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Ionic liquids (ILs) have received extensive attention due to their
appealing properties, such as negligible volatility, nonflamma-
bility, high ionic conductivity, and excellent thermal stability.*
In terms of these properties, ILs have been widely used as
alternative media for chemical reactions,* extraction or sepa-
ration,® and electrochemical applications.* The behavior of
different materials confined in nano-pores has recently opened
up interesting possibilities both from the point of basic
understanding and technological applications. Many inter-
esting phenomena have been reported regarding the effects of
confinement on changes in the dynamic (viscosity, diffusion
coefficient, conductivity), thermal (phase transition and
stability), and optical (fluorescence) properties of confined
species.” The confinement of ILs in nano-pores has shown
dramatic effects on their physical properties, like melting
point,® crystal structure,” chemical reactivity® and gas separa-
tion characteristics.” These changes have been explained on the
basis of interaction of pore wall of confining matrix with
confined ILs.' Moreover, these changes are much dependent
on the intrinsic characteristics of porous matrices. For instance,
the melting point of ionic liquids is decreased when confined in
the inorganic silica matrix,® while a solidify behavior of room-
temperature IL was obtained when ILs are confined into
multi-walled carbon nanotubes.’ Recently, confinement of ILs
in a hybrid porous material, metal-organic frameworks (MOFs),
has been reported and the resulted ILs-MOF hybrid materials
exhibited a high gas selectivity and high catalytic activity
compared to the bulk ILs."

Covalent organic frameworks (COFs) represent an exciting
new type of porous organic materials, which are ingeniously
constructed with organic building units via strong covalent
bonds. They have attracted considerable scientific interest due
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An ionic liquid was confined inside the nanopores of a three-dimensional (3D) COF for the first time. The
confined ionic liquid was remarkably solidified due to the nanosized effect of the COF on the ionic
liquid. This research provides a novel strategy for immobilizing ionic liquids on solid supports or within

to their large specific surface areas and pore volumes, regular
and accessible pores, and crystalline open structures.”® These
porous solids are promising materials for potential applications
in gas storage, separation and heterogeneous catalysis."* Earlier
few studies on the effect of confinement have been reported for
molecular liquids® and volatile organometallic compounds*® in
the nanopores of COFs. The unique arrangement of ferrocene
molecules inside COF-102 is driven by -7 (host-guest) inter-
actions and replicates the framework symmetry. The somewhat
flexible nature of the framework is revealed by the decrease of
cell parameter in the case of [Ru(cod)(cot)],@COF-102.
However, there has been no report on confinement of ILs into
the nanopores of COFs by far.

Herein, we report the confinement of a common ionic liquid,
1-ethyl-3-methylimidazolium bis(trifluoromethylsulfonyl)imide
((Emim][Tf,N]) into the nanopores of a 3D COF-320 (Fig. 1)."”
The confined [Emim][Tf,N] demonstrated no phase transitions
in a wide temperature range of —160-190 °C.

Ionic liquid [Emim][Tf,N] and COF-320 (see the syntheses in
the ESIT) have been dramatically dried under vacuum. [Emim)]
[Tf,N] was then mixed with activated COF-320 in a mortar at
volumetric occupancy ratios of 0.25:1, 1:1 and 2 : 1, respec-
tively. The samples are heated at 90 °C for overnight so that the
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Fig. 1 Representation of the incorporation of [Emim][Tf;N] into the
nanopores of the COF-320.
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embedded [Emim][Tf,N] was uniformly diffused into the
micropores of COF-320. The COFs embedded with [Emim]
[Tf,N] were denoted as 25% IL@COF-320, 100% IL@COF-320
and 200% IL@COF-320, respectively. As shown in the PXRD
patterns (Fig. 2), the peak intensities of COF-320 were obviously
decreased when [Emim][Tf,N] was embedded. Even only 25%
[Emim][Tf,N] was used, the (020) diffraction peak decreased
strongly. Considering that COFs are composed of light
elements, like C, H and N, etc., the decreased intensities of the
XRD peaks do not mean that the crystal structure of COF-320
was destroyed after mixing with [Emim][Tf,N]. Similar obser-
vations have been reported for other COFs that were caused by
amorphous alkyl chains on the walls or guest molecules incor-
porated within the pores of the COFs.'*'® Some different new
diffraction peaks appeared when IL was embedded into the
nanopores of COF-320, suggesting that the [Emim][Tf,N] may
be solidified when confined in a limited space.**®

Nitrogen gas adsorption measurements were conducted at
77 K to confirm the presence of [Emim]|[Tf,N] inside the nano-
pores of the COF. Fig. 3 show the N, adsorption and desorption
isotherms. The similar type of adsorption was observed both
with 25% and without incorporated [Emim][Tf,N]. This result
indicates that the microporous nature was maintained even
after introduction of small amounts of IL. The Langmuir
surface area was decreased from 1812 to 609 m”> g " and the
pore volume of COF-320 was decreased by 52% (from 1.00 to
0.48 cm® g7") after the introduction of 25% [Emim][Tf,N]. This
result is larger than that of theoretical calculated value (25%),
which can be attributed to the one-dimensional (1D) channel
structure of COF-320. COF-320 possesses a 9-fold interwoven
diamond net structure'” and the bis-imine conjugated linkers
comprise the close-packed m-electron walls of 1D channels. The
confined [Emim][Tf,N] was probably diffused along the linear
channels during the heating process. As a result, [Emim|[Tf,N]
molecules occupied more space than the theoretical value.
Certainly, there is scarcely gas absorption and pore volume
when 100% and 200% IL loaded.

The FTIR spectra of [Emim][Tf,N], COF-320, and [Emim]
[Tf,N]J@COF-320 are shown in Fig. 4. [Emim][Tf,N]J@COF-320
shows a blue shift from the bands of the bulk [Emim][Tf,N],
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Fig.2 Powder XRD patterns of COF-320, 25% IL@COF-320 and 100%
IL@COF-320.
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Fig. 3 N, adsorption (open symbols) and desorption (closed symbols)
isotherms of COF-320 and [Emim][Tf,N]@COF-320 at different
volumetric occupancy at 77 K.

such as bands at 1178, 610, and 508 cm " in the FTIR spectrum
assigned to [Emim][Tf,N]. The blue-shifted bands can be
attributed to the disaggregation of the ions into a few ion pairs
owing of nanosizing within the micropores of COF-320." Based
on the N, adsorption and FTIR measurements, it can be
concluded that [Emim][Tf,N] was successfully introduced into
the nanopores of COF-320.

Differential scanning calorimetry (DSC) measurements were
also carried out to detect possible phase transitions of confined
[Emim][Tf,N]. Fig. 5 shows the measured the DSC diagrams.
The bulk [Emim][Tf,N] showed sharp peaks at —11 °C upon
heating and at —46 °C upon cooling. The peak at —11 °C can be
ascribed to the melting and the peak at —46 °C was due to
freezing. The freezing temperature being lower than the melting
temperature was attributed to the supercooling behavior of the
liquid state.”® However, [Emim][Tf,N]J@COF-320 showed no
peaks between —160 and 190 °C in the DSC measurements at
volumetric occupancy of 25% and 100% IL. We did not even
observe the phase transition upon heating until the decompo-
sition temperature of [Emim][Tf,N]@COF-320 (432.3 °C for 25%
IL@COF-320 and 409.5 °C for 100% IL@COF-320) (Fig. S1, in
ESIt). This result confirms that the confined [Emim][Tf,N] in
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Fig.4 FTIR spectra of (a) COF-320 (black), [Emim][Tf,N]@COF-320 at
volumetric occupancy of (b) 25% (red) and (c) 100% (olive), and (d) bulk
[Emim][Tf,N] (pink). Blue dashed lines show blue shift of IR absorption.
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Fig. 5 DSC curves of bulk [Emim][Tf,N] (a) and [Emim][Tf,N]@COF-
320 at volumetric occupancies of 25% (b), 100% (c) and 200% (d). Endo
= endothermic heat flow, exo = exothermic heat flow.

COF-320 nanopores was solidified remarkably. Similar phase
behavior appeared at almost the same temperatures of the
melting and freezing of the bulk [Emim][Tf,N] only in the case
of 200% IL@COF-320. This phenomenon can be explained by
the melting and freezing of the excess [Emim]|[Tf,N] molecules
located outside the nanopores of COF-320.

Furthermore, the solid-state '°F NMR was further used to
assess the guest-host behavior through the analysis of the
motion of TFSA™ anions. The observed volumetric occupancies
dependences of the '°F NMR spectra for the nanosized [Emim]
[Tf,N] in COF-320 are shown in Fig. 6. In the 200% IL@COF-320
spectra, a sharp peak appeared at —78.5 ppm that super-
imposed on a small broad signal on the left. This sharp peak
can be assigned to the [Emim][Tf,N] in the liquid state* where
the Tf,N™ anions rotate and diffuse freely. Briefly, this sharp-
ening line can be explained by “motional narrowing”. On the
contrast, the small broad signal is due to the [Emim][Tf,N]
confined within the nanopores of COF-320, which reflect that
the phase transition behavior of the confined [Emim][Tf,N] was
obviously different from that of the bulk [Emim][Tf,N]. The
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Fig. 6 Solid-state *°F NMR spectra of [Emim][Tf,N]@COF-320 at
different volumetric occupancies.
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peak intensity decreased for the sharp peak and concomitantly
increased for the broad peak when the volumetric occupancy of
[Emim][Tf,N] is 100%. The broad peak of confined [Emim]
[Tf,N] accompanied by the sharp peak of free [Emim][Tf,N]
reveals that some [Emim][Tf,N] is out of the nanopores of COF-
320, which is in accordance with the N, adsorption measure-
ments that [Emim][Tf,N] occupied more space than that of the
theoretical calculated value. Only the broad signal of [Emim]
[Tf,N] was observed for the 25% IL@COF-320, indicating that
the nanosized [Emim][Tf,N] is dynamically limited in the
micropores of COF-320. The COF-320 composed of pure organic
units and there exists potentially various noncovalent-bonding
interactions between the channel walls of COF-320 and
[Emim][Tf,N] molecules, like van der Waals force, hydrogen
bonds, hydrophobic interactions, etc. Such interactions are
known to lead to the appearance of host-guest chemistry in
supramolecular chemistry field. We suppose that these wide
interactions between the channel walls of COF-320 and [Emim]
[Tf,N] are responsible for the abnormal phase behavior of
[Emim][Tf,N].

In summary, we have demonstrated the first example of an IL
incorporated within the nanopores of a 3D COF. The successful
incorporation of [Emim][Tf,N] was confirmed by PXRD, N,
adsorption measurements, FTIR experiments, DSC and solid-
state '°F NMR spectra. The confined [Emim][Tf,N] within the
nanopores of COF-320 exhibited no phase transition down to
—160 °C and up to 190 °C. The solid-state '°’F NMR spectra
further revealed that the [Emim][Tf,N] confined within the
nanopores of COF-320 was solidified dramatically. It was spec-
ulated that wide non-covalent interactions between the channel
walls of COF-320 and [Emim]|[Tf,N] contributed to the abnormal
phase behavior. This result provides a novel strategy for
immobilizing ionic liquids on solid supports or within a solid
matrix. We further expect that this new type of materials would
be applied in the catalysis reaction and gas separation field.
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