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ABSTRACT: The glacial phase can be formed from supercooled liquid 200
(SCL) in certain systems, which is called liquid—liquid transition (LLT).
Revealing the nature of the glacial phase especially in a single-component
system is crucial for understanding the LLT process. Here, by using flash
differential scanning calorimetry and cold-field transmission electron
microscopy, the structure of the D-mannitol glacial phase and the phase
transition kinetics between the glacial phase and SCL were studied. We found
that the glacial phase is a fluctuating spinodal-like structure. And the glacial
phase displays a first-order melting characteristic when it transforms into the

1 LA L 1
5%80 200 300 310 320 ¢ SCL:super-cooled liquid
T(K) 4 GP: glacial phase

SCL. Furthermore, the LLT diagram in the enthalpy-temperature coordinate
system is constructed based on the nucleation—growth and spinodal-decomposition transitions. Our findings provide new insight

into the LLT process of the glass forming liquids.

B INTRODUCTION

When a melt is cooled below its solidification point, it will
enter a super-cooled liquid (SCL) equilibrium state."” If held
isothermally, SCL usually crystallizes. However, in certain
systems, such as water,”" triphenyl phosphate™® (TPP), p-
mannitol,”® and some metallic glass formers,”™"® the SCL can
undergo a transformation into another amorphous phase,
which is known as “liquid—liquid transition” (LLT). LLT
involves the transition between two disordered states without
any change in long-range order.'' And notably, the LLT here
actually describes the transformation of a liquid into a glassy
state of another liquid, regardless of whether the final is in a
glass or liquid state.”'* This definition was adopted for
simplification and has since gained widespread acceptance.'”"
Revealing the nature of the LLT is crucial to understanding the
phase transition of glassy systems.

To describe the LLT in glasses, Kivelson and his colleagues
first proposed to use the “glacial phase” to analyze the end state
of LLT in TPP molecular liquid because of the “amorphous”
character with a wide X-ray scattering peak.” Recently, Tanaka
et al. demonstrated the reversibility and first-order nature of
the LLT in the TPP by using flash differential scanning
calorimetry (DSC),"* ruling out the possibility that the glacial
phase contains undetectable nanocrystals. And in metallic
glasses, the packing of the medium-range order structure of
LLT revealed by transmission electron microscopy (TEM)
suggests that the glacial phase is characterized by the implicit
order structure or nanocrystal-like structure.”'' Nevertheless,
the structural characterization of the glacial phase, especially in
single-component molecular liquids, is still unclear.
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The transition between the glacial phase and the SCL has
also been a long-standing topic of interest over the past decade.
Recent simulation results have shown that the glacial phase
displays a first-order melting transition to the SCL at a
coexistence temperature.' And the glacial phase needs to
transform into the liquid before crystallizing.'” This insight
suggests that the glacial phase of SCL has melting character-
istics. On the other hand, Perepezko et al. discovered a broad
exothermic peak during the LLT process, which exhibits

similar kinetics to crystallization.*"”

Given a strong link
between the glacial phase and crystallization, understanding
the kinetics of the glacial phase is essential for drawing the
glass—liquid transition.

In this work, the LLT behaviors of b-mannitol are studied.
The formation thermodynamics of the glacial phase are studied
using a high-precision flash differential scanning calorimeter.
The nanostructure of the glacial phase is studied using high-
resolution transmission microscopy (TEM), which shows a
fluctuating spinodal-like structure. And its transition to the

SCL displays first-order melting character.
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Figure 1. (a) The thermal protocol of flash differential scanning calorimetry (DSC) for isothermal annealing. (b) The typical isothermal heat flow
curves at different annealing temperatures T,; the purple arrows are guide lines. (c) Reheating heat flow curves after annealing at 315 K for different
annealing times t,. The inset shows the isothermal heat flow curve annealed at 315 K, where the colors of different t, correspond to the colors of

reheated heat flow curves.

Figure 2. High-resolution transmission electron microscopy images of the p-mannitol glass with different annealing conditions (a) quenched; (b)

annealed 5000 s at 293 K; (c) annealed 20,000 s at 293 K.

B EXPERIMENTAL SECTION

D-Mannitol (99.9999% purity) was purchased from Sigma-
Aldrich. Thermal analyses were conducted with a Mettler
Toledo Flash DSC 1 with a mechanical pump refrigeration
system and nitrogen purge. The D-mannitol particle with an
appropriate size was selected and loaded on the flash DSC chip
under an optical microscope. The heat capacity C, was

calculated by the formula: C, = %, where Q is the heat flow

that can be detected directly by flash DSC. R is the scanning
rate. And m is the mass of the sample, which was estimated by
measuring the melting enthal;)y and normalized by the specific
melting enthalpy of 293 J/g.

The structural characterization was performed using a
Tecnai F20 TEM with a field emission of 200 kV. The b-
mannitol sample was sealed in an Al crucible, fully re-melted at
473 K, and then rapidly quenched in liquid nitrogen. This
cooling rate was sufficient to obtain a completely amorphous
p-mannitol sample.” And the glacial phase glass was produced
by annealing quenched glass at 293 K. The quenched and
glacial phase glass were dispersed in ether, respectively, and the
ultrasonic treatment was performed for 10 min to ensure
uniform dispersion. A pipet was then used to deposit a small
amount of the sample solution onto a copper grid with a
carbon film. Finally, the copper grid with the sample was
loaded onto the TEM sample holder for observation and
analysis.

B RESULTS AND DISCUSSION

Figure la shows the thermal protocol of flash DSC for
isothermal annealing. Generally, the SCL of Dp-mannitol
undergoes a transition to the glacial phase when annealing
below 320 K, while crystallization occurs above this temper-
ature.”” To reveal the kinetics of the glacial phase formation
and crystallization, the D-mannitol melt was cooled from 473
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K, which was above the liquid temperature T} = 449 K, to
different annealing temperatures (T,) at a cooling rate R, =
500 K/s. The T, ranged from 273 to 363 K, which
encompassed both the crystallization and glacial phase
formation temperatures. Finally, the samples were cooled to
193 K and then reheated to 473 K at a heating rate R, = 500
K/s.

The isothermal heat flow curves at T, are shown in Figure
1b. It can be found that the SCL crystallized at T, > 323 K,
exhibiting a classic C-shaped transformation. However, when
T, was below 323 K, the isothermal heat flow curves showed a
slow exothermic reaction after an exothermic peak. With the T,
continuing to decrease, a new C-shaped curve appeared,
representing the formation of the glacial phase.” If T, was
below 293 K, no obvious exothermic peaks were detected,
though the glacial phase still formed. This confirms the
existence of two distinct mechanisms for the glacial phase
formation.”'® Additionally, to verify what happened in the
slow exothermic reaction at 315 K, the isothermal annealing
process was interrupted by annealed different ¢, = 5, 10, 20, 30,
50, 100 s, and then the sample was cooled to 193 K and
reheated. The reheated heat flow curves are shown in Figure
lc. As the isothermal heat flow curve shifted upward, the
sample crystallized, evidenced by the gradual decrease of the
crystallization peak area. Additionally, the reheating heat flow
curves with shorter f, exhibit an extra endothermic peak
occurring around 320—340 K before crystallization, which
coincides with the temperature range for the transition of the
glacial phase to SCL. This indicates that a partial glacial phase
also formed at this stage. Thus, it can be conjectured that the
first peak at 315 K primarily corresponds to the formation of
the glacial phase, and crystallization also occurs. The
appearance of the glacial phase causes the crystallization heat
flow curve to deviate from the typical peak shape, instead
showing a gradual upward shift.
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The heat flow curves of D-mannitol after being annealed at
T, = 273, 283, 293, and 303 K are shown in Figure S1. When
being annealed well below T, eg, 273 K, the glass exhibits a
typical aging process. The endothermic overshoot at T,
increases and shifts to a higher temperature until it gets to
an equilibrium state. When being annealed at higher
temperatures, e.g., 283—303 K, the glass will transform into a
glacial phase after reaching the equilibrium state. The
evolution of the microstructure after being annealed at 293
K was studied using high-resolution TEM (HRTEM), as
shown in Figure 2. The as-quenched glass exhibits a typical
disordered molecular packing structure. For the sample
annealed at 293 K for 5000 s to form the glacial phase, as
shown in Figure 2b, the HRTEM image still displays a
disordered structure without any observed lattice fringes.
Nevertheless, the sample exhibits a more heterogeneous
structure compared to the quenched glass, showing a
fluctuating spinodal-like structure. This provides direct
experimental evidence for the existence of a spinodal-type
LLT proposed by previous studies.”' "> When the ¢, reached
20000 s, HRTEM reveals distinct lattice fringes, with a
calculated interplanar spacing of d = 0.411 nm. Therefore, it
can be inferred that this spinodal-like structure represents an
intermediate state between the disordered glass and crystal.
Previous studies have suggested that SCL will be intrinsically
heterogeneous before crystallization, characterized as a
spinodal structure by density and orientational fluctua-
tions.'*™*° Our findings provide strong experimental evidence
supporting this viewpoint.

Since the glacial phase is determined with a fluctuating
spinodal-like structure, it is necessary to analyze its transition
process to the SCL. One of the longstanding controversies in
this transition is the recovery experiment. For the ordinary
annealed glass, as shown in Figure 3a, the gray dashed line
represents the heat flow curve of the sample annealed at 273 K
for t, = 100 s, exhibiting an endothermic overshoot at the glass
transition temperature. When the annealed glass was heated to
the recovery temperature (T, = 300 K) before the end of the
overshoot, the reheating curve of the cooled sample exhibited a
small overshoot with its peak shifting to a lower temperature.
This phenomenon indicates that the energy state is restored
after the reaction mixture has been heated to T,.. However, as
shown in Figure 3b, when the glacial phase was heated to T, =
327 K and then cooled, the reheating curve exhibited two
peaks. The first peak is the glass transition of the ordinary glass
obtained upon cooling from the SCL. The second peak
corresponds to the transformation of the residual glacial phase
to SCL. The peak of the residual glacial phase shifts toward a
higher temperature after recovery, while the overshoot of the
aged ordinary glass shifts to a lower temperature after recovery.
Considering the partial melting process shown in Figure S2,
the re-melting peak shifts to a higher temperature because
crystal grains grow larger.”"”> Therefore, it is reasonable to
conjecture that the endothermic peak of the transition from
glacial phase to SCL is actually a melting behavior, where the
spinodal-like structure evanishes. The above result is consistent
with previous simulation results.'®'” Moreover, the crystal-
lization behavior during cooling of the SCL obtained from the
glacial phase and as-cooled glass are compared. As shown in
Figure 3c,d, the samples were heated to the same temperature
T = 339 K and then cooled at a rate of 50 K/s. The SCL
derived from the glacial phase has a larger crystallization peak,
indicating that it crystallized more easily. Furthermore, the as-
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Figure 3. (a,b) The heat flow curves for (a) the ordinary annealed
glass annealed at 273 K for f, = 100 s and (b) the glacial phase
annealed at 293 K for ¢, = 100 s. The gray dashed lines represent the
heating curves of the sample. ©: The red lines represent the heating
process of the sample heated to the recovery temperature T,.. @: The
purple dotted arrows represent the samples cooled to 193 K at a
cooling rate of 500 K/s. ®: The green lines represent the reheating
curve of the recovery sample. (c,d) The crystallization behavior
during cooling after (c) the as-cooled glass and (d) the glacial phase
transition to the supercooled liquid (SCL). The gray dashed lines
represent the heating curves of the sample. The red lines represent the
heating process of the sample until it transitions to SCL. The purple
lines represent the cooling curves of the SCL at a rate of S0 K/s. And
the green lines represent the reheating curve of the sample after the
cooling process.

cooled glass exhibited a crystallization peak on reheating, while
a minor peak was displayed in the glacial phase.

Additionally, the crack healing experiment was performed to
further reveal the difference between the glacial phase and the
SCL. As shown in Figure 4a, when D-sorbitol was heated above
its glass transition temperature (T,), the cracks showed
obvious healing contributed by its fluidity. Figure 4b shows
the crack healing of D-mannitol at 288 K. It can be observed
that small cracks were healed in a short time, while large cracks
barely changed. However, there was almost no apparent crack
healing of D-mannitol at 299 K shown in Figure 4c.
Considering that the SCL of p-mannitol will transform into a
glacial phase at this temperature range, it indicates that the
glacial phase has greater viscosity and exhibits solid behavior,
leading to the inability of cracks to heal. The healing of small
cracks at 288 K is attributed to the mobility of SCL which has
not completely transformed into a glacial phase. At a higher
temperature of 299 K, SCL rapidly transforms into a glacial
phase, resulting in insignificant crack healing.

Finally, the isothermal transformation of SCL was studied to
analyze the kinetics of LLT at different temperatures, as shown
in Figure Sa. The SCL crystallized directly at temperatures
above 323 K, which shows a typical C-type temperature—time-
transformation (TTT) curve. When the temperature decreased
to below 313 K, the SCL transformed into a glacial phase first
and then crystallized. The TTT curve for the formation of the
glacial phase was also C-type with a nose at about 309 K. The
glass transition happened at about T, = 297 K. It is well known
that the characteristic time for @ relaxation is about 7, = 100 s

https://doi.org/10.1021/acs.jpcb.4c06398
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Figure 4. (a—c) The crack self-healing process of (a) p-sorbitol at 283 K, (b) p-mannitol at 288 K, and (c) p-mannitol at 299 K. The melt
contained in two glasses with about 10 ym in thickness was quenched by liquid N,, picked up, and then moved to a copper cube under an optical
microscope. The transfer process is less than 2 s. The temperature of the copper cube is controlled to be higher than the glass transition
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Figure S. (a) The isothermal transformation diagram of the SCL with
a cooling rate of 500 K/s. The red and blue semicircles represent the
onset time of the crystallization and the glacial phase formation,
respectively. (b) The nucleation rate of the glacial phase (GP) and the
crystal changed with temperature. (c) The relationship between the
enthalpy change (AH) of the liquid—liquid transition and glass
transition upon cooling. The red semicircles represent the AH
changes with temperature. The blue line indicates the variation in heat
capacity during the cooling process. (d) The liquid—liquid transition
diagram in the enthalpy-temperature space. The vertical axis
represents the enthalpy subtracted from the enthalpy of the
crystallized sample. The gray squares indicate the onset of the
crystallization at different temperatures and also represent the
equilibrium state of the GP. The red and blue circles represent the
enthalpy values when the SCL is completely transformed to the GP
through NG (nucleation and growth) and SD (spinodal decom-
position) types, where the sample no longer contains SCL and the
heating curve shows a single peak corresponding to the melting of the
GP. The red and blue shaded regions denote the transition between
the two transformation types.

at Tg.23’24 However, the transition to the glacial phase takes
about 8 s, which is much shorter than 7,,. This suggests that the
formation of the glacial phase should not be related to the
long-range cooperative a relaxation.

The nucleation kinetics of the glacial phase and crystal-
lization of D-mannitol was studied. Figure S3 shows the fitting
result of the time—temperature transition curves based on the
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classical nucleation theory.”>*® For the fragile p-mannitol
liquid, the temperature dependence of viscosity was corrected
using the method proposed by M.D. Ediger et al*’ The
detailed information can be found in the Supporting
Information. The derived nucleation rate J of the crystallization
and glacial phase formation is given in Figure Sb. It can be
found that the J . and Jgp intersected at T = 313 K, where
the glacial phase began to form. And the higher Jgp at lower
temperatures compared to ], might be related to the
structural heterogeneity observed in Figure 2b. Moreover, the
interfacial energy of the glacial phase obtained by the fitting
was 14.1 mJ/m? much lower than the 31.9 mJ/m?® for
crystallization.

Generally, LLT can be classified into two types, nucleation—
growth (NG) and spinodal decomposition (SD), by the
evolution of the onset temperature of glass transition with
annealing time.'*'® The critical temperature for the transition
from NG to SD in p-mannitol was between 295 and 300 K'**°,
Here, the enthalpy AH of the exothermic peak observed in the
LLT was calculated, as shown in Figure Sc. Interestingly, the
AH approached zero precisely in the range of 295 to 300 K,
indicating that the observed exothermic peak represents an
NG-type LLT. The variation of the AH provides a more
intuitive basis for distinguishing the LLT types. Additionally,
the blue curve in Figure Sc represents the heat capacity C, of
SCL during continuous cooling near the glass transition. It can
be observed that the critical temperature for the NG to SD
type was approximately equal to the onset of the glass
transition. This denotes that the slow atomic diftusivity below
the glass transition is probably a key reason for triggering the
SD phase transition.

The LLT diagram in the enthalpy-temperature coordinate
system is summarized in Figure Sd. At temperatures higher
than the T, the SCL will transform to the glacial phase
through a NG-type phase transition, After the glacial phase
reaches equilibrium, it finally crystallizes. Below T,, the as-
cooled glass will relax toward the SCL, and then the SCL
transforms to a glacial phase through the SD type. After the
transition from SCL to the glacial phase is finished, the glacial
phase crystallizes to a lower energy state.

B CONCLUSIONS

In this paper, the structure of the p-mannitol glacial phase and
the kinetics of the transition between the glacial phase and

https://doi.org/10.1021/acs.jpcb.4c06398
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SCL are studied systemically by using flash DSC and cold-field
TEM. The glacial phase is a fluctuating spinodal-like structure,
representing an intermediate state between the disordered
glass and crystal. Moreover, the glacial phase melts in a first-
order-like transition at 310 K that is approximately 110 K
lower than the normal melting temperature. Phase diagrams
are constructed in enthalpy space and temperature—time
diagram. Our findings provide new insights into the liquid—
liquid transition and glass transition of D-mannitol.
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