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The reaction in water of M(II) [M ) Ni or Mn] with 1,10-phenanthroline (phen) and sodium pyrophosphate (Na4P2O7)
in a 2:4:1 stoichiometry resulted in the crystallization of dinuclear complexes featuring the heretofore rare bridging
pyrophosphate. Single-crystal X-ray diffraction studies revealed the complexes to be {[(phen)2Ni]2(µ-P2O7)}‚27H2O
(1) and {[(phen)2Mn]2(µ-P2O7)}‚13H2O (2) where the asymmetric M(phen)2 units are bridged by bis-bidentate
pyrophosphate, each metal ion exhibiting a distorted octahedral geometry. The bridging pyrophosphate places
adjacent metal centers at 5.031 Å in 1 and 4.700 Å in 2, and its conformation also gives rise to an intramolecular
π−π interaction between two adjacent phen ligands. Intermolecular π−π interactions between phen ligands from
adjacent dinuclear complexes create an ornate 3D network in 1, whereas a 2D sheet results in 2. The hydrophilic
nature of the pyrophosphate ligand leads to heavy hydration with the potential solvent-accessible area for 1 and
2 accounting for 45.7% and 26.4% of their unit cell volumes, respectively. Variable-temperature magnetic susceptibility
measurements on polycrystalline samples of 1 and 2 revealed net weak intramolecular antiferromagnetic coupling
between metal centers in both compounds with J ) −3.77 cm-1 in 1 and J ) −0.88 cm-1 in 2, the Hamiltonian
being defined as H ) −JSA‚SB. The ability of the bis-bidentate pyrophosphate to mediate magnetic interactions
between divalent first row transition metal ions is discussed bearing in mind the number and nature of the interacting
magnetic orbitals.

Introduction

The role of diphosphate, more commonly known as
pyrophosphate (P2O7

4-), in biological systems has long been
of interest to chemists. Pyrophosphate is ubiquitous in nature,
involved in processes such as oxidative phosphorylation,1

oxidative decarboxylation (e.g., thiamin pyrophosphate,
vitamin B1),2 energy storage, and energy transduction.3

Calcium pyrophosphate build-up in joints is the cause of a

form of chronic rheumatoid arthritis4 and certain pyrophos-
phatases (e.g., from the yeastSaccharomyces cereVisiae) are
dependent on magnesium or manganese for function.5 Indeed,
these enzymes can have as many as four functional divalent
metal ions in the active site, with two metal ions bound as
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essential cofactors, whereas the third and fourth are ligated
to pyrophosphate/phosphate forming substrate/product mo-
tifs.5 Outside of biology, inorganic pyrophosphate salts have
drawn interest as promising materials for laser hosts, in
ceramics, electric, magnetic, and catalytic applications.6 A
vanadium pyrophosphate-based system is an important
heterogeneous/contact catalyst, being the only example of a
heterogeneous catalyst used in the selective oxidation of
alkanes (e.g., the conversion of butane to maleic anhydride).7

The multidentate nature of pyrophosphate makes it an
attractive ligand for the potential formation of multinuclear
complexes with varied structural types and properties.
However, despite the diversity and importance of pyrophos-
phate interactions with metal ions, it is surprising to note
that the coordination chemistry of pyrophosphate remains
virtually unexplored. A review of the Cambridge Crystal-
lographic Database revealed only six such complexes (see
Table 1).8 The dearth of structurally characterized pyrophos-
phate complexes possibly arises as a consequence of its
sensitivity to hydrolysis especially in the presence of divalent
metal ions.9

The few examples listed in Table 1 demonstrate the ability
of the pyrophosphate tetra-anion to act as a structurally
flexible bridging unit to produce a variety of complexes with
variable nuclearity. Given the scarcity of such structures, the
dearth of magnetic characterization and the relevance of
pyrophosphate to both biology and materials science, we have
focused some recent efforts on using pyrophosphate in the
synthesis of coordination complexes and investigating the
structures, as well as the magnetic and catalytic properties
of the species obtained.11,13 Our success to date is in part

due to our strategy of preventing hydrolysis of pyrophosphate
during synthesis. This is achieved by using previously
chelated metal ions, e.g., ‘M(II)-phen’ species (phen 1,10-
phenanthroline), as precursors since short-chain polyphos-
phates have been shown to be fairly inert to hydrolysis in
the presence of chelated metal ions (Table 1). We report
herein the synthesis and structural, magnetic, and thermal
characterization of two pyrophosphate-bridged dinuclear
species of formula{[(phen)4(Ni)2(µ4-P2O7)]‚27H2O} (1) and
{[(phen)4(Mn)2(µ4-P2O7)]‚13H2O} (2). They are the first such
examples of Ni(II) and Mn(II) complexes incorporating the
pyrophosphate ligand. From the structural studies, it is
evident that1 and 2 crystallize with a high degree of
hydration and, in the case of1, an ornate set of channels
runs through the structure. The nature of these channels and
the magnetic behavior of1 and2 are discussed.

Experimental Section

Solvents and chemicals were of laboratory grade and were used
as received. Electrospray mass spectrometry was performed on a
Shimadzu LCMS-2010 A system at a cone voltage of 5 kV. Infrared
spectra were recorded on a Nicolet Magna-IR 850 Series II
spectrophotometer as KBr pellets. Thermal analysis was performed
on a TA instrument TGA Q500 using 2-6 mg samples placed on
platinum pans and run under a nitrogen atmosphere (40 mL/min).
The temperature was ramped from∼25 to 500°C at a rate of 10
°C/min. Analyses were performed using the TA instruments
Universal Analysis 2000 software program. Elemental analysis (C,
H, N, P) was performed by Quantitative Technologies, Inc.,
Whitehouse, NJ. Water was distilled and deionized to 18.6 MΩ
using a Barnstead Diamond RO reverse osmosis machine coupled
to a Barnstead Nano Diamond ultrapurification machine. Variable-
temperature magnetic susceptibility measurements were performed
on a Quantum design SQUID susceptometer in the temperature
range 1.9-300 K with an applied magnetic field ofH ) 1000 G
(T g 100 K) and 250 G (T < 100 K). Crystalline samples (typically
40 mg) were obtained directly from the reaction mixture, air-dried,
and powdered in a mortar. Diamagnetic corrections for the
constituent atoms were estimated using Pascal’s constants, and
corrections for the sample holder and the temperature-independent
paramagnetism were also performed. Corrections for the temper-
ature-independent magnetism (diamagnetic contribution of the
constituent atoms plus temperature-independent paramagnetism of
the metal ions) of1 and2 were considered as variable parameters
in the fit, and the values for two metal ions are-500× 10-6 cm3/
mol for 1 and-620× 10-6 cm3/mol for 2. They are as expected
for the chemical compositions. Corrections for the sample holder
were also applied. Electronic absorption spectra were obtained on
a Varian Cary 50 Bio spectrophotometer in 1 mL Quartz cuvettes
(Sigma) between 200 and 800 nm at ambient temperature.

Synthesis of 1.Nickel chloride (0.60 g, 2.5 mmol) was dissolved
in 25 mL of distilled water. To this was added a water/ethanol (40:
60, 25 mL) solution of 1,10-phenanthroline (0.91 g, 5 mmol),
resulting in a light-purple-colored solution after ca. 10 min. Solid
sodium pyrophosphate (0.33 g, 1.25 mmol) was added directly, and
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Table 1. Structurally Characterized Multinuclear Coordination
Complexes Featuring the Pyrophosphate Liganda

metal
ion compound

space
group ref

Cu(II) [(CuL)4(µ-P2O7)]‚nH2O C2/c 10
Cu(II) {[(bipy)Cu(H2O)]2(µ4-P2O7)‚7H2O} P1h 11
Co(II) {[Co(tpa)]2(µ-P2O7)‚(ClO4)2]‚2.5H2O‚2.5CH3OH} P1 12
Cu(II) {[(bipy)Cu(H2O)(µ-P2O7)Na2(H2O)6]‚4H2O} P1 13
Zn(II) {[(bipy)Zn(H2O)(µ-P2O7)Zn(bipy)]2‚14H2O} P21/c 13
V(IV) [(tmp)4[(VO)4(µ-P2O7)2(OCH3)4] P21/n 14

a Abbreviations: n ) 9-12; L ) 2-formylpyridine thiosemicarbazone;
bipy ) 2,2′-bipyridine; tpa) tris(2-pyridylmethyl)amine; tmp) 2,4,6-
trimethylpyridine.

{[(phen)2Ni] 2(µ-P2O7)}‚27H2O and {[(phen)2Mn]2(µ-P2O7)}‚13H2O
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the mixture was allowed to stir for an additional hour. The purple
solution that resulted was minimized in vacuo (to∼10% of initial
volume) and passed through a 45µm filter (Fisher). Crystallization
was conducted by slow evaporation of the solvent under ambient
conditions. A mixture of blue rods and block crystals were formed
after 1 day. They were removed by filtering in vacuo, and the
solution was again allowed to stand at room temperature. Only the
blue, block-shaped crystals subsequently evolved from the solution
over ca. 1 week. Found: C, 46.53; H, 4.84; N, 8.58; P, 4.98%.
Ni2P2O19N8H56C48 (vacuum-dried; 12 waters of crystallization
remain; see Thermal Analysis) requires: C, 46.93; H, 4.59; N, 8.62;
P, 5.04%. IR (KBr): 3399br, 1625m, 1516s, 1424s, 1142w, 1103w,
846s, 725s cm-1. MS (ESI): 594.8m/z. UV-vis (50:50 v/v H2O/
EtOH): λmax/nm 604 (17.24 M-1 cm-1).

Synthesis of 2.An aqueous suspension of phen (0.91 g, 5 mmol)
was added to an aqueous solution of manganese(II) chloride (0.49
g, 2.5 mmol) with stirring at room temperature. A pale yellow
solution resulted after ca. 15 min. Following the addition of solid
sodium pyrophosphate (0.33 g, 1.25 mmol), a yellow precipitate
was observed. As this precipitate was insoluble in any solvent tested,
the reaction above was repeated in a H-tube in an attempt to get
crystals suitable for X-ray diffraction studies. Briefly, one arm of
the tube contained an aqueous solution of manganese(II) chloride
(10 mM) and phen (20 mM), whereas an aqueous solution of
sodium pyrophosphate (5 mM) was introduced in the other arm.
The tubes of both arms were filled by slow addition of water until
they mixed across the H-tube bridge and the setup was then allowed
to stand, sealed, at room temperature. Compound2 was obtained
as small yellow crystalline blocks over ca. 1 month. Found: C,
50.21; H, 4.14; N, 9.54% Mn2P2O15N8H48C48 (vacuum-dried, 8
waters of crystallization remaining) requires C, 50.18; H, 4.21; N,
9.75%. IR (KBr): 1510m, 1424s, 1384w, 1342w, 1138br, 1082s,
881m, 848m, 731s cm-1.

Structure Determination and Refinement of 1 and 2.Struc-
tural measurements were performed on a Bruker-AXS SMART-
CCD diffractometer at low temperature (90 K) using graphite-
monochromated Mo KR radiation (λ ) 0.71073 Å). Absorption
corrections were applied using SADABS and SHELXTL.15 The
structures were solved using direct methods and refined using the
SHELXTL program package.16 All non-hydrogen atoms, except
those exhibiting disorder, were refined anistropically. Aromatic
hydrogen atoms were assigned to calculated positions and refined
using a riding model. Due to the high degree of hydration and
disorder, hydrogen atoms could not be located for the water
molecules in1. Key crystallographic data are given in Table 2.
Crystallographic data (CIF file) for complexes1 and2 have been
deposited with the Cambridge Crystallographic Data Centre, CCDC
No 638729 and 637920, respectively. Copies of this information
may be obtained free of charge from the Director, CCDC, 12 Union
Road, Cambridge, CB2 1EZ, UK (Fax+ 44 1223 336 033; email:
deposit@ccdc.cam.ac.uk or via the Internet www.ccdc.cam.ac.uk.

Results and Discussion

Synthesis and Characterization of 1.Compound1 was
synthesized from an aqueous suspension of nickel(II) chloride
hexahydrate, phen, and sodium pyrophosphate in a stoichio-
metric ratio of 2:4:1 to give a purple solution that yielded
blue crystalline rods and blocks upon standing over several
days. Block-shaped crystals were separated by filtering the

mother liquor and leaving the filtrate to stand over 6 days.
The infrared spectrum of the block crystals indicated the
presence of pyrophosphate with characteristic [P-O-P]
stretches observed at 1103 and 845 cm-1.17 Bands due to
the phen ligand were observed at 1515 and 1424 cm-1. A
strong broad band at 3339 cm-1 and a weak band at 1625
cm-1 were indicative of the presence of water molecules of
crystallization. Microanalytical data (C, H, N, P) were
consistent with the following formulation [(phen)4(Ni)2(µ-
P2O7)]‚12H2O, and ESI mass spectrometry performed upon
aqueous solutions gave a parent ion centered atm/z) 594.85,
which equates to [(phen)2Ni(H3P2O7)]+. The d-d spectra of
aqueous solutions exhibited a very broad and featureless band
centered at 604 nm (17.24 M-1 cm-1), which is consistent
with the presence of a Ni(II) chromophore with distorted
octahedral geometry.18 This was proved through a single-
crystal X-ray crystal diffraction study.

Attempts to obtain a structure of the blue rods were
unsuccessful. Given that these crystals disappear in mother
liquor over a few days and that they are not obtained at lower
solution concentrations, most likely they are an unstable
kinetic product, the block-shaped crystals of1 being the more
stable thermodynamic product. Pink crystals of the tris-
chelated species [Ni(phen)3(Cl2)] were also observed with
any excess of the phen ligand.

Crystal Structure of 1. The atomic numbering scheme
and atom connectivity for1 are shown in Figure 1.1
crystallizes in the tetragonalI41/acd space group. The
molecular structure of1 is comprised of neutral{[(phen)2-
(Ni)] 2(µ-P2O7)} dinuclear nickel(II) units with two crystal-
lographically unique nickel atoms [Ni(I) and Ni(2)] in a
distorted octahedral geometry. Selected bond lengths and
angles for1 are brought together in Table 3. The N4O2

coordination chromophore about each nickel atom is irregular
and derived from four nitrogen atoms from two phen ligands

(15) Sheldrick, G. M.SHELXTL Version 5.0, A System for Structure
Solution and Refinement; Bruker-AXS: Madison, WI, 1998.

(16) SHELXTL PC,Version 6.1; Bruker-AXS, Inc.: Madison, WI, 2002.

(17) Nakamoto, K.Infrared and Raman Spectra of Inorganic and Coor-
dination Compounds, Part B, Applications in Coordination, Organo-
metallics and Bioinorganic Chemistry, 5th ed.; Wiley: Chichester,
1997.

(18) Cotton, F. A.; Wilkinson, G.AdVanced Inorganic Chemistry, 5th ed.;
Wiley: New York, 1999.

Table 2. Crystallographic Details for1 and2

1 2

chemical formula C49 H89Ni2N8O34P2 C48 H58 Mn2 N8 O20 P2

fw 1513.5981 1238.84
cryst syst tetragonal triclinic
space group I41/acd P1h
µ (Mo KR, mm-1) 6.302 0.606
a/Å 42.965(8) 13.693(3)
b/Å 42.965(8) 14.093(3)
c/Å 29.386(2) 14.602(3)
R/° 90.0 89.962(5)
â/° 90.0 77.079(5)
γ/° 90.0 82.916(5)
V/Å3 54248.7(1) 2724.5(10)
Z 32 2
Dc/g cm-3 1.485 1.510
θmax 22.50 28.28
R1, wR2 [I > 2σ(I)] 0.1081, 0.2842 0.0747, 0.1662
R1, wR2 (all data) 0.1662, 0.3538 0.1176, 0.1875
reflns collected 8880 28 966
reflns observed 5330 13 434
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and two oxygen atoms from the bridging pyrophosphate
ligand. The pyrophosphate group adopts the bis-bidentate
coordination mode subtending a six-membered chelate ring
at each nickel atom. The nickel-nickel distance across the
pyrophosphate bridge is 5.031 Å. The best equatorial plane
about Ni(1) is defined by the [O11-O21-N1a-N12b] donor
set (dihedral angle is 20.6°) with Ni(1) displaced 0.013 Å
from the mean plane. For Ni(2), the best equatorial plane is
defined by the [O13-O22-N12c-N12d] donor set (dihedral
angle is 4.84°) with Ni(2) displaced 0.081 Å from the mean
plane. Terminal PdO bonds lengths in the bridging pyro-
phosphate (1.432 [P(1)-O(14)] and 1.497 Å [P(2)-O(23)])
are shorter than those of the inner P-O bonds, which range
between 1.515 [P(2)-O(22)] and 1.667 Å [P(1)-O(12)],
consistent with their double- and single-bond character. Two
phen ligands at Ni(1) [N(1a)/N(12a)] and Ni(2) [(N(1d)/
N(12d)] interact with each other via an intramolecular face-
to-faceπ-π interaction with a separation at closest contact
of 3.10 Å, and this interaction flanks the bridging pyrophos-
phate ligand, (see Figure 1). The phen ligands about Ni(1)
and Ni(2) also interact with adjacent phen ligands through
intermolecular offset face-to-faceπ-π interactions with
dihedral angles between adjacent rings of 3.8-6.0° and
separations at closest contact ranging from 3.42 to 3.50 Å.
In addition, edge-to-face intermolecular interactions are also
evident between some adjacent phen ligands. These interac-
tions form a 3D network, and they lead to the formation of

channels that run down the crystallographicc axis and within
which the lattice water molecules reside (see Figures 2 and
S2). These channels constitute a potential solvent-accessible
area of 45.7% of the crystal.19

The dimensions of theA and B channels are 17.813×
17.813 and 13.163× 15.709 Å2, respectively. TheA channel
is lined predominantly by phen ligands with aromatic C-H
groups projecting into it giving it a hydrophobic lining,
whereas theB channel is lined predominantly by the
hydrophilic pyrophosphate ligand with the terminal (and
uncoordinated) PdO group projecting into it, as shown in
Figure 2 (see also Figures S1 and S2)

Synthesis and Characterization of 2.An aqueous solu-
tion of manganese(II) chloride tetrahydrate was reacted with
an aqueous suspension of phen with a 1:2 Mn(II)-to-phen
molar ratio. A clear yellow solution resulted upon stirring
at room temperature. A yellow precipitate formed im-
mediately upon addition of a 0.5 stoichiometric equivalent
[based on Mn(II)] of sodium pyrophosphate. This precipitate
proved to be insoluble in any solvent tested. So, slow
diffusion of the starting materials in a H-tube was used to
acquire single crystals of2 suitable for X-ray diffraction
studies. Infrared spectroscopy indicated the presence of
characteristic phen (1510 and 1424 cm-1) and pyrophosphate
(1138 and 848 cm-1) absorption peaks. Elemental analyses
(C, H, N, P) were consistent with the formation of a dinuclear
Mn(II) complex with the following formulation{[(phen)4-
(Mn)2(µ-P2O7)]‚8H2O}. The single-crystal X-ray crystal
diffraction study confirmed its dinuclear nature.

Crystal Structure of 2. The atomic numbering scheme
and atom connectivity for2 are shown in Figure 3. The
dinuclear unit is made up of two crystallographically

(19) Spek, A. L.PLATON, A Multipurpose Crystallographic Tool; Utrecht
University: Utrecht, The Netherlands, 2000.Mercury 1.1; CCDC:
Cambridge 2002.

Figure 1. Molecular structure of1 with the atom numbering. Hydrogen
atoms, the disordered phen ligand, and the water molecules of crystallization
have been removed for clarity.

Table 3. Selected Bond Lengths (Å) and Angles (deg) for1

Ni(1)-O(11) 2.051(8) Ni(2)-O(22) 2.097(9)
Ni(1)-O(21) 2.045(7) Ni(2)-N(1c) 2.048(13)
Ni(1)-N(1a) 2.106(8) Ni(2)-N(1d) 2.327(19)
Ni(1)-N(1b) 2.127(8) NI(2)- N(12c) 2.110(10)
Ni(1)-N(12a) 2.105(8) P(2)-O(12) 1.568(10)
Ni(1)-N(12b) 2.095(11) P(2)-O(23) 1.497(9)
Ni(2)-N(12d) 2.245(17) P(1)-O(14) 1.432(8)
Ni(2)-O(13) 2.038(7) P(1)-O(12) 1.667(9)

N(12b)-Ni(1)-N(1a) 92.5(3) N(1d)-Ni(2)-N(12d) 72.0(6)
Ni(2)-O(13)-P(1) 125.95(5) O(13)-Ni(2)-O(22) 92.3(3)
N(12b)-Ni(1)-(O11) 170.29(3) O(13)-Ni(2)-N(12d) 161.8(5)
N(1)-Ni(1)-(N1a) 79.0(3) O(13)-Ni(2)-N(1c) 97.3(4)
O(11)-Ni(1)-(O21) 93.74(3) O(11)-P(1)-O(13) 111.99(4)
N(12a) --Ni(1)-N(1a) 78.9(3) P(1)-O(12)-P(2) 124.8(5)
O(21)-Ni(1)-N(12a) 90.1(3) O(21)-P(2)-O(22) 114.6(5)
O(22)-Ni(2)-N(12c) 172.02(4) Ni(1)-O(11)-P(1) 131.13(4)
N(12c)-Ni(2)-N(12d) 92.1(6) Ni(1)-O(21)-P(2) 126.23(5)
N(1c)-Ni(2)-N(12c) 80.1(5) O(21)-Ni(1)-N(1a) 168.9(3)

Figure 2. Packing diagram of1 looking down the crystallographicc axis.
The dimensions of channelsA andB are 17.813× 17.813 and 13.163×
15.71 Å2, respectively. Hydrogen atoms and lattice water molecules have
been omitted for clarity.

{[(phen)2Ni] 2(µ-P2O7)}‚27H2O and {[(phen)2Mn]2(µ-P2O7)}‚13H2O
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independent [Mn(phen)2]2+ units bridged by the tetra-anionic
pyrophosphate ligand. Pyrophosphate coordinates in a bis-
bidentate manner forming two six-membered chelate rings
as in1.

The N4O2 coordination chromophore about each manga-
nese atom is irregular and is derived from four nitrogen atoms
from two phen ligands and two oxygen atoms from the
bridging pyrophosphate. The best equatorial plane about Mn1
is fined by the [O3-O6-N2-N3] donor set (dihedral angle
40.87°) with Mn(1) displaced 0.013 Å from the mean plane.
For Mn(2), the best equatorial plane is defined by the [O2-
O5-N6-N7] donor set (dihedral angle 32.36°) with Mn(2)
displaced 0.001 Å from the mean plane. The intradimer Mn-
(1)‚‚‚Mn(2) distance is 4.700 Å, and the shortest interdimer
Mn‚‚‚Mn distance is 7.842 Å. Both values are shorter than
the corresponding ones in1. Terminal PdO bonds lengths
in the bridging pyrophosphate are 1.504 [P(1)-O(1)] and
1.514 Å [P(2)-O(7)] compared with the inner P-O bond
lengths, which range between 1.613 [P(2)-(O4)] and 1.627
Å [P(1)-(O4)]. Key bond lengths and angles for2 are shown
in Table 4. As in1, two phen ligands at Mn(1) [N(3)/N(4)]
and Mn(2) [N(5)/N(6)] interact with each other via an
intramolecular face-to-faceπ-π interaction with a separation
at closest contact of 3.39 Å, and this interaction flanks the
bridging pyrophosphate ligand, (see Figure 3). The phen
ligands also interact with adjacent ligands through intermo-
lecular offset face-to-faceπ-π interactions, and edge-to-
face intermolecular interactions are also evident between
some adjacent phen ligands. These interactions form a 2D

network (see Figure 4) with the lattice water molecules
located between the sheets. These water molecules occupy
a potential solvent accessible area of 26.4% of the crystal.19

The volume occupied by the solvent of crystallization is
markedly smaller than that observed for1 (26.4% compared
to 45.7%). This is reflected in the greater density of2 over
1, 1.510 vs 1.485 g/cm3.

Thermal Analysis of 1 and 2.Thermogravimetric analysis
(TGA) was performed on powdered samples of1 (Figure 5)
and2 (Figure S3). The samples were ramped from ca. 25 to
500 °C at a rate of 10°C/min under nitrogen. The TGA
curve for1 is shown in Figure 5.

The thermal decomposition of1 shows an inflection at
ca. 90°C in 1 after a mass loss of 21.25%, indicative of the
loss of 15 solvent water molecules (Figure 5). The inflection

Figure 3. Molecular structure of2 showing the atomic-labeling scheme.
The hydrogen atoms and the water molecules of crystallization are omitted
for clarity.

Table 4. Selected Bond Lengths (Å) and Angles (deg) for2

Mn(1)-O(3) 2.083(3) Mn(2)-N(6) 2.273(4)
Mn(1)-O(6) 2.146(3) Mn(2)-O(2) 2.096(3)
Mn(1)-N(1) 2.294(3) Mn(2)-N(7) 2.342(4)
Mn(1)-N(4) 2.310(4) Mn(2)-N(5) 2.274(4)
Mn(1)-N(2) 2.324(4) P(1)-O(1) 1.504(3)
Mn(1)-N(3) 2.334(4) P(1)-O(4) 1.627(3)
Mn(2)-O(5) 2.095(3) P(2)-O(4) 1.613(3)
Mn(2)-N(8) 2.257(4) P(2)-O(7) 1.514(3)

Mn(1)-O(3)-P(1) 126.85(17) O(5)-P(2)-O(6) 111.65(17)
O(3)-Mn(1)-N(3) 159.34(12) N(5)-Mn(2)-N(8) 158.21(14)
O(3)-Mn(1)-O(6) 91.69(11) O(2)-Mn(2)-N(7) 159.12(12)
N(1)-Mn(1)-N(2) 72.08(12) O(2)-Mn(2)-O(5) 93.07(11)
N(2)-Mn(1)-N(3) 87.36(12) N(5)-Mn(2)-N(6) 73.23(14)
N(1)-Mn(1)-N(4) 150.97(12) N(7)-Mn(2)-N(8) 72.44(14)
N(4)-Mn(1)-O(6) 113.63(12) Mn(2)-O(5)-P(2) 125.10(17)
O(2)-P(1)-O(3) 112.12(17) Mn(2)-O(2)-P(1) 133.52(17)
P(1)-O(4)-P(2) 125.85(18) Mn(1)-O(6)-P(2) 132.91(17)

Figure 4. Packing diagram of2 looking down the crystallographica axis.
Note the two-dimensional arrangement of manganese(II) dimers through
intra- and intermolecularπ-π-type interactions. Hydrogen atoms and lattice
waters have been omitted for clarity.

Figure 5. TGA curve of1 showing immediate loss of 15 water molecules
followed by loss of the remaining 12 waters at ca. 280°C.
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at ca. 280°C after a mass loss of 13.57% is equivalent to
the loss of the remaining 12 lattice waters. Twelve crystal-
lization water molecules were also noted in the fitting of
the elemental analysis after overnight drying in vacuo. This
is suggestive of some degree of hydrogen-bonded water
network in1 and/or lattice water being ‘buried’ within the
channels found in1.

The TGA curve of2 shows slight inflection at ca. 50°C
after a mass loss of 6.9%, which is indicative of the removal
of five solvent water molecules (Figure S3). The inflection
at ca. 75°C after a mass loss of 3.95% is equivalent to the
loss of three water molecules. Decomposition of the dimeric
species at ca. 200°C is consistent with the loss of the
remaining water and phen ligands.

Magnetic Behavior of 1 and 2.The magnetic properties
of complex1 in the form of bothøMT andøM versusT plots
[øM is the magnetic susceptibility per two Ni(II) ions] are
shown in Figure 6.øMT at room temperature is 2.16 cm3/
mol‚K, a value which is as expected for two magnetically
noninteracting single-ion spin triplets [øMT ) 2.20 cm3/mol‚
K with g ) 2.10). Upon cooling, this value smoothly
decreases untilT ) 60 K and then it exhibits an abrupt
decrease and nearly vanishes at very low temperatures. A
sharp maximum of the magnetic susceptibility occurs at ca.
5.5 K. These features are typical of a significant antiferro-
magnetic coupling in1. Bearing in mind the dinuclear
structure of1 and the fact that the six-coordinated nickel(II)
ion is orbitally nondegenerate, it is possible to represent the
intradimer magnetic interaction (J) with the isotropic Hamil-
tonianH ) -JSA·SB.

The molar magnetic susceptibility for a nickel(II) dimer
(SA ) SB ) 1) is thus given by eq 1

whereN, â, g, and T have their usual meanings and it is
assumed thatgx ) gy ) gz ) g. Although the nickel(II) ion
in axial symmetry can have a large zero-field splitting (D),

the magnetic behavior of nickel(II) dimers closely follows
eq 1 when significant antiferromagnetic coupling occurs.
Only in cases where the antiferromagnetic interaction is weak
or when the coupling is ferromagnetic is the effect ofD
relevant to describe the magnetic behavior at low tempera-
tures.20 This is why in the present case we analyzed the
susceptibility data of1 through eq 1,J and g being the
variable parameters. Best-fit values areJ ) -3.8 cm-1, g )
2.08, andR ) 1.2× 10-5 (R is the agreement factor defined
as R ) ∑i[(øM)obs(i) - (øM)calc(i)]/∑i[(øM)obs(i)]2). The cal-
culated curve fits the magnetic data, as shown in Figure 6.

The magnetic properties of complex2 in the form of both
øMT andøM versusT plots [øM is the magnetic susceptibility
per two Mn(II) ions] are shown in Figure 7. The two curves
are characteristic of an antiferromagnetic interaction between
two single-ion sextuplet spin states: the value oføM at room
temperature is in the range expected for twoS ) 5/2 states
[øMT ) 8.65 cm3/mol‚K versus the calculated value of 8.75
cm3/mol‚K for two magnetically isolated high-spin Mn(II)
ions], increases as the temperature is lowered until a
maximum is reached (Tmax ) 3.5 K) and finally decreases.
In agreement with the dinuclear structure of2, its magnetic
susceptibility data were analyzed in terms of an isotropic
exchange interaction through the HamiltonianH ) -JSA·SB

(SA ) SB ) 5/2) by using eq 2

with x ) exp(J/kT).

The values ofJ andg were determined by a least-squares
fit minimizing R ) ∑i[(øM)obs(i) - (øM)calc(i)]/∑i[(øM)obs(i)].2

The values obtained wereJ ) -0.88 cm-1, g ) 1.99, andR
) 1.3 × 10-5. The calculated curve reproduces well the
experimental data over the experimental temperature range.

(20) (a) De Munno, G.; Julve, M.; Lloret, F.; Derory, A.J. Chem. Soc.,
Dalton Trans.1993, 1179. (b) Ikotun, O. F.; Ouellette, W.; Doyle, R.
P.; Julve, M.; Lloret, F.Eur. J. Inorg. Chem.2007, 14, 2083.

Figure 6. Thermal dependence oføM (4) andøMT (O) for 1. The solid
line is the best-fit curve for a nickel(II) dimer withJ and g as variable
parameters (see text).

øM ) (2Nâ2g2/kT) {[exp(J/kT) +
5 exp(3J/kT)]/[1 + 3 exp(J/kT) + 5 exp(3J/kT)} (1)

Figure 7. Thermal dependence oføM (4) andøMT (O) for 2 at T e 100
K. The solid line is the best-fit curve for a manganese(II) dimer withJ and
g as variable parameters (see text).

øM ) (2Nâ2g2/kT) {[x + 5x3 + 14x6 + 30x10 + 55x15]/

[1 + 3x + 5x3 + 7x6 + 9x10 + 11x15] } (2)

{[(phen)2Ni] 2(µ-P2O7)}‚27H2O and {[(phen)2Mn]2(µ-P2O7)}‚13H2O
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Conclusions

The magneto-structural study of the complexes1 and 2
shows for the first time the ability of the bis-bidentate
pyrophosphate ligand to mediate weak but significant anti-
ferromagnetic interactions in homodinuclear species of
nickel(II) (J ) -3.8 cm-1) and manganese(II) (J ) -0.88
cm-1) ions, which are separated by more than 4.7 Å. In this
respect, it deserves to be noted that these results are in line
with a somewhat stronger antiferromagnetic interaction which
was previously reported for the pyrophosphate-bridged
dicopper(II) complex{[(bipy)Cu(H2O)]2(µ4-P2O7)}‚7H2O (3)
(J ) -20 cm-1), where the intradimer metal-metal separa-
tion is shorter, ca. 4.646 Å (see Table 5).

The exchange pathway in this family of pyrophosphate-
bridged dinuclear complexes is provided by the two M(II)-
O-P-O-M(II) arms. In the case of the copper(II) complex,
the metal atom has a square pyramidal geometry with two
bipy nitrogens and two pyrophosphate oxygen atoms in the
basal plane and a water molecule filling the apical position.11

The unpaired electron on each copper(II) ion is described
by a dx2-y2-type orbital (magnetic orbital), thex andy axes
being roughly defined by the copper-to-pyrophosphate-
oxygen bonds. The two magnetic orbitals make a dihedral
angle of 58.04°, which is related to the butterfly shape of
the bis-bidentate pyrophosphate. The overlap between the
magnetic orbitals of the two copper(II) ions through the

σ-exchange pathway under these circumstances is predicted
to be small, and consequently, a weak magnetic coupling is
expected.

In the case of1 and2, the dx2-y2 magnetic orbital of each
metal ion is also defined by the metal-to-pyrophosphate-
oxygen bonds, but the occurrence of additional magnetic
orbitals [dz2 for nickel(II) and Mn(II) and dxy, dxz, and dyz for
Mn(II)] involves the presence of ferromagnetic contributions
arising from the interaction between magnetic orbitals of
different symmetry, and thus, the antiferromagnetic coupling
decreases, as observed.
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alternate view of the packing of1 along the crystallographicc axis.
Figure S2 shows the disordered water present in the channels of1
looking along the crystallographicc axis. Figure S3 displays the
TGA plot for 2. Crystallographic information for complexes1 and
2 are included as a single file containing both CIF files.
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Table 5. Selected Magneto-Structural Data for Pyrophosphate-Bridged Dinuclear Metal Complexes

compound M-O(pyrophosphate)a (Å) dM-M
b (Å) -Jc (cm-1) ref

{[(bipy)Cu(H2O)]2(µ4-P2O7)}‚7H2O 1.950 4.646 20 11
{[(phen)4Ni2(µ4-P2O7)]}‚27H2O 2.057 5.031 3.8 this work
{[(phen)4Mn2(µ4-P2O7)]}‚13H2O 2.105 4.700 0.88 this work

a Average value for the metal-to-oxygen (bridging pyrophosphate) bond.b Metal-metal separation across pyrophosphate.c Exchange interaction through
bridging pyrophosphate.
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