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ABSTRACT: Metal-organic frameworks (MOFs) are porous, crystalline materials constructed from organic linkers and inor-
ganic nodes with myriad potential applications in chemical separations, catalysis, drug delivery, and beyond. However, a ma-
jor barrier to the application of MOFs in industry is their scalable synthesis, as most frameworks are prepared under highly
dilute (<0.01 M) solvothermal conditions using toxic organic solvents. Herein, we demonstrate that directly combining a range
of salicylate and azolate linkers with low-melting metal halide (hydrate) salts above the melting point of the metal salt leads
directly to high-quality MOFs without added solvent. Frameworks prepared under these ionothermal conditions possess high
77 K Nz surface areas and crystallinities comparable to frameworks prepared under traditional solvothermal conditions, as
confirmed by powder X-ray diffraction (PXRD) and scanning electron microscopy (SEM). In addition, we report the ionother-
mal syntheses of two frameworks that cannot be prepared directly under solvothermal conditions, namely, Fe2Xz(dobdc)
(dobdc*- = 2,5-dioxido-1,4-benzenedicarboxylate) and FezXz(m-dobdc) (m-dobdc*- = 4,6-dioxido-1,3-benzenedicarboxylate)
(X =Cl, OH). These air-stable and porous Fe(III) members of the MOF-74 family possess pressed-pellet conductivities compa-
rable to or higher than those of highly air-sensitive Fe(II) congeners. Overall, the simple solvent-free method reported herein

should be broadly applicable to the discovery and sustainable synthesis of metal-organic materials.

INTRODUCTION

Metal-organic frameworks (MOFs) are porous, crystalline
coordination polymers constructed from organic linkers
and inorganic nodes that are promising next-generation
materials for a range of applications, including chemical
separations, gas storage, drug delivery, and heterogeneous
catalysis.!** (Semi)conducting MOFs are a unique class of
materials with utility for electrochemical energy storage,
electrocatalysis, and chemiresistive sensing.> Among MOFs,
those constructed from basic linkers, including salicylates,
pyrazolates, and triazolates, stand out due to their excellent
chemical stabilities and highly modular structures.®1° How-
ever, the chemical stability of these MOFs is a double-edged
sword, as poorly reversible metal-ligand bond formation
generally necessitates harsh solvothermal reaction condi-
tions to achieve high crystallinities. In particular, pyrazolate
and triazolate MOFs are generally prepared under highly di-
lute reaction conditions (<0.01 M) in organic solvents such
as N,N-dimethylformamide (DMF) due to the poor solubility
of the corresponding organic linkers.1-13 Techno-economic
analyses confirm that organic solvents make up a large por-
tion of the cost of MOFs on scale.l* Therefore, scalable and
sustainable methods for the synthesis of MOFs prepared
from basic linkers would greatly accelerate their translation
to industry.

Solvent-free methods are cost-effective and green alterna-
tives to traditional, solvothermal (ST) methods.!> Solvent-
free MOF syntheses are generally carried out under mecha-
nochemical conditions, in which solids are ground together
with or without added liquid. Often, mechanical grinding re-
sults in MOFs with reduced crystallite sizes and porosities
compared to their solvothermal congeners.151°

Mechanochemical methods also rely on specialized equip-
ment such as ball mills, reducing their broad application.
Ionothermal (IT) syntheses, in which an ionic liquid or mol-
ten metal salt is used as a solvent, structure directing agent,
and/or reagent, are another promising alternative to tradi-
tional solvothermal methods using organic solvents.2? In
particular, a MOF synthesis in which a low-melting metal
salt behaves as both the reaction solvent and metal precur-
sor would minimize the waste associated with MOF prepa-
ration. However, it remains unclear if such an ionothermal
strategy can be generalized beyond simple materials such
as zeolitic imidazolate frameworks (ZIFs) and carboxylate
MOFs.16.21-24 As such, ionothermal methods have significant
untapped potential for the scalable, green, and time-effi-
cient syntheses of stable MOFs.

Herein, we demonstrate that simply heating low-melting
metal salt hydrates and organic linkers together above the
melting point of the metal salt is a surprisingly general
method for the synthesis of stable azolate and salicylate
MOFs, especially those constructed from late first-row tran-
sition metals (Fe, Co, Ni, Zn). Nearly all of the frameworks
prepared in this manner possess crystallinities and 77 K N2
Brunauer-Emmett-Teller (BET) surface areas comparable
to materials prepared under conventional, highly dilute sol-
vothermal conditions. In addition, we demonstrate the first
ionothermal synthesis of M(III) members of the MOF-74
family, which cannot be prepared directly under solvother-
mal conditions. Overall, our work demonstrates that the
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Figure 1. (a) lonothermal synthesis of M2Clz(btdd) (M = Co, Ni). (b) Structures of M2Clz(btdd) (M = Co, Ni). Gray, white, red, green,
blue, purple, and black spheres represent carbon, hydrogen, oxygen, chlorine, nitrogen, cobalt, and nickel, respectively. (c) PXRD
patterns of M2Clz(btdd) (M = Co, Ni) synthesized under solvothermal (ST) and ionothermal (IT) conditions. The experimental
PXRD patterns were baseline corrected. (d) SEM images of M2Clz(btdd) (M = Co, Ni) prepared under ionothermal conditions.

ionothermal synthesis of MOFs using low-melting metal salt
hydrates as both the metal precursor and reaction medium
represents a simple, scalable, and broadly applicable
method for the synthesis of both known and new metal-or-
ganic materials.

RESULTS AND DISCUSSION

The proposed ionothermal synthesis of MOFs requires low-
melting metal salts that can serve as both the MOF precur-
sor and reaction medium. However, the high temperatures
required for the application of most anhydrous metal salts
(e.g., CoClz, melting point = 735 °C) as solvents or templating
agents would result in MOF decomposition (see, for exam-
ple, SI Figure S16).25 Intriguingly, metal salt hydrates (e.g.
CoClz'6H20, melting point = 86 °C) typically have much
lower melting points than anhydrous metal salts, yet these
reagents have not been previously studied as solvents for
the ionothermal syntheses of porous materials.25-2° Herein,
ionothermal syntheses were performed using judiciously
chosen low-melting metal salts in Teflon autoclaves (see
Supporting Information or SI for details). The resulting
frameworks were soaked in DMF and methanol to remove
soluble impurities and then activated under dynamic vac-
uum prior to characterization. In all cases, the quality of pre-
pared frameworks was assessed by powder X-ray diffrac-
tion (PXRD), infrared (IR) spectroscopy, scanning electron
microscopy (SEM), and 77 K Nz surface area analysis. The
elemental purity of all samples was further validated quali-
tatively by X-ray photoelectron spectroscopy (XPS) and
quantitatively by combustion analysis. All frameworks were
prepared under both ionothermal and reported solvother-
mal conditions for direct comparison.

The M2Clz(btdd) (M =V, Mn, Fe, Co, Ni, Cu; btdd?- = bis(1,2,3-
triazolo[4,5-b],[4',5'-i])dibenzo[1,4]dioxin) family of MOFs,
which bear coordinatively unsaturated metal centers capa-
ble of strongly binding guest molecules, embody the syn-
thetic challenges associated with preparing azolate MOFs
(Figure 1a-b).8 11.30-32 Dye to the poor solubility of H:btdd,
these MOFs are generally prepared under highly dilute
(0.001-0.005 M) solvothermal conditions and thus are rou-
tinely prepared on small scale in the laboratory. Improved
methods for preparing NizClz(btdd) have been reported, but
these syntheses still require dilute reactions conditions3?
and/or complex instrumentation.33

We began by investigating the ionothermal synthesis of
Co2Clz(btdd), also known as MAF-X271-Cl,3* as a representa-
tive member of this family of materials. Gratifyingly, simply
heating stoichiometric amounts of CoCl2'6H20 and H:btdd
together in a Teflon autoclave at 160 °C yielded
Co2Clz(btdd) (referred to herein as Co2Cl2(btdd)-IT) with-
out any crystalline impurities in good yield (66% on aver-
age), as confirmed by PXRD (Figure 1c, see SI Section 3 for
details).12 Notably, the crystallinity of the obtained MOF was
comparable to that of material prepared under traditional
solvothermal conditions at a linker concentration of ~0.002
M  (CozClz(btdd)-ST) (SI Figure S12). Analysis of
Co2Cl2(btdd)-IT by SEM revealed that this material is com-
posed of well-defined 2-5 um rod-shaped crystals with ad-
ditional smaller (<200 nm) crystallites (Figure 1d, SI Figure
S22), consistent with the reported morphology of
M2Clz(btdd) MOFs.35 In addition, the 77 K N2 Brunauer-Em-
mett-Teller (BET) surface area of CozClz(btdd) prepared un-
der ionothermal conditions (2322 m?/g, SI Figure S14) is
nearly the same as that of MOF prepared under solvother-
mal conditions (2438 m?/g, SI Figure S10) and higher than



that previously reported for this material (1912 m?/g) (Ta-
ble 1).3> Combustion elemental analysis was also consistent
with the predicted elemental composition for Co2Clz(btdd)
(SI Table S2), confirming a lack of significant graphitiza-
tion.36 37 Similar results were obtained for a second sample
prepared under identical conditions (see SI Section 15 for
details), supporting the reproducibility of the ionothermal
synthesis of CozClz(btdd). Overall, these data confirm the
high quality of Co2Clz2(btdd)-IT compared to material pre-
pared under solvothermal conditions.

Table 1. 77 K N2 Brunauer-Emmett-Teller (BET) surface ar-
eas of MOFs prepared under ionothermal and solvothermal
conditions.

MOF Ionothermal Solvothermal
BET (m?/g) BET (Lit.) (m?/g)

Co2Clz(btdd) 2322 2438 (1912)3%
NizClz(btdd) 2438 1973 (1763)30
ZnsCls(btdd)s 2524 2750 (2750)38
Nis(btp): 2602 2100 (1650)12
Ni(bdp) 626 754 (1066)3°
Coz(dobdc) 1042 1135 (1382)*
FezX2(dobdc) 56 -

Niz(m-dobdc) 1416 1592 (1321) #
Fe2X2(m-dobdc) 402 -

Several control experiments were carried out to probe the
pathway for Co:Clz(btdd) formation under ionothermal
conditions (see SI Section 14 for details). As expected, an at-
tempted ionothermal synthesis using anhydrous CoCl: at
160 °C yielded unreacted starting materials (SI Figure
$138), confirming the need for waters of hydration to re-
duce the melting point of the metal salt precursor. We can-
not rule out that water also serves a dual role as a super-
critical solvent under these conditions. Heating Hzbtdd and
CoCl2'6H20 together at 90 °C— only 3 °C above the melting
point of the metal salt—yielded an amorphous solid (SI Fig-
ure S139). Last, analysis of a crude ionothermal reaction
mixture (Le., before washing with organic solvent to remove
soluble impurities) by PXRD revealed that CozClz(btdd) is
indeed the major crystalline product of the reaction (SI Fig-
ures S140-141). These findings indicate that melting
CoClz'6H20 and H:btdd together well above the melting
point of the metal salt produces CozClz(btdd) without added
solvent.

To evaluate the scope of triazolate MOFs that can be pre-
pared under ionothermal conditions, we extended our in-
vestigation to the isostructural Ni-analogue Ni2Clz(btdd)
(NizClz(btdd)-IT, Figure la-b), also known as MAF-X28I-
Cl3* and the polymorphic Zn-analogue ZnsCls(btdd)s
(ZnsCla(btdd)s-IT, Figure 2a-b), also known as MFU-4[.38 42
As with Co2Clz(btdd)-IT, Ni2Cl2(btdd)-IT can be prepared di-
rectly from NiCl2-6H20 (melting point = 140 °C) and Hzbtdd
at 160 °C without added solvent (see SI Section 4 for de-
tails). The high crystallinity of NizClz(btdd)-IT was con-
firmed by PXRD and SEM (Figure 1c-d; SI Figures S23 and
S37). Critically, Ni2Clz(btdd)-IT possesses a 77 K N2 BET sur-
face area of 2438 m?/g (SI Figure S28), comparable to the
Co analogue but significantly higher than that measured for
Niz2Cl2(btdd) prepared under solvothermal conditions
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Figure 2. (a) lonothermal synthesis of ZnsCls(btdd)s. (b) Struc-
ture of ZnsCls(btdd)s. (c) SEM image of ZnsCls(btdd)s prepared
under ionothermal conditions. (d) PXRD patterns of
ZnsCls(btdd)s synthesized under solvothermal (ST) and iono-
thermal (IT) conditions. The experimental PXRD patterns
were baseline corrected.

(1973 m?/g) (Table 1).11 This represents one of the highest
surface area reported to date for NizClz(btdd), a promising
MOF for water harvesting and corrosive gas capture.!!

Given the high melting point of ZnClz (290 °C), initial at-
tempts to prepare ZnsCls(btdd)s directly from ZnCl; and
H:btdd resulted in partially degraded or graphitized mate-
rial.36.37.43,44 In order to access high-quality samples of this
framework, a 6:1:1 eutectic mixture of ZnClz, NaCl, and KCl
with a melting point of 225 °C was employed as the reaction
medium under anhydrous conditions instead.*> The excess
NaCl and KCI could be washed away by soaking the synthe-
sized MOF in water. lonothermal synthesis via this eutectic
route afforded ZnsCls(btdd)s-IT with a PXRD pattern match-
ing that of the solvothermal analogue ZnsCls(btdd)s3-ST and
the simulated pattern for this material (Figure 2d, see SI
section 5 for details).38 The SEM images of ZnsCls(btdd)s-IT
also reveal some well-defined octahedral crystals approxi-
mately 1-10 um in length, in line with the expected mor-
phology of this material, along with other less well-defined
crystallites (Figure 2c, SI Figure S52).38.46.47 [n addition, 77
K Nz adsorption measurements demonstrate that
ZnsCls(btdd)s-IT has a BET surface area of 2524 m?/g (SI
Figure S43), which is in good agreement with both the sur-
face area of the solvothermal sample (2750 m?/g) and val-
ues reported previously in the literature (2750 m?/g) (Ta-
ble 1).38 While the obtained MOF was slightly gray in color,
indicative of partial graphitization,3¢ the carbon weight % of




ZnsCla(btdd)s-IT measured by combustion analysis
(34.21%) is in excellent agreement with the theoretical
value (34.27%), suggesting that the degree of graphitization
is likely minimal (SI Table S6). Because this synthesis was
set up in a Ne-filled glovebox to minimize hydrolysis of
ZnClz, we hypothesize that water is not necessary to form
triazolate MOFs under solvent-free conditions, and that the
molten salt itself directly facilitates MOF assembly in this
case. Together, these results support that ionothermal
methods can be generally employed to prepare Co, Ni, and
Zn-based frameworks constructed from the btdd?- linker.
Attempts to extend this ionothermal method to the synthe-
sis of less robust Mn- and Cu-based analogues were unsuc-
cessful,” 11.48 suggesting that ionothermal methods are best
suited for the synthesis of thermodynamically stable azolate
frameworks constructed from strong M-N bonds.

Encouraged by the successful synthesis of several triazolate
frameworks under ionothermal conditions, we next investi-
gated the generality of this strategy towards the synthesis
of frameworks constructed from more basic pyrazolate
linkers. One such framework of interest is Niz(btp)2 (btp3- =
4,4',4"-(benzene-1,3,5-triyl)tris(pyrazolate)), which is a
thermally and chemically robust MOF bearing coordina-
tively unsaturated square planar Ni(II) centers in an overall
sodalite topology (Figure 3).12 The unsaturated metal cen-
ters of Nis(btp)2 make it a promising heterogeneous catalyst
for the solvent-free cycloaddition of COz and epoxides to
form cyclic carbonates.*® The traditional solvothermal syn-
thesis of Niz(btp)z employs Ni(OAc)2-4H-0 as the metal pre-
cursor and is carried out in dilute DMF (0.05 M).12 Switching
from Ni(OAc)2:4H20, which decomposes upon heating, to
NiCl2-6H20 as the metal precursor and reaction medium en-
abled the ionothermal synthesis of Niz(btp)2-IT under the
same conditions employed to prepare Ni2Clz(btdd)-IT (Fig-
ure 3, see SI section 6 for details). The crystallinity of
Niz(btp)2-IT was found to be superior to material prepared
under the traditional solvothermal conditions by PXRD
(Nis(btp)2-ST, Figure 3d). Likewise, the BET surface area of
Nis(btp)2-IT (2602 m?/g, SI Figure S58) is significantly
higher than that of Niz(btp)2-ST (2100 m?/g) (Table 1).12
This may be due in part to the presence of missing linker
and/or node defects in Niz(btp)2-IT, as evidenced by the
presence of trace Cl in this sample by XPS even after soaking
in DMF and methanol (SI Figure S61).50-52 Together with the
excellent results obtained for the synthesis of Ni2Cl2(btdd)-
IT, these findings suggest that ionothermal methods are
promising alternatives to solvothermal methods for the
synthesis of high surface area Ni-azolate MOFs.

Our efforts to further extend these findings to the synthesis
of the flexible Ni-pyrazolate MOF Ni(bdp)3° (bdp?- = 1,4-
benzene-4,4'-dipyrazolate) under ionothermal conditions
were moderately successful (see SI section 7 for details).
While an insoluble, porous yellow solid (Ni(bdp)-IT) could
be obtained by simply combining H2bdp and NiCl2-6H-0 at
160 °C, the PXRD of the resulting crystalline solid was
slightly inconsistent with that previously reported for
Ni(bdp)-ST prepared under solvothermal conditions (SI
Figure S69). The most probable solution determined by
Pawley refinements corresponds to a space group of Ima2
(indistinguishable from Imma, the reported space group of
Ni(bdp)3?) with a = 26.71 A, b=13.89 4, c=6.302 &, a =90
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Figure 3. (a) lonothermal synthesis of Ni3(btp)2. (b) Structure
of Niz(btp)z. Gray, white, blue, and black spheres correspond to
carbon, hydrogen, nitrogen, and nickel, respectively. (c) SEM
image of Ni3(btp)2 prepared under ionothermal conditions. (d)
PXRD patterns of Nis(btp)z synthesized under solvothermal
(ST) and ionothermal (IT) conditions. The experimental PXRD
patterns were baseline corrected.

° (SI Figure S70), which is significantly expanded in a com-
pared to the previously reported structure of Ni(bdp)-ST (a
=22.7353(32), A, b= 13.4648(14) A, c = 6.76552(46) A, a =
90 °). Given the reported flexibility of this framework,?® we
hypothesize that Ni(bdp)-IT is likely a slightly different but
related phase of this material. Consistently, the BET surface
area of activated Ni(bdp)-IT (626 m?/g) is lower than that
reported for Ni(bdp) (1066 m2/g) (Table 1). This finding
underlines the intriguing possibility of employing ionother-
mal methods to prepare alternative phases of flexible MOFs.

Given the generality of this ionothermal strategy for the
synthesis of MOFs constructed from basic pyrazolate and
triazolate linkers, we aimed to expand our findings to MOFs
constructed from another class of basic linkers: salicylates.
Among salicylate MOFs, Mz(dobdc) (dobdc*- = 2,5-dioxido-
1,4-benzenedicarboxylate), also known as MOF-74 or CPO-
27, and Mz(m-dobdc) (m-dobdc* = 4,6-dioxido-1,3-ben-
zenedicarboxylate), stand out due to their high density of
coordinatively unsaturated M(II) sites (Figures 4a-b).3% 40
Although mechanochemical methods to synthesize these
frameworks have been previously reported, they typically
produce materials with modest crystallinities and reduced
porosities compared to traditional solvothermal methods.*?
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Figure 4. (a) lonothermal synthesis of Coz(dobdc) and Niz(m-dobdc). (b) Structures of Coz(dobdc) and Niz(m-dobdc). Gray, white,
red, purple, and black spheres correspond to carbon, hydrogen, oxygen, cobalt, and nickel, respectively. (c) PXRD patterns of
Coz(dobdc) and Niz(m-dobdc) synthesized under solvothermal (ST) and ionothermal (IT) conditions. The experimental PXRD pat-
terns were baseline corrected. (d) SEM images of Coz(dobdc) and Niz(m-dobdc) prepared under ionothermal conditions.

As such, ionothermal methods represent a promising alter-
native to synthesize salicylate MOFs constructed from late
transition metals under solvent-free conditions. Of primary
interest are Coz(dobdc), which is a promising material for
separating xylene isomers,%? and Niz(m-dobdc) (m-dobdc*-
= 4,6-dioxido-1,3-benzenedicarboxylate), a record-holding
material for Hz storage that we recently demonstrated is
one of the most chemically stable salicylate MOFs as well
(Figure 4).6 54 Both of these frameworks are typically syn-
thesized under dilute solvothermal conditions (0.01-0.05
M)*1.55 using mixtures of DMF and alcohol solvents. There-
fore, we investigate whether the ionothermal conditions
employed to prepare Co2Clz(btdd) and NizCl2(btdd) were
generalizable to the synthesis of Coz(dobdc) and Niz(m-
dobdc) (see SI Sections 8 and 10 for details).

Initial attempts to synthesize Coz(dobdc) and Niz(m-dobdc)
directly from CoClz-6H20 and NiClz-6H:0, respectively, un-
der ionothermal conditions at 160 °C were unsuccessful
(not shown). However, simply increasing the reaction tem-
perature to 200 °C was sufficient to enable the synthesis of
phase-pure Coz(dobdc)-IT and Niz(m-dobdc)-IT, as con-
firmed by PXRD (Figure 4c). The crystallinity of Coz(dobdc)-
IT was comparable to that of material prepared under sol-
vothermal conditions, while the crystallinity of Niz(m-
dobdc)-IT was more modest. These findings were con-
firmed by SEM, as Coz(dobdc)-IT is composed of well-de-
fined crystallites, including some hexagonal rods >10 um in
length (Figure 4d, SI Figure S92). On the other hand, Niz(m-
dobdc)-IT consists of fuzzy microcrystalline particles (Fig-
ure 4d, SI Figure S119). As with the azolate MOFs discussed
above, the 77 K N2 BET surface areas of Coz(dobdc)-IT and

Niz(m-dobdc)-IT are comparable to those of reference ma-
terials prepared under solvothermal conditions and to val-
ues reported in the literature (Table 1), reflecting their high
quality.*0.56 Consistently, neither material was found to con-
tain significant amounts of residual Cl, as confirmed by XPS
(SI Figures S88, S115). These promising results suggest that
ionothermal methods may be a general alternative to sol-
vothermal methods for the synthesis of stable Co- and Ni-
based MOFs constructed from basic linkers.

Having demonstrated the surprising generality of ionother-
mal methods for the synthesis of azolate and salicylate
MOFs, we hypothesized that the unusual kinetic regime of-
fered by ionothermal methods might enable the synthesis of
new frameworks that cannot be synthesized directly under
solvothermal conditions. To investigate this possibility, we
targeted the synthesis of M(III) variants of the Mz(dobdc)
and Mz(m-dobdc) families of materials. Although both
frameworks can be prepared with a range of M(II) cations
(e.g., Mg, Mn, Fe, Co, Ni, Cu, Zn, Cd),5” the direct synthesis of
M(III) variants of these frameworks remains unreported.
Consistently, attempted direct syntheses of Fe2Clz(dobdc)
and Fe2Clz(m-dobdc) from FeClz-6H20 and the correspond-
inglinkers under the solvothermal conditions typically used
to prepare Fez(dobdc) and Fez(m-dobdc) produced only
amorphous solids (SI Figures S106 and S134). Previously
reported Fe(III) variants of MOF-74 have been prepared via
post-synthetic oxidation of highly air-sensitive Fez(dobdc)
with limited success.>8-%2 Therefore, we investigated
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Figure 5. (a) Ionothermal synthesis of Fe2Xz2(dobdc) and Fez2X2(m-dobdc) (X = Cl, OH). (b) Structures of Fe2X2(dobdc) and Fe2Xz(m-
dobdc) (X = Cl, OH). Gray, white, red, orange, and green spheres correspond to carbon, hydrogen, oxygen, iron, and chlorine, respec-
tively. (c) PXRD patterns of FezX2(dobdc) and Fez2Xz2(m-dobdc) (X = Cl, OH) synthesized under solvothermal (ST) and ionothermal
(IT) conditions. The experimental PXRD patterns were baseline corrected. (d) SEM images of Fe2X2(dobdc) and FezXz(m-dobdc) (X

= Cl, OH) prepared under ionothermal conditions.

whether these understudied Fe(III) frameworks can be pre-
pared directly under ionothermal conditions instead (see
Sections 9 and 11 of the SI for details).

Initial attempts to prepare Fe(Ill) salicylate MOFs from
FeCl3-6H20 and Hsdobdc or Ham-dobdc under ionothermal
conditions at 160-180 °C were unsuccessful (not shown).
Increasing the reaction temperature to 200 °C—the same
temperature employed to prepare Coz(dobdc)-IT and
Niz(m-dobdc)-IT—produced crystalline solids with PXRD
patterns similar to those of independently prepared sam-
ples of Fez(dobdc) and Fez(m-dobdc), respectively (Figure
5c).#0.56 This is not surprising, as these frameworks would
be expected to adopt similar topologies as the correspond-
ing Fe(II) frameworks with additional charge-balancing an-
ions in the pores to compensate for the increase in metal
formal oxidation state (Figure 5b).4! The obtained air-stable
solids were initially assigned as FezXz(dobdc) and Fe2Xz2(m-
dobdc) (X =Cl, OH) due to uncertainty regarding the charge-
balancing anions present in the framework pores (see dis-
cussion below).

Consistent with the PXRD data, SEM images of Fe2Xz(dobdc)
(X = Cl, OH) revealed clusters of ellipsoidal crystallites that
range in size from 5-20 pm in length, akin to the SEM im-
ages of many MOF-74 analogues,*%.63.6¢4 along with less well-
defined particles (Figure 5d, SI Figure S104). In contrast, the
SEM images of Fe2Xz2(m-dobdc) (X = Cl, OH) revealed poorly
defined particles (Figure 5d, SI Figure S131), in line with the
reduced crystallinity of this material. Further supporting
the assigned structures, the 77 K N2 BET surface areas of
Fe:Xz(dobdc) (X = Cl, OH) (56 m?/g) and Fe2Xz(m-dobdc) (X
= Cl, OH) (402 m?/g) (Table 1) are significantly lower than
those reported for Fez(dobdc) (1350 m?/g)%5 and Fez(m-

dobdc) (1360 m2/g),*! respectively. This is expected, as the
additional species within the pores of the Fe(IlI) MOFs
should reduce their free pore volumes. The surface area of
Fez2Xz(m-dobdc) is likely also reduced due to partial graphi-
tization under the ionothermal conditions (SI Table S18).36
In contrast, the %C determined by combustion analysis of
Fez2X2(dobdc) (X = Cl, OH) (29.96%) is comparable to the
theoretical value (25.51-28.28%), suggesting that minimal
graphitization of this material occured under the reaction
conditions (SI Table S13).

We employed Méssbauer spectroscopy to further support
the formal oxidation state assignments of the novel Fe(III)
MOFs (Figure 6). The Méssbauer spectrum of FezXz(dobdc)
(X = Cl, OH) contains a doublet corresponding to a single Fe
species with an isomer shift of 0.51 mm/s and a quadrupole
splitting of 0.90 mm/s, consistent with an S = 5/2 Fe(III)
species (SI Table S14). Likewise, Fe2X2(m-dobdc) (X = Cl,
OH) possess a similar Mdssbauer spectrum with an isomer
shift of 0.50 mm/s and a quadrupole splitting of 0.88 mm/s,
again consistent with an S = 5/2 Fe(IIl) center (SI Table
$19). These values are comparable to those previously re-
ported for Fe(III) MOF-74 prepared by post-synthetic oxi-
dation.>® The Mdossbauer spectra of the Fe(IlI) MOFs con-
trast with that of a reference sample of Fez(dobdc), which
contains a doublet with an increased isomer shift of 1.26(6)
mm/s and a quadrupole splitting of 2.58 mm/s (Figure 6, SI
Table S21). These parameters are consistent with a § = 2
Fe(II) center and are similar to reported values for this
framework as well.®% 62 Qverall, the PXRD, SEM, 77 K N2 BET
surface areas, and Mossbauer spectra are consistent with
the structural assignment of Fe:X:(dobdc) and Fe:Xz(m-
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Figure 6. Mossbauer profiles of the Fe(IlI) MOFs Fe;Xz(m-
dobdc) and FezXz(dobdc) (X = Cl, OH). The Mdssbauer profile
of the Fe(II) MOF Fez(dobdc) is included for comparison.

dobdc) (X = CI, OH) as Fe(IIl) analogues of Mz(dobdc) and
M2z(m-dobdc) MOFs, respectively.58 596667

After establishing the likely structures of the new Fe(III)
frameworks, we investigated the nature of the charge-bal-
ancing anions—Cl, OH, or a mixture of both—present within
the pores. Combustion analysis of both materials revealed
that the Cl wt% was low for both materials assuming molec-
ular formulae of FezClz(dobdc) (Table S13) and FezClz(m-
dobdc) (Table S18), respectively. In addition, the XPS spec-
tra of both materials, while not quantitative,’® revealed
weaker-than-expected signals for Cl in the high-resolution
spectra (Figures S98 and S125). Last, energy-dispersive X-
ray spectroscopy (EDS) of both materials revealed rela-
tively uniform distributions of Fe and O species among par-
ticles, but more sparse Cl occupancies on the particle sur-
faces (SI Figures S105 and S132). Together, these results

indicate that the charge-balancing anions are likely a mix-
ture of Cl- and OH- in both Fe2X:(dobdc) and Fe:Xz(m-
dobdc) (X = Cl, OH). The disordered nature of the charge-
balancing anions within the pores of both materials likely
contributes to their reduced 77 K N2 BET surface areas com-
pared to the Fe(II) congeners.

It is well-known that MOFs containing Fe-based secondary
building units demonstrate higher electrical conductivities
compared to frameworks constructed from other first row
transition metals.®> 70 Indeed, Fez(dobdc) possesses a
pressed pellet conductivity more than six orders of magni-
tude higher than other M:(dobdc) analogues.®® Notably,
Fe2Xz2(dobdc) and FezXz(m-dobdc) (X = Cl, OH) were found
to possess pressed-pellet conductivities on the order of 10-7
S/cm (SI Table S20), approximately one order of magnitude
higher than the electrical conductivity reported for
Fez(dobdc).”® In particular, Fe:Xz(dobdc) (X = Cl, OH)
demonstrates a pressed-pellet conductivity of 6.6 x 107
S/cm, which is similar to the reported value of 5.8 x 10-7
S/cm for Fez(dsbdc) (dsbdc*- = 2,5-sulfidobenzene-1,4-di-
carboxylate), the previously reported record pressed-pellet
conductivity for a MOF-74 analogue.®® In addition, com-
pared to the known Fe(II) MOFs, the Fe(III) MOFs reported
herein offer a significant improvement in their air and mois-
ture stability, as both can be synthesized and washed in air
while retaining their crystallinity.5% 67 Overall, the success-
ful syntheses of Fe2Xz(m-dobdc) and FezXz(dobdc) (X = Cl,
OH) under ionothermal but not solvothermal conditions
demonstrate that ionothermal methods can provide access
to robust MOFs with improved properties.

CONCLUSION

Ionothermal synthesis of MOFs offers a scalable, green al-
ternative to traditional syntheses under dilute solvothermal
conditions. In addition, the simple ionothermal conditions
reported herein eschew the need for complex instrumenta-
tion and strenuous mechanochemical conditions that often
lead to poorly crystalline materials. This unique approach
to ionothermal synthesis involves the metal (hydrate) salt
playing two roles: as the MOF precursor and as the reaction
solvent. Employing this ionothermal method, we report the
synthesis of seven known azolate and salicylate MOFs with
high crystallinities and BET surface areas comparable to
materials synthesized under traditional conditions. Addi-
tionally, we report the synthesis and pressed-pellet conduc-
tivities of two new M(III) salicylate MOFs. These frame-
works represent the first directly synthesized Fe(III) MOF-
74 analogues and possess improved air stabilities com-
pared to their Fe(II) analogues. Our intriguing preliminary
findings with Ni(bdp)-IT suggest that ionothermal methods
may also be useful for accessing alternative phases of flexi-
ble MOFs as well. Future work will focus on strategies to re-
duce ionothermal synthesis temperatures to minimize
graphitization and on the design of new low-melting metal
precursors to further generalize this strategy to the prepa-
ration of other metal-organic materials.
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