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The Crystal Structure of Cyclopentadienyl Manganese Tricarbonyl, CsHsMn(CO)3* 
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The crystal structure of CsH¢-~In(CO)3 has been determined and refined by three-dimensional X-ray 
diffraction technique. The crystals are monoclinie with 

a=11.99, b=7.07, c=10-93/~ (all +0.03 •) and f l=117.8±0.2 °. 

Positional and anisotropic temperature-factor parameters for all atoms except hydrogen were 
refined by least-squares methods, and the resulting standard deviations in the positions of the 
carbon and oxygen atoms are about 0.015 A. 

Within experhnental error, a single axis passes through the center of the cyclopentadienyl ring, 
the manganese atom, and the center of t he  carbonyl groups. The interatomie distances indicate 
that the manganese atom forms approximately two electron-pair bonds with the ring and five 
with the three carbonyl groups. 

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

The determinat ion of the crystal  structure of cyclo- 
pentadienyl  manganese t r icarbonyl  was under taken  
as par t  of a program of structure invest igations of 
sandwich compounds. The work reported here was 
begun in  1955 and the ini t ia l  ref inement  of the 
posit ional parameters  by least-squares methods was 
completed in 1957. The result ing molecular dimensions 
(which have  been reported by Pauling,  1960, p. 391) 
were not  par t icular ly  satisfactory, as the scatter in 
presumably  equivalent  values o~ interatomlc distances 
suggested uncertaint ies  of about  0 .1/~ in the positions 
of the l ight  atoms. More powerful computing facilities 
have recent ly become avai lable  to us, and accordingly 
we have continued the least-squares ref inement  by  
introducing anisotropic temperature-factor  parameters  
for all the atoms. The result ing structure is more 

* Contribution No. 2800 from the Gates and Crellin Labo- 
ratories of Chemistry. 
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Illinois, U.S.A. 

satisfactory, and both the exper imental  residuals and 
the scatter of equivalent  in tera tomic distances lead 
to es t imated s tandard  deviations of approx imate ly  
0.015 • in the positions of the l ight atoms. 

E x p e r i m e n t a l  

A sample of C~I-IbMn(C0)a was supplied by  Dr G. Wil- 
kinson (see Piper, Cotton & Wilkinson, 1955). Crystals 
were selected direct ly from the sample and, because 
of their  volati l i ty,  were mounted  in l i th ium borate 
glass capillaries for photography.  These crystals were 
irregular in shape with a m a x i m u m  linear dimension 
of about  0.3 mm. 

Two specimens were selected and  oriented by  means  
of Laue and  oscillation photographs.  Intensi t ies  were 
es t imated visually from mult iple-f ihn Weissenberg 
photographs made with Cu K a  radiat ion for layer 
lines 0-4 about  the b axis and 0-13 about  the [102] 
axis. The two sets of da ta  were corrected for Lorentz 
and polarization factors and correlated by  means  of 
an averaging process. 



ALAN F. BERNDT AND RICHARD E. MARSH 119 

Table 1. The final parameters and their standard deviations 
The temperature factors are expressed in the form T = exp ( -  Bnh ~'- B22k2--Baal ~- B12hk- Blzhl--B2akl). 

All values have been multiplied by 104 

x y z Bll B22 Ban B12 B13 B2z 
Mn 2876(2) 0 0 8 2 ( 2 )  2623(2) 84(2) 135(3) 89(2) 16(5) 92(3) 10(5) 
O 1 4 7 7 8 ( 1 1 )  3 0 4 6 ( 1 7 )  3803 (14 )  1 2 8 ( 1 5 )  3 1 0 ( 3 4 )  277(25) -- 10(32) 67(28) -- 75(42) 
02 0 8 4 0 ( 1 0 )  2 8 8 5 ( 1 5 )  1462(12)  1 0 7 ( 1 2 )  3 2 8 ( 3 1 )  2 0 7 ( 1 8 )  1 8 5 ( 3 0 )  111(23) 89(35) 
O 3 2629(14 )  --0344(15) 5 1 6 3 ( 1 1 )  2 5 5 ( 2 0 )  4 0 5 ( 3 6 )  1 2 4 ( 1 3 )  1 4 4 ( 3 9 )  281(28) 19(32) 
C 1 4 0 2 3 ( 1 4 )  1926(20 )  3 3 3 6 ( 1 5 )  1 1 7 ( 1 7 )  2 3 2 ( 3 3 )  1 5 1 ( 2 1 )  1 0 6 ( 3 6 )  105(30) 17(37) 
C 2 1633(13) 1795(19)  1915(14) 96(15) 2 7 0 ( 3 8 )  131(18) 47(37) 97(25) -- 28(37) 
C a 2 6 7 6 ( 1 7 )  --0173(20) 4 1 5 9 ( 1 6 )  1 8 1 ( 2 2 )  2 8 7 ( 4 2 )  1 4 2 ( 2 0 )  1 7 3 ( 4 7 )  1 4 9 ( 3 4 )  -2(44) 
C 4 4 1 0 9 ( 1 4 )  --1999(21) 2 4 8 9 ( 1 5 )  1 1 9 ( 1 8 )  3 1 7 ( 4 1 )  1 5 7 ( 2 2 )  1 1 2 ( 4 3 )  150 (32 )  -41(43) 
C 5 3 5 5 6 ( 1 3 )  --0944(17) 1265 (13 )  1 3 7 ( 1 7 )  1 9 2 ( 3 1 )  125 (17 )  -58(35) 170 (29 )  --61(34) 
C 6 2293(14) - 1176(20) 0 6 0 6 ( 1 3 )  1 4 9 ( 2 0 )  2 6 6 ( 3 7 )  100(16) 40(42) 80(28) - 94(37) 
C 7 1982(15) -2371(21) 1404(16 )  1 2 5 ( 1 9 )  3 1 3 ( 4 4 )  174(23) - 131(43) 162(34) - 165(47) 
C s 3123 (18 )  --2960(17) 2 5 7 6 ( 1 5 )  2 7 4 ( 3 3 )  1 2 0 ( 2 3 )  166(23) 42(42) 293(45) 49(36) 

Unit-cell dimensions were obtained from a Strau-  
man±s-type ro ta t ion  photograph  about  [010] and  a 
zero-level Weissenberg photograph  about  [102]. The 
lat t ice paramete rs  (based on ~(CuKal)=l.5405/~),  
with their  es t imated  s t andard  deviations,  are" 

a = 11.99 ± 0.03, b -- 7-07 ± 0.03, c = 10-93 _+ 0.03 A ; 

f l = 1 1 7 . 8 ± 0 . 2  °. 

The densi ty  calculated for Z = 4  (one molecule per 
asymmet r ic  unit) is 1.65 + 0-01 g.cm-3. 

Systemat ic  absences of reflections (hO1) with h odd 
and  (0k0) with k odd indicate the  space group P21/a. 
Of approx imate ly  2100 reflections within the  sphere 
of reflection, less t h a n  900 were s trong enough to be 
observed. The absence of so m a n y  reflections results 
from three factors :  (1) the  crystals are soft and have  
a large t empera tu re  factor ;  (2) a small crystal  was 
used for photographs  about  [102], necessitating long 
exposures which led to heavy  background scat ter ing 
from the capil lary;  (3) the contr ibut ion of the  man- 
ganese a tom to half  the  reflections is very  small  
(see next  paragraph) .  

Reflections with (h+k) odd are, in general, weak, 
suggesting t h a t  the manganese  a tom lies either a t  
y = 0  or a t  x = z = 0 .  The la t te r  position seemed un- 
likely from packing considerations; fur thermore,  a 
Pa t t e r son  projection on to (010) indicated the ap- 
proximate  paramete rs  x = 0 . 0 4  or 0.29, z=0 .263  for 
the  manganese  a tom,  and accordingly the  y pa ramete r  
was init ially assumed to be a zero. A calculation of 
some three-dimensional  s t ruc ture  factors indicated 
the  correct choice for the  x pa rame te r  to be 0.29. 

An electron densi ty  projection on to (010), using 
signs determined from the  manganese  position, did 
not  give a clear indication of the  s t ructure.  A three- 
dimensional electron densi ty  map  was then  calculated. 
Since the  manganese  a tom assumed to lie a t  y = 0  
did not  contr ibute  to reflections with (h+k) odd, 
these reflections were omit ted  from the summation,  
giving the  resulting map  a false mirror  plane a t  y = 0. 
Nevertheless,  pre l iminary positions for the  eight 
carbon a toms and three oxygen a toms were readi ly  
assigned. 

Ini t ial  ref inement  of the  l ight-a tom coordinates was 
by  electron densi ty  projections on to (010) and  (100); 
all subsequent  calculations were based on the  three- 
dimensional data .  The first  set of s t ruc ture  factors,  
including a single isotropic t empera tu re  factor  with 
B=3.4,  gave an R factor  of 0.25 for all observed 
reflections. Three cycles of least-squares ref inement  of 
the positional paramete rs  were followed by  a difference 
map  from which pre l iminary  anisotropic t empera tu re  
factors for all a toms (except hydrogen) were obtained. 
The R factor  a t  this stage was 0.20. 

Coordinates for the  five hydrogen a toms of the 
cyclopentadienyl  ring were now calculated assuming 
a p lanar  molecule with C - H  distances of 0-95 _~; 
they  were included in subsequent  s t ructure-factor  
calculations bu t  were not  optimized. Five more least- 
squares ref inements  of the  positional paramete rs  
interspersed with a second difference map  (for adjust-  
ment  of the t empera tu re  factors) concluded the first 
stage of ref inement ;  the  R factor  was now 0.16. 

Up to this t ime (early 1957), s t ructure-factor  and 
least-squares calculations had  been carried out  on a 
D a t a t r o n  205 computer.  The least-squares program,  
which accepted individual  anisotropie paramete rs  in 
calculating s t ruc ture  factors but  pe rmi t t ed  only posi- 
t ional  pa ramete rs  to be optimized, was based on a 
minimizat ion of the  quan t i t y  Xw(AF) 2. The weighting 
function was t h a t  of Hughes  (1941), with all un- 
observed reflections assigned zero weight. When  refine- 
ment  was re-ini t iated in 1961, computa t ions  were 
carried out  on a Burroughs 220 computer,  and the  
least-~quares p rogram permi t ted  ad jus tment  of ten 
parameters  for each a t o m - - t h r e e  coordinates, six 
t empera tu re  factors and one scale factor.  The normal  
equations were semi-diagonalized, a 2 x 2 (x and z 
coordinates), a 1 × 1 (y) and a 7 × 7 ( tempera ture  and 

Table 2. Assumed coordinates of the hydrogen atoms 
x y z 

Hi(C4) 0.506 -- 0"209 0"311 
H2(C5) 0"407 -- 0"011 0"099 
I-I~(C~) 0"166 --0.054 --0-029 
I-I t(CT) 0"113 --0"273 0.116 
H5(C8) 0.302 -- 0"385 0"322 
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Table 3. Observed and calculated structure factors 
T h e  three  c o l u m n s  in each  group  c o n t a i n  t h e  v a l u e s  of h, 10]Fol, a n d  lOFc. 

M a n y  ref lec t ions  too  w e a k  to  be  o b s e r v e d  are o m i t t e d  
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scale parameters) matrix being collected for each atom. 
Adjustments to the over-all scale factor were obtained 
from a weighted average of the indicated changes 
for the individual atoms. The quantity minimized was 
Zw(F~-F~)  ~. Atomic form factors were those of 
Berghuis et al. (1955) for carbon and oxygen, MeWeeny 
(19515 for hydrogen, and Freeman (19615 for manga- 

nese. A new set of coordinates for the hydrogen 
atoms was also calculated, this time based on a 
C-H distance of 1.0 /l.  The contributions of the 
hydrogen atoms, including an isotropic temperature 
factor with B = 2 - 0 ,  were included in all subsequent 
structure-factor calculations but the coordinates were 
not optimized. 



ALAN F. B E R N D T  AND R I C H A R D  E. MARSH 121 

Fifteen cycles of structure-factor least-squares re- 
finement were carried out on the Burroughs 220. 
The weighting function during the first seven cycles 
was that  used earlier (Hughes, 1941). For the final 
eight refinement cycles the weighting scheme was 
changed to 

>_ 14. ( w =  1/F  
Fo <_% 14: ]/w= 1/14Fo, 

a scheme which presumably more truly reflects the 
uncertainties in Fo 2. Unobserved reflections were 
included only if the calculated value exceeded the 
threshold. The change in weights led to a marked 
decrease in the estimated standard deviations in all 
the parameters, and small but significant parameter 
shifts followed. Refinement was halted when the 
maximum indicated change in any parameter was less 
than 15% of its standard deviation; in the last cycle 
the sum of the squares of the weighted residuals 
dropped by less than 0.2%. 

The final heavy-atom parameters and their esti- 
mated standard deviations calculated in the usual 
way are listed in Table 1; the coordinates assumed 
for the hydrogen atoms are listed in Table 2. The 
observed and calculated structure factors are given 
in Table 3. 

Accuracy of the resu l t s  

The final R factor for 827 observed reflections is 0-09, 
and could be reduced to about 0.08 by omitting a 
number of strong, low-order reflections apparently 
suffering from extinction. Although this figure is a 
bit higher than is normally obtained for a complete 
three-dimensional refinement, we feel that  it is an 
adequate representation of the experimental errors in 
the present case. 

The estimated standard deviations in the atomic 
coordinates of the light atoms (Table 1) are about 
0.015 A; since the standard deviations of the man- 
ganese coordinates are only about one-eighth as large, 
we estimate the standard deviations in the interatomic 
distances to be about 0.015 /~ for manganese-light 
atom distances and about 0.02 A for distances between 
pairs of light atoms. These values are consistent with 
the observed scatter of values for bond distances 
presumed to be equivalent. 

D i s c u s s i o n  of the resu l t s  

(i) The geometry of the molecule 
Cyclopentadienyl manganese tricarbonyl exists as 

discrete molecules in the crystal, there being no 
Mn-Mn bonds such as are present in the molybdenum 
analogue CsHsMo(CO)3 (Wilson & Shoemaker, 1957). 
The molecules possess no formal symmetry; however, 
a common axis passes through the center of the five- 
membered ring, the manganese atom, and the three 
carbonyl groups. Within experimental error, this is 
a five-fold axis when it passes through the cyclo- 

pentadienyl ring and a three-fold axis on the carbonyl 
side of the molecule. A view of the molecule along 
this axis is shown in Fig. 1. As can be seen in the 
figure, there is almost a vertical mirror plane, the 
C303 group being nearly eclipsed with respect to atom 
Cs of the ring or, alternatively, the C101 group being 
almost opposite C7. However, the two deviations are 
in opposite senses and approximately equal in mag- 
nitude (6°), and indeed the configuration is as far from 
symmetry m as is possible. 

Fig. 1. The 
The 

CsHsMn(CO). ~ molecule  v iewed along its axis. 
p ro jec t ion  of the  a* direct ion is vert ical .  

The direction cosines of the axis of the molecule 
relative to a, b, and c* are 0.366, -0-775, and -0.515. 
The mean plane of the cyclopentadienyl group is 
perpendicular to the axis and lies 1.80 J~ from the 
manganese atom; none of the five carbon atoms is 
more than 0.02 A from this plane. The three carbonyl 
carbon atoms are within 0.01 /~ of a plane per- 
pendicular to the axis and lying 1.00 J~ on the opposite 
side of the manganese and the three oxygen atoms 
are within 0.025 A of a plane perpendicular to the 
axis and lying 1.61 A_ from the manganese atom. 

(ii) The temperature factors 
We choose to discuss the anisotropic temperature 

factors at this time because of the important effect 
of the implied librations on many of the interatomic 
distances. 

In Table 4 are listed the magnitudes and direction 
cosines, relative to a, b, and c*, of the principal axes 
of the temperature-factor ellipsoids. Although the 
uncertainties in these values are large (the estimated 
standard deviations for the carbon and oxygen atoms 
are about 1.0B units), the over-all pattern is so 
consistent and reasonable that  there can be little 
doubt as to its reality. 

The five carbon atoms of the cyclopentadienyl ring 
show extreme anisotropy of temperature motion, the 
average magnitude of the major axis being 8.8B units 
compared with 4.9 and 3.1 for the intermediate and 
minor axes. Moreover, for all five atoms the major 
axis is oriented nearly tangent to the ring, the max- 
imum deviations being 28 ° for C4 and 18 ° for C7. 
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Table 4. The magnitudes B and direction cosines q 
relative to abc* of the principal axes of the temperature- 

factor ellipsoids 

A t o m  Axi s  i B i  qai q~ qc~i 

I~In 1 3-85 0-766 0.203 0.610 
2 3.05 - - 0 . 6 1 7  - - 0 . 0 3 5  0.787 
3 2.66 - -0 .181  0.979 - -0"098  

O 1 1 13-62 - 0 - 6 1 5  - 0 . 1 3 7  0"776 
2 6"23 - 0 " 4 1 3  0.895 - - 0 . 1 6 9  
3 5-31 0.672 0.424 0.607 

02 1 8"63 0.666 0.736 - 0 . 1 2 3  
2 8-49 - 0 - 1 9 4  0.330 0.924 
3 2.77 0.720 - 0.592 0.362 

O a 1 12"55 0.794 0.436 0.424 
2 7.23 - 0 . 2 9 0  0.884 - -0 -367  
3 2.08 - - 0 . 5 3 5  0.169 0.828 

C 1 1 7-03 0-806 0-546 - 0 . 2 2 9  
2 5-68 0.060 0-309 0-949 
3 3-31 0.589 - -0"779  0.216 

C 2 1 6.23 0.515 0.782 - 0.351 
2 4-72 0-116 0-342 0.933 
3 3.85 0.850 - 0 . 5 2 0  0.086 

C a 1 10.25 0.832 0.544 0.107 
2 5.34 0.047 - 0.261 0.964 
3 3.69 0.553 - 0.797 - 0.243 

C a 1 7.91 0.560 0.820 - 0 . 1 2 1  
2 5.99 0.252 - 0 . 0 2 9  0.967 
3 3.08 0.789 - 0 . 5 7 2  - 0 . 2 2 3  

C 5 1 6.68 0.693 - 0 .324 0.644 
2 3.69 0.592 0.766 - 0 . 2 5 2  
3 3-17 - 0 . 4 1 2  0.556 0-722 

C 6 1 8.37 0.879 0-454 - C . 1 4 7  
2 5.39 0.458 - 0 . 7 1 7  0-525 
3 2.94 - 0 . 1 3 3  0.529 0.838 

C~ 1 8.87 0.243 - 0.686 0.686 
2 5-08 0.853 - 0 - 1 8 6  - 0 . 4 8 8  
3 3-86 0-462 0-703 0.540 

C s 1 12.38 0.863 0.065 0.501 
2 4.24 - - 0 . 5 0 2  0-209 0.839 
3 2.27 0.050 0"976 0.213 

/" ' - ,xG4 

:Fig. 2. T h e  e l e c t r o n  d e n s i t y  in t h e  p l a n e  of t h e  c y c l o p e n t a -  
d i e n y l  r ing.  C o n t o u r s  a re  a t  i n t e r v a l s  of 1 e .A  -3, t h e  1-elec- 
t r o n  c o n t o u r  b e i n g  d a s h e d .  T h e  o r i e n t a t i o n  is as  in Fig .  1. 

The r.m.s, ampl i tude of the implied l ibrat ion of the 
r ing about  its axis, based on a value of 5B units as 

the average increase in magni tude  along the major  
axis, is 12 ° . For addit ional  evidence tha t  the ring is 
undergoing l ibrat ion we have calculated the electron 
densi ty  in the plane of the ring, using all observed 
structure factors and the f inal  set of signs (Table 3). 
This map  is shown in Fig. 2. I t  resembles a similar  
map  of the cyclopentadienyl  ring in ferrocene (Dunitz 
et al., 1956), which also shows pronounced l ibrat ion 
effects. 

The oxygen atoms also have large, anisotropie 
thermal  motions, and the directions of m a x i m u m  
vibra t ion are in all  three cases wi thin  10 ° of per- 
pendicular  to the corresponding Mn-C-O direction. 
The motions of the carbonyl  carbon atoms are con- 
s iderably smaller;  we cannot say, however, whether  
the centers of l ibrat ion of the oxygen atoms lie at  
the carbon atoms or at the manganese atom. 

(iii) The bond distances and angles 
The bond distances and angles are l isted in Table 5. 

The values in parentheses have been corrected for 
the shortening effect of thermal  librations. In  correct- 
ing the distances involving the cyclopentadienyl  ring 
we have assumed a l ibrat ion of ampl i tude 12 ° (r.m.s.) 
about  an axis passing through the center of the ring, 
as discussed in the preceeding section. The average 
C-O distance was increased somewhat  arb i t rar i ly  by  
0.016 A, for we do not unders tand the nature  of the 
l ibrat ion of the oxygen atoms;  for similar reasons, 
the distances between the manganese and carbonyl  
carbon atoms were not  corrected. The uncertaint ies 

Table 5. Bond distances and angles 
T h e  v a l u e s  in p a r e n t h e s e s  h a v e  b e e n  c o r r e c t e d  fo r  l i b r a t i o n  
ef fec ts .  T h e  u n c e r t a i n t i e s  a r e  s u b j e c t i v e  e s t i m a t e s  of t h e  

s t a n d a r d  d e v i a t i o n s  (see t e x t )  

M n - C  1 1 .788 /~  C 1 - M n - C  2 91 ° 
M n - C  2 1-791 C 2 - M n - C  3 91 
M n - C  3 1.812 C a - M n - C  ~ 94 

A v e r a g e  1.797 
( 1 . 8 0 + 0 - 0 2 )  

C1-O 1 1"129 ~Vin-C1-O 1 178 
C~-O 2 1"142 M n - C 2 - O  2 180 
Ca-O 3 ] "131 M n - C 3 - O  3 176 

A v e r a g e  

M n - C  a 
M n - C  5 
M n - C  6 
M n - C  7 
h~n-C s 

A v e r a g e  2.151 
(2.165_+ 0-025) 

C4-C s 1.399 Cd-C~-C 6 
Cs-C e 1.350 Cs-C6-C 7 
C6-C 7 1.385 C6-C7-C s 
Cv-C s 1.433 Cv-Cs -C  4 
Cs-C 4 1.404 Cs-Cd-C 5 

A v e r a g e  1.394 
(1.42 _+ 0.03) 

1"134 
(1"15_+ 0.03) 

2-139 C a - M n - C  ~ 
2.127 C s - M n - C  6 
2.169 C 6 - M n - C  7 
2" 145 C T - M n - C  s 
2.176 C s - M n - C  a 

38 
36 

37 
39 
38 

l l l  
108 
108 
106 
107 
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listed in Table 5 are subjective est imates of the  
s t anda rd  deviations in the  average values, and  reflect 
our lack of confidence in the magni tudes  of the libra- 
t ion corrections. 

Since all distances and  angles expected to be 
equivalent  are indeed equal  within exper imental  error, 
our discussion will be based on the  average values 
corrected for libration. 

The C-C distance, 1.42 J~, corresponds to a bond 
number  of 1.35 (Pauling, 1960; p. 237); the  Mn-C 
distance of 2.165 /~ corresponds to a bond number  
of 0-41. (Here we use the  famil iar  equat ion of Paul ing 
(1960; p. 255) and  a single-bond Mn-C distance of 
1.93 ~.)  We can explain these bond numbers  quite 
sat isfactori ly by assuming t h a t  the  five s t ructures  of 
the type  (I) and the  five of the  type  (II) all contr ibute  

',,__/ 
(i) (n) 

equally to the  resonance hybr id ;  the  predicted bond 
numbers  would then be 1-30 for the  C-C bonds and 
0.40 for the  Mn-C bonds. 

For  the  carbonyl  groups, the C-O distance of 1.15 A 
and  the Mn-C distance of 1.80 A correspond to bond 
numbers  of 2.3 (Pauling, 1960; p. 266) and  1.66, 
suggesting t h a t  the  two s t ructures  = C = O and - C = O 
contr ibute  in the rat io 2:1.  Accordingly, the  descrip- 
t ion of Pauling (1960; p. 391) t ha t  ' two electron pairs 
are involved in bond format ion  with the  ring and  five 
in bond format ion  with  the carbonyl  groups' ,  which 
was based on the  pre l iminary  results of this investiga- 
tion, is still valid. 

(iv) Packing of the molecules 

A drawing of the s t ruc ture  viewed down the b axis 
is shown in Fig. 3, and  in Table 6 are listed all inter- 
molecular distances (involving the  heavier  atoms) of 
3.5 A or under.  The strongest  interactions are probably  

Table 6. Intermolecular distances of 3.5 ~ or less 
The atoms referred to in the first colunm belong to the refer- 
ence molecule at x, y, z. The distances in parentheses are to 

the protons attached to the carbon atoms 

From atom To atom In molecule at Distance 

01 02 ½+ x ,  ½--y,  z 3.41 
01 0 a ½+x, ½--y, z 3.44 
01 O a l - - x ,  ~, 1 - - z  3.36 
O 1 C 3 l - - x ,  ~, 1 - - z  3.47 
O 1 C s x, y+  1, z 3"35 (2.90) 
02 0 a ½--x, ½+y, 1--z 3-50 
02 C 5 ½--x, ½+y, ~ 3.48 (3"08) 
02 C 5 x-- ~, ½--y, z 3.42 (2.50) 
02 C~ x, y, z 3"39 (2"74) 
03 C s ½-x, ½+y, 1--z 3.44 (2.48) 

between 0~ and  the  pro ton  on C5 (see Table 6) and  
between 03 and the  proton on Cs, where the calculated 
distances of 2.5 A (based on the  assumed hydrogen 

o 1_ 1 
2 

X - 

Fig. 3. The structure viewed along [010]. 

positions a t  1.0 ~ from the carbon atoms) are sl ightly 
less t h a n  the  sum of Paul ing 's  (1960; p. 260) values 
for the van  der Waals  radii  of hydrogen (1.2 A) and  
oxygen (1.4 /~). All other  distances are greater  t h a n  
the  sum of the  van  der Waals  radii,  and in general 
the  packing is quite loose. This is in accord with  the  
softness of the  crystals,  their  volati l i ty,  and the  large 
thermal  motions of the  peripheral  atoms.  

We are grateful  to Dr  V. Schomaker  for m a n y  
s t imulat ing and helpful discussions. We also wish to 
t h a n k  Mr W. Mendell for assistance with some of the  
calculations and Mr D. Duchamp  for a Burroughs  
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general plane. One of us (A. B.) is grateful  to E . I .  
du Pon t  de Nemours  and  Company  for a fellowship 
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