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Rare Earth Carboxylates. 26. The Geometry of the Mononuclear

Tris(oxydiacetato)cerate(III) Complex in the Solid State

JORGEN ALBERTSSON and INGA ELDING
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Lund 7, Sweden

The crystal structure of the compound
Na,[Ce(C,H,04);].2NaCl0,.6H,0 has been de-
termined at 123, 163, and 295 K using X-ray
intensity data collected with a four-circle
single crystal diffractometer. The space group
is R32 with Z=3. The unit cell dimensions are
a=19.805(1) and ¢ = 28.545(1)A at 295 K. Layers,
parallel to the ab-plane, containing the tris(oxy-
diacetato)cerate(IIl) complexes and the per-
chlorate ions, interspaced with layers containin,
the water molecules and the sodium ions buil
up the structure. A slightly distorted tricapped
trigonal prism of carboxylate and ether oxygen
atoms surrounds the nine-coordinated cerium
ion. The geometry of the complex is compared
to the geometry of the tris(oxydiacetato)cerate-
(III) complex in the triclinic compound
Na,[Ce(CH 0;):].9H,0.

In a not too diluted water solution containing
the trivalent cerium ion and the tridentate
ligand oxydiacetate in the molar ratio 1:3, the
predominant speciesis the tris(oxydiacetato)-
cerate(III) complex.! Solution X-ray diffrac-
tion has shown that nine donor oxygen atoms
forming a tricapped trigonal prism (TCTP)
surround the lanthanoid ion.? The symmetry of
the complex in water solution is D;. The distor-
tion of the coordination polyhedron from the
Dy, symmetry of a regular TCTP depends on
ligand constraints which cause the triangular
faces to be slightly rotated relative to one
another.?

The sodium salts of the tris(oxydiacetato)-
cerate(III) complex can be prepared by slow
evaporation of a water solution at room tem-
perature. In the simple sodium salt, the tri-
clinic Na,[Ce(CH,0;);].9H,0 (TCD@G), the sym-
metry of the complex ion is degraded to C,
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by the packing forces.* The most predominant
of these forces are the coordination of the outer
carboxylate oxygen atoms to the sodium ions
and the hydrogen bonds between the water
molecules and both the outer and inner carbox-
ylate oxygen atoms of the complex.® However,

if sodium perchlorate is present in the mother

liquor, ‘a double salt, the trigonal Na,-
[Ce(C,H,O;);].2NaClO,.6H,0 (CDG), is formed,?
in which the complex retains the D, symmetry
in the solid state.

The present investigation aims at comparing
the geometry of the tris(oxydiacetato)cerate-
(III) complex in the triclinic and the trigonal
phases. The results of both X-ray and neutron
diffraction studies on the triclinic TCDG-
phase have been published previously,* as
well as the results of X-ray studies on the tri-
gonal “CDG-phase’” formed by the lantha-
noid ions neodymium(III), gadolinium(III),
and ytterbium(III).»® To obtain the actual
bond distances and bond angles in CDG, we
have now investigated this compound with
X.-ray diffractometry. Due to the potential
low temperature applications of CDG as a
magnetic coolant and thermometer ? the effect
of cooling on the structure was also investigated
by collecting data at 123 and 163 K besides
room temperature, 295 K.

EXPERIMENTAL

Data collection. Crystals of CDG were prepared
as described in Ref. 6. Table 1 gives information
concerning the collection and reduction of the
intensity data sets and the refinements based
on them. The method employed in the data



22 Albertsson and Elding

Table 1. Data collection and reduction of CDG. The least-squares refinements.

Crystal 1

Crystal 2

Crystal size (mm3)
Radiation

0.09 0.11x 0.17
Graphite monochromated CuK«

0.05x 0.09x 0.10
Graphite monochromated CuKo

w-Interval (°) (w—20 scan) 0.804-0.50 tan 0 0.7540.40 tan 0
6-Interval (°) 5—170 510
Minimum number of counts in 3000 3000
a scan
Maximum recording time (min) 3 3
#(CuKe) (em™) 139.3 139.3
Range of the transmission factor 0.28—0.42 0.34—0.58
Temperature (K) 295 163 295 123
Number of measured reflexions 642 1162 v 1193 1233
Number of reflexions given 11 29 - -
zero weight [I<<3a.(I)]
Number of reflexions skipped
due to ocollision - - 27 14
Number of independent re-
flexions used in the final
refinements, m 598 583 594 592
Number of parameters refined, n 77 717 77 77
R=J||F,|— [FIZIF.| 0.023 0.029 0.028 0.028
Ry={3w(|Fo|— |F)R/Sw|F 5 0.031 0.040 0.036 0.035
S={Sw0(|Fo|— |F )/ (m—n)jiis 0.995 0.908 0.865 0.881
C, (weighting function) 0.0005 0.0009 0.0005 0.0005

] " 0.5 2.0 0.5 0.5
g x 104 (extinction) 0.116 0.134 0.077 0.207
Mosaic spread (') 4.99x 100 4.34x 10 7.57x 10 281x 10°
Domain size (cm) 0.18% 10¢ 0.21x 104 0.12x 10~ 0.32x 10~
collection has been described in Ref. 4 and 295 K 163 K 123 K
the low temperature apparatus in Ref. 8.
To certify that the derived model of CDG and a/A 9.8052(9) 9.7405(11)  9.7117(79)
its interatomic distances and angles are typical ¢/A 28.5452(14) 28.4540(17) 28.4531(118)
of that material duplicate measurements on V/A3 2376.7 2337.9 2324.1

two different crystals were performed. Fluctua-
tions in the intensities in three reference reflex-
ions were mostly within 8 9, for crystal 1
and 12(%, for crystal 2 and they could be
described by polynomials of the second degree
which were used for scaling the data sets. The
values of I and o.(I) were corrected for Lorentz,
Eolariza,tion, and absorption effects. o () is

ased on counting statistics. The expression
used in the polarization correction was p=
(1 + cos? 20 c0s220)/(1 + cos? 20yy) with 6y = 13.3°.

Unit cell and space group. CDG, Na,
[Ce(CH O5),].2NaClO,.6H,0, F.W.=958.28,
crystallizes in the trigonal system with space
group R32. The unit cell dimensions at the
different temperatures were determined with
least-squares refinement of 6-values for about
40 reflexions, measured on the diffractometer
with CuK«, radiation as described in Ref. 8
(A=1.54051 A). The following unit cell dimen-
sions were obtained.

The unit cell contains three formula units.®

Refinements. The parameters used as starting
values in the least-squares refinements of CDG
were those for the non-hydrogen atoms in the
neodymium structure in Ref. 3. The func-
tion Sw(|F,|—|F.)*? was minimized with
weights calculated using the equation 1/w=
0 2[4 F 2+ Cy|F |*+Cy. C, and O, are adjust-
able constants. An isotropic extinction correc-
tion was also included. After a few cycles of
refinements R had converged to 0.056. Anoma-
lous dispersion for Ce and Cl was included and
resulted in R=0.093. The other absolute con-
figuration was then tried with the unaveraged
data and one cycle of refinement gave R =0.027.
This absolute configuration was chosen as
a model of CDG in crystal 1. CDG in crystal 2
appears to have the same absolute configura-
tion as in crystal 1.

Only one of the hydrogen atoms of the water
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molecule could be located in a difference synthe-
sis. This atom, hydrogen bonded to O(2), and
the methylene hydrogen atoms were included
in the structure factor calculations with their
isotropic temperature factors fixed at 5.0 Az
Attempts to refine these coordinates were
not successful.

The parameter shifts in the last cycle of
refinements were within 10 9, of the estimated
standard deviations, except for Cep,, in the
123 and 163 K structures (12 and 20 9, respec-
tively), O(1)8,s in the 123 K structure (30 %),
and O(1)8,, in the 295 K structure of crystal 1
l(22 %). Final difference maps were feature-
ess.

The scattering factors for Ce were taken
from Cromer et al.* those for Na, Cl, O, and C
from Hanson et al.® and those for H from
Stewart et all! The anomalous dispersion
corrections were taken from Cromer and Liber-
man.!? Tables 2 and 3 list the final positional
parameters with estimated standard devia-
tions and the thermal parameters, respectively.
Lists of structure factors are available on
request from the authors.

Probability plot -analysis. As intensity meas-
urements at 295 K were made with two dif-
ferent crystals, a probability plot of the meas-
ured structure factors was performed according
to Abrahams and Keve.’* Ordered values of
my= (|F(1)| - K|F(2)))/[0*F(1); + K*a*F (2)]*
are compared with the values expected for
& normal distribution with zero mean and unit
variance. K is a scale factor such that 3(dm;)?
is & minimum. Fig. la shows that the plot is
linear with slope 0.48 and intercept —0.03.
A half-normal probability plot of the positional
and thermal coordinates (a oJp-plot: dp;=
o)~ [P@l/loP (1) +o2NNR) s shown
in Fig. 1b. This comparison results in & straight
line with slope 0.97 and intercept 0.06 indicating
that the systematic differences between the
two determinations are very small. Together
the dm- and Jp-plots indicate that the system-
atic errors are comparable or smaller than the
random errors and that the values assigned to
o(F) are larger than the correct ones (see p.
162 in Ref. 13). dR-plots comparing model with
experiment were also made for each of the two
295 K structures (Fig. lc and d). The slopes
are somewhat smaller than the S-values (Table
1): 0.93 for crystal 1 and 0.80 for crystal 2.
They indicate that the ¢(F)’s are overestimated
by 8 and 25 9%, respectively. As the slope of
the Jdm-plot is still lower than the slopes of
the SR-plots, there also appears to be an under-
estimation of AF;=|F(1);|—K|F(2);] in the
om-plot. Parameters from crystal 1 only are
given in this paper for the 295 K structure of
CDG as this determination seems to be better
than that of crystal 2.
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Fig. 1. Probability plot analysis of data and models of CDG at room temperature: (a) a dm-plot
comparing the data sets for crystal 1 (HCDG1) and crystal 2 (HCDG2); (b) a dp-plot comparing
the models derived from crystals 1 and 2; (c) a R-plot comparing the model with experiment for

crystal 1; (d) the same for crystal 2.

DISCUSSION

A description of the structure has been given

in Refs. 3 and 6. The structure is composed of

layers, perpendicular to ¢ containing the mono-
nuclear tris(oxydiacetato)cerate(III) complexes
and the perchlorate ions alternating with layers
containing the sodium ions and the water
molecules. In Ref. 3 projections of the cerium

layer including the perchlorate ion and the
sodium layer are shown. Figs. 2—4 show
stereoscopic pairs of drawings of the cerium
complex, part of the sodium layer, and the
vicinity of the water molecule including the
perchlorate ion, respectively. Table 4 gives
selected interatomic distances and angles with
estimated standard deviations. The room tem-
perature values in Table 4 are slightly at

Acta Chem. Scand. A 31 (1977) No. 1



Rare Earth Carboxylates 26 25

Table 3. Thermal parameters with standard deviations ( X 10%). The form of the temperature factor is

exp (—fB1h* =280k ..).

' ﬂll ﬁll ﬂaa ﬂll ﬂl! ﬁaa

4. 205 K

Ce 992(10) 992(10) 43(1) 496(5) 0 0

cl 1665(29) 1665(29) 97(2) 833(15) 0 0
Na(1) 2186(63) 15630(59) 193(6) 765(30) 28(8) 56(15)
Na(2) 1268(40) 1268(40) 100(3) 634(20) 0 0
o(1) 1265(115) 1265(115) 103(7) 459(67) —29(19) 29(19)
0(2) 1575(62) 1424(58) 95(4) 713(52) —19(13) 69(13)
0(3) 2059(90) 1713(63) 150(5) 928(61) 89(17) 249(16)
0(4) 1767(73) 2218(126) 229(8) 527(115) 74(19) —92(44)
0(5) 4028(240) 4028(240) 107(9) 2014(120) 0 0
0(6) 2205(133) 2071(119) 105(4) 1075(119) 1(17) 55(16)
o(1) 1716(103) 1245(87) 131(8) 537(79) 107(24) 60(23)
c(2) 1363(128) 1264(69) 98(5) 689(94) 103(22) 58(14)
B. 163 K

Ce 820(14) 820(14) 25(1) 410(7) 0 0

cl 1166(32) 1166(32) 55(3) 583(16) 0 0
Na(1) 1593(64) 1240(68) 101(5) 620(34) 16(8) 32(15)
Na(2) 999(51) 999(51) 61(4) 500(26) 0 0
o(1) 969(150) 969(150) 81(8) 650(82) 19(21) —19(21)
0(2) 1201(75) 1167(73) 60(5) 637(64) 5(16) 34(16)
0(3) 1506(97) 1300(73) 91(6) 680(69) 69(18) 142(17)
O(4) 1207(72) 1465(114) 106(6) 554(99) 30(16) 25(35)
o(5) 2138(162) 2138(162) 58(9) 1069(81) 0 0
0(6) 1464(121) 1405(112) 64(5) 632(111) —31(18) 43(17)
c(1) 1097(107) 1090(111) 71(8) 390(89) 69(25) 18(25)
c(2) 1137(151) 973(85) 63(6) 638(117) 74(27) 47(17)
C. 123 K

Ce 932(12) 932(12) 29(1) 466(6) 0 0

cal 1377(33) 1377(33) 72(2) 688(16) 0 0
Na(l) 1809(65) 1421(69) 133(5) . 1711(35) 35(8) 70(16)
Na(2) 1116(48) 1116(48) 77(4) 558(24) 0 0
o(1) 1271(152) 1271(152) 89(8) 485(87) —19(24) 19(24)
0(2) 1383(73) 1207(67) 71{4) 691(61) 14(14) 87(14)
0(3) 1738(95) 1566(76) 135(6) 914(69) 130(18) 221(18)
0O(4) 1387(72) 1676(119) 155(6) 568(107) 58(17) 17(38)
0(5) 3028(206) 3028(206) 79(9) 1514(103) 0 0
0(6) 1935(140) 1832(126) 78(5) 975(125) —20(18) 34(17)
c(1) 1748(136) 1337(119) 111(9) 700(108) 92(29) 39(28)
c(2) 1400(163) 1240(88) 81(6) 701(114) 92(25) 44(17)

variance with what may be expected from
the values in Table 4 of Ref. 3. The probability-
plot analysis indicates, however, that the
present investigation of CDG must be looked
upon as more accurate than the neodymium
and ytterbium studies presented in Ref. 3.

The coordination polyhedron. As is the case
in TCDG,* the cerium ion in CDG is surrounded

Acta Chem. Scand. A 31 (1977) No. 1

by a distorted TCTP of carboxylate and ether
oxygens (Fig. 2). To compare the distortions
of the two polyhedra in CDG and TCDG,
respectively, a number of quantities are col-
lected in Table 5. The geometry of the coordina-
tion polyhedron in CDG is almost unchanged
in the temperature interval 123 —295 K. The
triangular faces of the trigonal prism are only
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Fig. 2. The tris(oxydiacetato)cerate(III) complex. The thermal ellipsoids for the non-hydrogen
atoms are scaled in Figs. 2 —4 to include 50 9, probability.

Fig. 4. The hydrogen bond O(6)—H(W)---0(2) and the perchlorate ion.

approximately equilateral in TCDG where
the symmetry of the polyhedron is C,. The
edge is about 0.1 A longer in TCDG than in
CDG. The equatorial triangle has approximately
the same edge length in CDG and TCDG.
The height of the trigonal prism, measured
as the distance between the centroids of the
triangular faces in TCDG, is about 0.1 A larger

in CDG than in TCDG. In TCDG the two
triangular faces of the prism are tilted 2 and
5°, respectively, to the equatorial plane and 5°
to each other. The rigid oxydiacetate ligands
cause the triangular faces of the prism to be
rotated relative to one another. The resulting
torsion angles are calculated by method 1 as
given by Dymock and Palenik.1* The average

Acta Chem. Scand. A 31 (1977) No. 1
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Table 4. Selected interatomic distances (A) and angles (°) with e.s.d.’s in CDG at 295, 163, and 123 K. The
superseripts (i)— (v) indicate the following equivalent sites in the structure:

(l) YX,—2 (lll) —Y,x—Y— 1,2
(i) y—=z,—2,2 (iv) —y,xz—y,2
(V) 1+1‘I—'W,—¢,z

206 K 163 K 123 K
A. The cerium coordination polyhedron; distance
Ce—0(1) 2.564(6) 2.537(7) 2.564(7)
Ce—0(2) 2.471(4) 2.461(4) 2.457(4)
0(1)—0(2) 2.602(5) 2.579(6) 2.615(6)
0(1)—0(2il) 3.096(5) 3.068(6) 3.063(6)
0(2)— 0(2il) 3.091(7) 3.092(9) 3.075(8)
0(21)— O(2ii) 3.476(7) 3.446(8) 3.444(7)
B. The ligand; distance
0(1)—C(1) 1.423(7) 1.436(9) 1.435(9)
C(1)-C(2) 1.541(11) 1.532(13) 1.542(13)
C(2)—0(2) 1.241(7) 1.258(10) 1.249(9)
C(2)—0(3) 1.234(6) 1.247(8) 1.246(7)
Angle
C(1)—O(1)—C(1i) 116.4(8) 113.6(8) 117.4(8)
0(1)—-C(1)—C(2) 110.3(6) 108.9(6) 110.1(6)
C(1)—-C(2)—-0(2) 116.5(5) 116.9(8) 117.0(6)
C(1)—C(2)—0(3) 117.9(6) 118.4(8) 118.0(7)
0(2)—C(2)— 0(3) 125.3(8) 124.6(9) 124.6(9)
Dihedral angle
0(1)—C(1)-C(2)—0(2) — 4.2(0.9) —5.8(1.1) —4.6(1.1)
0(1)—C(1)—C(2)—0(3) 171.0(0.6) 171.3(0.8) 168.8(0.7)
C(11)—0(1)—C(1)—-C(2) —176.6(0.6) —176.3(0.7) —176.5(0.7)
C. The sodium coordination; distance
Na(1)-0(3) 2.589(6) 2.549(6) 2.529(6)
Na(1)—O0(4) 2.455(9) 2.451(9) 2.427(9)
Na(1)—0O(6) 2.270(6) 2.269(6) 2.266(6)
Na(1)—Na(2) 3.593(3) 3.526(3) 3.539(4)
Na(2)—0(3) 2.365(4) 2.334(5) 2.346(5)
Na(2)—0(6) 2.497(5) 2.476(6) 2.459(6)
D. The perchlorate ion; distance
Cl-0(4) 1.420(5) 1.439(6) 1.433(6)
Cl—-0(4)* 1.455(5) 1.452(6) 1.452(6)
Cl—-0(5) 1.401(8) 1.420(8) 1.399(8)
Cl—-0(5)* 1.463(10) 1.445(9) 1.441(9)
Angle
0O(4)— C1— O(4iil) 107.9(2) 109.0(2) 108.8(2)
0(4)—C1—-0(5) 111.0(2) 110.0(2) 110.1(2)
E. The water molecule and possible hydrogen bonds; distance
0(6)—H(W) ) 0.86 0.87 0.83
H..-(W)0(2) 2.03 1.94 2.00
0(6):--0(2) 2.835(6) 2.799(6) 2.806(6)
0(6)---0(3iV) 3.198(8) 3.155(8) 3.142(8)
0(6)---0(4") 3.290(14) 3.232(13) 3.239(13)
0(6)---O(2iV) 3.191(6) 3.155(7) 3.175(7)

Acta Chem. Scand. A 31 (1977) No. 1
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Table 4. Continued.
Angle

0O(6)—H(W)---0(2) 154.3
0(2)-+-0(8)---O(3iY) 97.5(2)
0(2)-+-0(8)---0O(4") 94.5(2)
0(2)-+-0(8)-+-O(2i%) 61.4(2)

169.3 164.9
99.1(2) 98.2(2)
95.7(2) 94.4(2)
62.2(2) 61.5(2)

4 Values corrected for thermal motion, O(4) and O(5) riding on Cl.

torsion angle in TCDG is about the same as
the angle in CDG. The difference in height
between the prisms is, thus, compensated by
the difference in the length of the edges of
the triangular faces.

The six cerium-carboxylate oxygen bond
distances within the trigonal prism are 2.471
A at room temperature. The average value in
TCDG is 2.477 A. The three equatorial cerium-
ether oxygen bond distances are 2.564 A in
CDG and 2.583 A in TCDG (average value).
The equatorial bonds are significantly longer
than the prismatic bonds. The symmetry
requires the cerium ion to be in the equatorial
plane of the CDG polyhedron. Also in the poly-
hedron of symmetry C, in TCDG, the cerium
ion is located in the equatorial plane. The quo-
tient between the equatorial and prismatic
bond distances, ¢ in Table 5, has the same
value in both structures. The angle 6 in Table
5 is calculated as the angle between the line
connecting the cerium ion and the centroid
of a triangular face and the bond between
cerium and a carboxylate oxygen in this tri-
angle. The regular TCTP of symmetry D, is
described by the parameters ¢ and 6. The

distortions of the polyhedra in TCDG and
CDG from the symmetry D, are small making
it possible to use ¢ and 6 for an approximate
description. The value of @ for a hard sphere
model with p=1.04 is 42.6°. Kepert ! has shown
that a more stable structure is obtained for
nine independent real ligand atoms by increas-
ing the hard sphere value of 6 about 3°. The
values of 6 for the CDG and TCDG complexes
formed by three tridentate ligands are 46.3 and
48.2°, respectively, corresponding to increases
from the hard sphere value of 3.7 and 5.6°.

The ligands. The oxydiacetate ion is approxi-
mately planar in CDG as can be seen from
the dihedral angles (Table 4 B). Its conformation
is, however, slightly different in CDG and
TCDG at 295 K. The dihedral angles correspond-
ing to, e.g., O(1)—C(1)—C(2)—0O(2) are in
TCDG ligand 1: —12.5 and 10.8° ligand 2:
2.7 and - 3.2° ligand 3: 6.0 and —14.9°. Its
value is +4.2° in CDG at 295 K. Most inter-
atomic distances (bonded and non-bonded) less
than 2.50 A appear to be longer at 123 and
163 K than at 295 K as the geometries of the
ligand at the different temperatures are uncor-
rected for thermal motion.

Table 5. A comparison of the coordination polyhedra in CDG and TCDG.* The various quantities are defined

in the text.

TCDG(295 K) CDG
Quantity Range Average 295 K 163 K 123 K
Edge of the prismatic
triangles (A) 3.10—3.22 3.20 3.09 3.09 3.08
Edge of the equatorial .
triangle (A) 4.38—4.53 4.47 4.44 4.39 4.44
Height of the prism (A) - 3.30 3.42 3.39 3.40
Tilt angles (°) 2,6 6 - - - -
Torsion angle (°) 19.2—-21.7 20.1 20.5 20.3 18.6
0 1.02—-1.05 1.04 1.04 1.03 1.04
0 (°) 45.6— 50.7 48.2 46.3 46.5 46.3
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Fig. 5. A 6d probability plot comparison of the bond distances and angles in the oxydiacetate ligands
in CDG and TCDG at 295 K: (a) half-normal, (b) full-normal.

The oxydiacetate bond distances and bond
angles within the cerium complexes in TCDG
and CDG are compared at 295 K in Fig. 5.
Both half-normal (@) and full-normal (b) prob-
ability plot comparisons of interatomic dis-
tances less than 2.60 A are shown.'$17 The
non-linear plots with intercepts 0.33 and 0.10,
respectively, indicate differences between the
ligands in the two structures. The distance
C(1)-C(2) is 1.541 A in CDG but the corre-
sponding average value is 1.507 A in TCDG.
The angle O(1)— C(1)—C(2) is smaller in TCDG
(average value 107.9°) than in CDG (110.3°).
The angle C(1)—O(1)—C(1i) has also a smaller
value in TCDG (average value 112.5°) than in
CDG (116.4°). On the average, the geometry
of the ligands of TCDG are more in agreement
with the geometry of the oxydiacetate residues
in the alkali hydrogen salts 1 than is the ligand
in CDG.

The hydrogen bonds. The only hydrogen bond
distance in the structure is between O(6) and
0(2), 2.84 A at room temperature. The water
hydrogen atom found in the difference synthesis
is located between these two atoms. There is
a possibility for an interaction between the

Acta Chem. Scand. A 31 (1977) No. 1

other water hydrogen atom and either of the
oxygen atoms O(3) and O(4). The distances
at 295 K are O(6)— O(3¥), 3.20 A, and O(6)—
0O(4Y), 3.29 A. In Fig. 4 the hydrogen atom not
found has been drawn dotted in a position where
its distances to O(3i¥) and O(4") are about the
same. As no peak corresponding to this hydro-
gen atom was found in the difference synthesis
it might be disordered.
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