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Abstract: Composites formed by a metal-organic framework (MOF) and an ionic liquid (IL) are
potentially interesting materials for applications ranging from gas separation to electrochemical
devices. Consequently, there is a need for robust and low-cost preparation procedures that are
compatible with the desired application. We herein report a solvent-free, one-step, vapor-based
ship-in-bottle synthesis of the IL@MOF composite 1-butyl-3-methylimidazolium bromide@ZIF-
8 in powder and thin film forms. In this approach, volatile IL precursors are evaporated and

subsequently adsorb and react within the MOF cages to form the IL.



INTRODUCTION

Incorporation of an ionic liquid (IL) into the pores of a metal-organic framework (MOF) leads
to composites with potential applications in gas separation and storage, catalysis, and
electrochemical devices.’™ Since IL@MOF composites combine the properties of MOFs and ILs,
their adsorption properties and ionic conductivity can be changed considerably compared to the
parent MOF material.! For instance, the composite [bmim]PFs@ZIF-8 shows double the CO2/N;
adsorption selectivity compared to ZIF-8.> Ionic conductivity even below the IL freezing
temperature is achieved by incorporation of [emim]NTf> into ZIF-8.% Incorporation of an IL can
also render the MOF meltable, as demonstrated for [emim|NTfH@ZIF-8.” Moreover, IL@MOF
catalysts can be easily separated from the reaction mixture, while this is not possible for pure ILs.%®

Three major approaches are followed for the preparation of IL@MOF composites: (i) IL
diffusion into the MOF pores (i.e., wet impregnation in a solvent or solvent-free mixing using
mortar and pestle);%1° (ii) ionothermal synthesis of the MOF, in which the IL acts both as a solvent
and structure-directing agent, and either the anion or cation is incorporated in the pores;'’~2! and
(iii) the ship-in-bottle (SIB) method,??72° in which the IL is formed inside the MOF pores. Among
these methods, the SIB method is particularly favorable because, for a well-chosen guest-host pair,
it can overcome the problem of IL leaching from the MOF. In this approach, small IL precursors
are sequentially diffused into the pores, where they react to form the IL. The latter becomes
sterically trapped when it is larger than the pore aperture.' So far, the SIB method has been only
performed in solution or in neat liquid precursor.

A drawback common to all preparation methods reported thus far is that they are liquid-phase
processes, requiring a solvent or a relatively large volume of precursor or IL. Furthermore, high

IL loadings may be difficult to achieve due to competition with solvent molecules.?® On the other



hand, loading of guest molecules into a MOF can be simply performed from the vapor phase.
Examples are the confinement of anthracene into ZIF-8 by sublimation?® and the loading of
organometallic compounds such as ferrocene into MOF-5.2” However, the direct loading of ILs
into a MOF from the vapor phase is impractical because of their low vapor pressure (< 107> mbar
at moderate temperatures), and the requirement of an ultra-high vacuum (< 10® mbar).282°
Nevertheless, several common ILs can be easily synthesized from volatile precursors. For
example, imidazolium ILs are formed by the quaternization of an imidazole with an alkyl halide,
even under solvent-free conditions and at moderate temperatures.3%3! Recently, we exploited this
reaction to develop the chemical vapor deposition of ILs on surfaces, resulting in ionogel thin films
and patterns.®? In that study, two volatile precursors were sequentially evaporated and diffused
into a polymer film, where they reacted to form the IL. The polymer acted as a reservoir for the
precursors and allowed area-selective ionogel formation. In this work, we expanded this approach
to load the IL 1-butyl-3-methylimidazolium bromide ([bmim]Br) into ZIF-8 powder and thin film

via a novel vapor-phase ship-in-bottle (VSIB) method (Figure 1a).

RESULTS AND DISCUSSION

ZIF-8 consists of Zn** ions connected by 2-methylimidazolate linkers. The framework has a
sodalite topology consisting of 11.6 A cages connected by small apertures of 3.4 A.26 Because of
this topology, large molecules formed through the SIB method can be trapped inside the cages,
resulting in a stable IL@MOF composite. For example, [bmim|Br has been loaded into ZIF-8
using the conventional, liquid-phase SIB method by sequentially suspending the MOF powder in

the neat precursors 1-methylimidazole and 1-bromobutane.?® In this study, [bmim]Br was selected



as target IL because both precursors are liquids with considerable vapor pressure and readily react
by quaternization of the non-methylated imidazole nitrogen atom.

ZIF-8 crystals with a particle size below 1 um were synthesized by a solvent-free method, by
heating a physical mixture of zinc oxide and 2-methylimidazole.3® The ZIF-8 powder was then
placed in a Schlenk flask together with the IL precursors in separate glass boats (Figures 1b, S1).
The Schlenk flask was heated to 70 °C for 20 h to allow precursor evaporation, simultaneous

diffusion into the MOF powder, and subsequent reaction to form the IL.

a
2
Precursor lonic
Vapors _- -— ..
P Vapor o® Liquid
L J Diffusion Reaction "
— —_— o
b P
® NN @
\—/ Pa
~ TS AN
T NN Br°

Figure 1. Vapor-phase ship-in-bottle (VSIB) method. (a) Schematic representation of the VSIB
method in a MOF pore. Note the simultaneous introduction of both precursors. (b) Illustration of
the Schlenk flask setup used for the VSIB method. The inset shows the structures of the precursors

I-methylimidazole and 1-bromobutane and the resulting IL [bmim]Br.



Using this approach, [bmim]Br was successfully formed in the ZIF-8 cages, as confirmed by
solution 'H NMR of the acid-digested product (Figure 2a; for peak assignments, see Figure S2).
Unreacted precursor molecules and [bmim]Br attached to the ZIF-8 surface were removed by
washing in ethanol at room temperature. This washing step did not remove the [bmim]Br trapped
inside the cages. 'H NMR reveals an average loading of 2.7 [bmim]Br ion pairs per ZIF-8 cage
(ip/c). To confirm the complete removal of surface-adsorbed [bmim]Br, samples of the MOF
material were taken after each washing step and analyzed by 'H NMR, showing a constant
[bmim]Br content from the second washing step onwards (Figure S3). Thermogravimetric analysis
(TGA) reveals a mass loss of 28 wt% when the composite is heated to 300 °C. Under these
conditions, the ZIF-8 host remains intact (Figure 2b), while the [bmim]Br guest dequaternizes to
form volatile alkylimidazoles and alkylbromides.3* The observed mass loss is in good agreement
with the loading calculated from NMR data (2.7 ip/c corresponds to 30 wt%). Powder X-ray
diffraction of the product shows the retention of the crystallinity of the ZIF-8 host upon loading
(Figure 2c). Furthermore, the increase of the intensity of the (200) and (211) diffraction peaks
relative to the (110) reflection is indicative of the [bmim]Br loading; a similar effect was
previously observed for the loading of anthracene into ZIF-8.26 Physisorption at 77 K reveals a
lower amount of adsorbed nitrogen for the composite compared to empty ZIF-8, corresponding to

a reduction of the BET specific surface area from 1671 to 411 m?/g (Figure 2d).
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Figure 2. Characterization of [bmim]Br@ZIF-8 obtained by VSIB method. (a) 'H NMR spectrum
of ZIF-8 and [bmim|Br@ZIF-8 in DCI/D,0. (b) TGA of ZIF-8, [bmim]|Br@ZIF-8, and [bmim|Br
(bulk, for comparison). (c) PXRD patterns of ZIF-8 and [bmim]|Br@ZIF-8. (d) N> physisorption
isotherms of ZIF-8 and [bmim]|Br@ZIF-8 at 77 K. The BET specific surface areas of ZIF-8 and

[bmim|Br@ZIF-8 are 1671 m?*/g and 411 m?/g, respectively.

A shorter reaction time (4 h vs. 20 h) resulted in a lower IL loading (1.9 ip/c), whereas a
prolonged reaction (43 h) did not increase the loading beyond 2.7 ip/c (Figure 3a). Large ZIF-8
crystals (100-300 um) obtained by solvothermal synthesis were also successfully loaded with
[bmim]Br after 20 h of reaction. However, because of diffusion limitations, an overall loading of
only 1.6 ip/c could be reached (Figure 3a). When the large crystals were ground into smaller

particles, the same loading of 2.7 ip/c as for the smaller crystals was obtained. For the intact large



crystals, the [bmim|Br loading did not change during the washing steps, indicating that all IL was
present within the MOF cages and no surface-adsorbed [bmim]|Br was formed. Therefore, the
washing step could be replaced by simply heating the sample to 120 °C in vacuum to remove

unreacted precursors, as confirmed by 'H NMR.
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Figure 3. Influence of ZIF-8 crystal size on the IL loading. (a) Number of IL ion pairs obtained

per cage of ZIF-8. (b) SEM images of small and large ZIF-8 crystals applied in VSIB experiments.

The removal of [bmim]Br without damaging the ZIF-8 host is illustrated in Figure 4a. Although
the [bmim]Br@ZIF-8 composite is stable in ethanol at room temperature, the IL guest can be
removed by stirring in hot ethanol (70 °C) for 2 days. Upon heating, the ZIF-8 aperture increases,
allowing the IL to diffuse out of the cage.3>3¢ Throughout this treatment, ZIF-8 remains crystalline,
and the relative intensities of the diffraction peaks are in agreement with the XRD pattern for
pristine ZIF-8 (Figure 4b). Furthermore, as observed in the TGA analysis, [bmim]Br could also be
removed by heating to 300 °C in nitrogen, via dequaternization to volatile alkylimidazoles and
alkylbromides (Figure 4b). Heating unloaded ZIF-8 as a control experiment did not result in any

mass loss nor in a loss of crystallinity.
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Figure 4. Reversibility of VSIB IL loading. (a) [bmim]Br can be removed from ZIF-8 by washing

in EtOH at 70 °C or by heating in nitrogen at 300 °C. ZIF-8 from which the IL has been removed

can be loaded using the VSIB method equally well as pristine material. (b) XRD patterns of ZIF-

8 (size <1 pum), [bmim]|Br@ZIF-8 (2.7 ip/c), after washing in ethanol at 70 °C, after heating at 300

°C in N2 stream, and [bmim|Br@ZIF-8 (repeated loading after washing out [bmim]Br in ethanol,

2.8 ip/c).

The VSIB method could be extended to ZIF-8 films, which will facilitate the valorization of

[IL@MOF composites in microelectronics, ionic conductors, or microbatteries. Since both the

MOF film and the IL can be deposited from the vapor phase, this approach meets the requirements

of microtechnology fabrication (e.g., conformal, defect-free coatings with a controlled thickness).



Loading was performed in a Schlenk flask containing the ZIF-8 film and the IL precursors in
separate glass boats at 70 °C (Figure S4). After loading with [bmim]Br, the film was heated to 110
°C to remove unreacted precursor molecules. Grazing-incidence X-ray diffraction demonstrates
the crystallinity of the film (Figure 5a) and the change of the relative diffraction intensities
indicates the presence of [bmim]Br. As indicated by time-of-flight secondary ion mass
spectrometry (ToF-SIMS) depth profiling, [bmim]Br is homogeneously distributed over the ZIF-
8 film thickness: a constant signal of CsH;sN>" is detected upon sputtering until reaching the film-
substrate interface (Figure 5b). Ellipsometry was used to determine the refractive index of the ZIF-
8 film before and after IL loading. The [bmim]|Br@ZIF-8 film has a refractive index of 1.426,
considerably higher than that of the unloaded ZIF-8 film (1.351). The amount of [bmim]|Br was
calculated to be in the range of 2.8—3.4 ip/c (see Experimental Section), which is similar to the
value obtained for the powder samples. Ellipsometric porosimetry using methanol as a probe

molecule?’ reveals a lower porosity for the [bmim]Br@ZIF-8 film compared to the unloaded ZIF-

8 film, as would be expected (Figure 5c¢).
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Figure 5. Characterization of [bmim|Br@ZIF-8 films obtained by the VSIB method. (a) GIXRD
patterns of ZIF-8 and [bmim|Br@ZIF-8 films (inset: magnified GIXRD 26 =9.5—14.5). (b) ToF-
SIMS depth profile of [bmim]Br@ZIF-8 film. (c) Methanol adsorption isotherms of ZIF-8 and

[bmim]|Br@ZIF-8 films; refractive index determined by ellipsometric porosimetry (left: n; right:

An).

CONCLUSION

We have developed a novel vapor-phase approach for the preparation of [bmim]Br@ZIF-8
composites. Simultaneous diffusion of the precursor vapors into the cages of ZIF-8 leads to the
formation of the target IL. This way, efficient solvent-free, vapor-phase loading is enabled and
problems related to the low vapor pressure of the target IL are bypassed. In contrast to the
conventional SIB method in the liquid phase,?*?* this vapor-phase approach requires only one step,

avoids laborious washing, and is compatible with microfabrication methods.
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EXPERIMENTAL SECTION

Materials. ZnO (particle size 25 nm) was purchased from Roth, 2-methylimidazole from Sigma
Aldrich, zinc nitrate hexahydrate, 1-bromobutane, and sodium formate from Acros Organics, and
I-methylimidazole from Alfa Aesar and used without further purification.

Characterization. ' NMR spectra were recorded on a Bruker Advance 300 MHz spectrometer.
The ZIF-8 samples (ca. 5 mg) were dissolved in a solution containing DC1/D20 (32 wt%, 50 uL)
and 500 pL D>O or acetone-ds. The loading amount (x) of [bmim]Br (ion pairs per cage) was

calculated by equation 1:

Integral of [bmim]Br

x =12 (D

Integral of ZIF-8 linker

TGA was carried out on a STA 449 F3 Jupiter® instrument in nitrogen atmosphere (heating to
300 °C at 10 °C/min, isothermal heating at 300 °C for 5 h, heating to 700 °C at 10 °C/min). The

correlation between TGA mass loss and loading amount (x) of [bmim]Br is given by equation 2:

219x

Mass loss = ————
219x+1378

)

Where the molar masses of [bmim]Br and one ZIF-8 cage are 219 g/mol and 1378 g/mol,
respectively.

XRD measurements were performed on a Malvern PANalytical Empyrean diffractometer
equipped with a PIXcel3D solid-state detector using a Cu anode.

SEM photographs were acquired on an FEI XL30FEG instrument after sputter-coating the
samples with 5 nm of Pt.

N> sorption isotherms were measured at 77 K using a Micromeritics 3Flex physisorption

instrument. The samples were degassed before measurements at 120 °C under dynamic vacuum

(102 mbar) for 3 h.
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FTIR measurements were performed on a Varian 670 Fourier Transform-IR spectrometer with
a Ge crystal plate in the VeeMAX III module, operated on attenuated total reflection geometry. A
liquid-nitrogen-cooled cooled mercury cadmium telluride detector was used.

ToF-SIMS analysis was performed on a TOF.SIMS 5 instrument (ION-TOF GmbH). A 30 keV
Bis" analysis beam (target current: 0.35 pA) was used in a high-current bunched mode for high
mass resolution (m Am™ ~ 8000 at 29 u, 2°Si"). The primary ion dose was kept sufficiently low so
that the static limit of 1 x 10'® jons cm™ per analysis was not exceeded. During measurements, the
pressure in the chamber was ~ 3.4 x 10® mbar. Depth profiles were obtained in a dual-beam
configuration, where a 10 keV Ariaso” cluster ion beam (target current: 4.5 nA) was applied as a
sputter beam. At the center of the 800 um x 800 um crater, a 100 pm x 100 pm area was analyzed.

Spectroscopic ellipsometry was applied to determine the optical properties of unloaded and
loaded ZIF-8 thin films by using an iSE instrument (J. A. Woollam, US). ¥ and 4 were recorded
from 400 to 1000 nm at a 70° incident angle. Optical modelling was performed using the
CompleteEASE 6.60 software (J. A. Woollam, US). A Porous Effective Medium Approximation
(Porous EMA) model was used to estimate the pore filling factor of IL within ZIF-8. First, the
unloaded ZIF-8 film was measured and modelled using a Cauchy model (n(1) = A + B/?; k=0)
to determine the A and B coefficients of empty ZIF-8. The porosity, ¢, =58.8 %, was assumed
according to reference® and the filling factor was kept at zero. For the IL-loaded sample, a Cauchy
model was used to model the IL by applying the refractive index of pure IL, A=1.54.3° The
dispersion factor B was either fixed at zero or fitted, which gave about 10 % variation in the fitted
filling factor value. The Cauchy coefficients of ZIF-8 were kept constant during the modelling of

IL loading. The estimated filling factor was in the range from 27 % to 37 %, which is in a good

12



agreement with the 34 % methanol uptake reduction upon IL loading (Figure 5¢). The loading in

mmol/g was calculated by equation 3:

ni Vi PIiL $por 3)
mgzifrg Vzirs ML pzIFs

Where VVL is the filling factor and M;; is the molar mass of IL. The density of ZIF-8

ZIF8

(pz1rs =0.95 g cm™) was taken from ¥, The density of IL (p;;, =1.30 g cm™) was taken from *°.
The loading in ip/c was calculated by assuming the unit cell volume of 4.924 nm?** Methanol
adsorption isotherms of unloaded and IL-loaded films were measured using the iSE in combination
with a stainless steel in-situ gas cell and home-build vapour dosing equipment.*!

Synthesis of ZIF-8. Powder, small crystals: ZnO (162 mg, 2.00 mmol) and 2-methylimidazole
(481 mg, 5.85 mmol) were mixed and ground with a pestle and mortar. The mixture was heated at
110 °C in a synthesis oven for 1 d, washed with methanol 3 times, and subsequently dried. Powder,
large crystals: The procedure described in ** was followed. ZnNO3*6H>O (3.528 g, 11.86 mmol)
was dissolved in 40 mL of methanol; 2-methylimidazole (1.944 g, 23.72 mmol) and sodium
formate (0.807 g, 11.86 mmol) were dissolved in 40 mL of methanol. Both solutions were
sonicated for 2 minutes, and the latter solution was poured into the former solution under stirring.
The reaction mixture was stirred for 2 more min and heated at 90 °C for 24 h in a sealed glass jar.
The resulting crystals were removed from the wall by sonication, washed 3 times with methanol,
and subsequently dried. ZIF-8 films: ZIF-8 thin films were synthesized using the deposition route
described in **. A 25x25 mm? silicon wafer was used as the substrate. Prior to ZIF-8 deposition,
the substrate was cleaned in piranha solution (H2SO4:H>O> in 3:1 volume ratio) for 30 min at 70
°C and extensively washed with deionized water and methanol. Stock solutions of 25 mM zinc
nitrate hexahydrate (Alfa Aesar, 99%) and 50 mM 2-methylimidazole (Acros Organics, 99%) were

prepared separately in methanol. The ZIF-8 layer deposition proceeded by combining 10 mL of

13



each stock solution in a glass beaker and putting the substrate in the reaction mixture facing down.
About 5 mm thick plastic spacer ring was used to provide space between the bottom of the beaker
and the substrate surface. After 30 minutes of reaction time the substrate was taken out of the
reaction mixture and washed in methanol. The deposition step was repeated three times in total to
yield 310 nm thick ZIF-8 film. After the last layer deposition, the substrate was sequentially
washed 3-times in methanol and once in ethanol, before drying under nitrogen flow.
Vapor-phase loading of IL into ZIF-8. Powder: ZIF-8 (100 mg) was weighed into a glass boat,
and 1-methylimidazole and 1-bromobutane (0.5 mL each) were filled into glass boats using a
pipette. The 3 glass boats were transferred into a Schlenk tube (Figure S1), which was purged with
nitrogen to achieve an inert atmosphere, placed in a synthesis oven, and heated at 70 °C for 20 h.
Subsequently, the ZIF-8 was washed by stirring in ethanol 4 times (10min—10min—1h—1h), see
Figure S3, and dried at 60 °C. The precursor/ZIF-8 ratio of 5 pL/mg could be reduced to 1 pL/mg,
resulting in the same loading; a ratio of 0.5 pL/mg still resulted in a loading of 2.3 ip/c. Film: The
ZIF-8 film and the precursor vials (each containing 5 pL precursor) were glued on a glass slide.
The glass slide was transferred into a Schlenk tube (Figure S4), which was purged with nitrogen
to achieve an inert atmosphere, placed in a synthesis oven and heated to 70 °C for 3 h.
Subsequently, the ZIF-8 film was removed from the Schlenk vial and heated to 110 °C for 1 h to

remove unreacted precursor molecules.

ASSOCIATED CONTENT

Supporting Information: Photographs of experimental setups; characterization of bmimBr@ZIF-

8 powder samples ("H NMR, FTIR); additional experimental details
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