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Abstract

A novel polyoxometalate (POM) Nay(Hzen)2{(VO)10[B14030(OH):]2} {Mny(C,04) [B2O4(OH)ol2}Mn(H,0), - (H30)12(H20)19 1
(en = ethylenediamine), which is a layer-like transition metal (TM) oxalate templated polyoxovanadium borate, has been synthesized
under hydrothermal conditions and characterized by EPR, elemental analysis, thermal analysis, single crystal X-ray diffraction and 2D
IR correlation spectroscopy studies, respectively. This compound crystallized in the triclinic space group PI with a = 14.3842(4) A,
b=14.6837(3) A, ¢ = 15.8681(4) A, o = 64.48(1)°, p = 64.68(1)°, y = 63.93(1)°, ¥ = 2596.80(11) A3 and Z = 2. The cluster anion with
an open central cavity has a central band of ten edge-sharing VO5 square pyramids, which is capped top and bottom by two crown-like
polyborate ligands of formula [B;4030(OH),]*°~. There is a fragment of {Mn4(C,04)[B2O4(OH),]»}>~ fixed in the central cavity as a guest
part. The cluster units are connected to form a two-dimensional (2D) framework by octahedral Mn(II) and Na ™ sites. In addition, we
first introduce the generalized 2D correlation spectroscopy to explore the POMs and obtain the dynamic information about structural

changes of POM:s.
© 2005 Elsevier Inc. All rights reserved.
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1. Introduction

Polyoxometalates (POMs) offer an unmatched variety of
structural motifs and wide ranging applications in several
areas such as catalysis, medicine, materials science,
environmental decontamination, and biochemical pro-
cesses [1]. Although various preparation methods have
been proposed to obtain such POMs, the mechanism of
formation of POMs is still not well understood and mostly
described as self-assembly. Therefore, rational synthesis of
novel POM architectures is a major challenge. Recently,
utilizing the interaction of carboxylate-containing, organic
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compounds with polyoxoanions has brought a number of
products [2]. On the other hand, a number of transition
metal (TM)-POM hybrid compounds have already been
prepared [3]. In these compounds, the TM fragments
usually play two roles: (1) connect the POM cluster
subunits to 1-, 2-, and even 3D extended solid frameworks,
(2) occupy the lacunae on the POM cluster subunits to
reproduce the mono-, di-, or tri-substituted products.
Attractively, these modified products have shown great
potential applications in magnetism and catalysis [4].
Therefore, finding new TM—POM hybrid compounds is
one of the great challenges facing chemists.

Presently, more and more novel POMs have been
synthesized, but the investigation on their capability and
application have been relatively less carried on. Even
though some of the POMs have been put into practice, the
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mechanism of the function of the POMs remains incom-
pletely understood. Thus, some new technology and
method are needed to resolve these problems. Generalized
two-dimensional (2D) correlation spectroscopy proposed
by Noda [5], which is an extension of the original 2D
correlation spectroscopy, has become a very powerful and
versatile tool for elucidating subtle spectral changes
induced by an external perturbation such as light, heat,
electricity, magnetism, chemistry, or mechanical force. It
emphasizes spectral features not readily observable in
conventional 1D spectra and probes the specific order of
certain events taking place under the influence of a
controlled physical variable. Recently, 2D-IR correlation
spectroscopy has been applied extensively to protein,
polymer, and medicine research [6].

We are currently interesting in combining the boron and
the polyoxovanadium in the same crystalline material,
which is relatively less studied [7], to generate a new class of
materials with novel framework topology and properties.
We have successfully synthesized and reported four
polyoxovanadium borates [8]. Three of them consist of
V1,B130¢o clusters and the other one consists of V1,B40sg
clusters. In this paper we present another novel polyox-
ovanadium borate: Na,(H»en)>{(VO);o[B14030(OH)>]»}
{Mn4(C,04)[B204(OH),],}Mn(H>0), - (H30)12(H20)19 1
consisting of unprecedented VoB,3O74 clusters, which is
a novel TM oxalate templated polyoxovanadium borate,
and another interesting feature of 1 is that the TM moieties
act as not only the linking part between the cluster units
but the building part of the cluster units. Moreover, for the
first time the 2D-IR correlation spectroscopy was intro-
duced to explore the POMs and some interesting results
were obtained.

2. Experimental
2.1. Materials and methods

All chemicals purchased were of reagent grades and used
without further purification. Elemental analyses (C, H and
N) were performed on a Perkin-Elmer 2400 CHN
Elemental Analyzer. The EPR spectra were measured with
a Bruker ER 420 instrument. The thermal gravimetric
analyses (TGA) were performed on a Delta Series TGA7
instrument in N, environment with a heating rate of
10°Cmin~".

In order to obtain the 2D IR correlation spectra, a series
of dynamic IR spectra were recorded in the range
4000-400cm ™' on a Perkin-Elmer FT-IR spectrum 2000
spectrometers using KBr pellets. The temperature variation
was controlled by a Portable programmable temperature
controller (Model 50-886, Love Control Corporation)
from 50 to 120°C at intervals of 10°C. The magnetic
intensity variation was controlled by a homemade mag-
netic intensity controller from 2 to 20mT at intervals of
2mT. Before 2D calculation, each spectrum was smoothed

Table 1
Crystal and structure refinement data for compound 1

Empirical formula C;3Hs3B1sMnj 50N>NaOg; 50Vs

Formula weight 1689.47
Space group PI (No. 2)
a(A) 14.3842(4)
b (A) 14.6837(3)
c(A) 15.8681(4)
o (deg.) 64.48(1)

B (deg.) 64.68(1)

y (deg.) 63.93(1)
V(A% 2596.80(11)
z 2

Peat (8em ™) 2.161
w(MoKo) (mm™") 1.608
R [I>20(D)] 0.0649
WR,® [I>2a(1)] 0.1782

Ry = Z|F, - FCJ\/Z\FO\.
PWR, = {Z[W(Fo—Fo)\)/ZIw(Fe) ]},
10.7355P], where P = (F2+2F2)/3.

w = 1/[c2(F?)+ (0.1224P)* +

and baseline corrected. Software used for calculation was
provided by Tsinghua University.

2.2. Synthesis

Compound 1 was synthesized by the hydrothermal
method under autogenous pressure. In a typical synthesis,
a mixture of: H3BO; (1.20g, 19.41 mmol), VOSOy4
(4.00mL, 0.5M)," en (0.60mL), H,C,04-2H,O (0.13g),
Mn powder (0.06g, 1.11mmol) and distilled H,O
(1.00mL) was stirred to homogeneity and adjusted to pH
9.0 with NaOH. And then, the mixture was transferred into
a 23 mL Parr acid digestion bomb and heated at 120 °C for
3 days. After cooling to room temperature, pure green
block-like crystals are precipitated and collected by filtered
(~55% yielded based on vanadium). Compound 1 is stable
in air or water, but can be decomposed by H>O,. Anal.
Found: C, 2.41; H, 2.87 N, 1.83. Calc.: C, 2.13; H, 3.14; N,
1.66%. IR (KBr pellet): v =3429.63 (s), 1648.47 (m),
1346.74 (s), 1280.71 (m), 1023.31 (s), 943.23 (s), 901.75 (m),
660.27 (m), 462.01(m) cm ™",

2.3. X-ray crystallography

A green single crystal of 1 was mounted on a glass fiber.
The data collection was performed on a Rigaku Weissenb-
ery IP diffractometer with MoKo, radiation (4 = 0.71073 A)
at 293+2K. Lp correction and a ¥ empirical absorption
correction were made for the intensity data. The structure
was solved by direct methods using SHELXS-97 [9(a)] and
refined by full-matrix least-squares techniques using
SHELXL-97 [9(b)]. All non-hydrogen atoms were treated
anisotropically. Most of the water molecules are lattice

"The 50 mL aqueous solution of VOSO, (0.5 M) was prepared by H,SO4
(10mL, 98wt%), V,0s (4.547g, 25.0mmol), H,C,O04-2H,0 (4.098 g,
32.5mmol) and distilled water in a S0 mL measuring flask.
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water located between the cluster units. Hence, some of
them just have partial occupation of atom sites. Therefore
the total number of the water molecules is 16.5 in an
asymmetry unit. Due to disorder in some water molecules
and other atoms position, it was not possible to detect and
refine the position of the hydrogen atoms. Some of the
hydrogen atoms were generated for satisfying the charge
requirements of the cluster. The hydroxyl hydrogen
atoms were located by valence bond calculation [10]. The
Mn(2) and Mn(3) atoms are disorder and each atom
possesses two positions with occupancies given in par-
entheses: Mn(2A)(80%), Mn(2B)(20%); Mn(3A)(80%),
Mn(3B)(20%). Further details of the X-ray structural
analysis are given in Table 1. Ranges of some important
bond lengths [A] and bond angles (deg.) are listed in
Tables 2 and 3, respectively.

Table 2
Ranges of some important bond lengths [A] for compound 1

3. Result and discussion
3.1. Crystal structure

The building block unit of 1 (Fig. 1) can be described as
a  cage-shaped  architecture constructed by a
[{(VO)10[B14030(OH),]»}]"®~ cluster anion holding a frag-
ment of {Mnu(C>04)[B,04(OH),],}>~. The most extraor-
dinary feature of the building unit is the cage-shaped
[{(VO)19[B14030(OH),]>}]'®~ anion with an open central
cavity (Fig. 2). It has a central band of ten trans edge-
sharing square-pyramidal VOs groups (V=0;x 1,
V-0 x 4), in which the V-O distances of the terminal
oxygen atoms (V=0,) range from 1.598(4) to 1.633(3)1&
and those for the basal oxygen atoms (V-Oy,) of the square-
pyramidal VOs group range from 1.941(3) to 1.953(3) A.

VOs5 pyramids®

BO; groups®

BO, groups®

V=0, 1.598(4)-1.633(3) B-Oy 1.379(6)-1.383(6) B-Oy 1.466(6)1.485(6)
V-0, 1.941(3)-1.953(3) B-Og 1.352(6)-1.368(6) B-Og 1.445(6)-1.520(6)
Mn0,4(C,04) groups® MnOy4(H,0), octahedra® NaO;(H,0); octahedra®
Mn-Og 2.073(3)-2.134(6) Mn-Og 2.168(3)-2.193(3) Na-Og 2.324(5)-2.423(5)
Mn-Og, 2.194(4)-2.305(5) Mn-Oow 2.201(5) Na-Oq 2.275(5)
Na-Oow 2.266(19)-2.552(15)

#0,, terminal oxygen atoms of V=0; Oy, oxygen atoms in basal plan of VOs pyramids.

Oy, oxygen atoms bridging boron and vanadium atoms in B-O-V linkages. Op, oxygen atoms bridging boron atoms in B-O-B linkages.

°Op, oxygen atoms in Mn—O-B linkages; Oq,, oxygen atoms of oxalate in Mn—-O-C linkages.

40p, oxygen atoms in BO3 or BO4 Groups; Oow, oxygen atoms of water molecules; O, oxygen atoms in Na—-O =YV linkages. The environment of
sodium ion consists in an distorted octahedron (OW(4) and OW(23) coordinated with the sodium ion are disordered).

Table 3
Ranges of some important bond angles (deg.) for compound 1

VOs5 pyramids?®

BO; groups®

O,=V-0, 106.08(19)-111.39(18)
Op—V-0y, 76.27(14)-145.98(15)
Mn,40,4(C,0,) groups®

Op—Mn-Og 80.1(3)-139.06(15)

Op-Mn-O,, 75.56(16)-154.7(3)
MnOy4(H»0), octahedra®

Op-Mn-Og 64.84(11)-115.16(11)

Op—Mn—Ogw 84.96(17)-95.04(17)
NaOs;(H,0); octahedra®

O-Na-O 77.9(3)-162.1(2)

O,—B-Og 119.9(4)-122.6(4)
Op-B-Oy 116.5(4)-119.8(4)
BO, groupsb

0,-B-Oy 108.3(4)-113.6(4)

Op-B-Op 103.7(3)-113.3(4)
(C;04)°~ group

0-C-0 125.7(6)

0-C-C 113.0(6)-121.3(7)
(Hyen)®™ groups

N-C-C 111.6(12)-119.2(10)

#0,, terminal oxygen atoms of V=0; Oy, oxygen atoms in basal plan of VOs pyramids.

Oy, oxygen atoms bridging boron and vanadium atoms in B-O-V linkages. Op, oxygen atoms bridging boron atoms in B-O-B linkages.

°Op, oxygen atoms in Mn—O-B linkages; Oq,, oxygen atoms of oxalate in Mn—O-C linkages.

405, oxygen atoms in BO; or BO, Groups; Oow, oxygen atoms of water molecules; O, oxygen atoms in Na—O=V linkages. The environment of
sodium ion consists in an distorted octahedron (OW(4) and OW(23) coordinated with the sodium ion are disordered).
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Fig. 1. A view of the {(VO)i[Bi4O30(OH):]2}{Mny(C,04)[B204
(OH),]5}%°~ cluster unit. The {Mn(C>04)[B,04(OH),],}>~ fragment is in
wire representation.

The neighboring V---V distances range from 2.817(3) to
3.041(2)1& which imply that there may be some weak
metal-metal interactions through M—O-M bridges simi-
larly as those found in binuclear 4 ° Cu(II) compounds [11].
To our knowledge, compound 1 is the first example of a
POM with the planar decavanadate ring. Bond valence
summations (BVSs) [10] have been applied to all the
vanadium atoms and shown an average valence of about
4.24 that is close to the 4.20 expected for a V(IV) and V(V)
ratio of 4:1. This also accounts for the green color of the
crystals. Moreover, the EPR spectrum of 1 gives a broad
signal with g = 2.0527, at room temperature, which also
confirms the presence of V(IV) and implies the possibility
of intramolecular antiferromagnetic spin coupling. Usually
the reduced POMs are unstable and inclined to be oxidized
in ambient atmosphere, while compound 1 can exists stably
in air and in water. Following the crystal chemical
classification of borates proposed by Christ, and Clark
and Heller [12], the shorthand notation of the crown-like
polyborate ligand is: 14:2[2(3:14+2T)+(1:4)]. The
B14030(OH)3°~ ligand is formed by a ring of 8 BOy
tetrahedra and 2 BOj triangles linked by corners. In the
ring, a chain of 4 tetrahedra alternates with one triangle
leading to a B{(Oyg ring. Each pair of tetrahedra within the
ring shares two corners with either one BO; or one
BO,(OH) triangle leading to the B;4030(OH)3’~ ligand.
The values for B-O bonds range from 1.352(6) to
1.383(6)/0% for the BO; triangles and from 1.445(6) to
1.520(6)1& for the BO, tetrahedra. Another polyborate
with 14 boron atoms was recently reported in the structure
of Rb3;B;0, [13,14]. It is noteworthy that the polyborate
results from the linkage of two BsO;;, one B3O, and one
BO, groups, which are joined together by sharing corners
to form sheets. The shorthand notation of the polyborate is

Fig. 2. (a) Side view and (b) perspective view of the [{(VO)o
[B14030(OH),]»}]"®~ cluster anion: the 10-membered ring of trans-edge-
sharing VOs square pyramids is in polyhedral representation and
[B14050(OH),*°~ ligands are in ball-and-stick representation.

14: . 2[2(5:3A+2T) + (3:2A+ T)+ (1:T)]. Tt is very interest-
ing that the two polyborate with the same boron atoms
present absolutely different structure.

It is noteworthy that the unusual {Mny(C>04)
[B,O4(OH),],}?~ fragments are fixed in the central cavities
through four pairs of Mn—(u;—O)-B bonds (Fig. 1). As
shown in Fig. 3, the middle part of the segment is an
oxalate coordinating with a pair of dimanganese (II, II)
centers (the Mn(2A)-Mn(2B) distance is 3.457(2) A) and
two [B,O4(OH),]*~ borate ligands are connected to the
other side of the dimanganese centers. The similar
dimanganese centers have been found in several enzymes
[15], which have been motivating the synthesis and
characterization of the dimanganese model compounds
[16].
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Mn3A

Fig. 3. A view of the fragment of {Mny(C,04)[B04(OH),]}>".

Fig. 4. Wires representation of the 2D layer structure constructed from V;oBag clusters and the octahedral Mn(II) and Na™ sites in ball-and-stick
representation. The dissociated water and en molecules between the clusters are omitted for clarity.

Another unusual feature of 1 is that two different metal
sites connect the building block units to present a layer-like
framework (Fig. 4). The {Mn(II)(H,0),}>" sites first link
the building block units into one-dimensional chains via
Mn—(us—O)-B bonds (Mn—O 2.168(3)72.193(3)/&). And
then, the octahedral Na™ sites connect the chains into a
layer-like framework by Na-O=V and Na-O-B (Na-O
2.275(5)-2.423(5) A), respectively. The formation of the
compound 1 is suggestive that it maybe a potential
magnetic material. The ethylenediamine molecules and
water molecules reside between the clusters.

3.2. IR analysis

In the IR spectrum of the compound 1, the strong and
broad band at about 3430 cm ™! is related to the stretch of
vN=H and vO-H. The band at about 1650 cm ™" is ascribed
to the stretch of C = O,6N-H and 6OH. The band at
1350cm™" is due to the asymmetrical stretch of the BO;
group. The bands at 1030cm™' are attributed to the
asymmetrical stretch of the BO, tetrahedron. The
1000-950cm ™' bands are attributed to asymmetrical
stretching vibrations of the terminal V=—O. The
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950-880cm™' bands are assigned to the symmetrical
stretching vibrations. The 600-800 cm ™' bands are ascribed
to the stretch of symmetrical and asymmetrical V-O-V and
Mn—-O-B stretching. The skeletal stretching of the cluster
unit presents at about 400-600 cm ™.

3.3. 2D-IR correlation analysis

In order to clarify the structural changes of the cluster
units in compound 1 more efficiently, 2D correlation
analysis is applied in the spectral region of 400-1100cm ™.
Fig. 5 shows the temperature-dependent and magnetism-
dependent IR spectra of compound 1.

Fig. 6 depicts the synchronous and asynchronous 2D
correlation spectra of compound 1. As shown in Fig. 6(a),
three strong autopeaks along the diagonal line are
unambiguously detected at 888, 928 and 982cm ™', which
demonstrate the intensity change of V=—O band is

Absorbance

—7 ——
400 500 600 700 800 900 1000 1100
(a) Wavenumber (cm'])

Absorbance

— T T T T T T T T T T
400 500 600 700 800 900 1000 1100
(b) Wavenumber (cm™)

Fig. 5. (a) Temperature-dependent IR spectra of compound 1 over a
temperature range from 50 to 120°C and (b) magnetism-dependent IR
spectra of compound 1 over a magnetic intensity from 2 to 20 mT.

sensitive to the temperature variation. However, the
positive cross-peaks at (928, 888), (982, 888) and (982,
928)cm ™' indicate the same direction of the intensity
variations in the symmetrical and asymmetrical V=0
stretching vibrations modes. The peak at 1058cm™' is
ascribed to the asymmetrical stretching vibration of B-O in
BO, tetrahedrons. So the positive sign of the cross peak at
(982, 1058)cm ™" reveals that the direction of the V=0
and B-O intensity changes are also same. In the
asynchronous spectrum (Fig. 6(a)), according to the rule
of Noda [5(a)], the positive sign of the cross-peak at (982,
888), (982, 928) and (982, 1058)cm ™' reveals that the
intensity changes of V=0 bands occur prior to that of the
B-O bands.

In Fig. 6(b), there are only two main auto peak groups
are observed in the band region of 460-600 and
700-850cm™' in the synchronous spectrum. In the
asynchronous spectrum (Fig. 6(b)), there are only very
weak cross-peaks appearing in those band regions. All
these demonstrate that the intensity changes of the
skeleton, V-O-V and Mn-O-B bonds are synchronized
on the whole and sensitive to the magnetism variation.

From the above analyses, we can discover that in
compound 1, the intensity change of V=—O band is
sensitive to the temperature variation, and yet the intensity
changes of skeleton, V-O-V and Mn—-O-B bonds can be
remarkably affected by the magnetism variation. More-
over, the intensity changes of V=0 bands occur prior to
that of the B-O bands in BO, tetrahedra during the
temperature elevation. These results indicate that the subtle
structural changes of POMs can be clearly probed by the
generalized 2D IR correlation spectroscopy. In other
words, the generalized 2D IR correlation spectroscopy
can present an interesting way to check the presence or
breaking of the POMs structure during the chemical
reactions, which is valuable for the in-depth study of
POMs, such as exploring the mechanism of POMs
catalysis, researching the interaction between the building
blocks of POMs.

3.4. Thermal analysis

The TG curve of compound 1 can be divided into three
weight loss steps. The weight loss of 11.69% at 70-200 °C
corresponds to the loss of lattice water and ligand water
molecules (calc. 12.79%). The weight loss of 4.44% at
200400 °C arises from the decomposition of en and
oxalate molecules (calc. 4.44%). In the range of
400-1000 °C, the weight loss of 8.00% should correspond
to the sublimation of B,O5; (calc. 32.97%). The lower
reduction in mass loss indicates that B,Os; was not
completely sublimated in the range of 400-1000 °C.

4. Conclusions

In conclusion, a novel polyoxovanadium borate has
been synthesized by hydrothermal method. It is a TM
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Fig. 6. Synchronous and asynchronous correlation spectra of compound 1 in the range of 400—1100cm™": (a) over a temperature ranges from 50 to 120 °C

and (b) over a magnetic intensity from 2 to 20mT.

oxalate templated polyoxovanadium borate with a 2D
layer structure constructed from unprecedented V,¢B,3O74
clusters and coordination complex fragments. The control
of POMs structure by the TM oxalate reveals an interactive
structural hierarchy in materials. This could open new
opportunities for possible tuning of the properties and
for studying structure-property relationships. Moreover,
we first extend the 2D IR correlation spectroscopy to
explore the POMs and it clearly probes the subtle changes
of POMs induced by the temperature and magnetic
intensity variations. Therefore it has the potential
to become an important tool for the in-depth study of
POMs.
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