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Dieses Verhalten wird verst/~ndlich, wenn man be- 
denkt, dass wires  bei den ATTBTVCV-Verbindungeu mit 
sp3-/~hnlichen, relativ festen und starren Valenzen zu 
tun haben, w/~hrend bei den AIBVCW-Verbindungen 
Bindungen vorliegen, die denen der AlVBW-Verbin- 
dungen (z.B. PbTe) /ihnlich sein dfirften (Wernick 
et al., 1958). Diese Art der Bindung ist aber im all- 
gemeinen weniger lest und auch nicht so sehr an starre 
Valenzwinkel gebunden (Krebs & Schottky, 1954; 
Dehlinger, 1957), wie es bei den Bindungen der Zink- 
blende- und Chalkopyritstrukturen der Fall  ist. 

Wir danken Frau Dr. G. Giesecke ffir die Herstel- 
lung und Auswertung der RSntgen-Aufnahmen. 
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The crystal structure of bis-acetylacetone beryllium has been determined by single-crystal X-ray 
diffraction. The crystals are monoclinic with 

a=13.49, b=11.32, c=7.76/~;  fl=100°48 '. 

There are four molecules per unit cell and the space-group was fixed as P21 with two molecules 
forming one asymmetric unit. Inequality relations and trial-and-error methods gave the approx- 
imate structure and refinements were made by two-dimensional Fourier summation. Due to severe 
overlapping in electron density, the atomic co-ordinates could not be refined to a great accuracy. 
Oxygen co-ordination about the beryllium is tetrahedral, and the acetylacetone radical is planar 
within experimental error. 

Introduction 

This paper is the second in a series from these labora- 
tories dealing with the crystal structure of metallic 
acetylacetonates. Recently the structure and proper- 
ties of metal chelates and coordination compounds 
have attracted the attention of many  investigators. 
Acetylacetone chelate is a representative of such metal 
chelate compounds. 

The unit  cell and space group of bis-acetylacetone- 
beryllium has been determined by Bullen (1957). His 
values are 

a=13-45, b = l l . 3 0 ,  c- -7-74A;  f l=100.8 °. 

The space group is P21, or P21/m with four molecules 
in the unit cell. 

Experimental  

Bis-acetylacetone beryllium crystallises from aqueous 
solution as needles elongated parallel to the c-axis. 
Well-developed crystals show prominent (100) planes, 
cleavage is perfect along the plane (110). Laue photo- 
graphs with the (100) plane perpendicular to the X-ray 
beam show strong diffuse scattering, indicating large 
thermal vibrations of the atoms. Rotation and Weis- 
senberg layer-line photographs about the b and c axes 
with Cu Kc¢ radiation gave the cell dimensions 

a=13.49,  b=11-32, c=7-76/~;  f l=100°48  ', 

with four molecules per unit  cell. The only systematic 
absence is 0/c0 when ]c is odd, thereby indicating the 
space group as P21, or P21/m confirming the results of 
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Bullen. Complete in tens i ty  da ta  for the  hOl and hk0 
reflections were obta ined using nickel-fil tered Cu K~ 
rad ia t ion  and  Weissenberg mult i-f i lm technique.  The 
hO1 da ta  comprise 90 reflections out  of 230 t ha t  are 
possible and  the  h/c0 da ta  110 reflections out  of 170. 
All intensit ies were visual ly  es t imated using cal ibrated 
in tens i ty  photographs  and were corrected for Lorentz 
and  polar izat ion effects. :No correction for absorpt ion 
was made  since the  crystals used for collecting the 
da t a  were very  small. The scale and tempera ture  fac- 
tors for the  hO1 and h]c0 reflections were determined by 
Wilson's  me thod  and were adjus ted at  each stage of 
s t ructure ref inement  by plot t ing log Fo/Fc versus 
sin ~ 0 /F .  

S t r u c t u r e  d e t e r m i n a t i o n  

The space group was uniquely  fixed as P21 from the 
following considerations. If the uni t  cell is centro- 
symmetric ,  the  four molecules have to be packed 
between the  mirror  planes. This is difficult because of 
the short  c-axis. However,  if the molecule is assumed 
to be planar  or to have mm symmet ry  with planar  or 
t e t rahedra l  Be-O co-ordination (ligand being planar),  

o 
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Fig. 1. (a) First projection of electron density on (010), contours 
drawn at arbitrary intervals. (b) Final (010) electron den- 
sity. Contours drawn at intervals of 2 e./~-2; one-electron 
line broken. 

t hey  can be placed on the  mirror  planes wi th  two 
molecules in one asymmetr ic  unit .  St ructure-factor  
values Fc calculated on such tr ial  s tructures did no t  
at  all agree with Fo. The intensit ies of the  hkO reflec- 
t ions were s tat is t ical ly analysed for the  _N(z) tes t  
(Howells, Phillips & Rogers, 1950)_The curve obta ined  
was found to lie between 1 and 1 curves. Hence the  
space group P2z/m was abandoned and the  complete 
s t ructure  analysis was carried out  with the  space group 
P2~, with two molecules forming one asymmetr ic  uni t .  

Inequa l i ty  methods were applied to the  hO1 reflec- 
tions. The largest un i t a ry  s t ructure  factor  ]U0] was 
found to be only 0.44. Then all the  ]U0] values were 
recast as ]U] = IU0] exp 2B (sin e 0/22) with B = 4 . 0  _~2 
as suggested by Gillis (1948). The relat ions of Okaya  
& :Nitta (1952) gave the  signs of 6 reflections. System- 
atic appl icat ion of Harke r -Kaspe r  inequalit ies as 
recast by Grison (1951) in conjunct ion with the  signs 
of the 6 reflections obtained previously gave the signs 
for 10 more reflections and a large number  of am- 
biguous sign relations. Cochran's (1952) equal i ty  
S(Hz) = S(H2). S(H1 + H2) was applied to some of these 
relations involving I UI >-- 1.5a (a is the  r.m.s, value 
of the Un i t a ry  s t ructure factors) and a fur ther  set of 
signs for 11 reflections was determined.  The 27 terms 
whose signs were so established were used in comput-  
ing the  pre l iminary  Fourier  synthesis on the  (010) 
plane. Fig. 1 (a) shows the  electron-densi ty projection.  
The ar rangement  of the  peaks suggested t h a t  the  two 
molecules of the asymmetr ic  uni t  are one above the  
other. Wire models of the molecule with te t rahedra l  
oxygen co-ordination round  beryll ium, and the  l igand 
planar  with s tandard  bond lengths and angles, were 
used in the  t r ial  methods which followed. The final  
x and z co-ordinates were obta ined after  a series of 
trials, Fourier  refinements and s tructure-factor  com- 
putat ions.  The y co-ordinates were also s imultaneously  
determined by tr ial  methods  and were fur ther  refined 
by structure-factor  agreement  and Fourier  syntheses. 
All the Fourier  syntheses were carried out  with 
Beevers-Lipson strips with an interval  of 6 °. The final  
electron-densi ty projections on (001) and  (010) are 

Table 1. Atomic co-ordinates 

Molecule I Molecule II  

Atom x y z Atom x y z 
Be 0.068 0.195 0.122 Be" 0.373 0-708 0-176 
01 0'184 0'165 0'040 0'1 0'431 0'571 0'230 
02 0.101 0.133 0.329 O~ 0-451 0.818 0.217 
03 0.033 0.090 0.160 O.~ 0.313 0.721 0.318 
04 0-028 0-313 0-261 Of 0.253 0.733 0.080 
C 1 0.192 0.110 0.553 C~ 0.576 0-456 0-298 
C e 0.189 0.128 0.356 C~ 0-528 0.583 0.268 
C a 0.262 0.093 0.278 C~ 0.573 0-703 0-248 
C 4 0-260 0-139 0.113 C~ 0.541 0.816 0.225 
C 5 0.372 0.091 0.126 C~ 0-619 0.906 0-203 
C 6 0.201 0.038 0.184 C~ 0.210 0.768 0.589 
C 7 0-119 0.135 0.216 C~ 0.242 0.771 0.398 
C s 0.150 0.253 0.258 C~ 0-158 0.786 0-314 
C 9 0.072 0.333 0-296 C~ 0.176 0.798 0-133 
Cz0 0;126 0.448 0.309 C~0 0.058 0-831 0.126 
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hkl Fo Fc 
020 52 59 
040 38 44 
060 22 32 
080 13 15 
110 44 45 
120 34 29 
130 75 73 
140 21 19 
150 46 44 
160 10 13 
170 14 15 
180 11 11 
210 34 36 
220 58 50 
230 44 39 
240 33 32 
250 9 13 
260 16 19 
270 10 10 
280 14 20 
310 35 24 
320 19 16 
330 17 22 
340 28 20 
350 29 30 
360 35 33 
370 10 10 
380 8 8 
410 10 8 
420 13 12 
430 28 29 
440 36 33 
450 8 10 
460 5 5 
470 8 9 
510 24 17 
520 30 18 
530 12 14 
540 9 11 
550 8 9 
560 8 8 
570 5 6 
610 9 9 
620 7 7 
630 30 20 

T a b l e  2. Observed and calculated 

a (o) hkl Fo 
118 640 6 
158 650 7 
162 66O 18 
320 670 12 

38 680 11 
129 710 13 
130 720 17 
122 730 9 

12 740 10 
308 75O 11 

10 760 5 
68 770 5 
59 810 14 

312 820 7 
242 830 5 
144 840 7 

31 850 5 
24 910 16 

102 920 4 
118 930 7 
334 940 11 
173 950 12 

37 960 10 
35 070 12 

239 10,1,0 16 
162 10,2,0 7 

38 10,3,0 13 
43 11,1,0 8 

165 11,2,0 11 
99 11,3,0 9 

160 11,4,0 12 
68 12,1,0 9 

290 12,2,0 10 
166 100 12 
282 200 12 
287 300 38 

7 400 11 
296 500 10 
155 600 9 
134 700 21 
121 800 5 
110 900 > 5 
134 10,0,0 > 5 

74 11,0,0 5 
217 12,0,0 12 

structure ampli tudes and calculated phases 

6 45 
7 215 

10 230 
14 54 
11 80 

9 115 
10 115 
9 312 

10 12 
12 300 
5 355 
5 55 

12 215 
7 35 
6 150 
7 125 
6 172 

12 325 
4 45 
6 250 

l l  335 
11 220 

8 72 
12 232 
17 335 
7 55 

16 75 
7 135 

12 160 
13 76 
12 140 
11 134 
13 143 
16 0 
13 0 
40 180 
10 180 
12 0 

9 180 
21 0 

6 180 
4 180 
4 180 
6 180 

11 180 

hkl 2' 0 Fc a (o) 
001 28 40 0 
002 72 80 180 
003 28 35 180 
004 5 6 180 
005 5 7 180 
101 58 68 180 
102 5 2 0 
103 49 40 0 
104 21 28 180 
10Y 28 30 0 
102 42 36 0 
103 12 I0 0 
103 14 12 0 
201 35 36 0 
202 20 26 180 
203 60 52 180 
204 21 18 0 
201 5 4 0 
202 16 26 180 
203 12 14 0 
204 5 12 0 
301 28 18 180 
302 14 14 0 
303 22 26 0 
304 5 3 180 
30T 56 38 180 
302 28 26 0 
303 14 10 180 
30~ 5 5 180 
401 21 18 180 
402 5 4 0 
403 16 14 180 
404 5 5 0 
401 5 4 0 
402 5 4 180 
403 16 14 0 
40~ 6 5 0 
501 20 14 180 
502 14 10 0 
503 16 14 180 
504 5 5 0 
505 20 16 0 
50T 20 12 180 
502 22 20 0 
503 14 12 180 

hkl Fo Fc a (o) 
50~ 6 5 0 
50~ 5 8 0 
601 5 4 180 
602 28 22 0 
603 5 4 0 
605 5 4 180 
60T 14 16 180 
602 14 8 180 
603 21 20 180 
605 16 14 0 
701 16 17 180 
702 5 3 180 
703 5 4 0 
705 5 6 0 
70i 21 19 0 
702 5 10 180 
703 14 18 180 
70~ 18 16 180 
801 14 11 0 
802 5 4 180 
803 5 5 180 
SOT 5 4 0 
80~ 5 6 180 
803 6 4 180 
901 8 10 180 
902 5 5 0 
903 5 10 0 
904 5 4 180 
90i 5 5 0 
902 21 18 180 
903 16 16 0 
903 16 15 0 

10,0,1 5 5 180 
10,0,2 5 6 0 
10,0,3 5 8 0 
10,0,T 6 5 180 
I0,0,2 5 5 0 
10,0,3 9 7 0 
11,0,1 5 3 0 
11,0,2 5 5 0 
11,0,1 14 10 180 
11,0,2 13 13 180 
12,0,1 8 10 180 
12,0,1 16 14 0 

g i v e n  in  Figs .  l (b)  a n d  2(a).  T h e  c o - o r d i n a t e s  a r e  l i s t ed  
in  T a b l e  1 a n d  t h e  c o m p l e t e  s t r u c t u r e  f a c t o r s  t o g e t h e r  
w i t h  t h e  c a l c u l a t e d  p h a s e s  a r e  g i v e n  in  T a b l e  2. 
T h r o u g h o u t  t h e  s t r u c t u r e  f a c t o r  c a l c u l a t i o n s  V ie rvo l l  
& O g r i m  (1949) s c a t t e r i n g  f a c t o r s  w e r e  used ,  a n d  a n  
i s o t r o p i c  t e m p e r a t u r e  f a c t o r  B = 3 . 8  /~e (for hO1) a n d  
3 .2 /~e  (for hkO) was  e m p l o y e d .  T h e  r e l i a b i l i t y  i n d e x  R, 
[Zl{IFol-]FcJ}]/~]Fo[] w i t h  t h e  a t o m i c  pos i t i ons  g i v e n  
in  T a b l e  1 was  f o u n d  to  be 0.18 for  t h e  h0l ' s  a n d  0.13 
fo r  t h e  hk0 ' s  ( h y d r o g e n  c o n t r i b u t i o n  n e g l e c t e d ) .  

T h e  c o - o r d i n a t e s  cou ld  n o t  be r e f i n e d  f u r t h e r  be- 
c a u s e  of t h e  s e v e r e  o v e r l a p p i n g  of t h e  m a x i m a  in  t h e  

p r o j e c t i o n s  a n d ,  n e e d l e s  to  say ,  c o m p l e t e  t h r e e -  
d i m e n s i o n a l  w o r k  will  be  m o r e  he lp fu l .  H o w e v e r ,  in  
o r d e r  to  h a v e  a n  i n d i c a t i o n  of t h e  a c c u r a c y  of t h e  

p r o p o s e d  c o - o r d i n a t e s  we  h a v e  u s e d  t h e  m e t h o d  b y  
L u z z a t i  (1952). T h e  m e a n  e r r o r  in  b o n d  l e n g t h s  w a s  
_+ 0.04 • a n d  in  ang le s  + 4 °. 

A C 13 --  14 

D e s c r i p t i o n  of the  s t ruc ture  

Fig .  2(b) s h o w s  a p r o j e c t i o n  of t h e  s t r u c t u r e  on  (001). 
T h e  s t r u c t u r e  r e v e a l s  t h e  t e t r a h e d r a l  c o - o r d i n a t i o n  of 
o x y g e n  r o u n d  b e r y l l i u m .  T h e  b o n d  l e n g t h s  a n d  a n g l e s  
o b t a i n e d  a re  g i v e n  in T a b l e  3. T h e  s l igh t  d i s t o r t i o n  
n o t e d  in  t h e  t e t r a h e d r a l  a r r a n g e m e n t  of o x y g e n  s h o u l d  
be  c o n f i r m e d  w i t h  a t h r e e - d i m e n s i o n a l  ana lys i s .  T h e  
a v e r a g e  B e - O  b o n d  l e n g t h  is 1.70 A. P a u l i n g  & She r -  
m a n  (1934) h a v e  r e p o r t e d  1-65 A fo r  B e - O  in bas ic  
b e r y l l i u m  a c e t a t e .  

W i t h i n  e x p e r i m e n t a l  e r r o r  t h e  a c e t y l a c e t o n e  r a d i c a l  
is p l a n a r .  T h e  d e v i a t i o n  of a n  a t o m  f r o m  t h e  p l a n e  
p a s s i n g  t h r o u g h  t h e  b e r y l l i u m  a t o m  a n d  t h e  s e v e n  
a t o m s  of t h e  o r g a n i c  r a d i c a l  is f o u n d  t o  be less t h a n  
t h e  p r o b a b l e  e r r o r  in a t o m i c  c o - o r d i n a t e s .  T h e  m e a n  
v a l u e s  of t h e  b o n d  l e n g t h s  C - C H a ,  C - C  a n d  C - O  a r e  
1.55, 1.33 a n d  1.24 J~ r e s p e c t i v e l y .  T h e s e ,  as wel l  as 



204 T H E  C R Y S T A L  S T R U C T U R E  OF b i s - A C E T Y L A C E T O N E  B E R Y L L I U M  

....... - \ , /  
~'~ . . . . . .  ~s ~ ~ , ~  

\ N 1 

f 

(a) 

1 1 
b 

/ V" \ 
Oi ~ ~ ~ ,  C; 

OT ~ c ;  

c0/ ' 
I 

0 % 

L [ 
Fig. 2. (a) Final projection of the electron density on (001). Contours are drawn at intervals of 2 e.A-~-; one-electron 

line broken. (b) The crystal structure of Be (C5H702) 2 viewed down the c-axis, showing one asymmetric unit. 

Table  3. Interatomic distances and bond angles 

Interatomic 
distances 

\ 
Mole- Mole- 
cule I cule II 

Be-O 1 1.68 A 1.72 A 
Be-O~ 1.68 1.71 
Be-O 3 1-72 1-68 
Be-O 4 1-73 1-70 

O1-C4 1.21 1.22 
O2-C 2 1.20 1.24 
O4-C 9 1.27 1-28 
03-C v 1.26 1.22 

C1-C 2 1.55 1-54 
C4-C 5 1-55 1-51 
C6-C ~ 1-56 1.55 
C9-C10 1.52 1.58 

Cu-C a 1.30 1.36 
Ca-C a 1.33 1-31 
C7-C a 1'36 1'32 
Cs-C 9 1.37 1.38 

Bond angles 

Mole- Mole- 
cule I cule II 

O1-Be-O 2 106 ° 104 ° 
O1-Be-O a 111 109 
O1-Be-O 4 116 115 
O2-Be-O 3 107 104 
Ou-Be-O 4 112 114 
Oa-Be-O a 104 102 

Be-02-C 4 129 123 
Be-O2-C 2 123 122 
Be-Oa-C 7 128 128 
Be-O4-C 9 129 124 

C1-C2-C a 119 126 
Cs-CT-C s 120 116 
Ca-C4-C 5 112 I 18 
Cs-C9-C10 115 118 

C2-Ca-C a 126 128 
CT-Cs-C 9 128 121 

04-C9-C10 126 125 
Oa-C7-C 6 127 121 
O1-C4-C 5 128 123 
O2-C2-C 1 119 126 

the  bond  angles, agree well wi th  the  values  r epo r t ed  

in ferric ace ty l ace tona t e  (Roof, 1956) and  cobalt ic  
ace ty l ace tona te  ( P a d m a n a b h a n ,  1958). 

Bul len  (1956) has observed  in nickel  ace ty l ace tona t e  
t h a t  th ree  molecules  form one a s y m m e t r i c  un i t  wi th  
shor t  d i s tance  be tween  me ta l  a toms.  No such short  
con tac t  be tween  me ta l  a toms  has been no t iced  in t he  
p resen t  s tudy.  The  closest approach  be tween  the  two 
molecules  of the  a s y m m e t r i c  un i t  is 4-61 •. The  
molecules  are l inked  by no rma l  van  der  Waals  forces 
wi th  dis tances  va ry ing  f rom 3.42 to  4-61 A. 

R e f e r e n c e s  

BULLEN, G. J. (1956). Nature Lond. 177, 537. 
BULLEN, G. J.  (1957). Acta Cryst. 10, 143. 
COCHRAN, W. (1952). Acta Cryst. 5, 65. 
GILLIS, J.  (1948). Acta Cryst. 1, 174. 
GRISON, E. (1951). Acta Cryst. 4, 489. 
HOV/ELLS, E. R., PHILLIPS, D. C. & ROGERS, D. (1950). 

Acta Cryst. 3, 210. 
LVZZATI, V. (1952). Acta Cryst, 5~ 802, 
OKAYA, Y. (~ NITTA, I. (1952). Acta Cryst. 5, 564. 
PADMANABHAN, V. M. (1958). Proc. lndian Acad. Sci. 

47, 329. 
PAULING, L. & SHERMAN, J. (1934). Proc. Nat. Acad. Sci. 

Wash. 20, 340. 
ROOF, R. B. (1956). Acta Cryst. 9, 781. 
VIERVOLL, H. & OORIM, O. (1949). Acta Cryst. 2, 277. 


