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ABSTRACT: Melting and glass transitions are classically viewed as distinct
phenomena, the former in crystalline materials and the latter in amorphous
systems. Here we show that fully crystalline, low-molecular-weight solids can
display heat-capacity changes during melting that closely mimic those seen at
the glass transition. Using temperature-modulated differential scanning
calorimetry, we detect continuous, reversible steps in heat capacity in
crystalline roxithromycin and glucose that mirror those of their amorphous
counterparts. Similar behavior is observed during the crystallization of
semicrystalline poly(3-hydroxybutyrate). These findings provide direct
experimental evidence for a transition exhibiting a Cp signature similar in
shape and magnitude to that observed at the glass transition, a transition-like
thermodynamic signature in the melting of crystalline materials. This discovery expands the conceptual boundary of glass transitions
and suggests that large-amplitude molecular motions underlie both melting and vitrification.

The occurrence of the glass transition during the solid-to-
liquid transformation being a property of a crystal was

initially proposed by Bridgman.1 Similarities between the glass
transition and melting were later captured within a unified
conceptual framework by Stillinger, who introduced the
potential energy landscape approach to describe phase
transitions as movements between basins in configuration
space.2 Wunderlich provided evidence for the glass transition
in macromolecules during the melting process, i.e., in
polymeric semicrystals.3−5 While Wunderlich pioneered the
study of glass transitions in semicrystalline polymers, such
behavior has not been previously observed in fully crystalline
low-molecular-weight compounds nor has a similar heat
capacity change been observed upon melting and glass
transition, implying a shared molecular mechanism, been
demonstrated experimentally for the same small molecule, as
reported herein. Although the glass transition has long been
considered a hallmark of disordered, amorphous materials, our
findings challenge this paradigm by demonstrating that fully
crystalline low-molecular-weight compounds can exhibit
thermodynamic features, such as a heat capacity jump under
the melting peak, that closely resemble those observed at the
glass transition. Related glass-like behavior has been observed
in orientationally disordered crystals (glassy crystals), where
partial freezing of molecular motions occurs despite long-range
lattice order.6,7

Expanding on these observations, Havrańek and Marvan
proposed a broader classification of glass transitions,
encompassing polymers, inorganic glasses, plastic crystals,
and relaxor ferroelectrics, where different types of degrees of
freedom may undergo glass-like freezing, sometimes over-

lapping with phase transitions such as ferroelectric transitions.8

This diversity highlights that glass-like phenomena are not
limited to amorphous phases but may arise from constrained
molecular motions in various ordered systems.

Angell has emphasized that excess heat capacity changes
observed in a variety of glass-forming systems�supercooled
liquids or orientationally disordered crystals�reflect the
progressive activation of configurational degrees of freedom
as thermal energy allows previously constrained motions to
become accessible.9 In particular, the activation of large-
amplitude molecular motions, such as rotations or conforma-
tional rearrangements, plays a central role.10

Furthermore, recent theoretical work by Krzakala and
Zdeborova ́ demonstrated that bulk melting of an ordered
phase following a first-order phase transition exhibits several
dynamic features traditionally associated with glass-forming
liquids, such as two-step relaxation, diverging relaxation times,
growing correlation lengths, and dynamic heterogeneities.11,12

Although these predictions stem from statistical models, direct
experimental evidence confirming such glass-like features
during the melting of fully crystalline low-molecular weight
system is unreported. Complementing these findings, Zaccone
and Samwer recently proposed a thermodynamic framework
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unifying melting and glass-transition phenomena, demonstrat-
ing that both transition temperatures scale with the ratio of
liquid fragility to thermal expansion. This relation, while
macroscopic, suggests a common underlying sensitivity to
cooperative molecular dynamics in both crystalline and
amorphous materials.13

Solid materials can exist in several structural forms, i.e.,
crystalline, semicrystalline, amorphous solid (glass), and
mesophase, which differ in the degree of molecular ordering
and mobility.5,14,15 The phase type strongly affects the kinetic
and mechanical properties. Besides structural order, molecular
mobility plays a key role in defining phase behavior.3−5

Molecular motions are typically classified into small- and large-
amplitude types. Small-amplitude motions are represented by
vibrations, while large-amplitude motions include translation,
rotation, internal rotations (conformational motions), and
anharmonic motions (external motions). Transitions between
phases often involve the progressive activation of large-
amplitude motions, which underlie both glass-transition and
melting behaviors. Advanced thermal analysis, such as
temperature-modulated differential scanning calorimetry
(TMDSC), provides insight into molecular dynamics by
separating the in-phase and out-of-phase components of the
modulated heat-flow response, which represent the real
(storage) and imaginary (loss) parts of the complex heat
capacity, with the latter capturing dissipative, time-dependent
processes.16−18 Ultimately, the degree of order and molecular
mobility determine the physicochemical properties critical for
material design and processing.14,19−21

Amorphous materials exhibit a glass transition characterized
by the glass-transition temperature (Tg), an associated step in
heat capacity (ΔCp) at Tg, and the glass-transition trans-
formation interval (ΔT) that reflects the kinetics of molecular
relaxation.22−24 In contrast, during melting the Cp change
occurs within a much narrower temperature range determined
by melting kinetics.25,26 The Cp change during melting exhibits
a step-like profile reminiscent of the glass transition, yet it
arises from melting kinetics rather than structural relaxation.
The origin of the changes in the heat capacity at Tg or during
the solid-to-liquid transition on heating or on vitrification can
be explained based on molecular motions.22,27−29

The glass-transition parameters primarily depend on the
chemical structure, molecular configuration, and dynamics of
molecular motions within the material.18,22,30,31 The glass
transition is a dynamic process characterized by an average
relaxation time that reflects the time-dependent molecular
rearrangements.22,32 Calorimetric experiments characterize this
transition by determining the glass-transition temperature (Tg)
and the change in heat capacity (ΔCp), both of which depend
on the applied cooling and heating rates as well as on the
frequency of modulation during temperature-modulated
measurements.33−35 The origin of the changes in heat capacity
at Tg during heating or vitrification is associated with molecular
motions, particularly large-amplitude segmental motions.
Along with the heat capacity changes at Tg, also the
mechanical, dielectric, viscous, and volumetric responses
change during heating, all reflecting increased molecular
mobility.18,22

Melting is a first-order phase transition characterized by an
enthalpy of fusion (ΔfH; latent heat) and, depending on the
material, by either a well-defined melting temperature (Tm) for
pure crystalline compounds or by a melting range between the

solidus and liquidus temperatures, as in polymers and partially
ordered solids.18,26

The apparent heat capacity represents the total heat flow
normalized by the heating rate and therefore includes both the
continuous heat capacity and any latent heat effects that occur
on the experimental time scale. Temperature-modulated
differential scanning calorimetry allows the separation of
irreversible latent heat and reversible heat capacity contribu-
tions during the melting process.35−42 This approach has been
applied to characterize polymeric systems such as poly-
(oxyethylene) and poly(oxytetramethylene).3,43−46

Quantitative thermal analysis of glass and melting requires
the definition of equilibrium heat capacity baselines for the
solid and liquid states. The baseline represents the equilibrium
Cp of each phase extrapolated into the transition region,
serving as a reference to determine the excess heat capacity and
latent heat contributions. In the solid state, Cp mainly reflects
vibrational motions, while in the liquid state additional large-
amplitude molecular motions (rotational, conformational, and
external/anharmonic) contribute.5,27,28,47,48 Thus, both the
glass transition in amorphous materials and the melting in
crystals involve similar large-amplitude molecular motions that
manifest as heat capacity changes.

Here, we investigate heat-capacity changes (ΔCp) during
both the melting of fully crystalline materials (roxithromycin,
RXM; glucose, GLC) and the crystallization of semicrystalline
poly(3-hydroxybutyrate) (P3HB), using standard and temper-
ature-modulated DSC, revealing Cp features similar in form to
those observed at the glass transition. Reversing heat capacity
changes observed during melting closely resemble those seen
at Tg in the corresponding amorphous phases, indicating
similar molecular motion mechanisms. Analogous Cp changes
also appear during crystallization upon cooling in semicrystal-
line P3HB. Although melting is classically treated as distinct
from the glass transition, we propose that large-amplitude
molecular motions activated during melting produce heat
capacity changes similar in shape to those observed at the glass
transition in the amorphous material.

The thermal behavior of crystalline and amorphous
roxithromycin measured on heating by standard DSC is
presented in Figure 1a. The heat-flow rate versus temperature
on the first heating at 10 K·min−1 shows a very broad
endotherm from approximately room temperature to about
373 K related to the evaporation of solvent, followed by the
melting process at a temperature of Tm(onset) = 434.3 K and
Tm (peak) = 398.2 K with the heat of fusion ΔfH = 38.56 kJ·
mol−1. After cooling from the melt and reheating, the second
run shows only a glass transition at around Tg = 357.2 K with a
change in heat capacity ΔCp = 322.27 J·mol−1·K−1 and a small
enthalpy relaxation peak. These results suggest that roxithro-
mycin is 100% crystalline and the sample is made fully
amorphous after cooling at 10 K·min−1 from the melt.

Temperature-modulated differential scanning calorimetry
allows the separation of kinetic (latent-heat-related) and
thermodynamic (heat-capacity-related) contributions to the
apparent heat capacity, thus enabling the distinction between
reversing and nonreversing components in the melting region
of crystalline roxithromycin. Figure 1b shows the total,
reversing, and nonreversing heat flow rates of roxithromycin
as a function of temperature on the first heating run.

The total and nonreversing heat flow rate curves show an
endothermic event corresponding to solvent evaporation and a
second endothermic event corresponding to melting. The
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reversing heat-flow-rate curve presents a jump in the melting
region related to a change in the heat capacity (ΔCp) at Tm. It
should be noted that on the reversing heat-flow-rate curve no
changes in the glass-transition area of the amorphous material
are observed, confirming the total crystallinity of the RXM.

Figure 2a compares the reversing heat flow rates from the
first and second heating cycles of crystalline and amorphous
RXM. The change in heat capacity at melting, Tm = 388.3 K,
was estimated as ΔCp = 302.18 J·mol−1·K−1 for the crystal, and
in the glass-transition region, with glass-transition temperature
Tg = 358.5 K, the change in heat capacity is ΔCp = 303 J·
mol−1·K−1 for the amorphous material. The reversing change
in heat capacity at the glass transition is similar to that in the
melting regions. This result indicates that the changes in the
heat capacity originate from the same molecular large-
amplitude motions. Accordingly, the Cp step observed during
the melting of crystalline RXM can be described as a change
exhibiting a Cp signature similar in shape and magnitude to
that observed at the glass transition.

Figure 2b shows the reversing heat capacity of crystalline
and amorphous RXM obtained by standard and quasi-

isothermal TMDSC. Measurements by standard TMDSC for
both crystal and amorphous phases were performed with
underlying heating rate q = 1.0 K·min−1, amplitude of
sinusoidal modulation ATs = 0.5 K, and period of modulation
p = 60 s. The experiments by quasi-isothermal TMDSC were
conducted without any underlying heating rate, i.e., ⟨q⟩ = 0,
with amplitude of modulation ATs = 0.5 K, period of
modulation p = 60 s, and 2 K temperature steps. Changes in
reversing heat capacity for crystalline and amorphous RXM are
similar for both techniques. A slightly lower transition
temperature in the glass-transition region of amorphous
RXM and at crystal melting can be observed for quasi-
isothermal TMDSC compared to that for standard TMDSC.
Based on these experimental results of heat capacities, it can be
concluded that crystalline material exhibits cooperative
molecular dynamics during melting that are analogous to
those observed near the glass transition due to the same
changes in large-amplitude motions (rotation and anharmonic
(external) motions) as in the amorphous material. It should be
noted that the step in heat capacity (ΔCp) observed at the
onset of melting reflects the progressive activation of molecular

Figure 1. (a) Heat-flow curves of roxithromycin obtained by standard
DSC (q = 10 K·min−1), showing the first heating run (solvent
evaporation and melting of crystalline material) and second heating
run after cooling with q = 10 K·min−1 (glass transition with enthalpy
relaxation of amorphous material). The curves have been vertically
offset for clarity. (b) The total, reversing, and nonreversing heat flow
rates of roxithromycin by standard TMDSC during the first heating
run. The scan parameters are the underlying heating rate q = 1 K·
min−1; amplitude of modulation ATs = 0.5 K; and period of
modulation p = 60 s.

Figure 2. (a) Reversing heat-flow rate as a function of temperature in
the glass-transition region of amorphous roxithromycin and at the
melting of crystalline roxithromycin obtained by standard TMDSC for
the first heating run (red) and second heating run (blue). The scan
parameters are the underlying heating rate q = 1 K·min−1; the
amplitude of modulation ATs = 0.5 K; and the period of modulation p
= 60 s. Vertical arrows mark the locations of the glass-transition and
melting temperatures. (b) Reversing heat capacity of crystalline and
amorphous roxithromycin by standard TMDSC and quasi-isothermal
TMDSC. For quasi-isothermal TMDSC, the scan parameters are the
underlying heating rate ⟨q⟩ = 0; amplitude of modulation ATs = 0.5 K,
period of modulation p = 60 s; and temperature steps of 2 K.
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degrees of freedom, particularly orientational and rotational/
conformational motions. In contrast, the enthalpy of fusion
(ΔfH) represents the total energy required to overcome
intermolecular cohesive forces and to fully disrupt the
crystalline lattice. These two quantities provide complementary
insights: while ΔCp captures the onset and development of
molecular mobility, ΔfH reflects the overall structural
decomposition associated with the melting process.

A transition exhibiting a Cp signature similar to that of the
glass transition is observed for crystalline material as shown by
the total heat capacity as a function of temperature in Figure 3
for crystalline glucose (GLC). Amorphous glucose is shown for
comparison. Thermal parameters of α-D-glucose are described
by a glass-transition temperature of around Tg = 308−310 K,
an equilibrium melting temperature of around Tm = 414 K, and
a heat of fusion of ΔfH = 31.5 kJ·mol−1 for 100% crystal.49

Figure 3. Comparison of total heat capacity Cp
crystalline(exp) for crystalline glucose measured by standard DSC with heating rate q = 0.1 K·min−1 and

reversing heat capacity of crystalline glucose Cp
crystalline(reversing) and amorphous glucose Cp

amorphous(reversing), measured by standard TMDSC (q
= 0.1 K·min−1, p = 60 s, and A = 0.05 K) and quasi-isothermal TMDSC with q = 0, p = 60 s, and ATb = 0.5 K with temperature steps of 2 K.49

Dashed lines represent the solid vibrational heat capacity and the liquid heat capacity.

Figure 4. Comparison of the total heat capacity for crystalline glucose measured by standard DSC, Cp
crystalline(standard DSC), with heating rate q =

0.1 K·min−1 and reversing heat capacity of crystalline and amorphous glucose measured by standard TMDSC (q = 0.1 K·min−1, p = 60 s, and A =
0.05 K). Additional apparent heat capacity for amorphous glucose Cp

amorphous(standard DSC) aged for 8 days at room temperature (ca. 293 K) is
presented.49,54 Dashed lines represent the equilibrium solid vibrational heat capacity and the liquid heat capacity.
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The reversing heat capacity of crystalline GLC shows Cp
changes (ΔCp

crystalline = 144.32 J·mol−1·K−1) under the melting
endotherm at Tm = 413.79 K arising from the difference among
the vibrational heat capacity, Cp(vibration), and liquid heat
capacity Cp(liquid), shown by the dashed equilibrium reference
lines.25 It should be noted that the melting peak in Figure 3
resulted from the apparent heat capacity Cp

crystalline(exp)
obtained by standard DSC measured on heating with q = 0.1
K·min−1.

The amorphous GLC was measured by standard TMDSC
and quasi-isothermal TMDSC measurements (Figure 3).
Reversing heat capacity from TMDSC and quasi-isothermal
TMDSC data overlaps in the glass-transition region, and the
change in heat capacity was estimated to be ΔCp

amorphous =
138.92 J·mol−1·K−1 at Tg = 310.15 K.

The heat capacity in Figure 3 is referenced to the
equilibrium lines of the solid Cp(vibration) and liquid
Cp(liquid) heat capacities. This quantitative thermal analysis
shows very close values of ΔCp arising from the glass-transition
process of amorphous GLC and the melting process of
crystalline GLC. The vibrational component, originating from
phonon-like lattice motions, remains nearly identical in the
crystalline and amorphous states (below Tg) within the limits
of experimental uncertainty.18 In contrast, the excess ΔCp
observed during melting arises predominantly from configura-
tional contributions, associated with the activation of
cooperative molecular rearrangements and the progressive
release of orientational and rotation/conformational and
anharmonic (external) constraints. This indicates that the Cp
increase does not result from changes in the vibrational density
of states but rather from the onset of large-amplitude
molecular mobility. Thus, the liquid heat capacity, Cp(liquid),
is the sum of the vibrational, rotational/conformational, and
anharmonic (external) heat capacities.

During the heating of fully amorphous materials, the glass
transition is marked by the overlap of two primary phenomena:
a dominant change in heat capacity and enthalpy relaxation

associated with the aging process.50,51 Similarly, the melting
process in fully crystalline materials involves the overlap of two
main phenomena: the dominant endothermic heat of fusion
and a change in the heat capacity around the melting peak.

In other words, in crystalline materials, the melting process
is characterized predominantly by molecular disordering and
the rotation and anharmonic motion of bonds or segments,
which correlates with the observed change in heat capacity
(ΔCp). In contrast, the glass transition in amorphous materials
is characterized primarily by a disordered glassy phase, with a
relatively small effect related to structural ordering, as seen in
enthalpy relaxation.50,52,53 Figure 4 compares these processes
in the amorphous and crystalline forms of GLC. However, the
transition mechanisms at Tg and Tm are different.

It is therefore pertinent to ask, why does a transition
exhibiting a Cp signature similar in shape and magnitude to
that observed at the glass transition appear in the melting
region? The explanation proposed here is that once the
crystalline structure is disrupted, the entire material volume
becomes amorphous (not glassy). As a consequence, a jump in
heat capacity is observed, corresponding to the transition from
the vibrational heat capacity of the solid to the heat capacity of
the liquid, similar to what is observed for mobile amorphous
phases at Tg (refer to Figures 3 and 4). These processes,
structural disordering and activation of additional molecular
motions, occur simultaneously during melting. We suggest that
while the melting process itself proceeds relatively rapidly, the
associated change in heat capacity develops more gradually.
Furthermore, Na et al. observed that in aged amorphous
polymeric material55 the disruption of short-range-ordered
structures during heating occurs both in the glass-transition
region and during melting, as evidenced by similar decreases in
the FTIR absorbance of helical and intermolecular packing
bands. This indicates that molecular motions associated with
the breakdown of ordered conformations contribute to
enthalpic changes in both transitions. While in their case the
melting of local order occurs within the amorphous phase at

Figure 5. Apparent heat capacity Cp(exp) (standard DSC; q = 10 K·min−1) and reversing heat capacity Cp(rev) of semicrystalline poly(3-
hydroxybutyrate) on cooling from the molten state using quasi-isothermal TMDSC (⟨q⟩ = 0, p = 60 s, ATb = 1.0 K, with temperature steps of 2 K)
and standard TMDSC (q = 0.5 K·min−1, p = 60 s, and ATb = 1.0 K) during crystallization.54 Dashed lines represent the equilibrium solid vibrational
heat capacity and the liquid heat capacity.
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Tg, this example demonstrates that similar activation of
molecular motions can also be observed during the melting
of fully crystalline material, suggesting a common underlying
mechanism where the extent of ordering determines the
temperature at which such transitions occur.

The next example, poly(3-hydroxybutyrate) (P3HB),
belongs to the homologous series of aliphatic polyesters and
is a semicrystalline, biodegradable polymer. Depending on its
thermal history, semicrystalline P3HB’s glass-transition tem-
perature can be between about 273 and 300 K with a ΔCp of
about 40 to 43 J·K−1·mol−1 for the fully amorphous polymer.
The melting endotherm of semicrystalline P3HB occurs
between Tm = 443 and 448 K with an enthalpy of fusion of
7.5 to 7.9 kJ·mol−1.56

The example of P3HB illustrates the transition exhibiting a
Cp signature similar in shape and magnitude to that observed at
the glass transition occurring during the crystallization process
of a semicrystalline polymeric material on cooling from the
molten state (Figure 5). The crystallization exotherm at
around Tc = 393.2−388.2 K appears alongside the mobile glass
transition at Tg = 273.15 K on a standard DSC cooling run (q
= 10 K·min−1). By applying standard and quasi-isothermal
TMDSC, the separation of ordering from the change in heat
capacity is observed during cooling from the liquid. Figure 5
presents the reversing heat capacity Cp(rev) of semicrystalline
P3HB on cooling obtained by quasi-isothermal TMDSC (⟨q⟩
= 0, p = 60 s, ATb = 1.0 K, and step temperature 2 K) and
standard TMDSC (q = 0.5 K·min−1, p = 60 s, and ATb = 1.0
K). Results are compared with the apparent heat capacity
Cp(exp) measured by standard DSC on cooling at a rate of q =
10 K·min−1 during crystallization. Heat capacity is referenced
to the equilibrium solid, vibrational heat capacity Cp(solid),
and liquid heat capacity Cp(liquid). The temperature
corresponding to the Cp signature similar to the glass-transition
temperature in the crystalline phase of P3HB obtained from
quasi-isothermal TMDSC is Tg(c)1 = 378.2 K, and that
obtained from standard TMDSC is Tg(c)2 = 363.2 K. The
difference in these Tg(c) values comes from the underlying
cooling rates (quasi-isothermal TMDSC ⟨q⟩ = 0 and standard
TMDSC q = 0.5 K·min−1). The change in the reversing heat
capacity observed under the crystallization process is similar to
the one seen in the glass-transition process of the mobile
amorphous phase of a polymer.39,40,57 The large-amplitude
motion freezes during crystallization, showing a jump in the
heat capacity (ΔCp). The values of ΔCp during crystallization
and during the glass-transition process of the mobile
amorphous phase are different due to the semicrystalline
nature of P3HB. The step in the reversing heat capacity under
crystallization occurs at around Tg(c) = 378.2 K for the quasi-
isothermal TMDSC measurement and at around 363.2 K for
standard TMDSC. From both TMDSC techniques, the
reversing heat capacity Cp(rev) reaches the full level of the
solid vibrational heat capacity Cp(solid) below the mobile
glass-transition temperature of around Tg = 273.15 K. This
behavior occurs due to the gradual freezing of conformational
and anharmonic (external) motions from the crystalline and
amorphous phases of semicrystalline P3HB. Below the mobile
glass-transition temperature, the only contribution to the heat
capacity comes from vibrational motions.54

The calculated solid heat capacity arises solely from
vibrational motion, below the glass transition for a 100%
amorphous sample and below the melting point for a 100%
crystalline sample, and is extended into the melting region as a

reference baseline. Changes in the apparent heat capacity
resulting from large-amplitude molecular motions, including
conformational and rotational movements, anharmonic (ex-
ternal) vibrations, and latent heat, can be evaluated against this
equilibrium baseline vibrational heat capacity Cp(solid).
Similarly, during cooling from the melt, the apparent heat
capacity can be analyzed throughout the crystallization process.
In the liquid state, above Tg for fully amorphous material and
above the melting transition, the sum of vibrational, conforma-
tional/rotational, and anharmonic (external) heat capacities
provides the liquid heat capacity Cp(liquid). Temperature-
modulated DSC and quantitative thermal analysis allow the
separation of latent heat from heat capacity in the apparent
heat capacity in the melting/crystallization region for materials,
demonstrated here for roxithromycin, glucose, and poly(3-
hydroxybutyrate).

These findings may have practical implications for the design
and stability assessment of crystalline pharmaceutical com-
pounds, where the interplay between crystal melting and
molecular mobility governs the shelf life and processing
stability. Similarly, in semicrystalline polymers, the ability to
monitor large-amplitude molecular motions during crystal-
lization may inform processing protocols to optimize
mechanical performance. More broadly, our observations
contribute to the growing understanding that large-amplitude
molecular motions activated near phase transitions may serve
as a unifying feature connecting classical glass transition and
melting processes.

Our study suggests that the change in heat capacity (glass-
like transition properties) during melting may not be restricted
to specific molecular systems but could represent a general
thermodynamic feature of melting in ordered materials, driven
by the activation of large-amplitude molecular motions. This
expands the classical understanding of the glass transition,
typically reserved for amorphous systems, and highlights the
potential universal aspects of molecular mobility across phase
boundaries. Future studies may explore whether such
phenomena can be observed in a wider class of molecular
crystals, biomaterials, and inorganic crystalline systems.

New experimental evidence reveals the transition exhibiting
a Cp signature similar in shape and magnitude to that observed
at the glass transition in the melting process of fully crystalline
materials, investigated through standard DSC, TMDSC, and
quasi-isothermal TMDSC techniques. Advanced thermal
analysis using TMDSC enables the separation of latent heat
from the thermodynamic heat capacity, facilitating the
distinction between apparent heat capacity and the reversible
and irreversible processes occurring in the melting region of
100% crystalline materials. In standard DSC measurements of
crystalline substances, a melting peak is observed; however, no
heat capacity change is detectable. In contrast, the reversing
heat-flow rates or heat capacities measured by TMDSC in fully
crystalline materials do not show a melting endotherm but
display a change in the heat capacity akin to the change seen at
the glass transition of amorphous materials. The change in
reversing heat capacity during the melting process closely
resembles that seen at Tg for fully amorphous materials. This
similarity suggests that the molecular large-amplitude motions,
such as rotational/conformational and anharmonic (external)
movements, are the likely origin of the heat capacity changes in
both the amorphous and crystalline phases during the glass and
melting transitions. It should be clearly emphasized that during
melting the crystalline structure is disrupted and simulta-
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neously the material transforms into the amorphous liquid
state. The observed change in heat capacity, from Cp(solid) to
Cp(liquid), reflects the activation of additional large-amplitude
molecular motions, similar to those observed during the glass
transition of fully amorphous materials. However, these heat
capacity changes occurring during melting differ from the
conventional glass transition in several aspects, including its
higher transition temperature, lower packing density, lower
viscosity, and other distinct thermodynamic and dynamic
properties.

This research provides a detailed thermal characterization of
crystalline and amorphous material forms, introducing a novel
perspective on interpreting melting and crystallization
transitions. The findings indicate that fully crystalline materials
can exhibit behaviors traditionally associated with glass
transitions in amorphous states, which could redefine the
way we understand phase transitions in solids. These findings
extend previous theoretical and experimental work on glass-
like-Cp change phenomena by providing direct experimental
evidence that such behavior can occur even during the melting
of fully crystalline low-molecular-weight molecular solids.
Moreover, these results imply that the thermal properties of
crystalline materials may be more complex and dynamic than
previously thought, with significant implications for applica-
tions requiring precise thermal management, such as
pharmaceuticals, polymer processing, and material engineering.
By uncovering these glass-like transition properties in
crystalline materials, the study not only deepens the theoretical
framework for phase transitions but also opens new avenues
for controlling and utilizing these properties in practical
applications where thermal stability and behavior are critical
factors.

■ EXPERIMENTAL SECTION
Samples of crystalline and amorphous roxithromycin (RXM;
pharmaceutical grade, Mw = 837.06 g·mol−1; POL-NIL SA,
Warsaw, Poland), glucose (GLK; α-D-glucose, Mw = 180.16 g·
mol−1; Sigma-Aldrich, St. Louis, MO, USA), and semicrystal-
line poly(3-hydroxybutyrate) (P3HB; Mw = 1.6 × 104 to 3.8 ×
105 g·mol−1; 99.2 ± 0.2% purity, supplied by Prof. A. Mansour,
University of Cairo, Egypt) were measured using a heat-flux
DSC Q1000 or DSC 2920 (TA Instruments, USA) under a
nitrogen purge of 50 mL·min−1 with heating rates of between
0.1 and 10 K·min−1. Typical sample masses ranged from 10 to
30 mg (DSC) and 2 to 8 mg (TMDSC). Full experimental
details are provided in the Supporting Information.
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