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Investigations of_Alkaline—earth.B-diketong-Complexes.
I. The crystal and molecular structure of bis(dimethylformamido)bis

(i,S—diphenyl—l,3-propanédidnato)magnesium*

By ¥rederick J. Hollander, David H. Templeton and Allan Zalkin .
Lawrence.Berkeley-Laboratory'and Department bf Chemistry,

University of California, Berkeley; California 94720 U.S.A.

Bis(dimethylformamido)biS(1,3;diphenyl;l,3-propanedionato)
magnesium;(DMF)Z(DPP)ZMg,.MgC36H56N206, is monoclinic,.space‘
group C2/c, with a = 16.893(3) &, b = 12.853(2) &,

c = 16.927(3) A&, 6 = 117.‘085(5)6' at 23°C, Z = 4, gc = 1.10
g/cms. The structure was determined by.direct metzods and
refined to R = 0.067 for 1817 independent reflections |
measured with a Scintillation,counfer usiﬁg é 6-20 scan.

Each magnesium is octahedrally coordinated by the oxygen
atoms of_two MK and two diketone molecules. The complex

is monomeric and is situated on a 2-fcld axis with the two :
IMF molecules cis to each other. Some remarks arec made on.fﬁ

digstortions of ligand octahedra.

X . .
Work performed under the auspices of the

U;SQ Atomic Energy Commission.



Alkaline-earth ions are known to make compiexes
with various diketones, but few crystal-Stfuctures of
the compounds have been reported We became 1nterested
in these ‘substances and have 1nvest1gated several

complexes of l,S—dlphenyl-l,3—propanedlone anion (DPP):

With Mg, Ca and Sr as catipns we obtained suitable -
crystals.only when certain solveht molecules were involved
in the coordination.

This first paper reports the stfucture of
- Mg(DPP)

dimethylformamide),,. The magnesium ion is

2( 2’

octahedrally coordinated. The complex occurs as a monomeric

unit possessing a crystallographic two-fold axis. The two neutral

dimethylformamide solvent molecules are cis to one another and have

bond lengths from the oxygen to the'magnésium that are
significantly 1onger than those from the DPP oxygens to
the magnesium.

bx erimental Procedure
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The compouwnrd was synthesized by combining an
aqueous solulion ol magnesium acetate and an ethanolic

solution of 1,3—diphenyl—1,S—propanedione”(HDPP) in a'strong




NHS/NH4Cl,pH 10, buffer. All matefials used were of
reagentigréde'and were not fﬁrthef purified before use.
A pale yellow precipitate formed immediately, and the
miXture was stirred for several hours before the precipitate
was filtered and dried in air. The filtrate, on standing,
yielded another precipitate which wés filtéred and shown by
its powder pattern to be identical to the first.

Attempts were made to recrystallize the éompound
from various organic solvents and mixtﬁres‘ Recrystallization
from ethanol yielded crystals which decomposed rapidly, even
in sealed capillaries. Precession photographs of these
crystals were sé poor that they could not be indexed.
Evaporation in air:of dimethylformamide (DMF) soluﬁions
Qf the compéund yilelded very’good crystals which wére used -
thréughout the restuof_this investigation.: These crystals

still tehded'tO'decompose on exposurevtO'air, but were stable

 in sealed capillaries and in a desiccator over Drierite.

The crystials were also stable'in air‘durihg one period of
very 1ow,humidity, which suggests that moilsture is.responsible'
for the decomposition. A powd¢r patternvbf the recrystallized
neterial was different from that of the ofiginal precipitate,
but after'exPobure to alr the diffraction lines of the
original material slowly reappeared. |

Several crystals were mounted in sealéd quartz
capillaries for study. Weissenberg andlprecession photographs

indicated a monoclinic unit cell with absences hkf, h + k /



2n and hOf, £ # 2n. These absences are consistent with
space groups Cc or C2/c, with b as the unique axis;
solution of the structure confirmed QZ/gvas'the space

group.

Further measurements were made with a General Electric

XRD-5 manual three-circle diffractometer, and twelve
high-angle refleCtions were carefully centered using

Cu Ka. radiation (A = 1.54051 R). The cell dimensions

1
were refined on the 26 measurements only; using program
TTHCEL, a modification of a least-squares program supplied
to us by'H.rHope. The cell parameters and their standard
deviations as given by least squares are a = 16.893(3)1§,
b = 12.853(2) R, ¢ = 16.927(3) &, B = 117.685(5)°; at
23°C. The density was not measﬁred due to difficulty in
{inding a suitable flotation medium; The calculated
density for an empirical formulsg Mg(DPP)z gave 4 = 4,

—C
based on the actual composition of Mg(DPP)Z(DMF)Z with

o . - 3
Z = 4 is g, = 1.10 gm/em” .

Intensity data were collected from a crystal of
approximate dimensions 0.25 mm x 0.25 mm x 0.30 min sealed

in a quartz capillary and mounted on a Picker/Nuclear

four-circle diffractometer automated by a DEC PDI? 8L

computer and disc, using graphite monochromatized (20m = 26.

Cu Ka radiation. Intensities were collected using a 6-20 o

technique at an X-ray tube takeoff angle bf 3°. Pecaks were

d = 0.96 gm/cmo as the most reasonable result._ The density




scanned at a rate of 1°/min from O.9° below the predicted
Ka, position to 0.9° above the predictéd Kqé position.
Backgrounds were counted for 10 seconds at positions.
offset 0.6° from each end of the scan interval (all angles
in 26). Aluminum attenuators were automatically insérted
in the diffracted beam whenéver the-counf rate exceeded
10000 cps, and the peak and backgrounds were remeasured
with.the attenuators in place. The reflections (4 0.0),
(2 0 2) and (0 ¢ %) were'monitored periodically durihg the
data collcction and exhibited no decay in intgnsity. ATl
reflections in the quadrant of reciprocal spéce +Q,+§;iz
were measured out to a 26 angle of 120° (sing,/A < 0.562).
2433 unique reflections were measured,‘of which 614 had
JT<o(I). Net intensities and their standard aeviations

were calculated by the formulae:

- 2
: Lc 2 tC o
I =0C =~ oy (B1+B2) c°(I) = C+ 5 (Bl-a-}sz)
b 4tb o V

where C is the tolal counts measured over scan timce t

bt W0

and El and'gzvare the bdckgruund counts; each measured
for time Eb; No absorptiom corréction was performed
(n - 7.7 c;*l). ‘Intensities of equivdlont'réflcctions and
those measured more than once were averaged. Standard

deviations were set equal to the greater of(l/gXXoﬁz)l/d_or

[1/(2—1)](2A12)l/2, where ¢; and A, are the standard



deviation‘of the ith measurement and the de#iation of
the ith measurement from the average réspectiveim and n
is the number of reflections averaged. Lorenté and
polarization factors were applied.. |

The scattcring factors of Doyle and Turner (1968)
‘were used for neutral Mg, C and O, togetner-with the real
and imaginafy'dispersibn terms of Cromef and Liberman
(1970). The spheriéal hydrogeﬁ scattering factors of
Stewart, Davidson and Simpson (1965) were‘used. |

Our least-squares program minimizes the function
ZEKAE)Z/ZEEOZ, The weighting scheme used throughout the

2

refinement gave zero weight if Eﬁ<a(£2), and w ='1/b{E)

otherwise. Finite differences were used to calculate

o(F) from G(E?) and E?:

o (1) = ¥ ~(FPea(#®) P 5 oB(r%) - oP () 4 (9?7

where p is a factor (equal 0.06 in the final éycles) used
to reduce the weights of intense reflections, which are

more. prone to undetccted systematic errors, and ab(EZ) = (EE)—lo(i).

The following programs, written fof‘our_CDC 6600 computer, were
also used in-the solution and refinement'of this structure:-
MAGPIK, a prbgr&m for interpretation of raw data from |
the Picker/DEC system; INCOR, EDIT, and ORDER, general data -
reduction programs; WILSON, an unpublished program written

by Maddox and Maddox for applying Wilson's (1942) statistics




to data and calculation of normalized structﬁre factors;
REL,;R..E.:Long's (1965) program for direct determination

of centric phases; FORDAP, A; Zalkin's Fourier analysis

program; LSLONG, ouf modification of thé GahzelQSparks-Truebloqd
1eést-squares'program; DISMAT, a crystallographic distances 
and:angles pfogram which calculates standard deviations

using the correlation matrix from least-squares; ORTEP,

C. Johnson's (1965) thermal ellipsoid plotting program;

- LSPLAN, ouf‘modification of the least-squares planes program

from the_University of Pittsburgh; and LIST1 andbLISTAP,
data preséntation programs. | | |
Normalized structure factors, Eh’ were calculated
using Wilson's (1942) method. Anaiy;is of the average .
Vélues of‘E_aﬁd”Ez—l stfongly indicated the centric space
group (ave(E) = 0.792 vs. 0.792 (df886) and ave lEz—ll-: 0.973 vs.
0.968 (0.736) theoretical values for the centric and |
(acentric)'case). Since the most probable number of moleculeS‘
in the unit cell was four according’to density considerations,
this implied that the Mg'atom had to lie either on the
two-foldvaxis at x = 0, 2z = 1/4 or on a cénter of symmelry
(0,0,0 or 1/4,1/&.]/@)vin the eight_fojd space group. |
REL, R. E. Long's (1965) sign determination‘program
was used in the attempt to determine the'phases,of the 316

reflections with E>1.50. After some failures, we found an .



E-map whiéh could be interpreted as a superposition\of.

two non-centric structures. Selected‘atome.werevrefined :

by least-squares and Fourier methode, in space group Cc,

until with 45 atoms R = ZIAFI /IIF l was reduced to 0.16,

and a dlfference Fourier showed no peaks greater than 0.5 e/ﬁ3
Reflnement proceeded slowly. At this p01nt the structure:
consisted'of Mg(DPP)2 and two moleculés of DMF»in the
asymmetric unit. ' | B | |

Then it was noticed that the-Mg'(DPP)z(DMF)2 complex
possessed a non—crystallographie (in Qg)-tWo;fold axis
in the y direction and that the z of the Mg.atom was very
clogse to 0.25.: The poor behavior of the refinement_was.thus
explained, since supposedly unrelated parameters were
aetually heavily correlated. The structure was fitted to the
CentriC'group by changing the x coordinates of all the etmns
and averaging the two-fold related positions. Three cycles
of centric full-matrix least—SQuares'refined quickly and |
with only small shifts to an Bl of 0.154.'_The results of .
the Wilson statistics and the excellent refinement of the»"i
structure iﬁ the centric space group confirm that choice.

All ol the atoms were then allowed to refine with
%nimotrOpic thermal parameters, aﬁd the ElAreduced to 6.141.
further S :

N refinement the factor p was included in the weighting.
FMout of the hydrogen atoms were ' located by a sequenee of
difforeﬁce I'ourier culcuiations. The hvdrorens attached -

to ¢(17) did not refine well in least- -squares, and they were

N
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included in the last calculations with fixed positions'and"
thermal pérameters. A1l other hydrogens were refined
independehtly with isotropic thermal pérameters. In the
last cycle of leasf—squares all parametef‘shifts were less

than 10% of their standard deviations. ‘The_finélxgl was

0.067 for 1817 reflections. The final gzv;(zﬂ(a_g)z/zﬂ_po?)lﬂ
was 0.065 and the standard deviation of an observation zf
unit weight was 1.30. The data were cheéked for secondary
éxtinction with.negative resuité. o |

| Values of_Eo and the final differences‘are giVen

in Table 1. The final coordinates and thermal parameters of the
atoms aré-given in Table 2. | |
BEQE%EQNQQQNQ%QEEEQ%QQ

The structure is separated ihto well-defined complex
groups with composition-Mg(DPP)Z(DMF)Z._ The magnesium has
a formal charge of +2 and each of the DPP .1ligands has a
formal chafgé_of -1; the. DMF molecules are fdrmally neutral.
The magnesium is in a specilal position on the two-fold axis,
and is cerdinated by tﬁo symmetry-related DPP and two
symmetry-related DMF molecules. The two DPP ligands lie above
and to either side of the magnesium in such a Way that théir
mean planes Torm a propeller éround a two-Told axis. The- |
planes of the two DMF molecules are so oriented that-there
is no indication of a propeller in.theirlconfiguration'

(Fig. 1).



10.

The six oxygen atoms coordinating the magnesidm lie

on the corners of a slightly distorted octahedron. The

distances from the magnesium to the oxygens-ih the DPP |
“ligand are identical to within a standard'deviation,'at 2.055(2) &
and 2;057(3) R, while the Mg-0 distance to the DMF is slighﬁiy, |
but significantly, longer at 2.095(3) &. Boﬁh of these

distances fall well within the range fdr fypical Mg—O distances

in the literature (2.0 8-2.15 &), with the_Mg—O(DPP).distahce |
being shorter than the Mg-O(DMF) as-expected from electroétaﬁic
interactibns. Thé angles of the octahedron are also

distorted (Table 3). The angle 0(2)-Mg-0(2)'is concaﬁe upward

in Fig. 1, and the 0(1)-Mg-0(1)' and 0(3)-Mg-0(3)' planes .

are twisted out of perpendicularity to this plane (Fig. 2),'

The distances between oxygens coordinating the Mg |
range from 2.81 K'to 3.07 ﬁ, with the minimum distance being
between the two oxygens in the same DPP 1igéhdg. There‘dre
severalvcldse'c-—o and C--C contacts within the complex;
specifically across the two-fold axis, due to the close
bonding of the oxygens to the magnesium.' Anélysis of the
least-squares planes through portions of the molecules
involved shows that the DPP ié pushed avay from the two—fold-
axis so th@t the Mg atom is 0.58 A abpve the lcast-squares
plane of the diketone and that the DMF molecules are spread
away from the axis =so that Mg is abové thaf moleculér'plaﬁc.
by 0.29 k. (The distances given are the perpendicular distances
to thevpiane involved. "Above" implies thut the distance frbm

the plane to the Mg has a componenl upward in Fig._l.)
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The_tWo phenyl groups; the diketone ring and the:;_“
DMF ﬁblegule are each planar to within five standard deviations
: ofbthe coofdinates of the atoms involved. The two phenyl
rings are twisted with respect to the diketone.plane by
47.6° and 30.9° for the Tirst (c(1)-c(s)) 'a.nd_.second
k(C(ld)-C(ls)) fings respéctively. The first phenyl ring
is also bent so that C(6) is out>of the diketonelﬁlané by
0.08 k. | |

E The‘average c-C distance in the phenyl:fings is

.1.376 R. ‘Otner bond distances in the DPP and:DMF molecules
' afe as expeéted (Williams, 1966; ‘Hollander, 1972; Suttén,_1958).
The OQC-C and C-C-C angles in theldiketone’are spreéd
(ave. 125°)'as expected, to give the ligand a bigger bite.
In the phenyl groups the interior angle nearest the diketone
is significﬁntly'less than the ideal 120° (118,8°'and 117.5°
~for theﬁfirstAand.second.phenyls respectiVely)j The pheny1 _
Cc-C bOnd-diétances to the para carbon atoms are also’syStématically
shortervthan the C-C bond distances to thé.dther carbons
(Table 4).

The complexes themsclves are packed in an interlocking
manner shoWn in Fig. 3. The phenyl rihgs extending away
from the two-fold axis (C(lO)QC(15)) project into thébopen”
space‘betwcon‘bhe other two phenyl rings of a-g-centering.
related‘cobplex and the DMF molecules ofvthe:complexvreléted
to the second by é‘transiation'in Y- ‘The phenyl rings

dirccted up the two-fold axis with respect to the Mg project
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into the arca just'below the DMF molecules of the complex
above it. The phenyls also project into thevrelative1y ’
open area to the side‘bf a complex related to it by a center
of symmetry; and the DMF ligands intovthe.opeh'side 6f’a ,
complex related by the n glide at y = 1/4. i
| There are only three short («<3.50 R) ihtechomplex-}“
contacts between non-hydrogen atoms. Tﬁey are 3.39 R from
0(1) to a'c(18) of‘ﬁhe complex related to the first by the
n glide at y = 1/4, 3.48 & from O(é) to a.C(Z) of the complex
related by the centef of symmetry at 0,1/2,1/2 and 3.34 A
from C(4) to a C(4) of the complex related by the n glide
at y = 3/4.

The dctaﬁedral COoFdination of Mg inng(DPP)z(DMF)2
is simiiarvto that exhifited by other B-diketone complexes
of divalent metals, e.g. diéQuobis(acetylacetonato)—magnesium;
Mg(AA)Z(Hzo)Z'(Morosin,,1967), Co(AA)e(HZO)ZI(Bulien, 1959),
and Ni(AA)z(HZO)2 (Montgomery and Lingafelter, 1963). 1In
each case, .the divalent metal cation is octahedrally_ o
coordinated by two B-diketone ligands and two solvent
molecules in a monomeric unit. In all of these cases, the

oxygen atoms in the solvent molecules are significantly

further away from the metal ion than are the ligand oxygen atoms.

i'or the Mg(DII‘P)2 complex, the distortion (2.06, 2.06, 2.10 R)
is similar to the distortion for the acetylacetonato

complexes of Mg (2.03, 2.04, 2.15 R), Co (2.05, 2.06, 2.23 R)
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andéNi (2.0, 2.01, 2.14 R). This effect is also noted
in é dimeric situation with octahedral coordination in |
Co(AA) (HZO).(Cotton and Elder, 1966), and in cases where
the coordination is not octahedral, as in the Ca and Sr DPP
complexes (follow1ng two papers) and the seven- coordlnate
Ho(DPP) (H 0) (Zalkin, Templeton and Karraker, 1969)

. The ocbahedral complex Nl(HAA) (H o) (0104)2
(Anéenhofer and Hewitt, 1971), in which all the ligands
on the Ni++'are neutral, does not Show this distortion.
The distances in Anzenhofer's Structurevare 2.07, 2.02,
2.04 } and £.04, 2.03, 2.05 R for the three independent 
dlstances around the two dlfferent Ni atoms, the_distance

to the water given last in each trio.

The Mg,{DPP)2 complex differs from the other octahedral

complexes.infthat the solvent molecules.are'cis'to one_

another on the coordlnatlon octahedron (Fl“. 1) The

solvent molecules are all trans to one another ln the other '

monomeric complexes. The cis arranﬁement is not requlred

by the space group symmetry, which_could just as easily

accommodate the trans configuration, but, while all the other

distorted octahedru-could be described as tetragonally

distorted, the octahedron in Mg(DPP) (DMF)Z cannot .

2 ,
Bullen explains the distortion of the'Co(AA)z(HZO)Z

octahedron  jn terms of combination of the available

d-orbitals of the Co. The same explanation.could hold for
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the Ni complex as well, but not for the magnesium

complexes, since fhe Mg has no available g—orbitals.v
Morosin concludes in his paper that the effect.is due . to
packing forces rather than eléctronic ones since the diaquo;
Mg complex shows the same distortibn as the Co and Ni
complexes. The appearance of the same effect:in‘Mg(DPP)z(DMF)
and in other silructures noted above, where the packing

and coordination environments are radically different, as
well as the ébsencevof any effect in the octahedral niékel
acetylacetone perchlorate complex, leads us to suspect thaﬁ
the efféct is primarily electrostatic in origin, with
secondary contributions from d-orbital hybridization and

packing.

We thank Mrs. Helena Ruben for her advice and

assistance concerning many details of this work.
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Table 1. F _, o(F_) and final differences for‘Mg(DPP)z(DMF)

O (0]

(x 10.0). Entries marked with an * were given zero weight

in least-squares.

(Table in two parts to be reproduced photographically.)
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" Table 2. Final coordinates and thermal parameters.

Standard deviations of the least significant digit(s)

are given in parentheses. The form of the temperature factor
(B in units of A%) is T = exp(-0.25(B h%*® + 2B, hkaxb* + - - -))
for anisotropic, and T = exp(-B sinZO/AZ) for'iSOtropic '

thermal parameters.

(Table to be reproduced photographically{)
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3(1)
G2
co)
C (02)
c(o3)
C(C4)
c(c)
C(ch)
ctc
c(ca)
c(c9)
c(io}
ce11)

c12)

C(13)
Cll14)
C(15)
g(3)
c(l6)
N(l)
C(i7)
c18)
H{C1)
H(C2)
H(03)
H{GC4)
H{U0%)
R{Qs)

. H(CT)

H{08)
HIC9)

. HL10)

H(ll)
H(12)
H(13)
H(14)
HE1E)
H(1&)
H(17)

HO18)

X
0

«04391(2) .

«1176(1)
«0231(3)
«C672(3)
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«1402(3)
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Table.s._ Bond angles (deg) around magneSiuma

Atom(1) -Mg- Atom(2)  Angle
0(1) o(1)®  87.9
o(1) 0(3) 1740
o) . o3P 9.3
o(2) o(1) 86.3
0(2) o) g0.k
o(2) ' 0(2)b 175.4
0(2) o(3) 8.8
o(2) Co(3)° 9.5
0(3) o(3)® 90.2

o

(a) Standard deviation of each angle is #0.1

(b) Related by two-fold axis through Mg.
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Table 4. Ihtra-molecular and intra-complex distances (k)%

Atoms - Distance  _ Atoms. ... Distamce. .
c(or) c(oz)  1.381(6)  C(or)  H(0L)  ©Oigo(h)
c(oz) c(03)  1.372(7)  c(oz) m(02)  O.9(4)
c(03) c(o4)  1.369(7)  c(03) H(03)  0.88(5)

Sc(on) c(05)  1.376(6)  c(OW)T H(OW)  0.94(5)
©c(05)  c(06)  1.393(5)  c€(05)  H(05)  1.01(4)

c(06) c(on) o 1.377(5)  c(08) m(0G) - 0.9u(y)
c(os) c(or)  1.489(5)  c(1)  H(07)  0.90(k)
c(or) o)  L.z6.(s)  c(2) H(08)  0.87(5)
c(or)  c(08) . 1.ko8(5) - c(13) m(09)  0.95(5)
c(08)  €(09) - 1.381(5)  c(1&)  H(10)  0.87(4)
c(09)  o(2) Lerr(s)  c(5)  m(1)  0.88(3)
c(09)  ©(10)  1.504(5) . c(6) H(12)  0.85(k)
c(10) . c()  1.38(s) c@r) H(QE® 119
c(11) c@z)  1.367(6) c@7)  HAYS 0.9
c(iz)  c(13)  1.363(7)  c(17) H(18)®  1.03

S c(13)  c(s) o 1.366(7) - c(18) . H(13) | 0.98(C) -
ey c@s)  L.3rr(6)  c(8)  m)  0.79(8)

(1Y) c(10) .1;389(5)'v c(a8) - H(15) 1.02(8)3'_}

~o(3) ¢(16) 1.228(5) DT T

c(16)  N(1) 1.288(5) Mg . . o(1)  2.057(3)

-N(l) () .48(6) Mg ofz)  2.055(2)

N(1) c(18)  1.h61(7) ve  o(3) 2.095(3)

o)) o)  2.855(5)  o(2) - 0(3) = 2.8/8(3)

o) o) . =z.81(3) oz - o3)°  3.072(3)
ox) o(z)°

’ : b - -
2.917(3) o(3) - o(3) 2.968(5)
o(x)  o(3) 2.967(3) -
(h):stundurd deviations given in parenthescs.
(v) Relqted by two-fold axis through Mg.

v(c) Positions not refincd by least-squares.
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Figure Captioné
Stereoscopic view of the complex,.showing
configuration and labeiing. The two;fold
crystallographic axis_runs vertically in the
plane of the drawing. ‘Hydrogens have been
omitted for clarity. Thermal ellipsoids are
scaled to include 50% probabilitjxv
Oxygen coordination of the Mg, Showing distortion

of the octahedron. The projeétion-is down the

two-fold axis onto the ac plane.

Stereoécopic view of the unit celi, showing
packing of complexes. Labeled axes are positive
from the origin. Hydrogens have been omitted

for Ciarity.
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LEGAL NOTICE

This report was prepared as an account of work sponsored by the
United States Government. Neither the United States nor the United
States Atomic Energy Commission, nor any of their employees, nor
any of their contractors, subcontractors, or their employees, makes
any warranty, express or implied, or assumes any legal liability or
responsibility for the accuracy, completeness or usefulness of any
information, apparatus, product or process disclosed, or represents
that its use would not infringe privately owned rights.
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