Letter
pubs.acs.org/JPCL

Unravelling the Role of the Compressed Gas on Melting Point of
Liquid Conﬁned in Nanospace
Shimou Chen,†,‡ Yusheng Liu,† Haiying Fu,† Yaxing He,† Cheng Li,† Wei Huang,† Zheng Jiang,†
and Guozhong Wu*,†
†

Shanghai Institute of Applied Physics, Chinese Academy of Sciences, Shanghai 201800, China
Institute of Process Engineering, Chinese Academy of Sciences, Beijing 100190, China.

‡

S Supporting Information
*

ABSTRACT: Phase behaviors of the liquids in nanospaces are of particular
interest to understand the thermodynamics of the liquid on the nanoscale and for
their applications that involve the conﬁned systems. However, in many cases, the
inconsistent observations of melting point variation for conﬁned liquids are often
revealed by diﬀerent groups. Ionic liquids are a special kind of liquid. Here, by
using the merits of the nonvolatile nature of ionic liquids, we realized the
encapsulation of ionic liquids inside of mesopores silica oxide nanoparticles with
a complete removal of compressed gas under high-vacuum condition; the
completely conﬁned ionic liquid formed a crystalline-like phase. It was found that
compressed gas plays an important role in changing the melting point of the
conﬁned ionic liquid.
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handling in high vacuum. This is very important for the
preparation of the genuine conﬁned liquid by ﬁlling them into a
nanospace; as the ﬁlling process can be done under vacuum
condition, the ﬁnal obtained conﬁned liquids in composites are
free from compressed gases and other volatiles. Furthermore,
on the basis of the reported pioneering results, the spatially
conﬁned ILs in IL/inorganic hybrids have many appealing
characteristics, such as excellent catalytic activities, high ionic
conductivities, high heat resistance, and good tribological
performance.15−18 Studies on the phase behavior of conﬁned
ILs are of paramount importance from both the scientiﬁc and
application points of view.
In conjunction with our ongoing eﬀorts to investigate the
phase behavior of ILs on the surface of mica,19 graphite,20 and
silica nanoparticles21 and inside of multiwalled carbon nanotubes,22 in this study, we have sought a simple means by which
to encapsulate ILs so that they are completely conﬁned in the
cavities of porous nanoparticles. Complete nanoconﬁnement of
ILs was realized by heating a mixture of IL and mesoporous
silica oxide particles (hereafter referred to as SiO2) at high
temperature under high vacuum. We found that the complete
ﬁlling and close packing of the IL act as the dominant factors in
the elevation of the melting point of the conﬁned ILs. In
contrast, when the IL is immobilized onto the surface of SiO2
by ﬁlling at atmospheric pressure, the melting point of the IL is
decreased in comparison with that of the bulk (Scheme 1).

he study of the behavior of liquid materials upon
conﬁnement is of great importance due to its relevance
to microlubrication,1 surface tribology,2 retrieval and transport
of liquids in rocks,3 petroleum extraction,4 molecular mobility
in cells and membranes,5 controlled drug release,6 nanoﬂuidbased nanodevices, and so forth. Most of the properties of a
liquid are quite diﬀerent from those of the bulk once it has been
conﬁned within a solid matrix. Many interesting phenomena
have been reported concerning the eﬀects of nanoconﬁnement
on the change in melting point,7 crystal structure,8 and the
chemical reactivity9 of the conﬁned species. For example, the
melting point of water conﬁned in nanopores can either be
reduced or elevated depending upon the interfacial free energy,
surface roughness, and contact angle.10−12 Up to now, many of
the predictions and arguments surrounding the variation in
melting point of conﬁned liquids have come only from
theoretical calculations. This is due to inherent experimental
diﬃculties in the preparation of complete nanoconﬁnement
materials and in the probing of the properties of conﬁned
liquids.13 Further experimental explorations are expected to
provide greater insight into which factors predominantly
determine the phase behavior of conﬁned liquids. Due to the
volatility of liquids, conﬁned liquids always coexist with gases
(including the compressed air originally existing in the
nanocavities and the volatiles from the conﬁned liquid) in
nanospace,14 leading to a more complicated system in which to
determine the behavior of a conﬁned liquid.
Room-temperature ionic liquids (ILs) are a special class of
liquids solely composed of cations and anions. ILs are usually
liquid at room temperature but have an extremely low vapor
pressure. Therefore, they provide a good model liquid for
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Scheme 1. Schematic Diagram of the Change in Melting
Point of an IL Entrapped by Mesoporous Silica Oxide
Particles under Vacuum Conditions versus that at
Atmospheric Pressure

Figure 1. (A) DSC traces of mesoporous SiO2 (a), [BMIM][PF6]/
SiO2 (b), [BMIM][PF6]@SiO2 (c), and pure [BMIM][PF6] (d). (B)
TGA curves of mesoporous SiO2 (a), [BMIM][PF6]/SiO2 (b),
[BMIM][PF6]@SiO2 (c), and pure [BMIM][PF6] (d).

DSC thermogram of the [BMIM][PF6]/SiO2 shows two peaks
at 3.6 and −12.1 °C, lower than those of the pure
[BMIM][PF6] in bulk (Figure 1A-c). The DSC measurements
were repeated many times, and the temperature variations were
within ±0.5 °C for both of the samples; the opposite
dependence of the melting point of [BMIM][PF6] immobilized
on the mesoporous SiO2 via two diﬀerent methods was
reproduced. We suppose the packing states of the [BMIM][PF6] in these two kinds of hybrids should be much diﬀerent;
for the [BMIM][PF6]@SiO2 sample, the main phase is a closely
packed crystalline-like phase, and for the [BMIM][PF6]/SiO2,
the amorphous state of the IL is the main form. This is further
conﬁrmed by our TEM and XRD measurements (see below).
Figure 1B shows the thermal gravity analysis (TGA) of
mesoporous SiO2, [BMIM][PF6]@SiO2, [BMIM][PF6]/SiO2,
and the pure [BMIM][PF6] in bulk. Two main weight-loss
regions are found in the two kinds of hybrids (Figure 2B-b and
c); the ﬁrst step of the decomposition could be contributed to
the breaking of end group alkyl chains of the [BMIM] ring, and
the weight reduction in the second region is likely due to the
total decomposition of the IL.23 On the basis of the data of
TGA, the loading amounts of the IL in [BMIM][PF6]@SiO2
and [BMIM][PF6]/SiO2 are 35.9 and 12.1 wt %, respectively. It
should be mentioned that the onset of the conﬁned IL in the
[BMIM][PF6]@SiO2 sample is about 221 °C, which is much
higher than the melting point value observed by DSC for the
same sample, which proved that the observed thermal eﬀects in
DSC are not associated with some kind of thermal
decomposition.
To further conﬁrm that the increase of the melting point of
nanoconﬁned ILs is a general phenomenon, two other ILs,
[PMIM][PF6] (PMIM: 1-propyl-3-methyl-imidazolium) and
[AMIM][I] (AMIM: 1-allyl-3-methyl-imidazolium), were also
conﬁned in SiO2 mesopores in a similar manner. As shown in
Figure S1 (see Supporting Information), there is a considerable
increase in the melting points of both [PMIM][PF6]@SiO2 and
[AMIM][I]@SiO2, in keeping with the results for nanoconﬁned [BMIM][PF6].
Transmission electron microscopy (TEM) was used to
characterize the conﬁned IL in mesoporous SiO2. The iodinecontaining IL [AMIM][I] was chosen in order to achieve a high
resolution and contrast for TEM imaging. There was no
signiﬁcant diﬀerence in the TEM image of the mesoporous
SiO2, [AMIM][I]/SiO2, and [AMIM][I]@SiO2 by using the

To elucidate the role and inﬂuence of the conﬁnement eﬀect
on the melting point of the conﬁned ILs, a widely studied IL,
[BMIM][PF6] (BMIM: 1-butyl-3-methyl-imidazolium), they
were ﬁlled into mesoporous SiO2 at 70 °C under conditions of
ultrahigh vacuum (1 × 10−5 Pa; the experimental details are in
the Supporting Information). The as-obtained IL-ﬁlled
materials will heretofore be referred to as [BMIM][PF6]@
SiO2. For comparison, a similar procedure was applied to the
ﬁlling of [BMIM][PF6] into SiO2 at atmospheric pressure
(exposed to air), in which the [BMIM][PF6] and SiO2 mixture
was heated at 70 °C under normal pressure (in this case, the IL
was immobilized on the surface of nanoparticles or the
entrances of mesopores, which was conﬁrmed by our
microscopy observation). The ﬁnal sample was named
[BMIM][PF6]/SiO2 for simplicity. As for the sample obtained
from ﬁlling under high vacuum, the compressed air present in
the cavities of the SiO2 was completely removed by evacuation,
as proven by our nitrogen sorption (BET) measurement. The
BET experiments were performed on SiO2, [BMIM][PF6]@
SiO2, and [BMIM][PF6]/SiO2, whose corresponding surface
areas were 667, 10, and 55 m2/g, respectively. The surface area
of the porous SiO2 nanoparticles was dramatically reduced after
immobilizing the [BMIM][PF6] at atmospheric pressure and
almost vanished after ﬁlling with the IL under vacuum. This
indicates that all of the cavities of the SiO2 were ﬁlled by the
[BMIM][PF6] when the ﬁlling was conducted under high
vacuum.
The phase behavior of the ILs obtained by the two diﬀerent
ﬁlling procudures was investigated by diﬀerential scanning
calorimetry (DSC) analysis. As shown in Figure 1A, a clear
diﬀerence in the melting point of the conﬁned [BMIM][PF6]
was observed between ﬁlling under vacuum and that at
atmospheric pressure. Filling under vacuum leads to an increase
in the melting point up to 201.6 °C (Figure 1A-a), indicating
the transformation of the IL to a high-melting-point solid phase
upon nanoconﬁnement. This observation is similar to the ﬁlling
of the same IL inside of multiwalled carbon nanotubes.16 On
the contrary, immobilization under normal pressure leads to a
decrease of the melting point, as depicted in Figure 1A-b. The
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Figure 2. HAADF-STEM images and the corresponding EDX spectra of mesoporous SiO2 (a, d), [AMIM][I]/SiO2 (b, e), and [AMIM][I]@SiO2
(c, f). The scale bare in (c) applies to all three images.

loosely dispersed on the surface of the SiO2. In addition, the
size of the white spots in [AMIM][I]@SiO2 ranges from 2 to 5
nm, which is similar to the pore size of the SiO2, and the white
spots can be always observed by changing the focus of the
electron beam (or depth sectioning), indicating that crystallinelike phases of the IL are inside of the mesoporous SiO2, not
adsorbed on the surface.24
The data of XRD further support the formation of the
crystalline state of the conﬁned ILs. Compared with the
mesoporous SiO2, some new peaks appeared at 2θ = 13.6, 15.9,
17.6, 20.0, and 20.8° for the sample of [PMIM][PF6]@SiO2
(Figure 3a); the new peaks should have originated from the
conﬁned [PMIM][PF6]. The XRD pattern for [BMIM][PF6]@
SiO2 shows clear peaks at 2θ = 13.8, 14.3, 18.6, and 20.8°
(Figure 3b). These peaks have also been observed for
[BMIM][PF6] conﬁned in a carbon nanotube or crystallized
at −80 °C in the bulk (see Supporting Information, Figure S3),
indicating that the [BMIM][PF6] conﬁned in the pores of the
SiO2 should exist in the form of a thermal stable crystal-like
phase. Furthermore, the crystalline-like phases of the IL existing
in the completely conﬁned sample were further indicated by
our Raman studies (the data and discussions are in the
Supporting Information, Figure S4).
The phase transition behavior of the conﬁned species can be
explained with the use of simple mean ﬁeld theory.3 According
to this theory, the melting point of a conﬁned liquid (Tm) is
given by

conventional TEM mode (see Supporting Information, Figure
S2). The main cause is that the matrix SiO2 is amorphous,
which conceals the image contrasts of the samples. Fortunately,
the IL in the nanocomposites can be discerned in the atomicresolution high-angle annular dark-ﬁeld (HAADF) images by
scanning electron probe STEM mode due to the existence of
heavy-atom iodine in [AMIM][I]. As shown in Figure 2, the
conﬁned IL in the [AMIM][I]@SiO2 sample reveals clearly
that some IL is encapsulated in the channel of SiO2 (indicated
by the white spots in Figure 3c). Even though the energy-

Figure 3. XRD pattern of [PMIM][PF6]@SiO2 (a), [BMIM][PF6]@
SiO2 (b), and mesoporous SiO2 (c).

Tm = C(Z ε/k)

dispersive X-ray (EDX) spectra conﬁrmed that the [AMIM][I]
ILs are present in both [AMIM][I]/SiO2 and [AMIM][I]@
SiO2 (Figure 3e and f), extensive examination of HAADF
images reveals that the white spots are only present in the
[AMIM][I]@SiO2 sample, indicating that the molecular
packings of the [AMIM][I] in the two samples are much
diﬀerent. The conﬁned IL obtained by conducting the ﬁlling
process under high-vacuum condition (ie, [AMIM][I]@SiO2
sample) shows strong signals of the heavy atom of iodine,
which should be due to the formation of a crystalline-like phase
of the IL in the completely conﬁned space.24 For the
[AMIM][I]/SiO2 sample, the immobilized IL may be mainly

where C is a constant, Z is the number of nearest liquid
neighbors, ε is interaction energy, and k is the Boltzmann
constant. For instance, the interaction between [BMIM][PF6]
and the pore walls should be similar for both the [BMIM][PF6]
@SiO2 and [BMIM][PF6]/SiO2 samples. The opposite sign of
the change in melting point is thus attributed to the much
greater number of nearest neighbors Z in [BMIM][PF6]@SiO2
than in [BMIM][PF6]/SiO2. Because we conducted the ﬁlling
experiment under ultrahigh vacuum, which can remove all of
the compressed gas from the cavities of the porous SiO2, this
ensured a close packing of the conﬁned [BMIM][PF6], leading
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to a greatly increased Z value. Furthermore, we suggest that in
most of the literature, the liquid molecules were partly conﬁned
in the nanopores together with air because the ﬁlling process
cannot be conducted under vacuum, owing to the evaporation
of liquid. The existence of compressed gas inside of the pores
leads to a small value of Z, which in turn leads to a decrease in
the melting point. Therefore, by exploiting the nonvolatility of
the IL, we ﬁrst prepared a completely pure conﬁned liquid in
porous SiO2 nanoparticles, permitting a ﬁrm conclusion
regarding the melting point of a conﬁned liquid; nanoconﬁnement eﬀects absolutely lead to elevation of the melting point,
but if the liquid coexists with gas in the conﬁned space, the
compressed gas will inﬂuence the phase behavior of the liquid.
In many cases, the compressed gas plays an important role in
the change of the melting point of the conﬁned liquid, and this
eﬀect should be taken into consideration. It should be
mentioned that the mean ﬁeld theory is often applied to the
system, in which liquid−liquid interaction is dominating; in our
case, the melting temperature of the conﬁned ILs should be
also aﬀected by the IL−SiO2 interface and the IL−gas interface.
For a more precise estimate of the melting point, the
contribution from the surface tension of diﬀerent interfaces
has to be considered.
In summary, by the use of the nonvolatile property of ILs, we
ﬁrst realized encapsulation of ILs inside of mesopores of SiO2
nanoparticles with a complete removal of the compressed gas
by loading at high vacuum. It was found that the compressed
gas plays an important role in the packing and phase behavior
of the conﬁned ILs. Without compressed gas, the nanoconﬁnement truly led to a considerable increase in the melting point of
the conﬁned ILs. These results are important for resolving
many of the observed inconsistencies of the phase behavior of
conﬁned ILs and may stimulate more sophisticated studies on
the low-dimensional physics and chemistry of liquids.
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