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features enable MOFs to act as hosts for small guest molecules, such as ionic
© The Author(s), 2026 liquids (ILs), facilitating host—guest interactions that can modify physical prop-

erties and enhance performance in applications such as fuel cells and batteries.
In this study, two imidazolium-based aprotic ILs with different anions, 1-ethyl-
3-methylimidazolium trifluoromethanesulfonate ([Emim][TfO]) and 1-ethyl-
3-methylimidazolium bis-(trifluoromethylsulfonyl)imide ([Emim][TFSI]), were
successfully encapsulated within the pores of the MOF ZIF-8. The structural
and vibrational impacts of these ILs on the ZIF-8 framework were systemati-
cally investigated using powder X-ray diffraction (PXRD) and Fourier-transform
infrared spectroscopy (FT-IR). The results revealed two distinct mechanisms for
the uptake of an IL, leading to an expansion of the MOF cage structure: [Emim]
[TftO]@ZIF-8 exhibited a phase transition characterized by the coexistence of two
lattice constants, while [Emim][TFSI]@ZIF-8 maintained a single-phase structure
with continuous lattice expansion upon increased loading. These behaviors are
attributed to the swing motion of 2-methylimidazole linkers and the elongation
of Zn-N bonds induced by internal pressure from the confined ILs. Additionally,
confinement within the ZIF-8 cages led to the strengthening of -SO; and 5-N-5
bonds in the ILs, as evidenced by the blue-shifted and intensified IR vibrational
modes. This study provides fundamental insights into the structural evolution
and host—guest interactions in IL@MOF systems, offering guidance for tailoring
MOF properties through ILs encapsulation.
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Introduction

MOFs are a class of hierarchical materials with tuna-
ble pore sizes across multiple length scales [1]. These
materials are constructed from metal ions or clusters,
commonly including copper, zinc, iron, aluminum,
and chromium, coordinated to organic linkers such
as carboxylates, imidazolates, amines, and pyri-
dyl groups [2]. The resulting framework forms an
extended polymeric network characterized by high
porosity and an exceptionally large surface area.
MOFs exhibit various intermolecular interactions,
including coordination bonds, electrostatic attrac-
tions between metal centers and ligands, m—mt stack-
ing between aromatic rings, van der Waals forces
between nonpolar regions, and hydrogen bonding
with neighboring molecules [3-5]. The pore size and
geometry of MOFs can be precisely tuned for specific
applications by altering the metal nodes and organic
linkers during synthesis [6]. These porous crystal-
line materials offer high internal surface areas, large
pore volumes, and excellent storage capacity, mak-
ing them promising candidates for applications in
gas separation, catalysis, drug delivery, fuel cells,
and batteries.

ILs are salts composed of bulky organic cations and
large anions of superacids (e.g. [TfO]-, [TFSI], [BF4],
[PF¢]"), resulting in a low lattice energy. This results
in low melting points, and thus, ILs remain in the lig-
uid state at or below a defined temperature, typically
around 100 °C [7]. ILs can be broadly classified into
two categories: protic ionic liquids (PILs) and aprotic
ionic liquids (AILs) [8, 9]. PILs contain acidic (active)
protons, such as -NH* or -OH groups, which can par-
ticipate in extensive hydrogen bonding networks [10,
11]. PILs with an acidic cation [HB]'[A]" are synthe-
sized via proton transfer reactions between a Brensted
acid HA and a Brensted base B. This feature enables
proton conductivity, making PILs particularly useful
for applications such as proton exchange membranes
in fuel cells and acidic catalysis. AILs, on the other
hand, are composed of (quaternized) organic cations
(e.g. alkylammonium, imidazolium, pyridinium, etc.)
usually prepared by alkylation (Sy2) reactions that
do not possess transferable protons [12, 13]. As such,
AlLs lack significant hydrogen-bonding capabilities
and do not support proton conduction. However, their
high thermal and chemical stability, low volatility, and
broad electrochemical windows make them ideal for
applications in supercapacitors, lithium-ion batteries,
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lubricants, and green solvents for synthesis and sepa-
ration processes [14].

Confining AILs within the micropores of MOFs
has emerged as a promising research direction, par-
ticularly due to the enhanced performance of these
hybrid materials in applications such as energy stor-
age and conversion. The incorporation of guest mol-
ecules into the porous architecture of MOFs is gov-
erned by host-guest interactions, which are typically
non-covalent in nature, involving electrostatic forces,
hydrogen bonding, van der Waals interactions, or
ni—7t stacking between the guest species and the MOF
framework. For instance, Dehdashtian et al. reported
the successful synthesis of a chromium-based MOF
(MIL-101) loaded with 1-hexyl-3-methylimidazolium
chloride, which was employed as a working electrode
in the development of an electrochemical sensor [15].
Zhang et al. fabricated a surface-mounted HKUST-1
(Cuy(BTC),(H,0); BTC =1,3,5-benzenetricarboxy-
late) MOF loaded with 1-butyl-3-methylimidazolium
bis(trifluoromethylsulfonyl)imide ([Bmim][TFSI]) to
investigate ionic conductivity for further application
in energy storage application, for example, electrolyte
for battery [16]. Su et al. incorporated two types of
IL, 1,3-dimethylimidazolium tetrafluoroborate and
1-allyl-3-methylimidazolium dicyanamide, in the
MOF MIL-101. The ionic conductivity of the compos-
ite electrolyte can reach values as high as 3.73x 107 S
cm™, and it is regarded as a fast ionic conductor due
to its low activation energy (<0.4 eV) [17]. These find-
ings revealed the promising electrochemical perfor-
mance of MOF@AIL systems and the importance of
understanding the fundamental interactions between
MOF cages and AIL ions. Gaining deeper insight
into these host-guest interactions is crucial for the
rational design and optimization of hybrid materials
for next-generation energy storage and conversion
technologies.

In this study, ZIF-8 (Basolite®), a zinc-based three-
dimensional metal-organic framework, was chosen as
the model MOF due to its high thermal stability and
well-defined crystallinity. ZIF-8 is a 2-methylimida-
zole zinc salt, i.e. Zn**(CH;C,H,N,"),. It has a cubic
(I43m) zeolite-type structure with 2 sodalite cages
per unit cell and a lattice constant a2 =16.9956(12) A
[18]. The selected guest compounds were two imi-
dazolium-based AlLs, 1-ethyl-3-methylimidazolium
bis-(trifluoromethylsulfonyl)imide ([Emim][TFSI])
and 1-ethyl-3-methylimidazolium trifluoromethane-
sulfonate ((Emim][TfO]). Both AlLs are widely utilized
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in electrochemical applications for their excellent
ionic conductivity and thermal stability [19, 20]. The
objective of this work is to investigate the molecular
interactions between these AlLs and the cage struc-
ture of ZIF-8, with a particular emphasis on possible
phase transitions and changes of the host and guest
molecular vibration modes induced by the AIL encap-
sulation. To investigate these host-guest interactions,
a series of comprehensive structural characteriza-
tions were performed. PXRD was used to monitor
changes in crystal structure and phase behavior, IR
provided insights into variations in bonding envi-
ronments and functional group interactions, and
Brunauer-Emmett-Teller (BET) surface area analysis
was conducted to evaluate porosity and surface area
changes upon IL incorporation.

Experiment
Materials

ZIF-8 MOF (Zeolitic imidazolate framework-8,
Basolite® Z1200) was purchased from Merck
KGaA. 1-Ethyl-3-methylimidazolium bis-
(trifluoromethylsulfonyl)imide ([Emim][TFSI]) and
1-Ethyl-3-methylimidazolium trifluoromethanesul-
fonate ([Emim][TfO]) were purchased from Sigma-
Aldrich Co. (USA). Before use, all the AILs were
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washed with ethyl acetate three times and then vac-
uum-dried over 10 h at 60 °C.

Preparation of IL@MOF

The synthesis of [Emim][TfO]@ZIF-8 and [Emim]
[TFSI]@ZIF-8 was carried out through the capillary
action method (Fig. 1). The quantity ratios of [Emim]
[TfO] molecules to ZIF-8 cages were as follows: 1.93:1,
3.87:1, 5.80:1, 7.74:1, and 9.67:1 calculated according
to Eq. S1-5S5. As indicated in Table 1, these ratios were
determined to correspond to the theoretical pore vol-
ume of ZIF-8 at loadings of 20%, 40%, 60%, 80%, and
100%, respectively. Similarly, the quantity ratios of
[Emim][TFSI] ion pairs to ZIF-8 cages were as follows:
1.39:1, 2.78:1, 4.16:1, 5.55:1, and 6.94:1, as indicated in
Table 2. These calculations were executed according to
equations S1 through S5. The volume occupancy was
derived from the pore volume measurement of ZIF-8
(0.663 Cm3/g), as determined through BET analysis. In
a typical synthesis procedure, 66.3 pL of [Emim][T{O]
and 100 mg of dehydrated ZIF-8 were thoroughly
mixed using a mortar and pestle. Subsequently, the
resulting powders were subjected to overnight dry-
ing under vacuum conditions at 105 °C. This particular
sample was denoted as ET, ;,@Z, which signifies the
combination of 66.3 pL [Emim][TfO] with 100 mg ZIF-
8. A similar procedure was applied to prepare samples
designated as ET,@Z, where x values corresponded
to 1.93, 3.87, 5.80, 7.74, and 9.67. Likewise, [Emim]

Figure 1 a Workflow of
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Table 1 Components

Sample Emim][TfO]/uL ZIF-8/m Occupied pore uantity ratio ((Emim
of [Emifn] [TfO] @ZIF-S ’ [ IHow ¢ VolunI:e ratIi)O/ % ?[‘fO] nsllolecult(z[s: ZIF-]8
composites in this study cages)

ZIF-8 0 100 0 0:1

ET, ;@Z 13.26 100 20 1.93:1

ET;4,@Z 26.52 100 40 3.87:1

ET;4,@Z 39.78 100 60 5.80:1

ET,,,@Z 53.04 100 80 7.74:1

ET, s, @Z 66.30 100 100 9.67:1
’[I]‘;:lli;iT(‘[::oST]Ig;i;t-SSOf Sample [Emim][TFSI])/ ZIF-8/mg Occupied pore vol-  Quantity ratio ((Emim]

N uL ume ratio/% [TFSI] ion pairs: ZIF-8
composites in this study cages)

ZIF-8 0 100 0 0:1

EIl, ;,@Z 13.26 100 20 1.39:1

El, ,,@Z 26.52 100 40 2.78:1

El, ,@Z 39.78 100 60 4.16:1

El; s@Z 53.04 100 80 5.55:1

Elg o, @Z 66.30 100 100 6.94:1

[TESI]|@ZIF-8 was referred to as EI @Z, where x values
corresponded to 1.39, 2.78, 4.16, 5.55, and 6.94.

Characterization

Nitrogen adsorption and desorption isotherms were
conducted at 77 K, utilizing the Micromeritics’ Gemini
VII instrument (Georgia, USA). PXRD patterns of the
samples were obtained with a Bruker D8 Advanced
Diffraction instrument (Karlsruhe, Germany), employ-
ing CuK, radiation (A =0.15418 nm). The diffracto-
gram was further analyzed using Rietveld refinement
using Profex software [21] to evaluate the effects of
AIL molecules on crystal properties such as lattice
parameters. IR analyses were carried out with the
GladiATRTM spectrometer (Madison, USA), covering
the wavenumber range of 400 to 1600 cm~'. All peak
fitting operations and deconvolution were conducted
using Fityk software [22].

Results
BET measurements

In Fig. 2, the nitrogen gas adsorption isotherms of
the hybrid materials measured at 77 K are depicted.

@ Springer

Pristine ZIF-8, [Emim][TfO]@ZIF-8 and [Emim]
[TFSI]@ZIF-8 exhibit type I isotherms, as expected
for a microporous material like ZIF-8, see Fig. 2a
and c. In Fig. 2b, the BET surface area of ET; ;@Z,
ET; g,@Z, ET540@Z, ET; ,,@7Z, and ET, ;,@Z are plot-
ted against the quantity ratio AIL ion pairs: ZIF-8
cages. The measured BET surface areas have values
of 1059(16) m?/g, 557(8) m?/g, 274(5) m?/g, 9.9(1) m?/g,
and 7.3(1) m?/g. There is a significant decrease com-
pared to the surface area of pristine ZIF-8 with a
value of 1452(22) m%/g. The pore volumes of ET; o;@Z,
ET;4,@Z, ET5¢0@Z, ET, ;,@Z, and ET, ,,@Z reveal val-
ues of 4626(243) x 107* cm®/g, 2436(181) x 10™* cm?/g,
1284(153) x 107* em?/g, 150(12) x 10™* cm®/g, and
4.3(2) x 107* cm®/g, respectively. These values differ
from the pore volume measure for pristine ZIF-8,
which has a value of 6630(89) x 107 cm3/g. Accord-
ing to these results, the pores of ZIF-8 are completely
occupied when intercalating about 7 [Emim][TfO] ion
pairs into a ZIF-8 sodalithe cage.

The BET surface area of El, ;,@Z, EI, ,s@Z, El, ;,@Z,
El; 55@Z, and El; ¢,@Z is shown in Fig. 1d. Values of
756(11) m?/g, 634(8) m?/g, 30(2) m?/g, 2.8(1) m*/g, and
0.57(5) m*/g can be measured, respectively. Again, the
BET surface area significantly decreases when compar-
ing to the surface area of pristine ZIF-8, which has a
value of 1452(22) m?/g. The same can be observed for
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Figure 2 N, adsorption—desorption isotherms of (a) [Emim]
[TfO]@ZIF-8 and (¢) [Emim][TFSI]@ZIF-8 at 77 K. Variation
of BET specific surface and pore volume of (b) [Emim][TfO]@

the pore volume of El, 5,@Z, El, ,s@Z, El, ;,@Z, El; 5;@Z,
and El; 4,@Z, which exhibits values of 3166(192) x 107
cm®/g, 2177(123) x 107* cm?¥/g, 70(5) x 10™* cm?/g,
1.3(1) x 107* cm®/g, and 0.32(1) x 10 cm®/g, respec-
tively. The pore volume of pristine ZIF-8 has a value
of 6423 x 107* cm®/g. Thus, the pores of ZIF-8 became
presumably completely occupied when intercalating
3.7 [Emim][TFSI] ion pairs into the sodalite cages.

XRD measurements

The results of the XRD investigations on the [Emim]
[TfO]@ZIF-8 and [Emim][TFSI]@ZIF-8 samples are
shown in Fig. 3. The crystal structure refinement was
performed by using Profex software, confirming that
pristine ZIF-8 adopts a bcc structure with the space

BET surface area (m2/g)
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group 143m, as shown in Fig. S1 and S2 [21]. A value of
17.0230(2) A is found for the lattice constant of pristine
ZIF-8, see Fig. 4e and Table S1

The PXRD analysis of the [Emim][TfO]@ZIF-8
samples reveals the emergence of new diffrac-
tion peaks adjacent to the original ZIF-8 peaks, see
Fig. 3a. Notably, the intensity of these new peaks
is increasing with increasing [Emim][TfO] loading,
while the original peaks gradually fade out. In con-
trast, the introduction of [Emim][TFSI] leads to a
uniform leftward shift of all the original ZIF-8 XRD
peaks, as can be seen in Fig. 3b. The diffraction peak
corresponding to the (200) plane of pristine ZIF-8
is located at 12.92°, see Fig. 4a. Upon encapsulation
of [Emim][TfO] within ZIF-8, the intensity of this
original peak slightly decreases, while a new peak

@ Springer
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Figure 3 PXRD patterns of @) T : ' T
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emerges to the left. With increasing [Emim][TfO]
loading, the intensity of the original peak continues
to decline, whereas the newly formed peak becomes
more pronounced. Eventually, at higher loadings,
the original peak disappears entirely, leaving only
the new set of peaks. Furthermore, the area ratio of
the newly formed peaks to the original peaks exhibits
a linear relationship as a function of the molar ratio
of [Emim][TfO] ion pairs to ZIF-8 cages, see Fig. 4c.
The ET, ¢;@Z sample retains the same crystal struc-
ture type as neat ZIF-8, but exhibits an expanded
lattice with a lattice constant of 17.361(3) A, repre-
senting an increase of 1.99% as shown in Fig. 4e.
The other samples, including ET, ¢;@Z, ET;4,@Z,
ET;540@Z, and ET; ,,@Z, exhibit a mixed-phase com-
position. The phase ratio evolves linearly with ris-
ing [Emim][TfO] content, as shown in Fig. 4c, reflect-
ing a gradual phase transformation driven by AIL
incorporation. No nucleation process occurs within
the system. Instead, phase transfer is directly trig-
gered by the encapsulation of [Emim][TfO] within
the ZIF-8 cages, leading to physical expansion from
the original cage. Both pristine ZIF-8 (original) and

@ Springer

2Theta (degree)

ETy ¢;@Z (expanded) phases coexist in the samples
ET, 93@Z, ET;4,@Z, ET;4y@Z, and ET, ,,@Z, with the
relative phase fractions varying across compositions.

In the case of the intercalation of [Emim][TFSI]
in ZIF-8, the PXRD pattern reveals a continuous
leftward shift of all peaks, as shown in Fig. 3b.
For instance, the peak corresponding to the (200)
planes of pristine ZIF-8, initially located at 12.92°,
progressively shifts to lower angles with increasing
[Emim][TFSI] loading, see Fig. 4b and d. The (200)
peak positions are observed at 12.91°, 12.87°, 12.83°,
12.79°, and 12.78° for EI, 35@Z, EI, ,,@Z, EI, ;,@Z,
El; 55@Z, and El; ,@Z, respectively. The results of a
crystal structure refinement of the [Emim][TFSI]@
ZIF-8 samples confirm that the crystal structure type
remains unchanged, preserving the bcc structure
with the space group 14 3 m. However, the lattice

constant exhibits a systematic increase with increas-
ing [Emim][TFSI] loading. As depicted in Fig. 4f,
the lattice constants obtained for EI, ;,@Z, El, ,,@Z,
El, 1,@Z, El;5s@Z and El,,,@Z are 17.0302(4) A
(+0.04%), 17.119(1) A (+0.56%), 17.1641(8) A
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Figure 4 PXRD patterns of (a) [Emim][TfO]@ZIF-8 and (b)
[Emim][TFSI]@ZIF-8 relating to (200) planes fitting by Fityk
software, (c¢) the area ratio of newly formed peaks and original
peaks relating to (200) planes in [Emim][TfO]@ZIF-8§ as a func-
tion of quantity ratio (([Emim][TfO]: ZIF-8 cages), (d) peak posi-

(+0.83%), 17.2111(6) A (+1.10%) and 17.223(1) A
(+ 1.17%), respectively. These results indicate a linear

relationship between lattice expansion and [Emim]
[TFSI] loading.

IR measurements

Infrared spectroscopy was conducted to investigate
the interactions occurring between the AILs and ZIF-
8, evaluating the shifts in frequency and the broaden-
ing of peaks. The IR spectra were recorded for neat
ZIF-8, [Emim][TfO], and [Emim][TFSI], as well as for
ZIF-8 with varying amounts of intercalated [Emim]
[TfO] and [Emim][TFSI], as shown in Fig. 5a and
b. The IR spectra of neat ZIF-8, [Emim][TfO], and
[Emim][TFSI] were previously reported in the lit-
erature [23-25]. For [Emim][TfO]@ZIF-8, the band at
1027.4 cm™, corresponding to the asymmetric bending
vibration mode 0,,(SO,) of the triflate anion of [Emim]
[TfO], becomes sharper upon intercalation in the ZIF-8
pores, as shown in Fig. 6a. Upon entering the pores,
the 0,,(SO,) mode shifts to a higher wavenumber of
1030.2 cm™! for ET; g;@Z. As the [Emim][TfO] loading

tion of (200) planes in [Emim][TFSI]@ZIF-8 as a function of
quantity ratio ([Emim][TFSI]: ZIF-8 cages), (e) lattice constant
of ZIF-8 and ETy;@Z, (f) lattice constant of [Emim][TFSI]@
ZIF-8 as a function of quantity ratio ([Emim][TFSI]: ZIF-8
cages) refined by Profex software

further increases, the mode gradually shifts again to
lower wavenumbers. Specifically, the 0,,(50,) mode
shifts to 1029.8 cm™ for ET, 4,@Z and ET54,@Z, and
further to 1029.3 cm™! for ET,,,@Z and ET, ,@Z, as
shown in Fig. 6b.

Similarly, for [Emim][TFSI]@ZIF-8, the band at
564.1 cm™, corresponding to the bending vibration
mode 0(5-N-5S) of [Emim][TFSI], becomes sharper
upon encapsulation within the ZIF-8 pores, see Fig. 6c.
Upon entering the pores, the 8(5-N-5) bending vibra-
tion mode shifts to a higher wavenumber of 573.2 cm™
for El; 30@Z. As the [Emim][TFSI] loading further
increases, the mode gradually shifts to lower wave-
numbers. Explicitly, the d(S-N-5) bending vibration
mode shifts to 572.3 cm™ for El, ,4@Z, 571.3 cm™! for
El, 14@Z, 569.9 cm™! for El; -:@Z and finally 569.4 cm™
for El; o,@Z as shown in Fig. 6d.

The band at 420.4 cm™, corresponding to the
stretching vibration v(Zn-N) of the ZIF-8 skeleton,
is shown in Fig. 5a and b. To analyze the shifts and
intensity changes of this vibrational mode of the
Zn-N bond upon AIL intercalation, peak fitting was
performed using Fityk software for both [Emim]
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[TfO]@ZIF-8 and [Emim][TFSI]@ZIF-8, see Fig. 7a
and b. For [Emim][TfO]@ZIF-8, a newly formed
peak appears at a lower wavenumber adjacent to the
original peak, specifically at 417.9 cm™. For [Emim]
[TfO]@ZIF-8, the intercalation process results in
a decrease in the intensity of the original v(Zn-N)
stretching mode, accompanied by an increase in the
new peak at a lower wavenumber. At higher load-
ings for ETg ,,@Z, the original v(Zn-N) mode disap-
pears entirely, leaving only the newly formed peak
as shown in Fig. 7c. For [Emim][TFSI]@ZIF-§, the
intercalation of [Emim][TFSI] within the ZIF-8 cages
induces a continuous shift of the v(Zn-N) stretch-
ing vibration mode toward lower wavenumbers.
As the [Emim][TFSI] loading increases, the wave-
number of the v(Zn-N) stretching vibration mode
decreases. Specifically, the v(Zn-N) mode is observed
at419.9 cm™, 419.4 cm™, 418.9 cm™, 418.4 cm™', and
417.9 em™ for El, 5,@Z, El, ,4@Z, El, 1,@Z, El; 55@Z,
and El; 4,@Z, respectively. The shift in wavenumber
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Wavenumber(cm™)

follows a linear trend with increasing [Emim][TFSI]
loading as shown in Fig. 7d.

Discussion

In our study, we have successfully encapsulated two
AlLs, [Emim][TFSI] and [Emim][TfO], within the
pores of ZIF-8. This encapsulation was confirmed by
a noticeable decrease in the BET surface area and pore
volume, demonstrating the effective occupation of the
internal cavities by the AlLs.

When the AlLs are intercalated in the pores of ZIF-
8, the vibrational characteristics of the specific chemi-
cal bonds are altered due to the confined environment
imposed by the framework. In the case of [Emim]
[TfO], the IR band corresponding to the asymmetric
bending vibration 9,,(SO,) of the triflate anion shifts
to a higher wavenumber. This shift is presumably
attributed to the disruption of ion pair interactions
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as [Emim][TfO] migrates into the ZIF-8 cages, result-
ing in a weakening of the -SO, bonding environment.
A similar phenomenon can be observed for [Emim]
[TESI]. Upon intercalation in ZIF-8, the IR band associ-
ated with the bending vibration 8(S-N-5) of the [TFSI]-
anion shifts to a higher wavenumber. This change also
reflects the altered bonding dynamics within the con-
fined pores, suggesting weakened ion pair interactions
and a modified local environment due to the spatial
constraints of the ZIF-8 framework.

The peaks associated with the 9,,(50,) and the
0(5-N-5) bending vibration modes become narrower
and shift to higher wavenumbers. Such shifts are
typically indicative of increased bond strength, often
resulting from enhanced bond order or greater polar-
ity [26]. Additionally, the literature suggests that the

620 600 580 560

Wavenumber (cm')

540 520

quantity ratio ([Emim][TfO] molecules: ZIF-8 cages) and (d)
ds_n-s) Of [Emim][TFSI] for [Emim][TFSI]@ZIF-8 in the func-
tion of the quantity ratio ((Emim][TFSI] molecules: ZIF-8 cages)

disruption of hydrogen bonding networks can also
cause upward shifts in vibrational frequencies in FT-IR
spectra [27, 28]. For example, Wibowo et al. reported
that hydrogen bonding leads to the elongation of
C=0 and N-H bonds due to electrostatic interactions,
thereby lowering their vibrational frequencies. In the
systems investigated in this study, when an AIL enters
the ZIF-8 cages, the bulk AILs environment is initially
disrupted. This disruption weakens the intermolecular
interactions among the AlLs ion pairs, resulting in a
strengthening of the -SO; and 5S-N-S bonds, which
manifests as a shift to higher wavenumbers in the IR
spectra. However, as the loading of AlLs increases
within a single cage, the local environment begins to
resemble that of the bulk phase. Consequently, the
intermolecular interactions among the AILs molecules
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are restored, leading to a reduction in bond strength
for the -SO; and S-N-S functional groups. This results
in a subtle redshift of the vibrational bands toward
lower wavenumbers.

According to the PXRD refinement results, two
distinct mechanisms can be observed for the lattice
expansion of ZIF-8 upon intercalation of an AIL. In
the case of [Emim][TfO]@ZIF-8, the introduction of
the highest loading of [Emim][TfO] that corresponds
to 100% loading of the pore volume leads to a sig-
nificant increase in the lattice constant, reaching a
value of 17.361(3) A for ET9.67@Z. For intermediate
loading levels —ET; ¢;@Z, ET;4,@Z, ET;4,@Z, and
ET, ;,@Z—the system exhibits the coexistence of two
distinct cage types: small cages that correspond to
pristine ZIF-8 and enlarged cages corresponding to
the fully [Emim][TfO]-intercalated structure. As the
loading increases, the proportion of enlarged cages
grows progressively, while the presence of the original
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small cages diminishes. In contrast, [Emim][TFSI]@
ZIF-8 shows a different behavior. Across all loading
levels, only a single type of cage structure is observed,
indicating a uniform expansion mechanism. The lat-
tice constants for El, 30@Z, El, ,s@Z, El, 1,@Z, El; 55@Z,
and EI; o,@Z are determined to be 17.0303(4), 17.119(1),
17.1641(9), 17.211(6), and 17.223(1) A, respectively.
This monotone and linear increase in lattice con-
stant with increasing [Emim][TFSI] content suggests
a homogeneous swelling of the ZIF-8 framework in
response to AIL uptake. These two distinct mecha-
nisms demonstrate that the size of the anion and
the quantity of AILs’ ion pairs play a predominant
role in changing the size of the ZIF-8 cages. The BET
measurement shows that the ZIF-8 cages can be fully
occupied by 4 [Emim][TFSI] ion pairs or 8 [Emim]
[TfO] ion pairs in Fig. 1. The size of the [TfO] anion
is estimated to be 0.305 nm x 0.287 nm x 0.280 nm
[29]. The size of the [TFSI] anion is estimated to be



J Mater Sci (2026) 61:10421-10434 .

0.298 nm % 0.379 nm x 0.798 nm [30]. Obviously, the
length of the [TFSI] anion is much larger than that of
the [TfO] anion. Pore blocking occurs when a mate-
rial occupies interconnected pores, obstructing access
to adjacent pores and thereby reducing the accessible
surface area and pore volume measured during BET
analysis. This effect leads to an underestimation of the
actual surface area, as some pores become inaccessible
to the adsorbate gas [31-33]. As a result, BET meas-
urements may not align with structural data obtained
from techniques such as XRD or IR spectroscopy.

The two distinct lattice-expansion mechanisms
can be attributed to differences in both anion size
and cation—anion interaction in the two AILs. Kuusik
et al. demonstrated that EMIM-TFSI interactions are
dominated by delocalized charge distribution rather
than localized strong hydrogen bonding, as revealed
by combined gas-phase ultraviolet photoelectron spec-
troscopy (UPS) and density functional theory (DFT)
analysis [34]. Wagaye et al. carried out dispersion-
corrected DFT (B97D/wB97X-D) simulation and found
interaction energies for [Emim]*—[TFSI]- conformers
to be ~ 41-49 k] mol-! depending on the geometries,
which is below typical strong hydrogen bond ener-
gies (~ 50 k] mol™), indicating moderate electrostatic/
dispersion-dominated interactions rather than strong
localized bonding [35]. Anions with a high degree
of charge delocalization exhibit weaker electrostatic
interactions with cations and typically lower melting
points and viscosities. This behavior arises from the
distribution of negative charge over multiple atoms,
which reduces the effective Coulombic attraction
between ions [36, 37]. Accordingly, highly charge-
delocalized anions such as [TFSI]- interact more
weakly with imidazolium cations, as the diffuse nega-
tive charge diminishes the electrostatic attraction to
[Emim]*.

In contrast, smaller anions with more local-
ized charge, such as [TfO]-, engage in stronger cat-
ion-anion interactions and exhibit enhanced ion
pairing. Tokuda et al. calculated cation—anion inter-
action energies for imidazolium ionic liquids using
MP2/6-311G level ab initio methods. The interaction
energy for [Emim]*—[TFSI]- conformers was found to
be ~ —78.8 kcal mol-'. In comparison, [Emim]* paired
with the smaller, more localized [TfO]- anion shows
a larger-magnitude interaction (~ - 82.6 kcal mol™),
where the more localized negative charge enhances
cation—anion association [38]. [Emim][TFSI] has a
lower melting point (~—-16 to-17 °C) and lower
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viscosity (~34-40 cP at 25 °C) than [Emim][TfO]
(~—-9 °C and ~ 40-70 cP, respectively), which can be
attributed to the weaker cation—anion interactions and
greater charge delocalization in [TFSI]~. As a conse-
quence of this stronger ion association, [Emim][T{O]
preferentially accumulates within a limited number
of ZIF-8 cages, giving rise to localized lattice expan-
sion. This results in the coexistence of two distinct cage
(expanded cages and original cages), where increasing
[Emim][TfO] loading progressively increases the frac-
tion of expanded cages at the expense of the original
ones. By comparison, the weaker cation—anion interac-
tions in [Emim][TFSI] promote a more homogeneous
distribution of ions throughout the ZIF-8 framework,
leading to a uniform and collective expansion of all
cages. In this case, a single cage type is observed,
with cage dimensions increasing continuously as the
[Emim][TFSI] loading increases. This fundamental dif-
ference in ion—framework interactions and spatial dis-
tribution accounts for the coexistence of two distinct
lattice-expansion behaviors observed in the system.
The expansion of the ZIF-8 cages is attributed to
flexible apertures that dynamically open through the
reorientation of imidazolate linkers induced by guest
adsorption, commonly referred to as the 'swing effect
[39, 40]. Specifically, the 2-methylimidazole ligands
rotate around the Zn-N bonds, leading to the expan-
sion of the cage structure. Evidence supporting this
mechanism is provided by IR spectroscopy. The IR
peak corresponding to the Zn-N stretching vibration
within the ZIF-8 framework exhibits two modes with
distinct wavenumbers upon intercalation with differ-
ent AlLs. These differences in vibrational response
align well with the structural variations observed in
the PXRD refinement results, further confirming the
influence of AILs on the dynamic behavior of the ZIF-8
framework. For [Emim][TfO]@ZIF-8, the introduction
of the highest loading of [Emim][TfO] results in a pro-
nounced shift in the Zn-N stretching vibration band to
alower wavenumber, reaching 417.9 cm™ for ET, ¢,@Z.
At intermediate loadings, ET; ;@Z, ET; ¢,@Z, ET5 5,@Z,
and ET,,,@Z, two distinct Zn-N stretching modes
coexist, appearing at 420.4 cm™ and 417.9 cm™’, indi-
cating a phase mixture of unmodified and expanded
ZIF-8 cages. In contrast, [Emim][TFSI|@ZIF-8 exhib-
its a different trend. Across all loading levels, only a
single Zn-N stretching mode is observed, which pro-
gressively shifts to lower wavenumbers with increas-
ing [Emim][TFSI] content. Specifically, the Zn-N
stretching bands appear at 419.9 cm!, 419.4 cm™,
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418.9 cm™, 418.4 cm™, and 417.9 cm™ for EI, ;5@Z,
EL, x@Z, El, 1,@Z, El;5 55@Z, and El; o,@Z, respectively.
This continuous shift suggests a uniform expansion
mechanism across the ZIF-8 framework.

It is presumed that the internal pressure exerted
by AILs molecules confined within the pores of ZIF-8
leads to an elongation of the Zn-N bond lengths rela-
tive to their original values. This structural change is
supported by the findings of He et al. [41], who dem-
onstrated that the elongation of specific bond lengths
is typically associated with a corresponding shift to
lower wavenumbers in vibrational spectra. Similarly,
Verma et al. [42] synthesized a BiFeO; nanoparticles
vis sol-gel auto-combusion method and reported a
shift in the vibrational band of the Fe—O bond from
560 to 554.5 cm™!, which was attributed to an increase
in Fe-O bond length. This red shift was linked to a
decrease in the bond’s force constant, indicating a
weakening of the bond. Consequently, the weakened
Fe-O bond becomes more responsive to lower-energy
vibrational modes [43].

The ZIF-8 structural model proposed by Yu et al.
[44] provides a useful framework to discuss this phe-
nomenon, as illustrated in Fig. 8. Based on DFT cal-
culations, five distinct aperture configurations with
varying effective diameters were identified: pristine
(d=3.4 A), closed (d=4.1 A), semi-open (d=4.2 A),
open (d=4.7 A), and fully open (d=6.9 A). The

Figure 8 Six different aper-
ture structures with different
aperture diameters after load-
ing different AILs (a) pris-
tine, (b) 10 [Emim][TfO] ion
pairs, (¢) 1 [Emim][TFSI] ion
pairs, (d) 2 [Emim][TFSI]
ion pairs, (e) 3 [Emim][TFSI]
ion pairs, (f) 4 [Emim][TFSI]
ion pairs
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descriptors “closed,” “semi-open,” and “open” refer
to the conformational status of the six imidazolate
linkers surrounding each cage window —ranging
from all six rings being in the closed position to con-
figurations with three or all six rings rotated into
open conformations. These differences arise from
the rotational flexibility of the 2-methylimidazole
ligands, which leads to variations in aperture size
and cage volume. In our study, the observed expan-
sion of ZIF-8 cages is most probably attributed to the
internal pressure exerted by the intercalated AILs ion
pairs. Presumably, the [Emim][TfO]@ZIF-8 compos-
ite displays two types of cage configurations, cor-
responding to partially and fully expanded states,
as shown in Fig. 8a and b. In contrast, the [Emim]
[TFSI]@ZIF-8 composite may exhibit a broader dis-
tribution of structural states, incorporating all five
aperture configurations as illustrated in Fig. 8a and
c—f. This discrepancy is likely due to the larger size
and elongated structure of the [TFSI]- anion, which
imposes a greater steric demand and promotes a
wider range of cage expansions within the ZIF-8
framework. Presumably, the combined effects of the
swing motion of 2-methylimidazole ligands and the
elongation of Zn-N bonds contribute to the expan-
sion of ZIF-8 cages upon intercalation of AlLs, such
as [Emim][TfO] and [Emim][TFSI], within the ZIF-8
framework.
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Conclusion

In this study, two AlLs, [Emim][TfO] and [Emim]
[TFSI], were successfully intercalated in the porous
framework of ZIF-8. Structural analysis revealed two
distinct mechanisms of lattice expansion. For [Emim]
[TfO]@ZIF-8, a two-phase system with coexisting
lattice constants was observed, indicating a sudden
phase transition during the incorporation process.
In contrast, [Emim][TFSI]@ZIF-8 exhibited a single-
phase structure with a gradual and continuous lat-
tice expansion as the loading increased. These struc-
tural modifications are attributed to the rotational
flexibility of the 2-methylimidazole linkers and the
elongation of Zn—-N bonds, both driven by internal
pressure from the encapsulated AILs. Moreover, con-
finement within the ZIF-8 cages disrupts the bulk
ionic environment, enhancing the strength of the
-SO3 and S-N-S bonds, as evidenced by the sharp
and blue-shifted vibrational modes in the IR spectra.
These findings offer valuable insights into host—-guest
interactions in AIL@MOF systems and provide a
strategic basis for tailoring MOF properties through
AL intercalation.

Owing to the immobilization of AILs within
MOF frameworks, the incorporation of lithium salts
enables these composites to function as solid-state
electrolytes that support Li* migration through the
interconnected MOF cages. AlLs exhibit high solu-
bility for lithium salts, allowing the salts to dissolve
uniformly within the AIL phase. Upon encapsulation
of the lithium-salt-containing AIL inside the MOF
structure, continuous ion-conduction pathways are
established while maintaining the solid-state integ-
rity of the material. These combined characteristics
underscore the strong potential of AIL-MOF com-
posites as safe, high-performance electrolytes for
MOF-based solid-state lithium batteries and other
advanced electrochemical energy-storage devices. In
contrast, PILs are unsuitable as lithium battery elec-
trolytes because their intrinsic protonic nature leads
to hydrogen evolution and electrochemical insta-
bility at lithium electrodes. Beyond energy-storage
applications, AIL-MOF composites also exhibit sig-
nificant promise for gas absorption and separation,
particularly for CO, capture, by uniting the high gas
solubility of AIL with the molecular sieving capabil-
ity and intrinsic selectivity of MOF frameworks.
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