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THE CRYSTAL STRUCTURE OF
VANADYL BISACETYLACETONATE

Richard Patrick Dodge

Radiation Laboratory
and
Department of Chemistry and Chemical Engineering
University of California, Berkeley, California

March 31, 1958

ABSTRACT

The crystal structure of the chelate vanadyl bisacetylacetonate
has been determined by x-ray diffraction. The compound is not a poly-
mer in the solid but forms separate molecules, and there is no intermo-
lecular bonding other than the usual Van der Waals type. The main fea-
ture of interest in theb result is the geometrical arrangement of oxygen
atoms about the central vanadium atom. The ligand oxygens form a
square plane perpendicular to the vanadyl ion; however, the vanadium
atom is not in this plane but slightly above it.

The structure determination was carried out by Fourier methods
and refinement of the parameters was done by the least-squares method.
Fourier summations were computed on the IBM 701 calculator, and the

program used for these calculations is briefly described.



INTRODUCTION

The structure of the compound vanadyl bisacetylacetonate was
studied to establish the geometry of the bonds about five-coordinated
vanadium (IV). Jones has reported work on the VO++ complexes with
B-diketones, and in his discussion of vanadyl bisacetylacetonate and its
reactions he assumed a square planar arrangement of four oxygen atoms
about the central vanadium atom, with the bond to the fifth oxygen pre-
sumably perpendicular to the plane of the other four. ! From the chem-
ical evidence, it was impossible to rule out the trigonal bipyramid ar-
rangement of the five bonds. Recent work on the electron spin-reso-
nance spectra of the compound indicates that the bipyramid structure
is improbable. 2 The geometry of the five central bonds of vanadyl
bisacetylacetonate can also be expected for similar compounds such as

vanadyl tetraphenylporphine. 3

EXPERIMENTAL

Single crystals of vanadyl bisacetylacetonate were provided by
Rue L. Belford. The crystals were blue-green in color and those
selected for study averaged 0.1 mm in thickness. The crystals belonged
to the class 1 and exhibitedonly the principal faces, so that the crystals
looked very much like the unit cell.

Multiple-film Weissenberg pictures were taken with rotation about

the chosen a axis. A seéond set of pictures taken about the b axis
was used to scale the intensities of the first set of pictures. Precession
photographs were made of all three of the principal planes of the recip-
rocal lattice. The unit-cell constants were obtained from these photo-
_ graphs and quartz-calibrated zero-level Weissenberg pictures. The
intensities of the reflections were evaluated by visual comparison with
a set of standard intensities. )

The lattice was found to be triclinic with the following values for

the reciprocal cell:
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1
I
]

0.1349 c* 20.0957
* = 109.5°

a™ = 0.1459 b*
a® = 101. 00 B* = 103.5° Y

If we apply the transformation forfn.ulas", the following values are found

for the direct triclinic cell:

= 7.53%0.028 . a=13.0°
=8.23 % 0.03R8 B =71.3°
c=11.24% 0.0448 .y =66.6°

The specific gravity of the compound was fdund by suspension to
be 1.49. Using the molecular weight of 265. 15 and the cell constants,

we obtain a value of 2. 01 molecules per unit cell.

STRUCTURE DETERMINATION

Early work on the structure determination involved working with
projections along-the [100] and [010] axes. The Patterson function was
calculated for both of these projections for the purpose of locating the
vector between two vanadium atoms. Further work by Fourier methods
in two dimensions met with no success largely because of lack of reso-
lution especially along [010]. o

Successful approach to the solution of the problem began with a
calculation of the Patterson function in three dimensions using the scaled
data and the Fourier program coded for the IBM 701 calculator. '_ This
calculation gave a very high maximum which located the vector between
the two vanadium atoms unambiguously. The origin of the unit cell used
for further calculations was chosen as halfway between the vanadium
atoms. This origin was assumed to be a center of symmetry and one
molecule was therefore related to the other molecule in the unit cell by
symmetry.” An attempt was then rﬁade to assign corréct signs to at least
a part of the terms in the Fourier series for the electron density. The
method adopted is the "heavy at-om"' method.

By the use of only the known pdsition of the vanadium atom, struc-
ture factors were calculated for all of the 1164 observed reflections.

Calculation of structure factors was accomplished on the IBM 650
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machine by modifying the least-squares II program of M. Senko for the
space group P1. 4 An arbitrary criterion was adopted to select terms
that appeared to have a good probability of having the correct sign. If
a calculated magnitude for FC satisfied the relation 2 >Fc/Fo >0.5 the
calculated sign for this value was used as the sign of Fo in the Fourier
series for the electron density. Otherwise the term was omitted from
the calculation.

The success of this method depended in part upon knowing the
correct value of the scaling factor between the calculated and observed
structure factors. The scaling factor used at this stage was obtained
by comparison with calculated structure factors and turned out to be
within 25% of the correct value. The terms thus chosen were then used
in calculating the electron density Fourier series, p(xyz).

The resulting calculation showed éeveral peaks within a 2. 0&
sphere of the vanadium atom which were used in constructing a five-
atom trial structure. Structure factoré were computed for this partial
trial structure but using only the F(Okl) data. Again the arbitrary cri-
terion mentioned above was used to select terms to be used in another
electron density projection along' [100]. This projection showed some
of the features expected in the final structure and only two more p(yz)
calculations were need_ed to give the final result shown in Fig. 1,
Because the structure is'~-n6‘t’ completely resolved in this direction, the
bonding shown in the figure vWas established only after completion of three
dimensional refinement.

An attempt was then made to solve the projection along [010] in
the same manner as was done with the projection along [100]. This
attempt failed because the molecules in this projection are seen prac-
tically on edge. With this knowledge, i.e. that the chelate rings are
planar and also coplanar or nearly so, a rough assignment of x param-
eters was made. Structure factors based on these rough atomic param-
eters were then calculated for all of the 1164 observed reflections. By
comparing the calculated and observed structure factors from the
successful projection along [100], it was possible to use an accurate
scaling factor. Individual temperature factors were not used at this

stage.
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A large majority of the Fc from this structure-factor calculation
met the requirement 2 > Fc/Fo >0.5. The terms thus selected were
then used in a calculation of p(xyz). This was not done for the complete
‘asymmetric unit, but p{xyz) was calculated in a fine grid only in the
regions of interest for the purpose of bbtaining good x parameters for
all atoms. The structure thus obtained gave for the v‘alue of
R = Z(|F ] -[Fcl)/ZlFO]= 0.207.. At this point the structure parameters,
individual iso‘tropic‘ temperature factors, and scaling factor were re-
fined by the least squares II program of M.. Senko? modified for the ’
space group P1. Five cycles of refinement were needed to give a final
value of R = 0.126. Throughout the refinement, weighting factors were
assigned to the various reflections as proposed by Hughes. > .The as-
signed factors were w = 1/F(Z) ifI,> 16 I, and, if I, <16 I
w=1/16 anin’ where‘Frﬁi is a representative value, and 1, is the

uncorrected observed intensity. Unobserved reflections were used in

min’

n

the calculation; for values of Fmin >F., F - F. was set equal to

min
zero for the purpose of the calculation and for values of F_ >F i),
this difference was set equal to -F.

The program was modified, and the final refinement was repeated
to evaluate the standard deviations of atomic coordinates taking account
of cross terms between all three coordinates of each atom. The mod-
ification consisted of computing EFXFY and-Z)FyFZ in addition to the
relevant sums already calculated by Senko's program, and solving the
determinants as given by Cruickshank® for the standard deviations of
the atomic coordinates.

The final atomic parameters with temperature factors and stand-
ard deviations are given in Table I. The final values for calculated and

observed structure factors will be found in the Appendix.

. DISCUSSION OF STRUCTURE

Figure 2 gives two views of the molecule together with the average
structure parameters for the entire molecule. The distances given for
a bond length are the average values for all such bond types in the mole-

cule if we assume C,y symmetry, and the bond angles in Fig. 2 were
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Table I

Final Structure Parameters for Vanadyl Bisacetylacetonate

i

o

Atom B_ x y z . v o,

V2.6l 0.1440 0.2901 0.2227 0.0004 0.0003 0.0002
O, 3.12 0.9478 0.4110 0.3588 0.0016 0.0012  0.0008
O, 2.97 0.9941 0.1228 0.2671 . 0.0015 0.0011 0.0008
O, 3.15 0.1486 0.5359 0.1349 0.0015 0.0011 0.0008
O, 3.34 0.2287 0.2277 0.0540 0.0016 0.0012  0.0008
O, 3.5 0.3350 0.1894 0.2807 0.0016 0.0012 ~ 0.0008
C, 3.91 0.2798 0.5409 0.4369 0.0027 0.0020 = 0.0014
C, 2.84 0.8194 0.3529 0.4509 0.0022 0.0016 0.0011
G, 3.48 0.7930 0.1942 0.4655 0.0025 0.0018 0.0013
G, 3.01 0.8703 0.0923 0.3676 0.0024 0.0017 0.0012
C, 3.42 0.7913 0.9444 0.3816 0.0025 0.0018  0.0013
G, 4.25 0.7818 0.2090 0.0126 0.0029 0.0022 0.0015
C, 2.73 0.2244 0.5926 0.0193 0.0023 0.0016 0.0011
Cg 3.0l 0.7059 0.5084 0.0759 0.0024 0.0017 0.0012
C, 2.96 0.7149 0.6813 0.0550 0.0023 0.0016 0.0012
C,, 3-91 0.6234 0.7880 0.1662 0.0027 0.0020 0.0014
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Fig. 2. Interatomic distances (right) and intramoleculiar angles
(teft).
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calculated from these average values. The individual bond lengths are
given in Table II together with the estimated standard deviations. . Be-
cause no bond length deviates from the average by more than twice the
standard deviation, the molecule has the symmetry CZV within the error
of the determination. This symmetry did not occur crystallographically
so that all the bond lengths were measured four times with the exception
of the closer V-O bond. _

The bond distance in the vanadyl ion (V-Og) is of special interest,
as no other measurement of the vanadyl ion is known to the author. A
bond distance of 1.568 in V,0g occurs between vanadium and oxygen,

- however, the oxidation state is not the same.

There are no close approaches between molecules of vanadyl
bisacetylacetonate in the solid, the nearest approach being 3. 508. The
vanadidm atom has its nearest neighboring vanadium atom at 5. 7118;
the next distance being 6. 96&. The vanadyl oxygen (Og) has its nearest
nonbonded vanadium atom at a distance of 6. 2712; the next being at 6. 728.

The main structural feature of vanadyl bisacetylacetonate is the
geometrical arrangement of the oxygen atoms that gives rise to a bend-
ing of the rings away from the coplanarity that might otherwise be
expected. The acetylacetone molecules in the structure (minus one
proton apiece) are themselves planar as expected, but the two planes
form an angle of 17.59: The'molecular'parameters are rather similar
to those of éopper bisacetylacetonate, which has a crystallographic
center of symmetry at the copper position with the oxygen atoms form-
ing a squaré in the planar molecule. 7 The fifth oxygen in the vanadium
compound destroys this symmetry and also repels the other oxygen
atoms to an éverage distance of 2.8&, which gives the vanadium the

appearance of being pushed up out of the plane of the oxygen atoms.

SUMMATION OF FOURIER SERIES

During the course of this problem a program was planned and
written in collaboration with Dr. D. H. Templeton and Dr. R. E. Jones
to calculate Fourier Series on the IBM 701 calculator. This machine

has a magnetic-core type high-speed memory of 4096 full words (35
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Table I1

Interatomic Bond Distances in Angstrom Units

Bond . Distance : (0]

V-0 1.588 0.011
V-0, 1.947 0.012
vV -o0, 1.971 0.012
V-0, 1.982 0.012
V-0, 1. 945 0.012
C, -0, 1.292 0.017
C,-0, 1.246 0.017
C, -0, 1.270 0.017
Cq -0, 1.274 0.017
Cq; - Cg 1.387 0.020
Cq - Cg 1.399 0.020
C, - C,4 1.353 £ 0.020
C4 - C3 1.413 0. 021
C; - Cyq 1.551 0.022
Cg - Cyp 1.559 0.021
G, - Cp 1. 561 0. 022
C4 - Cg 1. 503 0.021
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binary bits and sign) with additional drum storage of 8192 full words,
Input is by punched card, aﬁd_‘"()j_iltp_utgis;,by»_type-?lé alphabetical printer.
Tape units are available on this machine, but they were not needed for
this problem. ; | T

The problem calculates:the following:
1p(XX,X5) =4 A(OOO) | -

Z I:A(Hl 2H3) cos 2m(H X +H X +H X )

...—(x)_.

+'B(H1HZH3) sin 2w (H, X +H,X +H3X3ﬂ

The summation extends over one-half of reciprocal space, so that if
hkl is used, hkl is omitted. The primes on the summation signs indicate
that special reflections are omitted such as OkI, OkO, OOI, and OOO.

Input to the program cpnsists of data cards, with one reflection -
to a card, and cards that modify the basic program for a particular
problem. The modifying cards specify the range of the indices Hi and
the range and fineness of the coordinates Xi over which the series is
to be evaluated.  Since the program calculates the sum by the general
formula, higher symmetries than triclinic require a redundant input
because the reflections have a Laue symmetry that is not used in the
formula, As a part of the basic program, there is a program to gen-
erate just half of the reflections related by Laue symmetry from a
single independent input-data card. The space group of the problem is
specified by a system of code numbers on-the modifying cards.

The electron density is calculated in a manner similar to that of
Trueblood and coworkers, i.e., the result is obtained from the expanded
form of the triclinic formula and in three distinct stages. 8 After the
data have been stored in the memory and the equivalent reflections have

been generated, the coefficients T1 and T, are calculated:
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w o o |
T, (H H,X,) = z [A(HIHZH3) cos 2nH X + B(H H,H,) sin an3x3]
- a et
377
and
oo ' ' L
T, (HH,X,) = Z E3(H1HZH3) cos 2nH,X, - A(HH,H,) sin an3X3] .
3=

These coefficients form a table 1n ‘the second frame of the high-
speed memory. The value of X3’ is specified by the modifying cards,
‘and is the level of the cut.in the unit cell. Thué, a complete three-
dimensional calculation consists of a series of slices perpendicular to
‘a chosen axis. The basic progra:tm is the complete calculation of one of
these cuts. Provisién is made for storing the input data in drum stor-
age so that card reading is eliminated for additional calculations.

- The coefficients Tl and TZ are located in the second frame, de-
pending on the index limits specified for the problem, and are placed
so that the resulting table can be scanned sequentially for the second
stage of thev:c':alculation. This 'stage‘ evaluéfes and stores the coefficients

C and S as follows:

[-e]
C (HX,X,) = Z [Tl (H H,X,) cos 2nH,X, + T, (H;H,X,)sin errHZXZ]
H, =-«
2
and
o0
S (HX,X,) = Z [I’Z (H,H,X,) cos 2nH,X, - T, (H;H,X,) sin HZXZJ.
277

Since storage space in fast memory at this stage is limited, the
table of C and S coefficients is computed in sections and stored in drum
memory. After the table is complete, it is transferred to the second
frame of fast memory replacing the table that is no longer needed. The
final stage of the calculation computes the electron density:

w .
1 - . -
Lo (X X,X,) § [c (HX,X ;) cos 2nH, X + S(H;X,X)sin anlxl] )
' H, =0

This final table 1s calculated in sections and printed out on the printer.
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The format of the output is a rectangular table with the p (X )
‘values eas1ly found by means of headings 1dent1fy1ng the coordlnates

X1 and XZ' Because the IBM 701 is a f1xed-p01nt machine, there is
some difficulty in the possibility of overflow of the final answers. A
provision is made in the program to rescale the answers and repeat the
calculation in the case of overflow.

The over-all scheme of calculating the Fourier series allows the
calculation of special cases such as Patterson series or Fourier pro-
jections with no change in the basic code and only a small change in the
"modifying cards. Thus, a two—dimwehsio.nal- surhmatioh results if oniy
zero-level data are used. The only.rAdifvference is that the first table is
formed .directly from the data with no trigonomefric factors or summa-
‘tions, and this is done automatlcally

The advanta.ge in using a rnachlne like the IBM 701 for th1s prob-
lem is the machine's h1gh speed In the structure determination of
vanadyl blsacetylacetonate, each Fourler projection required 5 minutes
or less for completion. A typical three- dlmenswnal calculation like
‘the Patterson function calculated at 8125 points required only 35

minutes to complete.
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APPENDIX

Observed and Calculated Structure Factors

An u.nobserved.Fo value, that is, a value less than the minimum
possible value for the particular reflection to be observed, appears as
a zero in this table. In a few cases, a reflection that was originally
thought to be uncbserved actually was found later to lie outside the re-~
gion of reciprocal space that was photographed. This error accounts

for discrepancies in cases such as 153, 152, and 242.
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