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The potassium and rubidium complexes M’M“,Fel-;2H20 (M’ = K or Rb; M” = Mn, Co, or Ni; 
x = 0.5) have been studied by Mossbauer spectroscopy and X-ray powder diffraction. The first 
occurrence of an octahedral Fell environment containing four chlorides and two cis water molecules is 
reported for the Rb materials. The K materials contain octahedral Fell environments with trans water 
molecules. The 5’Fe Mossbauer data for these compounds are presented. The chemical shifts of both 
sets of materials are similar, but the quadrupole splitting data are different. The data for the Rb materials 
are explained in terms of changes in site symmetry and orbital occupancy. The changes are brought about 
by changes in bonding due to  ‘ pressure ‘ effects. The occurrence of cis-trans isomers in the mother- 
solutions is discussed. 

In Mossbauer and X-ray powder diffraction studies’ of 
M,Fel-,Cl2*4Hz0 (M = Mn, Co, or Ni; x = 0-0.75) we 
found that the quadrupole splittings decreased significantly 
for the Fe-Co and Fe-Ni systems. These effects were ex- 
plained in terms of changes in site symmetry resulting in an 
alteration of orbital occupancy from dxy to d,,,dy,. The 
changes in site symmetry were caused by changes in Fe-OH2 
bonding in the lattices ‘squeezing’ the Fe” centres. The 
Fe-Mn system also gave results which appeared to be directly 
related to volume change but no evidence was found for 
pressure effects. These interesting changes were quite different 
to those we found in the perovskite KFe,Ml,,F3 (M = Mn, 
Co, Ni, and Zn; x = 0.5) corn pound^,^^^ where small changes 
in quadrupole splitting were probably caused by interactions 
of the Fe” ions with the other metal ions in the environment. 

As such a range of quadrupole splittings was readily avail- 
able by mixing other metal(r1) and iron@) chloride systems, 
we have extended these studies to other Fell chloride hydrate 
sys tems. 

We report here the results of X-ray powder diffraction and 
Mossbauer spectroscopic studies of the M‘M”,Fe, -,C13* 
2H20 (M’ = K or Rb; M” r= Mn, Co, or Ni; x == 0.5) 
systems. 

Experimental 
The compounds were all prepared by the same method using 
the appropriate mol ratios for the required material; for 
example, for KMno.SFeo.sC13-2H20 2 : 1 : 1 mol ratios of KCl, 
FeCI2* 4H20, and MnC12*4H20 were used. A solution of FeC12*- 
4Hr0 was boiled with a small amount of ascorbic acid (present 
as a reducing agent against Fell’) and a solution containing 
the appropriate transition-metal chloride added. The resulting 
solution was heated to near dryness in an N2 atmosphere. 
Analytical data for the M’M”o.SFeo.5C13*2H20 (M’ = K or 
Rb; M” = Mn, Fe, Co, or Ni) compounds appear in Table 1. 
Analyses were carried out in our laboratory. The compounds 
are sensitive to oxidation and were handled under an N2 
atmosphere. X-Ray powder diffraction data of the products 

t Supplementary data available (No. SUP 23549, 5 pp.): X-ray 
powder diffraction data. 

Table 1. Analytical data (%) * for the compounds M’M”FeC13.2Hz0 
(M’ = K or Rb; M” = Mn, Fe, Co, or Ni) 

Phase Fe M c1 
KFeC13*2H20 

KMno.SFeo.SC13~2H20 

KCO~.SFQ.SC~~*~H~O 

KNio. SF%. sC13 *2Hz0 

R bFeCI3*2Hz0 

RbM%,sF~.sCl3*2HzO 

R bC~.sF%.SCI3.2HzO 

R bNio.sFe,,.5C13*2Hz0 

21.5 
(23.55) 
11.5 

(11.8) 
11.2 

(11.7) 
11.5 

(11.7) 
19.8 

(1 9.7) 
10.0 
(9.85) 
9.9 

(9.8) 
9.8 

(9.8) 
* Calculated values in parentheses. 

11.5 
(11.6) 
11.8 

(12.35) 
12.1 

(12.3) 

9.8 
(9.7) 
10.3 

(10.35) 
10.6 

(10.3) 

41 .o 
(44.8) 
44.5 

(44.9) 
43.9 

(44.55) 
44.0 

(44.55) 
36.3 

(37.5) 
37.2 

(3 7.55) 
37.0 

(37.3) 
37.1 

(37.3) 

were obtained using a Philips 11.64 cm powder camera and 
Cu-K, radiation. 

The analytical results (and Mossbauer data) show that 
KFeC13*2H20 was not prepared pure. The Fe” analysis 
results tend to be slightly high due to the presence of a very 
small amount of ascorbic acid. However, the analyses for the 
compounds KM”o.5Feo.5C13*2H20 (M” = Mn, Co, and Ni) are 
acceptable. 

The preparation of mixed compounds of the general formula 
K2M”o.5Feo.5C14*2H20 (M” = Mn, Fe, Co, or Ni) were also 
attempted but all preparations resulted in mixtures of KCI 
and KM”o.5Feo.sC13*2H20. This is not surprising as Suss 
reported that K2MnC14*2H20 must be prepared above 28.2 “C 
(our method for mixed compounds required evaporation to 
dryness). 

The Mossbauer apparatus has been described previously.’ 
The source was 8 mCi 57Co/Cu. The solid absorbers were finely 
powdered and sealed in a Perspex holder with Sellotape. The 
absorber thickness was ca. 0.02 g cm-*. Velocity calibrations 
were carried out using thin 10 mg cmW2 high-purity iron foils. 
The spectra were analysed by a simple non-linear least- 
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Table 2. Unit-cell sizes for the potassium and rubidium salts calculated from X-ray powder diffraction data 

Compound 
KMnC13.2H20 a 
KFeC13*2H20 

KCoo .SFeO. sC13.2H20 
KNio. sFeo. 5C13-2Hz0 
a-RbMnC13*2Hz0 * 
RbFeC13*2H20 

KMII~ .~F&.~CI~*~H~O 

QIA 
6.49 
6.32(1) 
6.43(1) 
6.28(1) 
6.28( 1) 
9.005 
8.94(1) 
8.876 * 
8.97( 1) 
8.74(1) 
8.64(1) 

b1A 
6.91 
6.72(1) 
6.82(1) 
6.68(1) 
6.68( 1) 
7.055 
6.96(1) 
6.872 A 

7.00(1) 
6.69(1) 
6.58(1) 

Data from ref. 5. Data from ref. 6. Orthorhombic. Data from ref. 21. 

C I A  4” PI” TI” 
9.91 96.8 114.1 112.6 
9.71(1) 96.6 113.8 112.4 
9.8 1( 1) 96.7 113.8 112.5 
9.69(1) 96.6 113.8 112.3 
9.68(1) 96.4 113.6 112.2 

11.340 
1 1.26( 1) 
11.181 
11.30(1) 
11.03(1) 
10.95( 1) 

0 
K 

0 

-0 

Figure 1. A projection of KMnC13*2H20 on (100) 

squares fitting program; all isomer shifts are referred to 
natural iron. 

0 

0 
6 
0 

A A A A  

Results and Discussion 
The KM”o.SFeo&13*2H20 (M” = Mn, Fe, Co, or Ni) 

System.-The X-ray powder diffraction data (see SUP 
No. 23549 and Table 2) show that the compounds KM”o.s- 
Feo.,Cl3-2H20 (M” = Mn, Fe, Co, or Ni) are isostructural 
with K MnC13*2H20.5 

Crystal structure ufKMnC13*2H20. This compound crystal- 
lizes in the triclinic space group P1, with two formula units 
per unit cell. The manganese atom is octahedrally co-ordinated 
to four chlorine atoms and two water molecules. The water 
molecules occupy trans positions (Figure 1). The octahedra 
are joined in pairs by sharing edges, forming discrete groups 
of [Mn2C16]2-*4H20 ions. The structure can be described as a 
layer structure (the Mn atoms lie between these layers), where 
each layer, A, consists of chains of chlorine atoms only, 
alternating with chains containing the K and the 0 atoms 
[Figure 2(a)]. In KMnC13-2H20 [Figure 2(6)] the layers are 
parallel to (loo), and the chains in all the layers are parallel to 
[Oll] so that the resulting overall sequence is -A-Mn-A-A- 
Mn-A.6 

The major bond lengths found in the KMnCl3-2H20 struc- 
ture are given in Table 3. The Mn-OH2 bond lengths are 
smaller than the Mn-CI(l), Mn-C1(2), and Mn-Cl(3) bond 
lengths, and the Mn-Cl(2) and Mn-Cl(3) bonds are slightly 
shorter than the Mn-Cl(1) bridging bonds. There is no indica- 
tion of direct Mn-Mn interaction. 

The potassium derivativesreported in this work show a range 
of change in cell dimensions of up to the order of 0.2 a in 
each dimension from KMnC13*2H20. There is little altera- 
tion in the Mossbauer parameters for this range (see later) 
showing that the Fell electronic environments are largely 

0 CI- 
0 K *  
0 H,O 

Figure 2. (a) Layer structure of KMnC13*2H20 seen in the direction 
of the c axis. (b) The A layer of KMnC13*2Hz0 

unchanged. This can only be explained if the discrete 
[M”FeC16]2-*4Hz0 (M” = Mn, Fe, Co, or Ni) ions are not 
squeezed; the only other remaining ions that can yield in the 
structure are the K +  ions. It is these K+ ions that must slip 
closer to the [M”FeC16]2-=4Hz0 ions to accommodate the 
lattice parameter changes. 

The suggested hydrogen bonds in KMnC13-2H20 between 
the [MnzC16]2’*4H20 ions are important in the mixed K 
materials. They must aid in the packing of the lattice, and 
change length to accommodate the changes in lattice para- 
meters. Neither the change in proximity of the K+ ions nor 
the change in H-bond length is obviously manifest on the 
electronic environment of the Fell ions. 

Mossbauer data for the potassium system. The Mossbauer 
data (Table 4) are diagnostic of high-spin Fe”. 

In the high-spin Fe” ion, the free-ion configuration 5D- 
(t2g4, egz) signifies a single 3d electron outside the spherical 
half-filled shell. In a ligand field of cubic symmetry with a 
regular octahedral ion environment the tzr levels remain 
degenerate (as do the en) and there is no finite electric field 
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Figure 3. Mossbauer spectrum for KFeCI,.2Hz0 at 298 K 

Table 3. Bond lengths (A) for KMnC13*2H20 

(b) Between neighbouring 
(a) Within octahedra octahedra 
M n-C1( 1 ) 

Mn-Cl(2) 
Mn-Cl(3) 
Mn-O( 1 ) 
M n-O( 2) 

(c)  From the 
CK1) 

K... C10) 

O(1) 

K... 

K... 

2.594(3), 
2.570(5) 
2.490(3) 
2.482( 5 )  
2.182( 12) 
2.187( 11 ) 

potassium atom 
3.128(5), 
3.587(4) 
3.241(7), 
3.277(7), 
4.855(6) 
3.3 16(12) 

Mn * * Mn 3.845(3) 
CI(1) * O(1) 3.179(14), 

3.551( 13) 
C1(2) * * O(1) 3.223(11) 
C1(2) * O(2) 3.510(13), 

3.140(8) 
C1(3) O(2) 3.274(13) 

CK3) 3.606(7), 
3.349(6), 
3.1 21 (4) 

K . . .  00) 3.164(10), 
4.294(1 I), 
4.469(13) 

K . . .  

gradient (e.f.g.). However, if the symmetry is lowered to tri- 
gonal or tetragonal, further degeneracy is removed. The sixth 
electron is in the appropriate lowest lying unfilled state, and 
now generates an  e.f.g. at the iron nucleus. 

The quadrupole splitting originates not from asymmetric 
covalency with the ligands, but from the sensitivity of the 
orbital state from an essentially non-bonding electron to the 
geometrical environment. 

The compound KFeCl,*2H20 was never prepared pure (see 
Experimental section). This was confirmed by Mossbauer 
spectroscopy which always showed the presence of FeCI2*4H20 
(Figure 3). However, the parameters of a second iron environ- 
ment which was that of KFeC13*2H20 are also present. 

When the material from this preparation was dehydrated 
the resulting product gave Mossbauer parameters of 6 1.22(1) 
and A 2.33(5) mm s-'; the quadrupole splitting value is similar 
to the literature value ' for KFeCI3 of 2.37(1) mm s-l although 
the value for the isomer shift is l . l O ( 1 )  mm s-l. 

Mossbauer spectra for KM"o.SFeo.sC13-2H20 (M" = Mn, 
Co, or Ni) show the presence of only one Fe" environment. 
The Mossbauer parameters for this site are all very similar 
(Table 4) and not too different from the second site in the 
compound KFeCI3*2H20. 

The quadrupole splitting differences at a given temperature 
in these materials are very small suggesting that the Fe" 
environments are hardly changed despite the presence of 

Table 4. Iron-57 Mossbauer parameters for the high-spin iron(rr) 
chlorides 

Compound 
K FeC13*2H20 

K Mno, sFeo. sC1302H20 

KFeC13 ,I 
KFeC13*2H20 
FeCIz*2H20 

RbFeCl3*2HzO 

RbM h. 5 F%. sC13*2H20 

TIK 
298 
80 

298 
180 
80 

298 
180 
80 

298 
1 80 
80 

298 
298 
298 
80 

298 
80 

298 
180 
80 

298 
1 80 
80 

298 
180 
80 

6/mm s-' 

1.17(1) 
1.3 l(1) 
1.16(1) 
1.23(1) 
1.28(1) 
1.14(1) 
1.23( 1) 
1.28( 1) 
1.16(1) 
1.23(1) 
1.28(1) 
1.10(1) 
1.22(1) 
1.03 
1.08 
1.16(2) 
1.28(2) 
1.160(2; 
1.238( 1) 
1.289(2) 
1.165(3) 
1.232(2) 
1.284(1) 
1.173(3) 
1.232(2) 
1.283(2) 

A/mm s-' 

1.65( 1) 
2.57( 5 )  
1.80(1) 

2.47( 1) 
1.80(1) 
2.28(1) 
2.50(1) 
1.78( 1) 
2.24(1) 
2.50(1) 
2.37( 1) 
2.33(5) 
2.70 
2.50 
1.41(2) 
1.49(2) 
1.386(4) 
1.435(3) 
1.461 (3) 
1.534(6) 
1.809( 3) 
2.055(3) 
1.541(5) 
1.783(3) 
2.000(4) 

2.21(1) 

T/mm s-l 
0.19( 1) 
0.32(3) 
0.13(1) 
0.1 3(1) 
0.14( 1) 
0.15(1) 
0.15(1) 
1.16( 1) 
0.15( 1) 
0.14( 1) 
0.15(1) 
0.32(1) 
0.21 (8) 

0.12( 1) 
0.13(2) 
0.122(4) 
0.129(2) 
0.1 3 3( 3) 
0.121 ( 5 )  
0.1 3 3(3) 
0.133(2) 
0.1 18(5) 
0.140(3) 
0.148(3) 

,I Data from ref. 7. * After dehydration. Data from ref. 11. 

another transition metal. Therefore the changes in cell size 
caused by the introduction of another transition metal 
mainly affect the potassium layers and the hydrogen bonds. 
They do so in such a way that there are no extra pressure 
effects on the Fell environment. The isomer shifts for these 
materials are similar to that of KFeC13*2H20 and indicate 
that the amounts of s-electron density (contribution) in the 
bond are approximately equal. Also the p- and d-electron 
shielding must be similar and again p- and d-electron con- 
tribution to the bonding must be similar. 

Drickamer and co-workers' predicted a decrease in the 
isomer shift with increasing pressure corresponding to an 
increase of s-electron density at the iron nucleus, which is 
associated with changes in 3d-3s shielding. The slight 
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Figure 4. Temperature dependence of the quadrupole splitting of 
the KM”o.5F~.5C13*2Hz0 [M” = Fe (x), Mn (+)* Co (O), or 
Ni (B)] materials 
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Figure 5. Chemical isomer shift versus temperature of the KM”o.5- 
F Q . ~ C ~ ~ * ~ H ~ O  ,[M” = Fe (x), Mn (+), Co (e), or Ni (B)] 
materials 

b 

f 

change in the isomer shift relative to KFeCI3*2H20 for these 
compounds is in keeping with their work, but we did not ob- 
serve an increase in the quadrupole splitting at 80 K. 

The KM”o.5Feo.5C13-2H20 (M” = Mn, Fe, Co, or Ni) 
system shows significant temperature dependence of the quad- 
rupole splitting and isomer shift; these changes are gradual 
and rule out a phase change (Figures 4 and 5). 

The structure of these compounds is discussed above 
(Figure 1). The Fell ions lie in distorted octahedral environ- 
ments with four C1 atoms (two of which are bridging) in a 
plane and the two water molecules are in trans positions. The 
Fell environment can be described as close to tetragonal. The 
sixth Fe” electron occupies the lowest lying unfilled state. 
A ligand field of axial symmetry (i.e. a tetragonal distortion of 
the octahedron) will split the tZs state into a lower dxy single 
level and an upper d,,,d,, ~ t a t e . ~  

In these compounds the d,, is the ground state and the sixth 
electron occupies this state, generating a quadrupole 
splitting in proportion to Vzz/e = q = 4 ( r+ ) (1 - R)/ 
( 4 n ~ ) ,  where R = ‘ atomic ’ Sternheimer factor and E~ = 
permittivity of a This is a singlet ground state for 
which e2qQ (quadrupole splitting) is positive. 

At a very high temperature all the levels of the tzg multiplet 
would be equally populated by thermal excitation and the 
e.f.g. would be zero. The temperature dependence of the 
quadrupole splitting in the KM”o.SFeo.sC13*2H20 system is 
primarily due to the Boltzman population of the d6 manifolds. 
A partial degree of thermal excitation will cause a partial 
cancellation of the e.f.g., so that the quadrupole splitting 
should decrease with increasing temperature. A full mathe- 
matical treatment of the temperature dependence is given by 

H20 

0 CI 
Figure 6. Local environment of FeC12*2H,0; all C1- ions are 
bridging (a, 6,  and c are the crystallographic axes) 

Ingak10 The limiting value of the quadrupole splitting (ca. 
2.5 mm s-I in this case) at lower temperatures relates to the 
orbital state of the lowest lying levels and the significant 
decrease with increasing temperature relates to the population 
of many low lying excited states. 

The compounds KM”o.sFeo.5C13*2H20 (M” = Mn, Fe, Co, 
or Ni) show Mossbauer parameters similar to those of 
FeCI2*2H20 I 1 * l 2  at 80 K. In FeCI2-2H20 I I  the local environ- 
ment about each iron has a monoclinic symmetry and con- 
sists of four chlorine ions arranged in a slightly distorted 
square planar configuration and two water molecules, one 
above and one below the iron-chlorine plane (Figure 6). Each 
chlorine ion is shared by two Fe” ions. The resulting Fell 
environment in FeCI2-2H20 is a distorted octahedron. 

For FeCI2*2H2O the octahedral part of the crystal field 
partially lifts the five-fold orbital degeneracy to leave a 
doublet (eg state) considerably higher in energy than the 
triplet t2g. The non-cubic components of the crystal field 
remove the remainder of the degeneracy of the three tlg states. 
The total e.f.g. at the nucleus includes a direct contribution 
from the other ions in the lattice as well as the contribution 
from the electron orbitals of the Fe” ion. 

The Mossbauer data at room and liquid nitrogen tempera- 
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ture for FeCl2*2H2O are given in Table 4. The quadrupole 
splitting temperature dependence in FeC12*2H20 is consistent 
with a ground state which is predominantly a d'. However, 
FeC12*2H20 lL-lB shows a small temperature dependence of 
the quadrupole splitting and presumably signifies that in this 
compound the excited states are separated by greater energies 
from the ground state. 

It is worth noting that the KM"o.sFe,,5C13*2H20 (M" = 
Mn, Fe, Co, or Ni) compounds never show the same isomer 
shift and quadrupole splitting exhibited by FeC12*2H20. This is 
expected and reflects the fact that all the Cl- ions are bridging 
in FeC12-2H20.19 However, it is apparent that the structural 
similarity of FeC12*2H20 to the compounds discussed here is 
the factor which causes the similar quadrupole splitting 
observed at 80 K. 

The quadrupole splitting may also be affected by the 
temperature dependence of the ligand-field splittings and the 
lattice term caused as a direct result of thermal expansion. 
Only the lattice cell constant is expected to change gradually 
with temperature, so the decrease in quadrupole splitting 
could also obviously be related to increased cell size.9 

The gradual decrease of the quadrupole splitting of KM/joas- 
Feo.5C13*2H20 could also be caused either by less distortion of 
the ligand electronic field as the lattice expands, or changes in 
the symmetry of the d-electron distribution imposed by the 
Felt ion itself, as found for [Fe(&O)6]'+ 2o and [FeC12(H20),].l 

The decrease in isomer shift with increasing temperature 
corresponds to an increase in s-electron density at the 
nucleus (which is expected due to lattice expansion), although 
the major temperature contribution to the isomer shift is the 
relativistic second-order Doppler shift. 

The only other important question remaining is whether 
the dimeric units in these mixed materials (Figure 1) contain 
one Felt ion and one other M" ion (M = Mn, Fe, Co, or Ni) 
or does each dimeric unit contain two Fe" ions or the same 
two MI' ions? 

It might be expected that for the former case the Mossbauer 
parameters would be different for each different M" ion due 
to the changes in the C1' bridge bonding and also due to the 
different number of d electrons and 3d configuration of the 
other MI1 ion. No such changes in the Mossbauer parameters 
are observed. Moreover, in the crystal structure of KMnCI3* 
2H20 the Mn Mn distance is 3.84 A within the dimeric 
unit but is much greater between units (over 5.5 A). The 
former distance is of the order of the metal-metal distance in 
KM"o.sFeo.5F3 (M" = Mn, Co, Ni, or 2%) compounds where 
small changes in quadrupole splitting were caused by inter- 
actions with other transition metals in the perovskite lattice.* 
The latter distance, however, would be too large for such inter- 
actions to affect the Fe" electronic environments. Therefore it 
appears that in these mixed compounds the dimeric units 
contain the same transition metal, and it is the inclusion of 
different units in the packing which satisfies the overall for- 
mulation. The different units must be orderly (not randomly) 
packed or broad lines would be observed in the X-ray diffrac- 
tion powder data. 

The RbM"o.SFeo.5C13*2H20 (M" = Mn, Fe, Co, or Ni) 
Sysrern.-The X-ray powder diffraction data (see SUP No. 
23549) shows that the compounds RbM"o.sFeo.5C13*2H20 
(M" = Mn, Fe, Co, or Ni) are isostructural with a-RbMnC13* 

Crystar structure of a-RbMnCl3=2H20.* This compound 
crystallizes in the orthorhombic space group Pcca, with four 
formula units per unit cell. The manganese atom is octahed- 
rally co-ordinated to four chlorine atoms and two water 
molecules. The water molecules occupy cis positions and the 
octahedra form infinite chains by corner sharing at a chlorine 

2H20.6 

b 

0 - 0  

Figure 7. Projection of half the unit cell of ar-RbMnCl3*2HsO 
on (001) 

atom (Figure 7). Neighbouring chains have weak coupling in 
the c direction by hydrogen bonding, and are separated in the 
b direction by planes of cations (Rb+). 

The phase a-RbMnC13*2H206 is said to be the stable 
form at 0 "C whereas &RbMnCI3*2H20 (which is isostructur- 
a1 with the KM"o.sF%.SC13*2H20 series) is the stable form 
at 25 "C. In  this work all the rubidium materials prepared 
containing Fe" possessed the former structure. The complex 
RbFeC13*2H20 has been prepared previously l5 at 37 "C, and 
its magnetic properties at very low temperatures 0-25 K 
have been extensively ~ t u d i e d . ~ ' - ~ ~  The compounds RbMC13* 
2H20 (M = Co or Fe) have been found to be isostructural 
with cr-RbMnC13-2H20.23*24 

For the RbM"o.sFeo.SC13*2H20 (M = Mn, Co, or Ni) 
materials sharp lines in the X-ray powder diffraction data 
show that they are distinct (discrete) phases and not mixtures 
of the parent compounds. This means that the iron and other 
transition metals must be on random positions in the chains. 
Their cell sizes are smaller than those of the parent compound 
a-RbMnC13*2H20 (Table 3). 

The major bond lengths calculated from the cell dimensions 
and assuming the atom co-ordinates are those of a-RbMnC13* 
2H206 are given in Table 5. The M-OH2 and M-Cl(2) 
bond lengths are smaller than the M-Cl( 1) bridging distances. 
An examination of the differences in cell size and the differ- 
ences in bond lengths (caused by replacement of one transition 
metal with another) indicates that the greater changes are in 
the b and c directions, affecting the M-OH2 and M-Cl(2) 
bonds more than the bridging M-Cl(1) bonds that lie along 
the chain in the a direction (Figure 7). Therefore squeezing 
forces are more likely to affect the bc plane. The squeezing in 
the c direction also affects the hydrogen bonding between the 
octahedra and must confine the Rb ions. 

The hydrogen bonding between the chains is important in 
the packing (and/or squeezing) as suggested in the parent a- 
RbMnC13*2H20.6 The hydrogen bonds change as one tran- 
sition metal is substituted for another (Table 5). They lie in 
the bc plane principally in the direction shown below, where 
the arrows indicate the direction of H bonding. 

0 0  
'6' 
/ \  

P 9  
\ P 
/Fe\ 

0 

C( CI 

As this direction shows most evidence of squeezing, then as 
a result the Fell ion will experience changes in crystal-field 
splitting. 
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Table 5. Comparison of major bond lengths found in RbM”o.sFeo.sC13*2H20 (M” = Mn, Fe, Co, or Ni) with the parent ac-RbMnC13*2H20 

Within 
octahedra 
M-Cl(1) 
M-Cl(2) 
M-0 

a-RbMnC13* RbFeCI3- RbMb.5F%.5Cbo RbCoo.sF%.5Clj* RbN&.SFQ.&Ia* 
2H20 2H20 2H20 2HzO 2H20 
2.549 2.53 2.54 2.48 2.45 
2.531 2.50 2.52 2.43 2.40 
2.177 2.15 2.16 2.09 2.06 

Between neighbouring octahedra 
Cl(1) Cl(2) 3.892 
Cl(1) * - * 0 3.730 
Cl(2) 0 3.697 
Cl(2) .o 3.176 
Cl(2) - 0 3.186 

3.73 
3.70 
3.33 
3.16 
3.17 

3.74 
3.71 
3.35 
3.17 
3.18 

3.76 
3.62 
3.20 
3.08 
3.10 

3.72 
3.58 
3.15 
3.05 
3.07 

In RbM”o.sFeo.sC13*2H20 (M” = Co or  Ni), the Co*I and 
Nil’ ions are both smaller than Fell and thus the Fell is 
squeezed relative to its normal environment. As the greatest 
squeezing is in the bc plane this will split any remaining 
degeneracy in the tzo levels. 

For RbMno.SFeo.SC13*2H20 the Mn” ions are larger than 
the Fe”, and the unit-cell size is larger than that of RbFeC1,- 
2H20. Therefore the Fe” ions are in larger spaces (holes) than 
usual and the result should be a more symmetrical Fell elec- 
tronic environment as the Fell has room to move. This 
should result in a smaller crystal-field splitting of the d 
orbitals. 

Mossbauer data for the rubidium system. The Mossbauer 
data for the Rb materials appear in Table 4 (Figures 8 and 9). 
Mossbauer data for RbFeC13*2H20 and those of RbM”o.S- 
Feo.SC13*2H20 (M” = Mn) are similar as might be expected 
for isostructural compounds. However, the following differ- 
ences are observed, for the compounds with M” = Co and 
Ni. (a) The quadrupole splittings for RbM”o.SFeo.5C13*2H20 
(M” = Fe and Mn) are smaller than those for the Co- and 
Ni-containing compounds at all temperatures. (b)  The 
quadrupole splittings of the Co and Ni derivatives show a 
significant temperature dependence (Figure 9). (c) The Ni 
derivative shows a larger isomer shift than the Co compound 
at room temperature, but not at the other ,temperatures. 
Plotting the isomer shifts and the quadrupole splittings against 
temperature for these materials gives nearly straight lines 
(Figures 8 and 9). 

Mossbauer data for RbFeC13*2H20 have recently been 
reported by Le Fever et al.25*26 These authors show that the 
temperature dependence of their data indicates an orbital 
doublet ground state for iron(n). 

Our data for RbFeC13-2Hz0 agree well with the previous 
report.zs The quadrupole splitting data for RbMno.sFeo.sC13. 
2Hz0 are similar to those of the parent RbFeC13*2H20, but 
they are smaller. This Mn derivative has a larger cell size than 
the parent RbFeC13*2H20 compound. Here, the Fe” ions 
obviously sit in larger holes and thus are not squeezed; 
therefore they can find more symmetrical environments. It 
must obviously be this difference in cell size that causes the 
different quadrupole splitting behaviour. 

The isomer shifts for the compounds RbM”o.5Feo.5C13. 
2H20 (M” = Fe, Mn, Co, and Ni) at 298 and 80 K are very 
similar. These Mossbauer data show that the Fell environ- 
ments have similarp- and d-electron participation in the bond- 
ing of these materials. 

The quadrupole splitting behaviour for the compounds 
RbM”o.sFeo.sC13*2Hz0 (M” = Co and Ni) is very similar 
suggesting that the iron electronic environments are very 
similar indeed. This, taken together with the isomer shift 
against temperature plot (Figure 8), gives no indication of a 
low-temperature phase change. 

1.35 I - 
I 

uI 1.30 .  E 
E 
2 1 . 2 5 ,  

1.20 

1.15 
I I I 

100 200 300 
T /K 

Figure 8. Chemical isomer shift versus temperature of the compounds 
RbM”o.sFeo.sC13-2H20 [M” = Fe (x ) ,  Mn (+), Co (a), or 
~i (m)] 

The quadrupole splittings of both the Co”- and Nil’- 
substituted compounds are larger than the parent, showing 
that the crystal-field splitting is different, presumably caused 
by the squeezing effect of the substitLted smaller transition 
metal. 

The introduction of another transition metal in the lattice 
may cause changes in the symmetry of the Fe” electronic 
environment and change the orbital occupancy. Also slight 
differences in the covalent contribution to the bonding, 
caused by the squeezing of the octahedra, may change the 
d-electron distribution. 

In the Nil’-substituted compound the quadrupole splitting 
is slightly smaller than the Co”-substituted compound. This 
is expected as it is the smallest transition metal, and will cause 
more squeezing to Fe” octahedra resulting in a greater change 
in electronic environment around Fell nuclei. 

In RbCoo.sFeo.5C13~2H20 and RbNio.sFeo.SC13*2H20 the 
cell sizes are smaller than that of RbFeCl3*2HZ0. These cell- 
size changes squeeze the M-Cl(2) and M-OH bonds in the 
lattices, as seen by changes in the quadrupole splitting. From 
this larger quadrupole splitting value it is likely that the 
orbital ground state is not the same as that for RbFeC1,- 
2Hz0. A singlet dxy ground state would be expected to cause a 
larger splitting. Here the presence of Co and Ni in the lattices 
has caused a reversal of the tetragonal field so that the dxy 
level is now the ground state. If the energy gap to the excited 
levels in this state was not large then the observed temperature 
dependence can be explained. 

A complicating factor in the Rb compounds is the effect of 
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Figure 9. Temperature dependence of the quadrupole splitting of 
the compounds RbM"o.sFeo.sC1,*2Hz0 [M" = Fe ( x ), Mn (@), 
Co (01, or Ni (.)I 

the different numbers of unpaired 3d electrons which the 
other transition metals pass on to the Fell electronic environ- 
ments. I t  may well be that the Fe" ions are being affected by 
these other ions as found in the KM"0.5Fe0.5FJ compounds.* 
Indeed, the metal-metal distances in the chain (4.06-4.14 A) 
are not much greater than those found in KM"0.5Fe,,.5F3 
(M" = Co, Ni, Mn, or Fe). 

In fact, these long-range effects would be very small as the 
entire lattice effect appears to be usually less than 10% of the 
total e.f.g., as this lattice effect is the contribution to the e.f.g. 
tensor from the charges external to the central atom.9 

Ingalls lo considered the lattice contribution to be of oppo- 
site sign to that of the 3d-orbital contribution. I t  is essentially 
electrostatic in nature and will fall inversely proportional to 
r2 (according to Coulomb's law): F oc l/r2. The charges in the 
first co-ordination sphere will dominate this term, especially 
in non-cubic environments such as these chain structures. 

The occurrence of cis-trans isomerism in kinetically labile 

co-ordination compounds is not common. The first estab- 
lished example of cis-trans isomerism in such materials was 
a- and p-RbMnC13*2H20.6 As yet in the Fe"-containing 
materials we have not been able to isolate the B-phase with 
rubidium. However, this Fe" cis water environment must 
have been present in the original solutions and the presence 
of a large cation such as rubidium was necessary to stabilize 
it in the solid form. 
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