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Structure determination techniques flex their muscles 

Alexander J. Blake*[a] 

 

  

Gas-phase electron diffraction (GED) has been around since 

1928[1], providing invaluable information about the structures of 

small molecules. Because the structural information is unaffected 

by interactions between neighbouring molecules, as seen to 

various degrees in the solid state, it can more readily be 

compared to the results of ab initio theoretical calculations. As a 

result, GED provides reliable structures against which the results 

of theoretical calculations can be validated, while calculations can 

help to resolve structural features which are not well represented 

in the GED data[2].  

 

The GED technique (Figure 1) has undergone significant 

development since its inception, both experimentally and 

theoretically, with the result that it has delivered steadily more 

accurate and reliable structures. The technique is practiced by a 

small number of highly-experienced research groups, a reflection 

of both the challenges and limitations of the technique[3]. One of 

the major limitations is that GED data are effectively one-

dimensional, so that similar distances (bonded or non-bonded) 

overlap in the radial distribution function, such that the successful 

determination of more complex or difficult structures may depend 

on the availability of additional data from techniques such as ab 

initio calculations, X-ray crystallography, liquid crystal NMR 

spectroscopy, or rotational spectroscopy[4].  

 

 

Figure 1. Schematic view of an apparatus for GED studies. 

 

Structure analysis by single crystal X-ray diffraction (SCXRD) 

has an even longer pedigree. Ever since the first crystal structure 

determination was published in 1913, the technique has been at 

the forefront of many of the most important scientific 

developments of the past century[5] and is a standard 

characterisation technique for new materials and for investigating 

structural variability: the Cambridge Structural Database of small-

molecule crystal structures[6] alone now contains around 900,000 

entries. The method does have its limitations, the most obvious 

being the requirement for – ideally – relatively large single crystals 

composed of unit cells with a consistent repetition of atomic 

positions. However, given suitable hardware, software, skill and 

time, considerable deviations from this ideal can be 

accommodated[7]. Another feature of structures determined by 

SCXRD is that molecules are in close proximity to each other, the 

effects of which can range from insignificant to extreme. The field 

of crystal engineering[8], which involves the design, construction 

and analysis of crystal structures of organic and metal-organic 

compounds, is based on the existence of significant 

intermolecular interactions in the solid state. 

So, given the power and maturity of these techniques for 

structure determination, why is the successful determination of 

the structure of a simple molecule such as tetranitromethane 

(Figure 2a) in the gas-phase and the solid state such a big deal? 
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Figure 2. (a) Conventional representation of tetranitromethane; 

(b) representation with arrows showing possible rotations about 

the C–N bonds. 

Part of the appeal of the Communication by Mitzel et al.[9] 

lies in the resolution of many decades of uncertainty over the 

true structure of tetranitromethane. Allied to this are the 

shortcomings or apparently incompatible results of earlier 

studies, including those using GED[10a, b],  infrared and Raman 

spectroscopies[10c] and SCXRD[10d]. The article also stands out 

because of the impressive achievements of the authors in 

recognising the extremely high degree of flexibility in the 

tetranitromethane molecule and overcoming its consequences. 

On their own, the static models normally employed in GED 

proved inadequate for such a flexible molecule, but the authors 

divined that the rotations about the C–N bonds (Figure 2b) were 

both significant and highly correlated. Their innovative solution is 

a four-dimensional dynamic model involving variable values for 

the four C–N torsions: their best fit was obtained using 82 

pseudo-conformers to model the torsional molecular dynamics 

while refining the same parameters as for a static model. The 

techniques developed in order to determine the gas-phase 

structure of tetranitromethane are of great significance because 

of their general applicability to other flexible molecules, although 

the exact form of the modelling will depend on the particular 

molecule under study and the type of flexibility it displays. 

 

Figure 3. The three crystallographically-independent molecules 

in the low-temperature polymorph of tetranitromethane, as 

determined by SCXRD at 100 K. 

This same molecular flexibility was also on show in the structure 

determined at 200 K by SCXRD, where extensive disorder was 

detected in the higher temperature crystalline phase. The 

authors’ refinement models involved differing degrees of 

disorder in both a higher-symmetry cubic space group and a 

lower-symmetry tetragonal one, but for none of these models 

were reliable molecular parameters obtained; the main 

conclusion was that the molecule was also highly flexible in the 

high temperature crystalline phase. However, recalling that 

vibrational spectroscopy[10c] had previously suggested the 

presence of a phase transition at 174.4 K, the authors cooled 

their crystal further and observed the transition at ca. 170 K. 

Despite the presence of pseudo-merohedral twinning and three 

independent molecules in the asymmetric unit (Figure 3), they 

were able to obtain a reliable structure for the ordered low-

temperature phase in an orthorhombic space group at 100 K. 

The variability of torsions about the 12 C–N bonds provides the 

final proof of the immense flexibility of the tetranitromethane 

molecule. 

 

The authors have turned their “nightmare of flexibility” into a 

dream solution not only for tetranitromethane but potentially for 

other highly flexible molecules. 
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