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Metal Monophosphonates M{(2-C5H4NO)CH2PO3}(H2O)2 (M = Co, Ni, Mn, Cd):
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Four isostructural metal monophosphonates, M{(2-C5H4NO)CH2PO3}(H2O)2 with M = Co (1), Ni (2), Mn (3), and Cd (4),
were synthesized and structurally characterized. These compounds show a double-chain structure in which the M2(μ-O)2
dimers are connected by O-P-O bridges. The magnetic responses of 1-3were investigated over a wide range of magnetic
fields (up to 10 T) and temperatures (down to 50mK). Except for 4, which is weakly diamagnetic from 2K to room temperature,
the dominant magnetic interactions are antiferromagnetic. Isothermal magnetic field sweeps at 50 mK provide signatures in the
magnetic responses that are associated with antiferromagnetic to field-induced fully polarized (magnetically saturated)
transitions. Analysis of the magnetic data indicates that 1 and 2 form magnetic dimer-like clusters with weak dimer-dimer
interactions present. Contrastingly, the magnetic interactions present in 3 are significantly weaker, so a definitive description of
the magnetism of this compound is elusive.

Introduction

The interdisciplinary field of materials chemistry necessa-
rily interfaces with several research fields that possess diffe-
rent motivations. For example, new materials with novel
properties may possess potential applications in the fields of
catalysis, electronics, and medicine, and for these reasons,
metallic coordination complexes have received prodigious
attention. In parallel, spatially low-dimensional arrange-
ments, i.e., chains, ladders, and planes, of magnetic spins
may exhibit responses that can be modeled theoretically and
numerically.1 The research described herein is an example of a
fusion of these apparently disparate directions of research.
Specifically, metal phosphonate chemistry has an extensive
history,2 while simultaneously, isostructural, low-dimensional

model systems that simply possess a tuning of the magnetic
spin value S have not been identified in a set of real materials
but have been the focus of wide-ranging theoretical and
numerical work.3 It is important to stress that the underlying
structural architecture does not necessarily reveal the under-
lying network of magnetic interactions, and in the field of
magnetic spin ladders, this naive extrapolation has4-7 and has
not8-10 been realized.
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Previously, by using 1-hydroxyethylidenediphosphonate
[hedp; CH3C(OH)(PO3)2], a subset of the present authors syn-
thesized a series of compounds containing {M2(hedpH)2}n

2n-

double-chain structures.11 Herein, we present a new synthetic
approach by reacting a monophosphonic acid, e.g., (2-pyridyl
N-oxide)methylphosphonic acid [2-pompH2; (2-C5H4NO)-
CH2PO3H2] with metal salts under hydrothermal conditions.
Four new nearly isostructural compounds, M{(2-C5H4NO)-
CH2PO3}(H2O)2 [M=CoII (1), NiII (2), MnII (3), CdII (4)],
with double-chain structures have been obtained. In other
words, on the basis of the structure alone, we conjectured that
these compounds might be antiferromagnetic spin ladders
whosemagnetic responses were simply tuned by the differences
in the spin value S, albeit with some subtle variations of the
nearest-neighbor (nn) magnetic superexchange J. Magnetic
measurementsmadewith standard commercialmagnetometers
capable of spanning a range of temperature, T, and magnetic
field, B, parameter space, namely, 2 K e T e 300 K and 0 e
B e 7 T, suggested that 1-3 possess antiferromagnetic nn
interactions and field-induced transitions at low temperatures.
Consequently, the magnetic studies were extended to low
temperatures, T g 50 mK, and to high magnetic fields, B e
10 T, which allowed the antiferromagnetic to fully spin-
polarized transition to be identified. Analysis of the magnetic
data reveals that the strongest magnetic interactions generate
spin dimers, which have varying degrees of coupling to neigh-
boring dimers.

Experimental Section

Materials and Methods. 2-(Pyridyl N-oxide)methylphospho-
nic acid was prepared according to the literature.12 All of the
other starting materials were obtained from commercial sources
and were used without further purification. Elemental analyses
were performed on a PE240C elemental analyzer. The IR spectra
were recorded on a Vector 22 FT-IR spectrometer with pressed
KBr pellets. Thermal analyses were performed in nitrogen in the
temperature range 20-800 �Cwith a heating rate of 10 �C/minona
TGA-DTA V101B TA Instrument 2100. The powder X-ray dif-
fraction (XRD) patterns were recorded on a Shimadzu XD-3A
X-ray diffractometer. Variable-temperaturemagnetic susceptibility
data were obtained on polycrystalline samples using a Quantum
Design MPMS-XL5 SQUID magnetometer in Nanjing and a
MPMS-XL7 in Gainesville. Diamagnetic contributions were esti-
mated from Pascal’s constants.13 The low-temperature (down
to 50 mK), high-magnetic-field (up to 10 T) studies employed
alternating-current (ac) mutual inductance coils mounted on a

dilution refrigerator. The arrangement, which is described else-
where14 and in the Supporting Information (SI), allowed a sample,
nominally 25 mg, to be immersed in pure 3He, which provided
intimate thermal contact with the mixing chamber of the dilution
refrigerator.Various frequencies, ranging from24.7 to555Hz,were
used to search for an optimal response, and the ac field was
nominally 0.1 mT. Typically, the data were obtained by isothermal
field sweeps of 50 mT/min, which avoided heating and provided
reversible results, except for the case of 3, as will be described later.
A detailed discussion of the data is given in the SI.

Synthesis of Co{(2-C5H4NO)CH2PO3}(H2O)2 (1).Amixture
ofCo(OAc)2 3 6H2O (0.2mmol, 0.049 g) and 2-pompH2 (0.2mmol,
0.038 g) in 8 mL of H2O was kept in a Teflon-lined autoclave at
140 �Cfor 48h.After slowcooling to room temperature, purple-red
needlelike crystals were collected as a single phase, judging by the
powder XRD measurement. Yield: 32 mg (57%). Anal. Found
(calcd) for C6H10NO6PCo: C, 25.51 (25.55); H, 3.59 (3.57); N, 4.93
(4.97). IR (KBr, cm-1): 3406 m, 3263 m, 2943 m, 1615 w, 1571 w,
1494 m, 1442 m, 1402 w, 1306 w, 1221 s, 1204 w, 1143 w, 1110 s,
1080w, 1059 s, 967 s, 869m, 826w, 803w, 780m, 703m, 619w, 583
m, 563 m, 527 w, 496 w, 473 w, 438 w. Thermal analysis showed a
weight loss of 13.4% in the 160-280 �C temperature range, close to
the calculated value for the release of two H2Omolecules (12.8%).

Synthesis of Ni{(2-C5H4NO)CH2PO3}(H2O)2 (2).Amixture
ofNi(OAc)2 3 6H2O (0.1mmol, 0.025 g) and 2-pompH2 (0.1mmol,
0.019 g) in 8 mL of H2O was kept in a Teflon-lined autoclave at
140 �C for 48 h. After slow cooling to room temperature, the light-
green needlelike crystals were collected as a single phase, judging by
the powder XRDmeasurement. Yield: 17mg (61%). Anal. Found
(calcd) for C6H10NO6PNi: C, 25.42 (25.58); H, 3.59 (3.58); N, 4.93
(4.97). IR (KBr, cm-1): 3386 m, 3263 m, 2946 m, 1615 w, 1571 w,
1494 m, 1443 m, 1401 w, 1308 w, 1222 s, 1203 w, 1143 w, 1112 s,
1056 s, 970 s, 926 w, 870m, 806w, 782m, 704m, 619 w, 586m, 566
m, 533 w, 496 w, 476 w, 439 w. Thermal analysis showed a weight
loss of 12.6% in the 160-280 �C temperature range, close to the
calculated value for the release of two H2O molecules (12.8%).

Synthesis ofMn{(2-C5H4NO)CH2PO3}(H2O)2 (3).Amixture
ofMn(OAc)2 (0.2 mmol, 0.049 g) and 2-pompH2 (0.2 mmol, 0.038
g) in 8mLofH2Owaskept in aTeflon-lined autoclave at 140 �Cfor
48h.After slow cooling to room temperature, light-yellowblocklike
crystals were collected as a single phase, judging by the powder
XRD measurement. Yield: 41 mg (74%). Anal. Found (calcd) for
C6H10NO6PMn: C, 25.93 (25.92); H, 3.69 (3.62); N, 5.20 (5.04). IR
(KBr, cm-1): 3405m,3242m,2937m,1613w, 1568w, 1493m,1439
m, 1403 w, 1303 w, 1223 s, 1206 w, 1143 w, 1109 s, 1082 w, 1063 s,
973 s, 926 w, 869m, 826 w, 802 w, 781m, 701m, 619 w, 580m, 560
m, 520 w, 494 w, 471 w, 438 w. Thermal analysis showed a weight
loss of 13.1% in the 160-260 �C temperature range, close to the
calculated value for the release of two H2O molecules (13.0%).

Synthesis of Cd{(2-C5H4NO)CH2PO3}(H2O)2 (4).Amixture
of CdSO4 3

8/3H2O (0.2 mmol, 0.051 g) and 2-pompH2 (0.2 mmol,
0.038 g) in 8 mL of H2O, adjusted to pH= 3.3 with 1 M NaOH,
was kept in a Teflon-lined autoclave at 140 �C for 48 h. After slow
cooling to room temperature, colorless blocklike crystals were
collected as a single phase, judging by the powder XRD measure-
ment.Yield: 27mg (41%).Anal.Found (calcd) forC6H10NO6PCo:
C, 21.42 (21.48); H, 3.10 (3.00); N, 4.19 (4.17). IR (KBr, cm-1):
3397 m, 3178 m, 2932 m, 1637 w, 1566 w, 1492 m, 1437 m, 1404 w,
1301w, 1259w, 1218 s, 1142w, 1105 s, 1081w, 1060 s, 974 s, 867w,
827w, 796w, 780m, 700m, 618w, 577m, 559m, 520w, 495w, 470
w, 439 w. Thermal analysis showed a weight loss of 10.9% in the
140-210 �C temperature range, close to the calculated value for the
release of two H2O molecules (10.7%).

X-rayCrystallographic Analysis. Single crystals of dimensions
0.3� 0.2� 0.1mm3 for 1, 0.3� 0.18� 0.16mm3 for 2, 0.4� 0.3�
0.2mm3 for3, and0.4� 0.3� 0.3mm3 for4were selected for index-
ing and intensity data collection at 298 K on a Bruker SMART
APEXCCDdiffractometer equipped with graphite-monochroma-
tizedMoKR (λ=0.71073 Å) radiation.Ahemisphere of datawas
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collected in theθ range 2.08-25.04� for 1, 2.16-26.00� for 2, 2.07-
25.00� for 3, and 2.84-25.00� for 4 using a narrow-frame method
with a scanwidth of 0.3� inω and an exposure time of 5 s per frame.
The numbers of measured and observed reflections [I>2σ(I)] are
2237 and 1560 (Rint = 0.0731) for 1, 2300 and 1654 (Rint=0.0262)
for 2, 2326 and 1603 (Rint=0.0110) for 3, and 2303 and 1629 (Rint=
0.0164) for 4, respectively. The data were integrated using the
SiemensSAINT program.15 Empirical absorption correctionswere
applied. The structures were solved by direct methods and refined
on F2 by full-matrix least squares using SHELXTL.16 All of the
non-Hatomswere refinedanisotropically.AllHatomswere refined
isotropically. Crystallographic and refinement details are listed in
Table 1. Selected bond lengths and angles are given in Table 2.

CCDC 683367, 663368, 683369, and 781787 contain the
supplementary crystallographic data for this paper. These data
can be obtained free of charge at www.ccdc.cam.ac.uk/conts/
retrieving.html [or from the Cambridge Crystallographic Data
Centre, 12 Union Road, Cambridge CB2 1EZ, U.K.; fax (int.)
þ44-1223/336-033; e-mail deposit@ccdc.cam.ac.uk].

Results and Discussion

Crystal Structures. Compounds 1-4 are isostructural,
crystallizing in a triclinic latticewith space groupP1, so 1will
be discussed as a generic example. The asymmetric unit
consists of one Co atom, one 2-pomp2- ligand, and two co-
ordinated H2O molecules (Figure 1). The Co atom has a
distorted octahedral environment, surrounded by three
phosphonate O atoms (O1, O2A, and O2B), one pyridyl
N-oxide (O4), and two H2O molecules (O1W and O2W).
The Co-O bond lengths are in the range 2.069(6)-2.172(6)
Å. The 2-pomp2- ligand chelates the Co atom through O1
and O4 atoms and bridges the equivalent Co atoms via O2
to form a double chain along the a axis that contains {Co2-
(μ-O)2} dimers (Figure 2). Within the dimer, the Co1A 3 3 3
Co1C distance is 3.239 Å and the Co1A-O-Co1C angle is
98.2(2)�. The Co 3 3 3Co distances across the O-P-O

Table 1. Crystallographic Data for 1-4

1 2 3 4

empirical formula C6H10NO6PCo C6H10NO6PNi C6H10NO6PMn C6H10NO6PCd
fw 282.05 281.83 278.06 335.52
cryst syst triclinic triclinic triclinic triclinic
space group P1 P1 P1 P1
a (Å) 6.525(3) 6.480(3) 6.629(1) 6.739(2)
b (Å) 7.487(3) 7.416(2) 7.566(2) 7.602(2)
c (Å) 10.005(4) 9.910(2) 10.043(2) 10.067(3)
R (deg) 88.645(7) 88.39(1) 88.847(3) 88.607(4)
β (deg) 78.272(7) 77.98(3) 78.714(3) 78.721(4)
γ (deg) 70.516(8) 70.09(2) 70.543(3) 70.705(4)
V (Å3) 450.7(3) 437.5(3) 465.2(2) 476.9(3)
Z 2 2 2 2
dcalcd (g/cm

3) 2.079 2.140 1.985 2.336
F(000) 286 288 282 328
GOF on F2 0.876 1.008 1.004 1.030
R1, wR2 [I > 2σ(I)]a 0.0673, 0.1022 0.0553, 0.1151 0.0307, 0.0979 0.0285, 0.0914
R1, wR2 (all data)a 0.1170, 0.1122 0.0764, 0.1209 0.0323, 0.0993 0.0289, 0.0921
ΔFmax, ΔFmin (e/Å

3) 0.764, -0.925 0.412, -0.792 0.497, -0.509 0.714, -0.891

aR1 =
P

||Fo| - |Fc||/
P

|Fo|, wR2 = [
P

w(Fo
2 - Fc

2)2/
P

w(Fo
2)2]1/2.

Table 2. Selected Bond Lengths [Å] and Angles [deg] for 1-4a

1 2 3 4

M1-O1 2.069(6) 2.033(4) 2.108(2) 2.201(3)
M1-O2A 2.114(5) 2.101(4) 2.158(2) 2.252(3)
M1-O2B 2.172(6) 2.141(4) 2.250(2) 2.314(3)
M1-O4 2.079(6) 2.047(4) 2.204(2) 2.320(3)
M1-O1W 2.100(5) 2.027(4) 2.173(2) 2.261(3)
M1-O2W 2.155(6) 2.093(4) 2.239(2) 2.333(3)
P1-O1 1.502(6) 1.493(4) 1.519(2) 1.518(3)
P1-O2 1.525(6) 1.503(4) 1.534(2) 1.527(3)
P1-O3 1.523(5) 1.522(4) 1.511(2) 1.507(3)
N1-O4 1.316(8) 1.347(5) 1.328(3) 1.320(4)

O1-M1-O2A 97.3(2) 95.1(2) 98.4(1) 99.2(1)
O1-M1-O1W 90.0(2) 90.4(2) 90.1(1) 90.7(1)
O2A-M1-O1W 172.0(2) 172.5(2) 170.5(1) 168.0(1)
O1-M1-O4 98.7(2) 97.8(1) 97.5(1) 97.3(1)
O2A-M1-O4 84.7(2) 83.4(2) 84.1(1) 81.9(1)
O1W-M1-O4 90.9(2) 90.8(2) 90.7(1) 90.1(1)
O1-M1-O2W 91.5(2) 91.6(2) 94.1(1) 95.3(1)
O2A-M1-O2W 90.0(2) 90.9(2) 89.1(1) 88.1(1)
O1W-M1-O2W 93.2(2) 94.1(2) 94.5(1) 97.9(1)
O4-M1-O2W 169.0(2) 169.4(2) 167.3(1) 165.0(1)
O1-M1-O2B 175.8(3) 175.9(2) 178.4(1) 178.9(1)
O2A-M1-O2B 81.8(2) 83.2(2) 81.8(1) 81.8(1)
O1W-M1-O2B 91.1(2) 91.7(2) 89.8(1) 88.5(1)
O4-M1-O2B 85.3(2) 85.7(2) 84.1(1) 83.5(1)
O2W-M1-O2B 84.4(2) 84.8(2) 84.4(1) 84.1(1)
M1A-O2-M1C 98.2(2) 96.8(2) 98.2(1) 98.3(1)

a Symmetry codes: A, -x, -y, -z; B, x þ 1, y, z; C, x - 1, y, z.

Figure 1. Building unit of 1 with the atomic labeling scheme (50%
probability). All H atoms are omitted for clarity.

(15) SANIT, Program for Data Extraction and Reduction; Siemens Ana-
lytical X-ray Instruments: Madison, WI, 1994-1996.

(16) SHELXTL, Reference Manual, version 5.0; Siemens Industrial Auto-
mation, Analytical Instrumentation: Madison, WI, 1995.
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bridges are 5.109 Å for Co1 3 3 3Co1A and 6.525 Å for
Co1 3 3 3Co1C.
Moderately strong hydrogen-bonding interactions are ob-

served between the chains through the pendant phosphonate
oxygenO3 [P1-O3=1.523(5) Å] and the coordinatedH2O
molecules, forming a supramolecular layer in the ab plane
(Figure 3). The π-π-stacking interaction exists between the
pyridyl groups from the adjacent layers (plane-plane dis-
tances, 3.005and3.330 Å; centroid-centroiddistances, 3.430
and 4.386 Å; angles between the ring normal of the pyridyl
plane and the centroid vector, 13.7 and 47.0�; Figure 4).17
Structures 2-4 are identical with 1 except the different

metal atoms. The M 3 3 3M distances across the μ-O(P)
bridge are 3.173 Å for 2, 3.332 Å for 3, and 3.453 Å for 4.
Those across theO-P-Obridges are 5.116 and 6.480 Å for
2, 5.161 and 6.629 Å for 3, and 5.247 and 6.739 Å for 4. The
M-O-Mbond angles are 96.8(2)� for 2, 98.0(1)� for 3, and
98.2(1)� for 4.
Clearly,one-dimensionalmetalphosphonateswithdouble-

chain structures can be obtained successfully by using a
monophosphonate ligand. A careful analysis reveals that
the skeleton of the double chains in 1-3 is quite similar to
that in the Mhedp chain compounds.11 Nevertheless, the
incorporation of a pyridyl group into a monophosphonate
ligand affects not only the structural parameters within the

double chain but also the packing of the chains. Compared
with the chains in (NH3-R-NH3)M2(hedpH)2 3 xH2O
(M= Fe, Co, Mn), the M-O-M bond angles in 1-4
(∼96.8-98.2�) are much smaller (∼98.8-103.7� in the
former) and theM 3 3 3Mdistancesover theO-P-Obridges
(∼5.1 and 6.5-6.7 Å) are significantly elongated (∼4.8 and
5.5 Å in the former), although those across the μ-O(P)
bridge are similar (∼3.3 Å). In addition, the packing modes
of the double chains are completely different. In (NH3-
R-NH3)M2(hedpH)2 3 xH2O, the double chains are con-
nected via strong hydrogen-bonding interactions, while in
1-4, the packing is through moderately strong hydrogen
bonds and π-π stacking of pyridyl groups. Finally, with
regard to the paramagnetic systems 1-3, elongation of the
M 3 3 3M distances over the O-P-O bridges might be ex-
pected to significantly reduce the magnetic exchange cou-
pling through these pathways.

Magnetic Properties: Low Magnetic Field. The low-
magnetic-field magnetic responses of 1-3 are shown in
Figure 5as the temperaturedependenceof thedirect-current
(dc) magnetic susceptibility, χ=M/B, and the product χT,
whereT is the temperature.As a first attempt, these data can
be fit by expressions that assume that the dominant mag-
netic contributions arise from magnetic spin dimers, origi-
nating from the interaction J of nn spins SA and SB, whose
Hamiltonian can be written as13

H ¼ - JSA 3 SB ð1Þ
such that

χdimerðTÞ ¼ Ng2μB
2

3kBT

P2SA
S¼ 0

SðSþ 1Þð2Sþ 1Þ exp 1

2
SðSþ 1Þ J

kBT

� �

P2SA
S¼ 0

ð2Sþ 1Þ exp 1

2
SðSþ 1Þ J

kBT

� �

ð2Þ
whereN is Avagrado’s number, g is the Land�e g factor,μB is
the Bohr magneton, kB is Boltzmann’s constant, and here S
is the spin of the dimer state. This simplified approach did
not adequately reproduce the data, so the mean-field de-
scription of weak interdimer interactions, J 0, weighted by
the magnetic coordination number z, was included along
with a Curie description of possible unpaired spins, F, and

Figure 2. Fragment of the structural chain in compound 1. All H atoms
are omitted for clarity.

Figure 3. ab layer of structure 1. This layer consists of double chains
linked through hydrogen bonds (dashed lines).

Figure 4. Structure 1 packed along the a axis. All H atoms except those
in the H2O molecules are omitted for clarity.

(17) Janiak, C. J. Chem. Soc., Dalton Trans. 2000, 3885.
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a temperature-independent background, χ0, that may arise
from unsubtracted diamagnetic contributions. Taken to-
gether, these contributions can be written as

χðTÞ ¼ χdimer

1-
2zJ 0

Ng2μB
2
χdimer

þ F
2Ng2μB

2SðSþ 1Þ
3kBT

þ χ0 ð3Þ

Using this expression, the results for 2, where S=1 be-
cause of the 6A1g state of NiII, and 3, where S= 5/2 because
of the 3A2g state of MnII, were reasonably reproduced
(Figure 5) with the values of the parameters listed in Table 3.
On the other hand, the fits did not adequately reproduce the
results of 1, where S= 3/2 because of the

4T1g state of Co
II;

see the SI for details. Indeed, under these conditions and
because of the finite spin-orbit coupling, the effective mag-
neticmoment is expected topossess a significant temperature
dependence that can be modeled by a parameter A if the
spin-orbit coupling, λ, is known.13,18 Taking the free-ion
value of λ=-(ζ/3) =-(515/3) cm-1=-172 cm-1,13,18 the
results of the fit, whose details are described in the SI, using
the resulting parameters listed in Table 3 are given in
Figure 5, where the data for 1 are still not well fit. Finally,
for completeness, zero-field splitting was considered during
fittingof thedata for2,19,20 and the correspondingparameter
D was found to be small; see the SI for details.
The results listed in Table 3 indicate that the inter-

actions dominating the dimers are antiferromagnetic in
nature. Ideally, the mean-field treatment used to generate
eq 3 can be considered as an adequate approximation
when the intradimer interactions are significantly stron-
ger than the interdimer ones, and this limit is met for each
compound studied herein, albeit not significantly so. In
other words, more complex modeling of the materials is
apparently needed, but these attempts should be guided
by additional microscopic information, as might be ob-
tained by inelastic neutron scattering studies, about the
magnetic interaction network, and these steps are beyond
the scope of the present work. Nevertheless, it is interest-
ing that the interdimer interactions for 1 and 2 appear to
possess a ferromagnetic tendency, and this outcome will
be discussed later in this section.

Magnetic Properties: High Magnetic Field. The mag-
netic field dependences of the isothermal magnetization
of 1-3 at T=2K are shown in Figure 6. The tendency to
achieve saturation magnetization, arising from a field-
induced fully polarized state, is clearly seen in 1 and 2 but
only weakly reflected in the data of 3. These observations
are completely consistent with the interaction parameters
extracted from the analysis of the low-field data (Table 3).
In order to explore the transition from antiferromagnetic
dimers to fully polarized spins, the T f 0 limit (T , J)
must be achieved in highmagnetic fields, and these condi-
tions were achieved with the instruments operated by the
NHMFL-Gainesville (Figure 7). As discussed in detail in

Figure 5. Temperature dependences of the low-field, B=0.1 T, dc
susceptibility, χ = M/B, and product χT for 1-3. All χ values are in
units of cm3/mol of dimer (M2). The inset shows an expanded view at low
temperature. In each panel, the data are represented by the symbols and
the solid lines are the results of fitting. See the text for a description and
Table 3 for the values of the fitting parameters.

Table 3. Parameters and Values Obtained from Analysis of the Magnetic Dataa

1 2 3

S = 3/2 S = 1 S = 5/2
g 1.91b 2.26 1.98

2.60c

J -5.3 -5.8 -1.1
zJ0 2.4 1.6 -0.33
F 0.02 0.02 0.003
χ0 -1�10-4 8�10-4 2 � 10-4

A 1.34
Bsat(T) (observed) 2.15 ( 0.05 3.2 ( 0.2 <1.1
Bsat(T) (expected, eq 4) 4.2 3.8 0.8

aEach fit was performed over the entire range of the data. All J and
zJ0 values are stated in units ofK, and all χ0 values are in units of cm

3/mol
of dimer (M2).

bCalculated from eq S3 in the SI atT=2K. cCalculated
from eq S3 in the SI at T = 300 K.

(18) Figgis, B. N.; Hitchman, M. A. Ligand Field Theory and Its Applica-
tions; Wiley-VCH: New York, 2000.

(19) Ginsberg, A. P.; Martin, R. L.; Brookes, R. W.; Sherwood, R. C.
Inorg. Chem. 1972, 11, 2884.

(20) Schlueter, J. A.; Manson, J. L.; Geiser, U. Inorg. Chem. 2005, 44,
3194.
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the SI, the complexity of the experimental configura-
tions did not allow for an independent measurement of
the magnetic response of the background. However, if one
assumes that the background is essentially temperature-
independent at the lowest temperatures, then temperature-
dependent features can be identifiedwith 1 and 2 (Figure 7).
These features are associated with the field-induced
transition from the antiferromagnetically coupled
dimer state to the spin-polarized state, which is expected
to be steplike in the T f 0 limit at a saturation field Bsat

given by

gμBBsat ¼ kBJ ð4Þ
The observed results and expected values, based on

eq 4, are tabulated in Table 3. It is important to note that,
in the presence of interdimer interactions, the simple
prediction of eq 4 can be expected to be shifted to higher
or lower fields, depending on the sign of the mean-field
interactions. In fact, the magnetic parameters for each
material are consistent with this tendency.
The low-temperature, high-field response of 3 was

observed to be strongly hysteretic with a clear tempera-
ture dependence to the effect (Figure 7). Our interpreta-
tion of these results is that the sample, because of its
rodlike geometry, was not completely immobilized in the
sample holder. As a consequence, when the saturation
magnetic field was achieved, the samples were able to phy-
sically align themselves with the applied field. Thermal

fluctuations at higher temperatures caused this alignment
to move to higher fields, and this response is analogous to
the thermal broadening of the transition seen in Figure 6.
Ultimately, these results only allow us to place an upper
bound on Bsat for 3 (Table 3).

Summary

The syntheses and structures of four isostructural metal
monophosphonates with the formulas M{(2-C5H4NO)CH2-
PO3}(H2O)2, where M=Co (1), Ni (2), Mn (3), and Cd (4),
are reported. These compounds show a double-chain struc-
ture, with the M2(μ-O)2 dimers connected by O-P-O
bridges. Standard magnetic studies employing commercial
SQUID magnetometers, combined with more specialized ac
susceptibility studies at low temperatures (down to 50 mK)
and in high magnetic fields (up to 10 T), allowed the domi-
nant magnetic interactions to be identified as nn anti-
ferromagnetic superexchange, leading to magnetic dimer
units for 1-3. Amean-field treatment of the interdimer inter-
actions suggests that the presence of these kinds of inter-
actions is non-negligible, but further characterization of these
aspects requires microscopic magnetic studies that are be-
yond the scope of the present work.

Figure 6. Magnetic field dependences of the isothermal (T = 2 K)
magnetization, in units ofNμB, whereN is Avogadro’s number for atoms
per mole of metal ion (i.e., not per dimer), for 1-3. The solid lines are
guides for the eyes.

Figure 7. Isothermal ac response (dM/dB) or its derivative (d2M/dB2) as
a function of the applied magnetic field for 1-3. The temperatures are
indicated on the plots, and the solid lines are 11-point averages of a dense
set of data that were acquired while sweeping the field up or down
spanning 0-10 T. For 3, the arrows denote the lowest field below which
the hysteresis is absent. See the text and the SI for a full discussion and
expanded plots.
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