UC Davis
UC Davis Electronic Theses and Dissertations

Title

Structural Control on the Viscoelastic Behavior and Shear Relaxation in Chalcogenide Glass-
Forming Liquids

Permalink
https://escholarship.org/uc/item/6kt7h31§
Author

Yuan, Bing

Publication Date
2022

Peer reviewed|Thesis/dissertation

eScholarship.org Powered by the California Diqital Library

University of California


https://escholarship.org/uc/item/6kt7h318
https://escholarship.org
http://www.cdlib.org/

Structural Control on the Viscoelastic Behavior and Shear Relaxation in
Chalcogenide Glass-Forming Liquids

By

BING YUAN
DISSERTATION

Submitted in partial satisfaction of the requirements for the degree of
DOCTOR OF PHILOSOPHY
in
Materials Science and Engineering
in the
OFFICE OF GRADUATE STUDIES
of the
UNIVERSITY OF CALIFORNIA
DAVIS

Approved:

Sabyasachi Sen, Chair

Yayoi Takamura

Ricardo H. R. Castro
Committee in Charge
2022



Structural Control on the Viscoelastic Behavior and Shear Relaxation in Chalcogenide Glass-

Forming Liquids

Abstract

Chalcogenide glasses are an important class of materials that consist of sulfides, selenides
or tellurides of group 1V and/or V elements, namely Ge, As, P and Si with minor concentrations
of other elements such as Ga, Sb, In. Because of their infrared transparency that can be tuned by
changing chemistry and can be actively altered by exposure to band gap irradiation, chalcogenide
glasses find use in passive and active optical devices. Chalcogenide glass infrared lenses have
found applications in the auto industry and in night vision security systems for both civil and
military use. Infrared transmission in several key wavelength windows has enabled their use as
optical fibers, lasers and fiber-amplifiers for telecommunication and as infrared laser power
delivery systems for medical applications. Moreover, their large optical nonlinearity and high
refractive index make them attractive candidate materials for all-optical switches in optical circuits.
Finally, in thin film form, chalcogenide phase-change materials are of extraordinary technological
importance in rewritable non-volatile memory storage applications (e.g., CD, DVD and Blu-Ray).
A complete knowledge of the atomic structure of any material is of key importance in
understanding and formulating accurate predictive models for its properties. Besides structure, the
dynamical processes associated with structural relaxation and annealing near the glass transition

controls the technological utility of inorganic glasses.

In this dissertation Raman and one- and two- dimensional multi-nuclear (3*P, "’Se, 1%Te)
nuclear magnetic resonance (NMR) spectroscopic techniques are utilized to elucidate the

compositional evolution of the atomic structure at the short- and intermediate- range and chemical



order in a series of binary selenide glass-forming systems, namely: SxSeioo-x, S€100-xlx, T€xS€100-x,
and PxSeioox. These spectroscopic results yield a rather detailed picture of the compositional
evolution of the atomic structure of these glasses, where the constituent structural moieties range
from O-dimensional molecules to 1-dimensional linear chains all the way to a 3-dimensional
network. The corresponding physical properties such as the glass transition temperature and the
molar volume are shown to be intimately linked to and consistent with the compositional evolution

of the atomic structure in each system.

On the other hand, the shear-mechanical response of all compositions in the supercooled
liquid state are investigated via a combination of small-amplitude oscillatory and steady shear
parallel plate rheometry to build an atomic-scale understanding of the frequency dependent
viscoelasticity and structural relaxation processes. These results reveal the mechanistic connection
between the structure including its connectivity and dimensionality and the shear relaxation
processes, such as the rapid segmental chain motion associated with polymeric chains, the slow
bond scission/renewal dynamics caused by interconversions between the structural moieties and
the strong secondary bonding interactions, as well as the fast rotational motion and cooperative
dynamics resulted from molecules. Depending on the structural moieties presented in a liquid, one
or more shear relaxation processes may exist and contribute to the viscous flow. In addition, the
shear-mechanical response evolves systematically with the structural transformation of these
liquids as a function of composition within each system. When taken together, these results enable
us to establish fundamental connections between the “microscopic” and the “macroscopic’ aspects
of viscoelasticity and relaxational phenomena in chalcogenide glass-forming liquids and to
develop robust predictive atomistic models of structure-dynamics-relaxation for all studied

systems.
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Chapter 1

Introduction



With its unmatched versatility in technological capabilities, it is not an overstatement to
say that glass has shaped and advanced the human civilization in more ways than any other class
of material. From windows and containers to lenses in telescopes and microscopes, innovative
developments in glass science and technology have been key enablers of civilization throughout
history.[1-6] This strong societal impact of glass continues in the modern times in the form of
various photonic applications such as optical fibers for long-distance telecommunication, and
damage-resistant liquid crystal display (LCD) panels for electronic devices, which have
transformed the ways we live and communicate in the modern world.[1,5,7-11] The functionality
of glass has been harnessed in many other areas as well, e.g., bioactive glasses are used today in
healthcare and complex oxide glasses are the material of choice for radioactive waste
encapsulation, to name a few.[12-15] Therefore, it is only appropriate that the United Nations has

declared 2022 as the International Year of Glass.

Glasses are traditionally formed by cooling from a melt below its melting point. If the
cooling rate is sufficiently high then crystallization can be avoided, and a dynamically equilibrated
supercooled liquid is obtained. Further lowering temperature results in a drastic increase in liquid
viscosity, which decreases the diffusivity of the constituent atoms, and at some point, the viscosity
becomes too high for the supercooled liquid to reach the state of equilibrium through atomic
motion and structural rearrangement in the timescale of observation. Consequently, the liquid is
said to “freeze” into a non-crystalline solid — a glass. This kinetic transition is termed the glass
transition that occurs at a temperature T4, which depends on the cooling rate. Figure 1-1 illustrates

the change in volume with temperature during this liquid-to-glass transition.[16]

Chalcogenide glasses are an important class of materials that are sulfides, selenides or

tellurides, mainly of Ge, As, P and Si that have found wide-ranging applications in the areas of
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Figure 1-1 Schematic representation of the enthalpy as a function of temperature of a glass-
forming liquid. The liquid upon cooling below its melting point Tm undergoes either a phase
transition (red line) and enters the thermodynamically stable crystal regime or goes through glass
transition (and black and grey line) and enters supercooled liquid regime and subsequently the
glassy state through the dynamic glass transition at the glass transition temperature Tg. Vertical
dashed lines denote Trm and Ty, respectively. Figure is taken from [16].

infrared photonics, telecommunication, optical memory storage, photovoltaics and environmental
remote sensing (Fig. 1-2).[17-24] The remarkable compositional flexibility of chalcogenides in
the form of continuous alloying allows for excellent tuning of their electronic, thermal-mechanical,
optical and other properties. The structural peculiarities such as the formation of homopolar bonds,
molecular and other low-dimensional topological units and violation of chemical order are of key

importance in controlling the physical properties of these materials.[25-33]
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Figure 1-2 Applications of chalcogenide-based glasses. Top left: phase change memory.
Top right: CD-RW. Bottom left: Automobile night vision. Bottom right: IR Fiber.

However, besides structure, accelerating the design of functional glasses to address the
grand challenges faced by our society today requires fundamental knowledge of the dynamical
processes and their mechanistic connection to various relaxation phenomena in the parent melts or
supercooled liquids from which these glasses are derived, which are of crucial importance in all
stages of industrial glass production. More specifically, the multitude of relaxational modes and
their interrelationships in supercooled glass-forming liquids are intimately linked to their viability
for various processing techniques and are of key significance in controlling the corresponding

processing parameters.[34,35]

This dissertation focuses on the application of a uniquely powerful combination of state-
of-the-art rheological, calorimetric,c and Raman and multi-nuclear NMR spectroscopic
measurements to build a comprehensive atomistic understanding of the structural and

4



compositional evolution of the dynamical processes and their mechanistic relationships to shear
relaxation in supercooled chalcogenide liquids. The nature of the structural moieties and the
resulting dimensionality and connectivity of the network (e.g., isolated vs. associated molecules,
1-D chains, 2-D sheets, or 3-D polyhedral networks) are shown to be intimately linked to the

structural relaxation and viscous flow.[36—38] Such understanding will facilitate the optimization

PsSe; a-p Sez/;,P-PSe;);

Figure 1-3 Various building blocks or structural moieties characteristic of P-Se glasses. Se
and P atoms are shown in black and red, respectively. Figure is taken from [33].

of the composition, and of the methods and parameters for the processing of chalcogenide glasses,
thereby enabling their application in a wide range of modern technologies. Vitreous Se consists
practically exclusively of two-fold Se atoms forming 1-D linear polymeric chains and is an
excellent glass former that has been extensively studies in the literature. The structural
dimensionality of these chains remains unchanged with the addition of iodine or tellurium.
However, iodine serves as a chain terminator, which results in the shortening of the chain
length, while tellurium exhibits very different chemistry, which significantly alters the

physical properties of the glass. On the other hand, addition of sulfur prefers the formation



of eight-membered ring molecules, thus reducing the structural dimensionality. Finally,
initial addition of phosphorus results in three- and four-coordinated P-Se polyhedra, which
crosslink the Se chains and increases the degree of connectivity. In contrast, increasing the
P content results in VVan der Waals bonded molecular environments, which drastically
lowers the structural connectivity. Keeping these attributes in mind, four binary glass-forming
systems, SxSeioox (0<x<90), Seiooxlx (0=X<3), TexSeroox (0<x<35), and PxSeioox (0<x<70), are
chosen for the present studies as the structural moieties in these four systems systematically evolve
from 1-D linear chains in pure Se to 0-D molecules on one end and all the way to 3-D networks

on the other end. An example of the structural moieties in binary P-Se system is shown in Figure

1-3.[33]

The structural investigation of all four families of binary chalcogenide glasses is carried
out using a combination of Raman and 7’Se, 1%°Te and *'P Nuclear Magnetic Resonance (NMR)
spectroscopic techniques and the results are presented in Chapters 2a, 3, 4a and 5a. While Raman
spectroscopy provides qualitative structural information based on the frequency shift of incident
light due to inelastic scattering from interatomic stretching and bending vibrations, NMR
spectroscopy is an element-specific technique that detects transitions between nuclear spin energy
levels that allows for the identification and quantitation of local bonding environments of various
nuclides in a material.[39-44] NMR spectroscopy can provide element specific information not
only on the short-range order in terms of the average coordination environment in the form of the
isotropic chemical shift diso but also on the intermediate range structural characteristics, including
an understanding of the connectivity between the various structural moieties, as well as the average
symmetry and conformation of these moieties.[45] Besides the diso of a nuclide, which is

characteristic of its coordination environment and can be typically obtained from a magic-angle-



spinning (MAS) NMR experiment, the chemical shift anisotropy (CSA) carries important
complementary information related to the symmetry of the local electronic environment of a
nuclide and, in combination with diso, can often be useful in deciphering the intermediate-range
order in glass structure beyond the nearest-neighbor length scale. Chemical shift is a second rank
tensor and a determination of the full tensor in the form of CSA provides information on the
conformational geometry of the coordination polyhedra. The inhomogeneous broadening of the
NMR spectra from the structural disorder (i.e., distribution of bond angles and bond lengths) in
glasses, in combination with the low sensitivity and low natural abundance of nuclides such as
'Se and **Te makes the NMR study of chalcogenide glasses incredibly challenging. Therefore,
besides the typical one-dimensional magic-angle-spinning (MAS) NMR experiments, a novel
high-resolution two-dimensional (2D) NMR technique, namely, magic-angle-turning phase
adjusted spinning sideband (MATPASS) NMR is implemented to alleviate these problems.[46—

49] The MATPASS technique can separate the CSA from the isotropic chemical shift, resulting in
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Figure 1-4 2D ""Se MATPASS/CPMG NMR spectrum of S7sSezs glass with () the total

isotropic projection along isotropic dimension and (b) the anisotropic '’Se NMR spinning

sideband intensities taken at diso = 887 and 651 ppm. Figure is taken from [50].
increased spectral resolution in the isotopic dimension, while preserving the information contained
in the CSA along the anisotropic dimension (Fig. 1-4).[50] This separation of isotropic and
anisotropic chemical shift interactions results in an isotropic NMR spectrum corresponding to a
high-resolution MAS spectrum at infinite spinning speed, i.e., free of any CSA-related broadening.
Furthermore, the application of the Carr-purcell Meiboom-Gill (CPMG) echo train acquisition of
the MATPASS data can reduce the data collection time significantly.[48,51] A consideration of
CSA in combination with isotropic shift provides unequivocal identification of structural units,
and the structural models are proposed for each studied system. These MATPASS NMR

experiments were carried out at relatively high magnetic fields (~ 20 T) using the facilities at the

National High Magnetic Field Laboratory in Tallahassee, Florida.



As noted above, the processing of glasses from their parent supercooled liquids depends
critically on the rheological behavior of the latter. The frequency o dependence of the shear
mechanical response, including the storage and loss shear moduli (G’ and G", respectively) and
viscosity h, of glass-forming liquids shed light on the atomistic details of the relaxation processes
associated with the glass transition and related relaxation phenomena. Chapters 2b, 3, 4b and 5b
and c in this dissertation presents results of our investigation on the influence of the compositional
evolution of structural network on the shear mechanical response and the modes of structural
relaxation of supercooled liquids in all four binary systems SxSeioox, Seiooxlx, Te€xSeioox, and

PxSe100-x.

The shear viscosity is one of the most important transport properties which changes
drastically with temperature and can be expressed as n(T) = nqexp [E(T)/RT], where E(T) is the
activation energy of the viscous flow and R is the ideal gas constant. The temperature dependence
of the viscosity curve could vary from a nearly-Arrhenius behavior with a single activation energy
that is practically independent of temperature, all the way to a strongly non-Arrhenius behavior,
where the activation energy increases rapidly with decreasing temperature. Angell has shown that,
if n is expressed as a function of T,/T, i.e., temperature scaled by the glass transition temperature
T,, then a useful classification scheme emerges as a function of the parameter m, which is termed

“fragility index” and is defined as:[52]

dlogion
= — 1-1
m=Gor] (1)



The glass-forming liquids with increasingly non-Arrhenius behavior of n are then
characterized by progressively increasing values of m. Glass-forming liquids with low and high
values of m were denoted by Angell as “strong” and “fragile”, respectively (Fig. 1-5).[53]
Viscosity measurements are carried out for all four binary systems using steady shear parallel plate

rheometry. On the other hand, the viscous flow is also closely related to structural relaxation

log (viscosity in poise)
log (viscosity in Pa-s)

Tg/ T

Figure 1-5 Viscosity of a collection of glass-forming liquids as a function of T¢/T where Tgis
defined as a temperature where viscosity is 10'? Pa-s. Note the “strong-fragile” classification
scheme. Strong (fragile) liquids are characterized by activation energy of viscous flow that is
weakly (strongly) dependent on temperature. Figure is taken from [53].

process, which is probed through the frequency dependence of the shear-mechanical response via
small amplitude oscillatory shear (SAOS) measurements. These experiments are also performed
with parallel plate rheometers, which consist of an oscillatory upper plate and a stationary lower
plate as shown in Figure 1-6. In a typical experiment, the sample is sandwiched in between the

two plates with a disc-like geometry and a sinusoidal strain is applied through the upper plate over
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a range of frequencies on the sample while the resultant stress response is monitored through a
transducer (Fig. 1-6). The viscoelastic behaviors of the studied glass-forming liquids are
characterized by the storage modulus G' and loss modulus G" which corresponds to the elastic
(solid-like) and viscous (fluid-like) contributions to the measured stress response, respectively.
When the probing frequency is high, the stress response of the liquid will be dominated by the
elastic behavior with G' > G". Conversely, viscous behavior will be the predominant contribution
with G" > G'. Moreover, the corresponding characteristic shear relaxation time can be easily
obtained as the reciprocal of the frequency at G' = G" (Fig. 1-6). It is important to note that the
probing frequency window of a typical parallel plate rneometer is about 107 to 10° rad/s, therefore
only a portion of the whole G' and G" spectrum is revealed within the observation window at each
acquisition temperature. In turn, a sequential observation of the viscoelastic spectrum in a wide
frequency range can be obtained by consecutively changing the probing temperature and the
experimental master curve can be constructed use time-temperature superposition (TTS). The
resultant master curve may contain one or more structural relaxation processes indicated by the
number of G'-G" crossovers. By obtaining the corresponding timescale distribution and activation

energies of the observed relaxation processes and simulating the master curves using appropriate

Liquid-like _l

Relaxation

G’ and G” (Pa)

Solid-like

Frequency, w (rad/s)

Figure 1-6 From left to right: picture of the Anton Paar MCR 92 rheometer with parallel-
plate and Peltier heater setup, sample geometry in a shearing experiment with parallel-plate
setup, typical G' and G" spectrum as a function of oscillatory frequency.
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models, these structural relaxation processes can be assigned to different atomistic mechanisms in
the selected four Se-containing systems. The structural and rheological data are then combined to
establish robust atomistic models of structural control on the dynamics and relaxation phenomena

in these binary chalcogenide glass-forming systems.

The contents of each of these chapters have been published as separate journal articles as
follows: Chapter 2a in the Journal of Physical Chemistry B, Chapter 2b in the Journal of Chemical
Physics, Chapter 3 in the Journal of Non-Crystalline Solids, Chapter 4a and 4b in the Journal of
Non-Crystalline Solids, Chapter 5a in the Journal of Physical Chemistry B, Chapter 5b in the

Journal of Non-Crystalline Solids, and Chapter 5c in the Journal of Chemical Physics.
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Chapter 2a

Structure and Chemical Order in S-Se Binary Glasses
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2a.1 Abstract

The compositional evolution of the structure and chemical order in binary SxSe1oo-x glasses
(0 < x < 90) is investigated using a combination of high-resolution 2D "’Se isotropic-anisotropic
correlation NMR and Raman spectroscopy. The results indicate that the structure of S-Se glasses
consist of two types of topological elements, namely polymeric [Se,S]» chains and eight-membered
SeySg-y rings (0 <y < 8). The relative concentration of Se atoms monotonically decreases in the
chain elements and concomitantly increases in the ring elements with increasing S concentration.
Moreover, the Se speciation results are consistent with an average heterocyclic ring composition
of Se1S7at low S content (<40 at.% S), while the composition shifts to Se15Ses at higher S content
(>60 at.% S), indicating increasing incorporation of multiple Se atoms in each ring element. The
Raman spectra suggest that -Se-Se- association is favored, when more than one Se atoms is
incorporated in chains and rings. As in their elemental forms, the S and Se atoms retain their
preference of forming rings and chains in binary SxSeicox glasses, which predicts a linear
compositional variation in the relative fractions of these topological elements. This structural
evolution is consistent with the corresponding variation in the Tgand molar volume, both of which

exhibit a linear decrease with increasing S concentration.
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2a.2 Introduction

Chalcogenide glasses consist of one or more of the chalcogen elements S, Se and Te and
constitute an important class of optical materials that has received great attention for a wide range
of applications in photonics, non-volatile memories and remote sensing.[1-3] The elemental
chalcogens, i.e., S, Se and Te are also glass-formers by themselves and their structure-property
relations have been extensively investigated. The most stable form of S is its orthorhombic
polymorph (a-S) which transforms to the monoclinic form (B-S) at 95.6 °C and the latter undergoes
melting at 119 °C.[4] The structural building blocks in both a-S and B-S polymorphs are eight-
membered Sg rings. The structure of glassy S obtained from quenching the melt also consists
predominantly of these Sg ring molecules. Molten sulfur is characterized by a rather unique
property known as living polymerization, which corresponds to a reversible transformation
between Sg ring molecules and [S]» chains at 159 °C.[5,6] The transformation of Sg rings to [S]n
chains results in a relatively sudden rise in viscosity with increasing temperature beyond the
transition point.[7] Consequently this transition renders the chain : ring ratio in glassy sulfur
dependent on the cooling rate of the melt.[8] Se is chemically similar to S as the former can also
exist in crystalline structures which are made of Seg rings, namely the monoclinic polymorphs a.-
Se and B-Se. However, the most stable and commonly occurring polymorph of Se has a trigonal
crystal structure consisting of covalently bonded parallel helical [Se]n chains.[9] Although the
structure of glassy Se remained controversial in the past regarding its ring vs. chain content, recent
two-dimensional (2D) "’Se nuclear magnetic resonance (NMR) spectroscopic studies have
conclusively demonstrated that the structure of glassy Se essentially consists solely of [Se]n
chains.[10] The element Te crystallizes in a hexagonal structure with spiral [Te]n chain elements,

which is analogous to trigonal Se. However, compared to Se, the shorter second neighbor
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interaction distance in crystalline Te leads to quasi-metallic behavior[4,11]. This enhanced
metallic character results in an extremely poor glass-forming ability for Te, compared to that for
S and Se. Similar to glassy selenium, the structure of amorphous Te is also comprised of disordered

[Te]n chains, but with significantly weaker interchain interaction.[12]

Structural studies have also been extended in the past to binary chalcogen systems. In
particular, several excellent studies were reported on the structure of binary Se-Te glasses. It may
be noted here that Se and Te can form a continuous solid solution where Se and Te atoms are
believed to form composite chains in the crystal structure.[13] In a more recent study of Se-Te
glasses, Bureau et al. used "’Se NMR to demonstrate a random distribution of Se and Te atoms in
the chain elements, with some preference for heteropolar bonding.[14] Tverjanovich et al. used a
combination of Raman spectroscopy and density functional theory-based calculations of the

vibrational spectra to confirm this structural model of Se-Te glasses.[15]

Unlike the Se-Te system, where the size and the bonding preferences of the two elements
are similar, S and Te constitute a binary system where the elements are quite different in size and
electronegativity. Whereas Te prefers to form [Te]n chains, S prefers to form Sg rings. As a
consequence of these differences between S and Te and of the metallic nature of Te itself, the
formation of homogeneous binary S-Te glasses is rather challenging, although a previous study
claimed to have been able to obtain glasses over a limited composition range (20-50% Te) by splat

quenching.[16]

The structural evolution in the S-Se binary system, on the other hand, has been studied
primarily in the crystalline and molten states and on quenched products dissolved in CS;, using X-
ray diffraction, Raman and "’Se NMR spectroscopy.[17-20] Unfortunately, the structural disorder

in the SxSeioox crystals did not allow for the determination of atom positions via diffraction
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measurements.[21] The spectroscopic studies of crystalline and molten SxSeioox indicated the
presence of a mixture of SeySg-y ring molecules, with S7Se being the predominant molecular
species at low Se concentration (<25 at.% Se), while the concentration of SeSe, molecules became
comparable to the latter at ~ 40 at.% Se.[19,20] Moreover, it was suggested that the Se atoms
prefer to form Se-Se linkages in the SeSe2 molecules.[19,21] Additionally, "’Se NMR of molten
SxSe1o0-x indicated that a significant fraction of Se and S atoms take part in polymeric structural
moieties in the form of [Se,S]n chains. However, to the best of our knowledge, no systematic

structural study of glasses in this system has been reported in the literature to date.

In the present study, we report the results of a structural investigation of binary SxSeioo-x
glasses with 0 < x < 90, using Raman spectroscopy and high-resolution 2D magic-angle-turning
phase adjusted spinning sideband (MATPASS) "Se NMR spectroscopy.[22] The 2D "Se
MATPASS NMR spectra allow for the identification and quantitation of different Se environments
in glasses with high accuracy, based on the separation of isotropic and anisotropic chemical shift
in two different dimensions and the correlation between them. The compositional evolution of the
chain and molecular topological elements thus obtained is used to build a structural model of these
glasses that is shown to be consistent with their thermophysical properties, namely molar volume

and glass transition temperature Tg.
2a.3 Experimental Methods

2a.3.1 Sample Preparation
Binary SxSeioo-x glasses with x = 0, 10, 30, 45, 60, 75 and 90 were synthesized in 7 — 15 g
batches using the conventional melt quench method. Elemental sulfur and selenium (Alfa Aesar,

99.999%) were mixed together in stoichiometric ratios and subsequently flame sealed in evacuated
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(10~* Torr) quartz ampoules. The fused ampoules were placed in a rocking furnace, slowly heated
to 673 K over 8 hours and subsequently held at this temperature and rocked for 48 hours. The
melts were then quenched by dipping the ampoules in water.
2a.3.2 2D ""Se MATPASS/CPMG NMR Spectroscopy

The 2D "’Se MATPASS NMR spectra for all glasses were acquired at the National High
Magnetic Field Laboratory using a 63 mm bore 18.8 T magnet equipped with a Bruker Avance Il1
HD console operating at the resonance frequency of 152.7 MHz for "’Se. Glass samples were
crushed and packed into 3.2 mm ZrO- rotors and were spun at 10 kHz. Samples with high S
content (S > 45 at.%) are soft and malleable at ambient temperature and therefore, were blended
with small pieces of dry ice, to crush into powder. All 7’Se NMR data were collected at 263 K, to
avoid heating of these glass samples above their Tg during magic-angle-spinning (MAS). The pulse
sequence used a series of five MAT =n-pulses (4.0 us) with incremented inter-pulse delays
according to the timings detailed by Hung et al.[22] The method of States et al.[23] for
hypercomplex data acquisition was applied to of the Car-Purcell-Meiboom-Gill (CPMG) pulse
phase and the receiver phase. Acquisition consisted of 16 hypercomplex ti increments each with
24 transients and 90 s recycle delay. A total of 30 CPMG echoes were co-added for S/N
improvement before the processing of 2D spectra. All spectra were externally referenced by
recording the 'O signal of natural abundance H2O and then using the appropriate frequency ratio
reported in the IUPAC recommendations.[24]

The 7’Se chemical shift anisotropy (CSA) tensors reported here follow the Haeberlen
convention[25] defined as:

|622 - 6iso| = |6xx - 6iso| = |6yy - 6iso|a

8iso = g(é\zz + Oxx + (Syy)’
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4= SZZ - 6isor

— (Syy—(sxx
A

where Jxx, dyy, and oz are the principle components of the chemical shift tensor and diso is the
isotropic chemical shift. The magnitude of the CSA is 4, and its asymmetry is denoted as 7.
2a.3.3 Density and Tg measurement

The density of SxSeioo-x glasses was measured using a Micromeritics Accupyc Il gas
expansion pycnometer under a helium environment of 6N purity. Each measurement was carried
out on ~ 2.0 g of sample loaded into a 1 cm?® cup. Density values reported in this study are averages
of 10 consecutive measurements at room temperature. The glass transition temperature T4 of the
SxSe1no-x glasses was measured using a Mettler-Toledo DSCL1 differential scanning calorimeter.
Approximately 15 mg glass was loaded in a hermetically sealed 40 uL aluminum crucible and
scans were performed at 10 °C/min under a flowing nitrogen environment. Ty was determined to
within £ 2 °C as the onset of the glass transition.
2a.3.4 Raman spectroscopy

The Raman spectra of all glasses were collected in backscattering geometry with a
resolution of 1 cm, using a Renishaw 1000 Raman Microscope System equipped with a diode
laser operating at a wavelength of 785 nm. Backscattered light was detected using a charge-

coupled device cooled at 200 K.
2a.4 Results and Discussion

2a.4.1 Physical properties

The Ty, density and molar volume of all SxSeioox glasses are listed in Table 2a-1 and the

compositional variation is displayed in Fig. 2a-1. These results are in good agreement with the
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previously reported values in the literature.[26-29] Both Ty and molar volume of these glasses
decrease approximately linearly with increasing S content (Fig. 2a-1). This trend in molar volume
for SxSeioox glasses is reflected in a similar trend in the crystalline state, as exemplified by
orthorhombic sulfur and trigonal selenium with molar volumes of 15.50 cm®mol and 16.45
cm?®mol, respectively.[30,31] It is now well established in the literature that, while the structure
of amorphous S is predominantly comprised of Sg molecular rings, that of amorphous Se consists
practically exclusively of polymeric [Se]n chains, with chain lengths on the order of ~ 200
atoms.[8,10,32] Therefore, if S and Se maintain their preference in binary SxSeioo-x glasses to form,
respectively, rings and chains, then progressive addition of S to Se should result in a concomitant
replacement of polymeric chains with ring molecules. Such compositional variation of the atomic
structure is expected to result in a progressive weakening of the chain-chain interaction as they get
interspersed with weakly bonded molecules and, thus, is consistent with the observed linear
decrease in Tg and in the atomic packing efficiency of SxSeioox glasses with increasing S content

(Fig. 2a-1).

Table 2a-1 Glass transition temperature Tg, density, and molar volume of SxSeioox glasses.

Composition Tg(£2.0°C) Density (+ 0.002 g/cm?) Molar volume (cm3/mol)

Se 38.8 4.270 18.49+ 0.01
S10Seg0 30.5 4.063 18.28 £ 0.01
S30Se70 20.7 3.612 17.97 £0.01
SssSess 14.4 3.275 17.67 £0.01
Se0Se40 4.0 2.916 17.43 £0.02
S75Sexs -7.1 2.548 17.19£0.03
SgeoSe1o -18.5 mmn —--=
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Figure 2a-1 (a) T4 values of binary SxSeioox glasses obtained in the present study (filled triangles)
and values reported in the literature[26-29] (open squares). (b) molar volume of binary SxSe1oo-x

glasses determined in the present study. Straight lines through the data points in (a) and (b)
represent linear least squares fits to the data collected in this study.

26



2a.4.2 ""Se NMR

Typical examples of 7’Se 2D MATPASS/CPMG NMR spectra of SxSeioo-x glasses are
shown in Fig. 2a-2. The 2D MATPASS experiment separates spinning sidebands along the
anisotropic dimension and projects the isotropic spectra to the other dimension as if the spinning
speed is infinitely fast (Fig. 2a-2a). The 7’Se isotropic NMR spectrum of glassy Se displays a
single broad resonance centered at ~ 850 ppm that corresponds to the -Se-Se-Se- environment in
[Se]n chains, consistent with previous literature reports (Fig. 2a-2b).[10,33] Addition of S to Se
results in the shift of the peak position of this resonance to ~ 880-900 ppm and in the appearance
of a second well-resolved resonance in the isotropic ’Se NMR spectra that is centered at Siso ~
640-660 ppm (Fig. 2a-2b). This second resonance increases monotonically in relative intensity
with progressive increase in S content (Fig. 2a-2b). The shift of the amorphous Se resonance to
higher ppm (higher frequency) values upon addition of sulfur is indicative of the effect of
incorporation of S atoms into the [Se]n chains. It was shown in a previous ’Se NMR study of
SxSe100-x melts by Chivers et al. that progressive replacement of Se nearest neighbors by S in [Se]n
chains, i.e., the formation of -Se-Se-S- and -S-Se-S- linkages, results in the shift of the
corresponding “’Se resonance to higher frequencies.[20] Moreover, Chivers et al. also
demonstrated that the "’Se diso for the Se sites in SeySs-y ring molecules ranges between 600 and
730 ppm in SxSeioox mMelts. This assignment is consistent with the range of 530 to 670 ppm

recently reported for -Se-Se-Se- sites in Seg rings in the crystalline monoclinic allotrope a-Se.[10]

Further insight into the structural assignment of these ’’Se resonances in the isotropic NMR
spectra of SxSeioo-x glasses can be gained by considering the corresponding chemical shift tensor
parameters 4 and 7, which can be obtained from simulation of the corresponding spinning sideband

spikelet pattern in the anisotropic dimension (Fig. 2a-3).[34] The simulation of the anisotropic
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Figure 2a-2 "’Se NMR spectra of SxSeioo-x glasses: (a) Representative 2D ''Se MATPASS/CPMG
NMR spectrum of S75Sezs glass with total projection along isotropic dimension (solid blue line).
(b) Experimental (solid black line) and simulated (red dashed line) ’’Se isotropic NMR spectra of
SxSewoox glasses with compositions denoted alongside the spectra. Gaussian simulation
components are shown in pink and blue.
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slices at and around diso ~ 850 ppm results in average values of 4 ~ —153 ppm and # ~ 0.80. These
A and n values are completely consistent with those reported for the -Se-Se-Se- environment in
[Se]n chains in amorphous Se.[35] On the other hand, the simulation of slices at and around diso ~
650 ppm yields a rather different average 4 and 5 of ~ =500 ppm and ~ 0.15, respectively (Fig. 2a-
4). These 4 and 7 values are quite comparable with those (4 ranging between —430 and —450 ppm
and # ranging between 0.2 and 0.4) recently reported for -Se-Se-Se- sites in Seg rings in a-Se.[10]
Taken together, the diso, 4 and 5 values for the two "’Se resonances in the isotropic NMR spectra
of SxSeioox glasses in Fig. 2a-2b suggest that the replacement of nearest neighbor Se with S in
SeySs-y rings and [Se]n chains has a relatively minor effect on the anisotropy parameters 4 and #.
In order to test this hypothesis, ab initio calculations of the ’Se chemical shift tensor parameters
for such Se environments in Sey,Ss-y ring molecules were carried out using the gauge-including
projector augmented wave (GIPAW) method.[36] The -S-Se-S- environments were obtained by
replacing the S2 site with Se and the -Se-Se-S- environments were obtained by simultaneously
replacing the S2 and the S3 sites with Se in the Sg molecules in crystalline orthorhombic sulfur.[37]
These structures were then optimized, by allowing the atomic coordinates to vary, using density
functional theory as implemented in the code CASTEP (Biovia Inc.) within the generalized
gradient approximation (GGA) and with the PBE (Perdew-Burke-Ernzerhof) exchange-correlation
functional.[38,39] Forces less than ~30 meV A~ were observed at the end of the optimization
process. The "’Se chemical shift calculations were carried out on these optimized structures using
the code CASTEP-NMR within the GGA and with an energy cutoff of 600 eV.[36] Ultra-soft
pseudopotentials were used to describe core-valence interactions. The Brillouin zone was sampled

using the Monkhorst-Pack scheme and a 4x4x4 k-point grid. The isotropic chemical shift diso was

obtained from isotropic shielding aiso using the relationship: diso = — (ciso — oref) Where orer is the
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isotropic shielding of a reference material. The trigonal allotrope of Se was used as a reference
and the calculated ’Se aiso Of 784 ppm is equated to the experimental diso Value of 795 ppm for the

single Se site in this allotrope. Marple et al. have shown in previous studies that such calculations
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Figure 2a-3 Comparison of experimental (bottom) and simulated (top) anisotropic '’Se NMR
spinning sideband intensities of S7sSexs glass taken at (a) diso = 887 ppm, and (b) diso = 651 ppm.

yield fairly accurate estimates of the ’Se diso and 4 in the chain (trigonal) and ring (monoclinic)
allotropes of Se, except the calculated value of 4 needs to be scaled down by a factor of two.[10]

The present calculations yield comparable values of '’Se diso (550 to 570 ppm), 4 (—430 ppm) and

7 (0.15 to 0.30) for the -Se-Se-S- and -S-Se-S- environments in Se,Sg-y rings, and these parameters
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are also similar to those characteristic of the -Se-Se-Se- environments in Seg rings in o-Se, as
noted above. Therefore, the 7’Se resonance at diso ~ 640-660 ppm may correspond to any one or

all of these ring environments.
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Figure 2a-4 Representative ’’Se chemical shift tensor parameters 4 (black circle) and # (blue
square) as a function of isotropic chemical shift, shown here for S7sSezs glass.

Additional constraints on the average stoichiometry of the SeySg-y rings in these glasses
can be imposed from the simulation of these "’Se isotropic NMR spectral line shapes in Fig. 2a-
2b with two components to yield the relative fractions of the Se atoms in chain and in ring
environments from the peak integrals. The compositional evolution of the ratio of these two Se
environments is shown in Fig 2a-5, which indicates that, for compositions near pure Se, most of
the Se atoms reside in a chain environment. On the other hand, for glasses with composition near

pure S, the majority of the Se atoms are found in a ring environment, attesting to the strong
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preference of S atoms to form Sg rings. It is therefore reasonable to propose a structural model
where in a glass of composition SxSeioo-x, there are x/8 eight-membered rings per formula unit, and
on an average each such ring can accommodate y Se atoms, i.e., these are Se,Ss-y rings. This
model is equivalent to the substitution of y S atoms in each of the x/8 Sg rings with y Se atoms.
The substituted S atoms are incorporated into [Se,S]n chains. In this scenario, in one formula unit
of the SxSe1o0x glass there are (x*y/8) Se atoms in rings and [(100—x)—(x*y/8)] Se atoms in chains.
The ring vs. chain Se speciation predictions of this structural model fory =1 and y = 1.5 are
compared with the experimentally observed Se speciation data in Fig. 2a-6. It is clear from Fig.
2a-5 that the model prediction for y = 1 agrees rather well with the experimental Se speciation for
S concentrations of up to 40 at.%. However, at higher S concentrations of >60 at.%, the
experimental speciation is closer to the model prediction for y =1.5. Therefore, the chain vs. ring
speciation data for Se, as obtained from "’Se NMR, are consistent with an average heterocyclic
ring composition of SeiS7 for glasses with up to 40 at.% S. Further addition of S promotes
increasing incorporation of Se atoms in SeySs-y rings, such that the average ring composition
becomes Se15Ses for glasses with >60 at.% S. It is to be noted that an average ring composition
of Se1S7 does not preclude the presence of Se;Se rings since some of these eight-membered rings
may be homocyclic, i.e., Sg rings, and a coexistence of Sg, SeiS; and Se»Se rings may be
entropically favored in a glass. However, the Se ring speciation in glasses, as obtained in this
study from "’Se NMR, shows a trend that is opposite of that previously reported in SxSeioo-x melts
by Chivers et al.[20] Those authors suggested that the concentration of the Se»Se rings increases
with increasing Se concentration, with the relative abundances of the Se1S7 and the Se»Se rings
becoming comparable at ~ 40 at.% Se.[20] On the other hand, the Se ring speciation in SxSe1oo-x

glasses, as obtained in the present study, shows that the average ring composition is Se1S7 at low
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S (high Se) concentration and it becomes Se15Se5, thus suggesting an increased fraction of Se;Se
rings, and possibly rings with even higher Se content (e.g., SesSs, SesSs) in glasses with <40 at.%

Se. Asdiscussed below, the Raman spectroscopic results are consistent with this structural model.
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Figure 2a-5 Compositional variation of Se site fractions in chains (squares) and rings (circles),
obtained from simulations of ’Se isotropic NMR spectra. Dashed (dotted) orange and blue lines
are Se site fractions in chains and rings, respectively, expected from the structural model proposed
in this study, for an average ring composition of Se1S7 (Se15S65). See text for details.

2a.4.3 Raman spectroscopy

The Raman spectra of the binary SxSeioox glasses are shown in Fig. 2a-6. All spectra
contain a relatively strong band centered near ~ 250 to 260 cm that can be readily assigned to the
symmetric Se-Se bond-stretching mode in [Se]n chains.[40] The incorporation of S in these [Se]n
chains is presumably reflected in the progressive shift of the frequency of this band from 251 cm?

to 261 cm™t, with increasing S concentration (Fig. 2a-6). This result is also corroborated by the
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fact that the "’Se NMR spectra of all glasses contain the resonance corresponding to the [Se,S],
chains (Fig. 2a-2b). The relatively narrow and strong vibrational bands located at ~ 150 and 216
cmt in the Raman spectra of the high sulfur containing glasses are characteristic of Ss rings typical
of crystalline S, and correspond to the anti-symmetric and symmetric bending modes (Fig. 2a-
6).[8,21] These vibrational bands are accompanied by another strong and narrow band near 202
cm-tin the glass spectra in Fig. 2a-6. Additionally, two more bands in the spectral region between
160-190 cm~ appear in the Raman spectrum of the SgoSeso glass and become clearly resolved near
163 and 175 cm™?, in the spectrum of the S7sSezs glass (see Fig. 2a-6, inset). The frequencies of
these three bands at 202, 175 and 163 cm~ agree well with those predicted, respectively, for the
bending of Se1S7, Se>Se and SesSs rings, by Ward in a previous Raman spectroscopic study of
SxSe1oox crystals and melts.[17] These predictions are based on the model proposed by Ward,
which assumed a linear scaling of the ring bending frequency with the average force constant and
with the inverse square root of the molecular weight of the ring, where the average force constant
was further assumed to vary linearly with the degree of substitution of S with Se in the SeySg-y
ring.}” This structural assignment of these vibrational bands and their relative intensities in Fig.
2a-6 clearly suggest the predominance of the Se1S7 rings among the Se-substituted SeySs-y ring
environments in SxSeioo-x glasses. Moreover, the appearance of Se>Se and SesSs rings in glasses
with the highest S contents suggests increasing incorporation of multiple Se atoms in the SeySg-y
rings. These results are qualitatively consistent with the scenario of the evolution of the average
SeySs-y ring composition in SxSeioo-x glasses, as obtained from the ’Se NMR results discussed

above.
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Figure 2a-6 Unpolarized Raman spectra of SxSeioox glasses. Inset to the right shows a magnified
(10x) view of the ring bending modes in SeoSeso (bottom) and S7sSezs (top) glasses.

It is apparent from the Raman spectra in Fig. 2a-6 that increasing S content also results in

a concomitant increase in the intensity of the band near 468 cm~2, corresponding to the symmetric

S-S bond-stretching mode for the Sg rings.[8] In addition, two more bands centered at ~ 360 cm™

and 379 cm™ with a weak band present as a shoulder near 340 cm™ display a similar behavior of

increasing intensity with S content (Fig. 2a-6). Previous Raman spectroscopic studies of SxSe1oo-

x Crystals have assigned these bands to S-Se stretches as these frequencies are intermediate between

the S-S stretching near 470 cm~! and Se-Se stretches near 260 cm~.[17,18] As such, the presence
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of these bands directly implies mixing between S and Se in the chain and ring elements in the

structure.

In general, the Raman bands in the 340 - 380 cm~! region in these materials are believed to
represent two types of S-Se stretching modes: (i) strongly coupled S-Se stretches in -S-Se-S-
linkages are manifested as vibrational bands near ~ 340 and 380 cm™ while (ii) isolated S-Se
stretches in -S-Se-Se-S- moieties appear as a band near ~ 360 cm—.[18,41,42] It is noteworthy
that previous studies of binary S-Se crystals concluded that both coupled and isolated S-Se
stretching bands are from SeySg-y ring molecules with adjacent Se atoms in -S-Se-Se-S- moieties
being the preferred bonding scenario if more than one Se atoms are present in these rings.[19,21]
As shown in Fig. 2a-6, the intensity of the vibrational bands in the 340 - 380 cm region is
increasing significantly with increasing sulfur content. This observation indicates that a significant
fraction of Se atoms is incorporated into the SeySs-y ring structures as -S-Se-S- and -S-Se-Se-S-
linkages, when sufficient sulfur is present in the system. Moreover, both Se1S7 and Se»Se type
rings may coexist in the structure. These conclusions are completely consistent with the structural
model proposed above, on the basis of the ”’Se NMR spectroscopic results. Finally, it may be
noted that the band near 360 cm™, corresponding to S-Se stretches in -S-Se-Se-S- moieties has a
noticeable presence even in the Raman spectra of glasses with low sulfur concentration (S < 30
at.%) that have rather weak or no signature of the vibrational bands corresponding to the SeySg-y
rings (Fig. 2a-6). This result suggests that all of the -S-Se-Se-S- moieties corresponding to the 360
cm! band may not belong to the Se,Ss—y ring elements in the structure, but a significant fraction

likely belongs to the [Se,S]» chain elements.
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2a.5 Conclusion

The structure of SxSe100-x glasses consists of copolymeric [S,Se]n chains and heterocyclic
SySes.y rings. Se and S atoms show strong preference to form the chain and the ring elements,
respectively, which prevents a random or homogeneous mixing between these two elements. The
compositional variation of the chain vs. ring speciation of Se atoms is consistent with an average
ring composition of Se1S7 in glasses with <40 at.% S. Further increase in S content results in the
incorporation of more Se atoms in the ring elements, resulting in an average ring composition of
Se15Ses. It is, however, not the peculiar chemical order between S and Se but the total chain vs.
ring content in the structure that controls both the packing and the mobility of the constituent
structural units. As the total chain content increases with increasing Se concentration in these
glasses, the stronger interaction between the chain elements compared to rings, results in less
efficient atomic packing and lower mobility, which are manifested in the decreasing molar volume

and increasing Tg, respectively.
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Chapter 2b

Is the A-transition in Liquid Sulfur a Fragile-to-Strong Transition?
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2b.1 Abstract

The abrupt and large increase in the viscosity of liquid sulfur above the A-transition
temperature T corresponds to a reversible structural transformation in the form of a ring-to-chain
polymerization reaction. The mechanistic connection between this structural transformation and
viscosity is investigated by studying the compositional dependence of the shear relaxation
behavior of supercooled SxSeioo-x liquids, as their structural evolution mimics that of liquid sulfur
across the A-transition. The results of steady and oscillatory shear parallel-plate rheometry indicate
that the viscosity of these liquids is controlled by the S/Se — S/Se bond scission/renewal dynamics
and the timescale of these dynamics rapidly increases as the relative concentrations of rings and
chains in the structure become comparable. The coexistence of these two types of topological
units in these liquids lowers the conformational entropy of the chain elements due to steric
hindrance from the ring elements, resulting in a rapid drop in the fragility as S is added to Se. The
same topological effect resulting from the ring-to-chain transformation in liquid S renders the
highly fragile molecular liquid below T3, a strong polymerized liquid above Ta. Therefore, it is

argued that the A-transition of liquid S corresponds to a fragile-to-strong liquid-liquid transition.
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2b.2 Introduction

The existence and nature of liquid-liquid transitions in glass-forming liquids and their
possible continuation into the glassy state are highly debated issues in condensed-matter science.
[1-5] Itis reasonable to expect that such a transition would have a signature in the temperature
dependence of the shear viscosity n of glass-forming liquids. The functional form of n(T) could
vary from a nearly-Arrhenius behavior with a single activation energy that is practically
independent of temperature, all the way to a strongly non-Arrhenius behavior, where the activation
energy increases rapidly with decreasing temperature. Angell has shown that, if n is expressed as
a function of T,/T, i.e., temperature scaled by the glass transition temperature T, then a useful
classification scheme emerges as a function of the parameter m, which is termed “fragility index”

and is defined as[6]:

dlogion
— 21991011 1
d(Ty/T) T=T, ( )

The glass-forming liquids with increasingly non-Arrhenius behavior of n are then characterized by
progressively increasing values of m. Glass-forming liquids with low and high values of m were
denoted by Angell as “strong” and “fragile”, respectively. [6] Although m is defined according to
Eqg. 1 at T~T,, the temperature dependence of the viscosity of a glass-forming liquid over the
entire range of supercooling can be related to its fragility index. This situation is possibly most
directly evident in the MYEGA (Mauro-Yue-Ellison-Gupta-Allan) equation[7] that describes n(T)
well for a large variety of glass-forming liquids over a wide range of temperatures, and can be

written as:

T, T,
log1on(T) = l0g10 M + (10810 nr, — 10810 r;oo)?gexp [( - - 1) (?g - )] (2)

logio Mg —l0g10 Moo
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In Eq. 2 logyo 11, and log;onocorrespond to the logarithm of shear viscosity at T, and at infinite

temperature, respectively, and the latter quantity is used as a fit parameter in practice. It is clear
from Eq. 2 that n(T) of a glass-forming liquid over the entire range of supercooling is expected to
be characterized by a single value of m. However, a series of studies in recent years on a variety
of metallic, chalcogenide and halide glass-forming liquids have reported a violation of this
behavior where n5(T) is characterized by a low value of m, i.e., the liquid is strong at low

temperatures near T, while the high-temperature viscosity (typically 7 < 1 Pa.s) is characteristic

of that of a fragile liquid with high m. [8-12] The strength of the fragile-to-strong (FST) has been
expressed in terms of the ratio F of the high- and low- temperature fragilities, which typically
ranges between 2 < F < 8, with metallic liquids being characterized by some of the highest F
values. [8] This FST was hypothesized to signify an underlying liquid-liquid structural transition,
although the atomistic nature of this transition has remained unclear. Moreover, a recent
experimental study has suggested that the existence of the FST, at least in some glass-forming
liquids, may be an artifact of the inaccuracies associated with the viscosity measurement technique
employed at high temperature and with the derivation of the fragility index from calorimetric

methods near T,.[12]

In contrast with these glass-forming liquids, elemental sulfur presents a unique case of a
well-characterized structural transition. Sulfur above its melting point at 119 °C is a molecular
liquid that predominantly contains Sg rings and is characterized by viscosities on the order of 102
Pa.s.[13] The structure of this equilibrium liquid abruptly changes across T = 159 °C, where the
rings open up into diradicals and polymerize to form S, chains.[14] This ring-to-chain
transformation, being completely reversible, is an example of “living polymerization” and has

been termed in the literature as the A-transition, as the corresponding jump in the heat capacity Cp
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shows a cusp-like behavior across this transition.[15] Among several other properties that display
a sharp change across the A-transition, the viscosity of liquid sulfur abruptly increases by nearly
five orders of magnitude (Fig. 2b-1) from ~ 0.05 Pa.s at 160 °C to ~ 930 Pa.s at 187 °C.[13,16]
Further increase in temperature results in a lowering of viscosity (Fig. 2b-1). The thermo-
reversible nature of the ring-to-chain transformation process in liquid sulfur and the temperature
dependence of the ring:chain ratio above the A-transition have been studied in detail by
Yannopoulos and coworkers using in situ high-temperature Raman spectroscopy.[17] Their
results indicated a monotonic increase in the S polymeric chain fraction in the liquid with
increasing temperature at least up to 300 °C, although the rate of the ring-to-chain conversion
continuously decreases with temperature. Hence, the sudden upward jump in viscosity across

T can indeed be ascribed to the polymerization reaction.

However, the determination of the fragility index m of liquid sulfur above and below the
A-transition from relaxation time measurements has been claimed to be problematic in the recent
past, due to the presence of multiple relaxation mechanisms and their unknown contributions to
viscosity.[14] Directly using the viscosity data for molecular liquid sulfur below the A-
transition[13] and a glass transition temperature T4 ranging between —23 and —30 °C, where the
viscosity is ~ 10'2 Pa.s, yields m ~ 149 +3 below T (Fig. 2b-1). On the other hand, the viscosity
data of the polymerized liquid above T» are consistent with those reported [16,18] for the
supercooled liquid obtained from reheating glassy S, quenched from a temperature well above
T to preserve the polymeric structure (Fig. 2b-1). When taken together, these viscosity data yield
m ~ 35 +3 for the polymerized liquid. As such, these results indicate an FST with increasing

temperature for liquid sulfur. However, considering the presence of multiple relaxation
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mechanisms in liquid S, the validity of such a simplistic treatment of the temperature dependence

of viscosity remains gquestionable.
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Figure 2b-1 Viscosity of molecular (circles) and polymeric (squares) liquid sulfur across the A—
transition as a function of Ty/T.[13,16] Viscosity of polymeric liquid S in its supercooled state is
shown with triangles.[18] Viscosity at Tq is taken to be 10*2Pa.s. Lines through the data are fits
of the MYEGA equation.

Elemental selenium, as another member of chalcogen family, shares chemical similarities
with sulfur, yet exhibits very different properties as a glass-forming liquid. Amorphous and liquid
selenium consist practically solely of polymeric Sen chains and therefore, do not display the ring-
to-chain transformation that is characteristic of sulfur with increasing temperature.[19] The

fragility of selenium is also known be relatively high with the most reliable estimates of m varying

between ~70 and 80.[20,21]
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In a previous Raman and “’Se Nuclear Magnetic Resonance (NMR) study of the S-Se
binary system it was shown that the addition of selenium stabilizes the glassy state and Tg linearly
increases with increasing selenium concentration.[22] Moreover, both S and Se retain their
preferences of forming rings and chains as in their elemental forms, respectively, although
heterocyclic Se,Sg_, rings (0 <y < 8) and [S, Se]n chains are also formed. Therefore, the S-Se
binary liquids display an increasing chain:ring ratio with increasing Se content and thus mimic the
topological transformation of molten sulfur above the A-transition. Here we report the results of
detailed steady and small-amplitude-oscillatory shear rheometric measurements of the viscoelastic
relaxation behavior of binary SxSeioox liquids (10 < x < 75). These results provide important
clarification of the atomistic aspects of viscous flow and relaxation in these liquids and confirm

that the A-transition of liquid sulfur indeed corresponds to an FST.

2b.3 Experimental Methods

Binary SxSeioo—x glasses with x = 10, 30, 45, 60 and 75 were prepared from mixtures of
constituent elements (99.999% purity) that were taken in evacuated silica ampoules and melted at
400°C for 24 hours. The melts were subsequently quenched by dipping the ampoule in water.
Details of the synthesis, thermophysical and structural characterization of these glasses are
reported in Chapter 2a.[22] The rheological measurements reported in the present study were
carried out within the linear viscoelastic regime using an Anton Paar MCR 92 parallel plate
rheometer equipped with a Peltier heater, under a constant flow of nitrogen gas. Viscosity
measurements on these supercooled SxSe100-x liquids were carried out under steady shear condition,
using a 25 mm diameter upper plate and a stationary lower plate, on samples with a disc-like

geometry with ~ 0.8 mm thickness. At each temperature, the Newtonian viscosity was measured
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at several shear rates y ranging between 1 s~* and 100 s* and the average viscosity was reported.
The small-amplitude-oscillatory-shear (SAOS) rheometry measurements were carried out using 8
mm diameter plates and the sample thickness was ~ 1.2 mm. At each temperature the samples
were held for 5 minutes to attain thermal equilibrium, followed by the application of oscillatory
strain with angular frequency ® varying between 0.01 and 600 rad/s, and concomitantly the torque

was measured to obtain the storage and loss moduli G” and G” as a function of .

2b.4 Results and Discussion

The shear viscosity of the supercooled SxSei00-x liquids is shown in Fig. 2b-2 as a function
of scaled temperature Tg/T. The fits of the MYEGA equation (Eqg. 2) to these viscosity data are
also shown in Fig. 2b-2.  The compositional variation of the corresponding m values obtained
from these fits is shown in Fig. 2b-3, and compared with the m for Se as reported in the
literature[20,21] and with the abovementioned m values for molecular and polymerized liquid S.
It is clear from Fig. 2b-3 that pure chain and ring environments corresponding to Se and molecular
S liquids, respectively, exhibit super-Arrhenius behavior with large m values. On the other hand,
the binary S-Se liquids are characterized by lower m, compared to either pure Se or molecular S;
m decreases with the initial addition of either S to Se or vice versa, which suggests that the
coexistence of chain and ring elements in these liquids results in a rapid decrease in fragility and
m reaches a minimum value of ~ 37 in binary S7sSes liquid (Fig. 2b-3). This trend also resembles
the variation of m for liquid S itself, which has the highest fragility in the molecular state and the
lowest fragility in the polymerized state above the A-transition (Fig. 2b-3), where the liquid is
characterized by the coexistence of comparable fractions of Sg rings and S, chains.[17,23]

Sidebottom has pointed out in a series of recent studies the importance of structural connectivity
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on the fragility of a wide variety of inorganic glass-forming liquids.[24,25] It may be noted in this
regard that the average short-range connectivity of all SxSeioox liquids is identical as the
coordination number of both S and Se is 2. Therefore, the intermediate-range connectivity and
steric effects should be taken into account to explain the remarkable compositional variation of m
in these liquids. Further insight into this problem can be obtained from the rheometric

measurements of the viscoelastic relaxation processes and timescales in these liquids.
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Figure 2b-2 Viscosity of binary SxSeio0-x liquids measured in the present study. Viscosity data of

Se are from[20] and of S are from Fig. 2b-1. Viscosity at Ty for all compositions is taken to be
102 Pa.s. Lines through the data are fits of the MYEGA equation.
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Figure 2b-3 Compositional dependence of fragility of SxSeioo-x liquids as obtained from the fits of
the MYEGA equation in Fig. 2b-2.

Figure 2b-4 shows the master curves of G'(®w) and G"(w) for the binary SxSeioo-x liquids
obtained using time-temperature superposition of the SAOS rheometry data. All master curves
display two G"— G" crossovers corresponding to the existence of two separate relaxation processes.
Previous studies have reported similar observations on both elemental S and Se liquids; in our
earlier rheological investigation of supercooled Se, a slow Debye-like and a fast relaxation process
were respectively attributed to Se-Se bond scission/renewal dynamics and segmental Se chain
motion.[26] It is clear from Fig. 2b-4 that the slow relaxation process corresponding to the low-
frequency G'— G” crossover is temporally decoupled from the fast process corresponding to the
high-frequency G"—G" crossover by several orders of magnitude. The difference At between the
fast and the slow relaxation timescales 7, and , , respectively, increases with increasing sulfur

content (Fig. 2b-4). The temperature dependence of 7, and 7, for all binary SxSeio liquids is
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shown in Figure 2b-5 as a function of T¢/T and is compared with that for supercooled Se. It is
evident from Fig. 2b-5 that the timescale and its temperature dependence for the fast process of
segmental chain dynamics for all liquids are quite similar. In contrast to 7, and similar to viscosity
shown in Fig. 2b-2, T, monotonically increases with increasing sulfur content at identical To/T.
This behavior is consistent with the observation made in a recent study by Zhu et al. that the
viscosity of supercooled Se is controlled by the slow process.[26] Here this observation is shown
to also hold true for a binary liquid of composition SssSess (Fig. 2b-6). The relative contribution
of the slow and fast processes towards viscosity # can be estimated using the Maxwell equation: #
=Grz, where 7 is the timescale of the process and G is the corresponding shear modulus. The shear
moduli Gs and G for the fast and slow processes, respectively, can be obtained from the plateau
values of G"(w) on the high-frequency side of the corresponding G"— G” crossovers in Fig. 2b-4.
The viscosity contributions Gszs and Grze from the slow and the fast processes, respectively, are
compared to the experimentally measured viscosity in Fig. 2b-6. This comparison immediately

indicates that # ~ Gsts, While the contribution of Gzt to viscosity is negligible.
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Figure 2b-4 Master curves of storage modulus G' (square) and loss modulus G" (circle) of
supercooled binary SxSeioo-x liquids. The TTS reference temperature is listed alongside each
composition. Locations of G'- G" crossovers associated with the relaxation times 7, and z for the
fast and slow processes, respectively, are marked by vertical arrows and the respective values of
77 and 7, at the TTS reference temperature are listed alongside. Corresponding shear moduli Gy

and Gs are marked by horizontal dashed lines.

The corresponding activation energies for 7, and z, respectively, are ~ 230 to 280 kJ/mol
and ~ 130 to 170 kJ/mol (Fig. 2b-5). The latter activation energy is indeed similar to the energy
required for S/Se — S/Se bond scission.[26-28] Assuming that the addition of S to Se should not

affect the average chain length in the structure, intuitively one may expect that the fast segmental
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function of Ty/T for supercooled binary SxSe1oo-x liquids.

motion of the chain elements would be relatively unaffected by the appearance of heterocyclic

Se,Sg_, rings.  This expectation is corroborated by the observation of a weak compositional

dependence of 7, for the SxSeiox liquids (Fig. 2b-5). On the other hand, T, may increase
significantly due to the coexistence of ring and chain elements in the structure, if the latter results
in a steric hindrance towards achieving proper orientational configuration of the structural moieties
corresponding to the formation of the transition-state activated complexes for the S/Se — S/Se bond
scission/renewal process. We hypothesize that this lowering of the chain conformational entropy
in the presence of rings is responsible for the lower fragility of the binary SxSeioo-x liquids (Fig.
2b-3). A similar situation is encountered in liquid S (Figs. 2b-1,2) as an increasing fraction of the

rings open and polymerize into chains with increasing temperature above Ti. Therefore, the abrupt
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increase in the viscosity of liquid S across the A-transition is consistent with an FST. However, it
may be noted here that this transition in liquid S is characterized by a non-monotonic temperature
dependence of viscosity and the fragility of the liquid decreases with increasing temperature across
the transition. In contrast, the reported FST in other glass-forming liquids is associated with a
monotonic decrease in viscosity and an increase in the fragility across the transition, with

increasing temperature.
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Figure 2b-6 Viscosity contributions from the slow process 7s = Gsts (triangles) and from the fast
process 7 = Gyt (circles) for supercooled SssSess liquid. Experimentally measured viscosity

(squares) for this liquid and the corresponding MYEGA fit (dashed line) are shown for comparison.
Viscosity at Tq is taken to be 10%2 Pa.s.

55



2b.5 Conclusion

In summary, the systematic compositional evolution of the viscoelastic relaxation behavior
of supercooled SxSeioox liquids indicates that the timescale of the S/Se — S/Se bond
scission/renewal dynamics rapidly increases with S concentration as the relative concentrations of
rings and chains in the structure become comparable. This observation suggests a lowering of
conformational entropy of the chain elements due to steric hindrance from the ring elements that
slows down the orientational rearrangement of structural moieties required for the bond
scission/renewal process. This dynamical process, being responsible for viscous flow, renders the
SxSe100x liquids progressively less fragile with increasing S concentration. When taken together,
these results indicate that the A-transition in liquid S is also a fragile-to-strong transition.
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Chapter 3

Structure and Rheology of Se-1 Glasses and Supercooled Liquids
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3.1 Abstract

The structural evolution and shear relaxation behavior of binary SeiooxIx (0 < x < 3) glasses
and supercooled liquids are investigated using Raman spectroscopy and parallel plate rheometry,
respectively. The spectroscopic results indicate cleavage and termination of Se polymeric chains
by I atoms via the formation of Se-1 bonds, leading to shortening of the average chain length with
progressive addition of I atoms. Moreover, at I contents of > 2%, a fraction of the | atoms forms I,
dimers. The results from rheometry demonstrate that the structural relaxation rates associated with
the fast segmental chain motion and the slow bond scission/renewal dynamics in Seiooxlx liquids
increase upon addition of I, with the shortening of the chain length. The increased configurational
degrees of freedom of shorter selenium chains leads to a decrease in the isothermal viscosity, Tq

and the packing efficiency and an increase in fragility in liquids with higher I content.
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3.2 Introduction

Amorphous chalcogenides have been studied extensively in the past because of their
optical transparency in the infrared range. Selenium is one of the chalcogens known for its
excellent glass forming ability in its elemental form and its stability against crystallization. It is
now well established in literature that the structure of vitreous Se consists practically exclusively
of twofold coordinated Se atoms forming polymeric chains [1]. The average coordination number
<r> = 2 of vitreous Se is conventionally taken to signify the lowest limit of nearest-neighbor
structural connectivity in chalcogenide glasses. However, the introduction of halogens (X= Cl,
Br, 1) is known to result in the scission of intrachain Se-Se linkages and the formation of terminal

Se-X bonds [2] through the following reaction:

—Se-Se-Se-Se— + X—X < -Se-Se—X + X-Se-Se—

Previous studies based on extended x-ray absorption fine structure spectroscopy and neutron
scattering of binary Se-1 melts have indicated that such a mode of incorporation of | atoms into Se
chains is limited and at high I content (~ 80%) a large fraction of the | atoms form I, dimers. This
observation was ascribed to the fact that the Se—I and I-1 bonds are characterized by comparable
bond strength [3]. On the other hand, previous studies of binary Se-I melts also showed that the
decrease in Se chain length with increasing | content would result in a concomitant lowering of

viscosity [2-4].

Recent studies of the shear relaxation behavior of supercooled Se demonstrated the
existence of two relaxation processes, namely the slow bond scission/renewal dynamics and the
fast segmental chain motion [5,6]. The slow process was shown to be closely related to shear

relaxation and viscous flow, while the fast relaxation process remains temporally decoupled from
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shear relaxation until the temperature closely approached glass transition from above. This
scenario remains unchanged upon addition of cross-linkers such as Ge or As, as long as the average
length of the selenium chain segments in between the crosslinking points remains longer than three
to five Se atoms. As the network connectivity increases beyond this point with further addition of
Ge or As, the segmental chain motion cannot be sustained and the fast process disappears [7].
Although binary Se-1 melts have been studied in the past, the relationship between the structure
and the rheological behavior of supercooled Se-1 liquids, including the effect of shortening of the
Se chains via their termination with halogen atoms on the shear relaxation behavior, remains
unknown to date. Here we report the results of the first systematic Raman spectroscopic study of
the structure of binary Seiooxlx (0 < x < 3) glasses, as well as a rheological study of the shear
relaxation behavior of select supercooled Se-1 liquids. The correlations between the composition-
dependent structural evolution and viscosity, molar volume and glass transition temperature are

discussed.

3.3 Experimental Methods
3.3.1 Glass synthesis and physical characterization

Binary SeiooxIx glasses with x = 0.5, 1, 1.5, 2, and 3 were synthesized in 10 ~12 g batches
using the conventional melt-quench method. Mixtures of elemental Se (Alfa Aesar, 99.999%) and
I> (Sigma-Aldrich, >99%) were loaded in quartz ampoules (8 mm inner diameter) that were
subsequently evacuated (10~ Torr) and flame-sealed. The bottom of the ampoules containing the
batched iodine was submerged in liquid nitrogen during flame sealing in order to avoid iodine

sublimation. The ampoules were then loaded into a rocking furnace, slowly heated to 673 K over
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8 hours and held at this temperature for 12 hours to ensure melt homogeneity. The melts were

subsequently quenched by dipping the ampoules in water.

The density of Seicoxlx glasses was measured using a Micrometritic Accupyc Il gas
expansion pycnometer under helium (6N purity) environment. For each measurement,
approximately 1.0 g of glass sample was loaded into a 1 cm? cup. The reported densities in this

study are averages of 10 consecutive measurements at room temperature.

The glass transition temperature Ty was measured using a Mettler-Toledo DSC1
differential scanning calorimeter. Approximately 20 mg powdered glass sample was loaded into a
hermetically sealed 40 uL aluminum crucible. Scans were performed with a heating rate of 10
K/min under a continuously flowing of nitrogen environment. T4 was determined to within + 1 K
as the onset of the glass transition. The activation energy of the glass transition and, hence, of
structural relaxation was determined from the cooling and heating rate q dependence of the DSC
profile of the glass transition. In particular, the samples were first heated to 338 K, which is well
above Tg, and then cooled to 273 K, which is well below Tg, at a specific cooling rate q and
subsequently held at that temperature for 5 min, followed by an upscan at the same rate back to

338 K and the fictive temperature T was taken to be ~ Tq [8,9].

3.3.2 Raman Spectroscopy

The Raman spectra of all glasses were collected in backscattered geometry using a Brucker
RFS 100/S Fourier-transform Raman spectrometer equipped with a Nd:YAG laser operating at a
wavelength of 1064 nm. Each Raman spectrum was collected using a laser power level of 30 mW,

and is an average of 64 scans taken with 2 cm™ resolution.
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3.3.3 Parallel Plate Rheometry

The small amplitude oscillatory shear (SAOS) rheological measurements reported in the
present study were carried out on an Anton-Paar MCR92 parallel plate rheometer equipped with a
Peltier heater under a constant flow of nitrogen gas. All measured samples were first heated above
their softening point, then trimmed into a disc geometry with ~1 mm thickness that was
sandwiched between the 8 mm oscillating upper plate and the stationary lower plate. For each
measurement, an oscillatory strain within the linear viscoelastic range of the material with angular
frequency o varying between 1 and 600 rad/s was applied and the induced torque was measured
simultaneously to obtain the storage and the loss moduli G* and G” as a function of probing
frequency. Multiple measurements were carried out at various temperatures for each composition
and master curves of G'(w) and G"(w) were constructed using time-temperature superposition
(TTS). It may be noted here that TTS is only approximately obeyed by these liquids. The viscosity

A2 Uy
master curves were then calculated from the relation n(w) = % Details of the

experimental setup and procedure can be found in a previous publication [10]. Additionally,
Newtonian viscosity measurements on the supercooled Seg713 liquid were carried out under steady
shear condition, using a 25 mm diameter upper plate and a stationary lower plate, on a sample with
a disc-like geometry with ~ 0.8 mm thickness. Although the duration of each measurement is only
a few minutes, the Seg713 supercooled liquid is susceptible to iodine loss and surface crystallization.
Therefore, fresh samples were used for rheological measurements at each temperature to avoid
thermal cycling and each measurement was repeated on multiple samples to ensure reproducibility
and estimate experimental error. The physical appearance of the samples was checked
immediately after the end of each measurement, which indicated the lack of any discernible surface
crystallization.
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3.4 Results and Discussion

3.4.1 Physical properties

The density and molar volume of these Seioo-xIx glasses are listed in Table 3-1. The molar
volume of these glasses increases monotonically with increasing iodine concentration (Fig. 3-1a).
When considering the effect of introducing | atoms, which exhibit similar atomic size but
significantly heavier molar mass than Se atoms, it is intuitive that the density would increase with
increasing | content. On the other hand, the | atoms are monovalent and act as Se chain terminators
so that the average chain length is expected to decrease with addition of I. Therefore, the increase
in molar volume with increasing | concentration suggests a decreasing efficiency in the packing of
the selenium chains in the structure as the average length of these chains progressively shortens.
This hypothesis suggests a scenario where long chains are more likely to exhibit chain folding and
entanglement and therefore, a more efficient packing compared to short chains. Moreover, by the
same token, the shortening of Se chains would lead to a less rigid structure that is capable of
undergoing more rapid structural relaxation, which would result in a lowering of Tg with increasing
addition of 1. Such a trend is indeed observed experimentally for these Se1oo-xIx glasses, where Ty

decreases nearly linearly in a monotonic fashion with increasing x. (Fig. 3-1b).

Table 3-1 Density and molar volume of Seigo-xIx glasses.

Composition Density (g/cm?®) Molar volume (cm®mol)
Se 4.270 £ 0.001 18.49 + 0.01
Segaslos 4.277 £ 0.006 18.52 £ 0.02
Seggls 4.277 £0.003 18.58 + 0.01
Segsslis 4.283 £ 0.009 18.61 £ 0.04
Segsl2 4.283 £ 0.004 18.66 £ 0.02
Seg7l3 4.287 £ 0.006 18.76 + 0.03
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Figure 3-1 (a) Molar volume and (b) glass transition temperature Tg of binary Se1oo-xIx glasses.
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3.4.2 Structure by Raman Spectroscopy

The Raman spectra of all SeiooxIx glasses are shown in Fig. 3-2. The three major high-
frequency bands in the 150-300 cm~? range can be assigned to I-1 (=172 cm™1), Se—I (=210 cm™Y),
and Se-Se (~250 cm™1) stretching modes [11,12]. The bending modes are located in the 50-150
cm-! range. The Se-Se stretching band is the most intense, which indicates the abundance of the
Se chains in glasses. The intensity of the Se—I stretching band increases monotonically with
increasing | content, which is consistent with the increasing concentration of the terminal Se-I
bonds and corresponding shortening of the average Se chain length. This observation is in
agreement with the thermophysical property trends discussed above. On the other hand, the I-I
stretching band starts to appear at relatively high I concentration (I >2%) and increases in intensity
with addition of I. This finding suggests that, beyond a threshold of ~ 2% I, not all | atoms are
incorporated in Se chains and a fraction of these atoms form 1> dimers. This propensity for | to
form both Se-l1 and I-1 bonds is consistent with the fact that Se and | exhibit similar
electronegativity, which suggests similar bond strength for Se-Se and I-1 bonds. Moreover,
previous studies of Se-lI melts reported interchange of Se—I and I-I linkages and the formation of

I> molecules in the molten state [3].
3.4.3 Viscosity, shear relaxation and fragility

The frequency dependence of G'(w) and G"(w) at various temperatures and the
corresponding master curves for pure Se and Segrl3 supercooled liquids obtained from the TTS of
the SAOS rheometry data are shown in Fig. 3-3. The two relaxation processes corresponding to

the low- and high- frequency crossovers between G'(o) and G"(w) in pure Se were shown in
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Figure 3-2 Unpolarized Raman spectra of SeiooxIx glasses. All spectra are normalized with respect
to the most intense peak at ~ 250 cm2.

previous studies to represent, respectively, the slow Se-Se bond scission/renewal process and the
fast segmental chain motion [5]. Correspondingly the viscosity n(w) displays two onsets of
frequency dependence. In contrast with Se, the SeqI3 supercooled liquid displays a clear high-
frequency G'(w)-G"(w) crossover. However, in the low-frequency terminal region G'(w) and G"(®)
display only a kink due to the changes in the relative strength and degree of temporal coupling
between the two relaxation processes. Nevertheless, the two-step onset of the frequency
dependence of n(w) remains clear. Such behavior was ascribed in previous studies to the terminal
modes in short-chain polymers [13]. Therefore, similar to pure Se, two relaxation processes also
exist in the Seg7I3 supercooled liquids. The similarity in the activation energy Ea of the fast and the
slow processes (Fig. 3-4), estimated from the temperature dependence of the corresponding

relaxation times for the two liquids (~337 + 23 kJ/mol and ~179 + 5 kJ/mol, respectively, for Se
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and ~308 £ 10 kJ/mol and ~145 + 8 kJ/mol, respectively, for Segl3) is a further corroboration of

this hypothesis [5,14,15].
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Figure 3-3 (a) Temperature dependence of G'(®) and G"(w) of (left panel) pure Se [5] and (right
panel) Seerls liquids. (b) Master curves of frequency dependence of G’ (filled red squares) and G
(open red squares), and viscosity n (filled blue triangles) of (left panel) pure Se [5] and (right panel)
Segylz liquids. The reference temperature for TTS is listed alongside the composition in each panel.
Experimental errors in G'(w) and G"(w) are within the size of the symbols.

However, and more importantly, a comparison of the relaxation timescales between the two liquids
shows that, compared to Se, the Segrls liquid has faster and more similar timescales for both
processes (Fig. 3-4). It is tempting to hypothesize that further shortening in the selenium chain

length at higher I concentration would lead to an eventual collapse of the two processes into a
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Figure 3-4 Temperature dependence of ts (squares) and tf (circles) for supercooled Se (open
symbols) [5] and Seg7I3 liquids (solid symbols).

single relaxation process. According to the Maxwell relation, viscosity can be estimated as # = (Gs
— Gs)tr + Gsts & Grrr + Gsts, Where the G and 1 are the plateau shear moduli and relaxation time,
and where the subscripts f and s correspond to the fast and slow processes, respectively. Since both
shear moduli are found to have insignificant temperature dependence in the Seg7Is liquid, the
temperature dependence of viscosity should be reflected in that of the relaxation times. Therefore,
the results shown in Fig. 3-4 suggest a decrease in viscosity of Seioo-xlx liquids with progressive
addition of I. This expectation is in agreement with the experimental viscosity data obtained in this
study for the Segrl3 liquid using steady shear measurements (Fig. 3-5). Therefore, when taken
together, these results indicate that the viscosity and the timescale of shear relaxation processes

both decrease with the shortening of Se chain length as intuitively expected, since shorter chains
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should have more degrees of freedom and thus faster structural rearrangement compared to longer

chains.
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Figure 3-5 Temperature dependence of viscosity of pure Se (filled squares) [19] and Seg7ls (solid
circles) liquids. The dashed line is a guide to eye.

The Rouse model for flow in chain polymers predicts that for unentangled chain polymer
melts the viscosity 7 is linearly proportional to the chain length N [16]. Assuming the chain length
in supercooled Se liquid is on the order of ~230 atoms, the Seg713 glass should have an average
minimum chain length of ~67 atoms (with 65 Se atoms and two terminal | atoms) if all I atoms
participate in selenium chain termination via formation of Se-1 bonds [17]. The viscosity of Se and
Segrl3 at ~333 K is approximately 2.19x107 Pa.s and 2.32x10° Pa.s, respectively (Fig. 3-5).
Therefore, it is clear that the # ~ N relation is not satisfied for these two liquids, which suggests

the likelihood of significant chain entanglement in supercooled Se liquid. Finally, the effect of
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addition of I and shortening of the selenium chain length is investigated in this study by comparing
the heating and cooling rate dependence of the activation energy of the glass transition of
supercooled Se and Seggl> liquids. This activation energy Ea for a supercooled liquid at T ~ Tg is

dlogion
dTy/T |,

and can be
=Tg

related in the literature to its “fragility index” m, which is defined as: m =

obtained using the Wang-Velikov-Angell (WVA) method which relates m to Ea via the expression:
m = Ea/(In10 RTg), where R is the ideal gas constant and Ea/R is the slope of the In(1/q) vs 1/T¢
curve (Fig. 3-6) [8,9,18]. The Segsl> composition was chosen for this experiment instead of Seg7l3
as the latter is significantly more susceptible to iodine loss and surface crystallization during the
DSC experiments, which could last for several hours at the slowest cooling/heating rates. It is
clear from Fig. 3-6 that In(1/q) for both liquids is not linearly proportional to 1/Ts as the Ea is
dependent on temperature. Therefore, the slope is taken at the slowest cooling (or heating) rate of
0.2 K/min in this study to ensure that the calculated value of m for pure Se is consistent with the
m determined directly from the viscosity data available in the literature at T ~ T4 [19]. This method
yields m ~ 81 for pure Se, while m ~ 89 for the Seggl2 liquid. This small but significant increase in
fragility with addition of | further indicates that the formation of short selenium chains results in a
higher degree of motional freedom and consequently in a larger temperature dependence of the

configurational entropy of the chains [20].

72



) T y T : T E T y
6 |- (a) pure Se -
|
5 -
|
slope = E_/R = 57 kJ mol™’ L
4 " .
'X m =~ 81
[7)] | |
—~3 -
o
: ]
2t .
||
1} u N
| |
| |
0 - -
1 n 1 " 1 " 1
3.10x10° 3.15x107° 3.20x10° 3.25x10°
1T, (K™
y T : T . T :
6 (b) Segl, -
| ]
5 . .
slope = E_/R =61 kJ mol”’ -
4 ma89 " .
! -
0
~3} .
o
: | |
L2t _
| |
1} u .
||
|
0l -
1 | 1 | M 1 1
3.15x10° 3.20x10° 3.25x10° 3.30x10° 3.35x10°
1T, (K"

Figure 3-6 In(1/q) vs 1/T¢ for (a) pure Se and (b) Seggl2 supercooled liquids. All experimental errors
are within the size of the symbols.

73



3.5 Conclusions

When incorporated into amorphous Se, halogens such as I, being monovalent, act as chain
terminators. Therefore, progressive addition of | into Se results in the cleavage of Se-Se bonds
and the formation of Se-I bonds, which leads to the shortening of Se chains and, consequently, a
decrease in isothermal viscosity and Ty as well as an increase in molar volume and fragility. The
characteristic timescales for the bond scission/renewal and the fast segmental chain motion
associated with structural relaxation become faster and more similar with decreasing chain length.
Furthermore, the scaling of isothermal viscosity with chain length indicates the likelihood of

significant chain entanglement in supercooled selenium liquid.
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Chapter 4a
Chemical Order in Binary Se-Te Glasses: Results from High-

Resolution 2D ""Se and ***Te MATPASS NMR Spectroscopy

77



4a.1 Abstract

The structure of binary TexSeio0x (0 < x < 35) glasses is studied using high-resolution two-
dimensional magic-angle-turning phase-adjusted spinning sidebands (2D MATPASS) "’Se and
125Te nuclear magnetic resonance (NMR) spectroscopy. The ’Se (*2°Te) isotropic NMR spectra
are consistent with the presence of three different kinds of Se (Te) sites, which correspond to Se—
Se (Te)-Se, Te-Se (Te)-Se, and Te-Se (Te)-Te environments. The compositional variation of the
relative fractions of the three Se sites indicates that the Se and Te atoms are randomly distributed
to form [Se, Te]. copolymer chains. The 7'Se and '*Te NMR isotropic chemical shifts for Se and
Te atoms in isostructural environments are found to display a linear correlation. The systematic
compositional variation of the CSA of Se—Se—Se sites can be related to the appearance of Te atoms

as next-nearest neighbors of Se atoms in the [Se, Te]n chains.
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4a.2 Introduction

Complex amorphous tellurides in the Ge-Sb-Te and related systems have found important
technological applications in the areas of phase change memory and infrared photonics [1-3].
Recent studies have shown that TexSeioox binary alloys can serve as a model system for the
investigation of phenomena such as semiconductor-to-metal and reversible amorphous-to-
crystalline transitions, which are relevant to phase-change memory applications [1]. Therefore, it
is essential to study the structure of glasses in this system in order to understand the nature of these

phase transitions for future applications.

Se and Te are isoelectronic and the structure of the stable crystalline polymorphs of both
elements consists of polymeric [Se]. or [Te]n helical chains, where Se and Te atoms are twofold
coordinated [4,5]. However, these two elements behave quite differently in their glass-forming
tendencies. Se can be readily vitrified upon quenching of the parent melt, while Te can only be
vitrified as thin films and readily crystallizes upon supercooling the melt in bulk. This difference
between Se and Te limits the composition range for bulk glass formation in the TexSei00x System
to x <50 [6,7]. The structure of TexSei00-x glasses have been studied in the past using a wide
variety of techniques [8-10]. Although the atom rearrangement in these copolymer chains has been
scrutinized using varies experimental techniques, no consensus has been reached yet. Itoh used a
combination of neutron and X-ray diffraction and reverse Monte Carlo modeling and proposed a
structural model for the Tes0Seso glass where Se and Te atoms are alternately connected with the
presence of some [Se]n fractions and Te-Te dimers in [Se, Te]n chains [8]. On the other hand, a
recent Raman spectroscopic study suggested that the Se and Te atoms are randomly distributed in
the copolymeric [Se, Te]n chains with some preference for heteropolar bonding [9]. This structural

model is similar to that originally proposed by Bureau et al. [10] on the basis of a ’Se magic-angle
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spinning (MAS) nuclear magnetic resonance (NMR) spectroscopic study. These authors reported
the composition dependent variation of the relative fraction of different Se environments as
obtained from the simulation of the "'Se MAS NMR spectral line shapes. However, the
experimental conditions utilized by these authors ("’Se resonance frequency of 57.3 MHz and
spinning speed of 15 kHz) precluded complete separation of spinning sidebands from isotropic
peaks due to the relatively large chemical shift anisotropy (CSA) and chemical shift distribution
for 7’Se that are characteristic of the constituent Se environments. These authors also reported the
125Te MAS NMR spectra of these glasses, although the CSA and chemical shift distribution related
line broadening was found to be too large for 1%Te to retrieve any information regarding Te

speciation [10].

"Se and '®Te NMR spectroscopy remain challenging in chalcogenide glasses due to the
low natural abundance of these nuclides (~7% each), their long spin-lattice relaxation times, large
CSA and chemical shift range, which are particularly problematic for *Te. These issues result in
lengthy data collection and broad and unresolved NMR spectra. Some of these problems can be
alleviated effectively via the implementation of the two-dimensional magic-angle turning phase-
adjusted spinning sidebands (2D MATPASS) NMR technique. The MATPASS technique can
separate the CSA from the isotropic chemical shift, resulting in increased spectral resolution in the
isotropic dimension, while preserving the information contained in the CSA along the anisotropic
dimension [11]. This separation of isotropic and anisotropic chemical shift interactions results in
an isotropic NMR spectrum corresponding to a high-resolution MAS spectrum at infinite spinning
speed, i.e., free of any CSA-related broadening. Moreover, a consideration of CSA in combination
with isotropic shift can often provide unequivocal identification of structural units. The isotropic

vs. anisotropic separation experiment allows the use of high magnetic fields for increased
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sensitivity and resolution without requiring faster spinning with small sample volume rotors.
Finally, the application of the Carr-Purcell Meiboom-Gill (CPMG) echo train acquisition of the
MATPASS data can reduce the data collection time significantly [11]. In this chapter, I report the
results of a combined high-resolution "’Se and *°Te 2D MATPASS/CPMG NMR spectroscopic
study of the structure and chemical order in binary TexSeioox glasses with 0 < X < 35. The
compositional evolution of the relative fractions of different Se and Te environments as obtained
from the corresponding isotropic NMR spectra provides unique information on the bonding
preference of Se and Te atoms in these glasses. Additionally, the CSA of the Se sites, as obtained
from the anisotropic spectra, reveals the effect of the replacement of Se next-nearest neighbors

with Te.

4a.3 Experimental
4a.3.1 Sample synthesis and physical characterization

Binary TexSeioox glasses with x = 0, 10, 20, 25, 30, 35 were synthesized in ~14 g batches
from mixtures of constituent elements (Alfa Aesar, 99.999%) that were taken in evacuated fused
quartz ampoules and melted at 873 K for 12 hours. The melts were then quenched by dipping the
ampoules in ice-water. Chemical analysis of all glasses was carried out using an electron
microprobe (Cameca SE-100) equipped with wavelength dispersive spectrometers. The
compositions of all glasses were found to be within £0.5 at% of nominal and they were chemically

homogeneous at the micron-scale.

The density of these TexSe100-x glasses was measured using a Micrometritic Accupyc Il gas

expansion pycnometer under helium (6N purity) environment. For each measurement,
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approximately 1.0 g of glass sample was loaded into a 1 cm? cup. The reported densities in this

study are averages of 10 consecutive measurements at room temperature.
4a.3.2 NMR spectroscopy

The 2D ""Se and 12°Te MATPASS/CPMG NMR spectra for all glasses were acquired at
the National High Magnetic Field Laboratory using a 31 mm bore 19.6 T magnet equipped with a
Bruker Avance NEO console operating at the resonance frequency of 158.7 MHz and 262.3 MHz
for 7’Se and 1%Te, respectively. Glass samples were crushed and packed into 3.2 mm ZrO; rotors

and were spun at 10 kHz.

The MAT/CPMG pulse sequence [11] was used for "’Se with 7/2 and = pulses of 3.0 and
6.0 us, respectively. The method of States et al. [12] for hypercomplex data acquisition was applied
to the CPMG pulse phase and the receiver phase. The 2D acquisition consisted of 16 hypercomplex
t1 increments each with 36 transients, 81 CPMG echoes per transient and 75 s recycle delay, for a
total experimental duration of 24 hours per spectrum. For 1%Te, the projection version of the pulse
sequence, pjMAT/CPMG, [13] was used for covering the wider *>Te frequency range with all
pulses set to 2.7 ps. The 2D acquisition consisted of 16 hypercomplex t; increments spanning only
half a rotor period (-z/4 to +z/4), each with 360 transients, 13 CPMG echoes per transient and 30
s recycle delay, for a total experimental duration of 96 hours per spectrum. The 2D MAT spectra
were sheared to an isotropic/anisotropic representation in the direct/indirect dimensions during
processing, as detailed in Ref. [11]. The isotropic and anisotropic line shapes were simulated using
DMFit [14]. 7'Se and %°Te NMR spectra were externally referenced by recording the 'O signal
of natural abundance H>O and using the appropriate frequency ratios reported in the IUPAC
recommendations [15]. The chemical shift anisotropy (CSA) tensors reported here are defined

using the Haeberlen convention[16] as:
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where oxx, dyy, and Jz, are the principle components of the chemical shift tensor and diso is the

isotropic chemical shift. The magnitude of the CSA is 4, and the asymmetry of the CSA is denoted

by 7.
4a.4 Results and Discussion

'Se isotropic NMR spectra of the TexSeioox (x = 0 - 35) glasses are shown in Fig. 4a-1. The
""Se NMR spectrum of glassy Se shows a single symmetric broad peak with diso ~ 870 ppm, which
can be unambiguously assigned to a Se-Se-Se environment [17,18]. The initial addition of Te
gives rise to a new Se environment, which appears as a shoulder centered near diso ~ 750 ppm.
Progressive increase in the Te content results in an increase in the intensity of this shoulder as well
as the appearance of a low-frequency tail centered near diso ~ 600 ppm, which becomes prominent

in Te-rich compositions (x = 30). These two isotropic "’Se resonances can be assigned on the

basis of a previous study by Bureau et al. [10] to Se-Se-Te and Te-Se-Te environments,
respectively. Accordingly, the ’Se isotropic NMR spectra were fitted with three Gaussian peaks
to obtain the composition-dependent variation of the relative fractions for the three Se
environments (Fig. 4a-1). The intensity, position and width of these peaks corresponding to the
best fits are listed in Table 4a-1. The &is for these Se environments display a nearly linear shift to
lower frequency by ~ 100 ppm with the replacement of each Se nearest neighbor by a Te atom
(Table 4a-1). This trend and the absolute values of ”’Se &, are in qualitative agreement with those
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Figure 4a-1 Experimental (black solid lines) and simulated (red dashed lines) "’Se isotropic NMR
spectra for TexSe1oox glasses. Individual simulation components for Se-Se—Se, Se-Se-Te and Te—
Se—Te sites are denoted in blue, green and pink, respectively.

Table 4a-1 Simulation parameters for /’Se isotropic NMR line shapes.

Glass composition Se TewSeg TezSeso TexsSers TesoSern TessSess

Se-Se-Se

diso (£10 ppm) 869 878 882 876 844 826

peak width (10 ppm) 145 145 150 154 170 165

relative fraction (x5%) 100 81 65 56 48 39
Te-Se—Se

Siso (+10 ppm) 778 777 755 720 700

peak width (£10 ppm) 170 180 185 178 170

relative fraction (£5%) 19 30 37 43 49
Te-Se-Te

diso (£10 ppm) 680 694 590 570

peak width (£10 ppm) 185 183 185 177

relative fraction (£5%) 5 7 9 12




reported in previous '’Se MAS NMR studies of binary Se-Te and ternary Ge-Se-Te glasses as
well as with the density functional theory based calculations of "’Se NMR &iso Of these Se
environments in short Se-Te chain segments terminated by H atoms [10,19]. This trend was
attributed in a previous study [19] to the increased shielding at the central Se site as the more
electronegative Se atom pulls the large electron cloud from the nearest neighbor Te atoms towards
itself. The relative area fractions of these three peaks yield the compositional evolution of the
relative fractions of the Se-Se—Se, Se-Se-Te and Te-Se-Te Se environments (Table 4a-1). This
variation is shown in Fig. 4a-2 and is compared to two different structural models, namely the
chain crossing model and the random distribution model, to elucidate the bonding preference

between Se and Te atoms in these glasses.

The chain crossing model assumes a perfectly homogeneous distribution of the Te atoms
in the [Se, Te]n copolymeric chains such that the Te atoms are all separated by equal distance. On
the other hand, the random distribution model assumes a random spatial distribution of Te atoms
in the [Se,Te]n copolymeric chains such that there is no preference between the formation of
heteropolar and homopolar bonds for either Se or Te [10]. It is clear from Fig. 4a-2 that the Se
site speciation in these TexSe100-x glasses shows remarkable agreement with that expected from the
random distribution model, which suggests an equal preference for Se (Te) atoms to form Se-Se
(Te-Te) and Se—Te bonds. This result is in qualitative agreement with previous Raman and ’’Se
MAS NMR spectroscopic studies that suggest a nearly random distribution of Se and Te atoms in
the structure of these glasses [9,10]. However, it may be noted that these previous studies indicated
some preference for heteropolar bonding, while the Se speciation results obtained in the present

study suggest a perfectly random distribution within experimental error.
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Figure 4a-2 Compositional variation of (a) Se-Se-Se, (b) Se-Se-Te and (c) Te-Se-Te site
fractions obtained from simulations of ’’Se isotropic NMR spectra (black squares). Literature
values from a previous "’Se MAS NMR spectroscopic study (purple triangles) [10], chain
crossing model (dashed black line), random distribution model (solid red line), and partially
random distribution model with some preference for heteropolar bonding as reported in [10]
(dashed dotted black line). Solid triangles are data from [10] as determined from "’Se MAS
NMR spectra.
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The '°Te isotropic NMR spectra of Te,Sexoox glasses with 25 < x < 35 are shown in Fig.
4a-3. The short T relaxation time of %Te makes it practically impossible to obtain *Te
MATPASS NMR spectra of glasses with x < 25. It is clear that compared to the ’Se isotropic
NMR spectra in Fig. 4a-1 the *Te spectral line shapes display poorer resolution and signal:noise
ratio as the latter is severely broadened by the large chemical shift distribution that is characteristic
of the **Te nuclide. However, similar to Se, one expects the Te atoms to be present in three
different environments, namely Se-Te-Se, Te-Te-Se, and Te-Te-Te, consistent with the
observation that none of the '?°Te isotropic NMR line shapes can be fitted well with a single
Gaussian peak. Although attempts at simulation of these line shapes with three peaks
corresponding to the three Te environments did not lead to unique solutions, the peak positions
appear to be invariably located near disoc ~ 1100, 1300 and 1500 ppm. Previous ?°Te
PJMATPASS/CPMG NMR studies of As-Te glasses suggest that the lowest frequency peak near
1100 ppm corresponds to the Te-Te—Te environment [13]. Consequently, the **5Te dis, at ~ 1300
and 1500 ppm can be assigned to the Te-Te-Se and Se-Te-Se environments (Fig. 4a-3). An
example of such a fit is shown in Fig. 4a-3 where the relative areas of the three peaks were
constrained to remain close to the expected random distribution. Despite the lower signal:noise
ratio relative to the "’Se spectra, the compositional evolution of the %°Te isotropic NMR spectral
line shapes is thus consistent with a random distribution of Te atoms in the glass structure. It is
interesting to note here that the "Se and *Te dis, for the isostructural nearest-neighbor
environments of Se and Te atoms are approximately linearly correlated according to the relation:
Jiso(**°T€) ppm = 1.75* diso("’S€)ppm. Such linear relationships were also reported in previous NMR
studies of organoselenium and organotellurium compounds as well as of polychalcogenide anions

[20].
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Figure 4a-3 Experimental (black solid lines) and simulated (orange dashed lines) **Te isotropic
NMR spectra for TexSeioox glasses. Individual simulation components for Se-Te-Se, Se-Te-Te
and Te—Te—Te sites are denoted in blue, green and pink, respectively.
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Figure 4a-4 Molar volume of TexSe100x bulk glasses (filled squares) and crystals (open circles).
Straight lines represent the linear least squares fit to the experimental data. The molar volume
for amorphous Te film (open square) is from [21], while the data for the crystals are from [22].
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The molar volume of these TexSeioox glasses displays a linear increase with increasing Te
content (Fig. 4a-4). An extrapolation of this trend to pure Te shows good agreement with the
experimental molar volume of amorphous Te film, as reported in a previous study by Ichikawa
[21]. This molar volume trend of TexSeioox glasses is nearly parallel with that of crystalline
TexSe100-x solid solutions [22]. X-ray diffraction analysis of these crystalline alloys have been
shown to be consistent with Se and Te atoms forming copolymeric [Se, Te]n chains [23]. Therefore,
the similar linear compositional variation of the molar volumes of TexSeioox glasses in Fig. 4a-4
may be interpreted to be indicative of the presence of similar [Se,Te]n chains in the amorphous

state. This structural scenario is in clear agreement with the NMR results discussed above.

Further insights into the bonding environments in these glasses can be obtained from a
consideration of the CSA parameters. Unfortunately, 4 and # for the different Se and Te sites
cannot be readily isolated due to substantial overlap of the isotropic resonances for the different
environments, which is particularly severe for the 1%°Te spectral line shapes (Fig. 4a-3). However,
for the "Se NMR spectra, we have analyzed the anisotropic spectral slices taken at the diso for the
Se-Se-Te and Te-Se-Te sites where the overlap from the neighboring peaks is minimal. The
spinning sideband intensities of these anisotropic spectra and their simulations are shown in Fig.
4a-5. The average # for the Se-Se-Te and Te—Se—Te sites do not show significant variation and
vary between and 0.75 to 0.90. However, the 4 for these two sites (—180 ppm) is significantly
higher than that (—150 ppm) reported in a previous study[18] for the Se-Se-Se site in glassy Se.
Moreover, the 4 values for the Se-Se-Se sites decreases systematically from —150 to —170 ppm as
diso decreases from ~ 880 to 825 ppm, with increasing Te content (Fig. 4a-6). It is interesting to
note that similar trends were also reported in the literature for the Ge-Se system and were ascribed

to the replacement of Se with Ge as next-nearest neighbors with progressive addition of Ge [24].
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Therefore, it is tempting to speculate that Te has a similar effect on the 4 and diso of the Se nuclides
in the Se-Se-Se sites. This hypothesis is indeed consistent with the DFT based calculations
reported in a previous study that indicated a lowering of the ’Se diso of the Se-Se-Se site by 30

ppm as a Se next-nearest neighbor is replaced by a Te atom [19].

(a) Te-Se-Se site at 675 ppm

____________________________________________________________________

i : : A i i :
300 200 100 0 -100 -200 -300
’Se Anisotropic chemical shift (ppm)

(b) Te-Se-Te site at 528 ppm

200 100 0 -100 -200

"Se Anisotropic chemical shift (ppm)

Figure 4a-5 Representative experimental 7’Se NMR anisotropic spinning sideband intensities
(solid lines) for (a) Se—Se—Te and (b) Te-Se—Te sites in TexSe100-x glasses. Anisotropic slices for
these three sites are taken at diso = 675 and 528 ppm, respectively. Corresponding simulations
are shown as dashed lines.
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4a.5 Conclusion

’Se and %Te 2D MATPASS/CPMG NMR spectroscopy can provide increased site
resolution by separating and correlating the isotropic and the anisotropic chemical shift in two
dimensions. The "’Se isotropic NMR spectra allows for the identification of three different Se
environments, namely Se-Se-Se, Se—Se—Te and Te—Se—Te sites. The compositional variation of
the relative fractions of these sites suggest a completely random distribution of Se and Te atoms
in [Se, Te]n copolymeric chains. Such finding is also consistent with the compositional variation of
the molar volumes of these glasses. Moreover, the 1*Te isotropic NMR spectral line shapes can
be reconstructed by three different Te sites, namely Te—Te-Te, Te-Te-Se and Se—Te—Se sites,
with consistent diso and peak area ratios constrained by the random distribution model, which
indirectly confirms the 7’Se NMR results. Further insights into the local bonding environments are
provided by the ”’Se CSA parameters of all Se sites. The "'Se (}%Te) diso Values vary linearly with
the number of nearest-neighbor Te (Se) atoms. Additionally, the “’Se and ®Te i for
isostructural nearest-neighbor environments of Se and Te atoms are found to be linearly correlated.
The systematic dependence of 4 and diso Of the Se—Se-Se site with Te concentration can be

attributed to the appearance of Te atoms as next-nearest neighbors.
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Chapter 4b
Rheology of Supercooled Se-Te Chain Liquids: Role of Te as an

Interchain Cross-linker
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4b.1 Abstract

The shear relaxation behavior of supercooled SexTe100x (70 < X < 95) liquids are studied using
oscillatory parallel plate rheometry. The difference in the relaxation timescales of the slow bond
scission/renewal dynamics and the fast segmental chain motion that coexist in Se decreases
monotonically with progressive addition of Te, until only one relaxation process can be identified
in the SezoTeso liquid. This evolution of the relaxation dynamics mimics the rheological behavior
of Ge/As-Se liquids, when traditional chain crosslinkers such as Ge/As is added to Se. This finding
suggests that the Te atoms serve as pseudo-crosslinkers via secondary bonding interactions
between adjacent [Se,Te]n chains. This interchain interaction results in a lowering of the motional
degrees of freedom of the constituent chains in SexTeioo liquids in the supercooled region.
However, the compositional invariance of the superliquidus viscosity of these liquids suggests that

the interchain interaction constraint can be lifted at high temperatures.
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4b.2 Introduction

Selenium (Se) and tellurium (Te) are isoelectronic chalcogens with strong structural
similarities. The structure of stable crystalline polymorphs of Se and Te consist of polymeric [Se]n
or [Te]n helical chains, where Se and Te atoms are twofold coordinated and form lattices with
trigonal and hexagonal symmetry, respectively [1,2]. In addition, Se can also exist as a metatstable
monoclinic allotrope that consists of Seg rings [1]. On the other hand, recent high-resolution 'Se
NMR spectroscopic results have shown that amorphous Se derived via melt-quenching consists

practically solely of [Se]n chains, as no Se in the ring environment could be detected [3].

However, in spite of their structural similarities, Se and Te exhibit rather different glass
forming abilities [4,5]. Se forms bulk glass rather easily upon quenching of the parent melt, while
Te displays a strong tendency for crystallization upon supercooling and, therefore, forms glass
only in the form of thin films. This behavior of Te is believed to result from strong secondary
bonding interactions (SBI) between adjacent [Te]n chains. The SBIs between the neighboring Te
atoms in adjacent chains are thought to result from the overlap between the Te 5p electron lone
pair in one chain and the empty antibonding o* orbital of Te in an adjacent chain, and such
interactions can become as strong as the primary covalent Te-Te bonds within a chain [6]. These
interactions involving delocalization of Te 5p electrons are also believed to be responsible for its
higher metallicity compared to S or Se as well as the metallic character of liquid Te [6-10].
Another possible explanation for the metallic behavior of liquid Te is the shortening of [Te] chains
resulting from bond dissociation at high temperatures. This process can lead to an increased
density of unpaired electrons associated with the Te atoms at the chains terminations and electron

hopping between the short chain segments [11,12].
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Although the crystalline structures of Se and Te share strong similarities, the coordination
number of Te in the liquid phase has been debated for a long time. Previous studies based on
neutron diffraction suggested Te to be present in both twofold and threefold coordination with an
average coordination number of ~ 2.5 [13-16]. On the other hand, Silva and Cutler claimed on the
basis of optical spectroscopic studies that Te exists in twofold coordination in liquid Se-Te alloys
with up to 80% Te [11]. The bonding environment and the electronic interaction scenario for Te
is clear in its crystalline state [6]. However, such understanding is still lacking for amorphous Te
and tellurides, and could be crucial in building structure-property relationships in, for example, the
Ge-Sh-Te phase change materials that are utilized in optical memory technology [17]. Binary Se-
Te glasses constitute an interesting model system in this regard for the investigation of the SBI
associated with Te atoms as glasses in this system are characterized by relatively simple blended
copolymer [Se, Te]n chains of twofold coordinated Se and Te atoms [18-20]. Here we report the
results of a rheological study of supercooled binary Se-Te liquids to demonstrate that the existence
of such SBls is clearly manifested in the viscoelastic relaxation behavior of these liquids. The
proposed structural rationalization is found to be consistent with the compositional variation of the

viscosity and the glass transition temperature Ty.

4b.3 Experimental Methods
4b.3.1 Sample Preparation and physical characterization

Binary SexTe1o0x glasses with x = 95, 90, 80, and 70 were prepared in ~14 g batches from
constituent elements using the conventional melt-quench method in evacuated fused quartz
ampoules (6mm inner diameter). Mixtures of Se (Alfa Aesar, 99.999%) and Te (Alfa Aesar,

99.9999%) were taken in fused quartz ampoules that were evacuated (10~* Torr) and flame sealed
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prior to loading into a rocking furnace. The ampoules were heated to 873 K over a period of 11
hours and subsequently held at this temperature for 12 hours to ensure homogeneity. The ampoules

were then quenched in ice-water to obtain the glass samples.

All SexTeioox glasses were chemically analyzed using a Cameca SE-100 electron
microprobe equipped with wavelength dispersive spectrometers to check for possible micron-scale
phase separation. All glasses were found to be chemically homogeneous at the micron-scale and
their compositions were within 0.5 at% of nominal. The glass transition temperature Ty was
measured using a differential scanning calorimeter (Mettler-Toledo DSC1). Approximately 20 mg
powdered glass sample was hermetically sealed in a 40 uL aluminum pan. Scans were taken in a
flowing nitrogen environment with a heating rate of 20 K/min. Tq was determined to within + 2 °C

as the onset of the glass transition.

4b.3.2 Parallel Plate Rheometry

Small amplitude oscillatory shear (SAQOS) rheological measurements on the SexTe1oox
supercooled liquids were carried out in a flowing Ar gas atmosphere using an Anton-Paar MCR92
parallel plate rheometer. The rheometer was operated under oscillatory mode with an 8 mm upper
plate and a stationary lower plate with a gap of ~ 1 mm. Before the rheometry measurements, all
samples were heated above their softening point, pressed and then trimmed to form a sandwich-
like geometry between the plates. During each measurement, the samples were allowed to
equilibrate at each temperature for 5 minutes, followed by the application of oscillatory strain with
angular frequency o varying between 1 and 600 rad/s within the linear viscoelastic range of the
material and concomitantly the torque was measured to calculate the storage and the loss moduli

G” and G" as a function of m. Multiple measurements were carried out at multiple temperatures
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for each sample and master curves of G'(») and G"(w) were constructed using time-temperature

superposition (TTS). The viscosity master curves were then calculated from the relation

N(w)=————. Details of the experimental setup and procedure can be found in a previous
w

publication [21]. The SexTe1o0x glasses become increasingly susceptible to surface crystallization
as the Te content increases. Therefore, fresh samples were used for rheological measurements at
each temperature to avoid thermal cycling and each measurement was repeated on multiple
samples to ensure reproducibility. The physical appearance of the samples was checked
immediately after the end of each measurement, which indicated the lack of any discernible surface

crystallization.

4b.4 Results and Discussion

The o dependence of the storage modulus G' and the loss modulus G" of the SexTe100-x
supercooled liquids is shown in Fig. 4b-1 in the form of master curves after performing TTS to the
raw data at a nearly iso-viscous (~ 107 Pa.s) temperature. At low frequencies, in the terminal
regime, all liquids display G' < G” and a Maxwellian viscoelastic behavior with G' ~ w? and G"~
®. On the other hand, at the highest frequencies G' reaches a plateau which represents the high-
frequency glassy shear modulus of the liquid, which is on the order of a few GPa. At this point the
glass-forming liquids display a completely elastic behavior. The corresponding frequency-

V646"

dependent viscosity n(n) = — data in Fig. 4b-1 clearly demonstrate the expected rapid

frequency-dependent drop in viscosity in this regime with increasing o. More interestingly, G'
displays another plateau region at intermediate frequencies, marking the first onset of frequency
dependence of n (Fig. 4b-1). This plateau is most prominent in pure Se and SegsTes liquids and
still remains observable for the SegoTe1o liquid, while it is apparently absent in liquids with >20%
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Figure 4b-1 Master curves of the frequency dependence of storage modulus G’ (black squares),
loss modulus G (red circles), and viscosity (blue triangles) of SexTe10o0-x liquids. The composition
and the reference temperatures for TTS are listed in the inset of each panel. Data for pure Se are
shown for comparison and are taken from Zhu et al. [22].
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Te (Fig. 4b-1). Additionally, the low-frequency plateau modulus increases and the frequency
separation between the two plateaus decreases with progressive addition of Te. Recent studies
have reported a similar compositional evolution of G'(w) and G"'(w) in As-Se and Ge-Se liquids
as As or Ge is progressively added to Se. It was shown in these studies that the two plateaus in
G'(w) represent the existence of two relaxation processes with widely different timescales and
relaxation moduli. The slow and the fast processes associated with the low- and high- frequency
plateaus were found to correspond to Se-Se bond scission/renewal and Se chain segmental motion,
respectively [22,23]. The fast process involving Se chain motion disappears on progressive
addition of Ge or As to Se, due to the shortening of the chain segments as the chains are cross-
linked to form a rigid three-dimensional network. It was found that Se chain segments shorter
than ~ 3 to 5 Se atoms could not sustain the segmental motion as a pathway for shear relaxation

[24].

Previous structural investigations using Raman and "’Se nuclear magnetic resonance
spectroscopy indicated that the SexTe100-x binary glasses consist of [Se, Te]n chains [18-20] with
nearly random distribution of Se and Te atoms in the chains. Therefore, it is reasonable to assume
that, similar to Se, all SexTeio0x liquids would also exhibit two relaxation processes: segmental
chain motion and bond scission/renewal dynamics. However, as noted above, the evolution of the
G'(w) and G"(w) spectra of these liquids with progressive addition of Te mimics that observed
when known cross-linkers such as Ge or As are added to Se. The rheological data in Fig. 4b-1

suggest that, while Se-rich compositions (90 < x < 100) have two distinct relaxation processes,

further addition of Te results in a single relaxation process characteristic of network liquids.
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Additional insight regarding the timescale distribution for these two relaxation processes
can be gained from the corresponding relaxation spectrum H(t), which can be calculated following
Ninomiya and Ferry’s method [25]:

G'(aw) — G'(w/a) a’?  G'(a*w) -G (w/a?) —2G'(aw) + 2G'(w/a)
2lna "~ (a%—1)? 2lna

H(t) =

1/w=t

where a is the frequency increment on a logarithmic scale of the measurement. The H(t) master
curves for all compositions are shown in Fig. 4b-2. The two peaks in H(t) correspond to the most
probable relaxation times for the two processes (Fig. 4b-1). The presence of two relaxation
processes can now be discerned even in the case of the SegoTezo liquid (Fig. 4b-2). It is evident
from Fig. 4b-2 that the slow process displays a rather narrow and symmetric Debye-type
distribution of relaxation times, as would be intuitively expected for bond breaking dynamics,
while the fast process is characterized by a much broader distribution of relaxation times. The
relaxation strength of the slow process is significantly weaker, as bond scission/renewal events at
any instant in the structure are expected to be few and spatially far between. On the other hand,
the strength of the fast process is greater, and its broad time distribution is consistent with the
widespread cooperative segmental motion of the chain moieties. Moreover, the temporal coupling
between the two relaxation processes increases with increasing Te content, as the two peaks move
closer to each other at a similar viscosity level until only one relaxation process can be seen in the

highest Te containing SezoTeso liquid (Fig. 4b-2).

Simulation of these timescale distributions with Gaussian peaks (Fig. 4b-2) indicates that
the full-width-at-half-maximum (FWHM) of the distribution for the slow bond-breaking process
is compositionally invariant (FWHM ~ 0.55 log units), except for pure Se, where it is narrower
(FWHM ~ 0.35 log units). This result is possibly indicative of the fact that bond scission in Se-Te
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alloys involves three different bond types, namely Se-Se, Se-Te and Te-Te, as well as the
secondary bonds involving Te atoms, while pure Se has only Se-Se bonds. On the other hand, the
timescale distribution for the fast process is the widest for pure Se (FWHM ~ 2 log units) and it
decreases upon initial addition of Te (FWHM ~ 1.3 log units), beyond which it remains nearly
constant until it decreases again in the SezTeso liquid, where only one relaxation process is
observed (Fig. 4b-2). When taken together, these results are consistent with a scenario where
addition of Te to Se results in a strong SBI between chains, which effectively acts as pseudo-
crosslinking (Fig. 4b-3) with Te atoms serving as nodes that connect mobile selenium chain
segments. Therefore, the SBI reduces the flexibility of the [Se,Te]n chains with progressive
addition of Te atoms. Consequently, segmental chain motion becomes more difficult compared to
that in pure Se and eventually culminates in bond scission. Thus, as evidenced in Figs 4b-1 and 2,
the two relaxation processes become increasingly temporally coupled with addition of Te, until
only a single relaxation process is observed at the highest Te content. This pseudo crosslinking
effect would be expected to result in a more rigid structure in binary SexTeioo-x glasses compared
to that for pure Se. This hypothesis is indeed consistent with the observation that the Tq of SexTe1oo-
x glasses increases nearly linearly with Te content in this composition range (Fig. 4b-4). Moreover,
the increased rigidity of the structure is also evident in the temperature dependence of the viscosity
of SexTe1no-x liquids determined in the present study as well as the viscosity data reported in the
literature [26-29], which show a monotonic increase in isothermal viscosity with increasing Te
content (Fig. 4b-5). It may be noted here that the SBI between [Se, Te], chains introduced by Te is
likely weaker than the primary bonds introduced by conventional cross-linkers such as As/Ge, but
significantly stronger than, for example, van der Waals interactions. In fact, the typical interatomic

distance associated with the SBI is found to be somewhere intermediate between the characteristic
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Figure 4b-3 Cartoon showing SBI (dashed red line) between Te atoms in adjacent [Se,Te]n chain
segments in the binary Se-Te system.
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Figure 4b-4 Glass transition temperature T4 of binary SexTe1o0-x glasses.
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values for covalent bonding and for van der Waals interactions. For example, typical Te-Te
covalent bond length is ~ 2.7-2.8 A while, the Te-Te SBI distance is >3.0 A [6]. Therefore, the
presence of the SBI in SexTeioox glasses or liquids is not in any way indicative of an increased
coordination number of Te atoms. Consequently, unlike the network formed with As/Ge-Se, the
chain elements are retained in Se-Te. Therefore, the SBI-related constraints will likely be lifted at
high temperature and the dynamical behavior of [Se, Te]n chains would become quite similar to
those characteristic of [Se]n chains. This scenario is in agreement with the high-temperature
viscosity data for SexTe1o0x liquids, which show compositional invariance over a relatively wide

range of viscosity in the superliquidus region (Fig. 4b-5).
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Figure 4b-5 Temperature dependence of viscosity of pure Se and binary Se-Te liquids as reported
in the literature [26-29]. Inset shows the comparison between data collected in the present study
(filled symbols) and literature data (open symbols) in the supercooled region.
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Finally, the relative coupling of the fast segmental chain motion and the slow bond
scission/renewal dynamics to viscous flow can be estimated using the Maxwell relation according
to which the contribution to the viscosity # from the slow process is given by #s = Gszs and that
from the fast process is given by n¢= (Gt — Gs)tt ~ Gz [30]. The G and t in these equations are the
plateau shear moduli, and the relaxation time corresponding to the specific relaxation process,
respectively. The SegsTes supercooled liquid is chosen for this purpose since the rheological data
for this composition allow for direct determination of ts and tr at multiple temperatures from the
locations of the onset of frequency dependence of n(®), and Gs and Gr are estimated from Fig. 4b-
1 to be ~ 10° Pa and 10° Pa, respectively. The #s and #: are compared to the experimental #exp. for

the SegsTes supercooled liquid in Fig. 4b-6. It is clear from this comparison that both relaxation
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Figure 4b-6 Viscosity contributions from the slow process 7 (filled yellow pentagons) and from
the fast process 7 = Grrr (filled blue triangles) for supercooled SegsTes liquid are compared to

experimentally measured viscosity from the present study (filled red squares) and from literature
(open green circles) [27].
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processes are coupled to viscous flow in their respective temperature ranges. This result is likely
indicative of a mechanistic connection between the two dynamical processes in spite of their
widely separated timescales. Although the exact nature of this connection remains unclear at this
stage, it is tempting to speculate that the rapid segmental motion of the [Se, Te]n chains leads every
so often to a locally highly strained state such that the chain can recover from it only via the
breaking of a Se/Te-Se/Te bond. This hypothesis could be tested in future studies using molecular

dynamics simulations.

4h.5 Conclusion

Chalcogens such as S and Se are typically characterized by twofold coordination in their
elemental form as well as in a wide variety of crystalline and amorphous chalcogenide compounds.
However, the bonding behavior of the heavier chalcogen Te remains controversial as, compared
to the analogous sulfides and selenides, the increased metallicity of Te in its elemental form and
in tellurides is believed to result from its strong SBI. It is shown in the present study that this SBI
is manifested in the rheological behavior of SexTe100-x Supercooled liquids containing copolymeric
[Se,Te]n chains. Our rheological measurements presented demonstrate that the timescales of the

fast and slow relaxation processes in SexTeioox liquids with high Se content (80 < x < 100),

which correspond to segmental chain motion and bond scission/renewal events, respectively,
become increasingly coupled until only one relaxation process is observed for the SezoTezo liquid.
This gradual transition in the dynamical behavior is quite similar that displayed by Ge/As-Se
liquids with increasing relative concentration of the conventional crosslinkers, namely Ge and As.
When taken together, these results suggest that the SBI of Te results in a sufficiently strong
interchain interaction in the SexTe1o0-x liquids, such that Te atoms act as nodal points in the [Se, Te]a

chains, imparting rigidity and, consequently, Te acts as a pseudo-crosslinker. This scenario is
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shown to be consistent with the compositional variation of T4 of these liquids and their isothermal
viscosity in the supercooled regime. Moreover, the compositional invariance of viscosity at
superliquidus temperatures suggests that the constraints imposed by the SBI between the [Se,Te]n
chains are eventually overcome with increasing temperature. Viscosity contributions of the fast
and slow relaxation processes are estimated in the SegsTes supercooled liquid using the Maxwell
relation. Both processes are shown to be closely related to viscosity in their respective temperature

ranges, which might indicate a mechanistic coupling between them.
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Chapter 5a
Compositional Evolution of Structure and Connectivity in Binary P-
Se Glasses: Results from 2D Multinuclear NMR and Raman

Spectroscopy
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5a.1 Abstract

The atomic structure of binary PxSeioo-x glasses with 5 <x < 70 is investigated using Raman
spectroscopy and two-dimensional “’Se and 3!P isotropic-anisotropic correlation nuclear magnetic
resonance (NMR) spectroscopy. These spectroscopic results, when taken together, demonstrate
that the structure of PxSei00-x glasses with x < 50 consists primarily of -Se-Se-Se- chain elements,
pyramidal P(Se12)s units, ethylene-like 22SeP—PSe/» units, and Se=P(Se1)s tetrahedral units. The
chain structure of Se becomes increasingly cross-linked by P-Se polyhedral units and the degree
of connectivity increases with progressive increase in P content up to x ~50, at which point the -
Se-Se-Se- chain elements completely disappear, and the structure becomes highly rigid. The
compositional variation of the Se-Se-Se environments as obtained from the "’Se isotropic NMR
spectra reveals that the connectivity between the Se-Se and P-Se units in glasses with x < 50 is
intermediate to that of the random and the fully clustered scenarios. Further increase in P content
results in the formation of P4Sez molecules such that at x = 63 the structure becomes predominantly
molecular, consisting of P4+Ses molecules likely held together via van der Waals forces. The
structure of glasses with x > 63 is characterized by P4Sez molecules and likely non-molecular
P4Ses-like species, along with amorphous red phosphorus-like regions. These P4Ses-like moieties
and the amorphous red phosphorus-like units can connect to each other via P-P bonds and their
relative concentrations increase with increasing P content. This compositional evolution of
structural connectivity of PxSeioox glasses is shown to be consistent with the corresponding

variation in the glass transition temperature.
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5a.2 Introduction

Chalcogenide crystals and glasses have found important technological applications in the
areas of infrared photonics, phase change memory and remote sensing.[1-5] More recently crystals
in the P-Se system have been found to be highly efficient as an anode material for solid-state Na-
ion batteries.[6,7] The unusually large composition range for bulk glass formation and the
complex compositional variation of the structural building blocks make the binary P-Se system
somewhat unique among glass-forming chalcogenides. Consequently, the structure of P-Se
glasses has been investigated extensively in the past decades using a wide range of techniques
including Raman scattering, neutron diffraction, X-ray absorption and nuclear magnetic resonance
(NMR) spectroscopy.[8-15] Bulk glass formation in the P-Se binary system is reported in the
composition range 0 at.% < P < 80 at.% with a narrow gap centered around 57 at.% P
corresponding to the stoichiometry of PsSes molecules.[16] Previous Raman scattering, 3P magic-
angle-spinning (MAS) and two-dimensional (2D) J-resolved NMR spectroscopic studies [8-10,15]
have provided a detailed picture of the identification and the composition dependent evolution of
relative fractions of the constituent P-centric coordination polyhedra and short-range structure of
P-Se glasses. The structure of the Se-rich glasses (< 20 at.% P) consists of Se chains
interconnected primarily by Se=P(Sei»)s tetrahedra and P(Seir)s pyramids. As the P content
increases beyond 30 at.%, the P atoms exist predominantly in the form of P(Se1.)3 pyramids and
22SeP-PSez ethylene-like units, whereas in P-rich glasses with >50 at.% P, the P atoms are
incorporated in P4Ses @nd possibly P4Sez) molecules and also form amorphous red phosphorus-
like structural moieties.[9] Therefore, the structure of P-Se glasses evolves, with increasing P
content, from linear chains to highly crosslinked networks all the way to zero-dimensional

molecules and finally to molecules embedded in a polymeric matrix. Such structural complexity
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including the violation of the 8—N rule for P coordination, strong violation of chemical order via
the formation of P-P homopolar bonds even in Se-excess glasses and the formation of
predominantly molecular glasses can be contrasted with the relative structural simplicity of
selenide glasses containing conventional crosslinkers such as As or Ge that do not display such
behavior. Although the evolution of the short-range structure of binary P-Se glasses in terms of
the P speciation has been studied extensively throughout the glass formation range, little is known
regarding the speciation of the Se environments and the intermediate-range order in terms of the
connectivity between the constituent structural units. In this regard, the only systematic study, to
the best of our knowledge, was carried out by Eckert et al.[17] In this study the intermediate-range
order of P-Se glasses was described in terms of the connectivity between the Se—Se segments and
the P containing building blocks on the basis of results from 3P—""Se spin echo double resonance
(SEDOR) and in situ high-temperature ’Se wideline NMR spectroscopy.[17] Their results were
shown to be consistent with a model of random connectivity between these structural moieties.
However, such a conclusion could not be experimentally verified without the direct knowledge of
Se speciation in these binary P-Se glasses due to the lack of high-resolution Se NMR data. High-
resolution ”’Se NMR spectroscopy in chalcogenide glasses remains challenging owing to the low
natural abundance of "’Se (~7%), its long spin-lattice relaxation time, large chemical shift range
and chemical shift anisotropy (CSA). The last two problems can be addressed effectively via the
application of the 2D magic-angle-turning phase-adjusted spinning sidebands (MATPASS) NMR
technique, which can separate the CSA from the isotropic chemical shift in a separate dimension,
thereby avoiding any CSA-related broadening and consequently increasing the spectral resolution

in the isotropic dimension.[18] Moreover, the separation of isotropic shift from CSA allows the
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use of high magnetic fields for increased sensitivity and resolution without requiring fast spinning

of samples in small-volume rotors for CSA averaging.

It may be noted here that the chemical shift ¢ of a nuclide is a second rank tensor that can

be described using the principal components dxx, dyy, and dzz. The isotropic chemical shift diso iS

the average of these three components:
Siso = %(6“ +8yy + 822)
Following the Haeberlen convention these principal components are arranged such that:[19]
1822 = Bisol = 18xx — Sisol = |85y — Sisol

More commonly, however, the tensor is reported in terms of diso and the CSA expressed

by the reduced anisotropy A and the asymmetry parameter 7, which are related to the principal

components as:

A =16,,—biso
_ Oxx — Oyy
622 - 61’50

The CSA parameters A and m represent the deviation of the tensor from spherical and axial
symmetry, respectively. While &iso 0f a nuclide is characteristic of its coordination environment,
the CSA carries important complementary information related to the symmetry of its local
electronic environment. Therefore, the separation of isotropic and anisotropic chemical shifts in
two dimensions makes MATPASS a powerful NMR technique in the investigation of short- and

intermediate- range structural order in glasses. Here we present the results of a comprehensive
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structural investigation of binary PxSeioox glasses with 5 < x < 70 using high-resolution 2D "’Se
and 3P MATPASS NMR spectroscopy. The composition dependent evolution of the relative
fractions of different Se and P environments as obtained from the analyses of the '’Se and 3!P
NMR data are used in combination with Raman spectroscopic results to build a more complete

model of intermediate-range order and structural connectivity in these glasses.

5a.3 Experimental Methods
5a.3.1 Sample preparation and physical characterization

Binary PxSei00-x glasses with x = 5, 10, 20, 25, 30, 35, 40, 45, 50, 63, 67, and 70 were
prepared in ~12g batches from constituent elements using the conventional melt-quench method.
Mixtures of red phosphorus (Spectrum, 99.999%) and selenium (Alfa Aesar, 99.999%) were taken
in 6mm inner diameter quartz ampoules that were evacuated (10 Torr) and flame-sealed prior to
loading into a rocking furnace. The ampoules were slowly heated to 923 K over 13 hours and held
at this temperature for 36 h to ensure melt homogeneity. The ampoules were then quenched in

water to obtain the glass samples.

The glass transition temperature Tq of the PySeioo-x glasses was measured using a
differential scanning calorimeter (Mettler-Toledo DSC1). Approximately 15 mg of powdered
glass sample was hermetically sealed in a 40 uL aluminum crucible. Scans were performed at 10
°C/min under a continuously flowing nitrogen environment. Tq was determined to within £ 1 °C as

the onset of the glass transition.
5a.3.2 Raman spectroscopy

The Raman spectra of all glasses were collected in backscattered geometry using a

Renishaw 1000 Raman microscope spectrometer equipped with a He-Ne laser operating at a
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wavelength of 633 nm. Each Raman spectrum was collected at 50% laser power with 1 cm™

resolution. The backscattered light was detected using a charge-coupled device cooled at 200K.
5a.3.3 NMR spectroscopy

The 2D ""Se MATPASS/Carr-Purcell Meiboom-Gill (CPMG)[18] and 3P MATPASS[20]
NMR spectra for all glasses were acquired at the National High Magnetic Field Laboratory
(NHMFL) using a 31 mm bore 19.6 T magnet equipped with a Bruker Avance NEO console
operating at the resonance frequency of 158.7 MHz and 336.6 MHz for ’Se and 3'P, respectively,
and a Low-E double-resonance probe. Crushed glass samples were packed into 3.2 mm ZrO rotors
and spun at 10 kHz. The 7’Se spectra were acquired with n/2- and m-pulses of 3.0 and 6.0 ps,
respectively, and CPMG echo-train acquisition with 159 echoes was acquired for each transient to
enhance sensitivity. The method of States et al.[21] for hypercomplex data acquisition was applied
to the CPMG pulse phase and the receiver phase simultaneously. The 2D acquisition consisted of
16 hypercomplex t: increments each with 24 transients, and 110 s recycle delay, for a total
experimental duration of 23.5 h per spectrum. The 3P spectra were acquired with n/2- and n-pulses
of 2.6 and 5.2 ps, respectively. The 2D acquisition consisted of 16 complex t1 increments each
with 12 transients and 240 s recycle delay, for a total experimental duration of 12.8 h per spectrum.
The 2D spectra were sheared to an isotropic/anisotropic representation in the direct/indirect
dimensions during processing, as detailed in the works of Hung et al.[18,20] Representative 2D

31p and ""Se MATPASS spectra of PxSe1oo-x glasses obtained in this study are shown in Fig. 5a-1.

'Se MAS and 3P PASS NMR data were collected for the molecule-rich PxSeioox glasses
with x = 63, 67 and 70. The "’Se MAS spectra were collected at 19.6 T using the NHMFL system
described above with a m/2-pulse of 3.0 us, 5.0 s recycle delay, and 16 transients averaged per

sample. Crushed glass samples were packed into 3.2 mm ZrOz rotors and spun at 10 kHz. The !P
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Figure 5a-1 Contour plots of representative (a) 3P MATPASS and (b) ’Se MATPASS/CPMG
spectra of PxSeioox glasses. Glass compositions are indicated in the inset. Total projection along
isotropic dimension is shown on top of each plot (solid black line).
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PASS spectra were collected at UC Davis using a Bruker Avance spectrometer operating at 11.7
T (Larmor frequency of 202.4 MHz for 3'P) and a Bruker triple resonance MAS probe. Crushed
samples were spun at a rate of 6 kHz in 4 mm ZrO> rotors. The PASS pulse sequence consisted
of a m/2 pulse (1.95 ps) followed by a train of m pulses. The inter-pulse delays were rotor
synchronized according to the solutions of the PASS equations given by Antzutkin et al.[22] All
pulses were cogwheel phase cycled to eliminate the effects of pulse imperfections. The 2D
acquisition consisted of 32 hypercomplex t1 increments, each with 12 transients, and a recycle
delay of 20 s was used. All 7’Se and 'P NMR spectra were externally referenced by recording the
170 signal of natural abundance H,O and using the appropriate frequency ratios as reported in the
IUPAC recommendations.[23] The isotropic and anisotropic spectral line shapes, as obtained from
the MATPASS and PASS data, were simulated using the software program DMFit to obtain the
relative fractions of the various Se and P environments and their corresponding CSA

parameters.[24]

5a.4 Results and Discussion
5a.4.1 Raman Spectroscopy

The Raman spectra of all PxSeio0-x glasses are shown in Fig. 5a-2. The major bands in x <
50 glass compositions can be readily assigned on the basis of previous studies [8,10] to the Se—Se
stretching mode (~ 250 cm™), the symmetric and asymmetric stretching of P—Se bonds in
pyramidal P(Seiz)s units (~ 330 cm™ and 210 cm, respectively), the vibrational modes of
ethylene-like 22SeP—PSez/ units (~ 185 cm™, 330-350 cm and 370 cm™?), and the stretching of

the P=Se bonds in Se=P(Seu/2)s tetrahedral units (~ 500 cm™). The Se—Se stretching band at ~ 250
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cm is the most intense in Se rich glasses and its intensity decreases continuously with increasing

P content, whereas the intensities of the bands corresponding to the P containing
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Figure 5a-2 Unpolarized Raman spectra of PxSeio0x glasses. Glass compositions are listed
alongside the spectra.

structural moieties concomitantly increase up to 35% P (Fig. 5a-2). Above 35 at.% P, the intensity
of the 185 cm™ band continues to increase, while that of the 210 cm™ band decreases, suggesting
the incorporation of an increasing number of P atoms into the ethylene-like 22SeP—PSez/, units.
When taken together, these observations indicate that the Se chains are crosslinked by the various
P containing structural moieties and the average chain length is progressively shortened due to an

increasing degree of connectivity of the glass structure. This compositional evolution of the
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structure of P-Se glasses is in broad agreement with that reported in a previous study by Georgiev
et al.[8] However, it may be noted here that, in the Raman spectra reported by Georgiev et al., the
185 cm~* band corresponding to the 2SeP—PSez2 unit becomes barely noticeable for the first time
in the P20Sesgo glass, while in the present study a weak signature of this band can already be seen in
the spectrum of the P1oSeqo glass (Fig. 5a-2). This observation in the present study is consistent
with the 2D J-resolved 3'P NMR spectroscopic results on P-Se glasses reported by Bytchkov et
al.,[9] which have conclusively shown that the 2,2SeP-PSez/. units definitely appear in P-Se glasses

with >10% P.

Besides the abovementioned bands, new bands located at ~ 133, 213, 366, and 484 cm™,
which correspond to the intramolecular modes of P4Ses molecules,[15] appear in the Raman
spectrum of the PsoSeso glass (Fig. 5a-2). These molecular bands dominate the Raman spectra of
P-Se glasses with x> 63, indicating that the PsSez molecules are a major constituent of the structure
of these P-rich glasses (Fig. 5a-2). Finally, the appearance of bands at ~ 353 and 500 cm~in the
Raman spectra of these P-rich glasses is likely indicative of the formation of amorphous red
phosphorus-like structural moieties.[15] Therefore, when taken together these results suggest that
the nanostructure of the P-rich glasses consists of P4sSes molecules coexisting with amorphous red

phosphorus-like regions.

5a.4.2 3P NMR

The 3!P isotropic NMR spectra of the PxSe1oox glasses with x < 50 display two distinct
resonances centered at diso ~ 129 ppm and 10 ppm with the relative intensity of the former
increasing monotonically with increasing P content (Fig. 5a-3). Previous 3P NMR studies have

shown that the resonance near diso ~ 10 ppm can be assigned to the tetrahedral Se=P(Se1/2)s site

123



I3458655
I:’408660

o
AN
/\
VAN P Se,
AN
/\_/\

Psosem

I:)258675

I:)108e90

P_Se

400 300 200 100 0 -100 -200
*'P |sotropic Chemical Shift (ppm)

Figure 5a-3 3P isotropic NMR spectra of PxSeioox glasses. Glass compositions are listed alongside
the spectra.
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while the resonance located at diso ~ 129 ppm corresponds to P atoms in pyramidal P(Se1»)s
units.[9,11] These studies were able to show, on the basis of 3'P dipolar NMR and 2D J-resolved
3P NMR spectroscopic results, that this resonance also contained signal from P in 22SeP—PSez
units with diso ~ 125 ppm and that, with increasing P concentration, the relative contribution of
212SeP—PSezs units increased compared to that from P(Seiz)s units. The separation of the 3!P
isotropic and anisotropic shifts into two dimensions in the MATPASS and PASS NMR spectra
obtained in the present study allows for the determination of the chemical shift tensor parameters
A and n for the P sites from the simulations of the corresponding spinning sideband intensity
pattern in the anisotropic dimension (Fig. 5a-4). These simulations performed at several diso values
yield average values of A = —127 + 10 ppm and n = 0.9 £ 0.1 for the tetrahedral Se=P(Se1/2)3
environment and A =-78 £ 10 ppm and ) = 0.8 + 0.1 for the pyramidal P(Se1/2)3 and ethylene-like
212SeP—PSezs; environments. These 3P chemical shift tensor parameters for all PxSeioox glasses are
listed in Table 5a-1 and shown in Fig. 5a-5. As shown in previous studies, the resonance at diso ~
129 ppm is expected to be dominated by the P(Se1/2)s units near x=15, while the 22SeP—PSez/2 units
are expected to dominate near x=50.[9,11] Therefore, if the 3P chemical shift tensor parameters
for these two units are significantly different than one would expect a monotonic evolution of the
average values of A and | in the composition range 15 < x <50. However, it is apparent from Table
5a-1 and Fig. 5a-5 that within experimental error neither A nor n shows any significant change
with glass composition, although the average absolute value of A does appear to increase
monotonically from ~ 80 ppm to ~ 90 ppm with increasing P content in this composition range.
Unfortunately, the magnitude of the change in A is well within the experimental error (Fig. 5a-5)
and thus, the observed trend cannot be assigned unequivocally to a replacement of the P(Se12)s

units with the 22SeP—PSe,» units in the structure of these glasses with increasing P content.
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Although a full quantitative analysis of composition-dependent variation of the relative
fractions of all three types of P environments is prohibited by the complete overlap of the signals
from the P(Se12)s and 22SeP—-PSey sites in the isotropic 3P NMR spectra, the ratios for three- and
four-coordinated P environments in all glass compositions with x < 50 can be obtained by

integrating the corresponding peak areas. This procedure yields highly accurate speciation results

(a) o 8., = 127 ppm
? =78 ppm
o n=0.8
(b) ., =8 ppm
? ¢ A =-127 ppm
n=0.9
o @ ¢ T T c‘) @ o fa
L I 1 I L I 1 I
200 100 0 -100 -200

*'P Anisotropic Chemical Shift (ppm)

Figure 5a-4 Experimental (empty red circles) and simulated (black traces) 3P NMR spinning
sideband intensities in the anisotropic dimension for (a) three-coordinated P sites and (b) four-
coordinated P sites in PsSegs glass at diso ~ 127 ppm and 8 ppm, respectively.

for three- and four-coordinated P environments in these glasses as the isotropic spectra correspond
to MAS spectra at infinite spinning speed, which are free from CSA and dipolar coupling related
broadening interactions under MAS. The resulting relative fractions of these P environments show
smooth variation with composition as the relative fraction of three-coordinated P atoms increases
and that of fourfold coordinated P atoms decreases with increasing P content (Fig. 5a-6). A

comparison of these P-speciation data with those obtained in previous studies using regular 1D 3!P

MAS NMR (Fig. 5a-6) show reasonable agreement within experimental error except for glasses
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Figure 5a-5 Compositional variation of 3!P chemical shift tensor parameters A (a) and n (b) for
various P sites in PxSeioo-x glasses.
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with x <20, where the MAS speciation data show a gentler variation with composition, albeit with

a rather large scatter due to the weaker signal:noise of the corresponding spectra.[9,11]
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Figure 5a-6 Compositional variation of three-coordinated (filled red circles) and four-coordinated
(filled black squares) P site fractions obtained from simulations of 3'P isotropic NMR spectra in
this study and values reported in the literature from 3P MAS NMR (open symbols).[9,11] Dashed
lines through the filled symbols are guides to the eye.

In contrast to PxSeio-x glasses with x < 50, the 3'P PASS NMR spectra of glasses with x >
63 are dominated by strong and relatively narrow resonances centered at ~ 66 and —74 ppm that
can be readily assigned, on the basis of their relative area fractions of 1:3, to the apical and basal
P sites, respectively, in P4Sez molecules (Fig. 5a-3).[25] However, this ratio becomes closer to
1:2 in the 3P PASS NMR spectrum of the P7oSeso glass. These two sites differ significantly in
their CSA as simulations of the corresponding spinning sideband intensity patterns in the
anisotropic dimension yield A = 140 (-76) £ 10 ppm and = 0.8 (0.6) £ 0.1 for the basal (apical)

site (Fig. 5a-7, Table 5a-1). It may be noted that these resonances, albeit weak, are clearly

detectable in the 3'P isotropic spectrum of the PsoSeso glass, indicating the first appearance of P4Ses
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Figure 5a-7 Experimental (empty red circles) and simulated (black traces) 3P NMR spinning
sideband intensities in the anisotropic dimension for (a) apical and (b) basal P sites in PsSes
molecules in Pe3Ses7 glass, respectively.

Table 5a-1 3!P chemical shift anisotropy parameters for PxSeioox glasses.

3-coordinated P 4-coordinated P Apical P site in Basal P site in
site site P4Ses P4Ses
A (%10 L A (=10 1 A (=10 L A (%10 L
PPM) 01y | PP™ | woqy | PP | o) | PP™ | (x0.)
PsSegs -78 0.8 -127 0.9 - - - -
P10Seg -80 0.7 -133 0.9 - - - -
P20Seso -80 0.7 -132 0.9 - - - -
P2sSers -80 0.7 -133 0.9 - - - -
P30Sero -81 0.7 -132 0.9 - - - -
P3sSees -83 0.8 -130 0.9 - - - -
PaoSeso -86 0.7 - — - - - -
PasSess -88 0.7 - - - - - -
PsoSeso -88 0.8 - - - - -143 0.8
Pe3Sesr - - - - -76 0.6 -140 0.8
Pe7Sess - - - - =77 0.6 -141 0.8
P70Se30 - - - - -76 0.6 -142 0.8

129



molecules in the structure of this glass as P content is increased in the PxSeioo-x System (Fig. 5a-3).
The 3P NMR spectra of glasses with x > 63 glasses also contain a broad resonance centered at ~
90 ppm that was assigned in the literature to P atoms in amorphous red phosphorus type
environments and three relatively weak resonances near 150, 30 and —125 ppm, which have not
yet been conclusively assigned to specific structural units. Based on a recent 3P NMR study of
bicyclic P-Se compounds[26] here we tentatively assign these resonances near 150, 30 and —125
ppm to the P sites in various isomeric, albeit non-molecular, P4sSes moieties that are characterized
by an opening of the P3 basal ring in the original P4Ses molecules (Fig. 5a-8). This ring opening
enables these moieties to establish connection to the amorphous red phosphorus domains via P-P

bonds (Fig. 5a-8).

ePr
© Se

Figure 5a-8 Cartoon showing structure of PxSeioo-x glasses with X > 63 consisting primarily of
isolated P4Ses molecules and amorphous red phosphorus-like regions with the latter being
occasionally crosslinked by P-P bonds with P4Ses-like units denoted in dashed boxes.

This structural scenario is consistent with the observation that the ratio of the apical:basal P sites

increases from 1:3 in PxSe1oox glasses with x < 66.7 to 1:2 in the P70Seso glass. The formation of
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such PsSes-like moieties is also consistent with the observation that the Raman spectra of PxSe1oo-
x glasses with x > 63 do not show significant change with composition in terms of the appearance
of any new band corresponding to the appearance of other distinctly different molecular units (Fig.
5a-2). As discussed below, further corroboration of this hypothesis comes from the 7’Se MAS
NMR spectra of these glasses with x > 63 (see below). It is interesting to note that, in these high-
P glasses, the relative concentrations of the amorphous red phosphorus-like regions and these
P4Ses-like moieties rise with increasing P content, resulting in an increase in the average structural

connectivity as the P content increases from 63 to 70 at.% (Fig. 5a-3).

5a.4.3 "Se NMR

The ""Se isotropic NMR spectra of these PxSeioox glasses are shown in Fig. 5a-9. The
spectra of glasses with x < 50 are dominated by two broad resonances centered at diso Of ~ 853 and
~ 700 ppm (Fig. 5a-9). However, a self-consistent simulation of these spectral line shapes over
this composition range warrants the use of three Gaussian peaks centered at 830-850 ppm, 750-
760 ppm and 575-630 ppm. These peaks can be assigned to Se-Se-Se, Se-Se-P and P-Se-P
environments, respectively.[27] The corresponding simulation parameters are listed in Table 5a-
2. Itis clear from Table 5a- 2 that the intensity of the peak at 830-850 ppm progressively decreases
and its Jiso shifts to higher frequencies with increasing P content. A similar shift in "’Se diso for
this resonance has been observed in the past in the ’Se NMR spectra of Ge-Se and As-Se glasses
and can be attributed to the appearance of P as next-nearest-neighbors as the Se chain length is
shortened due to their progressive cross-linking by P atoms.[28,29] It is interesting to note that

the diso Of the P-Se-P resonance shows an even larger shift to higher frequencies with increasing P
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Figure 5a-9 Experimental (solid black line) and simulated (dashed purple line) "’Se isotropic
NMR spectra of PxSeioox glasses with x < 50. Individual simulation components for Se—Se—Se,
Se-Se—P and P-Se—P sites are denoted in orange, green and blue, respectively. The simulation
component in pink in the spectrum of PsoSeso glass corresponds to P—Se—P sites in PsSes
molecules.
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content compared to that of the Se-Se-Se sites (Table 5a- 2). It may be recalled that the P speciation
in these glasses changes from being predominantly a combination of Se=P(Se1/2)3 and P(Se12)3
sites to being dominated by the 22SeP—PSez. sites with increasing P content. Consequently, the P-
Se-P environment becomes increasingly representative of the type that connects the 22SeP—PSez/
sites forming P-P-Se-P-P connections. The high-frequency shift of the P-Se-P resonance with
increasing P content can therefore be again attributed to the presence of P as next-nearest neighbors.
Simulation of the spinning sideband intensity pattern in the anisotropic dimension (Fig. 5a-10)
yields average CSA tensor parameters of A = -151 + 10 ppm; n = 0.9 £ 0.1 for the Se-Se-Se
environment, and A = 290 + 10 ppm; n = 0.9 + 0.1 for the P-Se-P environment. These "’Se
chemical shift tensor parameters for all PxSe100-x glasses are listed in Table 5a-3 and shown in Fig.

Sa-11.

(a) 0] 8ist:\ = 866 ppm
=-151 ppm

¢ n=0.9

(o}
8., = 605 ppm
(b) 0
? o A =290 ppm

n=0.9

o o ¢ % i} P o
[ I 1 I 1 I 'l
400 200 0 -200 -400
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Figure 5a-10 Experimental (open red circles) and simulated (black traces) ’Se NMR spinning
sideband intensities in the anisotropic dimension for (a) Se—Se—Se sites in PsSegs glass and (b) P—
Se—P sites in P3oSero glass, taken at diso ~ 866 ppm and 605 ppm, respectively.
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Table 5a-2 ”’Se NMR parameters used for simulation of /’Se isotropic NMR line shapes. Asterisks
denote P-Se-P site in P4Sez molecules.

Glass
o PsSegs | P1oSeg | P20Seso | PasSers | P3oSero | P3sSess | PaoSeso | PasSess PsoSeso
composition
Se-Se-Se
5iso (ilO
853 853 846 844 840 832 831 827
ppm)
peak width
140 140 140 140 140 140 140 140
(10 ppm)
relative
fraction 78 65 47 39 35 24 17 13
(x5%)
Se-Se-P
6iso (ilo
755 758 758 756 756 756 751 758 759
ppm)
peak width
155 155 155 155 157 157 157 157 155
(20 ppm)
relative
fraction 14 23 30 34 34 33 30 28 16
(£5%)
P—Se-P
Siso (ilO
634 629 620 615 612 600 589 587 | 575 | 819*
ppm)
peak width
179 179 179 179 179 179 179 178 176 | 127*
(20 ppm)
relative
fraction 8 12 23 27 31 43 53 59 75 9*
(£5%)
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Figure 5a-11 Compositional variation of 7’Se chemical shift tensor parameters A (a) and 1 (b) for
various Se sites in PxSeioox glasses.
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In contrast to glasses with x < 50, the "Se MAS NMR spectra of P-rich glasses with x >
63 show only one Se resonance centered at ~ 826 ppm (Fig. 5a-12).  In spite of the similarity in
diso OF this resonance with that of the Se-Se-Se environment, the CSA tensor parameters for the
former (A =—90 = 10 ppm; n ~ 0.3 £ 0.1) are found to be distinctly different from those (A =-151
+ 10 ppm; n ~ 0.9 £ 0.1) characteristic of the latter (Table 5a-3, Figs. 5a-11, 13). As shown by the
Raman and 3P NMR spectroscopic results, PsSes molecules are a major constituent of the structure
of these P-rich glasses and consequently this Se resonance centered at ~ 826 ppm can be assigned
to the P—Se—P sites inthese molecules. This structural assignment is consistent with the previously
reported ’’Se Jiso (~ 800 ppm) for crystalline P4Ses in the literature.[30] Moreover, it is important
to note that the width of the 7’Se MAS NMR resonance in these high-P glasses progressively
increases with increasing P content from 63 at.% to 70 at.% (Fig. 5a-12). The "’Se MAS NMR
spectrum of Pe3Sesz glass displays the narrowest linewidth, which is consistent with a tight
distribution of P-Se-P angles and P-Se distances, as would be expected for a molecule such as
PsSes. The increased "’Se MAS NMR linewidth in Pe;Sess and ProSeso glasses indicates an
increase in the heterogeneous broadening that can be ascribed to a wider range of P-Se-P angles
and P-Se distances that is likely associated with the appearance and increasing concentration of

the P4Ses-like structural moieties as hypothesized above.

Finally, the compositional variation of the relative fractions of Se-Se-Se, P-Se-Se and P-
Se-P environments in glasses with x < 50, as obtained from the simulations of the ’’Se isotropic
NMR spectral line shapes, is shown in Fig. 5a-14. The monotonic decrease in the relative fraction
of Se-Se—Se environments provides evidence in favor of the shortening of Se chains with
increasing P content. On the other hand, the P-Se—P fraction shows an opposite trend of monotonic

increase, while the Se—Se—P fraction displays a local maximum at ~ 25-30 at% P (Table 5a-2). In
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Figure 5a-12 "’Se MAS NMR spectral line shapes of PxSeioox glasses with x > 63. Glass
compositions are listed alongside the spectra.
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Table 5a-3 7’Se chemical shift anisotropy parameters for PxSeioo-x glasses.

Se—Se—Se site P—Se—P site P—Se—P site in P4Ses
A (£10 M A (£10 M A (£10 L
ppm) (0.1) Ppm) (0.1) Pprm) (£0.1)
PsSegs -150 0.9 272 0.9 - -
P10Seg0 -152 0.9 286 0.9 - -
P20Sego -154 0.9 288 0.9 - -
P2sSers -159 0.9 291 0.9 - -
P30Se7o -163 0.9 289 0.9 - -
P3sSess - - 282 0.9 - -
P40Seso - - 288 0.9 - —
PsSess - - 284 0.9 - —
PsoSeso - - 285 0.9 - -
Pe3Sesr - - - - -82 0.2
Pe7Se€33 - - - - -92 0.3
P70Se30 - - - - -100 0.4
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Figure 5a-13 Representative simulation (dotted line) of ”’Se MAS NMR spectrum (solid line) of
Pes7Sess glass.
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Figure 5a-14 Compositional variation of Se-Se—Se (blue square), Se—Se—P (red circle) and P—-Se—
P (green triangle) site fractions obtained from simulations of "’Se isotropic NMR spectra.
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order to better understand the spatial distribution and connectivity between the Se-Se and P-Se
linkages in the structure, the compositional trend of the Se—Se—Se environments is compared with
the predictions of several models (Fig. 5a-15). Among these models the chain crossing model
assumes that all P-containing structural moieties are separated by at least one Se—Se unit such that
no P-Se- P linkages exist, whereas the clustering model assumes that these moieties are all linked
together via P-Se—P bridges to form P-rich regions. Clearly the presence of a significant fraction
of Se-Se-P sites in these glasses indicates that the clustering model does not accurately describe
the connectivity between the Se-Se and P-Se units in these glasses. The random model on the
other hand simply considers a random spatial distribution of Se-Se and P-Se units in the glass
structure.[17] AIll model calculations also take into account the presence of the terminal P=Se
bond on the Se=P(Se12)s units and the P-P bond on the 22SeP—-PSez units.[17] It is clear from
Fig. 5a-15 that both random and chain crossing models describe the experimental data well for the
Se-Se-Se site fractions at low P contents (x ~20), whereas the experimental data at higher P
contents falls between the random and clustering model predictions. This result based on high-
resolution "’Se NMR spectra is significantly different from the findings of Maxwell et al.,
especially for compositions with x > 30, where their data based on high-temperature ’Se NMR
and 3'P-""Se SEDOR NMR suggested a random connectivity between the Se-Se and P-Se units.[17]
These authors claimed that their Se-Se-Se speciation results as obtained from high temperature
"Se NMR were more accurate than those from SEDOR NMR since the imperfections of the 180°
pulse on the 3P channel resulted in less than 100% 3!P inversion efficiency for the latter
experiments, and thus in an over estimation of the Se-Se-Se site population. However, we argue
that the 7’Se isotropic NMR spectra obtained in the present study using 2D /’Se MATPASS/CPMG

NMR provide superior resolution and accuracy of selenium speciation compared to the high-
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Figure 5a-15 Compositional variation of Se—-Se—Se site fraction (black squares) compared with
that predicted by the clustering (inverted blue triangles), random (pink circles), and chain crossing
models (green triangles). Fractional concentration of Se-Se-Se environment in P-Se (open pink
hexagons) and As-Se (open blue diamonds) binary glasses reported in previous studies is also
included for comparison.[17,28]

temperature “’Se NMR spectra reported by Eckert and coworkers in these pioneering early
studies.[17] Therefore, the experimentally observed selenium speciation in these PxSe100-x glasses
with x < 50 indicates that the spatial distribution of the constituent structural building blocks is
best described as intermediate to that predicted by the random and the clustered scenarios. This
result can be contrasted with the Se-Se-Se speciation in binary AsxSeioo-x glasses, which follows a
random distribution as shown in Fig. 5a-15.[28] One of the striking features of the PxSe1oo-x glasses
is the abundance of P-P bonds as exemplified by the ethylene-like 22SeP—PSez/> units in Se-excess
or stoichiometric compositions (P <40 at.%), whereas analogous species are not present in the
corresponding AsxSe1oo-x glasses.[9] In fact, the Raman spectroscopic results presented in this

study show that P-P bonds appear for the first time in a highly Se-excess composition with only ~

10 at.% P. On the other hand, while the structure of the stoichiometric As4oSeso glass consists
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almost exclusively of AsSes» pyramids, the structure of the PsoSeso glass consists predominantly

of 22,SeP—PSe/» units.[9,28]

5a.4.4 Structural connectivity and glass transition behavior

The Tg of all PxSe1oo-x glasses determined in this study are shown in Fig. 5a-16. The values
are in general in good agreement with those previously reported in the literature.[8,9,31-34]
However, it may be noted that, while all glasses prepared in the present study display a single glass
transition, Bytchkov et al. reported the observation of two Tg4 for the Pe7Sess glass.[9] This
discrepancy could perhaps be related to a lack of homogenization of the sample during melting in
the latter study. The highly non-monotonic compositional variation of Tq for these glasses as seen
in Fig. 5a-16 is completely consistent with the corresponding structural evolution. When taken
together, the Raman, 3P and ""Se NMR spectroscopic results indicate that the structural
connectivity of the PxSe1o0-x glasses increases with progressive addition of P to Se up to x ~50, at
which point the -Se-Se-Se- chain elements disappear and the structure becomes highly rigid. This
structural evolution is in accordance with the corresponding increase in Tq with P content in this
composition range (Fig. 5a-16). The Tg increases slowly up to ~ 40% P as the Se chains are
increasingly cross-linked by P atoms and the average Se chain length decreases. As P content
increases to 50 at.% the Se chain elements completely disappear and the structure becomes fully
cross-linked via P-Se-P linkages and Tq rapidly increases by ~ 100 °C (Fig. 5a-16). Beyond this
point, further addition of P results in the formation of P4Ses molecules, which drastically lowers
the connectivity of the structure. The concentration of these molecules in these glasses maximizes
near X ~63 and correspondingly Ty decreases by nearly 180 °C. At higher P concentrations the

structural connectivity increases again as the amorphous red phosphorus like regions become
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dominant and, consequently, Tq increases by ~ 40 °C as P content increases from 63 to 70 at.%.
This compositional evolution of the structural connectivity and of Tq of PxSe100-x glasses can be
contrasted with that reported in the case of AsxSei100-x glasses by Yang et al.[35] While the PxSe1oo-
x glasses show a maximum in Tg at x = 50, for the AsxSe100x glasses this maximum is located at the
stoichiometric composition, i.e., at x = 40. This difference can be readily attributed to the early
appearance of the AssSes and AssSes cage molecules in Se-deficient AsxSeioo-x glasses with x > 40
while, the appearance of the PsSez molecules is delayed in PxSeioo-x glasses until x >50.[35]
Moreover, compared to the PxSeioox System, near x ~ 60 the molecule content appears to remains

significantly lower in the AsxSeioox glasses, which is consistent with a smaller drop in Tg in the

latter.
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Figure 5a-16 Composition dependence of T4 of binary PxSeioox glasses determined in the present
study (filled squares) and those reported in the literature (open symbols).[8,9,31-34]
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5a.5 Conclusion

The compositional evolution of structure and connectivity of PxSeioox glasses with 5 <x <
70 is studied using a combination of Raman, "’Se and 3!P NMR spectroscopy. Progressive addition
of P to Se in glasses with x < 50 results in cross-linking of Se chains via pyramidal P(Se1/)3 units,
ethylene-like 22SeP—PSez/2 units, and Se=P(Se/2)s tetrahedral units, which ultimately leads to the
disappearance of the chain units and the formation of a rigid network structure of corner-shared P-
Se polyhedra at x ~ 50. Correspondingly, in this composition range the relative concentration of
the Se-Se-Se (P-Se-P) sites monotonically decreases (increases) with increasing x, and that of the
P-Se-Se units goes through a maximum near x ~ 30. Additionally, the systematic compositional
variation of "’Se &is, of Se-Se-Se and P-Se-P sites is found to be related to the number of P atoms
as the next-nearest-neighbors. The connectivity between the P-Se and Se-Se building blocks in
this composition range is best described as intermediate to that of the random and clustered
scenarios. The largely connected network of P-Se polyhedra in the PsoSeso glass gives way to a
structure made primarily of P4Ses molecules held together by van der Waals forces in the PesSesy
glass. In fact, the first appearance of these molecules is observed in the 3P NMR spectrum of the
PsoSeso glass. Further increase in the P content in glasses with x > 63 results in an increasingly
connected network via a decrease in the relative concentration of the P4Ses molecules and the
appearance and increase in the concentration of amorphous red phosphorus-like structural moieties
and PSes-like groups that are likely linked via P-P bonds. The overall evolution of the structural

connectivity is consistent with the pronounced nonmonotonic compositional variation in Tj.
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Chapter 5b
Structural Control on the Rheological Behavior of Binary P-Se

Supercooled Liquids
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5b.1 Abstract

The link between the atomic structure and the shear relaxation behavior of PxSeioox (0<X
< 25) supercooled liquids is investigated using Raman spectroscopy and parallel plate rheometry.

The P atoms in these glasses form Se=P(Se12)3, P(Se12)3 and 2,2SeP-PSez.2 units, which serve as
cross-linkers of the [Se]n chain segments. The frequency dependence of the storage and loss moduli
as well as the relaxation spectra H(t) indicate that liquids with >85% Se are characterized by the
coexistence of a slow and a fast relaxation process corresponding to bond scission/renewal and Se
chain segmental motion, respectively. On the other hand, liquids with <85% Se display only the
bond scission/renewal process. The H(t) spectra suggest that the relaxation-time t distribution for
Se chain dynamics is a sensitive function of the chain length, while that for bond scission/renewal

is controlled by the variety of bond types and structural moieties involved.
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5b.2 Introduction

The rheological behavior of supercooled glass-forming liquids is intimately linked to their
viability for various processing techniques [1,2]. Thus, a fundamental understanding of the
structural control on the rheological behavior of glass-forming liquids is of paramount importance
in the optimization of the corresponding processing parameters. Comprehensive and systematic
studies in this direction have recently been carried out on a variety of binary chalcogenide glass-
formers in the As-Se, Ge-Se, Se-Te and As-S systems [3—7]. While the structure of glassy/liquid
Se consists primarily of two coordinated Se atoms forming polymeric [Se]» chains [8], the addition
of Ge or As results in progressive cross-linking of these chains and a concomitant shortening of
the segmental chain length [9-11]. Rheological studies of supercooled Se-rich liquids using small
angle oscillatory shear (SAQOS) have shown the existence of a slow and a fast relaxation process
with widely different timescales and relaxation moduli. The slow and fast processes were shown
to correspond to bond scission/renewal and segmental motion of Se chains, respectively [12,13].
Progressive shortening of the Se chain length with increasing Ge/As concentration leads to an
increase in the timescale of the segmental chain motion, as this dynamical process becomes
increasingly dependent and thus temporally coupled to the bond scission/renewal [3,4]. Although
all slow relaxation processes correlate to the bond scission/renewal event, some variations still
exist in between systems because different chemical bonds/interactions are involved in different
structural environments. For instance, the bond scission/renewal process in the binary Se-Te
system involves not only the possible Se-Se, Se-Te, and Te-Te bonds, but also the strong secondary
bonding interactions between adjacent chains, resulting in a much broader relaxation time
distribution when compared with the slow relaxation process in pure Se [6]. This structural

evolution of the viscoelastic relaxation ultimately results in the disappearance of the segmental
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chain motion across all binary systems as the Se chain segments become too short (< 3 to 5 Se
atoms) to sustain the segmental motion [3]. At this point the shear relaxation of these liquids is
entirely controlled by the bond scission-renewal dynamics. While segmental chain motion is
expected to be a function of the effective chain length, the bond scission/renewal is expected to be
controlled by the bond types associated with the various structural moieties in the liquid. In fact,
an analysis of the relaxation spectrum derived from the frequency dependent shear modulus data
has shown that, compared to pure Se, binary Se-Te liquids with copolymeric [Se, Te]n chains
display a broader distribution of the bond scission/renewal timescales [6]. This result was
hypothesized to be indicative of the fact that, unlike pure Se consisting of only Se-Se bonds, bond
scission in Se-Te alloys involves a variety of bond types, including Se-Se, Se-Te and Te-Te, as
well as the secondary bonds involving Te atoms. Here we extend such studies to the supercooled
liquids in the binary P-Se system to systematically investigate the effect of a wide variety of

different bond types, structural moieties and connectivity on the viscoelastic relaxation behavior.

The P-Se system exhibits an extensive glass formation range which can be divided into two
regions, the Se-rich region with 0 < x < 54 and P-rich regions with 64 < x < 84. The narrow
composition window in between these two regions is centered on the P4Ses stoichiometry, which
displays high crystallization tendency [14]. The composition-dependent structural evolution in the
Se-rich and P-rich glass formation regions has been extensively investigated by Raman scattering,
and solid state "’Se and 3P nuclear magnetic resonance (NMR) spectroscopy [15-21]. These
studies have indicated that the structure of P-Se glasses with P content below 30 at.% consists
primarily of Se=P(Se12)s tetrahedral units and P(Seu2)s pyramidal units linked by [Se]n chains.
The relative fraction of the [Se]n chains decreases with increasing P content and the structure

changes to a polymeric network consisting predominantly of 22SeP-PSez2 and some P(Se1/2)3 units
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that are connected via short Se-Se segments. Finally, at P contents of >45 at.% a significant
amount of embedded P4Ses molecules appear in these glasses. Previous variable-temperature 3P
and "'Se NMR spectroscopy studies [22—24] showed the presence of two types of dynamical
processes in P-Se liquids within this composition range: at low P contents (<25%) the dynamics
involve Se site exchange between Se-bonded and P-bonded Se via reaction 1 (see below), while at
higher P contents (>30%) the process involves the interconversion between different P sites as

represented by equations 2 and 3 below:

P(Se1r)s + Se « Se=P(Se1)3 1)
P2(Se1z)s + Se & 2P(Se1)s (2)
3P2(Se12)s & 2P(Se1)s + P4Ses 3)

Therefore, the liquids in the P-Se system with their rich structural complexity lend
themselves as ideal candidates for an exploration of the effects of the variety in bonding and
structural moiety and connectivity on the shear relaxation behavior. Here we investigate such
effects in a detailed rheological study of the shear relaxation behavior of binary P-Se supercooled
liquids with <25 at.% P using small amplitude oscillatory shear (SAOS) measurements. The glass
structure was characterized using Raman spectroscopy and correlations between glass structure

and shear relaxation behavior are discussed in detail.

5b.3 Experimental Methods
5b.3.1 Sample preparation and characterization

Binary PxSeioo-x glasses with x = 5, 10, 15, 20, and 25 were synthesized in ~12 g batches
using the conventional melt-quench method. Elemental red phosphorus (Spectrum, 99.999%) and

selenium (Alfa Aesar, 99.999%) were mixed together in stoichiometric ratios and subsequently
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flame-sealed in evacuated (10~ Torr) quartz ampoules. The ampules were then sealed and placed
in a rocking furnace, slowly heated to 923 K over 13 hours and held at this temperature for 36 h to
ensure melt homogeneity. The melts were subsequently quenched to form glass by dipping the

ampoules in water.

The glass transition temperature T of these PxSe100-x glasses was measured using a Mettler-
Toledo DSC1 differential scanning calorimeter. Approximately 15 mg of powdered glass sample
was loaded in a hermetically sealed 40 puL aluminum crucible, and scans were performed at 10
°C/min under a continuously flowing nitrogen environment. Tq was determined to within £ 1 °C as
the onset of the glass transition. The unpolarized Raman spectra of all glasses were collected in
backscattering geometry with a resolution of 1 cm2, using a Renishaw 1000 Raman Microscope
System equipped with a diode laser operating at a wavelength of 785 nm. Backscattered light was

detected using a charge-coupled device cooled at 200 K.
5b.3.2 SAQS Parallel Plate Rheometry

The SAOS and steady shear rheological measurements reported here were carried out on
either an MCR92 or an MCR302 parallel plate rheometer (Anton-Paar) under a constant flow of
nitrogen gas, respectively. The temperature is controlled by a Peltier heater (up to 200 °C) in
MCR92 and a convection oven (up to 600 °C) in MCR302. In both setups, the upper plate was
used to apply strain and measure torque while the bottom plate remained stationary. During each
measurement the glass sample was first rapidly heated and trimmed at its softening point to achieve
a sandwich geometry between the upper oscillatory plate and lower stationary plate with plate size
of 8 mm and 25 mm diameter for the SAOS and the steady shear measurements, respectively, with
a gap/sample thickness of ~ 1 mm. At each desired measurement temperature, the samples were

allowed to equilibrate for 5 minutes followed by the application of a sinusoidal strain with varying
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angular frequency o between 1 to 600 rad/s and the induced torque was recorded to calculate the
storage and loss moduli G’and G” as a function of ®. Measurements were carried out at multiple
temperatures for each sample and master curves of G'(w) and G"(w) were constructed using time-
temperature superposition (TTS). All SAOS measurements are done within the predetermined
linear viscoelastic range. The viscosity of all supercooled PxSeioox liquids was obtained under
steady shear condition with samples confined in a ~0.8 mm gap between two plates. At each
temperature, the Newtonian viscosity was measured at shear rates y ranging between 0.01/s to

100/s and the average viscosity is reported.

5b.4 Results and Discussion

The Raman spectra of all PxSeioox glasses are shown in Fig. 5b-1. The compositional
evolution of these spectra agrees well with those reported on similar compositions in a previous
study by Georgiev et al. [15]. The most intense band in these spectra centered at ~ 250 cm~!
corresponds to Se—Se stretching mode in [Se]n [25]. The bands centered at ~ 330 cm~t and 210
cm correspond, respectively, to symmetric and asymmetric stretching of P-Se bonds in the
pyramidal P(Se12)s units. On the other hand, the vibrational modes of the ethylene-like 2,>SeP-
PSez, units give rise to the bands located at ~ 185 cm, 330-350 cm~! and 370 cmL. Finally, the
broad band centered at ~ 500 cm™ corresponds to the stretching of the P=Se bonds in the
Se=P(Sey/2)s tetrahedral units [15]. It is to be noted here that the Raman spectra in Fig. 5b-1 differ
from those reported by Georgiev et al. [15] in one important respect. In the present study the 185
cm-* band corresponding to the 22SeP-PSez, units appears clearly for the first time in the Raman
spectrum of the P1sSegs glass, although it can be argued that the first hint of this band can be seen

even in the spectrum of the P1oSego glass (Fig. 5b-1). In contrast, this band becomes barely visible
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Figure 5b-1 Unpolarized Raman spectra of PxSeioox glasses showing structural assignment of
various bands (see text for details). All spectra are normalized to the most intense peak at ~ 250
cm™.

for the first time in the Raman spectrum of the P2oSeso glass reported by Georgiev et al. [15]. It
is unclear whether this difference could stem from the fact that the Raman spectra of Georgiev et
al. were collected using a wavelength of 647 nm, which is located close to the optical band gap of
amorphous Se and Se-rich chalcogenide glasses. However, a recent study by Bytchkov et al. [16]
based on two-dimensional J-resolved *!P magic-angle-spinning nuclear magnetic resonance (NMR)
spectroscopy has conclusively shown that the 22SeP-PSe/» units appear in P-Se glasses with >10%
P, and a significant fraction (~ 6-7%) of P atoms resides in these units in the PisSegs glass.
Therefore, the Raman spectra of PxSeioox glasses obtained in the present study (Fig. 5b-1) are

indeed consistent with the 3P NMR results of Bytchkov et al. [16].
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As expected, the intensities of all bands corresponding to the P-containing structural
moieties exhibit a monotonic increase with respect to that the 250 cm™ band with progressive
addition of P to Se (Fig. 5b-1). This result demonstrates that addition of P to Se in this composition
range results in an increasing degree of structural cross-linking and concomitant shortening of the
average length of the [Se], chain segments. The increasing structural connectivity and thus rigidity
with increasing P content are also evident in the corresponding compositional variation in the Tg
(Fig. 5b-2) and viscosity (Fig. 5b-3) of these liquids [15,26-30]. Besides Tg, the high-temperature
viscosity determined in the present study, as well as the previously reported low-temperature
viscosity data [30], show that the isothermal viscosity of these liquids monotonically increases
with increasing P concentration (Figs. 5b-2,3). These viscosity data over the entire temperature

range shown in Fig. 5b-3 are fitted to the MYEGA equation [31,32]:
log 1 = l0g;oNe + 7 €xp (5) @)

where the parameters log; 7., K, and C are all treated as fitting variables. The fragility index m,

dlogion

where m =
dTy/T

, was subsequently calculated from these fitting parameters using the
T=Tg

relation [32]:

n=(1+ o s

The compositional variation of m thus obtained for these P-Se liquids (Fig. 5b-4) displays
a sharp decrease with increasing P content up to 15% P, which is consistent with the rapid lowering

of the Se chain conformational entropy upon cross linking with P atoms [3].
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Figure 5b-2 Composition dependence of T4 of binary PxSeioox glasses determined in the present
study and reported in the literature.

The impact of this structural evolution on the rheological behavior is apparent in the
experimental master curves of G” () and G”(®) constructed using TTS at nearly iso-viscous (~ 10°
Pa.s) temperatures for all PxSe100-x Supercooled liquids (Fig. 5b-5). In the low frequency regime
G'(w) < G"(®), and both moduli approximately follow the Maxwell scaling of G'(») ~ ®? and
G"(w) ~ . On the other hand, in the high-frequency elastic regime G'(w) approaches its glassy
limit G, while G"(w) decreases with increasing frequency. The corresponding dynamical

T

G +G

viscosity 1 (w) = shows a transition from a frequency-independent to a frequency-

dependent behavior with increasing o (Fig. 5b-5). As has been shown in previous studies, the
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size of the symbols. Fragility index for pure Se is taken from Kostal et al. [36].
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region between the low- and high- frequency regimes for the Se liquid is marked by two crossovers
between G’ and G" and two corresponding transitions in the frequency dependence of 7 (®) (Fig.
5b-5) [13]. Moreover, at intermediate frequencies G'(w) displays a linear frequency dependence
(Fig. 5b-5). The two crossovers between G’ and G" clearly suggest the presence of two relaxation
processes in liquid Se with characteristic frequencies marked by the locations of these crossovers,
which were assigned in previous studies to the fast segmental chain motion and the slow bond
scission/renewal dynamics [12,13]. The initial addition of 5 to 10 at.% P to Se appears to bring
the timescales of these dynamical processes closer i.e. increases their temporal coupling to such
an extent that the overlapping G"(w) peaks for the two processes obscure the low-frequency G'-
G" crossover (Fig. 5b-5). However, the underlying existence of the two dynamical processes can
be clearly observed in the two onsets of the frequency dependence of #(w). Furthermore, for these
liquids the linear frequency-scaling of G'(w) at intermediate frequencies is also apparent in Fig.
5b-5. Such a scaling behavior was observed in previous studies to be a characteristic of short
chains containing a few molecules in supramolecular polymeric liquids [33,34]. The increased
coupling between the chain motion and bond scission/renewal in these P-Se liquids suggests that
the rigidity constraints imposed on the mobility of the Se chain segments due to their cross linking
with the P atoms can only be overcome successfully via breaking of the constituent P-Se and Se-
Se bonds in the structure. Indeed Eqgns. 1 and 2 derived from dynamical NMR studies [22—-24]
could be interpreted as representing the coupling between Se-Se and P-Se bond scission in the

structure. Further increase in the P content (= 15 at.% P) results in a single G'-G" crossing

characteristic of liquids with a single a-relaxation timescale. The disappearance of the dynamical
process corresponding to the fast segmental chain motion is consistent with the cross-linking

induced shortening of the
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Se chain segments in these liquids with = 15 at.% P to the point that they can no longer sustain

the fast segmental motion.

Further insight into the structural control on the dynamics of these PxSe10o-x liquids can be
obtained from the relaxation spectrum, i.e., from the distribution of the relaxation times H(t) in
these supercooled liquids. The H(t) spectrum can be calculated from the G'(») and G”(w) data

following Ninomiya and Ferry’s method [35],

G'(aw) — G'(w/a) _ a?  G'(a%*w) -G (w/a?) —2G'(aw) + 2G'(w/a)

H(1) =
@ 2Ina (a? —1)? 2lna

1/w=t

where a is the frequency increment on a logarithmic scale of the measurement. The compositional
evolution of the H(t) spectra for all P-Se supercooled liquids is shown in Fig. 5b-6. Two relaxation
processes with overlapping timescale distributions can be immediately recognized in the H(t)
spectra of pure Se and Se-rich compositions with <10 at.% P. Deconvolution of the H(t) spectrum
of Se shows a broad and intense peak at shorter timescales corresponding to the segmental chain
motion and a weaker and narrower peak centered at longer timescales corresponding to bond
scission/renewal. The relative peak intensity is determined by the probability of the relaxation
mechanism, which reflects the predominance of the segmental chain motion in Se and PsSegs
liquids. The peak corresponding to bond scission/renewal broadens and becomes more intense
with progressive shortening of the Se chain length upon addition of P up to 10 at. %. On the other
hand, only one relaxation process is evident in the H(t) spectra of compositions with 15-25 at.%
P. At this point the Se chain segments in the structure are too short to sustain the segmental

dynamics and the composition-independent H(t) spectra are dominated by bond scission/renewal.
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Figure 5b-6 Relaxation spectra H(t) of PxSeioox supercooled liquids. Filled squares are
experimental data. Empty squares and circles represent the Gaussian fitting of the fast and slow
processes, respectively. Solid lines represent the total fit to the experimental data. Data for pure Se
is taken from Zhu et al. [13].

The timescale distribution for the segmental chain motion should reflect the associated
conformational entropy and, thus, would be a sensitive function of the effective chain length. This
idea is borne out in the composition dependence of the corresponding peak full-width-at half-
maximum (FWHM) in the H(t) spectra in Fig. 5b-6. The FWHM of this peak decreases from ~
2.0 to ~ 0.8 log units upon increasing the P content from 0 to 10 at.%. On the other hand, the
timescale distribution for the bond scission/renewal dynamics is expected to be controlled by the
variety of the bond types and structural units. This hypothesis appears to be consistent with the

increase in the corresponding peak FWHM from ~ 0.35 to ~ 1.23 log units in the H(t) spectra (Fig.
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5b-6) as the P content is increased from 0 to 10 at. % along with the diversity in the bonding and
structure, including the appearance of P-Se, P-P and P=Se bonds, as well as PSes, pyramids,
Se=P(Se12)s tetrahedra and ethylene-like 22SeP-PSe/2 units in addition to the Se-Se bonds in Se
chains. The validity of these hypotheses can be further tested by comparing the rheological
behavior of high-Se liquids with different cross-linkers, namely P, Ge and As. Such a comparison
between the G’'(w), G"(w) and H(t) spectra of PsSegs, GesSegs and AssSegs liquids with similar Se
chain length and at nearly iso-viscous (~ 10° Pa.s) temperature is shown in Fig. 5b-7. The G'(w)
and G"(w) data for the GesSegs and AssSegs liquids are taken from a previous study [3,5]. The
most noteworthy feature in these spectra is the difference in the separation of the timescale between
the fast segmental chain motion and the slow bond scission/renewal dynamics, which is
significantly smaller in the P-Se liquid compared to its Ge or As counterparts. This result suggests
that the temporal coupling between the two relaxation mechanisms is the strongest in the P-Se
system. As mentioned above, such a strong coupling may originate from the presence of the
unique speciation equilibria in this system, exemplified by Eqns. 1 and 2 that require the
involvement and rearrangement of the Se chain segments in the interconversion between
Se=P(Se12)s or P2(Se12)4 and P(Se1)s units. Moreover, while the FWHM of the fast process in
the H(t) spectra is similar in all cases, that of the slow process (~ 0.86 log units) for the PsSegs
liquid is much larger than that for the GesSegs and AssSegs liquids (~ 0.56 log units). The similar
FWHM for the chain dynamics in all three liquids is not surprising considering the fact that they
all have similar Se chain lengths. On the other hand, as noted above, the PsSegs liquid is
characterized by a wider variety of bonding and structural moieties compared to its As and Ge
analogues, which are characterized by either Ge-Se or As-Se bonds and either GeSes, tetrahedra

or AsSesp pyramids. This is consistent with the significantly larger FWHM for the bond
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scission/renewal dynamics in the H(t) spectrum of the PsSegs liquid compared to those for the

GesSegs and AssSegs liquids.
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Figure 5b-7 Comparisons between binary PsSegs, GesSeges [3] and AssSegs [5] supercooled liquids
with similar [Se]n chain length of (a) master curves of G’ (squares), G" (circles) and (b) relaxation
spectra H(t). The symbols in (b) have the same meaning as in Fig. 5b-6.
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5b.5 Conclusion

The structure of binary PxSeioox (0 < x < 25) glasses is characterized by [Se]n chain

segments that are cross-linked by PSez» pyramids, Se=P(Sei)s tetrahedra and ethylene-like
22SeP-PSey structural units.  The structural evolution is consistent with the corresponding
variation in isothermal viscosity, glass transition temperature Tg and fragility m. Similar to their
counterparts in the As-Se and Ge-Se systems, the G'(w) and G"(w) data for the Se-rich PxSe1o0-x
liquids with x < 10 display the presence of two relaxation processes, namely fast segmental Se
chain motion and slow bond scission/renewal dynamics. The corresponding relaxation spectra
H(z) indicate that the distribution of the relaxation timescale for chain dynamics is closely related
to the Se chain length, whereas that for bond scission/renewal is controlled by the variety of the
bond types and structural moieties involved in the process. Inspection of the H(t) spectra indicate
that these two dynamical processes are more strongly coupled in P-Se liquids, compared to their
As-Se and Ge-Se counterparts with similar Se chain lengths. This unique behavior of P-Se liquids
is likely due to the causal relationship between the chemical exchange between the Se=P(Se12)s or
P2(Sewz)s and P(Se1)s units and the segmental motion of the Se chains. Finally, the segmental
chain dynamics disappears in liquids with x>15 as the Se chain length becomes too short to sustain

such motion.
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Chapter 5c
Rheological Behavior of Supercooled P-Se Glass-forming Liquids:
From Networks to Molecules and the Emergence of Power-Law

Behavior
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5c.1 Abstract

The effect of the network-to-molecular structural transformation with increasing
phosphorus content in PxSeiox (30 < x < 67) supercooled liquids on their shear-mechanical
response is investigated using oscillatory shear rheometry. While network liquids with 30 < x <
40 are characterized by shear relaxation via a network bond scission/renewal process, a Maxwell
scaling of the storage (G’) and loss (G") shear moduli and a frequency-independent viscosity at
low frequencies, a new relaxation process emerges in liquids with intermediate compositions (45
<x<50). This process is attributed to an interconversion between network and molecular structural
moieties. Predominantly molecular liquids with X > 63, on the other hand, are characterized by a
departure from the Maxwell behavior as the storage modulus shows a linear frequency scaling
G'(w) ~ o over nearly the entire frequency range below the G’-G" crossover and a nearly constant
ratio of G"/G” in the terminal region. Moreover, the dynamic viscosity of these rather fragile
molecular liquids shows significant enhancement over that of network liquids at frequencies below
the dynamical onset and does not reach a frequency-independent regime even at frequencies that
are four orders of magnitude lower than that of the onset. Such power-law relaxation behavior of
the molecular liquids is ascribed to an extremely broad distribution of relaxation timescales with
the coexistence of rapid rotational motion of individual molecules and cooperative dynamics of
transient molecular clusters, with the latter being significantly slower than the shear relaxation

timescale.
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5c.2 Introduction

The processing of glasses from their parent supercooled liquids is critically dependent on
the rheological behavior of the latter. Moreover, the frequency o dependence of the shear
mechanical response, including the storage and loss shear moduli (G' and G", respectively) and
viscosity n, of glass-forming liquids sheds light on the atomistic details of the relaxation processes
associated with the glass transition and related phenomena. The shear mechanical response and
modes of structural relaxation of a supercooled liquid critically depends on the nature of the
structural moieties and the resulting dimensionality and connectivity of the network (e.g. isolated
vs. associated molecules, 1-D chains or 3-D polyhedral network).[1,2] For example, the primary
or a-relaxation of polymeric chain liquids is controlled by the segmental motion of the constituent
chains, while the motion of the covalently bonded backbone structure gives rise to the slowest
relaxation mode in these systems.[3] In contrast, a significantly simple rheological behavior is
displayed by the archetypal 3D network oxide liquids such as silicates and borates, where the
structural relaxation is controlled by the bond scission/renewal based reconfiguration of the
network. Correspondingly the shear mechanical response of these liquids shows a “normal liquid”
behavior with a single G’-G" crossover at high frequency and a Maxwell scaling of G(®) ~»" at
low frequencies in the terminal regime, with n =2 and 1 for G’ and G", respectively.[4,5] Such
simple behavior is also displayed by the non-associated organic molecular glass-forming liquids
such as tris-naphthylbenzene, where the viscosity and structural relaxation of the supercooled
liquid involve local flow processes of the constituent molecules that redistribute the free
volume.[6,7] On the other hand, seemingly simple molecular liquids such as monohydroxy
alcohols and various other low-molecular-weight hydrogen bonded liquids have shown intense

Debye relaxation modes in their rheological spectra that are slower than the structural relaxation,
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which lead to significant viscosity enhancement.[7,8] Nuclear magnetic resonance (NMR)
spectroscopic studies indicated that these modes in monohydroxy alcohols were related to the
restructuring of transient chains via hydrogen bonding between molecules.[9]

The compositional evolution of the shear mechanical response of glass-forming
chalcogenide liquids is particularly interesting since the structure of these liquids can be tuned, as
a function of composition, from being predominantly molecular, all the way to a 3D network.
Previous systematic small-amplitude oscillatory shear (SAQS) rheometry studies on binary
selenide liquids in the As-Se, Ge-Se and P-Se systems[10-13] have shown that the structural
relaxation of Se-rich liquids consisting of [-Se-]» chain-like structural moieties is characterized by
the coexistence of a slow Debye-like process and a fast process. ’’Se dynamical nuclear magnetic
resonance (NMR) spectroscopic studies[14] have indicated that the slow process corresponds to
the bond scission/renewal induced [-Se-]n chain restructuring in the structure, while the fast
process is associated with the segmental dynamics of these chains. The addition of Ge, As or P to
Se leads to cross-linking of these chains and their effective shortening. Consequently, the
segmental dynamics disappear at a Ge/As/P concentration where the chain length becomes too
short to sustain the segmental dynamics and the structural network becomes sufficiently cross-
linked and rigid. At this stage the structural relaxation is controlled by the bond scission/renewal
induced restructuring of the emerging network, and correspondingly, the shear mechanical
response shows a behavior similar to that characteristic of the archetypal network oxide liquids
mentioned above.

A significant departure from this evolutionary scheme of rheological behavior has recently
been reported in Ge-As sulfide glass-forming liquids where a progressive increase of the molecule :

network ratio in the structure resulted in a monotonic lowering of n from 2 for to 1 for the scaling
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of G'(w) ~»" in the entire low frequency regime below the G’-G" crossover.[15] Moreover, at the
highest molecule content the ratio G"/G’ reached a nearly constant value and the liquid did not
display a purely viscous response even at the lowest frequencies. It may be noted that, while such
power-law rheological behavior has not been observed in non-associated organic molecular glass-
forming liquids such as tris-naphthylbenzene, it has been extensively reported in widely different
classes of soft matter including gels, elastomers, biomaterials and composites.[16] Although the
phenomenological soft glassy rheology model captures the range of this behavior well, an
atomistic explanation remains missing in the literature to date.[17] Moreover, the generality of
this power-law relaxation behavior in non-associated molecular inorganic glass forming liquids
remains to be explored. Here we report the results of a rheological study of PxSei00-x Supercooled
liquids with 30 < x < 67 to investigate the effects of network-to-molecular transformation on their
shear-mechanical response and to explore the generality of the power-law shear mechanical
response in non-associated molecular chalcogenides. The corresponding compositional evolution

of the structural relaxation mechanisms and their effect on viscous flow are discussed.

5¢.3 Experimental Methods
5¢.3.1 Sample Synthesis

The PxSe1nox glasses (30 <X < 67) were synthesized in ~12¢g batches using the conventional
melt-quench method. For 30 < x < 50, constituent elements, red phosphorus (Spectrum, 99.999%)
and selenium (Alfa Aesar, 99.999%), were loaded in evacuated (10* Torr) quartz ampoules and
then placed in a rocking furnace, slowly heated to 873K over 13 hours and held at this temperature
for 36 h to ensure melt homogeneity. The melts were finally quenched to form glass by dipping

the ampoules in water. The predominantly molecular glasses Ps3Ses7 and Ps7Sess were prepared in
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similar fashion but the ampoules were cooled to 623K and held at this temperature for 30 minutes

prior to quenching.
5c.3.2 Parallel Plate Rheometry

The rheological measurements of all compositions were carried out on an Anton-Paar MCR
92 parallel plate rheometer equipped with a Peltier heater (up to 200 °C) under constant nitrogen
gas flow. The samples were prepared by first rapidly heating them inside the rheometer to the
softening point and then pressing between the upper oscillatory plate (8mm diameter) and the
lower stationary plate and trimming to a disk-like shape with a thickness of ~ 1 mm. For SAOS
measurements the samples were allowed to equilibrate at each desired measurement temperature
followed by the determination of the linear viscoelastic region. During the SAOS measurement, a
sinusoidal strain was applied with varying angular frequency o between 1 to 600 rad/s and the
induced torque was recorded to calculate the storage and loss moduli G'and G” as a function of ®.
Measurements were carried out at multiple temperatures for each sample and master curves of

G'(w) and G"(w) were constructed using time-temperature superposition (TTS). The dynamic

. . . G"
viscosity was calculated from the relation n’ = =

The Newtonian viscosity 7 of two compositions with x = 63 and 67 was measured using
steady shear for n < 10° Pa.s and using creep for r > 10%° Pa.s. The Newtonian viscosity was
determined in the steady shear measurements as the ratio of stress to strain rate at various strain
rates ¥ ranging between 0.01 s~ and 1 s~ at each temperature. For creep measurements, a constant
shear stress 7 was applied to the thermally equilibrated sample while the strain response was

constantly monitored as a function of time. The viscosity is obtained from the relation n = % in

the steady-state region where the strain rate y no longer changes with time.
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5c.4 Results and Discussion

Previous structural studies of PxSeioo-x glasses based on Raman and multi-nuclear (3!P and
7Se) NMR spectroscopy[18-25] have conclusively shown that the structure of the Se-rich liquids
in this system consists predominantly of [-Se-]. chains. Progressive addition of P results in cross-
linking and shortening of the Se chain segments to form a 3D network. Such a compositional
evolution of structure continues up to x ~ 50 and is broadly similar to those observed in As-Se and
Ge-Se systems. However, further increase in P content results in the formation of PsSez molecules
and the structure becomes predominantly molecular for x > 63.  The temperature-dependent G’
and G” spectra of all PxSe100-x Supercooled liquids in the composition range 30 < x < 67are shown
in Fig. 5¢c-1a. At each temperature, only a portion of the whole spectrum is revealed within the
observation window of the rheometer. As expected, these spectra gradually shift from low to high
frequency with increasing temperature, which enables a sequential observation of a wide frequency
range. The experimental master curves of G'(») and G"(w) constructed using time-temperature
superposition (TTS) for all PxSeioox supercooled liquids, at temperatures corresponding to the
isokom of approximately ~ 10° Pa.s, are shown in Figure 5¢-1b. At high frequencies, G"(w) in
these master curves reaches a plateau corresponding to the glassy modulus G, , which is ~ 1.3 to
1.5 GPa for the network liquids with 30 < x < 40, while it drops by 50% (0.7 — 0.8 GPa) for the
molecular Pe3Ses7 and Ps7Sess liquids. This change in G, is consistent with a drastic lowering of
the structural connectivity in the latter liquids resulting from the formation of PsSes molecules,

which are held together in the structure via weak intermolecular Van der Waals bonding.[18] It is
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Figure 5c-1 (a) Frequency dependence of G’ (solid lines) and G” (dashed lines) at different
temperatures for PxSeioo-x supercooled liquids.
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apparent that the network liquids with composition 30 < x < 40 display a normal behavior with a
single relaxation process and Maxwell scaling of G’ and G" in the terminal regime. This primary
relaxation process in liquids with compositions ranging between 15 < X < 25 was assigned in a
previous study to P-Se and Se-Se bond scission/renewal.[13] Such a process is likely to remain
active and responsible for structural relaxation in liquids with 30 < x < 40. However, the
viscoelastic spectra for the PssSess and PsoSeso liquids show a clear and relatively abrupt change
in the frequency dependence of G’ from n = 2 in the terminal regime to n ~ 1 for G’ values above
a few MPa (Fig. 5c-1b). Therefore, these liquids are characterized by two relaxation processes
and the change in slope with increasing frequency to n ~ 1 suggests the emergence of a new
relaxation mode. Previous studies have demonstrated that the network structure of PxSeigo-x
glasses with 45 < x <50 consists primarily of ethylene-like 22SeP—PSez., units that are expected to
form 2D corrugated sheet-like superstructural moieties.[18,19] Moreover, 3P and "’Se dynamical
NMR studies[26-28] in the literature have shown that the bond scission/renewal dynamics in these
liquids are associated with interconversion between different P sites that can be represented in the
form of the reaction: 3P2(Se12)s & 2P(Seuz)s + PsSes. Such an interconversion between the
network and molecular (PsSes) topological elements would result in a change in the intermediate-
range structure and is expected to appear as a separate relaxation mode in the viscoelastic spectrum,

consistent with the experimental observation.

In contrast to these predominantly network PxSei00x liquids, the viscoelastic spectra of the
P4Sesz molecule-rich Ps3Ses7 and Ps7Sess liquids display a rather different behavior where the o
dependences of G” and G” are parallel and both follow a slope of n =1 in the terminal region. As
noted earlier, this frequency dependence of G and G” and the nearly constant ratio of G"/G” in the

terminal region are the signatures of a power-law relaxation behavior of a wide variety of soft
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matter, including and most notably gels near their critical point, which are characterized by a broad
distribution of structural length scales and relaxation timescales.[29] The validity of this
hypothesis is tested here by comparing the relaxation time spectra of the normally behaving P30Se7o
network liquid with that of the molecular Ps3Ses7 liquid (Fig. 5¢-2). The H(t) spectrum can be
derived, in principle, from the corresponding G'(w) or G”(w) data using one of the following

relations with Go being the equilibrium modulus:

o] 2.2

G'(w) =Gy + j Hdlnr,

w1+ w?T?
. ® ot
G ((1)) = GO + f_ooml‘]dln‘[.

Therefore, the determination of H(t) requires inversion of these relations and calculation
of derivatives of G'(w) or G”(w) with respect to In w. Instead, here the H(t) spectra are calculated
without taking these derivatives, following Ninomiya and Ferry’s approximate method that
employs a numerical differencing procedure.[30] This method requires values of G'(w) spaced at
equal intervals on a log frequency scale above and below the frequency = 1/t at which H(z) is
calculated, e.g., G'(o) values can be taken at frequencies w/a?, w/a, w, aw, and a%w, where a is a
constant multiplier. Then H(t) can be approximated as:

G'(aw) — G'(w/a) B a’?  G'(a*w) -G (w/a?) —2G'(aw) + 2G'(w/a)

H(® = 2Ina (@ — 1)2 2Ina

1/w=T

1)

A value of log a = 0.25 is used in the present calculations, as a careful evaluation of this

numerical method has shown that log a needs to be in the range 0.2-0.4 for an accurate
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approximation of H(t), as larger values lead to poor approximation and smaller values lead to large
fluctuations in the differencing result.[30] It is clear from Fig. 5¢-2 that the H(t) spectrum of the
Pes3Sesy liquid is significantly broader than that of the P3oSezo liquid, with the former displaying an
extended long-time tail and a plateau on the short-time side (Fig. 5¢-2). This behavior of the
Pes3Sesy liquid is remarkably similar to that observed in a previous study for the molecular
GesAss2Sss liquid (Fig. 5¢-2).[15] The broadening of H(t) at short times or high frequencies is
consistent with the results of a previous two-dimensional 3!P NMR study[31] that has shown that
the constituent P4Ses molecules in the Pe3Ses7 liquid perform rapid isotropic rotational
reorientation at timescales that are orders of magnitude faster than the shear relaxation time scale
in the supercooled region. This strongly temporally decoupled rotation of individual molecules is
reminiscent of the situation in plastic crystals where the constituent molecules perform rapid
rotation at the lattice sites.[31-33] On the other hand, the long-time tail of H(t) characteristic of

this liquid may be attributed to correlated reorientation dynamics in transient molecular clusters.

Further insights into the relaxation time distribution can be obtained by simulating the
viscoelastic spectra of the P3oSezo network and PesSesz molecular liquids using the Havriliak-

Negami (H-N) function for the frequency dependence of the complex modulus G”(w):[34]

G*(@) = Goo + (G = Guo) ! 0<a af <1 )

1+(iwty)*]P ’

where G, and G, are the infinite frequency glassy shear modulus and the zero-frequency modulus,
and v, o and S represent the characteristic H-N relaxation time, broadness, and asymmetry of the
corresponding relaxation time distribution, respectively. The H-N equation reduces to the Cole-

Davidson distribution for & =1 and the Cole-Cole distribution for g = 1. It may be noted that
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Figure 5c-2 Relaxation spectra H(t) of supercooled P3oSezo network liquid (filled black squares)
and molecular Ps3Ses7 liquid (empty red squares) at 110°C and 30°C, respectively. H(t) of
supercooled molecular GesAss2Sss liquid (open purple diamonds) from a previous study is shown
for comparison.[15]

although the H-N function takes the limiting values of the dynamic shear modulus to zero at low
frequencies and to a plateau at G, for high frequencies as required for an a-relaxation process, the
viscosity does not reach a frequency-independent regime at a finite low-frequency limit. The latter
outcome is indeed characteristic of gels.[16,29] The simulations of the viscoelastic spectra of the
P30Se7oand Pe3Sesy liquids with the H-N function are shown in Fig. 5¢-3. Both the Maxwell scaling
in the terminal regime, characteristic of the network liquid, and the “anomalous” scaling of G'~ ®
exhibited by the molecular liquids are captured well using the H-N function. While the viscoelastic
spectrum of the network P3oSero liquid can be fitted with « =1.0 and § = 0.32, i.e., the Cole-

Davidson model, that of the molecular Ps3Ses7 liquid can only be simulated with considerably

smaller « (= 0.82) and B (= 0.13) values, suggesting that the relaxation time spectrum of the latter
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is significantly broader and more asymmetric compared to that of the former liquid. The
corresponding probability density function of the log-relaxation time hyy (log t) for these two

liquids can be obtained using the following relations:

1 in(8Y¥)
hyy(logt) = o o 7

((twy)22+2(twy) "% cos(ma)+1)2

(twy)*+cos(mra)
————) 3)

Y
¥ =~ —arctan ( pr—

where A = (In 10)~! and wy= 1/2 is the characteristic H-N relaxation frequency. The calculated
hyn (log T) spectra show that the relaxation time distribution of the P30Se7o liquid indeed exhibits
a less skewed and narrower peak whereas that of the Pe3Sesz molecular liquid show displays a
rather broad and highly skewed distribution with an extended short-time tail (Fig. 5¢c-4). The broad
distribution of relaxation times for the molecular liquids is indicative of the presence of a
correspondingly complex potential energy landscape (PEL) with a wide range of barrier heights
separating the metabasins. Such a PEL is characteristic of liquids with high fragility index m,

dlogion

where m =
AT/ |y_y,

, and Ty is the glass transition temperature.[35]

The fragility index of the two molecular liquids Ps3Ses7 and Pe7Sess is obtained by fitting
the temperature dependence of their viscosity as determined in this study (Fig. 5c-5) with the

MYEGA equation:[36,37]

K (o
logn =logioNe += " exp (7) (4)

where logi0, K, and C are all fitting parameters. The corresponding fragility index m is

calculated from these fitting parameters using the following relation:
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It may be noted that the T4 of the molecular P-Se glasses are much lower than their network
counterparts, consistent with the formation of PsSes molecules that drastically lowers the
connectivity of the structure.[18] These calculations yield quite high values of m ranging between
65 and 75 for these molecular liquids, indicating that these liquids are indeed significantly more

fragile than their network counterparts with 25 < x < 50, that are characterized by m ~ 35 £ 5.[13]
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Figure 5¢-5 Temperature dependence of viscosity 1 of binary PyxSeioox liquids. Filled symbols are
experimental data obtained in present study and the open symbols are data taken from a previous
study.[38] Inset shows compositional variation of Tq of these glasses from previous reports in the
literature.[18,38]
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The unusual shear-mechanical response of the molecular P-Se liquids is further explored
in their dynamic viscosity n'(w) behavior in a scaled viscosity Z(w) vs. normalized frequency
o/omax plot (Fig. 5¢-6). Here mmax is the frequency corresponding to the maximum in G” and
Z(w) is defined as:

Z(w) = 1@ (6)

(Goo/ Wmax)

It may be noted that (G, /wqy) 1S equal to n'(w ~ wy,e,), Which corresponds to the stress
relaxation process. It is evident from Fig. 5¢c-6 that Z(w) for the network PxSeioo-x liquids with 30
< X < 50 reaches the frequency independent region below w/mmax ~ 0.1. Such behavior is
characteristic of a wide range of network and unassociated molecular glass-forming liquids.[7,15]
In contrast, the molecular PxSeioox liquids with x = 63 and 67 show clear viscosity enhancement
over the normal network liquids in the low-frequency region below w/mmax ~ 1 with a frequency
scaling of Z(w)~(w/w;,qy) %12 (Fig.5c-6). Moreover, like gels, the dynamic viscosity of these
molecular liquids does not reach a frequency independent regime even at the lowest frequencies
of measurement (o/omax ~ 10*) accessed in the present study, consistent with the presence of
ultraslow relaxation processes in these liquids with timescales significantly longer than that of

shear relaxation.
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Figure 5¢-6 Scaled dynamic viscosity Z(w) as a function of normalized frequency ®/®max Of
PxSeiwo~x liquids. Corresponding temperatures are shown in parentheses alongside each
composition.

Indications for the existence of ultraslow relaxation processes are also apparent when one
compares the van Gurp — Palmen (VGP) plot of the phase angle & vs. Mod(G*) of the P3pSeo

network liquid with that of the PesSes; molecular liquid (Fig. 5c-7). Here, by definition,

tan 8 =G"/ G’ and G* = v G'* + G"%. It is clear from Fig. 5¢-7 that, while & of the P3oSezo liquid
reaches a value of ~90° at low frequencies characteristic of a purely viscous response in the
terminal regime, that of the Pe3Ses7 liquid plateaus out at ~80°, implying that a purely viscous
response is not obtained even at the lowest frequencies of measurement. As noted earlier and
shown in Fig. 5¢c-7, a similar viscoelastic behavior was recently reported in another molecular

liquid of composition GesAss2Ss4s.[15] Therefore, similar to gels at their critical point, a small
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elastic component of the shear-mechanical response remains present at these frequencies in these

molecular liquids, which, therefore, persist in a state intermediate between a liquid and a solid.
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Figure 5¢c-7 vGP plot of phase angle & vs. |G*| of P3pSezo network liquid (black squares) and
molecular Pg3Sesy liquid (red squares). Data for molecular GesAss2Sas liquid (blue triangles) from
a previous study is shown for comparison.[15]

5¢.5 Conclusion

The compositional evolution of the viscoelastic response of PxSeigox (30 < x < 67)
supercooled liquids is found to be correlated with the accompanying network-to-molecular
structural transformation. The rheological behavior of these liquids is found to progressively
deviate from that of a “normal” network liquid with increasing X in this composition range. While
the liquids with compositions 30 < x < 40 behave as simple liquids with a single bond

scission/renewal relaxation process, the supercooled PssSess and PsoSeso liquids display an

187



additional relaxation mode, which likely corresponds to a structural interconversion between
ethylene-like 22SeP—PSez/, units and P4Ses molecules. In contrast to these normal network liquids
that display a Maxwell frequency scaling of G'~ w? and G” ~ ® in the terminal region, the
molecular liquids with x > 63 display an apparently anomalous scaling of G'~ o at frequencies
below the G’-G" crossover. These viscoelastic spectra are simulated with the H-N function to
obtain the distribution of the relaxation timescales in these liquids. This analysis indicates that the
molecular liquids are characterized by rather broad relaxation time distributions compared to those
characteristic of their network counterparts. These results are corroborated by the phase angle
variation and the viscosity enhancement observed in low frequency region below the dynamical
onset all the way down to m/mmax ~ 10~%. These results, when taken together, suggest the presence
of ultraslow relaxation processes in these highly fragile molecular liquids and the lack of a purely

viscous response similar to that displayed by gels at their critical point.
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When taken together, the findings reported in this dissertation lead to an atomistic
understanding of the relationship between structure, dynamical processes and relaxation
phenomena in model binary chalcogenide systems, which sheds light on the fundamentals of
viscous flow in the supercooled region. The structure of SxSe1o0-x glasses consists of copolymeric
[S,Se]n chains and heterocyclic SySegy rings. Se and S atoms show strong preference to form the
chain and the ring elements, respectively, which prevents a random or homogeneous mixing
between these two elements. It is the total chain vs. ring content in the structure that controls both
the atomic packing and the mobility of the constituent structural units. As the total chain content
increases with increasing Se concentration in these glasses, the stronger interaction between the
chain elements compared to rings, results in less efficient atomic packing and lower mobility,
which are manifested in the decreasing molar volume and increasing Tg, respectively. On the other
hand, the timescale of the S/Se — S/Se bond scission/renewal dynamics in these supercooled liquids
rapidly increases with S concentration, owing to a lowering of conformational entropy of the chain
elements due to steric hindrance from the ring elements. Consequently, the SxSeioo-x liquids
become progressively less fragile with increasing S concentration. A similar behavior is also
displayed by liquid elemental S, where the ring:chain ratio abruptly decreases above the A-

transition, resulting in a concomitant fragile-to-strong transition.

In contrast to the S-Se binary system, where the glass structure shows significant violation
of chemical order, glasses in the Se-Te binary system display strong chemical ordering. Se and
Te are isoelectronic and the structure of the stable crystalline polymorphs of both elements consists
of polymeric [Se], or [Te]n helical chains, where Se and Te atoms are twofold coordinated.
Consequently, the structure of Se-Te binary glasses is characterized by random connectivity

between Se and Te and formation [Se,Te], copolymeric chains. The increased metallicity of Te is
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hypothesized to result in strong secondary bonding interaction between these chains, where Te
acts as a pseudo-crosslinker. This scenario is found to be consistent with the compositional
variation of Tq of these liquids and their isothermal viscosity in the supercooled regime. This
constraint on the chain motion in SexTe1oox liquids imposed by the cross-linking via the SBI of Te
atoms is overcome at superliquidus temperatures where the isothermal viscosity becomes
independent of the Te content. On the other hand, unlike the pseudo-crosslinking role of Te,
halogens such as I, when incorporated into amorphous Se, act as chain terminators. Therefore,
progressive addition of I into Se results in a shortening of Se chains, which results in an expected
decrease in isothermal viscosity and T4 as well as an increase in molar volume and fragility. The
average chain length in liquids could be tuned by varying the | content, which allows the

determination of the scaling of isothermal viscosity with chain length.

Finally, the widest composition range for alloying is displayed by the PxSe100-x glasses with
5 <x<70. Initial addition of P to Se results in progressive cross-linking of Se chains via pyramidal
P(Se12)s units, ethylene-like 22SeP-PSez» units, and Se=P(Se12)s tetrahedral units in glasses with
X< 50. Ultimately, the chain units completely disappear, and the structure becomes a rigid network
of corner-shared P-Se polyhedra at x ~ 50. Further increase in the P content results in a collapse
of the network, and a complete loss in connectivity due to the formation of P4Ses molecules held
together by van der Waals forces in the Pe3Ses7 glass. Beyond this point increase in the P content
results in a patchy network as the relative concentration of the P4sSes molecules decreases and that
of amorphous red phosphorus-like structural moieties and P-P bonded P4Ses-like groups increases.
The compositional variation in isothermal viscosity, Tq, and fragility index m is shown to be
completely consistent with this scenario of a complex and highly nonmonotonic structural

evolution of these glasses.
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The viscoelastic spectra G'(o) and G"(w) for the Se-rich PxSe1oox liquids with x < 10
display the presence of two relaxation processes, namely a fast segmental Se chain motion and a
slow bond scission/renewal dynamics. This behavior of the Se-rich PxSe100-x cOmpositions is rather
similar to their counterparts in the As-Se and Ge-Se systems. The segmental chain dynamics
disappears in liquids with x > 15 as the Se chain length becomes too short to sustain such motion.
The network-to-molecular structural transformation in PxSe1o0-x Supercooled liquids with higher P
content such that 30 < X < 67 is manifested in their viscoelastic response. While the liquids with
compositions 30 < x <40 behave as network liquids with a single bond scission/renewal relaxation
process, the molecule-rich PssSess and PsoSesg liquids display an additional relaxation mode, which
likely corresponds to a structural interconversion between ethylene-like 22SeP—PSez/, units and
PsSezmolecules. Predominantly molecular liquids with x > 63, on the other hand, are characterized
by a power-law relaxation behavior which is ascribed to an extremely broad distribution of
relaxation timescales with the coexistence of rapid rotational motion of individual molecules and
cooperative dynamics of transient molecular clusters, with the latter being significantly slower
than the shear relaxation timescale. These highly fragile molecular liquids display a rather unique
gel-like lack of a purely viscous response and the presence of ultraslow relaxation processes in

these.

It may be noted here that while these studies are the first of their kind for supercooled
chalcogenide liquids, they provide a tremendous wealth of structural and dynamical information
that may enable one to establish predictive atomistic models of relaxation phenomena in these
liquids. For example, the results presented here demonstrate that in pure Se the primary structural
building blocks are polymeric [Se]n chains formed by two coordinated Se atoms and the

corresponding rheological behavior is shown to be characterized by two coexisting dynamical
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processes, the fast segmental chain motion, and the slow Se-Se bond scission/renewal process.
Addition of elements such as P (and also, Ge or As) cross-link the [Se]n chains and the average
chain length decreases.[1-3] This structural evolution results in a progressive decrease in the
difference between the fast and slow dynamical processes in their timescale and eventually the fast
relaxation process vanishes when the average length of the [Se]n chains becomes shorter than ~ 3
to 5 Se atoms.[4] Further increase in the cross-linker content results in a rigid three-dimensional
network consisting corner-shared polyhedra with only minor violation in the chemical order.[1,2]
At this point, the rheological behavior is shown to be consistent with the structural relaxation being
entirely controlled by the As-Se bond scission/renewal process.[5] Previous structural studies have
indicated that in contrast to Se-rich and stoichiometric compositions, the structure of Se-deficient
compositions consists of metal-metal homopolar bonds.[1,2] As expected, the relative
concentration of these homopolar bonds increases progressively with increasing cross-linker metal
content and results in the formation of various low-dimensional structural moieties. However, the
role of homopolar bonding and of the various associated low-dimensional structural moieties in
controlling the rheological behavior of chalcogen-deficient liquids has never been investigated in

the past, in a systematic fashion.

On the other hand, little is known regarding the mechanistic connections between structure,
dynamics, and relaxation mechanisms in amorphous oxide networks that are key materials for a
rather wide range of technological applications. The coexistence of bridging and non-bridging
oxygen atoms in these networks may in fact give rise to complex relaxation behavior with the
coexistence of multiple dynamical processes such as those observed in S or Se -rich liquids in the
present study, where the structure is characterized by the coexistence of 3D network and low-

dimensional molecular or chain element.[6-8] The slow bond scission/renewal and the fast
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segmental dynamics of Se chains are found to couple very differently with shear and structural
relaxation. Such complex dynamical phenomena disappear in the chalcogenide liquids that are
characterized by a fully cross-linked network.[9-11] It is tempting to speculate that similar
coexistence of multiple dynamical processes in fragile oxide liquids with moderately and highly
modified networks may hold the clue to deciphering the observed difference in the relaxation
kinetics of different physical variables such as enthalpy, volume and stress. Future systematic

studies of glass-forming oxide liquids are needed to test the validity of such conjectures.
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