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IN DEDICATION TO THE LATE PROFESSOR OLIVIER KAHN FOR HIS PIONEERING CONTRIBUTIONS TO THE FIELD OF MOLECULAR MAGNETISM
The synthesis, characterization, crystal structure, and mag-
netic properties of Co2(OH)2BDC and Co(H2O)2BDC (BDC is
benzene 1,4-dicarboxylate or terephthalate, O2CC6H4CO2) are
reported. Co2(OH)2BDC (C2/m, a 5 19.952, b 5 3.286,
c 5 6.295A_ , b 5 95.843, Z 5 2, V 5 410.6A_ 3) consists of two
types of edge-sharing CoO6 chains that are connected to each
other by OH (Co+O+Co bridges) to form layers that are further
joined together through terephthalate. It exhibits unusual mag-
netic properties: above 48 K it displays paramagnetism, between
44 and 48 K it behaves as a collinear antiferromagnet, and below
44 K a weak spontaneous magnetization is observed in very low
applied 5elds. At higher 5elds metamagnetic behavior is ob-
served. Two types of hysteresis loops are observed, one centered
about zero 5eld and the second about the metamagnetic critical
5eld. The critical 5eld and the hysteresis width increase as the
temperature is lowered; the latter exceeds 50 kOe at 2 K. The
unusual large coercivity may be due to the large single-ion
anisotropy of Co(II) and its pronounced increase at low temper-
ature. Co(H2O)2BDC (C2/c, a 5 18.274, b 5 6.543, c 5 7.296A_ ,
b 5 98.63, Z 5 4, V 5 862.5 A_ 3) consists of layers of separated
octahedral CoO6 connected via Co+O+C+O+Co. It is para-
magnetic and obeys the Curie+Weiss law (H 5 227 K).
( 2001 Academic Press

INTRODUCTION

In the past 15 years the "eld of magnetism in molecular
systems has greatly advanced due to the range of materials
(organic, inorganic, and organic}inorganic hybrid) syn-
thesized and to the number of structure}property relation-
ships that have been derived (1). Theoretical developments
have further advanced our understandings and conse-
quently helped in the design of new compounds. Curie
temperatures above room temperature have been observed
(2), magnetic hardness has exceeded 20 kOe (3), and
343
maximum energy products (maximum energy absorbed on
being magnetized) are on the increase. The progress made in
molecular systems has been dramatic, particularly in com-
parison with more modest progress in metallic systems (4).
One of the key issues remaining to be understood in these
hybrid systems is the mechanism of long-range magnetic
ordering at long distance for an assemblage of molecules
with low and di!used magnetic moment densities (1). In this
respect, we are working at extending the number of atoms
(n) in nonmagnetic bridges between metal centers in three-
dimensional structures. We have shown that the Curie tem-
perature (¹

C
) for n"3, in M(N(CN)

2
)
2
, follows the trend

within the series of increasing n, n"0 (¹
C
(1400 K), n"1

(¹
C
(850 K), n"2 (¹

C
(350 K), and n"3 (¹

C
(21 K).

Most recently we have focused on magnetic compounds
with single-atom bridges within two dimensions and vary-
ing the number of atoms connecting the layers (5). The use of
alkyl- and aryl-dicarboxylates produced a family of meta-
magnets (¹

N
(55 K) that exhibits coercivity and that in-

cludes the "rst to be in excess of 50 kOe for any known
metal-organic magnet, and a second family of ferrimagnets
(¹

C
(65 K) with coercivity of 20 kOe (5, 6).

Metamagnetism is usually observed in layered com-
pounds, where there exists strong structural anisotropy and,
consequently, anisotropy and competition of the exchange
interactions. Some of the extensively studied compounds are
the halides and hydroxides of the divalent iron group (7, 8).
They adopt the CdI

2
or CdCl

2
structure with strong

covalent bonds within the layer and weak van der Waals
contact between layers (9). The nearest neighbor intralayer
exchange interaction between metals is ferromagnetic and
the nearest neighbor interlayer exchange is antiferromag-
netic and partly dipolar in character (7, 8). Metamagnetism
occurs for antiferromagnets with medium to strong anisot-
ropy. Below the NeH el temperature (¹

N
), application of
0022-4596/01 $35.00
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a magnetic "eld along the easy axis reverses the moments to
the parallel orientation without passing through a spin-#op
state (7, 10). Strong correlation between moments is thought
to create domains that give rise to hysteresis in some com-
pounds below a tricritical point (¹

TCP
) or a bicritical end-

point (¹
BCE

) temperature. It is well established, both
experimentally and theoretically, that when the easy axis is
perpendicular to the layer (e.g., FeCl

2
) hysteresis is more

pronounced than when it is parallel (e.g., CoCl
2

and NiCl
2
).

Therefore, FeCl
2

behaves in some ways like a ferromagnet
with domains, whereas CoCl

2
and NiCl

2
behave like para-

magnets (7, 8, 10).
One of our objectives was to see what happens when

compounds consisting of metal layers are bridged by
a dicarboxylate ion of tunable length. It is hoped that this
may shed some light on the competition between the di!er-
ent magnetic ground states. Hence, in this paper we com-
municate the syntheses, thermal characterization, crystal
structures, and the magnetic properties of an unusual
layered metamagnet, Co

2
(OH)

2
BDC (6), and a layered

paramagnet, Co(H
2
O)

2
BDC.

Since this article is written for the special issue dedicated
to the memory of Professor Olivier Kahn, it is appropriate
to point out that in an e!ort to estimate the exchange energy
between nearest neighbors Olivier was one of the early
researchers to make use of terephthalate as a connector
between paramagnetic ions (11). This eventually led him to
derive some basic rules, which are presently known as the
&&orbital approach'' (12). It has been very successfully used to
create many molecular magnetic materials from simple mo-
lecular bricks and remains one of the favorite bases on
which many synthetic chemists in the "eld of molecule-
based magnets work (1).

EXPERIMENTAL

Synthesis

Co2(OH)2BDC. Co
2
(OH)

2
BDC was prepared by three

di!erent methods. The "rst was by heating a mixture of
Co(H

2
O)

6
(NO

3
)
2

(3 g), terephthalic acid (H
2
BDC) (1 g),

and 3 ml of aqueous ammonia (30%) in a warm (403C)
solution of 250 ml of a 1:1 mixture of water and absolute
ethanol, which produces a blue green precipitate of
Co

5
(OH)

8
(BDC) )2H

2
O, that is transformed into the title

compound by reducing the volume of the solvent to 60 ml at
803C (6). The second was by replacing terephthalic acid by
disodium terephthalate. The third was by "rst neutralizing
terephthalic acid with sodium hydroxide followed by com-
plexation with cobaltous ion to give a purple solid, which
is then treated with one equivalent of NaOH at 803C.
The "ne pale pink powder obtained in each of these
procedures was washed with water, ethanol, and acetone,
"ltered, and dried in air. The last method was found to
give the most crystalline materials. The composition of the
compound was con"rmed by chemical and thermogra-
vimetric analyses.

Anal. Calcd (%) for Co
2
O

6
C

8
H

6
: C, 30.41; H, 1.91; Co,

37.3. Found (%): C, 30.03; H, 2.29; Co, 37.9.
Bands observed in the IR spectrum of Co

2
(OH)

2
BDC:

518s, 546s, 700vs, 748vs, 815vs, 885w, 982w, 1013s, 1100s,
1146s, 1305s, 1368vs (v

4
(CO)), 1400sh br, 1500vs 1590vs

(l
!4
(CO)), 3600vs (m(OH)).

Co(H2O)2BDC. CoCl
2
.6H

2
O (2.37 g, 1 mmol) was dis-

solved in distilled water (15 ml) and a solution of H
2
BDC

(0.8 g, 0.5 mmol) and NaOH (0.12 g, 3 mmol) in distilled
water (15 ml) was added. The mixture was placed in the
Te#on liner (40 ml capacity) of an autoclave, which was then
sealed and heated to 1203C for 3 days. It was allowed to cool
to room temperature in a water bath. White powder of
unreacted acid and transparent pink hexagonal plate crys-
tals were obtained. The crystals and white powder were "rst
separated by decantation and then manually under a micro-
scope. The crystals were allowed to dry in air. Addition of
further NaOH produces "rst Co

5
(OH)

8
BDC.2H

2
O (6) and

then b-Co(OH)
2

at low temperatures that are transformed
to black cobalt oxides at temperatures higher than 1703C.

Anal. Calcd (%) for CoO
6
C

8
H

8
: C, 37.09; H, 3.11; Co,

22.75. Found (%): C, 37.61; H, 3.30; Co, 22.5.
Bands observed in the IR spectrum of Co(H

2
O)

2
BDC:

560m, 754s, 820m, 889w, 1026m, 1100w, 1150m, 1310m,
1378vs (v

4
(CO)), 1400wsh, 1504msh, 1546vs (v

!4
(CO)),

1620w, 2990w, 3250wsh, 3384s, 3460msh.

Physical Measurements

PXRD for Co
2
(OH)

2
BDC were collected on a Siemens

D500 di!ractometer equipped with CoKa
1

(1.789A_ ) radi-
ation. The unit cell of Co

2
(OH)

2
BDC was found using

TREOR (13) and re"ned using the LeBail pattern matching
(14). The structure was "nally determined by Rietveld re"ne-
ment of the experimental powder di!raction data using
GSAS (15).

Single-crystal di!raction data for Co(H
2
O)

2
BDC were

collected on a Kappa CCD Nonius di!ractometer employ-
ing graphite-monochromated MoKa

1
(0.71073A_ ). The

structure was determined by direct method using SIR (16).
Supplementary data have been deposited with the Cam-
bridge Crystallographic Data Center, UK, and allocated
deposition numbers CCDC 163139 and 163140.

TGA (20 to 11003C) was performed at a rate of 53C/min.
in air on a SETARAM TGA 92 calorimeter.

Infrared spectra were obtained from "ne powders of the
compounds dispersed onto a KBr plate. UV-VIS spectra
(300}900 nm) were recorded from thin "lms of the com-
pounds dispersed in oil.

Temperature and "eld-dependent magnetization were
measured on a Princeton Applied Research vibration



FIG. 2. Infrared spectra of Co
2
(OH)

2
BDC (top) and Co(H

2
O)

2
BDC

(bottom).
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sample magnetometer (VSM) to 20 kOe and a Quantum
Design MPMS-XL SQUID magnetometer to 50 kOe. Ac
susceptibilities were measured on the latter in a "eld of 1 Oe
oscillating at 20 Hz. High-"eld magnetization measure-
ments were performed in Oxford using a homebuilt induc-
tion apparatus consisting of two oppositely wound coils and
an Oxford Instruments cryostat and magnet operating to
a maximum of 170 kOe. Higher "eld data up to 330 kOe
were collected on a VSM at the National High Magnetic
Field Laboratory (NHMFL) in Tallahassee, FL. The sam-
ples in each case were "xed to prevent them from rotating
by the force of the applied "eld.

RESULTS AND DISCUSSION

Synthesis

One of the di$culties in the synthesis of this compound is
the insolubility of terephthalic acid and its salt (17). To
resolve this problem, a low concentration of starting mater-
ials that gave the best results was used. The second problem
is the formation of multiple phases where the yield of each of
them depends on the pH and on the proportion of the
reactants. The third problem is the crystallinity of the "nal
product. Improvement of the crystallinity was possible by
using low concentrations of terephthalic acid and sodium
hydroxide under slow re#ux. Hydrothermal synthesis gave
better crystals but mostly multiple phases.

Chemical Characterization

Co2(OH)2BDC. The chemical analysis corresponds to
the formula Co

2
(OH)

2
BDC. The thermogravimetry in air

(Fig. 1) is characterized by a single exothermic process at
3003C with a molar weight loss corresponding to the trans-
FIG. 1. Thermogravimetry in air for Co
2
(OH)

2
BDC and

Co(H
2
O)

2
BDC.
formation of Co
2
(OH)

2
BDC to Co

3
O

4
. The infrared

spectrum (Fig. 2) con"rms the absence of water. Samples
contaminated with unreacted terephthalic acid show de-
composition that is accompanied by two very close exother-
mic peaks in the heat #ow.

Co(H2O)2BDC. The chemical analysis of the pink crys-
tals corresponds to a formula Co(H

2
O)

2
BDC. The thermog-

ravimetry in air (Fig. 1) is characterized by a series of
endothermic steps between 150 and 3503C due to the lost of
coordinated water. A single-step exothermic decomposition
of the organic moiety producing Co

3
O

4
takes place at

3803C.

Infrared and Visible Absorption Spectroscopies

The IR spectra of the two compounds display a set of
sharp bands and a set of broad bands (Fig. 2). The sharp
bands are derived from the OH (hydroxide) stretch at
3600 cm~1 and from the benzene ring vibrations spanning
1000}2000 cm~1. The broad bands are derived from OH
(water), the carboxylate, and the CoO

6
vibrations. The two

spectra are quite distinct especially in the region
3000}4000 cm~1 and in the region 700}900 cm~1. In the
former it is clear that the hydroxide mode originates from
a more positively charged oxygen atom, which consequently
strengthens the OH bond, compared to the OH of the
coordinating water. In the aquo compound, overlap of both
symmetric and antisymmetric OH bands is observed. The
region 700}900 cm~1 is where the OCO bending modes are
expected. The di!erence observed between the two com-
pounds is not easily interpreted. The antisymmetric stretch-
ing carboxylate mode is assigned to the 1546 and 1590 cm~1
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bands and the symmetric stretching mode to the 1378 and
1368 cm~1 bands. These bands are overlapped by several
benzene ring modes (18). However the separation in energy
between the symmetric and antisymmetric carbonyl bands
is signi"cantly di!erent, being 168 cm~1 for Co(H

2
O)

2
BDC

and 222 cm~1 for the Co
2
(OH)

2
BDC. The corresponding

separation in noncoordinated hydrogen bonded car-
boxylates is approx. 150 cm~1 (18). This di!erence in separ-
ation between the frequencies for the two compounds is due
to two factors; "rst, the carboxylate is coordinated to three
cobalt atoms in Co

2
(OH)

2
BDC and to two in

Co(H
2
O)

2
BDC and second, the angle of the O}C}O are

1143 and 1253 respectively. These may be compared to 1223
in the free acid. The observation of only one antisymmetric
and one symmetric stretching mode of the carboxylate sug-
gests that both carboxylate groups of the terephthalate are
structurally equivalent in both compounds, in agreement
with the crystal structures. It should be noted that there are
no bands from water in the spectrum of Co

2
(OH)

2
BDC,

consistent with the crystal structure determination. This
also suggests that there is no void space in the structure for
inclusion.

The pink color of the compounds con"rms that all the Co
atoms are in octahedral coordination environments. Trans-
mission spectra at room temperature display two very weak
and broad bands centered about 20,000 cm~1.

Crystal Structure

Co2(OH)2BDC. The crystals of Co
2
(OH)

2
BDC belong

to the monoclinic system, space group C2/m, a"
19.9520(15), b"3.2862(3), c"6.2952(4)A_ , b"95.84(1)3,
<"410.6(1)A_ 3. The structure (Fig. 3) consists of two
types of edge-sharing CoO

6
chains running parallel that are
FIG. 3. Projection of the crystal structu
connected to each other by the k3-OH to form layers. The
connectivity of the octahedra in the present case is quite
di!erent to that observed for Co

2
(OH)

2
oxalate (19). The

coordination about the cobalt in the two chains is di!erent.
The cobalt atom in one chain is coordinated in the equato-
rial positions by four oxygen atoms from carboxylate
groups of the terephthalate ions and two OH groups in the
apical positions. In the other chain it is four OH in equato-
rial positions and two oxygen atoms from the carboxylate
groups of the terephthalate ions in the apical positions. The
chains are tilted with respect to one another and each
carboxylate group forms three bonds to the cobalt atoms to
complete its coordination sphere. The terephthalate bridges
the layers to form the three-dimensional structure. Every
octahedron displays six di!erent Co}O bond distances.
Within the layer the cobalt atoms are arranged in an
isoceles triangle with a short Co}Co distance of 3.29 A_ and
two long Co}Co distances of 3.55A_ and the angles are 55.23
and 62.43. The cobalt atoms within the chains are connected
through the oxygen atom of the hydroxide and make an
angle Co}O}Co of 973 and the angle Co}O}Co between
chains is 1163.

Co(H2O)2BDC. The crystal belongs to the monoclinic
system C2/c, a"18.274(3), b"6.5438(9), c"7.296(1) A_ ,
b"98.6(3)3,<"862.5A_ 3 , and Z"4. The asymmetric unit
consists of one cobalt, half a terephthalate ion, and one
water molecule. The rest of the unit cell is generated by
symmetry. The structure consists of layers of octahedral
cobaltous ions parallel to the bc plane separated by the
terephthalate, giving an interlayer distance of 9.14 A_ (Fig. 4).
Each layer contains trans-Co(H

2
O)

2
connected by O}C}O

bridges of the carboxylate groups of the terephthalate ion
(20). Within the layer the cobalt atoms are arranged in
re of Co
2
(OH)

2
BDC along the b axis.



FIG. 4. (a) Projection of the crystal structure of Co(H
2
O)

2
BDC along the b axis. (b) Projection of the crystal structure of Co(H

2
O)

2
BDC along the

c axis.
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a pseudo square fashion with nearest Co}Co distances of
4.9A_ and second and third nearest Co at 6.543 and 7.296A_ ,
respectively. The cobalt octahedron is distorted from perfect
O

)
symmetry with Co}O distances of 2.091A_ (Co}OH

2
)

and 2.068 and 2.119A_ (Co}O carboxylate). The angles lie in
the range 84.73}95.33. Two further features of this structure
are the narrow channels running along c that are occupied
by the hydrogen atoms of the terephthalate ions and the
short plane-to-plane distance between terephathalate ions
of 3.255A_ , which indicates the presence of some degree of
n}n interactions.

Drezdzon (21) and Jones and co-workers (22) have cal-
culated the interlayer distance of layered double hydroxide
containing the nonbonded terephthalate ion aligned per-
pendicular to the layers in the gallery to be 14.4A_ , which is
in good agreement with that observed. Furthermore, the
latter authors have shown that it is possible to transform the
phase containing the terephthalate in a perpendicular posi-
tion (d"14.05A_ ) to one where the terephthalate is parallel
(d"8.07 A_ ). These distances comprise the van der Waals
distances between the nonbonded terephthalate and the
hydroxide surface of the layer. They have also observed
interstrati"cation of regular alternate packing of 14 and
8.4A_ (22). In our case, the distance is 9.97A_ for
Co

2
(OH)

2
BDC and 9.14A_ for Co(H

2
O)

2
BDC, distances

that lie in between that with the terephthalate perpendicular



FIG. 6. Temperature dependence of the zero-"eld-cooled and "eld-
cooled ac and dc susceptibilities of Co

2
(OH)

2
BDC in an applied "eld of

1 Oe. For clarity the ac data are o!set by 0.2 cm3/mol.
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and that with a parallel orientation. This is consistent with
our determined terephthalate mode of bonding and its
pseudo-perpendicular orientation to the layers within the
galleries. The di!erence in interlayer separations for the two
compounds is due to the larger tilt angle of the terephthalate
ion in Co(H

2
O)

2
BDC.

Magnetic Properties

Co2(OH)2BDC. The magnetic susceptibility and its in-
verse measured in the temperature range 2 to 300 K and
applied "eld of 5 kOe are shown in Fig. 5. Its temperature
dependence deviates from Curie}Weiss behavior for a wide
range of temperature. A "t for the high-temperature region
(275}300 K) gives a Curie constant of 5.12 cm3Kmol~1 and
a Weiss constant of !48 K. The latter either indicates
dominant antiferromagnetic interaction between near
neighbor (NN) cobalt or could be due to the spin}orbit
e!ect of the cobalt(II), which consequently reduces the spin
value to an e!ective S"1

2
at low temperatures (10). Below

approx. 120 K the magnetization increases at a rate larger
than that expected for a paramagnet, suggesting short-range
ferromagnetic NN interactions. There is a sudden drop at
¹

N
"48 K in the low-"eld data due to long-range antifer-

romagnetic coupling between layers (Fig. 6). Below 50 K the
susceptibility is dependent on the applied "eld and the
history of the sample. For a low applied "eld of 1 Oe, after
zero-"eld-cooled (ZFC) the susceptibility is zero at 2 K,
demonstrating the existence of multidomain microstruc-
tures. On warming it goes through a peak at 43 K and
a second peak at ¹

N
. On subsequent cooling in the same

"eld the susceptibility is reproducible until 43 K, at which
point (bifurcation point) it increases to a saturation value of
FIG. 5. Temperature dependence of the susceptibility and of the in-
verse susceptibility of Co

2
(OH)

2
BDC measured in an applied "eld of

5 kOe. The lines are "ts to the Curie}Weiss equation.
0.4 cm3mol~1. The low value may be due to a small canting
of the sublattices, which is estimated to be 0.0033 assuming
a two sublattice system. It could also be due to a small
di!erence in the g values of the ions in the oppositely aligned
sublattices. An estimate of this di!erence in g value is
1.5]10~4.

A plausible explanation for the magnetic behavior is as
follows. The cobalt atoms within a chain share edges and
the Co}O}Co angle is 973. Using orbital overlap arguments
such as those of Goodenough and Kanamori (23) this angle
will favor ferromagnetic superexchange interaction (J

F
) be-

tween the cobalt atoms. On the other hand, the Co}O}Co
angle of 1163 between cobalt atoms of adjacent chains will
favor antiferromagnetic interaction (J

AF
). Thus if J

AF
is

greater than J
F

the former will dominate at high temper-
atures until J

F
overtakes when J

F
+k

B
¹. A weak antifer-

romagnetic coupling between layers through the
terephthalate "nally drives the long-range 3D ordering to
a collinear AF ground state at 48 K. As for the canting, the
lack of an inversion center (space group C2/m) means there
is the possibility of antisymmetric exchange of the
Dzyaloshinskii and Moriya type (24). Furthermore, a pre-
liminary crystal structure determination at 10 K suggests no
structural changes have taken place (25). The weak spontan-
eous magnetization may also originate from crystal "eld
e!ects of the two crystallographically independent cobalt
atoms.

The ac susceptibilities are shown in Fig. 6. The real part
displays a peak at ¹

N
and a shoulder at 43 K and the

imaginary part shows a peak at 43 K that is associated with



FIG. 7. Hysteresis loops measured after zero-"eld-cooled in "eld up to
18 kOe for Co

2
(OH)

2
BDC at several temperatures through two magnetic

transitions.

FIG. 8. Hysteresis loops measured after zero-"eld-cooled in "eld up to
150 kOe for Co

2
(OH)

2
BDC at several temperatures.
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non-linear behavior due to hysteretic behavior and long-
range magnetic ordering.

We note that the value of s(43 K)/s(¹
N
) is much less than

2
3
, which is expected for a randomly oriented polycrystalline

sample of a two-sublattice antiferromagnet. This is likely to
be due to hidden canting that occurs for antiferromagnets
having more than four sublattices (26) or equally to very
strong anisotropy (27).

Field-Dependent Susceptibilities

The "eld-dependent dc susceptibilities and the ac suscep-
tibilities in an oscillating "eld of 1 Oe and a dc bias "eld
have been recorded as a function of temperature on cooling
from above ¹

N
. The susceptibilities (dc and the real and

imaginary ac) are independent of the applied dc "eld in the
paramagnetic region above 50 K. Below the temperature of
the canting (¹

CAN
), the dc susceptibility gradually decreases

as the "eld is increased. Thereafter it increases rapidly for
"elds higher than 2 kOe before saturating for "elds greater
than 10 kOe. We must be cautious in interpreting suscepti-
bility data in the ordered state taken on a SQUID mag-
netometer due to nonlinearity of the magnetization.
However, the ac susceptibilities measure the slope of the
magnetization at the bias dc applied "eld. The peak at ¹

N
in

the real part of the ac susceptibilities appears at an almost
constant temperature up to an applied "eld of 2 kOe. It then
shows a shift to ¹

CAN
accompanied by an increase in abso-

lute value to a maximum at 3 kOe. The imaginary part
displays a small peak in zero "eld at ¹

CAN
, which disappears

in "elds up to 2 kOe. It reappears again in "elds of 3 kOe. At
higher "eld the absolute value decreases. Some nonlinearity
in the susceptibility is also observed at ¹

N
in higher "elds.

This unusual behavior is associated with the dynamics of
magnetization reversal in a complicated way. Without any
knowledge of the magnetic structure in a magnetic "eld and
of the domain structure of the crystals no clear conclusion
can be drawn.

Hysteresis

Isothermal magnetization has been measured at several
temperatures and "eld ranges. Data taken after ZFC are
shown in Figs. 7 and 8 up to 1.8 and 150 kOe, respectively.
Above ¹

N
the magnetization is almost linear as expected for

a paramagnet. Between ¹
N

and ¹
CAN

it is linear up to
a critical "eld when the moments are gradually forced to-
ward the "eld direction. It remains reversible. This behavior
is typical of metamagnets. Below ¹

CAN
two hysteresis loops

are observed, one centered about zero "eld and the other
about the critical "eld. Both loops widen as the temperature
is lowered. The temperature dependence of the critical "elds
is shown in Fig. 9.
At high "eld the magnetization increases linearly up to
250 kOe before it deviates toward saturation (Figs. 8 and
10). This behavior is consistent with a noncollinear mag-
netic structure. As suggested earlier the antiferromagnetic
ground state possibly consists of multiple sublattices. The
critical "eld observed at low temperature may correspond
to a change of orientation of the easy axis from in-plane
to perpendicular, consequently giving rise to the high
anisotropy and large coercivity. As the temperature of
the sample is lowered the coercivity "eld increases almost



FIG. 9. Experimental temperature-"eld phase diagram for
Co

2
(OH)

2
BDC.

FIG. 11. Temperature dependence of the inverse susceptibility and the
product of susceptibility and temperature for Co(H

2
O)

2
BDC. The solid

lines are "ts to the Curie}Weiss equation.
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exponentially. This increase of the coercivity "eld suggests an
increase of magnetocrystalline anisotropy, which may be
driven by the increase of population of the lower level of the
Kramers doublet for the octahedral cobaltous ion. The extra-
polated value of the magnetization at saturation of less than
6k

B
is consistent with large spin}orbit coupling, resulting to

highly anisotropic g values and an e!ective S"1
2
. Neutron

experiments are in progress to verify these hypotheses.
The data of Fig. 10 were recorded at the NHMFL in

Tallahassee at a base temperature of 1.7 K and a "eld sweep
FIG. 10. Hysteresis loop in "eld up to 330 kOe for Co
2
(OH)

2
BDC at

1.7 K and the temperature of the bath.
of 10 kOe per minute. We note a sudden jump in the
temperature of the liquid helium bath as monitored by
a RhFe sensor. This jump is to be expected for hard magnets
due to dissipation of the energy stored during the process of
being magnetized. It is to be stressed that this compound is
an insulator and thus has very small heat capacity at these
temperatures.

Co(H2O)2BDC. The magnetic properties of
Co(H

2
O)

2
BDC as the temperature dependence of the inverse

susceptibility and the product of susceptibility and temper-
ature are shown in Fig. 11. The compound behaves as
a Curie}Weiss paramagnet above 100 K, which can be "tted
with a Weiss constant of !29.0(7) K and a Curie constant
of 3.33(1) cm3K/mol. The calculated e!ective moment (k

%&&
)

per cobalt ion is 4.94 k
B
, which is consistent with that

expected for an octahedral cobaltous ion. The large negative
Weiss constant indicates dominant antiferromagnetic inter-
action between nearest neighbor cobalt atoms, although
some degree of spin}orbit coupling will have the same e!ect.

Isothermal "eld dependence magnetization at 2 K in-
creases gradually to 2.2 k

B
at 50 kOe and is consistent with

that expected for a polycrystalline sample of Co(II) with an
e!ective S"1

2
and anisotropic g values (28).

CONCLUSION

Co
2
(OH)

2
BDC and Co(H

2
O)

2
BDC are two examples of

layered compounds with interleaved terephthalate. While
Co(H

2
O)

2
BDC is a paramagnet, Co

2
(OH)

2
BDC is an

example of a molecular metamagnet with a complex mag-
netic structure, which is more typical of rare earth metals. It
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has been possible to develop the chemistry and tune the
interlayer distance from d"6 to 14A_ . The exceptional
hardness of this structural type lies in the synergy of single-
ion and crystalline shape anisotropies and, most impor-
tantly, the alignment of the moments perpendicular to the
layer. Further studies are in progress to determine the
magnetic structure and to estimate the temperature depend-
ence of the magneto-crystalline energy in order to verify our
hypothesis on the mechanism of magnetization and demag-
netization processes.
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