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An efficient treatment of ring conformations during molecular 
crystal structure determination from powder diffraction data 

Mark J. Spillman,*a Norman Shankland b and Kenneth Shankland c  

An effective and efficient method for dealing with ring systems whose conformations are not known in advance, during 

global optimisation-based crystal structure determination from powder diffraction data, is described. The method can also 

be used to deal with compounds containing multiple centres of unknown chirality.

Introduction 

Global optimisation (GO) methods for crystal structure 

determination from powder diffraction data (SDPD) are widely 

accepted as providing efficient routes to obtaining the crystal 

structures of small molecules. The use of such techniques is 

becoming increasingly necessary due to the popularity of 

synthetic methods based on mechanochemistry, where 

obtaining crystals suitable for single crystal diffraction analysis 

is extremely difficult1. Despite their many successes, GO 

methods become less effective as the crystal structures under 

study become more complex, reflecting the increasing 

complexity of the hypersurface that describes the agreement of 

the observed and calculated diffraction data. Significant effort 

has gone into counteracting this drop-off in effectiveness, with 

the result that crystal structures with large numbers of degrees 

of freedom (DoF) are now tractable on reasonable compute 

timescales2-4. In this work, this increased effectiveness is utilised 

to solve crystal structures that involve ring systems of unknown 

conformation and structures with multiple stereocentres. 

Background to the approach 

In general, when solving a crystal structure by a GO-based 

approach, one seeks to minimise the number of DoF in the 

problem in order to maximise the chances of success. For many 

features of the 3D molecular model(s) that comprise the start 

point for the optimiser, this is straightforward; bond lengths 

and angles are normally held fixed, as are known torsion angles, 

with only torsion angles that are free to rotate allowed to vary 

during optimisation. Other commonly encountered features, 

however, are more problematic. 

 

Ring systems 

The popular Z-matrix molecular representation does not allow 

for the optimisation of ring conformations. As such, for 

problems where ring conformations are not known a priori, the 

use of conformer generators is common, though not always 

efficient. Conformer generators5-8 may provide a plurality of 

likely ring conformations, each of which needs to be tested in a 

separate GO run, and historically they have had difficulty in 

producing accurate conformations for macrocyclic rings and 

complex fused ring systems6, 9. This has led some to adopt 

strategies which do not require conformations to be defined in 

advance. The program FOX10 has shown success by replacing the 

Z-matrix representation of molecules with a system of distance, 

angle and torsion restraints that allow molecular geometry to 

be conserved whilst optimising the positions of each individual 

atom in the structure. This increases the DoF, but allows the ring 

conformation to adjust. Another strategy available in FOX is the 

use of molecular dynamics routines to modify ring 

conformations during SDPD. Whilst shown to be effective, this 

comes at the cost of approximately doubling the time taken to 

process the GO runs11. A less commonly used approach that still 

makes use of the Z-matrix representation is to allow 

optimisation of a ring conformation during the SDPD process by 

breaking a bond (henceforth referred to as ‘cutting’) within it, 

converting it into a flexible chain of atoms12. Depending upon 

the number of atoms in the ring, this can significantly increase 

the number of DoF, thus increasing the difficulty of obtaining a 

solution. However, as the length of the broken bond is well-

defined, it can be used as the basis of a restraint which forces 

the distance between the two atoms involved to refine to the 

known bond length during optimisation13. This limits the set of 

possible conformations that can be adopted by the flexible 

chain of atoms to only those that reform the ring, without 

placing any restriction on the conformation adopted by the ring. 
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Stereocentres 

The relative stereochemistry of structures containing n (> 1) 

chiral centres can obtained by building separate models for 

each PXRD-distinguishable‡ combination of R and S and 

attempting to solve the structure with each model. The 

maximum number of models to be tested is thus 2n-1, 

significantly increasing the work needed to obtain a solution. 

However, if two of the bonds at every chiral centre are cut, 

groups of atoms can then move independently, allowing them 

to be optimised to their correct relative stereochemical 

configurations. Whilst this process introduces several additional 

DoF, these additional DoF can again be restricted by using 

restraints based on known bond lengths.  

Implementation 

Distance, angle and torsion angle restraints (full details in the 

ESI§) have been incorporated into the local optimisation 

component of GALLOP, an open-source program for SDPD4, in 

the form of penalty terms that are minimised along with the 

diffracted intensity χ2. To ensure that the values of the penalty 

terms and χ2 are appropriately weighted, all restraint penalties 

are first globally scaled by the value of χ2 at each iteration, with 

individual restraints then being subject to further scaling by 

user-supplied weighting terms. This allows the user to set the 

importance of each restraint relative to χ2. A weight of 1 assigns 

equal importance to χ2 and the restraint; weights less than or 

greater than 1 decrease or increase the relative importance of 

the restraints respectively. In this work, the weights of all 

restraints were set to 1. No restraints are applied during the 

particle swarm optimisation step, which allows structures to 

escape the additional local minima introduced by the restraints.  

Experimental 

Four crystal structures, previously solved from PXRD data (Table 

1), were chosen as examples for the applicability of the 

restraint-based approach. The published structures were first 

validated by periodic dispersion-corrected DFT (DFT-D) 

calculations, following the approach of van de Streek14. PXRD 

data for all structures, obtained from their respective 

publications, were Pawley fitted using DASH2, 15-17 and the 

resultant fit files used as input for GALLOP. Z-matrices for all 

structures were derived from their CSD18 entries§§. To produce 

the cut models, Mercury19 was used to delete the bonds shown 

in Figures 1 to 4. Distance restraints applied to the cut bonds 

were derived from the original bond-lengths measured in 

Mercury and rounded to two decimal places (see ESI). Double 

bonds within the macrocycle of IJUXUI and fused rings of YIXSII 

were treated as flexible, though torsion angle restraints were 

applied to favour the expected geometry. The DoF for the 

original and cut models, as well as the number of restraints 

applied during the GALLOP runs are also reported in Table 1. 

GALLOP was run using cloud-based virtual machines, each 

equipped with a single Nvidia Tesla A100 GPU (40 GB VRAM). 

The virtual machines were accessed using two cloud computing 

providers: Google Compute Engine and vast.ai. 

Table 1 Molecular and crystallographic details of the structures used in this study 

M/cycle = macrocycle; Fused = fused ring system; S/C = stereocentres; 

Nref = number of reflections extracted in Pawley fit; Res = resolution of Pawley fit; 

DoFxxx= number of degrees of freedom (where xxx indicates: pos = positional, ori = 

orientational, tor = torsional, tot = total) in each problem, for the original models 

based on the CSD REFCODES, and the models where bonds have been cut to open 

up rings or deconstruct stereocentres.  

For each structure, runs were carried out using the original 

models, cut models without restraints, and cut models with 

restraints applied. Each set of runs was repeated with 10 and 20 

GALLOP iterations. GALLOP was set to use 500 local 

optimisation steps followed by a single particle swarm step per 

iteration. The size of each independent swarm was set to 1000 

particles; hence either 5 × 106 or 1 × 107 χ2 function evaluations 

were carried out by each independent swarm. For speed and 

GPU-memory efficiency, only the coordinates of the non-

hydrogen atoms were used in the χ2 calculations. Due to 

differences in space group, number of reflections, degrees of 

freedom and number of non-H atoms, the number of swarms 

(N) that could be accommodated in the GPU memory varied 

with each structure. To ensure that results were obtained from 

at least 100 independent swarms, repeat runs were required for 

most of the structures: IJUXUI – 1 run of N=100 swarms/GPU; 

LAQSON01 – 5 runs of N=20 swarms/GPU; YIXSII – 3 runs of 

N=34 swarms/GPU; IQISAE01 – 4 runs of N=25 swarms/GPU. 

The best structure obtained by each independent swarm was 

compared to the published crystal structure using the ‘Crystal 

Packing Similarity’ tool in Mercury, run with the default distance 

and torsion angle tolerances. Only structures with 15/15 

molecules in common with the reference crystal structure were 

considered to be correct solutions. In the case of IJUXUI, the 

solution’s intensity χ2 was also used as an additional criterion 

for determining a solution; results that gave 15/15 overlap but 

CSD REFCODE IJUXUI  LAQSON01 YIXSII IQISAE01 

Reference 20 21 22 23 

Feature M/cycle M/cycle Fused 5 × S/C 

Sp. Grp. P212121 P212121 P21/c P212121 

a / Å 4.718 15.710 13.116 19.772 

b / Å 19.152 18.893  21.322 15.074 

c / Å 22.942 15.036 11.756 7.6743 

β / ° 90.000 90.000 113.99 90.000 

V / Å3 2073 4463 3004 2287 

Z 1 1 2 1 

λ / Å 1.54056 1.30000 1.2525 1.54056 

2max 41.99 37.96 41.50 45.00 

Nref 157 368 570 195 

Res. / Å 2.15 2.99 1.77 2.01 

DoFpos : orig/cut 3 / 3 12 / 12 6 / 6 3 / 15 

DoFori  : orig/cut 3 / 3 3 / 3 6 / 6 3 / 12 

DoFtor  : orig/cut 2 / 14 8 / 29 0 / 24 11 / 12 

DoFtot  : orig/cut 8 / 20 23 / 44 12 / 36 17 / 39 

Dist. restraints 1 3 6 6 

Tors. restraints 2 0 2 0 

Figure  1 2 3 4 
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with a substantially higher χ2 than that of the rigid-macrocycle 

model solutions were deemed to have not solved. 

 

 
Fig 1 The molecular structure of IJUXUI (Z’ = 1), with scissors indicating the bond 
that is cut in order to introduce conformational flexibility to the macrocycle. Bonds 
coloured blue indicate those around which free rotation can occur when the 
macrocycle is intact; bonds coloured red indicate the additional torsional DoF 
introduced by bond cutting; bonds coloured green indicate those around which 
restrained rotation can occur after bond cutting i.e. torsional restraints are applied 
to these bonds to limit deviation from planarity. Overall, bond cutting increases 
the number of torsional DoF from 2 to 14. 

 

 

 
Fig 2 The structure of the largest molecular component of LAQSON01 (Z’ = 1, 
trihydrate), with scissors indicating the bonds that are cut in order to introduce 
conformational flexibility to the macrocycle and the 6-membered rings. Bonds 
coloured blue indicate those around which free rotation can occur when the 
macrocycle and rings are intact; bonds coloured red indicate the additional 
torsional DoF introduced by bond cutting. Overall, bond cutting increases the 
number of torsional DoF from 8 to 29. 

 

 

 

 

Fig 3 The molecular structure of YIXSII (Z’ = 2), with scissors indicating the bonds 
that are cut in order to introduce conformational flexibility to each ring. Bonds 
coloured red indicate the additional torsional DoF introduced by bond cutting; 
restrained rotation can occur around the bond coloured green after bond cutting 
i.e. a torsional restraint is applied to this bond to limit deviation from planarity. 
Overall, bond cutting increases the torsional DoF, per molecule, from 0 to 12. 

 

Fig 4 The molecular structure of IQISAE (Z’ = 1, H-atoms omitted for clarity), with 
scissors indicating the bonds that are cut in order to create the 5 fragments shown 
underneath. Bonds coloured blue indicate those around which free rotation can 
occur when the molecule is intact; bonds coloured red indicate the additional 
torsional DoF introduced by bond cutting. Overall, bond cutting increases the 
number of torsional DoF from 11 to 12 and the number of external DoF from 6 to 
27. Each asterisk denotes a chiral centre in the intact molecule. 

* 

* 
* 

* 

* 
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Table 2 Results obtained using 20 GALLOP iterations 

 

Cut = did model incorporate cut bonds?; Restr. = did model incorporate restraints?; 

Succ. = frequency of success in achieving correct structure solution; t = time taken 

for a single GALLOP run with N swarms; RMSD = root mean square deviation of 

answer from known REFCODE structure, obtained by Mercury (15/15 molecules in 

common, 20% tolerances; H atoms ignored) rounded to 2 decimal places, 

N=number of independent swarms that were simultaneously accommodated in 

GPU memory. 

Results 

Table 2 reports the results for runs where 20 GALLOP iterations 

were performed by each independent swarm; the results for 

the 10 iteration runs are included in the ESI. Inclusion of 

restraints significantly improves the probability of obtaining a 

solution when using the cut models. Three of the structures 

(LAQSON01, YIXSII, IQISAE01) failed to solve using the cut 

models without restraints, whilst with restraints included, 

GALLOP rapidly returned multiple high-quality solutions with 

RMSDs low enough for subsequent Rietveld refinement and 

DFT-D optimisation to proceed without difficulty. The results 

obtained for runs with 10 GALLOP iterations per swarm show 

similar trends, though unsurprisingly with fewer solutions and 

slightly higher average RMSDs.  

The simplest structure solved in this work, IJUXUI, is solved 

easily with the cut model even in the absence of restraints. 

However, the inclusion of restraints results in performance 

comparable to that of the original (rigid macrocycle) model in 

terms of success rate, as well as a slightly improved average 

RMSD for the final structures. The torsion angle restraints 

applied to the double bonds allows for some deviation from 

planarity (e.g. one double bond in the published structure has a 

torsion angle of -173°) whilst ensuring that incompatible 

conformations are avoided. 

The cut model of LAQSON01 is the most complex structure 

tested in this work in terms of number of DoF. However, despite 

the relatively low number of χ2 evaluations performed by each 

swarm, high-quality solutions were obtained with ease when 

restraints were included.  

In the case of YIXSII, despite the cut models having three times 

the number of DoF of the original rigid models, more solutions 

were obtained from runs with cut restrained models than the 

runs with the original rigid models. Examination of the 

unsuccessful rigid model results showed that most had located 

a deep local minimum on the χ2 hypersurface; this minimum 

being characterised by the positions of the two molecules 

(which have different conformations) in the asymmetric unit 

being swapped relative to those in the correct structure. Using 

the cut models, the correct conformation of each molecule can 

be obtained regardless of where it is located within the unit cell. 

The five chiral centres in IQISAE01 result in the requirement to 

test up to 16 possible full models if no chirality information is 

known. Using instead a single cut model consisting of restrained 

fragments, the correct structure is obtained in about 1-in-5 

runs, only a factor of ca. 2.5 times worse than using the full 

model with the correct stereochemical configuration.  

The use of restraints adds a small computational overhead and 

a small increase in GPU-memory use; the latter reduces the 

total number of particles (and hence independent swarms) that 

can be simultaneously optimised. However, such trade-offs are 

insignificant compared to the high success rates that result from 

the use of restraints. 

Conclusions 

We have demonstrated an efficient and effective common 

approach to dealing with ring systems, macrocycles and 

multiple stereocentres during global-optimisation based SDPD 

that should greatly simplify solving crystal structures that 

possesses such features. The impact of this approach is greatest 

in the case of systems featuring macrocyclic rings, where 

obviating the need to employ other, often complex molecular 

modelling software packages to generate multiple likely 

conformers for testing, is a major advantage. Whilst the 

benefits for systems with multiple stereocentres are less 

significant, when such systems have a large number of chiral 

centres, the potential time savings afforded by this single 

cut-model approach are still considerable.  

The distance, angle and torsion restraints described in this work 

have been included in an update to GALLOP, which is freely 

available at https://github.com/mspillman/GALLOP. GALLOP 

can be operated through a browser-based graphical user 

interface which includes the ability to specify restraints. 

Alternatively, a Python API can also be used, which allows for 

scripting and batch-running different combinations of restraints 

and weights. The ready availability of free and low-cost 

providers of cloud-based GPUs means that interested users do 

not require local GPU hardware to take advantage of this 

approach. 
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Structure Cut Restr. Succ. / % t / min RMSD/ Å 

     Avg. Best 

IJUXUI ✗ - 100 25 0.07 0.07 

1 × N=100 ✓ ✗ 48 25 0.14 0.11 

 ✓ ✓ 100 25 0.14 0.11 

       

LAQSON01 ✗ - 100 21 0.08 0.08 

5 × N=20 ✓ ✗ 0 21 - - 

 ✓ ✓ 10 21 0.12 0.11 

       

YIXSII ✗ - 86 17 0.05 0.05 

3 × N=34 ✓ ✗ 0 21 - - 

 ✓ ✓ 100 21 0.14 0.11 

       

IQISAE01 ✗ - 44 16 0.12 0.12 

4 × N=25 ✓ ✗ 0 17 - - 

 ✓ ✓ 17 17 0.19 0.17 

https://github.com/mspillman/GALLOP
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Notes and references 

‡ Standard PXRD experiments cannot distinguish between 
enantiomers. 
§ Other SDPD packages such as FOX10, 11, 24 and TALP 25, 26 also 
allow users to define restraints. Whilst closely related, our 
implementation differs in a number of ways, which are discussed 
further in the article ESI. 
§§ CSD-based models are used in this work to maintain the focus 
on the structure solution implementation, and to avoid 
introducing confounding model-building-related variables e.g. 
level of theory used to optimise a gas-phase model.   
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