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A new crown ether-POM (POM = polyoxometalate) adduct with the molecular formula [(Cy4-
H7005)4(H30)3]PMo012049 - 0.5CH3CN (1) was isolated from the mixed solvent of acetonitrile
and methanol. The adduct is constructed from Keggin [PMo;2040]°~ anions and [(C14H9O05)-
(H30™)] and [(C14H2005)>(H30™)] cations via electrostatic and hydrogen bonding interactions.
The supramolecular interactions combine the crown ether with oxonium ions. In the [(Ci4H2¢O5)-
(H30™)] moieties, the oxonium ions reside out of the planes defined by the oxygen atoms of the
crown ether. The [(C14H2005)>(H307)] moieties exhibit a sandwich structure. There exist hydrogen
bonds between the oxonium ions of the [(C14H2005)(H30)]™ cations and the acetonitrile molecules
and the terminal and bridging oxygen atoms of the [PMo;20401°~ anions. The adduct has been used
as a bulk-modifier to fabricate a chemically modified carbon paste electrode (MCPE), which displays
well-defined cyclic voltammograms with three reversible two-electron redox couples in acidic aque-

ous solution, and electrocatalytic activities towards the reduction of HyO, and NO, ™.
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Introduction

The adducts based on polyoxometalates and crown
ethers have been applied in the membranes of Pb>*-
selective electrodes, which exhibit better sensitivities
with lower detection limits and a wider linear de-
tection concentration range [1]. In crown ether-POM
adducts, the dominant interactions between [crown-
M] " (M = metal ions [2—9] or oxonium ions [10—15])
cations and polyoxometalate anions are generally
electrostatic interactions, but there also exist other
supramolecular interactions [3,6]. We prefer to use
this term to describe the interactions between crown
ether molecules and oxonium ions as some authors
consider them as hydrogen bonds [14, 15], while oth-
ers think they are predominantly electrostatic inter-
actions [12]. Crown ether molecules can capture hy-
drated oxonium ions ([H(H;0),]", n = 1 to ca. 20)
[16—22] through these supramolecular interactions,
and the oxonium ions can reside above the crown
ether molecules [17—19] or are sandwiched by crown
ether molecules [14, 15,20 —-22]. Recently, Akutagawa
et al. have reported a solid-state molecular rotator,
(CsH)s([18]crown-6)3(H)2[PM012040]°~, in which
two Cs™([18]crown-6) supramolecular rotators were

complexed with [PMo;20401° Keggin clusters [23].
To the best of our knowledge, hydrogen bonding in-
teractions between crown ether-oxonium moieties and
surface oxygen atoms of POMs have not been reported
until now, unlike those in other adducts of crown ether-
metal ions. Two significant features of crown ether-
POM adducts merit attention. Firstly, the adducts are
insoluble in aqueous solutions and secondly, crown
ethers are electrochemically inert. These results have
encouraged us to study carbon paste electrodes chem-
ically modified with POMs [24]. In this paper, we
report the supramolecular structure and electrochem-
ical properties of a new crown ether-POM adduct,
[(C14H2005)4(H30)3] - [PM012040] - 0.5 CH3CN (1).

Results and Discussions

Benzo-15-crown-5 and H3PMo1,04¢ - 24H,0 were
dissolved at r.t. in a mixture of acetonitrile and
methanol. Upon evaporation of the solvent mixture
adduct 1 was formed and could be isolated.

IR spectrum

In the IR spectrum, the bands at 1061, 958,
881, 804 cm~! are assigned to v(P-0O,), v(Mo=0y),
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v(Mo-0Op,—Mo), and v(Mo-O.—Mo), respectively, and
those at 2916 and 2871 cm™!' are attributed to
crown ether -CH,- groups. The peaks from 1594
to 1099 cm~! indicate the stretching frequencies of the
-C-O- groups.

Crystal structure description

The crystal structure analysis has revealed that
adduct 1 consists of one [PMo;204]°~ anion,
one [(C14H2005)2(H30™)] moiety, two [(Ci4H20Os)-
(H30")] moieties and 0.5 acetonitrile molecule. The
anion has a classical a-Keggin structure exhibiting
Ty symmetry. The POy tetrahedron is surrounded
by twelve MoOg octahedral units arranged in four
groups of three edge-sharing Mo3O13 trinuclear units
linked together by sharing corners. The bond lengths
and bond angles, shown in Table 2, are in close
agreement with those described in the literature
[12,15].

As shown in Fig. la, there exist three crystallo-
graphically independent water molecules, O1W, O2W,
O3W, which are protonated to oxonium ions, H30™.
The O1W and O2W ions reside out of the planes de-
fined by the oxygen atoms of the corresponding crown
ethers, and the distances between oxonium ions and
the centers of the crown ether rings are 1.002(4) and
0.898(4) A. The supramolecular interactions (filled
dashed bonds in Fig. 1a) combine the crown ether with
the oxonium ions. Each O3W ion is sandwiched be-
tween a pair of benzo-15-crown-5 molecules, which
are almost parallel with a twist angle is 65° (Fig. 1b).
It is obvious that the distances between the O3W oxo-
nium ions and the crown ethers are longer than those
of O1W and O2W.

Fig. 1. a) Molecular structure of 1, all H atoms are omit-
ted (the filled dashed bonds are supramolecular interactions);
b) the sandwich structure of [(C14H005),(H30™") moieties
whose twist angle is 65°.

Fig. 2. Assemblage of [PMo;204017~ polyoxoanions and
[(C14H005)(H30™)] cationic groups along the ¢ axis.

There exist hydrogen bonding interactions between
the O1W oxonium ion and the O33 atom of a
[PMo;2040]°~ anion (2.638(2) A), the O1W oxonium
jon and the N atom of a CH3;CN molecule (2.384(2) A),
and the O2W oxonium ion and the bridging O13 atom
of a [PM012040]°~ anion (2.827(2) A). Through these
interactions, a [PMo1,04]°~ anion, an O1W oxonium
ion, an O2W oxonium ion and a CH3CN molecule con-
stitute a basic unit. The units are packed in two oppo-
site orientations, forming the AB- - - AB mode along the
crystallographic c axis. The distance of the O40 atoms
of the [PMo2040]°~ anions between layer A and
layer B is 2.717(3) A (Fig. 2). The short distance may
result from the packing mode or from weak interac-
tions between O atoms, and this phenomenon has al-
ready been reported in the literature [25].

Electrochemical behavior

Voltammetric behavior of 1-MCPE in aqueous elec-
trolyte

The cyclic voltammograms for 1-MCPE in 0.2 M
H;,S0O4 aqueous solution at different scan rates are pre-
sented in Fig. 3. Three reversible redox peaks appear
in the potential range of —200 to 800 mV and with
half-wave potentials E1/2 = (Epa+ Epc)/2 of 315,
173, and —62 mV, respectively. Redox peaks I-I',
II-II' and TI-III" can be attributed to three consec-
utive two-electron processes of the Mo atoms. The
peak potentials change gradually following the scan
rates, the cathodic peak potentials shift towards the
negative direction and the corresponding aniodic peak
potentials to the positive direction with increasing
scan rates. This common phenomenon results from the
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electron exchange rate between the electrode and the
[PMo,2,040]°~ anions.

pH-Depending electrochemical behavior of 1-MCPE

Fig. 4 shows cyclic voltammograms for 1-MCPE
in acidic aqueous solutions at different pH. It can be
clearly seen that the three waves shift to more neg-
ative potentials with increasing pH value. Plots of
peak potentials of three cathodic waves versus pH for
the 1-MCPE show linearity in the pH range from 1.40
to 2.22 (three curves in the inset), and the slopes of

T to right: 1.40, 1.68, 1.98, 2.22). Inset: peak
0.2 potentials plotted against pH value show lin-
earity.

the pH range are 65.8, 65.4 and 76.8 mV/pH for the
three reduction peaks, respectively, approximately cor-
responding to the addition of two protons, as was
observed with solution phase and multifilm species
of PMo1,040°~ [26,27].

Electrocatalytic reduction of H;Oy and NO, ™~ on
1-MCPE

The reduction of hydrogen peroxide at a bare elec-
trode generally requires a large overpotential, and
no obvious response is observed in the range 4600
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to —150 mV [28]. 1-MCPE displays electrocatalytic
activity toward the reduction of H,O;. As shown
in Fig. 5, the reduction peak currents increase, and
the corresponding oxidation peak currents decrease
with the increase in concentration of H>O,. The re-
sult indicates that the three reduced species of the
[PMo01,049]°~ anions have electrocatalytic activity for
H,O; reduction.

Analogously, the three reduction peak currents in-
crease, while the corresponding oxidation peak cur-
rents decrease, with the addition of NO,~ at the
1-MCP (Fig. 6). These results suggest that the three re-
duced species of the [PMo;,040]°~ anions have elec-
trocatalytic activity for NO, ~ reduction.

T Fig. 6. 1-MCPE’s electrocatalytic activity to-
ward NaNO, in 0.2 M H;SO4 solution. Scan
rate: 40 mV s~

Stability of 1-MCPE

When the potential range is maintained at —200
to 800 mV, the electrode is stable over 300 cy-
cles at a rate of 100 mVs~!, and the peak currents
only decrease by less than 5 %. After storage at r.t.
for 20 d, the peak currents remain almost unchanged.
The remarkable stability of the modified electrodes can
be attributed to the insolubility of the crown ether-
POM supramolecular assemblies and the affinity of the
crown ethers toward the paste.

Thermal analysis

The thermal analysis of 1 gives a weight loss
of 2.6 % in the range of 90— 130 °C, which is corre-
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Table 1. Crystal data and structure refinement for adduct 1.

Formula C57H31_5M012N0_5063P

Formula weight 2963.98

Crystal size, mm? 0.30 x 0.30 x 0.10

Crystal system triclinic

Space group P1

a, A 14.671(2)

b, A 16.566(2)

c A 19.677(3)

o, deg 84.208(2)

B, deg 83.508(2)

Y, deg 78.295(2)

v, A3 4638.1(11)

Z 2

Dealed» gcm™> 2.122

U(MoKg), mm~! 1.689

F(000), e 2900

hkl range —17<h<+17, —19 <k < +16,
—23<1<+18

Refl. measured / unique / Rjpy 23493 /16130/0.0312

Param. refined 1216

0.0586/0.1436
0.1045/0.1637

R1/wR2* [I > 26(1)]
R1/wR2?* (all data)
GoF (F?)* 1.038

ApPsin (max / min), e A—3 1.32/—1.46

& Rl = ||Fy| — |Fe|l/Z|F), wR2 = [Ew(Fy2 — F2)2/Sw(F,2)2 2,
w = [62(F?) + (0.0733P)> + 2.2123P]"', where P =
(Max(Fozz,O) + 2F2)/3; GoF = [Zw(Fo? — F.2)?/(ngps —

Nparam

sponding to the loss of the acetonitrile and coordinated
water (calcd. 2.5 %). The second weight loss from 235
to 530 °C is ascribed to the benzo-15-crown-5 decom-
position (showing a weight loss of 36.5 %; the calcu-
lated value is 36.2 %).

Conclusion

In summary, a new crown ether-POM adduct,
[(C14H2005)4(H30)3][PMo012040] - 0.5CH3CN (1),
has been synthesized and applied in chemically mod-
ified carbon paste electrodes. Adduct 1 is constructed
from [PMo;2040]°~ anions, [(C;4H2005)(H307)]
cations, and sandwich [(C;4H»0O5)2(H307)] cations.
Through supramolecular interactions, a [PMo0,0401°~
anion, two oxonium ions and one CH3CN molecule
constitute a basic unit. The units are packed in
two opposite orientations, resulting in the sequence
AB---AB along the crystallographic ¢ axis. This is
an excellent example of a packing mode resulting
from supramolecular interactions in inorganic-organic
hybrids. 1-MCPE displays well-defined cyclic voltam-
mograms with three reversible two-electron redox
couples in acidic aqueous solution, exhibits elec-
trocatalytic activities toward the reduction of H,O,

Table 2. Selected bond lengths (A) and angles (deg) for
adduct 1.

Mo(1)-0(5) 1.660(6) O(2W)-0(55) 2.376(18)
Mo(1)-0(2) 1.835(6) O(3W)-0(46) 3.121(18)
Mo(1)-O(1) 1.867(5) O(BW)-0(47) 2.909(18)
Mo(1)-0(3) 1.966(6) O(BW)-0(48) 2.864(18)
Mo(1)-O4) 1.996(6) O(3W)-0(49) 2.932(18)
Mo(1)-O(38)  2.442(5) O(BW)-0(50) 3.043(18)
P(1)-0(39) 1.522(6) O(BW)-0(56) 2.986(18)
P(1)-0(37) 1.532(5) O(BW)-0(57) 2.979(18)
P(1)-0(38) 1.539(6) O(BW)-0(58) 2.909(18)
P(1)-0(15) 1.543(6) O(BW)-0(59) 2.908(18)
O@1)-C(7) 1.440(11) O(BW)-0(60) 3.173(18)
0@41)-C(5) 1.353(12)

0(42)-C(9) 1.419(12) O(5)-Mo(1)-0(2) 104.0(3)
0(42)-C(8) 1.420(13) O(5)-Mo(1)-0O(1) 102.4(3)
0(43)-C(11) 1.411(13) O(2)-Mo(1)-O(1) 95.8(2)
0(43)-C(10) 1.427(13) O(8)-Mo(2)-0(3) 104.1(3)
0(44)-C(13) 1.305(17) O(8)-Mo(2)-0(9) 102.3(3)
0(44)-C(12) 1.404(14) 0O(3)-Mo(2)-0(9) 94.2(3)
0(45)-C(1) 1.342(13) O(8)-Mo(2)-0(7) 101.6(3)
0(45)-C(14) 1.457(18) 0O(3)-Mo(2)-0(7) 85.1(2)
O(1W)-N(1) 2.384(18) O(14)-Mo(3)-O(11) 102.4(3)
O(1IW)-0(33)  2.638(18) O(14)-Mo(3)-0(10) 102.8(3)
O(1W)-0(41)  2.425(18) O(11)-Mo(3)-O(10) 95.2(3)
O(IW)-0(42)  2.439(18) O(14)-Mo(3)-0O(13) 100.5(3)
O(1W)-0(43)  2.423(18) O(11)-Mo(3)-O(13) 155.8(3)
O(1IW)-0(44)  2.460(18) O(27)-Mo(8)-0(26) 103.7(3)
O(IW)-0(45)  2.445(18) O(27)-Mo(8)-0(6) 101.5(3)
O(2W)-0O(13) 2.827(18) O(6)-Mo(8)-0(24) 156.1(3)
O(2W)-0O(51) 2.431(18) 0(30)-Mo(9)-0(20) 102.4(3)
O(2W)-0(52) 2.389(18) 0(20)-Mo(9)-0(23) 86.1(2)
O(2W)-0(53)  2.400(18) 0O(35)-Mo(10)-0(37) 85.4(2)
O(2W)-0(54) 2.450(18) 0(9)-Mo(10)-0(37) 71.4(2)

and NO, ™, and shows excellent stability due to the
insolubility of the crown ether-POM adducts.

Experimental Section

Materials and methods

All chemicals purchased were of reagent grade and used
without further purification. H3PMo1,04q - 24H, O was syn-
thesized according to the literature [29]. Elemental analysis
(C, H and N) was performed on a Perkin-Elmer 2400 CHN
Elemental Analyzer. Infrared spectra were recorded from
KBr pellets on a TENSOR27 Bruker AXS spectrometer.
The TG/DTA analysis was performed on a Pyris Dia-
mond TG/DTA instrument in flowing air with a heating
rate of 10 °Cmin~!. The XPS measurement of Mo was
carried out on a VG ESCALABMK spectrometer with an
MgKy (1253.6 eV) achromatic X-ray source. The modified
carbon paste electrode (MCPE) was fabricated as follows:
0.1 g graphite powder (purchased from Shanghai Chemical
Plant and used as received) and 30 mg of adduct 1 were
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mixed and ground together in an agate mortar to achieve a
uniform and dry mixture. Paraffin (0.3 mL) was added to
the mixture and stirred with a glass rod, then the homoge-
nized mixture was used to pack 3 mm inner diameter quartz
tubes. The surface was wiped with paper, and the electri-
cal contact was established with a copper rod through the
back of the quartz tubes. All electrochemical measurements
were carried out on a CHI 600B electrochemical worksta-
tion at r.t. under nitrogen atmosphere. The working elec-
trode was the 1-MCPE. A platinum wire was used as the
counter electrode, and Ag/AgCl (3 M KCI) was the reference
electrode.

Synthesis

A 10 mL acetonitrile solution of benzo-15-crown-5
(0.065 g, 0.24 mmol) was added to a 40 mL. methanol so-
lution of 0.7 g H3PMo1,04q - 24H,0 (0.35 mmol) and 0.2 g
La(NO3)3 - 6H,O with stirring at r. t. The filtrate from this re-
action mixture was allowed to stand for several days. Black
crystals of adduct 1 (0.12 g) were collected. Yield: 67 %
based on benzo-15-crown-5. Anal. caled. (found): C 23.03
(23.11), H3.07 (3.17),0 33.90 (33.95), N 0.24 (0.21), P 1.04
(1.02 ), Mo 38.72 (38.45)%.

Single crystal X-ray diffraction

Intensity data were collected on a SMART APEX II-CCD
X-ray single crystal diffractometer at 293 K using graphite-
monochromatized MoK, radiation (A = 0.71073 A). An em-
pirical absorption correction was applied. The structure was
solved by Direct Methods and refined by full-matrix least-
squares on F2 using the SHELX-97 software package [30].
All non-hydrogen atoms were refined anisotropically, and the
hydrogen atoms attached to carbon atoms were added in ide-
alized geometrical positions. 78 restraints were applied to the
fixed distances of the C—C bonds and to the isotropic re-
finements of some atoms of benzo-15-crown-5 and CH3CN
molecules. Some relevant crystallographic data and structure
determination parameters are summarized in Table 1. Se-
lected bond lengths and bond angles of 1 are listed in Table 2.

CCDC-700747 contains the supplementary crystallo-
graphic date for this paper. Copies of the data can be ob-
tained free of charge from the Cambridge Crystallographic
Data Centre via www.ccdc.cam.ac.uk/data_request/cif.
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