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Two isostructural vanadium(IV) coordination polymers
[VO(dod),]X, [X=Cl, Br; dod = 1,4-diazoniabicyclo[2,2,2]
octane-1,4-diacetate (C,,H,;;N,0,)] have been synthesized sol-
vothermally and determined by single-crystal X-ray analysis.
Both of them crystallize in the tetragonal space group
Pd/ncc (no. 130), with cell parameters a=15.702(5), c¢=
9.745(5) A, V'=2403(2)A°, Z=4 for 1 and a=15.916(5),
¢=9.820(4) A, V' =2488(2) A, Z = 4 for 2. In both complexes,
each vanadium atom adopts a V'VO, square-pyramidal environ-
ment, being coordinated by four oxygen atoms [V-O=
1.978(2) A for 1 and 1.969(3) A for 2] from four dod ligands and
a terminal oxygen atom [V =0 =1.580(5) A for 1 and
1.572(7) A for 2]. The bis-monodentate dod ligands bridge
vanadium atoms to furnish two-dimensional double wave-like
layers of (4,4) topological type. Along the c-axis direction, there
are square channels constructed from side-sharing saddle-shaped
rings. The microporous material 1 shows chloride-to-sulfate ex-
change properties in aqueous media.
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INTRODUCTION

There has been extensive interest in organic-inorganic
hybrid vanadium oxides, polyvanadate -clusters, and
vanadium complexes due to their structural aesthetics, cata-
lysis, and magnetic properties as well as biological relevance
(1-11). In contrast, the vanadium-organic coordination
polymers via coordination of vanadium ions with bridging
organic ligands remain rare. This may be attributed to
vanadium at low-valence states having tendency to be oxi-
dized and at high-valence states having tendency to form
clusters. One may expect that microporous vanadium-or-
ganic coordination polymers with two- and three-dimen-
sional frameworks will exhibit the potential applications,
such as adsorption, ion exchange, and shape-selective
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catalysis, as documented for other metal-organic coordina-
tion polymers (12-19). Thus, the investigation to develop
vanadium-organic coordination polymers is required for
extension of the knowledge of the relevant structural types
and for application as new materials. Surprisingly, only two
structurally characterized vanadium-organic coordina-
tion polymers, namely, [{V(OH) (squarate)(H,O)},] and
[{V(OH)(squarate)},]-4H,0, have been reported to date,
both of which are constructed from dimers of edging-shar-
ing VO, octahedra (20). Neither vanadium(IV) nor
vanadium(V) coordination polymers have been reported. It
is believed that vanadium(IV) and vanadium(V) coordina-
tion polymers may be synthesized by judicious selection of
ligands and reaction conditions. According to hard and soft
acid and base theory, vanadium(IV) belongs to hard acid
and has greater affinity to oxygen atoms than to nitrogen
and sulfur atoms. Besides, it has also been known that the
[VO(H,0),]?" ions are major species of vanadium(IV) un-
der acidic conditions, the four aqua ligands of which can be
replaced by oxygen-donor ligands (21). Based on these con-
siderations, we chose a bridging neutral zwitterionic lig-
and, 1,4-diazoniabicyclo[2,2,2]octane-1,4-diacetate (dod,
a double betaine) (22), together with vanadium(V) oxide in
aqueous ethanol to synthesize coordination polymers with
the solvothermal method. Ethanol was chosen as solvent
because it can reduce vanadium atoms from pentavalent to
tetravalent at high temperature. We report herein two
isostructural  two-dimensional polymeric  complexes
[VO(dod),]X, (X = Cl, 1, or Br, 2), which represent the first
noncluster vanadium(I'V) coordination polymers.

EXPERIMENTAL
Syntheses

A mixture of V,05 (0.09g), dod-2HCI (0.10g) or
dod-2HBr (0.13 g), ethanol (2.80 g), and water (3.00 g) in the
molar ratio 1:0.68:116:333 was stirred 30 min in air, then
transferred, and sealed in a 23-cm?® Teflon-lined stainless
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container, which is heated to 180°C for 28 h and then cooled
to room temperature at the rate of 5°C per hour. The
products were filtered, washed with distilled water, and
dried in air. Blue needle-like crystals 1 and 2 were recovered
in approx. 35 and 40% yield based on dod, respectively.

lon Exchange

A freshly prepared needle-like crystal of 1 (0.15g) was
immersed in the aqueous solution of Na,SO, (0.5 M) for Sh.
The resulting product 3 (0.14 g) was filtered off, washed
several times with distilled water, and dried in air. The
transparency of the crystals was lost during immersion.
Compound 3 was characterized by EA, IR spectra, and
X-ray power diffraction (XRPD) patterns.

Physical Characterization

Elemental analyses were performed on a Perkin-Elmer
240 elemental analyzer and gave C = 40.58(40.42)%,
H = 5.46(5.43)%, N = 9.38(9.43)% for 1; C = 35.04(35.16)%,
H =4.67(4.72)%, N = 8.22(8.20)% for 2; and C = 40.02(40.11)%,
H = 5.48(5.39)%, N = 9.44(9.36)%, S = 1.06(0.96)% for 3.
The numbers in parentheses indicate the ideal calculated.
The FT-IR spectra of 1, 2, and 3 were recorded from KBr
pellets in the range 400-4000 cm ! on a Nicolet 5DX spec-
trometer (Fig. 3). The recorded XRPD pattern of 3 was in
agreement with the simulated one based on the single-
crystal structure of 1 (Fig. 4). Thermal gravimetric analyses
(TGA) were performed under static air atomosphere using
a Perkin-Elmer 7 thermogravimetric analyzer with a heat-
ing rate of 10°C min !, which revealed that weight losses of
approx. 78 and 83% for 1 and 2 occurred in the range
300-550°C. The EPR spectra of 1 were recorded with
a Bruker spectrometer at 4 K, which showed a signal with
anisotropic g factors, g, = 1.77, g, = 1.99, and g, = 2.23.

Crystal Structure Determination

Data collection was performed at 293 K on a Siemens
R3m diffractometer (MoKoa, 2 = 0.71073 Z\). Lorentz-polar-
ization and absorption corrections were applied. The struc-
tures were solved by direct methods (SHELXS-97) (23) and
refined with full-matrix least-squares technique (SHELXL-
97) (24). Analytical expressions of neutral-atom scattering
factors were employed, and anomalous dispersion correc-
tions were incorporated. In all cases, all nonhydrogen atoms
were refined anisotropically and hydrogen atoms of organic
ligands were geometrically placed. The crystallographic
data for 1 and 2 are listed in Table 1. Atomic coordinates
and equivalent isotropic displacement parameters and se-
lected interatomic distances and angles for 1 and 2 are given
in Tables 2 and 3.
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TABLE 1
Crystal Data and Structure Refinement Parameters for 1 and 2

Empirical formula C,0H3,CILN,O0V C,0H;3,Br,N,OgV
1 2

Formula weight 594.34 683.26
Temperature (K) 293(2) 293(2)
Wavelength (&) 0.71073 0.71073
Crystal system Tetragonal Tetragonal
Space group P4/ncc P4/ncc
a(A) 15.702(5) 15.916(7)
b (A) 15.702(5) 15.916(5)
c (&) 9.745(5) 9.820(4)
v (A3 2403(2) 2488(2)
V4 4 4
Density (calculated)

(Mg/m?) 1.643 1.824
Absorption coefficient

(mm™?') 0.695 3.670
F(000) 1236 1380
Crystal size (mm) 0.70 x 0.42 x 0.40 0.42x0.15x0.15
0 range (°) 2.5-27.5 2.5-27.0
Reflections collected 2043 1584
Independent reflections 1387 (Rin = 0.0623) 1371 (R = 0.0452)
Absorption correction Empirical Empirical

Max. and min.

transmission 0.768 and 0.713 0.720 and 0.628
Data/restrains/
parameters
Goodness-of-fit on F?
Final R indices
[I > 2a(I)]

R indices (all data)

1387/0/85
1.036

1371/0/85
1.027

R; = 0.0581, wR, = 0.1564 R, = 0.0510, wR, = 0.1049
R; = 0.0886, wR, = 0.1759 R, = 0.1075, wR, = 0.1246

RESULTS AND DISCUSSION

Hydrothermal and solvothermal syntheses are relatively
complex processes. Many factors can affect the reaction,
such as initial reactants, concentration, pH, and crystalliza-
tion temperature. In the syntheses of 1 and 2, the choice of
solvent and pH value of the reaction system were very
important for the formation of the product. The ethanol
molecule acts as not only a solvent but also as a reductive
agent for vanadium from pentavalent to tetravalent. At-
tempts to prepare 1 and 2 in the absence of ethanol have
proved to be unsuccessful. In addition, it has been found
that an initial pH below 3 is also critical to the products.

X-ray structural analysis reveals that 1 and 2 are isostruc-
tural and consist of two-dimensional double wavelike layers
of (4,4) topological type. Each vanadium atom in 1 and
2 adopts a VVOs square-pyramidal environment, being
coordinated by four oxygen atoms [V-O = 1.978(2) A for
1 and 1.969(3) A for 2] from four dod ligands and a terminal
oxygen atom [V = O = 1.580(5) A in 1 and 1.572(7) A in 2]
(Fig. 1). It is known that the average V = O bond length of
oxovanadium is approximately 1.6 A, while the equatorial
V-0 bond length is in the range 1.8-2.1 A. The average
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TABLE 2
Atomic Coordinates ( x 10*) and Isotropic Thermal Parameters
(x10% for 1 and 2

Atom X y z Usq
1-Cl

V(1) 7500 7500 504(1) 20(1)
O(1) 7500 7500 2125(5) 37(1)
0O(2) 7438(2) 8697(2) —120(3) 31(1)
0(3) 8630(2) 9401(2) 448(2) 38(1)
C(1) 8048(2) 9218(2) —332(3) 27(1)
C(2) 7935(2) 9640(2) — 1741(3) 30(1)
N(1) 8614(2) 10281(2) — 2112(3) 23(1)
C(3) 8604(2) 11055(2) — 1176(3) 25(1)
C4) 8421(2) 10599(2) — 3556(3) 26(1)
C(5) 9502(2) 9900(2) —2101(4) 26(1)
CI(1) 6370(1) 11370(1) — 2500 42(1)
2

V(1) 7500 7500 434(2) 27(1)
Br(1) 6383(1) 11383(1) — 2500 42(1)
O(1) 7500 7500 2034(8) 49(2)
0(2) 7465(2) 8674(2) — 196(4) 39(1)
0O@3) 8648(2) 9357(2) 395(4) 44(1)
C(1) 8076(3) 9189(3) — 393(6) 34(1)
C(2) 7994(3) 9607(3) — 1778(5) 36(1)
N(1) 8655(2) 10248(2) — 2130(4) 25(1)
C(3) 8630(3) 11004(3) — 1200(5) 32(1)
C(4) 8479(3) 10573(3) — 3566(5) 29(1)
C(5) 9531(3) 9877(3) — 2127(5) 31(1)

lengths of 1.576 A for V = O and 1.974 A for V-O bonds in
1 and 2 indicate the vanadium atoms have a typical square-
pyramidal arrangement. It should be particularly noted
that the coordination mode of dod in 1 and 2 differs from
both chelating and bridging coordination modes of squar-
ate that are supposed to be the reason of stabilization of
[{V(OH)(squarate)(H,0)},] and [{V(OH)(squarate)},]-
4H,0 (20). Each dod ligand covalently coordinates in a bis-
monodentate u,-mode to two vanadium atoms and the

TABLE 3
Selected Bond Length (A) and Bond Angles (°) for 1 and 2
1 2
V(1)-0(1) 1.580(5) 1.572(7)
V(1)-0(2) 1.978(2) 1.969(3)
0(2)-C(1) 1.276(4) 1.287(6)
0(3)-C(1) 1.223(4) 1.224(6)
O(1)-V(1)-O(2a) 107.9(1) 108.3(1)
0(2a)-V(1)-O(2b) 84.58(5) 84.35(7)
0(2a)-V(1)-0O(2¢) 144.2(2) 143.4(2)
C(1)-0(2)-V(1) 128.4(2) 129.1(4)
0(3)-C(1)-0(2) 127.7(3) 127.3(5)

Note. Symmetry codes: (a) y, 1.5 - x, z; (b) 1.5 - x, 1.5 —y, z; (¢) 1.5
-V Xz
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FIG. 1.
along the c axis.

Perspective plot of the two-dimensional structure of 1 viewed

propagation of the array results in wave-like chains along
the [110] direction. Similar to this, wave-like chains running
along the [110] direction are produced by interconnection
of vanadium atoms and dod ligands. The intercrossings at
vanadium sites of chains along the [110] and [110] direc-
tions give rise to a double wave-like two-dimensional layer.
The basic motif of a two-dimensional layer is saddle-shaped
rings of size approx. 12.0 x 6.2 A that are enclosed by 44
atoms, including four vanadium atoms. The guest CI~ or
Br™ ions reside on the saddle-shaped rings to maintain the
charged neutrality. Alternately, the double wave-like two-
dimensional layer may be viewed as an array constructed
from side-sharing saddle-shaped rings, where the terminal
oxygen atoms alternately are oriented up and down. Re-
cently one similar polymeric structural motif was
documented in [Cus(bpp)s(SO4)4(EtOH)(H,0)5](SOy)-
EtOH-25:5H,0 (25). However, the three-dimensional
stacking arrays of 1 and 2 are quite different from the
copper(Il) complex. As shown in Fig. 2, the layers of 1 and
2 stack in a staggered fashion with interlayer V --- V separ-
ations of 4.87 A for 1 and 4.91 A for 2, which repeat with an
---ABABAB --- sequence. In the copper(I) complex the
layered motifs are entangled with the other type of poly-
meric motifs (ribbons) into a three-dimensional array.
In addition, it is noteworthy that there is weak inter-
action between interlayer V(1) and O(1) atoms with
a V.- O distance of 3.29 A, which may play an important
role in stabilization of 1 and 2, as shown by the dashed
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FIG. 2. The three-dimensional stacking array of 1 viewed along (a) the ¢ axis and (b) the a axis. For clarity, the chloride ions are omitted.

lines in Fig. 2b. Fortunately, the staggered stacking does
not cover all voids but leaves square channels running
along the c-axis direction (approx. 6.2 x 6.2 1&2), which pro-
vide the path for guest ions entering into or coming out the
lattice.

Compounds 1 and 2 exhibit virtually identical IR spectra,
as shown in Fig. 3a. The strong band at 1666 cm ' is
consistent with the stretching vibration of carboxylate and

Transmittance (a.u.)

4000 3500 3000 2500 2000 1500 1000 500

Wavenumber (cm")

FIG. 3. IR spectra of (a) 1 and (b) its exchanged product 3.

the peak at 986 cm ~ ! is characteristic of the V = O stretch-
ing vibration. The powdered EPR spectra show a signal
with anisotropic g factors (g.=1.77, g,=1.99, and

(b)

0 30 40 50 60

ol
FIG. 4. (a) Simulated XRPD pattern of 1 and (b) measured XRPD
pattern of 3.
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g. = 2.23), confirming that the oxidation state of vanadium
atoms are tetravalent (26).

An ion exchange test of 1 was carried out and the ex-
changed product 3 was identified by IR spectroscopy,
elemental analysis, and XRPD. The IR spectrum of 3
(Fig. 3b) shows a strong band at 1107 cm ™!, corresponding
to free SO; ~, compared with that of 1. The XRPD pattern
of 3 (Fig. 4) is very similar to the simulated one based on the
single-crystal structure of 1, which indicates no skeleton
collapse during the ion-exchange course. Elemental analysis
shows that ion exchange yield is approx. 18% and extension
of exchange time from 5 to 9 h does not apparently improve
the exchange yield. The lower exchange yield may be at-
tributed to the fact that there are only one-directional chan-
nels in 1 running along the c-axis direction, and SO~ and
Cl™ ions are hard to pass through the channels because of
the medium pore size and mutual collision of the two kinds
of ions.
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