) temperature and (b) inverse temperature, dotted lines: VFT
(Eq. (1)), dashed lines: Mauro et al.’® (Eq. (2)), and solid lines: our current
model (Eq. (3)) (cf. Appendix B). (c) Reduced activation energy E4(T)/Ex
vs. T/E .

Another feature is recognized in Fig. 6(b). It appears that
the lower E,, (plateau in Fig. 6(b)), the more the onset of
cooperative dynamics shifts to lower temperatures. In other
words, T4 (see Appendix A) and E, appear to be correlated.
Thus, we plotted the reduced activation energy E4(T)/Ex Vs.
T/E in Fig. 6(c). Within the scatter of the data a universal de-
pendence is observed. MTHF and OTP, for example, systems
with rather different 7, as well as E, display very similar be-
havior. Not surprising, fragility parameters m are quite alike in
these systems (cf. below and Table I). Here, propylene glycol
has been excluded as E, is not reached.

In order to estimate E, for all the systems studied it is ex-
tracted from an Arrhenius fit of the high-temperature data in
Fig. 10. Of course, in some cases this provides only a rough
estimate for E,, as still sufficient high-temperature data are

J. Chem. Phys. 139, 084504 (2013)
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FIG. 7. Quotient of the parameter E, from the free three-parameter fits
shown in Fig. 10 and the experimentally observed activation energy E, at
high temperatures (Arrhenius).

not available. In Fig. 7 the quotient of the parameters E, from
the free three-parameter fits with Eq. (3) shown in Fig. 10 and
the experimentally found high-temperature activation energy
E« (Arrhenius) is displayed for the different systems studied.
The uppermost deviation from unity is in the order of 15%,
and is for most systems smaller. This is in the range of the ex-
perimental uncertainty in determining E, from the time con-
stants 7(7) as well as from the high-temperature Arrhenius
fit. It proves that the parameter E., in Eq. (3) represents the
activation energy at high temperatures.

Figure 8 presents the reduced quantity Eco.,(T)/Eq
as given by plotting (Tlnt/tre — Ex)/Ex
= Epop(T)/Ew versus T/E, for four selected systems, which
cover a wide range of u parameters.*’ The values of the pa-
rameters Eo, and T, Which are needed to calculate E¢oop(T)
are taken from the three-parameter fits to the (7)) data shown
in Fig. 10. This “generalized Angell plot”*” takes E., instead
of the conventionally defined 7, as energy scale of the glass
transition. Exponential temperature dependence is observed
in good approximation justifying our formula. Again, the
curves of MTHF and OTP are very similar, and they in-
tersect with the curve of propylene glycol at Ecoop(T4)/Eco
= 1. We repeat to note that the energy scale E, might be
well defined for all molecular liquids, though it is hard to
access as one needs t(7) at high temperatures compared to
T,. Thus low-T, systems are better suited for the separation
of Ecoop(T) and E,. Therefore the bending down of the curve
for propylene glycol might be attributed to an imperfect
estimation of E,, which, as discussed, in the case of non-
fragile glass formers is indeed experimentally difficult to
access.

The parameter p introduced in approach (iii) has been
called a generalized fragility;* it can directly be read off as the
slope of Ecoop(T/Exo)/Eo in Fig. 8(b), and it is expected to be
correlated to the “steepness” of 1gr = f(7,/T) which conven-

dlg(r)
(T, /T) T=T,
Although no clear cut relation between p and m can be given,
still a correlation is found in Fig. 9 justifying the notion of
generalized fragility for p. Noteworthy, two systems show
strong deviations from the correlation displayed in Fig. 9,
namely decahydroisoquinoline (DHIQ) and toluene. In con-
trast to the rest of the systems both liquids exhibit a strong

tionally is defined by the fragility index m =
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FIG. 8. (a) Ecoop(T)/Ex versus T/E, obtained by fitting 7(7) data interpo-
lated by an exponential function (solid lines) for the three systems 2-methyl
tetrahydrofuran (MTHF), o-terphenyl (OTP), and propylene glycol. (b) Same
data on logarithmic scale; straight lines illustrate an exponential temperature
dependence.

secondary relaxation (B-process), and the separation of the
spectral contributions of «- and B-process and consequently a
reliable estimate of 7(7) may not be straightforward. Except
for the two hydrogen bond network forming liquids glycerol
and propylene glycol u or m does not vary significantly, and
it is not clear so far whether there are examples of molecu-
lar glass formers which exhibit fragility between the limit of
glycerol/propylene glycol and the group of van der Waals lig-
uids like OTP.

In Fig. 12 (in Appendix D) a possible correlation between
the parameters E, and w is tested. Clearly, no correlation is
found, meaning that the parameters are independent of each

100 | E

0 L 1 1 L
0 20 40 60 80

m

100 120 140

FIG. 9. Correlation between the generalized fragility parameter n and the
conventionally defined fragility index m; color code as in Fig. 7.
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FIG. 10. Reorientational correlation times of the molecular liquids (for ab-
breviations see Table I) obtained by depolarized light scattering includ-
ing DM/TFPI and PCS (full symbols; present work and Refs. 16-18 and
25-27) and from our dielectric database (open symbols).' 434 For the fol-
lowing systems additional data are used: OTP;'*37-3% MTHF;3*3> n-butyl

benzene:*”*® iso-propylene benzene;**=! trinaphthyl benzene (TNB).> Vis-

cosity data (rescaled): for OTP,** TNB,>® and propylene glycol>* (crosses);
for toluene 2H NMR data*! have been included; solid lines: fit by the current
approach (Eq. (3)).

other and we need at least another parameter in addition to
T and E, for describing the increase of the time constants
close to T,. We note that based on the validity of the VFT
equation a correlation E,, o< T,/m was proposed for a series
of molecular as well as network glass formers,*? which is not
found in our data. Actually, it is difficult to test because of
the relatively small variation of m in our dataset for molecular
liquids. Accessing the high-temperature activation energy E
in network forming glasses such as GeO, (T, = 800 K) ap-
pears almost impossible. The authors restricted their analysis
to reduced temperatures 7/7, < 2.5 while, e.g., for MTHF our
present analysis covers a range T/T, < 4.5.

Finally, we display in Fig. 10 all the data compiled by our
light scattering equipment and complemented in some cases
by the results of other techniques like dielectric spectroscopy
(partly from our group), viscosity, and diffusion. They are al-
most perfectly interpolated by applying Eq. (3). For the first
time, a complete fit of 7(7) from the boiling point down to T,
has become possible.

IV. CONCLUSION

Combining different light scattering techniques (DM,
TFPI, and PCS), the evolution of the susceptibility spectra
has been measured for a series of molecular glass formers and
for temperatures between the boiling point (7 < 440 K) and
T,. The corresponding T, values range from 92 K to 333 K.
The time constants presented agree well with those obtained
from other techniques when available. In the case of the
low-T, liquids a broad high-temperature interval has been
identified for which t(7) is well described by an Arrhenius
temperature dependence. Here, structural and microscopic
dynamics have essentially merged, i.e., a two-step correlation
function is not observed any longer, and time constants down
to 10~!2 s (in some cases even below) have been extracted in
a model independent way. A trend to crossover to Arrhenius
high-temperature dependence well above the melting point
is also found for systems with higher 7, and also for the
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non-fragile liquids glycerol and propylene glycol. Yet, the
high-temperature activation energy E, cannot be accessed re-
liably in these cases.

Having at hand correlation times in the range 10~'2
< t /s < 100 which cover the entire regime of the liquid’s
dynamics, i.e., from simple liquid to glassy dynamics, we
have tested different formulae currently applied to interpolate
7(T). We note that most such tests so far have been restricted
to T > 107! s due to missing high-temperature data. While
the formulae of VFT and Mauro et al.?’ fail to describe the
crossover to Arrhenius law at high temperatures correctly, our
previously introduced description* works well in all cases. It
decomposes the activation energy E(7) in a temperature in-
dependent high-temperature contribution E, and a tempera-
ture dependent part E¢oop(T). The latter follows essentially an
exponential temperature dependence. Introducing a general-
ized Angell plot, namely Ecoop(T)/Eoo vS. T/E, indicates the
possibility that a common intersection point for the data of
the group of liquids defines a crossover temperature Ty, for
which TA/E~, = b is a universal constant and which renders
our approach describing t(7) a three-parameter formula. Still
a reliable decomposition of E., and Ecyp(7) is only possi-
ble provided that sufficient high-temperature data are avail-
able and only for high-fragility systems. Thus, the parame-
ter b as well as a (cf. Eq. (Al)) refer to an average over the
ensemble of liquids investigated here and may change with
future experimental data. The different molecular glass for-
mers distinguish themselves by a (generalized) fragility pa-
rameter i which actually varies only weakly except for glyc-
erol and propylene glycol. Once again we emphasize that
the experimentally observed E., must not be mistaken with
some energy barrier in the liquid. Yet, the Arrhenius law re-
vealed at high temperatures has to be taken into account by
liquid theories. Furthermore, our attempt suggests that the
high-temperature activation energy E, defines the energy
scale of the glass transition phenomenon. Thus, it appears that
high-temperature and glassy dynamics in liquids are linked
phenomena.
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APPENDIX A: MOTIVATION OF CURRENT APPROACH

Here we want to give a short motivation of our current
approach (iii) (cf. also Ref. 4). We have started with the de-
composition of the activation energy in a constant and a tem-
perature dependent part:

Ew + Ecoop(T)
T K

T :rooexp<

and have noticed that E,,,(T)/E vs. T/E, (“generalized An-
gell plot”) can be well described by an exponential function.

J. Chem. Phys. 139, 084504 (2013)

Thus, one can write

Ecoop(T r T
m<w4)=_u<-A>+mm (AD)

E Ey Ex

where a parameter a, a reference temperature T4, and a gen-
eralized fragility x have been introduced. For a given system
we are free to choose any 74. In contrast to theoretical fore-
casts, e.g., by the frustration based theories,'*?} a crossover
temperature (sometimes called onset temperature) cannot be
identified by the mathematical function applied to interpolate
Eo0p(T). Looking at 7(T) data of an ensemble of substances,
however, the values of T, appear to correlate with E,, and
the quality of the correlation depends on the choice of a. This
implies that the different curves Ecyp(7)/Es have a common
intersection at To = b E. It has turned out that b = 0.10
and a = 1 provide the best global interpolation. Yet, since the
experimental value E, as well as t(7) data bear some uncer-
tainty, the value of a and b cannot be specified beyond a cer-
tain limit. In addition, as most of the liquids investigated have
similar fragilities, these uncertainties lead to a rather smeared
out intersection point in the generalized Angell plot. Including
more high quality data of glass formers with high variation in
fragility will help to better define the parameters a and b — or
to reject the assumption of a common intersection points of
the plot Ecpop(T)/Exo vS. T/Ew.

For a data set of a given liquid, in principle, Eq. (3) can
be taken also as a four parameter description. In addition to
the parameters 7, Ex, and i, the quantity b can be included
in a free fit. In Fig. 11 the quality of the four parameter fit vs.
the three parameter fit is compared for the investigated sys-
tems. As a measure of the error, the difference on logarithmic
scale has been squared and averaged over all available data
points for each liquid. As one can see, for most liquids, the
fit quality does not increase significantly, a three parameter
description is sufficient. Here we deliberately do not compare
our approach to the competing models, as one could argue
that even our three parameter description has more degrees of
freedom (due to the global parameter b) than the approach by
Mauro et al.?® and VFT.

0.14+
—-—--4-parameter fit
0.124 —— 3-parameter fit

0.10+
0.08+
0.06
0.04 +
0.02+
0.00+

Mean squared deviation

FIG. 11. Interpolation of 7(7) data: Mean squared deviations (on log-scale,
cf. text) between the three (solid red line) and the four parameter fit (dashed
blue line) of Eq. (3). Symbols according to the color code in Fig. 8. For most
systems no benefit from an additional parameter is observed.

Downloaded 17 Sep 2013 to 132.180.21.123. This article is copyrighted as indicated in the abstract. Reuse of AIP content is subject to the terms at: http://jcp.aip.org/about/rights_and_permissions



084504-9 Schmidtke et al.
100 | g
*
80T v 5 v o |
o AT

u O\ <

- &
40| 1

o o
20 + |

0 1 1 1 1 1 1 1
0 500 1000 1500 2000 2500 3000 3500 4000
E_/K

FIG. 12. Parameter p plotted vs. Eo (approach (iii)). No correlation is ob-
served; color code as in Fig. 7.

APPENDIX B: FUNCTION APPLIED FOR PCS FITS

For modeling the decays of the correlation function mea-
sured by PCS, the function introduced by Kahlau et al.*>* was
PG

T where

applied. Explicitly, it is given by ¢,(t) =
o0
I'(B) = [ xP~Texp(—x)dx denotes the Gamma function and

0
|

dlnt 0
al/T

bE

APPENDIX D: TESTING CORRELATION BETWEEN
i AND E,

Figure 12 tests the correlation between the fragility
parameter p and E.,. Actually, none is found.
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From Boiling Point Down to
the Glass Transition —
Dynamics of Molecular Liquids

Described by a (Generalized
Angell Plot

Bernd Schmidtke, Nicolaus Petzold, Max Flamig and
Ernst A. Rossler

We discuss the temperature dependence the of reorientational correlation time
T of a series of molecular liquids by performing thorough depolarized light scat-
tering (LS) experiments (double monochromator, tandem Fabry-Perot interfer-
ometry and photon correlation spectroscopy) as well as dielectric spectroscopy
(DS) studies. Focus is on low-T, liquids for which the high-temperature limit
72210712 5 is easily accessed. The broad band LS and DS spectra are compared
to each other revealing significant differences in the high-frequency range where
secondary relaxation processes occur. Correlation times in the range 10712 s —
100 s are extracted, i.e., the full temperature interval between the boiling point
and the glass transition temperature Ty is covered monitoring the crossover from
simple liquid to glassy dynamics. Regarding the temperature dependence of T(T)
a three parameter description is introduced which decomposes the activation en-
ergy E(T) in a constant high-temperature value Eqoop and a “cooperative part”
Ecoop (T) depending exponentially on temperature. It allows to discuss the tem-
perature dependence of the liquid‘s dynamics in terms of a plot Ecoop(T)/Eoo
vs. T/Es, and it is suggested that FEo, (instead of the conventionally defined
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Ty) controls the energy scale of the glass transition phenomenon. The slope in
this “generalized plot” may provide an absolute measure of fragility.

6.1 Introduction

Describing and understanding the temperature dependence of transport quanti-
ties of molecular liquids such as viscosity and diffusion as well as the structural
correlation time 7 is an unsolved problem. [1-8] In particular, extending the
temperature range to the super-cooled regime, a super-Arrhenius temperature
dependence is observed in which transport quantities change by many orders of
magnitude within a narrow temperature interval. Numerous phenomenological
interpolations of 7(T') offered from this side. [3,9,10]

Although extensively studied below T,,, molecular glass formers are not
well investigated in the high-temperature regime above T,,,. With a few excep-
tions most tests of interpolating 7(7') are restricted to time constants above
about 1071%s — 10795 actually ignoring a large temperature range until the
high-temperature limit 7., =2 107!2s is reached. Correlation times character-
izing reorienttational dynamics down to 107125 are now easily available when
liquids are studied by depolarized light scattering (LS) using tandem-Fabry-
Perot interferometer (TFPI) and double monochromator (DM). [4, 8, 11-15]
The data 7(T") can be combined with those obtained from photon correlation
spectroscopy (PCS) and dielectric spectroscopy and thus cover the entire tem-
perature range from the boiling point down to 7, needed to attempt a full
description of 7(T).

In the present contribution, DM/TFPI susceptibility spectra of a series
of (simple) molecular liquids are combined with state-of-the-art PCS spectra.
Thereby broad band susceptibility spectra become accessible which can com-
pete with those of dielectric spectroscopy. [16-20] A direct comparison of their
evolution while cooling the liquid will be carried out. Only by combining in-
formation compiled by different methods will give a clear phenomenological
picture of the cooperative dynamics in dense liquids. Our review includes the
discussion of data on low-T} liquids for which the high-temperature regime well
above T, is easily be accessed experimentally (T' < 440K). This allows us to
monitor the crossover from simple liquid dynamics well above T, to glassy dy-
namics close to Ty. In particular we will demonstrate that all liquids exhibit a
trend to an Arrhenius temperature dependence at high temperatures above T,.

Having at hand time constants 7(7") which cover the full temperature
range from boiling point down to T}, we discuss our recently introduced three-
parameter description. Following ideas of Kivelson et al. [10,21] and Sastry, [22]
the activation energy E(T) is decomposed into a temperature independent part
F describing the high-temperature regime well above the melting point T;,,
and a quantity Feoop = E(T')— E reflecting “cooperative dynamics”, dominat-
ing in the low-temperature regime close to 7,. The temperature dependence of
Ecoop(T) is presented, and a “generalized Angell plot” displaying Ecoop(T)/ oo
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vs. T'/Ew is introduced. Thus, instead of T, the energy scale of the glass tran-
sition phenomenon is set by the experimentally accessible quantity FE.,. More-
over, from the activation energy E(T) an estimate of an increasing number of
cooperatively moving molecules is given.

6.2 Evolution of the Dynamic Susceptibility

The glass former with the lowest T, value studied is 2-methyl tetrahydrofuran
(MTHF, T, = 92 K, T,,, = 137 K, T;, = 352 K). Figure 6.1 (a) shows suscep-
tibility spectra of MTHF as obtained by DM and TFPI measurements in the
temperature range 135 K — 440 K. The highest temperature is somewhat above
the (ambient pressure) boiling point. At low temperatures and low frequencies
the primary or a-relaxation is well recognized as a separate, asymmetrically
broadened peak in addition to the microscopic (vibrational) peak around 2
THz. In between a minimum is observed in the susceptibility. While heating,
the a—process shifts to higher frequencies and approaches the microscopic peak.
At highest temperatures both peaks have virtually merged to become a some-
what broadened single peak. The single-peak susceptibility observed above say
240 K we take as an indication that glassy dynamics have disappeared and that
the liquid has become a simple liquid (cf. also below). Similar results are ob-
served for dimethyl phthalate (DMP; T, = 191 K, T,,, = 233 K, Tj, = 565 K); cf.
Figure 6.1 (b)). As T, of DMP is significantly higher than that of MTHF, the
a-relaxation and the microscopic dynamics have not yet fully merged at 440 K.
The liquid MTHF has a low scattering power due to its low molecular electronic
polarizibility and the signal-to-noise ratio in the spectra is rather low compared
to that of DMP. In a detailed line-shape analysis including the fast dynamics
the stretching of the a—relaxation turns out to be essentially temperature in-
dependent, i.e., frequency-temperature superposition applies. No evidence of a
crossover to a Debye spectral form is found. [13-15] These findings are virtually
observed for all of the liquids studied. [7]

The DM/TFPI spectra can be interpolated by the schematic Fio model
of mode coupling theory (MCT). [23] In Figure 6.1 the corresponding fits
(solid lines) are displayed clearly demonstrating that MCT can even describe
the crossover to simple liquid dynamics at highest temperatures as previously
demonstrated for benzene. [24] We note that in all cases the fits are not in the
asymptotic regime for which the simple power-law interpolations apply.

Extracting the time constant 7(7T) at low temperatures is easily carried
out by interpolating the a-relaxation peak with a Cole-Davidson function. [25]
At high temperatures when o— and microscopic peak have merged we apply the
following procedure. The low-temperature spectra normalized by the amplitude
X2 of the a—process are plotted as a function of the reduced frequency wr
(¢f. Figure 6.2). At high temperatures the spectra are rescaled to provide a
common low-frequency envelope, explicitly X” /X%= wt holds as needed for
a simple liquid in the low-frequency regime. As a crosscheck, the amplitude
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Figure 6.1: (a) Susceptibility spectra of 2-methyl tetrahydrofuran (MTHF :
T, = 92K, T,,, = 137K and T} = 352K) obtained by applying DM/TFPI for
different temperatures. (b) Corresponding spectra of dimethyl phthalate (DMP;
Ty = 191K, T,,, = 233K and T, = 565K). Black lines: interpolations by mode
coupling theory.

x¢ follows the temperature dependence established at low temperatures up to
highest temperatures in a regular smooth way, cf. insert Figure 6.2. By this
scaling procedure the time constants can be extracted in a model independent
way. The time constant 7(7") for MTHF is plotted in Figure 6.6 together with
results reported by other methods, where it is compared to the data compiled
for three other liquids including DMP. In Figure 6.7 all our data for the 18
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Figure 6.2: Susceptibility master curve of 2-methyl tetrahydrofuran (MTHF)
obtained by rescaling the spectra of 6.1(a); solid line: Cole-Davidson function
with 8= 0.48; dashed line: low-frequency limiting behavior x”"/x% = wr; insert:
amplitude x¢ of a—relaxation as revealed by constructing the master curve
showing a smooth change with temperature; adapted with permission from [8].

liquids investigated including also some from DS [16-18,20] are displayed, and
the results will be discussed below.

In Figure 6.3(a) we show the results for MTHF from our PCS setup. [15]
The measured intensity correlation functions were normalized and transformed
utilizing the Siegert relation into the field correlation function, respectively the
intermediate scattering function. [26] Upon cooling the long-time tail of the
a-relaxation enters the explored time window until the entire non-exponential
decay is observed at temperatures close to T;. We included the DM/TFPI de-
cays from Fig 6.1(a) (after Fourier transforming), which extend the dynamic
window to highest temperatures (up to 440 K). Again, due to the low scattering
power the PCS correlation decay is probed over a rather narrow time window.
In contrast, in the case of m-tricresyl phosphate (m-TCP) a much better data
set is obtained, c¢f. Figure 6.3(b). Apparently no change with temperature in
amplitude as well as stretching is recognizable up to high temperatures as is
demonstrated in Figure 6.3(b) for m-TCP. After having established its bimodal
shape well above the melting point essentially no further change is recogniz-
able in the reorientational correlation function while cooling down to T,. At
highest temperatures one can clearly see how the stretched long-time decay
“grows out” of the microscopic decay when the temperature is decreased, i.e.,
a new relaxation mode characteristic of glassy dynamics emerges well above
the melting point. [7,8] We note that subtle features like the emergence of the
so-called excess wing can only be identified (by bare eyes) after transforming
the data into the frequency domain (cf. below). [7] In order to extract time
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Figure 6.3: Reorientational correlation function Cs(t) of (a) 2-methyl tetrahy-
drofuran (MTHF), obtained by PCS and DM/TFPI (after Fourier transfor-
mation; lines) (b) analogous results for m-tricresyl phosphate. Fits by time
domain expression of the generalized Cole-Davidson function [28] (dashed and
dashed-dotted lines respectively); solid blue line: correlation function at T=
290 K shifted to coincide with that at T= 207 K; dotted line: amplitude f of
a-process; adapted with permission from ref. [7, 8]

constants and stretching parameters the decays are interpolated by the time
domain expression of the Cole-Davidson function or the more general function
introduced by us. [28] The corresponding time constants of MTHF and m-TCP
are included in Figs. 6.6 or 6.7.

Having measured the response function by LS as well as by DS a direct
comparison becomes possible. This is done in Figure 6.4 for the case of m-
TCP [7] and glycerol, [30] for which master curves x” (w7) are displayed. The
results from field-cycling (FC) 'H NMR relaxometry are included. [30] The
latter technique probes the frequency dependence of the spin-lattice relaxation
time T; which is connected to the spectral density of the dipolar correlation
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Figure 6.4: (a) Comparing susceptibilities of m-tricresyl phosphate as obtained
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from FC 'H NMR (pentagons), [32] dielectric spectroscopy (diamonds) [30]
and PCS (circles); [29] dashed lines: interpolations by a Cole-Davidson function
together with a high-frequency power-law; arrow indicates factor 3 between the
amplitude of the excess wing.

function. [31] Dielectric spectroscopy probes a rank-one correlation function
C(1)(t) while LS and NMR probe a rank-two function Cy)(t). The latter two
agree rather well, whereas the dielectric susceptibility in both liquids exhibits a
narrower susceptibility spectrum. At highest frequencies in the regime of what
is called the excess wing, as power-law behavior with an exponent v = 0.2 is
found and its amplitude differs by a factor of about three while the exponent of
the excess wing appears to be the same. A relation XEIZ) (w) = 3XE’1)(W) results
when assuming that the reorientation proceeds via small angle steps. [30,33,34]
In other words, as is also confirmed by NMR studies, [35] the excess wing is a
highly hindered precursor of the a—process, and appears to be a generic feature
of molecular liquids, and due to its larger amplitude is actually better recognized
by a rank-two correlation function like that probed by light scattering or NMR.
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In the case of m-TCP, FC INMR probes an additional relaxation process which
at high-frequencies yields an upward trend in the data probably due to phenyl
ring rotation.

Whether the width of a—relaxation peak itself depends on the rank of the
correlation function cannot be clearly decided without a model of decomposing
a— and excess wing relaxation. An additive model for the a—relaxation spectrum
and a power-law contribution for the excess wing allows to interpolate DS and
LS susceptibility assuming a temperature independent stretching parameter for
the a—process (cf. Figure 6.4b). [7,30] In any case, this points to the problem of
determining the stretching of the a—process close to 1T, where the presence of
secondary processes like the excess wing or even a well resolved S-process (cf.
below) affects a clear-cut spectral analysis. Analyzing step-response functions
directly in the time domain one could argue that fitting the decay essentially
provides information on the long-time decay attributed to the a-relaxation.
Yet, we have shown that also in the time domain the different stretching of the
a—process as probed by different techniques may be attributed to a stronger
spectral weight of the excess wing in the LS signal. [7]

Many glass formers show in addition or instead of an excess wing a sec-
ondary relaxation peak (8-process). In Figure 6.5 we compare our dielectric
spectra with our PCS results for DMP after transforming the PCS time domain
data into the frequency domain at comparable temperatures. [7] No S-process
is recognized by LS, yet a well resolved excess wing is found with an exponent
v 2 0.2, in agreement with our previous DS results. [36] Similar results are
reported for other liquids. [36,38] We conclude that the excess wing is a dif-
ferent phenomenon than the S—process and it exhibits quite universal features
whereas relaxation strength and spectral width of the S-relaxation vary and
depend on the probing technique. [7]

6.3 Temperature Dependence of the Time Constants

Let us now return to the temperature dependence of the time constants 7 com-
piled for a series of molecular liquids. In Figure 6.6 we display 7(T) for MTHF,
DMP, o-terphenyl (T, = 244 K, T,, = 328 K, T;, = 605 K) [11, 15, 39-43]
and toluene (T, = 118 K, T;,, = 178 K, T;, = 384 K). [15, 44] The liquids
exhibit a significant variation in T, and are well studied up to rather high tem-
peratures. We do not distinguish among the results from different techniques.
The results for all the eighteen liquids are collected in Figure 6.7 (note color
code for all figures in Figure 6.7). At high temperatures an Arrhenius behavior
can be clearly anticipated in all cases (dashed lines in Figure 6.6) which in
the case of MTHF covers about 200 K. We note that the crossover to the high-
temperature dynamics is difficult to detect in the evolution of the susceptibility
spectra (cf. Figure 6.1(a)). The crossover from bimodal to monomodal decay
(cf. Figure 6.3) occurs in a narrow interval of correlation times (7 ~ 107! s),
while it is difficult to identify a clear cut crossover temperature ( “onset temper-
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Figure 6.5: Comparison of the susceptibility of dimethyl phthalate (DMP) from
photon correlation spectroscopy (PCS) [37] and from dielectric spectroscopy

(DS); the slow S-process is not probed by PCS, instead an excess wing is
observed; adapted with permission from ref. [7].
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Figure 6.6: Reorientational correlation time of 2-methyl tetrahydrofuran
(MTHF), toluene, dimethyl phthalate (DMP) and o-terphenyl (OTP) plot-
ted versus inverse temperature; interpolation by current approach (solid lines);
dashed lines: Arrhenius high temperature behavior; color code: ¢f. Figure 6.7.

ature”). Actually the crossover to “normal” liquid dynamics with a single-step
correlation function is only observed when the liquid is heated well above T},

actually approaching Tj,. Most “laboratory” liquids display traces of glassy dy-
namics.
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To inspect the temperature dependence of 7(7') in more detail we show
in Figure 6.8(a) the apparent activation energy E4(T) (not to be confused
with E(T)) in eq.6.1, below) as given by the derivative of In7 with respect
to the reciprocal temperature 1/7. The liquids MTHF, propylene carbonate,
propylene glycol and OTP are considered, and the derivative data are shown
as a function of inverse temperature. Clear evidence is found that the apparent
activation energy becomes finally constant at highest temperatures. In the case
of the non-fragile liquid propylene glycol not sufficient high-temperature data is
available to demonstrate the crossover to constant activation energy. Another
feature is recognized in Figure 6.8(a)). It appears that the lower E. (plateau
in Figure 6.8(a)), the more the onset of cooperative dynamics, i.e., a possibly
existing crossover temperature, shifts to lower temperatures. Thus, we plotted
the reduced activation energy E4(T)/Fos vs. T/E in Figure 6.8(b). Within
the scatter of the data a universal dependence is observed. For example, MTHF
and OTP, liquids with rather different T}, as well as F, display similar behavior.
Not surprisingly, fragility parameters m are quite alike in these systems.

None of the existing approaches (including the recently discussed approach
by Mauro et al. [45]) are suitable for interpolation of 7(T') over the entire
temperature interval from 7}, up to T}; in particular the crossover to Arrhenius
behavior is not well reproduced. Recently, we have introduced an approach
already discussed by Kivelson and coworkers [21] as well as by Sastry [22],
which starts with a decomposition of the activation energy into a constant
high-temperature part E., and a temperature dependent part Ecoop(T):

Eoo + Ecoop (T)>

- (6.1)

T = Too€TD (
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Figure 6.8: (a) Activation energy E4(T) for selected molecular liquids as func-
tion of inverse temperature, solid lines: fits by current model (eq.6.3). (b) Re-
duced activation energy F4(T)/Ex vs. T/E; adapted with permission from
ref. [8].

Singling out Eeeep(T') it is noticed that Eeqop(T) can be described well by
an exponential function in 7. In particular, one can write

Eroop(T) T T
In =227 — | — — == 1 2
"R “(EOO Em) ina (62)

where a parameter a, a reference temperature T4, and a generalized fragility p
have been introduced.

For a given system we are free to choose any T4 and a corresponding a.
Looking at 7(T) data of an ensemble of molecular liquids, however, the values
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Figure 6.9: Quotient of the parameters F, from the free three-parameter fits
shown in Figure 6.7 and the experimentally observed activation energy E., at
high temperatures (Arrhenius law); adapted with permission from ref. [8].

of Ty appear to correlate with F, (cf. Fig. 6.8(a)) and the quality of the
correlation depends on the choice of a. This implies that the different curves
Ecoop(T)/Ex have a common intersection at T4 = bEs. It has turned out
that b = 0.10 and a = 1 provide the best global interpolation interpolation,
reducingour approach to a three-parameter interpolation. Yet, since the exper-
imental value F., as well as 7(T) data bear some uncertainty the value of a
and b cannot be specified beyond a certain limit. Including more high quality
data of glass formers with high variation in fragility will help to better define
the parameters a and b — or to reject the assumption of a common intersection
point in the plot Ecoop(T)/Ess vs. T/ Es. We note that in contrast to theoreti-
cal forecasts, e.g., by the frustration based theories, [10,21] for a given liquid an
onset temperature cannot be identified by the mathematical function applied
to interpolate Ecoop(T).

In order to estimate F, for all the systems studied, the quantity is ex-
tracted from an Arrhenius fit of the high-temperature data in Fig.6.7. In Fig-
ure 6.9 the quotient of the parameters F, from the free three-parameter fits
with eq. 2 (assuming b = 0.1) and the experimentally found high-temperature
activation energy Eo, (Arrhenius) is displayed for the different systems studied.
The uppermost deviation from unity is about 15 %, for most systems it is even
smaller. This is in the range of the experimental uncertainty in determining
E, from the time constants 7 as well as from the high-temperature Arrhenius
fit. It proves that the parameter Fo, in eq. (2) represents the activation energy
at high temperatures, and thus justifies our approach.

Figure 6.10 presents the reduced activation quantity Ecoop(T)/Eoc as
given by plotting (T'In7/7ec — Eoo)/Eoc = Eioop(T)/Eoe versus T/Ey, for
four selected systems, which cover a wide range of pu parameters. [4,7] Expo-
nential temperature dependence is observed in good agreement justifying the
exponential dependence of E.yp, in T'. The values of the parameters Fo, and
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Figure 6.10: (a) Ecoop/Ex versus T'/Ey, obtained by fitting 7(7") data inter-
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tetrahydrofuran (MTHF), o-terphenyl (OTP) and propylene glycol. (b) Same
data on logarithmic scale; straight lines illustrate an exponential temperature
dependence; adapted with permission from ref. [8].

Too, Which are needed to calculate Eco,,(T") are taken from the three-parameter
fits to the 7(T') data shown in Figure 6.7. The representation of the data in
Figure 6.10 has been called a “generalized Angell plot” [4,7] it takes F, in-
stead of the conventionally defined T, as energy scale of the glass transition
phenomenon. Again, the curves of MTHF and OTP are very similar, and they
intersect with the curve of propylene glycol at Ecoop(Ta)/Eoo = 1.

We note that the energy scale E, might be well defined for all molecular
liquids, though it is hard to assess as one needs 7(7') at high temperatures
compared to Ty. Thus low-T}; systems are better suited for the separation of
Eoop(T) and E . Therefore the bending down (cf. Figure 6.11) of the curve for
propylene glycol might be attributed to an imperfect estimation of F., which,
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color code as in Figure 6.7.

as discussed, in the case of non-fragile glass formers is indeed experimentally
difficult to access.

Equation 6.2 allows representing the E.,,, data in form of the master curve
when plotting Egoop/Es as a function of the rescaled reduced temperature
T/Es. This is demonstrated in Figure 6.11. The data points follow a common
straight line in fair agreement.

The parameter p introduced in eq. 6.2 has been called a generalized
fragility; [4, 8] it can directly be read off as the slope of Eipop(T)/Ex in
Figure 6.10(b), and it is expected to be correlated to the “steepness” of
InT = f(T,/T) which conventionally is defined by the fragility index m. Al-
though no clear cut relation between p and m can be given, still a correlation
is found in Figure 6.12 justifying the notion generalized fragility for p. Note-
worthy, two systems show strong deviations from the correlation displayed in
Figure 6.12, namely decahydroisoquinoline (DHIQ) and toluene. In contrast to
the rest of the systems both liquids exhibit a strong secondary relaxation (-
process), and the separation of the spectral contributions of a- and S-process
and consequently a reliable estimate of 7(T') may not be straight forward. Ex-
cept for the two hydrogen bond network forming liquids glycerol and propylene
glycol p does not vary significantly.

6.4 Estimate of Number of Correlated Molecules

Given that E,oop(T) reflects the number of cooperatively moving molecules,
which is expected to grow upon cooling, following a recent idea of N. Fatkullin
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[46] one may estimate the number Ny by assuming that Eq = € Neoop(T)
and further that € ~ kT holds. Thus, one gets

Neorr = EA(T) /T (6.3)

The result shown in Figure 6.13 shows a physically reasonable behavior,
as at high temperatures, N¢qp is close to one and rise up to about 300 when the
liquid is cooled down to Ty. This result is similar to what has been reported very
recently by the Augsburg group measuring the third-order non-linear dielectric
susceptibility. [47] The latter allows to directly extracting Ncoop. The authors
have found that the apparent activation energy E4(T") scales with Neoop(T).

6.5 Conclusion

Combining different light scattering techniques (DM, TFPI and PCS), the evo-
lution of the susceptibility spectra has been measured for a series of molecular
glass formers and for temperatures between the boiling point (7 < 440 K) and
T,. The T, values range from 92 K to 333 K. Comparing the obtained broad
band LS spectra with those from dielectric spectroscopy significant differences
are observed regarding the secondary processes such as excess wing and (-
process occurring at high frequencies. In the case of the low-T} liquids a broad
high-temperature interval has been identified for which the extracted time con-
stants of the a-process 7(T') are well described by an Arrhenius temperature
dependence down to 7 = 10~ !2s. Here, structural and microscopic dynamics
have essentially merged, i.e., a two-step correlation function, typical for glassy
dynamics, is not observed any longer, yet a clear cut onset temperature cannot
easily be identified. A trend to a crossover to Arrhenius high-temperature de-
pendence well above the melting point is also found for systems with higher T}
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Figure 6.13: Estimate of the number N, of cooperatively moving molecules
as a function of temperature by applying Eq. 6.3.

and also for the non-fragile liquids, but the high-temperature activation energy
F cannot be accessed reliably in these cases.

Having at hand correlation times ranging from 10712 < 7/s < 100 which
cover the entire regime of the liquid’s dynamics, i.e., from simple liquid to
glassy dynamics, we have introduced a three-parameter description to interpo-
late 7(T"). We note that most functions interpolating 7(7") so far have been
restricted to 7>1071% due to missing high-temperature data. The present
approach decomposes the activation energy E(T) in a temperature indepen-
dent high-temperature contribution F., and a temperature dependent part
Eoop(T'), the latter follows essentially an exponential temperature dependence.
Introducing a generalized Angell plot, namely Ecoop/Foc vs. T/Es indicates
the possibility that a common intersection point for the data of the group of
liquids defines a crossover temperature T4, for which Ty / E.=b is a univer-
sal constant. Still a reliable decomposition of Eo, and Eoop(T) is only possi-
ble provided that sufficient high-temperature data are available and only for
high-fragility systems. Thus, the parameter b as well as a (cf. eq. 6.2) refers
to an average over the ensemble of liquids investigated here and may change
with future experimental data. The different molecular glass formers distin-
guish themselves by a (generalized) fragility parameter u, which actually varies
only weakly except for glycerol and propylene glycol. We emphasize that the
experimentally observed F., must not be associated with some energy bar-
rier in the liquid. Yet, the Arrhenius law revealed at high temperatures has
to be taken into account by any liquid theory. Our attempt suggests that the
high-temperature activation energy FE., defines the energy scale of the glass
transition phenomenon. Thus, simple liquid dynamics and glassy dynamics ap-
pear to be connected.
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ABSTRACT: Depolarized light scattering (DLS) spectra of a series of 16
molecular and 6 room temperature ionic liquids are investigated by applying
tandem-Fabry-Pérot interferometry, double monochromator, and photon
correlation spectroscopy. Temperatures up to well above the melting point, in
some cases, even up to the boiling point, are covered, and all liquids can be
supercooled. The accessed time constants are between 1 ps and 10 ns; in some
cases, even longer times are reached. The susceptibility spectra and likewise the
corresponding reorientational correlation functions are characterized by
stretching parameter fcp (0.32—0.80) for the long-time decay (a-process),
strength of fast dynamics 1 — f, and time scale at shortest times expressed by
kgT/I* with the apparent quantity I* reflecting essentially inertia effects. An
additional (intermediate) power-law regime (or excess wing in the frequency
domain) between fast dynamics and the a-process has to be taken into account.
For a given system the spectral parameters are virtually temperature independent
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up to the boiling point, i.e., frequency—temperature superposition applies for the a-process. Among the liquids, the quantity I*
correlates with molecular mass, and the larger 1 — f, the smaller the inertial quantity I*. No correlation among 1 — f and f¢p is
revealed. Testing for correlation of fcp or 1 — f with parameters describing the temperature dependence of the correlation time
7,, namely, high-temperature activation energy E,,, fragility m, or glass transition temperature T, no significant correlation is
found. Regarding molecular vs ionic liquids, no relevant difference in the evolution of their DLS spectra is observed.

I. INTRODUCTION

After more than two decades of extensive research the generic
properties of the dynamics involved in the glass transition
phenomenon have been revealed and can be summarized as
follows.'™® When cooling a liquid, (i) a two-step correlation
function characterizing density as well as orientational
fluctuations (in molecular liquids) emerges with a long-time
decay (a-process) showing (ii) relaxation stretching. At least in
the high-temperature regime not too close to the glass
transition temperature T, the stretching does not change
with temperature, i.e., (iii) time— (or frequency—) temperature
superposition (FTS) applies. The time constant 7, of the long-
term relaxation follows (iv) a super-Arrhenius temperature
dependence. Such “glassy dynamics” are established well above
the melting point (T,) and simple liquid dynamics with
monomodal correlation function and time constants following
an Arrhenius law are only observed when approaching the
boiling point T;,.'”'" Clearly, glassy dynamics previously only
reported for temperatures below T,, are not restricted to the
supercooled regime of a liquid.

Concerning quantitative aspects of the relaxation, under-
standing is still poor. For example, a full description of 7,(T)
starting from the boiling point down to T is still missing (see,
however, refs 10,11). Also, the strength of the change of 7,(T),
usually cast in terms of the fragility index m, is neither

-4 ACS Publications  © 2014 American Chemical Society
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understood. Regarding relaxation stretching quantified, e.g., by
a parameter f of the Kohlrausch function, the values vary over
an interval of, e.g, 0.4 < fx < 1.0, and after inspecting a large
number of glass formers, it has been suggested that the lower
P is, the larger the fragility m is.'> Ever since this correlation
has been published it also has been challenged. For example, a
recent study claims that fy follows a more or less narrow
distribution peaked around fx = 0.50."* Usually, the stretching
is estimated from the high-frequency flank of the susceptibility
spectra analyzed close to T, by applying some model function
or by inspecting some derivative of the high-frequency flank.
Here, the problem is that a straightforward spectral analysis is
hampered by the appearance of secondary relaxation processes,
namely, excess wing and/or f-relaxation peak, and a model is
needed to disentangle primary and secondary relaxations.'* The
influence of secondary relaxations may also explain that
apparently FTS often fails close to Tg.5 In addition, the
correlation plots reported rely almost exclusively on scrutiniz-
ing dielectric spectra, and it is not clear to what extent, e.g,
relaxation stretching, depends on the probing technique.
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In a recent survey by photon correlation spectroscopy (PCS)
it has been demonstrated that analyzing the data in the time
domain essentially no change with temperature is observed in
the relaxation stretching, and subtle changes caused by the
excess wing are only revealed when the data are converted to
the frequency domain.'® Yet, a stronger relaxation strength of
the excess wing can explain the apparently stronger stretching
observed for depolarized light scattering (DLS) compared to
dielectric data. Moreover, it appears that the f-relaxation is not
observed by DLS,">™'” a phenomenon not understood so far.
In order to avoid separating primary and secondary relaxation
close to T, an analysis of the relaxation stretching observed at
higher temperatures is worthwhile doing. This is captured in
the DLS spectra collected by tandem-Fabry-Pérot interfero-
metry (TFPI) in combination with a double monochromator
(DM). In the present study we analyze DLS spectra and their
corresponding correlation function C,(t) (after Fourier trans-
formation) of a series of molecular and ionic liquids which
show a strong variation of their spectral parameters, such as
relaxation stretching, relaxation strength of the fast dynamics,
and short-time expansion of the corresponding reorientational
correlation function. Thus, we assume that interaction induced
scattering can be ignored and C,(t) reflects the correlation
function of the second Legendre polynomial.'®'? For extending
the time scale, data from PCS are included. The glass formers
are studied up to temperatures well above T, in some cases
even up to the boiling point. Correlations among the spectral
parameters as well as with parameters describing the temper-
ature dependence of 7,(T) like high-temperature activation
energy E, or fragility m are considered. As the determination of
the rotational time constants for the molecular liquids studied
has been reported in detail in our preceding publications,'*"""*
this will not be treated here, yet they are used to calculate the
values of the fragility m and the high-temperature activation
energy E . Regarding the ionic liquids investigated we present
the corresponding time constants, and our results are discussed
in comparison with those reported by og)tical Kerr effect
(OKE)**~** and dielectric spectroscopy.”® " In a forthcoming
contribution the collected DLS spectra will be analyzed in the
frame of mode coupling theory (MCT), in particular, within
the F, model which allows an analysis beyond applying the
“asymptotic laws” of MCT. As it turns out the DLS spectra can
be quantitatively interpolated up to the boiling point.

Il. EXPERIMENTAL DETAILS

Most samples were commercially available (Sigma-Aldrich) and
were investigated without special purification. A sample was
vacuum-distilled right into a glass tube with an inner diameter
of 8 mm. Four ionic liquids were provided by io-li-tec (IoLiTec
Ionic Liquids Technologies GmbH, Salzstrasse 184, D-74076
Heilbronn). After degassing the sample the tubes were flame-
sealed. For measurements with a tandem-Fabry—Pérot
interferometer (TFPI) and double monochromator (DM) the
sample was either mounted in a self-built furnace or a CryoVac
continuous-flow (liquid nitrogen) cryostat. As light source we
used a vertically polarized Coherent Verdi-V2 laser at a
wavelength of 532 nm and 200 mW optical power. Measure-
ments with TFPI (JRS Scientific, triple-pass tandem Etalon)
and DM (Jobin Yvon, U1000) were performed in parallel. TFPI
was operated at horizontal polarization in almost backscattering
geometry whereas the DM was applied at orthogonal geometry.
For details, the reader is referred to refs 1,29,30. The TFPI
measurements were done with three different free spectral
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ranges and the DM measurements with two combinations of
slits and frequency intervals. The overlapping spectral parts are
then adjusted in amplitude to match together and form a
smooth spectral density S(v). For performing Fourier trans-
formation, an algorithm based on the Filon algorithm was used.
The spectral density S(v) was converted to the susceptibility
representation via ¥’ (v) = (1 + n(v))~'S(v) with n(v) being the
Bose factor.

To determine time constants and relaxation strengths in the
frequencz domain, we used fits by a Cole-Davidson (CD)
function”’

7' (o) = )(alm{(l - inCD)_ﬂCD} (1)

as it works better than a Kohlrausch function®” in most cases.
We also used a so-called hybrid function,*** which consists of
a CD part and a power-law describing part of the fast dynamics;
explicitly

2" (@) = AIm{(1 — iwtep) P + iwB(zep " — iw)* "}
2

where A and B are prefactors. Thus, a-peak and susceptibility
minimum are fully interpolated. The time constant 7, is given
by 7, = BcpTep. We investigated a series of 22 liquids, which
consist of 16 molecular glass formers and 6 room temperature
ionic liquids (RTIL) by DM/TFPL Some of the DM/TFPI as
well as PCS spectra were already published.”*****~® Some of
the RTIL were slightly colored due to unknown impurities
which led to a background signal in the DLS spectra, seen at
high frequencies, e.g, in Figure 1d. The systems studied, their
molar mass M, T,, fragility m, and other fit parameters are listed
in Table 1, together with values taken from ref 11. There, the
temperature range AT is also given, for which the a-peak was
studied. For certain liquids, not all parameters were available;
therefore, data of these liquids do not appear in Figures 9 and
10. The data symbols of the molecular liquids are connected to
filled icons, whereas those of the RTIL are represented by open
symbols.

lll. RESULTS

In Figure 1 DLS susceptibili? spectra of the three selected
molecular glass formers salol*® (see also ref 43), toluene (see
also ref 44), DHIQ, and the ionic liquid EAN are shown as
compiled by applying TFPI and DM. For reasons of clarity only
a selection of spectra are shown. At low temperatures and low
frequencies the primary or a-relaxation is well recognized for all
liquids as a separate, asymmetrically broadened peak in addition
to the microscopic (vibrational) peak in the THz regime; in
between, a minimum is observed. While heating, the a-process
shifts to high frequencies and approaches the vibrational
excitation (comprising boson and microscopic peak). Finally, at
highest temperatures, in the case of toluene and DHIQ both
peaks have virtually merged to become a somewhat broadened
single peak. For toluene, as well as ethylbenzene (T}, = 409 K)'°
and 2-methyl tetrahydrofuran (T, = 352 K) (corresponding
spectra’’ not shown here, but analyzed) such merging is
observed close to the (ambient pressure) boiling point Ty, The
glass transition temperature T, of the other liquids is
significantly higher than that of toluene; therefore, the a-
relaxation and the microscopic dynamics have not yet merged
at the highest temperatures measured. The Raman lines, which
show up at frequencies above a few terahertz, are not of interest
here, as they contain no information on molecular dynamics.

dx.doi.org/10.1021/jp412297u | J. Phys. Chem. B 2014, 118, 71087118
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Figure 1. Susceptibility spectra of three molecular and one ionic liquid
(EAN) as obtained by depolarized light scattering; all spectra are
shown on the same scales. (a) salol 210—380 K (T, = 446 K); (b)
toluene 295—440 K (T}, = 384 K); (c) DHIQ 250—440 K (T}, = 475
K); (d) EAN 240—360 K (T}, = 513 K).**

Even though they are looking quite similar at first glance the
susceptibility spectra of the different liquids differ in some
important details. For example, the relative spectral weight of
the a-relaxation peak compared to that of the fast dynamics
(comprising boson and microscopic peak) varies significantly.
While for salol and toluene the a-peak is relatively strong, it is
rather weak for EAN and DHIQ. These differences are best
recognized in Figure 2, where the normalized spectra of all
liquids taken at comparatively low temperature, yet still
displaying a full a-peak in the present frequency window, are
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plotted as a function of reduced frequency w7,. This means we
chose an isodynamic point where the time constant of the a-
process is on the order of 1 ns. The amplitude of the a-
relaxation peak y, was determined via a CD fit by eq 1.
Thereby, for all liquids a common low-frequency envelope,
explicitly y”/y, = w7, is found, and the different width of the a-
relaxation is directly reflected in the height of its peak. More
explicitly, the lower the a-peak, the flatter its high-frequency
flank which corresponds to stronger relaxation stretching. A
variation by about a factor of 2 is found which leads to a span of
stretching parameters fp from about 0.32 up to 0.80, when a
CD function is applied (cf. below). In addition, even though
the figure appears a bit crowded, one clearly recognizes a strong
variation in the height of the microscopic peak. For example,
the amplitude of the a-process in comparison to the
microscopic peak changes by a factor of about 10 between
the extreme cases salol and DHIQ.

In order to determine the stretching parameter S, we show
in Figure 3 the normalized spectra y"/y, vs reduced frequency
w1, for toluene and EAN as given for different temperatures;
here y, is again the relaxation strength of the a-process. Details
on this scaling procedure are found in our recent publication."!
As mentioned, by performing this scaling the low-frequency
slope is identical with y”/y, = w7,. Yet, the data do not need to
agree at the a-peak maximum. The lower the temperature, the
better the high-frequency flank of the primary relaxation peak is
resolved. In the case of toluene, the best interpolation of the
envelope is given by a CD function® with fcp, = 0.64. At the
lowest temperature we show the result of fitting with a hybrid
function (cf. Experimental Section, eq 2) which in addition
takes into account a fast dynamics contribution in the form of a
power-law y”o * and thus allows interpolation of the region
around the susceptibility minimum. The hybrid fit (for toluene)
works best with fcp = 0.68, which is slightly higher than that of
a pure CD fit. We note that, at high temperatures, when the a-
peak and microscopic peak have merged, a hybrid function
cannot interpolate the spectra any longer, yet it appears that a
new envelope shows up, a phenomenon also reported for
benzene.* This is indicated by the dashed line in Figure 3a. In
the case of EAN, we get Bcp = 0.39 for the CD function and
Bcp = 0.42 for the hybrid function fit. This kind of “a-scaling”
has been done for all the systems and the parameter fcp
obtained from the pure CD interpolation is collected in Table 1
and displayed in Figures 9 and 10, where they are compared to
other parameters of the spectra as well as to quantities
describing the temperature dependence of the time constants
7o(T) (cf. below). As already noted, a range of 0.32 < fp<
0.80 is found for the 22 liquids studied (cf. Table 1).

We note that in most cases the exponent 4, characterizing the
fast dynamics, does not com4p1y with the prediction of the
asymptotic laws of the MCT.*® Usually the value is too high,
yet, in the case of a weak microscopic (and boson) peak such as
in toluene (cf. Figure 3a) or salol (cf. Figure la), the MCT
interpolation of the susceptibility works well, i.e., the exponent
a and fcp can be fixed via the so-called exponent parameter 4
(cf. also Figure 4a) by

_ F(l - 11)2 _ F(l +ﬂCD)2
S T(1-2a) T(1+28,)

©)

The features of the susceptibility minimum are once again
inspected in Figure 4 where the “minimum scaling” is displayed
for salol and ethylbenzene, i.e., the spectra are rescaled in such a

dx.doi.org/10.1021/jp412297u | J. Phys. Chem. B 2014, 118, 71087118
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Table 1. Molecular and Ionic Liquids Investigated and Parameters of the Analysis: Molar Mass M Given in [g mol™'], Glass
Transition Temperature T, [K], Fragility Index m, Cole-Davidson (Stretching) Parameter ., High-Temperature Activation
Energy E, [K],"° Amplitude 1 — f of the Fast Dynamics, Effective Momentum of Inertia I* [10™* kg m?] Calculated via eq 6

and the Temperature Range AT [K] Studied

name (abbreviation) M T, m| Poo| E.| 1] T AT

° 2-methyl tetrahydrofuran (MTHF) | 86.1 92| 100| 048|1169| 0.20| 0.50| 140-440

* glycerol | 92.1 188 s4| 045|271 0a3| | 315-330

Y toluene | 92.1 117 108| 0.66]1440| 017 | 0.68| 180-440

) picoline | 93.1 129 79| 0.65|1438] 0.17] | 190-440

- propylene carbonat | 102.1 157 80| 067|1720| 0.15] 127| 235-445

. ethylbenzene |  106.2 115 86| 055|1369| 0.09| 129 170-440

° ethylammonium nitrate (EAN) | 108.1|  182% —| 042|2790| 0.32] 0.50| 260-360

. lithium chloride (LiCL:SH,0) | 132.5 129 | 0232|2204 0.23] .| 214-320

¢ 4-tert-butyl pyridine (4-TBP) | 135.2 164 74| 0534|1761 0.20] 135| 230-270

* decaline | 1383 | 1347°| 147°| o067| | 0.36| 0.96 310

° decahydroisoquinoline (DHiQ) | 139.2 179 123| 0.54|1851] 0.38] 0.92| 250-440

: trimethyl phosphate (TMP) | 140.1 136 81| 039]1573| 0.35| 035| 230-440

Y benzophenone | 182.2 207 90| 0.71|2954| 0.10] 1.58| 290-440

g dimethyl phthalate (DMP) | 194.2 191 75| 073|202 011 1.47| 290-440

) salol | 2142 218 84| 078|2104| 0.12| 2.75| 320-380
1.3-dimethylimidazolium dimethylphosphate

v 222.2 203 95| 0.50|3065| 0.13| | 320-420
(MMIM MMPO,)

" tripropy] phosphate (TPP) | 224.2 131 46| 040| --| 0.26| 0.86| 350-400

* o-terphenyl (OTP) | 230.3 245 82| 065|241 0.11| 122 330-440
1-butyl-3-methylimidazolium

- 284.2 194 44 .61 - 0.23 — 360 - 380
hexalluorophosphate (BMIM-PF)

* m-tricresyl phosphate (m-TCP) | 368.4 205 71| 0.41|2301| 0.04| 228| 300-440

1-ethyl-3-methylimidazolinvm M

v 3913|186 —| 0392476 —| —| 300-440

bis(trifluoromethylsulfonyl)yimide (EMIM imide)
1-butyl-3-methylimidazolium i

o 419.4 18277 -—- 0.40 - -—- -—- 350 - 400

bis(trifluoromethylsulfonyl)imide (BMIM imide)

way that a common envelope of the minimum between the a-
process and the microscopic peak results. Indeed, the common
envelope applies up to high temperatures and the shape of the
envelope can be approximated by a sum of two power-laws.
The latter is actually an approximation of the hybrid function in
the region of the susceptibility minimum. The exponents
obtained by this fit do not need to be equal to those of the a-
scaling (cf. Figure 3) for reasons that will become clear below.
Here, we compare a free interpolation with that of the forecast
by MCT. As already discussed, in the case of salol the power-
law interpolation of the minimum is compatible with that of
MCT; however, for ethylbenzene with its strong microscopic
peak (and broad a-relaxation), the asymptotic MCT prediction
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does not adequately interpolate the data. Below about 155 K
the minimum scaling clearly fails for ethylbenzene (shown in
blue). The minimum becomes increasingly flatter through a
decrease of the slope of its low-frequency flank. As in our
preceding work,">***” we interpret this flattening of the
minimum as a sign of the emergence of the excess wing (or
intermediate power-law, see below). The excess wing is usually
identified by dielectric spectroscopy on the high-frequency
flank of the a-relaxation and described by a power-law "o v
with an exponent around y = 0.2 < f¢p (included in Figure
4b). Given the validity of the minimum scaling at high
temperatures one can conclude that a-process and fast
dynamics do not change their spectral shapes and amplitudes.

dx.doi.org/10.1021/jp412297u | J. Phys. Chem. B 2014, 118, 71087118
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Figure 2. Susceptibility spectra of 22 molecular and ionic liquids (cf.
Table 1) normalized by the intensity of the a-process and plotted
versus the rescaled frequency @rt,. Pronounced differences are
recognized regarding the width of the a-relaxation and the relative
amplitude of the microscopic peak.

So far, we have investigated the dynamics of the liquids in the
frequency domain. Now we will continue our analysis in the
time domain. Figure 5 shows the cosine Fourier transforms of
the spectral densities corresponding to the susceptibilities
displayed in Figure 1 for toluene and DHIQ. As mentioned, we
assume that a rotational correlation function of rank-two is
probed. At shortest times, the correlation loss starts with an
essentially temperature independent time scale followed by a
decay down to a plateau, and finally the a-process takes the rest
of the correlation. In the two examples shown, we see a
significant difference in the relaxation stretching and in the
height of plateau f which reflects the strength of the a-
relaxation.

Instead, by CD function, the correlation function C,(t) can
also be approximated by a stretched exponential (Kohlrausch)
function at long times at which the a-process dominates;

explicitly

t %
Cy(t) = fexp _[_]
U

(4)

As mentioned, the amplitude f describes the strength of the a-
process also known as non-ergodicity parameter. The
Kohlrausch parameter 7y is related to the (mean) correlation
time 7, via 7, = 7x ['(1/fx)/Px, where I' denotes the gamma

function. The Kohlrausch function can be linearized by plotting
C,(t) on logarithmic scales versus (t/7)’* as shown in Figure 6.
The values of Py are system specific but not temperature
dependent, and parallel straight lines are found at long times for
the different systems. In the case of DHIQ some deviations
from the straight line occur, yet, as displayed in the inset of
Figure 6, the variation in fi is about 5% and has no clear
temperature trend. The only relevant difference the systems
show is the amplitude of the straight line which reflects
different f. This plot directly demonstrates three features
already partly obvious from @- and minimum scaling. (i) The
relaxation stretching does not change with temperature, thus
FTS applies. (ii) Relaxation stretching is observed up to highest
temperatures close to the boiling point. No crossover to an
exponential relaxation is recognized. (iii) Also, the amplitude f
is temperature independent, yet as for fy it varies among the
different systems, and below we investigate their correlation
with other quantities characterizing the glass transition. All in
all, these relaxation features define what is called “glassy
dynamics”, and they are observed almost up to the boiling
point. At such high temperatures, actually the bimodal shape of
the correlation function is almost lost as microscopic dynamics
and a-process have more or less merged. The values of fy are
about 0.1-0.2 higher than the corresponding fBcp values, in
agreement with a comparison of CD and Kohlrausch function
carried out by Lindsey and Patterson.*”

Figure 7 shows the rescaled pulse-response representation of
the DLS data for the liquids m-TCP, toluene, salol, and DMP
on a reduced time scale t/7,. The pulse-response is calculated
from the correlation function C,(t) via

4c,(t)
E(t) s)
This representation of the data is directly measured by OKE
experiments and allows an easy identification of different
power-laws dominating the correlation loss. Regarding a-
relaxation and excess wing (or intermediate power-law*®), their
power-law exponents Bcp and y are expected to reappear as
E(t) < t™ = 1) and o 177, respectively. Indeed, in the
case of salol, two power-laws are easily discernible: on one
hand, the intermediate power-law at short times with an
exponent @ = 1 — ¥ = 0.8, and on the other hand, a second one
at longer times with exponent 1 — Bcp= 0.21. The latter is the
short-time or high-frequency contribution of the a-process and
is called the von Schweidler law.** The part of the decay rising

0.5

Figure 3. Spectra of (a) toluene (at temperature in K: 180, 200, 225, 250, 260, 280, 295, 320, 340, 360, 380, 400, 420, 440) and (b) EAN (at
temperature in K: 270, 280, 290, 300, 320, 340, 360) shown in Figure 1 scaled on a common envelope of the a-process (a-scaling). Red dashed and
dashed-dotted lines show fits by a CD or hybrid function (eq 2), respectively. In the case of toluene a hybrid function agrees with a MCT
interpolation. Dashed green line in (a) represents high-temperature apparent envelope with an exponent of about —0.33.
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Figure 5. Reorientational correlation function C,(t) as obtained from the depolarized light scattering spectra in Figure 1 of (a) toluene and (b)
DHIQ exhibiting rather different relaxation stretching and amplitude of fast dynamics.
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Figure 6. Logarithmic plot of C,(t) versus (t/7g)’* yielding linear
long-time behavior. For each system, the stretching parameter Sy of
the a-process is kept temperature independent. The inset shows
variation of fi around its mean value, if it was allowed to vary.

above the intermediate power-law is due to the fast dynamics.
Actually, it is remarkable that the intermediate power-law can
clearly be identified, although no traces of it are recognized in
the frequency domain (cf. Figure 4a). Yet, identification in the
pulse-response representation indicates that an interpolation of
the susceptibility by superposition of two power-laws as done in
Figure 3 is not strictly correct and contributions of the
intermediate power-law are already observed at high temper-
atures (a ﬁndin§ which we were not aware in our previous
publications'>*°). This may explain why the different
interpolations of the susceptibility minimum provide somewhat
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DMP: PCS

e,

Figure 7. Pulse-response representation of the DLS data for the four
liquids m-TCP,"® toluene, salol,36 and DMP'! obtained by PCS
(points) and TFPI/DM (lines).

different exponents as discussed above in the context of a- and
minimum scaling. We note that the intermediate power-law is
not included in the asymlptotic laws of MCT. As has been
discussed by Brodin et al,'**%*” the intermediate power-law™*®
is nothing else than the excess wing usually identified in
dielectric spectroscopy. In the case of m-TCP the intermediate
power-law is not discernible probably due to a strong
contribution of the fast dynamics (1 — f is rather large, cf.
Figure 2), yet it is well resolved by our PCS data which extend
to much shorter rescaled times."> Admittedly, the PCS data
show a considerable amount of scatter, which is attributed
mainly to the calculation of the pulse-response representation
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Figure 8. (a) Same data as shown in Figure Sa, but here 1 — C, is plotted versus t* The initial slope M, (red lines) is related to some effective
moment of inertia I* (cf. eq 7). (b) Temperature dependence of I* for some selected liquids.

(e.g, making the derivative) from the PCS step-response
approaching its resolution limit in the 10 ns regime. The
original PCS decays of m-TCP are shown in ref 15, those of
DMP in ref 11, and it is the first time that indications of the
intermediate power-law are identified by PCS. In addition, the
magnitude of the exponent of the second power-law, which in
the case of m-TCP is interpolated better by the short-time
expansion of a Kohlrausch decay (with fy 2 fp+0.1) is much
higher compared to that of salol, making it further difficult to
resolve the intermediate power-law. In the case of toluene, the
intermediate power-law is not recognized, although the
relaxation strength 1 — f is rather small (cf. Figure 3a). Here,
the stretching parameter fcp is the smallest among the four
liquids discussed in Figure 7.

Still one difference among the correlation functions displayed
in Figure 6 is of relevance and distinguishes the systems,
namely, the time scale at shortest times. Classical correlation
functions are an even function in time and they can be
expanded in a power series. For short times, for the
reorientational correlation function one has**>°

C,(t) = 1 = Myt* + Mt* — 0(t°) (6)
In the case of linear molecules, the coefficient M, is related to
the moment of inertia via

kyT
I=1(1+1)—=—
2M,

)

with [ being the rank of the correlation function probed.
Ignoring that the present molecules are actually not linear, the
important point is that the coefficient M, only reflects inertial
features specific to the molecule and thus is independent of
interaction effects in the liquid. This is also expected for
nonlinear molecules. In Figure 8a, as an example, we plot 1 —
C,(t) versus #* for toluene. In this representation, the quadratic
decay is represented by a straight line. One clearly sees the
linear regime as indicated by the red lines. Figure 8b shows the
temperature dependence of the apparent quantity I* calculated
along eq 6 for seven molecular liquids as a function of the
reduced temperature T/T, (cf. Table 1). While at high reduced
temperatures, as expected, the quantity is virtually temperature
independent, some decrease is observed at low temperatures
(an exception is MTHF). In addition, a clear trend to higher
values of I* for higher masses is observed. MTHF, which is the
lightest molecule (M = 86 g mol™") investigated, has the lowest
value of I*, whereas m-TCP (386 g mol™") has the highest one.
The quantity I* is shown for some of the investigated liquids in
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Figure 8b. Molecular moments of inertia are on the order of
107* kg m’ in agreement with the scale in Figure 8b. Why a
temperature trend (in most cases a decrease) sets in when
approaching T, is currently not clear. For further comparison,
we used I* at an isodynamic point of 7, ~ 10™"'s; these are the
values given in Table 1 and displayed in Figure 9a. As note of
caution, we are well aware that the short-time behavior of C,(t)
may not only reflect reorientational dynamics but also collision
induced contributions;'® yet, the temperature independency of
the quantity I* at high temperatures and the correlation with
molecular mass may be taken as a hint that indeed
reorientational contributions dominate in C,(t) even at short
times.

Now that the DLS spectra of the liquids have been
characterized by a set of parameters, namely, fcp, 1 — f, and
I*, we look for relations among them. First, Figure 9a displays
the correlation between the effective momentum of inertia I*
and the molar mass M. As already mentioned, one finds a trend
that molecules with higher values of M show a higher quantity
I*. Of course, different molecular geometries and sizes disturb a
clear-cut relation between I* and M. In Figure 9b the quantity 1
— f (relaxation strength of the fast dynamics) is plotted versus
I*. With a correlation coeflicient of —0.64 we find a negative
correlation: The higher 1 — f, the lower is the inertial quantity
I*. Finally, in Figure 9c we consider the correlation among 1 —
f and the stretching parameter f-p. No correlation is observed.
The width parameter lies in the range 0.32—0.80; no indication
for a preferential value of fcp = 0.5 is found as suggested by
Nielsen et al."

Next, we discuss the connection between the spectral
parameters and those characterizing the temperature depend-
ence of the time scale of the a-process 7,(T), namely, the high-
temperature activation energy E, fragility index m, and the
glass transition temperature T, itself. As demonstrated in our
previous works,"”'" well above the melting point and close to
the boiling point the super-Arrhenius temperature dependence
of 7,(T), which is observed close to T, crosses over to an
Arrhenius law specified by the activation energy E,. In Figure
10a we check for a correlation between fBcp and E.; no
correlation is found. This also holds for 1 — f vs E,, (not
shown). In Figure 10b the stretching parameter fcp versus
fragility index m is considered. Again, we do not find any
correlation; relaxation stretching is independent of fragility. In
Figure 10c, we check for a correlation between the stretching
parameter ffcp and T, If at all, a weak increase of fcp with T,
can be anticipated. Finally, in Figure 10d, the correlation
between 1 — f and the fragility m is checked. A weak trend may
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Figure 9. (a) Correlation between I* and molar mass for molecular
liquids. (b) Correlation between the strength of the microscopic
dynamics 1 — f and the effective moment of inertia I*. (c) Intensity of
the fast dynamics 1 — f vs stretching parameter fcp. All the numerical
values are found in Table 1. RTIL: open symbols; Error bars are on
the order of symbol size.

be observed: the more fragile, the higher 1 — fis. In all cases,
the ionic liquids do not display any particular behavior.

IV. DISCUSSION

Molecular glass formers and room temperature ionic liquids
have been investigated by tandem-Fabry-Pérot interferometry
and double monochromator over a large temperature range, in
some cases up to the boiling point. With the analysis extended
to longer times, PCS data have been included. The primary
(a-) relaxation revealed in the spectra shows different relaxation
broadening as well as different spectral weight with respect to
the fast dynamics including boson peak and vibrational
dynamics. Assuming that the spectra solely reflect reorienta-
tional dynamics, the corresponding reorientational rank-two
correlation function is characterized by three parameters,
namely, stretching parameter fcp, strength of the fast dynamics
1 — f, and the time scale at shortest times in terms of an
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effective moment of inertia I*. In addition to the stretched
long-time decay (a-process), an intermediate power-law regime
(or excess wing in the frequency domain) with an exponent y &
0.2 has to be taken into account in between a-process and fast
dynamics. It has first been observed in optical Kerr effect
decays*® and is identified also in the TEPI/DM data provided
that a-stretching is weak (as in salol). Yet, it is well resolved by
PCS and dielectric spectroscoggr; in the latter it shows up in the
form of the excess wing.>'¥3%°73!

For a given liquid all the three spectral parameters are
virtually temperature independent up to the boiling point.
Explicitly, the relaxation stretching does not change with
temperature; thus, time—temperature superposition applies for
the a-process up to highest temperature; there is no-crossover
to an exponential long-time decay. Also, the amplitude 1 — fis
temperature independent, yet as for Bcp it may vary
considerably among the different liquids. Thus, the usually
found statement that in the high-temperature liquid the
reorientational correlation function is essentially exponential
is not tenable. All spectral features commonly characterized as
“glassy dynamics” are already established well above the melting
point, i.e, they determine the dynamics of most liquids in daily
life.

Testing for correlations among the spectral parameters as
well as with parameters specifying the temperature dependence
of 7,, we find no significant effects. In particular, the stretching
parameter B¢ does not correlate with the fra§ility m. This is at
variance with the conclusion of Bshmer et al.”> which has been
drawn when analyzing relaxation data close to T, As
mentioned in the Introduction, we argue that at T, the shape
of the primary relaxation is obscured by the presence of
secondary relaxation processes and determination of the
stretching is not straightforward. A weak trend between 1 — f
and fragility m may be observed: the more fragile, the higher
1 — fis. When inorganic network glasses are also included, an
opposite trend was reported by Sokolov et al.>* The authors
considered the susceptibility ratio of the boson peak maximum
to the minimum instead of looking at the full integral over the
fast dynamics spectrum 1 — fas in the present case. The scale at
shortest times reflects essentially inertial effects and it shows as
expected some correlation with molecular mass.

Regarding ionic liquids (RTIL) with their quite different
interaction potential compared to molecular liquids, no
significantly different reorientational behavior was found; they
behave just like molecular liquids. The present RTIL have also
been investigated by OKE**">* as well as dielectric spectros-
copy.”*"** In the case of OKE experiments on molecular
liquids collected by the Fayer”® and Torre groups™" it has been
shown®®*” that OKE and DLS essentially yield the same
response: one the pulse-response function, the other the step-
response of the rank-two reorientational correlation function.
Most of the OKE experiments performed so far on RTIL are
restricted to a rather short time interval, e.g., 1—10 ps, and the
long-time decays are fitted to a sum of two exponentials.”>*°
OKE experiments covering longer times of up to 4 ns by
Turton et al** have described the response by two low-
frequency relaxation modes and two to three Brownian
oscillators (see also ref 24). Cang et al,”® again reaching the
ns regime, have reported OKE experiments on EAN revealing
an intermediate power-law at short times followed by a second
power-law, the von Schweidler law. The authors concluded that
“the orientational dynamics of ionic organic liquids are
fundamentally the same as van der Waals liquids”. We draw
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Figure 10. (a) Correlating fragility index m and stretching parameter fcp. (b) Correlating glass transition temperature T, and fcp. (c) High-
temperature activation energy E,, versus fScp. (d) Correlating relaxation strength of the fast dynamics 1 — f and fragility index m. All the numerical
values are found in Table 1. Error bars are on the order of symbol size; open symbols: RTIL.

exactly the same conclusion. In Figure 11 we display our results
for the ionic liquids in the rescaled pulse-response representa-

Figure 11. Pulse-response representation of the DLS data for the
RTIL LiCl:SH,0, BMIM imide, EMIM imide, MMIM MMPO,,
BMIM-PFg, and EAN (top to bottom, cf. Table 1). Dashed lines: CD
fits of the a-process, dotted lines: first traces of the intermediate
power-law with y = 0.2.

tion just as in Figure 7 for molecular liquids. Clearly the von
Schweidler law is recognized followed by a more or less
exponential cutoff at longest times. A CD fit interpolates the
full a-decay (dashed line). At short times a crossover to the fast
dynamics is recognized, and at lowest temperatures first traces
of the intermediate power-law are found (dotted line) in the
case of EAN, BMIM-PF,, and MMIM MMPO,. By comparing
DS and DLS/OKE, similar results are observed; the stretching
parameter fcp deviates by no more than 0.07.°**7 In the case
of the amplitude of the fast dynamics 1 — f strong differences
are observed among the techniques.”
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As mentioned, the orientational correlation times of the
molecular liquids have been presented in ref 10; for
completeness the corresponding time constants 7, = Tcp Pep
of the RTIL studied in the present contribution are displayed in
Figure 12, where we also included results from our dielectric®®

0OF & emmprsoLs s 7
®  BMIM-PFS DS
[ & EANDLS
-2 wm EanDs d
| 4 MMM MMPO, DLS
& MMM MMPO, 2D NMR
i 45 e tm MMPO, T and T, 1
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Figure 12. Reorientational time constants of the RTIL investigated
(LiCI:5H,0, BMIM imide,”” EMIM imide,”” MMIM MMPO,,
BMIM-PF,*® and EAN;?® see Table 1) by depolarized light scattering
(DLS), dielectric spectroscopy (DS), 2D nuclear magnetic resonance
spectroscopy (NMR), and spin—lattice relaxation (T,) and spin—spin
relaxation (T,).>* Lines are guides-to-the-eyes; dashed lines indicate
Arrhenius behavior at high temperatures.

and NMR spectroscopy work.”® The dashed lines indicate an
Arrhenius behavior at high temperatures, as also reported for
molecular liquids."® We have to remark that the values of E,
might change a bit as soon as more high temperature time
constants become available. No significant difference is
observed among the results from the different techniques
reporting collective as well as single-particle dynamics. Thus,
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although in most of the RTIL light scattering as well as the
dielectric response originate from both the cation and the anion
dynamics, no indication of different time constants is found.
Both species are part of a common cooperative process
exhibiting features characteristic of what has been called glassy
dynamics and is virtually the same as observed in molecular
liquids. Finally, we note that all the spectra of the ionic liquids
(as well as the molecular liquids) can be described well up to
high temperatures by the schematic F,, model of MCT as will
be shown in a follow-up study.

V. CONCLUSIONS

Molecular glass formers and room temperature ionic liquids
have been studied by tandem-Fabry-Pérot interferometry and
double monochromator over a large temperature range, in
some cases up to the boiling point. The susceptibility spectra
and the corresponding reorientational rank-two correlation
functions are systematically compared. Time scales between 1
ps and 10 ns are accessed. The primary (a-) relaxation revealed
in the spectra is described by a Cole-Davidson function
showing among the systems different relaxation stretchings and
different amplitudes f. The stretching parameter fcp as well as
strength of the fast dynamics 1 — f are virtually temperature
independent up to highest temperatures. All spectral features
commonly characterized as “glassy dynamics” are already
established well above the melting point. In addition to a
stretched long-time decay (a-process), an intermediate power-
law regime (or excess wing in the frequency domain) is
identified in between a-process and fast dynamics as also
reported by OKE experiments. When testing for correlations
among the spectral parameters, no correlation among 1 — f and
Bep is revealed. Also, no correlation between fcp and fragility
m is observed, which is at variance with the common
assumption. Regarding molecular vs ionic liquids, no relevant
difference in the evolution of their DLS spectra is observed.
The orientational dynamics of ionic organic liquids are
essentially the same as that of van der Waals liquids.
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Depolarized light scattering spectra of eight molecular liquids as obtained from applying tandem-
Fabry-Pérot interferometry and double monochromator are analyzed in the frame work of the
mode coupling theory (MCT). The susceptibility spectra are fitted to the numerical solution of the
schematic F |, model of MCT and the validity of the asymptotic laws is discussed. The model is able
to quantitatively describe the spectra up to the boiling point, where the main (structural) relaxation
and the contribution of the microscopic (vibrational) dynamics essentially merge, and down to the
moderately super-cooled liquid where glassy dynamics establishes. The changes of the spectra with
temperature are mapped to only two control parameters, which show a smooth variation with temper-
ature. Strong correlation between experimental stretching parameters and extrapolated values from
the model is found. The numerical solutions are extrapolated down to T, where the asymptotic scal-
ing laws can be applied. Although the spectra apparently follow scaling relations, the application of
the asymptotic laws usually overestimates 7, by up to 12 K. In all the cases, the experimental spectra
are outside the applicability regime of the asymptotic laws. This is explained by more or less strong
vibrational contributions. Within a phenomenological approach which extends the spectral analysis
down to T, and which allows for separating fast and slow dynamics, the strength of the fast dynamics
1 — . is revealed. It shows the cusp-like anomaly predicted by MCT; yet, the corresponding critical
temperature is significantly higher than that derived from the F,, model. In addition, we demonstrate
that close to T, the susceptibility minimum is controlled by the interplay of the excess wing and the

fast dynamics contribution. © 2014 AIP Publishing LLC. [http://dx.doi.org/10.1063/1.4890731]

Il. INTRODUCTION

Recently, we have compiled depolarized light scattering
(DLS) spectra of a large series of molecular as well as ionic
liquids by applying double monochromator (DM), tandem-
Fabry-Pérot interferometry (TFPI), and occasionally photon
correlation spectroscopy (PCS).":? All these liquids can be
easily super-cooled and temperatures up to well above the
melting point, in some cases even reaching the boiling point
have been covered. The spectra and likewise the correspond-
ing reorientational correlation functions have been character-
ized by a stretching parameter B, for the long-time decay
(a-process) and a strength of fast dynamics 1 — f. Here f
is the strength of the (x-process) or the non-ergodicity pa-
rameter. For a given system these spectral parameters are
virtually temperature independent up to the boiling point.
Thus, “glassy dynamics” thought to be characteristic of super-
cooled liquids are actually observed well above T, . Test-
ing for correlations among these parameters, no correlation
between 1 — f and Bp has been revealed. Also, no corre-
lation between B and fragility m, describing the magni-
tude of the temperature dependence of the structural corre-
lation time 7, on a reduced temperature scale 7/T,, is found
in contrast to correlations anticipated in previous works.>*
Moreover, regarding molecular vs ionic liquids, no funda-
mental difference in the evolution of their DLS spectra is
observed.

0021-9606/2014/141(4)/044511/10/$30.00
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For the cases reaching the boiling point it has been
demonstrated that at highest temperatures indeed an Arrhe-
nius law emerges for the temperature dependence of the cor-
relation time t,(7) and a simple three-parameter descrip-
tion has been introduced based on the decomposition of
the effective activation energy into a temperature indepen-
dent high-temperature part and a contribution reflecting co-
operative dynamics with an essentially exponential tempera-
ture dependence becoming relevant at low temperatures close
to Tg.l’5

In the past many studies have been devoted to analyze
the evolution of the DLS spectra in the frame of the (ide-
alized) mode coupling theory (MCT) of the glass transi-
tion that was originally developed by Goétze and co-workers
in the 1980s.5° The theory predicts a glass transition sin-
gularity at a temperature 7T, that is now thought of as a
crossover point from high temperature liquid-like dynamics
to a low-temperature regime where different transport mech-
anisms dominate. Close to T, the theory provides asymptotic
laws, which give a leading order description of the spectra
around the susceptibility minimum separating «-relaxation
from high-frequency contributions in terms of power-laws
(T > T,). These have been tested by various experimental
techniques such as neutron and light scattering, optical Kerr
effect (OKE), and dielectric spectroscopy, and thereby the
crossover temperature 7, > T, is estimated.!®!® While in
some cases a consistent description is possible, in other cases

© 2014 AIP Publishing LLC
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inconsistencies across spectra obtained by different scattering
methods occur, leading to some ambiguity in identifying T.

Less often the spectra have been analyzed by applying
so-called schematic models of MCT, i.e., simplified models
of the theory that allow to capture phenomena beyond the
asymptotic description at the expense of introducing several
fitting parameters. In addition, the models allow taking into
account the microscopic dynamics, in particular spectral fea-
tures like the boson peak which usually interfere in the fre-
quency range considered. The most prominent example is the
F,, model for the liquid-density fluctuations combined with
a simple description of probe-density coupling through the
so-called Sjogren model.”?* In most cases, the spectral anal-
ysis is restricted to moderately low temperatures due to the
fact that high temperature spectra were not available or not
included. As we will demonstrate it turns out that the present
DLS spectra can be quantitatively described up to the boiling
point by the F;, model. At such high temperatures, the micro-
scopic (vibrational) dynamics and structural relaxation have
virtually merged and a single broadened relaxation peak char-
acterizes the DLS spectra.'»>?> Here, the asymptotic laws of
MCT cannot be applied any longer. The capability of the F,
model to describe distinctly non-glassy dynamics at high tem-
peratures was already demonstrated for the non-glass forming
liquid benzene by Wiebel and Wuttke?! using DLS spectra
and by Ricci et al.?> using OKE data. We extend a similar
analysis to a series of molecular glass-forming liquids. Doing
s0, the numerical solutions of the model can be extrapolated to
the vicinity of 7, and the regime of validity of the asymptotic
MCT scaling laws can be identified.!” We show that virtu-
ally all of the experimental data are collected at temperatures
where the application of the asymptotic laws does not apply.
At these temperatures, effects from the vibrational contribu-
tions to the spectra become important and distort the expected
position of the susceptibility minimum. This may lead to an
overestimation of T, if solely the asymptotic laws are applied.
Below T, the F;, model cannot be applied and we stick to a
phenomenological approach allowing to determine 1 - £, as
a function of temperature which leads to a crossover temper-
ature still higher.

Il. THEORETICAL BACKGROUND - THE F,, MODEL

MCT®# describes the evolution of the slow dynamics of
dense liquids, i.e., the structural relaxation giving rise to the
a-process, and the caging of particles at intermediate times
that cause the dramatic slowing down of the final relaxation.
Starting from an exact equation of motion for slow dynamical
variables, which is derived using a projection-operator for-
malism, an integro-differential equation for the density corre-
lation function @, (1) can be written

0=2Q,°,(t)+y,0,0)+ 1)+ / di'm,(t —1")®,(1").
0
(1)

Here, g is the wave vector of the density fluctuations, and the
initial conditions ® ,(0)=1land & (0) = 0hold. The memory
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function mq(t),

m @M} = DV, @)D (t) ©)

k+p=q

describes the slow relaxation as caused by slow fluctuating
forces, and is in MCT approximated as a nonlinear form of the
density correlation functions again. The coupling coefficients
of the theory are fully determined through the equilibrium
static structure of the system, such as the static structure factor
S(g) which varies only weakly with temperature. Depending
on the coupling strength, the correlation function ® () de-
cays to zero at long times (liquid) or arrests at a finite value
(glass). The bifurcation points in the coupling-coefficient pa-
rameter space, where this behavior changes from one case to
the other, are identified as the idealized glass transitions of
the theory. The full MCT equations have been solved for a
number of model systems (such as the hard-sphere fluid).?®
For most molecular glass-forming liquids, the intra-particle
complexity however renders this infeasible. In order to reduce
mathematical complexity “schematic” models have been for-
mulated which retain the generic behavior of the full equa-
tions, and replace the coupling coefficients of the full theory
by a small set of ad hoc parameters. They also serve as con-
venient models to quantitatively fit experimental data. One of
the simplest schematic models is the F,, model, for which one
retains just a single wave-vector independent correlator, and
the memory function reads®® !7-24

m(t) = v, () + v, d(1)> (3)

There are two (temperature dependent) coupling constants (or
control parameters) v, and v,. For the analysis of DLS spec-
tra, one extends this model by a second correlator ® (#) that
mimics the dynamical variables that are probed in a given ex-
periment, which presumable capture the orientational degrees
of freedom in the liquid coupling to the density fluctuations.
The second correlator follows the same integro-differential
equation as above (Eq. (1)) where &(¢), 2, y, and m(r) are re-
placed by ® (1), 2, ¥, and m(#). The second memory func-
tion is given by

my(t) = v, P()P (). “)

This kind of coupling of the equations guarantees that the dy-
namics of the probing variable ® (7) is controlled by ®(#) but
not vice versa. In particular, the position of the transition at
T. is not changed by the introduction of the second correlator
D (1).

The ideal glass transition takes place on a line in the v, /v,
parameter space which is parameterized by the exponent pa-
rameter A that also fixes the asymptotic stretching of the «-
relaxation via Eq. (8),"

Vi=02r—1)/A%

Vs =1/22 ©)

As said the model has been successfully employed in sev-
eral studies of glass-forming liquids.'”"” A detailed numeric
study has confirmed the stability of such fits.>?

The equations were directly solved by a simple forward-
stepping algorithm in the time domain exploiting the causality
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TABLE 1. Characteristic temperatures and temperature independent fit parameters of the description by the F,, model: glass transition temperature Tg, melting

temperdture T, 28,29 poiling temperature T, ,2%2°

T

critical temperature 7, obtained by the F,, model, T," extracted from applying asymptotic MCT laws, and
estlmated from analyzing fast dynamics spectrum (see Fig. 9), hlgh frequency exponent of a-process b (stretching parameter; calculated via Eq. (8));

experunental stretching parameter B, frequencies €2 and €2 and the damping parameters y Q2 and Vs 2 2,

T,K) T,K T,K T.K T/K T,/K b B Q(THz) Q(THz) y Q> (THy) y Q2 (THz)
4-Tert-butyl pyridine (4TBP) 164 272 469 185 192 — 059 054 10 7.0 1.5 12
Benzophenone 207 322 578 245 248 — 070 0.71 6.5 3.8 2 11
Dimethyl phthalate (DMP) 191 233 565 238 248 267 072 073 8 4.6 12 22
2-Methyl tetrahydrofuran (MTHF) 92 137 352 102(7) 114 — 046 048  4.58 6.5 24 14
o-Terphenyl (OTP) 245 329 605 284 290  316% 073 065 5 3.7 4 11
Ethyl benzene 115 179 409 133 145 166 056 055 6.8 4.0 0 1
Salol 218 314 445 250 261 — 070 078 3 1.5 0.1 0.5
Toluene 117 178 384 145 152 — 070 066 68 3.7 1.5 4

of Eq. (1), combined with a periodic doubling of step lengths
to be able to cover the large dynamical windows typical for
glassy dynamics. The procedure has been described and used
previously.”2* All in all, eight parameters have to be adjusted
to match the model to the data at any given temperature. But
five of them, which are the frequencies 2, and €2, the damp-
ing y.and y, and as will be shown, a linear combination of
v, and v, could be kept constant for all temperatures; leaving
these parameters free leads only to a weak change with tem-
perature. So for every temperature an amplitude factor A, a
linear combination of v, and v,, and the coupling v, had to be
varied in a smooth way.

lll. EXPERIMENTAL DETAILS

The samples, listed in Table I, were commercially avail-
able (Sigma-Aldrich) and were investigated without further
purification.? A sample was vacuum-distilled right into glass
tubes with an inner diameter of 8 mm. For measurements
with TFPI and DM, the sample was either mounted in a
self-built furnace or a CryoVac continuous-flow cryostat. As
light source we used a vertically polarized Coherent Verdi-V2
laser at a wavelength of 532 nm and 200 mW optical power.
Measurements with TFPI (JRS Scientific, triple-pass tandem
Etalon) and DM (Jobin Yvon, U1000) were performed simul-
taneously and operated at horizontal polarization in almost
backscattering geometry, whereas the DM was applied at or-
thogonal geometry. For details, the reader is referred to Ref.
27. The experimentally measured spectral density S(v) was
converted to the susceptibility representation via x”(v) = (1
+ n(v))~'S(v), where n(v) is the Bose factor. The spectra of
each liquid were normalized by normalizing the correspond-
ing correlation function after Fourier transforming the mea-
sured spectral density.

IV. RESULTS
A. Fits by the F,, model

Figure 1(a) shows the DLS susceptibility spectra of
toluene (Tg =117K, T, =178 K, T, = 384 K30) as ob-
tained by combing spectra from DM and TFPI measurements
in the temperature range 148-440 K. The highest tempera-

ture is above the (ambient pressure) boiling point. At low
temperatures and low frequencies the primary or a-relaxation
is well recognized as a separate, asymmetrically broadened
peak in addition to the boson peak around about 500 GHz and
the microscopic peak around 1-2 THz; the latter reflect vi-
brational contributions. In between a minimum is observed.
While heating, the a-process shifts to higher frequencies and
approaches the microscopic excitations. At highest temper-
atures both contributions have virtually merged to become
a broadened single peak. Analogous spectra have been col-
lected for ethyl benzene (T, = 115K, T,, = 179 K, T}, = 409
K., Figure 1(b); and for 2- methyl tetrahydrofuran (MTHF T,
=92K, T, =137K, T, =352 K30), Figure 1(c). In compar-
ison with toluene and ethyl benzene the scattering power of
the molecule MTHEF is rather weak due to its low electronic
polarizability and consequently the signal-to-noise ratio is rel-
atively low. Figure 1(d) displays the spectra of dimethyl ph-
thalate (DMP 7, = 191 K, T, = 233 K, T}, = 565 K31,
While the first three liquids are low-7, systems this is not
the case for DMP (cf. Table I). Its glass transition tempera-
ture is significantly higher, therefore «-relaxation and micro-
scopic dynamics have not yet merged at the highest tempera-
tures measured. We note that the spectra have been presented
before.! %23

The DLS spectra have been fitted by the F;, model de-
scribed in Sec. II and the results are given as solid black lines
in Figure 1. In most cases, a quite satisfying description is
provided up to highest temperatures, in the case of toluene,
ethyl benzene, and MTHF even up to the boiling for which
contributions of «-process and fast dynamics have merged.
Some deviations occur at low temperatures for which the fits
not fully reproduce the susceptibility minimum. They become
the larger the closer 7, is approached and we refrain to fit the
spectra at the lowest temperatures. This is expected as the F,,
model does not contain contributions from thermally activated
hopping processes, which are expected to become important
near and below T,. Also at highest frequencies the fits are not
always able to interpolate the spectral end of the microscopic
peak. Yet, the overall quality of the fits is quite promising.
In particular, the F;, model allows including the microscopic
dynamics as well as the boson peak.

As already discussed in Sec. II, four of the eight param-
eters of the F|, model, which are the frequencies €2;and €2,
the damping parameters y, and y, have been kept constant
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FIG. 1. DLS susceptibility spectra for (a) toluene, (b) ethyl benzene, (c) 2-methyl tetrahydrofuran (MTHF), and (d) dimethyl phthalate (DMP) fitted to the F,,

model of MCT (black line). The v, /v, parameter space is shown in the insets.

for a given liquid and their values are listed in Table I. These
parameters reflect the vibrational frequencies and damping
factors which are not expected to vary significantly with
temperature. Then the temperature dependence of the spectra
is represented by the variation of the parameters amplitude A,
control parameters v,, v,, and the coupling v,. As normalized
DLS spectra are analyzed the amplitude A is essentially
constant. Regarding the parameters v, and v,, their behavior
is shown in parameter space representation in the insets of
Figure 1 and in Figure 2, and in most cases v; could be kept
constant for all temperatures. In all the cases a linear relation-
ship among them is found. The data points come close to the
line characterizing the transition from the liquid (shaded area)
to the glass state. The actual intersection fixes the critical
temperature 7, with a particular exponent parameter A via
v§ = A2 and v{ = (21 — 1)A~2%."7 The parameter X also fixes
the exponents a and b of the asymptotic laws via Eq. (8) (see
Table I). In the case of DMP, for example, the intersection
with the glass line yields A = 0.65 which corresponds to a
stretching parameter b = 0.72. Concerning the temperature
dependence of the parameters a smooth evolution is observed
in Fig. 3. The data allow a linear extrapolation until the
critical value v§ is reached (dashed line in Fig. 3(a)). Thereby
the critical temperature T, is extracted. In the case of MTHF,
the linear extrapolation possibly yields uncertain results (7,
too close to T,) as not enough low-temperature spectra close
to T, could be fitted. Also the coupling parameters v, show
a smooth evolution with temperature, as is displayed in Fig.
3(b). We note that the coupling parameters v, show a trend to
higher values for systems with higher ., parameters.

Fits by the F|, model have been done for other liquids
(cf. Table I). In Figure 2, all the data for v, and v, are shown
in the parameter space. They all exhibit a linear behavior. The
red open circles mark the extrapolated critical parameters v, °
and v,° which, as said, yield the exponents a and b as well
as T,. In Figure 4, the parameter b is compared to the ex-
perimentally determined width parameter 8-, as obtained by
interpolating the «-relaxation by a Cole-Davidson (CD) sus-
ceptibility; these results have been reported previously' and
are once again listed in Table I. The diagonal line represents
perfect correlation; all the systems are near this line. Within
the errors, the b values essentially match the experimental

FIG. 2. Parameter space v,/v, for all liquids investigated. Open red circles
show extrapolated critical parameters.
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FIG. 3. (a) Temperature dependence of the control parameter v, approaching its critical value v§ (dashed lines) at

towards 7, (dotted lines). (b) Variation of v, with temperature (cf. Eq. (4)).

ones. We note that this is not necessarily a consequence of
MCT.?? The error of b does not only depend on the precision
of the extrapolation in the v,/v, parameter space, but also on
the uniqueness of the fits by the F;, model. Slight changes in
the parameters v, and v, may lead to similarly good MCT in-
terpolation of the data by the F,, model. We estimate the error
in the MCT b value to be about the same as the experimental
Bep values have.

B. Testing the validity of the asymptotic laws

By applying the asymptotic laws of MCT the analysis
of the DLS spectra concerns frequency v,;, and amplitude
X" min Of the susceptibility minimum between «-peak and the
fast dynamics contribution. The minimum is interpolated by a
sum of two power-laws with the exponents a and b; explicitly

Yo

Thus, by scaling the DLS spectra with v ;. and x” ., a mas-
ter curve results (“minimum scaling”) with an envelope de-
scribed by Eq. (6). The temperature dependence of v

x") = Xmin (b (U/vmi ) +a v/v

min> X min

1 .O T T T T
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FIG. 4. Comparison of the experimental stretching parameters f -, with the
b values of the F,, model.
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and of the time scale 7, are expected to follow:®

o (T —T,)"

o (T —T.)"*
o (T —1T,) Tmer

X”-
T>T.. @)

c

The exponents in Eq. (6) are not independent; they are related
to the exponent parameter A via

_IP’d-a) _T3(1+b)
T T(1=2a) Td+2b)

while the exponent y -~ in Eq. (7) is related to the exponents
aand b via y yor = 1/(2a) + 1/(2b).

Figure 5(a) shows the susceptibility minimum for DMP
with the interpolation along Eq. (6) with the exponents
a = 0.33 and b = 0.66 fixed by A = 0.69. The minimum is
well reproduced, yet, at low temperatures and high frequen-
cies deviations occur which are the larger the lower the tem-
perature is. Figure 5(b) shows the same plot for the spectra of
salol. Here, the deviations on the high-frequency side of the
susceptibility minimum are even smaller.

The rectified temperature dependence of v, and x” ..
is shown in Figure 6 together with that of the time constant
7, (T). Extracting 7, (7) has been carried out by interpolat-
ing the a-relaxation peak with a CD function as has been
demonstrated in our previous publication.! For both liquids,
the values follow a linear temperature dependence, and a crit-
ical temperature T, = 248+7 K is extracted for DMP, and T,
= 261 £ 7 K for salol, being very close to a previous MCT
analysis, where T, = 262 K was found.!” The T, values are
systematically higher than the corresponding value (238 K
and 250 K, respectively) obtained by applying the F;, model
(cf. Table I). The results for the other liquids are listed in
Table I. Indeed, in all the cases the asymptotic laws over-
estimate T,. Below we will give a possible explanation. In
any case, occurrence of linear dependencies in the rectifying
plot does not necessarily give a hint whether the correct tem-
perature interval is considered. Here it suffices to note that
the high-frequency side of the minimum deviates the stronger
from the MCT asymptotic laws the lower the temperature
is. Moreover, the deviations are the stronger the more pro-
nounced the boson peak (and/or the microscopic peak) is.
Actually, in all the experimental spectra the fast dynamics

®)
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FIG. 5. Master curve (“minimum scaling”) for the susceptibility minimum for (a) dimethyl phthalate (DMP; 230-325 K) and (b) salol (250-360 K) with

interpolation according to the asymptotic laws of MCT (dashed red line).

exponent a cannot be extracted reliably due to the interfer-
ence of the vibrational contributions. In contrast the high-
frequency flank of the a-process is always well identified.
Regarding the F,, model, the smooth temperature de-
pendence of the control parameters (cf. Figure 3) allows us
to extrapolate the calculations to lower temperatures. This
will enable us to test whether the experimental spectra lie in
the regime for which the asymptotic laws actually apply. For
the parameters v, and v, we used a linear extrapolation as
Figure 3 suggests. The temperatures below the lowest fitted
experimental temperature are chosen as a geometric series ap-
proaching T,. The results of this calculation are shown for
DMP in Figure 7(a). Full lines represent the interpolation of
the experimental spectra, while dashed lines show the extrap-
olated spectra. The red dots mark the position of the minima,
ie., v, and x” ;. . From the asymptotic laws (Eq. (7)) a re-
lation x” ., o< v, follows, which in the case of DMP leads
to a power-law with exponent a = 0.35. This power-law rela-
tion is only observed at temperatures where the susceptibility
minimum is separated far enough from the vibrational contri-
butions. Inspecting Figure 7(a), this is only the case for the ex-
trapolated spectra, and only here, the exponent a determines
the high-frequency flank of the susceptibility minimum. For
the measured spectra, however, the minimum position follows
an apparent behavior x” . oc V%21 with an effective exponent

min

significantly higher than a = 0.35. Similar values of the ef-
fective exponent are found for most liquids; see Figure 10(a)
and discussion below. The deviation of the relation forecast
between v, and x”  may be a strong indicator that the
asymptotic laws do not apply although the rectification plot
(Fig. 6) may yield straight lines. On the other hand, as men-
tioned when discussing Figure 1 the calculated spectra do not
interpolate the experimental spectra at low temperatures as T
is surpassed. Thus, there is no experimental chance to con-
firm the asymptotic laws. Down to T, all measured spectra
are spoiled by a more or less strong boson peak contribution
which makes application of the asymptotic laws obsolete.
We have evaluated the calculated spectra in Figure 7(a)
as we have done with the experimental spectra, and
Figure 7(b) shows the corresponding minimum scaling. The
spectra at low temperatures very close to 7, yield a common
envelope which can be described by the sum of two power-
laws with exponents forecast by MCT (Egs. (6) and (8)).
Thus, the asymptotic laws apply only very close to T, i.e.,
for temperature for which the experimental spectra cannot be
described by the F;, model any longer. Figure 8 shows the
rectification plot of v, x” > and v, versus temperature
with the data taken from the calculated spectra close to 7. A
critical temperature T, = 248 + 7 K (as before in Figure 6)
is found for DMP. Inspecting Figure 8(a) in detail one

80 T 25
° X”rmn 20 °
60F " O "
A A
max 15 L
40+
10+
20 5
(a) DMP I
. | ]
O a0 1 1 1 0 ry 1 1
200 250 300 350 400 450 250 300 350 400
T[K] T[K]
FIG. 6. v ... x" i, and v plotted versus temperature in a rectifying plot for (a) DMP and (b) salol. Lines extrapolate to an average T, ~ 248 + 7K and T,

~ 261 + 7K, respectively.



044511-7 Schmidtke and Rossler

10 . T
R TSTTR
//,0'////'.,,
2 K ]
10 //,//;,
i RS
£10
ES
10"
-5 £ ul ul ol l l l
10°® 10™ 10 10° 10? 10*
v [GHZz]

J. Chem. Phys. 141, 044511 (2014)

10°

FIG. 7. (a) Extrapolation of the F,, model fits to temperatures very close to T, for DMP. Dashed lines represent spectra for extrapolated, full ones for
experimental temperatures. Red dots mark the position of each minimum. The minima positions follow power laws indicated as green lines. (b) Master curve
for the susceptibility minimum with interpolation by the asymptotic power-law (dashed-dotted blue line), corresponding exponents a and b are determined by

the extrapolated A parameter in Figure 2.

recognizes that below, say 260 K, the linear extrapolation does
not hit the data. In Figure 8(b), the data in Figure 8(a) are
shown very close to T, and a consistent 7, = 238 K is found.
Thus, the extrapolation from the experimental spectra at high
temperature overestimates 7, as given by the F,, model up to
12 K. We note, as the maximum position is least influenced by
vibrational contributions, the extrapolation of the maximum

position v, should give the most robust value for 7.

C. Phenomenological analyses

One may also analyze the DLS spectra compiled with-
out taking explicitly recourse to quantitative MCT analyses
but still looking for MCT signatures. Regarding the validity
of frequency-temperature superposition at high temperatures,
this has been done in a previous publication.! Here, this is
carried out for extracting the relaxation strength of the fast
dynamics 1 — f and for discussing the susceptibility mini-
mum position with respect to t, down to low temperatures
which allows to identify the emergence of another spectral
feature not included in the F,, model, namely, the excess wing
contribution.

80 T
(a) DMP
60+ exp F,,
° [} X"mlnz
w0l ] o (Dmmza

Myer

20

0 1
200 250 300 350
TK]

1. Determining the strength of the fast dynamics 1 —f

An alternative method of estimating T, is the evalua-
tion of the temperature dependence of the relaxation strength
£.7:1233 or in the case of analyzing DLS spectra, of the fast
dynamics 1 — f, for which MCT forecasts a cusp-like anomaly
at T,.5® Here, the precondition is that spectra above as well
as below T, have been measured and that fast and slow dy-
namics can be disentangled. Yet, so far this is not so easily
possible in a model independent way due to the narrow spec-
tral range covered by the DM/TFPI setup; moreover, theo-
retical predictions concerning the evolution of the spectra be-
low T, are missing. At low temperatures, as mentioned, all
spectra show deviations from the minimum scaling in the
sense that the susceptibility minimum becomes broader, best
recognized in the case of ethyl benzene (cf. Fig. 1(b)). The
broadening has been attributed to the emergence of the ex-
cess wing usually observed in the dielectric spectra as an ad-
ditional power-law regime with a rather small exponent y .,
= 0.2 < Bep-2>**% The OKE experiments revealed a so-
called intermediate power-law>’ which has been interpreted
as the excess wing in the time domain.?>3%3%33 Recently, the
excess wing has also been identified by photon correlation

05 T T T IT T

(b) DMP K o
04r , ,ﬁ/’ E
03f K i A
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TIK]

FIG. 8. Rectification plot for v . (T), x” .. (I), and v_. (T), corresponding to Fig. 7(b), as a function of temperature. Open symbols represent data obtained
from spectra calculated by the F,, model, while full symbols represent data from experimental spectra. (a) and (b) show different temperature scales. The lines
show linear extrapolations estimating 7, as Eq. (7) predicts: Dashed lines take only temperatures close to 7, into account, while solid lines extrapolate high

temperature data.
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FIG. 9. (a) Fast dynamics spectrum of ethyl benzene after subtraction of the «-process contribution. (b) Square root singularity observed for the temperature
dependence of the amplitude of the fast dynamics 1 —f, , in the case of ethyl benzene and DMP as well as o-terphenyl (OTP).'* Red lines are guide-for-the-eyes.

Straight dashed lines represent the T, values obtained by the F, model.

spectroscopy.>?> As an example, we analyze the spectra of
ethyl benzene for which the asymmetric broadening of the
susceptibility minimum is best documented (cf. Fig. 1).

The relaxation strength of the fast dynamics 1 —f,,; is ob-
tained by subtracting the slow dynamics («-process and ex-
cess wing) from the overall susceptibility spectrum and then
integrating up to a cutoff frequency v

In Vo
1 - frel = /
—00

The cut-off is introduced in order to become more sensitive
solely to the relaxational contribution to 1 — f. The major
part of 1 — fis given by the vibrational spectrum which ac-
tually does not change much with temperature. For the cal-
culation, the susceptibility minimum of the spectra of ethyl
benzene is fitted to a sum of three power-laws with exponents
fixed: Bop = 0.55, y., = 0.20 for the excess wing, and a
= 0.30 for the fast dynamics power-law; so only the relative
amplitudes are varied. Then, the contribution of the slow dy-
namics is subtracted and the resulting fast dynamics spectrum
is shown in Figure 9(a) and the temperature dependence of
I — f, in Figure 9(b). The integral was taken up to an
upper cutoff frequency v, = 100 GHz (shaded area in
Figure 9(a)). As expected by MCT, 1 — f,; shows a crossover
to a plateau at about 166 K. However, the crossover temper-

cut?
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ature estimated this way is significantly higher than the one
form applying the F|, model (7, = 133 K). Re-inspecting the
spectra of ethyl benzene in Fig. 1(b), indeed, the fit quality by
the F;, model becomes less good, say, below 170 K, and the
contribution of the fast dynamics is overestimated. The same
trend is revealed when analyzing the present DMP data (cf.
Fig. 9(b)). A systematically higher T, has also been reported
for glycerol'® and o-terphenyl'* (data of the latter system is
included in Figure 8(b) and see Table I). We note that the re-
sults in Figure 9(b) are essentially independent of the strategy
applied to disentangle fast and slow dynamics.

2. Analysis of the position of the
susceptibility minimum

As already briefly discussed in Sec. B the minimum po-
sition, i.e., the relation between x” . and v_. as predicted
by MCT, is not revealed for the experimental spectra (cf.
Figure 7(a)). We interpret this as a consequence of the in-
fluence of vibrational contributions, in particular, the boson
peak leading to an effective exponent a significantly larger
than a. In Figure 10(a), we have collected the spectral data
for a selection of liquids investigated by DLS.>'* In most
cases, d.q 18 significantly higher than a being always close
to a = 0.3. In particular, for the non-fragile glass former

[GHz]

A

10® 10" 10" 10°
v, [GHZ]

10° 107 10°

FIG. 10. (a) Amplitude x” . vs frequency v . of the susceptibility minimum for several liquids. Solid lines indicate apparent power-laws, dashed line

corresponding prediction by MCT, dotted curved lines are guides-for-the-eye (b) v

min Plotted vs characteristic frequency of the a-process v, solids lines reflect

high- and low-temperature power-laws with slopes s indicated; dashed line: MCT prediction.
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glycerol with a comparatively strong boson peak the deviation
from MCT predictions is largest.’” Yet, the majority of liquids
show a similar behavior which can be interpolated by a
power-law with a mean exponent a.; = 0.45 At low frequen-
cies/temperatures a trend to a larger exponent is recognized.

In Figure 10(b), v,,;,,is plotted vs v, = 1/27 7, the char-
acteristic frequency of the «-relaxation, which better allows to
understand the evolution of the susceptibility when approach-
ing T,,. Again, the data do not follow the power-law behavior
expected by MCT. At high temperatures an apparent power-
law is found with an exponent which is smaller than that pre-
dicted by MCT (v;, o vy with s = b/(a + b) ~ 0.66).
Yet, at low temperatures a crossover to a much smaller ex-
ponent is revealed. This means the susceptibility minimum
close to 7, shifts more weakly towards lower frequencies.
Again, we attribute this to the occurrence of the excess wing
which broadens the minimum. In other words, the presenta-
tion of the data in Figure 10(b) gives a clear hint at what
time constant (and thus temperature), the excess wing enters
the DLS frequency window and controls the position of the
susceptibility minimum. In all cases, the excess wing appears
around 7, = 10~ s which is consistent with values previously
reported.’*3> Transforming DLS spectra into the time domain
we have recently identified the excess wing as an intermediate
power-law already at rather elevated temperatures, indicating
that it is a spectral feature which may appear already above
T,.>37 We note that the failure of describing consistently the
position of the susceptibility minimum was recognized very
early® and discussed recently again in the case of dielectric
spectra.*>#! For glycerol, the latter authors reported s = 0.28,
while the DLS spectrareveal s = 0.10. As noted the F;, model
does not include the excess wing phenomenon, although some
special MCT scenarios may produce spectral features like an
excess wing.*?

V. DISCUSSION AND CONCLUSION

DLS spectra of several molecular liquids have been an-
alyzed in the frame work of MCT. The susceptibility spectra
are fitted to the numerical solution of the schematic F,, model
and the validity of the MCT asymptotic laws has been tested.
The model offers an analysis beyond applying the asymptotic
laws including also vibrational excitations, such as the bo-
son peak and the microscopic peak at highest frequencies. It
is able to fully describe the spectra up to the boiling point,
where main relaxation and vibrational contributions have es-
sentially merged, and down to the super-cooled liquid which
displays glassy dynamics. The latter actually are found well
above the melting point. As mentioned, it has been shown that
the F,, model is able to describe high-temperature dynam-
ics of the liquid benzene yet investigating temperatures below
the melting point is not possible for the non-glass-forming
liquid benzene.?""?* Also in the case of water, the F;, model
has been recently applied successfully.*> The changes of the
spectra with temperature are mapped to two relevant control
parameters which show a smooth variation with temperature
which allows to determine the critical temperature 7.

Applying instead the asymptotic laws of MCT, the recti-
fication plot testing the forecast power-law behavior of the

J. Chem. Phys. 141, 044511 (2014)

parameters of the susceptibility minimum appears to work
satisfactorily as well as does the construction of a minimum
master curve, yet, usually 7, is overestimated up to 12 K with
respect to T, derived from the F;, model. All the experimen-
tally obtained spectra are beyond the applicable regime of the
asymptotic laws. This failure is explained by the more or less
strong vibrational contributions, in particular the boson peak,
which spoils the high-frequency flank of the susceptibility
minimum, and not necessarily by a too large distance from 7,
where corrections to the leading order asymptotic laws may
become relevant. A consistent MCT analysis is facilitated by
a high stretching parameter S, and weak boson peak which
yields pronounced susceptibility minima up to high tempera-
tures and which then can be analyzed accordingly. The power-
law relation between v ;. and x” . , always showing devia-
tions from MCT forecast, rather than their temperature depen-
dence, may be taken as an indicator whether the asymptotic
laws do apply or not. We confirm conclusions drawn quite a
while ago.’’

The schematic model has been applied before in sev-
eral publications for various liquids, yet except for benzene?!
only for low temperatures with well established glassy
dynamics.” !7-20:23:24 In contrast to our findings, Krakoviack
et al.'® reported control parameters (v, and v,) for salol and
the ionic liquid CKN which followed the transition line with-
out crossing it, while Franosch et al.'® as well as Singh et al.*°
found smooth temperature dependence of the control param-
eters in the case of glycerol and o-terphenyl, respectively.
Gotze and Voigtmann® concluded that the non-universal cor-
rections of the asymptotic laws have important impact when
analyzing experimental spectra. Independent of the specific
results, the papers all agree in emphasizing that the asymp-
totic laws fail in most cases. All in all, we can state that most
results from earlier MCT analyses, regarding the applicabil-
ity and the quantitative aspects of the theory have been con-
firmed. For the first time, a variety of systems is considered in
this work, which allows drawing qualitative statements on the
typical deviations and limitations of the asymptotic laws and
the F,, model as well.

The schematic models, of course, fail to describe spec-
tra at temperatures close and below T, i.e., approaching T,
as they do not include further relaxation processes like those
from hopping dynamics. In particular, in the case of ethyl
benzene the susceptibility minimum broadens at low temper-
atures what is explained by the emergence of the excess wing,
the latter assumed to be the frequency domain equivalent
of the intermediate power-law identified in the time domain
OKE experiments.>” The excess wing is a well documented
phenomenon in the dielectric spectra of glass-forming liquids,
however, difficult to quantitatively assess in the DLS spec-
tra with their limited frequency window but clear evidence
has been reported for several liquids.>*3 Recently, the ex-
cess wing has also been identified in PCS decays.'* Separat-
ing fast and slow dynamics by applying a phenomenological
model reveals the strengths of the fast dynamics 1 —f, which
shows the cusp-like anomaly predicted by MCT shown here
for ethyl benzene, DMP and OTP and previously for other
liquids, including also analyses of dielectric spectra.'3: 1444
Yet, the corresponding critical temperature is significantly
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higher than that derived from the F,, model. Plotting v, vs
v, reveals two power-laws; the crossover of which signals the
appearance of the excess wing and thus indicates the break-
down of the high-temperature scenario for the evolution of the
DLS spectra. In other words, at low temperatures the suscep-
tibility minimum is controlled by the interplay of excess wing
and fast dynamics contribution.

Given the quite satisfying interpolations of the suscepti-
bility spectra up to the boiling point with only a few temper-
ature dependent control parameters, MCT can be regarded as
an approach that describes simple liquid dynamics from high-
est temperatures down to temperatures close to the moderately
super-cooled liquid. In comparison with phenomenological
analyses comprising several relaxation modes and damped
harmonic oscillator functions, the results are more convinc-
ing. For temperatures close to T,, the approach fails due to
the emergence of further relaxation processes. In particular,
the excess wing contribution shows up and its role is not un-
derstood so far. Moreover, the discrepancy between 7, from
the F,, model and from the phenomenological approach re-
vealing clearly the cusp-like behavior of 1 — f,, deserves an
explanation. Spectra covering the whole frequency range of
glassy dynamics, which possibly can be supplied by dielec-
tric spectroscopy, would be helpful in this context.
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