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The reaction between an aqueous solution of Mn(NO;), and
MnO or ZnO gives a white-beige powder of (Mn.Zn,_,)
(OH)(NO;)H,0) with x = 1.0 or x = 0.53, respectively. These
new manganese(l1)-based hydroxynitrates are isostructural with
Za(GH)NO;H0) and crystallize in the monoclinic system, space
group P2,/e, with a = 18.070(2) &, b = 3.3226(5) A, ¢ = 14.362(2)
A, and B} = 11496006 for {Mn, saZthy a HONYNO (L) and

= 18.154(2) A b= 3.3721(4) /%\ c = 14,456(1) }\ and B =
114.934(6)° for Mn(OH)(NO;}(H,0). The manganese(1I) atoms are
octahedrally coordinated within zigzag double chains running
along the b direction. Magnetic measurements from room tempera-
ture down to 4.2 K show a quasi-one-dimensional behavior of this
special array of classical § = 5/2 spins.  © 1995 Academic Press, Inc.

INTRODUCTION

The hydroxynitrates of divalent cations, such as Zn(II},
Ni(1D), Cd(11), and Cu(ll), have been widely studied both
from a structural and a thermal point of view ((1,2) for
example). Thus it was shown that they are good precur-
sors for preparing transition metal oxides, which could
be of great interest for catalysis. Indeed, the suitability
of hydroxynitrates such as M, M;_ (OH)(NG,),- pH,0
(M,M' = Cu, Mg, Ni, Zn, Co) for use as precursors of
spinel mixed oxides has been demonstrated (3).

Several routes have been reported for the synthesis
of transition metal hydroxynitrates. Most consist of the
thermal decomposition of hydrated metal nitrate or of the
reaction of aqueous nitrate solution with an alkaline agent
{(KGH, K,COy, or urea, tor example). On the other hand,
Cuy(OH)(NOy) (2) was oblained by reacting the metal(Il)
oxide CuO with concentrated metal nitrate aqueous solu-
tion of Cu(NO;), - 6H,0. In a very recent paper, Meyn et
‘al. (4) have generalized this method for the mixed hy-
droxynitrates (M,M'WOH),(NO,) (M = Zn, Cu, Ni;

= Co, Ni, Cu).

Further, the low-dimensional character of their mag-
netic properties has been evidenced for cobalt(II) deriva-
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tives (5,6). Angelov et al. (5) have shown for the first time
that Co(OH)(NQ,)H,Q is a good example of quasi-isolated
zigzag double chains of Co(il) ions, the magnetic behavior
of which is described on the basis of two competing near-
est neighbor interactions. Theoretical studies in the Ising
or Heisenberg limits (5-7) have evidenced the occurrence
of a frustrated state when intrachain interaction is antifer-
romagnetic, whatever the sign of interchain interaction,

The present paper reports the synthesis, structural
characterization, and magnetic properties of the first man-
ganese-based hydroxynitrates,

EXPERIMENTAL

Metal oxides MO (M = Mn, Zn) are used as the hydroly-
sis agent in saturated manganese nitrate aqueous solution.
The reaction takes place under argon at ambient tempera-
ture with a molar ratio MO/Mn(NQ,), ranging between 5
and 10. In the first step, mixed Zn/Mn hydroxynitrates
were prepared from ZnO/Mn(NO,), mixtures in order to
test the suitability of the manganese derivative. Then, a
pure Mn compound was prepared. For this purpose, the
starting green-colored oxide, MnC, was synthesized by
decomposition of manganese(11) oxalate under hydrogen
gas flow at 1000°C for 4 hr. The title compounds corre-
sponding to x = 1.0 and 0.53 are denoted hereafter as
compounds [ and II1.

Compound | was synthesized after 15 days of hydrolysis
with manganese oxide. The reaction product was washed
with alcohol and filtered. Compound H was obtained after
a preliminary 6-day hydrolysis with ZnO. XRD analysis
suggests the presence of several types of hydroxynitrates.
By mixing with a fresh manganese nitrate solution, com-
pound II is obtained, after 6 days, as a single-phase
product.

The metal content of the compounds was determined
from atomic emission measurements or X-ray microanaly-
sis, Differential thermal (DTA) and thermogravimetric
(TGA, DTG) analyses were performed using a Setaram
TGDTA-92 thermobalance. Powder X-ray diffraction
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(XRD) characterizations were carried out at room temper-
ature using a Siemens D500 diffractometer (CuKea radia-
tion) equipped with a secondary beam graphite monochro-
mator. The program NBSAIDS83 (8) was used for
indexing the patterns and refinement of cell parameters.
X-ray thermodiffractometry was performed with a high-
temperature Guinier camera (Enraf-Nonius) in the range
20-600°C. Magnetic susceptibility and magnetization data
were recorded from powder samples by using a Faraday-
type fully automated magnetic apparatus (Manics) in the
range 4-300 K.

RESULTS

Structural and Thermal Analysis

The XRD patterns of the title compounds exhibit all
the same features and display the same characteristics as
Zn(OHYXNO,)H,O (9) (Fig. 1). The patterns are indexed
from monoclinic symmetry (space group P2,/c¢) and the
refined cell parameters are listed in Table 1, with those
of the pure zinc derivative (as given by Eriksson et al.
(9)). The observation of these values shows a notable
and quasi-linear enhancement of the cell dimensions with
increasing manganese content. A Rietveld profile analysis
of the diffraction data has been attempted for Mn(OH)
(NO,)H,O. The program Rietan (10) was carried out using
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TABLE 1
Crystallographic Cell Parameters and e.s.d.’s, Effective
Magnetic Moment and Curie-Weiss Temperature for (Mn,Zn,_,}
(OH)(NO3)H,O with Several Stoichiometries x

x %9) 0.53 1.00

a (&) 17.951(3) 18.070(2) 18.154(2)
b (A 3.2600(2) 3.3226(5) 3.3721(4)
c (&) 14.272(2) 14.362(2) 14.456(1)
8 (A) 1H4.9K1) 114.960(6) 114.934(6)
V(&Y 757.5 781.75 802.4

Z 8 8 8
Her(pin/Mn)? — 5.7 58

8(X) — 218 —~51.8

a The relation with the Curie constant is € = N wlzpd/3ks.

the Zn{OHYNO,)H,O crystallographic data (9) as the
starting structure hypothesis. The position parameters of
Mn, O (for oxygen, OH groups, or water molecules), and
N atoms were refined with an overall temperature factor.
The result of the refinements for compound 1is illustrated
in Fig. 1. The final agreement factors are Rwp = 18.92%,
Rp = 13.90%, Re = 11.57% (conventional Rietveld fac-
tors), Ri = 6.10%, and Rf = 4.95%. The refined mean
Mn-O distances are 2.30 and 2.22 A for the two sites in
agreement with Mn(II) atoms in octahedral coordination
with oxygen (11).
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FIG. 1.

Upper part shows the experimental (crosses) and refined (full line) patterns with calculated peak positions indicated below; the lower

curve shows the difference (F,,, — ¥c) for Ma{OHNNO;}H,0. Inset: comparison of the characteristic part of the patterns of (Mn, Zn,_ J(GHJ-
NOyH,0 compounds for x = 0. (vertical bars}, x = 0.53 (full line), and x = 1.0 (dashed line). The height of the bars corresponds to the calculated

intensity deduced from the refined parameters given in (9).
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The thermal decomposition of I and II has been investi-
gated in air at temperatures from 20 to 630°C at a heating
rate of 0.33°C/min. Endothermic decomposition of 1 oc-
curs in the range 90-110°C, followed by a gradual weight
loss up to 270°C, and then a first plateau is observed in
the TG curve (Fig. 2a}). High-temperature Guinier experi-
ments show the formation of MnO,, y-Mn,0,, and Mn,O;
(bixbyite). Above 480°C, for which a last weight loss o¢-
curs, only Mn,O, diffraction lines are observed. The final
weight loss (43% in mass) fits well with the transformation
of Mn{OH)(NO;)H,0 into Mn,0;.

In the case of the mixed derivative II {Fig, 2b), the
thermal behavior is quite similar. The decomposition oc-
curs in the range of 90-110°C, giving an intermediate
product whose XRD pattern may be indexed with an or-
thorhombic unit cell, a = 3.24 A, b = 5.617 A, and ¢ =
6.94 A. A slight shoulder observed in the endothermic
decomposition peak (ATD) may be the signature of the
formation of this intermediate product. At higher tempera-
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FIG. 2. Thermogravimetric and differential thermal curves in the
range 20-650°C for {a) Mn{OH)}(NO;)H,0 and (1) {Mng 5370y 4)({0OH)
{(NOH,0. Arrows indicate the corresponding scale axis for ATG and
ATD; for the latter, the exothermal variation is specified.

tures, a mixture of ZnMnO,, Zn,MnQ,, and y-Mn,0, is
obtained.

Magnetic Measurements

The temperature-dependent magnetic susceptibility (re-
corded at 1.3 T) is plotted in Fig. 3. The Curie tempera-
tures, 6, and effective magnetic moments, u.q, deduced
from the high-temperature data are given in Table 1. The
Ko values agree with the presence of Mn(ll) (p.q = 5.9
pp/mole (12)) according to the different stoichiometries.
The susceptibility of pure manganese compound 1 exhibits
a broad maximum at 28.0 + 0.5 K indicating that predomi-
nant antiferromagnetic interactions take place. It can be
noted that the low-temperature variations of the magnetic
susceptibility differ for compounds 1 and 11; the latter
shows weaker antiferromagnetic coupling,

DISCUSSION

The thermal decomposition scheme in air appears
somewhat complex, especially concerning compound II.
The presence of an intermediate product at the decompo-
sition step suggests the existence of other manganese(II)
hydroxynitrates. Indeed, the hexagonal phase obtained
for the mixed derivative 11 seems very similar to the other
two-dimensional compounds M,(OH);(NO,) (M = Ni, Cu,
Co) with regards to their cell parameters (4, 6, 13, 14).
Another possibility is that this dehydration product cor-
responds to the formation of a “*degenerate’” oxyhydroxy-
nitrate prior to the formation of oxide. The latter has been
emphasized, for example, for the topotactic decomposi-
tion of layered copper hydroxynitrate (2).

XRD data demonstrate the structural isotypy with the
parent compounds M(OH)YNO,;)H,O (M = Zn, Ni, Co).
As described for the zinc derivative (9), their structure
may be viewed as the stacking of infinite double chains
of edge-sharing octahedra Mn{OH),,;(NO,),,,(H,0);/, run-
ning along the b axis (Fig. 4a). Within elementary chains,
the Mn(II) octahedra are linked by one oxygen (of a water
molecule) and one hydroxyl ion, while these chains are
connected to each other through hydroxyl ions only. Fi-
nally, nitrate groups are linked to the other unshared cor-
ners and thus maintain the packing of twin chains through
hydrogen bonds with water molecules. It should be em-
phasized that two distinct orientations of the double
chains exist in the (a, c¢) plane.

The presence of separated doublets of diffraction lines
in the low 28 range of the XRD patterns points out that
I and II are isostructural with the model compound
Zn{OH)YNO;)H,O described above. Note that for other
derivatives the diffraction patterns may exhibit single
lines instead of doublets, probably due to variations in
the chain stacking, as discussed by Petrov et al. (15) for
Co{OH)NOy)H,0. Well-crystallized Ni(OH)Y(NOpH,0



QUASI-ONE-DIMENSIONAL Mn(I) COMPCUNDS

31

3 ¢ ngaRooD oo oRoP A70TR0 990,
Gnuunugnunuﬂ .‘..--.“.. arn s
o nnnnnn"“ . “....--‘"
| o e
0.20 - 3
o % o .'.'
o .
— o= .
j = 5 52 [’ g o
E o ¥. i ,".
5 a -
E o y {ﬁ‘ N
- o
L"JE o f
S ol % /
e o o 1 L
= 0 100 200 300
T(K)
Q
]
*xe, U0D,
“"EEEEEE‘
e
Wwwoawqqggwmwauu N
0-00 | I J—. 1 1 L FU R —_— ]
0 50 100 T‘l 50 ) 200 250 300
(K

FIG. 3.
is plotted in the inset.

(with separated doublets) is obtained only after hydrother-
mal treatment (1). The goodness of the Rietveld profile
refinement is not very high. Indeed, some difficulties ap-
peared when the atomic parameters were refined, espe-
cially for the y coordinates. As discussed in (9), this is
linked to the presence of a very short b axis. Moreover,
in the present work, the accuracy of the intensities is
lowered due o the use of nonseparated al-a2 radiations,
the preferential orientation effect (last parameter fitted),
and the slightly hygroscopic character of the powder sam-
ple. The latter is also a limiting factor in order to perform

b

FIG. 4. Structure of Mn{OH)NOJH,O: (a) stacking of the octahedra
surrounding the manganese atoms and (b) sketch of the exchange path-
ways corresponding to first neighbor interactions J,, between the chains,
and J,, along the chains of § = 5/2 spins.

Variation in the magnetic susceptibility with temperature for (Mn, Zn,_ J(OH)}NO;)(H,0), with x = 0.53 (O) and 1 (*); the xT product

data collection with long counting time, Note that similar
problems were encountered in (9), though of less severity
(essentially) because of a better resolution of the experi-
mental record (strictly monochromatic Cu radiation was
used). Despite these drawbacks, it can be assumed that
the powder structure refinement of Mn(OH)NO)H,0
confirms the structural isotypy with the zinc derivative.

Finally, as expected from the metal-oxygen bond
lengths for octahedral Zn(II) and Mn(Il} (2.14 and 2.22
A, respectively (11)), a regular (quasi-linear) increase in
the size of the unit cell with manganese content is ab-
served in agreement with the existence of a solid solution
(Mn, Zn,_.) (OH)(NO;)H,O throughout the whole range
0=x=1,

From magnetic point of view, the xT = f(T) variation
for Mn(OH)(NO,)H,0 shows clearly the predominance
of antiferromagnetic exchange interaction between § =
5/2 spins along the double chains of Mn(II). The broad
maximum of the susceptibility confirms the low-dimen-
sional (quasi-1d) character of this compound. As dis-
cussed in preceding works (35, 7), it may be viewed indeed
as the stacking of double chains of § = 5/2 spins, with
two competing interactions, J; between the elementary
chains (zigzag pathway), and J, along these chains (Fig.
4b). The lack of a xT maximum for compound II may be
explained by the introduction of zin¢ atoms. Indeed, the
presence of diamagnetic cations along the chains induces
a break in the exchange pathways. Then the material
reduces to a distribution of quasi-linear finite-sized clus-
ters. The presence of a plateau at 5 K in the xT curve for
compound Il may be directly related to isolated manga-
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nese cations. The continnous divergence of the suscepti-
bility upon cooling suggests that the interactions between
the double chains are very small, and chiefly that the
maximum observed for the pure manganese compound is
due to intrachain interactions.

CONCLUDING REMARKS

The use of manganese oxide as a hydrolysis agent in
nitrate solution has allowed the synthesis of the first man-
ganese-based hydroxyniirates. The preparation of mixed
samples with zinc suggests the existence of a complete
(well-crystallized) solid solution (Mn,Zn,_ )(OH)
(NOJH,0 (0 = x = 1). These materials may constitute
interesting precursors of fine manganese-based oxides at
relatively low temperature. Temperature-resolved X-ray
diffractometry studies must be detailed in order to specify
their complex thermal decomposition. Supplementary
magnetic measurements, such as magnetization versus
field, low field susceptibility, neutron diffraction, and tem-
perature-dependent specific heat, are in progress. A con-
venient theoretical model for classical isotropic spin in a
zigzag double chain is currently being developed for a
good understanding of the competition between exchange
interactions in this unusual low-dimensional magnetic
system,
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