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Crystal form in drug formulation

• Solubility and dissolution – determines drug bioavailability
• Hardness, elasticity, and flow – Powder compaction and 

handling
• Habit and morphology – affects tableting performance
• Crystallinity – stability of the crystal form
• Hygroscopicity – absorption and retention of moisture 

which determines drug stability and shelf life



Why predict small-molecule crystal structures?

• Experimental crystal structures are obtained at the 
formulation stage

• Much effort and money would have been spent on 
optimizing the compound

• Not all polymorphs are realized in experiments
• Discovery of a new polymorph after formulation and 

marketing can result in recall and significant losses
• Estimate formulation risks, e.g. crystal morphology, 

mechanical properties



Outline
• Part I: CSP & Blind challenges

• CSP workflow
• Conformer generation
• IEFF force-field
• Crystal QM calculations
• Retrospective validation

• OE-GSK Blind challenges

• Part II: Recent advances
• Handling flexible molecules 
• Room-temperature corrections
• CSP using powder diffraction



Many local minima

Few local minima

Crystal structure and polymorph prediction

• Many high-lying local minima 
• Few low-lying (i.e. stable) local 

minima
• Goal: Find all meta-stable local 

minima at room temperature
• Chemically accurate energy model 

(< 1 kcal/mol error) is required to 
find all meta-stable states



Typical physics-based CSP workflow

Re-rank top FF packings using
QM

(10-100)

(105-106)

(100)

Conformer generation

Rigid packing -> FF minimization -> FF 
ranking

Start with 2D structure
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IEFF: Crystal Force Field

Plane-wave DFT

Semi-empirical

Force Fields

J. Chem. Phys. 2012, 137(5), 054103.
J. Chem. Inf. Model. 2009, 49, 944–955
Acta Cryst. 2016, B72, 460–476)

Energy Model MA%D MAD (kcal) ME (kcal) Rel time
(Approx.)

TPSS-D3 5.2 0.9 0.2 100,000

PBE-D3 5.75 1.1 0.4 100,000

PBEh-3C 6.3 1.3 0.1 100,000

DFTB-D3 11.9 2.4 0.1 50

FIT  (S. Price) 10.3 2.2 -1.9 1

IEFF   (OE) 11.5 2.5 -0.8 1

W99rev  (G.Day) 15.7 3.4 -3.3 1

• Generalized force fields (e.g. OPLS, Amber, MMFF94s…) are not suitable for 
crystals



QM@short-range + FF@long-range

Crystal expansion as a collection of gas-
phase dimers

Energy Model MA%D MAD (kcal) ME (kcal) Rel time
(Approx)

TPSS-D3 5.2 0.9 0.2 100,000

PBE-D3 5.75 1.1 0.4 100,000

PBEh-3C 6.3 1.3 0.1 100,000

IEFF+PBE-D3@SR 5.7 1.1 0.5 5,000

DFTB-D3 11.9 2.4 0.1 50

FIT  (S. Price) 10.3 2.2 -1.9 1

IEFF   (OE) 11.5 2.5 -0.8 1

W99rev  (G.Day) 15.7 3.4 -3.3 1



IEFF@long-range and DFT@short-range
• Faster and better scalability than plane-wave QM

• 2-3 orders of magnitude faster than Plane-wave DFT
• Massively parallelizable

• Dimer calculations done in parallel

• Parallel calculation of entropy
• Higher-level of QM (e.g. MP2) can be used
• Potential limitations

• Many-body effects
• Important for salts and highly polar groups
• Estimated using trimer-expansion



Structure RMS_20 Wall Time 
(hrs)

IEFF Rank IEFF@LR + 
DFT@SR Rank

CSP6 
Best-in-

class

XXII 0.15 2 2 2 2

XXIII 0.83 6 38 (A) 19 (A) 26 (A)

1.28 41 (D) 25 (D) 11 (D)

XXIV 0.29 1 19 2 2

XXV 0.30 2 1 1 6

XXVI 1.14 14 10 4 1

information on any suitable targets directly to an external
referee, Professor Richard Cooper (University of Oxford). A
general request for structures was also included in the
announcement of the blind test (Groom & Reilly, 2014). The
full experimental structures were known only to the external
referee, who also made the final selection of candidates,
enabling the CCDC itself to participate in the blind test.

2.1.1. Selection of suitable targets. Following the initial
requests, 20 unpublished structures were submitted for
consideration. Of these, ten were considered candidates for
category 2, four were considered for category 4, and two fell
into each of the remaining categories. A further request
yielded some additional possible category 1 and 2 structures.
The final targets are given in Table 1 and are numbered
(XXII)–(XXVI), following on from the 21 molecules and
systems studied in previous blind tests.

All three potential category 1 molecules contained one or
more ring systems with more than one possible conformation.
Molecule (XXII) contains no rotatable bonds but the mole-
cule is ‘hinged’ about the six-membered ring, introducing
some flexibility, with the flat molecule representing a saddle
point in vacuo. However, the hinged conformation and flex-
ibility was deemed to be predictable, although participants
were not provided with the conformation.

Molecule (XXIII) was disclosed along with five known
crystal structures (A–E) and experimental determination of
the most stable polymorphs at 257 and 293 K through slur-

rying experiments. The molecule formally has five rotatable
bonds but an intramolecular hydrogen bond between the
amine and carboxylic acid group constrains two of these to be
almost planar in the observed crystal structures, although a
complete CSP calculation would need to explore the possibi-
lity of the molecule not forming such a hydrogen bond. The
presence of two Z0 = 2 polymorphs (C and E) also stretches
the requirements of category 2, but given there were three
other Z0 = 1 crystal structures as potential structure prediction
targets, it was decided that this would not make the target too
difficult. One of the two molecules in the asymmetric unit of
form E has significantly larger anisotropic displacement
parameters than the other, particularly for the ethyl linker
between the two phenyl rings (see Fig. S1 of the supporting
information). While this suggests that there is potentially
disorder in the structure, it was still deemed a valid target.

Structure (XXIV) was chosen from two candidates and
satisfied the criteria of category 3. Although containing only
11 non-H atoms, it did contain an additional solvent of crys-
tallization, which increases the difficulty of the structure
prediction problem.

Structure (XXV) was chosen from four candidates as the
best example of a co-crystal that satisfied the category 4
criteria. Both molecules in the structure appeared to be quite
rigid, but the two possible hydrogen-bonding interactions
between the molecules retained some of the complexity. The
original experimental data for molecule (XXV) were collected

feature articles

442 Anthony M. Reilly et al. ! Sixth blind test Acta Cryst. (2016). B72, 439–459

Table 1
Two-dimensional chemical diagrams, crystallization conditions for the five target systems in the sixth blind test, including information disclosed to
participants initially and following queries, as well as a summary of the full predictions for each target system.

Separate lists and re-ranking submissions are not counted in these totals, but the best rank given does include re-ranking attempts. See x2.1 for more details of the
categories.

Target Chemical diagram
Crystallization conditions, remarks and
clarifications

Attempted
predictions

Times
generated

Best rank
(incl. re-ranking)

(XXII) Crystallized from an acetone/water mixture;
chiral-like character due to potential
flexibility of the six-membered ring, but
no chiral precursors used in synthesis.

21 12 1

(XXIII) Five known polymorphs (A–E); three
Z0 ¼ 1 (A, B, D), two Z0 ¼ 2 (C and E).
The most stable polymorphs at 257 and
293 K are both Z0 ¼ 1. Crystallization
conditions include slow evaporation of
acetone solution and of ethyl acetate:
water mixture.

A, B and D: 14; C
and E: 3

A: 4, B: 8, C: 1, D:
3, E: 0

A: 23, B: 1, C: 6,
D: 2, E: –

(XXIV) Crystallized from 1 M HCl solution. The
substituents of the C C double bond are
in the cis configuration.

8 1 2

(XXV) Slow evaporation of a methanol solution,
which contained a racemic mixture of the
enantiomers of Tröger’s base.

14 5 1

(XXVI) Slow evaporation from 1:1 mixture of
hexane and dichloromethane. No chiral
precursors used in synthesis.

12 3 1

Comparison to Best-in-Class from CSP 
Challenge 6

Reilly, Anthony M., et al. Acta Crystallographica Section B: Structural 
Science, Crystal Engineering and Materials 72.4 (2016): 439-459.

Best-in-Class method: Plane-wave PBE with dispersion correction 
(Neumann)



Structure RMS_20 
(A)

IEFF 
Rank

IEFF@LR 
+ 

DFT@SR 
Rank

Wall Time 
(hrs)

1 0.30 2 2 4

2a 1.11 25 2 2

2b 0.20 73 1 2

0.19 1 3

3 -- -- -- 4

XtalPi-Pfizer Blind Prediction Set

Zhang, Peiyu, et al. Crystal Growth & Design18.11 (2018): 6891-6900.

1 2a

2b 3



OE-GSK Blind Prediction Challenges
Given the SMILES string of the molecule, 
can we predict the crystal structure and 
potential polymorphs?



OE-GSK 1st Blind Prediction Challenge

Mol. Wt. = 335
# heavy atoms = 24
# atoms = 43
# H-bond donors = 0
# H-bond acceptors = 3

• Drug-like molecule from GSK
• Flexible with 4 rotatable bonds 
• No hydrogen bonding in the pure form (no 

donors)
• Packing is primarily governed by non-

specific van der Waals interactions, and 
dipole-dipole interactions



OE-GSK 1st Blind Prediction Challenge

Conformers

Pack

Optimize

Score

Re-optimize

Re-score

200

800,000

IEFF optimization

Rank = 21, RMS_20 = 1.1 A

Top 100 IEFF packings
IEFF@LR + DFT@SR

Rank = 1, RMS_20 = 0.18 A

62000 CPU hours
22 hours wall time



OE-GSK 1st Blind Prediction Challenge
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OE-GSK 2nd Blind Prediction Challenge

Mol. Wt. = 405
# heavy atoms = 29
# atoms = 46
# H-bond donors = 2
# H-bond acceptors = 5

• Drug-like molecule from GSK, advanced to 
Phase II clinical trials

• Flexible with 4 rotatable bonds 
• Packing is primarily governed by hydrogen 

bond interactions



OE-GSK 2nd Blind Prediction Challenge

Conformers

Pack

Optimize

Score

Re-optimize

Re-score

376

4.6million

IEFF optimization

IEFF scoring

Top 100 IEFF packings
IEFF@LR + DFT@SR

Rank = 1, RMS_20 = 0.18 A

290K CPU hours
24 hours wall time



Part II: Recent advances
• Highly flexible molecules
• Room-temperature corrections
• CSP using powder diffraction



Conformational sampling
• Some shapes are prime for efficient packing

• Similar shapes pack similarly
• Shape similarity plays an important role in various applications, e.g. virtual 

screening, docking, etc.



Hierarchical sampling of conformers
Systematically improve sampling in regions of interest



Multi-Level Conformer Sampling (Example) 
RMS 
(A)

Naïve Multi-level #Best 
packing 

conformers

%space 
rejected

1.00 39 39 5 87.2
0.75 106 72 4 96.2
0.50 406 81 10 97.5
0.25 3142 316 -- --

Naïve protocol: 
3142 conformers

Multi-stage protocol: 
508 conformers 

~6x less sampling



Temperature-dependent relative stability of 
polymorphs

information on any suitable targets directly to an external
referee, Professor Richard Cooper (University of Oxford). A
general request for structures was also included in the
announcement of the blind test (Groom & Reilly, 2014). The
full experimental structures were known only to the external
referee, who also made the final selection of candidates,
enabling the CCDC itself to participate in the blind test.

2.1.1. Selection of suitable targets. Following the initial
requests, 20 unpublished structures were submitted for
consideration. Of these, ten were considered candidates for
category 2, four were considered for category 4, and two fell
into each of the remaining categories. A further request
yielded some additional possible category 1 and 2 structures.
The final targets are given in Table 1 and are numbered
(XXII)–(XXVI), following on from the 21 molecules and
systems studied in previous blind tests.

All three potential category 1 molecules contained one or
more ring systems with more than one possible conformation.
Molecule (XXII) contains no rotatable bonds but the mole-
cule is ‘hinged’ about the six-membered ring, introducing
some flexibility, with the flat molecule representing a saddle
point in vacuo. However, the hinged conformation and flex-
ibility was deemed to be predictable, although participants
were not provided with the conformation.

Molecule (XXIII) was disclosed along with five known
crystal structures (A–E) and experimental determination of
the most stable polymorphs at 257 and 293 K through slur-

rying experiments. The molecule formally has five rotatable
bonds but an intramolecular hydrogen bond between the
amine and carboxylic acid group constrains two of these to be
almost planar in the observed crystal structures, although a
complete CSP calculation would need to explore the possibi-
lity of the molecule not forming such a hydrogen bond. The
presence of two Z0 = 2 polymorphs (C and E) also stretches
the requirements of category 2, but given there were three
other Z0 = 1 crystal structures as potential structure prediction
targets, it was decided that this would not make the target too
difficult. One of the two molecules in the asymmetric unit of
form E has significantly larger anisotropic displacement
parameters than the other, particularly for the ethyl linker
between the two phenyl rings (see Fig. S1 of the supporting
information). While this suggests that there is potentially
disorder in the structure, it was still deemed a valid target.

Structure (XXIV) was chosen from two candidates and
satisfied the criteria of category 3. Although containing only
11 non-H atoms, it did contain an additional solvent of crys-
tallization, which increases the difficulty of the structure
prediction problem.

Structure (XXV) was chosen from four candidates as the
best example of a co-crystal that satisfied the category 4
criteria. Both molecules in the structure appeared to be quite
rigid, but the two possible hydrogen-bonding interactions
between the molecules retained some of the complexity. The
original experimental data for molecule (XXV) were collected
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442 Anthony M. Reilly et al. ! Sixth blind test Acta Cryst. (2016). B72, 439–459

Table 1
Two-dimensional chemical diagrams, crystallization conditions for the five target systems in the sixth blind test, including information disclosed to
participants initially and following queries, as well as a summary of the full predictions for each target system.

Separate lists and re-ranking submissions are not counted in these totals, but the best rank given does include re-ranking attempts. See x2.1 for more details of the
categories.

Target Chemical diagram
Crystallization conditions, remarks and
clarifications

Attempted
predictions

Times
generated

Best rank
(incl. re-ranking)

(XXII) Crystallized from an acetone/water mixture;
chiral-like character due to potential
flexibility of the six-membered ring, but
no chiral precursors used in synthesis.

21 12 1

(XXIII) Five known polymorphs (A–E); three
Z0 ¼ 1 (A, B, D), two Z0 ¼ 2 (C and E).
The most stable polymorphs at 257 and
293 K are both Z0 ¼ 1. Crystallization
conditions include slow evaporation of
acetone solution and of ethyl acetate:
water mixture.

A, B and D: 14; C
and E: 3

A: 4, B: 8, C: 1, D:
3, E: 0

A: 23, B: 1, C: 6,
D: 2, E: –

(XXIV) Crystallized from 1 M HCl solution. The
substituents of the C C double bond are
in the cis configuration.

8 1 2

(XXV) Slow evaporation of a methanol solution,
which contained a racemic mixture of the
enantiomers of Tröger’s base.

14 5 1

(XXVI) Slow evaporation from 1:1 mixture of
hexane and dichloromethane. No chiral
precursors used in synthesis.

12 3 1
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Parallel Hessian and entropy calculation

• Finite-difference Hessian using 
cluster of dimers calculated in 
parallel

• Phonon spectrum and entropy 
calculated using harmonic 
approximation

For more details see the poster by Grigory
Ovanesyan : “Entropy and Crystal structure 
Predictions”



Validation using sublimation entropies
R2 = 0.919 [0.712-0.979]
Bias = 0.35 kcal/mol
Robust Error = 0.57 kcal/mol

Experimental Sublimation Entropy (kcal/mol)

AB

D

E

F
G

H

I
J

K

L
Acetanilide Benzoic

acid
2-Chlorobenzoic

acid

3-Fluorobenzoic
acid

2-Fluorobenzoic
acid

4-Hydroxybenzoic
acid

4-Chlorobenzoic
acid

2,2-Dimethylsuccinic
acid

A B C D

E F
G H

4-Methylbenzoic
acid

2-Hydroxybenzoic
acid

4-Hydroxybenzamide 2-Methylglutaric
acid

I J K L

McDonagh, James L., et al. Journal of chemical information and 
modeling 56.11 (2016): 2162-2179.



CSP using powder diffraction
Powder spectrum

Unit cell 
dimensions

Space group 
assignment

Model 
Structures

Calculated 
Spectrum

Spectra 
Similarity

Structure 
refinement

Powder spectrum

Model 
Structures

Calculated 
Spectrum

Spectra 
Similarity

QM 
refinement

IEFF refinement

Traditional

Our approach



CSP using PD spectrum: Carbamazepine

Carbamazepine

Powder spectrum

Model 
Structures

Calculated 
Spectrum

Spectra 
Similarity

QM 
refinement

IEFF refinement
1000

122

2

> 0.8



Summary
qFast and accurate energy model for predicting crystal structures

qIEFF at long-range and DFT at short-range
qIEFF ranks crystal structure consistently within top 100
qDimer expansion QM improves IEFF rankings

qDimer expansion approach is orders of magnitude faster than PW-
DFT
qHigher level of QM theory possible
qEntropy calculation

qMassive parallelization of dimer calculations on Orion
qReduced time and cost
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