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ABSTRACT

The structure of venadyl bisacetylacetonate hag beén determined
from three-dimensionel x.ray diffrection deta. The crystals are tris
olinia, apaoegroup?lg with & = 7.53 £ 0.02 &, b = 8.23 # 0.03 &,
¢ m 112k £ 0,04 &, & w 75.0°, B = TL.3%, y = 66.6°, Z » 2. The structure
consists of discrete molecules of VO(% . 2)2 Fach venadium' atom has
five oxygen neighbors st the corners of & rectangular (nearly square}

. pyremid, with venadium near its center of gravity. The venadium-oxygen
aistences are L56 A to the epex atom (vanadyl oxygen) and 1.96, 1. 96,
1.97, and 1. 98 A to the others. Other bond distances mverage 1.28 A for
C-s0, 1.0 A for Geel {ring), and 1.52 A for C--C (methyl). Btandard
deviations sre 0.01 A for V-0 bonds and 0.02 4. for C--C and Cu-{ bonds,
Each acetylecetone skeleton is planar, and thie plane makes en engle

- of 1650 with the plene of the other acetylacetome skeleton of the seme

molecule.



-3 UCRL-8225 Rev.

CRYSTAL STRUCTURE OF VANADYL BISACETYLACETONATE.
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INTRODUCTION
The crystal structure of vanadyl bisacetylacetonate,
xﬁc\ewo 0_(“3
BQ_ v N\cE
c—0” No—g¢’
J S

EHEC €E§

has been determined to establish the geometry of the bonds ebout five=
ccordineted vanedium (IV). In his discussion of this compound end its
reactions, Jnne&l assumed & square planar arrangement of four oxygen
atoing about the venadiwm atom, with the bond of the £ifth oxygen
| presumsbly perpendiculer te the plane of the other four. From the
chemicel avidence, it was impoesible to rule out the trigonal bipyre-
midal mmgeanenjt of the five bonds. The work of Fel‘;thmng on ths
" glectron spiheresonance spectra of the compound indicates that the
 bipyramidal stmdture is improbable. The geometry of thess five bonds
" can be expected to be similar in such compounds &2 vanadyl tetraphenyle
Porphimoﬁ The present work shows thet the five oxygen atoms are &b
the corners of mx' approximately square pyramid, but that vanedium is
neer the center of gravity of this pyramid rather than st the center of

ites base.

%
This work was supported by the U.3. Atomic Energy Commission.
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EXPERIMENTAL

Bingle crystals of vanadyl bisacetylacetonste were provided by
Dr. Rue L. Belford. The crystals were blue-green in color, and those
selected for study averaged 0.1 mm in thickness. Their shape corresponded
'to class I with only three forms eppearing. These forms correspond to
(100}, (010}, and (001} as we have chosen the axes. _

The parameters of the reciprocal cell vere obtained from quartze=
' caliﬁi'a.ted#' zero~-level Weissenberg photographs (rotation sbout a and b)
and zero-level precession photographs (precession ebout a, b, and ¢). -
Intensities vere evaluated by visual comparison with a set of standard
intensities for 1165 independent reflections on multiple-film Weissenberg
photographs with rotation about 8. About 230 other reflections were
recorded as too weak to be obsgerved. Similer observations made with
rotation sbout b vere used to scale the intensities of the first _eeta
‘Al) these photographs were made with CuKX radiation.

- UNIT CELL AND SPACE GROUP

The diffraction symmetry confirms that the crystals are triclinje.
The paremeters found for the reciprocal cell are:

8" = 0.1459 ¥* = 0.1349 e’ = 0.0957
o* = 101.0° p* = 103.5° ¥ = 209.5°

By the transformation formulas, the direct cell parsmeters are:

‘& =7.53 ¢ 0.028 a = 75.0°
b = 8.23 ¢ 0.03 B=T1.3
¢ = 11.2k £ 0.0k A v = 66.6° .

The density found by suspension in a liquid of equal density 1s 1.h49,

-~ which corresponds to 2.01 molecules in the unit cell. This velue suggasts

‘that the space group is P 1, end the agreement with the intensity data
which was achieved confirms this choice. All atoms occur in the general
two-fold positions, * (xyz).
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DETERMINATION OF THE STRUCTURE

Preliminary attempts to solve the structure by projections failed
because of lack of resolution and certain blunders. A three-dimensional
Patterson function located the vanadium atom unembiguously. BStarting
with signs based on vanadium only, the [100] projection quickly refined

to & point vhere six carbon atoms and one oxygen atom were shown as
resolved peaks and the other carbgn and oxygen atoms were shown as four
unregolved double peaks. The [010] projection still failed to resolve
étdma, but indicated that the chelate rings were nearly coplanar and
éyproximately parallel with b. This knowledge and assumptions of
reasonable bond distances led to & trial structure in three dimensions.
An electron density calculation in three dimensions then revealed all

the carbon and oxygen atoms. In the meantime, sbout half of the oxygen
and carbon atoms had been located independently by a study of the sméller
peaks of the three-dimensional Patterson function. For this structure the
"unreliability factor” R = L||F |- !Ec N/EI'EOE was 0.207.

REFINEMENT OF THE STRUCTURE

Tha structure was refined by the method of least squares,
neglecting hydrogen atoms. Atomic scattering factors were teken from
Freeman”® for V'2 end neutral C and from Berghuis, et g}.,é for neutral 0.
Ihdividual isotropic temperature factors were used throughout. First we
used the IEM-650 computer and the lergely diagonal "LS-II" program of
Senko end TémpletoﬁT modified for space group Fl. The weighting and
treatment of undetected reflections was done as described elsewhere.

‘¥ive cycles of refinement reduced § to 0.11k {observed reflections énly)u
The resulting structure is described by Dédgegg _

Examination of the records of these refinement cycles suggested
that the best £it had not been achieved. Fowr additional cycles of refines
ment were carried out with the IBM-T04 computer and the full.-matrix program
of Busing and Levyolo Observed reflections vere given unit weight. Unobserved

F, exceeded 7.3, a value about

reflections vere given zero weight unless
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1.5 times the average 1limit of detection; in the latter case Eo vas taken
as zero and given unit welght. Before the final two cycles, six reflections
with especially large discrepancies were removed from the data; these
consisted of 153, 152, end 2h2 which were erroneously recorded as sbsent
vhen actually they fell off the films and Oll, 202, and 212 which were
cbaserved very strong, but not as strong as calculated. After the last
cycle, further checking revealed that 157, 228, end 3&2 had been recorded
as absent by errors of trénscription, that 229 actually wes absent but

had been assigned the intensity of 228, and that 365 had been assigned an
incorrect intensity. After correction, these five reflections were in
‘excellent agreement with calculation. There remain eight absent refleca
tions with structuré factors calculated @ieater than 7.3, buf none 1
exceeding 8.4. This is considered to be satisfactdry agreemenﬁ, since
hydrogen atoms qre:excluded from the calculation. The observed and
caleulated structure factors from the final cycle are listed in Table V
(with the five corrections mentioned before); the corresponding R ie '
10,092 (observed reflections only).

The final atomic parameters sre listed in Table Y. The results
confirm that the earlier refinement9 had not adequately converged and
that one full-matrix cycle achieved results that would have required
several diagonal cycles. Of 48 atomic coordinates, 29 changed by more

~ than one stenderd deviation; two changed by more than 5 standard devias

‘{tionso The largest changeiin a bond distance was that of the V~506 bondvv

* which was 1.59 g after the diegonal refinement and 1.56 R in the finay
'étructureo Theée differences are attributed more to lack of tonvergence
than to the presence of the defective data in the earlier eycles.
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DISCUSSION OF THE STRUCTURE

The structure consists of discrete molecules, arranged in the unit
cell as indicated in Fig. 1. There are Just two orientations of molecules,
and one 4s the inverse of the other. This crystal may have application,
because of this alignment, in the observation of directionally-dependent
spectroscopic properties. '

The bond distances and angles sre listed in Tables II and IIX.

The molecule hag no crystallogrephic symmetry, but chemically equivalent
bond distances are equal to the experimental accuracy. Chemically equiva-
lent engles are nearly equal, If these quantities were exactly equal,

the molecule (with the possible exception of the hydrogen atoms) would
have symetry mm2 (Qav)' The molecular shape is shown in Fig. 2 with
average values of eanValgnt distances and engles. The bond distance

of the vanadyl ion, 1.56 A, is of special interest because we Jmow of no

. other measurement of this bond. The C--C and C--0 bond distances are in
accord with values for enalogous structuresall’lé
' The five nelghhors of vanadium are at the corners of & rectangular .
(nearly eqpaxe) pyranid, with vanadium epproximately at its center 6f
gravity. This geometry can be considered to be derived from the square

' planar configuration discussed in the Introduction by bending the two
chelate ringé away from the f£ifth oxygen. This bending lengthens four

' oiygen-oxygen distances, which otherwise would have been the shortest,

and at the same time makes two others shorter. The distances in the
actual structure are listed in Table IV. It is plausible that the
d4stances 02~~0u end 03----05 would be shorter than the'distanceg to

Osy but we find the difference unexpectedly large.

The structure of V205 also his vanadiun in five«fold coordination,
-though in a different valence state. T In that case there is one elose
neighbor, at 1.54 A, and four others at 1.77, 1. 88, 1.88, and 2.02 A,

' The coordination goemetry is #aid to consist of "distcrted.trigonal bipyra-
mids,."l7 However, the distortion is so great that the coordinetion also
can be described as a distortion of & square pyramid, with the close neigh-
bor again at the spex. The fact that the distances ere mostly slightly
shorter than in our structure is consistent with the higher formal valence

state,
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Each acetylacetone skeleton is accurately'pla‘nar as‘expected,
but not quite coplanar with the other acetylacetone skeleton of the same
molecule. The pia.nes of these two parts of the molecule meet an angle
. of 163°, It 1s interesting that these planes ere a compromise between
those that would contaln the vanadium atom and those that would be
..copia.na.r » assuming no change in the oxygen and vanadium positions. We:
interpret this i’ac‘b as evidence for coﬁdugation effects between the
two rings.

 The mdividual temperature paremeters of the atoms are super-
imposed on en outline of the ‘wolecule in Fig. 3. There is a definite
- trend for the terminal atoms of the skeleton to have greater thermal

- motdon tha.n the atoms of the rings.
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_TABLE I

Final paremeters

Atom

ix
<

g - olx) - ely) oQ) ‘B, xa’

Venadium 1 0.1436 0.2902  0.2231 0.000% 0.0003 0.0002 2.k

Oxygen 2 = 0.9%04 0.k1k2  0.3592 0.001k 0.0011 0.0008 3.0

Oxygen 3  0.9978 0.1214  0.2689 0.0014 0,001 0.0008 £.8

Oxygen b 0.1472 0.5359  0.1367 0.0014 0.0010 0.0007 2.6

COxygen 5 0.2200 0.2302  0.0532 0.00L4  0.0010 0.0007 2.6
Oxygen 6 0.3316 0.1887  0.2793 0.0016 0.0012 0.0009 3.8
Carbon 7 0.2753 0.5372  0.4396 0.0026 0,0020 0.001k kb
Cerbon 8  0.822h 00,3521  0.h561 0.0022 0.0016 ©.0012 2.8
Carbon §  0.7836 0.1965  0.4661 0.0022 0.0017 ©0.0012 3.1
Carbon 10  0.8672 0.0924h  0.3700 0.0022 = 0.0016 0.0011 2.8
Carbon 11 . 0.7900 0.9408  0.3825 0.0023 0.0017 0.0012 3.b
Carbon 12  0.7765 0.,2166  ©0.0125 0.002% ©0.0017 0.00I3 3.5
Cexbon 13  0.2213 0.5917  0.0195 0.0022 0,006 0.0011 R.9
© Carbon 14 . 0.7039 0.5090  0.0751 0.0022 0.0017 . ©0.0012 3.1
Carbon 15  0.7070 0.6861  0.0565 0.0021 0.0015 ©0.0011 2.6
Carbon 16 - 0.6307 0.7855  0.1659 0.002k 0.0018 0.0013 3.8
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Bond distances in vanadyl bisacetylacetonate.

e & 2
Atoms Distance, A

Atoms

Distence,® A
-0 16 A 1551
| €30"Cy 1.53
v--0, 1.97 C107-Chy 1.52
V=05 ;.96 C35-<C16 1.51
v--0, 1.8 - -
V--0, 1.96 ca"“’%_ 1.39
‘39”""016 1.k
0,~-Cq L9 €50y, 1.38
05-Cyy 1,98- €15=<Cy6 1.k2
0y=-Cy5 1,28
0,--C)q R

o o A e
® Standard deviations are 0.01 A for V=-0 bonds and 0.02 £ for €--0

and C--C bonds. - Chemically equivalent bonde ere grou@edf together.
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TABLE III
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Bond angles in venadyl bisacetylecetonate.

Atoms Angle® Atoms  Angle®
0y=-¥=-0y 87.2° 0,-~Cg=-C, 1lg?
| 0yV--0, 87.9° Ogu-Cym=Cyy 17.2°
| 0)=-Cy3-+C15 15,40
0y=Vau0) 83.8%" 05e-Cyu=-Cig 15.9°
OyeV--0, 83.:5° | o
- Op-Cg~~Cq 123,6°
0,--V--0, 19.8° 05=-Cy5=~Cg 124.2°
0,V 145.5° 0,=-C35=-Cyy, 124.6°
| - 0;=-C,0~Cyy, 122.5°
,Qé-,-‘-v.;.o 6 " 104,5° - S
0‘“‘*“06 . 106.3° 7*-08-h09 101.5°
°u"‘"'"°5 108.2° C5--C10™Cn1. ‘n8.5°
...v--oé‘ - 105.6" c ""13”"11» -1'19‘._9"'
| : Cyy=-Cy5=-Cog 101.5°
V2£0,,--Cg 128.6°
VasOyeslyo 129.4° °8"‘°9"°m 123.3°
| ‘7"'02;"“13 128.7> €137-C14"C15 124,17
Vau0jeny 129.5°

a gtandard deviations are sbout l° or leas.

"angles are grouped together.

Chemically equivalent
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‘Oxygen~bxygen distances.

Atoms - Distance, R Atoms .. Distance, R
0,--0, 2. 0,=~0g 2.8
o,&--o,_j 2.75. A 03"’06 . 2.82

0),--0g 2.87
0,--0, 2.6k 0,-~0¢ | 2.81
0y==0 2.6
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TABLE V.

Observed and calculated structure féic‘tors, F and ¥,
' -0 -<

each multiplied by 10.  An asterisk (*) denotes that the

reflection was too weak to be detected.
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LEGENDS

Fig. 1. The crystal structure of vanadyifBisacetylaéetonate, projected
along {100]. One unit cell is outlined. The numbering of the atoms
corresponds to the identification in the ._text and tables.

Fig. 2. Average bond distances and bond angles.

Fig. 3. Individual isotropic temperature parameters,
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Fig, 3,
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