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ABSTRACT: Proton-conductive magnetic metal—organic
frameworks (MOFs), {NR;(CH,COOH)}[M,"™,™(ox),]
(abbreviated as R—M,M,: R = ethyl (Et), n-butyl (Bu);
M_,M,, = MnCr, FeCr, FeFe) have been studied. The following
six MOFs were prepared: Et—MnCr-2H,0, Et—FeCr-2H,0,
Et—FeFe-2H,0, Bu—MnCr, Bu—FeCr, and Bu—FeFe. The
structure of Bu—MnCr was determined by X-ray crystallog-
raphy. Crystal data: trigonal, R3¢ (#161), a = 9.3928(13) A, ¢
= 51.0080(13) A, Z = 6. The crystal consists of oxalate-bridged
bimetallic layers interleaved by {NBu;(CH,COOH)}" ions.

Et—MnCr-2H,0 and Bu—MnCr (R—MnCr MOFs) show a ferromagnetic ordering with T of 5.5—5.9 K, and Et—FeCr-2H,0
and Bu—FeCr (R—FeCr MOFs) also show a ferromagnetic ordering with T¢ of 11.0—11.5 K. Et—FeFe-2H,0 and Bu—FeFe
(R—FeFe MOFs) belong to the class II of mixed-valence compounds and show the magnetism characteristic of Néel N-type
ferrimagnets. The Et-MOFs (Et—MnCr-2H,0, Et—FeCr-2H,0 and Et—FeFe-2H,0) show high proton conduction, whereas the
Bu—MOFs (Bu—MnCr, Bu—FeCr, and Bu—FeFe) show moderate proton conduction. Together with water adsorption
isotherm studies, the significance of the carboxyl residues as proton carriers is revealed. The R—MnCr MOFs and the R—FeCr
MOFs are rare examples of coexistent ferromagnetism and proton conduction, and the R—FeFe MOFs are the first examples of

coexistent Néel N-type ferrimagnetism and proton conduction.

Bl INTRODUCTION

The development of proton-conductive materials is important
because of their potential in solid-state electrochemical devices
such as batteries and fuel cells.'™* The proton-conductive
properties of inorganic metal oxides such as SrZrO; and
inorganic acid salts such as CsHSO, have been explored.”
Polymer electrolyte membranes such as Nafion are a class of
synthetic proton-conductive materials that have been exten-
sively studied.’>™'® Recent work on proton-conductive materials
has been based on metal—organic frameworks (MOFs),!'—2¢
where proton pathways are potentially designable in the
frameworks."* Among them, the MOFs of the formula
(A)[M,"M,"(0x)4], first developed as molecular-based mag-
nets,”** have a high prospect of producing functional materials
by introducing functionality into the cationic comgonent. To
date, paramagnetic,B photoactive,24 conductive,> or chiral
cationic ions® have been used with the intention of producing
functional magnetic materials. Our strategy for producing
proton-conductive materials based on (A)[M,"M,™(ox)] is to
introduce acidic or hydrophilic residues into the cationic
component so as to construct proton-conductive pathways
between the bimetallic layers.'”*° Such MOFs must be valuable
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for studying the interplay of proton conduction and magnetism,
that is, spin-protonics.lg’20 We earlier reported the MOFs of
tri(3-hydroxypropyl)ammonium ion, {NH(prol);}[MCr-
(0x);]-2H,0," in which the hydroxyl residues of the cationic
components function as proton mediators to allow appreciably
high proton conduction coexistent with ferromagnetism.

In this article, we report proton-conductive magnetic MOFs
of trialkyl(carboxymethyl)ammonium ions,
{NR,(CH,COOH)}[M,"™,™(0x),] (abbreviated as R—
M_M,: R = Et (ethyl) or Bu (n-butyl); M;M, = MnCr, FeCr
or FeFe). The following MOFs were prepared: Et—
MnCr-2H,0, Et—FeCr-2H,0, Et—FeFe-2H,0, Bu—MnCr,
Bu—FeCr, and Bu—FeFe. We expected that the carboxyl
residues of the cationic components would function as proton
carriers to bring about efficient proton conduction. The
magnetic properties of the MOFs were studied with respect
to the MM, combination, and the proton-conductive proper-
ties were examined in view of the cationic ions. It is notable that
the mixed-valence Fe''Fe™ MOFs, Er—FeFe-2H,O, and Bu—
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FeFe are the first examples of coexistent rare Néel N-type
ferrimagnetism and proton conduction. Through this work, we
also search for a clue to multifunctional materials with
cooperative magnetism and proton conduction.

B EXPERIMENTAL SECTION

The literature method”” was used for the preparation of
(NH,);[Cr(0x);]-3H,0 and (NH,);[Fe(ox);]-3H,0. Other
chemicals were of reagent grade and were used as purchased.

Preparation of {NR;(etac)}Br. {NEt;(CH,COOH)}Br. A
mixture of ethyl bromoacetate (3.5 g), triethylamine (2.1 g),
and ethanol (5 cm®) was stirred under reflux for 3 h. On
evaporating the solvent, {NEt;(CH,COOEt)}Br was obtained
as an oily substance. It was dissolved in water (70 cm®) and a
few drops of conc. HBr were added to the solution, and the
mixture was stirred at ca. 60 °C for 12 h. The reaction mixture
was evaporated to dryness and the resulting semisolid was
crystallized from ethanol as colorless prisms. The yield was 3.4
g. Elemental analyses (%) Calcd. for CsH;sNO,Br: C, 40.01; H,
7.56; N, 5.83%. Found: C, 39.76; H, 7.71; N, 5.74%. FTIR/
em™': 1742,

{NBu3(CH,COOH)}Br. This was obtained as an oily substance
in a similar way to that described above, except for the use of
tri(n-butyl)amine (3.7 g) instead of triethylamine. The yield of
the crude product was 4.9 g. FTIR/cm™": ~1740. It was used
for preparing MOFs without further purification.

Preparation of R—-M,M, MOFs. Et—MnCr-2H,0.
(NH,);[Cr(0x);]-3H,0 (210 mg) and MnClL-4H,0 (100
mg) were stirred in methanol (15 cm®) for a while and the
mixture was filtered to separate any insoluble materials. A
solution of {NEt;(CH,COOH)}Br (120 mg) in methanol (10
cm®) was added and the mixture was stirred at ambient
temperature. The resulting purple crystals were separated by
filtration, washed with methanol, and dried over silica gel in a
vacuum desiccator. Yield: 170 mg. Elemental analyses (%)
Calcd. for C,H,,NO;(CrMn: C, 29.64; H, 3.91; N, 2.47; Cr,
10.93; Mn, 9.68%. Found: C, 29.53; H, 3.65; N, 2.57; Cr,
10.53; Mn, 10.02%. FTIR/ecm™: 1635. Visible bands on
powder (A/nm): 560, ~408S, 260. p.s/MnCr: 7.14 py at 300 K.

Et—FeCr-2H,0. This was prepared by reacting (NH,);[Cr-
(0x);]-3H,0 (210 mg), FeCl,-4H,0 (100 mg), and
{NEt,(CH,COOH)}Br (120 mg) in methanol (20 cm®). The
resulting brown microcrystals were filtered, washed with
methanol, and dried over silica gel in vacuo. Yield: 185 mg.
Elemental analyses (%) Caled. for C,,H,,NO,(CrFe: C, 29.60;
H, 3.90; N, 2.47; Cr, 9.15; Fe, 9.83%. Found: C, 29.54; H, 3.79;
N, 2.49; Cr, 9.51; Fe, 10.12%. FTIR/cm™": 1635. Visible bands
on powder (4/nm): ~560, ~400, and ~270. uq/FeCr: 7.20 piy
at 300 K.

Et—FeFe-2H,0. A mixture of (NH,);[Fe(ox),;]-3H,0 (215
mg) and FeCl,-4H,0 (100 mg) in methanol (20 cm®) was
stired for 15 min and filtered to separate any insoluble
material. To the filtrate, a solution of {NEt;(CH,COOH)}Br
(120 mg) in methanol (10 cm®) was added dropwise and the
mixture was stirred at room temperature for 30 min. The deep-
green microcrystals thus precipitated were separated by
filtration, washed with methanol, and dried over silica gel in a
vacuum desiccator. Yield: 140 mg. Elemental analyses (%)
Caled. for C,H,,NO(Fe,: C, 29.39; H, 3.88; N, 2.45; Fe,
19.53%. Found: C, 29.54; H, 3.89; N, 2.48; Fe, 19.31%. Visible
band on powder (4/nm): ~660. FTIR/cm™: 1635. u.q/
Fe''Fe™: 7.10 up at 300 K.
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Bu—MnCr. This was obtained as purple microcrystals by a
method similar to that for Et—MnCr-2H,O except for the use
of {NBu;(CH,COOH)}Br (175 mg) instead of {NEt;(CH,—
COOH)}Br. Yield: 255 mg. Elemental analyses (%) Calcd. for
CyoHyoNO,,CrMn: C, 39.03; H, 4.91; N, 2.28; Cr, 8.45; Mn,
8.93%. Found: C, 38.74; H, 5.05; N, 2.50; Cr, 8.27; Mn, 9.26%.
FTIR/cm™: 163S. Visible bands on powder (4/nm): 560, 408,
and ~270. p.s/MnCr: 7.22 py at 300 K.

Bu—FeCr. This was obtained as brown microcrystals by a
method similar to that for Et—FeCr-2H,O using
{NBu;(CH,COOH)}Br (175 mg) instead of {NEt;(CH,—
COOH)}Br. Yield: 270 mg. Elemental analyses (%) Calcd. for
C,HyNO,,CrFe: C, 38.98; H, 491; N, 2.27; Cr, 8.44; Fe,
9.06%. Found: C, 38.73; H, 4.99; N, 2.49; Cr, 8.07; Fe, 9.29%.
FTIR/cm™: 1634. Visible bands on powder (1/nm): ~570y,
~405, and ~260. .qz/FeCr: 7.33 pg at 300 K.

Bu—FeFe. This was obtained as deep-green microcrystals in
a way similar to that for Et—FeFe-2H,O using {NBu;(CH,—
COOH)}Br (170 mg) instead of {NEt;(CH,COOH)}Br.
Yield: 170 mg. Elemental analyses (%) Calcd. for
CyHyNO, Fe,: C, 3874; H, 4.88; N, 2.26; Fe, 18.01%.
Found: C, 38.53; H, 4.97; N, 2.23; Fe, 18.32%. Visible bands on
powder (1/nm): ~665. FTIR/cm™": 1633. p.q/Fe"Fe': 7.52
s at 300 K.

Physical Measurements. X-ray powder diffraction
(XRPD) measurements were carried out using Bruker D8
ADVANCE (4 = 1.54059 A; CuKa). Electronic spectra were
measured using a powdered sample with CaF, using a JASCO
V-570 spectrophotometer. Infrared spectra were recorded on a
JASCO FTIR-4200 Fourier transform infrared spectrophotom-
eter equipped with ATR. Magnetic measurements were made
using a Quantum Design MPMS-XLSR SQUID susceptometer.
Diamagnetism correction of constituting atoms was made using
Pascal’s constants.”® Measurements of field-cooled magnet-
ization and zero-field-cooled magnetization were performed
under an applied field of S Oe on the same susceptometer.
Thermogravimetric analyses (TGA) were carried out using
Bruker TG-DTA 2000SA with heating rate of 5 °C/min under
N, flow (100 mL/min) condition. Proton conductivities were
measured using the impedance method on sample pellets (~0.8
mm thickness X 2.5 mm ¢)) prepared under a pressure of ~1.2
GPa. The impedance measurements were carried out at 298 K
by a conventional quasi-four-probe method using gold paste
and gold wires (S0 ym ¢) with a Solartron 1260 Impedance/
Gain—Phase Analyzer and 1296 Dielectric Interface in the
frequency range 1 Hz—1 MHz. Relative humidity was
controlled using an Espec Corp. SH-221 incubator.”’ Water
adsorption isotherms were measured at 298 K with an
automatic vapor adsorption apparatus, BELSORP-max (BEL
JAPAN). Samples were thoroughly dehydrated prior to the
measurement by heating at 373 K for 16 h under vacuum.

Crystal Structure Determination. Purple crystals of Bu—
MnCr were grown by slow crystallization from a dilute
methanol solution of (NH,);[Cr(ox);]-3H,0, MnCl,-4H,0
and {NBu;(CH,COOH)}Br (1:1:1). A single crystal of
approximate dimensions of 0.24 X 0.29 X 0.03 mm was used
for collecting X-ray diffraction data at 23 °C on a Rigaku AFC-
7R diffractometer with graphite-monochromated Mo Ko
radiation (4 = 0.71069 A). The structure was solved by the
direct method and expanded using Fourier techniques. All
calculations were performed using the Crystal Structure
crystallographic software package.’® Full-matrix least-squares
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refinements were carried out using SHELXL-97°' with
anisotropic thermal parameters for non-hydrogen atoms.

Crystal data: purple crystals, C,,CrH;yMnNO,, molecular
weight = 615.39, trigonal, space group R3¢ (#161),Z=6,a=1b
=9.3928(13) A, ¢ = 51.0080(13) A, V = 3897.3(8) A% D 4 =
1.573 ¢ em™, u(Mo Ka) = 9.734 cm™, R, = 0.0519 (Il >
2.06(I)), R = 0.0551 (all reflections) and wR, = 0.1344 (all
reflections). The symmetry operations: (1): =Y + 1, X — Y, Z;
(2):=X+Y+1,-X+1,7Z (3): =Y+ 1L, X-Y+1, Z (4): —
X+Y, —-X+1,7Z

Bl RESULTS AND DISCUSSION

General Characterization. The (A)[M"Cr™(ox);] MOFs
are generally obtained by the reaction of K;[Cr(ox);], an M(II)
salt and an A" salt in water. However, this method cannot be
applied to the MOFs of hydrophilic cationic ions because of the
instability of their networks in water. To overcome the
problem, we have employed a synthetic procedure that uses
(NH,);[Cr(ox);] instead of K5[Cr(ox);] in methanol."” Using
this procedure, the Et—MCr MOFs (Et—MnCr-2H,0 and Et—
FeCr-2H,0) and the Bu—MCr MOFs (Bu—MnCr and Bu—
FeCr) were obtained in this work. Further, the R—FeFe MOFs
(Et—FeFe-2H,O and Bu—FeFe) in the Fe"Fe" mixed-valence
state were prepared by the use of (NH,);[Fe(ox);]
methanol. The Et—MOFs (Et—MnCr-2H,0, Et—FeCr-2H,0,
and Et—FeFe-2H,0) are sensitive to moisture and decompose
on prolonged standing in open air. The Bu—MOFs (Bu—
MnCr, Bu—FeCr, and Bu—FeFe) are stable in open air but
readily decompose in water. The results of TGA measurements
show that anhydrate states of Et—MOFs are formed by
dehydration (approximately 2 water molecules) below 60 °C
(Figure S1 of the Supporting Information). Bu—MOFs do not
indicate apparent weight loss below 100 °C. The thermal
stability of the frameworks were roughly estimated as 200 (for
R—FeFe), 250 (for R—FeCr), and 300 °C (for R—MnCr).

The powder reflectance spectra of the R—MnCr MOFs and
the R—FeCr MOFs have three absorption bands at 560—570,
400—410, and 260—270 nm attributable to the d—d transition
bands of the {Cr™(ox);} chromophore. The d—d bands of the
{Mn"(0x);} and the {Fe"(ox);} components are not resolved.
The electronic spectra of Et—FeFe-2H,0 and Bu—FeFe are
characterized by an intense band near 650 nm (Figure 1). This
can be attributed to the Fe'/Fe™ intervalence transition

Absorbance (a. u. )

Il 1 " L L

300 400 500 600

Alnm

700 800 900 1000

Figure 1. Electronic reflectance spectra of (blue) Et—FeFe-2H,O and
(red) Bu—FeFe. Spectra of (brown) (NH,);[Fe(ox);]-3H,0O and
(green) FeCl,-4H,O are given for comparison.
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band.**73® Together with powder X-ray diffraction studies
indicating the valence localization of the iron centers (next
section), Et—FeFe-2H,0 and Bu—FeFe belong to class II of
mixe;:l;valence compounds in the classification by Robin and
Day.

Structure. The X-ray crystallographic result for Bu—MnCr
has been briefly reported.”® The crystal consists of oxalate-
extended bimetallic layers and {NBu,(CH,COOH)}"* ions
residing between the layers (Figure 2). The interlayer

L.-'J = | r'*f".‘ 'J;’ft'g(".- 4‘. 2 ._.‘;'rf,\' -'f/‘ ?‘
mmmm mmm
z»e ,__:s W T, S N )

Figure 2. Crystal structure of Bu—MnCr (green, Cr; purple, Mn; pink,
O; blue, N; gray, C).

Figure 3. Projection of a metal—oxalate layer and
{NBu;(CH,COOH)}" ions of Bu—MnCr along the ab plane
(green, Cr; purple, Mn; pink, O; blue, N; gray, C).

separation is 8.516 A. The structural features resemble those
of analogous {A}[M"M™(0x);] compounds.'”**~*° A projec-
tion of one bimetallic layer along the ab plane is shown in
Figure 3. Selected bond distances and bond angles are
summarized in Table S1 of the Supporting Information. The
two metal ions are clearly distinguished by the short Cr—O
bonds (av. 1.975 A) and the long Mn—O bonds (av. 2.189 A).
The {NBu;(CH,COOH)}" ions are perpendicularly aligned to
the bimetallic layer, with the NBu; residues in the interlayer
space and the carboxyl residues in each honeycomb cavity. The
carboxyl terminal is nearly exposed to the interlayer space.
There is a rotational disorder about the R;N*—CH,—COOH
linkage. A disorder also exists in the n-butyl groups.
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Figure 4. XRPD patterns of (a) Et—MnCr-2H,0, (b) Et—
FeCr-2H,0, (c) Et—FeFe-2H,0, (d) Bu—MnCr, (e) Bu—FeCr,
and (f) Bu—FeFe.

Powder X-ray diffraction (XRPD) spectra are given in Figure
4. Obviously, Bu—FeCr and Bu—FeFe are isomorphous with
Bu—MnCr, to judge from the marked resemblance in the
XRPD patterns. The interlayer separation of 8.49 A is estimated
for both Bu—FeCr and Bu—FeFe based on the highest peak at
20 ~10° in the XRPD spectra. The Et—MOFs are also
isomorphous. Their interlayer separations are estimated to be
7.73—7.84 A. The XRPD spectral results indicate that the Fe'
and Fe'" centers of Et—FeFe-2H,0 and Bu—FeFe are distinctly
localized.

Magnetic Properties. The temperature variations of the
magnetic susceptibilities and the magnetic moments of the R—
MnCr MOFs and the R—FeCr MOFs are given in Figure 5.
The magnetic moments of Et—=MnCr-2H,0 and Bu—MnCr at
room temperature are 7.14 and 7.22 pug, respectively. The
moments increase as the temperature is lowered, very gradually
to 10 K and abruptly below 10 K, to a large maximum value
near 5 K. The magnetic moments of Et—FeCr-2H,0 and Bu—
FeCr at room temperature are 7.20 and 7.33 pp respectively,
and the moments increase as the temperature is lowered to a
large maximum value near 9 K. The magnetic properties of the
R—MnCr MOFs and the R—FeCr MOFs are compared with
those of analogous (A)[MnCr(ox);] and (A)[FeCr(ox),],
respectively.” The ferromagnetic ordering in the MOFs is
proved by weak-field magnetization and ac magnetization
studies (Figures S2—SS of the Supporting Information). The
T was determined to be 5.9 K for Et—MnCr-2H,0, 5.6 K for
Bu—MnCr, 11.0 K for Et—FeCr-2H,0, and 11.5 K for Bu—
FeCr. The T values of the R—MnCr MOFs fall in the ran§e of
5.0-6.0 K reported for the analogous (A)[MnCr(ox),]
and the T values of the R—FeCr MOFs fall in the range of
9.5—13.0 K reported for the analogous (A)[FeCr(ox)s]. 21,23,24b

The magnetic moments of Et—FeFe-2H,0 and Bu—FeFe at
room temperature are 7.10 and 7.52 ug, respectively. The
moments decrease as the temperature is lowered to a minimum
value around 47 K and then increase to a maximum value at
~40 K (Figure 6 and Figure S6 of the Supporting Information).
Below 40 K, the magnetic moment decreases rapidly to zero pg
at 31 K. Weak-field magnetization results of Et—FeFe-2H,0
and Bu—FeFe are given in Figure 7 and Figure S7 of the
Supporting Information, respectively. With lowering temper-
ature, the field-cooled magnetization (FCM) of Et—FeFe-2-
H,O increases to a small positive value at ~39 K and then
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Figure 5. Top, temperature variations of yy and pq for (blue) Et—
MnCr and (red) Bu—MnCr; bottom, temperature variations of y and
Ueg for (blue) Et—FeCr and (red) Bu—FeCr.
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Figure 6. Temperature variation of magnetic moment of Et—
FeFe-2H,O0.

decreases to a large negative value at 2 K, through the
compensation temperature of ~33 K. When the applied
magnetic field is switched off at 2 K, remnant magnetization
(RM) of essentially the same negative value as the FCM is
observed and the RM follows the FCM curve on warming. The
zero-field-cooled magnetization (ZFCM) curve, however,
maintains a positive value below 31 K. A similar magnetization
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Figure 7. Field-cooled (red) magnetization under S Oe, (blue)
remnant magnetization, and (green) zero-field-cooled magnetization
of Et—FeFe-2H,0.

feature has been recognized for (A)[Fe"Fe™(ox),] with alkyl-
substituted ammonium ions>>** and is explained in terms of
Néel N-type ferrimagnetism.>”*° The negative magnetization at
low temperatures arises when the Fe'' sublattice orders faster
than the Fe'" sublattice with lowering temperature. Néel N-type
ferrimagnetism is versatile in metal oxides**™** but very rare in
molecular systems45’46 except for (A)[Fe"Fe"(ox);] and the
R—FeFe MOFs.

I 25°C >
4l
," "
b 6 -
§ X N u
» e R
E 8 + ,J::‘.‘ o
— /_’,' N
o &
o %% T i
=10 F B A
| 4 ol g
TR elle
_12 B 1 " 1 i 1 1 " 1
40 50 60 70 80 90 100
RH /%

Figure 8. Proton conductivity vs RH profiles at 25 °C of (blue) Et—
MnCr-2H,0, (red) Et—FeCr-2H,0, (green) Et—FeFe-2H,0, (pur-
ple) Bu—MnCr, (orange) Bu—FeCr, and (brown) Bu—FeFe.

Proton Conduction. Proton conductivities were deter-
mined using alternating-current impedance measurements on
pellet samples. The log (6/S cm™) versus RH (relative
humidity) profiles are given in Figure 8. The profiles of Et—
FeCr-2H,0 and Et—FeFe-2H,0 are only shown up to 65% RH
because they decomposed near 70% RH. It is noticed that the
Et—MOFs have comparable log (6/S cm™) versus RH profiles
and the Bu—MOFs also have comparable profiles. Thus, the
conduction of the R—MOFs is governed by the cationic ions
irrespective of the magnetic nature varying with the M,"M,™"
combination. The class I Fe"/Fe™ mixed-valence state in the
Et—FeFe-2H,0 or Bu—FeFe is not concerned with the
electrical conduction because of their low DC conductivity
(less than 107" Sem™). The Et—MOFs and Bu—MOFs have
similar conductivities at 45% RH (3 X 107" ~ 1 x 107 §
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cm™"), but the conductivities of the Et—MOFs increase sharply
with RH to ~1 X 1077 S em™! at 65% RH, whereas the
conductivities of the Bu—MOFs increase less sharply to ~1 X
107 S cm™ near 85% RH. It must be noted that
{NBu,}[MnCr(ox);] as the reference has a low conductivity
of 1.2 X 1072 S cm™" at 45% RH and the conductivity increases
sluggishly with RH to 1.1 X 107 S ecm™" at 95% RH.'” Thus,
we may conclude that the proton conduction associated with
the {NR;(CH,COOH)}" ion prevails in the present MOFs.
The effect of the {NR;(CH,COOH)}" ions upon the proton
conduction is explained by the net hydrophilicity tuned by the
NR; residue.”® The hydrophilicity of the cation affects the
interlayer hydrophilicity, which is closely related to the water
adsorption in the interlayer space and hence to the proton
conduction. In the present case, the Et—MOFs of the more
hydrophilic {NEt;(CH,COOH)}" ion are formed as dihydrate
and show high proton conduction, whereas the Bu—MOFs of
the less hydrophilic {NBu;(CH,COOH)}" ion are formed as
anhydrate and show moderate proton conduction.
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Figure 9. Water adsorption isotherms of dehydrated (blue) Et—
MnCr, (red) Et—FeCr, (green) Et—FeFe, (purple) Bu—MnCr,
(orange) Bu—FeCr, and (brown) Bu—FeFe.

To gain an insight into the proton conduction mechanism,
the water adsorption isotherms were measured using
dehydrated samples (Figure 9). The isotherm of dehydrated
Et—MnCr shows the adsorption of two water molecules from
25% RH to 40% RH, followed by the gradual adsorption of one
water molecule from 50% RH to 80% RH. Dehydrated Et—
FeCr has a two-step isotherm with the adsorption of two water
molecules at 35—50% RH followed by the adsorption of a
further two water molecules at 55—65% RH. In dehydrated Et—
FeFe, the water adsorption begins around 15% RH and reaches
a near plateau of two water molecules adsorbed at 50—60% RH.
The isotherms of the Et—MOFs below 50% RH are consistent
with their dihydrate formulation identified in the preparation
section. Under RH higher than 50% RH, the isotherms differ
somewhat from each other. This may reflect the flexibility of
the layered structure of the MOFs in which the layer/cation
interaction can be varied by the change in the M,"M,™
combination.

The isotherms of the Bu-MOFs show a gradual adsorption of
a small amount of water. The water molecules adsorbed at 90%
RH are ~0.2 for Bu—MnCr, ~1.3 for Bu—FeCr, and ~0.4 for
Bu—FeFe. Because there is virtually no lattice water at low RH
conditions, the Bu—MOFs allow us to inspect the mechanistic
function of the carboxyl residues in the proton conduction. In
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the R—M,M; MOFs, the carboxyl groups at the adjacent
honeycomb cavities are separated by an average O-
(carboxyl)~O(carboxyl) distance of ~7.5 A. Thus, under low
RH conditions, proton transport through hydrogen bonding
(Grotthuss mechanism*) can be ruled out. Instead, we
propose the successive hopping of a carboxyl proton to a
neighboring carboxyl oxygen as the proton transport
mechanism. The proton conduction in the Bu-MOFs is
drastically enhanced by a slight adsorption of water. It is
presumed that the adsorbed water molecules serve as mediators
between the neighboring carboxyl residues through hydrogen
bond formation (Grotthuss mechanism) or as the vehicles to
carry protons as hydronium ions (vehicle mechanism*®). Such
cooperation of the carboxyl residues and the lattice water
molecules must also occur in proton conduction in the Et—
MOFs. The significance of both proton carriers and lattice
water molecules in proton conduction is represented by
(NH,),(adp)[Zn,(0x);]-3H,0 (adp = adipic acid),"* in
which a high proton conductivity of 8 X 107 S cm™ at 98%
RH is induced by adipic acid as the proton carrier as well as the
lattice water molecules, but the conductivity reduces to 6 X
10°® S em™ at 70% RH because of partial dehydration to
(NH,),(adp)[Zn,(0x);]-2H,0.

From the above experimental results, the R—MnCr and R—
FeCr MOFs show proton conduction and ferromagnetism,
whereas the R—FeFe MOFs show proton conduction and Néel
N-type ferrimagnetism. It is notable that the mixed-valence R—
FeFe MOFs are the first example showing the rare Néel N-type
ferrimagnetism and proton conduction. From the viewpoint of
functional materials, a cooperative function of proton
conduction and magnetism is of great importance. Ohkoshi
has reported that the magnetic ordering in V[Cr-
(CN)gly/3nH,O gives rise to a reduction in the proton
conduction through a change in the crystal structure.* To the
best of our knowledge, cooperation of proton conduction and
magnetism in an exact sense has not been reported. In our
attempt to examine the magnetization effect upon the proton
conduction in Et—FeFe-2H,O0, it was impossible to measure
the proton conductivity below 100 K because of the low
conductivity (less than 107> S cm™), which decreased at lower
temperatures. The interplay between proton conduction and
magnetization (spin-protonics) might be inspected using
MOFs with both high magnetic ordering temperature and
appreciably high proton conduction. Studies in this line are
under consideration.

B CONCLUSIONS

MOFs of the formula {NR;(CH,COOH)}[M, ™, (ox),]
(abbreviated as R—M,M,) were prepared: Et—MnCr-2H,0,
Et—FeCr-2H,0, Et—FeFe-2H,0, Bu—MnCr, Bu—FeCr, and
Bu—FeFe. The crystallographic study of Bu—MnCr revealed
oxalate-extended bimetallic layers interleaved by
{NR,;(CH,COOH)}" ions. The cationic ions are perpendicu-
larly aligned to the bimetallic layers with the carboxyl residues
in each honeycomb cavity. The carboxyl terminal is nearly
exposed to the interlayer space so as to function as a proton
carrier. Et—MnCr-2H,0 and Bu—MnCr show ferromagnetic
ordering with T of 5.6—5.9 K and Et—FeCr-2H,O and Bu—
FeCr also show ferromagnetic ordering with T of 11.0—11.5
K. Et—FeFe-2H,0 and Bu—FeFe belong to class II of mixed-
valence compounds and show a Néel N-type ferrimagnetic
ordering with T of 42—44 K. The Et—MOFs (Et—
MnCr-2H,0, Et—FeCr-2H,0, and Et—FeFe-2H,0) show
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higher proton conduction than the Bu—MOFs (Bu—MnCr,
Bu—FeCr, and Bu—FeFe) irrespective of the magnetic nature
varying with the M,"M,™" pair. The efficient proton conduction
of the Et—MOF:s relative to the Bu—MOFs is explained by the
relative hydrophilicity of the cationic ions. In the Bu—MOFs
having no lattice water, proton transport by a proton-hopping
mechanism is recognized for the first time. The R—MnCr
MOFs and the R—FeCr MOFs are a few examples of coexistent
ferromagnetism and proton conduction, and the R—FeFe
MOFs are the first example of coexistent Néel N-type
ferrimagnetism and proton conduction.

B ASSOCIATED CONTENT
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TGA curves of R—M,M,, weak-field magnetization and ac
magnetization of Bu—MnCr, Et—FeCr-2H,0O, and Bu—FeCr,
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