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The Crystal Structure of ~ -P imel i c  Acid 
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The structure of the high-temperature phase of pimelic acid has been determined by X-ray diffrac- 
tion techniques. The crystals are monoclinic, space group P21/c. Unit cell dimensions are a ---- 
5-68±0"05, b ---- 9.71±0.02, c ---- 22.45±0.10 A; fl ---- 136.8±0.5 °. Zachariasen's method was used 
to determine signs for some structure factors. A trial structure was found from a bounded Fourier 
projection calculated using these signs, and from information contained in an (0]cl) :Patterson 
projection. :Refinement of the structure was by three-dimensional least-squares methods. One 
carboxyl group and the average plane of the carbon atoms are turned out of the b, c plane in about 
the same direction (55 ° and 11 ° respectively) while the other carboxyl group is turned 8 ° out of the 
b, c plane in the opposite direction. As with other dicarboxylic acids, the molecules of a-pimelic 
acid are hydrogen bonded at each end, forming a series of 'infinite' chains. The molecular sym- 
metry of the low-temperature form is lost in the high-temperature modification. 

Introduction 

The dicarboxylic  acids have long been of interest  
because of the well known al ternat ion of Such physical  
properties as mel t ing point, solubili ty,  and heat  of 
combustion.  General ly speaking, the acids with an odd 
number  of carbon atoms have more energy per carbon 
a tom than  the acids with an even number  of carbons. 
At tempts  have been made  to explain  this a l ternat ion 
in properties in terms of the s tructural  features of the 
crystals  (MacGill.avry, Hoogschagen & Sixma, 1948; 
Morrison & Robertson, 1949a, b, c, d; Goedkoop & 
MacGillavry,  1957). 

Also of interest  is the fact tha t  oxalic acid, succinic 
acid, and all of the odd acids invest igated undergo 
phase t ransi t ions below the melt ing point  (Dupre la 
Tour, 1932). The only high- temperature  phase struc- 
ture determinat ion reported for these acids was by  
Rieck (1944) for succinic acid. In  the present paper  the 
s t ructure  of the h igh- temperature  (a) form of pimelic 
acid, COOH(CH2)sCOOH, is reported. Judging  from 
the space group and unit-cell  determinat ions given by 
Dupre  la Tour (1932), the structure of c~-pimelic acid 
m a y  be typical  of the a phases of the higher odd acids. 
The structure of the fl modif icat ion of pimelic acid has 
a l ready been determined (MacGillavry et al., 1948). 

Exper imenta l  

The t ransi t ion tempera ture  for pimelic acid is about  
75 ° C. Crystals of the a form were grown from a melt  
inside a capillary. The crystals could be main ta ined  
a t  room tempera ture  for two weeks and longer, so tha t  
no special heat ing was used during photography.  

Laue symmet ry  was determined from precession and 
Weissenberg photographs to be C2h. The b axial  length 
was found from a rotat ion photograph;  a, c, and fl 
were found from a zero-level Weissenberg photograph.  
The unit-cell  dimensions,  

a = 5.68+0.05, b = 9.71±0.02, c = 22-45±0.10 A ,  
fl = 136.8±0.5 o, 

are within the l imits  of error of Dupre la Tour 's  (1932) 
results. 

The systemat ic  absences observed were for (hO1) 
when 1 was odd and  (0k0) when k was odd. The prob- 
able space group is thus  C~h-P21/c. 

By assuming a densi ty  .close to tha t  of the low- 
tempera ture  form, the number  of molecules per uni t  
cell is established as four. There is thus  no space-group 
requirement  for molecular  symmet ry .  

Six levels (0 through 5) of Weissenberg photographs 
were taken with b as the rotat ion axis. Cu K s  radia- 
t ion was used. (Okl) data  were taken on the  precession 
camera using Mo K s  radiation.  Intensi t ies  were mea- 
sured by  the visual-est imation method,  using the 
mult iple-f i lm technique for the Weissenberg da ta  and 
a series of t imed exposures for the precession data.  
An a t t empt  to correlate the levels of Weissenberg 
data,  using reflections appearing also on the precession 
photograph,  did not give very sat isfactory results. For 
the sake of greater in ternal  consistency, Weissenberg 
da ta  were used whenever  possible at the outset of the 
problem. (However, the f inal ly reported observed (0kl) 
structure factors for reflections appearing on both 
Weissenberg and precession photographs are averages.) 
Wilson's  (1942) method was used to pu t  the observed 
IFrel.[ 2 values on an approximate ly  absolute scale. 

Trial  s tructure  

As a s tar t  in the determinat ion of the tr ial  structure,  
a sharpened (0kl) Pat terson projection was computed.  
This projection indicated tha t  the carbon chain was 
stretched out more or less along c and tha t  the carbon 
atoms could be roughly in a plane making  an angle of 
less t han  35 ° with the b, c plane. In  addit ion,  the 
Pat terson was consistent with the central carbon a tom 
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of a molecular chain near  z = ¼. Fur the r  interpreta-  
t ion was difficult since peaks resulting from the re- 
peat ing set of carbon-carbon  interactions obscured the 
contributions of the  carboxyl  groups. 

Reflections with odd /c were on the whole ap- 
preciably weaker  than  reflections with even k. Trial 
models were not  successful in fi t t ing these weaker,  
odd k, reflections. Unfor tunate ly ,  an (0/el) Fourier  
using only terms with even /c would result in a 
molecular projection with a mirror  line at  z = ¼. 
I t  was clear t ha t  the two halves of the molecule could 
not  be mirror  images even in projection. In  order to 
account for the  reflections with odd ]c it would be 
necessary to find the  differences between the two 
halves of the  molecule. 

Some fur ther  information about  the  molecule was 
obtained by  plot t ing s t ructure  factor  maps  of several 
strong (hO1) reflections. These revealed t h a t  the 
molecule must  lie near  x = 0 or x = ½. 

A set of un i t a ry  s t ructure  factors was then cal- 
culated and  Zachariasen 's  method  was used to relate 
and determine signs. 65 signs were assigned in this 
way  and 24 others were related to each other. An 
absolute ass ignment  for these 24 was made  from the 
sign of (068) which had  remained positive for a number  
of tr ial  s tructures.  77 of the 89 signs chosen later  
proved to be correct. 

Since only two signs were found for (Okl) reflections 
with ]c odd, it was not  profi table to calculate an (0/el) 
Fourier  projection. I t  was, however,  decided to pre- 
pare a bounded projection down b between y = +¼ 
and y = -¼.  In  all 37 (hO1) terms,  11 (hll) terms with 
1 odd and 1 (h3/) te rm with 1 odd were used. With  
such few t e rms - -pa r t i cu l a r ly  with /c o d d - - i t  is not  
surprising t h a t  accurate  atomic positions did not  
result.  However,  the projection showed the  molecule 
quite clearly and, in part icular ,  showed how the planes 
of the carboxyl  groups were twisted with respect to 
an average carbon chain plane. Five of the  seven 
carbon atoms were in fact  resolved and in a fair ly 
s t ra ight  line, one of the carboxyl  groups was near ly  
resolved, and the other gave the  appearance of being 
viewed edge on. This bounded projection made pos- 
sible a trial  s t ructure  which provided a measure of fit 
for the (Okl) reflections wi th /c  odd. 

Refinement of parameters  

An (0kl) Fourier  was calculated using z parameters  
from the bounded projection and y paramete rs  
es t imated from the x and z values obtained from this 
projection and from expected bond lengths. Two 
carbon atoms and two oxygen atoms were unresolved. 
Since there appeared to be no sat isfactory two- 
dimensional method  for refining these parameters  
fur ther ,  an a t t e m p t  was made  at  refinement using 
Sayre 's  three-dimensional least-squares program on the 
I.B.M. 704 (weighting scheme (min. 100/F 2, 1)). Of 
approximate ly  1000 reflections used, about  300 were 

non-observed. These non-observed reflections were 
included by assigning them one-half the value of their  
upper  bound. The first calculation of s t ructure  factors  
for all the reflections resulted in a horrifying R fac tor  
of 0"51. Three cycles of ref inement  brought  the  R 
factor  to 0.42. Omit t ing the non-observed reflections 
reduced R to 0.35. 

Star t ing with the parameters  obtained from the 
application of the least-squares program, a new (Okl) 
Fourier  refinement was made. Fig. 1 shows the result.  

0 
1 0 b ~ 

Fig .  1. O/el F o u r i e r .  T h e  eont .ours  a re  a t  i n t e r v a l s  of  1 e .A  -2  
s t a r t i n g  a t  zero  ( d a s h e d  line). 

This t ime all the a toms were resolved, al though neigh- 
boring atoms were so close in projection t h a t  centers 
were not  easy to determine. St ructure  factors cal- 
culated from these Fourier  parameters  resulted in 
R(Okl) = 0.23. A second bounded projection down b 
was also calculated. The carbon and an oxygen of one 
carboxyl group overlapped and the carbon of the other  
carboxyl group was not quite resolved. Using x para-  
meters from this pro jec t ion--es t imat ing  for the  un- 
resolved atoms with the help of the y and z para-  
meters  and expected bond lengths and angles-- re-  
~ul~ed in l~(hOt)= 0"30. 

A second least-squares ref inement  was then under- 
taken,  omit t ing non-observed reflections. The overall 
R for observed reflections was 0.32 a t  the outset  and 
af ter  four cycles of ref inement dropped to 0.27. Re- 
f inement  of the tempera ture  factors was stopped af ter  
the third round because the constants  appeared to be 
increasing to values unreasonably  larger than  previous 
est imates  had indicated. 

The tempera ture  factors used in the ref inement were 
isotropic. Even  a casual inspection of the d a t a  af ter  
the ref inement ended, however, showed tha t  there was 
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T a b l e  1. Final  parameters from second least-squares 
refinement 

x y z B* (A. ~) 
C a 0.466 0.074 0.0742 3.70 
C 2 0.439 0.147 0-1284 4.54 
C a 0.534 0.062 0.2002 3.64 
C a 0.531 0.151 0.2571 4.28 
C a 0.564 0-064 0.3209 3.68 
C 6 0.570 0.157 0.3764 4.02 
C 7 0-547 0-085 0-4299 3.82 

O a 0"243 0.102 --0"0060 4.12 
02 0" 700 -- 0-009 0" 1071 4.55 
O a 0.514 --0-037 0.4309 4.62 
04 0-586 0" 168 0.4844 4.54 

* T e m p e r a t u r e  f ac to r  cons t an t  in the  t he rma l  d a m p i n g  
t e rm  in the a tomic  sca t t e r ing  factor .  A fu r t he r  a s y m m e t r i c  
fac tor ,  exp [ - - (0 .007h2--0 .005hl) ]  was added  later .  

a m a r k e d  d e p e n d e n c e  o n  1. A n  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  f o r  e a c h  a t o m  w a s  c a l l e d  f o r ,  b u t ,  s i n c e  m e a n s  t o  

m a k e  s u c h  a c a l c u l a t i o n  w e r e  l a c k i n g ,  i t  w a s  d e c i d e d  

t o  m a k e  a p a r t i a l  c o r r e c t i o n  a n d  a p p l y  i t  t o  a l l  t h e  

a t o m s  i n  t h e  s a m e  w a y .  T h e  a n i s o t r o p i o  t e m p e r a t u r e  

f a c t o r  m a y  b e  w r i t t e n  as  

e x p  [ -  (bn h2 +b22k2 +b3aF +bl~hk + b23kl +blahl)] . 

A n  i n s p e c t i o n  o f  t h e  (Okl) d a t a  r e v e a l e d  n o  p r o n o u n c e d  

t r e n d s  c a l h n g  f o r  f u r t h e r  t e m p e r a t u r e - f a c t o r  c o r r e c -  

t i o n ,  so  i t  w a s  a s s u m e d  t h a t  b22, b3a, a n d  b2a w e r e  

f a i r l y  w e l l  a c c o u n t e d  f o r  b y  t h e  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 s  a l r e a d y  u s e d .  T h e  c o n s t a n t  w h i c h  w a s  f i r s t  

s o u g h t  w a s  b13. T h i s  w a s  f o u n d  f r o m  p l o t s  o f  l o g  Fc/Fo 
a g a i n s t  1 f o r  c o n s t a n t  h.  P a r a l l e l  l i ne s  w e r e  o b t a i n e d  

f o r  t h e  d i f f e r e n t  v a l u e s  of  k. T h e  i n t e r c e p t s  of  t h e s e  

T a b l e  2. Observed and calculated structure factors for 

k l Fo Fc 
3 2  5 - - 6  
3 3  3 -- 1 
3 4  8 - - 8  
3 5  4 t 0 
3 6  6 - - 4  
4 7  6 + 8  
3 8 11 + 1 1  
3 9 19 + 2 2  
3 1 0  < 3  + 3  
311  < 3  + 1 
3 1 2  5 + 6 
3 1 3  5 -- 5 
3 1 4  5 + 4 
315 4 -- 5 
316 5 -- 4 
3 1 7  < 4  -- 0 
3 1 8  < 4  + 3  
4 0 30 -- 33 
4 1 6 - - 4  
4 2 14 - - 9  
4 3 20 + 1 4  
4 4 27 -- 25 
4 5  6 + 6  
4 6 14 - -17  
4 7 12 -- 14 
4 8 15 -- 19 
4 9 24 + 25 
4 1 0  < 3  + 2  
4 1 1  7 + 7 
4 1 2  4 -- 3 
4 1 3  4 + 3 
4 1 4  5 -- 5 
4 1 5  < 3  + 0  
4 1 6  6 -- 6 
4 1 7  4 + 0 
4 1 8  4 + 1 
5 1 16 -- 16 
5 2 7 - -10  
5 3 21 - -24  
5 4 13 -- 14 
5 5 16 - -22  
5 6 14 -- 16 
5 7  6 - - 9  
5 8  6 + 5  
5 9  5 - - 5  
5 1 0  4 -- 3 
511 < 4  - - 3  
5 1 2  < 4  + 2  
5 1 3  < 4  - - 6  

k 1 Fo Fc 
0 2 37 + 59* 
O 4  4 - - 3  
0 6 14 --  12 
0 8 17 + 13 
0 10 21 + 19 
0 12 9 + 10 
0 1 4  7 + 7 
0 1 6  13 + 14 
0 1 8  < 4  -- I 
020 < 4 -- 3 
1 2  9 + 7  
1 3 7 - -  8 

1 4  5 + 5  
1 5 < 2  - - 2  
1 6  11 + 9  
1 7 17 + 17 
1 8 l l  + 1 1  
1 9 28 + 30 
1 1 0  8 + 1 1  

111 4 + 6 
112  5 + 7 
113  5 -- 6 
114  4 + 6 
115  < 4  + 1 
116 < 4  -- 1 
117 < 4  - - 4  
118 < 4  + 4  
119 < 4  -- i 
2 0 67 + 75 
2 1 88 - -77  
2 2 14 + 14 
2 3 12 -- 14 
2 4 23 -- 25 
2 5  3 - - 3  
2 6 25 -- 24 
2 7  5 + 5  
2 8 25 - -29  
2 9  3 - - 5  
2 1 0  11 + 1 1  
211 < 3  -- I 
2 1 2  5 + 5 
2 1 3  4 + 1 
214 < 4  + 3  
2 1 5  4 + 3 
216 < 4  + 3  
217 6 -- 8 
218 < 4  + I 
219 < 4  -- i 
3 1 2 4  + 20 

k 1 /% 

5 1 4  < 4 
5 1 5  4 
5 1 6  < 4 
5 1 7  < 5 
6 0 7 

6 1 4 
6 2 4 

6 3 15 
6 4 5 

6 5 3 

6 6 4 
6 7 13 
6 8 29 
6 9  < 5  
6 1 0  < 5 
6 1 1  < 5 
6 1 2  5 
6 1 3  < 5 
6 1 4  < 5 
6 1 5  < 5 
6 1 6  < 5 
7 1 < 5 
7 2  < 5  
7 3 6 
7 4 5 
7 5 7 
7 6 4 
7 7  < 5  
7 8 4 
7 9 5 
7 1 0  6 
711  < 5 
7 1 2  < 5 
7 1 3  < 5 
7 1 4  < 5 
7 1 5  < 5 
7 1 6  < 5 
8 0 9 
8 1 < 5 
8 2  < 5  
8 3 10 
8 4 6 
8 5 8 
8 6  < 5  
8 7  < 5  
8 8 I I  
8 9 12 
8 1 0  < 5 

the (Okl) reflections 

rc k 
- 1 

- 5 

- 5 

÷ o 
+ 7 
+ 4  
- 1 

+ 1 4  
- 9 

+ 5 
- 4 

- 1 3  
+ 2 4  
+ 5  
- 2 

- 4 

- 7 

- 3 

- 7 

- 2 

- 1 

+ 1 
- 1 

- 8 

- 6 

- l O  
- 6 

+ 2 
+ 3 
- 4 

+ 6 
+ 1 
+ 5 
- 3 

+ 1 
- 2 

- 3 

- 8 

- 3 

+ 1 
+ 9 
- 4 

+ 6 
- 2 

+ 2 
+ 1 2  
- 1 3  
- 1 

1 

811  
8 1 2  
8 1 3  
8 1 4  
8 1 5  
9 1 
9 2 
9 3 
9 4 
9 5 
9 6 
9 7 
9 8 
9 9 
9 1 0  
911  
9 1 2  
9 1 3  

10 0 
l 0  1 

10 2 
l0  3 
10 4 
10 5 
l0  6 
l0  7 
l0  8 
10 9 
10 l0  
1011 
1012 
11 1 

11 2 
11 3 
11 4 
11 5 
11 6 
11 7 
11 8 
11 9 
12 0 
12 1 
12 2 
12 3 
12 4 
12 5 
12 6 
13 1 

* A h y d r o g e n  con t r ibu t ion  of - -10  was e s t ima ted  for  (002) b u t  was no t  added.  

Fo 
5 

< 5 
< 5 
< 5 
< 5 

9 
5 
6 

< 5 
< 5 

5 
6 
6 

< 5 
< 5 
< 5 
< 5 
< 5 

6 
8 
7 
7 

< 5 
< 5 
< 5 
< 5 
< 5 
< 5 
< 5 
< 5 
< 5 
< 5 
< 5 
< 5 
< 5 
< 5 
< 5 
< 5 
< 5 
< 5 

4 
5 

< 5 
< 5 
< 5 
< 5 
< 5 
< 3 

- -  8 

- -  2 

- -  3 

- -  2 

+ 2 
+ 1 2  
- -  2 

÷ 4 
- -  3 

÷ 2 
- -  2 

+ 7 
- -  3 

+ 4 
+ 2  
+ 3  
+ 1 
+ 1 
- -10  
+ 9 
+ 5 
+ 9 
÷ 1 
÷ 4 
÷ 1 
÷ 2 
+ 1 
+ 4  
÷ 2 
+ 1 
+ 2 
+ 2 
- -  0 

+ 1 
÷ 0 
- -  1 

- -  0 

- -  0 

- -  2 

÷ 1 
+ 6 
+ 6 
+ 2  
÷ 1 
- -  1 

- -  0 

- -  1 

÷ 0  
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h l 
1 0* 
1 2 
1 4 
1 6 
1 8 
1 10 
1 12 

1 10 
1 12 
1 14 
116 
1 18 
1 20 
2 0 
2 2 
2 4 
2 6 
2 8 

. F  o 

l l 0  
l0 
12 

9 
5 
5 
4 
7 

12 
40 
33 
15 
23 
13 
16 
12 

2 
32 

4 
4 
7 
6 

T a b l e  3. Observed and calculated structure 

- -  170 
--16 
-+ 9 
-+ 9 
- -  0 

-+ 1 

+ 1 
--14 
-+13 
-+48 
-+29 
--12 
--21 
--12 
--16 
-+12 
-+ 5 
-+43 
-+ 6 
-+ 1 

- -  8 

- -  6 

h 1 .Fo .Fc 
210  5 -- 3 
2 ~ 30 -- 37 
2 ~ 20 -- 22 
2 6 43 --49 
2 8 64 --73 
2 10 44 -- 38 
212  5 -+ 6 

_ _  

2 14 13 -+11 
2 16 12 -+ 9 
2 18 45 --38 
2 20 16 -- 15 
222  4 -- 4 
3 0 14 -- 19 
3 2 13 -- 15 
3 4  6 - - 7  
3 6  4 - + 5  
3 2 21 -+27 
3 ~ 10 -+ 10 
3 6 9 -+10 
3 ~ 28 ÷ 33 
3 10 30 ~- 30 

316  
318  
3 2O 
3 22 
4 0 
4 2 
4 
4 
4 
4 
410  
412  
414  
416  
418  
4 20 
4 22 
4 24 
4 26 

* Extinct ion.  

factors for the (hO1) reflections 
1 Eo Ec h 1 

12 3 -- 1 5 ~ 
14 19 --17 5 

21 -- 17 5 
57 -+49 5 1-O 
22 -+ 19 5 1-2 

8 -+ 6 514  
6 ÷ 9 5 ] - 6  

5 -+ 8 518  
8 -- 12 5 2--6 
5 -- 6 522  

< 4 -- 2 524  
4 -- 3 526  
5 -+ 1 610  

12 -+ 12 6 1--2 
]8 -+ 16 6 1-~ 
21 -+21 6 1--6 
37 --31 6 1-~ 

< 4 -- 2 6 ~  
_ _  

< 4  -- 1 622  
5 -+ 4 62-4 

13 -+ 9 62--6 

~o 
4 
4 

< 5 
5 
9 

< 5 
< 5 

23 
9 

< 5 
< 5 

15 
3 
4 

< 5 
7 

16 
5 

< 5 
< 5 

7 

- + 5  
-+ 7 
- + 5  
- -  4 

--11 
- -  2 

- -  1 

-+23 
- -  9 

- -  1 

- -  1 

--11 
-+ 1 

-+ 7 
- -  1 

- -  8 

--21 
- + 7  
-+ 1 

- -  2 

+ 5 

p l o t s  a t  1 -- 0 a l so  i n d i c a t e d  t h a t  b n w a s  i m p o r t a n t .  
T o  f i n d  b n t h e s e  i n t e r c e p t s  w e r e  p l o t t e d  a g a i n s t  h% 
T h e  r e s u l t  w a s  a f a c t o r  e x p  [-(O.O07h2-O.OO5hl)]. 
N o  f u r t h e r  a t t e m p t  w a s  m a d e  t o  e x p a n d  o n  t h e  t e m -  
p e r a t u r e - f a c t o r  c o r r e c t i o n ,  b u t  a s c a l e - f a c t o r  a d j u s t -  
m e n t  w a s  m a d e  fo r  e a c h  l eve l  in  k. W i t h  t h e s e  cor rec -  
t i o n s  R d r o p p e d  t o  0 .20.  T h e  a t o m i c  c o o r d i n a t e s  a re  
l i s t e d  i n  T a b l e  1. :No h y d r o g e n  c o n t r i b u t i o n s  w e r e  
i n c l u d e d  i n  t h e  c a l c u l a t e d  s t r u c t u r e  f a c t o r s  ( T a b l e s  
2 a n d  3). 

A r e l i a b i l i t y  f a c t o r  of  0 .20  is n o t  as  l ow  as  o n e  w o u l d  
l ike ,  b u t  f o r  a n u m b e r  of  r e a s o n s  t o  be  m e n t i o n e d  l a t e r  
i t  a p p e a r s  t h a t  t h e  s t r u c t u r e  is c o r r e c t ,  a l b e i t  n o t  
h i g h l y  a c c u r a t e .  O n e  r e a s o n  fo r  t h e  h i g h  v a l u e  fo r  R 
p r o b a b l y  l ies i n  t h e  o r i g i n a l  d a t a .  P h o t o g r a p h s  w e r e  
m a d e  w i t h  t h e  c a p i l l a r y  ax i s  b e t w e e n  15 ° a n d  20 ° 
a w a y  f r o m  n o r m a l  t o  t h e  X - r a y  b e a m .  T h i s  m a y  h a v e  
r e s u l t e d  in  a b s o r p t i o n  e r r o r s  w h i c h  w e r e  n o t  a s i m p l e  
f u n c t i o n  of  0. I n  a d d i t i o n ,  t h e  g o o d  s ing l e  c r y s t a l  
o c c u p i e d  o n l y  a s h o r t  l e n g t h  of  t h e  c a p i l l a r y .  T h e  
X - r a y  b e a m  a l so  p i c k e d  u p  s l i g h t l y  m i s o r i e n t e d  c rys-  
t a l l i n e  r e g i o n s  o n  e i t h e r  s ide  of  t h e  d e s i r e d  p o r t i o n ,  
r e s u l t i n g  in  s o m e  s p l i t  s p o t s  w h i c h  m a d e  i n t e n s i t i e s  
m o r e  d i f f i c u l t  t h a n  u s u a l  t o  r e a d .  

T a b l e  4. Bond lengths and angles 
Atoms 

C~-O~ 
Ci-O+, 
C2-C I 
C3-C 2 
C4-C 3 
C~-C 4 
C6-C 5 
C7-C 6 
C7-03 
C7-04 

Distance Atoms Angle 
1.26 /~ 01-C1-02 121.0 ° 
1.24 O1-C~-C 2 117.8 
1.50 O2-C1-C 2 121.2 
1.52 Ca-C~-C 1 115.7 
1.56 C4-C3-C9 111.2 
1-55 Cs-C4-C a 112.9 
1.52 CG-Cs-C 4 110.1 
1.48 C7-C6-C s 114.7 
1.20 O4-C7-O 3 119.8 
1.34 O~-C7-C 6 126.6 

04-Cv-C 6 113.9 

T a b l e  5. Short non-bonded approaches* 
Atoms Distance Atoms Distance 
O1-O~' 3.69 A C _n~', 4-06 A 
O4-O~' 3.44 C6-O~' 3-72 
O1-O~" 3.07 C1-O~" 3.58 
O1-O1" 3.56 O2-C~'" 3.58 
C1-O~' 3.78 O~-C~"' 3.64 
Cs-O~' 3.43 .C4-C~'" 4.02 
O2-C~"" 3.59 Ca-C~"' 4-06 

* Atom X~ is related to a tom Xi by a center  of symmet ry .  
A tom X~' is related to a tom Xi by a 21 screw axis operation,  

the  axis being parallel to b and at  z-~ ¼, x----- ½. 
Atom X~" is related to a tom Xi by a c glide perpendicular  

to b and a t b  = ¼. 
Atom X~"' is related to a tom Xi by a t ranslat ion of one 

uni t  cell vector,  a. 

T a b l e  6. Hydrogen bond distances and angles 
Atoms Distances Atoms Angle 

O1-O~. 2.68 /~ O~-O4-C 7 112-6 ° 
O4-0~ 2.67 C~-O~-O 4 125.3 

C1-O1-O~ 121.4 
O1-O~-C~ 117-3 

A n o t h e r  r e a s o n  fo r  t h e  h i g h  R f a c t o r  p r o b a b l y  l ies 
i n  t h e  n e e d  fo r  i n d i v i d u a l  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 s .  C e r t a i n l y  t h e  w a y  in  w h i c h  t h e  t e m p e r a t u r e  

factors were handled had only expediency to recom- 
mend i t .  F i n a l l y ,  t h e  i n c l u s i o n  of  t h e  h y d r o g e n  a t o m s  
w o u l d  be  e x p e c t e d  to  r e d u c e  R b y  0.01 t o  0 .02.  

I n  s p i t e  of  t h e  l a r g e  R f a c t o r ,  t h e  r e a s o n a b l e n e s s ,  
o n  t h e  w h o l e ,  of  t h e  b o n d  l e n g t h s  a n d  b o n d  a n g l e s  
( T a b l e  4), v a n  d e r  W a a l s  a p p r o a c h e s  ( T a b l e  5), 
h y d r o g e n  b o n d  l e n g t h s  a n d  a n g l e s  ( T a b l e  6), a n d  
c a r b o x y l - g r o u p  p ] a n a r i t y  a r g u e s  fo r  t h e  e s s e n t i a l  cor-  
r e c t n e s s  of t h e  s t r u c t u r e  f o u n d .  

I t  is of i n t e r e s t  t o  l o o k  a t  t h e  R f a c t o r s  in  a m o r e  
d e t a i l e d  w a y .  F o r  t h e  (Okl) r e f l e c t i o n s  R = 0 .18.  B y  
leve l s  of k :  
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.R(hO1) = 0.21; R(hll) = 0-23; R(h21) = 0.17; 

R(h31) = 0.24; R(h41) = 0-17; R(h51) = 0.25. 

I t  is clear tha t  the levels of odd k have higher R 
factors t han  levels of even k. The average magni tudes  
of the reflections on each level are: 

~(hO1) = 15-4; F ( h l / ) =  8.2; F ( h 2 / ) =  12.2; 
F(h3/) = 7.2; F ( h 4 / ) =  9.5; .F (h5 / )=  6.4. 

The average residuals between observed and cal- 
culated structure factors are: 

-¢(hO1) = 3 . 2 ;  7 ( h l / )  = 1 . 9 ;  ~ ( h 2 / )  = 2 - 1 ;  

~(ha/) = 1.7; ~ (h4 / )=  1-6; ~ (h5 / )=  1.6. 

Now, by  assuming tha t  the average residual will have 
a par t  proport ional  to F o and a par t  independent  of Fo, 

i.e., = KFo+d, the  above da ta  were used to f ind 
K(0.13) and d(0.7). I t  is found tha t  this  form does in 
fact f i t  the  da ta  ra ther  well (although -~(hO1) is higher  
t han  expected) and  tha t  the average residuals ob- 
served are consistent. This is equivalent  to saying tha t  
the discrepancies for levels of odd k are no worse than  
those for even k since the higher R faotors for odd levels 
are consistent wi th  their  smaller  observed structure 
factors. 

One cycle of ref inement  was run  beyond the one for 
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Fig. 3. View of the hydrogen-bonded chains down a*. 
The coordinate grid shown is at x = ½. 

10 ° 

1111 ° 

which parameters and structure factors are reported. 
The results were used as an indication of the errors 
to be expected in the parameters. The average change 
in x was 0.005 A, the maximum 0.013 A; in y, 
0.002 • and 0.004 A; in z, 0.007 /~ and 0-016 A. 
The terms in the least-squares equations were not 
obtained so an arbitrary estimate of probable error 
was taken equal to 0.02 ~; which is larger than the 
maximum observed shift. This results in a probable 
error in bond length of 0.03 ~ and in the angles of 
about 2 ° . 

o 

Fig. 2. Schematic drawing of the a-pimelic acid molecules. 

D i s c u s s i o n  o f  t h e  s t r u c t u r e  

The intramolecular  bond lengths and bond angles 
which are listed in Table 4 are also shown in Fig. 2, 
which is a schematic drawing of the molecule. Fig. 3 
shows the hydrogen-bonded chain ar rangement  of the 
molecules viewed down the reciprocal a dh'ecCion. 

By  the least-squares method  equations were found 
for the planes best f i t t ing C1, C2, O1, 02 (plane I);  
Cs, C7, Os, O~ (plane II) ;  and the central five carbon 
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atoms (plane III) .  I t  was found tha t  C1, C2, 01, and 02 
are all less t han  0.005 3` from plane I. 08, 04, and C 6 
are 0.006 3` from plane I I  and C 7 is 0.017 3` off. To 
speak of the central  five carbon atoms as lying in a 
plane is only a rough approximation.  However, the 
average distance of these five carbon atoms from plane 
I I I  is 0.05 3` and the largest is 0.07 3`. C l i S  only 
0.03 3` from this same plane but  C 7 is 0.31 ,.~ away. 
The carboxyl  groups and their  a carbon atoms then 
do show the expected planar i ty ,  C~ being the worst 
offender. From Table 4 it m a y  be noted tha t  C7-O 4 
is 1.34 3., somewhat  longer than  expected, and  C:-C 6 
is 1.48 3`, somewhat  shorter t han  expected. Since C~ 
is involved in all of these possibly suspect distances, 
its location is probably  the one most open to suspicion. 

In  spite of what  has just  been said about  the C7-04 
bond length and the accuracy of the determinat ion as 
a whole, it m a y  be pointed out tha t  the geometry of 
the carboxyl  groups is consistent with a possible 
dis t r ibut ion of double-bond character. The observed 
bond lengths are 1-34 A and 1-20 3` in one carboxyl  
group; 1.26 3` and 1.24 3` in the other. Using Vaughan 
& Donohue's  (1952) suggested values of 1.42 for C-O 
and 1.20 for C = 0  in Paul ing 's  equation would give 
1.34 3` and 1.22 A for 15 and 85% double-bond 
character ;  1.27 3` and 1.24 3` for 40 and 60% double- 
bond character. 

The hydrogen bond lengths and angles are altogether 
normal.  The planes of the carboxyl  groups which are 
hydrogen bonded to each other are parallel and 0.33/~ 
apar t  for those near  z = 0, y = 0, and 0.25 3` apar t  
for those near  z = ½, y = 0. 

The differences between the a and fl modifications 
m a y  be described in terms of the angles between the 
planes. For the low-temperature phase (MacGillavry 
et al., 1948), the carbon atom plane is approximate ly  
the b, c plane. The molecule has a twofold axis of 
s y m m e t r y  parallel  to b which passes through the cen- 
t ral  carbon atom. The two carboxyl groups are each 
turned 30 ° out of the b, c plane in opposite directions; 
their  planes thus make an angle of about 60 ° with each 
other. The rotation is not  confined to the bond be- 
tween the end two carbon atoms but  is par t ia l ly  trans- 

mi t ted  to the bond between the second and th i rd  
carbons from each end. 

c¢-Pimelic acid, unlike the fl form, does not have a 
rotation axis;  the two ends of the molecule are not  
related by symmetry .  The angle between the two 
carboxyl  group planes is still about  60 °. However, the 
average plane of the central five carbon atoms is now 
44 ° from carboxyl  plane I and 18 ° from carboxyl  
plane II.  The carbon chain and the carboxyl  group 
near z = 0 are turned out of the b, c plane in about  
the same direction (11 ° and 55 ° respectively), while 
the carboxyl group near z = ½ is turned 8 ° out of the 
b, c plane in the opposite direction. 

The t ransi t ion from the fl to the ~ forms, judging 
from room-temperature cell sizes of 819 X3 and 848/~3 
respectively, results in an increase in volume. How- 
ever, closest intermoleeular  approaches between non- 
bonded oxygens (3.07 3` and 3.44 3`) and the closest 
non-bonded intermolecular  CH 2 to O approach of 
3.43 3` are similar to those in room-temperature  
modifications in other dicarboxylic acids. The last 
mentioned approach appears to be shorter t han  in 
some of the diearboxylic acids (Morrison & Robertson, 
1949a, d) but  is probably  longer than  the 3.3 3` ap- 
proach which Morrison & Robertson note in adipic 
and sebacic acids and to which they  a t tach respon- 
sibi l i ty for the energy lowering in the even acids. 

The authors wish to express their  thanks  to the 
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