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CRYSTAL STRUCTURE OF V ANADYL BISACETYLACETONATE. 

GEOMETRY OF VANADIUM IN FIVE ... FQLD COORDINATION 

Richard P. Dodge, David Ii. Templeton., and .All.an Zalldn 

Department of Chemistry and Lawrence Radiation Laboratory 

University of California~ Berkeley 9 California 

Novemberp 1960 

The structure of vanadyl bisacetylacetonate has been determined 

from three•dimeneional x•ray d1:f'fraction data. Cfhe crystals are tri~ 

ol1n1c 1 space il"oup r.I, with! "" 1·5' t 0.02 19 !!, • 8.23 t o.o3l, 
.2. • U.24 :t o.o4 A, a • 73.0°, 13 • 7L3° S' "''f • 66.(/J 1 .~ Sll e. .The structure 
consists of' discrete molecules of VO(c

5
E
1
o2)2 " Ea.eh vanadium· at0111 bas 

five oxygen netghbOra at the corners ot e. reotangul.ar (netl.rly square). 

pyramid:~ with vanadium near its center of gravity. The vanadium-oxygen 

distances are 1.56 A to the apex atom (va.nad.yl oxygen) and 1.96, 1~966 
s • 

1.97; and 1~98 A to the others. Other bond distances average 1.28 A for · 
& . • 

c ... .o.P 1.40 A tor c ..... c (ring), and 1.52 A for c ..... c (methyl). Standard 

dev1atiortil Vifi 0.01 A for v .... o bonds and 0.02A. for 10 .. ..0 and O•..C bonds, 

Each aeetylaeetone skeleton is planar 9 and this plane ma.kes an E&ngle 
of 16'0 with the ;plene ot the other a.cetyla.cetone skeleton ot the some 

m.o1eauleo 
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CRYSTAL STRUCTURE OF V.ANAJJYL BISACJ!.'TXLACETO:NATE. 
. * 

GEOMETRY OF VANADIUM IN FIVE .. FOLD COORDIN.<i.TION 

Richard P. Dodge Jl David R. Templeton.!' and Allan Zalld.n 

'Department ot Chemistry and Lawrence Radiation Labo:rator.y 

1tllnivelt'sity of Calitornie.D Berkeley» Calif'o:rnia 

November J) 1960 

The crystal structure ot vanad.yl b:1sacetylaoetonate P 

has been determined to establish the geometry of the bonds about five"~' 

coordinated vanadium (IV). In Me disouaaion of tbie compouncl e.nd ita 
1 reactions$ J'onee ass'UlJled a square planar arrangement of towr olQf&en 

atoms about the vanadium atom 11 with the bond ot the :t1fth o:x;ygen 

preaum&bq perpendicular to the plane of the other f~.. .From the 

chemical eridence 11 it was impossible to rule out the trigonal b1pyr~ 

llllidal &Jrra.ngeme:lt ot the five bonds. The work ot Feltbam2 on tbe . 
· electron apih-1'esonanee 111pectra of the compound indicates that tb.e 

bipyram:ll.d&l. at:ructwe 1e improbable o The geometry ot these tive bonds 
caD be expected tc be eim.U.ar in such compounde u ~1 tetraphenwl• 

porphilrAe} The present work shows that tbe five oJQTgen a~ are at 

~ corners ct an approximately square pyramid 11 but that va.nadi1!.1DJ! ie 

near the center of ·gravity ot this pyramid rather than at the center of 
ite base. 

* Tb.ie work was supported by the u.s. Atomic Energy COllJII'lission. 
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Single crystals of ~1 biaacetylacetonate were provided by 

Dr. Rue L. Belford. The crptals were blue-green 1n color1 and those 

selected for study averaged 0.1 mm 1n thickness. Their shape correeponde4 

to class I with only three forms appearing. These forms correspond to 

{100), (010), and (OOl) as we bave chosen the axes. 

The parameters ot the reciprocal cell were obtained traa quarta

calibrateci4 zero--:level Weissenberg pboto~aphs (rotation about ! and~) 
and zero•level precession photographs (precession about ,!1 ~~ and .2,). · 
Intensities were evaluated by visual comparison with a set of standard 

intensities tor 1165 independent reflections on multiple•tt~ Weissenbera 
photographs with rotation about .!• About 230 other reflections were 

recorded as too weak to be observed. Similar observations made with 

rotation about b were used to scale the intensities ot the first set., -
All these photographs were made With cum:x radiation .• 

UNIT CELL AND SPACE GROUP 

.~ diffraction symmetry cont~ that the crystals are tricltntc. 

The parameter& found for the reciprocal cell are i 

* .! = 0.1459 

a.* • 101.0° 

:B;y the transformation formu.l.ae, the direct cell l'&r&mete,-ra are t 

·a • 7·5~ :t: o.o2R - . '0 
b • 8.2,3 t 0.03A 
- 0 
.5:, o 11.24 :t 0.04 A 

The density found by suspension in a. liquid ot equal density is 1.49, 
· which corresponds to 2.01 molecules in the unit cell. This value suggest• 

·that the apace group is P I, and the agreement with the· 1ntens1 ty data 

Which was achieved confirms this choice. All atoms ooc\U" 1n the general 

two-fold posi tiona 1 :t: (~) • 
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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 unambiguously. Starting 

with signs based on vanadi~ only 1 the [100] projection quickly refined 

tv a point "There six carbon atoms and. one oxygen atom were shown as 

resolved peaks and the other carbon and oxygen atoms were shown as tour 

unresolved double peaks. The [ 0~0] projection still failed to resolve 

atoms, but indicated that the chelate rings were nearly copl.ana.r and 

approximatel\r parallel with ! . This knowledge and assumptions ot 
reasonable bond distances led to a trial structure in three dimensions. 

An electron density calcul.a.tion 1n three dtm.ensions then revealed all. 

the carbon and oxygen atoms. In the meantime, about half' o~ the oxygen 

and carbon atoms bad been located independently by a study or the ~Uer 

peaks ot the three-dimensional Patterson f'unction. For this structure the 

"unreliability factor.,!!= !.IlEal ... IEcll/l:IEol was 0.207. 
-

REFINEMENT OF THE STRUCTURE 

The structure was refined by the method of least sqw;u:-es 1 

neglecting hydrogen atoms. Atomic scattering factors were taken tram 
5 +2 6 _ .. 0 Freeman tor V and neutral C and from Berghuis, ,!! !!.•, for neutrcu; • 

Individual isotropic temperature factors were used throughout. First ve 

used the IBM-650 computer and the largely diagonal ttt.s•II" program ot 

Senko end Templeton7 modified tor space group Pl. The weighting eud 
. . . 8 

treatment ot undetected reflections was done as described elsewhere. 

Five cycles ot refinement reduced R to o.U4 (observed reflections only) .. 
The resulting structure is describ;d by Dodge. 9 

Examination of the records of these refinement cycles suggested 

that the best fit had not been achieved. Four additional cycles of :ret'ine.;,; 

ment were carried out 'With the IBM-704 computer and the full ... matrix program 

ot Busing and Levy.10 Observed reflections were given unit Yeight. Unobserved 

reflections were given zero weight unless Eo exceeded 1·3i a value about 



-6-

1.5 times the average limit of detectionJ in the latter case F was taken -o . 
as zero and given unit weight" Before the final two cyclea 1 siX reflections 

with especially large discrepancies were removed from the data; these 

consisted ot 153, i52, ~d 2'42 which were erroneously recorded as absent 

when actually they fell oft the films and 011 1 202 1 and 212 which were 

observed very strong., but not as strong as calculated. After the last 

cycle, further checking revealed that 1571 22~~ and 344 had been recorded 

as absent by errors of transcription, that 229 actually was absent but 

had been assigned the intensity of 22S~ and that 36S had been assigned an 

ll.ncorrect intensity. · After correction, these five reflections were in 

excellent agreement w1 th calculation. Tt~.ere remain eight absent ret'lec• 

tiona with structure factors calculated greater than 7.31 but none 

exceeding 8. 4. Tht-s is considered to be satisfactory agreement 1 since 

hydrogen atoms are excluded from the calculation. The .observed and 

calculated structure factors from the final cycle are listed in Table V 

(with the five corrections mentioned before); the corresponding!! ie 

.0.092 (observed .reflections only). 

. The final atomic parameters are listed in Table I. The results 

confirm that the earlier ref'1nement9 had not adequately converged ~d 
that one tull~matrix cycle achieved results that would have required 

several diagonal cycles. Of 48 atomic coordinates 1 29 changed by i:Jlore 

tban one standard deviat1onJ two changed by more than 5 standard devie. .. 

· , tiona • The lar~est change in a bond distance was that ot the V .. ...o6 bond 

which was 1.59 A after the diagonal refinement and 1.56 X in the final 

structure o These differences are attributed more to laok of convergence 

than to the presence ot the defective data in the earlier cycles. 
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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 1 

and one is 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 are listed in Tables II and III. 

The molecule has no crystall.ograpbic symmetry fl but chc;mical.ly equivalent 

bond distances are equal to the experimental accilra.cy. Chemical.ly equiva.• 

lent angles are nearly equal. If these quantities were exactly equal, 

the molecule (with the possible exception of the hydrogen ato~) would 

have symmetry~ (Q.2v). The molecular shape is shown in Fig. 2 with 

average values of equivalent distances and angles. The bond distance 
. 0 

of the vanad;yl ion, 1.56 A, is of special interest because we know of no 

other measurement of' this bond. The c ...... c end C--0 bond distances are in 
. ll·l6 accord with values for analogous structures. · · 

The five neighbors of vanadium are at the corners of a. rectangular . 

(nearly square) pyramid, with vanadium approximately at its center of 

gravity. This geometry can be considered to be derived from the square 

planar configuration discussed in the Introduction by bending the two 

chelate rings away from the fifth oxygen. This. bending lengthens four 
I 

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

and at the same time makes two others shorter. The distances in tbe 

actual structure are listed in Table rl. It is plausible that the 

distances 02·•04 and o,~-05 would be shorter than the distances to 
o6, but we find the difference unexpectedly large. 

The structure of v2o5 
aJ.so has vanadium in five-told coordination, 

· thoUgh in a different valence state •17 In that case there 1$ one close 
0 0 

neighbor, at 1.54 A, and four others at 1.77, 1.881 1.88, and 2.02 A. 

· The coordination goemetry is said to consist of ';distorted trigonal bipyra

mids. ,l7 However 1 the distortion is so great tha.t the coordinetion also 

can be described as a distortion of a square pyramid, with the close neigh

bor again at the apex. The tact that the distances are mostly slightly 

shorter than in our structure 1s consistent with the higher formal valence 

state. 
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Each acetylacetone skeleton :l.s accurately planar as eXpected, 

but not quite coplanar With the other acetylacetone skeleton of tha same 
molecule. The planes Qf these two parts of the molecule meet an angle 

0 . . . 
of 163 • It is interesting that these planes are a cau~omise between 

those that would contain the· vanadium atom and those that 'Would be 

. coplanar, assuming no change in the oxygen and vanadium positions. We 

interpret this fact as evidence for conJugation effects between the 

two rings. 

The individual temperature parameters ot the atoma are super~ 

imposed on an outline of the molecule in Fig~ 3. ':here is a definite 

· trend for t.he termj,nal atoms of the skeleton to have greater ther.m.a.J. 

motion than the atoms of the. rings. 

·We tluulk Dr .. R .. :t.· Belford tor providing the crystals and 

)fra. Hel.ana W. Ruben~ Dzo. M.E. Senko, and Dr. :R.E. Jones tor theil:' h$lp ... 
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TABLE I 

Final parameters 

Atom a(x) . a(z) a(!) 
02 

X z . B, A:. - - - -... 

Vanadium l 0.1436 0.2$102 0.2231 o.oobl#.:. 0.000, 0.0002 2.4 
Oxygen 2 0.94o4 0.4142 0.3592 0.0014 o.oou o.ooos }.0 

Oxygen ' 0.9978 0.1214 0.2689 o.ool4 o.oou o.oooa e.a 
Oxygen 4 0.1472 0.5359 0.1367 0.0014 0.0010 0.0001 2.6 
Oxygen 5 0.2200 0.2;502 0.0532 0.0014 0.0010 0.·0007 2.6 
Oxygen 6 0.3;516 o.1887. 0.2793 0.0016 0.0012 0.0009 3 .• 8 

Carbon 7 0.2~3 0.5372 0 .• 4;96 o.oo26 o.ooao 0.0014 4.4 
Ca.rbo.n 8 0~8224 0.3521 0.4561 0.0022 0.0016 0.0012 2.8 
Carbon 9 0.78~ 0.1965 0.4661 0.0022 0.0017 ().0012 3 .• 1 
Carbon 10 0.8672 0.0924 0.3100 0.0022 o.ool6 0.0011 2.8 
Carbon U 0.7900 0.94o8 0.3825 0.0023 0~0017 ().0012 .:5 .• 4 
Carbon 12 0.7165 0.2166 0.0125 0.0024 0.0017 0 .• 0013 '·' Carbon 1). 0.221,5 0-5917 0.0195 0.0022 0.0016 o.oou 2.9 

. Carbon 14 .· 0.7039 0.5090 0.0751 0.0022 0.0017 0.0012 l•l 
Carbon 15 . 0/7070 0.6861 0.0565 0.0021 0.001' 0.0011 2.6 
Carbon l6 .0.6307 0.7855 0.1659 0.0024 o.ool8 o.oo1' ,.a 

J 



Atoms 

v--o2 

v ... ..o, 
v--o4 
v--o5 

O~:t-CS 

03-·010 

04 ... ~1, 

o,--o~ 

-ll

TABLE II 
UCRL-8225-Rev. 

Bond distances 1n va.nadyl bisacetylacetonate. 

ao 
Distance, A 

1.91 

1.9() 

1.98 

1~96 

1.29 

Atoms 

C7••C8 

01o··Ou 

c12 ..... cl3 

015--c16 

c
8 

..... o 
. 9 

c ...... o 
9 10 

013"' .. 014 

c15""""016 

aO 
Distance, A 

1.51 

1-53 

1.52 

1.51 

1.39 

l.4o 

1.}8 

l .. 4a 

0 . 
a. .stand.e.t-4 deViatiOn.S are 0.01 A tor v ..... o bonds and 0.-02 X tor c ... -o 

and c--c bondS ... Chemic~ equivalent bonde ere grou;pe4 h:>gether~ 
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TABLE III 

Doud angles in vanadyl bisMetyle.cetonate. 

UCRL-8225-Rev. 

. . a 
Angle · 

114.9° 

117.2° 

115.4° 

115.9° 

123.6' 

124.2° 
124.6° 

~,L,o 

121.,0 

ua.,o 
119-9° 

' 0 
121.5 ·. 

12,~3° 
0 124.11; 

a Standard deviations are about 1° or less. Chemically equival.ent 

angles are grouped together. 
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TABLE IV 

Oxygen ... oxygen distances. 

0 
Distance, A 

2.64 

2.61 

A tome 

02··06 

o,--o6. 

04-..06 

o,--o6 

UCRL-8225 Rev. 

0 
Distance, A 

2.8o 

2.82 

2.87 

2.8J. 
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TABLE V. 

Observed and calculated structure factors, !o and !c, ' 
. each multiplied by 10. An asteri.sk {*) denotes that th,e 

reflection was too weak to be detected. 



h=O 

k Fo Fe k Fo Fe k I Fo Fe k Fo Fe k I Fo Fe k I Fo F, k Fo Fe 
0 2 52 -'+1 1 9 200-198 2 -a 210 207 3 10 164 177 4 11 120-114 6 0 * -48 7 -3 121-104 
0 3 93 90 1 -9 * -45 2 10 74 67 3-10 117-101 4-11 66 -63 6 1 140 145 7 4 128 142 
0 4 269 273 1 fl 247 229 2-10 • -54 3-11 120-109 4 13 65 67 6 -1 144-141 7 -4 * 38 
0 5 200 205 1 -a 141-138 2 11 lH 92 3 12 153-121 5 0 1•0-136 6 2 * 11 7 5 * 49 
0 6 161-149 1-10 llO 100 2-11 99 73 4 0 ?3 175 5 l ~- 5 6 -2 * -1 7 -5 78 83 
0 7 161-151 1-11 120 92 2-12 '11 69 4 1 105 59 5 -1 75 •6C 6 3 328•350 7 6 * -33 
0 -9 * 51 1-12 * -37 3 0 234-135 4 -1 363 370 5 2 212 1')6 6 -; 121 123 7 7 113-105 
0 8 70 78 1-13 83 •73 ' 1 111 118 4 2 194-197 5 -2 243 244 f> ~~ 83 -67 7 9 132 119 
0 10 120 -98 2 0 383-370 3 -1 237-207 4 -2 157 159 5 3 215 !92 6 -4 134 117 7 8 * 74 
0-11 .. -26 2 1 315-266 3 2 12tl 144 4 3 ·* 20 5 -3 * 67 6 5 85 -76 7 10 * -13 
0 12 108 -93 2 -1 251-196 ~ -2 335-319 4 -3 275-285 ., 4 14~-138 6 -5 73 -c:o 7 11 111-106 
0 13 1!6 72 2 2 171 152 3 3 55 -Q7 4 4 315 328 5 -4 * -2 6 6 105 110 8 0 * -68 
1 0 313-329 2 -.2 278 279 3 -3 * -16 4 -4 169-181 124-123 6 -6 149-148 8 1 79 -86 
1 -1 375 388 2 3 62 39 3 4 * l 4 5 * 37 5 -5 :< -38 6 7 * -70 8 -1 106 110 

,_. 
U1 

1 2 67 -54 2 -3 167 164 3 -4 168 17! 4 -5 106 89 5 6 * 14 6 -7 109 99 8 2 * -21 
1 -2 371-387 2 4 785-BOE 3 5 472 513 4 6 106-118 5 -6 266 258 6 9 * -11 8 -2 71 73 
1 3 468 515 2 -4 228-217 3 -5 * -35 4 -6 * 5 7 133 158 6 8 132-155 8 3 111 104 
1 -3 168-178 2 5 278-280 3 6 * 58 4 7 * -33 5 -7 140 125 6 10 * 62 B 4 67 67 
1 4 109 118 2 -5 * -30 3 -6 153-147 4 -1 134-112 5 9 85 -62 6 11 * 22 8 5 * -36 
1 -4 46 5 2 6 207 259 3 7 207-221 4 9 * 53 5 -9 75 -66 7 0 * 45 8 6 * -•o 
1 5 417-430 2 -6 * -55 3 -7 177-177 4 -9 • 42 5 8 * 42 7 1 * 58 8 7 75 85 
1 -5 329 333 2 1 140 121. 3 9 140 137 4 8 * 61 5 -8 * -53 7 -1 * -26 9 1 67 75 
1 6 159-159 2 -7 153 160 3 -9 109 96 4 -B 130-121 5 10 * -44 7 2 164-173 9 2 * 54 
1 -6 132 120 2 9 103-104 3 8 * -56 4 10 144-146 5 11 105 101 1 -2 156-160 9 3 * •13 
1 7 138 115 2 -9 * -41 3. -a * 44 4-10 108 104 5 12 79 58 7 3 * 55 9 • 59 -70 
1 -7 * -14 2 B 153-139 

c:: 
() 
!:0 
t"' 
I 
00 
N 
N 
U1 

!:0 
(1) 

<: . 



h= I 

k I Fo Fe k Fo Fe k Fo Fe k Fo Fe k Fo Fe k I Fo Fe k I Fo Fe 
0 2 516-542 -1 3 71 -46 -2 -2 * 84 -3 :3 180 184 -4 4 138 124 6 0 * 0 7 5 107 -93 
0 3 553 529 -1 -3 66 87 -2 3 110 -86 -3 -3 269-235 -4 -4 111 97 6 1 167 153 7 -5 65 81 
0 -3 371-399 -1 -4 563 519 -2 -3 405 368 -3 4 216 199 -4 5 199 207 6 -1 72 -71 7 9 76 65 
0 4 168 145 -1 5 87 82 -? 4 168-146 -3 -4 240-229 -4 -5 169 162 6 2 * 42 7 8 130 128 
0 5 97 -63 -1 6 107 -94 -2 -4 476-444 -3 5 119 -95 -4 7 107-121 6 -2 98 -96 7 11 84 -eo 
0 -5 350 327 -1 -6 419-444 -2 -5 263-282 -'3 6 141-154 -4 -7 91 -95 6 3 224-"'"'"i -7 0 127 120 
0 6 123-115 -1 7 233-223 -2 7 135 115 -3 -6 211 210 -4 9 127 113 6 -3 * -7 1 103-102 
0 7 77 -63 -1 -7 130-114 -2 -7 391 393 -3 8 125 130 -4 -9 203 195 6 4 254 4~- -7 -1 174 177 
0 -7 212-194 -1 -9 188-176 -2 9 160-167 

_, -e 167-172 -4 11 86 -ee 6 -4 131 144 -7 2 101-113 
0 9 122 109 -1 8 160-162 -2 -9 107-106 -3 10 66 -58 -4-11 176-159 6 5 332 344 -7 -2 118-139 
0 -9 92 81 -1 10 !06 104 -2 11 96 95 -:3•10 228 204 5 0 222-213 6 -5 116-112 -7 4 106 109 
0 8 153 157 -1-10 :o4 -90 -2-11 95 94 -3-11 65 72 5 1 116 103 6 6 74 64 -7 -5 72 94 
0 -8 115 100 -1-11 151-127 -2-13 30 -"32 -3 ] 2 92 102 5 -1 110-100 6 -6 104 -95 -7 6 59 -57 
0 10 223-235 -1 l? "12 -s: 3 0 655 603 -3-12 90 -64 ; 2 300 299 6 7 107 -85 -7 -7 110-115 
0-10 164 140 -1-13 43 41 3 1 137 107 4 0 433-372 ~ -2 176 172 6 9 133 136 -7 -9 4€ 63. 
0 11 64 -49 2 0 162-119 3 -1 182 136 4 309-283 5 3 .. -30 6 8 92 -93 a· 0 87 -98 
0-12 114 -89 2 1 425 371 3 2 114 -56 '• -1 374 349 5 4 44~l-45'" 6 10 103 81 6 -1 61 57 
0 13 78 72 2 -1 243-283 3 -2 413-373 4 2 150-106 5 -4 1: 61 6 11 61 -60 8 2 65 67 
1 2 452 456 2 2 215-167 3 3 * 12 4 -2 111 71 5 5 92 -93 6 12 61 -46 8 -2 57 62 
1 -2 663 593 2 -2 92 27 3 -3 227-191: .. 3 149 l5C 5 -5 76 -85 -6 ~ 145-145 8 3 74 80 ..... 
1 3. 380 332 2 3 246-220 3 4 111 137 4 -'3 197-171 5 6 '>C 71 -6 1 135-130 8 -3 62 79 0' 
1 -3 * -27 2 -3 248 230 4 4 106 94 5 -6 :50 129 -s -1 111 115 8 -5 64 '-66 3 -4 193 180 
1 4 141-164 2 4 * -75 ' 5 287 257 4 -4 184-169 5 7 ! C'~ 93 -6 2 107 131 8 9 175-155 
1 -4 43 10 2 -4 223-171 3 -5 146 130 4 5 332-341 5 -7 l i: 98 -6 -z * -26 -e 0 54 64 
1 5 348-336 2 5.132 136 ~ 6 213-215 4 -5 * 52 5 9 * 24 -6 3 125 130 -8 -1 109-109 
1 -5 108 68 2 -5 189-180 'I -6 * -14 4 6 * -64 5 8 106-115 -6 -3 205-201 -B -2 78 -84 
l 6 * -l 2 6 473 497 7 127-146 4 7 143 136 5 10 55 86 -6 4 65 -68 -8 ~ 95;.1!5 . 3 
1 -6 242 234 2 ·6 323-263 ., -7 186-186 4 9 106-109 5-10 55 -57 -6 -4 161-)74 -8 -3 55 57 
1 7 224 240 2 7 186-175 3 9 104 lE 4 8 * 42 5 11 96 84 _, 

-6 34 BB -8 -4 80 91 
1 -7 218 205 2 -7 * 81 . 3 -9 87 95 4 -e 153-133 5 13 77 -57 -6 7 163 :'lo -s -7 67 62 
1 -9 66 -59 2 9 145-130 3 8 * 67 4 10 113-100 -5 0 114 -99 -6 -9 87 -84 -a -8 78 84 
1 8 184 188 2 8 226-224 3 -s 92 -90 4-10 106 88 -5 1 85 81 -6 -i' 77 -~~ 9 1 9.5 52 
1 -e 91 -82 2 -8 212 211 3-10 64 -57 4 12 149 116 -5 -1 152-150 -6-11 45 4~ 9 -1 65 -so 
1 11 233 215 . '-

107 2-10 77 -61 3 11 132-108 4 13 106 74 -5 -2 170 159 .. 0 99 77 9 3 -96 
1~11 109 93 

I 

2 12 101 -a8 3-11 77 -60 -4 0 228 216 -5 3 103 -89 ; -! 76 74 9 4 68 -61 
1 12 81 74 2-12 78 74 3 12 120-102 -4 1 134 103 -5 -3 219 225 7 2 140-13: 9 8 79 -79 c: 

-1 0 257 225 2 13 110 -ae _, 
0 331-315 -4 -1 134 126 -5 4 205-236 7 -z * -34 -9 -2 66 71 () 

-1 1 763 827 -2 0 99 67 -3 1 219-210 -4 2 89 58 -5 -4 160 153 7 3 76 -60 -9 -3 95 109 !;lj 
~1 -1 373-291 -2 1 138 126 -3 -1 123 -92 -4 -2 115-109 -5 8 167-158 7 -3 137-122 10 2 43 -59 t""' 
-1 2 558-476 -2 -1 350-307 -3 2 266-263 -4 3 228-227 -5 -a 91 91 10 3 55 52 I 

-1 -2 427-398 2 197 192 -5 10 56 62 
7 4 168 184 

10 78 00 
-2 -3 -2 370 339 •4 -3 62 -46 4 66 N 

N 
Ul 

!;lj 
(I) 

< 
0 



h= 2 

k I Fo Fe k Fo Fe k Fo Fe k Fo Fe 
0 0 617-681 -1 -1 60 62 -2 2 250 206 -3 3 270 263 k Fo Fe k Fo Fe k Fo Fe 
0 1 424-!511 -1 2 13~-119 -2 -2 236 226 -3 -3 254-225 
0 -1 64 35 -1 -2 275-264 -2 3 221-207 -3 4 * 13 -4 -6 95 105 -5-10 87 •66 7 7 96 105 
0 -2 184 187 -1 3 247-218 -2 -3 404 409 -3 -4 145-147 -4 7 * 10 6 0 141 140 7 9 ... .,., 
0 3 248 219 -1 -3 183-187 -2 4 197-203 -3 5 184-192 -4 -7 76 -61 6 1 75 67 7 8 82 81 
0 -3 182_-199 -1 4 412 408 •2 -4 214 215 -3 -5 87 -84 -4 9 70 59 6 -1 * 14 7 10 164-142 

8 4 * 9 -1 -4 245 242 -2 5 * 56 -3 6 * 27 -4 -9 131 123 6 2 101-110 7 11 * 11 -· 275-268 -1 5 42 16 -2 -5 161-161 -3 -6 122 116 -4 8 135 147 6 -2 156-161 7 12 IH 71 
0 5 221•236 -1 -5 228 231 -2 6 253 274 -3 7 170 202 -4 -8 * -47 6 3 74 -69 -7 0 * 50 
0 •5 * 45 -1 6 173-215 -2 -6 "124-137 -3 -7 118 115 -4-10 114 98 6 -3 59 -56 -7 1 125-141 
0 6 163•154 -1 -6 225-228 -2 7 102-112 -3 9 * -23 -4-11 72 -57 6 4 261 279 -7 -1 * 61 
0 -6 211 203 -1 7 262-274 -2 -7 93 107 -3 -9 146-147 5 0 102 -81 6 -4 153 148 -7 2 * 40 
0 7 80 69 -1 -7 * -19 -2 9 * -59 -3 8 * 14 5 1 274 282 6 5 375 407 -7 -2 * -· 0 -7 * -1 -1 9 181 188 -2 -9 * -8 -3 -8 153-162 5 -1 231-204 6 -5 * 10 -7 3 130 152 
0 9 * 1 -1 •9 152 127 -2 8 176-162 -3-10 72 72 5 2 145 134 6 6 178-205 -7 -3 * -78 
0 •9 * -42 -1 8 * 34 -2 -8 102 96 -3 11 41 52 5 -2 184-165 6 -6 82 64 -7 -4 79 -82 
0 8 184 186 -1 -8 * -76 -2 10 * -1 -3-11 105 76 5 3 329-333 6 7 * 21 -7 -5 89 911 
0 •8 48 -23 -1 10 * 19 -2-1(1 131-1:4 4 0 691-652 5 -3 160 164 6 -7 98 -96 -7 -6 * !0 
0 10 171-162 -1-10 * 22 -2 11 * 9 4 1 456-395 5 4 264•264 6 9 132 139 -7 -7 64 •64 
O•UI 186 155 -1 11 147-132 -2-11 * 1 4 -I 109 97 5 -4 192-195 6 8 83 93 -7 -a 63 •5! 
0 11 * 55 -1-11 126-111 -2 12 63 -74 2 285 270 5 5 241 253 6 10 * 26 8 0 95 -86 I 4 
0 11 * 55 2 0 316 319 -2-12 41 39 5 -5 160-159 6 11 95 •85 8 1 * -4 ....... 

4 -2 355 367 
0-11 * 20 2 1 373 364 3 0 399 379 5 6 184 198 6 12 * 6 8 -1 72 -73 ...J 

4 3 * 33 
0 12 178 172 2 -1 108-144 3 1 433-430 4 -3 75 74 5 -6 * -67 6 13 66 57 8 ;2 122 129 
0-12 73 -64 2 2 242•258 3 -1 506 489 4 205-211 5 7 141-146 -6 0 119-146 8 -2 * 5 4 
1 ·1 161-182 2 -2 286-269 '3 2 254 124 5 -7 * -6 -6 1 * 14 8 3 * ! 4 ... 123-118 
1 -2 101 107 2 3 87 62 3 -2 132-123 5 9 * 2 -6 -1 67 84 8 -3 149 137 4 5 183-195 
1 ' 53 70 2 

_, 
* -1 3 3 193 208 4 -5 * -5 

5 ~ 93-104 -6 2 116 138 8 4 95-100 
1 -3 62 60 2 4 322 318 3 -3 224-214 4 6 • 34 5 -a 96 79 -6 -z 108 120 8 -4 51 51 
1 4 77 •92 2 -4 328 340 3 4 111 -71 5 10 90 90 -6 3 * 3 8 5 * •48 
1 -· * -23 2 5 192 200 ~ -4 * 27 

4 6 76 34 5 11 * -21 -6 -3 152 163 8 -5 54 •54 
1 5 1.,4-124 2 -5 * 3 5 318-277 

4 -6 118 131 5 12 100 -67 -6 4 150-155 8 6 * 24 6 4 7 102 114 1 -5 323-330 2 6 369 378 3 -5 272 294 5 13 58 -53 -6 -4 * •58 8 7 * 30 
1 6 135 137 3 6 274-285 

4 -7 67 66 -5 0 * 32 -6 -5 * •31 8 9 119•117 2 -6 329•330 
1 -6 * 33 2 -6 132 147 

4 9 94 •99 -5 1 129 122 -6 -6 * 42 8 8 61 ;..68 7 84 -70 3 4 -8 54 -69 1 7 309 335 3 7 124-108 -5 -1 203-222 -6 -7 93 89 8 10 73 70 2 -7 134-13'7 4 10 * 64 1 -7 239 235 2 9 * 59 3 -7 136-134 4 11 58 -5 2 * -55 -6 -9 58 •54 8 11 48 42 
64 1 9 126-117 2 -9 * 16 3 9 65 64 4 12 130 109 -5 -2 * -49 -6 -8 * 33 -a 0 109 13(') c::: 

1 -9 150•133 2 8 157-163 3 -9 155 118 4 14 75 -71 -5 3 108-103 7 0 96 96 -a -2 74 •92 () 

1 8 116-119 2 -e 113 113 3 8 129 131 -4 0 93 95 -5 -3 * 43 7 1 75 -83 -a -3 51 -62 ::0 
1 -e * -7 2 10 118 114 3 -e * -18 -5 4 83 -96 7 -1 128 122 -a -4 48 58 t-< -· 1 211-202 
1 10 * -· 2-10 76 -64 3 10 102-105 -5 -4 102 103 7 2 * 32 9 2 106 •99 I 

1•10 123 -85 11 116-121 
-4 -1 213 205 

-5 5 95 101 7 -2 108 103 9 -2 89 -84 00 
2 11 * -51 3 -4 -2 141-134 N 

1 11 200 205 2-11 60 -42 3 12 * -31 -4 3 70 -67 -5 -5 * -17 7 3 66 53 9 3 112 •94 N 
1-11 80 63 2 12 122-101 3 13 106 90 -· -3 144-176 -5 6 * -47 7 -3 * -16 9 -3 42 -40 V1 

1 12 * -43 2 13 *-17 -3 0 239-232 -5 -6 108-115 7 4 75 74 9 4 * 36 ::0 -· 4 163 170 1•12 89 81 2 14 73 75 -3 1 50 46 -4 -5 7 139-143 7 -4 77 -77 9 5 87 70 (I) 

1 13 10() -85 -3 -1 62 -69 
-4 63 -63 -5 -7 73 -A3 7 5 223-241 9 9 71 70 <: -2 0 85 76 -4 5 82 106 -1 0 141 130 -2 1 332 342 -3 2 219 222 -5 -9 * 27 7 -5 * 5 10 2 49 _,, 

-1 1 457 422 -3 -2 216 233 -· -5 n 86 -5 8 125-131 7 6 119-130 10 3 62 63 -2 -1 157-159 -· 6 * -43 -5 -a 87 72 7 -6 83 70 10 6 55 -51 



h - 3 -

k Fo Fe k Fo Fe k Fo Fe k I Fo Fe k Fo Fe k Fo Fe k Fo fe 
0 0 228-271 -1 -3 200-210 -2 0 114 114 3 12 106 87 -4 1 249-260 -5 -2 182-223 7 -2 168 188 
0 1 61 •83 -1 4 516 537 -2 1 227 234 3 13 72 62 -4 -1 197 200 -5 3 * -24 7 3 138 154 
0 2 147-165 -1 -4 62 73 •2 -1 241-219 -3 0 280•308 -4 2 * -20 -5 -3 133-143 7 -3 * 35 
0 ·2 126 106 -1 5 87 -eo -2 2 117-125 -3 1 246 261 •4 -2 * 45 -5 4 * 63 7 4 64 -72 
0 3 326 331 -1 -5 185 178 -2 -2 62 56 -3 -1 * •14 -4 3 90 117 -5 -4 46 55 7 -4 84 -77 
0 -3 73 74 -1 6 192-206 -2 3 283-307 -3 2 355 398 -4 -3 131-141 -5 5 81 73 7 5 * -41 
0 4 66 30 -1 -6 173 192 -2 -3 180 183 -3 -2 165 194 -4 4 • •33 -5 -5 109 123 7 -5 85 -84 
0 -4 163-154 -1 7 65 66 -2 4 * 15 -3 3 • 9 -4 -4 102-102 -5 -6 54 -56 7 6 * 50 
0 5 435-405 -1 -7 163 150 -2 -4 211 232 -3 -3 117 101 •4 5 a5 -71 -5 -7 45 -57 7 -6 52 47 
0 -5 136-125 -1 9 93 109 -2 5 268 313 -3 4 111-109 -4 -5 • 20 -5 -9 60 63 7 7 161 160 
0 7 223 237 -1 -9 163 148 -2 -5 177-174 •3 -4 80 •82 -4 6 84 -87 -5 -a 55 46 7 9 97 -92 
0 9 171-194 -1 8 212 244 -2 6 • -35 -3 5 63 -78 -· -6 102 103 6 0 96 100 7 6 * -15 
0 11 96 92 -1 -a 75 -73 -2 -6 79 -79 -3 -5 102-132 -4 -7 98 -92 6 1 152-137 7 11 82 78 
0-11 12 0 102 -1 10 69 -64 -2 7 169-209 -3 6 99 lOB -4 -a 109-115 6 -1 161 188 7 12 69_ 60 
0 12 168 160 -1-10 118 98 -2 -7 120-102 -3 -6 * 35 -4 10 58 -70 6 2 74 -70 -7 1 88-101 
0 13 89 -87 •I 11 64 -65 -2 9 98 109 -3 7 65 90 -4-10 70 65 6 -2 65 -66 -7 -2 96 107 
1 -1 80 -89 -1 12 67 52 -2 -9 83 17 -3 -7 113 105 5 0 205 190 6 3 122 123 -7 3 55 A"' 
1 -2 .\49-417 -1 13 48 58 -2 8 132-143 -3 6 69 -66 5 1 153 169 6 -3 * 3 -7 -4 64 -68 
1 -3 82 75 2 0 206 216 -2 -a 82 62 4 0 173-156 5 -1 250-242 6 4 47 38 -7 -6 49 59 
1 4 232-25a 2 1 138•136 -2-10 80 -62 4 1 115 99 5 2 181-174 6 -4 • 37 8 0 * 12 
1 -4 149 126 2 -1 180 147 -2-11 44 -46 4 -1 292-267 5 -2 316-308 6 5 59 -54 8 '~6 40 ...... 
1 5 69 51 2 2 157-179 3 0 114-109 4 2 516 506 5 3 231-234 6 -5 125 117 8 -I 127-139 CXl 
1 -5 267-267 2 -2 65 19 3 1 481-478 4 -2 246 248 5 -3 • 57 6 6 370-404 8 2 46 57 
1 6 208 207 2 3 70 85 3 -1 382 347 4 3 107 -98 5 4 * 4 6 -6 90 73 8 -2 83 -79 
1 -6 185-186 2 -3 173-161 3 2 64 -53 4 -3 165 160 5 -4 109 -81 6 7 90 -87 8 3 139-157 
1 7 139 129 ? 4 217 273 3 -2 207 217 4 4 180-167 5 5 267 279 6 -7 97 -Rl 8 -3 77 76 
1 -7 46 38 2 -4 366 316 3 3 190 188 4 -4 61 -58 5 -5 • -15 6 9 * 0 8 4 80 -so 
1 9 109-ll8 2 5 59 62 3 -3 116-115 4 5 1~2 108 o; 6 210 204 6 a 131 134 8 -4 47 40 
1 -9 49 -42 2 -5 275 281 3 4 245-232 4 -5 109-107 5 -6 142-136 6 -a 76 -75 8 5 88 83 . 
1 8 234-226 2 6 136-147 3 -· 296-296 4 6 143 157 5 7 188-199 6 10 • -46 8 -5 26 -3.!o 
1 -a 158 148 2 -6 164-173 3 5 150-153 4 -6 * 45 5 -7 82 -63 6 11 91 -a1 a 6 70 72 
1 10 60 55 2 7 178-178 3 -5 126 134 4 7 124 129 5 9 * 21 6 13 81 74 a 10 126 109 
1-10 116-101 2 -7 190-192 3 6 * -47 4 -7 103 95 5 -9 54 47 -6 1 88 88 8 11 a3 69 
1 ll 53 •41 2 9 279 290 3 -6 266 272 4 9 90 -as 5 8 63 62 -6 -3 179 169 9 ~ 0 76 74 
1 12 168•181 2 -9 101 77 3 7 * 15 4 -9 66 •52 5 -a 77 69 -6 -5 67 •61 9 -1 40 47 
1 13 109•111 2 8 109-108 3 -7 • -33 4 6 133-138 5 10 • 42 -6 6 60 82 9 2 119•124 
1 14 50 43 2 -8 * 23 3 9 84 -67 4 -a • -13 5 11 113-110 -6 -7 76 78 9 -2 54 •48 c 

-1 0 194 178 2 10 99 104 3 8 183 199 4 10 92 97 5 14 66 57 -6 -8 57 63 9 -3 62 •70 () 
-1 1 129 -96 2 11 70 -57 3 -a * 17 4 11 130 131 -5 0 93 87 7 0 92 -92 9 4 139 137 ~ 
-1 -1 222 225 2-11 67 -70 3 10 131-133 4 13 103 -70 -5 1 * 27 7 1 46 •51 9 5 75 81 tot 
-1 2 ne-233 2 12 * 2 3•10 66 58 4 14 73 -69 -5 -1 * -64 7 -1 * 22 10 3 76 78 I 

-1 -2 24,-231 2 13 100 96 -4 0 98-101 -5 2 125•137 7 2 82 90 10 5 137-143 00 
3 11 * 8 N 

-1 3 3~3-332 2 14 66 62 N 
I.TI 

~ 
CD 
< 
0 



h=4 

k Fo Fe k Fo Fe k Fo Fe k Fo Fe k Fo Fe k Fo Fe k I Fo Fe 
0 0 104 -98 -8 165 137 2 -9 36 32 3 -9 110 -96 4 -8 101 89 -5 -1 129 129 7 4 124-134 
0 1 168 148 1 10 123 133 2 8 60 35 3 8 119 127 4 10 123 133 -5 . 2 56 -51 7 -4 * -26 
0 -1 120-119 1-10 77 -73 2 -8 84 -66 3 -8 35 -30 4 11 * 25 -5 -2 * -31 7 5 106 108 
0 2 503 577 1 11 93 -86 2 10 96 -84 3 10 59 -61 4 12 175-173 -5 3 54 51 7 -5 91 -88 
0 -2 157 135 1 12 66 -73 2-10 76 71 3 11 144 135 4 13 57 -51 -5 -3 104-110 7 6 147 145 
0 3 231 262 -1 0 71 55 2 11 47 -45 3 12 89 80 -4 0 108-130 -5 4 78 80 7 7 123 121 
0 -3 196 196 -1 1 282-273 2 12 87 69 3 13 47 -34 -4 1 122-132 -5 -4 * 3 7 9 * -39 
0 4 151 129 -1 -1 272 269 2 13 81 78 -3 0 84 -90 -4 -1 * 55 -5 -5 147 151 7 B * -48 
0 -4 83 -58 -1 2 * 16 -2 0 155 153 -3 1 206 249 -4 2 146 186 -5 -7 70 -70 7 1J 127 110 
0 5 113-128 -1 -2 39 15 -2 1 33 -22 -3 -1 55 -55 -4 -2 163 180 6 0 112 -04 7 1:: 62 46 
0 -5 102-106 -1 3 54 51 -2 -1 160-151 -3 2 81 79 -4 3 110 124 ~ 1 139-137 7 13 86 -~o 
0 6 209 229 -1 -3 161-148 -2 2 259-276 -3 -2 * -s -4 -3 * 49 6 -1 138 142 -7 -2 42 60 
0 -6 142-131 -1 4 103 97 -2 -2 287-310 -3 3 236-278 -4 4 63 -57 6 2 48 53 8 0 155 144 
0 7 98 104 -1 -4 * 9 -2 3 104-120 -3 -3 200 206 -4 -4 140-156 6 -2 * 41 8 1 119 113 
0 -7 119 99 -1 5 149-150 -2 -3 54 -26 -3 4 120-132 -4 5 .. -37 6 3 94 94 " -1 95 -84 
0 9 109-117 -1 -5 * -44 -2 4 130 133 -3 -4 * -2 -4 -5 64 -61 6 -3 * -34 e 2 53 -53 
0 -9 91 -82 -1 6 198-199 -2 -4 104 100 -3 5 63 64 -4 -6 100 90 6 4 95 -68 B -2 162-1~9 
0 8 118-130 -1 -6 186 185 -2 5 178 _212 -3 -5 107-120 -4 9 72 -as 6 -4 222-191 e 3 92-100 

. 0 -8 * -6 -1 7 211 258 -2 -5 * 32 -3 6 68 70 -4 -8 97 -92 6 5 196-193 ~ 4 48 32 
0 10 67 50 -I -7 * 14 -2 6 130-152 -3 -6 * l 5 0 283 289 6 6 161-163 6 -4 54 50 
0-10 56 -50 -1 9 48 -48 -2 -6 * 2 -3 7 * -22 5 1 95 -!12 6 -6 96 85 B 5 107 106 
0 11 44 57 -1 8 122 170 -2 7 63 -81 -3 -7 118 101 5 -1 * 26 6 7 141-132 8 6 • -9 

....... 

0 13 82 -98 -1 -e 102 -87 -2 -7 126-123 -3 -9 44 -23 6 9 123-132 8 7 74 -70 
-.!) 

5 2 239-219 
1 0 64 75 -1 10 91 -91 -2 9 109 130 -3 8 .~n -!14 5 -2 133 105 6 8 154 14!1 8 9 * 76 
1 1 59 46 -1-10 54 50 -2 -9 74 59 -3 10 60 71 5 3 *-13 6 10 108-120 8 e 81 49 
1 -I 40 36 -1 12 60 52 -2 8 * 31 "' 0 * 2 5 -3 * -19 6 11 * -24 8 12 80 -73 

2 233-319 2 0 91 98 -2 10 " 33 4 1 297 307 5 4 123 116 6 12 71 56 q 1 54 -63 
1 -2 237-214 2 1 120-155 3 0 178-179 4 -1 265-275 5 -4 93 98 -6 0 39 " 3 3 C) -1 119 117 
1 3 314-375 2 -1 160 182 3 1 166-189 4 2 311 333 5 5 137 131 -6 -1 83 -85 9 2 60 -48 
1 -3 120 103 2 -2 • -4 3 2 48 -23 • -2 70 -79 5 -5 195 165 -6 -2 89 -92 9 3 99 92 
1 4 186-223 2 3 41 36 3 -2 194 182 4 3 57 12 5 6 * 9 -6 3 59 -63 q 

"' 166 151 
1 -4 177 165 2 -3 246-245 3 3 244 310 "' -3 62 56 5 -6 76 -61 -6 -4 65 82 9 5 43 -45 
1 5 224 25l. 2 4 183 259 3 -3 * -4 4 4 152-126 5 7 2'43-270 -6 6 32 64 9 6 133-126 
1 -5 * -34 2 -4 * 16 3 4 232-283 4 -4 105 99 5 -7 105 -83 -6 -6 67 -90 9 9 72 -20 
1 6 30 -13 2 5 167-192 3 -4 261-265 4 5 125 135 5 9 154 180 7 0 152-159 9 10 75 -62 
1 -6 107-114 2 -5 275 281 3 5 91 -99 4 -5 83 -77 5 8 * 33 7 1 82 77 10 2 68 73 
1 1 171-204 2 6 289-340 3 -5 91 -83 4 6 189 201 5 10 41 -3' 7 -1 170-169 10 3 59 68 
1 -7 58 -45 2 -6 63 54 3 6 215 249 • -6 105 -92 5 11 107 -82 7 2 40 -12 10 4 49 -47 c:: 
1 9 • 5 2 7 69 -81 3 -6 93 65 4 7 * -2 5 13 101 104 7 -2 81 85 10 5 105-103 () 

1 -9 81 10 2 -1 40 -38 3 7 259 290 4 9 * 36 -5 0 65 45 7 3 57 -51 10 6 42 43 ~ 
1 8 88 -86 2 9 92 96 3 9 140-153 4 8 158-164 -5 1 39 -25 7 -3 106 89 10 7 70 77 1:""' 
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LEGENDS 

Fig. 1. The crystal structure of vanadyl bisacetylacetonate, projected 

along flOO]. 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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This report was prepared as an account of Government 
sponsored work. Neither the United States, nor the Com
m1ss1on, nor any person acting on behalf of the Commission: 

A. Makes any warranty or representation, expressed or 
implied, with respect to the accuracy, completeness, 
or usefulness of the information contained in this 
report, or that the use of any information, appa
ratus, method, or process disclosed in this report 
may not infringe privately owned rights; or 

B. Assumes any liabilities with respect to the use of, 
or for damages resulting from the use of any infor
mation, apparatus, method, or process disclosed in 
this report. 

As used in the above, "person acting on behalf of the 
Commission" includes any employee or contractor of the Com
mission, or employee of such contractor, to the extent that 
such employee or contractor of ~he Commission, or employee 
of such contractor prepares, disseminates, or provides access 
to, any information pursuant to his employment or contract 
with the Commission, or his employment with such contractor. 




