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Abstract

A manganese sulfite of the formula Mn5(OH)4(SO3)3 � 2H2O, I{a ¼ 7.5759(7) Å, b ¼ 8.4749(8) Å, c ¼ 10.852(1) Å, b ¼ 100.732(2)1,

Z ¼ 2, space group ¼ P21/m (no. 11), R1 ¼ 0.0399 and wR2 ¼ 0.1121 [for R indexes I42s(I)]}, comprising Mn3O14 units and extended

Mn–O–Mn bonds along the three dimensions has been synthesized under hydrothermal conditions. It has narrow channels along the b-

axis and exhibits hydrogen storage of 2.1wt% at 300K and 134 bar.

r 2007 Elsevier Inc. All rights reserved.
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1. Introduction

Hybrid network and open-framework structures con-
taining different types of anionic building units such as
silicate, phosphate, sulfate and carboxylate anions, have
been described adequately in the recent literature [1–11].
Some of these compounds exhibit useful adsorption
properties [12–19]. Thus, a nanoporous nickel (II) phos-
phate exhibits hydrogen adsorption to the extent of 70 cc/g
at 77K and 1 atm, similar to many of the zeolites [12]. g-
Zirconium phosphate exhibits hydrogen adsorption of
74 cc/g at 77K and 1 atm [13]. A microporous manganese
formate is found to store hydrogen storage up to 0.9wt%
at 78K and 1 atm [14]. In view of the importance of solid-
state hydrogen storage, discovering new materials with
good thermal stability and hydrogen storage properties has
become a vital area of research [15–19]. Compounds
capable of selective sorption of gases would also be useful
in sensors and separation technology as well [20,21].
We have been interested in the design and synthesis of
open-framework materials based on the sulfite ion [22]. In
this effort, we have isolated a novel manganese sulfite,
e front matter r 2007 Elsevier Inc. All rights reserved.
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Mn5(OH)4(SO3)3 � 2H2O, I, with a three-dimensional struc-
ture possessing narrow one-dimensional channels, com-
prising Mn3O14 structural units. Interestingly, this
compound exhibits selective hydrogen storage going up
to 2.1wt%.
2. Experimental

2.1. Synthesis

Ammonium sulfite monohydrate, 1,4-diaminobutane
and manganese (II) acetate tetrahydrate of high purity
were used for the synthesis. The titled compound was
synthesized by the hydrothermal method by heating the
homogenized reaction mixture in a 23mL PTFE-
lined bomb at 150 1C over a period of 7 days under
autogeneous pressure. The compositions of the starting
mixture was as follows: Mn(OAc)2 � 4H2O (0.1245 g,
0.5mmol), (NH4)2SO3 �H2O (0.1006 g, 0.75mmol), 1,4-
diaminobutane (0.03mL, 0.25mmol) and H2O (5mL,
278mmol). The pH of the starting reaction mixture was 7
and showed little change after the reaction. The product of
the hydrothermal reaction was vacuum filtered and dried
under ambient conditions. The product containing color-
less needle-shaped crystals was isolated in 70% yield.
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2.2. Characterization

Energy dispersive analysis of X-rays (EDAX) was
carried using OXFORD EDAX system. EDAX gave the
expected manganese: sulfur ratio of 5:3. Infrared (IR)
spectroscopic studies of KBr pellet were recorded in the
mid-IR region (Bruker IFS-66v). IR spectrum of the
compound showed the characteristic bands of the SO3

2�

ion around 970(n1), 620(n2), 930(n3) and 470(n4) cm
�1

[23,24]. The peaks at around 3250–3500 cm�1are attributed
to OH stretching vibrations of hydroxyl group and water
molecules and their bending modes are seen at around
1630 cm�1 [23,24]. Magnetic measurements were performed
at temperatures between 2 and 300K, in a vibrating sample
magnetometer using a physical property measurement
system (quantum design). Thermogravimetric analysis
(TGA) was carried out (Metler–Toledo) in nitrogen atmo-
sphere (flow rate=50mL/min) in the temperature range
30–900 1C (heating rate=10 1C/min).
Table 1

Crystal data and structure refinement parameters for I

Structure parameter I

Empirical formula Mn5S3O15H8

Formula weight 618.94

Crystal system Monoclinic

Space group P21/m (no. 11)

a/Å 7.5759(7)

b/Å 8.4749(8)

c/Å 10.8515(11)

b/1 100.732(2)

V/Å3 684.5(1)

Z 2

D (calc)/g/cm3 3.003

m/mm�1 5.022

Total data collected 1062

Unique data 958

R indexes [I42s(I)] R1 ¼ 0.0399a; wR2 ¼ 0.1121b

R indexes [all data] R1 ¼ 0.0430a; wR2 ¼ 0.1140b

aR1 ¼ S||F0|–|Fc||/S|F0|.
bwR2 ¼ {S[w(F0

2–Fc
2)2]/S[w(F0

2)2]}1/2. w ¼ 1/[s2(F0)
2+(aP)2+bP], P ¼

[max(F0
2, 0)+2(Fc)

2]/3, where a ¼ 0.0687 and b ¼ 1.2398 for I.
2.3. Gas adsorption studies

Gas adsorption experiments were performed using
QUANTA CHROME AUTOSORB-1C instrument oper-
ating at 77K (for CO2 195K) and 1 atm. The apparatus
used for high-pressure H2 adsorption experiments was
custom-built and similar to that described elsewhere [25]. It
consisted of a high-pressure stainless sample cell that was
connected to high-pressure reservoir via a high-pressure
bellow valve. The pressure was monitored using a pressure
gauge that was connected in the system. Experiments were
conducted to verify that the system was leak free. This was
done by pressurizing the unit, and verifying that the
pressure remained constant over a period of 10 h. Calibra-
tion of the system to account for the pressure drop brought
about by the increase in volume upon opening of the valve
between the reservoir and the evacuated sample cell at
various pressures was also carried out. The volume of gas
contained in the system at various pressures in the absence
of the sample was determined by allowing it to exit the
system and then measuring by the displacement of water.
The hydrogen that was used was of ultra high purity
(499.99%), with an impurity (e.g, moisture and nitrogen)
content of less than 10 ppm. The sample was accurately
weighed and taken in the cell. The sample cell was
evacuated to 10�5 Torr and heated for 5 h at 150 1C in
order to degas the sample. This vacuum is sufficient as per
the IUPAC recommendations on adsorption measure-
ments [26]. Hydrogen was then introduced in to the
reservoir container and subsequently let in to the sample
cell. The drop in pressure from the initial value was
measured at regular intervals. The amount of hydrogen
stored in the samples was calculated from the changes in
pressure following the interaction of the material with the
gas. Blank tests were repeated at regular intervals to verify
that the system was free of leaks and that the pressure drop
observed was only due to the uptake of hydrogen by the
sample.
2.4. X-ray diffraction and crystal structure

Powder XRD pattern of the product was recorded
using CuKa radiation (Rich-Seifert, 3000TT). The pattern
agreed with that calculated by single crystal structure
determination. A suitable single crystal was carefully
selected under a polarizing microscope and glued to
a thin glass fiber. Crystal structure determination was
performed on a Bruker APEX II charge coupled device
X-ray diffractometer equipped with a normal focus, 2.4 kW
sealed tube X-ray source (MoKa radiation, l ¼ 0.71073 Å)
operating at 50 kV and 30mA. An empirical absorp-
tion correction based on symmetry equivalent reflec-
tions was applied using the SADABS program [27]. The
structure was solved and refined using the WinGX suite
of programs [28]. The graphic programs DIAMOND
and ORTEP were used to draw the structures [29,30].
The final refinement included atomic positions for all the
atoms, anisotropic thermal parameters for all the non-
hydrogen atoms and isotropic thermal parameters for the
hydrogen atoms. Hydrogens of the hydroxyl group were
located by difference Fourier map and included in the
final refinement. Hydrogens of the water molecule were
not found in the difference Fourier map and not included
in the final refinement The O–H bond lengths of all the
hydroxyl groups were constrained to 0.900 Å. The details
of the structure solution and final refinements for I,
are given in Table 1. Atomic coordinates of I are given in
Table 2.
Further details of the crystal structure investigation

can be obtained from the Fachinformationszentrum
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on quoting the depository number CSD418422.
Fig. 1. (a) ORTEP diagram (at 50% probability) of I showing the atom-

labeling scheme and (b) Mn3O14 SBU polyhedra.

Table 2

Atomic coordinates [� 104] and equivalent isotropic displacement

parameters [Å2
� 103] for Mn5(OH)4(SO3)3 � 2H2O, I

Atom x y z Ueq

Mn1 5533(1) �509(1) 3585(1) 17(1)

Mn2 1920(1) 476(1) 1082(1) 17(1)

Mn3 5537(2) �2500 1106(1) 15(1)

S1 2623(3) 2500 3901(2) 13(1)

S2 �1699(3) 2500 1146(2) 13(1)

S3 1517(3) �2500 3137(2) 30(1)

O1 2430(8) 2500 2475(5) 19(1)

O2 3825(5) 1073(5) 4346(3) 22(1)

O3 �1016(5) 1068(5) 519(4) 22(1)

O4 �3728(7) 2500 683(5) 17(1)

O5 3540(7) �2500 3329(6) 23(1)

O6 884(6) �1113(7) 2395(5) 47(1)

O7 4646(5) �196(5) 1593(3) 15(1)

O8 2330(7) 2500 �134(5) 14(1)

O9 6914(7) �2500 3040(5) 16(1)

O10 8225(6) 699(6) 3828(4) 44(2)

Ueq is defined as the one-third of the orthogonalized tensor Uij.
3. Results and discussion

The asymmetric unit of Mn5(OH)4(SO3)3 � 2H2O, I, as
shown in Fig. 1(a), contains eleven and half non-hydrogen
atoms with three crystallographically distinct Mn2+ ions
with 2.5 occupancy, three SO3

2� ions with half occupancy
each, three hydroxyl ions with total of double occupancy
and a water molecule. The Mn1 and Mn2 ions are in the 4f

crystallographic position and have an octahedral coordina-
tion. The Mn3 ion is at the 2e crystallographic position
with a trigonal bipyramidal coordination. The Mn1 ion is
coordinated to three sulfite ions, two hydroxyl ions and a
water molecule, while the Mn2 ion is coordinated to four
sulfite ions and two hydroxyl ions. The Mn3 ion is
coordinated to one sulfite ion and four hydroxyl ions.
The hydroxyl, O(7)H�, is m3�coordinated to the Mn1 and
Fig. 2. (a) Ball and stick and (b) polyhedral representations of packing

diagram, viewed along the b-axis of I.
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Mn2 octahedra and the Mn3 trigonal bipyramid to form
Mn3O14 secondary building unit (SBU), as shown in
Fig. 1(b). Each Mn3O14 unit shares common edges and
corners with the neighboring Mn3O14 polyhedra along the
three crystallographic axes, to form a three-dimensional
structure with one-dimensional channels along the b-axis
(Fig. 2). This arrangement gives rise to Mn�O�Mn
linkages in three dimensions. The channel dimensions are
3.6 Å� 9.3 Å, but after subtracting the van der waals radii
the dimensions reduce to 0.6 Å� 5.7 Å. The lone pair
orbitals of the sulfite ions and the water molecules in I,
point into the channel can be seen from Fig. 2. Specifically,
the sulfite with a pyramidal geometry has the lone pair of
electrons directed towards the fourth tetrahedral vertex.
The Mn–O bond distances in I are in the range
2.088(5)�2.271(3) Å. The S–O bond distances are in the
range of 1.454(5)�1.536(4) Å. The detailed list of bond
distances in I is given in Table 3.

Variable temperature magnetic susceptibility data of I

are shown in Fig. 3. From the high-temperature suscept-
ibility data, we obtain a meff 5.02 mB. The Curie–Weiss
temperature is �13K, indicating antiferromagnetic inter-
actions between the Mn(II) centers. This magnetic behavior
of I is similar to that reported in the case of manganese
selenites [31].

TGA of I reveals that it is stable up to 180 1C. It
undergoes a total weight loss of 39% in two steps in the
30–900 1C range. The powder X-ray diffraction pattern of
the decomposed product corresponds to Mn3O4 (JCPDS
file card 001-1127).

I exhibits interesting gas adsorption properties as shown
in Fig. 4. The BET surface area of I calculated from the N2

adsorption measurements is 2m2/g. Unlike N2, O2 and
CO2, adsorption of H2 in I is substantial. Fig. 3 shows that
the adsorption of H2 at 77K increases linearly with
pressure and does not saturated upto 1 atm. The amount
of H2 absorbed at 77K and 1 atm is 0.93wt% (103 cc/g).
Table 3

Bond distances for Mn5(OH)4(SO3)3 � 2H2O, I

Moiety Distances (Å) Moiety Distances (Å)

Mn1–9 2.127(3) Mn3�O8 #3 2.088(5)

Mn1–O2 2.133(4) Mn3–O4 #2 2.158(5)

Mn1–O7 2.157(4) Mn3–O9 2.162(5)

Mn1–O5 2.247(4) Mn3–O7 2.164(4)

Mn1–O10 2.253(5) Mn3–O7 #4 2.164(4)

Mn1–O2 #1 2.259(4) S1–O1 1.527(6)

Mn2–O7 2.115(4) S1–O2 1.536(4)

Mn2–O3 #2 2.181(4) S1–O2 #5 1.536(4)

Mn2–O6 2.208(5) S2–O4 1.526(6)

Mn2–O8 2.221(3) S2–O3 1.528(4)

Mn2–O3 2.251(4) S2–O3 #5 1.528(4)

Mn2–O1 2.271(3) S3–O6 1.454(5)

O7–H7 0.897(11) S3–O6 #4 1.454(5)

O8–H8 0.899(11) S3–O5 1.508(6)

O9–H9 0.899(11)

Symmetry transformations used to generate equivalent atoms: #1�x+1,

�y, �z+1 #2�x, �y, –z#3�x+1, �y,�z#4 x, �y�1/2, z #5x, �y+1/2, z.

Fig. 4. Gas sorption isotherms of I at 77K for H2, N2 and O2 and for CO2

at 195K (1 atm). In the case of H2, both adsorption (filled squares) and

desorption (open squares) data are given.
This value is comparable to that of the nanoporous nickel
(II) phosphate [12] and g-zirconium phosphate [13]. In view
of the good H2 adsorption characteristics of I, we have
carried out H2 adsorption experiments at high pressures. In
Fig. 5(a), we show the results of H2 adsorption of I, at
300K against different pressures. The wt% of H2 adsorp-
tion reaches 2.1 at 134 bar and 300K. In Figs. 5(b) and (c),
we show the plots of pressure corresponding to the H2

adsorbed against time at 300 and 77K, respectively. While
the amount of H2 absorbed at 300K and 134 bar is
2.1wt%, that at 77K and 17 bar is 1.3wt%. These values
of H2 uptake are comparable with those of zeolites and
zeolite-like compounds [32,33], most of which show H2

adsorption of 1–2wt% in the 77–300K range and 1 atm.
The number of gas molecules adsorbed per formula unit of
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I at 77K (for CO2 195K) and 1 atm are 3, 0.5, 0.4 and 0.06
for H2, N2, O2 and CO2 gases, respectively. The selective
sorption of the H2 gas may be attributed to the small
channel aperture in I, which can discriminate H2 with a
small kinetic diameter (2.8 Å) from the other gases with
larger kinetic diameters. It is possible that there is weak
interaction between H2 and the metal atoms in I. It should
be noted that in an ideal H2 storage medium, the
interaction between H2 and the adsorption site should be
some where between that in physisorption and chemisorp-
tion.

4. Conclusions

In conclusion, a manganese sulfite of the composition,
Mn5(OH)4(SO3)3 � 2H2O, I, obtained by hydrothermal
synthesis exhibits significant hydrogen uptake. The uptake
of hydrogen is 0.93wt% at 77K and 1 atm, and reaches
2.1wt% at 300K and 134 bar. The compound is also
interesting in that it contains Mn–O–Mn bonds in all the
three dimensions.
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