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The use of organic reagents for the structure direction
of inorganic solids has been of great value in the field
of microporous materials such as zeolites and metal
phosphates.1 The extension of this approach to transi-
tion metal oxides is particularly attractive for their
catalytic2 or magnetic properties and the development
of new cathode materials for Li batteries.3 In the past
few years a number of molybdenum4 and vanadium
oxides5 with organic counterions, as well as hybrid
organic-inorganic solids of bimetallic oxides6 have been
prepared.

In hydrothermal syntheses, both pH7 and tempera-
ture8 play crucial roles in determining the isolated solid
phases. In attempting to synthesize mixed-metal vana-
dium borate phases,9 we recently prepared the first
examples of organically templated manganese divana-
dates [H2en][Mn3(V2O7)2(H2O)2] MnVO-1 and [(Hpn)2-
Mn3(V2O7)2] MnVO-2, which were of magnetic interest,
since their MnII centers associate as trimers or ladder-

like chains.10 These were formed hydrothermally at 140
°C with pH 6-8, while pure VIV borate phases were
formed at 160-180 °C and pH 8-10. We have now
continued a fuller exploration of the en system, using a
pH range of 6-8 and even lower temperatures (80 or
110 °C) and report three new compounds MnVO-3,
MnVO-4, and MnVO-5, which considerably extend the
range of structures and stoichiometries seen for these
organic-inorganic hybrid solids.

First the reaction of V2O5:Mn(OAc)2:en:AcOH:H2O in
1:2:9:5:100 ratio for 4 days at 80 °C gives 60% yield of
MnVO-3, [(Hen)2Mn(VO3)4]. This forms red-brown blocks
up to 0.5 mm dimension and is phase pure by micro-
scopic examination, X-ray powder diffraction, and com-
bustion analysis.11 A single-crystal structure determi-
nation12 shows MnVO-3 to be a 1-D inorganic chain
polymer, with pendant coordinated organic groups
(Figure 1). The Mn centers occur as isolated octahedra
with [MnN2O4] coordination spheres consisting of two
trans-amino groups and four oxygens from two separate
(VO3)n chains. Monoprotonation of the pendant ethyl-
enediamines results in overall charge neutrality, since
the oxidation states found by valence sum calculations,13

as in all compounds MnVO-n, are MnII and VV.
If reaction temperatures are raised from 80 to 140

°C, or with longer reaction times, the yield of the 1-D
compound MnVO-3 decreases and the product becomes
mostly MnVO-1, which is a 3-D network polymer. In
certain syntheses a minor component MnVO-4 is also
formed as clear orange plates. This comprises ∼10% of
the isolated product at 110 °C (pH 8, 4 days).14 Single-
crystal structure determination15 reveals MnVO-4 to be
the salt [H2en]2[Mn(VO3)6] which has an interesting 2-D
“double layer” sheet structure for the metal oxide
component. The sheet has an open-framework and
features [MnV2], [Mn2V6], and [Mn2V7] rings. The cavity
formed by the eight- and nine-membered rings interacts
with the ethylene diammonium counterions through
several NsH‚‚‚OsV hydrogen bonds (Figure 2). Overall
the topology is quite different and more complex than
in MnVO-3. Some structural components such as the
pyrovanadate chains and the isolated Mn octahedra are
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retained. In MnVO-4 the coordination sphere is [MnO6]
with the six oxygens from four separate (VO3)n chains.16

As is reasonable from consideration of their dimen-
sionalities, the above findings suggest that MnVO-3 is
a kinetic product of the system and that MnVO-1 is a
more thermodynamically stable solid, with the 2-D sheet
compound MnVO-4 intermediate between the two.
Hence short times and low temperatures favor the 1-D
polymer and longer times or higher temperatures the
3-D material and explain why only low yields of Mn-
VO-4 can ever be isolated. With addition of mineraliz-
ers, use of higher temperatures or different pH the
solution speciation is modified and other solids form.

One example is MnVO-5, [H2en][MnF(VO3)3] from
V2O5:Mn(OAc)2:en:AcOH:NaBF4:H2O in 1:2:6:5:1:100
ratio (110 °C, 4days).17 The reduction of en (or an
addition of HF as an alternate source of F-) causes a

decrease in pH to 6. Fluoride may act as a mineralizer
to assist crystallization but can also play a noninnocent
role. Recently we have reported its incorporation into
the frameworks of a variety of main group and transi-
tion-metal phosphates.18 In this system fluoride appears
to be incorporated in a highly facile manner. Control of
its availability by use of the complex tetrafluoroborate
anion in NaBF4 is optimal, yielding 70% MnVO-5. The
structure of MnVO-5 has quite different topological
characteristics from the other two phases, although
again MnII octahedra and VV tetrahedral building blocks
are involved. A single-crystal structure analysis19 shows
it is an open 3-D solid, with an anionic metal oxy-
fluoride framework. The fluoride ions are incorporated
in bent (Mn-µ-F) chains, [Mn-F ) 2.074(4), 2.087(4)
Å, F-Mn-F ) 175.3(2), Mn-F-Mn ) 128.2(2)°].

The anionic framework in MnVO-5 is charge bal-
anced by organic counterions which reside in six-
membered ring tunnels which run along the crystallo-
graphic c axis (Figure 3). Whereas the (VO3) units in
MnVO-3 and MnVO-4 were arranged in infinite chains
of corner shared [VO4] tetrahedra, in MnVO-5 they form
rectangular cyclo-hexavanadate [V6O18] rings, shown in
Figure 4. The four vanadate units at the ring corners
are each connected to two Mn of the [Mn(F)]n chains
which run along the a axis, which is perpendicular to
the [V6O18] plane. The other two vanadates of the ring
form the long edges of the rectangle. They are uncon-
nected to Mn centers and each have two terminal
oxygens which hydrogen bond to the NH3R groups of
the organic (H2en) cations. While hexacyclic rings are
a common feature of silicate chemistry, as in the beryl
family, this is a rare example of a hexavanadate
analogue. Not only is the observation of [V6O18] rings
in MnVO-5 unique, the entire family of organic man-
ganese vanadates MnVO-n have no obvious direct
structural analogues among purely inorganic transition-
metal vanadate phases, although certain components
and features may be found in common. This is well-
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Figure 1. Chain structure of [(Hen)2Mn(VO3)4], MnVO-3.

Figure 2. Themal ellipsoid plot of [H2en]2[Mn(VO3)6] MnVO-4
(40%), showing interaction of the organic counterion with a
nine-membered [Mn2V7] ring.
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illustrated by the case of [K2Mn(VO3)4]20 which is
stoichiometrically related to MnVO-3 but has Mn
centers connected to four [VO3] chains as found in
MnVO-4. Overall though this is quite different from
either of these two “organic” phases and has a 3-D oxide
network surrounding potassium-filled cavities.

Two key factors which may play a role in the novel
structural arrangements of the metal oxide moieties in
MnVO-n are the relatively low temperatures employed
in synthesis (80-140 °C) which allow metastable ar-
rangements to form, as well as the spatial and interfa-
cial structure-directing forces of the organic moieties,
including the formation of hydrogen bonds. Variable

oxidation state also played a major role in the wide
composition and structural diversity of the previously
reported “organic” molybdates4 and vanadates.5 In
contrast only MnII and VV oxidation states have been
found in the MnVO-n compounds we have described.
This probably reflects the relatively narrow range of
reaction conditions used, rather than the propensity of
the system to yield other REDOX combinations. Survey
of the inorganic manganese vanadates shows that MnII/
VV is also the most frequently observed valence combi-
nation in both natural minerals21 and synthetic phases.22

Whittingham et al. have recently reported two mixed-
valence manganese vanadates.23 In addition the reduced
oxide [Mn2

IIVIVO4] is known,24 as well as the more
oxidized species Cs3[Mn3

IIIV4
VO16],25 and compounds

incorporating polyoxo-metalate cluster anions with MnIV

and VV.26 Manganese vanadates with open frameworks,
such as MnVO-1 and MnVO-5, thus offer the prospect
of yielding redox-active microporous solids if the organic
templates can be removed from their channels by ion
exchange.
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Figure 3. Polyhedral representation of MnVO-5 along the c
axis, showing the Mn(µ-F) chains and [H2en] inside the
microchannels.

Figure 4. View along the a axis of [H2en][MnF(VO3)3] MnVO-
5, showing the [V6O18] rings.
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