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tron-diffraction observations on powdered ferrous 
oxide at 80 ° K. that  the magnetic moments of the 
Fe 9+ ions are parallel within a given (111) sheet of Fe 9+ 
ions and antiparallel between adjacent sheets. This 
picture is consistent with the X-ray observations, 
which indicate the development of a unique triad axis 
normal to a set of (111) planes. 

The reason for the marked difference in the magni- 
tude of the crystal structure change at low tempera- 
tures of ferrous oxide samples of different iron content 
(see Table 2) is not clear. I t  is unlikely that  the dif- 
ference is due to a variation of the transition tempera- 
ture Tx between the different samples. Such an ex- 
planation would require a change of T~ of approxi- 
mately 100 ° K. when the iron content of the sample 
increases from 47.5 to 48.5 atomic%, whereas the 
actual change in T~ for this range is probably much 
less. Thus Bizette (1946) found that  T~ was 198 ° K. 
for a sample of maximum iron content, and Millar 
(1929) that  Tx was 185 ° K. for a sample which was 
probably of minimum iron content. Further, Bizette 
measured the variation of T~ as a function of com- 
position in the solid solution system Fe0-Mg0,  and 
found that  on lowering the atomic concentration of 
iron by 1% (by replacement of Fe 9+ with the non- 
magnetic ion Mg 9+) a reduction in Tg of 5 ° K. only 
took place. 

I t  appears reasonable to expect the magnitude of 
the deformation below Ta, which takes place in a 
direction normal to (111) ionic sheets, to increase as 

the number of vacant sites and Fe s+ ions within the 
sheets is reduced, i.e. as the stoichiometric composition 
is approached. However, on B~nard's interpretation 
of the room-temperature structure, the deformation is 
extremely small for stoichiometric Fe0  and increases 
rapidly as the proportion of dissolved Fe e+ ions 
increases. We believe that  this is therefore additional 
evidence in favour of the interpretation of Jet te  & 
Foote. 
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The Structure of Dimethyl  Oxalate 
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An X-ray analysis of the crystal structure of dimethyl oxalate shows that the molecule has a planar 
trans-trans configuration, which is the planar structure of least steric interference. The bond lengths 
and valency angles are C1-C 1 1.53±0.08, C1-01 1.19, C1-02 1-31, O9---C 2 1"46i0.05 ~, C1-C1-01 
125 °, C1-C1-O 2 l l0  °, OLC1-O 2 125 °, CLO~-C 9" 118°±3 °. The intramolecular methyl to carbonyl 
distance is 2.70 A. Of the four intermolecular distances which are less than 3.95 A, three at 3-35, 
3.54 and 3-57 A correspond to co-ordination of carbonyl oxygen atoms around a methyl group very 
approximately in the directions of the C-H bonds. It  is suggesCed that there is weak association 
or polarization bonding between the carbonyl and the methyl groups which accounts for the 
anomalous melting point. This may also provide an explanation of the differences which have 
been reported in the Raman spectra of the solid and liquid. 

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

In the recent crystal-structure analyses of s-an- 
hydrous oxalic acid (Cox, Dougill & Jeffrey, 1952), 

* Now at Chemistry Department, University of Pittsburgh, 
U.S.A. 

oxalic acid dihydrate (Ahmed & Cruickshank, 1953), 
ammonium oxalate hydrate (Jeffrey & Parry, 1952) 
and sodium oxalate (Jeffrey & Parry, 1953) it was 
found that  the configuration of the (C00)~ is planar 
in the acids but not necessarily so in the salts. In 
(NI-I4)~(C00)~ .H20 the oxalate ion is non-planar with 
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the carbonyl groups inclined to each other at 28°; 
in Na,,(CO0), the ion is exactly planar. In each of the 
structure determinations of acids and salts the length 
of the central C-O bond was found to be 1.54 J~ within 
the limits of the experimental errors, which ranged 
from standard deviations of 0.010 A in a(COOH)~ to 
about 0.02 A in the less accurate analyses of the salts. 

I t  appears tha t  intermolecular as  well as intra- 
molecular forces may  determine the stereochemistry 
of the oxalate group, and it is of interest, therefore, 
to examine the structure in an environment devoid 
of strong hydrogen bonds and ionic forces. The 
dimethyl ester of oxalic acid was selected for s tudy 
since it is a low-melting-point crystalline solid with 
physical properties consistent with weak inter- 
molecular cohesion. 

Experimental 

The dimethyt-oxalate  was recrystallized from dry 
methyl  alcoliol: The crystals were soft, volatile, mono- 
clinic prisms, m.p. 54 ° C., tabular  on (010) with the 
forms {ll'0} and (011} or {120). The optical data 
given by Winchell (1943) is Ng = 1.58, Nm = 1.55, 
Np = 1.43, 21z = 7 0  °. The crystals are too soft to 
cleave cleanly and deform on pressure into layers 
normal to the b axis. Crystals with approximately 
uniform cross-section of 0.05 cm. were selected for the 
X-ray measurements, and to prevent evaporation 
they were enclosed in thin-walled Lindemann glass 
tubes. The unit-cell dimensions, measured from rota- 
tion photographs about the principal axes, were 

a = 3-90, b = 11.88, c = 6.21/k, (all±0.04 A) ,  
= 1 0 3 4 ± 0 . 5  o. 

The space group, uniquely determined by the system- 
atic extinctions, is P2z/n, (not P2z/m as reported by 
Wood (1926)). There are two molecules in the unit 
cell and the calculated density of 1.39 g.cm. -3 is in 
agreement with an observed value of 1.4 g.cm. -~, 
which was difficult to measure by flotation because 
of hydrolysis in aqueous solutions and high solubility 
in most organic liquids. The molecular symmetry  is 
centric and, with the assumption tha t  the trigonal 
carbon valencies are planar, the oxalate group (COO)~. 
is planar, as in the acids and the sodium salt. 

The experimental data  for the structure analysis 
are the intensities of the reflexions in the three 
principal zones. Of 176 rdlexions within the range of 
CuKc~ radiation, 136 were observed: 68(0b/)'s, 
22(h01)'s and 46(hk0)'s. There was a marked fall-off 
in the intensities with increase of sin 0 due to the 
relatively large thermal motion at room temperature, 
and many of the unobserved reflexions were at  high 
angles: The intensities were estimated by eye, with 
the aid of calibration charts, from Weissenberg photo- 
graphs of the zero layers of the principal axes. No 
correction was made for crystal absorption and the 
experimental errors from this omission were estimated 

as about 3 % of the structure amplitudes. The Cochran 
chart was used for obtaining the Lorentz and polariza- 
tion factors. The scale (s) and thermal factors (B) 
were obtained from the plot of 

log F~/Fo = log s+  (B/2.303) (sin ~ 0/2~). 

These were calculated for each projection, in the first 
instance after a trial structure and later during the 
parameter refinement for more precise values. 

The  s t r u c t u r e  determination 
The approximate structure was determined by trial- 
and-error methods with some guidance in one projec- 
tion from the inequality method of direct sign deter- 
mination (Harker & Kasper, 1948). The atomic para- 
meters were refined by two-dimensional Fourier 
syntheses and difference syntheses. 

The short a axis of the unit cell showed tha t  the 
(CO0)~. plane of the molecule cannot be inclined at  
more than 40 ° to (100) and tha t  in projection on tha t  
plane all atoms might be resolved. The a-axis length 
also limited the possible inclination of the O-CH 3 
bond to the oxalate plane. Of the various models 
considered only the planar trans-trans configuration, 
I, was compatible with the X-ray intensities; (we 
have adopted this nomenclature since the C= 0 bonds 
are trans with reference to the central C-C bond, and 
for the configuration about C1-O 2 we fol]ow the 
convention used by Marsden & Sutton (1936) in 
describing methyl acetate). 

O1, O2--------'C2 H3 

\ / 
o/. \,  

The orientation of the molecule relative to the b and 
c axes was found by trial. The approximate y, z 
parameters were refined by two-dimensional Fourier 
projections (Fig. 1), followed by difference, (Fo-Fc) 
synthesis (Fig. 2) to reduce termination-of-series 
errors. In  the projection (Fig. ]) the electron densities 
of the oxygen atoms appear to be disproportionally 
large relative to those of the carbon atoms, and by as- 
suming gaussian peaks the ratio of the number of elec- 
trons was estimated at C 1 :C~: 01:02 as 1.3:3.6: 7.g :6.5. 
This effect is due mainly to termination-of-series 
errors, since the difference map (Fig. 2) shows no 
significant negative or positive values at  the carbon 
and oxygen positions with Fc from normal C and O 
atomic scattering factors. The most significant feature 
of this difference map is the positive region associated 
with the methyl carbon atom; this corresponds to the 
electron distribution of the hydrogen atoms which 
were omitted in calculating the structure factors. 
~rhen the contribution from these was included, 
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Fig.  1. E lec t ron  dens i ty  p ro j ec t ed  along a. Contour  in te rva l :  1.0 e./1-2. Chain line: 0"0 e .A -9". 
Fig.  2. (Fo--Fc) pro jec t ed  along a. Contour  in te rva l :  0.5 e.~l -z. FuLl lines: pos i t ive ;  chain  line: zero;  b roken  lines: negat ive .  

Table 1. The atomic co-ordinates 

Frac t ions  of monocl inic  axes  

x y z 

C 1 0.095 0.052 0.056 
C z 0.272 0.143 0.405 
O ~ 0.244 0.119 - -0 .031 
O 2 0.095 0.051 0.267 

I n  Angs t rSm uni ts ,  refer red  to  or thogonal~axes 
(X '  is no rma l  to  the  b and  c axes) 

X '  Y Z 

0.361 0.618 0.264 
1.034 1.699 2-275 
0.927 1.414 - -0 .409  
0"361 0.606 1-574 

assuming a non-rotating methyl group oriented'with 
the C-H bonds directed approximately toward the co- 
ordinating carboxyls of adjacent molecules (see below), 
there was a significant improvement in the agreement 
index from R = 0.16 to 0.12 (R = Z[Fo-F~] +XJFol). 

In the (hkO) zone, four reflexions had intensities 
corresponding to unitary structure factors greater than 
0-4, and use of the inequality relationships established 
the phases for five reflexions. Since the x co-ordinates 
of the atoms were known from the a projection, the 
planar model could be uniquely oriented in the unit 
cell to conform to the amplitudes and phases of these 
five planes. In projection down the c axis the atoms 
overlapped in pairs, with no resolution of the peaks for 
01, C ~ and O ~, C 1 of the same half molecule. 

In the b-axis projection (Fig. 3), for which only 
23(h0l) structure factors were available, the oxygen 
atoms were resolved and the carbon atoms from 

C i I 

1h 
Fig.  3. E lec t ron  dens i ty  p ro j ec t ed  along b. Contour  in te rva l :  

1"0 e . ~  -9. B r o k e n  line: 1-0 e./~ -2. 

adjacent molecules were superimposed. The common 
z co-ordinates for 01 and 0 3 from the a- and b-axis 
projections agreed within 0.025/~, and it was assumed 
that  the x and y co-ordinates were equally reliable. 
The oxygen atoms were therefore removed from the 
c-axis projection by computing the synthesis with 
(Fo-Fc(oxygens)) as coefficients (Fig. 4). This gave 

l h  
Fig.  4. (Fo--Fo) elec t ron dens i ty  p ro j ec t ed  along c. Con tour  

in te rva l :  1 e./~ -2. Chain l ine:  0"0 e .A -~'. Crosses:  o x y g e n  
posi t ions.  

a clear indication of the planar configuration of the 
whole molecule and its inclination to the a axis. The 
x co-ordinates of the carbon atoms were derived from 
this synthesis. 

The atomic co-ordinates are given in Table 1. The 
intramolecular dimensions and the principal inter- 
molecular separations of atoms are given in Table 2. 

The structure factors were calculated from James & 
Brindley scattering factors for C and 0 with a mean 
thermal factor of B = 2 .95/~- t  The agreement indices 
for the (Okl), (hO1), (hkO) zones were 0.16, 0.19, 0.17, 
respectively, excluding the hydrogen electron con- 
tributions. The observed and calculated structure 
factors are given in Table 4. 

A C 6  5 3  
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Table 2. Interatomic distances and angles 

I n t r a m o l e c u l a r  

C L C  1 1.53 A C L C L O  i 125 ° 2 '  
C L O  i 1-19 C L C L O  9 109 ° 48 '  
C L O  9" 1-31 O L C L O  ~" 124 ° 55 '  
C2-O ~ 1.46 CL02-C9" 118 ° 11 '  

C L O  1 2-70 ~ C L C  i 2.38 A 
O i - O  ~ 2.21 O L O  l '  3.48 
O L O  ~ 2.66 0 2 - 0 2 '  3" 45 

I n t e r m o l e c u l a r  

C2-O i 3.35 A I - I I  I x, y,  z .  
C L O  1 3.54 I-III II ½+x, ½--y, ½+z. 
C L O  i 3.57 I - I V  I I I  x, y,  l + z .  
O2-O 2" 3-37 I - I I I "  I I I '  - - x ,  - - y ,  1 - - z .  
O L O  2" 3"96 I - V  I V  x - - 4 ,  b - y ,  ½ + z .  
O L O  ' 4-34 I - I I I  V I - z ,  - y ,  1 - z .  

The standard deviations of the atomic co-ordinates 
from the resolved a-axis projection, calculated by the 
method of Cruickshank (1949) are C i 0.016, C 2 0.012, 
O i 0-011, O 9' 0.010 JL The standard deviation of the 
central C-C bond is estimated as about 0.03 .~, which 
corresponds to a probable limit of error of ±0.08 /~. 
The comparative inaccuracy of this measurement is 
due to a combination of the low value for the curva- 
ture of the C i peak and the centrosymmetrical rela- 
tionship of the two carbon atoms. The probable limit 
of error for the other bond lengths is about ±0.05 A. 
Within similar limits the molecule is planar; the equa- 
tion of the plane through the oxygen atoms and the 
origin is 

2 .47x- l .61y+O.O5z  = 0 

and C i and C 2 are -0 .029 and -0 .019 A respectively 
out of this plane. 

The  m o l e c u l a r  s t ruc ture  

The planar trans-trans structure of the molecule of 
dimethyl oxalate conforms to the stereochemistry of 
the oxalic acids as regards orientation about the 
central C-C bond, and to tha t  of the simple carboxylic 
esters in the configuration of the carbomethoxy group. 
As with the acids, the coplanarity of the carboxyl 
groups, which might be regarded as characteristic of 
conjugation and g-bonding across the C-C bond, is not 
associated with a shortening in length relative to 
1.54/~, although in this analysis the measurement of 

that bond length is particularly insensitive and the 
observation is much less critical than for the a-oxalic 
acid and, to a lesser degree, the other analyses of the 
acid and its salts. The configuration of the carbo- 
methoxy group has been previously studied in other 
molecules in the liquid and vapour states by dipole- 
moment and electron-diffraction methods. From the 
value of the moment of methyl  acetate vapour 
(1.67D) and solution in benzene (1.78D) it was con- 
cluded tha t  in both phases the molecules are very 
close to the planar trans configuration, II,  (Eucken 

& Meyer, 1929; Marsden & Sutton, 1936). Zahn's 
(1932) dipole-moment results also indicated tha t  there 
was no appreciable free rotation about the C-O bond 
at temperatures up to 243 ° C. 

+ 
o o o 
/\ /\ /\ 

H 3 ~ C  CH 3 - - C  CH  3 ~ C  CH 3 
\ \ \ 

0 0 O -  

II III IV 

The electron-diffraction s tudy of methyl  formate 
and methyl  acetate by O'Gorman, Shand & Schomaker 
(1950) largely confirms these observations, with an 
estimate of 25 ° for the average dihedral angle of 
rotation from the planar configuration under the 
conditions of their experiment. They give the following 
values for the dimensions of the methyl  acetate mole- 
cule: C~C 1.52±0.04, C=O 1.22±0-03, C-O 1.36±0-04, 
O-CH a 1.46±0.04 •, C-C-O 116±3, C-O-C 113±3, 
O-C=O 124±4 °. The restricted rotation of the methyl  
carbon atom about the C-O bond is the consequence 
of the g-character of the bonding due to the resonance 
structures I I I  and IV. This is also manifested in the 
C-O bond length, which is significantly shorter than  
tha t  of the O-CH 3. The same general features are 
found in the dimethyl oxalate structure; the O-CH a 
bond length is in exact agreement with tha t  from the 
methyl  acetate; the C-O bond is 0.05 ji. shorter but  
the difference lies within the combined experimental 
errors. The dimensions of the carboxyl system do not 
differ significantly from those found in a-oxalic acid, 
V, by Cox et al. (1952). 

H3C 

o. / \  

128 C ~ C  C 

O O / ,  Ho o /2.1 

CH3 

V ~/I 

The C--O-CH 3 angle is significantly greater than 
tetrahedral,  as might be expected from the bond 
character implied in the resonance formula IV and 
the non-bonding interaction between the methyl group 

and the earb0xyl oxygen at 2.70 A. In diethyl tereph- 
thalate IBailey, 1949), the whole molecule, with the 
except±oh of the terminal CH a of the ethyl group, is 
also planar and, within the limits of the experimental 
errors, the relevant bond lengths and valency angles 
are in agreement with these results. 

On the basis of the dimensions of the trans-trans 
molecule, it is apparent tha t  the planar trans-cis 
isomer, VI, has an energetically unfavourable con- 
figuration because of the methyl  carbon C" approach 
to the carbonyl oxygen 01' at  2.1 A and the carbon 
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C 1' at 2-5 J(. A rotation about-the central C-C bond 
would relieve the C H a - - - 0 1 '  repulsion energy but 
leave unchanged that  of the C H a . . .  C 1'. A planar 
cis-cis isomer is impossible owing to the near super- 
position of the two methyl groups, and in fact only 
one form of dimethyl oxalate is known. 

T h e  i n t e r m o l e c u l a r  s t r u c t u r e  

In keeping with the low melting point, high vapour 
pressure and soft character of the crystals, the struc- 
ture is of the molecular type with no short inter- 
atomic distances corresponding to strong linkages 
between molecules. The molecular packing takes a 
form, common to the crystal structures of planar 
molecules, in which the molecules lie in two planes 
alternately inclined approximately at right angles to 
each other (Figs. 5 and 6), (cf. naphthalene and 
anthracene (Abrahams, Robertson & White, 1949; 
Mathieson, Robertson & Sinclair, 1950)). 

The crystals deform under slight pressure in layers 
normal to the b axis. The reason for this is apparent 
from the molecular packing: in directions other than 
normal to the b axis the molecules are staggered in 
position and it is only parallel to (010) that  planes 

) 3C sin p 

Fig. 5. S t ruc tu re  of d ime thy l  oxa la te  p ro j ec t ed  along a. 

04 

) b 
Fig.  6. S t ruc tu r e  of d imethy l  oxa la te  p ro jec ted  along c. 

which do not intersect the molecules can be drawn 
through the crystal structure. 

The shorter of the intermolecular distances are given 
in Table 2. I t  is a notable feature of these that, of the 
four closest, three correspond to co-ordination of 
carbonyl oxygen atoms around the methyl group at 
3.35, 3.54, and 3.57 /~. The fourth distance is 3.4 J~ 
between ester oxygen atoms, and all other neighbours 
are separated by 4.0, 4.3 J~ and greater distances. The 
arrangement of the three carbonyl groups, which are 
from different molecules, around the methyl group is 
illustrated in Fig. 7. On the right hand side, the C-O 

H1 

/ 
o,(,,,)/ I "%-\ 

1 o,(,,)1 / o,(,,,)1 

~.-3"35 
01 (IV) ~ 950 

I'17~ I 
1 02 

Fig. 7. (a) D i s t r ibu t ion  of ca rbony l  oxygen  a toms  of ad j acen t  
molecules  a round  a m e t h y l  group re la t ive  to the  direct ion 
of the  O9C 2 bond.  (b) S tereographic  p ro jec t ion  wi th  O2C ~ 
as pole axis. 

directions and those of the C-H bonds, assuming 
tetrahedral angles, are compared on a stereographic 
projection with O~C ~ as the pole axis. Owing to the 
proximity of the carbonyl oxygen atom in the same 
molecule, which is only 2.7 A away, the 02C9H angles 
will probably be somewhat distorted from tetrahedral. 
The greatest distortion is likely to be that  which opens 
the O~C~H angle in the plane of the molecule so as to 
bring the hydrogen locus in Fig. 7 closer to the pole 
of the stereographic projection in the vicinity of the 
point O(II). 

There is no direct evidence of the exact location of 
the hydrogen atoms from this analysis, and the methyl 
group may be rotating freely or may be partially 
restricted by the electrostatic field of the polar oxygen 
atoms. In calculating the X-ray scattering of the 
hydrogen atoms (see above), a non-rotating group was 
assumed and the atoms were assigned the positions 
marked in Figs. 2 and 7. Although this resulted in a 

Table 3. Melting and boiling points of some 
carboxylic esters 

M.p. (°C.) B.p .  (°C.) 

D i m e t h y l  oxa la te  -}- 54 163 
Methy l  e thy l  oxa la te  Liq.  174 
Die thy t  o x a l a t e  --  41 185 
n -Dip ropy l  oxa la te  --  44.3 214 
D i m e t h y l  ma lona te  --  62 181 
I ) i e thy l  ma lona t e  --  50 199 
D i m e t h y l  succinate  -}- 19.5 193 
Die thy l  succ ina te  -- 21 218 

53* 
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Table 4. Observed and calculated structure factors 

P l a n e  F¢ 1~'c Fo 
020 36.0 31.4 23.5 
040 - -  23-2 - -  24-2 22.5 
060 - -  6"4 - -  6.2 7.5 
0'80 -- 0-3 - -  0.4 < 2.0 

O,lO,O --12.5 --12.2 l l . 5  
0,12,0 --  9.7 - -  9.8 9.0 
0,14,0 - -  0.I --  0"I < 2-0 

Oll  --24-2 20.8 16.4 
021 --22.8 --24.2 20.2 
031 2-5 5-9 8.8 
041 - - 1 9 . 0  - - 1 6 . 7  17.4 
0 5 1  - -  12.5 - -  13.0 13.3 
061 - - 1 4 . 9  - - 1 6 . 1  16.9 
071 - -  3.2 - -  2.81 4.8 
081 - -  9-2 - -  9"3 10.4 
091 4-8 4.4 3.3 

0,10,1 0.7 0-8 < 2.0 
0,11,1 - -  1.5 - -  1"5 2.9 
0,12,1 5.3 5"3 4.3 
0,13,1 - -  5.12 - -  5.1 4.1 
0,14,1 2"6 2"6 2.2 

002 13.5 15-0 15.6 
012 13"4 15.5 16.1 
022 - -  8.1 - -  8"3 8.5 
032 7.2 5.0 7.1 
042 - - 2 0 . 4  - - 2 0 . 5  20.7 
052 - - 1 2 . 3  - -12"2  13.9 
062 1.1 0"5 < 2.0 
072 - -  4-5 - -  4.5 5-7 
082 11.7 12.1 12.2 
092 5.0 4.9 4.5 

0,10,2 3"1 3.2 3.4 
0,11,2 1.4 1.3 < 2.0 
0,12,2 - -  2.1 - -  2.9 2-9 
0,13,2 1.2 1-2 < 2.0 

013 18"8 19.0 18.8 
023 4.1 4.7 3.6 
033 - -  4 .0  - -  4.6 4.8 
043 9"0 9"6 10.1 
053 7.3 - -  6"8 6.4 
063 2.9 2-2 3.7 
073 1.1 1.1 < 2.0 
083 - -  3"0 - -  2.9 3.9 
093 0.5 0"3 < 2.0 

0,10,3 1.1 1-0 < 2.0 
0,11,3 - -  4.0 - -  4.0 3.7 
0,12,3 2.8 2.8 2.5 
0 , 1 3 , 3  - -  2.5 - -  2.5 2.5 

004 13.2 12.8 13.1 
014 4.8 4.6 3.6 
024 9.4 9.6 11.0 
034 - -  2 .0  - -  2.5 2-8 
044 - -  0.0 - -  0.0 < 2.0 
054 - - 1 4 . 2  - - 1 3 . 8  13.6 
064 - -  5-5 - -  5.5 5.9 

(~ 

P l a n e  

074 
084 
094 

0,10,4 
0,11,4 
0,12,4 
0 ,13,4 

015 
O25 
035 
O45 
055 
O65 
075 
085 
O95 

0,10,5 
0,11,5 

OO6 
016 
026 
036 
046 
O56 
066 
076 
086 
096 
017 
027 
037 
047 
057 
067 

101 
103 
105 
107 
202 
204 
206 
301 
303 
305 
402 
404 
10i 
lOS 
10~ 
lO7 
2OO 
205 
20~ 
20g  

m e l u d m g h y ~ o g e n ~ o m s )  

- -  8 . 5  - -  8 . 5  9 - 7  
- -  2 . 5  - -  2 . 5  1 . 7  

2 . 3  2 . 3  < 2 . 0  
- -  0 . 8  - -  0 . 8  < 2 . 0  

2 . 9  2 . 9  2 . 7  
- -  3"1 - -  3"1 3"0 

1"0 1"0 1"5 
1"5 1"6 < 2"0 

- -  1 . 3  - -  1"0 1"9 
- -  8 . 2  - -  8 . 2  8 . 1  
- -  7 : 6  - -  7 . 6  8 . 2  
- -  3 . 1  - -  3 . 1  3"4 
- - 1 0 . 2  - - 1 0 . 7  8 . 4  

5 . 9  5"8 5 . 6  
- -  4 . 2  - -  4"1 3 - 8  

2 . 9  2 - 9  3 . 4  
1 . 7  1 - 7  1 . 5  

- -  1 . 0  - -  1 . 0  1 . 2  
- -  6 . 5  - -  6"6 5"9 
- -  1 . 6  - -  1 . 6  1 . 6  
- -  3 - 2  - -  3 . 2  4 . 0  
- -  2 . 1  - -  2 . 2  2 - 4  

0 . 3  0 . 3  < 2 . 0  
1 . 0  1 . 0  < 2 - 0  

- -  0 . 4  - -  0"3 < 2 . 0  

2 . 4  2 . 4  2 . 1  
2 . 3  2 . 4  2 - 6  
0 . 1  0 . 1  < 2 . 0  
1 . 2  1 . 2  < 2 . 0  
4 . 8  4 . 8  3 . 3  

- -  0"I - -  0 - I  < 2 -0  

- -  0"0 0"0 < 2"0 

- -  0"6 - -  0"6 < 2"0 

- -  2"8 - -  2 -8  1 . 8  

- -  7 . 3  1 1 - 0  

8"9 7 . 6  
- -  3 . 5  5 . 1  

4 . 2  2"4 
- - 1 4 . 6  1 3 . 8  
- -  3 . 8  3 - 9  

0 - 2  < 2 . 0  
- -  9 . 6  7 . 2  

1 . 0  < 2 . 0  
- -  4 . 3  < 2"0 

3 . 9  < 2 . 0  
- -  3 . 4  < 2 . 0  

3 2 . 5  31"1  
3 . 3  6 . 3  

- -  3 . 9  5 . 1  
- -  4 . 8  3 . 5  
- - 1 3 " 8  1 2 . 3  
- - 1 1 . 8  1 4 . 3  

8"7 1 2 . 0  
- -  0 . 7  < 2 . 0  

P l a n e  F c  F~ $'o 

30T 4-3 6-2 
30S - -  3-7 3.5 
30~ 11.3 10.3 
307 3.7 3-2 
400 1.3 < 2.0 
40~ 5.0. < 2.O 
403 O.2 < 2.O 
406 2.5 2.1 
110 30.2 28.3 
120 - - 4 8 . 1  41.2 
130 15.9 20.1 
140 - -  13-6 15-4 
150 - -  1.0 3.2 
160 8-4 7-9 
170 - -  9.6 11-1 
180 - -  5-5 6-5 
190 - -  9.3 10.9 

1 , 1 0 , 0  - -  7-6 7.0 
1 , 1 1 , 0  - -  5.8 7.1 
1,12,0 3-7 3.0 
1,13,0 - -  2.4 2-6 
1,14,0 5.6 4-6 

210 - -  5.7 7.7 
220 5.9 9-0 
230 - -  12.5 14-3 
240 18-7 17.2 
250 - - 1 5 . 7  15.9 
260 - -  2-8 3.2 
270 - -  7.5 11-0 
280 - - 1 0 . 7  10-1 
290 - -  0.9 3-3 

2,10,0 - -  1.3 2.9 
2,11,0 1.7 2.6 
2 ,12,0  2.0 4.0 
2,13,0 2-6 < 2.0 

310 - -  1-9 < 2.0 
320 4.5 < 2-0 
330 - -  2.5 2.6 
340 - -10"6  9.8 
350 4.8 < 2.0 
360 - - 1 5 . 8  11.5 
370 2.1 < 2-O 
380 - -  2-5 3.0 
390 1.0 2-1 

3,10,0 4.6 2-2 
3,11,0 0.2 < 2-0 
3,12,0 1.8 1-6 

410 - -  2.2 1-9 
42O - -  3.9 3-4 
430 - -  3"8 3.4 
440 - -  6.2 3-2 
450 - -  2.7 2.4 
460 1-8 1-4 
470 - -  2.5 < 2.0 
480 6.0 1.9 

significant improvement in the structure-factor agree- 
ment, the accuracy of the present experimental data 
is~inadequate to distinguish between this or any other 
fixed orientation and hindered or free rotation. 

The intermolecular C • • • 01 directions all lie within 
the tetrahedral H - C - H  angles of the methyl group. 
This Buggests that  there is association between the 
carbonyl oxygens and the methyl group as a whole, 
rather than along particular C - H - 0  directions. Except 
for the co-ordination, the distances of about 3.5 

would not be regarded as particularly characteristic 
of C- t t -O hydrogen bonds, which, if they exist, are 
in general too weak to be apparent from the results of 
crystal-structure studies. They could, however, corre- 
spond to the type of association often classified as 
hydrogen bonding, which is manifested in observations 
of anomalous solubilities and of infra-red displace- 
ments of certain compounds in donor solvents (cf. 
Hunter, 1946). The attraction between molecules 
which gives rise to complex-formation between nitro 
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compounds, quinones etc. and aromatic hydrocarbons, 
amines, phenols has been described as 'polarization 
'bonding' by MeKeown, Ubbelohde & Woodward 
(1951). In  particular, this term was applied to the 
unusually close approach of 2.66 _~ between nitro 
oxygen and aromatic carbon atom in p-nitroanaline; 
but  this was considered to be an extreme case, for in 
the crystal structures of those molecular complexes 
which have been studied no short intermolecular 
distances are found. In  dimethyl oxalate the as- 
sociation is similarly between a strongly polar group, 

C = 0,  and a polarizable one, -CH3, which are not 
separated by  particularly short intermolecular dis- 
tances. In  the absence of more detailed understanding 
of these forces, polarization bonding would appear to 
be a more appropriate description than C - H - - .  0 
hydrogen bonding. 

Dimethyl  oxalate shows a marked first-member 
anomaly in melting point compared with the melting 
points of other alkyl oxalates and carboxylic esters 
(Table 3). In  contrast, the boiling points of the oxalate 
esters are in normal sequence and the vapour-pressure 
da ta  reported by Shull (1947) for the dimethyl and 
diethyl esters give similar Trouton constants (c. 30). 
The high melting point of the dimethyl ester would 
appear therefore to be a consequence of the methyl- 
to-carbonyl association in combination with the pos- 
sibility of appropriately compact arrangement of mole- 
cules in the crystal. I t  is therefore a crystalline solid at  
room temperature for much the same reasons tha t  
molecular compound formation takes place between 
molecules containing polarizing and polarizable atoms 
(cf. Wallwork & Harding, 1953). A similar effect is 
found to a lesser degree in dimethyl succinate, which 
could have a similar crystal structure, but  is absent in 
the malonate series where the non-centric molecular 
configuration would compel a different type of mole- 
cular packing (cf. the crystal structures of the odd 
and even series of dicarboxylic acids). That  the 
CH a • • • 0 association is significant only in the methyl 
and not in the ethyl derivative is in keeping with 
evidence tha t  the C H . . .  0 is a weak interaction 
which becomes apparent only in suitable polar en- 
vironment (Hunter, 1946); it is provided in this strut-  
ture within the molecule by the adjacent ester oxygen 
which renders the CI-I a more polarizable to the external 
influence of the carbonyl dipoles. 

From the examination of the Raman spectra of 
dimethyl  oxalate, Saksena (1940) reported marked 
changes in frequency and intensity in passing from 
solid to liquid. This observation was interpreted as 
due to a reduction in the C = 0  force arising from a 
transition at  the melting point from the trans-trans 
molecule, I, to the trans-cis isomer, VI. In view of the 

steric interference in a trans-cis isomer (see above), 
this is a most unlilcely explanation. I t  is more reason- 
able to ascribe the spectral differences to changes in 
the force constant of the C = 0  bond with the dis- 
ruption of the methyl-to-carbonyl association by 
thermal motion at  the melting point. Infra-red spectro- 
grams of dimethyl oxalate solutions in CS~ and CCla 
at  different concentrations showed no change in the 
C-H frequencies at  2900 and 3000 cm.-1; and this also 
supports the view tha t  the association is weak and 
only significant in the solid state. 
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