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Triclinic mesotartaric acid monohydrate crystallizes in P I with Z =  2 and a = 5.516, b = 9.220, c = 7.330/~ 
and ct= 115.11, p= 93.62, r=93.64°; the monoclinic monohydrate in P21/c with Z = 4  and a=  5.215, 
b=5-019, c=25-92/~ and/~=99.72°; the triclinic anhydrous modification in P I  with Z = 2  and a=  
9-459, b = 6"464, c = 5"396/~ and ct = 68.99, fl= 76.36, r = 75.77 °; and the orthorhombic anhydrous 
modification in Pbn21 or Pbnm with Z=  16 and a=  19.05, b= 9.88, c= 12.16 A. The first three structures 
were solved by application of the correlation method to projections and refined by three-dimensional 
least squares. 

The molecules are not centrosymmetric but have the staggered conformations as found earlier in 
mesotartrates. In the monoclinic modification the carbonyl group in one of the planar halves of the 
molecule is, surprisingly, not at the side of the ~-hydroxyl group. The other intramolecular bond 
lengths and angles are approximately the same for the three structures. In the networks of hydrogen 
bonds, carboxylic acid dimers and hydrated links are of primary importance. 

Introduction Experimental 

The object of this investigation was to determine the 
conformation of the mesotartaric acid molecule in 
several crystal modifications. Moreover, the structure 
determinations of these substances, containing only 
light atoms, served as test cases for the correlation 
method (de Vries, 1965). 

In the literature, three modifications of mesotartaric 
acid are described, namely a triclinic hydrate (Long- 
chambon, 1926) and two anhydrous forms, one of 
which is orthorhombic (Longchambon, 1926) and the 
other triclinic (Schneider, 1928). 

By recrystallization of the triclinic hydrate from 
water at different temperatures, the three modifications 
mentioned in the literature were obtained, as well as 
a monoclinic monohydrate (Bootsma & Schoone, 
1964). Though no thermodynamic data are available 
it is reasonable to assume that at room temperature 
the monoclinic hydrate is not the stable modification. 

* Present address: Natuurkundig Laboratorium, N.V. 
Philips' Gloeilampenfabrieken, Eindhoven, The Netherlands. 

In the determination of cell-dimensions 20 values were 
measured on the single-crystal diffractometer. For  the 
intensity measurements spherical crystals (diameter 
~0.3 mm), ground by the technique described by 
Schuijff & Hulscher (1965), were used. The intensities 
were recorded on integrated Weissenberg photographs 
or collected with a General Electric diffractometer pro- 
vided with a single-crystal orienter and a scintillation 
counter. Each reflexion was counted once and the back- 
ground was measured for 15 seconds at both ends of 
the scanning region (3-4 o). Copper radiation was used 
in all cases. 

The intensities were corrected for Lorentz-polariza- 
tion and absorption factors and for non-linearity of 
the counter. 

Cell data 

The cell dimensions were refined by a least-squares 
treatment of sin20 values. In Table 1 our values are 
compared with those reported by Longchambon and 
Schneider. 
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For the orthorhombic crystal the systematic ab- 
sences are Okl for k odd and hOl for h + l odd, giving 
Pbn21 or Pbnm as the space group. All reflexions with 
h odd, however, are weak and the hkO reflexions with 
h twofold are very weak. If the intensities of these re- 
flexions are supposed to be exactly zero and the a axis 
is halved, the space group of the crystal will be Pbca 
(with Z =  8). In that case there is one crystallographi- 
cally independent molecule in the elementary cell as 
with the other three structures. 

Structure determinations 

The structure factors were converted to unitary struc- 
ture factors by the method described by Woolfson 
(1961). 

The correlation method uses sign relations Sa= 
s(H)s(K)s(H+K) and correlation equations, coupling 
(four) sign relations (Woolfson 1961, page 80). The 
correlation equations are used quantitatively in the 
calculation of values of P*a = P* /P* P* being the - -a l  q-a, +a  

probability that Sa is positive. 
The sign relation with the lowest value of P* - the 

highest probability to be positive - is accepted as cor- 
rect, substituted by a + sign and eliminated from the 
set of data. If correlation equations simplify to a form 
in which only two sign relations remain, one of them 
can be eliminated as their signs have to be equal. After 
the elimination of sign relations from the correlation 
equations a new set of P*  values has to be calculated 
and so on. In this manner a list of successively accepted 
sign relations can be made. The process of calculation 
of P* values, acceptance and elimination has been pro- 
grammed for ZEBRA and X1. 

Usually the correlation method yields a number of  
probable sets of signs s(H). For the choice between 
the corresponding Fourier syntheses several criteria 
were applied, apart from lower bound (Vand & Pepin- 
sky, 1956) and zero-check (Cochran & Douglas, 1957). 

'Origin-check': Whenever it is known or can be ex- 
pected that there is no atom at one of the possible 
origins (centres of symmetry), then there should be 
such a balance of positive and negative signs that only 
small peaks or holes at the centres of symmetry are 
found. A simple check of this sign balance is the dif- 
ference between the maximum and the minimum found 

at any of the possible origins. The Fourier synthesis 
with the lowest value for this difference is the most 
probable one. 

Scale factor refinement: For sets of equal numbers 
of atoms placed at the centres of the strongest peaks 
found for each of the Fourier syntheses, a scale factor 
refinement is undertaken with the highest Fobs values, 
starting with the Wilson scale factor. The lowest values 
of 

RI(S IFobs--Fealel/Z IFobsl) 
and R2(~' 2 2 IF obs- Fcale 1/~r F2bs) 

are indications for the correct possibility. 

Triclinic mesotartaric acid monohydrate 
The structure was determined from the [100] and 

[001] projections, with photometrically determined 
intensities. 

Table 3 presents results of a calculation with the 
correlation method for the Okl reflexions with U> 0.26 
(Table 2). It seemed reasonable to accept them, inclu- 
sive of the 17th step. Three Fourier syntheses were con- 
structed with the 21 structure factors. A least-squares 
refinement showed a model based on one of these 
syntheses to be correct. 

In the case of the [001] projection two sets of data 
were treated with the sign relation program, one with 
34 hkO reflexions (U>0.22),  74 sign relations, 55 cor- 
relation equations and the other with 30 reflexions 
(U_>0.24), 48 sign relations, 28 correlation equations. 
The joint results of these calculations, together with 
the known signs of the 0k0 reflexions, were used for 
the construction of four Fourier syntheses (24 struc- 
ture factors). 

A criterion for the best set of signs was the following. 
The relative x coordinates of the atoms were approx- 
imately determined by projecting the molecule, fixed 
on the known [100] projection, on the (001) plane. The 
molecule was then shifted in the x direction so as to 
find the position where the residual had its minimal 
value. The signs calculated for this position agreed 
with those of one of the four sets. In Fig. 1 the [001] 
electron density synthesis (108 reflexions) is given. 

Monoclinic mesotartaric acid monohydrate 
The structure determination was performed with 

photographically measured intensities of Okl and hOl 

a', b" etc.: notation 

Triclinic hydrate 

Anhydrous triclinic 

Anhydrous orthorhombic 

Table 1. Comparison of  cell data 

of Longchambon (L) and Schneider (S); a, b, c" our axial system. 
a' : b' : c' ~' ,8' 7' 

L ½(b+e) a 
L 0.6424 : 0.7925 90.27 ° 96.51 o 75.77 ° 
B-S 0.6442 : 0.7878 90-50 96.67 75.66 

½(b-e) 
: 1 
: 1 

S a b c 
S 1.461 : 1 : 0-861 70"5 78"0 79"5 
B-S 1"462 : 1 : 0.835 68"99 76"36 75.77 

L ½a b c 
L 0"9467 : 1 : 1"2265 
B-S 0"9637 : 1 • 1"2299 
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reflexions. Our  first a t tempts  to solve the [010] projec- 
t ion,  using U values calculated f rom hOl intensit ies 
only,  failed. A compar i son  of  the values of  ~0 in 

I f ( n ) l  =~0(sin 0 ) .  [Fobs(H)[, 

for  the hOl reftexions with those  averaged for  the Okl, 
hll and  h21 reflexions - all on  the same scale - revealed 
a r emarkab le  difference for sin 0 < 0.4 (Fig. 2). The  U 
values of  the hOl reflexions with sin 0 < 0.4 were there- 
fore redetermined,  using the lower  ~p's. A l though  the 

n u m b e r  of  reflexions with corrected U's  is small,  the  
influence of  this correc t ion  on the process of  sign deter- 
m ina t ion  is considerable  (Table  5, cases 4 and  5). The  
results o f  the ca lcula t ion  with corrected values for  U 
were accepted up to a s i tuat ion wi th  seven sets o f  signs 
for 24 reflexions. For  the choice between the Four ie r  
syntheses several cri teria were appl ied (Table  4). 

The  scale fac tor  ref inement  was per fo rmed  for  sets 
o f  eight oxygen a toms wi th  71 highest  Fobs values, 
s ta r t ing  with a scale fac tor  o f  0.46, the zero-check for  

Table  2. List of Okl reflexions with U > 0.26 

k=even k=even k = o d d  
1 =even l =odd l =even 

k l 100U k l 100U k l 100U 
8 7_ 42 4 3 43 5 g 44 
8 g 39 10 3 37 7 0 42 
4 ] 37 2 ] 35 3 ~ 33 
4 6 36 4 1 30 7 g 33 
0 4 34 10 I 29 1 2[ 31 
2 ~ 27 3 0 31 
4 2[ 27 11 ] 31 

10 2[ 27 5 8 28 
2 0 26 5 7_ 28 
4 2 26 5 4 27 
8 0 26 9 0 27 

k = odd 
l = odd 

k l 100U 
11 3 57 
7 1 48 
3 3 43 
1 ~ 39 
3 5 37 
7 7 30 
9 ~ 32 
1 1 31 
7 ~ 28 

Tabel  3. Results of  the application of  the correlation method for 36 Okl 

Step 
1 
2 
3 
4 
5 
6 
7 
8 
9 

10 
11 
12 
13 
14 
15 
16 
17 
18 
19 
20 
21 
22 
23 

reflexions, 78 sign relations 
and 52 correlation equations 

Arbitrary choice: s(2,~)=s(1,~)= +.  Pa* in floating point notation. 

Sa accepted Reflexions 
K 

1,3 
1,3 
2,3 
3,~; 
3,3 
2,3 
0,4 
1,1 
1,1 
3,5 
2,~ 
3,~; 
33 
73 
73 
42[ 
11 
7O 
73 
9,3 
42  
27_ 
12[ 

H+ K Pa* included 
8,2 0.35-5 4 
3,~ 0.17-3 5 
4,3 0.23-3 7 
7,0 0.25-3 9 
7,1 0.10-3 10 

10,3 0.72-4 11 
8,7. 0.36-3 13 
2,7_ 0.47-3 14 
4,6 0.39-3 15 
7,1 0.14-3 16 
4,2[ 0.22-3 16 
5,8 0.64-3 17 
7,3 0.66-3 19 
8,~ 0.59-4 19 
8,i~ 0.24-3 19 
8,~; 0.36-3 20 
8,~ 0.50-3 21 

11,3 0.10-2 22 
11,3 0.18-2 22 
11,3 0.18-2 23 
8,0 0.42-2 24 

10,2[ 0.72-2 23 
3,~ 0.73-2 

H 
7,1 
2,3 
2,7_ 
4,6 
4,6 
8,7_ 
8,~; 
1,3 
3,5 
4,2[ 
2,7_ 
2,2 
4,2 
1,1 
1,3 
4,2 
7,7 
4,3 
4,~ 
2,7_ 
4,7_ 
8,2 
2,2 

Possibilities 
2 
2 
4 
8 
8 
8 

16 
16 
16 
16 
8 
8 

16 
8 
4 
4 
4 
4 
2 
2 
2 
2 

Set 
A 
B 
C 
D 
E 
F 
G 

Table  4. Criteria used for the choice between the Fourier syntheses 
Lower Origin Scale-factor refinement Zero 
bound check Scale factor RI(~) R2(%) check 
-250  458 0"62 52 74 1"6 
-204  140 0"56 48 65 1"7 
- 171 252 0"61 53 70 2"1 
- 182 260 0"79 60 79 2"1 
-229  74 0"50 44 66 1"6 
- 193 246 0"60 51 71 1"7 
- 166 122 0"56 47 67 3"3 
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o o o~ 

0 / ~ . ~  o 'o 0 

Fig. 1. Electron density projection on (001) of triclinic mesotar- 
taric acid monohydrate. 

0'04 
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0'02 
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o/ I  

t) 0'2 0"4 0'6 0'8 1 '0 

sin 0 

Fig.  2. G r a p h  o f  (a against  sin 0. Ci rc les:  hOl; crosses: Okl, 
h l l  and h21. 

C 

00> ~4 

Fig.3. Electron density projection on (010) of monoclinic 
mesotartaric acid monohydrate. 

the 30 hOl reflexions with U(H)< 0-05. The results of 
the application of these criteria together with the 
general appearance of the Fourier syntheses suggested 
case E as the most probable. From a second Fourier 
synthesis, calculated with 37 high Fobs values with signs 
controlled by the contribution of the eight oxygen atoms, 
a model was derived that did refine successfully by 
least-squares. The final electron density projection 
(169 hOl reflexions) is given in Fig. 3. 

The [100] projection was solved by using the corre- 
lation method (Table 5, case 8), inserting the known 
signs of the 00l reflexions. 

Triclinic anhydrous mesotartaric acid 
For the calculation of the U values we used the inten- 

sities of all hkO and hOl reflexions, measured with the 
counting technique. For 35 hkO reflexions (U>0.27) 
69 sign relations and 56 correlation equations were 
found. Three reflexions could not be included in any 
of the sign relations. 

The results of the application of the correlation 
method were accepted up to a situation with 29 elimi- 
nated sign relations, 17 reflexions, 4 possibilities (13 
steps). The next step would have implied a doubling 
of the number of possibilities. This number is reduced 
again to 4 in the 25th step. 

One of the three Fourier syntheses constructed with 
the 17 structure factors showed high peaks on three 
out of four centres of symmetry and seemed therefore 
the least plausible. The two remaining Fourier syn- 
theses showed an arrangement of peaks similar to that 
of the [1013] projections of the triclinic and mono- 
clinic hydrates (projection axes: 5.40, 5.52 and 5.22 A. 
respectively). The model of the known projections 
fitted in best with one of the Fourier synthesis. The 
final [001] Fourier synthesis is given in Fig.4. 

Attempts to solve the [010] projection with the cor- 
relation method were not successful. Once the [001] 
projection has been solved, the [010] projection is 
known in principle: the two molecules in the unit cell 
are evidently connected by one of their carboxyl groups 
through a centre of symmetry [in Fig. 4 at (12,0)]. The 
z coordinates of the atoms were approximated by pro- 
jecting the molecule, fixed on the [001] projection, onto 
(010). A Fourier synthesis was made with 35 structure 
factors with signs calculated for the projected model. 
The coordinates from this Fourier synthesis could be 
refined by least squares. 

Results of the correlation method 
In Table 5 the results of the application of the cor- 

relation method are summed up as the optimal number 
of correctly eliminated sign relations together with the 
number of included reflexions and possible sets of 
signs. 

For several projections we operated with different 
sets of structure factors, corresponding sign relations 
and correlation equations, the difference being the cut- 
off limit for the U values. 

AC22-6  
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Success was scored for the three analogous projec- 
tions triclinic hydrate [100], monoclinic [100] and tri- 
clinic anhydrous [001], all with two overlapping atoms 
(Fig.4). Two cases (7 and 9) passed off correctly to 
the very end. The monoclinic [010] projection could 
be solved only after correction of the U values of some 
low-order reflexions (5-7). 

Solution of the [001] projection of the triclinic hy- 
drate and of the [010] projection of the triclinic anhy- 
drous modification with the correlation method alone 
would have been hardly possible. Where the method 
failed, a wrong sign relation whose sign in previous 
steps was found equal to the signs of other (wrong) 
sign relations was taken as correct. The effect of an 
equality of signs of two sign relations (both positive 
or both negative) makes for a greater probability that 
the signs are positive. 

For the choice between the probable Fourier syn- 
theses the lower bound criterion appeared to be of no 
value in these cases of syntheses constructed with only 
15Yo of the total available number of reflexions. The 
origin-check gave the correct indication in all cases. 
Correct indications were also obtained by the scale 
factor refinement and zero-check criteria. 

Refinement of the structure 

For the further refinement of the structures three- 
dimensional sets of structure factors were used, start- 
ing with the parameters obtained for the projections. 
The scattering factors for the atoms were taken from 
International Tables for X-ray Crystallography (1962, 
page 202). After refinement of coordinates, scale 
and overall temperature factors we continued with 
individual isotropic temperature factors as additional 
parameters, on ZEBRA and Xl,  using diagonal and 
block diagonal approaches. From difference Fourier 
syntheses, using only low-order reflexions, provisional 
locations of the hydrogen atoms could be derived, 
which were kept unaltered in the subsequent stages of 

refinement, including that of anisotropic temperature 
parameters.* 

Triclinic mesotartaric acid monohydrate 
For the three-dimensional refinement 1429 inten- 

sities out of a total of 1535 reflexions within the copper 
sphere were measured with the counting technique. The 
calculations were carried out, attributing equal weights 
to all reflexions. When anisotropic temperature param- 
eters were introduced and a full-matrix program (Bus- 
ing, Martin & Levy, 1962; ORFLS on IBM 7090) was 
used the R index dropped from 11-4 to 5-5~. Finally 
two cycles of refinement of the coordinates of the hyd- 
rogen atoms were carried out. The final value was 4.8 ~ .  
The differences between the hydrogen locations so ob- 
tained and those determined from a difference Fourier 
synthesis (at R =  5.5~) were insignificant for all hydro- 
gen atoms except H(5), whose provisional coordinates 
were not good enough to permit the complete adjust- 
ment in two cycles. The results of the refinement are 
given in Table 6; for H(5) the Fourier coordinates have 

* The final sets of structure factors, IFol and IFcl, have been 
put on microfilm and deposited in this laboratory. Prints are 
available on request. 

o o o 

o b 

Fig.4. Electron density projection on (001) of triclinic an- 
hydrous mesotartaric acid. 

Triclinic 
hydrate Case 

Table 5. Results obtained with the correlation method 

Set of information data 
Number of 

S ign  Correlation 
Reflexions relat ions equations 

Optimal result 
Number of 

Reflexions Possibilities 

[100] 1 > 0"26 36 78 52 25 2 
[001] 2 >_ 0"22 34 74 55 12 8 
[001] 3 _ 0"24 30 48 28 27 16 

Monoclinic 
[010] 4 > 0"25 38 98 114 9 4 
[010] 5 corr. 38 98 114 30 8 
[010] 6 > 0.25 31 51 30 27 8 
[010] 7 _ 0"24 37 67 44 37 2 
[100] 8 > 0-20 30 52 32 25 4 

Triclinic 
anhydrous 

[001] 9 _> 0"27 32 69 56 32 1 
[010] 10 > 0"24 33 81 79 15 16 
[0113] 11 >_ 0.27 30 55 26 17 16 
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been taken.  The  mean  (maximal)  values of  the e.s.d. 's  
for  the coord ina tes  of  the oxygen and  ca rbon  a toms  
are 0.0027 (0.0033) and  0.0036 (0 -0039)~ .  The  maxi-  
mal  e.s.d, in the bond  lengths  is 0 .006/~  and  in the 
bond  angles 0.4°. 

Monoclinic mesotartaric acid monohydrate 

The in tens i ty  measurement s  were per formed with 
two different  techniques,  using two crystals.  The  re- 
f lexions Okl, hOl, h 1 l and  h21 were recorded on Weissen- 
berg p h o t o g r a p h s ;  the intensi t ies  of  the r ema in ing  re- 
f lexions were counted .  The  intensi t ies  of  the 001, 01l 
and  02I reflexions, a l ready de te rmined  pho tograph ica l -  
ly, were remeasured  for  scal ing purposes  and  for deter-  
min ing  the 0Cl-0C 2 spl i t t ing factor .  The  intensi t ies  of  

1396 out  of  a to ta l  of  1531 reflexions wi th in  the copper  
sphere  were de te rmined .  

The  exper imenta l ly  de te rmined  scale factors  of  the 
five separa te ly  measured  groups  o f  reflexions were in- 
t roduced  as ad jus tab le  pa ramete r s  du r ing  the refine- 
men t ;  the  differences between final and  or iginal  values 
were all less than  4Uo. The  ca lcula t ions  were carr ied  
out  wi th  equal  weights  for  all reflexions, zero weight  
being given to 5 very s t rong  ones. A cons iderab le  de- 
crease in R, f rom 13.9 to 7 . 8 ~ ,  was ob ta ined  by re- 
f inement  of  an i so t rop ic  t empera tu re  parameters ,  on 
the P A S C A L  and  X1 computers .  

F r o m  the final th ree -d imens iona l  difference Four i e r  
synthesis ,  using only  low-order  reflexions, the pos i t ions  
of  the hydrogen  a toms  H(7) and  H(8) on the wate r  

o(1) 
0(2) 
0(3) 
0(4) 
0(5) 
0(6) 
0(7) 
c(1) 
c(2) 
c(3) 
C(4) 

H(1) 
H(2) 
H(3) 
H(4) 
H(5) 
H(6) 
H(7) 
H(8) 

o(1) 
0(2) 
0(3) 
0(4) 
0(5) 
0(6) 
0(7) 
c(1) 
c(2) 
c(3) 
C(4) 

H(1) 
H(2) 
H(3) 
H(4) 
H(5) 
H(6) 
H(7) 
H(8) 

Table  6. Triclinic mesotartaric acid monohydrate: final parameters 

U's defined by the temperature factor: 
exp [ -  2~z2(Ul lh2a .2 + U22k2b .2 + U3312c .2 + 2U12hka*b* + 2U23klb*c* + 2U311hc*a*)] 

X 

+0.5859 
+0.8110 
+0.3112 
+0.8128 
+0.6647 
+ 1.0233 
+ 1.0917 
+0.6315 
+0.4851 
+0.6496 
+0.8031 

+0-408 
+0.537 
+0.899 
+0.742 
+0.236 
+0.736 
+ 1.013 
+ 1.189 

y z 1000 Ull 1000 U22 

+0-4184 +0"1277 40 39 
+0-2136 +0"0757 36 50 
+0"3436 +0"3627 23 28 
+0"3565 +0"5533 33 26 
--0-0616 +0"2606 28 25 
+0"0899 +0"3741 24 31 
+0-3214 -0"1393 32 27 
+0"3019 +0-1529 25 33 
+0"2357 +0"2741 21 25 
+0"2172 +0-4383 27 25 
+0"0769 +0"3535 30 26 

Bonded to B 
+ 0" 126 + 0.174 C(2) 3-0 
+0"195 +0"524 C(3) 3"0 
+ 0-255 + 0.020 0(2) 3-5 
-0"137 +0"213 0(5) 3"5 
+0.314 +0.417 0(3) 3.5 
+0-411 +0"604 0(4) 3-5 
+ 0.322 - 0.245 0(7) 3.5 
+ 0.389 - 0.094 0(7) 3"5 

1000 U33 2000 U12 2000 U23 2000 U31 
59 12 70 14 
47 30 68 32 
51 14 39 18 
37 7 23 - 9  
48 4 32 - 2  
49 9 48 12 
33 2 28 5 
35 - 4  40 - 1 0  
37 5 35 3 
30 9 28 13 
32 5 41 3 

x 
+0.5705 
+0.7548 
+0-2951 
+0.8579 
+0.6859 
+ 1.0692 
+0.8708 
+0-6114 
+0.4739 
+0.6799 
+0-8340 

+0-394 
+0.586 
+0.700 
+0.786 
+0.156 
+0.781 
+0.79 
+0-96 

Table  7. Monoclinic mesotataric acid monohydrate: final parameters 

y z 100 Ull 1000 U22 
+0-0480 +0.2967 54 46 
+0"3885 +0"3443 51 30 
-0"1043 +0"3649 28 62 
-0.1804 +0.4085 26 23 
+0.3609 +0.4819 25 32 
+0"2404 +0"4612 21 29 
+0"1621 +0"2308 46 52 
+0.1968 +0"3384 32 26 
+0.1018 +0.3824 21 32 
-0.0060 +0-4267 21 25 
+0.2122 +0"4580 22 23 

Bonded to B 
+ 0.258 + 0.397 C(2) 3-0 
- 0-083 + 0.453 C(3) 3.0 
+0.103 +0.269 O(1) 3-5 
+ 0.508 + 0.508 0(5) 3.5 
-0.125 +0.382 0(3) 3.5 
-0.311 +0.394 0(4) 3.5 
+0.25 +0.20 0(7) 3.5 
+ 0-00 + 0.23 0(7) 3.5 

1000 U33 2000 U12 2000 U23 2000 U31 
28 - 4 3  - 2 2  25 
40 - 2 5  - 2 0  27 
32 - 4 2  - 3 5  26 
36 - 4  - 2 4  26 
39 - 4  - 3 4  24 
32 - 1 0  - 2 0  19 
39 -21  - 2 9  26 
28 - 4  - 8  10 
29 - 7  - 2 2  11 
25 - 9  - 12 23 
20 - 2  - 5  20 

A C 22 - 6* 
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oxygen atom 0(7) could not be established accurately, 
because the peaks were not clearly separated. The po- 
sitions in Table 7 are the most reasonable ones, con- 
sidering the difference Fourier  synthesis and the hydro- 
gen bond scheme. 

The calculated mean (maximal)  values of the e.s.d.'s 
for the coordinates of  oxygen and carbon atoms are 
0.0027 (0.0033) and 0.0034 (0-0038) A,, so the maximal  
e.s.d, in the intramolecular  bond lengths is 0.006 .& and 
in the bond angles 0.4 ° . 

Triclinic anhydrous mesotartaric acid 
The intensities of  the reflexions were measured by 

the counting technique. A set of  five reference reflex- 
ions was counted every 3 or 4 hours. During the course 
of our measurements  there appeared to be a serious 
decline in the intensities, due to a disintegration of the 
crystal. Consequently out of  a total of  1346 reflexions 
within the copper sphere only 632 reflexions (k and l 
positive) were counted. 

The least-squares refinement was performed on the 
X1 computer.  Equal  weights were given to all reflex- 
ions, except for six very strong ones, which were ap- 
parently subject to extinction. The final difference 
Fourier  synthesis constructed with the contr ibution of 
the hydrogen atoms excluded from Feale contained, 
notwithstanding the limited set of  data, a correct num- 
ber of  peaks. Their  coordinates, though not very reli- 
able, are given in Table 8, together with the final par- 
ameters of  the 'heavy'  atoms. The final R value was 
7.6%. The mean (maximal) values of the e.s.d.'s for 
the coordinates of  the oxygen and carbon atoms are 
0.0044 (0-0057) and 0.0057 (0.0072)A. The maximal  
e.s.d, in the bond lengths is 0.01 A and in the bond 
angles 0-7 °. 

Though the set of  structure factors is incomplete, 
it can be argued that  the introduction of anisotropic 
temperature parameters seems justified by the fairly 
accurate measurements.  

It is of  interest to find that the results of  the three 
analyses with different ways of  refinement compare 
rather well. 

Discussion of the structures of mesotartaric acid 

The lack of optical activity of mesotartaric acid was 
usually ascribed to intramolecular  compensation.  The 
two halves of the molecule were supposed to be mutu- 
ally related either by a mirror  plane [Fig. 5(a)] or by a 
centre of symmetry [Fig. 5(b)], the second possibility 
being accepted as the more probable one on account 
of  the steric interactions. 

F rom cell dimensions and experimental densities of  
crystals of  anhydrous triclinic mesotartaric acid and 
of potassium mesotartrate dihydrate Schneider (1928) 
concluded that the cell contents comprised two non- 
symmetrical  molecules related by a centre of symmetry. 
These premature conclusions were confirmed by 
Kroon,  Peerdeman & Bijvoet (1965) for the mesotar- 
trates and by our determination of the structures of  
different mesotartaric acid modifications. The two me- 
sotartaric acid molecules in the unit cell, related by a 
centre of symmetry, have the staggered conformations 
of Fig. 6 and not the generally assumed centrosymme- 

COOH 

H ~ ~ \OH I'COOH 
/ 

COOH COOH 
(a) (b) 

Fig.5. Newman projections of mesotartaric acid. (a) Eclipsed 
conformation. (b) Centrosymmetrically staggered conforma- 
tion. 

H 

HO H 

H O ~ ~ C O O H  
COOH 

Fig.6. Conformations of mesotartaric acid in the solid state. 

1000 U33 2000 U12 2000U23 2000 U31 
29 -28  17 --27 
29 - 2 4  17 --32 
24 - 14 - 3  --33 
41 8 --26 --24 
40 - 3 -- 18 -- 11 
20 -18  - 2  --10 
21 - 9  --2 --2 
20 - 12 5 -- 15 
29 - 1 6  -11 --14 
36 - 1 4  - 1 4  -21 

Table 8. Triclinie anhydrous mesotartarie 
x y z 1000 Ull 1000 U22 

O(1) + 0"4035 + 1"0303 + 0.2730 35 27 
0(2) + 0-4268 + 0"7357 + 0"6502 33 31 
0(3) + 0" 1967 + 0"8946 + 0" 1604 40 26 
0(4) + 0-0921 + 0"8700 +0"7185 30 31 
0(5) + 0"2601 + 0"2967 + 0.7875 76 29 
0(6) + 0.1676 + 0"4763 + 1.0925 48 38 
C(1) + 0-3720 + 0"8511 + 0.4295 21 26 
C(2) + 0"2625 + 0"7387 + 0"3805 27 19 
C(3) + 0" 1436 + 0"6809 + 0.6272 28 27 
C(4) + 0" 1931 + 0"4794 + 0.8605 33 26 

Bonded to B 
H(1) + 0.317 + 0.600 + 0.367 C(2) 3"0 
H(2) + 0.061 + 0.647 + 0.572 C(3) 3.0 
H(3) + 0.472 + 0.786 + 0.689 0(2) 3.5 
H(4) + 0.289 + 0.292 + 0.850 0(5) 3.5 
H(5) +0.162 +0.839 +0.097 0(3) 3.5 
H(6) --0.036 +0-936 +0.731 0(4) 3.5 

H 

H ~ O H  

HOOC / ~ ~OH 
HOOC 

acid: .final parameters 
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tric conformation of Fig. 5(b). The crystals are race- 
mates and their lack of optical activity is caused by 
intermolecular compensation of the 'conformational 
antipodes'. 

The assumption that the diastereoisomeric tartaric 
acids exist in solution predominantly in the same ethane 
conformations as found in crystals provides a simple 
explanation of experimental data reported in the liter- 
ature (Bootsma, 1964). 

In the following paragraphs the results of the deter- 
minations of the mesotartaric acid structures are com- 
pared. 

0(41 0(6) 

/ \  166.9 12/1.2 /\. _ 11~.6,c(3~) i.sl7 ~c(4)124.s 

. /LS36 O(S) 

I ! 0.~'/\ 
~.409 _~.C(21.L s 0(3) 107.4~...'~ 

~ 1 . 4  
123,.gC(i ~)L__ 1.321 2,(.6 ~ 0 ( 2 )  

/LZO, 

Fig. 7. Bond distances (.&) and bond angles (o) in the molecule 
of mesotartaric acid as determined in the structure of the 
triclinic hydrate. 

Geometry o f  the mesotartaric acid molecule 

The configuration of the molecule in the three modi- 
fications is the same as that found by Kroon, Peerde- 
man & Bijvoet (1965) in crystals of mesotartrates. The 
bond distances and bond angles are given in Table 9 
and for the triclinic monohydrate also in Fig. 7. 

The limits of accuracy stated in Table 9 are twice 
the maximal e.s.d, in the bond lengths and angles. 

The distances of the central C-C bond (mean value 
1.533 A) are in good agreement with the distance ac- 
cepted for a n  sp3-sp 3 bond (1.533 ,~; Lide, 1962). The 
mean value of the other C-C distances (1.517 •) is 
slightly larger than the value suggested for an sp2-sp 3 
bond (1.505/~; Lide, 1962). The mean values of the 
bond length and angles for the aliphatic hydrogen 
atoms are 0.99/~ (C-H), 107 ° (C-C-H)  and 114 ° 
(O-C-H).  For the other hydrogen atoms the corre- 
sponding values are 0.85/~ (O-H) and 110 ° (C-O-H).  

A comparison of the intramolecular bond distances 
(Table 9) reveals one anomaly: in the carboxyl group 
C(1)O(1)O(2) of the monoclinic hydrate the carbonyl 
oxygen atom and the 0~-hydroxyl group lie evidently 
at different sides of the C(1)-C(2) bond. This inter- 
change is confirmed by the corresponding bond angles 
and by the hydrogen bonds (Fig. 5). The most normal 
conformation of the molecule seems to be that found 
in the triclinic hydrate (Fig. 7) in which corresponding 
distances and bond angles in both halves are nearly 
equal. The angle between the planes of the two car- 
boxyl groups is 57 o (as in the mesotartrates). The same 
distances and angles, within the limits of accuracy, are 
found for the C(3)O(4)C(4)O(5)O(6) side of the mono- 
clinic hydrate. The packing requirements of the mol- 
ecules in the monoclinic structure were clearly of such 

Table 9. Bond distances and bond angles in mesotartaric acid 
Triclinic Triclinic 
hydrate Monoclinic anhydrous 

Bond 
C(1)-O(1) 1.203+_0.012 £ 1.302+_0.012 £ 1.222_+0.020/~ 
C(1)-O(2) 1.321 1.213 1.307 
C(4)-O(5) 1.323 1.304 1.341 
C(4)-O(6) 1.206 1.223 1.212 
C(2)-O(3) 1.409 1.415 1.413 
C(3)-O(4) 1"418 1"414 1"414 
C(1)-C(2) 1.517 1.521 1.520 
C(2)-C(3) 1.536 1.534 1.523 
C(3)-C(4) 1.517 1.511 1.520 

Angle 
O(1)-C(1)-C(2) 123-9_+0.8 ° 114.2_+0"8 ° 121.8+ 1.4 ° 
O(2)-C(1)-C(2) 111.4 120.9 113.0 
O(1)-C(1)-O(2) 124.6 124.8 125.3 
O(5)-C(4)-C(3) 111.3 111.4 113.0 
O(6)-C(4)-C(3) 124.2 123.8 124.3 
O(5)-C(4)-O(6) 124.5 124.7 122.5 
C(1)-C(2)-O(3) 107"4 111.0 106.9 
C(3)-C(2)-O(3) 110.3 108.8 109-6 
C(1)-C(2)-C(3) 111.5 108.3 110.6 
C(4)-C(3)-O(4) 106.9 107.9 108.2 
C(2)-C(3)-O(4) 112"6 112"6 108"6 
C(4)-C(3)-C(2) 113.0 112.9 115.0 
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a nature that for the other side a compromise had to 
be found. 

The analogy of the conformations in the three modi- 
fications is also demonstrated by the deviations of the 
atoms from the least-squares planes calculated for the 
two halves of the molecule (Table 10). The significant 
differences in this table can be explained as effects of 
small rotations of the carboxyl groups around the C-C 
bonds. The C(1)C(2)O(1)O(2) plane of the monoclinic 
form has been rotated towards the plane of the other 
carboxyl group, causing a decrease of the interplanar 
angle to 49 ° . In the anhydrous form the rotation of 
the C(4)C(3)O(6)O(5) plane is in the reverse direction 
and the angle between the planes is increased to 67 ° . 

Thermal movement in the molecule 
The anisotropic thermal parameters resulting from 

the refinement have been interpreted in terms of the 
ellipsoids of thermal motion. In Table 11 temperature 
factors corresponding to the root mean square dis- 
placements (B= 8z~2u 2) along the three principal axes 
of the ellipsoids of thermal motion are given for the 
three structures. The long principal axes of the ellip- 
soids of the carboxyl oxygen atoms coincide in all 
cases approximately with the normals on the planes of 
the carboxyl groups, indicating a libration of these 
groups around the C-C bonds. 

The environment of  the molecule in the triclinic hydrate 
structure 

The packing of acid and water molecules is illus- 
trated in Fig. 8. The water molecules play an essential 
part in the three-dimensional network of hydrogen 

bonds by which the molecules are held together. Each 
water oxygen atom 0(7) is connected by hydrogen 
bonds to four different acid molecules, and each acid 
molecule in its turn forms four hydrogen bonds with 
surrounding water molecules. These bonds are close 
to linear, the angle H - O . . .  O'*, being 6, 7, 7 and 24 ° 
for O(2) . . .O(7) ,  O(5) . . .O(7 ' ) ,  0 ( 7 ) . . . 0 ( 4 " )  and 
O(7) . . .O(1 ' " )  respectively. The angle H(7)O(7)H(8) 
is 111 ° 

The remaining two hydrogen atoms H(5) and H(6) 
do not take part in strong hydrogen bonds. Although 
the intermolecular distances 0 ( 3 ) . - . O ( 6  iv) (2-78 A) 
and 0 ( 4 ) . . .  O(3 v) (2.71 A) seem almost conclusive, the 
valence angles C - O . . . O  and the hydrogen locations 
are indications for the formation of bifurcated con- 
nexions of the hydroxyl oxygen atoms 0(3) and 0(4) 
to carbonyl and hydroxyl oxygen atoms of the same 
half of adjacent molecules; 0 ( 3 ) . . .  O ( 4  iv) = 3" 15 A and 
0 ( 4 ) . . .  O(1 v)= 3.42 A. 

The environment of  the molecule in the monoclinic hy- 
drate structure 

There are four acid and four water molecules in the 
monoclinic unit cell (Fig.9). Single layers that contian 
molecules of the same antipode are formed parallel to 

* As reference to symmetry-related atomic positions the 
following superscripts are used. 
' a t o m a t 2 - x ,  -y ,  - z  vii atom a t 2 - x ,  l - y ,  l - z  
" x, y, z--1 viii I - x ,  ½+y, ½--z 
'" 2 -x ,  l - y ,  - z  ix x , y - l , z + l  
iv x-- 1, y, z x 1 --x, 2--y, 1--z 
v l - x ,  l--y, 1--z xi -x ,  2 -y ,  1--z 
vi x, y -  1, z 

Table 10. Distances to carboxyl planes (1~) 
Plane C(1)C(2)0(1)0(2) Plane C(4)C(3)0(6)0(5) 

Triclinic Triclinic Tricl inic Tricl inic 
hydra te  Monocl in ic  a nhyd rous  hydra te  Monocl in ic  anhyd rous  

C(I)  + 0.007 - 0.017 + 0.002 C(4) + 0.011 + 0.008 + 0-023 
C(2) - 0.002 + 0.005 - 0.001 C(3) - 0.003 - 0-002 - 0.006 
O(1) - 0.003 + 0.006 - 0.001 0 (6)  - 0.005 - 0.003 - 0.009 
0 (2)  - 0.002 + 0.007 - 0.001 0 (5)  - 0.004 - 0.003 - 0.007 
0 (3)  + 0.112 - 0.183 + 0.199 0 (4)  - 0.137 - 0.189 + 0-200 
0 (4)  3 2 . 3 9 6  3 2 . 4 4 5  32 .313  0 (3)  + 1.027 + 1-002 3 0 . 7 1 9  
0 (5 )  - 0.143 + 0.664 - 0-297 0 (2)  + 2.680 + 2.852 + 2.744 

Table 11. Temperature factors (A 2) corresponding to the r.m.s, displacements along the principal axes 
of  the ellipsoids of  thermal motion 

Triclinic hydrate Monoclinic Triclinic anhydrous 
BI BII Bill BI BII BIll BI BII BIII 

C(I)  3.4 2.0 1.6 2.6 2.4 1.8 2.8 1.7 1.3 
C(2) 3.0 1-7 1-6 3-2 1-6 1-4 2.6 2-0 1.0 
C(3) 2.5 1.9 1.7 2.7 1.6 1.1 2.7 2.0 1.9 
C(4) 2-8 2.4 1.2 2-2 1.7 1-0 3.2 2.2 2.0 
O(1) 4.9 3.1 1.7 5.8 2.4 1.8 4-5 2.0 1.2 
0 (2)  4.9 2-4 2.0 4.7 2.9 1.8 4.6 2.0 1.2 
0 (5)  4.0 2.2 1.9 4.2 2-0 ! .2 6-6 3.3 2.2 
0 (6)  3.9 1.9 1.8 3.3 ! -6 1.5 3-8 3.5 1.4 
0 (3 )  4-1 2.1 1.6 6.1 1.9 1-4 3.6 2.1 1.2 
0 (4 )  3.6 2.2 2.0 3.6 1.8 1-1 3.5 2.8 1.8 
0(7) 2"7 2"6 2"0 5"2 3" 1 2"3 
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\> - -  
b 

Fig. 8. The arrangement  of the molecules in the triclinic hydrate  
viewed along the a axis. Arrows: donor direction in the 
hydrogen bonds (dashed lines). 

" 2 ' . 9 ~  C13) 

Fig.9. The ar rangement  of the molecules in the monoclinic  
hydrate viewed along the a axis. 

o ° - - i ~  -. %,,.. 

'~ "'" .26S 
o , o • o ". 

• \ c . ,  , . . \  .... 

• : '" ,C(21 " "  --, . 

o - . 4 . ~  c - - '  q 

,d ' 2 . 8 3  

, /  ,(- 

b <  
Fig. 10. The ar rangement  of  the molecules in the triclinic 

anhydrous  structure viewed along the c axis. 

the (001) plane. Within these layers the molecules are 
linked by the hydrogen bonds 0 (4 ) . . .  0(2 vj) (2.73 A, 
/_H(6)-O(4). . .O(2vi)=20 °) in the direction of the b 
axis and 0 ( 3 ) . - . 0 ( 4  iv) (2.74 A, /_H(5)-O(3) . . .0(4 iv) 
= 5 °) in the a-axis direction. 

At one side the single layers are connected directly 
to single layers containing the opposite antipode by 
means of dimerization of the carboxyl groups (0(5) . . .  
O(6 vii) = 2"68 A, /_  H(4)-O(5).. .  O(6 vu) = 6°). The con- 
nection of these double layers by the action of the 
screw axis is through water molecules, resulting in the 
double layer sequence (rl)(lr)(rl) etc. The four hydro- 
gen bonds around the water oxygen atom are arranged 
in a roughly tetrahedral configuration. One hydrogen 
bond [O(1)..-0(7)] is shorter than the other ones 
(2.57 ]k, / H ( 3 ) - O ( 1 ) . . . 0 ( 7 ) = 2 ° ) .  

The closest intermolecular approaches between non- 
bonded atoms are those between 0(5) and O(5 v) 
(2-68 ~) and between 0(7) and O(1 viii) (3.00 A). The 
distance between the planes of dimerized carboxyl 
groups is 0.03 A. The separation of two C(3)C(4)O(5)- 
0(6) planes related by translation along a is only 0.14A. 

The environment of  the molecule in the triclinic anhy- 
drous structure 

As in the structure of the monoclinic modification, 
alternating layers containing molecules of one of the 
antipodes are formed, here parallel to the (100) plane 
(Fig. 10). 

There are six intermolecular O . . .  O distances short- 
er than 3.00 A. No stringent conclusions can be drawn 
on the basis of the peak locations of the three-dimen- 
sional difference Fourier synthesis constructed with the 
limited set of data. The hydrogen bonds between mol- 
ecules of the same antipode are formed by the atoms 
H(4)(O(5)...O(lJx)=2-99 A, 0(5). .-O(3ix)=2-76 A) 
and 
H(5)(O(3). . .O(Oi)=2-94 h ,  0(3) . - .O(4i i )=2-86 A) 
and probably of a bifurcated type (for H(5) compare 
analogy in the triclinic hydrate structure). 

The connexion between the layers is at the one side 
by dimerization of carboxyl groups (0 (2 ) . . .O( lx )=  
2.65 A, separation of the planes 0.21 A) and at the 
other side by hydrogen bonds between the hydroxyl 
groups (0(4). . .O(3xi)=2.83 A). 

Comparison with the structure of  racemic acid 
The crystals of the mesotartaric acid modifications 

are racemates. It is therefore of interest to look for 
common features in the structures of meso- and DL- 
tartaric acid (Parry, 1951). The difference between a 
tartaric and a mesotartaric acid molecule lies in the 
arrangement about one of the asymmetric carbon 
atoms. Spatial models and also analogous projections 
of these molecules can be brought into coincidence 
with each other, with the exception of one of the car- 
boxyl groups. 

In the triclinic mesotartaric acid structures the rela- 
tive positions of all but three 'heavy' atoms of the 
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molecule with regard to the centres of symmetry are 
approximately the same as those of the corresponding 
atoms of tartaric acid in the racemic acid structure. 

According to Parry one of the important linkages 
in the racemic acid structure is a square system of hy- 
drogen bonds between hydroxyl groups on four mol- 
ecules, thus forming columns parallel to the, say, c' 
axis (c '=  c for racemic acid). Each hydroxyl group is 
supposed to take part in two bonds, one with a hy- 
droxyl group of an antipode molecule and the other 
with a hydroxyl group of a molecule of the same con- 
figuration related by translation in the direction of c'. 

Analogous squares are formed in the mesotartaric 
acid structures (see Figs.8 and 10; in both Figures c' 
corresponds to the projection axis). From the high 
values of the valence angles and our findings with re- 
gard to the hydrogen bond formation it may be con- 
cluded that these hydroxyl squares are of secondary 
importance for the coherence of the structures com- 
pared with the links to be described next. 

In the structure of racemic acid one carboxyl group 
of the molecule is directly linked with a carboxyl group 
of a centrosymmetrically related molecule, and the 
other carboxyl group is indirectly connected with a 
counterpart through water molecules. The first type 
of linkage (carboxylic acid dimers) is found at one side 
of the molecule in the anhydrous form (Fig. 10), the 
second type (hydrated links) at one side of the mol- 
ecule in the structure of the triclinic hydrate (Fig. 8). 
In the monoclinic hydrate (Fig. 9) one side of the mol- 
ecule takes part in a carboxylic acid dimer configura- 
tion, but the linkage through water molecules at the 
other side of the molecule is a less common mutation 
of the hydrated links found in other cases. Here a 
tetrahedral arrangement of close neighbours around 

the water oxygen atom 0(7) is achieved by mutual 
hydrogen bonding of water oxygen atoms related by 
the twofold screw axis. 

Evidently the geometry of the mesotartaric acid mol- 
ecule does not permit an ideal three-dimensional ar- 
rangement with both types of intermolecular linkages 
present. 

The authors would like to thank Professors Bijvoet 
and Peerdeman for their encouraging interest and for 
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A Neutron Diffraction Study of the Crystal Structure of Lithium Hydrazinium Sulphate 

BY V.M. PADMANABHAN AND R. BALASUBRAMANIAN 
Nuclear Physics Division, Apsara Reactor, Atomic Energy Establishment Trombay, Bombay, India 

(Received 17 May 1966) 

A single-crystal neutron-diffraction investigation of lithium hydrazinium sulphate has been made in 
which the intensities of 215 reflexions in all the three prism zones were measured. The structure was 
refined by Fourier and least-squares techniques. The heavy-atom positions obtained agree very well 
with values from the X-ray determination. The hydrogen atoms of the NH2-NH~- ion are arranged 
tetrahedrally about the nitrogen atoms and the configuration, was found to be staggered. The NH2 
groups of the ions are linked into infinite chains by hydrogen bonds pointing in the negative c direction. 
The hydrogen atoms of the NH3 group are static and do not rotate along the N-N axis. 

The interesting electrical properties of room tem- 
perature ferroelectric lithium hydrazinium sulphate 
(LiN2HsSO4) have been the subject of a great deal of 
investigation. The proton and 7Li nuclear magnetic 

resonance signals have been investigated in detail over 
a wide temperature range, - 1 8 0 ° C  to +210°C,  by 
Cuthbert & Petch (1963). From these experiments they 
concluded that (1) at the temperature region about 


