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1. Introduction

Alfred Werner was awarded the 1913 Nobel Prize in Chemistry. One of the cornerstones of
his coordination theory was that the most characteristic coordination number of transition
metals - such as cobalt (lll) and platinum (IV) - in their complexes was six.

At that time, the chemistry of the lanthanides was in a confused state, as it was not known
how many lanthanides there were; not until 1947 would promethium be fully characterised
[1-3]. Even less was known about lanthanide coordination chemistry and until the 1960s it
was generally assumed that lanthanide complexes were also six coordinate.

In fact, studies reported in 1937-1939 on the structures of the hydrated ethylsulfates
[Ln(H20)q] (EtSO4)s (Ln =Y, La, Ce, Pr, Nd, Sm, Gd, Dy) [4] and of hydrated neodymium
bromate, [Nd(H20)s] (BrOs)s [5] showed the presence of a tricapped trigonal prismatic 9-
coordination. This was not reflected in the textbooks of the time. Thus Sidgwick refers to
these structures but does not indicate the complex ions present, whilst Emeléus and
Anderson devote 100 pages to transition metal coordination chemistry, but lanthanides do
not feature [6, 7].

It was not until the 1960s that the picture began to change. Thus in 1963 the report of 12-
coordination in the [Ce(NO3)g]? units in Ce2Mg3(NO3)12. 24H,0 appeared [8] whilst in 1965 it
was shown that K La(EDTA). 8H,0 contained nine-coordinate [La(EDTA)(OH2)s3] ions [9].
Subsequently it was shown that using the bulky bis(trimethylsilyl)Jamide ligand, three
coordinate [Ln{N(SiMes);)3] (Ln =, La, Ce, Pr, Nd, Sm, Eu,Gd, Ho, Yb, and Lu) could be
obtained [10] whilst use of a hindered aryl group gave four coordination in [Li(thf)s] [Ln(2,6-
dimethylphenyl)s] (Ln = Yb, Lu) [11]. Two coordination was more recently achieved, again by
using a very bulky ligand, in [Yb{C(SiMes3)3},] [12-13].

The present situation is accurately described by Raymond et al: - ‘The coordination
chemistry of the lanthanides shows much structural diversity. However, there is often only a
limited degree of predictability because of the absence of strong ligand field effects,
resulting in small energetic differences between different geometric arrangements and/or
coordination numbers.’ [14]

2. The Lanthanide contraction.

This is a key concept in lanthanide chemistry. As Atomic Number increases, there is a
progressive decrease in ionic radius, with the last lanthanide being some 16 % smaller than
the first. The cause of this is the increase in effective nuclear charge experienced by the
outer electrons, mainly caused by the incomplete shielding of the 5s and 5p electrons by the
4f electrons, with about 10% due to relativistic effects [15-18].



The ‘lanthanide contraction” manifests itself in various ways. For example, the increase in
charge density with increasing Z means that in general there is an increase in the stability of
complexes formed from La3* to Lu3* [19-20]. Because lanthanide ores contain mixtures of a
number of chemically very similar metals, their separation (and the availability of high-
purity compounds of individual elements) generally makes use of this.

Another effect of this is the decrease in coordination number in simple binary compounds in
the solid state, in accord with what would be predicted by a simple model based on packing
of spherical ions. Thus amongst the trihalides, the coordination number decreases from 11
in LaF3 to 9 in LuFs; from 9 in LaCls and LaBrsto 6 in LuCls and LuBrs3; and from 8 in Lalz to 6 in
Lulz [21].

It is possible to envisage a species with a MLg coordination sphere (L = a monodentate donor
such as a halide or water), this having a Dsn tricapped trigonal prismatic structure like the
classic lanthanide aqua ion structure. As the radius of the central metal decreases, the non-
bonding inter-ligand repulsions will become greater, to the point where one ligand is
squeezed out forming a species with an eight coordinate geometry, in other words changing
from the UCIls to the PuBrs structure type (Fig. 1). This of course represents the difference
between the 9 coordinate aqua ions formed by the early lanthanides (La to Eu) and the 8
coordinate aqua ions formed by the later lanthanides (Dy to Lu) [22].

When ligands involved have a greater denticity than one, it is possible that this strain may
be removed in other ways, one possibility being to introduce asymmetry in the bidentate
coordination of a group like nitrate.

(a) (b)

Fig. 1. (a) The structure of UCl; showing the 9-coordinate U atoms. (b) The structure of PuBr3
showing the 8-coordinate Pu atoms.



Solid state effects are influential, thus crystals of the hydrated lanthanide ethylsulfates,
bromates and triflates contain nine-coordinate [Ln(H20)s]3* ions (Fig. 2) across the whole
series [23-25] whilst for the later lanthanides the [Ln(H20)s]** ion predominates in aqueous

solution.

'.’
o

A 4

Fig. 2. The structure of the cation [Ho(H20)s]** [26] showing the 9-coordinate geometry

Fig. 3 shows how bond lengths in the [Ln(H20)s]3* ions present in the ethylsulfate salts show
the expected smooth contraction with increasing atomic number

2.650

2.600

2.550

2.500

2.450

2.400

Bond lengths (A)

2.350

2.300

2.250

2.200

2.150

56

58

Bond lengths in hydrated lanthanide ethylsulfates

60

]
ol
|
| B . )
¢
o
& B [ n-O equatorial (A)
o N ® La-O prism (A)
® ©
o
® o
62 64 66 68 70 72

Atomic Number



Fig. 3. The lanthanide contraction across the lanthanide series illustrated by the decrease in

Ln-O bond lengths in the [Ln(H20)9]3* series. The Ln-O distances are averaged over the sets

of equivalent bonds in the structures with the error on individual points in the graph being
of the order of £0.005 A.

Relatively few systematic studies have been made of the effect of the variation of ionic
radius upon the stoichiometry and geometry of lanthanide complexes with other ligands.
Thus often an investigation might study the structure of the complexes formed by a ligand
with one early lanthanide, one in mid-series, and one of the later metals. Recent exceptions
involving the determinations of the structures of a whole series include the neopentoxides,
which all have the tetrameric structure [Ln(z—~ONep).(ONep)]a(Ln = Sc, Y, La-Lu except Pm;
Neop = CH,CMes) [27] Another complete family to be characterised for all the lanthanides
except promethium is [Ln(L)(H20)] (L = TREN-1,2-HOIQO, a hexadentate Os-donor ligand)
[14]

We have therefore investigated of a few families of simple lanthanide complexes in order to
study how the decrease in ionic radius of the Ln3* ion by some 16% across the series affects
the stoichiometry and structures of the complexes obtained.

3. Complexes of lanthanide nitrates with 2, 2'-bipyridyl (bipy)

Complexes [Ln(bipy)2(NOs)s3] were first prepared by three groups of workers in the 1960s
[28-30]. These form an isomorphous and isostructural series, with the first structure in the
series, the terbium complex, being reported in 1969 [31]; the structure determination was
carried out by single crystal crystallography using Weissenberg photographic techniques.
Then the structures of the extreme members of the series reported in 1972 (La) [32] and
1996 (Lu) [33]. Subsequently, the structures of the complexes of the intermediate elements
except for those of Pm, Ho and Yb have been determined crystallographically (Pr [34]; Nd
[35]; Sm [36]; Eu [37]; Dy [38]; Er [39]). Since the structures have been determined over
several decades, we have determined some of the missing structures in the series, together
with redeterminations of several of the structures, all at the same temperature of 150 K, to
provide a consistent series. These structures have been deposited directly with the
Cambridge Crystallographic Data Centre (La, CCDC No. 1525425; Ce, CCDC No. 1492899; Pr,
CCDC No. 1521708; Nd, CCDC No. 1521896; Gd, CCDC No. 1525411; Tm, CCDC No. 1523918;
Lu, CCDC No. 1525632). The molecular structure of the Eu complex [37] which illustrates
the 10-coordinate geometry throughout the series is shown in Fig. 4.
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Fig. 4. The structure of the 10-coordinate [Eu(bipy)2(NOs3)s] complex [34]
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Fig. 5. The average Ln-N and Ln-0 bond lengths in the structurally determined members of
the series [Ln(bipy)2(NOs3)s3] where the Ln ion is 10-coordinate right across the series. The
majority of the complexes have had their structures determined at 150 K, and where
available data directly deposited into the CCDC has been used. The Ln-O and Ln-N bond
lengths quoted are averaged over all the unique Ln-O and Ln-N distances in each structure,
and the error bar on each point on the graph is of the order of +0.005 A.

As shown in Fig. 5, bond lengths show a smooth decrease with increasing atomic number at
the beginning of this isostructural family. The entry for [Tb(bipy)2(NOs)3] [31] (element with
atomic number 65 in Fig. 5) shows the greatest deviation from this trend, but this is the
structure that was determined at room temperature using Weissenberg photography as the
data collection method, and the errors associated with it are an order of magnitude larger



than for the other members of the series. Hence, this structure might be expected to fit less
well than the others. In the last three members of the series, [Ln(bipy)2(NOs)3] (Ln = Er, Tm,
Lu), the difference between the average Ln-N and Ln-O decreases so that by Lu the Lu-N and
Lu-O average distances are very similar. This may be a reflection of the smaller size of the
metal ion, and the requirement to pack 10 coordinating atoms around it.

Along the series the coordination of the two bridgehead N-atoms in the two bipyridyl
ligands remains pretty symmetrical, however, the two Ln-O distances for the
crystallographic independent nitrate groups show increasing asymmetry across the series
(for the other nitrate group the two Ln-O distances are related by crystallographic symmetry
and thus are equal). To illustrate this point, for the La complex the two La-O distances are
2.626(3) and 2.593(3) A, while for Eu they are 2.561(3) and 2.495(3) A, and for Lu they are
2.550(3) and 2.408(3) A, respectively. Thus, the differences increase from 0.033 A, to 0.066
A, and to 0.142 A, for La, Eu and Lu, respectively. The increase in asymmetry may be
associated with the increased steric interaction between the ligands as they pack around a
smaller metal ion.

4. Complexes of the lanthanide nitrates with 2, 4, 6-tri-a-pyridyl-1,3,5-triazine (tptz)

These compounds were originally reported in 1969 as [Ln(tptz)(NOs)3(H20)] (Ln =Y, La-Lu
except Pm), the syntheses being carried out in ethanol [40].

We found that reaction between Ln(NOs)3.xH,0 and the ligand in ethanol give isomorphous
crystalline complexes [Ln(tptz)(NOs)3(H20)].2C2Hs0H (Ln =Y, La-Yb except Pm) for all these
elements except the smallest, lutetium. All contain three bidentate nitrate groups as well as
a coordinated water molecule, the lanthanides being 10-coordinate. 2, 4, 6-tri-a-pyridyl-
1,3,5-triazine (tptz) acts as a chelating terdentate ligand, like 2, 2'; 6', 2"-terpyridine (terpy),
in all the complexes we isolated [41].



Fig. 6. The structure of [Eu(tptz)(NOs)3(H20)]. 2C;Hs0H as an exemplar of the series
[Ln(tptz)(NO3)3(H20)].2C2HsOH. A hydrogen bonded ethanol molecule is included to
illustrate the importance of the solvent in the crystallisation process.

Our syntheses using ethanol as solvent readily afforded crystals
[Ln(tptz)(NOs3)3(H20)].2C2Hs0H that proved suitable for X-ray diffraction (Fig. 6). Others
carried out the syntheses in MeCN, finding it ‘very difficult to grow crystals and very few
structures have been obtained’ [42]; in fact they have reported the structure of just
[Sm(tptz)(NOs3)3(H20)].2H,0 [43]. Thus uncoordinated solvent molecules trapped in the
lattice can influence crystal growth.

In the case of ytterbium, crystals of a second complex, [Yb(tptz)(NO3)3(C2HsOH)], were
obtained from the reaction mixture, along with [Yb(tptz)(NO3s)3(H20)].2C;HsOH. This
complex contains 9-coordinate ytterbium, one nitrate being monodentate, and an ethanol
molecule also being coordinated. The corresponding lutetium complex,
[Lu(tptz)(NO3)3(C2HsOH)], resulted from the reaction between lutetium nitrate and tptz in
ethanol; carrying out this synthesis in other solvents like CH3CN and CHsOH afforded
[Lu(tptz)(NOs)3(H20)]. CH3CN (Fig. 7) or [Lu(tptz)(NOs3)2(H20)2]NOs. 3 CH3OH respectively,
both of these also containing 9-coordinate lutetium. The earlier metals appear to form the
same complex species, [Ln(tptz)(NO3)3(H20)], if the syntheses are carried out in CH3CN, but
reaction of hydrated lanthanum nitrate with tptz in methanol yields 11-coordinate
[La(tptz)(NOs3)3(CH30H):].



Fig. 7. The structure of the 9-coordinate [Lu(tptz)(NO3)3(H20)]. CH3CN. The structure shown
includes the uncoordinated MeCN solvent molecule.

Examination of the family of isostructural 10-coordinate compounds [Ln(tptz)(NO3)3(H.0)].2
EtOH reveals a steady decrease in bond length with increasing Z (and decreasing ionic
radius), of the lanthanide ion. First - comparing the extreme members of the series, the
lanthanum and ytterbium compounds, the average Ln—N distances are 2.687 A (La) and
2.514 A (Yb); the average Ln—0O (nitrate) distances are 2.606 A (La) and 2.457 A (Yb); and the
Ln—O (water) distances are 2.452 A (La) and 2.270 A (Yb). So the changes in average bond
length range from 0.149 A (Ln—O (nitrate)) to 0.182 A (Ln—O (water)), roughly what would be
expected on the basis of ionic radii. Fig. 8 makes these trends clear.

Bond lengths in tptz complexes of lanthanide nitrates
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Fig. 8. Ln-N, Ln-O and Ln-OH; bond lengths in the series [Ln(tptz)(NO3)3(H20)].2 EtOH. The
error bar on each point on the graph is of the order of +0.005 A.

Obviously as the ionic radius of the lanthanide decreases, so there are tighter non-bonding
contacts between the coordinated ligands, and we wondered how this manifested itself. An
obvious point to examine was the binding of the nitrate groups — how regular was their
coordination distance?

Starting with the lanthanum compound [La(tptz)(NOs)3(H20)]. 2C;H50H, the La—O (nitrate)
distances range from 2.570(1) to 2.631(1) A, a spread of values of 0.061 A. As Z increased,
this range increased quite steadily - 0.069 A (Ce); 0.070 A (Pr); 0.078 A (Nd); 0.085 A (Sm);
0.093 A (Eu); 0.099 A (Gd); 0.113 A (Tb); 0.119 A (Dy); 0.128 A (Ho); 0.143 A (Er); 0.138 A
(Tm); then quite abruptly increasing to 0.180 A in [Yb(tptz)(NOs)3(H20)] .2C2HsOH. It was not
possible to isolate a lutetium analogue, nine coordinate [Lu(tptz)(NOs)3(C2HsOH)] being the
reaction product, thereby confirming the view of increasing congestion.

Within individual nitrate groups, the picture is also one of increased asymmetry in
coordination as Z increases. Thus in [La(tptz)(NOs)3(H20)]. 2C2HsOH, the difference in the La-
O distance between the coordinated oxygens in each bound nitrate were 0.036, 0.047 and
0.053 A; for [Yb(tptz)(NOs)3(H20)]. 2C2Hs0H these distances were 0.069, 0.127 and 0.168 A.
This mimics the trend previously discussed for the [Ln(bipy)2(NOs)s3] series discussed in
Section 3.

Although we did not isolate 11-coordinate complex [La(tptz)(NOs)3(H20);] (for which the
corresponding terpy complex exists; which will be discussed in Section 5), the corresponding
methanol complex [La(tptz)(NO3)3(CH3OH),] could be obtained. Moreover, in another study
of complexes of the closely related 4-amino-bis(2,6-(2-pyridyl))1,3,5-triazine ligand (abptz),
both ten co-ordinate [La(abptz)(NOs3)s3(H20)] and eleven co-ordinate [La(abptz)(NOs)s3(H20):]
were isolated from the same reaction mixture [41]. Bond lengths are, as expected, longer in
[La(tptz)(NO3)3(CH3OH),] than in the 10-coordinate [La(tptz)(NO3)3(H20)], by some 0.07 A
(La-N) and 0.03 A (La-O(nitrate)). Presumably the 11-coordinate [La(tptz)(NOs)3(H20)] exists
in solution but is not isolated for reasons of solubility.

As already noted, the choice of solvent for the synthesis of the lutetium complex is highly
influential, with [Lu(tptz)(NOs3)3(C2HsOH)], [Lu(tptz)(NOs)3(H20)]. CH3CN or
[Lu(tptz)(NOs3)2(H20)2]NOs. 3 CH30H isolated, all containing 9-coordinate lutetium. In two of
these, one nitrate group is monodentate, and in the ethanol complex a coordinated water
molecule is present, although this is not further linked to the uncoordinated nitrate oxygen
as observed in the similar terpy complexes to be discussed in Section 5.
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Studying this series indicates both the value of studying the whole series of elements - as
the atypical behaviour is here shown right at its end - as well as that of examining the role
that solvent can have [41].

5. Complexes of lanthanide nitrates with 2, 2’; 6’, 2”-terpyridine (terpy)

Reaction of hydrated lanthanide nitrates with 1 mole of terpy in MeCN solution gives
complexes [Ln(terpy)(NO3)3(H20)n] (Ln = La, n = 2; Ln = Ce — Dy except Pm, n = 1; Ln = Ho-Lu,
n =0). The smallest lanthanides form 9-coordinate complexes, whilst the lanthanum
complex is 11-coordinate, with lanthanum bound to two water molecules, and the majority
of the metals form 10-coordinate complexes in which just one water molecule is also bound
to the lanthanide. All feature bidentate nitrate groups [37, 44, 45].

Others have isolated [M(NO3s)s(terpy)(H20)].terpy (M =Y, Ho, Er, Tm and Yb), in which a
second terpy molecule is not coordinated to the metal [46, 47]. We also obtained the
yttrium complex, formed even when a 1:1 metal to ligand ratio is used. Synthesised by
another group, [Tm(NO3z)3(terpy)(H20)] contains 9-coordinate thulium, bonded to a
terdentate terpy, two bidentate nitrates, one unidentate nitrate and a water molecule [47].
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Fig. 9. Ln-N, Ln-O and Ln-OH; bond lengths in the series [Ln(terpy)(NOs)s3(H20)n]. The error

bar on each point on the graph is of the order of +0.005 A.

Table 1Average bond lengths in the complexes Ln(terpy)(NOs)s3(H20)«

lonic Radius / M-O (H20) /

A M-N /A M-0 (NOs) / A A X
La 1.216 2.706 2.686 2.599 2
Ce 1.196 2.641 2.590 2.488(1) 1
Pr 1.179 2.621 2.578 2.468(3) 1
Nd 1.163 2.604 2.560 2.449(3) 1
Sm 1.132 2.581 2.535 2.428(2) 1
Eu 1.120 2.554 2.517 2.408(4) 1
Gd 1.107 2.573 2.517 2.390(4) 1
Tb 1.095 2.549 2.510 2.392(4) 1
Y 1.075 2.521 2.488 2.330(4) 1
Dy 1.083 2.528 2.496 2.378(3) 1
Ho 1.072 2.523 2.488 2.367(3) 1
Er 1.062 2.424 2.406 0
Tm 1.052 2.414 2.394 0
Yb 1.042 2.409 2.389 0
Lu 1.032 2.394 2.380 0
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For the family [Ln(terpy)(NOs)3(H20)n] the trends in the Ln-N, Ln-O and Ln-OH; are
illustrated in Fig. 9, while the bond parameters themselves are presented in Table 1. There is
a smooth variation with increasing atomic number (and decreasing ionic radius) of the
lanthanide, with discontinuities at the point of coordination number change.

Although this family contains only one 11-coordinate compound, [La(terpy)(NOs3)3(H20):]
(Fig. 10), its bond lengths are closely comparable to those of [La(terpy)(NOs)3;(MeOH)3],
prepared by others [48].

Fig. 10. The structure of [La(terpy)(NOs)3(H20).] showing the two crystallographically
independent molecules in the asymmetric unit linked by a hydrogen bond.

Again, although we did not isolate a similar 11-coordinate [Ce(terpy)(NOs)s3(H20)2], others
have isolated eleven co-ordinated Ce(terpy)(NOsz)3(MeQOH); [49]. Significantly, in both the
11-coordinate lanthanum compounds one out of the six metal-oxygen distances involving
the nitrate groups is significantly longer than the others. Thus, in [La(terpy)(NO3)3(MeQOH),],
five La-O distances fall in the range 2.596 — 2.727 A, whereas the sixth one is 2.926(3) A; in
[La(terpy)(NOs)3(H20).], where there are two different molecules in the asymmetric unit of
the unit cell, the ten La-O (nitrate) distances range from 2.617 to 2.705 A, with the other
two oxygens being 2.794 and 2.846 A away. A similar phenomenon is observed in
[Ce(terpy)(NOs)3(MeOH);]. The Ce-O distances to five of the oxygen atoms of the nitrate
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groups vary from 2.537 to 2.712 A, whereas the distance for the sixth oxygen is 2.942 A. This
evidently reflects congestion in the coordination sphere, relieved by the displacement of
one oxygen atom slightly away from lanthanum. It is interesting that this route is chosen
rather than the alternative of just one solvent molecule binding to the metal.

As already noted, in the study of complexes of 4-amino-bis(2,6-(2-pyridyl))1,3,5-triazine
(abptz), both ten co-ordinated La(abptz)(NOs)s(H20)2 and eleven co-ordinated
La(abptz)(NOs)3(H20). were isolated from the same reaction mixture, indicating that both
complexes were present and that they were of comparable solubility [42].

Fig. 11. The structure of 10-coordinate [Eu(terpy)(NOs)3(H20)] complex. Within the crystal
structure there are two crystallographically independent molecules linked by hydrogen
bonds between the coordinate water molecules and a nitrate oxygen in the adjacent
molecule.

The majority of the complexes isolated were 10-coordinate [Ln(terpy)(NOs)3(H20)] (Ln = Ce-
Ho) (Fig. 11) . Their structures show a smooth transition in bond lengths, closely comparable
to the 0.13 A change expected on the basis of the difference of the ionic radii for 10 co-
ordinate Ce3* and Ho3* [50]. For individual compounds, bond lengths compare closely with
those of the 10 coordinate tptyz and bipy analogues. Thus the respective Ho-N and Ho-O
distances of 2.544 and 2.477 A in [Ho(tptz)(NOs)3(H20)] [41] compare closely with the values
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of 2.523 A for Ho-N and 2.488 A for Ho-O in [Ho(terpy)(NOs)3(H20)]. Similarly in
[Pr(terpy)(NO3)3(H20)], average Pr-N and Pr-O distances are 2.621 and 2.577 A respectively,
compared with the corresponding values of 2.625 and 2.570 A in [Pr(bipy)2(NO3)s].

For the smaller lanthanides after holmium, no hydrated complexes are isolated, with nine
coordinate Ln(terpy)(NOs)s (Ln = Er-Lu) (Fig. 12) being the products, again containing three
bidentate nitrate groups. Once more there is a smooth trend of decreasing bond length with
decreasing ionic radius.

Fig. 12. The molecular structure of [Lu(terpy)(NOsz)s]. With no coordinated donor solvent
molecules there are no hydrogen bonds to adjacent molecules in the crystal unlike in the
structure of [Eu(terpy)(NOs3)3(H20)]

Comparing the structures of the “extreme” lanthanide compounds, Er(terpy)(NOs)s and
Lu(terpy)(NO3)s, the average Ln-N bond length decreases from 2.424 A in the erbium
compound to 2.394 A in the lutetium compound, corresponding changes in Ln-O (nitrate)
being from 2.406 A to 2.380 A. However, this latter change masks an increasing congestion
in the coordination sphere, accommodated within the coordinated nitrates. The spread of
Ln-O distances in the coordinated nitrate groups increases from 0.070 A in the erbium
complex to 0.090 A in the lutetium compound. Despite scandium being substantially smaller
than yttrium and the later lanthanides, scandium forms [Sc(terpy)(NOs)s], previously
characterised by others [51]. The Sc-O distances in [Sc(terpy)(NOs)s] range from 2.232(2) A
to 2.458(2) A, a considerably bigger spread of distances (0.226 A) than observed even in
[Lu(terpy)(NO3s)s], reflecting the difficulty in arranging the nine donor atoms round the small
Sc3* ion. Nonetheless, no strain is found within the more rigid terpy ligand; any strain is
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accommodated within the metal-nitrate coordination sphere, as is also the case with the
tptz complexes.

Solvent plays a significant role in the complex isolated from the reaction between terpy and
the hydrated lanthanide nitrates. Whilst earlier lanthanides give the same products in their
reaction with terpy in either MeCN or ethanol, later lanthanides afford
[Ln(terpy)(NO3)3(EtOH)] (Ln = Dy-Lu, Y) (Fig. 13) from reaction in ethanol [43, 45, 52]. In
these compounds, the metal ion is 9-coordinated with a tridentate terpyridyl, two bidentate
nitrate groups, one monodentate nitrate group, and a coordinated ethanol. The un-
coordinated oxygen of the monodentate nitrate group is over 1.2 A further from the
lanthanide than are the coordinated oxygen atoms. The relevant bond parameters for this
short series of structures are presented in Table 2.

Fig. 13. The structure of [Er(terpy)(NOsz)3;(EtOH)] showing the intramolecular hydrogen bond
between the monodentate nitrate and the coordinated ethanol molecule.

Table 2 Bond length of the complexes Ln(terpy)(NO3)3(EtOH)
M-N/A Av. M-N / M-O (NOs3)/ Av. M-O (n?) M-O (n!)/ M-OHEt /
A A /A A A
Dy 2.499(8) 2.503 2.403(7) 2.442 2.309(8)  2.340(7)
2.500(8) 2.413(7)
2.509(8) 2.466(8)
2.485(8)
Ho 2.484(9) 2.485 2.396(8) 2.445 2.281(9) 2.342(8)
2.484(8) 2.421(8)

2.486(9) 2.472(10)
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2.489(9)

Er  2.467(3) 2.475 2.373(3)  2.430 2.280(3)  2.338(3)
2.475(3) 2.405(3)
2.484(3) 2.450(3)
2.290(3)

Tm 2.453(4) 2.461 2.358(3)  2.416 2.270(3)  2.308(4)
2.459(4) 2.388(3)
2.472(4) 2.440(3)
2.477(3)

Yb 2.446(4) 2.455 2.355(3)  2.415 2.261(4) 2.302(4)
2.457(4) 2.370(3)
2.462(4) 2.447(4)
2.486(4)

Lu 2.444(3) 2.459 2.346(3)  2.414 2.279(3)  2.297(3)
2.455(3) 2.482(3)
2.477(3) 2.382(3)
2.444(3)

Y  2.496(6) 2.508 2.392(6)  2.442 2.282(7)  2.339(5)
2.498(7) 2.425(6)
2.530(7) 2.471(7)
2.479(6)

This structure type can be thought of as being derived from a Ln(terpy)(7?>-NOs)s structure
by attack of an ethanol molecule on the metal causing the breaking of a Ln-O bond in a
bidentate nitrate group. Other compounds featuring this kind of linkage involving either a
water molecule or an ethanol next to the monodentate nitrate include
[Lu(tptz)(NO3)3(EtOH)] [41]and [Ln(terpy)(NOs)3(H20)] (Ln =Tm, Y) [46, 47].

A comparison of the bond lengths for one of the 9-coordinated [Ln(terpy)(NO3)s; (Ln = Er-Lu)
with the similarly 9-coordinate [Ln(terpy)(NOs)3(EtOH)] indicated that the latter are the
more congested molecules. Thus in [Er(terpy)(NOs)s], average Er-N and Er-O (bidentate
nitrate) distances are 2.424 A and 2.406 A, respectively, compared with Er-N of 2.475 A and
Er-O of 2.430 A in [Er(terpy)(NO3)s(EtOH)]. This reflects the replacement of a bidentate
ligand with a small bite angle by two monodentate ligands. This congestion increases as the
lanthanide becomes smaller, and can be tracked by following the spread of Ln-O distances
within the coordination sphere; this increases from 0.082 A (Ln = Dy) to 0.136 A (Ln = Lu).
Since Sc3* is smaller than even the smallest Ln3* ion, we also investigated the reaction of
scandium nitrate with terpy in ethanol to see whether it yielded an ethanol complex of this
type, but the product was found to be the known [Sc(terpy)(NOs)s] [51].

Carrying out the synthesis in methanol leads to 11-coordinate [Ln(NOs)s3(terpy)(MeOH);] (Ln =
La, Ce) for the two biggest lanthanides. However, when we carried out this reaction for the
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succeeding lanthanides praseodymium and neodymium, the known complexes
[Ln(NO3)s(terpy)(H20)] (Ln = Pr, Nd) were the products.

A further effect of solvent upon the product isolated is found [48] when reacting terpy with
the lanthanide nitrate in MeCN followed by crystallisation from water; the earlier members
of the lanthanide series form [Ln(terpy)(NO3)2(H20)3]-NOs (Ln = La-Gd) and the later
lanthanides form [Ln(terpy)(NO3)2(H20)2]-NO3:2H,0 (Ln = Th-Lu, Y). In these compounds, just
one nitrate group has been replaced in the coordination sphere by further water molecules.
This sheds light upon the variable stoichiometry of the complexes reported by Sinha in his
initial survey of terpy complexes of the higher lanthanides [53]. The formulae given for
compounds of successive lanthanides were Tb(terpy)(NOs)s. 0H,0; Dy(terpy)(NOs)s. 2H,0;
Ho(terpy)(NOs)s. 2H,0; Er(terpy)(NOs)s. 3H20; Tm(terpy)(NOs)s. 1H0;
Yb(terpy)(NO3)3.1H20. The possibility of partial hydrolysis in some of these compounds is
one that explains this variation.

The role of the solvent is therefore crucial. For example, it cannot be doubted that species
Pr(terpy)(NOs3)3(ROH) (R = Me, Et) are present in the methanolic and ethanolic solutions
which ultimately yield crystals of Pr(terpy)(NOs)s(H20), which is also obtained from MeCN,
so it must be assumed that it is the lower solubility of the hydrate that leads to its isolation.

A summary of the discussion is presented in Figs 14-16 which show how the solvent used
affects the solution equilibrium and the complex obtained upon crystallisation. The
lanthanum, dysprosium and thulium systems with the terpy ligand and the nitrate counter
ions are used by way of example of the complex solution environment for these lanthanide
species.
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6. Complexes of the lanthanide thiocyanates with triphenylphosphine oxide

The triphenylphosphine oxide complexes of the lanthanide thiocyanates appeared to be a
case where there was a clear change in coordination number in mid-series. Originally,
Cousins and Hart reported [54] the preparation of [Ln(Ph3PO)4(NCS)3] (Ln = La-Sm except
Pm) and [Ln(Ph3PO)3(NCS)s] (Ln = Sm-Lu, Y). They noted that, using a 6:1 ligand to Sm(NCS)3
ratio, the product obtained was [Sm(Ph3P0Q)4(NCS)s], whilst a 2:1 ratio gave
[Sm(Ph3P0O)3(NCS)s]. We found that it was also possible to obtain both the 4:1 and 3:1
complexes for Eu, Gd and Tb [55].

Relationship between Bond Lengths in complexes Ln(Ph3;PO),(NCS);and
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Fig. 17. Ln-N and Ln-O bond lengths for the lanthanide series [Ln(Ph3PQ)4(NCS)s3] (Ln = La-Sm
except Pm) and [Ln(Ph3PQO)3(NCS)3] (Ln = Sm-Lu, Y). The error bar on each point on the graph
is of the order of +0.005 A.

When we carried out this study, no other structures had been reported, but subsequently
the structures of [Nd(Ph3PQO)4(NCS)3] and [Tb(Ph3PQO)3(NCS)s3] have been described by others
[56, 57].

The series of [Ln(Ph3PO)4(NCS)s] complexes is isostructural (Fig. 18), with what can be
described as a capped octahedral coordination geometry around the metal, with the three
thiocyanates occupying the three fac sites of the capped octahedral face. Considered in
isolation, this might be thought due to the phosphine oxides being the bulkier ligands, but
that is not the case, as the structures of the 3:1 complexes show.
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Fig. 18. The structure of [Pr(Ph3sP0O)4(NCS)s] to illustrate the molecular structures of the of
[Ln(Ph3P0O)4(NCS)s] series

On passing from [La(Ph3P0O)4(NCS)3] to [Gd(Ph3PQ)4(NCS)s], the average Ln-O distance
decreases from 2.429 to 2.325 A, a decrease of 0.104 A, whilst the average Ln-N distance
decreases from 2.568 to 2.450 A, a decrease of 0.108 A, both of these corresponding closely
to the change of ca. 0.10 A predicted from crystal radii considerations [50].
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Fig. 19. The structure of [Eu(Ph3sPO)4(NCS)s3] to illustrate the molecular structures of the of
[Ln(Ph3PO)3(NCS)s] series

Similarly, the series of [Ln(Ph3PO)3(NCS)3] complexes is isostructural. The facial isomer is
formed by [Ln(Ph3PO)3(NCS)s] (Ln =Y, Sm-Lu), indicating that the steric demands of the
three phenyl groups are relatively low; unlike the case in complexes of triphenylphosphine
itself, the bulky phenyl rings are so far away from the metal that this does not affect the
coordination geometry. Thus in the erbium complex, the N-Er-N and O-Er-O angles fall in the
range 85.6 —99.0°, with no indication of the phosphine oxide or thiocyanate ligands having
greater steric influence. The contraction of the bond length from [Sm(Ph3PO)3(NCS)s3] to
[Lu(Ph3PO)3(NCS)s] is of 0.115 A for the Ln-N bond length and of 0.104 A in the Ln-O
distance. These contractions may be compared with a contraction of 0.097 A in the crystal
radii [50], which lies just below the two distances given above.

Isolation of both the 4:1 and 3:1 complexes [Ln(Ph3PO)4(NCS)s] and [Ln(Ph3PO)3(NCS)s] for
the four lanthanides samarium, europium, gadolinium and terbium facilitates a direct
measure of the effect in change of coordination number upon bond length (Table 3). The
decrease in Ln-N and Ln-O bond length between the seven and six- coordinate complexes
lies between 0.047 and 0.071 A; this corresponds well to the difference in ionic radius in
seven and six coordination given by Shannon [50].

Table 3. Average bond lengths in [Ln(Ph3P0O)4(NCS)3] and [Ln(Ph3PO)3(NCS)s] (Ln = Sm-Tb)

Sm d(A) Eu d(A) Gd d(A) Tb d(A)
[M(Ph3sP0O)4(NCS)3s] M-O 2.348 2.337 2.325 2.307
[M(Ph3PO)3(NCS)s] M-O 2.298 0.050 2.282 0.055 2.269 0.056 2.260 0.047

[M(PhsPO)a(NCS)s]  M-N 2.470 2.455 2.450 2.431
[M(PhsPO)3(NCS)s]  M-N 2.399 0.071 2.390 0.065 2.388 0.062 2.363 0.068

The fact that both the tris- and tetrakis- complexes can be isolated for these four metals
indicates that both species coexist in equilibrium in solution, an equilibrium that can be
displaced by adding extra ligand.

A related phenomenon exists for the aqua ions [Ln(H20)n]** (n = 8, 9). For species withn =9,
trigonal prismatic [Ln(OH2)s]** ions predominate for the early metals (Ln = La-Nd), whilst for
species with n = 8, square antiprismatic eight-coordinate [Ln(OH2)s]** ions are found for
yttrium and the later lanthanides (Ln = Gd-Lu). A mixture of eight- and nine-coordinate
species exists for Ln = Pm-Eu. The [Ln(OH,)s]** ions can be isolated for all metals as certain
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salts, like the ethylsulfate and bromate; in a more extreme example, crystals of the hydrated
lanthanide perchlorates all contain octahedral [Ln(OH2)s]3* ions [57].

7. Some conclusions

We have learned some lessons from this study, none new, but salutary reminders
nonetheless.

In the series of coordination complexes discussed in this review coordination numbers of
between 6 and 11 have been observed, with coordination number of 9 and 10 being
perhaps the most common. The steric bulk and flexibility of the ligands plays a key role in
determining the resultant coordination number and geometry.

Importantly, discontinuities can arise at any point in the lanthanide series, so where possible
each of the elements should be examined in any particular study. Frequently these appear
at the extremes; it is worth remembering that the difference in ionic radius between
lanthanum and cerium is greater than for any other pair of adjacent elements [50]. Two or
more species may be in equilibrium in solution and often only one may be isolated, so that
the determination of a crystal structure is almost certainly not reflecting the whole story
and does not necessarily represent the solution chemistry.

There are often differences between the most abundant species present in solution and that
isolated in the solid state. The kinetics and thermodynamics of the reactions are complex,
but both aspects need to be considered carefully if anything like the full story is to be
understood.

From a purely practical viewpoint, different complexes can be isolated by using different
solvents, and the donor/acceptor properties of the solvent are key here. The choice of
solvent may be vital in getting crystals suitable for a single-crystal X-ray diffraction study. It
is prudent to use multiple diffraction and spectroscopic techniques to analyse the reactions
in order to gain a better understanding of the chemistry of the lanthanide elements and
their complexes.

Acknowledgements

It is a pleasure to thank our co-workers and collaborators, in alphabetical order: Birte
Ahrens, Lawrence Chan, Neil Feeder, Vilus Franckevicius, Joanne Harris, Florian Liesener,
Mary Mahon, Oliver Noy, Liling Ooi, Andy Platt, Stefanie Schiffers, Hazel Sparkes, Alex Tait,
Simon Teat and John Warren. We also thank the EPSRC for on-going support to PRR
(EP/D072859 and EP/K004956).



26

Bibliography

1. J. W. van Spronsen, ‘The Periodic System of Chemical Elements: A History of the First
Hundred Years’, Elsevier, Amsterdam, 1969, pp 260-284

2. C. H. Evans, Episodes from the History of the Rare Earth Elements, Kluwer, Dordrecht,
1996.

3. M. Fontani, M. Costa, M. V. Orna, “The Lost Elements”, Oxford, Oxford University Press, .
2014, pp. 118-127,161-177, 200-218 and 289-309.

4. ). A. A. Ketelaar, Physica 4 (1937) 619.
5. L. Helmholz, J. Am. Chem. Soc. 61 (1939) 1544.

6. N. V. Sidgwick, The Chemical Elements And Their Compounds, Oxford, Oxford University
Press, 1950, Volume 1 p. 449.

7. H.J. Emeléus, J. S. Anderson, Modern Aspects of Inorganic Chemistry, London, Routledge,
1938.

8. A. Zalkin, J. D. Forrester, D. H. Templeton, J. Chem. Phys. 39 (1963) 2881.
9. M. D. Lind, B. Lee, J. L. Hoard, J. Am. Chem. Soc., 87 (1965) 1611.

10. J. S. Ghotra, M. B. Hursthouse, A. J. Welch, J. Chem. Soc. Chem. Comm. (1973) 669.

11.S. A. Cotton, F. A. Hart, M. B. Hursthouse, A. J. Welch, J. Chem. Soc. Chem. Comm. (1972)
1225.

12. C. Eaborn, P. B. Hitchcock, K. Izod, J. D. Smith, J. Am. Chem. Soc. 116 (1994) 12071.

13.J. R. van den Hende, P. B. Hitchcock, S. A. Holmes, M. F. Lappert, S. Tian, J. Chem. Soc.,
Dalton Trans. (1995) 3933.

14. M. Seitz, A. G. Oliver, K. N. Raymond, J. Am. Chem. Soc., 129 (2007) 11153.
15. J. C. Slater, Phys. Rev. 36 (1930) 57.

16. E. Clementi, D. L. Raimondi, J. Chem. Phys. 38 (1963) 2686.

17. E. Clementi, D. L. Raimondi, W. P. Reinhardt, J. Chem. Phys. 47 (1967) 1300.

18. P. Pyykkd, Chem. Rev. 88 (1988) 563.

19. see e.g. G. Anderegg, F. Arnaud-Neu, R. Delgado, J. Felcmann, K. Popov, Pure Appl.
Chem. 77 (2005) 1445.

20. M. Regueiro-Figueroa, D. Esteban-Gomez, A. de Blas, T. Rodriguez-Blas, C. Platas-Iglesias,
Chem. Eur. J. 20 (2014) 3974.



27

21.e.g.S. A. Cotton, Lanthanide and Actinide Chemistry, Chichester, John Wiley, 2006, p.
26.

22. P. D’Angelo, A. Zitolo, V. Migliorati, |. Persson, Chem. Eur. J. 16 (2010) 684 and
references therein.

23. ). Albertsson,l. Elding, Acta Crystallogr. B33 (1977) 1460.

24. R. E. Gerkin, W. J. Reppart, Acta Crystallogr. C40 (1984) 781.
25. A. Chatterjee, E. N. Maslen, K. J. Watson, Acta Cryst. B44 (1988) 381.
26. C. R. Hubbard, C. O. Quicksall, R. A. Jacobson, Acta Cryst. B30 (1974) 2613.

27.T. ). Boyle, L. A. M. Ottley, S. D. Daniel-Taylor, L. J. Tribby, S. D. Bunge, A. L. Costello, T.
M. Alam, J. C. Gordon, T. M. M<Cleskey, Inorg. Chem. 46 (2007) 3705.

28. N. I. Lobanov, V. A. Smitnova, Zh. Neorg. Khim. 9 (1963) 2208.
29. S. P. Sinha, Spectrochim. Acta 20 (1964) 879.
30. F. A. Hart, F. P. Laming, J Inorg. Nucl. Chem., 27 (1965) 1825

31. K. Mitteilungen, Zeitschrift fiir Physikalische Chemie. Neue Folge. Bd. 63 (1969) S. 190-
192.

32. A. R. Al-Karaghouli, J. S. Wood, Inorg. Chem., 11 (1972) 2293.
33. D. L. Kepert, L. I. Semenova, A. N. Sobolev, A. H. White, Aust. J. Chem. 49 (1996) 1005.

34.]). F. Bower, S. A. Cotton, J. Fawcett, R. S. Hughes, D. R. Russell, Polyhedron, 22 (2003)
347.

35.J. F. Bower, S. A. Cotton, J. Fawcett, D. R. Russell, Acta Cryst. Sect. C, 56 (2000) e 8.

36. F. Baoli, X. Wushuang, L. Jianying, L. Qingbo, S. Kuizhan, S. Zhongmin, Guangdong
Huagong, 40 (2013) 3; Y. A. Bryleva, T. E. Kokina, E. M. Uskov, L. A. Glinskaya, O. V.
Antonova, S. V. Larionov, Koord. Khim (Russ.)(Coord. Chem.), 39 (2013) 45.

37.S. A. Cotton, O. E. Noy, F. Liesener, P. R. Raithby, Inorg.Chim.Acta, 344 (2003) 37-42.

38. G. Novitsky, A. Borta, D. Gynzhu, S. Shova, I. G. Filippova, Y. A. Simonov, Koord. Khim.
(Russ.) (Coord. Chem.), 35 (2009) 386.

39. H.Yang, Acta. Cryst. Sect. E, 68 (2012) m577.
40. D. A. Durham, G.H. Frost, F.A. Hart, J Inorg. Nucl. Chem. 31 (1969) 571.

41. S. A. Cotton, V. Franckevicius, M. F. Mahon, L. L. Ooi, P. R. Raithby, S. J. Teat, Polyhedron
25 (2006) 1057.


http://scripts.iucr.org/cgi-bin/citedin?search_on=name&author_name=Albertsson,%20J.
http://scripts.iucr.org/cgi-bin/citedin?search_on=name&author_name=Elding,%20I.

42. M.G.B. Drew, M. J. Hudson, P. B. Iveson, C. Madic, M. L. Russell, J. Chem. Soc., Dalton
Trans. (2000) 2711.

43. M. G. B. Drew, M. J. Hudson, P. B. Iveson, C. Madic, Acta Cryst. Sect. C 56 (2000) 434.

44. B. Ahrens, S. A. Cotton, N. Feeder, O. E. Noy, P. R. Raithby, S. J. Teat, J. Chem. Soc.
Dalton, (2002) 2027-2030.

45. B. Ahrens, S. A. Cotton, O. E. Noy, P. R. Raithby, A. W.G. Platt, unpublished results

46. M. G. B. Drew, P. B. Iveson, M. J. Hudson, J. O. Liljenzin, L. Spjuth, P.-Y. Cordier, A.
Enarsson, C. Hill, C. Madic, J. Chem. Soc., Dalton Trans., (2000) 821.

47. A. K. Boudalis, V. Nastopoulos, A. Terzis, C. P. Raptopoulou, S. P. Perlepes, Z.
Naturforsch. Teil B, 56 (2001) 122.

48. L. I. Semenova, A. H. White, Aust. J. Chem., 52 (1999) 507-518.
49. M. S. Grigoriev, C. Den Auwer, C. Madic, Acta Crystallogr. Sect. C., 57 (2001) 1141.

50. R. D. Shannon, Acta Crystallogr. Sect. A, 32 (1976) 751.

28

51. A. M. Arif, F. A. Hart, M. B. Hursthouse, M. Thornton-Pett, W. Zhu, J. Chem. Soc. Dalton,

(1984) 2449.

52.S. A. Cotton, P. R. Raithby, Inorg. Chem. Comm., 2 (1999) 86.
53.S. P. Sinha, Z. Naturforsch. 20A (1965) 1661.

54. D. R. Cousins and F. A. Hart, . Inorg. Nucl. Chem. 30 (1968) 3009.

55. L. Chan, S. A. Cotton, J. Harris, A. W. G. Platt, P. R. Raithby, S. Schiffers, A. Tait, J. E.
Warren, unpublished results.

56. R. P. Feazell, J. B. Gary, J. A. Kautz, K. K. Klausmeyer, C. W. Wong, M. Zancanella, Acta
Cryst. Sect. E 60 (2004) m532.

57. L. N. Pham, A. T. Thames, F. D. White, K. R. Xiang, R. E. Sykora, Acta Cryst. Sect. E 68
(2012) m1531.

58.S. A. Cotton, J. M. Harrowfield, "Solvento complexes of the lanthanide ions", in The Rare

Earth Elements - Fundamentals and Applications, edited by David A. Atwood. Chichester,
UK: John Wiley & Sons, Ltd, 2012, pp. 55-63.



