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The crystal structures of the title complexes were
determined at room temperature by single crystal X-
ray diffraction. The complexes are monoclinic with
space group C2[c and Z = 4. They exist as dinuclear
species with two Ln** cations linked by a single oxa-
late bridge. The Ln** coordination polyhedron is a
slightly distorted D,4 dodecahedron., The dimer has
crystallographic C, symmetry with the bridging group
normal to the twofold axis. Full structure determina-
tions were carried out for Ln = Er and Y, while the
structures with Ln = Tbh, Dy, and Yb were determined
to be isomorphous by determination of unit cell
dimensions.

Introduction

Recently we reported the crystal structure of the
trioxalatolanthanate  complexes K;3;LnOx3:3H,0
(Ln = Nd, Sm, Eu, Gd, Tb) [1]. In that report we
described the procedure for the synthesis of crystal-
line oxalato complexes of heavy lanthanides with
what appears to be a maximum number of possible
oxalato ligands of 3.5 per Ln®" cation (KzLn,Ox,
14H,0). We have now determined the crystal and
molecular structures of these complexes and have
established that the compounds KgLn,0Ox,°14H,0,
Ln = Tb, Dy, Er, Yb, Y are isomorphous and mono-
clinic with space group C2/c. Unlike the polymeric
triclinic trioxalato complexes, the monoclinic com-
plexes are dinuclear species with the lanthanide nuclei
bridged by a single bis-bidentate oxalato ligand.
The lanthanide coordination sphere is a slightly dis-
torted dodecahedron made up of oxalate ligands
only. The coordination number 8 is surprising in view
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of the many known oxalates in which Ln® (Ln =
heavy lanthanide) are nonacoordinate, eg. H;0,"
[ErOx,-H,0]" [2], NH,[YOx,H,0]-H,0 [3], and
Ln,0x3-10H,0 [4]. In the dioxalato Y complex
the coordinated water molecule constitutes the
shortest Y—O distance, indicating no instability asso-
ciated with the YO, coordination polyhedron. A
comparison of our results with data reported for
other types of complexes revealed a useful (not
unexpected) rule of thumb, namely that the lantha-
nide cations prefer lower coordination numbers if
complexation results in an excess negative charge on
the complex lanthanate anion. In this report we
present the crystal data of K3Ln,0x,°14H,0 com-
plexes, full crystal structure determinations for the
Er and Y complexes and the rationale for lower
coordination numbers shown by Ln®* in complex
lanthanate anions. The probable reasons for
differences in the complexes formed by the light and
heavy lanthanides are also discussed.

Experimental

a} Synthesis OfKBLn 20X7'14H2 (0
The complexes were synthesized as described else-
where [1].

b) Data collection for Kg[Er,(Ox),] - 14H, O
Intensity data were obtained from a pale pink
crystal of dimensions 0.20 X 0.28 X 0.36 mm on an
Enraf-Nonius CAD4 diffractometer equipped with
MoKa radiation (A = 0.71073 A) and a graphite
monochromator. Cell dimensions (Table I) and
crystal orientation were determined from the angular
settings of 25 reflections having 14° < 0 < 15°.
Data were collected at 25°C by the w-26 scan
method employing scans of variable rate designed to
yield I = 500(1) for all significant reflections. Scan
rates, determined in a 10 deg. min™? prescan, varied
from 0.39—10.0 deg min~'. All data in one quadrant
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TABLE 1. Crystal Data for the Monoclinic Complexes Ky [Ln,O0x4] +14H,0.

Ln Tb Dy Er Yb Y
Formula wt: 1499.1 1506.2 1515.7 1527.3 1359.0
Space Group: C2/c C2/c C2/c C2/c C2/c

a (A 16.113(6) 16.078(5) 16.079(3) 16.062(7) 16.068(2)
b (A): 11.821(3) 11.785(3) 11.773(2) 11.726(5) 11.764(3)
¢ (A) 23.491(11) 23.453(8) 23.371(4) 23.301(7) 23.402(7)
g () 91.45(4) 91.25(3) 91.21(2) 90.94(3) 90.89(2)
vo(AY: 4473(5) 4443(4) 4423(3) 4388(5) 4423(3)
de (gem ): 2.226 2.252 2.276 2.312 2.041

Z: 4 4 4 4 4

g (em™h): 40.33 42.35 46.90 51.02 34.97

having 1° < 6 < 25° and h + k even were measured
in this fashion. No decline in the intensities of three
periodically remeasured reflections nor movement of
two periodically recentered reflections was noted.
Data reduction included corrections for background,
Lorentz, polarization, and absorption effects, The
absorption correction was based upon ¥ scans of
reflections near y = 90°; the minimum relative trans.
mission coefficient was 77.09%. Equivalent data were
averaged, yielding 3870 unique data, of which 3266
had I > 30(I), and were used in the refinement.

Data collection for Kg[Y,(Ox),] +14H, O

The experimental procedure was identical to that
for the Er compound., Differing parameters are:
crystal size 0.24 X 0.24 X 044 mm, T = 27 °C, scan
rates 0.35—10.0 deg min~", 3877 unique data, 2931
observed data, minimum relative transmission coeffi-
cient 86.23%,

Cell Dimensions for Kg[Ln,(Ox},] «14H, 0

Unit cell dimensions for the isomorphous series,
including the Tb, Dy, and Yb compounds, were
obtained from single crystals with MoKa radiation
on the CAD4 diffractometer. Setting angles for the
same set of 25 reflections used for orienting the Er
and Y crystals were used in a least squares procedure.
Measurements at +280 were made. Crystal data derived
from these measurements are given in Table I.

Structure Solution and Refinement, K¢[Er,(Ox),]"
14H,0

Systematic absences hkl with k + k odd and hol
with 1 odd limit possible space groups to C2/c and
Cc. The centrosymmetric space group was assumed,
and confirmed by successful refinement. Location of
the Er atom from the Patterson map led to the full
structure by standard Fourier methods. Refinement
was carried out by full matrix least squares based

upon F with statistical weights, using the Enraf
Nonius SDP programs [5]. Nonhydrogen atoms were
refined anisotropically; hydrogen atoms on four of
the water molecules were located and included as
fixed contributions with B = 5.0 A%, One of the K
ions was found to be disordered into two equally-
populated sites separated by 2.709 A and related
by the center at O % %. One of the water mole-
cules (O7W) was found to be disordered into two
sites with approximate occupancies 0.79 {(O7WA)
and 0.21 (O7WB). The former was refined anisotro-
pically, and the latter isotropically. Convergence was
achieved with R = 0.035 (0.051 for all data), Rw =
0.040, and goodness of fit = 2.30 for 307 variables.
The maximum residual electron density was 1.23

eA3,

Solution and Refinement, Kg[Y,(Ox),]+14H, O

As the Y compound is isomorphous with the Er
compound, parameters from the latter were used as
a starting model. Refinement was carried out in the
same fashion as that for the Er compound with
hydrogen atom positions adjusted by difference
maps. At convergence, R = 0.037, Rw = 0.051,

GOF = 1.632 and maximum residual density = 0.5
eA.

Structure Description

Late lanthanides Tb, Dy, Er and Yb, as well as Y,
form monoclinic hydrated complexes of formula
Ks[Lny(Ox),]:14H,0. These complexes exist as
discrete dimers with a single oxalato bridge linking
two octacoordinate metal centers. The lanthanide
ions are coordinated by three bidentate oxalato
ligands and one bridging oxalate in a slightly distort-
ed D,4 dodecahedron (Fig. 1). The dimer has crys-
tallographic C, symmetry, with the bridging group
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TABLE II. (continued)

02-Ln-04 77.56(10) 77.75(7)
02-Ln-05 149.62(11) 149.43(7)
02-Ln-06 142.19(10) 142.06(7)
02-Ln-07 77.72(10) 78.20(7)
02-Ln-08 86.33(12) 86.61(8)
03-Ln-04 68.33(11) 68.93(7)
03-Ln-0S 103.47(13) 103.85(9)
03-Ln-06 83.24(11) 82.90(8)
03-Ln-07 138.62(10) 139.28(7)
03-Ln-08 149.06(11) 148.59(7)
04 -Ln-0S 80.19(11) 79.72(8)
04 -Ln-06 130.71(11) 130.56(8)
04 -Ln-07 70.84(10) 70.92(7)
04-Ln-08 138.83(11) 138.84(7)
05-Ln-06 68.02(11) 68.37(7)
05-Ln-07 75.59(11) 75.07(8)
05-Ln-08 97.23(12) 97.12(9)
06—-Ln-07 130.54(11) 130.29(8)
06-Ln-08 83.51(11) 83.45(8)
07-Ln-08 68.79(10) 68.68(7)

TABLE II1. Principal Interatomic Distances and Angles in the
Oxalate Ligands.

Fig. 1. ORTEP view of the [Lny(0x);]*” ion viewed in a Ligands 1 Y Er
direction slightly oblique to the crystallographic twofold C1-Cl 1.543(7) 1.531(5)
axis, illustrating atom numbering scheme. Parameters for Ln C1-01 1.247(5) 1.254(3)
= Er were used., C1-02 1.241(5) 1.252(3)
01-C1-02 126.34) 125.7(3)
01-C1-C1 117.3(4) 117.3(3)
02-Cl1-C1 116 .4(5) 117.0(3)
TABLE 1II. Principal Interatomic Distances and Angles in Ligand 2
the Coordination Polyhedron of the Lanthanide Ions. C2_C3 1.564(6) 1.5394)
C2-03 1.263(5) 1.2914)
a) distances (A) Y Er C2-09 1.228(6) 1.247(4)
C3-04 1.264(5) 1.267(3)
(e.s.d) (0.003) (0.602) C3-010 1.224(S) 1.232(3)
En-O1 2,386 2.396 03-C2-09 125.6(4) 122.4(3)
Ln-02 2.352 2,352 03-C2-C3 115.4(4) 116.2(3)
Ln-03 2.339 2.342 09-C2-C3 119.0(4) 121.3(3)
Ln-04 2,342 2.342 04-C3-010 126.4(4) 125.8(3)
Ln-05 2.299 2.315 04-C3-C2 114.0(4) 115.1(3)
Ln-06 2.342 2.322 010-C3-C2 119.6(4) 119.1(3)
Ln-07 2.351 2.337
Ln-08 2,338 2.337 Ligand 3
C4-C5 1.536(7) 1.536(4)
Average Ln—0O 2.344 2.343 C4-05 1.279(5) 1.2524)
(b) Angles Y Er C4-011 1.227(6) 1.223(4)
C5-06 1.251(6) 1.272(4)
01-Ln-02 68.49(9) 68.58(6) C5-012 1.241(5) 1.242(4)
01-Ln-03 75.73(11) 74.93(8) 05-C4-011 125.9(4) 126.2(3)
O1-Ln-04 131.12(11) 131.24(M) 05-C4-C5 114.3(4) 114.6(3)
01-Ln-05 141.46(11) 141.62(7) 011-C4-C5 119.94) 119.1(3)
01-Ln-06 73.70(10) 73.49(7) 06-C5-012 126.8(5) 126.0(3)
01-Ln-07 130.43(10) 130.89(7) 06-C5-C4 115.24) 115.4(3)
01-Ln-08 73.75(11) 74.11(7) 012-C5-C4 118.0(4) 118.6(3)
02-Ln-03 87.22(12) 86.99(8)

(continued overleaf)
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TABLE 111. (continued)

Ligand 4

c6-C7 1.555(6) 1.557(4)
C6-07 1.258(5) 1.276(4)
C6-013 1.241(5) 1.237(4)
C7-08 1.266(6) 1.256(4)
C7-014 1.220(6) 1.220(4)
07-C6-013 125.6(4) 125.4(3)
07-C6-C7 115.7(4) 115.4(3)
013-C6-C7 118.7(4) 119.2(3)
08-C7-014 125.5(4) 126.3(3)
08-C7-C6 115.1(4) 114.7(3)
014-C7-C6 119.4(4) 118.9(3)
Averages

C-C (br) 1.543 1.531
C—C (nbr) 1.552 1.544
C-0 (br) 1.245 1.253
C-01 (nbr) 1.264 1.269
C—02 (nbr) 1.230 1.234

normal to the twofold axis. Ln—O distances for the
Er complex are in the range 2.315(2)-2.396(2) A
and average 2.343 A; analogous values for the Y
complex are 2.299(3)-2.386(3) Aand 2344 A
(Table II). The distances fall in the range found for
octacoordinated Y and Er.

Interatomic distances within the oxalato ligands
are given in Table III. The C—C bond lengths in the
Er complex range 1.531(5)—1.557(4) A and average
1.538 A; corresponding values for the Y complex
are 1.536(7)—1.564(6) A and 1.548 A. The bridging
oxalates interact more with the Ln®" ions than the
nonbridging ones, and have correspondingly shorter
C—C bonds than the nonbridging ones as expected
[6]. Averages for C—C distances are 1.543 A for
bridging ligands, 1.552 A for nonbridging ligands for
the Y complex, and respectively 1.531 and 1.544
A for the Er complex. Averages for the C—O dis-
tances are 1.245(Y) and 1.253(Er) (bridging C-0),
1.264(Y) and 1.269(Er) (nonbridging coordinated
C—O0) and 1.230 A(Y), and 1.234 A(Er) for non-
bridging uncoordinated C—O. These distances (C—0)
agree closely with those found in planar and non-
planar carboxylate groups. Nonbridging oxalates
are planar to within 0.13 A, while the bridging
oxalate is planar to within 0.02 A,

Characterization of the K' ion coordination is
complicated by the disorder in one of the cations
(K5), in one of the water molecules (O7W), and by
the high thermal motion and resulting uncertainty
in the positions of most of the water molecules.
Cation K1 has seven contacts of length less than
3.0 A to oxalato oxygen atoms and a longer contact
of 3.262(7) A to water molecule O6W. Cation K2 is
clearly octacoordinate, having four contacts of 3.0

1. A. Kahwa, F. R. Fronczek and J. Selbin

A or less to oxalato oxygen atoms and four similar
contacts to water molecules. Cation K3 has six con-
tacts less than 3.0 A to oxalato O atoms and three
contacts (2.94—3.32 A) to water molecules. Cation
K4, which lies on a twofold axis, had four contacts
to the oxalato oxygen atoms and four to water mole-
cules in the range 2.79-3.11 A. The disordered
cation position (K5) has two contacts to oxalato O
atoms, four to ordered water molecules, and one to
one of the disordered water molecule sites. There
is also a distance of 2.64 A between the two half-
populated K5 positions of KgY,0x4*14H,0, how-
ever, this distance is too short to allow them to be
simultaneously occupied.

From the crystal data in Table I, it is apparent
that lanthanides Tb, Dy, Er and Yb, as well as Y,
form the oxalato dimeric structure. Ho and Tm were
not studied. Proceeding across the series from Tb
to Yb, the following trends are evident: decreasing
unit cell volume, increasing density, decrease in each
of the axial lengths, and a steady decrease in the
B angle towards mutual orthogonality of the axes.
Perhaps not unexpectedly, the Y compound does not
fit well into the trends, having an identical cell
volume to the Er compound, but a smaller § angle
than any of the other compounds studied.

The Influence of the Ionic Potential of Ln** on the
Maximum Number of Oxalates the Cation can
accomodate and the Coordination Number of Ln®*

This work and that covered elsewhere [1] have
demonstrated that the maximum number of
oxalates the lighter (larger) members of the
lanthanide series are capable of accepting is 3 while
the heavier members may accept up to 3.5 oxalates
per Ln®" cation [1]. It seems (not unexpectedly)
that cations with a large ionic potential (g/r) have
larger tolerance for large negative changes than those
with a small g/r. The cutoff point in the series
LnOx;" to LnOx;5*" is at Tb®" with q/r =325 (r =
0.923 A in sixfold coordination [7] employed for
comparative purposes) whereas the large but tetra-
valent cation Th** with ionic potential 4.0 may
accept four and perhaps more oxalate ligands [8].
The ionic potentials of Th** and U*" are large enough
to support the large negative field afforded by the
four ligands in ThOx4*~ and UOx,*".

The preference for a lower coordination number
by the smaller Ln®" cations noted earlier appears to
result from their larger q/r values which improves the
tolerance of Ln>* for excess negative charges. Thus,
in complexes of Ln* with small coordination
numbers the radius of Ln" is usually smaller than it
is in complexes with large coordination numbers [7].
The ratio of Ox:Ln increases from 3.0 to 3.5, when
the reduction in coordination number results in
a sufficiently large gq/r value to support excess nega-
tive charge of 4 on the resulting lanthanate complex
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TABLE IV. Coordination Numbers in Some Lanthanide Compounds.
Complex compound Negative charge CN Ref.
on the complex
lanthanate anion

HsO0, [Ex(OxH*Ox+OH, ]~ 1 9 2
Kg[Er,Ox4]:14H,0 4 8 this work
NH4YOX2'OH2]‘H20 1 9 3
Ks[Y,0x47]-14H,0 4 8 this work
La[EDTAH-(OH;)4]-3H,0 0 10 9
KLa{EDTA-(OHj)3]*5H,0 1 9 10
Ln; 03 (Ln = Light Ln) 0 7 11
K[LnO,] (Ln = Light Ln) 1 6 12
LnPQ, 0 8 13
Naj [Ln(PO4);] 3 6 14
K3[Lny(NO3)g] (Ln = Pr, Nd, Sm) 1.5 12 15
[Ph3EtP], {Ce(NOa)s] 2 10 16
LnCl3 (Ln = La—Gd) 0 9 19

(Ln = Tb, Dy) 0 8 19
LnClg3™ 3 6* 20
LnBr; (Ln = La-Pr) 0 9 19

(Ln = Nd-Eu) 0 8 19
LnBrg>~ 3 6* 20
Lnl (Ln = La—~Nd) 0 8 19
Lnlg3~ 3 6* 21

*Spectroscopic evidence.

anion. Preference for low coordination numbers
when the complex formation results in such excess
negative charge is widespread among lanthanide com-
pounds (see Table IV),

In fact large coordination numbers, e.g. 11 and
12, are found in complexes with neutral ligands such
as neutral macrocycles with etheréal oxygens or
nitrogen ligating atoms and/or monovalent bidentate
ligands e.g. NO;~ [15, 17], which do not impose
high excess negative charges on the lanthanide(ate)
complex ion. In view of the foregoing, it seems to
us that the distortions leading to an anomalously
long Ln—08 distance in the triclinic complexes [!]
might be an expression of the need to expel the
ninth atom from the coordination sphere of Ln%*,
The continued presence of the water molecule in
the Ln®* coordination sphere might be due to its
convenient location on the corner of the prismatic
triangle as well as to the neutrality of the H,O.

Conclusion

Although  steric  factors frequently enjoy
prominence when assessing the stability of a given

coordination polyhedron [18] differences in the
jonic potentials of Ln* seem also to play an impor-
tant role. The Ln®" cation will achieve the largest
ionic potential possible to better accommodate an
excess negative charge on the lanthanide. The forma-
tion of negatively charged lanthanate anions thus
depends on the ability of Ln** to support the result-
ing negative field.
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o6wW b 0.2401(13) 0.1762(18) 0.4132(8) o6wW 0.2378(9) 0.1744(9) 0.4148(5)
O7TWA 0.1796(15) 0.3593(25) 0.4455(12) O7TWAP 0.1717(11) 0.3627(14) 0.4405(7)
O7WB*® 0.078(4) 0.389(6) 0451(3) 07WB® 0.0664(20) 0.3822(29) 0.4507(14)
C1 —0.0391(4) 0.1817(6) 0.2307(3) C1 —0.0392(3) 0.1807(4) 0.2306(2)
C2 0.1329(5) 0.4377(7) 0.1615(4) C2 0.1309(3) 5.4360(5) 0.1626(3)
C3 0.2215(4) 0.3908(6) 0.1708(3) C3 0.22i5(3) 0.3897(5) 0.1714(2)
C4 0.1510(5) 0.1413(7) 0.0140(3) C4 0.1498(3) 0.1403(5) 0.0134(2)
Cs 0.0558(5) 0.1492(7) 0.0149(3) Cs 0.0544(3) 0.1478(5) 0.0149(2)
C6 0.2103(5) —0.0533(M) 0.1744(3) (¢ 0.2108(3) —0.0535¢5) 0.1750Q2)
Cc7 0.1180(5) -0.0924(7) 0.1694(4) Cc7 0.1185(3) -0.0930(5) 0.1708(3)

Estimated standard deviations in the least significant digits
are shown in parentheses.  2Population 1/2. bPopulation
0.79.  “Population 0.21.

Estimated standard deviations in the least significant digits
are shown in parentheses. *Population 1/2.  °Population
0.79.  “Population 0.21,



