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37. The Crystal and Molecular Xtructure of Certain Dicarboxylic 
Acids. Part I I .  Acetylenedicarboxylic Acid Dihydrate. 

By J. D. DUNITZ and J. MONTEATH ROBERTSON. 
The crystal and molecular structure of acetylenedicarboxylic acid dihydrate has been 

determined from the X-ray data. The structure is closely analogous to  that of oxalic acid 
dihydrate, in which two water molecules (or probably oxonium ions) connect the carboxyl groups 
of adjoining molecules by means of strong hydrogen bridges, the whole forming a spiral arrange- 
ment which extends throughout the crystal. The molecular and intermolecular distances 
are indicated in Figs. 1 and 3. The results are strongly in favour of a symmetrical or nearly 
symmetrical coplanar structure for the molecule, with resonance effects extending throughout 
its structure. In locating the centres of the carboxyl group of atoms there are many possible 
sources of error, and uncertainties of about f 0-04 A. may apply to  the carbon-oxygen 
distances and to the formal single bond adjacent to  the triple bond. The length of the triple 
bond itself (1-19 A.)  should be considerably more accurate. 

Crystal Data.-Acetylenedicarboxylic acid dihydrate, C,H2O,,2H,O ; M ,  150-1 ; m. p. 
(anhydrous) 175" (decomp.) ; d, calc. 1.469, found 1.470; monoclinic prismatic, a = 11-05 & 
0.03, b = 3.86 & 0.01, c = 7.98 & 0.02 A., p = 98.0" & 0.3". Absent spectra, (h0l) when h 
is odd; (OkO) when k is odd. Space-group, C&(P,,/a). Two molecules per unit cell. Molecular 
symmetry, centre. Absorption coefficient for X-rays 
(A = 1.54 A.),  p = 14.5 cm.-l. 

Large, well-formed crystals were easily obtained from water as colourless laths or plates, 
elongated along the b axis, the largest face being (001). The (201) and (201) are usually 
developed, and the (100) appears occasionally. 

Structure Analysis.-Similarities in the dimensions of the unit cells of oxalic acid dihydrate 
and acetylenedicarboxylic acid dihydrate (compare Table I, preceding paper) first suggested 
the main outlines of the structure. In  particular, the short b axis and the inclination of the 
(1021 axis to the a axis (about 50") give roughly the direction of the molecular chains, while 
the increase in length of the [lo21 axis as compared with oxalic acid (2.85 A.) is just about 
the amount required to accommodate the extra atoms. 

A trial model was accordingly set up on these lines and the co-ordinates were refined by 
three successive Fourier syntheses giving projections of the structure on the (010) plane. The 
final projection is shown in Fig. 1, from which accurate values of the x and z co-ordinates of 
all the atoms can be obtained. 

The y co-ordinates were obtained by trial and checked by another Fourier projection made 
along the c axis using the (hkO) structure factors. This is shown in Fig. 2. As only two of 
the five atoms in the asymmetric unit are separately resolved, the information afforded by 
this result is not very complete. Nevertheless, Figs. 1 and 2 considered together are sufficient 
to yield a reasonably precise picture of the whole structure. 

Molecular Dimensions and Co-ordinates.-The co-ordinates assigned to the atoms as a 

Volume of the unit cell, 337.1 A.3 
Total number of electrons per unit cell-= F(000) = 156. 

Other faces are generally absent. 
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result of the final Fourier summations are indicated in Fig. 4 and listed in Table I. These 
co-ordinates lead to the molecular and intermolecular dimensions given in Figs. 1 and 3, where 
the atoms of the acid molecule are coplanar and the carbon chain is linear. The orientation of 
this molecule with respect to the crystal axes is given by the angles in Table 11. XL, #L, WL, 

x ~ ,  # ~ f ,  w a  and xN, $n, on are the angles between the molecular axes L,  M ,  and N, and the 
crystal axes a, b, and c', c' being perpendicular to a and b. The molecular axis L is the direction 
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Projection along the c axis. Contour scale as in Fig. 1. 

TABLE I. 
Co-ordinates. Centre of symmetry as origin, x, y, z, are referred to the monoclinic crystal axes. 

x', y, z', are rectangular co-ordinates referred to the a and b crystal axes, and their 
perpeadicular, c'. 

Atom (cf. 
Fig. 1). X ,  A. y, A. 2, A. x', A. z', A. 8zxla. 2rrylb. 2zzlc. 

C (2) ...... ... -1.22 -0.07 1-46 - 1.42 1.44 - 39.6 - 6.6 65.6 
0 ( I )  ...... -2.35 0.50 1.27 - 2.53 1-26 - 76.7 47.1 57.3 

C (1) ......... -0.36 -0.02 0.43 - 0.42 0.42 - 11.6" - 2.0" 19.3" 

0 ( 2 )  ...... -0.78 -0.70 2.52 - 1.13 2.49 - 25.5 -65.3 113.6 
HZO ... . .. ... - 3.77 0.00 3-16 - 4.21 3.13 -122.9 0.0 142.6 



[1947] MoLecular Structure of Ceytain Dicarboxylic Acids. Part I I .  151 

of the carbon chain ; M lies in the plane of the molecule and is perpendicular to L ; N is the 
normal to the molecular plane. The co-ordinates of the atoms with respect to these molecular 
axes are given in Table 111. 

TABLE 111. 
Co-ordinates of atoms with res$ect to molecular axes, 

................................. Atom CI c2 0, 0, 

MI A. ................................. 0 0 - 1.10 1-12 
L,  A .  .................................... 0.595 2-025 2.655 2.595 

DISCUSSION OF RESULTS. 
It is immediately clear that the same kind of structure exists in crystals of oxalic acid 

dihydrate, acetylenedicarboxylic acid dihydrate, and, with minor space-group deviations 
noted in Part 111, in diacetylenedicarboxylic acid dihydrate. 
In  all these structures the two molecules of water of 

carbon chains are the common factors which determine 
the manner in which the crystals are built. The relative 
positions of the oxygen atoms display quite a remarkable 
constancy in all these structures, a fact which is well 
illustrated in Fig. 2 of the previous paper. Although the 
carbon chain is different for each acid this has very little 
influence on the forces holding the molecules together in the 
crystal. The only effect is a slight tightening in the lateral 
packing on passing from oxalic acid to the acetylene acids, 
indicated by a decrease of about 0.8 A. in the length of the 
a axis, and possibly some weakening of packing in the 
direction of the b axis, which shows a small increase in 
length from 3.60 A. in oxalic acid to 3.86 and 3-75 A. in 
the two acetylene acids. 

As in the oxalic acid structure, a very short hydrogen 
bridge exists between the oxygen atom 0(1) and the water 
molecule (Fig. 1). This bridge measures 2.56 A., as against 
2.51 A .  in oxalic acid, and it is the only hydrogen bridge 
formed by the oxygen atom O (  l), the next nearest approach 
of a water molecule being over 4 A. The other carboxylic 
oxygen atom O(2) forms two hydrogen bridges of a much 

cules. Each water molecule in turn forms three hydrogen 
bridges (2-56, 2.82, and 2.89 A.) to surrounding carboxylic oxygen atoms. It is clear, therefore, 
that each water molecule engages three hydrogen atoms ; but whether these three hydrogen 
atoms should all be regarded as permanently attached to the water molecule, with the formation 
of an oxonium ion, is a question that cannot be answered definitely from the experimental 
evidence before us. If the mechanism of the hydrogen bridge is entirely electrostatic, this may 
be the case. On the other hand, there is obviously a great difference in quality between the three 
bridges, one of them being 0.3 A. shorter than the other two. The possibility of the ready transfer 
of a hydrogen atom across the short bridge is a factor which must obviously receive serious 
consideration. From the purely electrostatic point of view, this transfer will have taken 
place from the hydroxyl oxygen of the carboxyl group, leaving this oxygen with a negative 
charge and so accounting for the extra short hydrogen bridge. This view receives support 
from the work of Brill, Hermann, and Peters (Ann. Physik, 1942-1943, 42, 357), who claim to 
have differentiated the carbon-oxygen bond lengths in oxalic acid dihydrate and identify the 
oxygen atom O(1) which gives the short hydrogen bridge as the hydroxyl oxygen. In  our 
present results we are not able to distinguish the two oxygen atoms as giving measurably 
different carbon-oxygen bond lengths in the acetylene acids, and in our former .work on oxalic 
acid (see previous paper) this matter is also in doubt. 

With regard to the general arrangement of the molecules in the crystal, it should be observed 
that the acid molecules are not, as might be inferred from Fig. 1, arranged in series of infinite 
chains linked by hydrogen bridges, but in infinite spirals. The apparently closed ring formed 
by the atoms H,O. 0(1), C(2), 0(2), H,O, O(l’), C(2’), 0(2’), H,O is actually a spiral, the return 

FIG. 3. 

crystallisation and the carboxyl groups at each end of the (1)O 0 (2) 

O N )  t21)o 
weaker type (2.89 and 2-82 A.) with two other water mole- O f t h e  acetylenedicarboxyzic 

acid molecule. 
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connection leading to a molecule one translation further along the b axis, as will be clear from 
Fig. 2. However, the four-membered ring formed by the weaker bridges, 2.89, 2.82, 2.89, 
and 2-82 A., is actually a closed circuit as represented in Fig. 1. In  these respects the structure 
is similar to that of oxalic acid dihydrate. 

The internal dimensions which we find for the acetylenedicarboxylic acid molecule are 
indicated in Fig. 3. It is very difficult to make a reliable assessment of limits of accuracy 
which should be attached to these figures. The considerable divergence between the results 
of different observers in the case of oxalic acid dihydrate (see previous paper) is a warning 
that, especially in the case of the carboxyl group of atoms, there are many possible sources of 
error. In  the present analysis we have not attempted any elaborate corrections for diffraction 
effects due to non-convergence of the series, etc., as the experimental data scarcely seem 
sufficiently reliable to justify such work. To the data as they stand in Fig. 3 we would attach 
a possible error of about & 0.04 A. for the carbon-oxygen distances, and for the single-bond 
carbon-carbon distance of 1-43 A. The triple-bond carbon-carbon distance of 1.19 A. should be 
considerably more reliable than this owing to more favourable resolution, and we would assess 
the possible error in this case at  about & 0.02 A. 

Our results are strongly in favour of a symmetrical or very nearly symmetrical co-planar 
structure for the molecule with considerable resonance effects extending throughout its structure. 
The formal single bond of 1.43 A. adjacent to the triple bond may be compared with the corre- 
sponding bond in tolan, where the value obtained was 1.40 A. (Robertson and Woodward, 
Proc. Roy. SOC., 1938, 164, A,  436), and in diphenyldiacetylene, where the value of 1.44 a. 
was reported by Weibenga (2. Krzst., 1940, 102, 193). This bond length and also the some- 
what contracted value of 1.19 A. which we find for the triple bond distance are further discussed 
in Part 111. 

EXPERIMENTAL. 
Preparation, and Determination of Data.-Acetylenedicarboxylic acid was prepared in good yield 

Crystals of the dihydrate obtained from from a/3-dibromosuccinic acid (Org. Synth., 1938, 18, 3). 

Co-ordinates assigned to the atoms in the asymmetric crystal unit. 

aqueous solution were usually too large for accurate X-ray work, but specimens of suitable dimensions 
could be cut with a razor blade. 

Copper-Ka radiation, X = 1-54, was used throughout, and rotation, oscillation, and moving-film 
photographs of the principal zones were taken. For the (hOZ) zone the specimens employed for most 
of the intensity work had cross-sections normal to the b axis of (a)  0-29 by 0.33 mm. and (b )  0.56 by 
0.60 mm. Crystals of the dihydrate smaller than fa) tend to decompose by loss of water before com- 
pletion of the exposure, but with slightly larger crystals the partial dehydration of the surface layers 
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during experiment does not result in any loss of accuracy. If anything, it is an advantage in so far 
as it ensures the true mosaic character of the specimen, which is usually assumed. For the (hkO) zone 
a specimen of cross section 0.55 by 0.65 mm. normal to c was employed. These various crystals were 
completely immersed in the X-ray beam, and the spectra recorded up to the limit for h = 1.54 A. on 
series of moving films. The multiple-film technique (Robertson, J .  Sci. Tnstr., 1943, 20, 175) was used 
for correlation of intensities, and the total range covered was about 2000 to 1. Two independent sets 
of visual estimates were made on the films from one of the b rotation crystals, and one set from the 
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TABLE IV. 
Measured and calculated values of the structure factor. 
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other crystal. For the c rotation similar 
methods were adopted. Absorption corrections were not employed, as the dimensions of the crystal 
specimens render them unnecessary. F values were finally derived by the usual formulae for mosaic 
crystals and are listed in Table IV. Absolute measurements were not carried out, and the scale of the 
F values was obtained by correlation with the values finally calculated from the atomic positions 
found. 

Structure Determination.-After preliminary determination of atomic positions by trial, the structure 
was refined by three successive two-dimensional Fourier syntheses giving projections on (010) and one 
giving a projection normal to the c axis. The usual formulae for p(x, z)  and p ( x ,  y )  were employed. 
For p ( x ,  z)  the series were summed a t  450 points on the asymmetric crystal unit, the axial sub-divisions 
being a160 = 0.184 A. and c/30 = 0.266 A. Three-figure methods (Robertson, Phil. Mag., 1936, .21, 
176) were employed, and the positions of the contour lines plotted on a scale of 5 cm. to  1 A. by graphlcal 
interpolation from the arrays of summation totals. The final plot of the asymmetric unit for the b 
projection is shown in Fig. 4, and in this diagram the final positions assigned to the atoms are indicated 
by small crosses. 

These co-ordinates are found t o  be consistent with the molecular model given in Fig. 3, and the 
orientation listed in Table 11. An independent check on the y co-ordinates is, of course, obtained 
from the projection along the G axis shown in Fig. 2. From the final co-ordinates (Table I) all the 
structure factors were recalculated and the results are given in Table IV. For this calculation the 
composite empirical atomic scattering curve used in the case of oxalic acid dihydrate (Robertson and 
Woodward, J., 1936, 1817) was again employed, but with the carbon and oxygen coefficients weighted 
in the ratio 6 to 9, instead of 6 to  10. This alteration, suggested empirically by the data, is probably 
due to  a slightly different form of temperature factor. There is, of course, no theoretical justification 
for the use of a singlef-curve for all the atoms. It is employed a t  present merely because it is found 
to give a sufficiently good approximation for the purpose on hand. The discrepancy finally obtained, 
expressed as 

The mean of these three estimates was accepted as correct. 

( 1  FmeaR. I - I Fcalc. I )  
2 I Fineas. I 

is 14.9% for the (h01) reflections, 25.4y0 for the (hkO) reflections, and 17.5% for all reflections. 
The expansion 

of the b axis to 3.85 A. as compared with 3.60 A. in oxalic acid dihydrate probably indicates a rather 
looser form of packing in this direction, and the atomic f curves which we have employed in these 
calculations may not be applicable, owing to  differences in the temperature factor. It is clear that 
we must accept a considerable uncertainty in the y co-ordinates bf  the atoms. This will not, however, 
have much effect on the dimensions of the carbon chain, which are determined principally from the 
(h01) projection. 

In the b axis projection the F values for the (807) and (12,04) planes, and in the G axis projection 
the F values for the (130), (630), and (540) planes (marked by an asterisk in Table IV), were omitted 
from the Fourier summations owing to uncertainty of sign. The sign of F (220) is very doubtful, but 
this term has been included. 
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The rather large discrepancy in the case of the (hRO) reflections is difficult to explain. 
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