ACTA CHEMICA SCANDINAVICA 24 (1970) 1213-1229

Structural Studies on the Rare Earth Carboxylates

4. The Crystal and Molecular Structure of Orthorhombic Trisodium
Tris (pyridine-2,6-dicarboxylato) ytterbiumate (IIT) -14-hydrate

JORGEN ALBERTSSON

Inorganic Chemistry 1, Chemical Center, Univflr:ity of Lund, P.O. Box 740, S-220 07 Lund 7,
Sweden

The structure of the orthorhombic tris(dipicolinato)ytter-
biumate(III) compound Na,[Yb(OCOC,H,NOCO);]-14H,0 has been
determined from threedimensional X-.ray intensity data collected
with the Weissenberg multiplefilm technique. The compound crystal-
lizes in the space group Pnna with the unit cell dimensions
a=10.323+0.006 A, 6=21.11940.006 A, and ¢=16.581+0.003 A,
Z=4. The structure contains mononuclear tris(dipicolinato)ytter-
biumate complexes. Each dipicolinate ion acts as a tridentate ligand
forming two five-membered rings with the ytterbium ion which is
thus nine-coordinated. The coordination polyhedron around the
ytterbium ion can be described as a distorted trigonal prism of car-
boxylate oxygen atoms with the nitrogen atoms lying outside the
approximately rectangular faces of the prism. The average value of
both the Yb—O and Yb—N bond distances is 2.35+0.02 A. All
Yb—Yb distances are very long, the shortest one is 9.76 +-0.01 A. The
water oxygen atoms and the carboxylate oxygen atoms coordinated
to the sodium ions form finite chains, each containing four octahedra
connected by sharing edges. These chains are parallel to the ¢ axis.
Each sodium site has an occupation number of about 34. The tris(di-
picolinato)ytterbiumate complexes are held together by the sodium
ions in layers perpendicular to the ¢ axis. These layers are connected
only by hydrogen bonds via the water molecules.

Grenthe 1 has determined the compositions and the relative amounts of the
complexes formed in solution between the trivalent lanthanoid ions and
the dipicolinate (or pyridine-2,6-dicarboxylate) ion, C;H,N(COO),*. This
species has three possible coordinating sites and presumably acts as a tridentate
ligand. In solution the stable mononuclear complexes ML, ML,, and ML, are
formed with all lanthanoids, suggesting that the central ion is at least nine-
coordinated.

As a ligand the dipicolinate ion is very similar to the oxydiacetate ion.
In the first paper of the present series? the crystal and molecular structure
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of the oxydiacetate compounds Na,/M(OCOCH,0CH,0C0),]-2NaCl0,.6H,0,
M =Ce-Lu, were reported. While the structures in that series are all isomor-
phous the situation is more complicated for the compounds containing the
mononuclear tris(dipicolinato)lanthanoidate(III) complexes. The elements
Ce-Dy give compounds with almost identical triclinic structures but
depending upon the method of preparation, hexagonal, monoclinic, and
orthorhombic phases have been obtained for the elements Dy-Lu?
This paper is a report of the crystal and molecular structure of the
orthorhombic compound trisodium tris(dipicolinato)ytterbiumate(I1I)-14-
hydrate, Nays[Yb(OCOC;H,NOCO),]-14H,0, which is referred to as ORTYB-
DIPIC below.

EXPERIMENTAL

Preparation and analysis. Gelatinous ytterbium hydroxide (2 mmole) and pyridine-2,86-
dicarboxylic acid (6 mmole) were dissolved in boiling water. Sodium hydroxide (about
6 ml 1 M) was added until the pH of the solution had a value near 7. Slow evaporation
at room temperature gave prismatic, regularly grown crystals. Since they effloresced very
rapidly they were stored in the mother liquor. Samples to be analysed were kept for
at least 12 h at room temperature in an atmosphere saturated with water vapor. In this
way the crystals could be preserved for at least one week before a change in the composi-
tion was detected. The compound was analysed for Yb, H,O, Na, N, C, and H. (The
last four elements by Division of Analytical Chemistry, University of Lund). The relative
amounts found are compared with those calculated for Na[Yb(OCOCH,NOCO),]14H,0,
F.W. 989.6.

Yb Na N C H H,0
Found 16.9 7.2 4.3 25.9 3.8 26.6 (%)
Calc. 17.5 7.0 4.2 25.4 3.7 25.5 (%)

The results of the analyses are compatible with (156+1) H,O per Yb but since only
14 H,O per Yb were found during the structure determination this latter amount seems
to be correct.

Powder work. Powder photographs were taken at room temperature with CuKa
radiation in a Guinier focusing camera (A=1.54178 A). Aluminium (cubic, a=4.04934 A
at 21°C) was used as an internal standard. After grinding together with some mother
liquor, the material was placed between plastic films during the exposure. To avoid
errors due to film shrinkage a scale graduated in 0.1 mm was photographed on the films
before their processing.

Single-crystal work. Freshly prepared single crystals of ORTYBDIPIC were mounted
in capillaries together with mother liquor. Even then, they could only be used for X-ray
work for about one week before disintegrating. The intensity data were recorded from
three different crystals. They were all prismatic, elongated in the a direction, with the
approximate dimensions 0.2x 0.1 X 0.1 mm?®. Two of them were mounted along the a
axis and employed for the layers Oki— 6kl and 7kl— 9kl, respectively. The third one was
mounted along the b axis and the layers A0l and k1l were recorded. Several attempts
to get more data along the b and ¢ axes failed because of the long time needed to mount
and adjust the crystals along other axes than a.

The intensity data were recorded with the non-integrated Weissenberg multiple-film
technique. Ni-filtered Cu radiation was used. The intensities were estimated visually by
comparison with a calibrated scale. All reflexions with h+4142n are weak or absent.
Furthermore, it was found that most reflexions with both A and ! even and with
h/2+ k4 2n were absent. Thus only 1285 independent reflexions were measured represent-
ing about 40 9, of the possible number in the recorded reciprocal region. The linear
absorption coefficient u is 59 cm™. Because of this low value and the small crystals
used, no absorption corrections were applied.
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Table 1. X-Ray powder data for ORTYBDIPIC.

Rkl 10* X sin?@  10* X sin20 I Wkl 10* X 8in?@ 10* X sint6 I
(observed) (calculated) (observed) (observed) (calculated) (observed)
011 34.9 34.9 w 125 649.4 649.5 8
020 54.0 53.3 vs 035 662.0 660.3 w
101 76.9 77.4 vvs 23 4} 692.1 {688.8} w
002 86.2 86.5 8 303 : 696.5
111 89.8 90.7 vs 313 710.3 709.8 w
121 131.2 1?}0.7 N 163 {730.0
022 139.8 171 731.6 730.3 w
03 1} 140.0 {141.5 m 15 4} 734.7}
112 156.3 155.6 w 341 739.7 736.7 m
131 198.5 197.3 m 323 748.9 749.7
013 207.3 207.9 w 25 3} : 750.7} vw
040 215.8 213.2 m 215 797.1 776.8}
200 225.5 223.1 vvw 006 : {778.2 m
210 234.5 236.4 w 172 796.5 795.1 vw
103 248.8 250.3 w 33 3} 814.9 {816.4} .
13 2} 9262.4 {262.1} vw 225 : 816.8
113 . 263.6 026 832.0 831.5 m
220 276.0 276.4 m 314 861.9 861.1 vvw
141 293.2 290.6 8 400 889.1 892.3 m
22 1} 207 .4 {298.0} w 343 909.1 909.6 m
042 : 299.7 082 934.3 939.2 w
123 302.1 303.6 ) 420 944.5 945.6 w
033 316.3 314.5 vvw 136 955.1 953.8 w
212 321.2 322.9 w 24 5} 075.8 {976.6
23 0} 343.7 {343.0} vs 402 : 778.7} m
004 : 345.9 182 995.5 995.0 w
222 361.0 362.8 vw 216 1012.0 1014.6 8
231 364.0 364.6 vvw 422 1033.5 1032.0 m
024 399.6 399.1 s 305 1041.9 1042.3 w
114 416.2 414.9 w 17 4} 1053.4 {1054.5}
23 2} 430.8 {429‘5} . 315 : 1055.6 w
213 : 430.9 236 1122.1 1121.1 m
240 440.2 436.3 vw 442 1191.9
143 460.9 463.5 m 07 5; 1194.4 {1193.3} m,d
223 466.7 470.9 w 084 1198.6
060 481.2 479.7 w 137 1236.0 {1234.8
301 523.8 523.5 w 40 4} 1238.1 m
31 1} . 5355 {536.9} m 066 1260.7 1257.8 m
233 : 537.5 424 1291.5 1291.4 w
015 550.5 553.7 vvw 291 1322.2 1323.9 w
062 561.9 566.1 vs 326 1333.4
321 576.8 256 1334.3
25 1} 576.4 {577.8} w 22 7} 1338.3 {1335.5} m,d
21 4} 589.8 {582.2 n 434 1360.9 1358.0 vw
153 : 583.4 008 1381.1 1383.4 m
105 596.9 596.2 vvw 292 1388.8 1388.8 vw
116 610.0 609.5 m 1101 1407.9 1409.8 m
243 634.1 630.8 vw :
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UNIT CELL AND SPACE GROUP

ORTYBDIPIC crystallizes in the orthorhombic system. The systemati-
cally absent reflexions are Okl: k+142n, hOl: h+142n, and hkO: h+2n. The
only possible space group is thus Prna (No. 52).% The general positions of this
space group are eightfold: 4 (z,y,2; Yo —2,9,2; , Y5 —y, Yo —2; Yo —2, Y5+ §, V5 —2)

Preliminary unit cell dimensions were obtained from Weissenberg and
oscillation photographs. They were improved by a series of least-squares
treatments of the powder data minimizing >w(sin?6,—sin%.)? with weights
w=1/gin?26,. The observed powder pattern is given in Table 1. The following
crystal data were obtained:

a = 10.3234.0.006 A Dy,
b = 21.1194-0.006 A D
¢ = 16.5814+0.003 A zZ
V=361 12 A

1.7 g/em?
1.74 g/cm?
4

(]

The density D, was estimated by flotation.

DETERMINATION AND REFINEMENT OF THE STRUCTURE

The special condition A-+4I=2n limiting the strong reflexions of
ORTYBDIPIC locates the ytterbium atoms in the positions 4(d),
+(, %, Y; Yo +2,%,%,), of the space group Pnna, i.e. on twofold axes. A linear
Harker synthesis computed for (u,5,1) gave 2=0.12. One could, however,
have arrived at approximately the same value of x without reference to any
Fourier summation. As noted above (p. 1214) most reflexions with both 2 and
! even are absent if /2 +k=2n+1. Since the scattering power of ytterbium
is much greater that that of the other atoms in the structure, this additional
condition might depend upon the actual location of the ytterbium atoms. If
both % and [ are even the contribution to the structure factors of the heavy
atoms in the positions 4(d) contains the factor 1+ exp(ni(k—4hx)) which is
zero for x=1Y; when Ah/2+k=2n+1. When h/2+k=2n and =14 its value
is 2. The great number of absent spectra thus depends both upon the fact
that the heavy atoms are located in the positions 4(d) and that they approxi-
mately fit into a centered rectangular lattice with the dimensions a/2 and b
when projected on the ab plane.

Omitting the reflexions with &I odd, the preliminary value £=0.12 for
the ytterbium atoms was refined together with the isotropic temperature
factor and the inter-layer scale factors in three cycles of least-squares treat-
ment. A three-dimensional difference synthesis based upon the improved
ytterbium positions was then computed. Two images of the structure, related
by a mirror plane at y =1/, appeared, as the reflexions with A+ odd had to
be omitted from the synthesis too. The carbon, nitrogen, and oxygen atoms
belonging to one of the images of the dipicolinate complex were located in the
electron density maps by using the assumption that the coordination geometry
around the ytterbium atom in ORTYBDIPIC is similar to that of the
tris(oxydiacetato)ytterbiumate(III) complex.? The approximately planar,
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tridentate ligands should lie in the planes defined by the central ion and the
diagonals of the ‘“rectangular’ faces of a distorted trigonal prism. This prism
was first located and the remaining ligand atoms were then readily found
in the presumed planes from known interatomic distances and angles.

A new difference synthesis was computed using the parameters of the image
chosen for the dipicolinate complex. This time the reflexions with A4 odd
could be included. In the electron density maps thus obtained, the mirror plane
at y=1/4 was removed but the peaks still appeared in pairs. Trial positions of the
seven independent water oxygen atoms of Nas[Yb(OCOC;H;NOCO),]-14H,0
were deduced by choosing the higher peak in each pair of related ones. To-
gether with two independent carboxylate oxygens, O(2) and O(6), the water
oxygens form limited chains of four octahedra along each of the twofold
axes (x=+1Y,y=0; x=+Y,,y=1). Within each chain the octahedra are
linked together by sharing edges. In the centre of each octahedron, 7.e. in posi-
tions 4(c), and at distances of about 2.4 A from the surrounding vxygen atoms
a peak with the approximate height 3 e/A3 was found. Since there are only
twelve sodium ions in the unit cell to be placed in these sixteen available sites,
3/, of an ion was placed in each. The positions chosen for the sodium ions and
water oxygen atoms must belong to the same image of the structure as the
dipicolinate complex, since this is the only choice in which four carboxylate
oxygens per dipicolinate complex are within coordination distances from
sodium sites. It should also be observed that in this case regular coordination
polyhedra around each of the sodium sites are obtained.

The atomic coordinates and isotropic temperature factors of one of the
two mirror-related trial structures of ORTYBDIPIC were improved together
with the inter-layer scale factors by least-squares refinement. Because of the
large number of parameters a diagonal approximation which allows for the
correlation between the scale and temperature factors was used. A damping
factor of 0.7 was applied to the shifts. In the quantity minimized,
Sw(|F,|—|F)? only observed reflexions with 0.50<|F |/F]<2.00 were
included. The weighting scheme was chosen according to Cruickshank.® After
six cycles of refinement, the discrepancy index R=3>||F |—|F.|/>|F,] had
converged to 0.105. All observed reflexions were included, in the calculations
of R. In the sixth cycle the shifts in the parameters were less than 1 9 of the
estimated standard deviations except for the temperature factor of the carbon
atom C(3). This parameter will be discussed below (p. 1219). The atomic co-
ordinates and isotropic temperature factors obtained in the sixth cycle are
given in Table 2 together with their estimated standard deviations. The
occupation numbers on the sodium sites have not been refined, but as the
temperature factors of Na(l)—Na(4) are rather uniform, the assigned value
of 3/, seems to be reasonable.

In the next step of the analysis six cycles of full-matrix least-squares
refinement of the structure were computed. Only the scale factors and the
parameters describing the ytterbium dipicolinate complex were varied in the
first three cycles. In the latter three cycles the complex ion was fixed and the
parameters of the sodium ions and the water oxygen atoms were varied.
Neither refinement produced an improvement compared to the refinement
of the complete structure using the diagonal approximation.
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Table 2. Atomic parameters with estimated standard deviations in ORTYBDIPIC.
The space group is Pnna (No. 52).* B denotes the isotropic temperature factor.

Atom Group Posi- X104 y X 104 zx 10* B/As
tion

Yb 4(d) 1228 (2) 2500 2500 2.9(0.1)
Na(l) 4(c) 2500 5000 1719(16) 4.8(0.5)
Na(2) 4(c) 2500 5000 3778(19) 6.8(0.7)
Na(3) 4(c) 2500 5000 5845(16) 4.3(0.5)
Na(4) 4(c) 2500 5000 7995(15) 4.4(0.5)
N(1) CT=NTC 4(d) 3482(29) 2500 2500 3.4(0.5)
c1) TCH- 8(e) 4324(28) 2995(12) 2260(14) 2.7(0.5)
C(2) TCH™ 8(e) 5576(29) 3048(13) 2254(15) 3.0(0.5)
C(3) TCH™ 4(d) 6141(71) 2500 2500 9.4(1.7)
C(4) —C00™ 8(e) 3317(26) 3553(12) 2004(16) 2.6(0.5)
0o(1) —C00™ 8(e) 2175(18) 3439 (8) 2035(11) 3.1(0.4)
0(2) —C00~ 8(e) 3887(20) 4056 (9) 1775(12) 4.1(0.4)
N(2) C— N 8(e) 14(21) 2819(10) 1330(12) 2.4(0.4)
C(5) CH™ 8(e) 216(27) 2522(17) 600(16) 3.7(0.5)
C(6) CH™ 8(e) —426(33) 2646(13) —71(17) 3.8(0.7)
Cc(7) TCH™ 8(e) —1495(39) 3100(16) —12(21) 5.4(0.8)
C(8) T.CH~ 8(e) —1639(38) 3431(18) 697(25) 6.0(0.9)
C(9) —CH™ 8(e) —942(24) 3251(11) 1354(14) 2.4(0.5)
C(10) —C00™ 8(e) 1298(35) 2042(14) 633(19) 4.5(0.6)
C(11) —C00~ 8(e) —1018(26) 3529(11) 2216(14) 2.4(0.4)
0(3) —C00™ 8(e) 1896(18) 2014 (8) 1310(10) 2.7(0.3)
0O(4) —C00~ 8(e) 1524(23) 1717(10) 26(13) 4.7(0.5)
0(5) —CO0™ 8(e) —358(20) 3268 (9) 2722(11) 3.9(0.5)
0(6) —CO0™ 8(e) —1795(20) 3986 (9) 2286(10) 3.6(0.4)
o(7) H,0 8(e) - 1266(30) 4436(13) 751(19) 8.1(0.7)
0(8) H,0 8(e) 1208(24) 4601(11) 2824(14) 5.3(0.5)
0(9) H,0 8(e) 3857(26) 3935(12) 3938(16) 6.6(0.6)
0(10) H,0 8(e) 1119(26) 4613(11) 4772(16) 6.2(0.6)
0O(11) H,0 8(e) 3516(26) 3921(11) 5813(16) 6.3(0.6)
0(12) H,0 8(e) 913(25) 4691(11) 9005(16) 5.9(0.6)
0(13) H,0 8(e) 986(25) 4614(12) 6840(16) 6.2(0.6)

As has been discussed above (pp. 1214 and 1216) about 60 9, of the re-
flexions within the range covered by the Weissenberg photographs were not
observed. Thus two additional cycles of least squares treatment were carried
out including 2106 non-observed reflexions assigned the value I, min/2. Re-
flexions not obeying the condition 0.33<|F |/|F_|<3.00 were given zero
weight (827 in the second cycle). The resulting values of the positional para-
meters were nearly the same as before while the estimated standard deviations
decreased because the number of ‘“‘observations’ increased from 1285 to 3391.
The discrepancy index went up to B=0.28. The calculated structure factors
indicated that only about 50 of the 2106 missing reflexions might have been
of measurable intensity. Many non-observed reflexions instead showed cal-
culated intensity values much smaller than the assigned one, I, min/2. The
rather large increase in R thus arises from the inclusion of a large number of
small but incorrect values of |F|.
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The temperature factor given in Table 2 for the carbon atom C(3) which
is located on the same twofold axis as Yb and N(1), is much higher than those
for the rest of the carbon atoms. The estimated standard deviation is also
large and the shift obtained in the last cycle of refinement was 0.26 A2. When
the non-observed intensity material was included, all temperature factors
decreased and the following values were, e.g., obtained for C(1)—C(4):
1.140.3 A2, 1.240.3 A2, 1.44-0.2 A% and 1.64+0.3 A2, respectively. This
indicates that the high value given in Table 2 for C(3) is artificial and arises
mainly from the incompleteness of the set of structure factors used in the
actual refinement.

The set of atomic parameters chosen to describe the structure of
ORTYBDIPIC is that given in Table 2 and obtained in the first six cycles
of diagonal refinement. It has not been possible to locate the hydrogen atoms
in the structure. A three-dimensional difference synthesis based upon the
parameters given in Table 2 showed only spurious peaks. The highest ones,
about 3.5 e/A3, were situated at (0,%4,74) and (0.24,14,1), i.e. symmetrically
around. the ytterbium site (0.12,14,14). In fact peaks were observed at (nz,
v, and (1—na,Y,,Y,) ©=0.12, n=0, 1, 2, ... as is shown in Fig. 1. These

4 !. I [ I I T T 1T 4
e /A2 y=1ld  z=1/4

U vmwﬂx,

3

-

o

<

Fig. 1. The electron density along the two- 2 v
fold axis y=1,, 2= in the final three- |

dimensional difference synthesis. L]

L
06 0.8 1.0

0

Table 3. Analysis of the weighting scheme w==1/(50-|F|+0.01|F|*) used in the least-
squares refinement of ORTYBDIPIC. The averages w4? are normalized. 4=|F |—|F_|.

Interval Number of Interval Number of

|F,l reflexions wAa? sinf reflexions wAa?

0— 43 123 1.10 0.00—0.42 252 1.07
43— 53 128 0.97 0.42—0.53 186 0.83
53— 59 127 1.07 0.563—0.60 144 0.82
59— 66 128 1.06 0.60—0.66 121 1.46
66— 72 127 0.93 0.66—0.71 123 1.10
72— 82 128 1.01 0.71—0.76 115 0.94
82— 97 128 0.94 0.76—0.80 84 1.27
97—114 129 1.10 0.80—0.84 74 1.01
114—149 127 0.78 0.84—0.87 45 0.44
149—579 129 1.05 0.87—0.90 42 1.04

Acta Chem. Scand. 24 (1970) No. 4



1220 JORGEN ALBERTSSON

Table 4. Observed and calculated structure factors.

LI Bt |l;| fo L] Fe Mk ‘FJ Te LN BN "‘J Fo okl ll'°| Fo LI I} IFJ Fo LI B } r°| r.

4 0 357 M1 o 73 1 4 60 -56 47 =51 2191 s -2 3 9 4

60 0 -66 1 s 70 73 <67 2 418 sS4 39 3 9 L]

s 0 o 7" 1 a9 1 50 40 231 80 82 3 9 4

10 0 0 1 541 $ 4 n 47 48 2 516 67 -2 3 s 4

110 016 2 1 9 m4-202 2 716 711 72 3 3 4

"o o0 =53 1 i 39 3s 2 91 57 -s58 3 1] 4

16 0 0 2 . 1 7 244 263 2111 4 56 3 ’ 4

18 0 0 4 68 1 2 97 -7n2 2131 49 -4 3 L 4

20 0 [ 3 7 17 7 210 ~214 21516 41 42 3 s 4

31 ¢ 6 ~63 1 [] 133 118 2171 7 -4 3 9 4

s 1 010 S8 11 9 243 204 2 11 3 9 4

71 112 a7 11 1 43 =36 2 318 54 =55 3 ’ 4

[N '] 4% 11 1 150 ~141 2 51 0 3 ] 4
o112 06 -47 11 1 134 126 2 71 54 -60 3 9 4
013 1 [N 4 57 11 1 43 -140 2 918 42 49 3 ¢ P)

19 1 121 222 229 11 1 108 111 21118 40 -42 3 Pl

23 1 1.3 1 206 198 117 19 75 <30 21318 35 37 3 4

25 1 1 4 1 197-194 118 9 21 66 67 2 120 40 -51 3 .

2 2 151 9 -95 119 9 23 64 -66 2 320 35 33 3 4

42 16 1 152 153 120 9 25 43 41 2 520 3 -5 3 ]

6 2 171 99 103 12 0 33 2720 3t 44 3 4

8 2 18 1 107-1210 12 25 -2 301 55 -2 3 4

10 2 109 1 149 -150 1 31 118 87 3 21 92-109 3 .

12 2 110 1 160 155 1 61 29 28 3 31 51 -80 3 4

"2 111 1 171 175 1 81 26 -24 3 4 1 163 168 3 4

16 2 112 1 104-100 1 910 7 120 ~99 3 5 1 109 123 3 .

18 2 113 1 110109 11110 2 8 32 -30 3 6 1 345 301 3 4

20 2 114 1 64 63 1 011 213 43 -48 3 7 1 80 -90 3 4

22 2 115 1 86 92 1 211 23 4 130 142 3 9 3 146-183 3 4

u 2 116 1 71 -728 1 311 2 44 75 72 381 12 78 13 N

26 2 117 1 43 =48 1 411 2 5 4 208 -190 310 1 §5 60 3 .

13 118 1 83 89 1 S11 2 6 4 54 4 311 1 54 -61 3 4

33 119 1 44 34 1 611 2 7 4 219 179 312 1 87 -1 3 .

73 120 3 & -81 1 711 209 4 218-185 313 1 72 7 3 4

1n 3 121 1 54 «46 1 @an 211 4 164 170 316 1 105 9 23 .

133 122 1 56 & 191 213 4 191 -172 315 1 79 -84 3 4

2 4 1201 53 4 1101 215 4 134 143 316 1 B2 -88 3 4 612

44 124 1 44 -8 11111 217 4 72 -13 317 1 54 s3 3 4 812

6 4 125 1 39 -3 11211 219 4 71 60 318 1 64 67 3 41012

8 ¢ 13 2 56 50 11311 221 4 60 -51 319 1 70 -4 3 41212

10 4 142 21 -17 1141 223 4 57 7 320 1 67 -68 3 414 12

12 4 15 2 112-104 11511 225 4 44 -5 3201 64 70 3 416 12

4 162 2 -16 11611 2 2 5 215 -218 3221 47 44 3 31 41812

16 4 17 2 30 3 11711 238 33 312 26 32 30 42012

18 4 112 2 84 51 11811 2 4 5 159 ~154 322 24 20 31 40

20 4 113 2 M4 4 11512 255 81 33 2 25 26 32 4 214

22 4 102 3 148 -165 1 013 2 6 5 35 -38 34 2 s2 -2 33 4 44

24 4 133 25 =35 1 213 275 79 82 35 2 48 43 3 6 4 614

26 4 143 139 1339 1 313 210 S S6 -57 36 2 62 S8 31015 57 =53 4 B4

18 153 81 8 1 413 211 5 45 33 37 2 73 -65 31215 54 S4 41014

3s 163 @ -88 1 513 212 5 52 -38 3.8 2 89 -79 3 017 62 -53 41214

5 s 173 137-126 1 613 213 5 41 32 310 2 61 5 31117 62 44 41414

75 18 3 190 180 1 713 2 2 6 43 37 323 99-102 3 217 37 45 4 1614

9 s 19 3 186 182 1 813 2 3 6 266 -241 333 125 142 3 317 52 -44 418 M

115 110 3 208 -198 1 913 2 5 6 284 266 3 4 3 218 20 3 417 66 -53 4 016 92 -69

1 s 111 3 132-128 11013 2 6 6 68 -64 305 3 1722171 3 617 54 43 4 216 77 77

15 5 112 3 132 13 11113 27 6 190 -162 3 6 3 I55-152 3 817 61 -53 4 416 64 -60
019 5 113 3 139 45 11213 286 33 37 3 187 178 31017 S2 47 4 616 S7 57
021§ 114 3 92-100 11313 2.9 6 155 438 38 3 126 135 31217 38 -4l 4 816 S5 <49
02 6 115 3 88 -0 11413 211 6 161 -143 3 9 3 105-125 3 319 44 35 41016 55 49
04 6 116 3 60 65 11513 213 6 100 104 310 3 77 -78 3 419 36 39 41216 55 -60
06 6 117 3 40 51 11713 215 6 93 -101 311 1 62 81 3 719 35 31 41416 39 53
08 6 118 3 70 -69 1 S 14 217 6 118 117 312 1 82 @4 3 819 33 40 4 018 SO 48
010 6 119 3 50 -48 1013 219 6 88 -86 313 3 91 -99 4 2 0 103 136 4 218 54 -57
012 6 120 3 54 48 1 115 221 6 52 57 314 3 117-107 4 3 0 -84 4 418 57 57
014 6 122 3 51 -49 1 215 221 6 53 46 315 3 62 69 4 4 0 52 -64 4 618 59 -8
016 6 12 4 35 3 1314 225 & 34 45 316 3 64 74 4 5 0 106 -93 4 818 SO S0
018 6 13 4 105 93 1 41S 227 47 44 317 3 55 -6 4 6 0 288 263 41018 47 -52
©20 6 144 27 223 1 515 2 37 94 85 318 3 79 =73 4 7 0 7t 64 4 020 40 -40
022 6 15 4 37 -3 1 615 247 38 42 319 3 71 62 4 8 0 55 -6 4 220 40 47
024 6 17 4 3% 36 1 71§ 2 5 7 46 -39 3203 60 46 4 9 0 67 -77 5 1 1 13 42
017 1.9 4 52 52 1 815 2 6 7 48 -48 32 4 75 18 410 0 225 209 5 2 1 96 -126
¢ 37 110 4 55 =55 1 915 210 7 47 47 33 4 72 -63 4120 S56 5 3 1 108 -146
07 7 117 4 44 338 11115 212 7 36 =34 3404 46 237 44 0 21 27 5 4 1 119 M2
09 7 12 S 169 167 11215 216 7 41 33 37 4 35 29 416 .0 50 -61 5 5§ 1 99 104
015 7 135 20 5 11618 23 8 143 152 39 4 61 -52 418 0 132 122 S 6 1 69 -85
c 28 1 4 5 247 -214 11815 25 8 131-119 311 4 48 -33 420 0 86 -80 5 7 1 67 -96
048 158 5 151 -165 1 017 2 68 47 44 312 4 36 39 422 0 SO 64 5 8 1 36 67
o 68 16 § 167 162 1 117 2 7 8 175 164 32 5 106 9 4 1 1 20 -19 S 9 1 142 183
088 17 5 153 134 1 217 2 9 8 137 -134 3 4 5 260-252 4 2 1 36 36 510 t 62 =106
010 8 188 71 -67 1317 211 8 128 123 35 5 146 135 4 3 1 31 43 S 11 1 134 -143
012 @ 1.9 5 185-174 1 417 213 8 122 -113 3 6 5 98 102 4 4 1 64 -60 S12 1 72 78
014 8 110 5 213 213 1 5717 215 8 68 74 37 5 124-122 4 6 1 28 25 513 1 S3 63
016 8 112 5 S8 -67 1 617 217 8 86 <80 386 5 120-112 4 7 1 31 32 S14 1 66 -82
018 @ 113 5 139-133 1 717 219 8 78 76 395 94 92 4 9 1 41 -37 515 1 74 -84
022 8 114 5 102 112 11017 221 8 53 ~60 310 5 102 102 4 2 2 200 -207 §16 1 62 74
0 210 115 5 79 98 1019 223 8 39 4 311 S 50 -S4 4 4 2 232 227 517 1 87 85
0 410 116 § 73 -79 1 119 2 49 36 25 312 5 86 -82 4 5 2 63 § 518 1 71 -63
0 610 117 5 49 -83 1 219 2 5 9 63 -65 313 5 65 65 4 6 2 302-299 519 1 64 -48
0 810 118 5 6 75 1 318 2 010 59 -52 314 5 73 B6 4 7 2 78 -68 S 3 2 27 -27
010 10 119 5 6 74 1§19 2 310 159 159 316 S 84 -93 4 B 2 244 236 5 5 2 A2 44
012 10 121 § 62 «66 1 619 2 510 145 128 318 § 64 57 410 2 199 -194  $S10 2 42 28
014 10 122 5 3 47 1719 2 710 203 -187 319 § 61 -52 412 2 126 130 S 2 3 136 146
016 10 123 5 45 40 11019 2 910 8 9 32 5 64 -60 414 2 120 -123 5 3 3 133 w47
018 10 12 6 105 -81- 1 02t 21110 77 -8l 32 6 60 -48 416 2 B84 9 5 4 3 101 -108
020 10 136 96 -81 1 121 21310 69 73 3 4 6 87 B0 418 2 123-116 5 5 3 141 ~14d
022 10 146 9% 72 220 21510 66 -77 38 6 45 33 420 2 78 8 5 6 3 79 92
0 212 1 5 6 48 35 230 21710 72 86 311 6 S6 39 422 2 59 -56 5 7 3 120 128
0 412 16 6 66 <66 2 4 0 21910 66 =74 3 2 7 119-121 424 2 47 44 5 8 3 128 -123
0 612 1.8 6 38 35 250 22110 46 63 337 78 80 4 3 3 69 s8 S 9 3 148 -150
0 812 1.2 7 160 -1568 260 22310 33 -35 3 4 7 107 1 4 53 44 3 510 3 105 117
010 12 137 103-106 27 0 2 $11 42 SO 3 5 7 101-105 4 B 3 42 48 S11 3 70 83
01212 14 7 186 176 2 8 0 2 312 103 117 3 § 7 114 -121 410 3 39 -38 512 3 B8O -107
01412 15 7 99 98 290 2 512 75 -9 37 7 124 124 4 2 4 21 198 $13 3 77 -7
01612 1 6 7 M40-142 210 0 2 712 70 87 3 8 7 122 125 4 4 4 301 -272 514 3 56 90
018 12 17 7 123-126 211 0 2 912 104 ~114 397 70 -74 4 6 4 142 141 515 3 64 59
020 12 18 7 9 103 212 0 211 12 105 112 310 7 111 -104 4 8 4 173 -168 516 3 64 70
02212 197 72 84 2130 21312 67 =79 311 7 67 410 4 157 153 S$17 3 75 =70
0 4N 110 7 103-102 214 0 21512 72 68 312 7 86 82 412 4 110-116 518 3 71 5§
0 614 1107 107 -132 0 215 0 21712 60 ~62 313 7 68 -73 414 4 Bl 84 519 3 & 65
0 84 112 7 62 69 217 0 21912 44 43 314 7 70 -66 416 4 08 -98 5 4 4 37 27
010 14 117 7 685 80 219 0 22112 30 -37 315 7 61 64 418 4 86 87 5 5 4 37 27
012 14 114 7 65 =77 221 0 2 314 98-100 316 7 72 73 420 4 70 -8l 5 6 4 39 N
014 14 115 7 52 -62 223 © 2 514 9 B0 317 7 77 -63 422 4 S6 52 5 B 4 S7 5S¢
016 14 116 7 77 91 215 0 2 714 69 <76 319 7 56 <46 424 4 A4 <50 5 2 § 77 ~78
018 14 117 7 49 46 2 2 1 2 914 114 100 319 7 S 67 4 3 5 158 -143 5 3 5 94 -100
0 016 118 7 63 -62 2 41 21114 79 -80 320 7 52 54 4 5 S 128-123 S 4 5 M6 159
0 216 119 7 58 -47 2 5 1 21314 S8 66 3728 62 61 4 6 5 -5t 5 § 5 152 161
0 416 118 28 22 261 21514 53 -56 3 4 B 38 -34 4 7 5 69 -61 5 6 S 46 -1
0 616 128 37 12 27 1 21714 46 53 3 2 9 106 108 4 9 S 48 54 S 7 S 86 -87
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Table 4. Continued.
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S 85 79 79 5 813 84 S8 6 5 5 47 42 7 71 s& 62 7 411 63 -54 9 81 64 -85 9 0 4 36 80
5§ 95 %0 9 5 913 70 50 6 8 5 47 42 7 81 60 78 7 611 70 47 9 9 1 &9 -81 8 0 6 81 -93
510 5 77 -84 51013 69 -57 6 3 6 110 119 7 9 1 48 -52 7 811 6 -56 910 31 72 64 LI ] 2 -7
511 5 57 -5§ 51113 62 -48 6 5 6 117 -122 710 1 50 -46 7 S11 s 47 911 1 73 71 1 1 1 362 -257
512 5 64 91 S 015 64 -~46 6 7 6 97 98 712 1 89 87 7013 83 74 9 0 3 66 49 113 30 35
$13 5 51 37 5 115 59 ~46 6 9 & 74 -7 714 1 88 -95 7 213 &8 -82 9 2 3 S5 48 11 4 37 -3
514 5 58 -55 5 215 69 61 611 6 86 97 716 1 64 49 7 015 43 -46 s 33 73 -69 1 1 5 234 -185
515 5 58 -45 5 315 75 €5 613 6§ 91 -87 717 1 62 =4S & 2 0 36 -52 9 4 3 55 M 11 6 34
516 5 81 74 5 415 63 -3% 615 6 71 72 7 6 2 37 36 8 4 0 103 157 9 & 3 72 -67 11 7 1717 157
$17 5 71 49 5 515 62 -43 617 6 68 -65 7 7 2 31 25 e 6 0 89-107 9 8 3 74 6 11 9 133 -149
518 5 64 -43 5 615 67 62 619 6 56 S9 7 13 s0 S§ 8 8 0 112 137 9 0 5 67 -60 1 110 100 -122
5§18 5 67 -63 5 715 66 51 621 6 46 ~-49 7 2 3 113 115 810 0 106 -97 9t 5 73 -79 1 111 107 120
5 2 7 124 116 5 815 S9 -46 6 4 7 47 43 7 3 3 87 -93 812 0 104 100 9 2 5 82 713 2 1 0 178 -146
s 3 7 89 98 5 017 55 42 65 3 8 107 -112 7 4 3 124 -118 814 0 69 -67 9 3 5 77 67 2 11 30 -36
S 4 7 124 -119 $ 117 ss 39 6 5 8 102 107 7 5 3 74 75 816 0 61 63 9 4 5 67 -38 2 1 2 187 154
5 5§ 7 99 -4 5 217 5% -37 6 7 8 138 -133 7 6 3 94 92 8 2 2 74 W 9 S 5 8BS -B0 2 1 3 58 -49
5 6 7 73 78 5 417 53 39 6 9 8 121 121 7 7 3 53 -4 8 4 2 103 -128 9 6 5 81 77 2 1 4 223 -209
57 7 91 104 5 517 52 33 611 8 121 -119 7 83 62 -66 8 6 2 9 110 9 7 5 & 57 2 1 5 166 148
5 8 7 78 -84 S 019 42 -37 613 8 109 109 710 3 57 56 8 8 2 100 -124 8 07 57 4 2 1 6 180 171
5 9 7 98 -98 5 119 42 -38 615 8 76 -69 712 3 70 -82 810 2 109 114 9 1 7 57 6 2 1 7 58 =55
$10 7 70 90 5 219 38 26 617 8 64 51 714 3 98 94 812 2 115 -97 $ 3 7 70 -71 2 1 8 169 162
$11 7 113 116 5 31 37 34 619 8 56 -49 716 3 69 -60 814 2 69 67 9 4 7 60 42 2 110 148 160
512 7 80 -82 5 419 35 -35 621 8 46 42 717 3 56 55 816 2 66 -58 9 5 7 66 6 2 112 97 -111
513 7 78 -84 5 519 33 -30 6 310 105 86 718 3 54 46 8 2 4 103 ~104 0 0 2 5§79 -422 2 114 80 9
514 7 84 68 6 3 0 114 -149 6 510 73 71 7 7 4 47 -4l 8 4 4 88 110 0 ¢ 4 410 375 2 116 90 -90
515 7 69 63 6 4 0 74 -86 6 710 94 96 7 8 4 4 46 8 6 4 89 -90 0 0 6 319 -316 3 1 1 206 171
516 7 77 -84 6 5 0 180 229 6 910 87 7§ 7 2 5 108 -109 8 8 4 9 7 0 0 8 220 226 3 1 3 190 -102
517 7 69 =55 6 6 0 63 ~60 611 10 78 75 7 35 72 810 4 127 -116 0 010 65 =58 3 1 4 80 -84
$ 2 9 116 =122 6 7 0 71 -71 613 10 69 -67 7 4 5 77 74 812 4 91 71 0 012 96 119 3 1 5 210 175
5 3 9 71 -58 6 9 0 153 159 61510 65 52 7 5§ 5 67 =70 814 4 75 -76 1 0 1 365-275 31 7 116 123
$ 4 9 61 56 611 0 105-116 617 10 57 -48 7 6 5 68 =70 816 4 70 64 1 0 3 184 148 3 1 9 84 92
5 5 9 89 86 613 0 7 97 619 10 4 47 7 7 S 45 S0 8 2 6 97 105 1 0 5 94 -88 3 111 73 -B2
' 6 9 81 -84 615 0 111-109 6 112 124 110 7 9 § 72 -44 8 4 6 102-107 1 0 7 60 66 3 116 73 60
7 9 70 -66 617 0 71 65 6 312 103 -102 719 5§ 66 -68 8 6 6 113 100 1 0 9 147 -153 4 1 0 44 44
2 8 9 55 55 619 0 62 ~51 6 512 89 74 712 5 76 42 8 8 6 101 -99 2 0 4 70 51 412 75 2
9 9 105 105 6 2 2 3 -41 6 712 78 -68 713 5 48 =55 810 6 102 100 2 0 8 58 57 4 1 5 85 -95
$10 9 81 -80 6 3 2 126 147 6 912 83 77 714 5 83 -80 812 6 87 -72 3 0 1 108 -92 4 1 6 69 .66
$11 9 sS4 -93 6 4 2 29 20 61112 80 -78 7 27 9% 93 B14 6 61 61 3 0 3 107 103 4 1 8 65 47
$12 9 65 59 6 5 2 130 -155 61312 63 7 7 3 7 64 =62 816 6 67 -6) 3 0 S 265248 5 1 3 139 -138
513 9 105 98 6 6 2 35 38 61512 56 =48 7 4 7 78 =70 8 0 8 86 64 307 97 @ 5 1 5 132 142
514 9 77 =75 6 7 2 140 145 617 12 51 46 7 5§ 7 55 58 4 2 8 110 -93 3 0 9 85 -95 5 1 7 87 -90
515 9 70 -67 6 9 2 109 -119 6 114 91 =72 7 67 71 84 8 4 8 97 77 3 011 ;88 109 § 1.9 87 @88
5 310 49 -29 611 2 98 9 6 314 83 77 7 7 7 83 -5§ 8 6 8 106 -81 3 013 87 -103 5 111 86 -88
5 410 49 40 613 2 106 ~115 6 514 74 -57 7 B 7 43 -82 8 8 8 108 85 4 0 0 540 -435 5§ 113 so 78
5 610 51 28 615 2 117 111 6 714 73 55 7 9 7 60 54 810 8 108 -97 4 0 2 184 150 6 1 0 139 138
% 011 55 -56 617 2 711 77 6 914 76 -66 710 7 75 75 812 8 73 66 4 0 4 262 -254 6 1 2 118 -135
5 211 85 85 619 2 66 S9 611 14 64 59 712 7 70 -64 814 8 53 -5§ 4 0 6 179 203 6 1 4 184 210
5 311 95 84 621 2 58 -49 613 14 52 -45 714 7 6 63 8 010 83 -74 4 0 8 146 =152 6 1 6 143 ~142
5 411 73 -79 6 1.3 27 -19 615 14 46 42 717 7 & 32 8 210 112 98 4 010 95 104 6 1 8 116 132
5 511 62 -69 6 2 3 33 -22 6 116 62 S5 7 1 9 64 -65 8 410 91 -80 4 012 112 =146 6 110 87 -106
5 611 74 76 6 5 3 37 -32 6 316 86 =SB 7 2 9 38 -38 8 610 108 83 § 0 1 194 182 7 1 1 8BS <94
5 711 71 66 6 2 4 60 56 6 516 59 49 7 3 9 66 69 8 810 90 =72 5 0 3 140 -146 7 1 5 96 -107
5 811 62 -53 6 3 4 127 -136 6 716 56 =SS 7 4 9 86 87 81010 80 78 $ 0 5 122 132 7 17 85 78
5§ §11 60 -51 6 5 4 141 156 6 916 55 S 7 5 9 59 -47 8 012 74 78 5 0 7 104 -110 9 1 1 106 -110
$10 11 68 57 6 6 4 39 35 611 16 44 -48 7 6 9 61 =54 8 212 74 =69 S 0 9 74 78 9 1 3 85 93
51111 65 S1 6 7 4 124-127 6 118 46 -38 7 7 9 63 56 8 412 81 S3 6 0 0 63 -37 10 1 0 97 -100
51211 65 53 6 9 4 102 106 6 318 48 A1 7 8 3 99 88 8 612 66 =57 6 0 2 83 76 10 1 2 ‘98 87
5 013 65 57 611 4 82 -9 6 518 44 45 7 9 9 63 -56 8 014 61 =62 7 0 1 109 124 10 1 4 97 =86
§ 213 78 -60 613 4 110 18 6 718 37 47 710 9 70 -69 9 21 3B 4 7 0 3 130 -128 0 220 41 -48
$ 313 102 -100 615 4 6 =100 7 2 1 62 -81 714 9 50 -42 9 3 1 72 104 7 0 5§ 106 130 0 42 48
S 413 67 4 617 4 64 S8 731 79 9 7 011 79 -81 9 4 1 57 =63 7 0 7 85 ~-87 111 5 140 138
5 513 97 72 619 4 59 -57 7 4 1 6 67 7 111 72 70 9 5§ 1 34 =59 7009 179
S 613 76 =65 621 4 S1 47 6 5 1 110 -126 7 211 719 70 9 6 1 77 N1 8 0 0 157 170
$ 713 77 -66 5 103 94 7 6 1 39127 7 311 62 -48 9 71 42 41 8 0 2 84 -86

peaks remained almost unchanged when a new difference synthesis including
the non-observed intensity material was computed.

The weighting scheme used in the least-squares treatments of the structure
was analysed for constancy of the average value of w(|F,|—|F,)?* between
different intervals of the |F_ | and sinf values. The analysis obtained after
the sixth cycle of diagonal refinement is shown in Table 3. It is seen that the
applied scheme gives a rather good constancy.

The atomic scattering factors used in the calculations were those for C,
N, O, and Na* given in International Tables for X-ray Crystallography.’
Those given by Cromer et al.” were used for the ytterbium atom. The scat-
tering factors were not corrected for anomalous dispersion. The values of
F, were not corrected for extinction effects. Observed and calculated struc-
ture factors of ORTYBDIPIC are compared in Table 4. Selected. interatomic
distances and angles in the structure are given in Tables 5, 7, and 8. The
standard deviations were calculated from the estimated standard deviations
of the atomic coordinates and the unit cell dimensions. All computations were
made on the CD 3600 computer in Uppsala, Sweden, using the programs
CELSIUS, DRF, LALS, DISTAN, PLANE, and ORTEP.8
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DESCRIPTION OF THE STRUCTURE

The building blocks of the structure are (i) the mononuclear tris-
dipicolinato complex and (¢4) the chain of four, edge-connected water-
carboxylate oxygen octahedra around the sodium ions. In Fig. 2, a perspective
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Fig. 2. The unit cell of ORTYBDIPIC. Only the water around the two-fold axis z= 1,
y=1 is shown. :

drawing of the unit cell is shown. The dipicolinate complexes are held together
by the sodium ions in layers which are perpendicular to the ¢ axis and related
by a glides. The ytterbium atoms lie in the planes z=1 and z=3/4. Within
the layers each complex can be connected to four other complexes, as the
0O(2) and O(6) oxygen atoms are within coordination distances from sites
belonging to the Na(1) and Na(4) positions. Since, on the average, one site
is unoccupied in each ‘“sodium chain” the layers are held together only by
hydrogen bonds via the water molecules. This might be the reason for the
rapid distintegration of the crystals when removed from the mother liquor.
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When discussing the structure of ORTYBDIPIC the symmetry-related sites are
designated by superseript (¢)-(x) in the following way - ’

,Y,2 () z,Y%—y,Yo—2 (72) Vo—2,1—y,2
(1i2) Yotay,l—z (%) l—z,1—y,1—2 (v) Z,1—y,1—2
vy x—Y%yl—z (vit) xy,2—1 (vitd) xy,142

where 2.y,z are coordinates of the ‘“crystal-chemical’” unit given in Table 2.

The dipicolinato complex

The coordination polyhedron. The structure of the tris(dipicolinato)ytter-
biumate(I1I) ion in ORTYBDIPIC is shown in Fig. 3. The ytterbium ion is

Fig. 3. The structure of [Yb(OCOC,H,NOCO),}*~ in ORTYBDIPIC drawn by the
program ORTEP.?

nine-coordinated. The six carboxylate oxygens O(1), O(1i), O(3), O(3), O(5),
and O(5!) are at the corners of a distorted trigonal prism with the nitrogen
atoms N(1), N(2), and N(2!) outside the centers of the ‘“rectangular’’ faces.
The main features of the complex are thus very similar to those of the tris-
(oxydiacetato)lanthanoidate(I1I) group discussed in Ref. 2.

Selected distances in the coordination polyhedron are given in Table 5.
The Yb—N(2) bond distance is 2.414-0.02 A, i.e. somewhat longer than the
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Table 5. Selected interatomic distances (A) and angles (°) with estimated standard

JORGEN ALBERTSSON

deviations in the [Yb(OCOCH,NOCO),J*~ group in ORTYBDIPIC.
A. The coordination polyhedron.

Distance Distance
Yb—N(1) 2.334-0.03 0(5)—0(5%) 3.334+0.04
Yb—N(2) 2.4140.02 O(1)—N(1) 2.6240.02
Yb—0(1) 2.34+0.02 0(3)—N(2) 2.568 +0.03
Yb—0(3) 2.3340.02 O(5)—N(2) 2.53+0.03
Yb—0(5) 2.33+0.02 O(1)—N(2) 2.844+0.03
0(1)—0(31) 2.9240.03 O(3)—N(1) 2.764.0.03
0(3Y)—0(5) 2.8940.03 0O(51)—N(2) 2.8140.03
0(1)—0(5) 2.87+0.03 N(1)—N(2) 4.1230.03
0(1)—0(3) 3.25+0.03 N(2)—N(2i) 4.1110.05

B. Ligand No. 1.

Distance Angle
N(1)—C(1) 1.4240.03 C(1)—N(1)—C(1}) 104 +3
C(1)~—C(2, 1.30+0.04 N(1)—C(1)—C(2) 133+3
C(2)—C(3) 1.36 +0.04 C(1)—C(2)—C(3) 11144
C(1)—C(4) 1.634-0.04 C(2)—C(3)—C(2y) 12946
C(4)—0(1) 1.20+0.03 N(1)—C(1)—C(4) 102 £2
C(4)—0(2) 1.27+0.03 C(2)—C(1)—C(4) 125+ 2
N(1)—C(3) 2.75+0.08 C(1)—C(4)—0(1) 118+2
0(1)—0(2) 2.24+0.03 C(1)—C(4)—0(2) 11312
0(1)—C(4)—0(2) 12912

C. Ligand No. 2.

Distance Angle
N(2)—C(5) 1.38 +0.04 C(6)—N(2)—C(9) 116 +2
C(5)—C(6) 1.32 1 0.04 N(2)—C(5)—C(6) 125+3
C(6)—C(T) 1.4710.05 C(5)—C(6)—C(7) 117+3
C(7)—C(8) 1.3810.05 C(6)—C(7)—C(8) 11813
C(8)—C(9) 1.36 £0.05 C(7)—C(8)—C(9) 11913
C(9)—N(2) 1.35+0.03 C(8)—C(9)—N(2) 124 +3
C(5)—C(10) 1.51+0.05 N(2)—C(5)—C(10) 11312
C(9)—C(11) 1.55+0.03 C(6)—C(5)—C(10) 12213
C(10)—0O(3) 1.28 +0.04 N(2)—C(9)—C(11) 108+ 2
C(10)—O(4) 1.28 40.04 C(8)—C(9)—C(11) 12743
C(11)—0(5) 1.2140.03 C(5)—C(10)—O(3) 115+3
C(11)—0(6) 1.26 £0.03 C(5)—C(10)—O(4) 119+3
N(2)—C(7) 2.78+0.04 0(3)—C(10)—O(4) 126+3
0(3)—0(4) 2.25+0.03 C(9)—C(11)—O(5) 116 £2
0(5)—0(6) 2.2410.03 C(9)—C(11)—O(86) 11442
0(5)—C(11)—0(8) 130+2
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Yb—N(1) and Yb—O bond distances which are all 2.334-0.02 A. The triangles
0(1)0(31)0(5) and N(1)N(2)N(2!) are equilateral within the limits of error.
The six independent distances between adjacent coordinated atoms not
belonging to the same ligand are in the range 2.76 —2.92 A thus indicating
van der Waals contacts in the coordination polyhedron.® Such contacts
should impose a steric hindrance for the formation of the third dipicolinate
complex with the heaviest lanthanoid ions. In solution such an increasing
difficulty has been observed for the elements dysprosium to lutetium.!0

The ligand. ORTYBDIPIC contains one and one-half independent ligand
ions. Their atoms are designated in Fig. 4. Each dipicolinate ion acts as a
tridentate ligand forming two five-membered rings with the ytterbium ion.
Selected bond distances and angles of the two ligands are given in Table 5.

012') of6)
cla)—orrh cl11)—o(s)
A / A\
c\(z’)———cn') Cl8) ——C(9)
H—C(3) (1) H—C(7) N(2)
Cl2)——Ci1) Cl§)——C(5)
H/
Clé)—0(1) , cl10)—0(3)
Ligand T / Ligand 2
012) 0(4)

Fig, 4. Designation of the atoms in the two different dipicolinate ligands in
ORTYBDIPIC.

Strahs and Dickerson have investigated the crystal structure of calcium
dipicolinate trishydrate, CaDPA.}! Due mainly to the low atomic number of
calcium (20) compared to that of ytterbium (70) the set of interatomic distances
and angles of the dipicolinate ion obtained from CaDPA have values nearer
the expected ones than the set obtained from ORTYBDIPIC. The estimated
standard deviations are also smaller than those of this paper but within the
limits of error the two sets are, on the whole, compatible.

All carbon-oxygen bond lengths are approximately equal with a mean
value of 1.24 A in ORTYBDIPIC compared to 1.25 A in CaDPA. In both
compounds the carboxyl groups are attracted to the central ion; the
angles N(1)—C(1)—C(4), N(2)—C(5)—C(10), and N(2)—C(9)—C(11) in
ORTYBDIPIC are all significantly less than 120° as well as the corresponding
angles of the dipicolinate ion in CaDPA.

The least-squares planes through the seven carbon atoms and the nitrogen
atom of each ligand in ORTYBDIPIC have been calculated. As is shown in
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Table 6, the carbon and nitrogen atoms are coplanar within 0.02 A and 0.05 A
for the ligands Nos. 1 and 2, respectively. The carboxyl groups of ligand
No. 2, 0(3)—C(10)—O0(4) and O(5)—C(11)—0(6), are twisted out of the
ligand plane, O(5)—C(11)—O0(6) to a significant degree. The ytterbium atom
is not in the plane of ligand No. 2, but as it is located on the same twofold
axis as N(1) and C(3), it lies in the plane of ligand No. 1.

The packing of the complex ions. The tris(dipicolinato)ytterbiumate com-
plexes are located in layers perpendicular to the b axis with the ytterbium
ions in the planes y=1; and y=3, (see Fig. 2). The ‘“free space” distance
between these layers is more than 4 A. Within them each ligand of type 1
is surrounded by four ligands of type 2 from three adjacent complexes. All
carbon-carbon packing distances are longer than 3.7 K except the distance
C(4)—C(7=) which is 3.444-0.04 A,

The large mononuclear complex in ORTYBDIPIC makes all ytterbium-
ytterbium distances very long. The shortest one, Yb—Ybii, is 9.764-0.01 A.
Each lanthanoid ion is thus completely isolated from the other ones in this
structure.

The coordination around sodium

The sodium tons. In Fig. 5 the coordination around the sodium sites at
y=1Y, is shown. The sodium—oxygen bond distances and the sodium—
sodium distances within the chain of four, connected oxygen octahedra around
the sodium sites are given in Table 7. The sodium positions Na(1) and Na(3)
are surrounded by oxygen atoms at almost equal distances, the average
sodium-oxygen bond distance in these two octahedra being 2.43 A. On the
other hand, each Na(2) has two O(8) at 2.23 A, two O(10) at 2.33 A, and two
0(9) at 2.66 A. The distance Na(4)—0(13), 2.60 A, also falls outside the normal
range. The O—Na—O bond angles with adjacent oxygen atoms are all in the
range 85—95° except O(61)—Na(4)—O0(12i) and O(6i)—Na(4)—O(13)
which are 100+1° and 764-1°, respectively. Of the 24 different oxygen—
oxygen ‘“‘contact’’ distances within the ‘“sodium chain” 22 have values be-
tween 3.20 and 3.64 A. It is only the two distances O(6ii)—O(13) and
0(8) — O(8t) that are shorter than 3.20 A (see Table 8).

Posstble hydrogen bonds. To get some idea about the hydrogen bonds in the
structure all distances less than 3.20 A between the water oxygen atoms and
other oxygen atoms are listed in Table 8. The most probable hydrogen bonds
are shown in Fig. 5 as dashed lines. Judging from the oxygen —oxygen dis-
tances the structure seems passably well held together along the ¢ axis by
hydrogen bonds.

The carboxylate oxygens O(1), O(3), and O(5) which are coordinated to
ytterbium, might also be hydrogen bonded to the water oxygen atoms O(8),
0(9), and O(11), respectively. The carboxylate oxygens O(2) and O(6) are
coordinated to sodium. O(2) seems to form one hydrogen bond with O(12)
but it is doubtful if O(6) takes part in any hydrogen bond. On the other hand
the carboxylate oxygen O(4) which does not coordinate a metal ion might
form two hydrogen bonds with the water oxygens O(10) and O(11). Each
water oxygen, except possibly O(11), is within a hydrogen bond distance
from another water oxygen atom.
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Table 6. The deviations (in A) of the ytterbium and ligand atoms from the least-squares
planes through the ligand ions.

A. Ligand No. 1. The lower signs refer to the superscripted atoms.

Atom Distance Atom, Distance
N(1) 0.00 C(4), C(4i) 0.00
C(1), C(19) +£0.01 0(1), O(1}) +0.04
C(2), C(2i) F0.02 0(2), 0(2i) F0.01
C(3) 0.00 Yb 0.00

B. Ligand No. 2.

Atom Distance Atom Distance
N(2) 0.00 c(11) —0.01
C(5) 0.00 0(3) 0.09
C(6) 0.02 0(4) —0.08
C(7) —0.05 O(5) —0.16
C(8) 0.05 0(6) 0.12
C(9) —0.01 Yhb —0.13
C(10) 0.00

Table 7. The sodium-oxygen bond distances and sodium-sodium distances (A) with
estimated standard deviations in ORTYBDIPIC.

Distance Distance

Na(1)—0O(7) 2.3740.04 Na(3)—0(13) 2.41--0.03
Na(1)—0(2) 2.4640.02 Na(4)—0(13) 2.604-0.03
Na(1)—0(8) 2.4240.03 Na(4)—O(6iil) 2.314-0.02
Na(2)—0(8) 2.234+0.03 Na(4)—0(12) 2.43+0.03
Na(2)—0(9) 2.66 4+-0.03 Na(l)—Na(2) 3.41+0.04
Na(2)—0(10) 2.334+0.03 Na(2)—Na(3) 3.43+0.04
Na(3)—0(10) 2.4240.03 Na(3)—Na(4) 3.574-0.04
Na(3)—0(11) 2.5040.03 Na(4) — Na(1Viii) 6.174+0.04

Table 8. Distances (A) less than 3.20 A between water oxygen atoms and other oxygen
atoms in ORTYBDIPIC.

Distance Distance

0(7)—0(1) 3.14+0.04 0(10)—O(4i) 2.86+0.03
O(7)—0(12V) 2.94 +0.04 0(10)—0(10v) 2.93+0.03
0(8)—0(1). 2.96 +0.03 O(ll)—0(4i). 2.8240.03
0O(8)—0O(8ii) 3.16 +-0.05 O(11)—O(5iil) 3.03+0.03
O(8)—0(13V) 2.86 +-0.04 0O(11)—0(6iil) 3.174+0.03
0(9)—0(3Y) 2.88+0.03 0(12)—0(2%) 2.8040.03
0(9)—O(11) 3.13+0.04 0(12)—O(7vitl) 2.97 +0.04
0(9)—O(13iii) 2.93 +0.04 0(13)—O(6lii) 3.024-0.03
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Fig. 5. The coordination around the sodium ions in the plane y=1 projected on this
plane. Possible hydrogen bonds between the water oxygen atoms and other oxygens are
shown as dashed lines.
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