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It has been a long-standing puzzling problem that some glasses exhibit higher glass transition temperatures (denoting
high stability) but lower activation energy for relaxations (denoting low stability). In this paper, the relaxation kinetics of
the nanoconfined D-mannitol (DM) glass was studied systematically using a high-precision and high-rate nanocalorimeter.
The nanoconfined DM exhibits enhanced thermal stability compared to the free DM. For example, the critical cooling rate
for glass formation decreases from 200 K/s to below 1 K/s; the Tg increases by about 20 K–50 K. The relaxation kinetics
is analyzed based on the absolute reaction rate theory. It is found that, even though the activation energy E∗ decreases,
the activation entropy S∗ decreases much more for the nanoconfined glass that yields a large activation free energy G∗ and
higher thermal stability. These results suggest that the activation entropy may provide new insights in understanding the
abnormal kinetics of nanoconfined glassy systems.

Keywords: D-mannitol glass, confinement, relaxation, activation entropy
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1. Introduction

The nanoconfined glasses usually exhibit enhanced ther-
mal properties compared to the free glasses, e.g., higher
glass transition temperature[1–4] and depressed crystallization
kinetics.[5,6] For molecular glasses, the hydrogen bonds are
depressed in nanoconfinement that can significantly improve
the stability of small molecular glass,[7] which may be helpful
in promoting the applications of amorphous drugs.[8] How-
ever, such changes in thermal properties depend on kinds of
experimental factors, e.g., nanoporous material, the size of the
nanopores or the dimensionality. It is still heavily debated
for the physical origins of the enhanced thermal properties of
nanoconfined glasses.

The activation energy E∗ of relaxations is usually used
for evaluating the kinetic stability, which can be calculated by
measuring the heating rate dependent behaviors.[9–14] But it
is puzzling that a glass with the higher glass transition tem-
perature, which denotes a higher kinetic stability, may have
the same activation energy for α relaxation as the glass with
a much lower glass transition temperature, which denotes a
lower kinetic stability.[15] This suggests that the activation en-
ergy may not be the sole parameter for evaluating the relax-

ation kinetics. For the absolute reaction rate theory, one reac-
tion process should contain the potential energy position and
the configuration of this path, which correspond to the activa-
tion enthalpy H∗ and the activation entropy S∗, respectively.
The activation energy E∗ shares a linear relationship with the
H∗.[16] The S∗ reflects the distortion degree of the transition
state and can be a positive value or even negative value.[17,18]

Therefore, considering both the relaxation enthalpy and relax-
ation entropy is helpful to understand the physical origin of the
abnormal relaxation kinetics of confined glasses.

D-mannitol (DM) is a kind of natural hexahydric
alditol and has been widely used in pharmaceutical, excip-
ient, and sugar substitute.[19] The amorphous pharmaceuti-
cals are of special interests because of their faster dissolv-
ing rate and higher solubility compared to the crystalline
counterparts.[20,21] However, the hydrogen bonds can cause
the crystallization.[22] Even though the usual glassy DM can
transform into a glassy phase X via a polyamorphism transi-
tion that has a higher glass transition temperature, the crystal-
lization behavior of the glassy phase X remains unchanged.[23]

Thus, it is intriguing to study the possibility of achieving a
higher stable glassy state of DM by nanoconfinement, and it
is interesting to reveal the physical origins for the possible
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changes in thermal properties.
In this work, the kinetics of the nanoconfined DM glass is

studied by using a high-precision high-rate differential scan-
ning calorimeter. The activation energy E∗ and the activation
enthalpy H∗ decreased, while the activation free energy G∗ in-
creases for the nanoconfined DM that is attributed to the large
decreases in S∗. Meanwhile, the small S∗ suggests that the
strong attraction of DM may occur at the Au layer and cause
the higher glass transition temperature. And the S∗ sheds a
new light on understanding the thermal stability of nanocon-
fined glasses.

2. Experimental details
D-mannitol (purity > 99 wt.%) was purchased from

Sigma Company. The master alloy ingot Ag100−xAux (x = 10,
20, 35) was prepared by arc melting under a high-purity ar-
gon atmosphere. Then the as-spun ribbons were prepared by
a copper roller melt-spinning method with a tangent speed of
40 m/s. After that, the ribbons were kept in 70% concentrated
nitric acid at 323 K for 3600 s to dealloyed the Ag in the rib-
bons to obtain nanoporous Au. The nanoporous Au was put
on a hot stage at T = 440 K. The DM was put on the sur-
face of nanoporous Au little by little. As the good wetting
between DM melt and Au, the DM melt will penetrate into the
nanopores. When the nanopores are not filled completely, the
surface looks ‘dry’; when the nanopores are filled completely,
the surface looks a bit ‘wet’. Then, the sample is laid on the hot
stage for a while to let the extra DM on the surface to evapo-
rate till it becomes dry again. A high-rate differential scanning
calorimeter (Mettler Toledo Flash DSC 1) was used to study
the thermal properties of the free and confined DM. Before
measurement, the sample was first heated to 446 K (6 K above
the melting temperature) and hold for 5 s to allow the sample
to have good contact with the chip. To obtain the relaxation
kinetics of free and confined DM, the sample was annealed at
Ta = 273 K for various time ta = 0.1 s–10000 s. The relaxation
peak was measured at the heating rate Rh = 100, 200, 500, and
1000 K/s. The high-purity argon gas (40 mL/min) was intro-
duced to prevent oxidation of the sample. The morphologies
of nanopores Au and the confined DM were examined using a
scanning electronic microscope (SEM, Thermo scientific, Ve-
rios G4 UC). The molecular vibration spectrum was investi-
gated using Fourier Transform Infrared Spectrometer (FTIR,
Thermo Nicolet 6700).

3. Results and discussion
The structure of Au10Ag90, Au20Ag80, and Au35Ag65 af-

ter dealloying was recorded using SEM [Figs. 1(a)–1(c)]. The
nanoporous structure distributed homogeneously. The typi-
cal size of the nanopores has been marked by the arrows in

Figs. 1(a)–1(c), which is determined as about (44± 11) nm
(Au10), (35 ± 8) nm (Au20), and (22 ± 3) nm (Au35), re-
spectively. The SEM images in Figs. 1(d)–1(f) confirm that
the nanoconfined DM has a homogeneous structure that the
nanopores have been filled by the DM uniformly.
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Fig. 1. Scanning electron microscope (SEM) images of (a)–(c) empty
nanoporous Au prepared by dealloying AuxAg100−x (x = 10, 20, 35), the size
of the nanopores is determined to be about (44±11) nm (Au10), (35±8) nm
(Au20), and (22±3) nm (Au35), respectively; (d)–(f) D-mannitol confined in
nanoporous Au.

The representative heat flow traces for free and confined
DM upon cooling at various cooling rates were measured
[Figs. 2(a)–2(d)]. For free DM, the liquid solidifies into crys-
tals at a temperature Ts when the cooling rate Rc ≤200 K/s
while the glass was formed when Rc > 200 K/s. However, the
solidification of melt was suppressed greatly during nanocon-
finement. To compare the effect of nanoconfinement on the
solidification, the critical cooling rate was measured by the
reduced enthalpy Hs [Fig. 2(e)]. The critical cooling rate is
determined to be about 200 K/s, 10 K/s, 2 K/s, and less than
1 K/s for the free, Au10, Au20, and Au35 DM, respectively.
That is to say, the confinement can significantly enhance the
glass-forming ability for DM.

The phase transition kinetics of free and confined DM
upon heating are studied at various heating rates further
[Figs. 3(a)–3(d)]. For all heating rates, the free DM expe-
riences the glass, crystallization and melting. In contrast, the
crystallization and melting can be detected for the confined
DM (Au10) at low heating rate Rh ≤ 100 K/s, while the Au20

and Au35 undergo the glass to liquid transition without crystal-
lization and melting of crystals. The glass transition temper-
ature (Tg) of free and confined DM shifts to high temperature
with the increase of the heating rates. At a given heating rate
Rh = 1000 K/s, the Tg is about 295 K for free DM and the Tg
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Fig. 2. The DSC traces of (a) free D-mannitol and (b)–(d) confined D-
mannitol at various cooling rates. (e) The enthalpy of solidification versus
cooling rate. The critical cooling rates are marked by the arrows.
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mannitol at various heating rates and subsequently cooled at 1000 K/s. (e)
The heating rate versus glass transition temperature, the solid lines are the
fitting results by VFT equation.
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increases from 295 K to 336 K when the nanopore size de-
creases from 44 nm to 22 nm. In Fig. 3(e), the glass transition
temperature changes with heating rate in thermal signal fol-
lows the Vogel–Fulcher–Tammann (VFT) equation[24,25]

lnRh = lnA+
DT0

(T −T0)
, (1)

where Rh is the heating rate, A is the pre-factor, D is the
strength parameter, T0 is the asymptotic value of Tg at in-
finitely slow cooling/heating rate.[20,21] The Tg at heating rate
Rh = 10 K/min is estimated by extrapolating the VFT equa-
tion. From the VFT fitting parameter, the fragility was calcu-
lated by[26]

m =
DT0Tg

(Tg −T0)
2ln10

. (2)

The fragility m is about 103± 1, 92± 1, and 79± 1 for nano
pore size 44 nm, 35 nm, and 22 nm, respectively. This result
proves the abnormal reduction of kinetics barrier.

Figures 2 and 3 show that, when the D-mannitol glass
is confined in nanopores, both the thermal stability of un-
dercooled liquid against crystallization (equal to glass form-
ing ability) and the thermal stability of glassy solid against
glass transition increase. This suggests a positive relation-
ship between the two stabilities. Generally speaking, a high
glass forming ability is usually related to a small melting en-
tropy ∆Sm

[27,28] and a larger Tg/TL (Tg is the glass transi-
tion temperature, TL is the liquidus temperature).[29] That is,
∆Sm ∝ TL/Tg. Thus, for a given TL, a high thermal stability
of undercooled liquid against crystallization (small ∆Sm and
good glass forming ability) is related to the high thermal sta-
bility of glassy solid against glass transition (high Tg).

To study the reduced kinetics behavior carefully, the ther-
mal stability of free and confined DM at annealing tempera-
ture Ta = 273 K for various time is revealed. In Fig. 4(a), the
heat flow curves of annealed Au35 sample were measured at
heating rate Rh =200 K/s and the annealing times ta = 0.1 s–
10000 s. The relaxation peak gradually shifts to the high tem-
perature and the amplitude becomes larger with the increase
of the annealing time. By subtracting the heat flow curve of
the quenched sample from the heat flow curves of annealed
sample, the relaxation peak curves at different heating rates
(Rh = 100, 200, 500, and 1000 K/s) for ta = 5000 s are ob-
tained [Fig. 4(b)]. The heating rate versus the relaxation peak
temperature is studied by the Kissinger plot,[30]

ln
Rh

T 2 =C− E∗

RT
, (3)

where C is the constant. In Fig. 4(c), the ln(Rh/T 2) is plot-
ted versus 1/Tp for the relaxed samples. The activation en-
ergy (E∗) of the corresponding relaxation state is calculated
by fitting the slope of the data [Fig. 4(d)]. For free DM, the
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Fig. 4. (a) The DSC curve of restricted D-mannitol annealed at Ta = 273 K
for different annealing time (ta = 0.1 s–10000 s), the heating rate is 200 K/s.
(b) The relaxation peaks of the confined D-mannitol measured at different
heating rates (Rh = 100, 200, 500 and 1000 K/s), Ta = 273 K and ta = 5000 s.
(c) Kissinger plot of the relaxation peak temperatures Tp for sample annealed
at 273 K, and the annealing time ta = 0.1 s–10000 s. The relaxation activation
energy E∗ is determined by the slope. (d) The activation energy E∗ versus
annealing time for free D-mannitol and confined D-mannitol at 273 K.

activation energy is about 71 kJ/mol in the initial annealing
stage, which is approximately equal to the activation energy
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of β relaxation E∗
β ≈ 26RTg ≈ 61 kJ/mol (given Tg = 284 K

at 10 K/min).[23] Along with the increase of annealing time,
the activation energy gradually increases to about 116 kJ/mol,
which is close to the E∗ of α relaxation.[7] Such a two-step re-
laxation phenomenon during isothermal annealing have been
observed in polymer, basalt glass and metallic glasses.[31–35]

For the Au35 nanoconfined glass, the relaxation barrier is much
smaller than the free glass and exhibits similar transition. The
activation energy of β relaxation is about 50 kJ/mol, which is
28% lower than that of free DM, and the activation energy of
α relaxation is about 88 kJ/mol, which is 24% lower than that
of free DM [Fig. 4(d)].

The absolute reaction rates theory consider the configura-
tion of atoms at the transition state. It is given as[36,37]

ln
Rh

T 3
p
=− H∗

RTp
+ ln

kR
hP

+ ln
1

H∗ +
S∗

R
, (4)

where k is the Boltzmann constant, R is the gas constant, hP

is the Planck constant, H∗ is the activation enthalpy, and S∗

is the activation entropy. Figure 5(a) shows the change of Tp

with the heating rate. In Fig. 5(b), the H∗ also exhibits two-
step transition behavior, and satisfies E∗ = H∗ +RTp, where
Tp is measured at Rh = 100 K/s.[37,38] The S∗ decreases greatly
when the sample was confined [Fig. 5(c)]. The H∗ decreases
by about 0.3 times, while S∗ decreases by more than 10 times,
even transforms from positive to negative. The small S∗ re-
flects the relaxation paths were blocked and the confined sam-
ple tends to the liquid state. Although the H∗ of free sample
is higher than that of confined sample, activation free energy
G∗ = H∗−TpS∗ exhibits an opposite trend, indicating that the
G∗ can reflect the kinetics stability more carefully than the E∗

and H∗ [Fig. 5(d)].
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Fig. 5. (a) The absolute reaction rate theory analyses of the relaxation peak
temperatures Tp for sample annealed at 273 K for various time ta = 0.1 s–
10000 s. (b) Activation enthalpy H∗ versus annealing time for samples an-
nealed at Ta =273 K. (c) Activation enthalpy S∗ as a function of anneal-
ing time. (d) Activation free energy G∗ versus annealing time ta for free
D-mannitol and confined D-mannitol at Ta = 273 K.

In order to explore the effect of confinement on the inter-
action between molecules, FTIR experiments were performed.

The vibration spectra of O–H and C–H stretching models in
the fundamental frequency region (2500 cm−1–4000 cm−1)
are shown in Fig. 6. The O–H stretching peak of crystalline
DM is narrower than the glassy DM, but broader than the con-
fined samples. And the narrower O–H stretching models of
the confined samples should be caused by the suppression of
hydrogen bonds.[7] The enhanced glass forming ability may
be attributed to the suppression of hydrogen bonds, which is
consistent with other works.[39–41] After confinement, the S∗

becomes negative, which suggests a relaxation-induced disor-
dering phenomenon. The negative activation entropy is benefi-
cial to retain the liquid state and high resistance to crystalliza-
tion. We can speculate that the suppression of hydrogen bonds
under the confinement reduce the relaxation paths (small S∗),
which enhance the kinetics stability and improve the resistance
to crystallization.
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Fig. 6. The infrared spectra of O–H and C–H stretching modes for free glassy
D-mannitol (glass), crystalline D-mannitol (crystal), and nanoconfined D-
mannitol (Au10, Au20, and Au35).

The finding of confinement effect provides a chance
to understand the novel and complex kinetics in glass and
crystal for nanoscience.[42–47] Previous results point out that
the nanometer length scale promotes the faster dynamics,
which will decrease the glass transition temperature.[48–50] Be-
sides, the strong attractive interaction between material and
nanoporous will impede the motion of atoms and enhance
the glass transition temperature.[51] The small activation en-
tropy for nanoconfined glass denotes that the large cooper-
ative motions during relaxation is depressed, which induces
the higher glass transition temperature. In the annealing ex-
periment, phase X is not observed, which is contrary to the
free DM glass.[52] The frustration of the nucleation of phase X
could also be attributed to the depressed cooperative molecular
motions.

4. Conclusion and perspectives
In this work, we studied the effect of nanoconfinement on

glassy D-mannitol carefully. The critical cooling rate for glass
formation decreases from 200 K/s for free DM to below 1 K/s,
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the Tg increases by about 20 K–50 K for the nanoconfined DM.
However, the fragility, isothermal relaxation activation energy
decreases by about 20%–40% after confinement. The under-
lying physical mechanism is studied based on the absolution
reaction rate theory. Unlike the decrease in activation energy,
the activation free energy increases for the nanoconfined glass
owing to the large decrease in activation entropy. These results
shed new lights on understanding the relaxation and crystal-
lization processes for nanoconfined glasses.
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