Pb-FREE

rystal ball:
redicting the
erformance
of sustainable
materials

Researchers at the
University of Limerick
in Ireland are using
predictive modelling
tools based on
quantum mechanics to
generate a database of
the material properties
of thousands of
sustainable organic
crystals.
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The Actuate Lab, run by Dr Sarah Guerin
in the Department of Chemical Sciences
& Bernal Institute on the Wild Atlantic
Way, recently published a landmark
study of their ERC-funded research in
the journal Angewandte Chemie. The
paper presents the new open-access
CrystalDFT database, now available to
researchers in academia and industry
at https:/actuatelab.ie/CrystalDFT
to discover materials for sensing and
actuating applications (Figure 1).

The CrystalDFT project builds on almost
ten years of Dr Guerin's work using
density functional theory (DFT) to study
organic molecular crystals—an eco-
friendly class of materials most commonly
recognised as pharmaceutical drugs and
biomolecules such as aspirin, collagen
and vitamin B. However in recent years
they have received growing attention
as piezoelectric energy harvesters—
meaning that they can efficiently convert
mechanical energy into electrical energy
due to their specific crystal structure and
molecular arrangements. This has been
particularly exciting as the commercial
landscape of piezoelectric sensors,
actuators and energy harvesters is
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dominated by lead-containing ceramics
(lead zirconium titanate, PZT) and
fluorinated polymers (polyvinylidene-
fluoride, PVDF), both of huge concern for
human health and the environment. The
Actuate Lab models, grows and integrates
organic crystals as a low-cost alternative
and sustainable class of piezoelectric
material, to rival and potentially phase
out environmentally damaging ceramics
and polymers.

Piezoelectricity is an  anisotropic
property, so the amount of useful
energy generated (or sensing/actuating
efficiency and sensitivity) can increase
or decrease in an individual crystal
depending on the direction and type of
mechanical input. DFT can quantify the
piezoelectric response in all directions,
which can provide crucial information
for experimentalists when integrating
these materials into functional devices.
This tool has led to the discovery of high
piezoelectricity in a large number of
biological molecular crystals, and was the
basis for Dr Guerin’s ERC grant Pb-FREE
(Piezoelectric Biomolecules for Lead-
Free, Reliable, Eco-Friendly Electronics).
Because DFT needs only the nanoscale
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Figure 1: The CrystalDFT open-access database allows researchers to visualise and interact with organic piezoelectric
crystals and study their predicted electrical and mechanical properties.
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Figure 2: The properties of materials can be controlled by systematically changing
their composition, e.g. by modulating a single halogen in an organic molecule. DFT
calculations can efficiently screen these composition changes and quantify their
impact on the piezoelectric response of a crystalline system.
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unit cell of the crystal to predict these
properties, it also allows us to rationalise
and understand what causes high
piezoelectricity at the atomic level. Just
look at the Actuate Lab’s recent study
on halogen-mediated piezoelectricity in
collaboration with Pondicherry University
in India (Kumari et al., 2025). Here,
just one molecule was studied, but its
piezoelectric response could be induced,
and then dialled up or down by changing
a single atom. When the base molecule
is crystallised, it has no piezoelectricity
due to the symmetry in the crystal unit
cell. But change one hydrogen to a
halogen? The symmetry is broken, and
the crystal is now piezoelectric! Move
down the periodic table (Figure 2), and
change your halogen atom from chlorine
to bromine to iodine? This can change
the flexibility and electrical charge in
the unit cell-the two ingredients for
piezoelectricity. This combined. use of
computational and synthetic chemistry is
becoming more commonplace in'the field
of crystal engineering and in the study
of these kinds of ‘structure-property
relationships. Dr Guerin and her team,
alongside experimental collaborators
around the world, have been modelling,
discovering and engineering molecular
crystal piezoelectrics like this on a case-
by-case basis—until now.

IM
)

Helium

_ ..

==
5 6 7 8 9 10
Bl CI'N|O Ne
Boron Carbon Nitrogen ) __Hydrogen e | Neon
13 14 15 | 17 18
a ‘
Al || Si|| P | Si|NeN Ar
{_Aluminium_J {__Silicon Phosphorus Sulfur Chiorine Argon
31 32 33 34 35 6
Ga| Ge| As || Se |[B:I@ Kr
Gallium kGermzn\'um Arsenic Selenium Bromine Krypton
- N\ [ g = v ¥
) 50 51 52 53 54
n | Sn| Sb| Te M Xe

x
)
3
3
sl

(__tndium _J {__Tin Antimony J |_Tellurium lodine

Hf

73
Ta

74

w

75
Re

76
Os

77
Ir

Pt

79
Au

s )

80

Hg

I

e
o

2
=
5

TI |Pb || Bi | Po

87
Fr
Francium

Rf

Rutherfordium

)

58
Ce

Cerium

Db

Dubnium

R,

Sg

Seaborglum

Bh

Bohrium

Hs

Hassium

Mt

Meitnerium

Ds

Rg

Caesium Hafnium Tantalum Tungsten Rhenium Osmium Iridium Platinum (__Gold J (_Mercury J Thallium Lead Bismuth Polonium Astatine Radon
104 105 106 107 108 109 120 | 111 ) 112 |[ 113 114 115 116

Cn

s
oF
oQ

Nh || FI

Nihonium Flerovium

Mc|| Lv

Moscovium Livermorium Tennessine Oganesson

59
Pr

Nd

61

Pm

62

m

Samarium

63
20

Europium

Gd

Tb

Terbium

66

Dy

Dysprosium

N N N

68 69 70

(.%70 Tm

(__Holmium _J |__Erbium Thulium Yterbium Lutetium

|
:»—\

L

Th

Thorium

(_horum__J

91
Pa

Protactinium

92

U

Uranium

93

Np

94
Pu

Plutonium

Neptunium

\_eptunium J

L HAENT )

95
Am

Americium

96
Cm

27

Curium

Bk

Berkelium

Cf

Californium

] 99 100 101 102 103
Es [Fm|Md|No| Lr
Einsteinium Fermium Mendelevium Nobelium Lawrencium

(el OMILmB)

www.europeandissemination.eu


https://actuatelab.ie/CrystalDFT

It takes a village

A number of development
stages led to the now 1200
crystal-strong CrystalDFT
database, alongside the
breadth of modelling and
experimentation carried
out prior to ERC funding
(Figure 3). The first
was the work of senior
author Dr Pierre Cazade
in using the software
CP2K to break through
the unit cell size limit for
experimentally accurate
piezoelectric  predictions.
This is demonstrated in
a 2021 paper (O'Donnell
et al, 2021) where the
properties of two protein
crystals could be predicted
and verified experimentally—a three-
order-of-magnitude increase in unit
cell size with the same quantitative
accuracy. This required lifting the
hood on DFT software and examining
the underlying mathematics, which
was key to developing the Crystools
package for automated DFT material
property screening.
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Alongside this, co-author Robert Guest,
then anundergraduate student completing
his final year project in Dr Guerin’s group,
was tasked with automating the workflow
of the three-step process to calculate
the piezoelectric properties of a single
molecular crystal. Six months later, this
was cracked with an automated script
that removed all of the manual labour of
file preparation, transfer, data analysis,
and even automating the checks and
balances to ensure the calculation had
run correctly. The properties of a hundred
crystals could be calculated in parallel in
the same time as one, and the stage was
set for an efficient and accurate high-
throughput screening of a hugely diverse
chemical space.

Enter the ERC-funded team of Geetu
Kumari and Dr Shubham Vishnoi,
with backgrounds in DFT calculations
of  ferromagnetic  materials, and
molecular dynamics modelling of
peptide therapeutics (such as the now
infamous GLP-1 drug class), respectively.
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Together they have become a high-
throughput  screening  powerhouse
that has generated and analysed the
core CrystalDFT database, as well as a
plethora of other sub-classes such as
metal-organic frameworks, hydrates and
racemates, all set for publication over the
course of 2025. Dr Vishnoi's experience
in scientific website and interface
development spurred him to realise the
final piece of the puzzle proposed in the
Pb-FREE ERC proposal, written in 2021
at the height of the COVID-19 lockdown:
CrystalDFT as an open-access database
and community resource. Version 1.0
has the full spectrum of piezoelectric,
mechanical and dielectric properties for
the first bout of crystal structures.

What is the current
state of the art?

High-throughput DFT involves analysing
hundreds to tens of thousands of
compounds, necessitating novel
calculation and data management
approaches. In the broad field of
materials  science, applications of
high-throughput DFT have led to the
development of several comprehensive
databases, including AFLOW, Materials
Project, Open Quantum Materials
Database (OQMD) and NIST-JARVIS.
These databases catalogue computed
geometries and various physicochemical
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Figure 3: This research milestone is the culmination of years of computational
and experimental developments by the CrystalDFT team, the Actuate Lab and
their collaborators around the world.

properties, facilitating the exploration of
new materials. Specific to piezoelectric
and dielectric materials, the databases
developed have laid the groundwork for
the resources provided in this work. DFT
is also used in the field of crystallography
to predict the number of different crystal
structures, or polymorphs, that one
molecule can form, which also provides
candidate materials for experimentalists
to explore while developing a high-
accuracy, reproducible computational
workflow.

Data, data, everywhere...

When generating this much data on a
new class of energy-generating materials,
screening and discovery isn't enough.
The real name of the game is design rules,
and in the Angewandte Chemie work,
you will see the start of this—statistical
analysis of the chemical features
embedded in each unit cell. Because
piezoelectricity is a complex and multi-
directional property, this data provides
invaluable insights across a diverse
chemical space. And (spoilers) provides
a consistent source of training data for
machine learning algorithms to see if
they can predict piezoelectric responses
without the need for computationally-
intensive DFT calculations.

So what’s next?

The Actuate Lab team have achieved
their initial goal of developing a
systematic high-throughput computational
approach to screening non
centrosymmetric  organic  molecular
crystals for piezoelectricity, leading
to the development of CrystalDFT,
a database of DFT-predicted
electromechanical properties. By applying
a consistent computational framework
across a diverse chemical space, they
have identified promising candidates
with significant piezoelectric coefficients.
The computational team are now
focusing on expanding the breadth
and depth of the CrystalDFT database,
while discovering materials for in-house
crystallographers, materials scientists
and electrical engineers to develop into
functional and sustainable devices.

Beyond = identifying high-performing
materials, this approach establishes a

scalable methodology for systematic
comparison and analysis, ensuring
reproducibility and laying the groundwork
for further experimental validation and
material optimisation. This baseline
screening provides a foundation for
future studies by crystal engineers around
the world, including the exploration of
more complex biomolecular systems
and the integration of machine learning
to enhance predictive accuracy.
Ultimately, this work contributes to
a structured, data-driven strategy for
advancing organic piezoelectric materials
and cements molecular crystals as an
exciting class of customisable energy
harvesters. It is particularly crucial for
industry leaders in MedTech and beyond
to not only have trust in the reliability
of molecular crystal piezoelectricity but
also to see the unique opportunities for
application-tailored  electromechanical
properties and performance.
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PROJECT SUMMARY

Biomolecular crystals have emerged as
exciting new, sustainable piezoelectrics.
Until now, little research has focused on
developing these crystals as reliable, solid-
state sensors to integrate into conventional
electronic devices, due to their water
solubility, uncontrolled growth, variable
response and electroding difficulties.

Pb-FREE is taking on the challenge
of accelerating the design, growth
and engineering of these eco-friendly
piezoelectric materials through high-
throughput computational screenings, novel
crystal growth procedures and standardised
electromechanical characterisation and
packaging. In 2024, the project reported
a confined and moulded crystallisation
procedure that allows for chemistry-
independent versatility in component
shape and size.
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