
Investigating solid forms
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Using motif searching, packing feature 
searching and packing similarity in Mercury



Learning outcomes

• Learn how informatics and data-driven approaches can be used to 
understand solid form design and risk assessment.

• Learn how to use Motif searching.

• Learn how to perform crystal packing feature searches.

• Learn how to perform crystal packing similarity searches.

• Familiarise yourself with what other tools are available in the CSD-
Materials suite and what they can be used to do.



What we do at the CCDC

Charitable Objective:  Advancement 
of chemistry and crystallography for 
the public benefit through providing 
high quality information services 
and software

International 
repository of 3D 

curated structures

Collaborative 
research and 

knowledge-based 
services

Scientific software Education and 
Outreach



Structural databases

CSD
>1.1 million 

organic and 
metal-organic

ICDD
Powder 

diffraction 
files

PDB
>175,000

polypeptides, 
nucleotides 

& saccharides

ICSD
>230,000
(no C-H and C-C 

bonds) 

Elements, 
minerals, 

metals



The Cambridge Structural Database

• Every published structure
• ASAP & early view
• CSD Communications
• Patents
• University repositories
• Theses

• Every entry enriched and 
annotated by experts

• Discoverability of data and 
knowledge

• Sustainable for over 56 years

• A CoreTrustSeal repository
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Year

>1,170,000

Structures 
published 
that year

Structures 
published 
previously

CSD Refcode ELOFUJ
The 1.1 millionth CSD structure

A CSD Communication 
determined by Bill Clegg



CSD Refcodes

What is ELOFUJ?
• A CSD Refcode
• A database reference code
• Containing 6-8 characters
• Used to identify entries in the CSD

Refcode families
• The same substances are assigned the same 6 letter code plus an additional 2 numbers

• Polymorphs
• New determinations or re-refinements of the same substance
• Determinations at different temperatures/pressures

• Stereoisomers or different solvates, co-crystals, etc are assigned different refcode families

CSD Refcode -
ELOFUJ



Inside the Cambridge Structural Database

Metal-Organic
• Metal Organic Frameworks
• Models for new catalysts
• Porous frameworks for gas storage
• Fundamental chemical bonding

Organic
• Drugs
• Agrochemicals
• Pigments
• Explosives
• Protein ligands

Not Polymeric
89%

P
o

lym
eric: 11%

Organic
43%

Metal-Organic
57%

At least one transition metal, 
lanthanide, actinide or any of Al, 

Ga, In, Tl, Ge, Sn, Pb, Sb, Bi, Po

Single 
Component

56%

Multi 
Component

44%

ligands

ligands

Links and subsets 
• DrugBank
• Druglike 
• MOFs
• PDB ligands
• PubChem
• ChemSpider
• Pesticide PDB

Additional data
• 11,525 polymorph families
• 171,683 melting points
• 909,992 crystal colours
• 778,663 crystal shapes
• 24,916 bioactivity details
• 11,387 natural source data
• > 250,000 oxidation states

The CSD is a database of all the published organic and metal-organic experimental crystal structures



A wealth of data in the CSD

*Katerina Vriza, University of Liverpool, PhD on Data driven discovery of functional molecular co-crystal

Solvates
>230,000

Hydrates
>140,000

Salts
Refcode families

>1,000,000

Polymorphs
>11,000 polymorphic 

families

Chart showing the number of co-crystals in the CSD by year and 
colour coded by the average SMILES length. Image created by 

Katerina Vriza*, a CCDC sponsored PhD student. 

Growth of co-crystals



A solid form landscape
Polymorphs

SolvatesHydrates

Salts
Co-crystals

IVUQOF IVUQOF02

IVUQIZ

UPOQAS

IVUQEV

UPOQEW

fluconazole



Impact of Hydrogen Bonding on lattice stability
-The Ritonavir story

Org. Process Res. Dev.  (2000),  4(5),  413-417. Pharmaceutical Research (2001), 18(6), 859-866.

• ~5-fold decrease in solubility
• Change in Hydrogen Bonding 

“Since the strength and completeness of the hydrogen bonding has attained the maximum 
possible in the Form II lattice, it is not thought possible that another undiscovered polymorph 
of ritonavir would exist with equivalent or lower solubility than that of Form II.”



Great 
Wall 
of China
c.1368

A B

Structural Informatics
Which is the stable wall?

The database of walls indicates that 
A is the frequently observed 
arrangement and therefore we can 
predict it is the most stable form

Great 
Pyramid 
of Giza
c.2560 BC

Hadrian’s Wall
c.122 

The 
CCDC
c.1992

My 
House
c.1967

Great 
Wall 
of China
c.1368



Predicting unlikely interactions

Galek et al, CrystEngComm, (2009), 11, 2634 - 2639

Predictive analytics is used to identify the likelihood of specific molecular interactions 
occurring from similar crystal structures

32%
22%

42%

11%Form I
Form II



Characteristics that influence stability
Molecular
Conformation

Hydrogen Bond
Donor/Acceptor Pairing

Hydrogen Bond
Geometry, Symmetry
and Motif ‘Non-Hydrogen Bond’

Intermolecular
Interactions



The CSD software



CSD-Materials overview

Motif Search & 
Packing Feature Search CSD Conformer

Generator

Full Interaction Maps

2 Donors
2 Acceptors

Hydrogen Bond Propensity

Hydrate Analyser & 
Solvate Analyser

Crystal Packing
Similarity

Aromatics Analyser Molecular
Complementarity

Detailed Structural Analysis Solid Form Design

Solid Form Risk Assessment



Overview 

H-bond Motifs  Crystal Packing Similarity

Crystal Packing Feature

22.3%

37.7%
1.5%

• Allow the exploration of aspects of 
a structure to determine how 
usual a feature is, in context of the 
CSD.

• Searches are easy to set up and 
return results in a useful format.



Searching motifs and crystal packing 

Motifs
Crystal Packing 

Feature
Crystal Packing 

Similarity

• H-bond motifs  

22.3%

37.7%
1.5%



Motifs

• Determine likely hydrogen bond 
motifs for a specified set of 
functional groups.

• Assess motifs by their relative 
frequency of occurrence in the 
CSD.

• Search for auto-generated and 
bespoke motifs.

• Analyse the results of crystal 
structure prediction runs by 
identifying the range of predicted 
motifs.

22.3%

37.7% 1.5%

Frequency of occurrence of Primary
Amide hydrogen bond motifs



Searching for motifs

bespoke 
motifs







Searching for a bespoke motif

• If a motif is not in the pre-
defined list you can create it.

• Additional steps:
1. Specify groups involved 2. Define contacts

Ar_hydroxyAr_al_trans_amide



Investigating intermolecular interactions

• HXACAN

Donor Acceptor Hits Frequency of 
Occurrence

Ar_hydroxy Ar_al_trans_amide 79 41.6

Ar_hydroxy Ar_hydroxy 3413 12.3

Ar_al_trans_amide Ar_hydroxy 37 19.5

Ar_al_trans_amide Ar_al_trans_amide 1131 32.8

*Searched best representative list

Ar_hydroxy

Ar_al_trans_amide



Investigating possible co-formers

Look at possible co-former groups: COOH, aromatic_nitrogen, saturated ring NH

For the pure form, the frequency of occurrence of interactions:
NH of trans amide to OH 20% Trans-amide to trans-amide 33%
OH to C=O trans amide 42% OH to OH 12%

4 

1
12 

0
2
2

Observed cocrystals



Searching motifs and crystal packing 

Motifs
Crystal Packing 

Feature
Crystal Packing 

Similarity

• H-bond motifs  

22.3%

37.7%
1.5%



Crystal Packing Feature Search

• Perform a substructure search

• Investigate conformations of 
molecules or bonded fragments

• Search for non-covalent 
interactions such as p-p or 
hydrogen bond interactions

• Search for particular spatial
arrangements of functional 
groups

• Search for particular spatial
arrangements of molecules

Query for S…H-N 
interaction as found in a 
thioamide derivative 
(DUXXOJ01)



Searching for packing features

Select the 
packing feature



You may set some atoms or 
bonds to be variable. E.g., the 
selected ones could be 
either a C or an N



You may set to monitor 
some parameters such 
as distances, angles 
and torsions



Select filters and name 
the run and start the 
search!

Analyse the results



Interactions that are not H-bonds

LAQKEV



Interactions that are not H-bonds

Cole, J. C.; Taylor, R. Intermolecular Interactions of Organic Fluorine Seen in Perspective. Crystal 
Growth & Design 2022, 22 (2), 1352–1364. https://doi.org/10.1021/acs.cgd.1c01315.

CF3 interaction with carbonyl
Packing Feature search
367 hits (5735 structures searched) 6.4%

Rf values for F….O interactions ~0.3

CF3 interaction CF3
Packing Feature search
2114 hits (12406 structures searched) 17.0%

Rf value for CF3-CF3 up to 1.26

https://doi.org/10.1021/acs.cgd.1c01315


Intramolecular geometry

• Intramolecular bond

• How common is this?

ABACAJ



Intramolecular geometry



Intramolecular interaction not 
possible due to chemistry of 
fragment

When physically allowed, intra 
H bond, observed frequently



Searching motifs and crystal packing 

Motifs
Crystal Packing 

Feature
Crystal Packing 

Similarity

• H-bond motifs  

22.3%

37.7%
1.5%



Crystal Packing Similarity

• Determine whether two crystal 
structures are the same

• Identify, from a list of structures, the 
number of distinct polymorphic 
forms

• Identify iso-structurality in solvates, 
salts, hydrates & co-crystals

• Find an experimentally observed 
structure within a prediction list

• Quantify similarity between 
polymorphs, solvates, salts, hydrates & 
co-crystals

Packing Similarity analysis for:
• trans-rac-4-((4-(dimethylamino)phenyl)diazenyl)-N-(1-

phenylethyl)benzamide (Refcode: URUCAN)
• and its hydrated structure (Refcode: URUCEL)

Molecules depicted in:
• magenta show the hydrated structure 
• blue show the anhydrated structure



Searching for packing similarity



• Reference 
structure: grey
carbon atoms.

• Comparison 
structure: green
C if in matching 
molecules, red
C if missed 
matches.

Select 
what to 
visualise 



Carbamazepine

• CBMZPN

• Quickly identify similarly 
packed structures/ 
polymorph families

Tick Enter 
refcode family 
to add all the 
structures of 

carbamazepine



Carbamazepine

• Quickly identify similarly packed 
structures/ polymorph families

• Show  missed matches

• Ignore smallest component

• Allow molecular differences



Review of basics of Mercury

AABHTZ



The 3D window basics

• Left mouse button and move – rotate 
molecules

• Middle Mouse wheel – move molecules up 
and down

• Right mouse button and move up and down 
– zoom in and out of molecules

• Shift + Left mouse button and move - rotate 
in the plane molecules

• Ctrl + Left mouse button and move - translate 
molecules



Right mouse click

Near a molecule                                       Away from a molecule



Type in a refcode

Handy tips: 
• Recovering 

Toolbars
• Resetting 

view

v



Changing display - Style



AABHTZ

Reset 
button: 
a friend!



Click on “Default 
definition” to 
change the 

default H-bond 
definition

HXACANVisualising hydrogen bonds



Visualising hydrogen bonds

HXACANLeft click on the 
atoms at the end 

of the dashed lines 
(known as 

hanging contacts) 
to expand the 

network

Right click on 
hanging contacts 

to see more 
advanced options 
including delete 

hanging contacts

Tip - Change H-bond thickness by
Display>Styles>Contact settings…

Tip - Change H-bond colours by
Display>Colours>Contacts…

>colour by distance>All contacts



Graph Sets

Graph Sets describe the
H-bonds pattern.
Learn more in the Glossary

on the handout.

Click through the 
graph set descriptors 
to see the different H-

bond patterns



Explore More: Tips and tricks

• What else can you do with 
CSD-Materials to investigate 
your solid form?

• What else can we learn from 
the 1.1 million structures in the 
CSD to guide solid form design 
and risk assessment?

The session has resumed recording

Motif Search & 
Packing Feature Search

CSD Conformer
Generator

Full Interaction 
Maps

2 Donors
2 Acceptors

Hydrogen 
Bond 

Propensity

Hydrate Analyser & 
Solvate Analyser

Crystal 
Packing

Similarity

Aromatics Analyser

Molecular
Complementarity

Detailed Structural 
Analysis

Solid Form Design

Solid Form Risk 
Assessment



Full Interaction Maps (FIMs)

• FIMs enable you to  generate a 
3D interaction map around a 
molecule representing regions 
of higher probability to find 
interactions with certain 
functional groups.

• Visualise observed atom-atom 
contacts with respect to likely 
geometries in 3D space.

• Identify interaction hot-spots 
around chemical groups.

hydrogen-bond 
donor

hydrogen-bond 
acceptor

hydrophobic 
interactions



Creating a FIM



Hydrate Analyser

• Quickly obtain a summary 
describing features of a hydrated 
phase

• Assess hydrogen bonding motifs 
involving water molecules

• Interpret the space occupied in 
the lattice by water molecules

• Analyse extended structural 
features such as coordination 
polymers including water

• Obtain reports on the 
assessments made

Hydrogen bonding and 
water space analysis for 
frovitriptan succinate 
trihydrate



Using the Hydrate Analyser
CSD Refcode: AAGAGG10



Solvate Analyser

• Quick analysis of the structures 
containing one or more solvent 
molecules

• Easy selection of solvent molecule(s)

• Assessment of any hydrogen 
bonding motifs to/from the solvents

• Calculation and display of the space 
occupied by each of the different 
solvent molecules

• Obtain reports on the assessments 
made



Using the Solvate Analyser
CSD Refcode: ZOJLIV



CSD Conformer Generator

• Generate conformers based on 
geometrical statistics from the 
CSD 

• Visualise overlays of generated 
conformers

• Export conformers and further 
analyse e.g. in a co-crystal 
screen Ensemble of diverse conformations of 

AMG517 generated by the CSD conformer 
generator.



Generating conformers
CSD Refcode: JURZOO



Molecular complementarity co-former 
screening

• Rapidly screen a set of co-formers 
against an Active Ingredient

• Assess how molecular descriptors 
vary across a set of molecules

• Submit multiple conformations of 
one or more molecules and 
compare them

• Designed to filter out molecules 
unlikely to form co-crystals

L. Fabian, Cryst. Growth Des., 2009, 9 1436-1443, DOI: 10.1021/cg800861m



Performing molecular complementarity



Hydrogen Bond Propensity

• Predict likely hydrogen bonds for 
a given molecule

• Assess crystal forms, e.g., by 
identifying sub-optimal hydrogen 
bonding

• Calculate hydrogen bond 
propensities for individual donor 
and acceptor groups

• Perform a comprehensive analysis 
of hydrogen bonding on a set of 
structures

Mean H-Bond Propensity

M
ea

n
 H

-B
on

d
 C

o
-o

rd
in

at
io

n

VUSDIX04 - The most
likely arrangement 
which is the 
thermodynamically 
stable Form XLI

VUSDIX03 - another 
observed form in the CSD

VUSDIX06 - Arrangement for the 
metastable Form I 

Other likely 
H-bonded 
networks 



Calculating a Hydrogen Bond Propensity

CSD Refcode: JURZOO



Hydrogen Bond Statistics

• Hydrogen Bond Statistics allows 
analysis of the usual- or unusual-
ness of observed hydrogen bonds 
in a crystal structure.

• The interaction geometries are 
put in the context of the million+ 
crystal structures in the CSD.

• Contribute to assess the stability 
of a given crystal structure. 

https://www.ccdc.cam.ac.uk/Community/blog/solid-form-stability-hydrogen-bond-statistics/



Calculating Hydrogen Bond Statistics



Aromatics Analyser 

• Intuitive visualisation & 
quantitative scoring of aromatic 
interactions

• Provides guidance on which 
geometries result in stabilising 
aromatic interactions

• Quantitative assessment provides 
score between 0 (no stabilising 
contribution) and 10 (an ideal 
aromatic interaction) 

• Based on an Artificial Neural 
Network trained against DFT 
calculations



Using the Aromatics Analyser

A previous 
CCDC virtual 

workshop 
covered our  

Aromatic 
Analyser in full



Scientific research using CSD-Materials 

https://pubs.acs.org/doi/abs/10.1021/acs.cgd.1c00177
https://chemistry-europe.onlinelibrary.wiley.com/doi/abs/10.1002/chem.201404693
https://www.mdpi.com/2073-4352/9/9/478

https://pubs.acs.org/doi/abs/10.1021/acs.cgd.1c00177
https://chemistry-europe.onlinelibrary.wiley.com/doi/abs/10.1002/chem.201404693
https://www.mdpi.com/2073-4352/9/9/478


What have we learnt?

• How informatics and data-driven approaches can be used to understand 
solid form design and risk assessment.

• How to use Motif searching to investigate motifs frequency in the CSD.
• Using a pre-defined motif or a bespoke one.

• How to set up and run crystal packing feature searches.
• How to analyse the results generating plots.

• How to perform crystal packing similarity searches.
• On a pair of structures (e.g., anhydrous-hydrate).

• Within a refcode family to identify polymorphs.

• What other tools available in the CSD-Materials suite can be used to do.



Want to explore more? 

Self-guided workshops

YouTube and LabTube
channels

Register for 
E&O newsletter

https://www.ccdc.cam.ac.uk/Community/educationalresources/

On-demand 
modules with 

completion 
certificate

https://www.ccdc.cam.ac.uk/Community/educationalresources/workshop-materials/

