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ABSTRACT: The reaction between 4,4’-sulfonyldibenzoic acid (H,SDBA) and
manganese under mild conditions resulted in the isolation of two new three-
dimensional compounds, [Mn,(C,,H;OS),(DMA),]-3DMA, I, and
[Mn,(C,,HgO4S);(DMA),(MeOH)]-DMA, IIa. Both structures have Mn; trimer
oxo cluster units. While the Mn; oxoclusters are connected through octahedral
manganese forming one-dimensional Mn—O—Mn chains in I, the Mn; units are
isolated in ITa. The SDBA units connect the Mn—O—Mn chains and the Mnj,
clusters giving rise to the three-dimensional structure. Both compounds have
coordinated and free solvent molecules. In Ila, two different solvent molecules are !
coordinated, of which one solvent can be reversibly exchanged by a variety of -SRI

other similar solvents via a solvent-mediated single crystal to single crystal

(SCSC) transformation. The free lattice DMA solvent molecules in I can be exchanged by water molecules resulting in
hydrophilic channels. Proton conductivity studies on I reveals a high proton mobility with conductivity values of ~0.87 X 10~
Q7' em™ at 34 °C and 98% RH, which is comparable to some of the good proton conductivity values observed in inorganic
coordination polymers. We have also shown structural transformation of I to IIa through a possible dissolution and
recrystallization pathway. In addition, both I and IIa appear to transform to two other manganese compounds [H;O][Mn;(4;-
OH)(C,HgO4S);(H,0)](DMF); and [H;0],[Mn,(u;-OH),(C,,HsO4S)s(H,0),] (H,0),(DMF); under suitable reaction
conditions. We have partially substituted Co in place of Mn in the Mn; trimer clusters forming [CoMn,(C,,HgO4S);(DMA),-
(EtOH)]-DMA, I, a structure that is closely related to ITa. All the compounds reveal antiferromagnetic behavior. On heating,
the cobalt substituted phase (compound III) forms a CoMn,O, spinel phase with particle sizes in the nanometer range.

B INTRODUCTION conduit for the proton migration.” In addition, the carboxylate/
phosphonate/sulfonate groups, present in the organic ligands,
employed for the preparation of the CP frameworks, may be
available as nonbonded functional groups and thus can help in
the proton migration.® It is conceivable that the MOFs can find
much use in this area as revealed by the number of studies in
the recent literature.""

The presence of organic ligands in MOFs also provide
opportunities for postsynthetic modifications.'* There have
been many studies on the use of single crystal methods to
obtain possible mechanisms as well as to ascertain the nature of
the modifications on a given MOF." One of the commonly
examined modifications is the solvent exchange/dehydration
within the MOFs,"** ¢ as these studies can be investigated
employing single crystal methods through single crystal—single
crystal (SCSC) transformations. The structural changes that
accompany such exchanges can be accommodated within the
MOFs due to the flexible nature of the structures.'*

We have been investigating inorganic coordination polymers
for their interesting structures and properties. As part of the

Metal organic framework (MOF) compounds or inorganic
coordination polymers (CPs) with extended three-dimensional
structures have been investigated enthusiastically during the last
two decades." The continued interest is not only due to the
fascinating and versatile structures, but also for their many
properties in the areas of gas stora&e and separation,
luminescence,’ heterogeneous catalysis, magnetism,5 drug
delivery,® ion exchange,” etc. In recent years, the emphasis
has also extended into investigating the possibility of hydrogen
storage and proton migration in these solids.” Hydrogen
storage and proton migration are important due to the
advancements made in the fuel cell technologies where
hydrogen as a fuel is an attractive option. It is well-known
that the byproduct of the hydrogen fuel cell is water, making
this one of the cleanest fuels.” Many different materials have
been explored for possible proton conduction/migration with
limited success. Nafion appears to be at the forefront of the
fuel-cell technology.**'® However, the high cost and rapid
deterioration at higher temperatures are issues with Nafion
prompting researchers to look for newer options.
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Table 1. Preparation Conditions Employed for the Compounds I—-III

initial
compounds composition pH

1 1MnCl,-4H,0/1H,SDBA/162DMA/124CH;0H/ ~3.3
1HCOOH

Ila 1MnCl,-4H,0/1H,SDBA/216DMA/165CH;0H/ ~2.1
1HBF,/1INH,OH

IIb 1MnCl,-4H,0/1H,SDBA/216DMA/114CH;CH,0H/ ~2.1
1HBF,/INH,OH

Ilc 1MnCl,-4H,0/1H,SDBA/216DMA/128CH;CN/ ~2.1
1HBF,/1NH,OH

Id 1MnCl,-4H,0/1H,SDBA/216DMA/370H,0/1HBE,/ ~2.1
1INH,OH

IIe 1MnCl,-4H,0/1H,SDBA/216DMA/ ~2.1
120HOCH,CH,OH/1HBF,/1NH,OH

jutt 1CoCl,-4H,0/2MnCl,-4H,0/3H,SDBA/648DMA/ ~2.1

343CH,CH,OH/3HBF,/3NH,0H

final  tem time yield

pH (°C (days) product (%)*

~54 110 3 [Mny(CyHyOe8),(DMA),]-3DMA 63

~5.2 110 3 [Mn;(C,,HO4S);(DMA),(MeOH) - 75
DMA

~52 110 3 [Mny(C14Hy048)5(DMA),(EtOH)]- 68
DMA

~52 110 3 [Mny(C13Hy068)5(DMA),(CHLCN) - 70
DMA

~5.2 110 3 [Mn;(C,,H04S)5(DMA),(H,0)]- 74
DMA.H,0

~5.2 110 3 [Mn;(C,,HgO¢S);(DMA), (ethylene 75
glycol) - DMA

~52 110 3 [CoMny(C,HsO4S)5(DMA),(EtOH)]- 66
DMA

“Yields are calculated based on the respective metals. Compositions given are molar compositions. CHN analysis for I: Calc (%): C 48.75; H4.11; N
3.74; S 6.85; Found (%): C 47.88; H 4.34; N 3.93; S 6.41; for ITa: Calc (%): C 48.18; H 4.01; N 3.06; S 7.01; Found (%): C 47.71; H 4.21; N 3.13;
S 6.83; for ITb: Calc (%): C 48.55; H 4.11; N 3.03; S 6.94; Found (%): C 48.13; H 4.15; N 3.15; S 7.14; for Ilc: Calc (%): C 48.7; H 3.91; N 4.06; S
6.96; Found (%): C 47.92; H 4.12; N 4.01; S 7.03 ; for I1d: Calc (%): C 47.16; H 3.99; N 3.05; S 6.99; Found (%): C46.27; H 4.23; N 3.33; S 6.89;
for ITe: Calc (%): C 48.00; H 4.06; N 2.99; S 6.86; Found (%): C 48.54; H 3.99; N 3.25; S 6.97; for III: Calc (%): C 48.42; H 4.1; N 3.02; S 6.92;
Found: C 47.49; H 3.88; N 3.35; S 6.77. Atomic absorption spectra (AAS) on the single crystals of III indicate a Co:Mn ratio of 1:2 (SI, Figure S1).

ongoing study on the use of 4,4'-sulfonyldibenzoic acid
(H,SDBA) as the organic ligand, we have now prepared a
new family of compounds, [Mn,(C,,H;OS),(DMA),]-3DMA,
L, [Mn;(C14HsO48)3(DMA), (X opvent) ' DMA, Ila—Ile, and
[CoMn,(C,Hg04S);(DMA),(EtOH)]-DMA, III. As part of
this study, we have examined the solvent-mediated SCSC
transformation, proton mobility, magnetism, and structural
transformation. The use of mixed metal (Mn/Co) compound
as a precursor for the synthesis of spinel oxide (CoMn,0,)
nanoparticles was also investigated. In this paper we describe
and discuss the findings.

B EXPERIMENTAL SECTION

Synthesis of [Mn4(C;;,Hg0¢S)4(DMA),]-3DMA, 1,. A solvent
mixture of DMA and methanol (6 and 2 mL) was employed to
dissolve MnCl, (0.4 mmol) and H,SDBA (0.4 mmol). A total of 0.02
mL of formic acid was added to the above to reach a composition of
1MnCl,-4H,0/1H,SDBA/162DMA/124CH;OH/1HCOOH. The
reaction mixture was heated at 110 °C for 3 days employing an
indigenously fabricated 23 mL polytertafluoroethylene (PTFE) lined
autoclave (stainless steel). Pale yellow block-like crystals resulted from
the reaction. The products were filtered, washed (dry ethanol), and
vacuum-dried (yield 63% based on Mn). A pH variation was noted
during the reaction (initial = 3.3, final = 5.4). Analysis (%) for
[Mn,(C,,H;O,S),(DMA),]-3DMA [Found (caled): C 47.88 (48.75),
H 4.34 (4.11), N 3.93 (3.74), S 6.41 (6.85)].

Synthesis of [Mn;(C,4HgO0¢S);(DMA),(MeOH)]-DMA, lla. A
solvent mixture of DMA and methanol (6 and 2 mL) was employed
to dissolve MnCl,-4H,0 (0.3 mmol) and H,SDBA (0.3 mmol). A
total of 0.06 mL of HBF, and 0.023 mL of NH,OH were added to
arrive at the composition 1MnCl,-
4H,0/1H,SDBA/216DMA/165CH;0OH/1HBF,/INH,OH. The re-
action mixture was heated at 110 °C for 3 days in an indigenously
fabricated 23 mL polytetrafluoroethylene (PTFE) lined autoclave. Pale
blue block-like crystals of IIa resulted from this reaction. The products
were filtered, washed (ethanol), and vacuum-dried (yield ~71% based
on Mn). A pH variation was noted during the reaction (initial = 2.1,
final = 5.2). Analysis (%) for [Mn;(C,4,HO4S);(DMA),(MeOH)]-
DMA: Found (caled): C 47.71 (48.18), H 4.21 (4.01), N 3.13 (3.06),
S 6.83 (7.01)].

Solvent-Mediated Transformation Studies. Solvent-mediated
exchange of the coordinated solvent molecules was attempted in a
SCSC fashion of the compound ITa. This gave a series of compounds
with the general formula [Mn;(C,,HgO4S)3;(DMA),(Xovent) ' DMA,
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IIb—Ile {where X, ... = ethanol in IIb, acetonitrile in IIc, water in
IId, and ethylene glycol in Ile}: The studies were carried out by
immersing a few single crystals of compounds IIa in separate glass vials
containing 3 mL of DMA and 1 mL of X, ... The vials were capped
and kept standing at room temperature for 7—8 days. The solvent
exchanged crystals were collected, washed with chloroform, and dried
in vacuum and examined using single crystal X-ray diffraction studies.

Bulk Synthesis of llb—lle and lll. After the successful solvent-
mediated exchange of the bound solvent molecules, we attempted to
prepare the compounds in bulk employing an identical synthesis
procedure, the only difference being the use of different solvent
molecules. The synthesis compositions and conditions are listed in
Table 1. In addition, we also attempted to partially substitute the
manganese in the structure with cobalt. The heterometal compound
[CoMn,(C,HgOS);(DMA),(EtOH)]-DMA, III, was also synthe-
sized using reaction conditions that are similar to those employed for
the preparation of the other comIpounds (Table 1). Our earlier studies
in this direction were successful."”> The heterometal compounds could
be useful precursors for the preparation of some of the well-known
mixed metal ceramic oxides at low temperatures as well as with small
particle sizes.

B INITIAL CHARACTERIZATIONS

The prepared samples were characterized initially by a plethora
of techniques such as elemental analysis (C, H, N, S; Thermo
Finnigan EA Flash 1112; Table 1), atomic absorption
spectroscopy (AAS; PerkinElmer Analyst 200; Supporting
Information (SI), Figure S1), powder X-ray diffraction
(PXRD; Philips X'pert Pro; SI, Figure S2), IR (Perking-Elmer
Spectrum 1000; SI, Figure S3), UV-—visible spectroscopic
studies (PerkinElmer Lambda 35; SI, Figure S4), photo-
luminescence (PerkinElmer LS-5S; SI, Figure S5) and
thermogravimetric analysis (TGA; Mettler-Toledo; SI, Figure
S10). Mercury software (version 1.4.1) was employed to
generate the simulated powder X-ray diffraction patterns from
the structures determined using the single crystal XRD studies.
The experimental PXRD patterns and the simulated PXRD
patterns matched well for all the compounds, suggesting phase
purity (SI, Figure S2). The room temperature IR spectra
exhibited sharp characteristic bands (SI, Table S1, Figure S3).
The various observed bands can be identified with the
functional groups. Thus, the bands at ~3600—3400 cm™" can
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Table 2. Structural Data and Refinement Parameters for Compounds I-III

1 IIa
empirical formula®  CgH3,N,0,45,Mn, CssHssN30,,S;Mn,
(Cr6H7N508,:Mn,)
formula weight” 1592.92 (1872.32) 1371.02
crystal system triclinic monoclinic
space group PT (No. 2) P2,/n (No. 14)
a(A) 11.6384(18) 16.7094(3)
b (A) 21.052(4) 20.2857(4)
c (A) 24.247(4) 17.1936(3)
a (deg) 114.959(8) 90
B (deg) 102.950(9) 99.178(2)
7 (deg) 92.406(9) 90
volume (A3) 5186.0(14) 5753.36(18)
z 2 4
temperature (K) 120 120
Peatca (g em™) 1.020 1.583
u (mm™) 0.611 0.841
wavelength (A) 0.71073 0.71073
0 range (deg) 1.08—26.00 2.60—26.00

Rindex? [I > 26(I)]
R (all data)®

R, = 0.0761, wR, = 0.2085
R, =0.1280, wR, = 0.2283

1Ib IIc 1d
CeoH47N;30,,8;Mny Cs6H54N4O,,S3Mn; Cs4Hy4N30,35:Mn,
(Cs6Hs7N30,5;Mn3) (Cs4HssN3038;Mny)
1423.01 (1385.07) 1380.03 1363.92 (1375.03)
monoclinic monoclinic monoclinic
P2,/n (No. 14) P2,/n (No. 14) P2,/n (No. 14)
16.7094(3) 16.7094(3) 16.7094(3)
20.2857(4) 20.2857(4) 20.2857(4)
17.1936(3) 17.1936(3) 17.1936(3)
90 90 90
99.178(2) 99.178(2) 99.178(2)
90 90 90
5753.36(18) 5753.36(18) 5753.36(18)
4 4 4
120 120 120
1.643 1.593 1.575
0.845 0.841 0.842
0.71073 0.71073 0.71073
2.47-26.00 2.40—-26.00 2.47-26.00

R, = 00513, wR, = 01362 R, = 0.0678, wR, = 0.1810
R, = 00613, wR, = 0.1434 R, = 0.0869, wR, = 0.1942

R, =0.0621, wR, = 0.1762 R, = 0.0725, wR, = 0.2028
R, = 0.0766, wR, = 0.1880 R, = 0.0985, wR, = 0.2256

Ile 11
empirical formula® CeoH4N30,3S;:Mn, CgoH3sN30,,S;CoMn,
(Cs6HssN3035;Mn;) (Cs6HssN302,8;CoMn,)
formula weight® 1438.00 (1401.07) 1417.92 (1389.07)
crystal system monoclinic monoclinic
space group P2,/n (No. 14) P2,/n (No. 14)
a (A) 16.7094(3) 16.7094(3)
b (A) 20.2857(4) 20.2857(4)
¢ (A) 17.1936(3) 17.1936(3)
a (deg) 90 90
f (deg) 99.178(2) 99.178(2)
7 (deg) 90 90
volume (A%) 5753.36(18) 5753.36(18)
z 4 4
temperature (K) 120 120
Pedled (g em™) 1.660 1.637
4 (mm™) 0.847 0913
wavelength (A) 0.71073 0.71073
0 range (deg) 2.40—26.00 2.55-26.00

R index” [I > 26(I)]
R® (all data)

R, = 0.0729, wR, = 0.1940
R, = 0.0912, wR, = 0.2073

R, = 0.0792, wR, = 0.2241
R, = 0.0925, wR, = 0.2346

“Values in brackets are the actual molecular formulas and weights, respectively accounting for the excess C and unidentified H atoms. bR, = ZIIF, - |
FIl/ZIF,J; wR, = {Z[w(E.2 = E)]/Z[w(E2)*1}2% w = 1/[p*(F,)* + (aP)? + bP]. P = [max(E,, O) + 2(F.)?]/3, where a = 0.1211 and b = 0.0000
for I, a = 0.0705 and b = 9.2129 for Ila, a = 0.0935 and b = 16.5248 for IIb, a = 0.0999 and b = 10.7947 for Ilc, a = 0.1267 and b = 4.1766 for I1d, a
= 0.1014 and b = 17.4810 for Ile, a = 0.1313 and b = 25.8260 for IIL

be identified with the O—H stretching of methanol (Ila),
ethanol (IIb, III), water (IId), and ethylene glycol (Ile).*® In
addition, the aromatic C—H stretching (SDBA*~ ions), the
asymmetric and symmetric C — H stretching of the methyl
groups of the DMA, the C=N stretching of the acetonitrile
group, the asymmetric and symmetric stretching of S=O
groups and the stretching frequency of C—S bond could all be
identified from the IR spectroscopic studies (SI, Table S1,
Figure S3).

The diffuse reflectance UV—vis spectra was recorded at room
temperature for the sodium salt of the acid (Na,SDBA) along
with the compounds I-III, (SI, Figure S4). UV—vis
spectroscopic studies on Na,SDBA exhibited two absorption
bands at ~218 and 287 nm, which may be due to the 7 — #*
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and n — 7* transitions, respectively. The absorption bands at
~220 nm and at ~290 nm for all the compounds correspond to
the 7 — 7* and n — 7* transitions, respectively, of the SDBA”
anions. Absorption bands at ~250 nm, ~290 nm, ~320 nm,
~380 nm, and ~530 nm for compounds I and II correspond to
the transitions from the ground state 6A1g of the octahedral
Mn?* ions to the excited states 4A2g(F), 4T1g(P), 4ng(D), 4A1g,
and 4T2g, respectively. Similar transitions have been observed
previously."” The bands observed at ~290 nm could be the
superposition of the 6A1g to 4Tlg(P) transitions along with the n
— 7% transition of the SDBA?". The two weak bands at ~580
nm and ~630 nm may be due to the ligand to metal charge
transfer bands. For the mixed metal compound III, additional
bands at ~565 nm and at ~612 nm were observed, which
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(b)

Figure 1. (a) Structure of the one-dimensional chain in I. The dotted rectangles show the Mn; trimer units. (b)The three-dimensional structure of I.
Note that the sulfonyl groups of the SDBA*>™ anions point toward the channel.

correspond to the *T;(P) « *A, and the *T(F) « ‘A,
transitions of the tetrahedral Co®* ions, respectively.'” The
band gap in compounds I and II were found to be ~2.85 eV
and ~3.18 eV, respectively.

Room temperature solid state photoluminescence studies
were carried out on powdered samples of Na,SDBA along with
compounds I-III (SI, Figure SS). Na,SDBA and the
compounds I-III were excited using a wavelength of 250
nm. Strong emissions at ~390 nm along with a shoulder at
~410 nm correspond to the 7* — 7 and 7* — n transitions,
respectively. The photoluminescence spectra of compounds I—
III also reveal strong emissions at ~400 nm and ~420 nm,
which can be due to the 7* — 7 and 7* — n transitions of
SDBA? species, respectively.'®

B STRUCTURE DETERMINATION

The structure of the compounds (I-III) were determined
using single crystal X-ray diffraction.. The data sets were
collected at low temperature [120(2) K] using an Oxford
Xcalibur (Mova) Diffractometer equipped with an EOS
detector. For collecting the single crystal diffraction data, the
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X-rays were generated by operating the generator at 50 kV and
0.8 mA with Mo Ka (4 = 0.710 73 A). The cell refinements and
the data reductions were performed using the program Crysalis
Red.” Direct methods were employed for the structure
solution, and the refinement was performed using WINGX
(version 1.63.04a).2° The lattice DMA molecules in I could be
located from the difference Fourier maps, and the two
coordinated DMA molecules could be identified. A combina-
tion of elemental analysis, IR, and TGA studies was employed
to arrive at the total number of the DMA molecules. In
compounds II and III, the hydrogen positions could be located
on the solvent molecules (methanol, ethanol, acetonitrile,
water, and ethylene glycol). The hydrogen positions, however,
could not be located for the lattice water molecules in
compound IId and for some of the DMA molecules present in
the compounds I, IIb, IId, Ile, and III, mainly due to the atoms
being disordered. One of the coordinated DMA molecules in
each of the compounds IIb, Ile, III show 2-fold positional
disorder as well as thermal disorder due to which DFIX and
DANG commands were used to optimize the geometry of the
DMA molecules. Final refinements were carried out using

DOI: 10.1021/ic5018517
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Figure 2. (a) The trinuclear cluster observed in compound ITa. Similar trinuclear clusters are observed in IIb—Ile. (b) View of the 2D arrangement
in IL. (c) The observed 3D structure of II. The pcu (primitive cubic) arrangement is outlined in blue. (d) A schematic of the structure of II (the
trimer units are represented as balls and the SDBA”™ units represented as curved lines).

Figure 3. Pictorial representation of the trimer units of the compounds IIa — Ile under solvent-mediated SCSC transformation.
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DMA/MeOH/HBF /NH,OH, A

h 4

DMA/MeOH/HCOOH, A

Hexamer

Heptamer

Figure 4. Schematic illustration of the transformation of I to Ila and the subsequent transformation of Ila to the compounds [H;O][Mn;(y;-
OH)(Cy4H3048)3(H,0)](DMF); and [H30],[Mn;(p3-OH)4(C14HsO48)s(H,0),4] (H,0),(DMF ), respectivelym (see text).

WinGx package of programs.”' The SQUEEZE program
(WinGX platon program) was used to account for the
disordered DMA molecules in L** The SQUEEZE program,
however, was not employed for the refinements of the
compounds Ila—e and IIL. The details of structure determi-
nation are given in Table 2. Molecular formulas and weights
have been corrected in Table 2, accounting for the excess
thermally disordered carbon atoms in compounds IIb, Ile, and
II1, the unidentified lattice DMA molecules in compound I (as
calculated from TGA, IR and CHN analysis), and the
unidentified hydrogen atoms of solvent molecules in compound
IId. The CCDC numbers of compound I-III are 1013589—
1013595, respectively.

B SPINEL OXIDE PREPARATION AND
CHARACTERIZATION

The mixed metal MOF compound [CoMn,(C,HgO4S);-
(DMA),(EtOH)]-DMA, III, was heated in air for 2 h at
different temperatures (450 °C, 550 and 650 °C). After the
heating, the resulting powdered product was characterized by
PXRD, transmission electron microscopy (TEM), and
magnetic studies. The morphologies and particle sizes of the
product particles, formed after decomposition, were inves-
tigated using TEM (Hi tecnai; 300 kV) by mounting the
samples on carbon coated copper grids. Surface areas of the
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samples were obtained by the BET method (Belsorp-Max),
after preheating the samples at 200 °C for 4 h in dry N,
atmosphere.

Bl RESULTS AND DISCUSSION

Structure of [Mn,(C,,HgO04S),(DMA),]:3DMA, I. The
asymmetric unit of I has four Mn*" ions that are crystallo-
graphically distinct [SI, Figure S6a]. All the Mn®' ions are
bonded with oxygen atoms and exhibit octahedral geometry,
but with distortion. Thus, Mn(1) has six carboxylate oxygens,
Mn(2) and Mn(3) have five carboxylate oxygens and a oxygen
from the DMA molecules [O(10) and O(1S5), respectively],
and Mn(4) has four carboxylate oxygens and two oxygens from
the two coordinated DMA molecules. The Mn—O bond
distances exhibit variations with values of 2.070(4)—2.493 A.
The average distances are 2.184 A for Mn(1), 2.261 A for
Mn(2); 2.261 A for Mn(3); 2.150 A for Mn(4) (SI, Tables S2
and S3). The four SDBA?™ anions also exhibit differences in
their bonding behavior. Thus, the carboxylate oxygens of acid-1
and acid-3 exhibit u,-7":n' mode, whereas acid-2 and acid-4 has
one of the carboxylate groups coordinating in the py-17%:17
mode, while the other carboxylate group coordinates in the i,-
n':n' mode (SI, Figure S6b). The Mn*' ions are bonded
through the carboxylate oxygens and the y,-O of the DMA
molecules [O(10), O(15)] forming infinite Mn—O—Mn chains

DOI: 10.1021/ic5018517
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Figure S. Adsorption—desorption isotherms of compound I using
water (a) 298 K (b) 307 K.

(Figure 1a). The chains can be considered to be formed from
trimeric [Mn;(CO,)s] units [Mn(1), Mn(2), and Mn(3)]
connected by Mn(4) octahedra. The SDBA units links the
Mn—O—Mn chains forming the three-dimensional structure
consisting of one-dimensional channels along the ‘a’ direction
(Figure 1b). The one-dimensional channels are decorated by
the oxygen atoms of the sulfonyl groups of the SDBA”™ anions.
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Similar connectivity was also observed in
[Mn,(hfbba),(bpy)],>** which also has trimeric [Mn3(CO,)]
units connected by an octahedral Mn?* center. The difference
between the two com}pounds is that the linear trimeric unit in
[Mn,(hfbba),(bpy)]*** consists of two trigonal bipyramidal
units being connected to the distorted octahedral Mn?" centers,
while in I all the Mn>" centers exist in distorted octahedral
coordination geometry. Structurally, in [Mn,(hfbba),(bpy)]***
each chain is connected to six chains forming a three-
dimensional structure, whereas in I, each chain is connected
to three other chains. Inorganic coordination polymers having
one-dimensional manganese chains have been observed earlier
(SI, Table $4).%

Structure of [Mn;(C,,HgO¢S);(DMA),(MeOH)]-DMA, lla.
The asymmetric unit of compound Ila has three crystallo-
graphically independent Mn** ions [Mn(1), Mn(2) and
Mn(3)], three SDBA?™ anions, two coordinated and one lattice
DMA molecule, and one coordinated methanol molecule
[Mn(2)] [SL, Figure S7a]. Of the three Mn®* ions, both Mn(1)
and Mn(2) exhibit distorted octahedral geometry formed by
the carboxylate oxygens of the SDBA’™ anions [Mn(1)], and
four carboxylate oxygens, one DMA oxygen atom and one
oxygen of methanol [Mn(2)]. Mn(3), on the other hand,
exhibits distorted square pyramidal geometry formed by the
carboxylate oxygens and an oxygen atom of DMA [O(13)].
The Mn—O bond distances exhibit variations and have values
of 2.039(2)—2.485(3) A. The average distances are 2.178 A for
Mn(1); 2.203 A for Mn(2); 2.153 A for Mn(3). The selected
bond distances and bond angles are given in the Supporting
Information (SI, Tables S2 and S3). The oxygen atom [O(11)],
belonging to methanol, participates in hydrogen bond
interactions with the lattice DMA oxygen [O(22)] with an
O-+O contact distance of 2.750(4) A and O — H--O bond
angle of 155(4)° [SI, Table S5]. The three different SDBA*~
ions show differences in their bonding behavior. Of the two
carboxylate groups of acid-1 and acid-2, one coordinates with
ur-%:n" mode, whereas the other coordinates with the p,-7':n!
mode. Acid-3, on the other hand, coordinates in the u,-1":!
mode [SI, Figure S7b]. The Mn*" ions form a trimeric unit
[Mn;(CO,)4] as shown in Figure 2a. This trimer unit can be
considered to be the secondary building unit for this structure.
The connectivity between the trimer units and the SDBA>~
anions initially forms a two-dimensional layer [Figure 2b],
which are further bonded through SDBA*™ anions leading to
the formation of a three-dimensional structure [Figure 2c].
From a topological view, each Mn; cluster can be thought of as
a node connected to six other clusters through SDBA®™ anion
linkers leading to a six connected pcu (primitive cubic)
topology with a point symbol of [4'%6%] [Figure 2cd, SI
Figure S7¢)].*°

The trimeric Mn*" units, observed in the present structure,
has also been observed in many manganese coordination
polymers (SI, Table S6).>* For example, in
Mn;(bpdc);(DMA),,>* the trimer units are formed from
Mn?* centers exhibiting octahedral coordination, whereas in
Ila, one distorted square pyramidal and two distorted
octahedral Mn®* centers form the Mn; trimers. In both
compounds, the connectivity between the trimeric units
resembles a net with pcu topology.

Solvent Mediated Single Crystal to Single Crystal
(SCSC) Transformations. Structural transitions involving
phase changes have been investigated over the years to
understand  structure—property correlations.”® SCSC trans-
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Figure 6. Experimental proton conductivity for I given as Nyquist plots at different temperatures (a) 98% (RH), (b) 85% (RH), (c) 75% (RH), and

(d) 51% (RH).

Table 3. Variation of Proton Conductivity at Different
Humidity Values for I

conditions [6=Q"'em™] E, . =eV
34 °C and 98% humidity 0.87 x 107 0.46
34 °C and 85% humidity 499 X 107° 0.42
34 °C and 75% humidity 1.09 X 107° 04
34 °C and 51% humidity 434 x 1078 0.4

C - 27
formations in simple coordination complexes are also known.

The MOFs exhibiting different structures have provided
another family of compounds for the study of SCSC

transformations due to the flexible coordinations at the metal
centers and structures. Thus, SCSC transformations employing
heat,® light,29 solvation/desolvation or rearrangement of
enclosed guest molecules,">™** and postsynthetic metal ion
exchange®/ligand exchange®" have been investigated over the
years. Many of the SCSC transitions in MOFs are accompanied
by fascinating changes in physical and chemical properties such
as improved framework stability for gas sorption,>" magnet-
ism,® catalytic reactions or the selective capture and separation
of molec111es,l3b’32’33 etc.

The presence of coordinated DMA as well as methanol
groups in compound Ila encouraged us to explore the
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Table 4. Proton Conductivity and Activation Energy Values of the Known MOFs*

conductivi
compounds (Q'em™!
[(Me;NH,)3(80,) 1o[Zny(0x)s] 42 x 107
PCMOF21/2 2.1 X 1072
(NH,),(adp)[Zn,(0x);]-3H,0 8x 1073
Ca-PiPhtA-NH, 6.6 X 107
Cd-STIA 3.61 x 1073
[{(Zng25)s(0)}Zn6(L) 12(Hy0) 29(DMEF) 59(NO3), ] 23 x 107
(NH,),[MnCr,(ox)]-4H,0 1.7 X 107
Fe(ox)-2H,0 1.3 x 1073
[Mn,(SDBA),(DMA),]-3DMA 0.87 x 107°
[In(imdcH)(ox)]-(NH,)(H,0), 5 0.82 x 1073
[Zn(5-SipH)-(bpy)]-DMF-2H,0 84 x 107*
[H;0],[Mn;(43-OH),(SDBA)6(H,0),] (H,0),(DMF); 344 x 107
In-STIA 535 x 107°
[Zn(I-Lo)(CD)]-H,0 445 x 107
PCMOEF-3 3.5 % 107°

activation energy measurement conditions

(eV) (°C, RH %) reference
0.129 25, 98 1la
0.21 85, 90 11b, 11c
0.63 25, 98 11d
0.40 24, 98 1le
0.16 28, 98 11f
0.22 RT, 95 11g
023 40, 96 11h
0.37 25, 100 11i
0.46 34, 98 this work
23.5, 98.6 11
25, 95 11k
1.16 34, 98 111
0.14 28, 98 11f
035 30, 98 11m
0.17 RT, 98 11n

“ox = oxalate, adp = adipic acid, L = 1,3-bis(4-carboxyphenyl)imidazolium), SDBA = 4,4'-sulfonyldibenzoic acid, imdcH = imidazole-4,5-
dicarboxylate, S-SipH = S-sulfoisophthalic acid, I-L¢; = N-(4-pyridylmethyl)-L-valine. HCI

L.
3 Eact=0.46
98%
-4 -
Eact =0.42
© -5- 85%
N’
=Y
) 75%
<7
-8 51%
9

3.24 I 3.|27 ' 3.|30 . 3.I33 I 3.126 I 3.3‘) I 3.112
1000/T (K™)

Figure 7. Activation energy for the proton conduction at different
relative humidities for I.

possibility of investigating solution mediated SCSC trans-
formation studies in this compound. It is likely that the
coordinated solvent molecules could be replaced by other
similar solvent molecules as such studies are known in
MOFs."*'* To this end, single crystals of Ila were soaked in
a mixture of DMA and various solvents for a period of 7—8
days. The single crystalline nature of the compound appears to
be retained during the entire period of soaking of the crystals in
the solvent mixture (Figure 3). A single crystal X-ray diffraction
study of the resultant crystals proved unequivocally the
substitution of the coordinated methanol group with the
other X_ ... molecules on the Mn(2)>** metal ion with minor
changes in the coordination geometry. The complete
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substitution of the solvent molecules was subsequently
corroborated by IR, TGA, and elemental analysis studies (SI).
Solvent-mediated SCSC transformations of replacing coordi-
nated solvents at the metal centers through simultaneous bond
breaking and bond formation have been investigated before.'*
Recently, the compound, [Mn(L)(H,0)](H,0)1.5(DMF) {L
= pyridine-4-yl-aminoisophthalate},"** was shown to undergo
SCSC transformation involving the substitution of the
coordinated water molecules by nitrile containing molecules
such as acetonitrile, acrylonitrile, allylnitrile, or crotononitrile
etc. without the loss of the single crystalline nature of the
parent compound.

The structures of all the compounds IIb—IIe are similar, the
only difference being in the coordinated solvent molecules
along with minor differences in the overall coordination
geometries of the metal ions. There are 86 non-hydrogen
atoms in the asymmetric unit of IId, 87 in IIb, IIc and III and
88 in Ile (SI, Figure S8]. Similar to compound IIa, the
asymmetric units contain three crystallographically independent
Mn** ions [Mn(1), Mn(2), and Mn(3)], three SDBA*~ anions,
two coordinated and one lattice DMA molecule, and one
coordinated X, (ethanol, acetonitrile, water, or ethylene
glycol). The various coordination geometries adopted by the
metal ions have been tabulated in Table S7. The structures are
entirely consistent with that of IIa. Minor differences are
observed in the coordination geometries adopted by Mn(3)**
ions in the compounds IIb—IIe. A distorted square pyramidal
geometry was observed for Mn(3)*" in Ilc—Ile, whereas a
tetrahedral coordination geometry was observed in IIb.

As mentioned earlier, we have made attempts to partially
substitute the manganese in ITa with other transition elements.
To this end, we were successful in preparing a Co-substituted
compound, III. The color of the crystals are dark blue as
compared to the pale blue color of IIa, suggesting that cobalt
has been incorporated in the lattice. A single crystal structural
study on this compound reveals that the Co occupies a
tetrahedral coordination similar to that observed for IIb. All the
other structural parameters and details are similar to that
observed in Ila.

The compounds ITa and IIc—IIe have five coordinated metal
centers [Mn(3)]. The structural index parameter “z”, as
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Figure 8. (a) The temperature variation of y,,T of I (1/y,, vs T plot is given as inset). (b) The temperature variation of y,,T of ITa (1/y,, vs T plot is
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hypothesized by Addison and Rao, was calculated to rationalize
and identify the formation of the geometry (the square
pyramidal or the trigonal bipyramidal geometry) [SI, Table
$8].>* The overall structures are similar to the IIa structure.
Structural Transformation Studies. The one-dimen-
sional chains of compound I and the Mn; clusters in compound
ITa appear to have some resemblance as both have trinuclear
oxo metal centers [Figures la and 2a and Table S7]. This
prompted us to investigate the possible transformation between
the two compounds. From the synthesis conditions (Table 1),
the initial pH of the reaction mixture of compound I was higher
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than that for ITa: for I: pH = 3.3 and for Ila, pH = 2.1, while all
other reaction conditions (temperature and time) were
comparable (Table 1). The differences in the initial pH could
be attributed to the lower pK, value of formic acid (3.77) as
compared to that of HBF, (—0.4) employed in the preparation
of I and IIa, respectively.

In order to carry out the transformation reaction of I to Ila,
compound I (0.15 g) was dispersed in a solvent mixture of
DMA/methanol (6 mL/2 mL) followed by the addition of 0.06
mL of HBF, and 0.023 mL of NH,OH to the mixture to reach
the initial pH of 2.1. The mixture was then heated for varying
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Figure 9. PXRD patterns of compound III heated at different
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Table S. Preparation Conditions and Textural
Characterizations of the Nanoparticles of the Spinel Oxides

temperature/ particle size particle size surface area (BET)/
time (XRD)/nm (TEM)/nm m® g™’

450 °C/2 h 124 125 £ 2 30.1

550 °C/2 h 17 18 £3 28.7

650 °C/2 h 25.4 25 +£2.7 13.6

periods of time at 90 °C. The products were filtered and
analyzed using PXRD [SI, Figure S9(a)]. From the PXRD, it is
clear that Ila starts to form after 2 h, and the entire
transformation from I to Ila was complete in 10 h. The
formation of Ila from I would require a dissolution and
recrystallization pathway as the trimer units are similar in both
the compounds. As can be noted, in I the trimer units are
connected through a fourth manganese ion (Figure 1a) forming
the infinite Mn—O—Mn chains. The lowering of the pH
probably helped in breaking the chain to smaller units. During
the course of the transformation reaction, the methanol
molecule, employed as the solvent, binds with the Mn center.
A schematic of the possible pathway is given in Figure 4.
Attempts to transform compound Ila to I by heating Ila in a
mixture of DMA/methanol/formic acid (6 mL/2 mL/0.02 mL,
initial pH = 3.3) even at 110 °C was not successful [SI, Figure
S9b].

Previously, we have prepared and characterized two Mn-
containing compounds [H;O][Mn;(u;-OH)(C,,HO,S);-
(H,0)](DMF);, A and [H3O]2[Mn7(//‘3'OH)4(C14H8065)6'
(HZO)?] (H,0),(DMF);, B having Mng and Mn, cluster
core."" The Mn, trimer in [Mn;(C,,HgO4S);(DMA),-
(EtOH)]-DMA, IIa, appears to have some resemblance to
the Mng and Mn, clusters. It occurred to us whether the trimer
compound (IIa) could be employed as the starting material for
the preparation of the Mng and Mn; cluster compounds. Thus,
compound ITa (0.12 g) was heated at 90 °C in a mixture of
DMF/methanol/HBF, (6 mL/2 mL/0.06 mL, initial pH = 1.5)
as the solvent. We observed that the compound Ila dissolves
completely at 90 °C forming a clear solution. After 24 h of
reaction at 90 °C, we observed the formation of a white colored
solid, which was filtered and dried. The PXRD studies of the
white compound revealed that it is the hexameric manganese
compound, [H;O0][Mn;(u;-OH)(C,;,HO04S);(H,0)]-
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(DMF)"" [SI, Figure S9c]. It is clear that the transformation
is through a dissolution and recrystallization pathway.

When compound Ila was heated at 90 °C in the same
solvent mixture along with the addition of a few drops of
NH,OH (0.023 mL, initial pH = 2.1), the heptanuclear
compound [H;0],[Mn;(u;-OH),(C14,HsO06S)s(H,0),]-
(H,0),(DMF)'" started to form after 2 h, as revealed by
the PXRD studies, and the transformation was complete after
12 h of heating [S], Figure S9d].

A schematic of the possible pathway of the formation of the
Mng and the Mn, compounds from the Mn; compound (I1a) is
given in Figure 4. We also made attempts to convert both the
Mng and Mn, compounds back to the Mn; compound ITa. We
employed a reaction condition having the Mng/Mn, cluster
compounds in a mixture of DMA/methanol/HBF,/NH,OH (6
mL/2 mL/0.06 mL/0.023 mlL, initial pH = 2.1) and heated at
110 °C. In spite of our best efforts, the reverse reaction appears
to be not feasible [SI, Figure S9e].

Since the trimer compounds [Mn;(C.,HO4S);(DMA),-
(Xsowent) ' DMA, 11, appear to have part of the Mng and Mn,
cluster connectivity and the one-dimensional chains in
compound I have similar trinuclear Mn-oxo units as observed
in compound II, we envisaged the possible utilization of
compound I as a starting material for the preparation of the
Mng and Mn; cluster compounds directly. Thus, when
compound I was heated at 90 °C in a mixture of DMF/
MeOH/HBF, (6 mL/2 mL/0.06 mL, initial pH = 1.5), we
observed that compound I dissolves completely forming a clear
solution. After 36 h of heating at 90 °C, we observed the
formation of a white colored solid which was filtered and dried.
The PXRD of the white compound was found to be that of the
Mng cluster compound [H;0][Mn;(u;-OH)(C,,HgOgS);-
(H,0)](DMF)""" [SI, Figure S9f]. When compound I was
dispersed in a solvent mixture of DMF/MeOH/HBEF,/NH,OH
(6 mL/2 mL/0.06 mL/0.023 mL, initial pH = 2.1) and heated
at 90 °C, the Mn, cluster compound [H;0],[Mn,(u;-
OH),(C,,Hz048)(H,0),](H,0),(DMF)'"! started to form
after 6 h and the entire transformation was complete after a
period of 30 h [ESI, Figure S9(g)]. Attempts to transform the
Mng and the Mn, compounds to compound I by heating in a
mixture of DMA/methanol/formic acid (6 mL/2 mL/0.02 mL,
initial pH = 3.3) even at 110 °C was not successful. [SI, Figure
S%h,i].

Thermal Stability. The thermogravimetric analysis (TGA)
was used to investigate the thermal stability of the compounds
[SI, Table S9, Figure S10]. The conditions for the TGA studies
are Ty = 30—850 °C; heating rate = 5 °C min~'; gas flow
rate = 20 mL min~" (air). Compound I exhibited three distinct
weight losses. The first weight loss of ~13.4% (Tmnge =50-210
°C) corresponds to the loss of three DMA molecules (calc.
13.9%). The second gradual weight loss of ~8.9% (Tmnge =
210—380 °C) corresponds to the loss of the two coordinated
DMA molecules (calc. 9.3%). The final weight loss of ~59%
(Trange = 380—530 °C) corresponds to the loss of the SDBA*
(calc. 58.6%)”. Similar experimental conditions were main-
tained for the study of other compounds as well. Thus, two
losses were observed in the TGA studies of the compounds ITa
and III. The first loss of ~20.5% for Ila and ~22.2% for III
(Trange = 200—300 °C) corresponds to the loss of the
coordinated and lattice DMA molecules along with the
coordinated X e, molecules (Calc. 21.4% for IIa and 22.1%
for III). The second and final weight loss of ~60.2% for IIa and
58.3% for I (T,ypg = 380—470 °C) corresponds to the loss of
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(b)

Figure 10. (a) TEM image of the particles of CoMn, O, spinel prepared at 450 °C. (b) Selected area electron diffraction (SAED) of a particle at 450
°C.

the SDBA*™ (calc. 59.9% for Ia and 59.2% for III). The PXRD
studies of the products, after the TGA studies, revealed the
formation of a mixture of Mn,O; (JCPDS: 89-4836) and
Mn;0, (JCPDS: 24—0734). Compound III, on the other hand,
formed the spinel phase CoMn,O, (JCPDS: 77-0471).

TGA and PXRD studies were employed to understand the
effects of guest molecules removal/reinsertion in L. To this end,
the as-synthesized compound I was heated to 180 °C for 1 h. to
remove the solvent molecules and then resolvated by
immersing in DMA at 80 °C. TGA studies were then carried
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out on the preheated (180 °C/1h) sample as well as the
resolvated samples. The desolvated compound of I did not
exhibit any initial weight loss during the TGA investigations
[S], Figure S11]. A small gradual weight loss of ~10.3% was
observed (T ;.. = 250—380 °C), which corresponds to the loss
of two coordinated DMA molecules (expected weight loss =
10.8%). From this study, one can infer that the preheating (180
°C/1h) of I appears to remove only the lattice DMA molecules
and not the coordinated ones. The larger weight loss of ~69%
corresponds to the loss of four SDBA*™ ions (calc. = ~68.1%).

ange
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Figure 11. High resolution transmission electron microscopy (HRTEM) image of a particle at 1000 °C (bulk).

TGA study on the resolvated compound, on the other hand,
exhibits a behavior which is almost similar to the as-synthesized
compound. This study suggests that the lattice DMA molecules
are labile and can be reversibly removed. The PXRD patterns of
the desolvated compound shows reasonable framework stability
with only a small loss of crystallinity, which appears to be
regained during the resolvation step [SI, Figure S12]. A Le Bail
fit of the PXRD pattern of the desolvated compound shows
that the structural integrity of the compound is retained. We
have, however, observed a reduction in the unit cell parameters
and cell volume, which may be attributed to the loss of the
guest DMA molecules from the channels of compound I [S],
Figure S13].

Water Absorption. The removal of lattice DMA molecules
from I was established using the TGA and PXRD studies. This
encouraged us to investigate the possibility of replacing the
lattice DMA molecules with water molecules. To this end,
compound I was taken in the TGA setup and heated to 180 °C
(N, atmosphere, flow = S0 mL/min). The samples were cooled
under the flow of nitrogen gas, and then the nitrogen was
allowed to bubble through distilled water and pass over the
samples for 60 min. During this process, we observed a partial
reabsorption of water molecules. A gain in weight of 4.5% was
absorbed from the dehydrated weight of ~84.2%. This would
correspond to ~S mol of water per mole of I [SI, Figure S14].
The relatively low water uptake in I during the TGA studies
prompted us to take up water sorption behavior employing a
BELSORB aqua equipment, which would have a controlled
water dosages over dehydrated samples.

To investigate the water sorption behavior, the sample of I
was preheated at 180 °C for 1 h. The water sorption isotherm
studies were carried out at 298 K, which indicated a gradual
water uptake with values reaching to 181 mL/g at p/p, = 0.9
[Figure Sa]. This value of water uptake appears to be equivalent
to ~12.5 mol H,O/mol of I. The slow dosage of water,
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employing the BELSORB Aqua equipment, was carried out
over a period of 35 h. A hysteretic behavior was also observed
in the adsorption—desorption cycles, which suggests the
presence of hydrophilic channels in the structure. PXRD
pattern of compound I after the water adsorption experiment
did not reveal any significant changes indicating the stability of
compound I in an atmosphere of water vapor [SI, Figure $12].
It may be noted that a long exposure to water vapor may be
required for the complete uptake of the water molecules in L
The water sorption studies were also carried out at a slightly
elevated temperature of 307 K for I [Figure Sb]. A slow and
gradual water uptake of 203 mL/g at p/p, = 0.9 was observed.
This value is comparable to the water uptake at room
temperature and corresponds to ~14 mol H,0/mol of I In
the present experiment, we observed that the hysteresis loop
does not make a closure even when the partial pressures were
close to zero. This behavior could be attributed to irreversible
adsorption of water molecules within the pores at the particular
adsorption ternperature.Zf

Proton Conductivity. The water adsorption and TGA
studies indicated the possibility of replacing the DMA
molecules with water. The water adsorption studies also
indicated the presence of ~12.5 mol of water molecules per
mole of I within the channels. Thus, the likely presence of
hydrophilic channels along with sulfonyl groups of the SDBA*~
anions prompted us to investigate the possibility of proton
migration in L. A frequency range of 0.1—10° Hz with signal
amplitude of 0.12 V was employed to scan the samples
employing the ac-impedance spectroscopy studies (Alpha,
Novocontrol). For this experiment, pellets of I were held in
place using two stainless-steel electrodes. An indigenously
fabricated cell was employed to expose the sample to varying
humidities and temperatures. Before the proton conductivity
experiments, the compound was exposed to and equilibrated at
respective humidity values for 24 h. The PXRD of the samples,
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Figure 12. (a) The temperature dependence of yy (H = 100 Oe)
(FC) for different sized CoMn,0, nanoparticles along with the bulk.
(b) M vs H plots of the different sized CoMn,O, nanoparticles along
with the bulk sample.

after exposure to different humidity values, did not exhibit any
noticeable changes suggestive of degradation in the crystallinity
[S], Figure S15].

The proton conductivity studies gave values of 0.87 X 107
Q'em™ (34 °C and 98% RH) [Figure 6a, Table 3]. The
conductivity value observed in I is similar to the conductivity
value observed in the porous indium MOF [In(imdcH)(ox)]-
(NH,)(H,0),5 {imdcH = 4,5-imidazoledicarboxylate, ox =
oxalate, o = 0.82 X 107> Q7 'em™ at 98.6% RH and 23.6 °C}'Y
and is also comparable to the other good proton conducting
MOF compounds reported before [Table 4]."' Proton
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conductivity studies also reveals marked dependence of the
conductivity values on the relative humidity, the values
decreasing with decreasing relative humidities. Thus, con-
ductivity values in the range of ~107° Q' cm™ at 85% RH,
~107° Q7" cm™" at 75% RH and ~10~* Q™" cm™ at 51% RH
were noted for compound I at 34 °C [Table 3]. The activation
energies, observed at different relative humidities, are
comparable with values of 0.4 eV for 51 and 75% RH, 0.42
eV for 85% RH, and 0.46 eV for 98% RH [Table 3, Figure 7].
The observed proton conductivity values suggest the possibility
of the Grotthus mechanism in the compound (0.1-0.5 ev). 2%
The marginally larger activation energies observed at higher
humidity values suggest the possibility of additional processes
along with the Grotthus mechanism. It is likely that at higher
humidities the water molecules could also become the vehicles
for the migration of protons, which could have contributed to
the higher observed activation energies.“cI The proton
conductivity value observed at 34 °C and 98% RH for
compound I is higher than that observed in two other similar
proton conducting Mn-MOFs, [H;0][Mn;(y;-OH)-
(C14Hg048)5(H,0)](DMF),, (3 x 107* Q' em™ at 34 °C
and 98% RH), and [H;0],[Mn;(p3-OH),(C14HO6S)s-
(H,0),](H,0),(DMF); (344 x 107* Q7' em™ at 34 °C
and 98% RH).'"

Magnetic Behavior. The magnetic behavior of the
prepared compounds was investigated employing a SQUID
magnetometer in the temperature range 2—300 K, and the
results are presented in Figure 8. As compounds IIa—IIe have
the same structures, the magnetic behavior of only Ila is
presented here. For the compounds I, ITa, and III, an overall
antiferromagnetic behavior was observed. The yT values per
Mn, unit in I, Mn; units in ITa, and CoMn, unit in III, at room
temperature, were found to be 17.4 (I), 14.1 (II), and 10.8
(TII) emu mol™" K, respectively. These values are close to the
expected spin only T values of 17.6 (I) 13.1 (II) and 10.6
(11) emu mol™" K (S = 5/2 for high spin Mn*" and S = 3/2 for
high spin Co®"). This indicates negligible orbital contribution
to the overall magnetic moment in all the compounds. The
absence of long-range magnetic ordering was established as no
divergence was noted in the field-cooled (FC) and the zero-
field cooled (ZFC) magnetic susceptibility values as a function
of temperature (SI, Figure S16). From a Curie—Weiss fit of the
1/yym vs T plot (75—300 K), 0, values of —26.7 K (1), 412 K
(I1), and —39 K (III) were obtained. The values of 0, being
negative suggests the possibility of antiferromagnetic inter-
actions between the manganese centers.

From the structural description, it is clear that the triuclear
manganese units in both compounds I and ITa are formed with
—Mn—O0—C—-O—Mn— and —Mn—O—Mn— connectiv-
ities. The magnetic behavior of the compounds, thus, would
depend on the nature of these bonds (bridging modes of the
carboxylates as well as the bridging angles of the —Mn—O—
Mn— bridges). According to Goodenough and Kanamori
rules,>® ferromagnetic coupling may be expected if the Mn—
O—DMn angle is ~90°, and strong antiferromagnetic exchanges
are expected when the Mn—O—DMn angle is ~180°. In the case
of the carboxylate bridging, the syn—syn and the anti—anti
bridging modes exhibit an antiferromagnetic behavior as
compared to the syn—anti bridging mode, which could be
ferromagnetic.%b’c In I, the trinuclear Mn; units have syn—syn
carboxylate bridges, and the Mn—O—Mn angle is ~107.7°.
This suggests a dominant antiferromagnetic coupling within the
trinuclear units. The trimer units are connected through
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octahedral Mn** with a Mn—O—Mn angle of ~97°, which
could lead to ferromagnetic exchanges. It is likely that the
antiferromagnetic exchanges within the trinuclear unit are much
stronger as compared to the ferromagnetic ones and gives rise
to an overall antiferromagnetic behavior in I Similar magnetic
behavior has been observed before.”** In Ila, the trinuclear Mn,
units have syn—syn carboxylate bridges and the Mn—O—Mn
bond angles have values of 108.2° and 103.8°, which would
support antiferromagnetic interactions between the Mn**
centers within the Mn; trimers. Similar magnetic behavior has
been observed in most of the one-dimensional Mn chain
containing coordination polymers as well as trinuclear Mn
clusters (Tables S4 and S6).

Thermal Decomposition Studies and Formation of
Spinel Oxide Nanoparticles. The PXRD patterns after the
TGA study on the mixed metal compound III clearly revealed
the formation of the CoMn,0, spinel phase. This also gave us
an idea that IIT could be a single source precursor for the
preparation of functional ceramic oxides. We wanted to
understand the decomposition behavior of the mixed metal
MOF carefully to learn of the possibility of forming such mixed
metal ceramic oxides with smaller particle sizes. Our earlier
studies in this direction resulted in forming similar oxides with
nanometer range particles.”” To this end, the mixed metal
MOF compound [CoMn,(C,,HgOS);(DMA),(EtOH)]-
DMA, III, was heated, ex-situ, in air at different temperatures
(450, 550, and 650 °C) for 2 h each, and the products of
decomposition were characterized by PXRD studies [Figure 9].
The PXRD patterns indicated the formation of the pure
tetragonal structure of mixed metal oxide CoMn,O, (JCPDS
77-0471). The products have Mn*" in the structure which
indicates that the Mn*" ions are oxidized to Mn** ions during
the decomposition in air. The XRD peaks are broad when the
sample was heated at 450 °C. On heating further, the XRD
peaks expectedly become more sharper and the corresponding
intensity increases. This suggests that the particle sizes of the
decomposed product could be increasing. The (211) peak in
the PXRD pattern was fitted employing the Debye—Scherrer
formula to obtain the average particle size of the spinel oxide
products [Table 5].*” The fit suggested that the spinel oxides
have small particle sizes (12.4 nm at 450 °C, 17 nm at 550 °C,
and 25.4 nm at 650 °C). This calculated particle sizes from the
XRD studies also correlated well with the TEM studies: 12.5
nm (450 °C), 18 nm (550 °C) and 25 nm (650 °C). The TEM
studies also confirmed spherical particles for the spinel oxide
[Figure 10a, Table S, SI Figures S17, S18]. The TEM image
along with the selected area electron diffraction (SAED)
pattern of CoMn,0,, (450 °C) is shown in Figure 10. As can be
seen, the single particle can be indexed to the tetragonal
CoMn,0, phase [Figure 10b]. The sample heated at 1000 °C
has very sharp PXRD lines (Figure 9), which suggests that the
particles must have sintered and formed large agglomerates. A
HRTEM image of the sample shows good lattice fringes and
can be indexed to the tetragonal spinel phase (Figure 11). The
TEM images also indicated that the particle sizes of the
CoMn,0, phase increase with the increase in temperature.
Energy dispersive X-ray spectroscopy (EDS) analysis on the
samples [SI, Figure $19] indicated a Co:Mn ratio of 1:2. The
adsorption studies of the different CoMn,O, samples along
with the BET plots of the isotherms indicated that with
increasing particle sizes, the surface area decreases (30.1 m> g~*

g
for the 12.5 nm particles to 13.6 m* g”" for the 25 nm particles)
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[SI, Figure S20, S21, Table S]. Similar observations were
reported earlier.

Magnetic Behavior of the CoMn,0, Nanoparticles.
Size-dependent magnetic behavior has been observed,
especially in many nanosystems involving metal, metal-oxides,
and related compounds.***™4 During the current study, we have
prepared CoMn,O, compounds with different particle sizes. It
would be interesting to investigate the magnetic behavior of
such compounds with small particle sizes. We have carried out
the magnetic susceptibility studies on all the compounds
including the bulk CoMn,0, with an applied magnetic field of
100 Oe [Figure 12a]. The bulk CoMn,O, exhibited two
incongruities, one at 180 K and the other at 90 K. Magnetic and
neutron diffraction studies carried out on bulk CoMn,O,
samples, however, exhibited only one transition at 100 K.>*°
The observed transition at 180 K in the present study may be
due to the presence of a small amount of an impurity phase
(~5%), which is related to the Co,Mn,_,O,. Since Mn;O, as
well as CoMn, O, have the spinel structure, it would be difficult
to detect the presence of the substituted Mn;O, related phase
employing PXRD (Figure 9).*° In addition, the likely amount
of impurity (~5%) could be in the range of the limits of
detection by laboratory X-ray diffraction methods. The high
temperature magnetic transition (180 K) appears to get
suppressed as a function of particle sizes (from the bulk to
the nanoparticle), which suggests that the impurity phase may
not be present in the smaller particles of CoMn,O,.

The ferromagnetic transition observed at low temperatures in
the bulk as well as the nanoparticle phases could be attributed
to the existence of a multidomain structure within the
CoMn,0, spinel. Large differences in susceptibility values
could also be seen above and below the transition temperature
(90 K). Near 90 K, the bulk sample, as well as the nanoparticle
samples, exhibits the largest changes in the susceptibility. The
change in susceptibility values decrease with the decrease in
particle sizes. The differences in the susceptibility values of the
nanoparticles could be attributed to the variations in particle
sizes as well as the suppression of the impurity phases with
decreasing particle sizes.”>* The different particle sizes of the
CoMn,0, does not appear to have any effect on the calculated
effective magnetic moment values (u.g), which were found to
be in the range 7.3—7.6 ug. For the CoMn,O,, a spin only value
of 7.94 iy would be obtained with Co®" ions in the tetrahedral
site and the Mn®" ions in the octahedral sites. The present g
values appear to be comparable with the spinel oxide.

To understand the magnetization behavior, the M vs H
studies were performed on both the bulk as well as the
CoMn,0, nanoparticles. The M(H) curve of the bulk sample
measured at 2 K shows a large hysteresis without saturation
confirming the ferromagnetic nature of the compound [Figure
12b]. For the nanoparticles, the decrease in particle sizes from
25 to 12.5 nm leads to a decrease in the remnant field and
coercivity (and consequently a smaller hysteresis), which might
suggest a long-range ferrimangnetic ordering. It may be noted
that an almost linear M(H) curve was observed for the smallest
particle size (12.5 nm). Similar behavior was observed earlier.'®

B CONCLUSIONS

In conclusion, two new three-dimensional manganese com-
pounds, [Mn,(C,;,H3O04S),(DMA),]-3DMA, I and
[Mn;(C4,HgO4S);(DMA),(MeOH)]-DMA, Ila, consisting of
Mn—O—Mn chains (I) and trinuclear manganese units (IIa),
coordinated by carboxylate groups and different solvents, have

DOI: 10.1021/ic5018517
Inorg. Chem. 2015, 54, 1254—1271


http://dx.doi.org/10.1021/ic5018517

Inorganic Chemistry

been synthesized and characterized. Solvent-mediated SCSC
transformation studies has also been accomplished. Structural
transformation studies reveal that I can be converted to Ila
through a simple manipulation of the reaction conditions,
though the reverse reaction appears to be unfeasible. Both
compounds I and ITa were found to transform to two distinct
Mn-oxo cluster compounds under suitable reaction conditions.
Successful exchange of the lattice solvent molecules (DMA) in
I by water molecules resulted in high proton mobility with
conductivity values reaching ~0.87 X 107> Q™' ecm™ at 34 °C
and 98% RH, which is comparable to some of the best values
reported in the literature. Magnetic studies on the parent
compounds indicate only antiferromagnetic behavior. Partial
substitution of the Mn by Co in II resulted in a mixed metal
MOF, [CoMn,(C,,Hs048);(DMA),(EtOH)]-DMA, III,
which on decomposition gave rise to CoMn,O, spinel phases
with particle sizes in the nanoregime. The present study
suggests a new precursor source for the preparation of useful
ceramic oxides.
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