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tatic compression and kinetic
vitrification on structural relaxation behaviors of
amorphous drugs: how to predict them via simple
theoretical models?†

Tran Dinh Cuong *a and Anh D. Phan ab

Amorphization is considered one of the most promising strategies for enhancing pharmaceuticals' aqueous

solubility and oral bioavailability. However, amorphous systems are susceptible to recrystallization because

of their disordered atomic structures and elevated free energies. To resolve this problem, one needs

accurate information about molecular mobilities under various physical conditions. Unfortunately, it is

difficult to investigate the relaxation processes of amorphous drugs beyond the uncompressed

supercooled region. Hence, we aim to develop a simple but effective toolkit to predict pharmaceuticals'

relaxation time and dynamic fragility at high pressures and low temperatures. First, we apply the

elastically collective nonlinear Langevin equation theory to determine the impact of local and non-local

interactions on the motion of drug molecules. Then, based on the similarity between the melting

transition of crystalline solids and the glass transition of soft materials, a new chemical mapping is

created to connect the hydrostatic pressure, the absolute temperature, and the packing fraction. This

combined approach allows us to capture the primary relaxation behaviors of amorphous drugs with

minimal computational cost. Our theoretical analyses agree quantitatively well with broadband-

dielectric-spectroscopy experiments in both supercooled and glassy states. Therefore, they promise to

be valuable for improving the physical stability and the practical applicability of amorphous

pharmaceuticals.
1. Introduction

Diseases have long been perceived as the leading threat to
human well-being. According to modern studies on ancient
pathogen genomics,1 humanity has frequently faced the infec-
tion of Yersinia pestis,2 Helicobacter pylori,3 hepatitis B virus,4

and parvovirus B19 5 since the Neolithic Age. For thousands of
years, numerous catastrophic epidemics and pandemics have
been recorded in human history, such as the plague of Justi-
nian,6 the Black Death,7 HIV/AIDS,8 Ebola,9 and COVID-19.10

They have not only claimed the lives of millions of people but
also affected all aspects of socio-economic life severely.11–13 In
addition to infectious diseases, human health has been
threatened by non-communicable ones, including ischaemic
heart, stroke, chronic obstructive pulmonary, cancer, Alz-
heimer's, diabetes, and kidney.14–16 As reported by the World
Health Organization,17 cardiovascular problems alone were
enikaa University, Yen Nghia, Ha Dong,
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responsible for more than one-third of global deaths in 2019.
Thus, it cannot be denied that disease prevention and treatment
have become a deep concern for every individual, organization,
and country.18–20

In the never-ending struggle against diseases, humanity has
invented a crucial weapon called “drug” to deal with structural
and functional disorders in living organisms.21–23 Today, about
80% of marketed drugs are prepared in tablet form, and the
majority exist in a crystalline state.24 The most prominent
advantage of pharmaceutical crystals is their superior physical
and chemical stability.25,26 It is feasible to maintain their quality
over a prolonged period. Besides, developing synthetic and
analytic methods for crystalline drugs is relatively conve-
nient.27,28 However, these pharmaceutical systems have a critical
drawback: they are almost insoluble in water.29–31 As an inevi-
table consequence, they are readily eliminated from the diges-
tive tract before being effectively absorbed into the body.32 In
many cases, a large dosage of drugs is necessitated to reach
therapeutic levels.33 This burning issue not only occasions
undesirable side effects34 but also increases treatment expenses
and reduces patient adherence.35

The above predicament leads to an exciting idea of changing
the internal structure of pharmaceuticals from a crystalline type
RSC Adv., 2025, 15, 25675–25693 | 25675
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with long-range order to an amorphous type with short-range
order.36 Fundamentally, amorphous drugs are created by cool-
ing liquids rapidly below their melting points to inhibit nucle-
ation processes.37 Alternative techniques include hot-melt
extrusion,38 3D printing,39 crystal dehydration,40 and solvent
evaporation.41 It is worth noting that the aqueous solubility of
drugs is expected to increase 1.4- to 1668-fold aer
amorphization.42–45 Accordingly, their oral bioavailability can be
markedly improved.46 These enormous benets promise to
open a more fruitful avenue for safeguarding human health.
Yet, in practice, the applications of amorphous drugs to disease
prevention and treatment remain limited due to their thermo-
dynamic instability. Few amorphous pharmaceutical products
are commercialized because recrystallization can readily occur
at any stage of drug processing, such as preparation, produc-
tion, and administration.47–50 It is impracticable to overcome
these grand challenges without intimate knowledge of molec-
ular dynamics under different pressure–temperature (P–T)
conditions.51

For the reasons above, countless attempts have beenmade to
advance our understanding of relaxation mechanisms in
amorphous drugs, particularly a relaxation. On the experi-
mental side, there has been a continuous improvement in the
broadband-dielectric-spectroscopy (BDS) technique.52 In the
supercooled domain, the a rearrangement of molecules is
directly detected via the emergence of high, broad, and asym-
metric peaks on dielectric loss spectra.53–57 This approach helps
experimentalists measure the structural relaxation time sa, the
glass transition temperature Tg, and the dynamic fragility m up
to hundreds of megapascals.36 In the glassy domain, since
molecular motions are almost frozen, the location of a peaks is
indirectly determined by the so-called master plot construction
(MPC).58–62 The MPC is considered the most reliable method for
predicting the primary relaxation behaviors of amorphous
pharmaceuticals at T < Tg.36 However, the MPC will be invali-
dated if the shape of BDS spectra varies with temperature due to
the contribution of excess wing and dc-conductivity.36 Another
way to investigate glassy dynamics is to apply the extended
Adam-Gibbs model (EAGM)63–65 for the entropy–mobility rela-
tionship. The EAGM allows estimating the value of sa(T < Tg) via
experimental data for the structural relaxation time at T > Tg and
the isobaric heat capacity at T = Tg.66 Nevertheless, accurate
information about the isobaric heat capacity of many pharma-
ceutical systems remains unavailable.51 Besides, it should be
noted that the EAGM only works well in the case of freshly
generated non-equilibrium samples.67 Consequently, how to
evaluate the impact of kinetic vitrication on the structural
relaxation of amorphous drugs is still a knotty question for the
so-matter community.

On the computational side, molecular dynamics (MD)
simulations have been continuously enhanced to serve drug
discovery and development.68 MD studies can yield valuable
insights into the microscopic structures, molecular interac-
tions, stabilization mechanisms, and macroscopic properties of
single- and multi-component amorphous pharmaceuticals. For
instance, one can utilize MD calculations to elucidate how
hydrogen-bond networks are established between drugs and
25676 | RSC Adv., 2025, 15, 25675–25693
polymers, thereby nding innovative ways to design amorphous
solid dispersions with high water solubilities and low recrys-
tallization tendencies.69–71 Additionally, it is viable to employ
MD outputs to build solid-state descriptors and reinforce
machine-learning models in pharmaceutical elds.72 Despite
the mentioned positive aspects, MD computations have a severe
limitation: they cannot predict sa in a timescale larger than
10−5 s.73–78 This complicated problem principally stems from
the selection of simulated temperature and annealing time.79

Recall that the conventional BDS denition of the glass transi-
tion point is sa(Tg) = 102 s.51 Currently, there is no reliable
method to extrapolate computational results for sa from the MD
regime to the BDS one.80 According to Moore's law, it would take
until 2048 for the MD-BDS gap to be closed.79 Hence, scientists
are still looking forward to the appearance of more powerful
computational tools to overcome the MD limit.

One of the most promising strategies for going beyond the
MD region is to develop the elastically collective nonlinear
Langevin equation (ECNLE) theory.81–83 The ECNLE core idea is
to view each amorphous material as a hard-sphere glass
former.84 In this reference system, local and non-local excita-
tions can be effortlessly analyzed at various packing fractions
f.85 Then, based on available experimental data for bulk
quantities (e.g., the dimensionless isothermal compressibility
or the glass transition temperature), a chemical mapping is
formulated to convert ECNLE results from f to P–T spaces.86,87

This theoretical scheme enables scientists to clarify the physical
properties of thermal liquids,88 vdW polymers,89 graphene
melts,90 metallic glasses,91 superionic crystals,92 and active
pharmaceutical ingredients93 in both MD and BDS timescales
without heavy computational processes. Yet, current ECNLE
analyses81–93 cannot explain why the temperature dependence of
sa switches from non-Arrhenius to Arrhenius-like types near
kinetic vitrication.58–62 The consequence is that sa is greatly
overestimated in the glassy state.94 In addition, there is
a considerable discrepancy between experimental and theoret-
ical results for m at elevated pressures.95 While BDS measure-
ments suggest that most amorphous drugs become stronger
during hydrostatic compression, ECNLE calculations predict
the opposite. It should be emphasized that the relaxation time,
the dynamic fragility, and the recrystallization ability are closely
correlated.96–98 Therefore, expanding the ECNLE theory to low-
temperature and high-pressure areas remains an appealing
problem for research groups in the so-matter eld.

Our ultimate goal in this study is to improve the ECNLE
model to capture molecular dynamics in compressed and
vitried amorphous pharmaceuticals with the tiniest compu-
tational effort. Overall, it is possible to remove ECNLE restric-
tions step-by-step by modifying the reference system
(microscopic approach)99 or the chemical mapping (macro-
scopic approach).92 Whereas the microscopic approach can
provide novel information about free-energy landscapes,91 the
macroscopic approach is time-saving, cost-effective, and user-
friendly.100 Thus, to facilitate ECNLE applications in practice,
we mainly focus on the intimate relation among bulk quantities
in the chemical mapping. The reference system is supposed to
be unaffected by pressurization and vitrication. The
© 2025 The Author(s). Published by the Royal Society of Chemistry
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effectiveness of our ECNLE calculations is demonstrated by
comparing them with cutting-edge BDS experiments.
2. Structural relaxation of reference
system

Let us start with the ECNLE reference system constructed from
an innite number of rigid spheres with the diameter s and the
density r = 6fp−1s−3 (each sphere is equivalent to an actual
molecule). Their spatial arrangement can be rapidly described
by applying the well-known Percus–Yevick approximation101–103

to the direct correlation function C(r), the static structure factor
S(k), and the radial distribution function g(r), where r is the
distance and k is the wavevector. Details about C(r), S(k), and g(r)
can be easily found in prior ECNLE reports.90–93 According to
Schweizer et al.,104–106 the motion of an arbitrary sphere (the
tagged sphere) is strongly affected by its nearest-neighbor
interactions, which are characterized by a non-equilibrium
quantity Fdyn as

Fdyn = Fideal + Fexcess. (1)

While the rst term represents delocalization processes, the
second term denotes connement effects. Their mathematical
expressions in real space are explicitly written by104–106

Fideal ¼ �3kBT ln
r

s
; (2)

Fexcess ¼ �kBT
ð

d~k

ð2pÞ3
rC2ðkÞSðkÞ
1þ S�1ðkÞ e

�1
6
k2r2½1þS�1ðkÞ�; (3)

where kB is the Boltzmann constant.
Overall, there is competition between Fideal and Fexcess in

controlling the molecular dynamics of the ECNLE reference
system. At f < 0.432, since Fideal gains the upper hand, Fdyn
becomes a monotonically decreasing function of r.104–106 That
means no kinetic constraints are imposed on the tagged sphere
in dilute solutions. However, the situation is reversed in dense
Fig. 1 (Color online) Summarizing the prominent features of the ECNLE r
by the Percus–Yevick theory,101–103 their interaction is modeled by the Sch
of the nearest neighbor cage, it distorts the first coordination shell and t

© 2025 The Author(s). Published by the Royal Society of Chemistry
uids. At f > 0.432, Fexcess prevails over Fideal.104–106 Accordingly,
a local barrier of height FB appears in the dynamic free–energy
plot (Fig. 1). This event causes the tagged sphere to be tempo-
rarily trapped in an intermolecular cage of radius rcage. For
simplicity, we approximate rcage z 1.5s instead of solving the
minimum condition of g(r). The modulus of FB is deduced
from 104–106

FB = Fdyn(rB) − Fdyn(rL), (4)

where rB typies the barrier position, and rL symbolizes the
localization length.

Interestingly, the tagged sphere tries to escape connement
by making a thermal jump of amplitude Dr = rB − rL.84,85 Note
that Dr can be up to 0.412s at f = 0.64. This value is quite large
on the cage scale. Hence, a long-range deformation eld has to
be formed in the surroundings to create space for the activated
hopping process.84,85 According to the Landau–Lifshitz
continuum mechanics,107 the displacement u of hard spheres
located at r $ rcage is determined by

u ¼ Dreff

�rcage
r

�2
; (5)

where Dreff z 0.09375Dr2rcage
−1 describes how much the rst

coordination shell expands.84,85 Eqn (5) shows that u is consid-
erably shorter than rL. Thus, we can view each shoved sphere as
an Einstein harmonic oscillator having the force constant KL =

(v2Fdyn/vr
2)r=rL and the energy change DFdyn = KLu

2/2. This
physical picture allows computing the total strain energy FE
stored outside the cage by84,85

FE ¼
ðN
rcage

4pr2rgDFdyndr

z 12fDreff
2
�rcage

s

�3
KL:

(6)

Conspicuously, the diffusion of the tagged sphere is now
affected by both local and non-local interactions. Based on the
eference system. Whereas the distribution of hard spheres is described
weizer free-energy method.104–106 When the tagged sphere breaks out
he remaining elastic medium.84,85

RSC Adv., 2025, 15, 25675–25693 | 25677
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Table 1 The local barrier FB, the collective barrier FE, and the structural
relaxation time sa of the ECNLE reference system as a function of the
packing fraction f. While FB and FE are in the unit of kBT, sa is in the unit
of second

f FB FE log10 sa

0.440 0.0524 0.0002 −11.2298
0.445 0.1073 0.0007 −11.2131
0.450 0.1759 0.0018 −11.1905
0.455 0.2572 0.0034 −11.1651
0.460 0.3510 0.0059 −11.1377
0.465 0.4571 0.0095 −11.1090
0.470 0.5757 0.0143 −11.0789
0.475 0.7071 0.0207 −11.0475
0.480 0.8515 0.0290 −11.0149
0.485 1.0097 0.0396 −10.9808
0.490 1.1820 0.0531 −10.9450
0.495 1.3691 0.0700 −10.9071
0.500 1.5719 0.0912 −10.8665
0.505 1.7912 0.1177 −10.8223
0.510 2.0279 0.1507 −10.7733
0.515 2.2830 0.1919 −10.7179
0.520 2.5578 0.2433 −10.6532
0.525 2.8534 0.3078 −10.5755
0.530 3.1712 0.3889 −10.4796
0.535 3.5128 0.4913 −10.3586
0.540 3.8797 0.6188 −10.2043
0.545 4.2737 0.7863 −10.0076
0.550 4.6967 0.9973 −9.7610
0.555 5.1506 1.2678 −9.4579
0.560 5.6376 1.6155 −9.0932
0.565 6.1600 2.0632 −8.6602
0.570 6.7201 2.6403 −8.1497
0.575 7.3206 3.3851 −7.5473
0.580 7.9640 4.3449 −6.8333
0.585 8.6527 5.5653 −5.9875
0.590 9.3905 7.1086 −4.9817
0.595 10.1801 9.1287 −3.7496
0.600 11.0249 11.6169 −2.2904
0.605 11.9285 14.7202 −0.5395
0.610 12.8946 18.5606 1.5582
0.61095 13.0856 19.3847 2.0000
0.612 13.2995 20.3337 2.5082
0.614 13.7153 22.2559 3.5276
0.616 14.1423 24.3369 4.6210
0.618 14.5808 26.5866 5.7927
0.620 15.0311 29.0162 7.0477
0.622 15.4950 31.5123 8.3384
0.624 15.9719 34.1660 9.7036
0.626 16.4613 37.0685 11.1821
0.628 16.9628 40.3109 12.8128
0.630 17.4782 43.7995 14.5565
0.640 20.2701 65.4251 25.1874
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modied Kramers theory,108–110 it is feasible to infer the mean
escape time or the structural relaxation time from

sa ¼ ss

�
1þ 2pffiffiffiffiffiffiffiffiffiffiffiffi

KLKB

p kBT

s2
exp

�
FB þ FE

kBT

��
; (7)

where ss is the short relaxation timescale and KB is the absolute
curvature of the dynamic free-energy curve at rB. Numerical
results derived from eqn (4), (6), and (7) are presented in
Table 1. At f < 0.55, because the contribution of FE is almost
negligible, the activated hopping process is mainly governed by
25678 | RSC Adv., 2025, 15, 25675–25693
cage-scale dynamics. Nevertheless, an opposite trend emerges
near the glass transition point (fg z 0.61). At f > 0.57, the
growth rate of FB becomes much slower than that of FE. This
event results in the dominance of collective dynamics in deeply
supercooled and glassy states, consistent with experimental
observations on metallic, oxide, vdW, and hydrogen-bonded
materials.111 Unlike MD simulations,73–79 ECNLE calculations
enable us to evaluate molecular mobility at various timescales
spanning from picosecond to terasecond and beyond. There-
fore, our theoretical data in Table 1 would be useful for
designing and developing amorphous pharmaceuticals. Before
applying them to a specic drug, we need to nd a way to link
the f space with its P–T counterpart.86,87 This work should be
done quickly and accurately. So, how do we meet the above
criteria? A detailed answer is revealed in subsequent sections.
3. Effects of hydrostatic compression

Throughout the ECNLE development journey, various strategies
have been proposed to associate conceptual hard-sphere uids
with actual glass-forming liquids. Schweizer et al.86 suggested
that the f–T relation at zero pressure would be well-quantied
by combining theoretical and experimental data for the low-
wavevector part of the static structure factor. This pioneering
idea was proven to be effective in explaining the glassy
dynamics of alkali metals, rare gases, sugar alcohols, nonpolar
molecules, and vdW polymers.86,89 Unfortunately, it is very
challenging to apply the quasi-universal approach of Schweizer
et al.86 to amorphous pharmaceuticals due to the scarcity of
equation-of-state data. To address this issue, Phan et al.87 built
another chemical mapping from the volumetric expansion of
glass formers during isobaric heating. They succeeded in
capturing the zero-pressure structural relaxation of unary,
binary, and ternary drugs without tting parameters.87 Inspired
by the works of Phan et al.,87 Cuong et al.100 continued to extend
the ECNLE model to the high-pressure regime. The chemical
mapping of Cuong et al.100 was written by

f = f0bT(Tg − T) + fg, (8)

where the initial packing fraction f0 was selected as 0.5 to
reproduce the ECNLE outputs of Schweizer et al. for some
typical thermal liquids.88 For convenience, Cuong et al.100

expressed the thermal expansivity bT and the glass transition
temperature Tg by

bT ¼ b0

1þ k2

k3
P

; (9)

Tg ¼ k1

�
1þ k2

k3
P

�1=k2

: (10)

Whereas b0 = 12 × 10−4 K−1 was supposed to be constant for all
materials,91–93 the Andersson–Andersson parameters k1, k2, and
k3 reected the distinctive nature of molecular bonds in the
disordered state.112 In contrast to S(k), it is easy to look k1, k2,
and k3 up in available BDS reports on compressed amorphous
© 2025 The Author(s). Published by the Royal Society of Chemistry
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drugs.53–55 Hence, Cuong et al.100 successfully calculated the
structural relaxation time of indomethacin along different
isobars at breakneck speed.

In spite of the mentioned advantages, the macroscopic
approach of Cuong et al.100 still suffers from some problems. First,
the physical picture behind eqn (9) is unclear. Eqn (9) is only
based on the fact that the thermal expansivity and the hydrostatic
pressure have a negative correlation.113 We cannot naturally
explain why the Andersson–Andersson parameters112 appear in
this formula. Second, although a good agreement between theory
and experiment is achieved for sa, the chemical mapping of
Cuong et al.100 is not strong enough to describe the variation ofm
at the quantitative level. Take indomethacin as an example. At
0.1 MPa, ECNLE analyses100 givem= 90.1, quite close tom= 82.8
obtained from BDS measurements.114 However, the higher the
pressure, the larger the error. At 226 MPa, the ECNLE fragility is
about 66.2,100 signicantly lower than the BDS counterpart of
75.2.114 The underestimation of m is most likely a consequence of
oversimplifying the bT–P–Tg relation.

Herein, we remove these difficulties to gain a better descrip-
tion of supercooled drugs during squeezing. Our key idea is to
improve eqn (9) by combining typical expansion techniques in
condensed matter physics. Specically, we begin with the
following thermodynamic denition of the thermal expansivity,

bT ¼ 1

KT

�
vP

vT

�
V

; (11)

where V is the molecular volume, and KT is the isothermal bulk
modulus. According to Murnaghan,115 it is possible to quantify
the pressure dependence of KT via

KT ¼ K0 þ K
0
0P; (12)

where K0 and K
0
0 are the magnitude and derivative of KT at 0 MPa.

Eqn (12) works best in a compression range 0# P# PMurz 2K0.116

Recent experimental evidence shows that PMur is in the order of
several GPa.117–119 Meanwhile, the actual production of amorphous
drugs is frequently performed at P < 1 GPa.51 Thus, theMurnaghan
approximation115 is highly suitable for our study.

Next, we focus on (vP/vT)V. In the famed Einstein picture of
molecular vibrations, the contribution of thermal excitations to
the hydrostatic pressure can be evaluated by120�

vP

vT

�
V

¼ 3kBgG

V

�
qE

T

�2
eqE=T

ðeqE=T � 1Þ2
: (13)

where qE is the Einstein temperature, and gG is the Gruneisen
parameter. Recall that supercooled liquids primarily exist in
a high-temperature region Tg # T # Tm, where Tm z 1.362Tg is
the melting point.93 Previous shock-wave experiments121 and
thermodynamic calculations122 suggested that gG would be
proportional to V under these conditions. Moreover, since the
studied T value is far above qE, we can replace eqE/T with 1 + qE/T.
As a result, eqn (13) is simplied by�

vP

vT

�
V

¼ const: (14)

Entering eqn (12) and (14) into eqn (11) provides
© 2025 The Author(s). Published by the Royal Society of Chemistry
bT ¼ b0

1þ K
0
0

K0

P

: (15)

Eqn (15) highlights a close correlation between thermodynamic
and mechanical quantities in the supercooled state.

Fascinatingly, we can also connect the elastic responses of
materials with their glass-transition behaviors via ECNLE
analyses in the ultra-local limit.123 Utilizing the Green–Kubo
formula124 for the shear modulus G yields

GN ¼ kBT

60p2

ðN
0

dk

�
k2

SðkÞ
dSðkÞ
dk

�2
exp

�
� k2rL

2

3SðkÞ
�
: (16)

In the high-density regime, because the localization length is
much shorter than the particle diameter, the main contributors
to instantaneous rigidity are wavevectors with magnitudes
larger than p/s.123 This insight enables us to compact eqn (16)
by

GgVg

Tg

¼ 9

30
kB

�
s

rL

�
f¼fg

2

¼ Cg; (17)

where Gg and Vg are the critical values of G and V at Tg,
respectively. Our numerical calculations with sa(fg) = 100 s
reveal that Cg = 1015.6625kB is a universal constant for all so-
matter systems. This nding is supported by the recent statis-
tics of Shi et al.125 on metallic glasses.

Eqn (17) can be seen as another denition of kinetic vitri-
cation in the framework of the ECNLE theory. Relying on eqn
(17), we can elucidate how the glass transition temperature
depends on the hydrostatic pressure via available information
about elastic moduli. Indeed, as indicated by Guinan and
Steinberg,126 the Gg–P relation can be well described by

GgðPÞ ¼ Ggð0Þ þ
�
vGg

vP

�
T

�
VgðPÞ
Vgð0Þ

�1=3
P: (18)

This simple formula is designed to reproduce the Thomas–
Fermi picture of shear deformation in the Vg / 0 limit.127 Since
the Poisson ratio of pharmaceuticals varies slowly during
compression,128 eqn (18) can be rewritten by

GgðPÞ ¼ Ggð0Þ
(
1þ K

0
0

K0

�
VgðPÞ
Vgð0Þ

�1=3
P

)
: (19)

Besides, by integrating eqn (12), we have

VgðPÞ ¼ Vgð0Þ
 
1þ K

0
0

K0

P

!�1=K 0
0

: (20)

Inserting eqn (19) and (20) into eqn (17) brings

TgðPÞ ¼ Tgð0Þ
 
1þ K

0
0

K0

P

!�1=K 0
0

�

2
641þ K

0
0

K0

P

 
1þ K

0
0

K0

P

!�1=3K 0
0

3
75:

(21)
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Now, we can effortlessly associate volumetric dilation with
kinetic vitrication. Namely, if the applied pressure is suffi-
ciently low, eqn (21) will be equivalent to

TgðPÞzTgð0Þ
"
1þ K

0
0 � 1

K0

Pþ 1

K0
2

�
1

2
� 5

6
K

0
0

�
P2

#
: (22)

In addition, employing the Taylor expansion129 to eqn (10) leads
to

TgðPÞz k1

�
1þ 1

k3
Pþ k2

2k3
2

�
1

k2
� 1

�
P2

�
: (23)

By equating the coefficients of eqn (22) and (23), we obtain

K0 ¼ 4k3ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
1þ 24k2

p � 5
; K

0
0 ¼

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
1þ 24k2

p � 1ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
1þ 24k2

p � 5
: (24)

Continuing to combine eqn (15) and (24) gives us

bT ¼ b0

1þ
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
1þ 24k2

p � 1

4k3
P

: (25)

Unlike eqn (9) and (25) possesses a solid theoretical back-
ground. That is why it can effectively characterize the degree of
bT reduction, as demonstrated in the case of ibuprofen130 (see
Fig. 2). Furthermore, applying eqn (25) to practical situations is
very convenient thanks to the high availability of Andersson–
Andersson parameters.53–55 For the reasons above, we view it as
one of the most crucial factors in deciphering the molecular
dynamics of amorphous drugs via ECNLE calculations.
Fig. 2 (Color online) Illustrating the usefulness of eqn (25) in
describing the decline of bT. Ibuprofen is selected as a case study with
k1= 234.7 K, k2= 3.84, and k3= 970.76 MPa. PVTmeasurements in ref.
130 are adopted as a benchmark for ECNLE analyses.

Table 2 Experimental inputs to our newly developed chemical mapping

Drug k1 k2 k3

Ketoprofen 266.50 2.62 1344.32
Probucol 293.80 2.08 672.32
Ketoconazole 314.00 2.31 1366.51
Indomethacin 315.00 3.14 1238.00
Ticagrelor 319.00 2.31 1954.08
Fenobrate 253.60 2.46 1102.99
Itraconazole 332.10 1.07 1743.06
Glibenclamide 344.36 3.86 1382.00
Ibuprofen 234.70 3.84 970.76

25680 | RSC Adv., 2025, 15, 25675–25693
To further clarify the quality of our chemical mapping [eqn
(8), (10), and (25)], we carry out numerical calculations for nine
representative active pharmaceutical ingredients, including
ketoprofen, probucol, ketoconazole, indomethacin, ticagrelor,
fenobrate, itraconazole, glibenclamide, and ibuprofen. Their
Andersson–Andersson parameters are directly deduced from
prior BDS measurements114,130–137 and systematically presented
in Table 2. More information about them can be found in
Section S1 of the ESI.† It should be noted that the glass tran-
sition of so materials is not always dened at sa = 102 s. In
some circumstances, experimentalists can determine Tg at
a smaller timescale to avoid long extrapolations.135–138 There-
fore, depending on the specic BDS denition of Tg, we infer the
corresponding value of fg from interpolating ECNLE data in
Table 1. This treatment ensures a direct comparison between
theory and experiment. We also report the critical slope of the
log10 sa plot at fg to facilitate the later analyses of the dynamic
fragility.

Fig. 3 shows the structural relaxation time of the selected
pharmaceutical systems under various thermodynamic condi-
tions. It is conspicuous that our macroscopic approach helps
regenerate most existing experimental data114,131–136,138 without
great computational efforts. For a given drug, we only need to
spend a fewminutes on our personal computer to quantitatively
understand the dramatic slowing down of molecular dynamics
during isobaric cooling or isothermal squeezing. In particular,
no tting procedures are required to achieve consistency
between ECNLE calculations and BDS experiments from
microsecond to hectosecond domains. These outstanding
advantages distinguish our theory from other methods like
EAGM66 or MD.79 Further insights into non-exponential growth
in sa are provided in Section S2 of the ESI.†

Among the studied glass-forming liquids, only glibencla-
mide presents a marked discrepancy between theoretical and
experimental results137 in the supercooled state. From our
perspective, this deviation may stem from the effects of
tautomerism. It is well-known that glibenclamide samples in
practice oen contain two tautomeric forms called amide and
imidic acid.137 Each tautomer possesses unique physical char-
acteristics, and the tautomer concentration varies with
temperature, pressure, and time.139–141 This complexity may
result in a non-universal coupling between local and collective
. Here, k1 is in Kelvin, k3 is in megapascal, and sa is in second

sa(Tg) fg

�
vlog10 sa

vf

�
f¼fg Reference

100 0.61095 474.314 131
100 0.61095 474.314 132
100 0.61095 474.314 133
100 0.61095 474.314 114
100 0.61095 474.314 134
10 0.60875 436.008 135
1 0.60636 403.537 136
1 0.60636 403.537 137
0.1 0.60377 366.294 130

© 2025 The Author(s). Published by the Royal Society of Chemistry
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Fig. 3 (Color online) The influences of temperature and pressure on the structural relaxation time of the chosen supercooled drugs: (a)
ketoprofen, (b) probucol, (c) ketoconazole, (d) indomethacin, (e) ticagrelor, (f) fenofibrate, (g) itraconazole, (h) glibenclamide, and (i) ibuprofen.
While solid lines present our ECNLE calculations, open circles denote prior BDS experiments.114,131–138
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dynamics in eqn (7).99 Hence, the reference system and the
chemical mapping should be simultaneously improved if we
want to capture the structural relaxation of glibenclamide at the
quantitative level.

Fig. 4 presents our ECNLE outputs for the dynamic fragility
of the chosen glass formers. Fundamentally, this quantity is
computed by142

m ¼
"
vlog10 sa
v
	
Tg



T
�
#
T¼Tg

¼ bTTgf0

�
vlog10 sa

vf

�
f¼fg

: (26)

Eqn (26) conrms a strong connection betweenm and bT, in line
with recent experimental observations.143–147 It also unveils why
earlier theoretical studies failed to predict the pressure varia-
tion of m, even at the qualitative level. In ref. 95, researchers
only focused on modeling the dynamic free energy of hard-
sphere uids and completely ignored the pressure depen-
dence of bT. Consequently, they observed a profound contra-
diction between theory and experiment in m–P proles,
© 2025 The Author(s). Published by the Royal Society of Chemistry
although their estimations for sa in the high-pressure area were
quite good.95

To further illuminate the underlying correlation between m
and P, we rewrite eqn (26) by

m ¼ k1b0f0

�
vlog10 sa

vf

�
f¼fg

�
1þ k2

k3
P

�1�k2
k2

; (27)

m ¼ k1b0f0

�
vlog10 sa

vf

�
f¼fg

�
1þ k2

k3
P

� 1
k2

1þ
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
1þ 24k2

p � 1

4k3
P

: (28)

Whereas eqn (27) originates from the chemical mapping of
Cuong et al.,100 eqn (28) stems from our macroscopic approach.
Both show a continuous decrease in m with increasing P. This
tendency is true for the vast majority of amorphous
drugs114,131–136,138 except for glibenclamide,137 where compres-
sion forces may signicantly change the tautomeric equilibrium
RSC Adv., 2025, 15, 25675–25693 | 25681
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Fig. 4 (Color online) The correlation between the dynamic fragility and the hydrostatic pressure in the case of (a) ketoprofen, (b) probucol, (c)
ketoconazole, (d) indomethacin, (e) ticagrelor, (f) fenofibrate, (g) itraconazole, (h) glibenclamide, and (i) ibuprofen. Whereas green columns are
built from eqn (27), pink ones are constructed from eqn (28). Yellow columns indicate BDS data gathered from Ref. 114 and 131–138 (see Table S1
in the ESI†).
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and cause the sample to be more fragile. Yet, it is clear to see
that eqn (28) outperforms eqn (27) in predicting the magnitude
of m. Replacing eqn (27) with (28) can narrow the gap between
ECNLE analyses and BDS measurements by a factor of 1.1 to
16.0 while preserving the required computational efficiency. It
should be stressed that accurate information about m is indis-
pensable for controlling the crystallization tendency of phar-
maceuticals.51 Based on the specic value of m, we can divide
amorphous drugs into three principal groups: strong (m # 30),
intermediate (30 < m < 100), and fragile (m $ 100).142 Modern
experiments and simulations suggest that the smaller the
fragility, the greater the stability.96–98 In that context, our simple
but effective toolkit would be practically meaningful for devel-
oping tableting processes, where relevant glass-forming systems
are oen compressed to hundreds of megapascals and forced to
undergo dramatic changes in dynamic fragility.36

Another appealing aspect to discuss is that the difference
between ECNLE and BDS data remains relatively large for
25682 | RSC Adv., 2025, 15, 25675–25693
fenobrate135 despite a substantial improvement in the chem-
ical mapping of this substance. At P = 530 MPa, we obtain m =

41.75 from eqn (27) and m = 50.32 from eqn (28). Meanwhile,
using the BDS technique brings m = 73.3.135 In our opinion,
there are two primary reasons behind this problem.

First, accurately determining the dynamic fragility of so
materials is a daunting task for experimentalists.93 The evidence
is that the reported experimental results for m are frequently
accompanied by enormous error bars due to the non-Arrhenius
nature of supercooled liquids.131,137 Moreover, this physical
quantity will experience a sharp uctuation if experimentalists
apply different tting methods to analyze their dataset.135 In the
case of fenobrate, the measured value of m ranges from 76 to
94, even when the applied pressure is merely about
0.1 MPa.148–151 More efforts are necessary to deal with the
mentioned predicament.

Second, the hydrogen-bond network of fenobrate may
strongly affect its glassy dynamics.135 As shown by Grzybowska
© 2025 The Author(s). Published by the Royal Society of Chemistry
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Fig. 5 (Color online) The first row: ECNLE analyses (solid lines) and BDS measurements160 (open circles) for the structural relaxation time of
probucol-basedmixtures, including (a) PRO-acGLU, (b) PRO-acSUC, and (c) PRO-aibSUC. The second row: compression effects on the dynamic
fragility of (d) PRO-acGLU, (e) PRO-acSUC, and (f) PRO-aibSUC obtained from the previous chemical mapping (green columns), the present
macroscopic approach (pink columns), and the BDS experimental method160 (yellow columns).
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et al.,51 whereas vdW interactions favor the decline of m,152

hydrogen bonds do the opposite.153 That means we should
concurrently combine microscopic and macroscopic ECNLE
approaches to acquire better predictions of fenobrate. The
combination is expected to occur as follows. If the intermolec-
ular potential of fenobrate is known, we can derive its radial
distribution function and static structure factor from the stan-
dard reference interaction site model.154–156 Then, it is possible
to recalculate local and collective barriers via the projectionless
dynamics theory.157–159 The last step is to add P–T contributions
to ECNLE outputs via our newly developed chemical mapping.
We believe this is one of the most viable strategies for capturing
molecular dynamics in amorphous fenobrate on the theoret-
ical side. Nevertheless, it would involve a lot of sophisticated
computational techniques. Thus, this fascinating subject
deserves consideration in a separate ECNLE study.

Aer obtaining encouraging outcomes for single-component
amorphous drugs, a natural question arises: Is our ECNLE
theory applicable to more complex pharmaceutical systems? To
answer this question, we perform additional calculations for
three homogenous solid dispersions constituted of probucol
and acetylated saccharide with a molar ratio of 5 : 1, including
PRO-acGLU (k1 = 292.71 K, k2 = 2.99, k3 = 709.81 MPa), PRO-
acSUC (k1 = 294.72 K, k2 = 1.97, k3 = 774.68 MPa), and PRO-
aibSUC (k1 = 289.43 K, k2 = 1.95, k3 = 744.25 MPa).160,161 The
glass transition of these binary mixtures is supposed to happen
at fg = 0.61095, similar to pure probucol.132 As illustrated in
Fig. 5, our theoretical model can quantitatively explain experi-
mental observations160 on the glassy dynamics of PRO-acGLU,
© 2025 The Author(s). Published by the Royal Society of Chemistry
PRO-acSUC, and PRO-aibSUC without heavy computational
workloads. Regarding the structural relaxation time, ECNLE
curves pass through most BDS benchmarks160 regardless of low
or high pressures. Regarding the dynamic fragility, the
maximum error between eqn (28) and BDS data160 is 2.24% for
PRO-acGLU, 9.75% for PRO-acSUC, and 13.57% for PRO-
aibSUC. These gures are experimentally acceptable because
m is considered the most sensitive quantity in so-matter
physics.93 It is more remarkable that the above agreements do
not involve any adjustable parameters. Therefore, our ECNLE
theory has great potential for decoding the mystery of multi-
component amorphous drugs and extending their practical
applicability to health protection and promotion.
4. Effects of kinetic vitrification

Having successfully explored the high-pressure region, we turn
our attention to the low-temperature area. It is well known that
the V–T line exhibits an abrupt change in its average steepness
at the glass transition point.52 This event implies that we should
replace bT with bT − DbT in our chemical mapping to appro-
priately describe the molecular mobility of amorphous drugs at
T < Tg. The key parameter here is DbT, which characterizes the
inuences of kinetic vitrication on thermal expansion (DbT >
0). So, how is DbT determined? The answer lies in a similarity
between vitried and dislocated materials.

A substantial body of evidence shows that crystals tend to
behave like glasses when line defects appear in their lattice
structures.162–164 For example, Bako et al.165 observed the aging
RSC Adv., 2025, 15, 25675–25693 | 25683
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phenomenon – a hallmark of glassy dynamics – in the correla-
tion function and the diffusion coefficient of dislocations via
mesoscale simulations. Based on local mechanical perturbation
experiments, Gerbode et al.166 found that the relaxation of
dislocations in degenerate crystals would undergo two stages –
caging and hopping – similar to what happens in glass-forming
liquids. A remarkable analogy between defective and glassy
dynamics was also recorded in the recent studies of Ispanovity
et al.,167 Lehtinen et al.,168 and Ovaska et al.169 on the plastic
deformation of crystalline solids in two- and three-dimensional
spaces. In particular, Burakovsky et al.170–172 discovered that the
melting process of elements could be seen as a defect-meditated
structural transformation, where half of the particles were in
a dislocation core. This discovery gave them170–172

GmVm

Tm

¼ Cm; (29)

where Cm was a universal constant, Gm was the shear modulus,
and Vm was the molecular volume at the melting temperature
Tm. Excitingly, the Burakovsky criterion170–172 for melting tran-
sition is identical to our ECNLE criterion for glass transition,
even though they have different theoretical backgrounds. The
perfect symmetry between eqn (17) and (29) reaffirms that
vitried and dislocated materials are strongly correlated.
Hence, we can utilize available knowledge of line defects in
crystallography to address thorny issues about amorphous
drugs in the eld of so matter.

To be more specic, we consider a faulty crystal with physical
properties summarized in Fig. 6. Initially, our system exists at
the Kauzmann point (VK, TK), where the V–T proles of solid and
liquid phases cross each other.173 Then, it is isobarically heated
to the critical location (Vm, Tm) on the V–T diagram. This ther-
modynamic path is modeled by

Vm = VK[1 + bm(Tm − TK)], (30)

where bm is the volumetric expansivity of the crystalline phase.
If we continue to supply thermal energy to the sample, it will be
liquied. This process is characterized by the fusion volume
Fig. 6 (Color online) The phase diagram of the defective structure
used to calculate DbT.

25684 | RSC Adv., 2025, 15, 25675–25693
DVm and the fusion enthalpy DHm. These quantities are closely
related, as shown by the Clausius–Clapeyron formula,174,175

DVm ¼ DHm

Tm

dTm

dP
: (31)

Besides, the liquefaction of lattice spaces is mainly driven by the
proliferation of dislocations, so the latent heat of fusion can be
straightforwardly estimated via the enthalpy of defect formation
as170–172

DHm ¼ Cm

8p
Tm: (32)

Another thing to note is that the thermal expansion coefficient
climbs from bm to bm + Dbm upon melting. Thus, we have

Vm + DVm = VK[1 + (bm + Dbm)(Tm − TK)]. (33)

Combining eqn (30)–(33) yields

Dbm ¼ Cm

8pVKðTm � TKÞ
dTm

dP
: (34)

Relying on the resemblance between melting and glass
transitions mentioned earlier, we can expect that Dbm and DbT
have the same analytical form. Accordingly, when returning to
amorphous pharmaceuticals, we obtain.

DbT ¼ Cg

8pVK

	
Tg � TK

� dTg

dP
: (35)

It is easy to see from eqn (8) that TK is associated with Tg via

TK ¼ Tg �
fK � fg

bTf0

; (36)

where fK = 0.67233 is determined by parameterizing ECNLE
data for sa in Table 1 with the Vogel–Fulcher–Tammann func-
tion176 at f > 0.55. Inserting eqn (36) into (35) provides

DbT ¼ Cgf0

8p
	
fK � fg

� bT

VK

dTg

dP
: (37)

Eqn (37) takes a central position in accessing the glassy state via
the ECNLE theory. In the P / 0 limit, its mathematical
expression is simplied by

DbT ¼ 0:3951
kB

VK

dTg

dP
: (38)

To save time and cost, we can approximate VK as the measured
volume of the crystalline phase. The error of this approximation
is only a few percent because the thermal expansivity of crystals
is quite low177 (bm = 10−6–10−4 K−1) and the Kauzmann
temperature178 (TK = 100–600 K) is not too far from the reported
temperature in crystallographic179 (T = 100–400 K).

To demonstrate how well our strategy works, we apply eqn
(38) to carvedilol (Tg = 310 K), nimesulide (Tg = 291 K), para-
cetamol (Tg = 297 K), and probucol (Tg = 293.8 K), whose a-
relaxation behaviors were unambiguously reported at low
temperatures. Their volume can be readily found in the Cam-
bridge Structural Database.179 Note that the parameter VK is
affected by polymorphic effects. Based on the melting point
© 2025 The Author(s). Published by the Royal Society of Chemistry
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Table 3 The molecular volume and the glass-transition slope of the
investigated active pharmaceutical ingredients

Drug VK (Å3) dTg/dP (K MPa−1) Reference

Carvedilol 2116.8 0.16 183 and 185
Nimesulide 2663.4 0.24 180 and 186
Paracetamol 1500.2 0.24 181, 187 and 188
Probucol 3116.0 0.44 132 and 182

Fig. 7 (Color online) (a) ECNLE and BDS/MPC51 predictions of the
a relaxation map of carvedilol in supercooled and vitrified states. (b)
The structural relaxation time of nimesulide above and below its glass
transition temperature derived from ECNLE and BDS/MPC190 methods.
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reported in the ESI,† we determine VK using nimesulide form
I,180 paracetamol form II,181 and probucol form I.182 For carve-
dilol, we do not know which polymorph was amorphized in
earlier BDS experiments.51 Yet, since the VK value of carvedilol
weakly depends on its polymorphism,183 we employ form II to
construct the chemical mapping. This crystalline structure is
widely used in marketed formulations due to its faster disso-
lution at bio-relevant pH levels.184

In addition, it is practicable to directly extract the initial
gradient of glass-liquid boundaries from prior BDS or PVT
measurements.132,185,186 For paracetamol, because information
about glassy dynamics at elevated pressures is unavailable, we
employ the non-equilibrium thermodynamic approximation of
Lima et al.187 to the differential-scanning calorimetry data of
Ledru et al.188 to infer dTg/dP from dTm/dP. All experimental
inputs we require are detailed in Table 3. On that basis, we
gure out DbT = 4.1232 × 10−4 K−1 for carvedilol, DbT = 4.9154
× 10−4 K−1 for nimesulide, DbT = 8.7268 × 10−4 K−1 for para-
cetamol, and DbT = 7.7028 × 10−4 K−1 for probucol. These
numbers are in good accordance with recent experiments on
the equation of state of glass-forming drugs.185

Fig. 7 shows nite-temperature effects on the structural
relaxation time of carvedilol and nimesulide. Generally, there is
a sudden switch in their molecular dynamics from super-
Arrhenius to Arrhenius-like types near the vitrication point.
This strange event is called dynamic decoupling – one of the
most elusive phenomena in so-matter physics.189 However, our
ECNLE theory can reliably predict complex changes in relaxa-
tion maps by updating the chemical mapping with eqn (37) and
(38). It is conspicuous that ECNLE calculations perfectly match
BDS measurements51,190 in the supercooled region. Aer adding
DbT to bT, they can even reproduce MPC results51,190 in the glassy
area with considerable accuracy. As far as we know, no theo-
retical or computational methods can satisfactorily explain the
primary relaxation of carvedilol and nimesulide from pico-
second to terasecond timescales without tting parameters,
except for the ECNLE. These positive outcomes validate the
effectiveness of our strategy.

Notably, before introducing a new medicine to the market,
one has to check whether its relaxation time exceeds three years
under ambient conditions (P = 0.1 MPa and T = 293 K).36 This
number is the minimum self-lifetime needed for commercial
pharmaceutical products. As illustrated in Fig. 7, none of the
studied amorphous drugs meet the above requirement because
of the decoupling phenomenon. If we ignore the jump of
thermal expansivity near the glass transition, we will over-
estimate sa by several orders of magnitude and misjudge the
© 2025 The Author(s). Published by the Royal Society of Chemistry
practical applicability of carvedilol and nimesulide. More
attempts are necessitated to reinforce their physical stability
before commercialization. Using polymeric precipitation
inhibitors (e.g., cellulose191 or polyvinylpyrrolidone190) may be
a fruitful avenue for actualizing the potential of amorphous
carvedilol and nimesulide in disease prevention and treatment.

Fig. 8 presents the a relaxation map of paracetamol and
probucol. Fundamentally, our ECNLE theory still works very
well. All BDS and MPC information132,192,193 is quantitatively
decoded regardless of high or low temperatures. In particular,
the structural relaxation time sa of paracetamol can be utilized
to predict its recrystallization time scr via194

log10 scr½h� ¼ 0:4861 log10

�
sa½s�
T ½K�

�
þ 3:0208: (39)

At Tg/T = 1.0683, recent differential-scanning-calorimetry
measurements194 reveal that amorphous paracetamol samples
would recrystallize aer 2319 h, comparable to scr = 3654 h
deduced from ECNLE analyses in the glassy state. This
emphasizes the pivotal role of a processes in controlling the
physical stability of glass-forming drugs.
RSC Adv., 2025, 15, 25675–25693 | 25685
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Fig. 8 (Color online) (a) Theoretical and experimental193,194 outcomes
for the structural relaxation process of paracetamol in the amorphous
form. (b) Calculated and measured132,192,195 data for the primary relax-
ation time of probucol after amorphization.
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Another aspect worth mentioning is that ECNLE calculations
markedly differ from aging experiments.194,195 At Tg/T = 1.0255,
aging data for probucol is sa = 0.81 h,195 about vefold longer
than the ECNLE counterpart (sa = 0.16 h). That is because we
neglect the time dependence of DbT. Aer passing through the
vitrication point, the thermal expansivity of amorphous
pharmaceuticals abruptly drops from bT to bT − DbT.52 Never-
theless, this physical quantity tends to return to its original
value during aging.196 In other words, the older the sample gets,
the weaker the decoupling becomes. Although the above prin-
ciple sounds very simple, dealing with aging-related problems is
a major challenge for physicists.197–200 One of the most prom-
inent reasons is that aging effects can signicantly delay the
decoupling event. As shown in the case of paracetamol, old
systems begin exhibiting Arrhenius-like behaviors at sa =

1.83 h,194 much later than the commencement of dynamic
decoupling in fresh samples (sa = 0.03 h). What is the under-
lying mechanism behind this enigmatic phenomenon? How do
we locate the decoupling position of amorphous drugs on the
relaxation diagram over time? Are dislocation glasses the key we
25686 | RSC Adv., 2025, 15, 25675–25693
are looking for? These intriguing questions will be the subject of
ECNLE research in the future.

5. Conclusion

Inspired by the ECNLE theory, we have formulated a time-
saving, cost-effective, and user-friendly macroscopic approach
to shed light on the inuences of hydrostatic compression and
kinetic vitrication on the molecular dynamics of amorphous
drugs. This free-of-adjustable-parameter method has helped us
decipher most BDS and MPC observations on a relaxation
processes without computational burdens. Additionally, our
ECNLE calculations have unveiled some interesting relations
between thermodynamic and elastic properties, between
melting and glass transitions, and between crystalline and non-
crystalline solids. To facilitate further projects, we have pre-
sented all physical pictures, computational steps, and numer-
ical results as clearly as possible. Some viable ideas to extend
our theoretical model have also been given. Therefore, we are
eager to witness new scientic advances in amorphous drugs in
the foreseeable future.
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