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We report superionic conduction in a Mg?*-containing covalent
organic framework (COF) at intermediate temperature in the
absence of guest vapors. A COF containing Mg?* carriers and poly-
ethylene oxide (PEO) chains in its channels (TPB-PEO-9-COF-Mg)
was synthesized. TPB-PEO-9-COF-Mg showed superionic conduc-
tivity above 10~* S cm™* under dry N, at 160 °C.

Magnesium ion (Mg>") conduction in solids is a current topic
in materials chemistry because of its potential application as
an electrolyte in rare-element-free secondary batteries."
However, it is known that the divalency of Mg>" prevents its
migration in solids because of the strong electrostatic inter-
action with neighboring anions.> So far, to enhance the ionic
conductivity of Mg**, two approaches have been mainly
studied in traditional solids having closely-packed structures.
One is to reduce the electrostatic interaction by increasing the
ionic radius of the neighboring anions by employing $>~ or
Se®” instead of O*7, which led to superionic conductivity of
around 107* S em™' (i.e., MgSc,Se,) at ambient temperature
(25 °C).> Another is to elevate the operating temperature by
employing thermally stable materials, which led to superionic
conductivity above 10™* S cm™* (e.g., MgZr,(PO,)s) at high
temperature (>500 °C).»* However, there is a lack of an
effective approach to realize such superionic conductivity
(>10™* S ecm™") of Mg**-containing materials in the tempera-
ture region between them, which is sometimes called the inter-
mediate temperature region (e.g., 100-300 °C).’

Recently, crystalline porous solids such as metal-organic
frameworks (MOFs) and covalent organic frameworks (COFs)
have emerged as a new class of ionic conductors.® Regarding
Mg>" conduction, we recently reported that Mg**-containing
MOFs show superionic conductivity above 10™* S cm™ at low
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temperature (25 °C) in the presence of vapors of small guest
molecules such as MeCN.”~® We found that the adsorbed guest
molecules in the MOF’s pores accelerate the migration of Mg?*
through the formation of coordinated Mg>* carriers, which
would reduce the electrostatic interaction with neighboring
species.® However, one of the problems is that the high ionic
conductivity is only present in the presence of guest vapors,
and thus the operating temperature is limited at least below
boiling points of small guest molecules (e.g., <82 °C for
MeCN). On the other hand, some COFs including polyethylene
oxide (PEO) chains in their channels have recently been
reported as guest-molecule-free ionic conductors operating in
the intermediate temperature region.'®'* However, all the
cases dealt with Li" conduction which is enhanced by segmen-
tal motion of the included PEO chains and there is no report
of Mg>*-conducting COFs.

Here, we report on superionic conduction in a Mg>**-con-
taining COF in the absence of guest vapors. According to the
case of Li*-conducting COFs,'°"> we employed long PEO
chains (PEO-9, Fig. 1) to achieve high ionic conductivity in the
intermediate temperature region without the presence of small
guest molecules. The long PEO chains were introduced in the
channels of a COF (TPB-PEO-9-COF) to help the migration of
the included Mg** through their segmental motion. The COF
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Fig. 1 Schematic illustration of the synthesis of TPB-PEO-9-COF-Mg.
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containing long PEO chains and Mg>" carriers (TPB-PEO-9-
COF-Mg) was synthesized by introduction of Mg(TFSI), (TFSI™
= bis(trifluoromethanesulfonyl)imide) after the imination reac-
tion with 1,3,5-tri(4-aminophenyl)benzene (TPB) and 2,5-bis
(nonaethylene glycol)oxy-1,4-dibenzaldehyde (PEO-9) (Fig. 1).
TPB-PEO-9-COF-Mg showed superionic conductivity of 1.8 x
107* S em ™" at 160 °C under dry N,, ie., the absence of guest
vapors, which is the highest value among Mg*'-containing
crystalline compounds in the intermediate temperature region.
Transport number of Mg®" (fug+) was also estimated to be 0.31
and thus we could state that this is the first demonstration of a
COF-based Mg>* conductor.

TPB-PEO-9-COF (without Mg?") was synthesized according
to previous reports (details are shown in the ESI}).'*"
TPB-PEO-9-COF was prepared by heating a mixture of TPB,
PEO-9, 1,4-dioxane, mesitylene, and aqueous solution of acetic
acid to form imino groups through dehydration between TPB
and PEO-9. The prepared COF was characterized using X-ray
powder diffraction (XRPD), infrared (IR) spectra, and elemental
analysis. In the XRPD pattern (Fig. 2), the sharp peaks at
around 2.76°, 5.56°, 7.40°, and 9.74° correspond to (100),
(200), (210) and (220) facets, respectively,'® which indicates the
successful formation of the TPB-based crystalline COF.'® The
broadened peak at around ~21° is attributable to the (001)
facet; the significant broadening of the 001 peak is similar to
that of the previously reported COF containing long PEO
chains.' The good agreement between the elemental analysis
(see the ESIt) and the presence of the peaks at around
2930 cm ™" (CH stretching vibration mode of the alkyl groups
on the PEO chains) in the IR spectra (Fig. S1t) also indicated
the successful synthesis of the COF. TPB-PEO-9-COF showed
almost no adsorption of N, at 77 K (Fig. S21). Note that, as
described later, we also prepared TPB-PEO-3-COF by employ-
ing PEO-3 (2,5-bis(triethylene glycol)oxy-1,4-dibenzaldehyde)
and it also showed almost no adsorption of N,. Considering
the fact that the same framework with no PEO chain shows
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Fig. 2 XRPD patterns of (blue) TPB-PEO-9-COF, (red) TPB-PEO-9-
COF-Mg, and (green) TPB-PEO-9-COF-recovered.
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apparent porosity,'® the results indicate the presence of the
PEO chains in the COF channels.

The Mg** carrier, Mg(TFSI),, was introduced by immersing
the prepared COF in tetrahydrofuran (THF) solution of Mg
(TFSI),, followed by washing with THF solvent to clean up the
surface of the crystallites (see the ESIt). The amount of Mg
carriers in TPB-PEO-9-COF-Mg was 2.1 per formula (ie.,
{CeH3(CeH4N)3}2{CeH,(C38H75020)(CH),}3{Mg(TFSI),},,  (after
dehydration)), determined by inductively coupled plasma
atomic emission spectroscopy (ICP-AES). The incorporation of
a certain amount of Mg®" salt clearly indicates that TPB-PEO-9-
COF has apparent capacity to include additional components,
while it did not show N, adsorption. It should be noted that
we also tried to prepare a similar COF sample including Mg>*
with shorter PEO chains by employing PEO-3, i.e., TPB-PEO-3-
COF. However, TPB-PEO-3-COF did not include an apparent
amount of Mg”"* carriers through this method. This is indica-
tive that the long PEO chain in TPB-PEO-9-COF is critically
important to accommodate the Mg salt in its channels, which
would be because of the coordination ability of the PEO chain
to Mg>". IR spectra of the Mg**-containing sample (Fig. 3) also
confirmed the presence of the PEO chains (e.g., CH stretching
mode at around 2930 cm™') and the Mg(TFSI), salt (e.g., SO
stretching (at around 1350 cm ™) and CF stretching (at around
1200 em™") modes). The XRPD pattern of TPB-PEO-9-COF-Mg
(Fig. 2) indicated apparently lower intensity of the main peaks,
such as 100 (2.76°), 200 (5.56°), and 210 (7.40°), than those of
TPB-PEO-9-COF, while the broadened 001 peak (at around
~21°) remains. There are some possibilities for this change.
One is the collapse of the framework. The other is the change
in electron density in the inner channels or weakening of the
long-range order of the framework. To clear this point, we
measured the XRPD pattern of the Mg**-desorbed sample
(TPB-PEO-9-COF-recovered),  prepared by  immersing
TPB-PEO-9-COF-Mg in THF solution of 18-crown-6-ether at RT
overnight to desorb the included Mg®" salt. As shown in Fig. 2,
the peaks are recovered after desorption of Mg>*, confirming
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Fig. 3 IR spectra of TPB-PEO-9-COF, Mg(TFSl), (more accurately
described as Mg(TFSI),:8H,0 under air), and TPB-PEO-9-COF-Mg.
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that the weakening of the main peaks of the Mg”*-containing
COF (TPB-PEO-9-COF-Mg) was not derived from the collapse of
the framework and that the framework structure of the Mg>'-
containing sample still remains even after the Mg
incorporation.

To clarify the thermal behaviour of the samples, we per-
formed thermogravimetry (TG) analysis and differential scan-
ning calorimetry (DSC). As shown in Fig. S3, the TG curves
indicated that TPB-PEO-9-COF-Mg and TPB-PEO-9-COF are
thermally stable below 250 °C and that some water molecules
were adsorbed in the sample under air, which is consistent
with the results of IR measurements (i.e., presence of broad
peaks at around 3200-3600 cm™"). Fig. S41 shows the DSC pro-
files of TPB-PEO-9-COF and TPB-PEO-9-COF-Mg. As shown in
Fig. S4,1 these samples exhibited endothermic glass transition
at around —59 °C (for TPB-PEO-9-COF) and -14 °C (for
TPB-PEO-9-COF-Mg), which is similar to the case of the COFs
with long PEO chains.'" The difference in thermal behaviour
between these samples indicated the successful incorporation
of the Mg salt in the COF channels. The result also confirmed
the presence of dynamic segmental motion of the PEO chains
in TPB-PEO-9-COF-Mg in the temperature region above the
transition, which would be critically important for efficient
migration of the included ionic carriers.

To clarify the ion-conductive property of the Mg>*-contain-
ing COF under the guest-vapor-free conditions, we performed
alternating current (ac) impedance measurements under dry
N, (Fig. S51). The sample was dehydrated at 130 °C (under N,
overnight) before the measurement to prevent the effect of
proton conduction derived from the included water molecules
under air. Fig. 4 shows the temperature dependence of the
ionic conductivity of TPB-PEO-9-COF-Mg. The conductivity
monotonically increased with increasing the temperature in
the range from 30 to 160 °C, i.e., Arrhenius-type behavior in
ionic conduction. While the ionic conductivity of TPB-PEO-9-
COF-Mg at ambient temperature is moderate (~10~" S em™"), it
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Fig. 4 Temperature dependence (30-160 °C) of ionic conductivity of
TPB-PEO-9-COF-Mg under N,. The inset shows an example of Nyquist
plots (50 °C).
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gradually increases with temperature and finally reached a
superionic conductivity of 1.8 x 107" S em ™" at 160 °C. By com-
paring the conductivity of TPB-PEO-9-COF (i.e., without Mg
(TFSI),) and bulk Mg(TFSI), (Fig. S67), it is clear that this
superionic conductivity is derived from the migration of Mg
(TFSI), carriers incorporated inside the COF and is not derived
from some of the impurities such as bulk Mg(TFSI), located
outside the COF crystals. As described before, a superionic
conductivity above 10™* S em™ in the intermediate tempera-
ture region has not been achieved yet in Mg>*-containing crys-
talline materials (Fig. S7t), while some superionic conductors
operating in different temperature regions were reported (e.g.,
(Mgo.1Hf).0)4/3.sND(PO4); (>107* S em™ at 600 °C),"* MgSc,Se,
(~107* 'S em™ at 25 °C)’> and MIL-101 D {Mg
(TFSI)}4.6(MeCN), (1.9 x 107> S em™" at 25 °C)®). Therefore,
this value (i.e., 1.8 x 107 S em™") is the highest in this temp-
erature region. Since the migration of Mg>" in TPB-PEO-9-
COF-Mg cannot be demonstrated only by the ac impedance
measurements because it includes both cations and anions as
the ionic carriers, we measured transport number of Mg>*
through dc polarization of the cell composed of non-blocking
electrodes (see the ESIT). As shown in Fig. S8,T steady current
was successfully observed at 160 °C and the transport number
of Mg®" was estimated to be fyg: = 0.31, confirming the Mg>"
transport in the sample. Therefore, we could also state that
this is the first demonstration of Mg®" conduction in COFs.
The activation energy at around the optimal temperature
(120-160 °C) was estimated to be 0.32 eV, which is slightly
higher than that of low-temperature-operating superionic con-
ductors (e.g., MgSc,Se,: 0.2 €V)® but apparently lower than that
of high-temperature-operating superionic conductors (e.g,
MgZry(PO,)s: 0.87 €V),” indicating the efficient migration of
the carriers in the COF channels in this temperature region.

Conclusions

In conclusion, we demonstrated superionic conduction above
107" S em™ in a Mg**-containing COF in the intermediate
temperature region under guest-vapor-free conditions. The
PEO-containing COF, TPB-PEO-9-COF-Mg, showed a superionic
conductivity of 1.8 x 107" S cm™" at 160 °C (fyg:- = 0.31). We
clarified that the long PEO chains deeply contribute to high
ionic conductivity and incorporation of Mg>" carriers in the
COF. These results would provide important information for
the development of COF-based ionic conductors and Mg>*-con-
ductors based on such porous materials.
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