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The synthesis and structural and magnetic characterization of 16 compourd&A@,0,); (A = N(n-CzH7)4,
N(n-C4Hg)a, N(n-CsH11)a, P(-CsHg)a, P(GsHs)a, N(n-C4Ho)3(CsHsCHyz), (CsHs)sPNP(GHs)s, As(CsHs)s; M!' =
Mn, Fe) are reported. X-ray powder diffraction profiles are indexeld@3a or its subgrouP6s22 or P6/mmmto

derive unit cell constants. The structures of all the compounds consist of two-dimensional honeycomb networks

[M"Fe"(Cy04)37]w. The M!' = Fe compounds behave as ferrimagnets Wighhetween 33 and 48 K, but five

exhibit a crossover from positive to negative
compounds exhibiting this unusual magnetic

magnetization near 30 K when cooled in a field of 10 mT. The
behavior are those that have the Aigh®githin the set N§-

CiHont1)4F€'FE (C204)3 (n = 3—5), T, increases with interlayer separation and the low-temperature magnetization
changes from positiven(= 3) to negativerf = 4, 5). In the M= Mn" compounds, the in-plane cell parameter
apis ~0.03 A greater than in the corresponding=VFe! ones while the interlayer separatian/) is on average

0.08 A smaller. All members of the M= Mn series have magnetic susceptibilities showing broad maxima at

55 K characteristic of two-dimensional antiferromagnetism, but the magnetization of several of the salts increases

sharply below 27 K due to the onset of spin canting, the magnitude of which varies significantly with A.

Introduction
The occurrence of long-range magnetic order in lattices

aspect is to extend the range of examples from four points of
view. First, since they form layer structures, systematically

composed of molecular transition metal complexes has beenvVarying A should modulate the separation between the layers,

attracting increasing attention in recent yéaiSuch compounds

and hence the physical properties. Second, in view of the fact

are of interest because they are insulating, and hence frequentiyhat ttjree-dimensional as well as layer compounds of the type
transparent, and offer the opportunity of creating novel lattice AMM'(C204)s have been reportetdt is important to delineate

architectures. They also offer the chemist the opportunity to

the extent to which the template cation A determines the crystal

investigate how magnetic exchange interactions are propagatedhemistry. Third, varying M as well as M gains access to a

through extended polyatomic ligands. Prominent among the

wider range of magnetic behavior; in particular, replacin{j Cr

latter is the ambidentate oxalate ion, and numerous dimeric and(S = ¥2) with Fe!' (S= /) increases the moment and hence

trimeric oxalate complexes have been prepared as médels.
However, in view of their simplicity and potential magnetic
interest, it is surprising that only in the last two years have
infinitely extended networks based on transition metal oxalato
complexes been preparédlhe crystal structures of compounds
AM''Cr(C,04)3 with M" = Mn and A = N(n-C4Hg); and
P(GHs)4 consist of infinitely extended sheets of hexagonal
symmetry containing alternating Mn and Cr octahedrally
coordinated on each side of every oxalato aridriThe N{-
C4Hg)4 compounds show transitions to long-range magnetic
order at temperatures between 6 and 14 K depending 'af M

alters the ordering temperature, which scales y&m")-gM"),
though of coursd itself is sensitive to the orbital occupancy
and the numbers of exchange pathways. Finally, in an earlier
papef we reported that N¢CyHg)sF€'Fe' (C,04)3 exhibits a
giant negative magnetization at low temperature unprecedented
in molecular-based magnetic materials. It is therefore of great
interest to find out how widespread this phenomenon is and
whether a connection can be drawn with the cation A.

With these four issues in mind, we have therefore prepared
polycrystalline samples of ANFe! (C,04)s with layer structures
analogous to those of AMNCr{QOg)s (A = N(nN-CsHg)s,

In the search for chemical correlations between structure and P(GsHs)4), which have been determinéd. Eight phases with
properties in this interesting class of compounds, an important different A are reported, each with'M= Fe and Mn. The
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former are interesting because they are mixed-valency materials
while the latter are unusual in containing two different elements
having the same electron configuration (high-spit)3dThe
crystallographic cell parameters were refined by least-squares
fitting X-ray powder diffraction data, and the susceptibilities
and magnetizations were determined from 4 to 300 K. Several
further examples of giant negative magnetization at low
temperature have been found in thd' M Fe series, and a
qualitative explanation for the phenomenon is given in terms
of the molecular field approach to ferrimagnetism.

(6) Mathoniee, C.; Carling, S. G.; Dou, Y.; Day, B. Chem. Soc., Chem.
Commun.1994 1551.

(7) Robin, M. B.; Day, PAdv. Inorg. Chem. Radiocher967, 10, 248.
Day, P.Int. Rev. Phys. Chem1981, 1, 149.
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Table 1. Refined Unit Cell Constants of ANMFe!"(C;04)s (18, 4000 ; . . . .

M! = Fe;9—16, M' = Mn) I
3500 1
no. of
compd A ao, A co, A peaks fitted 0o 1
1 N(n-C3Hv)a 9.334(2) 49.31(3) 14 F B ]
2 N(n-C4Hg)s 9.402(3) 53.88(5) 17 £ Ll i
3 N(n-CsH11)a 9.406(6) 61.4(2) 13 2
4 P(CHs)s 9.375(4) 57.45(5) 15 E el 20
5  N(CeHsCH)(n-CsHg)s 9.38(2) 57.8(2) 12 °
6  (CeHs)sPNP(GHs)s  9.38(1)  86.6(2) 13 1000 |
7 P(n-C4Hog)4 9.47(1) 55.9(2) 8 500 ]
8  As(CHs)s 9.365(2) 57.93(4) 12 |
9 N(n-C3Hv)a 9.372(3) 49.11(6) 16 0 - - ” e "“4’:‘“ e -
10 N(n-CsHo)a 9.461(2) 53.62 17 20
11 N(n-CsH11)a 9.457(5) 60.95(1) A
12 P(GHs)s 9.428(4) 57.15(1) 11 12006
13 N(CeHsCHy)(n-CsHo)s  9.470(4) 56.6(1) 12
14 (CeHs)sPNP(GHs)s  9.413(3) 87.1(2) 13 1o |
15 P(n-GHg)4 9.52(5) 55.17(8) 11
16 As(CsHs)s 9.445(6) 57.4(1) 9 2 swl
apgs22. b P6/mmm P
& 6000 |
Experimental Section §
Q 4000 -
Chemicals were standard reagents from Aldrich (99% or higher
purity). Solvents were reagent grade, deoxygenated where necessary 4 L
by freeze-thaw cycles under vacuum. All manipulations of air-
sensitive compounds were carried out by standard Schlenk techniques o
orin a N, dry box. N was purified through columns containing BTS 0 10 0 b 4 3 60
catalyst ad 5 A molecular sieves. Figure 1. X-ray powder diffraction profiles for AMAFE" (C,04)s. A:

Elemental analyses were performed by the Microanalytical Depart- () N(n-CaH-)s; (b) (CoHs)sPNP(GHs)s.
ments at the Inorganic Chemistry Laboratory, Oxford, and University
College, London. aqueous or methanolic solution of INCsHg)4l, @ green precipitate of
X-ray powder diffraction profiles were recorded at room temperature 2 is formed immediately. It is also possible to carry out the reaction
on a Siemens D500 diffractometer in reflection mode using @u K entirely in methanol solution.
radiation with the monochromator set at*’38keoff angle. Magnetic Crystals of9, were also prepared by placing 1 or 2 mmol aFg-
susceptibility and magnetization measurements were made using a(C,0,); and MnSQ-7H,0 in one arm of an H-shaped tube and 1 mmol
Quantum Design MPMS 7 SQUID magnetometer. Polycrystalline of N(n-C3H;)4Cl in the other, filling the cell carefully with water to
samples were contained within gelatin capsules. The customary prevent mixing, and allowing the reactants to diffuse together over a 2
measuring protocol was to cool the sample in a field of 10 mT from month period.
ambient temperature 2 K and record the susceptibility while warming.
To estimate the Curie and Weiss constants, data from 150 to 300 K Results
were used in every case. To render the results more comparable, the Crystal Structures. All the phases prepared were character-
same nymber of data points and_similar sample masses were emplqyeqzed by X-ray powder diffraction. In some preparations, peaks
Correction for core diamagnetism of the sample was made using assignable to a few percent of Fe(%)-2H,0 were visible, but

Pascal's constants and for the sample capsule by comparison with a. .~ = - 4 L PNt . .
standard measurement. &iltering the mixed M+, Fé*, C,0,2~ solution before adding

PR : . ) .
In a typical preparation, an aqueous solution (5 mL) §F&(GOy)s the A™ eliminated them. Typical diffraction profiles are shown
3H,0? is added to an aqueous solution (5 mL) of FeS&,0 or in Figure 1. For each compound, the reflections were indexed
MnSQy7H,O with stirring at room temperature. After 30 min, the and unit f:eII constants were refined on a hexagonal cell as
solution is filtered to remove the small amount of F&g)-2H,0 which reported in refs 4 and 5. The values of the cell constants

forms, and a methanol solution (5 mL) of AX (3 halide) is added obtained are listed in Table 1. That the lattice constants in the
to the filtrate, whereupon a precipitate begins to form. The solution is basal plane are all so similar shows that the structures of all the
left for a period at room temperature before filtering. Optimum compounds are similar and resemble those found by X-ray
quantities of reagents and the reaction times are different for (_jiﬁerent single-crystal diffraction for AMNCr(@s)s with A = P(CsHs)4*

A, varying from 1 to 2 mmol and frm 1 h toseveral days, respectively. and Nf-CaHe)4® However, varying the organic cation changes

The longer the precipitation time, the less crystalline the resulting . LS
product is, as determined by XRD. the spacing between the layers as anticipated. The structures

The following compounds were prepared in this way: fot M of the Mri'Fe" and FéFe!" series correlate closely, as indicated
Fe, A= N(n-CsHy)s (1), N(n-CaHa)s (2), N(n-CsH1a)a (3), P(CeHs)a by the cell parameterso plotted in Figure 2a. Theao_ cell
(4), N(CsHsCHz)(n-CaHg)s (5), (CeHs)sPNP(GHs)s (6), P(1-CaHo)s (7), parameter varies little, as expected (Table 1 and Figure 2b).

As(CsHs)s (8); M = Mn, with the same sequence of cations, com- Refinement of the unit cell parameters for compouhgs, 4,
pounds numbere@—16 (Table 1). Elemental analyses showed that 7—10, 12, 15, and 16 was successfully accomplished within
all the products had the formula ANe(GO4)s. The analytical data the space groupgR3c assumed in refs 4 and 5. [We were
are available as Supporting Information. Attempts to prepare similar jnformed by a reviewer that the structure of a compodd
compounds with several other cations A were unsuccessful, aspss peen refined from single-crystal X-ray data in the space
follows: N(-CoHants)s (0 = 1, 2, 6, 7). N(-CieHsz)(CHa)s, and group P63 (Decurtins, S.; et al. Manuscript in preparation).

P(CsHs)sH. . -
An alternative preparative route is to generate the FR(E However, for comparison with the other compounds, we use

complexin situ. An aqueous solution (5 mL) of Fe@bH,0 is added the larger hexagonal supercell.] Howeyer i'n several other cases,
to one (5 mL) of FeS@7H,0, and an aqueous solution (3 mmol in 5  attempts to refine the cell constants in this space group left a
mL) of oxalic acid is added dropwise. Upon addition of 5 mL of an number of intense peaks unassigned. The latter could only be
fitted by assuming a lower symmetry space groe@s22 for
(8) Bailar, J. C.; Jones, E. Mnorg. Synth.1939 1, 37. compounds8 and11 andP6/mmmfor compounds, 6, 13, and
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"o . . , . T . Table 2. Magnetic Parameters of ANFe! (C;04)32
g - ° Curie consC, Weiss negative
compd T.,K emu K moi? const®, K magnetizn
wr ] 1 35 8.0 -97 no
sl | 2 45 9.5 —120 yes
5 3 48 7.1 —140 yes
s ol 4 4 37 6.3 —86 no
5 5 44 7.7 —-102 yes
3 P ] 6 45 10.2 —146 yes
£ 7 45 8.5 —106 yes
s 0 b ° . 8 33 7.3 —-113 no
< % 9 28 10.4 —127
55 L ] 10 28 10.6 —-121
11 27 10.5 —124
soF 7 12 25 8.9 —128
‘ . . . . . . ‘ 13 26 9.6 -117
4545 50 55 60 63 70 75 80 85 90 14 29 10.3 —136
A Fett Felll (ox); - ¢, (A) 15 26 8.9 —124
16 27 10.6 —122
9.6 T T T T T T T T T
b @ For numbering of compounds, see text.
955 - 10 T T T T
o sk ° o R i
- 95 q ¢
< 6L |
B 945 | Y ‘o E § 4+ N Lt T ]
H g :
E ’ o g 2rF ¢ N ! 1
935 | gﬂ 2 +++ ]
H o
4+ ++* ]
93 9.32 9.34 9.36 9.38 9.4 9.42 9.44 9.460 9.48 9.5 Lt *
A Fett Fett (ox), - a, (A) R ]
Figure 2. Unit cell parameters of ANMFe!" (C,04)3 (M = Mn", Fe'): . ‘ . ‘ ‘ .
(a) co; (b) a. For numbering of compounds, see text. "o 10 0 et P 50 60

. Figure 3. Temperature dependence of the magnetization of B&%-

14. In all three space groups, the separation between c,0,);in a field of 10 mT: ©) As(CsHs)s; (+) (CeHs)sPNP(GHs)s.
MM'(C,04)3~ layers iscy/6 so cation variation induces a change
from 8.18 A (Mr'Fé") and 8.22 A (FéFe") in the N(-CsHy)a temperature the magnetization reaches a maximum, followed
compounds, the smallest separation observed, to 14.52 Aby a monotonic decrease down to 4 K, becoming strongly
(Mn'"Fe") and 14.43 A (FéFe") in (CeHs)sPNP(GHs)s, the negative below about 30 K (Figure 3). This remarkable
largest found so far. behavior is observed consistently in numerous samples, includ-

Magnetic Properties. The magnetic susceptibilities of ing ones which had been prepared by ihesitu synthesis of
polycrystalline samples of all the compounds, measured in a Fe(GO4)s3~ rather from previously preparedsRe(GOa)s. It
field of 10 mT, closely obeyed the Curi@Veiss law between s discussed further below.
room temperature and 150 K. The values of Cu@ énd From room temperature to 150 K, the susceptibilities of poly-
Weiss constants) extracted by least-squares-fitting the data crystalline samples of the Mie!' compounds likewise obey
after subtraction of a correction for diamagnetism are listed in the Curie-Weiss Law, with negative Weiss constants indicating
Table 2. The large negative values of the Weiss constantsnear-neighbor antiferromagnetic exchange. At lower temper-
clearly indicate antiferromagnetic interaction betweer!'Mn ature, the susceptibilities pass through a broad maximum near
Fe' and F¢' in every case. Inthe F&€" series, the values of 55 K of the kind seen in low-dimensional antiferromagnets. In
© vary markedly with A, but among the MR€e" compounds,  the P(GHs)4 compoundL2, the susceptibility below 55 K con-
they span a smaller range, indicating that the near-neighbortinues to fall monotonically to below 10 K, but in the other
exchange pathway is less sensitive to a change of organic cationmMn!'Fe!' compounds, there is a discontinuous jump in suscep-
This is to be expected from the similar values of the unit cell tibility at 27 K (Figure 5), suggesting the onset of spin canting.
parametego. A small single crystal oD was studied as a function of temp-

Below 100 K the behavior of the Mird" and FdFe! erature at applied magnetic fields of 100, 500, and 1000 G with
compounds must be examined separately. Considering first thethe results shown in Figure 6. It is apparent from the single-
Fe'Fe' series, the compounds fall into two sets with sharply crystal data that the 27 K transition is not first but second order.
contrasting behavior. Adopting the measurement protocol
defined in the Experimental Section, we find that in compounds
1, 4, and8 the magnetization increases abruptly at 35, 37, and  Crystal Chemistry. The existence of such a large number
33 K, respectively, corresponding to the onset of long-range of compounds sharing the stoichiometry A& (C,04)3 invites
order, increasing further in a conventional monotonic fashion discussion of their crystal chemistry as a prelude to rationalizing
down © 4 K (Figure 3). In striking contrast, in compoungs their magnetic properties. Since the full structure cannot be
3, and5—7, the onset of sharply increasing magnetization occurs resolved from powder X-ray data, we base the discussion on
at higher temperature (between 44 and 48 K), while at lower the variation in the unit cell parameters.

Discussion
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Figure 4. Temperature dependence of the susceptibility of polycrys-
talline N(n-C4Hg)sMn"Fé" (C,04); from 10 to 300 K.
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Figure 5. Temperature dependence of the susceptibility of several
polycrystalline AMA Fe' (C,04); compounds showing spin canting at
low temperature: €) (CeHs)sPNP(GHs)s; (+) As(CsHs)a; () (CsHs-
CH2)N(ﬂ-C4H9)3; (.) N(n-C4H9)4; (X) P(n-C4H9)4.
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Figure 6. Temperature dependence of the magnetization of a single
crystal of N-C3H7)4Mn'"Fé'' (C,O4)3 in fields of 10, 50, and 100 mT.
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On the basis of model building and topological arguments,
it is possible to envisage two modes of connectivity between
octahedral tris-bidentate 'N{C,04)3*~ groups mediated by N
each of which in turn is coordinated by three octahedrally
disposed (@D,).2% These two modes correspond to each

Mathonige et al.
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Figure 7. The honeycomb layer arrangement of [MIZ,0O4)s] .

to the plane (Figure 7). In the other possible arrangement, the
octahedra are connected in helical ribbons so that their 4-fold
axes are all aligned. The crystal structures of two examples of
AMM '(C,04)3 compounds containing monopositive A cations
determined to date both reveal honeycomb layer arrangeritents.
On the other hand, when A [Fe(bipy)]?t and M= M’
Fe!, a cubic lattice is foundR4532) with the second form of
connectivity? Clearly, therefore, the organic cationAis
capable of acting as a template to direct the polymerization in
a manner analogous to zeolites.

All the template cations A used in the present work are of
guaternary ammonium, phosphonium, or arsonium type. They
give rise to compounds having a layer honeycomb structure,
although they include both alkyl- and phenyl-substituted species
as well as one containing the two types of substituent together.
Equally of interest is the range of %R for which no bimetallic
tris(oxalato) compounds could be synthesized. For example in
the N(0-CHzn+1)4™ sequence fon = 1-7, onlyn = 3—5 gave
crystalline products, while highly asymmetrically substituted
species such as the surfactanig@3)N(CHs)st and (GHs)z-

PH" did not.

In the crystal structure of PgEls)sMnCr(C,04)3, the organic
cations occupy sites interleaved between the [MngD(@3]«
layers in such a way that one bond of each cation lies
parallel to the 3-fold axis of the hexagonal unit cell, i.e.
perpendicular to the anion layer. TheHg ring in question
resides within the cavity formed by six §04)>~ while the
remaining three extend between the anion Idyemfortunately
the only N and one C atom of the organic cations were located
in the structure determination of N{C4Hg)sMnCr(CyO4)s°
though the assumption of tHe3c space group requires the N
to be placed on a 3-fold axis with one-@®l bond parallel to
the axis. The remaining C atoms were assumed to be fully
disordered. A reasonable hypothesis, however, is that gidg C
chain extends into the cavity in the [MnCe@)3] layer in a
fashion analogous to the phenyl group in the §{§4 com-
pound. On that basis, the increments of interlayer spacing in
the N(-CHzn+1)4 compounds fon = 3—4 and 4-5 ought to
correspond to the interpolation of a€ bond. The increments
in question are respectively 0.76 and 1.25 A in théAed case
and 0.75 and 1.22 A in the Mie".

The increments iy correspond precisely to the well-known
“alternation effect” in the unit cell constants afalkanes or
compounds containing extended aliphatic hydrocarbon chains
such as the layer perovskite halide satt€CiHn1NH3)o,MX 4.1

octahedron being connected to its neighbors through three edges, the latter, the increment in interlayer spacing on extending

If, in a trigonally distorted octahedron haviridz symmetry,

the edges in question are related by a 3-fold screw axis,
polymerization can take place, in principle, in two ways. One
alternative leads to an infinite honeycomb layer in which the

3-fold screw axes of all the octahedra are aligned perpendicular

the chain by one CHunit is smaller when one passes from
odd to even than when one passes from even to odd, exactly as

(9) Decurtins, S.; Schmalle, H. W.; Schneuwly, P.; Ensling, JHiGu
P.J. Am. Chem. S0d.994 116 9521.
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found here. Indeed, adopting the same geometrical argumentcated by the presence of unquenched orbital angular momentum

as in other organieinorganic layer system4d;1?2 we can use
the observed increments to estimate the angle that th€ N
bond of A" in the present series makes with the'[(GO4)3 .
layer. With the GHzn+1 chains fully extended, and taking the
C—C bond length as 1.54 A and the-C—C angle as the
normal tetrahedral one, the “axial™€C bonds make angles of
approximately 60with the anion layer. They parameters also
increase frorn = 3 ton = 4 by 0.07 and 0.09 A (Feand
Mn'") but remain constant within experimental error from=
4ton=>5. On the other hand, there is a marked increasg in
(0.06 A) from Nf1-C4Ho)s to P(-C4Ho)s, the latter having the
largestag of the series. For comparison, the difference in®l
and P-C bond lengths is 0.36 A. Finally, it is significant that
thec-axis parameters of the P{ds), and N(GHsCH,)(n-C4Hg)3

on one of the ions (g, and no generally applicable formalism
for such a case has yet been given (see ref 1, section 9.6).
A subset of the PH-€" series that permits some precise
magnete-structural correlations is the one with A N(n-
CriHont+1)4 having n = 3-5, in which there is a monotonic
increase i® and T, with increasingn, i.e. with increasingy.
Such a variation is extremely unusual, since for organic
inorganic layer compounéfsin which inorganic magnetic layers
are interleaved by aliphatic carbon chains, the 3D ordering
temperatures (while not very sensitive to interlayer separation)
universally decrease as the distance between the layers in-
creasedt1’ |n the F¢Fd" series, there is a marked correlation
between the measured Weiss constandetermined from the
susceptibility in the paramagnetic region above the onset of long

compounds are almost equal, suggesting that in both cases theange order and the ordering temperafligethose compounds
plane of a phenyl group is aligned perpendicular to the anion having the larged® also having the highedt; (Table 2). The

layer.

In view of the large number of new compounds ARg-
(C,04)3 reported in Table 1, further structural correlations can
be established. The M&€" and FéF€" compounds contain-
ing the same A are isostructural, but while they cell

parameters in the two series correlate closely (Figure 2a),

examination of thea parameters shows that the correlation is

existence of that correlation requires that exchange between
metal ions in neighboring layers is important, as well as
exchange within the layers. Consequently, though the crystal
structure is clearly two-dimensional, the exchange interactions
are not. More detailed experiments on single crystals will be
needed to clarify the issue.

The most striking feature of the magnetic behavior of the

less precise (Figure 2b). However, in every case, the parametefFe'Fe!' series is the occurrence of apparently negative mag-

ap of the Mr'Fe" compound is larger than that of the
corresponding Fé=€" one, the mean difference among eight
A being 0.054 A. By contrast, for all A except {8s)sPNP-
(CeHs)s (compounds6 and 14), the cy parameter of the
Mn"Fe' compound is smaller than the correspondingFet
one, by an average of 0.50 A, i.e. a difference in interlayer
spacing of 0.083 A. The variation & is sufficiently explained
by a decrease in size of'Mrom Mn to Fe, the ionic radii being
respectively 0.82 and 0.77 &. On the other hand, we explain
the change ity by noting that expanding the hexagonal cavities
in the [M"Fe(GO4)3]. layers on replacing Beby Mn'" permits
the alkyl or aryl side chain of the AAto enter further, thus
creating a more densely packed structure.

Magnetic Properties. We consider first the g€ series.

netization at low temperature. We found this phenomenon in
the N{(-C4Hg)4 compound but the extended series of examples
reported in the present paper enables us to confirm that it is a
widespread but not universal feature of this class of material.
Such behavior is unprecedented in molecular-based magnets,
though cases have been known for many years in the féfrifes
where the concentration of magnetic ions on the tetrahedral (A)
and octahedral (B) sites in the AB, spinel lattice may vary

as a result of forming solid solutions, e.g. in NiEg/,O4 where

the cation distribution is Fe[NikexV«])O4.1” In his classic
theory of ferrimagnets, Ne€lenvisaged the possibility that the
spontaneous magnetization might change sign at a so-called
“compensation temperatur@omp When the net magnetizations

of the two sublattices cancelled each other. The phenomenon

Referring to the data in the paramagnetic region, the mean valuecan arise when the two sublattice magnetizations have different

of the measured Curie constant (8.0 emu K Thpis consistent
with the presence of high-spin Fand Fé', the value ofC
calculated on the assumpti®@Fe') = 5,, SFe') = 2, andg

= 2 for both ions being 7.4 emu K mdl. The measured Curie
and Weiss constants span a wide range, the largest vals of
being (with one exception) correlated with the larg@fTable

temperature dependences. The situation is shown schematically
in Figure 8. Since the Beground state is orbitally nondegen-
erate, the magnetization of the'Fsublattice follows a Brillouin
curve in the molecular field approximation, but in view of its
orbital degeneracy, that of the 'Fwill not. Furthermore, the

Fe! ion shows single-ion anisotropy due to spiorbit coupling

2). This can be explained by noting that the highest measure-so the orientation of the Memoments is pinned to the FFe
ment temperature accessible in the present study was 300 Kshould the latter exert the larger molecular field in the

i.e. only 2-30, so it is arguable that the true CurigVeiss
regime has not been accessed. Second, thgféeind state is
complex, since the degeneracy of the cubic fielgy term is
lifted, not only by first-order spirrorbit coupling but also by a
trigonal field component, which can also vary with the organic
template cation. Furthermore, the sporbit coupling constant
of Fé' is comparable in magnitude dT in the temperature
range covered by the measureméfsy an orbital contribution

temperature range immediately beldw

Evidence that the Peand Fé' sublattices do not become
magnetized to an equivalent extent at the same temperature
comes from temperature-dependeritdgloauer spectroscopy. At
4.2 K compounc shows a six-line P& spectrum corresponding
to an internal field of 53 T, while the Fecomponent of the
spectrum was fitted to an internal field of only 4 T, though the
analysis was complicated by an impurity of a few percent Fe-

to the observed moment is expected. It might be thought that (C204)-2H,0.2 Temperature-dependent measurements on a
the strong antiferromagnetic near-neighbor exchange indicatedsample of2 uncontaminated by FefO,)-2H;0 reveal that,

by the large negative values @ could be examined by

considering the interactions between the orbitals carrying the

unpaired electrons. However, the problem is greatly compli-
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while the internal field at the Pesite is clearly established at
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constants (Table 2) span a much smaller range than those of
MaD the FdF€E" series, though the former (mean value 10.0 emu K

mol™Y) are larger than the value of 8.75 emu K miotalculated

for SMn') = §Fe'") = 5, and g= 2. Likewise theT.'s vary

only over about half the range as in thé'Fe'! series, with the

same set of A. Apart from differences in tgevalues, which
0 are very small since both ions have orbital singlet ground states,
Tlcome) Te the compounds are expected to mimic antiferromagnetic rather
than ferrimagnetic behavior. This is borne out by the temper-
ature dependence of the susceptibility, which is indeed that of
a classic 2D antiferromagnétreaching a broad maximum at
55 K. An example is shown in Figure 4, but similar behavior
is found in all eight compounds studied, indicating that the in-
plane near-neighbor exchange constant does not vary signifi-
cantly with changing organic cation A. In contrast, the degree
Figure 8. Temperature-dependent magnetization of a two-sublattice of spin canting evidenced by the sharp rise in magnetization
ferrimagnet, showing the occurrence of a compensation temperaturebelow 27 K varies very markedly with organic cation. The
Teomp magnitude of the uncompensated moment, as indicated by the

magnetization at 5 K, increases in the sequenae®ifg)s ~

35 K, the field at the Pésite is still small at 10 ! Given P(GHs)s < P(N-C4Ho)s < N(n-CsH7)s < As(CeHs)s < (CeHs)s-
the topology of the 2D honeycomb lattice (Figure 7), the largest PNP(GHs); (Figure 5). This order does not follow that of
component of the molecular field experienced by thé' ke increasing interlayer separation (Table 1), so the spin canting

due to the neighboring Fend vice versa. Thus the'dsbauer  arises from more subtle variations in the structure than those
results confirm the hypothesis that the' Beblattice magnetiza-  of the ay and ¢ parameters alone.

tion increases more steeply beloly than that of the Pe _
sublattice. Qualitatively, therefore, the situation in those Conclusion

compounds exhibiting negative magnetization at low temper-  |n, this paper we have shown that 2D ferrimagnets'4d! -
ature must indeed be as shown in Figure 8. (C204)3 (M = Mn, Fe) are formed by a wide variety of organic
Finally, we address the question of why some of the'AFe  template cations A, giving material for extensive crystal
Fe'"'(C;04)3 compounds show negative low-temperature mag- chemical and magnetsstructural correlation. In all, unit cell
netization while others do not. First of all, reference to Tables gnd magnetic parameters for 16 compounds are presented. In
1 and 2 shows that the phenomenon is not confined to thosethe series N§-CoHant 1)4F€'Fe! (C:04)3 (n = 3—5), © and T,
compounds with either the smallest or the largest interlayer jncreasewith increasingn, as does the interlayer separation,
separation. On the other hand, the compounds showing thethe latter in the manner expected for intercalatekyl groups.
effect are those with the highes$t and (with one exception  Several of the F&Fe!' compounds show negative magnetization
(5)) the larges®. The first of these observations requires that at low temperature together with a “compensation temperature”
something more than interlayer interaction is responsible, while gt which the net magnetization vanishes, reminiscent of that
the second reveals the importance of the magnitude of the nearfound in ferrospinel solid solutiorig. A qualitative explanation
neighbor exchange interaction. The latter is a function of the for the negative magnetization is found in Neel’s theory of two-
intraplanar catiorrcation separation, as well as the “bite” angle  sublattice ferrimagnet$. This phenomenon is seen in the
subtended by the bidentate;@?  bridging group and the  compounds with the largest measu@dandT.. Nevertheless
degree of trigonal distortion around the cation sites. The sign there is no correlation between these magnetic parameters and
and magnitude of the trigonal distortion, which is modulated inter|ayer Separation_ The Correspondingumd” Compounds
by the intercalated organic template cations A, also determine mimic 2D antiferromagnets, though with a degree of spin
the single ion anisotropy at the Fsite, which in turn affects  canting at low temperature which varies strongly with the
the temperature dependence of the spontaneous magnetizatiogrganic template cation. While the present work reveals many
of the Fé sublattice. Definition of all these parameters must ynusual features in the properties of the compoundd A\l -
await a full set of crystal structure determinations. Other (C204)3 with honeycomb layer structures, much remains to be
physical methods, especially neutron diffraction, will be required done to understand the detailed relation of these properties with

to determine the distribution of the cations and their moments crystal structure, for which further X-ray and magnetic experi-
in the FEF" tris(oxalate) series, but a final observation from ments with single crystals will be necessary. Our work is

the present study should be noted. Although the samples werecontinuing in this direction.
synthesized under anaerobic conditions, their elemental analyses

reveal a small deficiency in Fe. This may be due to a small
fraction of the F& becoming oxidized to P& despite the
anaerobic conditions. Thus the ratio of'Fe Fé'' may deviate
slightly from the ideal of 1:1, introducing a small fraction of
metal vacancies (cf. wustite, £€O).

The magnetic properties of MRe" tris(oxalate) series also
reveal a number of highly unusual features. First, we have the
unique situation that both metal ions have the same electronic
ground state®A; in the D3 point group. The Curie and Weiss Supporting Information Available: A table of analytical data for
AM'"Fe'(C,04)3 (1 page). Ordering information is given on any current
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Okawa, H.Mol. Cryst. Lig. Cryst.1993 233 263. Reiff, W. M;
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