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a b s t r a c t

Along with crystallographic data of Ln[Fe(CN)6] �4H2O (Ln ¼ lanthanide), the infrared spectra are

reassigned to examine bond length trends across the series of Ln. The changes in mean Ln–O, Ln–N,

CRN and Fe–C distances are discussed and the bond natures of Ln–N and Ln–O are studied by bond

length linear or quadratic fitting and comparisons with relevant ionic radii. The two different CRN

bond distances have been simulated by the covalo-electrostatic model.

& 2008 Elsevier Inc. All rights reserved.
1. Introduction

The series of bimetallic compounds [(H2O)2Ln(NC)6Fe] �2H2O
(Ln ¼ lanthanide ion; written as Ln[Fe(CN)6] �4H2O hereafter for
brevity) have been the subject of numerous studies, partly
because they are important precursors for the submicron
perovskite-type oxides LnFeO3 [1]. Their structural chemistry
has a chequered history, with early reports identifying the crystal
space group as monoclinic and with the structure of the Ln ¼ Sm
compound being mistaken for that of Ln ¼ Er. In this study, the
vibrational spectra of the Ln[Fe(CN)6] �4H2O systems were
reinvestigated not only because they have not been comprehen-
sively studied previously, but also because there have been
conflicting assignments. For example, Navarro et al. [2] assigned
symmetric and antisymmetric CN stretching bands in
Nd[Fe(CN)6] �4H2O at 2135 and 2146 cm�1, respectively. Xiaoyu
et al. [3] assigned three bands at 1940, 2050 and 2140 cm�1 in this
complex to CN stretching. One of the first two of these bands was
alternatively assigned to the presence of Fe2+ [4], for which the CN
stretch was reported at 2040 cm�1 in (Pr/Nd)KFe(CN)6 � 4H2O [5].
Following our new vibrational assignments in the tetrahydrate
systems, together with new crystallographic data for the Ln ¼ Sm,
ll rights reserved.
Tb compounds, an investigation and rationalization of the
Ln–NC–M bonding trends across the lanthanide series was
possible, and comparisons with other Ln[MIII(CN)6] �4H2O systems
could be made. The major interest in bonding was to investigate
the trends, especially for Ln–O and Ln–N bond distances, across
the Ln3+ series and to observe evidence for deviations, if any, from
ionic bonding. An orbital population analysis has been performed
for CRN bonds for comparison with experimental data.
2. Experimental

Solutions of Ln[M(CN)6] �4H2O (M ¼ Co, Fe) were prepared by
mixing an aqueous solution of Ln(NO3)3 (prepared from the
evaporation of a solution of concentrated HNO3 and Ln2O3)
together with an aqueous solution of K3M(CN)6. The mixture
was filtered and left in the dark for crystals to form. Found (Calc.)%
by mass for PrCo(CN)6 � 4H2O: C 16.825 (16.829), N 19.565
(19.633), H 1.890 (1.870). Other compounds were identified from
their IR spectra. Nujol, fluorolube and KBr disk FTIR spectra were
recorded at 2 cm�1 resolution over the range 400–4000 cm�1

using a Nicolet Avatar 360 instrument and gave similar results for
a mull spectrum and for a KBr disk spectrum, as shown in Fig. 1(a)
for Sm[Fe(CN)6] �4H2O. Single crystals were only obtained for
Ln[Fe(CN)6] �4H2O (Ln ¼ Sm, Tb) and the other members of the
series were prepared as powders. However, the spectra of
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Fig. 1. (a) Comparison of fluorolube mull and KBr disk FTIR spectra of

Sm[Fe(CN)6] �4H2O and (b) FTIR spectra of KBr disks from powder or crystalline

Sm[Fe(CN)6] �4H2O forms. The bands are numbered as in Fig. 5.

Table 1
Crystallographic data and parameters for Ln[Fe(CN)6] �4H2O (Ln ¼ Sm, Tb)

Empirical formula C6H8FeN6O4Tb C6H8FeN6O4Sm

Formula weight 434.41 442.94

Crystal color, habit Red plate Red rod

Crystal dimensions (mm) 0.01�0.01�0.02 0.01�0.01�0.09

Crystal system Orthorhombic Orthorhombic

Lattice type C-centered C-centered

Lattice parameters (Å) and

volume (Å3)

a ¼ 7.439(2) a ¼ 7.383(1)

b ¼ 12.874(2) b ¼ 12.828(2)

c ¼ 13.731(3) C ¼ 13.654(2)

V ¼ 1315.0(5) V ¼ 1293.2(3)

Space group Cmcm (no. 63) Cmcm (#63)

Z 4 4

Dcalc (g cm�3) 2.194 2.275

F000 824.00 836.00

m(MoKa) (cm�1) 55.489 65.49

Structure solution Direct methods (SIR92) Direct methods (SIR92)

Refinement Full-matrix least

squares on F

Full-matrix least-

squares on F

Function minimized Sw(jFoj–jFcj)
2 Sw (jFoj–jFcj)

2

Least-squares weights 1/

[0.0002Fo
2+s(Fo

2)+0.005]

1/

[0.0002Fo
2+s(Fo

2)+0.006]

2ymax cutoff 55.0 55.0

Anomalous dispersion All non-hydrogen

atoms

All non-hydrogen

atoms

No. observations (I42.00s(I)) 757 765

No. variables 57 57

Reflection/parameter ratio 13.28 13.42

Residuals: R (I42.00s(I)) 0.0288 0.0198

Residuals: Rw (I42.00s(I)) 0.0347 0.0237

Goodness of fit indicator 1.049 1.007

Max shift/error in final cycle 0.000 0.000

Maximum peak in final diff. map

(e� Å�3)

0.98 1.15

Minimum peak in final diff. map

(e� Å�3)

�0.89 �0.47
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preparations of powders and of single crystals subsequently ground
up were similar, as shown in Fig. 1(b) for Sm[Fe(CN)6] �4H2O.
Differential thermal absorption (DTA) and thermogravimetric (TG)
results were obtained from room temperature to 550 1C using an
SSC/5200 SII Seiko instrument, using a 10 1C min�1 heating rate and
helium atmosphere.

X-ray determinations were carried out using a Bruker SMART
CCD area detector with graphite monochromated MoKa radiation
as described in Table 1.
Fig. 2. Thermogravimetric (TG) and differential thermal absorption (DTA) plots for

Sm[Fe(CN)6] �4H2O.
3. Results and discussion

3.1. Characterization of Ln[M(CN)6] �4H2O

Besides their different IR spectra [6], the clear distinction
between the Ln[M(CN)6] � xH2O (x ¼ 4 and 5) complexes can be
made by the absence of the loss of one water molecule at a
relatively low temperature. TG/DTA traces were taken for the
series of compounds prepared and Fig. 2 shows a representative
trace for Ln ¼ Sm, M ¼ Fe. In the helium atmosphere, the onset of
mass loss is above 100 1C and by 300 1C about 17% of the mass has
been lost, corresponding to the loss of 4H2O, following a major
endothermic DTA peak at 175 1C and a weaker one at 217 1C. The
DTA peaks for Ln ¼ Eu, Gd, Er, Tm corresponding to that at 175 1C
for Ln ¼ Sm are at 165, 155, 144 and 141 1C, respectively. The
exothermic event at 414 1C in Fig. 2 involves the decomposition of
cyanide groups and the formation of carbonate. These results are
in agreement with the previous thermal studies [1,3,7]. The IR
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Fig. 3. Coordination geometry of Sm[Fe(CN)6] �4H2O and Tb[Fe(CN)6] �4H2O.
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spectra of the products of Ln[Fe(CN)6] �4H2O after heating at
300 1C in air for 12 h show the absence of cyanide groups and the
presence of nitrate and carbonate. In summary, both the IR and TG
results have confirmed that the prepared samples are tetrahy-
drates.
3.2. Crystal structures

The crystal structures of the isomorphous compounds
Ln[Fe(CN)6] �4H2O where Ln ¼ Sm, Tb have been determined
herein. Fig. 3 shows the coordination geometry of the Ln ¼ Tb,
Sm compounds, which crystallize in the orthorhombic space
group Cmcm, Z ¼ 4. The crystallographic data are summarized in
Table 1 and selected bond lengths and angles are given in Tables 2
and 3. The Tb3+ ion in Tb[Fe(CN)6] �4H2O is eight-coordinated in
square antiprismatic geometry to six N atoms of six CN ligands, as
well as to two O atoms of aqua ligands. The C atoms of the CN
groups are bonded to Fe3+ ions. The uncoordinated zeolitic water
molecules are hydrogen-bonded to one of the N atoms of the
Fe(CN)6 groups. Views of the packing diagrams of
Sm[Fe(CN)6] �4H2O are shown in Fig. 4. The two crystal structures
are in agreement with those previously published for
Ln[Fe(CN)6] �4H2O, Ln ¼ Nd [2], Sm [8], Gd [9], Er [10,11].
3.3. Infrared spectra in the CRN stretching region

Fig. 5 shows the FTIR spectra of KBr disks of Tb[Fe(CN)6] �4H2O
in the CN stretching region. The strong bands marked 1
(at 2151 cm�1) and 2 (at 2140 cm�1) in the figure, with band 1
being more intense, are 12C14N stretching bands of the bridged
Tb–NRC–Fe system. These are labeled CN(a) and CN(b),
respectively. The very weak bands marked 3 (at 2121 cm�1) and
4 (at 2114 cm�1) are 12C15N stretching bands, whereas those
labeled 5 (at 2108 cm�1) and 6 (at 2098 cm�1) are 13C14N
stretching bands. The broad feature labeled 7, with maximum
intensity at 2066 cm�1, which has previously been assigned to a
CN stretch [3] or a difference band [6], is alternatively assigned to
a combination band due to the prominent water bending modes
(at 1608 and 1683 cm�1 in the IR spectrum) and the Fe–C stretch
(42372 cm�1).

Fig. 6 shows a plot of the two CN stretching frequencies against
the Shannon ionic radius of Ln3+ for this series of complexes and a
smooth increase is observed across the Ln3+ series from Pr to Yb.
These vibrations can be regarded as characteristic group frequen-
cies, which are not mixed with other vibrations. The increase thus
indicates slightly shorter CRN bond distances for the later Ln

members, but the overall change in vibration frequency is o2%.
Since M is constant, this small change must be attributed solely to
the variation of Ln. The reported plot of CN stretching frequencies
versus ionic radius for Ln[Au(CN)2]3 �3H2O complexes [12]
exhibits a similar trend to Fig. 6 although the two n(CRN)
stretching frequencies are at a rather higher energy since the CN
bond distance is shorter [N(1)–C(1) 109(3) pm].
3.4. Mean bond distances in Ln[M(CN)6] �4H2O

It is interesting to probe the changes in bond distances in the
Ln–NRC–Fe system, which arise solely by changing the nature of
Ln. In this section, our crystallographic data for Ln[Fe(CN)6] �4H2O,
M ¼ Sm, Tb are combined with those previously published for
Ln ¼ Nd, Gd, Er systems in order to draw conclusions concerning
average bond distances.

For the transition metal, M, in the Ln–NRC–M system, the
CRN� ligand acts as a base by donating HOMO 3s electrons and
as a weak acid by accepting electrons into the 2p LUMO. This
behavior parallels that of CO and it is the dx2–y2 and dz2 orbitals of
M3+ that are suitably oriented for overlap with the p* antibonding
orbital of the ligand [13]. It is generally thought that such a back-
donation will weaken the CRN bond and shorten M–C. On
comparing the scenario for Sm[Fe(CN)6] �4H2O with that for
Sm[Co(CN)6] �4H2O, where crystallographic data are available
[14], the Fe complex does have a longer M–C distance
(by 3.8 pm), and also longer CN distance (by 1.2 pm). The general
interpretation for such phenomena [15] due to changes in d-block
elements, M, is that the M–CN s bonding increases with the
number of d-electrons, but that increasing the effective nuclear
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Table 2
Selected bond lengths and bond angles for Sm[Fe(CN)6] �4H2O

Atom Atom Distance Atom Atom Distance

Bond lengths (Å)

Sm(1) O(1) 2.400(6) Sm(1) O(1)1) 2.400(6)

Sm(1) N(1) 2.533(6) Sm(1) N(1)2) 2.533(6)

Sm(1) N(2) 2.499(4) Sm(1) N(2)1) 2.499(4)

Sm(1) N(2)2) 2.499(4) Sm(1) N(2)3) 2.499(4)

Fe(1) C(1) 1.926(6) Fe(1) C(1)4) 1.926(6)

Fe(1) C(2) 1.932(5) Fe(1) C(2)1) 1.932(5)

Fe(1) C(2)4) 1.932(5) Fe(1) C(2)5) 1.932(5)

O(1) H(1) 0.904 O(1) H(1)3) 0.904

O(2) H(2) 0.863 O(2) H(3) 0.916

N(1) C(1) 1.151(9) N(2) C(2)6) 1.155(7)

Symmetry operators

(1)�X+1,Y,Z (2)�X+1,Y,�Z+1/2

(3)X,Y,�Z+1/2 (4)�X+1,�Y+1,�Z+1

(5)X,�Y+1,�Z+1 (6)�X+1/2,�Y+1/2,�Z+1

Atom Atom Atom Angle Atom Atom Atom Angle

Bond angles (deg)

O(1) Sm(1) O(1)1) 109.4(2) O(1) Sm(1) N(1) 71.64(10)

O(1) Sm(1) N(1)2) 71.64(10) O(1) Sm(1) N(2) 78.86(16)

O(1) Sm(1) N(2)1) 142.45(11) O(1) Sm(1) N(2)2) 142.45(11)

O(1) Sm(1) N(2)3) 78.86(16) O(1)1) Sm(1) N(1) 71.64(10)

O(1)1) Sm(1) N(1)2) 71.64(10) O(1)1) Sm(1) N(2) 142.45(11)

O(1)1) Sm(1) N(2)1) 78.86(16) O(1)1) Sm(1) N(2)2) 78.86(16)

O(1)1) Sm(1) N(2)3) 142.45(11) N(1) Sm(1) N(1)2) 113.9(2)

N(1) Sm(1) N(2) 77.04(15) N(1) Sm(1) N(2)1) 77.04(15)

N(1) Sm(1) N(2)2) 142.19(11) N(1) Sm(1) N(2)3) 142.19(11)

N(1)2) Sm(1) N(2) 142.19(11) N(1)2) Sm(1) N(2)1) 142.19(11)

N(1)2) Sm(1) N(2)2) 77.04(15) N(1)2) Sm(1) N(2)3) 77.04(15)

N(2) Sm(1) N(2)1) 74.32(16) N(2) Sm(1) N(2)2) 117.49(15)

N(2) Sm(1) N(2)3) 74.45(15) N(2)1) Sm(1) N(2)2) 74.45(15)

N(2)1) Sm(1) N(2)3) 117.49(15) N(2)2) Sm(1) N(2)3) 74.32(16)

C(1) Fe(1) C(1)4) 180.0(2) C(1) Fe(1) C(2) 89.0(2)

C(1) Fe(1) C(2)1) 89.0(2) C(1) Fe(1) C(2)4) 91.0(2)

C(1) Fe(1) C(2)5) 91.0(2) C(1)4) Fe(1) C(2) 91.0(2)

C(1)4) Fe(1) C(2)1) 91.0(2) C(1)4) Fe(1) C(2)4) 89.0(2)

C(1)4) Fe(1) C(2)5) 89.0(2) C(2) Fe(1) C(2)1) 90.8(2)

C(2) Fe(1) C(2)4) 0(440) C(2) Fe(1) C(2)5) 89.2(2)

C(2)1) Fe(1) C(2)4) 89.2(2) C(2)1) Fe(1) C(2)5) 0(440)

C(2)4) Fe(1) C(2)5) 90.8(2) Sm(1) O(1) H(1) 130.5

Sm(1) O(1) H(1)3) 130.5 H(1) O(1) H(1)3) 98.9

H(2) O(2) H(3) 119.9 Sm(1) N(1) C(1) 149.0(5)

Sm(1) N(2) C(2)6) 167.1(4) Fe(1) C(1) N(1) 178.8(6)

Fe(1) C(2) N(2)6) 178.2(4)

Symmetry operators

(1)�X+1,Y,Z (2)�X+1,Y,�Z+1/2

(3)X,Y,�Z+1/2 (4)�X+1,�Y+1,�Z+1

(5)X,�Y+1,�Z+1 (6)�X+1/2,�Y+1/2,�Z+1

X. Zhou et al. / Journal of Solid State Chemistry 181 (2008) 3057–30643060
charge on M stabilizes the d orbitals to a greater extent so that
dp–pp* M–CN backbonding occurs to a smaller extent.

The Fe–C bond distances (RFe–C) are not determined accurately
for this series of compounds and there is scatter across the series,
although there is an overall increase from Ln ¼ Nd (189.9 pm) to
Ln ¼ Er (193.8 pm) of 3.9 nm. The regression with atomic number
(Z) of Ln gives RFe�C ¼ 166.4+0.411Z, N ¼ 5, R2

¼ 0.649. The IR
active Fe–C stretching frequency [n(Fe–C)] only changes slightly
from Ln ¼ Pr to Yb (mean value 423.8 cm�1; standard deviation
1.4 cm�1; N ¼ 10). Linear regression of n(Fe–C) against RFe�C gives
n(Fe–C) ¼ 226.6+1.023 RFe�C, N ¼ 5, R2

¼ 0.752, which suggests
an increase in frequency with increasing bond distance. However,
since the variation in vibrational frequency is very small and the
frequency is low, the changes could arise from other factors such
as mode mixing rather than bond length changes. The M–C bond
distance has been shown to be particularly sensitive to the nature
of M in Pr[M(CN)6] �5H2O (M ¼ Cr, Fe, Co) [16].
The mean value of the CRN bond distances for these five
compounds is 115.6 pm (standard deviation 0.4 pm), which is the
same bond distance as the literature value for CRN. It is more
sensitive to probe variations in the mean CRN distance by
vibrational stretching frequencies as in the previous section.

The variation in the mean Ln–N and Ln–O distances across the
series of Ln is now considered. The maximum error in the
crystallographically determined Ln–O and Ln–N distances is
�0.2%. Plotting the bond distance of sodium halides versus
atomic number leads to a linear plot that can be taken as the
representative of ionic bonding. If the Ln–O bonding is envisaged
as ionic in character then there should be a similar trend in this
distance to that for the sum of the Shannon Ln3+(VIII) and O2�(III)
ionic radii. On combining our crystallographic data with those
from previous studies, it is found that the variation in the
determined Ln–O distances with atomic number of Ln can in fact
be fitted for five compounds with a higher adjusted R2 value by a
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Table 3
Selected bond lengths and bond angles for Tb[Fe(CN)6] �4H2O

Atom Atom Distance Atom Atom Distance

Bond lengths (Å)

Tb(1) O(1) 2.355(3) Tb(1) O(1)1) 2.355(3)

Tb(1) N(1) 2.489(4) Tb(1) N(1)2) 2.489(4)

Tb(1) N(2) 2.461(2) Tb(1) N(2)1) 2.461(2)

Tb(1) N(2)2) 2.461(2) Tb(1) N(2)3) 2.461(2)

Fe(1) C(1) 1.928(4) Fe(1) C(1)4) 1.928(4)

Fe(1) C(2) 1.935(3) Fe(1) C(2)1) 1.935(3)

Fe(1) C(2)4) 1.935(3) Fe(1) C(2)5) 1.935(3)

O(1) H(1) 0.838 O(1) H(1)3) 0.838

O(2) H(2) 0.915 O(2) H(3) 0.763

N(1) C(1) 1.157(5) N(2) C(2)6) 1.153(4)

Symmetry operators

(1)�X+1,Y,Z (2)�X+1,Y,�Z+1/2

(3)X,Y,�Z+1/2 (4)�X+1,�Y+1,�Z+1

(5)X,�Y+1,�Z+1 (6)�X+1/2,�Y+1/2,�Z+1

Atom Atom Atom Angle Atom Atom Atom Angle

Bond angles (deg)

O(1) Tb(1) O(1)1) 109.91(13) O(1) Tb(1) N(1) 71.60(6)

O(1) Tb(1) N(1)2) 71.60(6) O(1) Tb(1) N(2) 78.63(10)

O(1) Tb(1) N(2)1) 142.26(7) O(1) Tb(1) N(2)2) 142.26(7)

O(1) Tb(1) N(2)3) 78.63(10) O(1)1) Tb(1) N(1) 71.60(6)

O(1)1) Tb(1) N(1)2) 71.60(6) O(1)1) Tb(1) N(2) 142.26(7)

O(1)1) Tb(1) N(2)1) 78.63(10) O(1)1) Tb(1) N(2)2) 78.63(10)

O(1)1) Tb(1) N(2)3) 142.26(7) N(1) Tb(1) N(1)2) 113.32(13)

N(1) Tb(1) N(2) 77.10(9) N(1) Tb(1) N(2)1) 77.10(9)

N(1) Tb(1) N(2)2) 142.32(7) N(1) Tb(1) N(2)3) 142.32(7)

N(1)2) Tb(1) N(2) 142.32(7) N(1)2) Tb(1) N(2)1) 142.32(7)

N(1)2) Tb(1) N(2)2) 77.10(9) N(1)2) Tb(1) N(2)3) 77.10(9)

N(2) Tb(1) N(2)1) 74.23(9) N(2) Tb(1) N(2)2) 117.75(9)

N(2) Tb(1) N(2)3) 74.78(9) N(2)1) Tb(1) N(2)2) 74.78(9)

N(2)1) Tb(1) N(2)3) 117.75(9) N(2)2) Tb(1) N(2)3) 74.23(9)

C(1) Fe(1) C(1)4) 180.00(18) C(1) Fe(1) C(2) 91.01(12)

C(1) Fe(1) C(2)1) 91.01(12) C(1) Fe(1) C(2)4) 88.99(12)

C(1) Fe(1) C(2)5) 88.99(12) C(1)4) Fe(1) C(2) 88.99(12)

C(1)4) Fe(1) C(2)1) 88.99(12) C(1)4) Fe(1) C(2)4) 91.01(12)

C(1)4) Fe(1) C(2)5) 91.01(12) C(2) Fe(1) C(2)1) 90.66(13)

C(2) Fe(1) C(2)4) 180.00(18) C(2) Fe(1) C(2)5) 89.34(13)

C(2)1) Fe(1) C(2)4) 89.34(13) C(2)1) Fe(1) C(2)5) 180.00(18)

C(2)4) Fe(1) C(2)5) 90.66(13) Tb(1) O(1) H(1) 127.2

Tb(1) O(1) H(1)3) 127.2 H(1) O(1) H(1)3) 102.6

H(2) O(2) H(3) 124.8 Tb(1) N(1) C(1) 149.8(3)

Tb(1) N(2) C(2)6) 167.5(2) Fe(1) C(1) N(1) 178.7(4)

Fe(1) C(2) N(2)7) 178.4(2)

Symmetry operators

(1)�X+1,Y,Z (2)�X+1,Y,�Z+1/2

(3)X,Y,�Z+1/2 (4)�X+1,�Y+1,�Z+1

(5)X,�Y+1,�Z+1 (6)�X+1/2,Y+1/2�1,Z

(7)�X+1/2,Y+1/2,Z
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polynomial for which the dominant term is the quadratic term:
Ln–O ¼ 682.4�12.36Z+0.0844Z2 (R2(adj) ¼ 0.9965) than by a
linear fit (R2(adj) ¼ 0.9714). This could be taken to indicate a
deviation from purely ionic bonding. However, the fit of the sum
of the Shannon ionic radii versus Z can be fitted almost equally
well by a linear fit (R2(adj) ¼ 0.9923) or the quadratic relation:
[Ln3+(VIII)+O2�(III)] ¼ 428.0–4.56Z+0.0256Z2 (R2(adj) ¼ 0.9965).
What is more pertinent is that there is a larger discrepancy
between the two curves for the latter, rather than the earlier,
members of Ln (i.e., the Ln–O distances deviate more from the
sum of ionic radii) since the smaller cations are more polarizing
and some degree of participation of 4f, 5d or 6s orbitals in bonding
is suggested. Angelov [17] has calculated the overlap integrals for
the series Ln2O3 and concluded that only p-type (and not s-type)
delocalization is possible and that the 2pp–4f overlap integrals are
greater for the early lanthanides. A plot of the Ln–O bond
distances for the C2 site symmetry Ln3+ versus lanthanide atomic
number from his data is similarly fitted by a straight line
(R2(adj) ¼ 0.983) or by a quadratic function (R2(adj) ¼ 0.989).

Finally, it is noted that the mean Ln–O distances are slightly
longer (0.5–1.7 pm) in Ln[Fe(CN)6] �4H2O than in Ln[Co(CN)6] �4H2O,
Ln ¼ Nd [18], Sm [14], Er [19] where the ionic radius of Fe3+ is 3 pm
longer than that of Co3+.

From the plot of mean Ln–N distance in Ln[Fe(CN)6] �4H2O
against Z, the linear regression line is Ln–N ¼ 348.4–1.562Z
(R2(adj) ¼ 0.9914) and the quadratic regression line has
R2(adj) ¼ 0.9876. On the other hand, the plot of Shannon ionic
radii [Ln3+(VIII)+N3�(IV)] � versus Z has the following quadratic
relation: [Ln3+(VIII)+N3�(IV)] ¼ 438.0–4.56Z+0.0256Z2 (R2(adj) ¼
0.9965), whereas the linear fit has R2(adj) ¼ 0.9923. This time, the
Ln–N versus Z plot can be fitted slightly better by a linear equation
and again, the deviation of the Ln–N versus Z plot from the
[Ln3+(VIII)+N3�(IV)] � versus Z plot is more evident for the later
members of Ln. The mean Ln–N bond distance (e.g., 247.0 pm for
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Ln ¼ Tb) is much longer than the 209.1 pm reported for the Lu–N
bond in a lutetium imido complex [20].

3.5. Model calculations of individual bond distances

Fig. 7 shows the 8-fold close environment of the rare earth
with two O(1), two N(1) and four N(2) ligands forming a nearly
regular square antiprism (note that the definitions of N(1) and
N(2) on the one hand, and O(1) and O(2) on the other, are
interchanged when following different authors). The four coplanar
N(2) form a square. The two N(1) and the two O(1) are nearly
coplanar (Dz ¼ 1.5 pm) and form a distorted square. The point
group at the rare-earth site is C2v. As shown in Fig. 7, the
crystallographic Oy-axis (b) is the Oz-axis of the point group at the
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Ln site. The nitrogen atoms are bonded to carbon atoms at about
115 pm: the two N(1) and the four N(2) are bonded to two C(1)
and four (C2), respectively. Six Ln–NRC–Fe threads pointing
outwards ensure the bonding with the rest of the structure. The
nearest O(2) is at 474 pm from the rare earth in the terbium
compound. The smallest N(1)–O(2) distance is 282 pm. Therefore,
it is considered that O(2) has a minor influence on the bonding
close to the rare earth.

From the five complete structural determinations made for
Ln[Fe(CN)6] �4H2O, Fig. 8 represents, as a function of Z, the nearest
metal–ligand distance for the three crystallographic species O(1),
N(1) and N(2). The Ln–O(1), Ln–N(1) and Ln–N(2) distances
regularly decrease along the rare-earth series as a consequence
of the lanthanide contraction. It is worth noting that the Ln–N(1)
(e.g., Tb–N(1) 248.9(0.4) pm) is larger than the Ln–N(2) (e.g.,
Tb–N(2) 246.1(0.3) pm) distance.
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Fig. 9(a) shows the variation of the C(1)–N(1) and C(2)–N(2)
distances along the series. Although the determination is not
precise, the trend is definitely an increase of the C(1)–N(1)
distance and a lowering of the C(2)–N(2) distance along the series.
The explanation of these two experimental observations can be
sought for in the change of the electronic population of C(1) and
N(1) on the one hand, and of C(2) and N(2) on the other. To
evaluate the change, a covalo-electrostatic model [21] was utilized.
In the model, the interactions within a cluster are limited to the
free-ion orbital energies, the coulombic diagonal interaction
terms and the kinetic energy off-diagonal terms. A cluster
consisting of the Ln central ion, two oxygens, six nitrogens and
six carbon atoms was considered (i.e., the atoms represented in
Fig. 7 except for the iron atoms). Only the valence shells of the 15
atoms, 4f for Ln and 2p for the other atoms, are taken into account.
The total number of orbitals (three for O, N and C, seven for Ln)
amounts to 49 and represents the dimension of the interaction
matrix. The ionization energies and the basis sets of Slater-type
orbitals for Sm3+, Tb3+ and Er3+ are given in [22], and those for
O2�, N and C in [23]. The interactions between all close neighbors
Ln–O(1), Ln–N(1), Ln–N(2), C(1)–N(1) and C(2)–N(2) were calcu-
lated. Actually, it is difficult to evaluate the coulombic diagonal
interaction terms for nitrogen and carbon, which are not fully
ionized. Therefore, the results of Teng and Wu [24], considering
the electronic spectra of C76N2 isomers, were utilized. These
authors determine the LUMO–HOMO energy gaps for the closed-
shell C76N2 isomers as equal to 3.4578 eV (27887 cm�1) for the
most stable isomer. In this way, the difficult point consisting in
the determination of the energetic positions of C and N atoms is
partially solved. The starting values for the ionization energies
were (in cm�1) as follows: �100,000, �135,000, �94,473 (value
for neutral carbon given in [23]), and �122,360, for Ln3+, O2�, C
and N, respectively.

The diagonalization of the interaction matrix provided the
wave vectors of the system, allowing for the evaluation of the
approximate population on each orbital. The Ln and O(1) orbitals
retain 99% of their initial population. N(1) and N(2), drastically
mixed with C(1) and C(2), share grossly half of their population
(Fig. 8). It was assumed that the sum of the Mulliken populations
of C(1) and N(1) on the one hand, and of C(2) and N(2) on the
other, follow the variation of the C(1)–N(1) and C(2)–N(2)
distances. The ionization energies of N(1), N(2), C(1) and C(2)
were tuned until the two following conditions were obeyed as
well as possible: the Ln–N(1) distance is larger than the Ln–N(2)
distance and the variation of the C(1)–N(1) and C(2)–N(2)
distances matches that represented in Fig. 9(a). The best results
were obtained for ionization energies equal (in cm�1) to
�122,905, �116,905, �94,373 and �90,373 for N(1), N(2), C(1)
and C(2), respectively. Fig. 9(b) shows the variation of the
C(1)+N(1) and the C(2)+N(2) populations and is to be compared
with the experimental values shown in Fig. 9(a).
4. Conclusions

A quadratic variation of bond distances with atomic number
has previously been found in [Ln(OH2)9][C2H5OSO3]3 for Ln–O
bonds [25], and in CsLnZnTe3 for Ln–Te distances [26]. The formula
d(Ln–X) ¼ A0�A1n+A2

2n2 (where n ¼ number of f-electrons) given
in the former case to represent the lanthanide contraction also has
the terms A0, A1, A2 decreasing by two orders from one to the next.
In the present case, the quadratic fit for Ln–O bond distances is
marginally better than a linear fit, but the linear fit is slightly
better for Ln–N bond distances. The quadratic evolution could be
taken as an indication of some lanthanide valence orbital
participation along the series, notably for the late members
where the difference from the sums of Shannon ionic radii is
greatest. However, the covalent effects are very small and more
crystallographic data for this system from other Ln would provide
more accurate fits. The variation in C–N bond distances across the
Ln[Fe(CN)6] �4H2O series from Ln ¼ Nd to Er has been simulated
by the covalo-electrostatic model.

Both the usual s and p* CRN� bonding mechanisms would be
expected to lead to weaker CN bonds for shorter Ln–O distances,
as expected for a donor–acceptor interaction, but the IR
spectral evidence shows that this does not happen. Thus, it is
concluded that on traversing across the lanthanide series for
Ln[Fe(CN)6] �4H2O, there are decreases in Ln–N and Ln–O bond
distances and slight changes, perhaps also decreases, in CN
distances.
Supplementary data

Crystallographic information for Ln[Fe(CN)6] �4H2O is available
as CCDC652090 (M ¼ Sm) and CCDC652091 (M ¼ Tb) from the
Cambridge Crystallographic Data Centre (CCDC). These data may
be obtained free of charge from the CCDC via the web link
www.ccdc.cam.ac.uk/data_request/cif.
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