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Polymer innovations over the past two centuries

a Selected milestones of polymer science b Typical deployment progress of some notable polymers
@ — 1833: Berzelius coins the term 'polymer’ ' Nylon :
! o i
] H |
@ — 1844: Goodyear patents the vulcanization of rubber ! AN ]\ !
] : ] :
: D 1
@ — 1846: Schonbein synthesizes nitrocellulose ' 1927: Started development _;_. L L L LR PP P L P L L
: | 1 Teflon [
. . : B ViV ;
@ — 1856: Parkes patents the first thermoplastic : 1935: The first nylon synthesized ——@ | :
) ' o £EEEF !
@ — 1892: Cross, Bevan and Beadle patent 'viscose' ' 1938: Patented _;_._é_ 1938: Discovered E
: D] 5
@ — 1907: Baekeland creates the first synthetic plastic : 1940: Went to department store _é_. ' :
e mm e cecmecsecs e e .- - .= =-==-=—-== ) : :
®— 1912: Klatte invents the production process of PVC ._é_ 1945; Trademark registered ;
i X
@ — 1920: Staudinger publishes 'uber polymerization' ._é_ 1948: Mass production :
@ — 1933: Fawcett and Gibson discover LDPE
@ — 193T: Bayer discovers polyurethane i Kevlar n :
: O Lﬂ 1
@ — 1938: Carothers patents nylon, i.e., Polyamide 6.6, and | .
Plunkett discovers Teflonane X u .
@ — 1944: Mcintire discovers polystyrene E :
| o X
@ — 1954: Ziegler-Natta catalyst discovered .% 1965: Developed E
for polypropylene production ! !
@— 1965: Kwolek creates Kevlar @— 1971: Introduced to the market ;
@ — 1977: Heeger, MacDiarmid and Shirakawa develop polyacetylene,
the first conductive polymer

@®— 201M: Launch of Materials Genome Initiative
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@ — 2020:100-year anniversary of modern polymer science



polySCOUTE®O-.

Goal: Develop fast machine learning-based methods that realistically capture
the complexity of polymers to design novel candidates matching with

requirements for future-proof plastics




Polymer Informatics @TNO
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polyScouTd=o-

Addressing the challenges

.:_—T|
= E iﬁ Collecting and curating published data
Fragmentation [ E:JB:_
| H Creating our own data in the lab

Developing comprehensive (co)polymer fingerprints

&b
BY

Representation

Exploring hybrid modelling approaches

A-A-A-B-B-B
—————————————

Predicting properties and viability

o 43
©a Uﬂﬂ R
@ i—c‘:h )

Designing from the bottom up

- 4
-
/
‘lﬂ
E
égf"

Validation

¥y Testing outcomes and incorporating results
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Our workflow

Application- .
property matrix Data collection
. ——
L= 1K
1

2

Backwards process: pl;'operties—to—structure

X

Select and synthesize

o
./u\/\/\/‘\o)l\,

Forward model: structure-to-property

Optimizer

Generator

e

Validate

v
v
v
L4
x

polyScouTd=o-.
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Application-property matrix

Overview of conventional polymer types and applications

Literature study on existing biopolymers

Textile and packaging identified as first targets
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Data curation

35-40

I Table 3. Tensile and Compression (Low Stress Mode)

I Table 2. Linear CTE (&), Corresponding Temperature

Table 1. Synthesis Results for the Copolyesters

entry
1

o Lt

monomers

polymer feed ratios”
PEF;,SF;, 70:30
PEF;SF,5 85:15
PEBFSF,, 50:50
PEBFSF,, 60:40
PE..IS,:SF 72:28

copolyester
composition

68:32
85:15
50:50
60:40
nd

(((((

PDF

Fiqures

Scheme 3. Synthetic

Scheme 2. Ordelt Reactiog
via f-Addition

L

5-10

{a
Polymer name

recognition

t| PEBFgSF40 =
Poly(ethylene furanoate-co-

sulfanediyldifuranoate)

=
e
4 Extract polymer properties m m
— ' [oocumert | MUK oocument
@ L e |
o | [Dooumen |

Match
% polycarbonates ID to prpartad % others

, Polymer ID
Conversion | psmiles = (=0)([0-

/

| ]DC1=C(C)C(=CC(=C1)*
.mol

5-10% polyurethames.al

validation

( Molecular structure

(R

L Currently for manual validation

Currently properties for ~6000 polymers (and counting) in database
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Data creation

polyScouTd=o-.

High-throughput screening of 8 properties:
« compression modulus

* hardness

 yield strength

 scratch resistance

» storage and loss modulus

 glass transition temperature

* impact strength

To be incorporated in active learning loop with data-driven models
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Past projects/accomplishments

Experimental work: Filling the data base

« Initial materials that will be assessed:

10 of these polymers have been assessed to

PET - high IV Polyglycolic acid develop a protocol for melt strength

PEIT - el 1Y *elylaEie ac!d-L 10 of these polymers have been assessed to
AR [T LY selleEtie aeeHb develop a pr%tgcol for measuring

PA6.6 Polylactic aud-L/Q crystallization rate

PBS Polyethylene succinate

PBAT Polyethylene adipate 45 of these polymers have been tested for
PHA Polybutylene adipate hardness

PLA Polybutylene terephthalate

Polytetrahydrofuran Polypropylene (8x)

Polypropyleneglycol Polyethylene (2x)

Polyethyleneoxide Polystyrene

Polyethyleneglycol PMMA

PA6 ASA

PA11 ABS

PA12 PC

PA66
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PolyScout database Topology

Block Random Others




PolyScout database Properties

Tensile Barrier Other




polySCOUT Introduction to Material Informatics

Fingerprint + Artificial Neural Network

OH

Molecular
structure

Properties

Computational
representation

Graph

Text

ML embedding

._/'\H/JJ— — :S--ﬂ-l]—ﬁ-

GNN

0=C(0)clccc(C(=0)0CCO)cc]  mummly %

Transformer

Non-ML fingerprinting

4
1
1
1
1

=

Digital
fingerprint

\

ORROOOCH

)

5

Property prediction

>
> o. A
> B+e

Physics

Hybrid

) ‘

] o0

— — | — “ \B\
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PolyScout database

® Synthetic data only model. R2=0.478
® TNO data only model, R2=0.908
& THNO transfer model, R2=0.913

W
i
.
m
>
-
o
-
k=
b
s
oo

’

polySCOUTE"O-

300 350
True values
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Rule-based polymerization mechanism

©)

O O HO-R, Q 0
* \ — |R
HOJ\R,J\OH OH /[ 2‘o’lLR,)Lo];
Dicarboxylic acid Diol Polyester
@ (0] HO-R o O
=R
- o= R L
Ry CI OH 4R PR of
Diacid chloride Diol Polyester
H,N—R, N N o] i
N * _C” "Rs C_. =t R, R
07 oo Ayt
Diamine Diisocyanate Polyurea
®
HO-R,

o) o
N N,

* ' Rs T — '{R"°)Lﬁ'R2N)L°};

Diol Diisocyanate

Hg o) (o]
—<)H - '{O‘ R)H;
J

k. Hydroxycarboxylic acid
R '

(®

\
OH
Polyureathane

@

Z R

Vinyl monomer

=R

G ) 1
0 © HN—R; JOL o o (0]
R
Ho’lkR,JkoH * \NHZ —’,{ z\u R#L”}; g=0 — /{O‘R)q\
n
Dicarboxylic acid Diamine Polyamide Lactone
@ o O H,N—R; JOL )oL @ s o
* X — |Ry,
cl R,’U\m NH, ’{zu R ﬁ}; R0 —* ,{N~R
Diacid chloride Diamine Polyamide Lactam .

D= LA

Cyclic ether
@)
@ — M
Cyclic olefin
. ]
Oio = /[JJ\O'R~0]’
Carboxylic carbonate .
>R = \P/ks]:
\_ Carboxylic sulfide j
(7 B
AR — *\RAL
Acyclic diene !
@ R H
Br@\ Br = / s \

Acetylene monomer

Conjugated dibromide

Red - step growth Blue - ring opening

Green - chain growth addition Purple - metathesis

O
S o
HzN NH;

Polyalefin N

8]
Palyestar HOJ\@( oH

o]

[n]

Palyamida

Polyurethane D“C;

Peolybenzimidazole OH
(PBI)

H
Epoxy Hsz“w”wNHz

Vitrimer

HOA\/\\/’U‘OH

polySCOUTO-.
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Inverse polymer design

High-throughput virtual screening approach

Polymer dataset Monomer list Property profile
(Input) (Input) (Input)
» OC(CICCI0)=0)=C}=0
NG  NCI=CC=CNIC=CL Ty
® NCCN
1= ® OC(/C=C/C(0)=0)=0 T
- o  C(CC=0)0)CC(=0)0
= ® CCICNIN O
 Cicojo
~ ® C=CN1CCCC1=0 £,
® 0CCO
= e C(CCCC(=0)0)CCCC(=0)0 E
= .-
ML training algorithm Polymerization algorithm Matching algorithm

1 2

J

Hypothetical Hypothetical polymers

Structure-property
polymer structures with predicted properties

3

CRARBAE

Novel polymer
(Output)

:.6?-.

/"\./\/\/\U/n\

polyScouTd=o-.
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SSbD Last step for a sustainable future!

SSbD

GWP from ML-based LCA Polymer Toxicity Score

N w
T T
e o
o
T :

=
T
o
'S
T

Toxicity Index

o
(N}

1. CO, (Life Cycle Assessment):
Global Warming Potential (GWP)
estimated via machine learning
models.

2. Toxicity: toxicity scores of different
polymers, highlighting Polymer B as

kg CO2-eq/kg polymer

o

0.0

the most toxic. ; \‘ .
inq): 1.0 S :
3. Cost (Aspgn modeling): E.ner.gy ,,; AN *,'l_ - I \ Buggqass Sources for Monomers
consumption for polymerolzatlon, AH o Polymerization (ML) | T r o LS \ /,' 5.
modeled conceptually using oo L Y- <
Aspen—Polymer B is most energy- 201 '/ \‘ 5 %
intensive. g -4 \ ) 2 10f
4. Recyclability (Enthalpy of * —60f O 0
Polymerization): Negative enthalpy —sof Energy Use in Aspen Simulation
values predicted by ML show xr & oo
thermodynamic favorability for PO z
recyclability. g 400
5. Resource Availability: Biomass < 200
feedstock availability (e.g., corn, . | :
sugarcane, cellulose, algae) shown ’ PO c

L . .
. & & @?J m |nnc=vat|on
as potential monomer sources. S & e— for e



SSbD

PLC Eligibility Criteria

Hazard
Classification
Polymers must
not have any
known hazard
classification.

Molecular
Weight&RFG
Requirements

Polymers must
have a molecular
weight of at least
1,000 g/mol.

Surface
Activity
Determination

Assessing the
impact of surface

Monomer
Toxicity
Evaluation

Assessing the
toxicity of individual
chemical
components

Processing
Aids/Additives
Toxicity

Evaluating the safety
of substances used

Polyester
Manufacturing
Polymers can be
polyesters made
from specific
reactants.

Water Absorption

Polymers must
not be high
molecular weight
water absorbers.

Stability Cationic Density

Polymers must be
stable under
usage conditions.

Polymers should
have low cationic
density.

Fluorine Groups Approved
Elements
Polymers must Polymers must be
not contain . composed of
difluoromethylene approved
or trifluoromethyl elements only.

groups.

properties on ﬁ in processing
toxicity

o)

‘Australian
approach’
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Thank you!

M. Golkaram |milad.golkaram@tno.nl
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Past projects/accomplishments

Machine learning approach

a Pipelines
1D Polymer 1 &
1 [*]CC[#] 40

Polymer 2 Cy

2 [#]CCO[*] 100

3 [*]CC([*])C1cc
4

[(*lcc(*nc 60

- 0

30 [*]CC([*])Ciccc1 70

o AR ‘
Chem- TAN POlYBERT
informatics k J ‘. (Transformer)

v : \4
Handcrafted E polyBERT
fingerprints @. ! 40?' fingerprints

v ; v

Multitask property @ ' @ Multitask property
predictors e predictors 5
Y
36583 Polymer
Properties
1D Tg TTI‘I Td E Ep Gh
1 230 361 683 190 460 16
2 220 326 604 170 267 M
3 320 520 620 600 113 23
4

Inference

Canonicalization —¢

Tokenization —¢

b Training polyBERT

PSMILES —

\/
v

Masking — [*]CC
¢ 0.2 03
Embedding — .. -
090 NG

Multi-head attention

Feed-forward network

Multi-head attention

Feed-forward network

Pretraining

0=C(C(C*D(O)[*NHoC

" polyBERT

[*] CC ([*]) (C) C(=0) OC

Preprocessing

[*]1CC ([*]) (C) C(=0) OC

(C) C(=0) oC

DeBERTa
02 08

0.3

04 05 02

Transformer
encoder

Transformer
encoder

N
Feed-forward network
\ 4
PSMILES —

[*ICC ([*]) (C) C(=0) OoC

¢ Generate 100 million PSMILES

100 million
hypothetical polymers

O

New polymers

OO~

BRICS Composition

-

’\(0
Sk

AN 4

Fragments

BRICS Decomposition

~13 000

Y\OJ\Q\( Potgm‘t:r
A

= synthesized polymers

Kuenneth, C. and R. Ramprasad. 2023. polyBERT: a chemical language model to enable fully machine-driven ultrafast polymer informatics. Nature Communications 14(1): 4099.
https://doi.org/10.1038/s41467-023-39868-6.
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Hybrid models

Enforced Polymer Physics Trends

08 Mer T, log .,
(*) - - -
“ : log o
» Physics-informed, physics-guided lognu, logmo| T logn
- Gy =100 B, - o
Iuﬁk‘ — g: ; ;“ By < By
logM,, T logy
(B) (€)
MLP Computational Graph
@D : O
OO s O
: I_ _@ o = e | ML Model Melt Viscosity
2 ' 2 s Prediction
= I PP | @, e (O
S bab : s £ @% ...... 1]
o o .| I < o O_—I
i I I' ¥ S |
2 cloer @ --® % 59 -I /—’/\‘!—a
£ : :"@ | > 238 'Jl GPR ANN
2 NG ' 5 O
| | o=
O Or@D - Gme-{7) @- ﬂ %“
OO
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https://arxiv.org/pdf/2409.05240

.
Polymer complexity

ingl [AN) SIOTICRION (Ring) (8]

¢ 0=4
» Various representations, polyBERT uses PSMILES for Organic Molecules. 8 Wide Range of Structures

B 5 A

. : . coea Bl (e = m}coom w1
« BigSMILES? provide better options to represent o rcenr {uggm{allie} © @mo-emm—
complexity of polymers (topology) BigSMILES Representation (g, wiiiw) > @uEeueen

for Polymers ]
A

iCC} {cc,cc(cL)}

1
By

PolyGrammar

HyperGeagh
COOVETIION !

i C
J === HSSHHSHIH -

Atomic level + QSPR + Morphological
descriptors descriptors descriptors
= B Higher length-scale descriptors

Dim. reduction @+ RFE

Atom-triples



https://pubs.acs.org/doi/10.1021/acscentsci.9b00476
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