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indiqud sur la Fig. 6. En rdalitd cet ensemble ne forme 
pas une unitd ehimique, caraetdrisde par des liaisons 
intermoldculaires; le choix d'une unitd asymdtrique 
chimiquement ddfinie est lid ~ la connaissance de la dis- 
position des atomes d'hydrog~ne, discut~es ci-dessous. 
De m6me, pour justifier la formation de macle, et le 
ddsordre, on peut admettre que l'ddiflce eristallin 
puisse adopter plusieurs configurations, peu diffdrentes 
entr'elles, en rapport avec l'emplacement des atomes 
d'hydrog~ne. 

Nou~ avons essay4 de ddterminer les positions des 
hydrogbnes par la considdration des plus courtes dis- 
ta,nces intermoldculaires, indiqudes sur la Fig. 6. On 
voit qu'il est impossible de localiser des liaisons hydro- 
g~,ne~ caractdrisdes par des distances particulibrement 
courtes, puisque routes les distances sent au moins 
dgales au contact de van der Waals. D'autre part 
l'observation ddtaillde de la structure suggbre plusieurs 
dispositions possibles des atomes d'hydrog~ne. Avant 
d'essayer d'dlucider cet~ question, nous prdfdrons 
attendre les rdsultats des dtudes actuellement en cours 
sur la structure cristalline de HNOa.H~O et de 
HNOa.3H20, ainsi que l'interprdtation des spectres 
Raman des acides nitriques cristallins. 

La disposition des moldcules, telle qu'on peut voir 
sur la Fig. 6, tend '~ opposer les radicaux NO~ aux 
radicaux OH. En particulier, la disposition des mol& 
cules autour de l'axe hdlicoidal est caractdristique d'un 
enchalnement de dipSles, telle que l'on trouve trbs 

souvent dans les cristaux organiques. Toutes les mold- 
cules adoptent cet enchalnement de dipSles, saul celles 
immddiatement voisines des centres de symdtrie 
(Fig. 6). En effet, quand on trouve une suite de deux 
dldments diffdrents A et B, les moldcules situdes ~ la 
fronti~re de ces dldments opposent leurs radicaux OH, 
contrairement ~ routes les autres moldcules du eristal, 
tandis qu'~ la fronti~re de deux dldments A - A  (ou B-B)  
ces m~mes moldcules opposent les radicaux OH aux 
NO2 (Fig. 8). Cette remarque pourrait suggdrer une 
justification ~ l'apparition du ddsordre. 
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The crystals are triclinie with a=8.06, b=9.60, c=4.85A.; a--70.4 °, /?=97-2 °, 7--112"5°. The 
cell has a centre of symmetry and contains one d- and one /-tartaric acid molecule and also two 
water molecules. Atomic parameters have been obtained and refined by two-dimensional electron- 
density summations. Some phase relations obtained from Harker-Kasper inequalities helped to 
determine the z parameters. The configuration of the tartaric acid molecule agrees with that found 
in Rochelle salt and in tartaric acid. The structure is held together by an extensive arrangement of 
hydrogen bonds, all of which form closed systems. Columns are formed parallel to the c axis by 
square hydrogen-bond systems involving the hydroxyl groups. Hydrogen bonds between carboxyl 
groups hold these columns together in sheets parallel to (li0), and these sheets are held together 
by the water molecules. Difficulties arise in the precise location of the hydrogen bonds to the 
water molecules owing to the close approach of many oxygen atoms. A plane arrangement is favoured 
although other possibilities exist. 

Introduction 

Racemic acid is one of the optically inactive forms of 
tartaric acid and was shown by Pasteur (1848) to con- 
sist in equal quantities of two acids, one of which was 

* l~ow at Depar*~ment of Chemistry, The University, Leeds 2, 
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identical with the naturally occurring tartaric acid. The 
other had the same chemical properties as natural tar- 
taric acid but had opposite sign for the specific rotation 
of a beam of plane polarized light. Hence both crystals 
and solutions of the acid are optically inactive. Racemic 
acid is a compound and not merely a mixture of the 
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two forms of tartaric acid. I ts  melting-point (206 ° C.) 
is appreciably higher than tha t  of tartaric acid ( 170 ° C.), 
and there are also considerable differences in aqueous 
solubility. The heat of combustion of anhydrous 
raeemie acid is slightly greater (2.3 kcal./mole) than 
tha t  of tartaric acid, indicating some weak chemical 
interaction between the two stereoisomers. 

Preliminary investigation 

The acid crystallizes from aqueous solution at  normal 
temperatures with one molecule of water for each tar- 
taric acid molecule. An anhydrous form of the acid is 
obtained from aqueous solution ff crystallization takes 
place above 70 ° C. Morphological examinations (Groth, 
1906-19) have shown tha t  crystals of both forms are 
triclinic and possess a centre of symmetry.  The first 
X-ray investigation was made by Astbury (1923) who 
examined ~ho anhydrous acid and postulated a 
structure for the acid which was consistent with the 
observed physical properties. Although this structure 
is now of little value, the present work has confirmed 
his conclusion tha t  racemic acid does not occur in the 
crys*~alline state as a double molecule of the two forms 
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Fig.  1. Fig.  2. 

Fig. 1. Clinographic project ion of  a crystal  of  h y d r a t e  racomic 
acid. 

Fig. 2. Orienta t ion of the  ext inc t ion  directions in a crys ta l  
section cut  normal  to the  c axis. The molecule was assumed 
to lie close to the  direction of  the  greater  refract ive index. 

of tartaric acid. Further  X-ray work on both crystal- 
line modifications of the acid by Gerst~cker, MSller & 
Reis (1927) was limited to a determination of the cell 
constants. Single crystals of the anhydrous acid are 
difficult to obtain, the usual result of aqueous crystal- 
lization behtg a polycrystalline mass formed by multiple 
twinning. For this reason the present work was done 
on the hydrate form of the acid. When grown from 
aqueous solution, well-formed prismatic crystals with 
the development shown in Fig. 1 were obtained. 

A short optical examination gave results in agree- 
ment with those of previous investigators (Groth, 
1906-19), although no accurate measurements were 
attempted. Goniometrical observations were made in 
order to identify the axes chosen by previous investi- 
gators. The dimensions of the real and reciprocal cells 
were obtained from oscillation photographs, and the 
reciprocal-cell angles were found from Weissenberg 

photographs and goniometrical measurements. The real 
cell angles were then found from relations of the type 

c dl0 o doJo 
sin ~ = ab d09 x sin T*" 

This relation is not very satisfactory if the cell angle is 
near 90 ° , for small errors in the measured quantities 
can make an appreciable difference in the calculated 
angle. I t  was thought desirable to check the values so 
obtained by recalculating the reciprocal ceil angles, 
using expressions of the type 

sin (~ - f l )  sin ( ~ - 7 )  where ~ =  ½(,z+fl+ T). 
cot ½a* = s in~sin ( ~ - a )  ' 

With the values of cell parameters finally chosen, the 
reciprocal-cell angles caiculated in this way did not  
differ from those used initially by more than + 20'. 
Finally, the cell angles were calculated solely from 
goniometrical data, and the results did not differ from 
the X-ray determinations by more than 20'. A sum- 
mary  of the cell constants is given in Table 1. This cell 
differs from tha t  defined bymorphological studies alone 
in tha t  a new direction has been chosen for the b axis. 

Table 1. Gell constants qf hydrate racemi~ acid 
a =  8"060 A. di¢0= 7"46~ A. 
b = 9"60~ A. d01o= 8"37c A. 
c = 4"854 A. dec1 = 4"573 A. 

¢t= 70 ° 23 ' t  70 ° 04'~ ~* = 108 ° 40 ' t  108 ° 54"~ 
f l =  97 ° I2 '  97 ° Off f l *=  90 ° 46' 90 ° 36' 
y = ! 1 2  ° 28' 112 ° 08' ~/*= 68 ° 50' 69 ° 01' 

Dete rmined  from X - r a y  m~asuromonts.  
D~termined fror.'~ goniometr ical  moasurolnents .  

This alteration was made in order tha t  all 6he atoms 
from any tartaric acid molecule should lie within the 
chosen unit ceil. The cell is therefore significant from 
a structural point of view. The face indices on these 
new axes are not in general as simple as on the orig~_nal 
axes. One exception is the important prismatic face 
now indexed as (100) which was previously indexed as 
(1i0). The equations transforming mdices from the old 
to the new axes are: 

h'=h, k ' = - ( h + k - l ) ,  l'=l, 

where hkl are the origiual iadices and h'bT the new 
indices. 

The measured crysi:al density is 1-700 _+ 0.003 g.cm. -3, 
so tha t  the ceil contains one molecule of formula 
/-CdH60~.d-CdH606.2H~O (calculated 0-9996). 

Weissenberg photcgraphs about the t, hree main axes 
were used to collect the hkO, hO1 and Okl intensities, 
which were all estimated visually. The Lorentz polari- 
zation factor was derived by the method of Gold- 
schmidt & Pi t t  (1948). 

The c-axis projection 

An optical examir, ation of a section cut perpendicular 
to the c axis gave the results shown in Fig. 2. The 
greatest refractive index made an angle of 78 ° with the 
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b axis so tha t  it was oriented approximately parallel 
to (120). (010) and (120) were perfect cleavages and 
the intensities of the X-ray reflexions from 020 and 
1~0 were very great. I t  therefore appeared probable 
tha t  the tartaric acid molecules lay parallel to 1~0, 
being separated from each other in t, h e b  direction by 
about half the b axis (4.80 A.). 

0 1 2 3A.  

b _..~... 
Fig. +. Pa t te r son  project ion on (001). Conto,~rs a t  

arbi t rary  intervals.  
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Fig. 4. 
Fig. 4. Structure-factor  graph+ for 610 and 3+0. Ful l  lines 

indicate m a x i m u m  posit ive values, b roken  l~nes m a x i m u m  
negat ive values. 

Fig. 5. Project ion of the  Beever~-Hughes model  of the  tar tar ic  
acid molecule which would account  for the  s t ructure-factor  
graphs showr~ in Fig. 4. 

The Patterson projection perpendicular to the c axis 
(Fig. 3) showed a pronounced ridge of peaks lying 
about the line y = ½ in addition to a peak at  (0, ½), This 
was taken to support the general molecular arrange- 
ment suggested above, although a detailed interpre- 
tat ion of the peaks was not possible. An examination 
of the observed reflexions showed tha t  two, 610 and 
380, had very large geometrical structure factors. 
Graphs of these planes formed almost a square grid of 
side 1.2 A. (Fig. 4). Assuming tha t  the tartaric acid 
molecule had the same configuration as tha t  found in 
Rochelle salt (Beevers & Hughes, 1941) and in d- 
tartaric acid (Beevers & Stern, 1948), then there was 
only one projection of the molecule (Fig. 5) which 
would account for this structure-factor grid. Trial 

structure.factor calculations were made, placing this 
projection of the tartaric acid molecule at  various 
positions in the refit cell. I t  was decided to include the 
contribution of the water molecule in these calculations 
in order tha t  the agreement between the observed and 
calculated structure factors could be assessed. I t  was 
assumed tha t  the water molecule would be found in the 
vicinity of one earboxyl group and was so placed tha t  
reasonable agreement between F (obs.) and F (talc.) 
was obtained from low-order planes tha t  were not 
sensitive to the contribution of the tartaric acid mole- 
cule. 
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Fig. 6. Electron-density projection on (001). Coal, ours at 

intervals of 1 e.A. -z, the first being broken. 

After several at tempts,  a set of parameters was 
obtained which gave reasonable agreement between 
2' (obs.) and F (calc.). The electron-density projection 
calculated from the predicted phases enabled x and y 
parameters for nine out of the eleven atoms to be 
estimated from resolved peaks. These parameters were 
then refined by successive Fourier summations ~mtil 
there were no further phase changes. During the course 
of the refinement, partial resolution of all atoms was 
obtained (Fig. 6) so tha t  each of the final x and y 
parameters could be estimated from a Fourier peak. 

The b- and c-axis projections 

Harker & Kasper (1948) have derived the following 
inequality: 

( u H +  (1 + + 
where H = hkl ,  

] is the atomic scattering factor, and 
Z is the number of electrons in the unit cell. 

By the use of this hlequality, the following phase 
relations were obtained for some hOl reflexions: 

[502] = [102] [ 7 0 i ] = [ 8 0 ] ]  [901]. 

From an examination of the structure-factor graphs 
for these planes and a knowledge of the expected 
projection of the tartaric acid molecule, it was found 
reasonable to suppose tha t  all the phases would be 
positive. This in turn suggested that  the water molecule 
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would  be found  close to the  origin, and  a t r ia l  calcu- 
la t ion  of  t he  e lec t ron-dens i ty  pro jec t ion  using mos t  of  
t h e  observed  s t ruc tu re  factors  conf i rmed this.  Once 
t h e  posi t ion of  t he  molecule  h a d  been  establ ished,  
s imul taneous  re f inements  of  t he  a- and  b-axis pro- 
jec t ions  were made .  W h e n  t h e  r e f inement  was com- 
plete,  e s t imates  of  t he  z pa r ame te r s  for n ine  a toms  h a d  
been  ob ta ined  f rom Four ie r  peaks.  0 n l y  two carbon 
a toms  were unreso lved  on e i ther  p ro jec t ion  (Figs. 7, 8). 

0 1 2 .3 A. 

, ~ ,, , . , " , {  

Fig. 7. Electron-density projection on (010). Contours at 
intervals of 2 e.A. -s, the first being broken. 

0 2 3A. 
I I I 

,'" (~.'~0} , ,  , 

Fig. 8. Electron-density projection on (10O). Contours a t  
intervals of 2 o.A. -~, the first, being broken. 

C o r r e c t i o n s  f o r  e x t i n c t i o n  

I t  was clear f rom a compar i son  of  t he  fmal values  of  t he  
obse rved  and  calcula ted  s t ruc tu re  factors  t h a t  t he  

m a j o r i t y  of  s t rong  planes  suffered f rom ex t inc t ion .  
S u m m i n g  on ly  over  p lanes  h a v i n g  an  obse rved  
i n t ens i t y  grea te r  t h a n  1000, i t  was  f o u n d  t h a t  
Z P (obs . )=  194, whereas  Z F  (calc . )= 264. I t  h a d  been  
an t i c ipa t ed  t h a t  th is  crystal  would  show ex t inc t ion  
effects, bu t  an a t tempt ,  to  m a k e  t he  crysta l  t e x t u r e  an  
ideal  mosaic  by  immers ion  in l iquid  air d id  n o t  suc- 
ceed. As some of these  ex t ingu i shed  p lanes  were  
add ing  cons iderably  to  t he  d i sagreement ,  a rough  cor- 
rec t ion  was a t t e m p t e d .  I t  was a s sumed  t h a t  t he  calcu- 
l a t ed  s t ruc ture  factor  was close to  t h e  correct  va lue  
and  t h a t  t he  effect of  ex t inc t ion  could be  r ep re sen t ed  
by  t he  equa t ion  

F (talc.) 
- 8.6 
--10.9 
+ 6-9 
+17.2 
+ 0-8 
+ 3.9 
- -  6.4 
+ 0.3 
+ 2.8 

+ 0.9 
--22-8 
+10.8 
+ 0.2 
- -  5-4 
+ 9"5 
+ 2.4 
q-. 0-2 
+ 6-2 
+ 1.0 

+10.1 
- -  2.6 
--12.0 

so t h a t  

F (obs.) 
100 9-6 
200 7.7 
300 7.9 
400 18-6 
500 2.0 
600 3.4 
700 6-6 
800 1.3 
900 1.8 

010 1.3 
020 20-8 
O3O 10.3 
04O O.9 
050 6.3 
060 7.7 
070 < 1 
080 < 1 
090 5.3 

0,I0,0 0.9 

110 9.6 
120 2.3 
130 .1.1.4 

I ( c a l e . ) = i  (obs.) 6k!(Obs'): 

loge F (calc.) 
F (obs.-----)-k I (ebs.). 

Values of  k ob ta ined  f rom t h e  ex t ingu i shed  p lanes  
va r ied  f rom 2 to  5. As t he  correct ion appl ied  was only 
small,  a m e a n  va lue  of  3.'3 was chosen. Values  of  t he  
d i sag reement  factor  

Z[I  F ( o b s . ) [ -  IF (ca lc.) i I 

z IF (obs.) ] 
before and  af ter  correct ion are shown  in  Table  2. All  
t h e  e lec t ron-dens i ty  pro jec t ions  shown  were  c o m p u t e d  
using corrected values  of  t he  observed  s t ruc tu re  factors.  
Values of  t he  observed  and  calcula ted  s t ruc tu re  fac tors  
for t he  th ree  pr incipal  zones are g iven  in  Table  3. 

Table  2. Disagreement factors before and after the 
correction for extinction 

Zone Before correction After correction 
hk0 0"213 0"191 
hO1 0"248 0"226 
Okl 0"274 0"265 

Table  3. Observed and ca~u~t~zt structure factors 
(1) hkO zone 
F (obs.) • (calc.) 

140 14.6 -- 12.1 
150 < 0.8 0 
160 1.8 + 3.1 
170 5.3 + 5.9 
180 4.6 -- 5.0 
190 3.3 + 3"0 

1,10,0 0.9 + 0.7 

210 12.3 --11.6 
220 18.4 - -  17-8 
230 2.0 + 2-5 
240 14-0 -- 12.7 
250 < 0"9 -- 1.9 
260 1.3 -- 1.6 
27O 3-7 + 3.4 
280 3.6 + 3-0 
290 4.0 - -  5.8 

310 9.2 - -  7.2 
320 19.3 --18.6 
330 5.6 + 5.1 
340 7.0 + 6.0 
350 3.0 -- 4.2 
360 5"9 + 7"2 

F (obs.) F (cale.) 
370 < 1 - 0.9 
380 3-2 -- 4.3 
39O O.9 + 1-5 

410 7.9 -- 5-7 
420 4-6 + 3"5 
430 4.7 + 3.4 
440 4.6 + 4.4 
450 2.3 + 0-7 
460 2.9 + 2-8 
470 1-5 + 0.8 
48O 1-8 + 2-2 

510 9.8 + 9.2 
520 2.9 + 1-9 
530 8.4 -- 7-1 
540 < 1 0 
550 2-4 0 
560 0"9 + 2.8 
570 1-8 + 3-6 

610 18-2 -- 14-2 
620 9.8 -- 8.2 
630 6.2 + 6-7 



640 
650 
660 

710 
720 
730 
740 
750 

810 
820 
830 

1TO 
1~0 
130 
1~0 
1~0 
160 
170 
lgO 
160 

1,]-6,0 
1 ,]-i-,0 

2]"0 
2~0 
2gO 
2~0 
230 
260 
270 
2gO 
2~i0 

2,1--6,0 
2,1-1,0 

3]"0 
3'~0 
330 

001 
002 
003 
004 
005 

011 
021 
031 
041 
051 
061 
071 
081 
091 

0,10,1 
0,11,1 

012 
022 
032 
042 
052 
062 
072 
982 
092 

0,10,2 
0,11,2 

013 
023 
033 
043 
O53 
063 

I'o(obs.) 

3"6 
<0 .8  

0.6 

<1  
5-7 
2-0 
1.3 

<0 .5  

2-2 
1.7 
1.2 

8.3 
29.5 

2-4 
8.2 

17-2 
2.3 
4.4 
5.3 

< 1  
1.5 
0.9 

5.9 
6.7 
9.6 

14.9 
5.9 
2-0 
8.7 
0.9 

<0 .8  
0-9 
0.8 

9.9 
16.3 

3-5 

F (obs.) 

17"8 
2"1 
8"1 
4"5 
1"8 

9"1 
25.1 
45.2 

3.5 
5.5 
5-6 
6.3 
].9 
3.5 

<0 .8  
0.9 

3-1 
<0 .6  

0.9 
5.5 

11.7 
]1.2 

3.8 
9.1 

<0 .9  
<0-9 

0-8 

1.4 
2.2 
3.2 
7.0 
3.9 
2.6 

F (calc.) 

- -  2"2 
- -  0"7 
+ 0.4 

+ 0"6 
- -  5.3 
+ 2-2 
+ 2.7 
+ 0"6 

+ 1.4 
+ 1.7 
+ 0.7 

+11.5  
+35 .2  
+ 0-1 
+ 4-5 
- - I7 .5  
+ 2.2 
+ 4.2 
+ 5.1 
4- 1.8 

- -  1.9 
- -  0 . 2  

- -  6 . 3  

- -  6.8 
+12.2  
- -  9.6 
- -  4 - 5  

- -  1.1 
--10.1 
+ 1.3 
+ 0-5 
- -  0 - 1  

- -  0.7 

+ 9-5 
--16.4 
+ 5.1 

F (tale.) 

--15.5 
+ 1"6 
+10-9 
+ 2.6 
+ 2.7 

+14 .4  
+33 .0  
+ 40-2 
- -  2.7 
- -  4.8 
+ 5-3 
- -  8-3 
+ 3.2 
+ 4.8 
+ 0.6 

0 

+ 0.4 
- -  4.5 
+ 2.2 
+ 8-4 
+13 .5  
+ 14.7 
+ 4.8 
- -  8.6 
+ 1-8 

0 
+ 1.7 

+ 0.2 
+ 2.2 
- -  0.7 
+ 9.5 
- -  5.0 
- -  1 . 3  

T a b l e  3 (cont.) 

F (obs.) F (calo.) 

340 9"6 -- 9"6 
330 7.7 -- 8-3 
360 3-5 + 4.6 
370 6.3 + 5.8 
380 11.5 -- 13"3 
3§0 2-5 -- 1.1 

3 ,-i-0,0 4.1 + 5-8 
3,Yi-,O 2.0 -- 4"0 

4]"0 4.3 + 4.1 
4~0 1.8 -- 0.6 
4~0 10.9 + 11.8 
4~0 0-7 + 0.4 
430 1.3 + 3.1 
460 5.9 -- 5.0 
470 2-9 -- 2.0 
4~0 6-7 + 5.2 
499 7.7 + 8.0 

4,1--0,0 4"1 - 3"4 
4,Yi',O 0"9 -- 0.3 

5i-0 9.1 -- 8.3 
520 16.6 + 16"3 
5gO 6.8 + 6-5 
5~0 3.4 + 5"3 
530 4.1 -- 4.7 
560 1.1 -- 1.8 
570 0.9 + 2.5 
5gO 2.0 -- 0.3 
590 2.0 + 3.1 

5,YO,O 3.2 + 3.7 
5,i-i-,0 2.0 + 2.9 

6]"0 6.2 + 5.8 
6~0 2.3 -- 2.9 
6gO 6.3 + 5-2 
640 < 1 + 0.3 
630 9.6 -- 10.4 
660 7.0 + 7-0 
670 3.0 -- 3"9 
680 7.0 -- 6.4 

(2) Okl zone 
2' (obs.) F (talc.) 

073 5.9 + 6.8 
O83 9.1 + 10.6 
O93 0.9 + 1-0 

0,10,3 < 0-9 -- 0-7 
0,11,3 3.0 -- 3.3 

014 < 1 + 2.4 
024 6"3 + 8.3 
034 6.7 + 5"5 
044 5.1 -- 7"3 
054 3.7 + 6.1 
064 < 1 + 2.3 
074 1.8 -- 0.8 
084 2.6 -- 4.6 
094 3.1 + 4.5 

0,10,4 3.2 + 4.3 
0,11,4 < 0.3 + 1.2 

015 1.0 -- 3.3 
025 6.6 + 6.] 
035 < 0.6 + 0.9 
O45 1.6 + 2.3 
055 4"3 + 4.1 
065 2.6 + 2.3 
O75 3.6 -- 4.5 
0~5 2.3 + 4.7 
095 0-7 + 0.2 

0 ,1 '  3 <0.3  -- 0-2 

'i < 0.4 + 2-4 
t 6 3.3 -- 0.9 
0~.; 2.9 -~ 2.5 
046 2.6 + 0.8 
056 < 0.6 + 1.2 

011 3.7 + 2.0 

6,~0 
6,]--6,0 
6,]-i-,0 

7]"0 
7]~0 
7gO 
7~0 
730 
760 
770 
7gO 
790 

7/1--0,0 

8]"0 
8~0 
8gO 
8~0 
830 
8~0 
870 
8gO 
8~0 

8-i-6,0 

9]"0 
9~0 
9gO 
9~0 
930 
960 
970 
9gO 

10,2,0 
10,3,0 
10,~,0 
10,3,0 
10,6,0 

O2] 
03]" 
O4]" 
O5]" 
O6] 
07]  
O8]. 
09T 

0,10,]" 

01~ 
02'~ 
03~ 
04~ 
051~ 
06~ 
07~ 
08~ 

Olg 
02g 
03g 
04~ 
053 
063 
07g 

01~ 
02~ 
03~ 
04~ 
05~ 

013 
023 

2' (obs.) 

0.9 
3.4 

<0 .9  

5.2 
3"3 
4.2 
2.4 

< 1  
3.8, 
4.5 
2.0 
1.3 

<0 .6  

3.5 
2.9 
3.8 

< 1  
5-1 
2.7 
3.0 
1.5 
1.8 
0"9 

1.5 
<0 .8  

2-4 
1"3 
2.3 
1.3 
6.4 
0.9 

<0-4 
<0 .5  
<0 .5  
<0 .5  

1,8 

F:(obs.) 

2"1 
7"9 
2"2 
8-4 
3"0 
8"9 
3"3 
5"0 

<0"5 

0"7 
14"1 

1"8 
9"2 
2"0 
3"0 
1"4 
1"6 

12"2 
1"8 
2-0 
4"4 

<1  
2"8 
2"2 

3"7 
3"2 
3"0 
2"9 
4"4 

1-6 
1"7 

.F (tale.) 

- -  1-0 
+ 3.2 
+ 0.8 

- -  4.7 
- -  2.0 
+ 2.6 
+ 2.3 
+ 0.8 
- -  3"3 
- -  4 . 3  

- -  2 . 7  

- -  3.4 
4" 1.0 

- -  2.2 
- -  3.4 
+ 4.1 

0 
+ 5.3 
+ 2.7 
- -  3.0 
- -  2.2 
+ 2.4 
- -  2.1 

- -  1.5 
+ 0.2 
+ 3-1 
+ 1.2 
- -  2.1 
+ 1.5 
+ 8.4 
- -  1.3 

- -  0 . 1  

- -  0 . 7  

- -  0 . 1  

+ 0.5 
+ 3.0 

Z'~(calc.) 

+ 0.3 
+ 9.4 
+ 1.0 
+ 6.0 
+ 5"6 
+ 9"1 
+ 2.3 
- -  3.0 
+ 1-5 

- -  0.6 
+12.2  
+ 0.7 
+11 .5  
+ 3-2 
+ 1-8 
- -  1.5 
+ 0-9 

+16.3  
+ 4.2 
+ 4-7 
+ 2.2 
- -  1.0 
- -  1.9 
+ 3"7 

+ 1"6 
-- 3"3 
+ 2.2 
-4- 3-7 
- -  4.1 

+ 2.2 
+ 0.3 
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2' (obs.) 2' (calc.) 
101 30.0 + 23.3 
201 38.7 + 34.8 
301 19.6 - -  14.6 
401 11.3 + 8.1 
501 9.8 + 10.3 
601 4.6 + 6.8 
701 1.6 -- 1.2 
801 4.9 + 6.6 
901 0.5 + 0.2 

102 3.9 - 3.8 
202 16.0 - -  17"9 
302 9-3 + 11.3 
4O2 0"9 + 0-7 
502 < 0.9 + 0"5 
602 2.3 -- 2.0 
702 2.7 + 3"3 
802 1.3 + 1.6 
902 0.9 + 2-2 

103 15.2 + 15.8 
203 6"6 -- 4.3 
303 1.3 -- 2"9 
403 5"6 + 4.7 
503 2.0 + 1.8 
603 2.6 -- 4.4 
703 < 0.9 + 0.4 
803 1 . 0  - -  1.2 

Table  3 (cont.) 

(3) hOl zone 
$' (obs.) 

104 6.5 
204 0.7 
304 1.3 
404 < 1 
504 3"0 
604 1.6 
704 1-2 

105 2.0 
205 1-8 
305 3.3 
405 2.0 
505 < 0.6 

10I 2.1 
20I 2.4 
30i 4.1 
401" 4.1 
50I 2-1 
60i 5.2 
70]7 5-6 
80]7 0.8 
90]7 5.5 

i0~ 22.6 
20~ 7.5 
30~ 5.2 
40~ 5 4 

$' (calc.) 
- -  7-3 
- -  0.8 
+ 4.5 
- -  1.2 
-~. 4.1 
+ 1.8 
- -  1.5 

+ 3.0 
- -  1.6 
- -  6.9 
+ 0.8 
+ 0.5 

+ 2.4 
+ 1.9 
+ 2-8 
+ 4.2 
+ 1.5 
- -  5.2 
+ 5.2 
+ 1.2 
+ 5.2 

+17"6 
- -  7.8 
+ 4.5 
+ 5.1 

50~ 
60~ 
70~ 
80~ 

10~ 
20~ 
30~ 
401i 
50~ 
60~ 
70~ 
803 

!0~ 
20~ 
30~ 
405 
50~ 
60~ 

$' (obs.) 
13"9 

1-6 
1-8 
2.7 

2 . 3  

3 - 1  

3-4 
<1 

0-8 
1-8 
2.0 

<0-2 

1-2 
9.2 
3.2 

<0.9 
1-3 

<0-6 

10g 1-8 
20~ O'8 
30~ 2.0 
40~ ~-9 

$' (talc.) 
+ 8-5 
- -  0 - 1  

+ 2-1 
+ 2-2 

- -  2.2 
+ 5 - 6  

+ 2 . 3  

- -  2.6 
+ 1.0 
- -  1.9 
- -  2.0 
+ 0.1 

+ 2.9 
- -  8.5 
- -  2.3 
-, 0-7 
- -  0 . 1  

+ 1"0 

- -  3-5 
- -  1 - 4  

- -  1 . 5  

+ 3 . 6  

Discuss ion  o f  results 

(i)  The tartaric acid molecule 

This  has  essent ia l ly  t he  same  conf igurat ion as in  
d- ta r ta r ic  acid a n d  Rochel le  salt. W i t h i n  t he  l imits  of  
error  t he  carbon  chain  is p l ana r  and  each ha l f  of  t h e  
molecule ,  H C O H - C O O H ,  also planar .  The  a g r e e m e n t  
b e t w e e n  equ iva l en t  b o n d  lengths  d e t e r m i u e d  in each 
ha l f  of  t he  molecule  is n o t  good, bu t  m e a n  values  should  
be more  rel iable and  t h e  shor ten ing  of t h e  C-C bonds  
a t  t he  end  of  t h e  chain  m a y  be signif icant  (Fig. 9). 

"17-4y' 
1-22\C/1"28 0 
17-3 ° I "113 ° 

1"44 
117-du110°/I"53 1"36 _ t 1"48 

o H./~'i 0%--<.~ o~°.~ o H 1"4LCH~S3109°,~, 
O H ~  - " C H " -  - 

1"49 110° I 110° 110° I 110° 
11.s7- I 116 ° (L 17.0 ° 0 ,1 O.Co4 \  o 

0 0 
(a) (b) 

Fig. 9. The ~a~arie acid molecule showing (a) the observed 
dimensions, (b) the mean dimensions. 

Much of t h e  va r ia t ion  in the  leng th  of  equ iva len t  bonds  
is t h o u g h t  to  be due  to  errors in the  posi t ions of  t he  
carbon a toms,  for equ iva l en t  0 - 0  dis tances  in each 
haf t  of  t he  molecule  agree to  0.01 A. 

There  does appear  to  be a difference in t he  two 
C - 0  dis tances  of  bo th  carboxyl  groups and  also a 
d i s to r t ion  of t he  carbon b o n d  angles f rom a t ru ly  

t r igonal  a r r angemen t .  A l t h o u g h  t h e  differences in  t h e  
C - 0  b o n d  leng ths  are no t  outs ide  t h e  possible experi-  
m e n t a l  error, these  results  agree closely w i th  those  of  
Morrison & R o b e r t s o n  (1949) for t h e  s a t u r a t e d  di- 
carboxyl ic  acids (Table 4). 

Table  4. The dimensions of the carboxyl qrouL~ 

Acid C--O (1) C--O (2) 0 (0) 0 (1) 0 (2) 
fi-Succinio 1"25 A. 1"30 A. 122 ° 114 ° 124 ° 
Adipio 1-23 A. 1"29 A. 126 ° 114 ° 120 ° 
Sebacie 1.24 A. 1.27 A. 124 ° 116 ° 120 ° 
p-Glutarie 1.23 A. 1-30 A. 122 ° 115 ° 123 ° 
Mean values 1-24 A. 1.29 A. 123 ° 115 ° 122 ° 
Racemie hydrate (1) 1.2~ A. 1.28 A. 120 ° 116 ° 120 ° 

(2) 1.20 A. 1.33 A. 124 ° 113 ° 123 ° 
Mean values 1.21 A. 1.30 A. 122 ° 115 ° 122 ° 

I n  all these  measuremen t s ,  t h e  p robab le  error  is such 
as to  m a k e  the  rea l i ty  of  t he  difference doub t fu l  in  a n y  
par t icu la r  case. However ,  in  view of  t he  a g r e e m e n t  
be tween  these  several  de te rmina t ions ,  t he  difference is 
p robab ly  real. I t  is reasonable  to suppose t h a t  t h e  
shor te r  of  t he  two bonds  represen ts  t he  C - - 0 .  I f  th is  
is so, t h e n  i t  is t he  oxygen  of  each carboxyl  g roup  

which  is ad j acen t  to t he  h y d r o x y l  Jr, t h a t  ha l f  of  t h e  
molecule.  The  d is tance  be tween  these  two a toms  is only  
2.65 A., and  the  exp lana t ion  of  th is  m u s t  be associa ted  
wi th  t he  p l ana r i ty  of  t he  H C O H - C 0 0 H  grouping.  

(2) The structural arrangement of the d- and 1-tartaric 
acid molecules 

E a c h  ta r ta r ic  acid molecule  forms h y d r o g e n  bonds  
to  o the r  ta r ta r ic  acid molecules  of  bo th  t he  same a n d  
t he  opposi te  s te reochemica l  configm ~tion, and  also to  
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water molecules. The hydrogen bonds formed only 
between the tartaric acid molecules belong to two in- 
dependent systems: 

(i) A square system of hydrogen bonds formed from 
the hydroxyl groups. Each hydroxyl forms two 
hydrogen bonds to other hydroxyls, one being on a d- 
and the other on an/-molecule so that  the ' square '  is 
formed from hydroxyls on four molecules. The system 
is grouped around a centre of symmetry  and is 
necessarily planar. The two independent sides have 
lengths 2.75 and 2.83 A., while the angle between them 
is 91 ° . 

(ii) Hydrogen bonds formed between two earboxyl 
groups which are related by a centre of symmetry.  
These bonds unite one d- and one /-molecule. The 
length of the hydrogen bond formed is 2.72 A. 

/ 
® ® / . ® ® / 

¢/ / 
- ® ® ~. , 

® / /  / /  ® ® 

a 
~ Direction 

of sheets 0 Water 

0 Oxygen 

~-b o Carbon 

Fig. 10. The structure viewed normal to the c axis. The 
drawing shows the two principal intermoleeular hydrogen- 
bonding systems, the squares forming columns of molecules 
parallel to the c axis, and the carboxyl groups linkhrtg these 
columns together to form sheets. 

The first of these holds the d- and /-molecules 
together in columns which run parallel to the c axis, 
while the second unites these columns to form sheets 
which lie parallel to (1i0) (see Fig. 10). These sheets are 
in turn held together by the water molecules which 
form hydrogen bonds to the second carboxyl group of 
each tartaric acid molecule. Although the function of 
the water molecule in the structure is clear, a t tempts  
to assign a system of hydrogen bonds to it have met 
with dimculty. 

In  organic structures containing a relatively small 
number of hydrogen-bonding groups it has proved easy 
to identify in the structure the position of the hydrogen 
bonds formed. For instance, ff a hydrogen bond is 
formed between two hydroxyl groups, the distance 
between the oxygen atoms would be 2.7-2.9A., 
whereas if no bond is formed, the distance would be 

greater than  3.2 A. In  the case of racemic acid the 
number of hydrogen-bonding groups is large, the tar- 
taric acid molecule rigid, and the structure very com- 
pact. I t  might be expected, therefore, tha t  some non- 
bonded atoms could approach closer than the accepted 
van der Waals distance, and also tha t  hydrogen-bond 
distances might be found somewhat larger than the 
normally accepted values. The difficulty then is to 
decide whether or not an interatomic distance of 
2.9-3.1 A. is due to hydrogen-bond formation. This 
difficulty could obviously be avoided simply by noting 
the occurrence of these short distances without 
at tempting an interpretation of them. I t  was felt 
worth while, however, to see how far the known char- 
aeteristics of hydrogen-bond formations could be used 
in addition to the length criterion to provide a set of 
'hydrogen bonds'  to the water molecule. 

~' 3:~:9 . . . . .  :..~H~O 3.34 H ~  

~-~ 0 . ~  261, "," "'-. 0 

Fig. 11. The env i ronment  of  a wate r  molecule. 

There were altogether five oxygen atoms at  distances 
of less than 3.10 A. from the water molecule (Fig. 11), 
although a tetrahedral arrangement of hydrogen bonds 
was not possible. I t  was considered significant tha t  
four out of these five atoms were grouped approxi- 
mately in a plane. One of these four was situated at  
the corner of the hydrogen-bond square previously 
referred to, and it  was considered unlikely tha t  it would 
form further bonds. I t  was therefore supposed tha t  
hydrogen bonds would be formed between the water 
molecule and the three remaining atoms. The three 
hydrogen bonds have lengths 2.61, 2.89 and 3.00 A. ; 
they are almost coplanar but  are not arranged tri- 
gonally. 

Two of these hydrogen bonds form part  of another 
hydrogen-bond system, a parallelogram having two 
short sides (2.61 and 2.72 A.) and two long sides (3.00 
and 3.05 A.). This parallelogram is in the same plane 
as the three bonds to the water molecule, and when 
inverted across the centre of symmetry  forms an ex- 
tensive plane array (Figs. 12, 13). There are two diffi- 
culties with this arrangement. The first is tha t  ff all the 
hydrogen bonds in the plane are real then there are 
not sufficient hydrogen atoms. (This difficulty would 
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not arise ff the 3.05 A. distance were not a hydrogen 
bond but simply a close van der Waals approach.) The 
second difficulty is the small angle required between 
some hydrogen bonds (67 ° and 70°). I t  is possible that  

i t t t i 
a i ' eq a 

I t  is possible, therefore, that  split hydrogen bonds may 
occur here, although in view of the alternative ex- 
planation of the first difficulty this can only be a 
tentative suggestion. 

This work forms part of an approved Thesis for Ph.D. 
in London University. I would like to thank Dr C. H. 
Carlisle and Dr G. J. Pit t  (who suggested the form of 
the extinction correction) for some helpful discussions 
at various stages in the work, I am indebted to the 
Department of Scientific and Industrial Research for 
a maintenance allowance. 

",,, 

O = HzO, O = O, o =  C 

Fig. 12. A drawing of the structure. The broken lines represent 
the proposed hydrogen bonds. 

these two difficulties are related. In t h e  structure of 
glycino, Albrecht & Corey (1939) have proposed that  
'split '  hydrogen bonds can be formed, so that  one 
hydrogen atom can cause the close approach of more 
than one oxygen atom. The angle between these bonds 
is 69 °, close to the small angle found in racemic acid. 

-O-:; ..... o 

r .....'112 "-~ H,O'  0o "% '  
............ • ~ d  ......... 11oo.. " ~ .... 3-00 o 

ls3 o "'-~Q128 o ...' . . . . .  ~ . ~  ~:~TQ- 
\ _ .,2-72 

OH ~ ,." / "  H20 
• --(',._ / ~ - 3 o ~ -  ..- 2-61 
" - -  ~ f C H  O 3"05 ...... 

Fig. 13. The proposed arrangement of hydrogen bonds in the 
plane group containing the water molecule. 
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It  is pointed out that the system of metallic radii leads to interatomic distances in good agreement 
with those observed for the compomld C%A19 . 

In a recent paper Mrs A. M. B. Douglas (1950) has 
reported the results of her careful determination of the 

* Contribution No. 1448 from the Gates and Crellin Labora- 
tories. 

structure of the intermetaUic compound Co2A19. In this 
compound each cobalt atom is surrounded by nine 
aluminum atoms, at the average distance 2.47oA. 
Mrs Douglas, in her paper, stated that  'Corrections 


