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Structural Studies on the Rare Earth Carboxylates

3. The Crystal and Molecular Structure of Tris-hydroxyacetato-

gadolinium (IIT), Gd(HOCH,,C00),

INGMAR GRENTHE

Chemical Center, Division of Physical Chemistry, University of Lund, Lund, Sweden

The crystal and molecular structure of GA(HOCH,COO), has
been determined from three-dimensional X-ray intensity data. The
crystals are orthorhombic with the space group Pra2, and have
the lattice parameters a=10.300(6) A, b=11.250(4) A and ¢=7.641(1)
A. The structure is a three-dimensional network formed by cross-
linked metal ligand chains. The gadolinium atom is surrounded by
nine coordinated oxygen atoms and the coordination polyhedron
is based on a distorted trigonal prism. The ligands are bonded as
chelates along the diagonals of the rectangular faces of the prism.
Six of the coordination sites are occupied by the chelates and three
by carboxylate oxygens from adjoining ligands.

n a previous communication! the crystal and molecular structure of

hydroxyacetato-oxyacetato-aquo-erbium(III)monohydrate[ Ex(HOCH,COO)
(OCH,COO)(H,0)]H,0 was described. Compounds of this composition are
formed by the rare earth elements from gadolinium to lutetium by hydro-
thermal treatment of corresponding tris-hydroxyacetates. In this paper the
crystal and molecular structure of Gd(HOCH,COO), is described. The
gadolinium compound was chosen for the study because it was the
lanthanide tris-hydroxyacetate of which suitable single crystals were most
easy to prepare.

EXPERIMENTAL

Preparation of GA(HOCH ,COO };. Tris-hydroxyacetato-gadolinium(IIT) was prepared
according to Jantsch and Griinkraut.? The micro-crystalline precipitate was recrystallized
from hot water and large crystals (0.1 X 0.1 X 0.1 mm?®) of the anhydrous?® compound
were obtained on cooling. (Found: Gd 40.1; C 18.3; H 2.5,. Cale. for GAC,H,O,: Gd 41.1;
C 18.8; H 2.35). The analyses show that the percentages of gadolinium and carbon are lower,
and that of hydrogen higher than expected. The density calculated with the formula
GdCH,0, is 2.87 g -cm™2, which is lower than the measured value, 3.04 g-cm™ (vide infra).
These facts indicate that the compound might contain water; 0.5 water per formula
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unit gives calculated percentages of Gd, C, and H equal to 40.2, 18.36, and 2.55, respec-
tively, while the calculated density is 2.94 g-cm™3.

X-Ray diffraction work. Non-integrated equi-inclination Weissenberg photographs
were talfmn with MoKu« radiation using the multiple film technique (three films, separated
by tin foils).

Two single crystals were used in recording the layers 0kl— 11kl and hk0—hk8, respec-
tively. The first specimen was prismatic with height equal to 0.1 mm and all other edges
equal to 0.2 mm each. The crystal was mounted perpendicular to the triangular faces
along the 0.1 mm edges. The second specimen was tabular of the approximate dimensions
0.1 0.05 % 0.2 mm? and was mounted along the 0.2 mm edge. 1216 independent refloxions
were recorded. All intensities were measured visually by using a calibrated scale and no
absorption correction was made because of the low linear absorption coefficient, 79 em™
for MoKa radiation.

The intensity data were corrected for the Lorentz and polarization effects by using
the data reduction and Fourier calculation programme DRF.* All computing work was
carried out on the CD 3600 computer at Uppsala, Sweden.

Table 1. Powder data for GA(HOCH,COO), taken with a Guinier focusing camera using
CuKa radiation. Pb(NO;), has been used as internal standard for the determination of
the camera constants. Sin%0,. has been computed using the final least-squares refined
cell parameters: a=10.300£0.006 (&), b=11.250+0.004 (A), ¢=7.64140.001 (A).

. SN2 — o Sin2 SN0 —

Iy S ) observed Iy sIn%0, g P observed
‘ x 10* S”; ?‘6‘} intensity X 10% S;llzﬂalc intensity
101 157.9 0.4 vw 013 961.9 0.4 vvw
020 187.4 —0.1 m 103 973.0 2.5 w
111 204.8 0.4 vst 113 1018.0 0.6 st
200 224.9 1.2 m+ 331 1028.2 1.3 w
210 271.9 1.3 m 241 1083.4 8.0 vVvw
220 410.8 —0.4 w 322 1099.0 1.6 vvw
112 509.6 0.3 vVw 430 1317.9 1.1 m
031 521.5 —2.0 m 223 1325.9 0.1 m
022 592.5 —1.5 st 242 1379.5 —0.8 m-
301 605.3 0.3 m-+ 133 1392.5 0.0 st
202 630.0 —-0.2 m- 313 1465.5 0.7 m+
311 651.5 —0.3 m— 323 1606.5 1.0 m-—
212 676.5 —0.6 m-+ 004 1624.9 —1.1 w
231 747.3 0.0 m- 224 2034.1 —3.1 m--
321 792.7 0.2 m— 450 2062.9 —3.9 m-+
222 817.6 —0.1 st 541 2245.8 —4.1 w

UNIT CELL AND SPACE GROUP

The crystals investigated are orthorhombic and approximate values of
the lattice parameters were obtained from oscillation and Weissenberg photo-
graphs. They were refined from powder data as described previously.! The
final refinement was based on the 32 reflexions given in Table 1 and by using
these the following crystal data were obtained

a = 10.300(6) A Z =4

b = 11.250(4) A D, = 3.04 g-em™®

c = 7.641(1) A D, = 2.87 g-em™3

V = 885.3(7) A3 u =179 em(MoKx)
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The density of the crystals, D, was determined by the displacement method.

The following conditions limit the possible reflexions: 0kl present for
k+1=2n and hkO present for A=2n and the space group is thus either Pnma
or Pn2;a.

The unit cell contains four formula units and the reflexions with h-4-1==2n
and k=2n are strong and if Pnma is the correct space group then: a) The
gadolinium atom must occupy the positions 4a as the reflexions with A+4-1=2n
and k=2n are strong, b) All carbon and oxygen atoms in at least one of the
ligands must occupy the four-fold positions 4¢ (on the mirror planes) because
the unit-cell contains only four formula units and the ligand is known to
be approximately planar.!

The shortest possible metal-oxygen distance is then equal to b/4 i.e. 2.81
A and most of the gadolinium-coordinated oxygen distances must be larger
than this figure. Such large bond distances are unlikely in compounds of
this type, c¢f. rare earth-oxygen bond distances in known structures.',%¢
The space group Pnma can thus be rejected and Pn2,a or Cy,° is the most
probable space group; it is called Prna2; (No. 33) in the standard setting and
the matrix of the transformation to this setting is 100/00—1/010. The co-
ordinates of the equivalent sites in Pn2,a are x,y,2; Z,3+y.2; 1 —a, 4y, 3+2
"}’i_x’y:%_z'

This choice of space group was confirmed by the distribution of vectors 7
in a set of three-dimensional Pattersson maps calculated in order to determine
the location of the gadolinium atoms.

DETERMINATION AND REFINEMENT OF THE STRUCTURE

The z and z coordinates of the gadolinium atom were determined from
Patterson maps calculated by using the programme DRF.4 A zero
value was assigned to the y-coordinate as there are no symmetry
conditions limiting the choice of origin along this axis. The preliminary atomic
coordinates, the isotropic temperature factor, and the inter-layer scale factors
were refined by using the full-matrix, least-squares programme LALS.% A
three-dimensional difference synthesis based on the gadolinium position was
then calculated; in this way a spurious mirror plane running perpendicular
to [001] and passing through the gadolinium position is introduced because
the z-coordinate of Gd is very close to }. The positions of the nine oxygen
atoms belonging to one enantiomorphous set were determined from these
electron density maps, peak heights, and geometrical considerations (gadoli-
nium-oxygen, and oxygen-oxygen distances) being used in the identification
of the atoms. The carbon atoms were located in a new set of electron density
maps obtained from a new difference synthesis by using the identified part
of the structure.

The atomic scattering factors used in the Fourier calculations were those
given for neutral carbon and oxygen in International Tables 8 and those for
neutral gadolinium given by Cromer ef al.®

The interlayer scale factors, the preliminary atomic coordinates, and the
estimated temperature factors for all atoms were then improved by ten
cycles of full-matrix least-squares refinement. All thermal parameters
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except those for gadolinium were isotropic. The quantity minimized was
S>w(|F,|—|F.|)* with weighting according to Cruickshank;® the average values
of w(|F,|—|F)? in different [F | and sin 0 intervals were approximately
constant (cf. Table 3) indicating that the weighting scheme used is satis-
factory. The discrepancy index R was equal to 0.080 after the tenth cycle and
the shifts in the parameters were then less than 1 9 of their estimated standard
deviations. The R-value has been computed by using the observed reflexions
only.

A final difference synthesis calculated by using all refined parameters
showed the presence of a large peak, approximately 8 e/A3, at the position
of the gadolinium atom. This peak was surrounded by a negative region
with its minimum approximately —3 e/AS3, situated at a radial distance of
1.0—1.2 A from the gadolinium atom. The other parts of the electron density
maps consisted of small peaks, 1—2 e/A3 above a slowly varying background
and none of these peaks were assignable to an oxygen of a possible water.
If water is present (0.5 water per formula unit) it must be randomly distributed
because the unit cell contains four formula units and the space group chosen
has only four-fold positions.

The presence of the large peak at the gadolinium position indicates that
the thermal parameters for this atom have been given too large values in the
least-squares refinement. The peak has the same magnitude in the final dif-

Table 2. Coordinates and thermal parameters for the various atoms in GA(HOCH,COO)j,.
The space group is No 33 Pna2,. The anisotropic thermal parameters for gadolinium
have been calculated from the expression: exp[—(h2f,,+hEkf s+ )]

Atom Group xx 10t y X 10% zx 10* B/A?
0(1) co0(1)~ 2039 (23) 3060 (21) 1326 (31) 1.71 (0.31)
0(2) CO(2)0~ 2022 (22) 1206 (21) 2561 (29) 1.42 (0.34)
0(3) O(3)H 4450 (15) 1260 (13) 3436 (19) 0.55 (0.18)
c(1) 0C(1)0~ 2610 (19) 2193 (16) 2135 (26) 0.39 (0.19)
(2) HOC(2)C 4030 (21) 2301 (19) 2663 (27) 0.86 (0.27)
0(4) COO(4)~ 4811 (10) 108 (16) 6875 (14) 0.76 (0.18)
0(5) CO(5)0~ 619 (16) —10 (66) 5461 (23) 2.12 (0.23)
0(6) O(6)H 2467 (12) 151 (13) 8203 (15) 0.79 (0.19)
C(3) 0C(3)0~ 4723 (15) 13 (59) 8463 (19) 1.16 (0.19)
C(4) HOC(4)C 3398 (19) —236 (16) 9359 (26) 1.12 (0.27)
o) co0(7)~ 2093 (21) 3678 (19) 7801 (28) 1.17 (0.27)
0(8) CO(8)0~ 2856 (22) 2088 (20) 6037 (29) 1.56 (0.31)
0(9) 0(9)H 387 (23) 3810 (23) 8122 (34) 2.38 (0.44)
C(5) 0C(5)0 2376 (53) 3001 (44) 7059 (70) 3.58 (0.87)
C(6) HOC(6)C 933 (27) 2811 (24) 7307 (35) 1.49 (0.39)
Gd 2921 (0.6) 0 (0) 4974 (1.2) —

Bi1x 104 Baz X 101 Bsa X 10% B2 X 10% Bisx 10% Bas X 10%

18.5 (0.9) 16.8 (0.3) 28.3 (0.7) —6.8 (3.3) —4.5 (1.9) —17.0 (5.7)
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ference synthesis obtained by using the data for each setting separately and
it does not seem possible that it is connected with an error in the recording
procedure.

The final atomic parameters obtained by using the data from the two
settings are given in Table 2 and the experimental and calculated structure
factors are compared in Table 4.

The standard deviations of the atomic parameters are of the same
magnitude as those found in a previous structure investigation! except for
x.y,2 coordinates of C(5) and the y-coordinate of O(5). Inspection of the cor-
relation matrix showed that the x- and y-coordinates of C(5) had fairly large
correlation coefficients (approximately 0.4) to some of the scale factors,
while the z-coordinate had a large correlation, —0.32, to the y-coordinate of

0(5).

Table 3. Analysis of the weighting scheme. The averages w(lF,|—!F !)}=w-4* are nor-
malized and the weighting scheme is equal to w=1/(24.0+F [+ 0.01 [F 24 0.005 |F 7).

Bl Number of A sin 6 Number of g
mterval reflexions w interval reflexions w
0— 31 99 0.84 0.00—0.30 189 1.10
31— 39 114 1.08 0.30—0.38 180 0.89
39— 45 118 1.13 0.38—0.44 145 1.18
45— 51 118 1.02 0.44—0.48 125 1.03
51— 57 121 0.84 0.48—0.52 105 0.87
57— 68 119 0.78 0.52—0.55 100 0.96
68— 178 119 1.19 0.55—0.58 94 1.17
78— 88 122 1.16 0.58—0.60 59 1.06
88—112 120 1.01 0.60—0.63 57 0.94
112—-260 116 0.94 0.63—0.65 44 0.81

DESCRIPTION AND DISCUSSION OF THE STRUCTURE

Interatomic distances and angles were computed from the refined unit-
cell dimensions and the final atomic parameters of Table 2 by using the
programme DISTAN.4 Distances and angles of interest in the following
discussion are given in Table 5 together with their estimated standard devia-
tions. In order to facilitate the description of the structure the symmetry
related atoms have been given super-scripts with the following significance

7: 712‘1‘-%'4/,'%_2 v %+x,y,3/2—z

w l—x,3+y,1—2 v t—x,—3+y.i+z
iii §—,3-+y, 1~ vii L—a,— ity —i+
w i—x,d+4y,3/2—=2 vite 3/2—x,3+y, 442

The structure is a three-dimensional network formed by cross-linked metal-
ligand chains and these features are illustrated in the two projections of the
structure along ¢ and b, respectively, shown in Figs. 1 and 2. The approximately
planar chains are formed in the following way
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Table 4. Observed and calculated absolute values of structure factors in the tris-hydroxy-
acetato-gadolinium structure.

hokobFFC] LI | A kLR RE b ko1 R IR okl [F | IR
010 0 183 176 119 98 106 322 70 S8 413 4 77 76 549 92 88
01z 0 84 84 1393 8 9 332 56 44 a4 32 M -
014 0 129 111 149 33 39 342 27 25 4154 63 60 5869 65 64
016 0 96 159 97 9 313 176 152 417 4 SO Sl 510 9 70

018 0 74 67 179 99 8 323 168 142 419 4 45 42 512 9 68 56
020 0 40 38 199 76 75 333 149 120 4 15 29 29 514 9 44 49
c22 0 45 40 111 9 60 €6 343 110 98 435 20 22 5011 75 78
051 78 76 113 5 41 54 353 117 107 455 18 a1 5 21 73 70
091 23 22 1111 65 67 363 118 10 406 99 80 5 41t 70 67
011 1 50 4 1311 78 71 37 3 111 109 4 1 6 108 104 5 611 66

06 2 186 182 1511 70 69 383 112 116 426 78 82 5 811 74 65
08 2 104 111 1711 51 56 393 92 436 111 101 51011 48 51
010 2 124 117 1911 48 %7 310 3 76 19 4.4 6 76 82 1211 41 45
012 2 117 122 1113 49 e 3113 61 6 4 56 98 9B Sti11 42 43
014 2 77 1313 54 53 3123 64 64 46 6 b5 68 5013 40 42
016 2 7 67 1 513 42 48 313 3 59 60 4 7 6 B3 85 5 213 48 49
018 2 45 51 1713 56 52 314 3 61 59 4.8 6 54 65 S 413 48 47
022 2 38 33 230 61 B2 3153 48 50 4.9 6 70 60 5 513 41 45
013 6l 56 250 143 131 316 3 S0 51 410 6 48 41 540 18

033 73 62 2 60 173 145 317 3 48 45 411 6 74 69 6 5 0 175 175
o z 3 25 39 270 58 57 304 25 28 412 6 44 45 6 60 20 1
073 21 26 280 104 99 314 23 33 413 6 65 64 67 0 123 123
093 30 30 290 102 8 305 6 74 415 6 54 49 6§90 127 125
011 3 25 23 210 0 119 112 315 99 88 417 6 44 44 611 0 96 108
024 179 164 211 0 45 sl 325 126 114 407 22 22 613 0 8 80
04 4 163 162 212 0 & 70 335 113 106 447 2 17 615 0 87 79
06 4 138 133 213 0 46 50 34 5 107 107 4 0 8 39 40 617 0 62 58
08 4 136 147 214 0 65 75 355 73 71 418 87 68 619 0 %6 51
010 4 €8 102 215 0 36 36 365 SO 68 428 45 46 621 0 44 37
012 4 84 81 216 0 53 sl 375 94 93 4 38 84 8 631 13
014 4 86 82 217 0 39 3z 3.8 5 74 74 4 4 8 35 38 6 4 1 15 14
016 4 38 60 218 0 48 4 395 57 60 458 9 8 602 27 29
018 4 64 60 21 2 12 102 310 5 80 64 4 6 8 46 43 6 2 2 27 25
022 4 34 38 23 2 120 97 3115 64 65 4 78 B2 76 632 146 133
¢ 5 5 44 38 24 2 185 172 312 5 73 488 36 13 64 2 6 2
00 6 155 149 252 76 €3 312 5 S0 54 4 88 73 66 § 5 2 132 129
026 17z 174 262 168 138 314 5 4 47 4108 32 33 67 2 122 124
04 6 120 137 27 2 100 99 315 5 S0 47 4118 75 66 692z 91 110
06 6 137 143 28 2 123 120 306 29 31 4138 50 51 611 2 70 &S
086 114 123 292 57 5§ 366 27 27 415 8 44 49 613 2 84 79
010 6 93 104 210 2 112 103 307 111 110 4 010 oS4 51 615 2 5B 67
012 6 99 93 211 2 56 &7 317 90 68 4110 79 74 617 2 33 56
C14 6 76 72 212 2 91 94 327 91 9% 4 21 20 36 619 2 47 42
016 6 74 70 213 2 36 36 337 9% 8 4 310 62 61 6023 27 2
018 & 47 48 214 2 81 70 347 82 B8 4 410 49 47 623 26 7
008 98 105 215 2 40 a1 357 100 98 4 510 69 63 653 18 19
028 73 8 216 2 66 o0 367 83 & 4 610 42 37 68 3 28 29
048 84 9 218 2 45 49 377 58 62 4 710 60 60 61 4 119 116
068 75 84 223 46 36 387 6 74 4 810 34 14 6§34 171 162
oes8 32 78 233 69 50 397 73 6 4910 62 62 65 4 130 122
010 8 86 75 243 29 310 7 78 67 41110 43 45 67 4 100 111
01z 8 68 62 204 203 166 311 7 65 6l 41310 37 43 6§94 73

014 8 63 58 214 71 67 212 7 48 52 4 012 35 29 611 4 92 98
016 8 47 Sl 2 2.4 192 168 313 7 54 55 4 112 50 S0 613 4 84 80
0 210 €3 81 234 116 9 314 7 43 48 4 212 42 39 615 4 50 55
o 410 2 @7 2 4 4 125 109 309 72 72 4 312 85 57 617 4 54 49
0 810 68 63 25 4 93 85 319 77 80 4 51 51 50 619 4 44 46
01010 77 66 264 122 124 329 €9 68 4 712 44 47 §25 25 25
01210 50 &7 27 4 5 339 85 65 4 912 38 39 645 41 4z
01410 48 52 284 124 133 149 76 & 531 49 4 v 65 24 24
¢ 010 1 €2 294 5457 359 65 61 541 171 174 61 6 130 143
0 012 77 68 210 4 78 90 369 69 61 551 a4 a3 63 6 109 112
0 414 65 6l 211 4 45 47 379 74 € 5 61 148 153 65 6 95 104
0 612 8 62 212 4 75 75 389 47 53 57 1 45 46 67 6 105 116
0812 54 63 213 4 57 53 399 53 56 58 1 118 120 69 6 111 104
01012 44 50 214 4 75 69 3109 58 s1 591 37 39 611 6 B3 7%
01212 44 46 216 4 56 62 311 9 sL 48 510 1 110 118 613 6 73 65
0014 48 51 245 42 39 3011 45 61 S111 23 24 615 6 63 €3
0 214 44 44 206 92 9 311 45 47 512 1 86 90 617 6 56 55
0 414 44 46 216 €2 3 231 41 48 514 1 83 79 607 36 36
0614 44 43 2 26 122 118 3311 56 48 516 1 69 65 618 80 93
161 3 30 23 6 67 64 3411 42 4q 5181 55 Sz 638 95 96
171 177 148 2.4 6 138 130 3511 46 48 520 1 49 44 658 104 99
181 3 256 44 49 440 125 104 532 25 29 678 89 78
191 140 138 2 6 6 104 101 4 60 130 il6 542 27 27 698 72 68
1111 1z 1 276 74 470 4 s 552 20 23 611 8 74 70
133 1 89 89 286 79 77 480 93 88 503 174 156 613 8 58 57
115 1 95 83 296 51 53 490 94 o 513 57 51 615 8 51 SO
117 1 71 64 210 6 70 76 410 0 85 87 5 2 3 168 162 617 8 44 37
1191 M4 52 211 6 8 411 0 113 116 53 3 76 71 6110 78 79
112 50 41 212 6 91 79 412 0 3 42 5 4 3 145 138 § 310 79 75
122 94 80 214 6 54 57 413 0 77 Bl 5 5 3 75 7 6 510 86 76
152 19 18 215 6 40 40 414 0 54 54 5 63 134 129 6710 71 &2
172 26 25 257 31 3 415 0 87 61 57 3 27 3 6 910 71 65
182 36 36 208 95 107 416 0 43 44 5 8 3 123 128 61110 55 83
123 38 36 218 44 51 417 0 37 42 593 28 31 61310 43 49
143 65 57 228 87 9 418 0 36 32 510 3 89 85 6 112 64 62
153 203 180 238 44 b 419 0 48 SO 511 3 26 24 6 312 59 60
163 32 32 248 79 82 431 50 44 5123 B4 €7 € 512 50 83
173 157 146 258 51 60 441 5 46 5143 77 7S 6712 61 S8
193 144 129 268 82 87 451 43 45 516 3 7 €3 6 912 52 48
1113 102 111 278 33 38 481 24 22 583 51 52 61112 44 43
113 3 98 9 288 B8 B0 412 1 26 26 520 3 41 39 721 110 132
115 3 69 69 298 42 44 402 45 45 514 22 22 731 35 3
117 3 56 60 211 8 38 37 422 65 6 524 31 28 7 41 123 13§
119 3 54 83 212 8 80 57 4 42 92 80 505 122 123 751 42 4
134 44 40 2010 95 85 45 2 166 145 5 1 5 23 7 6 1 117 124
144 2002 2110 35 42 462 51 %4 525 182 158 771 37 38
154 35 36 2 210 80 69 47 z 162 183 5 3 5 37 781 97 105
105 62 58 2 310 43 44 482 S 43 5 4 5 143 135 791 38 38
115 181 183 2 410 83 77 4 9 2 126 139 5 65 119 121 710 1 84 99
125 61 5 2 510 37 40 410 2 39 575 33 40 712 1 B2 74
135 173 188 2 610 71 68 411 2 74 '83 5 B S5 104 110 714 1 76 68
145 42 40 2 810 68 64 412 2 46 45 5 95 24 21 716 1 64 S8
15 5 106 103 21010 52 58 413 2 83 77 510 5 88 92 718 1 47 45
165 38 201 48 sl 414 2 33 3% 511 5 32 23 720 1 41 37
175 158 146 2 212 62 64 415 2 72 70 5125 93 88 712 19 10
185 42 44 2 412 53 55 416 2 33 30 514 5 6z 64 732 22 23
195 89 100 2 612 42 5) 417 2 60 60 516 5 50 56 742 2 21
1105 32 30 2 014 44 45 433 38 37 518 5 44 47 782 16 16
1115 87 90 331 138 114 443 3 3 507 121 120 772 20 22
1135 79 77 351 147 127 483 20 21 517 26 2 7 03 136 128
115 5 70 65 361 133 122 404 68 63 527 .87 99 713 17 14
137 5 65 59 371 84 414 154 137 S 47 93 97 723 143 140
106 31 32 381 90 9 424 9 84 557 23 2 733 49 48
107 38 41 391 81 62 434 178 168 5 6 7 82 84 7 43 130 131
117 123 125 310 1 92 95 4 44 5 58 7 95 a7 753 31 32
127 27 28 31 7177 4 54 138 120 510 7 79 74 7 63 113 115
137 101 116 312 1 67 76 464 1 64 5127 62 6 773 26
157 125 128 313 1 63 6l 47 4 130 127 514 7 54 87 7 83 104 105
177 79 89 314 1 65 65 484 54 8 516 7 52 49 710 3 78 88
197 95 94 315 1 51 53 4 94 81 92 5187 41 38 7113 34 31
1117 91 79 316 1 45 51 410 4 41 46 5 09 92 84 712 3 BS 81
113 7 72 66 317 1 39 a9 411 4 €6 92 529 90 €5 714 3 68 68
115 7 57 S5 312 22 19 4124 39 a1 539 32 27 716 3 53 5L
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Table 4. Continued.
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[ IFl Bl Nkl ol R Nkl kLR hoxot

18 896 58 1010 0 77 63 59 235

71 810 6 35 1011 0 97 52 43 403

72 811 6 63 1012 0 117 55 59 11s

74 812 6 37 1013 0 1307 45 4 1335

T 0 813 5 50 1014 0 157 39 38 11508

i1 B15 6 45 1015 0 PO T 11 17 s

72 817 6 43 1016 0 13 52 50 1395

73 807 22 1017 0 59 82 58 1311 0s

74 808 61 1018 0 79 55 52 1515

75 818 89 0002 9 9 5758 153 5

76 8 28 45 012 s s 155 5

77 g3 8 80 10 2 2 11§ S 1y

78 g 48 51 103 2 311 15

79 8 5.8 85 1904 2 511 U6

712 868 41 105 2 711 16

712 8 7 8 67 0062 911 14

74 888 19 w72 it ERE Y

715 8 99 57 032 50

718 810 & 45 1009 2 10 55

1 g1l 8 51 01 2 1o P

70 812 8 Wi 2 20 1200 o

7 813 8 49 1012 2 6 0 12 208

72 815 8 43 012 8 v iz 4 s

73 8§ 010 34 w2 40 1255

T 8 110 &7 s 2 i 1236

76 8 210 37 JERTI 10 121

78 8§ 310 38 W33 20 1212 s

710 8 410 4l 1000 4 30 1406

712 8 510 54 10014 50 116

714 8 610 36 o2 4 [ 128

716 8 710 51 1503 4 10 o4

718 8 910 53 1004 4 20 %018

70 61110 42 10054 10 153

72 Bo112 41 1005 4 o0 165 6

74 B 112 54 w74 [ 757

75 8 512 46 10084 [ s

76 8 712 45 1003 4 2 1s o7

78 931 82 9 1010 4 40 1

710 9.4 1 93 109 10114 b oU 113 7

712 9.5 1 92 93 w2 4 8o :

i oo 1 32 33 [URERN] 10 !

T s @71 3 4 12 !

R ;a1 2 4 . i
T2 5091 74 1o b - 3
703 910 1 63 o3 w0 s 4 R I
7 4 911 1 63 82 10016 o U o181
76 912 1 4 57 102 100 P20 13
78 913 1 50 52 10 36 1o 728 2%
710 914 1 458 47 0046 3o LR IO T
712 915 1 50 ds 0056 5o ERE VR 1
70 16 1 37 35 066 01 73 s
72 917 1 42 o 107 6 1 AT 1Y
74 912 21 108 6 01 768 62
76 903 118 % 1009 6 1 74 57
78 g 13 18l 1010 6 21 783 53
8 3 9z 3 9 B4 101 6 Tl 782 st
8 4 933 9% 83 1012 6 KNS a5 4
8 s 943 6 6 FURTINY 51 39 39
8 o 95 3 1008 101 0w
8 7 96 3 1001 9 31 3434
88 87 3 1028 4 a8 42
8 98 3 003 6L ? w0 w
8 993 w48 [ L
8 910 3 058 11 P 11
El 911 3 w68 21 2 38 39
2 §12 3 w78 4 7 42 3
8 913 3 19 8 8 [ 739 a4
8 914 3 1010 8 11 8 43 5!
8 915 3 1012 8 21 8 24 27
8 516 3 1014 8 31 s 87 73
8 917 3 10 010 vl 8 36 3
8 92 4 10 110 11 8 45 581
8 $0s 10 210 21 8 48 4y
8 915 10410 01 8 39 38
8 925 10 610 01 8 12 13
8 935 10 810 11 3 36 32
8 9 4 5 10 10 10 31 8 4z 37
8 955 10 012 501 8 25 23
8 965 10 212 71 & 19 2l
8 975 10412 91 @ 25 22
8 9.8 ool 1o 888 75
8 99 5 ozt 01 8 82 70
8 910 5 11 11 874 @
8 911 s o4 21 & 69 65
8 912 5 1nos 1 42 8 56 56
8 913§ 1061 42 453 sS4
8 914 5 oo 5 2 8 3 4
8 915 5 o9 32 8 a7 52
8 915 5 [ERTENY 12 8 43 a8
8 917 5 1131 2 2 3 35 35
8 06 115 1 12 8 40 44
8 807 [ERVENY 02 8 a1 45
8 917 o3 22 & 38 7
8 927 o1 12 8 3 18
8 947 o2 6 2 8 42 3
8 g4 7 PR 8 2

1 957 o4 10 2

8 967 s 12 2

8 g7 7 16 3 [

4 9.8 7 it 7 12

8 9 s 7 193 22

8 910 7 1103 42

8 911 7 13 6 2

R 912 7 [TRER] 8 2

88 913 7 1153 102

8 9 9.0 9 1117 3 12

810 g 19 124 0 4

811 929 44 2 4

812 919 iroos 14

813 9.4 9 1L 6 4

814 959 12 5 8 4

815 96 9 s 10 4

815 979 505 212 4

817 989 175 04

80 9 9 9 195 24

8 0 910 9 1l s 34

8 1 10030 1113 s 4 4

8 2 04 ¢ 115§ 6 4

8 3 0050 117 s 8 4

8 4 1050 1o 7 14

8 s 107 0 oL 34

87 w80 1ns 7 5 4

5 8 w90 s 7 74
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Table 5. Selected bond distances (in A) and angles with their corresponding standard

deviations.

Within the coordination polyhedron

Gd—0(1%) 2.42(2) 0(2) —0(8) 2.96(3)
Gd—0(2) 2.47(2) O(17") —O(5) 3.31(6)
Gd—0(3) 2.42(2) 0O(4) —0(8) 3.07(3)
Gd—0(4) 2.43(1) 0(2) —O(9vii 3.70(3)
Gd—0(5) 2.40(2) 0(3) —O(9) 2.77(3)
Gd—0(6) 2.52(1) 0(3) —0(8) 2.74(3)
Gd — O(7v) 2.42(2) 0(3) —O(4) 2.95(3)
Gd—0(8) 2.49(2) 0(6) —O(1%) 2.80(3)
*d—O(99) 2.61(2) 0(6) —O(8) 2.77(3)
0(11“)— (9v7%) 3.10(4) 0(6) —O(5) 2.84(2)
O(1t) —O(4) 3.02(3) 0o(7) —O0(1%) 2.95(3)
0(4)  —O(9vit) 3.22(3) o(7) —0(2) 2.85(3)
0(5) —0(2) 2.98(4) o(7) —0(5) 2.89(5)
0(5) —O(8) 3.33(6) -
0(3)\ 0(2)
Within the first ligand C(2)—C(1)
O(1)
C(1)—0(1) 1.30(3) /0(1)—C(1)— 0( 123(2)
C(1)—0(2) 1.30(3) /0(1)—C(1)— ('(2) 120(2)
C(1)—=C(2) 1.52(3) 7 0(2)—C(1)—C(2) 117(2)
- C(2)—-0(3) 1.38(3) ) 40(&)— 0@)—-C()  1102)
0O(6) O(4)
Within the second ligand C(4)—C(3)
0(5)
C(%)—O( ) 1.22(2) /0(4) —C(3)—0(5v) 127(2)
C(3)—0(5) 1.24(2) 7 0(5%) —C(3)—C(4) 111(2)
C(3)—C(4) 1.55(3) /0(4) —C(3)—C(4) 121(2)
_ C(4)—0(6) 1.37(2) _70(6) —C(4)—C(3)  106(2)
0O(9) O(7)
Within the third ligand 0(6)—C(5)
o)
C(5)—0(7) 1.14(6) 40(7) —C(5)—0(8) 125(5)
1(5)—O(8) 1.38(6) 0(8) —C(5)—C(6) 109(4)
C(5)—C(6) 1.51(6) 10(7) —C(5)—C(6) 125(4)
C(6)—O(9) 1.40(4) 0(9) —C(6)—C(5) 110(3)
Possible hydrogen bonds
0(2i) —0(3) 2.76(3) /0(2) —0(3) —C(2) 102(1)
0(4) —O(6Y) 2.74(3) /0(4) —0(6v) —C(4?) 135(1)
0(8) —0(6) 2.77(3) 70(8) —O(6) —C(4) 122(1)
0(17) —0(6) 2.80(3) £.0(1%) —0(6) —C(4) 86(1)
0(7) —0(9) 2.57(3) £0(7) —0(9)—C(6Y) 103(2)
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Fig. 1. Projection of the structure along ¢. The gadolinium, carbon, and oxygen atoms

are denoted by striped, black, and white circles, respectively. The symbols used for svm-

metry related atoms are explained on p. 1756. Bonds within the ligands are fulldrawn,
metal-oxygen bonds are dashed, and hydrogen bonds are dotted.

e

Fig. 2. Projection of the structure along b. The symbols used are the same as in the
previous figure.

a. Ligand 1%, formed by O(1%), 0(2%), O(3%), C(1*) and C(2’) (¢f. Fig. 1), forms a
chelate by coordination of 0(2') and O(3’) to Gd’, while the remalnlno car-
boxylate oxygen O(1°) is bonded to Gd"". The n-glide plane transforms
Ligand 1° to Ligand 1% where O(2%) and O(3") are coordinated to Gdv.
By repetition of this symmetry operation a chain running parallel with [o11]
is formed. The symmetry related Ligand 1, Ligand 1'* efc. form in the same

way a chain parallel with [011].
Acta Chem. Scand. 23 (1969) No. 5
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b. Ligand 3, formed by O(7), O(8), 0(9), C(5), and C(6), also gives rise to
two sets of metal-ligand chains (vide Fig. 1). The chains are formed by applica-
tion of » to the symmetry related Ligand 3 and Ligand 3° and the chains are
running parallel with [011] and [011], respectively.

¢. The bonding of the remaining ligand, Ligand 2, is best illustrated in
Fig. 2: a chelate is formed by coordination of O(4) and O(6) to Gd. Two sets
of approximately planar metal-ligand chains, running parallel with [100]
are obtained by applying the symmetry operations 2; and a to Ligand 2.

The chains formed by the three ligands intersect at the metal sites and the
gadolinium atom is thus coordinated by nine oxygen atoms. The chains are
also cross-linked by hydrogen bonds and these features will be discussed
later.

The coordination polyhedron. A parallel projection of the coordination
polyhedron drawn by using the programme ORTEP, is given in Fig. 3.
The nine oxygen atoms which surround each gadolinium atom form a poly-
hedron based on a distorted trigonal prism similar to the type previously
described.® The ligands are bonded as chelates along the diagonals of the
rectangular faces of the prism; the points of attachement are at the corners
of the prism and outside the midpoints of the rectangular faces, O(3), O(6),
and O(7"") in Fig. 3. The chelates use six of the coordination sites, while the

O (5 v//}

Iig. 3. A parallel projection of the structure

drawn by using the programme ORTEP.*

The distorted trigonal prism is outlined

and the various metal-oxygen bonds are
dotted.

remaining three are occupied by three carboxylate oxygens from adjoining
ligands. The various metal-oxygen bond distances are given in Table 5 and
the values agree with those found by Albertsson 5 in a tris-oxydiacetato-
gadoliniumate complex. The distances from carboxylate and ether oxygens
to gadolinium are 2.41+40.01 A and 2.4940.03 A, respectively, in this complex.

The trigonal prism is distorted and the distortion is mainly caused by
the fact that the two triangular faces are not parallel; the distances between
the corresponding corners of opposite triangles are 3.07 A, 3.31 A and 3.70 A,
respectively (¢f. Table 5).

Some of the distances between neighbouring oxygen atoms in the coordina-
tion polyhedron are so small that it is reasonable to assume that they are in
van der Waals contact, e.g. the distances O(3)—0(9""), O(3)—0(8), O(6)—0(8),

Acta Chem. Scand. 23 (1969) No. 5
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0(6)—O0(1%), 0(6)—O0(5), and O(7")—O0(2) are 2.77 A, 2.74 A, 2.77 A,

2.80 A, 2.8¢ A, and 2.85 A, respectively. These figures are approximately

t&Wice the estimated value of the van der Waals radius of oxygen, (1.4040.05)
1

The dimensions of the coordination polyhedron are decreasing with
decreasing ionic radius of the central atom and this decrease will force the
oxygen atoms in contact even closer together. The net result is a decrease
in stability of the structure.

The tris-hydroxyacetates have, as seen above, many oxygen-oxygen con-
tacts. This is not the case in the rare earth trisglycolato dihydrates'® or in the
hydroxyacetato-oxyacetato compounds where, in the erbium compound for in-
stance, only the distances O(2"*)—0(1) and O(2")—O0O(5%) are close enough (2.72
A and 2.85 A, respectively) for such a contact. The short O(3%)—O(3")
distance, 2.53 A, in compounds of this type is connected with the special
type of bonding for O(3)! A transition from tris-hydroxyacetate to tris-
hydroxyacetato dihydrate or hydroxyacetate-oxyacetate must now be followed
by a decrease in van der Waals repulsion and this decrease must be largest
for the elements with the smallest ionic radius. The experimental finding?
that it is only rare earths with the smallest ionic radii which form tris-glycolato
dihydrates and hydroxyacetato-oxyacetato complexes can thus be explained.

A decrease in stability caused by oxygen-oxygen van der Waals contacts
is not unique for the tris-hydroxyacetato compounds, but is probably of
importance in a number of rare earth complexes. Steric effects observable
in the formation of tris-oxydiacetato and tris-2,6-pyridinodicarboxylato
complexes will be discussed along these lines in forthcoming publications.1?

Table 6. The deviation in A of the gadolinium and ligand atoms from the least-squares
plane formed by the C—COO group in each ligand.

Atom Distance Atom Distance Atom Distance
(A) (A) (A)
Gd —0.819 Gd 0.098 Gd# —0.326
0(1) —0.003 0(4) 0.008 o(7) —0.021
0(2) —0.003 0O(5v) 0.007 0O(8) —0.015
0(3) 0.062 0(6) —0.425 0(9) 0.248
(1) 0.009 C(3) —0.021 C(5) 0.049
C(2) —0.002 C(4) 0.005 C(6) —0.013

The ligands. The three organic ligands are approximately planar (cf.
Table 6) and some intermolecular distances and angles are given in Table 5.
Corresponding distances and angles within the three ligands are not significantly
different from one another (as judged by the f-test 1°), or from the values
found in other glycolato complexes.’;'® The uncertainty in the C(5) position
is fairly large which results in large standard deviations for some of the inter-
atomic distances within ILigand 3. The difference in distance between
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C(5)—O0(7) and C(5)—0(8), 1.14--0.06 A and 1.384-0.06 A, respectively, may
because of this not be significant (t=2.5).

Possible hydrogen bonds. The hydrogen atoms in the three hydroxy groups
are all hydrogen bonded. The angle H—O—C is approximately 109°14,15
and if a linear hydrogen bond is formed the angle O—O—C must be close to
this figure. Hydrogen bonded oxygen—oxygen distances are expected to fall
in the range 2.5—3.0 A. From these criteria it is obvious that only one pos-
sible hydrogen bond can be formed by each of Ligand 1 and Ligand 3. These
bonds are formed between O(3)—O0(2°) and between O(7)—0(9") and have
bond distances 2.76--0.03 A and 2.5640.03 A, respectively. The angles
0(2)—0(3)—C(2) and O(7)—0(9")—C(6°) are 10141° and 1034-2°, respec-
tively, and thus the hydrogen bonds formed must be approximately linear.

Hydrogen bonds might be formed by Ligand 2, between either O(6)—O(8),
0(6)—O0(1™) or O(4)—O(6"). The corresponding bond distances are 2.7740.03
A, 2.80-+0.03 A, and 2.744-0.03 A, respectively, while the angles
0(8)—0(6)—C(4), 0(1")—O0(6)—C(4) and O(4)—O0(6")—C(4") are 122-1°,
8641°, and 1354-1°, respectively. The hydrogen bond is probably formed
between O(4) and O(6") because the hydroxy hydrogen will then lie approxi-
mately at a position expected in a glycolate molecule; the large angle indicates
that a bent hydrogen bond is formed.

This series of crystal structure determinations has been started with
two aims; one is to obtain information on the bonding (coordination geometries,
coordination numbers, and bond distances) of complexes in the solid state,
the other is to obtain correlations between properties of complexes in the
solid state and in solution. In a following communication the nature of the
rare earth—glycolate bonds in solution will be discussed by using infrared
data obtained from rare earth glycolate solutions and from solid complexes
of known structure.

I am indebted to Professor Ido Leden and Dr. Jorgen Albertsson for their helpful
comments. This work is part of a research project supported by the Swedish Natural
Science Research Council.
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