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The crystal structure of the complex La(NO3);.4(CH;),SO has been solved by the heavy-atom method.
The complex crystallizes in the monoclinic space group C2/¢ with four formula units in a unit cell of
dimensions a= 14-94, b= 11-04, c=15-54 A and f=109°10’. The parameters have been refined by three-
dimensional least-squares procedures with anisotropic thermal parameters for all atoms except hydrogen.
The final R index for 1257 observed reflexions is 0:094. The La®* ion is coordinated by ten oxygen atoms
with La-O distances varying from 2-47 to 2:71 A. The geometry of the coordination polyhedron is

described.

Introduction

Recently there has been an increasing interest in the
crystal chemistry of lanthanide ions. To date many
complexes of lanthanides having different ligands have
been prepared and characterized by various physico-
chemical methods. The bonding of the ligands to the
lanthanide ions is essentially electrostatic with little
interaction between the 41 orbitals and ligand orbitals
(Karraker, 1970). However, recent n.m.r. and electron
spectroscopic studies appear to provide evidence for
covalent bonding in some organometallic complexes of
heavier lanthanides (Gysling & Tsutsui, 1970).
Because of their comparatively large size, the lantha-
nide ions exhibit a high coordination number, usually
between six and ten (Karraker, 1970). The lanthanide
contraction plays an important role in the coordination
chemistry of lanthanides. As the size of the lanthanide
ion decreases, the repulsion between the ligands in the
coordination sphere increases and becomes large

enough to make the structure energetically unstable.
At this point, the coordination number of the lantha-
nide ion decreases and the crystal structure changes.

With a view to correlating the effect of lanthanide
contraction with the changes in coordination number
and crystal structure, a programme to elucidate the
crystal structures of lanthanide complexes having dif-
ferent ligands has been taken up in this laboratory.
This, we hoped, would also add to our understanding
of the coordination geometry and crystal chemistry of
lanthanons. As part of the programme, a series of com-
plexes of dimethyl sulphoxide with lanthanide nitrates,
prepared and characterized earlier in this laboratory
(Ramalingam & Soundararajan, 1967), has been taken
up for X-ray structural studies. These complexes have
the general formula Ln(NOs);. n(DMSO), where n=4
for Ln=La to Gd, n=3 for Ln=Y, Ho and Yb and
DMSO is (CH;),SO. The structure of
La(NO,);.4(CH;),SO has been solved and is reported
herein.
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Experimental

Well developed crystals were grown by slow evapora-
tion of a solution of an authenticated sample of the
complex in acetonitrile. The crystals were tabular in
form and elongated along the ¢ axis. The crystals were
examined by single-crystal rotation and Weissenberg
techniques using Cu Ka(1=1:542 A) radiation. The
crystal data for the complex are

Crystal system Monoclinic

Cell dimensions a=1494Q2) A
b=11-04(2)
c=15-54(2)

B=109°10"(33")

Cc or C2/c (hkl, h+k

odd and 40/, / odd are
absent)

Unit-cell volume V=2421 A3

Measured density by flotation

method Dyps=1:740 g cm ™3

Calculated density Deyc=1:749 g cm ™3

Space group

Formula weight 637-5
Number of formula units

per unit cell Z=4
F(0,0,0) 318

Linear absorption coefficient

for Cu K« radiation 171:0 cm !

A cylindrical crystal, cut along the length of the tab-
ular crystal and ground to a radius of 0-1 mm was
sealed in a Lindemann capillary of 0-15 mm radius and
used to collect intensities on the reciprocal levels hk/
(/=0 to 10) using the multiple-film Weissenberg equi-
inclination technique and Cu K« radiation. The inten-
sities of 1257 independent reflexions, which were in the
observable range, were measured visually with the help
of a calibrated intensity strip prepared from the same
crystal. The intensities were corrected for Lorentz and
polarization factors. Absorption corrections (ur=1-71)
were also applied. The intensities were placed on a
common relative scale by correlating them with the
intensities collected about the [110] direction. They
were then placed on an absolute scale by a Wilson plot
(1942).

Structure determination and refinement

As there are four formula units per unit cell, there are
four lanthanum ions and hence the La* ion should
occupy one of the special fourfold positions if the
space group were C2/c or a general position if the space
group were Cc (International Tables for X-ray Crystal-
lography. 1962). The y coordinate of the lanthanum ion
was obtained from a three-dimensional Patterson syn-
thesis. The value, y=0-117, obtained suggested that in
the space group C2/c only the fourfold position 4(e)
0,7,%; 0,7,3) is possible. In the space group Cc the x
and z coordinates may be chosen arbitrarily. Hence the
position would serve equally well for Cc with x=0 and
z=}% arbitrarily chosen for La** to fix the origin. An
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electron-density map was computed using the observed
amplitudes with the phases calculated from the lan-
thanum atom alone. Since the lanthanum arrangement
was centrosymmetric the resulting map was also cen-
trosymmetric. If the structure were non-centric then one
should observe twice the number of expected peaks
owing to the additional centre of symmetry. However,
only twenty-nine important peaks, which correspond to
the actual number of atoms present in one formula
unit, were observed in one fourth of the unit cell, in-
dicating the structure to be centrosymmetric. Moreover,
the effects of anomalous scattering of Cu K« radiation
by lanthanum are considerable (4f"' = —2:1; 4f"' =8-9).
If the crystal belongs to the non-centrosymmetric
space group Cc we should then expect intensity differ-
ences between pairs of reflexions such as #k0 and 2k0
{Peerdeman, van Bommel & Bijvoet, 1949), However,
careful examination of the intensities did not show any
Bijvoet differences. Further evidence for the centro-
symmetric space group came from the morphological
examination of the crystals under the microscope

7

®)

Fig.1. (a) Idealized dodecahedron. (b) The coordination poly-
hedron around the lanthanum ion. The vertices 1, 2, 3 and 4
denote O(1), O(1"), O(2) and O(2’) respectively and vertices
5,5%, 6,67, 7 and 8 denote O(3), O(4), O(4"), O(3"), O(6) and
0O(6") respectively.
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which clearly indicated the presence of a twofold axis.
Hence the space group C2/c was chosen. The choice
was confirmed by the successful refinement of the struc-
ture in this space group.

The contribution of La3* to the structure factor was
computed. The residual index, defined as ||F,|—
[F||/IF,|, was 36%. A three-dimensional Fourier syn-
thesis was computed using the signs of those reflexions
for which |F,|>0-60}F,|. The positions of sulphur at-
oms were easily identified from this map. Using the
positions of sulphur atoms and the chemical informa-
tion available regarding the geometry of dimethyl sul-
phoxide and the nitrate ions the positions of all the
atoms were located. Structure factor calculations with
the positional parameters and isotropic thermal param-
eters of all the atoms gave an R index of 25%. Four
cycles of structure factor least-squares refinement using
the block-diagonal matrix approximation reduced the
discrepancy index to 16 %. At this stage it was found
that the thermal parameters of two atoms were ab-
normally high, suggesting that these atoms were wrong-
ly placed. A difference Fourier map was computed and
this indicated considerable shifts in the positions of
these atoms. Introduction of the new positions of these
atoms and three cycles of isotropic refinement reduced
the R index to 13%. Individual anisotropic tempera-
ture factors of the form exp [— (byh? + ook ? +bssl* +
2by,hk +2b,3hl + 2b,3k1)] were introduced and the struc-
ture was refined to an R index of 10:9 % in three cycles.
The scattering factors used in the refinement were taken
from Cromer & Waber (1965) for all the atoms. At
this stage the corrections for anomalous dispersion for
La3+(Af'= —2-1, Af""=89) were introduced in the
scattering factors of La®*[ f=/(f, + 4f)2(4/"')]. Three
further cycles of refinement reduced the residual index
to 0-094. The shifts in the positional parameters were
one-tenth of the standard deviations and hence the re-
finement was stopped at this stage. The quantity min-
imized in the program used was >w(F,—F.)%. In the
earlier stages of the refinement the weighting scheme
w=1/[1 +(kF,—b)*/a*], where a=40 (8F;,) and b=
25(5Fin), Was used. However, in the final stages the
weighting scheme of the form w= 1/[a+ bkF, + c(kF,)]
(Cruickshank, Bujosa, Lovell & Truter, 1961), where
a=12-0, b=1-0 and ¢=0-0118, was found appropriate.

Table 1 lists the final positional parameters with
standard deviations and Table 2 the thermal param-
eters. In Table 3 are listed the final observed and cal-
culated structure factors for all the observed reflexions.
The bond lengths and valency angles are given in Table
4. The average standard deviations in bond lengths for
La-0, S-0, S-C and N-O are 0-03, 0-03, 0-058 and
0-049 A respectively.

Description of the structure

(@) Coordination around La>*

The lanthanum ion is found to be coordinated to ten
oxygen atoms, six from the three nitrate groups which
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Table 1. Final fractional atomic coordinates of the
non-hydrogen atoms

Standard deviations in the last digits are given in parentheses.

x y z
La 0-0 0-1141 (02) 0-2500

S(1) 0-0343 (07) 0-1741 (10) 0:0260 (08)
S(2) 0-1683 (09) 0-3671 (10) 02727 (10)
o(1) 0-0646 (22) 0-1597 (29) 0:1263 (20)
0(2) 00996 (21) 0-2955 (26) 0-3082 (24)
0(3) 0-1331 (21) 0-0718 (30) 0:4144 (22)
0O(4) 0-1748 (20) 0-0331 (30) 02970 (20)
O(5) 0-2755 (21) 0-0169 (33) 0-4369 (23)
0(6) —0-0059 (20) —0-1092 (25) 03060 (24)
Oo(7) 0-0000 —0-2803 (36) 0-2500

N(1) 0-1955 (22) 0-0416 (30) 0-3852 (29)
N(2) 0-0000 —0-1758 (48) 0-2500

C(1) 0-1375 (31) 0-2149 (41) 0-0030 (38)
C(2) —0-0196 (44) 0-3232 (54) 0:0028 (45)
C(3) 0-2827 (39) 0-3332 (69) 0-3536 (76)
C@4) 0-1626 (61) 0-5164 (50) 03121 (54)

Table 2. Anisotropic thermal parameters* and the
equivalent isotropic temperature factor

B=(4/3)22Bi;.a; . a;
b1y b2, bss byz by bas B

La 326 573 310 0 133 0 2-76
S(1) 483 904 394 —107 179 -—13 4-00
S(2) 732 999 516 —282 238 —26 5-23
O(1) 75 121 39 7 39 3 5:07
O(2) 62 104 64 —24 21 -—14 5:38
0@3) 45 131 68 16 24 — 4 5-40
O(4) 53 125 58 12 9 -—19 5:39
O(5) 45 181 51 19 6 17 5:86
O(6) 59 93 73 —-17 -1 51 5:66
Oo(7) 162 52 124 0 62 0 9-03
N(1) 41 101 75 18 12 12 5-16
N(2) 112 86 146 0 95 0 8-44
C(1) 54 112 59 -8 36 —10 4-98
C(2) 98 124 97 53 6 18 8-02
C(3) 50 203 228 26 47 95 11-67
C4) 158 102 125 =20 84 —17 9-55

* The values for La, S(1) and S(2) are multiplied by 10° and
for other atoms by 10%

are bidentates and four from the four DMSO groups.
It is interesting to note that all the three nitrate groups
are bidentates in contradiction to the earlier suggestion
(Ramalingam & Soundararajan, 1967) that only one
nitrate ion is likely to be bidentate. The coordination
polyhedron formed by the ten oxygen atoms is shown
in Fig. 1(b). The pairs of corners 55, 66" and 78 are
occupied by the three bidentate nitrate groups while
the atoms at the vertices 1, 2, 3 and 4 are the DMSO
oxygens. The lanthanum to oxygen coordinating dis-
tances are given in Table 5. The distances vary from
2:47 to 271 A. The average La-O(DMSO) and La-
O(NO,) distances are 2-475+0-027 A and 2-665+
0-027 A respectively, but the difference could be con-
sidered to be significant. The La-O(NO;) distance is
consistent with the reported La-O(NO;) distance of
2:605+0-011 A in bis(bipyridyl)lanthanum nitrate (Al-
Karaghouli & Wood, 1968).
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Table 3. Observed and calculated structure factors

Table 4. Bond lengths and angles with their
standard deviations in parentheses

DMSO
S(1)-0(1) 1448 (3) A O()-S(H)-C(1) 105 (2)°
S(1)-C(1) 1-75 (3) O(1)-S(1)-C(2) 106 (2)
S(1)-C(2) 1-82 (6) C(1)-S(1)-C(2) 95 (2)
S(2)-0(2) 1-53 (3) 0(2)-S(2)-C(3) 104 (3)
S(2)-C(3) 1-80 (8) 0(2)-S(2)-C(4) 104 (3)
S(2)-C(4) 1-77 (6) C(3)-S(2)-C(4) 95 (3)

Nitrate
N(1)-0(3) 121 (3) A O(3)-N(1)-0(4) 118 (3)°
N(1)-0(4) 1-31 (5) O(3)-N(1)-0(5) 121 (3)
N(1)-0(5) 1-23 (4) O(4)-N(1)-0O(5) 121 (3)
N(2)-0(6) 1-16 (5) O(6)-N(2)-0(6") 102 (3)
N(2)-0(6") 1-16 (5) 0O(6)-N(2)-0(7) 129 (3)
N(2)-0(7) 1:15(7) 0O(6)-N(2)-0(7) 129 (3)

Table 5. Coordinating distance La-O in the
coordination polyhedron

La-O(1) 2:47 (3) A
La-0(2) 2:48 (3)
La-0(3) 2:71 (3)
La-0(4) 2:63 (2)
La-0(6) 2:62 (3)

Decacoordination has been structurally established
in a few cases (Shinn & Eick, 1968). Muetterties &
Wright (1967) have suggested two types of coordination
polyhedra which have appropriate symmetry for an
sp3d*f hybrid model. These are the bi-capped square
antiprism and the bi-capped dodecahedron. In the
present case the absence of even approximately planar
square faces rules out the earlier model. The polyhe-
dron can best be explained in terms of the idealized
symmetry D,, (42m) as follows: Adopting the nomen-
clature of Muetterties & Wright, sites 5 and 6 are each
occupied by two oxygen atoms of the bidentate nitrates,
thereby splitting the sites. The sites 7 and 8 are also

occupied by the two oxygens of the third nitrate group.
As a result of the doubling of the sites 5 and 6 the
idealized symmetry of the polyhedron is reduced to
C,.(mm2). However in the present case the polyhedron
has a lower symmetry C, since the orientation of the
DMSO ligands prohibits the presence of any mirror
plane in the coordination polyhedron.

An ideal dodecahedron may be visualized as two
interpenetrating trapezoids which are orthogonal to
each other. The trapezoids in the present case are de-
fined by atoms O(1), O(1"), O(6), O(6") and O(2),
0O(2), N(1), N(I"), where N(1) and N(1’) replace the
oxygens of the two bidentate nitrate groups. The best
least-squares planes passing through these trapezoids
have been calculated and their equations are given in
Table 6. The angle between the trapezoids is found to
be 89°42'. A dodecahedron is normally described by
two angles 6, and 8 as shown in Fig. (14). For a hard
sphere dodecahedral model the predicted values are
36:9 and 69-5° respectively. The values calculated by
Hoard & Silverton (1963) on the basis of energy con-
siderations are 35-2 and 73-5°. The corresponding val-
ues in the present case are 362 and 78:5°, if only the
unidentate ligands are considered. Hence the poly-
hedron though distorted from the C,, symmetry ap-
proximates the suggested model. A similar coordina-
tion polyhedron has been found in the structure of
lanthanum carbonate octahydrate (Shinn & Eick,
1968).

(b) Dimethyl sulphoxide molecule

The dimethyl sulphoxide is found to coordinate
through the oxygen atom as suggested from infrared
studies (Ramalingam & Soundararajan, 1967). These
groups are found to be pyramidal. The average S-O
distance observed is 1-50 + 0-03 A. This can be com-
pared with the S-O distances found in the free DMSO
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Table 6. Least-squares planes

The equation to the plane is AX+ BY+ CZ=D with respect
to the crystallographic axes a, b and c¢* where X, Y, Z are in A.

Trapezoid I:
—0:6489.X+ 0-0022Y + 0-7609Z = 3-6262
La —0-0032
0(2) —0-1215
N(1) 0-0576
o2y 0-1241
N1y —0-0675

Trapezoid II:
0-7573X+0-0045Y 4+ 0-6531Z =1-4506

La —0:0146
o(1) 0-0081
0O(6) 0-2279
o(1y —0-0355
o(6) —0-2793

Nitrate ion I:
0:2927X+0-9558 Y —0-0292Z=0-5457

0(3) —0-0026
0o(4) —0-0029
o(5) —0-0024
N(1) 0-0078

Nitrate ion II:
0-9103X—0-0000Y+0-4141Z2=0-3582

O(6) 0-0000
O(6) 0-0000
Oo(7) 0-0000
N(2) 0-0000
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molecule. The values obtained by Viswamitra & Kan-
nan (1966) at —60°C and Thomas, Shoemaker &
Eriks (1966) at 5°C are 1-475 A and 1-531+0:005 A
respectively. There appears to be no clear evidence re-
garding the increase in the S-O distance which has been
observed in some complexes (Bennett, Cotton & Wea-
ver, 1967), where the DMSO coordinates through the
oxygen atom. The three resonating structures proposed
for DMSO are

CH; CH, CH;
N N
S*—0- S=0 S-=0*
s / /
CH3 CH3 CH3
) I (11

with structure (II) making a significant contribution to
the structure of the DM SO molecule. From the observ-
ed differences in the S-O distances, in the present case,
thecontributions fromstructures(l)and (I11)appearto be
negligible.

(c) Nitrate ion

The nitrate ion is known to be planar in a regular
environment with all O-N-O interbond angles equal
to 120° and the N-O distances equal to 1-245+0-01 A
(Addison, Logan, Wallwork & Garner, 1971). In this
structure all the three nitrates are found to be biden-
tate. Two nitrate groups are unsymmetrically biden-

Fig. 2. View of the structure projected down b.
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tate with bond lengths 1-22+0:03 and 1-:31+0-05 A.
The M-O distances are 2-71 +0-03 and 2:63+0-02 A
respectively. The third nitrate group is symmetrically
bidentate with N-O distance 1-16 + 0-05 and M-O dis-
tance of 2:62 + 0-03 A. The O-N-O valency angles are
quite normal. The N-O distances of the symmetrically
bidentate group are rather small (1:16+0-05 A). The
nitate groups are found to be planar within experimen-
tral errors. The equations for the mean plane and the
deviations are given in Table 6.

(d) Crystal packing

The packing down the b axis is shown in Fig. 2. The
crystal packing is apparently decided by the geometry
of the coordination polyhedron around the four La®*
ions in the unit cell. The intermolecular contact dis-
tances in this structure are qutie normal.

(e) Thermal parameters

The anisotropic temperature factors for all the non-
hydrogen atoms are given in Table 2. It must be empha-
sized that any extensive discussion of anisotropic
thermal motion is not warranted in view of the large
absorption effects. However, the variations in the val-
ues of the equivalent isotropic temperature factors cal-
culated for all the atoms using Hamilton’s (1959) equa-
tion appear to be meaningful (Table 2) and call for
some comments.

It can be seen that the lanthanum ion which is sur-
rounded by ten oxygen atoms has the lowest tem-
perature factor, as expected. Both the sulphur atoms,
all the coordinated oxygen atoms and one nitrogen
atom have almost the same thermal parameter. The
end atoms of the groups are generally expected to have
high temperature factor compared to the rest of the
atoms. However, of the non-coordinated oxygen atoms,
O(5) and O(7) at the ends of the nitrate groups, O(5)
has a lower temperature factor, perhaps due to the
larger number of close intermolecular contacts. O(5)
has six contacts less than 4A whereas O(7) has only
three. The nitrogen atom N(1) bonded to O(5) likewise
has a lower temperature factor.

All the carbon atoms except C(1) have almost the
same high temperature factor, which could be due to
the hindered rotation of these terminal atoms of the

DIMETHYL SULPHOXIDE COMPLEX WITH LANTHANUM NITRATE

sulphoxide groups about the S-O bond. The lower
temperature factor of C(1) is possibly due to the larger
number of intermolecular contacts it makes.

The authors thank Professor A. R. Vasudeva Murthy
for his keen interest in this investigation. They are also
grateful to Dr K. Venkatesan of the Organic Chemistry
Department for useful discussions. The award of a
Junior Research Fellowship to one of us (K.K.B.) by
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