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Fe Mossbauer investigations are carried out on a wide series of heterometallic diaquadiformato
Fe(1[D/M(11) complexes with M = Mn, Co, Ni, Cu, and Zn to provide a local picture of the coordination
environment of the ¥Fe’* jons as a function of (i) the nature of the host cation and (ii) the relative
amounts of both metals in the matrix (between 50 and 0.25 at.% Fe). Information is obtained on the
quantitative distribution of both metals between the two structurally nonequivalent lattice siles and
on the local geometry around the dopant atom in each crystat site. In the mixed Fe-Cu complexes,
Fe!* ions are preferentially incorporated in the tetrahydrated site: in Cu-rich Fe,Cu;_ {HCOQ,), - 2H,0,
the ¥Fe?* jons located in the hexaformato-coordinated site are surrounded by an axially compressed
octahedron of formate ligands which contrasts with the elongated configuration observed in the pure
iron compound and in the other mixed systems. Semiquantitative estimations of the tetragonal field
splitting and of the extent of metal-ligand interactions are proposed from the temperature dependence

of the quadrupole splitting values.

Introduction

In several solid-state spectroscopic tech-
niques such as EPR and Mdassbauer spec-
troscopy, dopant atoms are commonly used
as internal probes for the in situ structural,
electronic, and/or magnetic characteriza-
tion of host matrices. Even within an iso-
structural series which furthers substitu-
tional replacement of the host cation by the
dopant ion, the question of whether the
probe nucleus faithfully reflects the local
configuration of the host cation site under
consideration remains of interest. In the
frame of emission Mdssbauer spectroscopy
studies on the physicochemical conse-
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quences of nuclear decays in some carbox-
ylates, we described some time ago local
covalency and lattice effects in the isostruc-
tural series of mixed oxalate complexes hav-
ing the general formula Fe M, _ C,0,-2H,0
with M = Mg, Mn, Co, Ni, and Zn (/).
Accurate knowledge of the local symmetry
around the *’Fe Mossbauer probe in these
compounds was actually essential to pro-
vide unequivocal and coherent interpreta-
tions of the influence of the host cation na-
ture on the chemical aftereffects associated
with the electron capture decay of *'Co into
*'Fe in the corresponding *’Co-doped com-
pounds (2).

An additional center of interest concerns
systems containing two or more structurally
nonequivalent lattice sites, for which cat-
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ions of different natures may display some
preference for occupying one of the avail-
able sites in the mixed crystals. The present
work deals with a ¥’Fe Méssbauer study of
the heterometallic diaquadiformato Fe(I1)-
M(11} complexes (Fe M,_ {HCO,), - 2H,()
with M = Mn, Co, Ni, Cu, and Zn. In these
compounds, the metal cations are known to
occupy two distinct lattice sites correspond-
ing to the compositions [M(HCO,).I*~ and
[M(H,0),(HCQ,),], displaying O,- and D,,-
type symmetry, respectively. Because the
Cu’t ions give rise to marked tetragonal
Jahn-Teller distortions, special interest has
been devoted in the past to the mixed
M(1)-Cu(ll) formates, Crystallographic
data and infrared measurements indicated a
nonuniform distribution of the two cations
between the two lattice sites in the Cu-Zn
(3, 4), Cu—Mg (5), and Cu-Cd (6) systems.
In the first two cases, the Cu’* ions were
found to exhibit a clear preference for the
hexaformato-coordinated site; more recent
diffuse reflectance spectroscopy experi-
ments in the visible range on Cd,_,Cu,
(HCO,), - 2H,O mixed crystals, however,
provided evidence for the exclusive incor-
poration of Cu?* jons at x < 0.5in the mixed
coordination environment. Furthermore,
the pronounced Jahn-Teller effect was sug-
gested to be responstble for the interruption
in the Cu(II)-Co(II) mixed crystals series,
resulting in a phase transition in the Cu-rich
region (7).

In order to widen these studies to iron-
containing mixed crystals, the Mossbauer
technique is now used in the absorption
mode to characterize the local coordination
environment of Fe?™ ions in the isostruc-
tural series M,_ Fe (HCQO,), 2H,0 as a
function of (i) the nature of the host cation
M, and (ii) the relative amounts of both met-
als in the matrix (between 50 and 0.25 at.%
Fe). As far as the Lamb-Madssbauer factors
of the 7 Fe species are assumed to be similar
for the two concerned sites, information is
gained on the quantitative distribution of

DEVILLERS AND LADRIERE

iron among the two structurally nonequiva-
lent lattice positions and on the local geome-
try around the YFe’” ions in each crystal
site.

Experimental

The diaquadiformato compounds
M(HCQO,),-2H,0 (with M = Mn, Co, Ni,
Cu, and Zn) were obtained by neutralization
of the corresponding binary carbonate with
an aqueous solution of formic acid (33%)
in excess. Precipitation occurred slowly at
room temperature under continuous stirring
upon addition of ethanol to the starting solu-
tion. The pure Fe(ll) compound was ob-
tained similarly from aqueous ferrous sul-
fate and sodium formate. The heterometallic
Fe(1l)/M(I11) compounds were obtained in
air-free conditions from an aqueous solution
of the corresponding pure formates in the
presence of some formic acid. Samples con-
taining 5% Fe or less were synthesized using
isotopically enriched *'Fe.

The solids were characterized by their
X-ray powder diffraction patterns obtained
on a Seifert diffractometer equipped with
proportional counter, using the CoKea radia-
tion. The hydration content of the com-
pounds was checked by thermogravimetric
analysis under inert atmosphere using a Du-
Pont 950 thermal analyzer.

SFe Mossbauer spectra were registered
in the absorption mode at room temperature
and at 80 K using a constant acceleration
transducer coupled with a 512 multichannel
analyzer (Northern NS-900) and a *’Co/Rh
source kept at RT. All the isomer shift val-
ues (8) given hereafter are expressed with
respect to metallic «-Fe at RT. Experimen-
tal data were resolved into Lorentzian lines
using an iterative least-squares fit program.

Literature Overview of Relevant Structural
and Magnetic Data

According to numerous literature data,
the pure diaquadiformato compounds of



Fe!* IONS IN DIAQUADIFORMATO COMPLEXES

°c 0 f @

F1G. 1. Crystal structure of diaguadiformato com-
pounds M (HCO,), - 2H,0 with M = Mn, Fe, Co, Nij,
Cu. Zn (from Ref. {8)).

Fe(l) (8), Mn(D) (9, Co(ll) (/¢), Ni(I)
(1), Cu(ll) (9, 12}, Zn(1I) (13), Mg(Il) (14),
and Cd(II) (15} are isostructural and exhibit
a monoclinic structure with C3;, symmetry
{Space group P2,,.). As shown in Fig. [, the
metal cations are located in two structurally
nonequivalent crystal lattice sites, both hav-
ing a distorted octahedral geomeltry, In the
A-site, the metal is octahedrally surrounded
by six oxygen atoms belonging to six differ-
ent formate groups which are in bridging
position between adjacent metal atoms lying
in the same plane. In the B-site, the six coor-
dinating oxygen atoms belong to four water
molecules and two formate ligands in frans
position with respect to the plane containing
the water molecules. In the latter site, each
formate group acts as a bridging ligand be-
tween A-type and B-type metal cations. Ad-
ditional hydrogen bonds between the water
molecules and the oxygen atoms of the for-
mate groups give the whole assembly a tridi-
mensional polymeric structure consisting in
alternate packing of parallel A- and B-type
sheets along thé {100} direction. Table 1
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summarizes the main crystallographic data
relevant to the subsequent discussion.

The presence of two nonequivalent coor-
dination sites for the metal ions in these
compounds gives rise to peculiar magnetic
behavior at low temperature, which has
been studied intensively by several tech-
niques including NMR, neutron diffraction,
magnetocalorimetry and magnetic suscepti-
bility measurements (/6-/9). Neglecting
some minor variations in their respective
magnetic behavior, the Mn(Il), Fe(Il},
Ni(Il), and Cu(ll) diaquadiformato com-
pounds were shown to offer three main char-
acteristics:

(1) upoen the temperature being lowered
A-type ions become magnetically ordered
at a higher temperature than B-type ions,
i.e., the Néel transition temperatures are in
the sequence (Ty), = (Tu)p:

(2) whereas the AA coupling is antiferro-
magnetic, the AB coupling is ferromagnetic
and of lower intensity;

(3) the interactions between the magnetic
moments of neighboring M?* ions are de-
scribed in terms of superexchange interac-
tions proceeding through an excited elec-
tronic state of the formate ligand (20).

Results and Discussion

Diaguadiformato Iron{l)

Table II gives the M&ssbauer parameters
of Fe(HCO,), - 2H,O obtained in this work
together with previously published litera-
ture values (2/-23). The corresponding ab-
sorption spectra are shown in Fig. 2.

In a previous work on the temperature
dependence of the Fe*t quadrupole splitting
values in both sites (2/), Hoy and de Barros
assigned the internal doublet to the crystal
site A, where the metal cation is coordinated
by six identical formate groups responsible
for a higher symmetry. This assignment is
in agreement with the structural features ob-
served by X-ray diffraction (8).
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TABLE I

STRUCTURAL CHARACTERISTICS OF DIHYDRATED FORMATES OF SOME BIVALENT METALS
OF THE FIRsT TRANSITION SERIES

M Mn Fe Co Ni Cu Zn
a(A) 8.86 8.740 8.63 8.60 8.54 8.685
b(A) 7.18 7.192 7.06 7.06 7.15 7.160
C(A) 9.39 9.428 9.21 9.21 9.50 9.324
B 97.6 97.47 96 96.8 96.8 97.97
V(AJ) 592.1 587.6 558.1 555.1 574.2 574.6

Site A
dtA) Me -0, 2172 2127 2.03 2.061 2.304 2.102
d(A) Me -0, 2,138 2.093 2.04 2.026 1.988 2.071
d(A) Me -0y 2.218 2.167 2.10 2.097 2.019 2.145
#(°) O—Me -0, 89.7 90.4 88 90.3 89.2 89.5
8%y O-Me -0, 88.4 92.6 94 86.7 88.5 87.2
8%y O-Me -0, 88.1 92.4 86 92.8 86.8 87.2
Site B

d(ﬁqt) Mey—0; 2.219 2.180 2.06 2.090 2.368 2.166
d(A) Me~Oy(H,0) 2.216 2.153 2.06 2.059 2.044 2.103
d(}a\) Me—O(H,O) 2.168 2.084 2.07 2.042 1.974 2.054
() O3 Me—Os 86.6 91.5 89 892 87.6 88 8
(%) Oy—Mer—-0y 89.1 88.6 83 89.7 86.9 90.0
8(°) O—Mer-O 89.8 89.8 90 89.8 87.5 90.6
Ref. (%) 8) (10) (i 9, I12) 13

As obvious from the interatomic dis-
tances listed in Table I, the coordination
symmetry around the Fe’" ion in site A can
be approximated by a tetragonally distorted
octahedron with an elongation along the
Fe,—0, axis, i.e., perpendicular to the plane
of the A-type sheets containing all the hexa-
formatocoordinated sites. The geometrical
configuration of Fe?* in site B corresponds
to a slightly compressed octahedron, where
the shortest iron—oxygen distance (Fe,—0Oy)
is located within the plane of B-type sheets.
In line with the general expression of the
quadrupole splitting (A} of Fe’" in a tetrago-
nally distorted octahedral geometry (see Ap-
pendix), the observation of A-values much
larger than2 mm s~ ' at 80 K as well as at RT
allows us to assign this spectral component
to the compressed site, for which theoretical
limits of A close to4 mm s~ ! can be expected.

Using the experimental A values obtained in
the present work and according to considera-
tions developed in the appendix, the tetrago-
nal field splitting parameter 4, , which char-
acterizes the energy separation between the
two 1,,-sublevels, can be estimated for the
two crystal sites as 160 cm ™! for site A and
645 cm ™! for site B. These values agree rea-
sonably well with those ones mentioned by
Hoy and de Barros, i.e., 173 and 590 cm ',
respectively.

Similar conclusions can be drawn from
considerations on the relative covalency ef-
fects associated with the respective H,O
and HCO; ligands. These effects can be
evaluated in two different ways: (1) from
accurate measurement of the isomer shift
values, and (2) from estimations of the so-
called covalency parameter, a?, as defined
in the appendix (Eq. (5)).
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TABLE 1]

ABSORPTION MOSSBAUER PARAMETERS OF VFe IN
Fe(HCO,}, - 2H,0

T A 5t r
(K) Site (mm/s)* (mm/s)* (mm/s}* Rel.
80 B 1.44 1.38 0.35
A 1.32 1.33 035 @D
295 B 2.96 1.25 0.27
A 0.65 1.21 0.29
§0 B 3.42 1.41 —
A 1.37 1.41 — (22)
295 B 2.96 1.24 —
A 0.65 1.19 —
293 B 1.02 1.23 —
A 0.63 1.21 — 23)
80 B 1.40 1.38 0.28 d
A 1.35 1.34 0.29
295 B 2.97 1.25 0.27
A (.64 1.22 0.27

? Quadrupole splitting.

* Isomer shift relative to a-Fe.

¢ Full width at half maximum.

4 This work. See Table [1I for standard errors.

The first method is based on the slight but
systematic difference in 8-values for the two
sites, as shown in Table II:

8o — 8, = (0.04 £ 0.01) mm sec™,

where §,,, and §,,, correspond to the external
and internal components, respectively.
Considering the inverse proportionality re-
lationship between the *"Fe isomer shift
value and the electronic density at the *'Fe
nucleus, the smaller &-value observed for
the internal doublet reflects a higher elec-
tron density, i.e., a larger covalent contribu-
tion from the surrounding ligands.

A similar conclusion can be derived from
the empirical covalency parameter, «?, as
defined in Eq. (5). This parameter can be
estimated from the ratio of the A-values at
80 K and 295 K (see Eq. (10)), assuming
that the lattice contribution to the electric
field gradient, g, is negligible for small
geometrical distortions. On the basis of the
present A-values (Table II), a®-values of
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0.85 and 0.75 are obtained for the external
and internal component, respectively, indi-
cating once again that a higher covalency
extent is associated with the external
doublet.

When translating these covalency effects
in terms of o-donor properties of the oxy-
gen atoms, the above-described observa-
tions suggest that the internal doublet cor-
responds to the iron(Il} site in which the
oxygen-bound ligands exhibit the larger
electrodonating capabilitics. Whether this is
a fact for H,O or HCO; can be deduced
from independent experimental data, such
as the ligand nephelauxetic parameter, 4.
Correlations between the saturation values
of the internal magnetic field, H,, of Fe**

COUNTS fau)

] ] 1
-5 -25 1] 15 5
VELOCITYi{mm/s

Fic. 2. *Fe absorption Méssbauer spectra of
Fe(HCO,), - 2H,0 at (a) 295 K and (b) 80 K.
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ions and the nephelauxetic parameter of the
corresponding ligands indicate that the for-
mate group has slightly larger o-donating
capabilities than water molecules (24). This
results once more in assigning the internal
doublet to the hexaformatocoordinated A
site. If one admits an empirical additivity
relationship of the partial nephelauxetic pa-
rameters A; of the different coordinating li-
gands, and takes A, = 1.00 and hyeq: =
1.20, the following overall nephelauxetic pa-
rameters are obtained for the two sites:
h, = 1.20 and hy = 1.07. Some indication
that these data are internally consistent can
be provided by comparing the ratio ki /hy =
1.12 with the reciprocal ratio of the associ-
ated covalency parameters, ai/af =
1/1.13.

Heterometallic Fe(ID/MIT)
Diaquadiformato Complexes

Mosshauer parameters. Table 111 lists the
Méssbauer parameters of *’Fe in the hetero-
metallic Fe(Il)/M(II) dihydrated formates
containing between 50 and 0.25 at.% Fe.
Selected examples of experimental spectra
are shown in Figs. 3a (M = Mn, Co, Ni)
and 3b (M = Cu).

Cation distribution. Interpretation of the
relative surfaces of Mossbauer resonance
lines in terms of ratio of the corresponding
species requires that identical Mdoss-
bauer—Lamb factors be assumed for the “Fe
atoms in the two concerned lattice sites.
These factors are related to the Debye tem-
perature of the solid and reflect the strength
of the metal-ligand bonds. Because the in-
tensity ratio of the quadrupole doublets cor-
responding to the two coordination sites is
close to 1.0 in the pure iron compound, the
force constants of the Fe—O bonds are con-
cluded to be similar for both the formate
and the water ligands. A greater caution
should be exercised in the case of the mixed
Fe/M system: formate groups in a bridging
position between cations of different na-
ture might transfer local variations of the
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TABLE Il

ABSORPTION MOSSBAUER PARAMETERS OF 'Fe IN
HETEROMETALLIC Fe(I)-A(Il) DiHYDRATED For-
MATES (M = Mn, Co, Ni, Cu, Zn)

T A §Fe r
M %Fe' (K) Site (mm/s) (mm/s)* (mm/s)¥ [fz/1,°
Co 30 80 B 3.38 1.37 0.31 1.00
A 1.30 1.33 0.38
295 B 2.97 1.25 0.25 0.89
A 0.68 1.22 0.29
10 80 B 3.33 1.36 .28 1.27
A .28 1.32 .33
%5 B 2.94 1.25 0.28 1.08
A 0.67 1.22 0.32
5* 80 B 3.36 1.37 0.41 0.85
A 1.31 1.33 0.44
295 B 2.9 1.24 0.33 0.75
A 0.65 1.21 0.35
* 80 B 3.33 1.36 0.32 0.90
A 1.30 1.32 0.37
295 B 2.93 1.25 0.34 0.75
A 0.66 1.22 0.36
025 8 B 3.36 1,37 0.28 0.91
A 1.33 1.32 0.37
285 B 2.95 1.25 0.27 0.73
A 0.66 1.23 0.30
Mn 50 8 B 3.42 1.37 0.29 0.89
A 1.27 1.33 0.32
295 B 2.98 1.24 0.24 0.82
A 0.61 1.22 0.25
5% B B 3.46 1.37 0.30 0.92
A 1.17 1.34 0.31
295 B 3.02 1.25 0.27 0.96
A 0.58 1.23 0.28
1* 8 B 3.45 1.37 0.27 0.96
A 1.18 1.34 0.28
295 B 3.03 1.25 0.28 0.86
A 0.58 1.23 0.29
025 B0 B 3.40 1.37 0.31 1.08
A 1.16 1.34 .30
295 B 3.01 1.25 .23 0.82
A 0.58 1.24 0.25
Ni 50 80 B 335 1.36 0.29 0.89
A 1.30 1.32 0.41
295 B 2.94 t.25 0.28 0.82
A 0.70 1.22 0.32
1* 80 B 3.18 1.36 0.30 0.80
A 1.26 1.27 0.38
295 B 2.89 1.24 0.26 0.67
A 0.66 1.22 0.26
Zn 50 80 B 3.38 1.37 0.29 0.92
A 1.31 1.33 0.31
295 B 2.97 1.24 0.24 0.85
A 0.64 1.21 0.26
0.5% 80 B 133 1.36 0.28 1.50
A 1.11 1.30 0.31
2% B 2.95 1.26 0.32 .32
A 0.67 1.20 0.33
Cu 50 80 B 3.35 1.36 0.30 1.09
A 1.51 1.33 0.55
%5 B 2.98 1.24 0.25 1.00
A 0.76 1.23 0.37
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TABLE UIl—Continwed

T A 5Fe r

M %Fet (K) Site (mm/sY (mm/s)® (mm/s)? I/l

5* 80 B 319 1.36 0.32 1.42
A 119 i.30 0.43

295 B 2.95 1.24 0.27 1.56
A 1.41 1.21 0.33

1* B B 3.16 1.35 0.30 1.46
A 2.23 1.32 0.32

295 B 2.95 1.24 0.24 1.32
A 1.47 1.21 0.25

0.25* B0 B 37 1.35 0.27 2.00
A 222 1.32 .26

295 B 2.95 1.24 0.27 1.92
A 1.47 1.20 0.26

9 Compositions labeled with * refer to the use of isotopically
enriched “Fe.

£ Quadrupole splitting (£0.03 mm/scc}.

 Isomer shift relative 1o a-Fe {£0.01 mm/sec),

4 Full width at half maximum (£0.03 mm/sec).

¢ Intensity ratio of external (B) and internal (A) doublets
(+0.20).

nearest-neighbor M—0O bonding to the site
of the Mdéssbauer probe atom. Although the
influence of the neighboring cation on the
force constants of the Fe—O bonds are rea-
sonably expected to be negligible, this pa-
rameter probably contributes to a small ex-
tent to the observed fluctuations.

In the systems Fe-Co, Fe-Ni, and
Fe—-Mn, the two quadrupole doublets ap-
pear with intensities in the ratio between
0.82 and 1.22, corresponding to individual
contributions of 50 = 5%. In the absence of
regular or significant variations either with
the nature of the associated cation, or with
the relative concentration of both elements,
Fe’* ions are concluded to be equally dis-
tributed between the two available sites.

The situation is quite different in the
mixed Fe-Cu system (Fig. 3b) and to a
lesser extent in the Fe—Zn compound. As
indicated in Table 111, highly diluted Fe?*
ions occupy preferentially the tetrahydrated
site (external doublet, site B) in Cu- and Zn-
rich compounds. This observation is fully
compatible with the results reported by
Ogata et al. (3) on mixed Cu-Mn, Cu-Ni,
and Cu-Zn dihydrated formates. From the
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nonlinear change in the lattice parameters
with the composition of the mixed crystals,
they suggested the preferential localization
of Cu’" ions in the hexaformato-coordi-
nated A-type site. A more detailed investi-
gation of the equimolar system CugsZn,
(HCO,), - 2H,0 showed that some 70% of
the A-type sites were occupied by copper
fons {4). A similar conclusion was obtained
in the frame of EPR measurements on Cu’™"
ions diluted in a matrix of Zn{HCO,), - 2H,0
(25). Additional confirmations of the definite
preference of Cu** jons for the site sur-
rounded by formate groups exclusively
were found in Cu-Mg mixed formates (5).

However, we would like to mention the
real discrepancy with the Mdssbauer results
reported some years ago on mixed Fe-Zn,
Fe-Mn, Fe-Ni and Fe-Mg systems (26,
27). In total disagreement with the present
observations, the external doublets of their
Mdssbauer spectra appear with significantly
lower intensities whenever iron is in small
concentration (<5%, except for the Fe-Mg
system, in which this effect was evidenced
from 25% Fe). This peculiar behavior might
be the consequence of the particular tech-
nique these authors used to obtain their
crystals, namely fragmented crystallization
from a given parent solution, accompanied
by progressive changes in the composition
of the mixed crystals as the crystallization
proceeded. Our attempts to duplicate these
experiments with the Fe—Mn system start-
ing with a 1: 1 solution from which crystals
were collected at regular time intervals over
a total period of 1 week were completely
unsuccessful (I,/I, = 0.87 = 0.05 over §
sampling fractions).

Local configuration of Fe*™ ions. When-
ever Fe* ions are incorporated in a formate
matrix which is isomorphous with the pure
Fe?* compound, the local configuration
adopted by these cations in each lattice site
is a matter of concern. Independent of possi-
ble predominant occupancy of one of the
available sites, three different cases can be
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Fi6. 3a. ¥Fe absorption Mossbauer spectra of Fe, M,_ (HCO,),-2H.0: (a) M = Co, x = 0.50,
T=80K;: )M =Co,x =050, T=28K:{(¢c) M =Co,x=005T=28K; d M= Co,
r=005T=299K;te)M =Mn, x =005 T=80K; )M = Ni, v = 0.50, T = 80 K.

distinguished. The first possibility consists
in finding the Fe** cations exactly as they
would appear in the pure Fe matrix; the
second one is the opposite situation, where
the iron cations would experience the local
symmetry proper to the host cations in their
respective sites. The last case to consider
is the situation in which the configurational
flexibility of the concerned ions allows them
to adapt to the local structural strains. The
latter option may result in coordination ge-
ometries which actually differ from those
of the pure iron compound and of the host
matrix. Figure 4 illustrates how the RT val-
ues of the “’Fe quadrupole splitting associ-
ated with the two sites vary with the compo-

sition of the mixed compound for different
host cations. Figure 5 shows the depen-
dence of the quadrupole splitting at RT and
80 K on the nature of the host cation in the
case of the most diluted iron composition
(0.5 or 0.25 at.%). The following comments
can be made. In the systems Fe-M with
M = Mn, Co, Ni, and Zn, the A-value is
comparable with, although not identical to
that of ferrous formate dihydrate and re-
mains fairly unchanged throughout the
whole composition range under investiga-
tion. When delving a little more into the
experimental values, some minor variations
can be detected which remain, however, not
significant enough to generate coherent and
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COUNTS (aul

T
5 «2.5
VELOCITY {mmss}

FiG. 3b. ¥Fe absorption Méssbauer spectra of Fe, Cu,_,(HCO,),-2H.0: (a) x = 0.50, 7 = 80 K;
(b)x =050, T=295K:(c)x =005, T=80K;(dyx =005, T=295K:(e)x =001, T =8 K;

@ x =000 T=295K.

unequivocal interpretations. In line with
similar observations mentioned in the dihy-
drated oxalates (7}, these changes are most
probably due to different contributions of
the metal-ligand bonding to the electronic
part of the electric field gradient at the nu-
cleus site (see the Appendix). The presence
of two different cations on each side of the
bridging formate group can be thought re-
sponsible for changes in d-p overlapping
between metal and ligand orbitals. This fac-
tor acts on the gy term as defined in Eq. (9)
but the conseqguences thereof are minimized
by the fact that the gcp contribution is defi-
nitely predominant for a high-spin ferrous
1on.

The mixed iron-copper system behaves
differently from the previously described
systems. In site A, the A-values observed
for Fe?* are found to be very sensitive to
the composition of the mixed system. In
samples with a low iron content, the A,
value at RT is about twice that of the corre-
sponding site in pure ferrous formate and is
much less sensitive to the temperature. In
site B, these peculiarities are clearly less
marked. The Ag-values are slightly smaller
than in the other systems; the lower the tem-
perature, the larger the difference. In addi-
tion, whereas no significant dependence of
Ay on the iron content is noticed at RT, the
low temperature values decrease in the Cu-
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Fic. 4. Quadrupole splitting values of *Fe* in sites
A and B against the composition of the mixed
Fe(ll)—M(1l) dihydrated formates (M = Mn, Co, Ni,
Cu).

rich region. To understand this particular
behavior, it is necessary to pay close atten-
tion to the most relevant characteristics of
the crystal structure of copper(II) formate
dihydrate. The lattice parameters of
Cu(HCOs,), - 2H,0 (Table I) confirm the high
tetragonal distortion (z-out type) of the octa-
hedral geometry due to the Jahn—Teller ef-
fect, as typical for &° ions. A closer look
at the structural data of the pure copper
compound shows that the elongation axis z
of site A is colinear with the Me -0, direc-
tion within the plane containing the formate
groups (see Fig. 1). This is not the case for
the other formates mentioned in this work,
in which the z-axis corresponds to the
Me -0, bond, namely the direction perpen-
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dicular to the plane of the sheets. In site B,
the elongation axis is oriented toward the
Me,—0, direction, i.e., perpendicular to the
plane containing the water molecules. As
recently confirmed by IR and Raman spec-
troscopy, the A- and B-type layers are
joined to each other by formate bridges in an
anti-syn configuration (28). The A,-values
obtained for Fe?* at 80 K in highly diluted
samples are also larger than 2 mm sec™.
This indicates that the Fe** ions which re-
place Cu®* in the hexaformato-coordinated
site are located in a compressed octahedron,
in opposition with the situation observed
either in ferrous formate, or in the other
bivalent formates considered in this work.
Figure 6 schematizes the consequences of

K
E
E
0 ‘—Q—""—t—j
Site B (295K)
25
20
15 Site A {BOK}
10
051 Site A (295K)
! 1

1 1 ] 1

'E dé d7 g8 d? 410
Hn Fe Lo Ni Lu Zn
Fig. 5. Quadrupole splitting values of “'Fe* jons

at 295 K and 80 K in ¥Fe-doped (0.25 or 0.5 at.%)
M(HCOy), - 2H,0.
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FiG. 6. Schematic representation of the structural
configuration of *Fe!* ions diluted in Cu(HCO,);"
2H,0.

this substitution and can be commented as
follows:

() In site A, the Fe?* ions are linked
through four formate bridging groups to four
Cu’* ions lying in the same plane. They are
additionally linked along the perpendicular
direction, through two other formate
groups, to two Cu?* ions of type B, which
belong to upper and lower neighboring
sheets. The resulting coordination geometry
of Fe’* in this site is a compressed octahe-
dron, which corresponds to the elongated
one of the Cu** ions along two different
directions, the one within plane A, the other
one perpendicular to it.

(2) In site B, substituting Fe’* ions are
linked to Cu®" ions only along the axis per-
pendicular to the plane of the sheets. Be-
cause no additicnal distortion is present
along the main axis of the Feg(H,0),
(HCO,), octahedron, the local geometry
adopted by Fe?* ions in this site is essen-
tially equivalent to that in ferrous formate.
Consequently, the resulting quadrupole
splitting Ag is found to be much less sensi-
tive to the substitution effect.

An important conclusion ¢an therefore be
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drawn about the type of configuration
adopted by a host ion or any dopant ion
which is incorporated in an isomorphous
matrix in the form of mixed crystals. The
great sensitivity of the quadrupole splitting
values in Mésshauer spectroscopy gives the
S'Fe’* ions the role of internal probes to
characterize the local geometry these ions
adopt in a host matrix. The present data
related to the Fe-Cu system demonstrate
unequivocally that the dopant atom can ap-
preciate the local strains produced by the
surroundings and adopts consequently a co-
ordination geometry which is distinct from
both that in the pure compound and that of
the host cation in its own lattice,

These conclusions fully agree with litera-
ture data collected on mixed Cu-Zn for-
mates. First, X-ray diffraction measure-
ments on equimolar mixed crystals Cuy;
Zn, (HCO,}), - 2H,0 have evidenced a con-
figuration change in the coordination octa-
hedron of site A, namely that the elongation
axis in the mixed compound is preferentially
oriented perpendicular to the plane of the
sheets, as in the pure zinc compound, and
not within this plane, as is the case for the
pure copper compound (4). Second, EPR
investigations on Cu” T ions magnetically di-
luted in Zn(HCO,), - 2H,0 have indicated
that the copper ions are located in axially
elongated octahedra in hoth c¢rystal sites,
the symmetry axis corresponding to the
Me —Me, bond direction, in agreement with
the kind of distortion experienced by the
pure Zn’® compound {(25).

The systematic presence of small
amounts of Fe’" species in the mixed
Fe—Cu compounds (between 5% and 10%
of total intensity, up to 25% in the Cu-richest
sample) can be understood in a similar way
to that previously reported in the case of
Y"Fe-doped nickel(IT) oxalate dihydrate (/).
The fact that Fe?" ions are easily oxidized
when the sample is exposed to ambient air
reveals that those ions are most probably
located at the surface of the grains. This



204

location might be the consequence of steric
constraints partially preventing the substitu-
tional incorporation of rather large Fe’*
ions in strongly compressed lattice sites.
A further comment can be formulated on
the mixed equimolar compounds. As shown
in Figs. 3a and 3b, the internal doublet in
the low-temperature spectra of equimelar
Fe-Co, Fe—Ni, and Fe—Cu systems 1s char-
acterized by a linewidth which is signifi-
cantly higher than the mean experimental
value averaged over all the other composi-
tions. This effect is particularly obvious for
the mixed iron-copper compound, with a
value of I = 0.55 mm sec~! at 80 K. This
line broadening reflects the presence of
slightly different quadrupole doublets hav-
ing the same isomer shift value. They can
be assigned to several configurations where
the ¥Fe?* ions in site A are surrounded by
one, two, or three nearest-neighboring iron
ions in the second coordination sphere. This
influence is detected in the hexaformato-
coordinated site only, where the central ion
is linked to six neighboring cations through
the delocalized m-clectron system of the
bridging formate groups. In the M—M"' het-
erometallic systems for which the structural
characteristics of the individual M and M’
compounds are similar, such as Fe-Co and
Fe—Ni, the occurrence of the former effect
is restricted to the low-temperature spec-
trum, because on lowering the temperature,
quadrupole doublets with similar A-values
become more distinguishable.
Semiquantitative- assessment of the t,-
sublevels splirting. As far as the basic as-
sumptions developed in the appendix are
accepted (i.e., axial electric field along the
z-axis (m = 0), lattice contribution to the
electric field gradient, and spin—orbit cou-
pling neglected) the ratio Ag, /A5y k leads
to a semi-quantitative assessment of the ex-
tent of the tetragonal distortion and allows
one to evaluate the importance of metal-h-
gand Interactions. Experimental values of
the tetragonal field splitting, A;, and of the
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TABLE IV
CONFIGURATION oF Fe?* [ons iN M(HCO,),- 2H,0
(M = Mn, Fe, Co, Ni, Cu, Zn)
M Mn Fe Co Ni Cu zn
%Fe 0.25 - 0.25 0.5 0.25 0.5
Site A
3, (285 K)F 058 0.64 0.66 0.68 1.47 0.67
A, (80 K)® 1.16 1.35 1.33 1.17 2.22 111
Ry 2.00 211 2.02 1.72 1.51 1.66
G.S* lxz, vay jazovny ooz |xzovn o Iy |vzoyD
Ay tem™hd 175 160 170 225 190 240
a’ 0.61 0,75 0.72 0.6 1.56 0.56
Site B
Ag (295 K)# 3.01 2.97 2.95 2.92 2.95 2.95
Ag (B0 K37 3,40 3.40 3.36 3,30 317 333
Rt 1.13 1.14 1.14 1.13 1.07 113
G.5.< |xx} Jx¥) |53 |x3y Jxy) lxy}
A em™hd e 645 6435 660 785 660
o 0.85 0.85 0.85 0.83 0.79  0.83

? A, Ap: quadrupole spiitting valees of doublets A and B.
bRy = A(80 K)/A,1295 K).

“G.8. = pround state.

4 Ay tetragonal field splitting.

covalency parameter, o, both calculated
from the ratio of the quadrupole splitting
values at 295 K and 80 K are presented in
Table IV.

Comparing the A,-values obtained for
both crystal sites in every host compound
but the copper one gives the opportunity
to estimate how much larger the tetragonal
distortion is in the tetraaquadiformato-
coordinated site ((Ajly = 650 cm™') with
respect to the hexaformato-coordinated one
((Ay), == 200 cm™"). The larger axial distor-
tion present in the copper compound is
clearly marked for the two crystal sites
(A, =390cm~!, Ay = 785 cm™"), the big-
gest variation being observed in site A,
where the cations are strongly coupled
through the formate bridges.’

Conclusions

Fe absorption Médssbauer spectroscopy
is shown to be a useful tool to characterize
the site occupancy and the local configura-
tion of iron atoms in heterometallic Fe-M
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compounds containing structurally non-
equivalent lattice sites. In the particular
case of the mixed Fe—Cu systems, the coor-
dination geometry of the Fe** cations in the
hexaformato-coordinated sites is found to
correspond neither to the situation in the
pure iron compound, nor to that one in the
pure copper compound. Provided some sim-
plifying assumptions are formulated, the
magnitude of the tetragona! distortion
around the iron atom can be estimated from
the temperature dependence of the 'Fe
quadrupole splitting values.

Appendix

The quadrupole splitting A is given by the
general expression

2 AN TN 3
A:%(l +%) :%[(l _R)qval

23\ 172
+ (1 - Vx)qlau] (] + %) s (1)

where

¢ is the elementary charge,

Q is the quadrupole momentum of the
Madssbauer probe nucleus,

g.y and g, are the valence and lattice
contributions to the electric field gradient
(EFG), respectively,

R and vy, are the Sternheimer polarization
factors allowing for screening effects, and

m i1s the asymmetry parameter defined as

V.rx —

v\‘\’
——= 0=y =1]), (2)

n B VZZ

where V .,V , V,_ are the three main com-
ponents of the EFG (|V__| > [V, | = [V,,]).

The temperature dependence of the A-
value in high-spin ferrous compounds has
been described by Ingalls (29) and Bur-
bridge et al. (30). Assuming an electric field
with axtal symmetry along the z-axis (V,, =
Vi, = 0; 5 = 0) and neglecting the
spin—orbit coupling, whose contribution re-
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mains generally minor, the two partial com-
ponents of the total EFG can be expressed
by

Q\dal = $<r_3)0a2F(A3 ] T) (3)
and

G = = I—{A—E
att 3e2(rh

(+ for elongation, — for compression),

(4)
where

{r~%, is a radial factor related to the free
ion,

a’ is the covalency parameter defined ac-
cording to

(r—3>complex = (r_3>0 ) a?_, (5)

A, is the tetragonal field splitting, and

£ is an empirical function describing how
the temperature and the tetragonal distor-
tion affect g,,.

In the case of tetragonal distortion with
|d.,) as ground state (compression),

1 — e—A3I.¢T

Fieyy = 1 + 2¢-3/8T° (6)
For an elongation (|d,,, d,;) as ground
state),

1 — e—ASI.&T
F|xz..\'z) =75 T e AT (N

As the temperature is lowered (F— 0 K), -
F,,and F|, . approach + 1 and —0.5, re-
spectively. If the lattice contribution to the
EFG is further neglected, the two situations
result in quadrupole splittings of opposite
sign whose maximum values are in the ratio
2:1,

The wvalence contribution can be devel-
oped according to

— 3
Gy = I Dsal — 32 + Mgz 2

+ sy, — sy o )
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where the n 1g, terms represent the respective
3d-orbital population, and can be further
separated into two major components corre-
sponding to the crystal field (g-g) and molec-
ular orbitals (gy,) contributions (37},
namely

Qv = qcr + dmo- 9)

gcr represents the contributions of valence
electrons in the purely electrostatic crystal
field model; gy allows for metal-ligand or-
bital overlapping and describes the cova-
lency effects via o- or w-electron density
transfer. For high-spin ferrous ions, g is
definitely predominant,

The covalency parameter o’ defined in
Eq. (5} characterizes the radial expansion
of t,, orbitals in direct relation with the
nephelauxetic parameter. This parameter
usually takes values between 0.6 and 0.9;
the lower 2, the larger the covalency el-
fects. Anempirical estimation of this param-
eter can be carried out using the Ingalls—
Burbridge model with the following
restrictions: axial distortion (y = 0; A} =
A; = A;), spin—orbit coupling, and ¢, ne-
glected. Assuming a given type of axial dis-
tortion, compression, or elongation in rela-
tion to the experimental data of the crystal
structure when available, A, can be calcu-
lated from the ratio Agy /A - Hence, the
a’-parameter can be obtained from the ratio
between the experimental A-value at a given
temperature and the theoretical limiting
value corresponding to @ = 1, according
to

A(T) o’ F(A;,T)
A, F, ’

max

(10)

max
where A,,, and F,,,, are taken respectively
as +4 mm.s~! and + 1 for an axially com-
pressed octahedron and as —2 mm.s™!
and —0.5 for an axially elongated octa-
hedron.
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