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Fig. 5. Projection along the b-axis showing the methyl contact 
region. Non-equivalent hydrogen-hydrogen distances (in/~) 
less than 3.0 /~ over the methyl gap are given. 

The hydrogen-hydrogen  contact  distances over the 
me thy l  gap (Fig. 5) give a more informat ive  picture  
of the  packing of the  methyl -group planes t h a n  the  
ca rbon-carbon  distances discussed. The shortest  dis- 
tance  is 2.62 A, somewhat  longer t h a n  the  shortest  
la tera l  h y d r o g e n - h y d r o g e n  contact  between the  
chains, which is about  2.40/~.  
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The Crystal Structure of Monoaquobisacetylacetonatozinc 
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The crystal structure of monoaquobisacetylacetonatozinc [Zn(CsH702)2H~O] has been determined 
by three-dimensional methods. The cell dimensions are a = 10.48, b = 5.37, c = 10-94 A, fl = 93°48 ", 
space group P21, with Z = 2. The structure is made up of discrete molecules, containing 5-coordinate 
zinc with a coordination configuration intermediate between tetragonal pyramidal and trigonal 
bipyramidal. 

I n t r o d u c t i o n  

Lipper t  & Tru te r  (1960) have  recent ly  published 
a determinat ion of the  crysta l  s t ructure  of mono- 
aquobisacetylacetonatozinc,  Zn(CsH~02)2.H20. Since 

we had  an independent  s t ruc ture  de terminat ion  in 
the  final  ref inement  stages a t  the  t ime we learned 
of their  work, and  since there appeared  to be some 
significant differences in the  results,  we have  com- 
pleted our determinat ion.  
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E x p e r i m e n t a l  

Monoaquobisacetylacetonatozinc  crystall ized from 
benzene, e thanol  or benzene-e thanol  mixtures  in 
needles. The un i t  cell dimensions were determined 
from r o t a t i o n  and  zero level Weissenberg photographs  
about  the  needle (b) axis using Cu Ka rad ia t ion  with 
superimposed reflections from a sodium chloride 
crysta l  (a0=5-6387 J~) for calibration.  I n  addi t ion,  
zero, f irst  and second level Weissenberg exposures and 
zero level precession photographs  (MoKc¢, 2. = 
0.7107 A) were t aken  to establish the  space group. 
The results  were" 

ao= 10"480 + 0.01, b0--5"370 _+ 0.005, 

co = 10.935 _+ 0.01 J~, fl = 93 ° 48' _+ 9'. 

The space group was P21 or P21/m (0k0 present  only  
for k=2n). Calculated dens i ty  for two molecules per 
un i t  cell 1.522 g.cm-S; observed dens i ty  1.51 g.cm -3. 
A fur ther  set of cal ibrated ro ta t ion  exposures about  b, 
using i ron rad ia t ion  (2=1.9373 J~), were t aken  to 
confirm the  value of bo (bo= 5.373 _+ 0.005 ~).  

The intensi t ies  for the  four levels (hO1 to h31) were 
recorded on Kodak  medical  X- ray  film, using mult iple  
films, in  a l\Ionius in tegra t ing  Weissenberg camera. 
Considerable diff icul ty was found in obtaining a 
crysta l  t h a t  would last  th rough  the  series of exposures. 
The intensi t ies  were measured photomet r ica l ly  and  
corrected for Lorentz and  polar iza t ion factors but  not  
for absorption.  

Determinat ion  and re f inement  of the s tructure  

To carry out  a s t ructure  determinat ion,  a choice 
had  to be made between the  two space groups P21 
and  P21/m. After experiments  with models, the  space 
group P21 was selected, since i t  proved very  difficult  
to  f i t  any  reasonable model  in  the  cell in a P21/m 
arrangement .  This choice was confirmed by the  suc- 
cessful de te rmina t ion  of the  structure.  Calculations 
were carried out  for the hO1 project ion first, using the  
heavy  a tom technique.  Because of the  short  b axis 
all  a toms were clearly resolved and accurate  x and z 
coordinates were obtained.  Wi th  the  aid of these 
coordinates, the  zinc and  oxygen y parameters  were 
derived from a three-dimensional  Pa t t e r son  funct ion 
The first  t r iple Fourier  summat ion  clearly showed all 
the a toms except one, and  the s t ructure  de te rmina t ion  
was carried out  by  a series of difference (Fo-Fc) 
syntheses un t i l  the  rel iabi l i ty  index R was just  below 
0.10. I n  the  difference maps anlsot ropy showed 
s t rongly  in the  zinc and  oxygen peaks and a change 
was made to a least-squares cycle of ref inement  to 
allow the  use of three-dimensional  anisotropic tem- 
pera ture  factors for these atoms. 

The calculations for Fourier  summat ions  were 
carried out  on an IBM type  650 computer,  wi th  
programs devised by  Brown, Lingafelter,  Stewart  & 
Jensen  (1959). The least-squares ref inement  program 

of Busing & Levy  (1959) was run  on an IBM type  
709 computer.  The Hughes weighting scheme was 
used and  •w(l.Fo]-lFcl) 2 was minimized. Atomic 
scat ter ing factors for zinc were from Thomas  & Umeda  
(1957) and  for the  other  a toms from Berghuis,  Haan-  
appel, Pot ters ,  Loopstra,  MacGil lavry & Veenendaal  
(1955) 

C(23) 

C(2) { 

c(3) { 

C(45) 

c(5) { 

c(4) { 

0(1) { 

Table 1 . .Final  atomic parameters 
x/a y/b z/c .B 

Zn 0.0892 0.0000 0.2156 * 
O(1)  0-0757 -- 0.2717 0.0904 * 
O(2)  0.1961 0.2675 0.1410 * 
O(3)  0.2507 -- 0.1235 0-3107 * 
0(4) --0.0144 -0.1198 0.3517 * 
O(5) --0.610 0.2122 0.1577 * 
C(2)  0.3746 0.4640 0.0583 3.78 
C(3)  0.4678 - 0.1889 0.3708 4.03 
C(4) -- 0.1584 - 0.1246 0.5127 2.98 
C(5) -0.2346 0.5040 0.1733 3.72 
C(22) 0.3203 0.2755 0.1400 2"54 
C(23) 0.4021 0.1200 0.2125 3.04 
C(33) 0.3667 - 0.0596 0.2929 2-50 
C(44) -0.1139 -0-0261 0.3936 2.23 
C(45) - 0.1822 0.1704 0.3354 2.68 
C(55) -- 0-1530 0.2806 0.2246 2-17 

H(1) 0.5035 0-1810 0.2143 

11(2) 0"4100 0"6500 0"0900 t 
H(3) 0.3300 0.5000 -- 0.0100 1" 
H(4) 0.5000 0.4300 0.0400 t 

H(5) 0.4600 -- 0.3750 0.3500 ? 
H(6) 0.4300 -- 0-1600 0.4400 ¢ 
H(7) 0 . 5 5 0 0  --0.1500 0.3500 "~ 

H(8) -- 0.2600 0.2560 0.3840 t 

H(9) -- 0.2800 0.3800 0.0900 J" 
H(10) --0.1800 0.6700 0.2000 t 
H(ll)  --0-3700 0.5240 0.2300 t 

H(12) --0.1800 --0.1400 0.5200 t 
H(13) --0.1700 --0.3250 0-5600 t 
H(13) --0.1200 --0.0500 0.5500 t 

H(15) 0.0400 -- 0.2250 0.0100 "J" 
H(16) 0.1600 -- 0.4000 0-0800 t 

* Anisotropic. See Table 2. 
t .B----2.50 used for all hydrogen atoms. 

Table 2. Final anisotropic temperature factors 
( × lO ~) 

Vii U22 U33 V12 Vl 3 U23 
Zn 2.62 3-29 3.08 0.09 0.59 0.03 
O(1) 5-02 4.36 2-69 0.16 0.25 0.07 
0(2) 2.47 3.11 4-96 --0.10 1.19 0.70 
O(3) 2.58 5.19 4.33 --0.35 0.49 0.57 
0(4) 2.83 4.82 3-14 0.80 1.01 0.69 
0(5) 3.37 3.81 2.82 1.42 0.78 0.68 

Hydrogen  a toms were located by  examining the  
/ I F  maps a t  distances about  1.05 /~ from the  carbon 
a toms and 0.95 /~ from the  water  oxygen a tom.  
A self consistent  set of a tomic parameters  was chosen. 
Hydrogen  posit ions were not  refined and  no great  
accuracy can be claimed for them. The f inal  re l iabi l i ty  
factor  R was 0.072 (1060 reflections). The results of 
the  analysis  are given in Tables 1, 2, and  3. 
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T~ble 3. Comparison of observed and calculated structure factors 
( x 1 0 )  
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D i s c u s s i o n  

The  m a i n  fea tu res  of t he  s t ruc tu re  are as descr ibed 
b y  L i p p e r t  & T r u t e r  (1960). Differences  in  de ta i l  are 
p r i m a r i l y  due  to  errors in  t he i r  d e t e r m i n a t i o n  * To 
f ac i l i t a t e  compar i son  we have  a d o p t e d  the i r  n o t a t i o n  
for t h e  severa l  a toms  (Fig. 1). 

c(~) 

~c(a) / 
c(451 
\ 
/ c(55) 

c(5) 

o0) 
°(4)~ / °(3) 

Zn 

/ \  
°(5) °(2) 

Fig. 1. Numbering of the atoms. 

c ~  
/ 

c(33) 

\ 
c(23) 

/ 
c(221 
\ 

c(2) 

The bond  l eng ths  a n d  angles,  w i t h  t he i r  e s t i m a t e d  
s t a n d a r d  dev ia t ions  ( Je f f rey  & Cru ickshank ,  1953) 
are g iven  in  Tab l e  4. 

The  f ive  oxygen  a toms  coord ina ted  to  t h e  zinc ion 
appea r  to  be a l l  a t  t he  same d is tance ,  2.02 + 0.02 A. 
The  a r r a n g e m e n t  of t he  o x y g e n  a toms  is i n t e r m e d i a t e  
be tween  t e t r a g o n a l  p y r a m i d a l  a n d  t r i gona l  bi- 
p y r a m i d a l ,  a l t h o u g h  s o m e w h a t  nea re r  to t he  former.  
A compar i son  of the  two models  is shown  b y  the  
bond  angles  in  Tab le  5. The  angles  for t he  t e t r a g o n a l  
p y r a m i d a l  mode l  were ca lcu la ted  w i t h  Z n - O  d is tances  
of 2-02 A a n d  w i t h  t he  Zn  a t o m  0.41 A above  the  
base  plane.  

The  m e a n  dev i a t i on  of t h e  bond  angles  is 2.9 ° 
f rom t h e  t e t r a g o n a l  p y r a m i d  a n d  10.50 f rom the  
t r i g o n a l  b i p y r a m i d .  I f  a b i p y r a m i d a l  mode l  is used  in  
which  the  t r i g o n a l  s y m m e t r y  is no t  r equ i red  (i.e. 
s y m m e t r y  Cs r a t h e r  t h a n  C3a) t he  m e a n  d e v i a t i o n  
of t he  7 s y m m e t r y - f i x e d  angles  is 6.4 °, whi le  the  m e a n  
dev ia t i on  of a l l  angles  ( t ak ing  t h e  dev ia t ions  in  the  
equa to r i a l  p l a n e  to  be zero) is 4.5 ° . The  mos t  obvious  
a n d  i m p o r t a n t  d e v i a t i o n  of t he  molecule  f rom the  

Tab le  4 Bond lengths and angles in zinc 
acetylacetonate monohydrate 

Estimated standard deviation in parentheses 

Bond lengths (A) Bond angles (o) 

Zn-O(1) 1.999 (0.02) O(1)-Zn-O(2) 104.9 (0.8) 
Zn-O(2) 2.026 (0.02) O(1)-Zn-O(3) 97-5 (0.8) 
Zn-O(3) 2.038 (0.02) O(1)-Zn-O(4) 104.9 (0.8) 
Zn-O(4) 2.005 (0 -02)  O(1)-Zn-O(5) 100.3 (0.8) 
Zn-O(5) 2.011 (0.02) O(2)-Zn-O(3) 88.5 (0.8) 
0(2)-C(22) 1.303 (0.048) O(4)-Zn-O(5) 88.0 (0-8) 
O(3)-C(33) 1.290 (0.048) Zn-O(2)-C(22) 127.3 (1.3) 
0(4)-C(44) 1.270 (0.048) Zn-O(3)-C(33) 126-5 (1.3) 
O(5)-C(55) 1.301 (0-048) Zn-O(4)-C(44) 129"3 (1-3) 
C(22)-C(23) 1.404 (0"058) Zn-O(5)-C(55) 125.2 (1"3) 
C(33)-C(23) 1"373 (0.058) O(2)-C(22)-C(23) 123-3 (1"8) 
C(44)-C(45) 1.404 (0"058) O(3)-C(33)-C(23) 125.5 (1"8) 
C(55)-C(45) 1.400 (0"058) O(4)-C(44)-C(45) 122.7 (1-8) 
C(2)-C(22) 1.488 (0.064) O(5)-C(55)-C(45) 125.4 (1-8) 
C(3)-C(33) 1.487 (0.064) C(22)-C(23)-C(33) 126-8 (2.1) 
C(4)-C(44) 1.508 (0.064) C(44)-C(45)-C(55) 125-1 (2.1) 
C(5)-C(55) 1"556 (0"064) O(2)-C(22)-C(2) 116.7 (2-2) 

O(3)-C(33)-C(3) 115.6 (2.2) 
O(4)-C(44)-C(4) 118.7 (2.2) 
O(5)-C(55)-C(5) 115.2 (2.2) 

Tab le  5. Bond angles in Zn(acac)2. HgO 

Tetr. Trig. 
pyr. bipyr. 

Angle Actual model Diff. model Diff. 

O(1)-Zn-O(2) 104.9 101.7 3.2 120 15.1 
O(1)-Zn-O(3) 97.5 101.7 4-2 90 7-5 
O(1)-Zn-O(4) 1 0 4 - 9  101.7 3.2 120 15.1 
O(1)-Zn-O(5) 100.3 101.7 1-4 90 10-3 
O(2)-Zn-O(3) 88.5 87.8 0.7 90 1.5 
O(2)-Zn-O(4) 1 5 0 . 1  156.7 6.6 120 30.1 
O(2)-Zn-O(5) 85.0 87-8 2.8 90 5-0 
O(3)-Zn-O(4) 89.4 87.8 1-6 90 0-6 
O(3)-Zn-O(5) 162.0 156.7 5.3 180 18.0 
O(4)-Zn-O(5) 88.0 87.8 0.2 90 2.0 

t e t r a g o n a l  p y r a m i d a l  mode l  is t he  d e v i a t i o n  of t he  
basa l  set  of four  0 a toms  f rom p l a n a i i t y ,  a toms  0(3)  
a n d  0(4)  l y ing  0.1 A above  a n d  0(2)  a n d  0(5)  l y i n g  
0.1 /~ below the i r  m e a n  plane.  

The  two ace ty l ace tone  groups  are  n e a r l y  p l ana r ,  
b u t  no t  coplanar ,  each  group being t i l t ed  a b o u t  12 ° 
f rom n o r m a l i t y  to  t he  Z n - H e O  bond.  

* Note by Mary R. Truter and E. L. Lippert: We are 
grateful to the authors of this paper for pointing out that  
in Lippert & Truter (1960), the angle ~ is quoted as 93.6 ° 
whereas the structure factors quoted correspond to ~----86.4 °. 
The refinement has been repeated with this error corrected 
and an empirical extinction correction has also been applied; 
the fractional coordinates do not differ significantly from those 
published and only for two values of y (for C(3) and C(44)) 
is the difference between our corrected results and those in 
this paper greater than twice the standard deviation. The 
effect of the correction of # (and a change in b 0 to 5-376 /~ 
by a new Straumanis determination) is to alter the bond 
lengths round the zinc atom significantly but neither the 
general stereochemistry of the molecule nor the dimensions 
within the fl-diketone have been changed significantly. 
Revised values of the Zn-O bond lengths are 2-00-2.02 /~ 
for all bonds including that to the water molecule. The 
arrangement of the five ligand atoms about the zinc is essen- 
tially unchanged, that is it can be regarded as a distorted 
trigonal bipyramid or as a distorted tetragonal pyramid. 

This  i nves t iga t ion  was s u p p o r t e d  b y  the  U . S .  
Pub l i c  H e a l t h  Service unde r  G r a n t  A-2241. 

References  

BERGHUIS, J., HA_~NAPPEL, IJ. ~{., POTTERS, I~., LooP- 
STRA, B. 0. ,  MACGILLAVRY, C.H.  & VEEN2ENDAAL, A.L.  
(1955). Acta Cryst. 8, 478. 

BROWN, B . W . ,  LINGAFELTER, E. C., STEWART, J . M .  
JENSEN, L. H.(1959). Acta Cryst. 12, 350. 

BUSING, W . R .  & LEVY, H . A .  (1959). Oak Ridge,  Ten- 
nessee: Oak Ridge Nat ional  Laboratories,  59-4-37. 

JEFFREY, G .A.  ¢~; CREICKSHANK, D. W. J.  (1953). Quart. 
Rev. Chem. Soc. Lend. 7, 335. 

LIPFERT, E . L .  • TRUTER, l~¢L R. (1960). J. Chem. Soc. 
p. 4996. 

THOMAS, L. H.  & UMEDA, K. (1957). J. Chem. Phys. 26, 
293. 


