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Bas ic  B e r y l l i u m  Acetate:  Part  I. The  Collect ion of Intens i ty  Data* 
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Two independent, three-dimensional sets of intensity data  have been collected from two different 
crystals of basic beryllium acetate (Be40(CH3COg)8 , cubic, /~d3, a 0 = 15.74 A, Z = 8). An Eulerian 
cradle Geiger counter spectrometer was employed for the measurements. Two crystals were sur- 
veyed so as to insure against systematic errors in the data. The integrated intensities of the two 
sets of da ta  were obtained in different ways, one by stationary crystal-stationary counter and the 
other by moving crystal-moving counter. Each set of data  is affected by a different kind of statistical 
counting error (constant count, fixed time count). The intensities of seven strong low order reflec- 
tions that  are affected by extinction ha the da ta  crystals have been detelznlued from the considera- 
tion of two additional smaller crystals and a powder. The reproducibility of equivalent reflections 
has been tested in two different ways and has been found to be about 4 % in intensity. A detailed 
comparison of the two sets of data  has been carried out. The overall agreement, all reflections in- 
cluded, is of the order of 8 % in intensity. 

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

The reinvest igat ion of the  s t ructure  of basic beryll ium 
aceta te  (hereinafter referred to as beryll ium acetate)  
was under taken  to provide an absolute scat ter ing 
scale for a series of isomorphous protein crystals.  
However ,  a t  an early stage in its ref inement,  some of 
the  observed atomic electron-density distr ibutions 
showed effects t h a t  could be a t t r ibu ted  to chemical 
bonding and/or  anharmonic  thermal  vibrations.  In  
order to assure t h a t  such effects are real and not  
due to a sys temat ic  error or errors, a second set of 
three-dimensional  in tensi ty  d a t a  was collected for 
analysis.  The two sets of d a t a  were obtained from 
different crystals,  the  in tegra ted  intensities of the two 
sets were measured  by  different methods  and a dif- 
ferent  kind of stat ist ical  counting error affects each 
set of da ta .  The details of the analysis of this d a t a  are 
described in Par t s  I I  and  I I I  of this series of com- 
munications.  

2 .  E x p e r i m e n t a l  
(i) General 

Crystals of beryll ium acetate,  Be40(CI-I3CO2)6, were 
grown by  Dr  M. V. King of this laboratory .  As small 
specimens were desired, t hey  were prepared  by  rap id  
cooling of glacial acetic acid solutions of beryll ium 
acetate.  The crystals displayed octahedral  morphology 
and  two well-formed oetahedra,  0.32 mm. on edge 
( v ~ 1 . 5 × 1 0  -3 mm. 3) and  0.15 ram. on edge 
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(v ~ 1.6 x 10 -3 mm.8), were chosen for the  collection 
of independent  sets of in tens i ty  data .  

All the  X - r a y  work (Cu K s )  was carried out in a 
constant  t empera tu re  (21 °C.), air conditioned labora- 
to ry  with an Euler ian  cradle Geiger counter  spectro- 
meter  (Furnas  & Harker ,  1955; Furnas ,  1957). Pre- 
l iminary measurements  verified beryll ium aceta te  to 
be cubic, space group Fd3,  the  mean  cell edge of the  
two crystals being 15.74 ± 0.01 A, with eight molecules 
in the  uni t  ceil (Bragg & Morgan, 1923; Morgan & 
Astbury ,  1926). Since a general reflection in this space 
group is one of 24 equivalent  reflections, the  intensi ty  
surveys  were confined to ~ t h  of the  reciprocal sphere. 
This gives rise to 370 possib]e independent  reflections 
within the  range of the  Euler ian  cradle (2 0 _< 163"5°). 
The intensi ty  d a t a  f rom the 0.32 ram. crystal  were 
obtained using a s t a t ionary  crys ta l - s ta t ionary  counter  
technique;  the  da t a  from the 0.15 mm. crystal  were 
obtained using a moving crysta l -moving counter  
(Cochran, 1950; Furnas ,  1957). 

(ii) Stationary crystal-stationary counter data* 
Diffract ion m a x i m a  were first  located with the aid 

of spherical coordinates computed from the fundamen-  
tal  lat t ice t rans la t ion  and  peak  positions were ascer- 
ta ined by  vary ing  spectrometer  settings. A fixed slit- 
width (0.9 °) Geiger counter  was used in the recording 
of in tensi ty  measurements .  For  the  0.32 mm. crystal ,  
the  0.9 ° width was found to be sufficient to contain a 
complete reflection out  to 2 0 ~ 65 °. Beyond 2 0N 65 °, 
both K s  components  could not  be recorded completely. 
I n  this range,  the  K a l  component  was measured,  
par t ia l ly  overlapped with Ka2, and then  corrected 

* Hereafter referred to as SX. 
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semi-empirical ly.  Ini t ia l ly ,  a correction tha t  was l inear 
in  the  20 spli t t ing range was used. However, in the 
la t ter  stages of the structure analysis,  the  average 
value  of the absolute scale constant  as a funct ion of 
( 2 0 )  showed tha t  this  correction was inadequate.  
A new and  more sat isfactory one was deduced from 
these results. I t  is shown in Fig. 1 along with the 
ini t ia l  l inear correction. 
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Fig. i.  Kc~ spl i t t ing correction, sol id--semi-erapir ieal ly  derived,  
b roken - - in i t i a l  l inear correction. 

The 286 strongest reflections were measured by  the 
t ime taken  to record 1,024 counts and this was taken  
to be inversely proport ional  to the integrated inten- 
sity. Nickel filters (1, 3, 6, 9 and 12) were used with 
the very  intense reflections to avoid counter coin- 
cidence errors. The filter scaling constants were ob- 
ta ined empir ical ly  and were known to 2-3 %. The 84 
weakest  reflections were obtahled from peak heights 
recorded on a logari thmic chart, the  chart  being 
cal ibrated against  reflections of known intensi ty.  

The counter moved at twice the angular  velocity of 
the crystal. Each reflection was scanned in 2 0 from 
background to background.  Out to 20 _< 140 °, a two 
degree scan was sufficient to contain both  Ka~ and 
Kay. components.  At  higher values of 2 0, the scanning 
angle was increased to three degrees. The mid-point  
of all the  scans was [2 0(al) + 20(ae)]/2. Diffraction 
m a x i m a  were aga in  located from precomputed @her- 
ical coordinates. 

Intensi t ies  were obtained using a balanced Ni-Co 
filter pair. l~eflections were scanned with the Ni filter 
followed by  an  identical  scan with the Co filter. The 
difference in counts, empirical ly corrected for the 
balanced filter window width, was taken to be propor- 
t ional  to the  integrated intensi ty.  The window width  
correction was obtained by  taking the difference in 
counts between Ni and Co filter scans offset two degrees 
in 2 0 and one degree in az imutha l  orientation from 
(hi2, h/2, h/2) positions (h= 1, 5, 9, . . . ,  25). 

Two scanning rates were employed so as to improve 
the rel iabi l i ty  of the weaker reflections. When  the 
stat ist ical  relat ive f luctuat ion of an in tens i ty  ap- 
proached 15% on a f ~ t  scan (2°/rain.), a slow scan 

* Herea f t e r  referred to as MX. 

was taken  (2°/10 rain.). In  all, 160 reflections were fast  
scanned. Nickel filters (3 and 6) were again used to 
reduce the stronger intensities. The number  of nickel 
filters required by  a given reflection was de termined 
by  measuring the number  of counts per 10 sec. of the  
l{c~t component  of the reflection by the SX  technique.  
Of all the reflections, it  was impossible to obtain the  
Kc~2 component  of (14, 14, 4) and (20, 2, 2). In  these 
two cases, the K a l  component  was measured with a 
two degree scan and mult ipl ied by  1.5. 

(iv) Extinction and absorption 
After  several cycles of ref inement ,  and therefore 

structure factor computat ion,  i t  became apparent  t ha t  
some of the strong low order reflections were seriously 
affected by  extinction. In  an effort to obtain more 
reliable intensit ies for such reflections, two smaller  
crystals (0.03 and  0.06 ram. on edge) and  a powder 
were examined.  Comparison of all the  avai lable  da ta  
showed tha t  ext inct ion in the da ta  crystals was con- 
fined to 2 0 _< 36.1 °. Of the 15 reflections in this range, 
eight are weak enough not to show extinct ion effects. 
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:Fig. 2. Ex t inc t ion  affected reflections as a funct ion  of c rys ta l  
size, (513) included for comparison, in tens i ty  in a rb i t r a ry  
units ,  powder  po in t  near  t = 0 .  

Fig. 2 shows how the seven extinction affected reflec- 
tions behave as a function of crystal size. The (513) 
reflection is included for comparison. F rom the  
behavior  of the extinction affected reflections, it  will 
be seen tha t  they  have a p r imary  ext inct ion contribu- 
tion. Ext rapola ted  values of these intensit ies were used 
for both sets of da ta  in the structure analysis.  

The linear absorption coefficient for beryl l ium ace- 
ta te  is 11.5 cm. -I so tha t  the 0.32 ram. crystal  absorbs 
about  30% and the 0.15 ram. crystal  about  16% of 
its scattered radiation.  However, as the m a x i m u m  
change in absorption with diffraction angle is only 
of the order of 2 % for the larger crystal,  the intensit ies 
from the two crystals were not  corrected for absorp- 
tion. 
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(v) Equivalent reflections 
The reproducibility of the intensities of equivalent 

reflections was investigated in two different ways. 
All the equivalent reflections of the (20, 0, 0), six, the 
(10, 6, 0), twelve, the (888), eight, and the (12, 2, 6), 
twenty four, were measured by the M X  technique. 
The observed standard deviation from the mean 
intensity of these reflections was found to be about 
4 % in intensity. The intensity of 56 reflections, chosen 
at random with intensities varying over a wide range, 
was measured twice, (hkl) and (lhk), by the S X  tech- 
nique. The agreement in this set was assessed by 
evaluating 

2 S l I  (hkl) - I (lhk ) l/Z[ I (hkl) + I (lhk ) ] . 

This was found to be 0-047. 
The better agreement in the M X  experiments can 

be attributed to the moderately strong intensities of 
the reflections chosen for this group. This gave better 
overall counting statistics. However, the observed 
standard deviations in this group are greater than 
counting statistics. Therefore, if all reflections were 
measured to a precision comparable to the foregoing, 
the best physically meaningful structure that  could 
possibly be derived for beryllium acetate would have 
to have an R-factor, 

R ,-~ 0.02--0.025, R =L'IIFol- IF~II/SIFoi. 

Fig. 3 as a function of sin (0}. The maximum and 
minimum in the S X  data can be attributed to the onset 
and completion of the Ka  splitting correction. The 
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F i g .  3. C o m p a r i s o n  of  t h e  S X  a n d  M X  d a t a ,  so l id  c i rc les  
- - - - ~ [ I F o l M x +  IFolsx]/2 in e l e c t r o n s  p e r  cell ,  c i r c les  
----~[IFo]MX--IFolSx[/XIFo]MX w h e r e  XIFoIMX = XIFolsX, 
t r i a n g l e s  - -  2:a(12 'olMX)/--~IFolMZ, s q u a r e s  

- Scr (IFolSX)/-Y/IFolSX, 
al l  v e r s u s  c o n s t a n t  she l l s .  

(vi) Comparison of the two sets of data 
The overall agreement between the two sets of data, 

all reflections included, has been approximated as 

ZllEol~l~-IFoIs~I/ZlFolMz, 

where IFolix  is the M X  data, IFolsx the S X  data and 
ZIFol~x=SIFolsz. This was found to be 0.041. 

A detailed comparison of the two sets of data was 
carried out by approximating to each observed struc- 
ture amplitude, its standard deviation (sd), a(IFol). 
The approximation made was based upon counting 
statistics and known uncertainties introduced into the 
data. These were assumed to be independent of one 
another. 

The ~(IFol~rx)'s were taken to be a function of a(I) 
and a(/cxi), where a(I) is the sd of the intensity mea- 
surement, a( I )=( I+2B)½,  B being the background 
count and a(k~i) is the sd of the nickel filter scaling 
constant. The a([Fo[sx)'s were more complex. They 
included: counting statistics (~(I)=(1024)½ for the 
constant count reflections, ~(I) = constant for logarith- 
mically recorded reflections), a(k~i ), the sd of the Ka 
splitting correction and the sd of the scaling constant 
for the chart recorded intensities. 

The quantities 

Zcr(IFoIMx)/ZIFoIMz and Za(lFolSX)/2:lFolsz, 

all reflections included, were evaluated and found to 
be 0.036 and 0.032, respectively. They are shown in 

form of the M X  data is due to the mode of approx- 
imating a(I). If it is assumed that  I > 2B, or alter- 
natively, that  background counting is negligible 
(B=0), and that  random errors in ]Fo['s are only due 
to counting statistics, it can be shown that  

~2(IFol)=k~/4, 

where k is the absolute scale constant of the inten- 
sities and ~b is the Lorentz and polarization factor. 
In the present case, ¢ = s i n  20/(1 + cose 20) and since 
the fall off of the observed data approximates Wilson 
behavior (Fig. 3), a maximum occurs in the vicinity 
of sin 0=0.85. Deviations from ideal behavior of 
X~(IFo[ ~x)/ZIFol MZ occur in the low orders (maximum 
difference ~ 0.015) and very high orders (maximum 
difference ~ 0.006). This can be attributed to the 
collapse of the original assumptions: in the low orders, 
transmission through the Co filter was appreciable and 
nickel filter scaling errors were involved; in the high 
orders, a large proportion of the data was of weak 
intensity, not very much greater than background. 
The first point in the S X - M X  comparison is erratic 
because the same values for the extinction affected 
reflections were used in both sets of data. 
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A detailed structure analysis, employing three-dimensional Fourier methods, has been carried out 
on beryllium acetate. Two sets of independent intensity data were used for this purpose. The ob- 
served structure has been approximated through positional parameters, individual and general 
harmonic thermal vibrations and electron count parameters. The last two were fixed from difference 
density considerations in non-bonding directions. The final calculated structure agrees well with 
the observed structures except in certain regions of the acetate groups: there are effects present in 
the C--C and C-O bonds which suggest chemical bonding and/or anharmonic thermal vibrations; 
the acetate groups appear to possess a rigid body type angular oscillation about their C-C bonds. 
Half-weight hydrogen atoms of orientationally disordered methyl groups (two equally probable 
equilibrium orientations) have been located. 

1. Structure analysis  

(i) General atomic arrangement 

The point  group symmet ry  of a molecule of beryl- 
Hum acetate  is 23 and  symmet ry  requirements  fix all 
bu t  six posi t ional  parameters  in the  asymmetr ic  unit ,  
hydrogen atoms excluded. 

Wi th in  a molecule, there is a central  oxygen atom, 
Oi, and  i t  is located at  the  intersect ion of three 2-fold 
ro ta t ion  axes. Choosing this point  as an  origin, beryl- 
l ium atoms surround it  on 3-fold ro ta t ion  axes at  
~uu, u~u, uu~ and ~ .  The six acetate  groups are 
ar ranged octahedral]y about  the  origin, the  carbon 
atoms lying on the  2-fold axes, the  carboxyl  carbon, 
CI, a t  v, the  methy l  carbon, Cm at  w. As the  acetate  
groups possess 2-fold symmetry ,  the carboxyl  oxygen 
atoms, On, are equivalent .  However,  their  positions 
are general. The hydrogen atoms of the methyl groups 
are also in general positions and  if the space group is 
t ru ly  Fd3, their  a r rangement  must  satisfy 2-fold 
symmetry.§ Since methy l  groups do not  possess such 
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§ That the space group is, in fact, Fd3 is borne out by the 
fact that the intensities of reflections of the type hkl have 

© 

a symmetry ,  i t  becomes clear t h a t  t hey  must  be 
or ienta t ional ly  disordered. 

Chemical considerations require the  carboxyl groups 

t 

Fig. 1. Atomic arrangement in one molecule, shaded-carbon, 
circles-oxygen, Be (not shown) near centers of oxygen 
tetrahedra, one acetate missing. 

been shown to be equivalent to a high degree throughout 
reciprocal space (Part I). 


