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Supplementary Notes

S1. Flagging Criteria in CrystalDFT High-throughput Workflow: In the high-throughput
workflow described in this study, a set of criteria is used to flag crystal structures for further
examination when predicted properties fall outside predefined ranges. These criteria help ensure
that the workflow focuses on stable, meaningful results and filters out anomalous outputs caused
by errors or instabilities. Below is a detailed explanation of the flagging process and its

implications:

1. Abnormal Dielectric Constant: Crystals with a predicted dielectric constant (<) greater
than 5 are flagged. Such values often indicate protonation errors or other inaccuracies in the

initial structure or calculations.

2. Mechanical Instability: Crystals with a predicted elastic constant below 1 GPa are flagged.
This suggests structural instability, as such low stiffness values are inconsistent with mechanically

sound materials.

3. Numerical Instabilities: Crystals with high condition numbers (CN > 100) are flagged. A
high condition number implies numerical instability in the calculations, which can lead to

unreliable results.

4. Negative Eigenvalues: Crystals with negative eigenvalues in the calculated tensors are

flagged. This typically indicates an issue with the stability of the structure or calculation errors?.

S2. Workflow Overview: The automated workflow integrates these criteria into its decision-
making process. Structures that meet the above conditions are automatically excluded from
further high-throughput screening and marked with flagged notation. *However, the condition
number flag is not applied stringently across all analyses and is only used for specific figures, as
noted in the captions for those particular figures. All other flags are applied rigorously throughout
the study. This could prevent errors from propagating through the dataset and allows future

studies and computational resources to focus on promising candidates.

CrystalDFT Workflow Script and Database: The workflow was constructed using Python-based
libraries, which facilitates the pre-selection, input file preparation (Atomic Simulation
Environment, ASE?), formatting, optimization (via DFT - VASP?), electromechanical property

prediction of the input crystal structures and output processing (for additional details and access
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to scripts, please refer to - https://actuatelab.ie/actuate_tools.html). The CrystalDFT database
(Figure S1 - https://actuatelab.ie/CrystalDFT/index.html) also includes visualisation of
tensors based on calculation outputs, along with several widgets (such as HD Viewer, 3D Visualiser
- integrated with JSmol% Crystal Card), illustrating key details related to crystal structure
(including symmetry and molecular information), predicted tensors, and decision points such as
flagging and further analysis. We used MTEX> for visualising polarisation in 3D. This rigorous
flagging and evaluation process ensures high reliability and efficiency in identifying promising

organic piezoelectric materials.

Testing and Screening Outcomes: A total of 572 crystal structures were evaluated in this study.
Structures flagged for any of the above criteria were excluded from the final analysis. After
applying these filters, 22 crystals were identified that exhibited double-digit piezoelectric
coefficients (measured in pC/N), meeting the stringent stability and performance thresholds
defined in the workflow.
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Figure S1. The CrystalDFT database provides a comprehensive set of tools for visualising and analysing our DFT-
predicted piezoelectric tensors and crystal data along with the links to the relevant resources. A. It includes advanced
visualisation features for tensors derived from calculation outputs, along with interactive widgets such as the HD Viewer,
3D Visualiser, and B. Crystal Card. These tools offer detailed insights into crystal structures, including symmetry and
molecular information, as well as predicted tensors and key decision points, such as flagging details and other derived

properties. Database Website Link: https://actuatelab.ie/CrystalDFT/index.html.
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Tables

Table S1A. Reported maximum piezoelectric response in pC/N for a variety of piezoelectric
materials, as plotted in Figure 1 in the main text.

Material Piezoelectric Strain Coefficient (pC/N) | Category

Collagen® 12 Bioorganics
v-Glycine’ 9.9 Bioorganics
L-Alanine® 6 Bioorganics
Hydroxy-L-Proline (Single Crystal)’ 25 Bioorganics
Hydroxy-L-Proline (Film)!® 1.5 Bioorganics
L-Threonine (Film)!* 0.2 Bioorganics
Hydroxyapatite (Poled Ceramic)! 2 Bioorganics
M13 Bacteriophage Virus'? 10 Bioorganics
Bone®? 0.2 Bioorganics
Wood! 0.1 Bioorganics
Dry Tendon!® 2 Bioorganics
Wooll® 0.1 Bioorganics
Horn!® 1.8 Bioorganics
Starch'6 2 Bioorganics
Glycine Nanofibers!’ 12.5 Bioorganics
Spar'® 0.02 Bioorganics
Lysozyme (Film)!® 6.5 Bioorganics
Chitin Nanofiber?® 2 Bioorganics
Gelatine Nanofiber?! 20 Bioorganics
Di-Phenylalanine (FF) Peptide Nanotubes?? 60 Bioorganics
Chitosan?? 6 Bioorganics
CNF? 8 Bioorganics
Eggshell Membrane?* 18.3 Bioorganics
Silk?s 56.2 Bioorganics
Di-Phenylalanine (FF) Microribbon?® 40 Bioorganics
L-Asparagine’ 13 Bioorganics
L-Leucine’ 20 Bioorganics
L-Histidine” 18 Bioorganics
L-Methionine’ 15 Bioorganics
L-Aspartate’ 13 Bioorganics
L-Isoleucine’ 25 Bioorganics
L-Cysteine’ 11 Bioorganics
DL-Alanine?’ 4 Bioorganics
Poly(i>-benzyl-l-glutamate)(PBLG)?3 25 Biopolymers
Polymethyl-L-Glutamate (PMG)!® 2 Biopolymers
Poly-Lactic-Acid (PLA)!® 10 Biopolymers
Porous Polypropylene (p-PP)? 450 Polymers

Poly-b-Hydroxybutyrate! 1.3 Polymers

PVDF (Poled)* 32 Polymers

Propylene Oxide'® 0.1 Polymers

P(VDF-TRFE)3! 40 Polymers
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Lithium Niobate3? 42 Inorganics
Quartz3 2.3 Inorganics
BiB;0¢** 40 Inorganics
BiFeO5% 18 Inorganics
BaTiO; 90 Inorganics

Al AsO7%¢ 9 Inorganics
ALPO73¢ 3.4 Inorganics
GazAsO7%¢ 23.9 Inorganics
GaPO3¢ 8.2 Inorganics
Zn0O% 9.9 Inorganics
AIN3 5.4 Inorganics
Barium Titanate (Single Crystal)® 392 Inorganics
Rochelle Salt* 345 Inorganics
CBT# 8 Inorganics
NBBT95/54 360 Inorganics
Mn-KNN# 350 Inorganics
BZT-BCT# 637 Inorganics

Lead Zirconium Titanate (PZT)* 493 Lead-containing
Barium Titanate (Ceramic) 270 Inorganics
Potassium-Sodium Niobate*® 490 Inorganics
GaPBis" 146 Inorganics
GeSe® 212 Inorganics

SnS*8 145 Inorganics
SnSe*® 251 Inorganics
GeS*® 75 Inorganics

ZnO Nanorods* 9.5 Nanostructures
PZT Nanoshell> 90 Lead-containing
GaN Nanowires>! 12.8 Nanostructures
PZT ceramic™ 407.4 Lead-containing

Table 1B. Summary of the averages and ranges for each category listed in Supplementary
Information Table S1A, with the median providing an additional measure of central tendency. These
values indicate currently observed potential for applications in energy harvesting and sensing, with

detailed data in Table S1A.

Category

Bioorganics
Biopolymers
Polymers

Inorganics

Average Median

(PC/N) (PC/N)
13.11 10
12.33 10
104.68 32
167.09 75
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Range

0.02 to 60
2to 25
0.1 to 450

2.3 to 637

Standard
Deviation

15.28

11.68

193.87

186.10



Lead-containing

Nanostructures

330.13

11.15

407.4

11.15

9.5t012.8

90 to 493

212.32

2.33

Table S2. Hermann-Mauguin Space Group Symbols and Corresponding Space Group Numbers.
Only structures with space groups 1, 3-9, 1646, 75-82, 89—122, 143—-146, 149-161, 168-174, 177—

190, 195-199, 207-220 are allowed (since these space groups lack inversion symmetry).
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Table S3. Calculated piezoelectric strain coefficients for a range of well-known inorganic crystals,
including zinc oxide, aluminium nitride, o-quartz, and additional materials for comprehensive
comparison (Citations).

Crystal Name

Zinc Oxide (ZnO)

Aluminium Nitride

(AIN)

(1605321)

a-quartz - Silicon

Dioxide (SiO2)

BaTiOs

KNbO3

(1594511)

LiTaOs

Predictions

Experiments

Predictions

Experiments

Predictions

Experiments

Predictions

Experiments

Predictions

Experiments

Predictions

Piezoelectric strain coefficients (pC/N)

dr1

22

23

S10

dzz

11

dis

12.2

8.3

3.7

4.08

0.76

0.73

2.5

392

29.5

5.1

1.7

2.65

19.2

34.5

16.7

22.3

2.48

dsz

12.7

15.5

dss

11.8

12.3

5.6

5.53

67.2

85.6 | 90

29.6

7.59



(1594518) Experiments 85 26 3 9.2

LiNbO3 Predictions 7.67
Experiments 7.9
Graphene oxide 1568395 Has been studied for its piezoelectric properties both computationally®® and

experimentally5* 55

Cristobalite 9015590 Related report available®®

Table S4. Summary of organic single crystal systems used for the comparison of calculated and
experimental piezoelectric constants. For comparison purposes, we merged this data with the data
from Table S3, which includes several well-known inorganic crystals and materials tested in-house,
to provide a broader context against experimental measurements, as there are still very few small
organic materials characterized for their piezoelectric properties. The table details the crystal name,
reported experimental values, and corresponding calculated piezoelectric coefficients for each

system.

Crystal Name COD ID/CSD ID Experimental Piezoelectric strain DFT-predicted Piezoelectric strain coefficients
coefficients (pC/N) (pC/N)
drir dis dis dis ds1 dss drr dis dis dis dsr dss
y-Glycine 7128793 5.33 71.33 515 10.72
L-histidine 2108877/2108883 18 18.49/20.68
(dz24) (d24)
L-Aspartate 2015971 13 13.2
DL-Alanine 10.8 10.3
DL-Tyrosine 8.64 84
I-lactic acid 10 11.72
B-Glycine 4505645 178 50.66 12.07
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Cellulose®” 4114383

L-Asparagine 2215317

L-ornithine

Hydrochloride

DL-malic acid 5000188
Malic Acid
Tartaric Acid and 2008148

its derivatives

L-Threonine™ 5000016

N-methylurea 7209247

Methylpiperazine 2105466

5-aminotetrazolium 7000350
dinitramide

p- 2005110

nitrobenzaldehyde

5.85

13

(d1e)

Reported - NLO%®

Reported with Piezoelectric Response®

Derivatives Reported with Piezoelectric

Responses®

Derivatives Reported with Piezoelectric

Responses®’

0.1 (ds3)

Previously has been gone under related

piezoelectric study®?

Has been reported as in chiral hybrid
metal halides R/SMPCdCI4 (R/SMP =R-

/S-2-methylpiperazine)®®

Derivatives reported as energetic

materials®

Reported for Electrical, Optical and

Mechanical properties®

11.91

11.02 (d1e)

Max Predicted Strain: -21.47

0.14 (ds3)

-10.58 (d1s)

Table S5. Summary of amino acid single crystal systems used for the comparison of calculated and

experimental piezoelectric constants. Add — COD ID, References.

Amino Acid Crystal Name CrystalDFT Predictions Experimental/Simulation
(pC/N) Data (Literature) (pC/N)

L-Alanine 5.7 6.3

L-Arginine 6.76 6.5
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L-Asparagine 11.02 13
L-Aspartate 13.2 13
L-Cysteine 10.19 11.4
y-Glycine 10.72 11.33
L-histidine 18.49 18
L-Leucine 13.33 8.6
L-Methionine 17.18 15
L-Threonine 13.46 4.9
L-Threonine 0.1 0.14
DL-Alanine 10.3 10.8
DL-Tyrosine 8.4 8.64

Table S6. Summary of functional group representation within the CrystalDFT database, showing
total occurrences of each functional group and their respective percentage within the dataset. The
table also includes the count of each functional group within the HTS unflagged subset of CrystalDFT
database and the percentage representation of each within this subset. Notably, we used RDKit® to
analyse functional groups, following the generation of SMILES notation for each crystal molecular
entity using Open Babel®’. Crystals for which RDKit analysis failed were excluded from the analysis.
This subset is refined to exclude crystals with high dielectric constants, negative stiffness or high
condition numbers, ensuring a focus on functional groups that contribute to stable and reliable
piezoelectric properties.

Functional Group Full CrystalDFT Dataset HTS Unflagged Subset
Total Count Percentage (%) | Total Count Percentage (%)
Hydroxyl 216 49 145 57.8
Aldehyde 257 58.3 151 60.2
Ketone 148 33.6 102 40.6
Carboxylic Acid 140 31.7 90 35.9
Amino 263 59.6 151 60.2
Amide 128 29 79 31.5
Ester 140 31.7 90 359
Nitrile 26 59 15 6
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Alkane 368 83.4 220 87.6
Alkene 73 16.6 37 14.7
Alkyne 9 2 5 2
Ether 85 19.3 70 27.9
Cycloalkane 17 3.9 10 4
Aromatic Ring 148 33.6 90 35.9
Pyridine 14 3.2 7 2.8
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