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We report on the synthesis and high ionic conductivity of a highly
crystalline Mg?*-containing metal—organic framework (MOF) with
Type A feature (i.e., anionic framework having Mg3* as a counter
cation). We synthesized Mg[Zr(Cy4H30g),] (SU-102-Mg) through
ion exchange reaction. SU-102-Mg showed a high ionic conduc-
tivity of 3.6 x 10~> S cm™* (25 °C, under MeCN vapor).

Solid-state ionic conductors have attracted much attention
because they are potentially applicable as electrolytes for high-
performance secondary batteries." Especially, the migration of
magnesium ions (Mg>") is one of the challenging issues in
improving the performance of the rare-element-free secondary
battery.> However, the migration of Mg>" in solids is more
difficult compared to that of monovalent ionic carriers
because of the strong electrostatic interaction with neighbor-
ing anions.® Therefore, the number of reports on Mg** conduc-
tors operating at ambient temperature is still very much
limited.

Conversely, metal-organic framework (MOF)-based ionic
conductors have recently been extensively developed because
of their highly regular and designable pores, which could act
as ion-conducting pathways for various ionic carriers.*” In the
case of the Mg>" carrier, we recently found that MOFs contain-
ing Mg®" carriers in the pores exhibit drastic enhancement of
ionic conductivity under the vapor of small organic guest
molecules (e.g., MeCN), termed vapor-induced ionic conduc-
tion.® It is also reported that the Mg®'-containing MOFs are
classified into two types (i.e., Type A: Mg*"* carriers introduced
as counter cations of the anionic framework; Type B: Mg>" car-
riers introduced as Mg”" salts).* So far, several examples of
Type B compounds showing superionic conductivity under the
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vapor of optimal guest molecules have been reported.®”®
Although Type A compounds, prepared through ion exchange
reaction, potentially have advantages when applied to the sec-
ondary battery (e.g., high transport number), only one com-
pound, MOF-688-Mg, which exhibits low crystallinity, has been
reported to date.’ Because its conductivity (1.3 x 107> S em™,
25 °C)° is still much lower than that of Type B compounds
(e.g., MIL-101 D {Mg(TFSI)}; 6: 1.9 x 107> S em™", 25 °C),” the
further development of Type A compounds is highly desired.
Here, we report on a highly crystalline Mg*"-conducting
MOF with Type A feature. We succeeded in preparing a Mg>'-
containing porous MOF, Mg[Zr(C,4H305),] (SU-102-Mg),
through a simple ion exchange reaction by employing a robust
anionic framework, SU-102,° as the mother framework
(Fig. 1). We found that SU-102-Mg shows high crystallinity
even after the ion exchange with Mg>" and a high ionic con-

ZrOCl,-8H,0

DMF, H,0,
Acetic acid

Hy )
/N\J
(OMAY)
Mg?*

MeCN

SU-102 SU-102-Mg

Fig. 1 Synthetic scheme of the crystalline Mg?*-containing anionic
MOF through ion-exchange reaction.
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ductivity of 3.6 x 10~ S em™" at room temperature (RT) under
MeCN vapor. Detailed analysis of the guest adsorption, ionic
conductivity, and infrared (IR) spectroscopy revealed that the
significant increase in ionic conductivity is derived from the
formation of coordinated Mg?* carriers, which is similar to the
case of the previously reported Mg>" salt-containing MOF.”

Following previous literature,'® the mother MOF, SU-102
((DMA),[Zr(C14H304),]), an anionic MOF with dimethyl
ammonium (DMA') as the counter cations in its pores, was
synthesized by the typical solvothermal method with Zr*" and
ellagic acid as the ligand (details are shown in the ESIf).
Samples were characterized with X-ray powder diffraction
(XRPD) and N, adsorption isotherms. As shown in Fig. 2 and
3, the porous mother MOF was successfully synthesized. For
the prepared SU-102, Mg>" carriers were introduced in the
pores instead of the included DMA" through an ion exchange
reaction in MeCN solution of Mg salt, Mg(TFSI), (TFSI™ = bis
(trifluoromethanesulfonyl)imide) (see the ESIt). After the reac-
tion, the sample was carefully washed with pure MeCN to
remove the remaining Mg(TFSI),.

The presence of Mg”* in the ion-exchanged sample, SU-102-
Mg, was confirmed by inductively coupled plasma-atomic
emission spectroscopy (ICP-AES). The measurement revealed
that the Mg®" was stoichiometrically introduced (1.0 Mg>* per
formula, instead of two DMA") in the pores to form Mg[Zr
(C14H;04),]. The exchange of DMA" was also confirmed by 'H
NMR. As shown in Fig. S1,} the peaks from the DMA" cations
completely disappeared after the ion exchange reaction, indi-
cating the absence of DMA" in SU-102-Mg. The good agree-
ment of the elemental analysis for SU-102-Mg also confirmed
the stoichiometric ion exchange (see the ESIf).

The crystal structure of the Mg>*-containing MOF, SU-102-
Mg, was characterized with XRPD measurements. As shown in
Fig. 2, SU-102-Mg showed sharp peaks, evidencing its high
crystallinity even after inclusion of Mg>". The XRPD pattern of
SU-102-Mg is almost the same as that of SU-102, clearly indi-
cating that SU-102-Mg had no significant changes in its funda-
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Fig. 2 XRPD patterns of SU-102-Mg and SU-102 and simulated pattern
of SU-102.
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Fig. 3 N, adsorption isotherms of SU-102-Mg and SU-102, measured
at 77 K.

mental framework structure. Note that the intensity ratio is
slightly different between the samples before and after the ion
exchange reaction. This should be due to the change in elec-
tron density inside the pores of the MOF, which is consistent
with the fact that the stoichiometric ion exchange from DMA"
to Mg>" occurred in the pores of the sample. As shown in
Fig. S2,t the thermal stability of SU-102-Mg is also similar to
that of SU-102.

To confirm the porosity of the prepared MOF, we measured
adsorption isotherms at 77 K. Fig. 3 shows the adsorption iso-
therms of the samples before and after the ion exchange.
SU-102-Mg showed a large amount of adsorption at the low-
pressure region, resulting in a typical Type I isotherm. This
clearly indicates that the SU-102-Mg has apparent porosity
even after the inclusion of Mg”" ions in the pores. The BET
surface area of SU-102-Mg was estimated to be 461 m> g™,
which is similar to that of SU-102 (519 m?® g7"), indicating that
the high porosity remained after the ion exchange. This is con-
sistent with the fact that SU-102-Mg has fundamentally the
same framework structure, as shown in the XRPD results. As
mentioned, we previously reported an example of a Mg>*-con-
taining MOF with Type A feature (MOF-688-Mg). However, it
showed low crystallinity and no apparent porosity in the N,
adsorption measurements. In this study, we succeeded in
creating a crystalline porous Mg>*-containing MOF with Type A
feature through ion exchange reaction. Since the crystalline
nanopores often act as excellent ion-conducting pathways, the
ionic conductivity is strongly expected to be promoted. In
addition, the high porosity would be advantageous in vapor-
induced ionic conduction because of the high capability to
accept the guest molecules that enhance the migration of
Mg**,

To reveal the ionic conductivity of the crystalline MOF con-
taining only Mg”>* in its pores, we performed alternating
current impedance measurements under various conditions
(Fig. 4, S3, and Table S17). Fig. 4 shows the temperature depen-
dence of ionic conductivity under various guest vapors of
small organic molecules or dry N,. As with a previous report

This journal is © The Royal Society of Chemistry 2024
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Fig. 4 Temperature dependence of the ionic conductivity of SU-102-
Mg under (green) MeCN, (red) MeOH, (pink) EtOH, and (blue) THF
vapors, compared to (black) dry N,.

(MOF-688-Mg),” SU-102-Mg exhibited insulating character under
dry N,, clearly indicating that Mg>" located in the pores are
strongly bound by the framework and thus cannot be migrated.
Conversely, small guest molecules such as MeOH and MeCN
drastically enhance its ionic conductivity. This is also similar to
the case of MOF-688-Mg. The ionic conductivity of SU-102-Mg
reaches 3.6 x 107> S cm™" at 25 °C under the optimal guest
(MeCN) vapor, which is almost three times higher than that of
MOF-688-Mg (1.3 x 107> S em ™" at 25 °C under MeCN vapor)
and is the highest value among the Mg**-containing MOFs with
the Type A feature. The result suggested that the crystalline
pores or regular channels of SU-102-Mg deeply contribute to the
efficient migration of the included Mg>". As listed in Table S1,}
the activation energy of SU-102-Mg under each guest is also
similar to that of MOF-688-Mg,” suggesting the similar conduct-
ing mechanisms under the guest vapors.

Previously, we reported that the drastic increase of ionic
conductivity in Mg>*-containing MOFs under guest vapor (i.e.,
vapor-induced Mg>" conduction) is derived from the formation
of coordinated Mg>" carriers with high mobility. To gain infor-
mation about the mechanism of the vapor-induced Mg>* con-
duction in SU-102-Mg, firstly, we evaluated the guest adsorp-
tion property of SU-102-Mg for the optimal guest, MeCN. As
shown in Fig. S4,7 SU-102-Mg adsorbed a large amount of
MeCN from the low-pressure region, finally reaching approxi-
mately six molecules per formula. Next, we evaluated the vapor
pressure dependence of ionic conductivity (Fig. S5t). The ionic
conductivity deeply depends on MeCN vapor pressure and
increased with increasing pressure, confirming that the
adsorbed MeCN molecules truly enhanced the Mg>* conduc-
tion in SU-102-Mg. By combining these data, we could reveal
the relationship between ionic conductivity and the number of
adsorbed guest molecules (Fig. S6T). Fig. S61 clearly indicates
that the ionic conductivity did not obviously increase at low
MeCN content, but started to slightly increase at around 4
adsorbed MeCN molecules per formula (i.e., per one Mg”>"). It
continuously increased to reach the maximum conductivity
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above 107> S cm™" at around the maximum MeCN content of
approximately 6 molecules per formula. Compared with our
previous study on the Type B compound, Mg>" salt-containing
MOF  (MIL-101 D {Mg(TFSI),},6),” the tendency of this
relationship is actually very similar. In the case of
MIL-101 D {Mg(TFSI),}, 6, the conductivity is drastically
increased at around 9.6 MeCN molecules per formula, which
corresponds to 6-coordination to Mg”*, forming the highly
mobile coordinated carriers.” Considering this fact, the similar
behavior of SU-102-Mg (Fig. S61) is indicative that the increase
of ionic conductivity in SU-102-Mg was caused by the change
in mobility of the included Mg** due to the formation of the
coordinated carriers. It is also suggested that one of the main
reasons for the relatively low ionic conductivity of SU-102-Mg
(2107 S em™) compared to MIL-101 D {Mg(TFSI),}; ¢ (2107°
S em™")’ is the limited pore capacity of SU-102-Mg: 6 MeCN
molecules per Mg”* does not seem enough to make the
formed carriers highly mobile (i.e., still not free from the
electrostatic interaction from the anionic framework). We
believe that the additional guest molecules (i.e., more than 6),
coordinating to the framework, play a critical role in reducing
the remaining electrostatic interaction to allow the formed car-
riers to migrate more freely.

To confirm the formation of the coordinated Mg>" carriers
in SU-102-Mg, we measured the in situ Fourier transform infra-
red (FT-IR) spectra under MeCN vapor (Fig. S77). In the case of
SU-102 (without Mg®*), the main peaks at around 2255 and
2283 cm™" are attributable to CN stretching mode (v,) and the
combination of CH; bending and CC stretching mode (v; +
vy), respectively.'’ In contrast, SU-102-Mg showed apparently
shifted peaks at around 2289 and 2315 cm™", which should be
attributed to v, and v; + v, bands, derived from the MeCN
molecules coordinating to metal ions (Mg®*)."* This behaviour
is similar to the previously reported Mg”>* salt-containing
MOF,” although SU-102-Mg shows some extra peaks that
would be attributed to MeCN molecules with various coordi-
nation forms (e.g., other than the typical octahedral six-coordi-
nation). This result clearly confirmed the existence of the co-
ordinated Mg®" carriers in the pores under MeCN vapor and is
consistent with the results of conductivity and adsorption
measurements described above. These results confirm that the
adsorbed small guest molecules act as the conducting media
for Mg”* conduction and indeed help the migration of Mg>*
carriers located in the MOF pores.

Conclusions

In conclusion, we demonstrated the high ionic conductivity of
a highly crystalline Mg**-containing MOF with Type A feature.
The prepared MOF, SU-102-Mg, showed an ionic conductivity
of 3.6 x 107> S em™" at 25 °C under MeCN vapor, which is
almost three times higher than the previously reported Type A
compound with low crystallinity. We also revealed that the
drastic enhancement of ionic conductivity under the guest
vapor is derived from the formation of the highly mobile co-
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ordinated Mg”" carriers, as is the case with Type B compounds.
These results provide useful information towards the develop-
ment of MOF-based Mg®" conductors.
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