Open Access Article. Published on 04 June 2018. Downloaded on 12/9/2025 12:04:59 PM.

Thisarticleislicensed under a Creative Commons Attribution 3.0 Unported Licence.

(cc)

PCCP

ROYAL SOCIETY

OF CHEMISTRY

View Article Online

View Journal | View Issue

’ '.) Check for updates ‘

Cite this: Phys. Chem. Chem. Phys.,
2018, 20, 21925

Received 12th April 2018,
Accepted 11th May 2018

DOI: 10.1039/c8cp02341g

rsc.li/pcecp

Introduction

Distinguishing different classes of secondary
relaxations from vapour deposited ultrastable
glassest

Cristian Rodriguez-Tinoco, {2 *% K. L. Ngai,“ Marzena Rams-Baron,*
Javier Rodriguez-Viejo® and Marian Paluch®

Secondary relaxations persistent in the glassy state after structural arrest are especially relevant for the
properties of the glass. A major thrust in research in dynamics of glass-forming liquids is to identify what
secondary relaxations exhibit a connection to the structural relaxation and are hence more relevant. Via
the Coupling Model, secondary relaxations having such connection have been identified by properties
similar to the primitive relaxation of the Coupling Model and are called the Johari—Goldstein (JG)
B-relaxations. They involve the motion of the entire molecule and act as the precursor of the structural
a-relaxation. The change in dynamics of the secondary relaxation by aging an ordinary glass is one way
to understand the connection between the two relaxations, but the results are often equivocal.
Ultrastable glasses, formed by physical vapour deposition, exhibit density and enthalpy levels comparable
to ordinary glasses aged for thousands of years, as well as some particular molecular arrangement. Thus,
ultrastable glasses enable the monitoring of the evolution of secondary processes in case aging does
not provide any definitive information. Here, we study the secondary relaxation of several ultrastable
glasses to identify different types of secondary relaxations from their different relationship with the
structural relaxation. We show the existence of two clearly differentiated groups of relaxations: those
becoming slower in the ultrastable state and those becoming faster, with respect to the ordinary unaged
glass. We propose ultrastability as a way to distinguish between secondary processes arising from the
particular microstructure of the system and those connected in properties to and acting as the
precursor of the structural relaxation in the sense of the Coupling Model.

state, other relaxations remain active, originating from some
structural degrees of freedom. These secondary relaxations are

When a liquid is supercooled, its viscosity and structural
a-relaxation time increase dramatically until the structural
dynamics fall out of equilibrium and the ergodicity is broken at
the glass transition temperature, T,. Conventionally, when the
structural a-relaxation time of the system exceeds 10°-10” seconds
the liquid is considered to become a glass." However, in the glassy
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associated with local and non-correlated molecular reorientations.>
There is no general agreement concerning the origin of the
secondary relaxations or their characteristics. The simplest classi-
fication is based on the molecular origin,” i.e., whether the whole
molecular unit is involved in the process (Johari-Goldstein (JG)
relaxation) or only a part of it (non-JG relaxation). However, it is still
debated whether all molecules in the system contribute to the
secondary relaxation, or only part of them, located in some “islands
of mobility” due to density heterogeneities,” i.e., local regions in the
rigid glassy structure where density is lower.* On the other hand,
according to the Coupling Model (CM), one of the characteristics of
the secondary relaxations that makes them important is their link
in properties to the structural relaxation, in analogy to the primitive
relaxation of the model.” With this criterion in mind, Ngai and
Paluch distinguish secondary relaxations based on their sensitivity
to pressure, thermal history, and other properties mimicking the
corresponding properties of the structural orrelaxation,” and the
nomenclature, Johari-Goldstein (JG) f-relaxation, was adopted.”
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The lack of agreement of the observed behaviour of the
secondary relaxation is manifested in a number of reported
works on aging of ordinary glasses. For example, in dipropylene
glycol dibenzonate, the secondary relaxation slows down on
aging.” The same was observed during aging of the secondary
process of etoricoxib with properties similar to the JG B-relaxation®
and in sucrose.’ On the contrary, various works have shown a
speeding up of the secondary relaxation in several materials
undergoing aging.>'*"* A recent paper reported that the change
in the JG B-relaxation time and dielectric strength during physical
aging of two PMMA glasses formed at 188 MPa and at 0.1 MPa are
the same."® Thus, the change of the secondary relaxation with
aging is found to be independent of the density, since the glass
formed at high pressure of 188 MPa is denser than that formed at
0.1 MPa. To rationalize this observation, the authors of ref. 13
suggested that the average density does not govern the dynamics
of the glass, but rather the local structure and barriers for thermal
fluctuations of density are the main control parameters. All these
complicated and uneven observed changes of the secondary
relaxation on aging make them inappropriate to distinguish
secondary relaxation having connection to the o-relaxation or not.

Aging of glasses has been considered as a useful tool to study
secondary relaxations, but as aforementioned, the effects are
varied and complicated. Moreover, aging is a slow and inefficient
process for densification and impractically long times are required
to observe a significant change. Recently, vapour deposition
emerged as a unique tool to prepare glasses with an unprece-
dented thermodynamic and kinetic stability,"**® comparable
to glasses aged for thousands or millions of years'”'® such as
ambers.'®*° Choosing the appropriate deposition conditions, it
is possible to obtain over short times the so-called ultrastable
glass (USG), with a density around 1.5% higher than that of
ordinary glasses (OG) prepared by cooling from the liquid.>***
This remarkable increase in density and equivalent age of the
glass implies a significant alteration of the properties of the
secondary relaxation,®'® accompanying the dramatic slowing
down of the structural o-relaxation,'®*** and the immense shift
of the a-relaxation to lower frequencies. Here, we have chosen six
different materials and analysed some of their secondary relaxa-
tions in the USG state produced by vapour deposition, as well
as in the OG state of the same samples obtained by cooling below
the nominal T,. The purpose of the work is to understand how
the secondary relaxations in these materials respond to the
remarkable change in thermodynamic and dynamic properties
in the USG compared to the OG.

Methods

Preparation of samples

Etoricoxib was purchased from Aopharm with purity higher
than 99%. Telmisartan was supplied from Dr Reddy’s Laboratories
Limited, with purity higher than 98%. -p-Maltose octa-acetate was
purchased from Alpha Aesar, with purity level of 98%. Carvedilol
was synthetized in the laboratories of Polpharma. Celecoxib
was obtained from Haihang Industry Co. with purity level
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higher than 98%. All materials were used in crystalline form
and without further purification. USG films with thickness of
around 25 pm were grown by thermal evaporation within a UHV
setup with base pressure of 5 x 10~% mbar. A liquid nitrogen
cold trap was used to improve the vacuum quality. The growth
rate was fixed to 0.25 & 0.02 nm s ' and measured with a
quartz crystal from Inficon. The deposition temperature was set
at ~0.85T, for each material (etoricoxib, T4ep, = 280 K, telmisartan,
Taep = 340 K, B-p-maltose octaacetate, Tqep = 282 K, carvedilol,
Taep = 285 K and celecoxib, T4, = 278 K) and controlled using a
PID controlled thermal socket. The films were grown onto steel
electrodes used for BDS and in aluminum foil for DSC measure-
ments (see corresponding subsections). The OG was prepared
either by annealing of the USG above T, or, alternatively, by
melting crystalline powder directly onto a steel electrode on a hot
plate at the corresponding melting temperature, covered by
another electrode (separated by Teflon spacers with 0.1 mm of
thickness) and then cooled down in a refrigerated cooper plate.

Differential scanning calorimetry (DSC)

Calorimetric measurements were carried out using a Mettler-
Toledo DSC 1. Temperature and enthalpy calibrations were
performed using indium and zinc standards. Aluminum crucibles
of 40 uL were filled with the USG sample grown on top of aluminum
foil and closed using the crucible sealing press. The examined
material was heated at 10 K min~* until devitrification, cooled down
at the same rate to produce the OG and measured again.

Broadband dielectric spectroscopy (BDS)

Isobaric dielectric measurements at atmospheric pressure
were performed using a Novocontrol GMBH Alfa-A analyzer
with maximum frequency range from 10~> Hz to 10° Hz. The
measurement temperature was controlled by a Quatro temperature
controller using a nitrogen gas cryostat with accuracy better than
0.1 K. During the measurements, the samples were placed between
the steel electrodes of the capacitor (15 mm diameter).

Dielectric data was fitted by the Havriliak-Negami (HN)
equation,

. Ae
enn" () = e 3

4=
[1 + (iarcHN)“}

where ¢, is the limiting high-frequency permittivity, 7y denotes the
characteristic relaxation time, the exponents o and f§ characterize
symmetric and asymmetric broadenings of the dielectric loss
curve respectively, A¢ is the relaxation strength and w is the
angular frequency. Values of relaxation time were calculated
from the maximum of the dielectric permittivity peaks using
the expression 7 = (2ntfinay)

Results and discussion

In all the investigated cases, the observed secondary process is
well separated from the structural relaxation, which facilitates
accurate determination of the relaxation times and strength.
The difference in calorimetric T,, between USG and OG for
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Table1l Change in onset temperature of devitrification, Top, and secondary
relaxation time, 7, between USG and OG. Changes in T,,, are measured from
DSC scans (see ESI). 7 values correspond to the calorimetric T, i.e. at the
same temperature for USG and OG

log(tusa(Ty)) —

Ton,usc — Ton,06 (K) IOg(TOG(Tg))
Toluene 7 0.74
Telmisartan 26 0.75
Etoricoxib 33 0.66
B-p-Maltose octa-acetate 21 —0.33
Carvedilol 15 —0.24
Celecoxib 18 -0.7

each material, shown in Table 1 (calorimetric curves shown in
Fig. S1-S4, ESIt), is a signature of the enhancement in kinetic
stability of the former. In Fig. 1 we show, in an Arrhenius plot,
the relaxation times of the measured secondary processes in
the USG and OG of different materials (the complete set of
dielectric spectra can be found in Fig. S5-S9, ESIt). From these
plots, we distinguish two groups of secondary relaxations,
based on the differences in the characteristics between USG
and OG. The first group (Fig. 1A-C) exhibits slower relaxation
time in the USG than in the OG. The second group (Fig. 1D-F)
reveals the opposite behaviour, which seems striking since
there is enhancement in kinetic stability and density of the
all USG compared to the OG. In all cases, the strength of
the process decreases in the USG (see ESIt). In Fig. 2, we show
the dielectric loss at particular temperatures for the USG and OG
of etoricoxib and B-p-maltose octa-acetate, as representatives of
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the two groups. We note that this classification is completely
independent from the well-known classification by A. Kudlik
et al., who distinguish two types of glass-forming materials, types
A and B, by the fact of whether they exhibit a resolved or
discernible B-process or not.>®

The main and most interesting feature extracted from the
reported relaxations in the first group of Fig. 1(A-C) is their link
in properties with the structural o-relaxation. As a consequence
of the increase of density in the USG, they become slower, in
parallel with the o-relaxation. The secondary relaxation time of
these materials at 7,,, defined as the temperature at which the
glass relaxes back to equilibrium upon heating (t, &~ 100 s), is
the same in the USG and in the OG, as elucidated by the
horizontal blue lines in Fig. 1(A-C). As a consequence, when we
plot the data in Fig. 1 as a function of T,,/T, the secondary
relaxation of USG and OG collapse into a single curve (Fig. 3,
blue regions). This invariance is equivalent to the one observed
in glasses under elevated pressure, p, at Ty( p), i.e., the secondary
relaxation slows down in a way that at Ty( p), the value of 7g( p) is
>2773% and moreover logt,(p) and logty(p) collapse
each into a single curve when represented as a function of T,( p)/T
(Fig. S10-S12, ESI}). From calorimetric data, Rodriguez-Tinoco
and co-workers inferred the structural relaxation times of vapour
deposited glasses of indomethacin and toluene embedded with
different thermodynamic stability.'® When represented as a
function of T,,/T, all data corresponding to the structural
relaxation of the different glasses of each material collapse into

invariant,

a single curve (Fig. S13, ESIt), in the same way as the secondary
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Fig. 1 Map of relaxation time of the analysed secondary relaxations. Black and red closed symbols correspond to the USG and the OG obtained after
transformation of the USG and subsequent cooling down, respectively. The red open points and the orange VFT fit to the structural a-relaxation are

obtained from the literature (etoricoxib,*%** telmisartan,>*>°
extracted from H. B. Yu et al.*®

maltose octa-acetate,>®
and Rodriguez-Tinoco etal® respectively. The black and red circles indicate the value of secondary relaxation time at Top,.

carvedilol®” and celecoxib*®). All data for toluene and etoricoxib are

The horizontal blue lines in (a—c) graphs remark the invariance of the secondary relaxation time at T,,. The sketch of each molecule is also depicted.
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Fig. 2 Dielectric loss of USG and OG of etoricoxib and B-p-maltose octa-acetate, measured at three different temperatures in the glassy state, showing
the analyzed secondary relaxation process and its difference in the USG and OG states.
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Fig. 3 Secondary relaxations of different materials as a function of Ton/T.
Two groups are distinguished: those relaxations which are slower in the
USG with respect to the OG (blue area) and those which are faster in
the USG with respect to the OG (red area). The relaxations in the blue area
are strongly linked to the structural relaxation and, as a consequence, USG
and OG relaxations collapse one into the other when normalized by T,
which is related to the structural relaxation. In the inset, together with the
secondary relaxation data of toluene shown in the main figure, we plot
structural relaxation data inferred from reported calorimetric data.’® Together
with the data from the USG (closed squares) and the OG (open stars), data
corresponding to an intermediate stability is included (open circles). Secondary
relaxation data corresponding to toluene and etoricoxib have been taken from
the literature 58

relaxation, as seen for toluene in the inset of Fig. 3. Furthermore,
it was also shown for etoricoxib and toluene that the secondary
relaxation defines an equilibrium state which is consistent with
the one defined by the structural relaxation. In other words, one
can use a single fictive temperature to connect the characteristics
of the secondary relaxation to those of the o-relaxation.®'® All
these observations indicate a strong connection between this
type of secondary relaxation and the structural process, and this
connection is manifested either by elevating pressure or by
ultrastability. This observation is related to the property invoked by
Ngai and co-workers to explain the nearly invariance of surface
diffusion in different types of glasses (USG, aged or thin film), and
was attributed to the approximate agreement between the secondary
relaxation time and the primitive relaxation time.*' By contrast,

21928 | Phys. Chem. Chem. Phys., 2018, 20, 21925-21933

the behaviour of the secondary relaxations pertaining to the
second group in Fig. 1D-F is the opposite to the previous case.
In these Arrhenius plots, the secondary relaxation time in USG
and OG becomes more separated when represented as a func-
tion of T,,/T in Fig. 3 (red region). This contrasting behaviour
can be also appreciated from the data in Table 1, where we
compare the difference between the calorimetric T,, of USG
and OG with the difference in secondary relaxation time at Ty. It
is also noticeable that, in all cases, the change in relaxation
time is considerably small (around one order of magnitude),
which contrasts with the remarkable enhancement of struc-
tural stability in USG, as indicated by the large increase in T,
with respect to the OG, and by the increase in transformation
time of USG with respect to OG by 4-5 orders of magnitude
found in other studies.'®****

The different directions of change of secondary relaxation
time in OG to USG shown in Fig. 3 indicate the existence of
two types of secondary relaxations. Importantly, the analysed
secondary relaxations in toluene'® and telmisartan®*> have
been previously identified to belong to the class of the Johari-
Goldstein (JG) B-relaxation, and the one observed in etoricoxib
has been considered as pseudo-JG or JG-y, as a consequence of
its properties mimicking those of the structural relaxation.®*’
From the structural point of view, JG relaxations correspond to
movements of the whole molecular unit. All these JG related
relaxations correspond to the blue region in Fig. 3. On the other
hand, the secondary relaxation of celecoxib considered in Fig. 1-3
was reported to be a delta relaxation,*® being the much slower
JG B-relaxation not well resolved at ambient pressure. From the
analysis of the relaxation processes in B-p-maltose octa-acetate
and carvedilol and its comparison to the primitive relaxation
time of the CM we can conclude that these relaxations are also
not the JG B-relaxation (Fig. S14-S16, ESIt), and, hence, they
correspond to movements of only part of the molecule, probably a
rotation of a side group. Thus, all three relaxations belonging to the
red group in Fig. 3 are not JG B-relaxation, while those three in the
blue group are either JG f-relaxation or JG y-relaxation. This match
conveys that USG is no different from OG in asserting the funda-
mental importance of the JG Prelaxation as the indispensable
originator of the a-relaxation. We have to be cautious with this

This journal is © the Owner Societies 2018


http://creativecommons.org/licenses/by/3.0/
http://creativecommons.org/licenses/by/3.0/
https://doi.org/10.1039/c8cp02341g

Open Access Article. Published on 04 June 2018. Downloaded on 12/9/2025 12:04:59 PM.

Thisarticleislicensed under a Creative Commons Attribution 3.0 Unported Licence.

(cc)

PCCP

statement though, since there are reported measurements of JG
relaxations which speed up upon aging.>'°™"* However, those
reported relaxations are extremely close to the structural relaxation,
which complicates the data analysis, or in polymers, which may
behave differently than molecular glasses. Notwithstanding, the
classification indicated in Fig. 3 clearly establishes a distinction
between two kinds of process, independently of the assigned
nomenclature or molecular origin. The invariance or not of the
secondary relaxation time at T, of USG and OG provides a key
element in the classification of secondary relaxations.

It is important to remark that the existence of relaxations
from one group does not exclude the presence of relaxations
from the other for the same molecule. For example, telmisartan
and etoricoxib exhibit, apart from the JG relaxation analysed in
this work, a faster relaxation which has not been analysed
here.?>% Also, as commented above, celecoxib exhibits a hidden
and low intensity JG relaxation close to the structural relaxation.*®
The further remarkable decrease of the intensity of the secondary
process in the USG precludes its analysis in this work. If measur-
able, we would expect the JG process in celecoxib to pertain to the
blue group in Fig. 3, together with the relaxation exhibited in
etoricoxib, very similar to celecoxib from the structural point of
view, but faster and easily measurable in the USG. With these
remarks we want to stress that the elucidated distinction between
types of secondary relaxations is not related to the material
itself or to its molecular structure but to the particular analysed
secondary relaxation, to their connection with the o relaxation
or whether they are originated from inter or intramolecular
motions.

The suitability of using USG to classify secondary relaxations
into the two mentioned groups is remarkable and relevant,
especially when analysing the evolution of the secondary relaxa-
tion time during the aging shown in Fig. 4. In general, the
characteristics of the secondary relaxation in USG is mirrored
in the evolution of the process during aging, as expected since
vapour deposition yields glasses which are, in many aspects,

0,30 o
05
0.25 o] wnenprgrysyyegrsiizymse | Telmisartan
e o204 <¢ e
L e > Etoricoxib
> P a4y T T T -
o 1 R | “’_._-'III.
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£ A
la‘) 0,00 - ‘A“““A‘A‘—AA‘AA‘AA—‘A— ----------- -
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Fig. 4 Evolution of the secondary relaxation time during aging at 0.9T4
for different materials. The measurement temperatures for each material
are reported in the ESI.f In the inset, the same data is reproduced together
with the difference between the secondary relaxation time in the USG and
OG at the same measuring temperature for all molecules, remarking the
suitability of USG to monitor those differences.
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equivalent to OG aged for much longer times. The variations
observed after several hours of aging are, though, dramatically
smaller than those observed in USG (as seen in the inset of
Fig. 3), and, in some cases, changes in relaxation time induced
by aging are subtle and difficult to detect, as seen in the ESI}
(Fig. S17-S20). Changes observed in USG compared to OG
are much clearer, as seen in the inset of Fig. 4 (as well as in
Fig. S6-S9, ESIY). Especially relevant is the case of B-p-maltose
octa-acetate, whose secondary relaxation does not show any
significant tendency during aging, while a clear speeding up is
observed in the USG.

The clear distinction between the two types of relaxations
becomes more evident when considering the effects of elevated
pressure. In fact, pressure is used as a variable to classify
secondary relaxation processes.® In the case of etoricoxib, from
the first group of relaxations (blue region of Fig. 3), the increase
of secondary relaxation time as a result of ultrastability, aging or
pressurization is positive in all cases.® Furthermore, the secondary
relaxation time at 7,, does not depend on the particular method
followed to increase T,,, (in the case of the glass at elevated pressure
Ton = Typ),’ meaning that an increase of pressure or ultrastability
affect its secondary relaxation in the same manner as they affect
its structural relaxation. On the other hand, when a B-p-maltose
octa-acetate glass is subjected to elevated pressure, its secondary
relaxation time increases (Fig. S21, ESIT), while an increase of
density due to ultrastability does not induce an increase of the
secondary relaxation time but a decrease (Fig. 1 and 2). In all
cases, an increase of density is associated with a slowing down
in the structural relaxation of the system, which translates in
an increase in the T;,. In particular, d7,/dp in f-p-maltose octa-
acetate is 0.281 K MPa ',*° meaning that an OG at 75 MPa
exhibits the same T, = T, than the USG at ambient pressure. As
a result of this, we would have two glasses of the same material,
with the same T,,,, but with different secondary relaxation times.
It was also reported for polyvinyl-ethylene (PVE) that the glass
produced by aging exhibits a faster secondary process than the
original unaged glass, while the glass prepared at high pressure,
considered to have higher density, exhibits slower relaxation
time."" These observations go in the direction of and are
compatible with the thermodynamic scaling of different kinds
of relaxation processes. Ngai and Paluch have shown that the
thermodynamic scaling of the structural relaxation satisfied in
many glass-forming liquids originates from the scaling of the
primitive relaxation process (identified as the JG B-relaxation),*
meaning that both structural and JG B-relaxations are governed
by the same thermodynamic variables. Romanini et al. show
for ternidazole, which exhibits three secondary relaxations pro-
cesses, that only the structural and the slowest of the secondary
relaxation processes (identified as a JG B-relaxation) satisfy the
thermodynamic scaling.*' These reports, together with the
results reported in this work, indicate that some kind of relaxa-
tions are linked with the structural relaxation, while the other is
influenced by other factors. The same is also reflected in the
aging behaviour of dipropylene glycol dibenzonate, with two
secondary relaxation processes, the slowest of which slows down
with time, in correlation with the structural relaxation, while the
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faster one remains unchanged.” Ultrastability emerges as a useful
tool to distinguish between distinct types of secondary relaxations.

The slowing down of the secondary process in USG or by aging
can be rationalized in terms of the increase of density, and the
link between structural and secondary relaxation processes are the
basis of the CM.”> However the reported speeding up of some other
relaxations on aging in several materials is an intriguing and
controversial phenomenon.*** As deduced from the red region in
Fig. 3, an increase of the average macroscopic density induced by
ultrastability results in a decrease of the associated secondary
relaxation time, i.e. average density and secondary relaxation time
anticorrelate. We propose here two plausible scenarios to explain
the observed phenomena. One explanation is based on the
observation that the relaxations in the blue region of Fig. 3 are
JG while those in the red regions are non-JG, and can be traced to
two factors. Firstly, the non-JG secondary relaxation time is
usually much shorter and involves motion of a small part of
the molecule with intramolecular degree of freedom. Secondly,
the micro structure of USG is different from OG as inferred from
the birefringence of USG, whether it is due to molecular
orientations,”*® or other causes.”” The change in packing
accompanying molecular ordering may enhance the mobility
of the very local non-JG secondary relaxation in USG to a larger
extend compared to the OG, despite the increase in density. On
the other hand, the JG relaxation is known to involve the entire
molecule in order to perform as the precursor of the o-relaxation.
Its larger length-scale implies a higher sensitivity to the increase
in macroscopic density than the non-JG relaxation. Furthermore,
its relaxation time has to increase in concert with the increase
of the o-relaxation time in USG because of the fundamental
connection between these two relaxations.

The second plausible scenario is based on the concept of
islands of mobility. According to this idea, secondary relaxa-
tions are originated in looser regions in the otherwise rigid
structure of the glass.® Some works refer to it as a kind of glue
or connective tissue between clusters.*® This idea emerges from the
analogy to well-known theories based on the structural hetero-
geneity of glasses, such as Stillinger's model,*® the modified
continuous random network model by Greaves,*® the entropy
and density fluctuation model by Ediger,”" and the concept of
cooperatively rearranging region (CRR) and its correlation
length by Donth.”> A similar model was also considered to
explain the properties of fragile metallic glass formers.>® The
anticorrelation between density and relaxation time observed
in some systems has been often attributed to this inherent
heterogeneity of the molecular structure in the glass.”>'*"> We
suggest a combination of this interpretation with the fundamental
point of the Coupling Model, which considers the secondary JG
relaxations as precursor of the structural relaxation. Hence, in this
scenario, the relaxations in the blue or red regions of Fig. 3
originate from inside clusters or in the connective tissue around
them, respectively. When the glass ages or is produced by vapour
deposition in USG conditions, groups of molecules forming
clusters stick together and become denser, resulting in a higher
overall density. The secondary relaxations originated in those
clusters are slower in the USG as a consequence of the higher
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overall density. At the same time, the connective tissue around
clusters become looser as a consequence of the shrinking of the
later, and the associated secondary relaxation process becomes
faster in the USG. When applying elevated pressures, a homo-
geneous increase in density always slows down the process,
regardless of its origin, as commented before. It is important
to remark that the secondary relaxation process originated in low
density areas are not necessary independent of the structural
relaxation. Indeed, Roland and Casalini indicated that the
evolution of the secondary relaxation in polyvinylethylene'" or
in polymethylmethacrylate,® both speeding up with age, can
be used to determine the structural relaxation of the system.
K. Kaminski et al. also suggested that the structural relaxation of
the system could be measured from the evolution of different
types of secondary relaxation, including intramolecular ones,
a priori without connection to the structural process.” This
interpretation is compatible with both visions: while the secondary
processes originated from the clusters are the precursor of the
structural relaxation in the sense of the CM, those from the
connective tissue are influenced by the structural relaxation and
can be still used to trace back the dynamics of the structural
process, as discussed in the literature, even though other factors
may have influence on its dynamics.

Notwithstanding, in both scenarios one type of secondary
relaxation is directly related with and unambiguously deter-
mined by the structural relaxation (as manifested through the
invariance of 74 at T,, or the overlap of the secondary relaxa-
tion plots when normalized by T,,) and the other is, addition-
ally, influenced by the microstructure of the glass. Therefore,
the difference in the response to the ultrastability of secondary
relaxations is a useful and practical criterion to distinguish
between two major classes of secondary relaxations, rather than
the molecular origin underneath.

It would be ideal if one can tell which class the observed
secondary relaxation belongs to, directly from the molecular
structure of the glass-former. This is clearly not possible for the
six glass-formers from their molecular structures shown in
Fig. 1. Although this is possible if an additional criterion
related to molecular structure is utilized, which is whether
the entire molecule, or part of it, is involved in the secondary
relaxation.>® Obviously the secondary relaxation of the totally
rigid molecule of toluene involves the motion of entire molecule,
and accounts for it in the blue group. Two secondary relaxations
B and y were found in telmisartan, and in this work we study the
slower B-relaxation for its response to ultrastability. Since it is the
slowest secondary relaxation, it can involve the motion of the
entire telmisartan molecule, and hence telmisartan belongs to
the blue group based on the criterion related to molecular
structure. If one needs further affirmation of this identification,
the PB-relaxation time was shown approximately the same as
the primitive relaxation time of the CM in toluene*® and
telmisartan.>**° In the case of etoricoxib, its molecular structure
by itself is not helpful to rationalize why the observed secondary
relaxation belongs to the blue group, because the molecular
structure of celecoxib is similar and yet the secondary relaxation
observed belongs to the red group. This conundrum is resolved
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by the contrasting response to applied pressure. While the
secondary relaxation in etoricoxib® is sensitive to pressure, it is
not found in celecoxib.*® Previous studies have shown that the
relaxation of celecoxib in Fig. 1, 3 and 4 is not the slowest
secondary relaxation.®® The latter has very weak dielectric
strength and barely resolved in the glassy state, and its relaxation
time at T, is in agreement with the primitive relaxation time.
Thus, without the help of other facts in the cases of etoricoxib
and celecoxib, molecular structures alone cannot be used to
characterize the secondary relaxation. On the other hand, the
molecular structures of maltose octa-acetate, and carvedilol are
instructive to infer that the secondary relaxation observed in
Fig. 1, 3 and 4 involve the motion of part of the molecule and
is intramolecular in origin. The flexible glycosidic bond and the
C-0O-OCHj; groups in maltose octa-acetate, and the long flexible
side chains in carvedilol are likely the source of the intra-
molecular secondary relaxations, making them to belong to the
red group from its response to ultrastability. Additional evidence
comes from the very short relaxation time at Ty, as well as the
small activation energy of the secondary relaxation.

Conclusions

In summary, we have presented a new classification of second-
ary relaxations based on their behaviour in ultrastable glasses.
On one hand, some secondary relaxations are strongly linked to
the structural relaxation, manifested by the invariance of the
secondary relaxation time at T, i.e. the temperature at which
the system relaxes back to equilibrium, as well as through the
superposition of USG and OG secondary relaxation times when
represented as a function of T,,/7. This is a generalization
extending to USG the strong connection between the o-relaxation
and the secondary relaxation established before in other systems
in the OG or liquid state using pressure as a measuring variable,
such as DGEBA,® PPGE®® or others.>® Observed is the approx-
imate invariance of the ratio, 7,( p,T)/tg( p,T), to variations of p
and T while either 7,(p,T) or 1p(p,T) is kept the same. On the
other hand, some other secondary relaxations appear to be faster
in the USG state than in the OG at all temperatures and in
particular at T,,. These novel findings in USG provide another
criterion to classify secondary relaxations into two types. This
criterion derived from the response of secondary relaxations to
ultrastability is novel, but it is also consistent with the conven-
tional criterion of whether the secondary relaxation is strongly
connected with the structural relaxation or not.>*?”*%% 1t is
beneficial to continue using this new criterion to distinguish
secondary relaxations, particularly in those cases where the
molecular origin of the secondary relaxation is unclear.

It is remarkable that the differences observed in the second-
ary relaxations in USG, whether in the blue or red group of
Fig. 3, are much more intense than the differences yielded by
aging, which in some cases is not sufficient to observe any
significant trend in the evolution of secondary relaxations. In
this sense, vapour deposition offers a new benchmark, since it
permits to obtain glasses that, from a thermodynamic point of
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view, are equivalent to glasses aged for thousands or millions of
years, time scales inaccessible in laboratories. Furthermore,
vapour deposition permits to tune the molecular orientation of
molecular glasses and, therefore, it offers the opportunity to
explore the effect of orientation in the characteristics of secondary
relaxation and provide relevant information concerning the
microstructure of the system, especially if different preparation
methods (vapour deposition, aging, densification by pressuriza-
tion, or others) are compared.
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