
Journal of Solid State Chemistry 147, 3}10 (1999)

Article ID jssc.1999.8078, available online at http://www.idealibrary.com on
Modeling Stacking Faults in the Layered Molecular-Based Magnets
AMIIFe(C2O4)3 MMII 5 Mn, Fe; A 5 Organic CationN

Christopher J. Nuttall and Peter Day
The Royal Institution of Great Britain, 21 Albemarle Street, London, W1X 4BS, United Kingdom

E-mail: PDay@ri.ac.uk

Received July 14, 1998; in revised form October 21, 1998; accepted October 23, 1998
The in6uence of stacking faults in the crystal structures of
molecular-based magnets N(n-CnH2n11)4M IIFe@III(C2O4)3 MM II

5 Mn, Fe; n53+5N is discussed on the basis of X-ray powder
di4raction pro5les. Polycrystalline samples of N(n-C5H11)4 com-
pounds are monophasic with orthorhombic unit cells very similar
to those of N(n-C5H11)4MnIIFeIII(C2O4)3 determined by single
crystal data. However, polycrystalline N(n-C3H7)4 and N(n-
C4H9)4 compounds are biphasic, containing varying contributions
from R3c and P6(3) phases. Structures containing stacking faults
were modeled by assuming random interchange between R3c and
P6(3) stacking within the crystallites. X-ray di4raction pro5les
calculated from the model structures exhibit broadening similar
to that seen in the experimental pro5les. The presence of stacking
faults explains the di7culty in obtaining macroscopic single
crystals of the N(n-C3H7)4 and N(n-C4H9)4 compounds. ( 1999
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INTRODUCTION

The crystal structures of the bimetallic tris-oxalato
molecular-based magnets AMIIM@ III(C

2
O

4
)
3

contain honey-
comb layers (1), within each of which octahedrally
coordinated M and M@ alternate, connected through ambi-
dentate oxalate ligands. The connectivity of the honeycomb
layer requires adjacent tris-oxalate units to have alternating
enantiomeric con"gurations, * and ", so that, within
a given layer all the M have one con"guration and all the M@
the other. The inorganic layers are interleaved by organic
cations, A, whose size controls the interlayer separation (2).
A large number of compounds with this general formula
have been reported by varying M, M@, and A (1}4), and
consequently a wide variety of magnetic ground states have
been achieved, including ferro, antiferro and a range of
ferrimagnets (5), though crystal structures from single crys-
tal X-ray di!raction are available only for a limited number
of examples owing to the di$culty in obtaining suitable
crystals (1, 4, 6}8). Nevertheless it is clear that the layer
honeycomb topology is maintained throughout the series,
3

while the organic cation plays an important part in deter-
mining the stacking of the layers, as well as the precise local
symmetry at the metal ion sites. This point is illustrated by
the layer stacking sequences found within the homologous
series N(n-C

n
H

2n`1
)
4
MIIMIII @(C

2
O

4
)
3

(n"3}5) for which
full structures are available (Table 1). In orthorhombic N(n-
C

5
H

11
)
4
MnIIFeIII(C

2
O

4
)
3
the inorganic layers stack in a two

layer [a-b@] repeat structure (7) (where @ indicates a reversal
of metal tris-oxalate con"gurations within layers). The ar-
rangement of the metal ions in this structure is illustrated in
Fig. 1. Among N(n-C

4
H

9
)
4
M@ IIMIII(C

2
O

4
)
3
compounds, two

hexagonal structural re"nements have been reported: those
of N(n-C

4
H

9
)
4
MnIICrIII(C

2
O

4
)
3

re"ned in R3c (6) and N(n-
C

4
H

9
)
4
MnIIFeIII(C

2
O

4
)
3

re"ned in P6(3) (8). The stacking of
inorganic layers in the two structures is illustrated in Fig. 2.
The R3c structure has a six-layer [a-b@-c-a@-b-c@] repeat,
while that in P6(3) is [a-b]. Finally, N(n-C

3
H

7
)
4
MnIICrIII

(C
2
O

4
)
3

has also been re"ned in R3c with the same stacking
sequence (8) as that of N(n-C

4
H

9
)
4
MnIICrIII(C

2
O

4
)
3
.

The unusual magnetic properties of the series
AMIIFeIII(C

2
O

4
)
3

MMII"Mn, FeN, whose low temperature
magnetization varies greatly with the organic cation A, have
been studied using polycrystalline samples (2). Powder X-
ray di!raction pro"les of these materials show a variety of
unusual e!ects such as peak broadening, large peak asym-
metry at low angle, and sharp decreases in re#ection inten-
sities at high scattering angles, indicative of structural
disorder. The degree of disorder also depends on the details
of the synthetic route. In this paper we report the modeling
of observed powder X-ray di!raction pro"les, "rst by as-
suming the structures found by single crystal di!raction and
second by assuming random sequences of two layer packing
types.

EXPERIMENTAL

The compounds (cation)MIIFeIII(C
2
O

4
)
3

were precipi-
tated in powder form using two general methods which we
label the (a) block and (b) ionic methods:
0022-4596/99 $30.00
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TABLE 1
Space Groups and Unit Cell Constants of N(n-CnH2n11

)4MM@(C2O4)3 Determined by Single Crystal X-Ray Di4raction

(Cation) MIIM@III ¹ (K) Space group Unit cell (As ) < (As 3) Ref.

N(n-C
3
H

7
)
4

MnCr RT R3c a"9.363, c"49.207 3736 8
N(n-C

4
H

9
)
4

MnCr RT R3c a"9.414, c"53.66 4118 6
N(n-C

4
H

9
)
4

MnFe RT P6(3) a"9.482, c"17.827 1388 8
N(n-C

5
H

11
)
4

MnFe 120 C222(1) a"9.707, b"16.140, c"19.883 3115 7
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(a) The block method: an aqueous solution of
K

3
Fe(C

2
O

4
)
3

(100 mM) was mixed with an equimolar
quantity of MII in 100 mM solution Mfor MII"FeII,
Fe(SO

4
) ) 6H

2
O, for MII"MnII, MnCl

2
) 6H

2
ON. The solu-

tion was left standing for approximately 1 h and then "l-
tered to remove precipitated MIIC

2
O

4
) 2H

2
O. A water/

methanol solution containing an equimolar quantity of the
organic cation (&100 mM) was then slowly added to the
"ltrate during stirring. After approximately 12 h the precipi-
tated (cation)MIIFeIII(C

2
O

4
)
3

was "ltered from the solution,
dried, and stored under vacuum.

(b) The ionic method: A solution of FeIII(NO
3
)
3
) 6H

2
O

(50 mM), MII ions (50 mM) and oxalic acid M150 mM) was
prepared in a (1 : 1 : 3) molar ratio (for MII"FeII,
FIG. 1. The inorganic layer framework in N(n-C
5
H

11
)
4
MnFe(C

2
O

4
)
3
.

Fe(SO
4
) ) 6H

2
O, with a few drops of 1 M HCl added upon

FeII dissolution, for MII"MnII, MnCl
2
) 6H

2
ON. After ap-

proximately 1 h any precipitated MIIC
2
O

4
) 2H

2
O was re-

moved by "ltration. A molar quantity of the organic cation
equal to that of the metal ions was then added to the "ltrate
and dissolved with addition of the minimum volume of
methanol. The precipitated (cation)MIIFeIII(C

2
O

4
)
3

was "l-
tered after 24 h, dried, and stored under vacuum.

The competing biproduct phase MIIC
2
O

4
) 2H

2
O was

initially identi"ed in X-ray di!raction scans of the com-
pounds, and was visible as a yellow powder in green (ca-
tion)FeIIFeIII(C

2
O

4
)
3

samples. The primary "ltration step
was necessary to remove this impurity, which re-formed
when precipitation of (cation)MIIFeIII(C

2
O

4
)
3

is extended
beyond 1}2 days. The block method was the initial prepara-
tive route to the (cation)MIIFeIII(C

2
O

4
)
3

compounds (5), but
it su!ers several disadvantages compared to the ionic
method. Precipitation by the block method was also more
rapid being practically complete in 1 h compared to several
hours by the ionic route, probably because of the need to
form [Fe(C

2
O

4
)
3
]3~ in solution. It was noticable that the

slower precipitation by the ionic method also gave more
crystalline products as indicated by their powder di!raction
pro"les.

X-ray powder pro"les were collected using a Siemens
D500 X-ray di!ractometer set in Bragg}Brentano ge-
ometry. Samples were very lightly ground and mounted on
a #at sample plate. Typically, pro"les were collected as step
scans over a 12-h period with a step size of 0.013 2h.
Extending the collection times further resulted in noticeable
sample discoloration and loss in di!raction intensity.

The model structures used to simulate the powder di!rac-
tion pro"les were generated from the atomic positional
parameters of the published crystals (6}8) by making the
appropiate substitutions of the metal ions. P6(3) structural
models for compounds containing N(n-C

3
H

7
)
4

were gener-
ated by placing N(n-C

3
H

7
)
4

on the N(n-C
4
H

9
)
4

site of the
P6(3) N(n-C

4
H

9
)
4
MnFe(C

2
O

4
)
3

structure and displacing it
from the oxalate layer along c so that N(n-C

3
H

7
)
4

was
displaced by the same distance as in R3c N(n-C

3
H

7
)
4

MnCr(C
2
O

4
)
3
.

In layered materials structural disorder frequently arises
from a poor correlation between the orientation of adjacent



FIG. 2. The inorganic layer framework in the cation)MM@(C
2
O

4
)
3

structures: (a) R3c, (b) P6 (3).

MOLECULAR-BASED MAGNETS AMIIFe(C
2
O

4
)
3

5

layers as a result of translating the rigid planes. Two limiting
cases of disorder may be identi"ed. In one case layers stack
in a random fashion with a complete loss of interplanar
registry. The coherent di!raction intensity is only observed
for [00l] re#ections, [hk0] re#ections exhibiting weak two-
dimensional di!raction and [hkl] re#ections having no co-
herent intensity (10). In the second case, there are a "nite
number of possible translational vectors between successive
layers. This type of layer disorder, known as stacking fault-
ing, results in streaks in the reciprocal lattice, giving [hkl]
dependent broadening of peaks in the powder di!raction
pattern (11). We simulated X-ray powder di!raction pat-
terns of the N(n-C

3
H

7
)
4

compounds with both R3c and
P6(3) layer stacking and also for cases where the stacking is
faulted between each type, using the Di!raction Intensities
in Faulted Xtals (DIFFaX) program (11,12). The crystal is
de"ned by in"nite sheets of layer unit cells stacked in se-
quence with de"ned stacking vectors (R

ij
) between adjacent

layers. Faulting is simulated by introducing alternative
layers and/or stacking vectors within a layer sequence by
using stacking probabilities (a

ij
) for each possible R

ij
.

RESULTS

X-ray powder di!raction pro"les of N(n-C
5
H

11
)
4
MII

FeIII(C
2
O

4
)
3

(MII"Mn, Fe) are shown in Fig. 3 "tted to the



FIG. 3. N(n-C
5
H

11
)
4
MnFe(C

2
O

4
)
3

powder di!raction pro"le "tted to the single crystal N(n-C
5
H

11
)
4
MnFe(C

2
O

4
)
3

structural model.
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structural model of N(n-C
5
H

11
)
4
MnIIFeIII(C

2
O

4
)
3
, derived

from the single crystal X-ray di!raction data collected at
120 K (7) re"ning lattice parameters and including the ef-
fects of preferred microcrystalline orientation (9). Despite
the poor "t to the peak shape given by the pseudo-Voigt
function with added low angle asymmetry corrections, it is
clear that the powder samples are monophasic with struc-
tures very similar to the model. In an earlier paper the X-ray
powder di!raction pro"les of the N(n-C H ) and N(n-
4 9 4
C
3
H

7
)
4
compounds were indexed and the unit cell constants

extracted by relaxing the R3c re#ection conditions (2). Fit-
ting the structural models now available from single crystal
X-ray di!raction to the powder pro"les reveals that the
powders are in fact biphasic, containing contributions from
both P6(3) and R3c phases. Figure 4 shows the "ts to the
N(n-C

3
H

7
)
4
MIIFeIII(C

2
O

4
)
3

pro"les. In the calculated pro-
"les in Figure 4 the corresponding unit cells of the P6(3) and
R3c structures have been constrained to be equal. The good



FIG. 4. Two phase "ts for N(n-C
3
H

7
)
4
MIIFe(C

2
O

4
)
3
; "tting to R3c and P6(3) structural models for (a) MII"Mn, (b) MII"Fe.

MOLECULAR-BASED MAGNETS AMIIFe(C
2
O

4
)
3

7

"t indicates that this assumption is correct, with a(R3c)"
a(P6(3))$0.01 A_ and c(R3c)"3]c(P6(3)) $0.1 A_ . By
inspection, the re#ections attributed to the P6(3) phase are
broader and their line shapes have larger Lorentzian contri-
butions compared to those from the R3c phase. Given the
similarity of layer stacking in the R3c and P6(3) structures
(Fig. 2), there is a strong possibility that each powder-crystal-
lite contains both stacking types, i.e., the compounds su!er
from stacking faults.
The R3c structural model was generated by dividing the
cell into six-layer P1 unit cells a,b"9.416A_ and c"8.18A_
(13). The P1 cells of layers 1, 3, and 5 are related by the
rhombohedral centring of R3c while layers 2, 4, and 6 are
generated from the c-glide plane in R3c. The full structure is
described by two P1 layer cells stacking alternately with
a six-layer repeat, as illustrated in Fig. 5, where the R

ij
vectors are de"ned in terms of the layer unit cell. Setting the
transition probabilities between each successive layer equal



FIG. 5. The layer unit cells of R3c and P6(3) model structures and their stacking vectors.
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to unity (a
*?*`1

"1) generates the di!raction pro"le of the
R3c structure (Fig. 6a). The P6(3) structural model of
N(n-C

3
H

7
)
4
MnFe (C

2
O

4
)
3
was de"ned by two P1 layer unit

cells, identical to the R3c ones, stacked as in Fig. 5. The
calculated pro"le is shown in Fig. 6b.

As far as the positions of the metal ions are concerned,
layer 2 in R3c su!ers the same displacement as layer 1 of
P6(3). The layers in P6(3), will now be referred to as 7 and 8,
corresponding to 1 and 2 in P6(3), respectively. Faulting
between the two structures can therefore be simulated by
generating an eight-layer structure with nonzero stacking
probabilities for the stacking vectors R

17
and R

73
(a

17
"a

73
O0) (see Fig. 5).

Powder di!raction pro"les of the faulted layer structure
were then calculated for di!erent faulting probabilities, n"
a
17
"a

73
(with a

17
"a

73
the fractions of R3c and P6(3) are

constrained to be equal). The calculated pro"les are dis-
played in Figs. 6c}6g for n"0.01 (1% faulting probability),



FIG. 6. Powder X-ray di!raction pro"les of N(n-C
3
H

7
)
4
MnFe(C

2
O

4
)
3
: (a}f ) simulated as described in the text; (g) observed.
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0.2 (20%), 0.3 (30%), 0.4 (40%), and 0.5 (50%), while the
measured pro"le of N(n-C

3
H

7
)
4
MnFe(C

2
O

4
)
3

is displayed
for comparison in Fig. 6h.

A faulting chance of 1% between P6(3) and R3c gives
a calculated X-ray pro"le equivalent to the sum of R3c and
P6(3) phases, since it corresponds to &100 R3c or P6(3)
cells between faults (&4800 A_ in the R3c structure). Higher
faulting probabilities (520%) result in an overall broaden-
ing of the re#ections. Re#ections originating from the P6(3)
phase become relatively weaker with increasing faulting
probability and their lineshapes exhibit large Lorentzian
broadening. The same e!ect is also noticable in the N(n-
C

3
H

7
)
4
MnFe(C

2
O

4
)
3

experimental pro"le. The simulation
procedure does not allow us to optimize the "t by varying
the stacking probability by least squares minimization, but
it is clear from Fig. 6 that the closest correspondence be-
tween observed and simulated pro"les corresponds to
a faulting probability of between 20 and 30%.
CONCLUSIONS

The simulated X-ray di!raction pro"les of N(n-
C

3
H

7
)
4
MIIFe(C

2
O

4
)
3

(MII"Mn, Fe) give strong indica-
tions that the broadening observed in the observed pro"les
is a result of disorder arising from random faults in the
stacking of the bimetallic tris-oxalate layers. In contrast the
powder di!raction pro"les of the corresponding N(n-
C

5
H

11
)
4

salts show that the microcrystalline samples are
monophasic. Noting that N(n-C

5
H

11
)
4
FeIIFeIII(C

2
O

4
)
3

shows a large negative low "eld magnetization at low tem-
perature, while the corresponding N(n-C

3
H

7
)
4

compound
does not, we conjecture that it is the presence of interlayer
disorder in the latter which prevents it, too, showing similar
negative magnetization. It is noteworthy that the P(C

6
H

5
)
4

salt, which likewise shows no negative magnetization, like-
wise shows strong evidence for stacking faults in polycrys-
talline samples (14). Clearly the relation between interlayer
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stacking disorder and bulk physical properties will need to
be examined more closely in this class of material.
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