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Polymer based materials: applications
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Computer modeling in the development of new materials
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Software for predictive modeling of polymeric material
properties
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MULTICOMP software package for multiscale modeling
of polymer - based materials

Designed for highhroughput materials screening on supercomputers
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M.A. Akhukov, V.A. Chorkov, A. A. Gavrilov, D.V. Guseva, P.G. Khalatur, A.R. Khokhlov, A.A. Kniznik, P.V. Komarov, M.V. Okun, B.V. Potapkin, V.Yu.
Rudyak, D.B. Shirabaykin, A.S. Skomorokhov, S.V. Trepalin, MULTICOMP package for multilevel simulation of polymer nanocomposites,
Computational Materials Science, V. 216,2023,111832, https ://doi.org/10.1016/j.commatsci.2022.111832
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Polymer nanocomposites " ssbigcioormoe
physically different phases, the
combination of which leads to the

Combination of a polymer matrix and filler that have at least one dimension emerg?ncfihoftndel\c/fv U?iqueth
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Polymer nanocomposites modeling: multiscale approach

polymer network
0.0001-10 pm

In the case of nanocomposites,
it is Iimpossible within the
framework of a one-level
approach to combine high

accuracy and large scale of
consideration.

A Atomistic level - properties
of nanosized filler and phase
Interaction

A Mesoscal e - the distribution
of the filler in the matrix

AMacro level - effective
material properties



KINTECH Multicom p Package
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PROPERTIES PROPERTIES

Young moduli E
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wareen Multicomp modules kit

CHEMICAL
COMPOSITION

CREATOR

PHYSICAL
PROPERTIES

e I PROPERTY

MATERIAL MODEL

TYPING

PROPERTY

Thermo
MD/LMP
'PROPER

Structural

RAD/LMP
PROPERTY

Atoms Relaxation

. Particle
CREATOR

Mesh Poly
DPD+MD

Multicomp Workflow Environment, ver. 1.0 (2016) -« 0 Multicomp Workflow Environment. ver. 1.0 (2016) SEED) -y
P - Permeabili
-

Workflow /T geme_data.dat
GCMC total translations / insertions / deletions / rotations

: b
499500

500500
0 Data n
GCMC successfull translations / insertions / deleti
a .. _
Avatable memry, SL35Gh_ Waximum stoms. 5486043 ‘Avatable memory. 31355 Waximum atoms. 5436049 7 Thermal Conductivity Coefficients(tensor), [W / (m™*K)]

poeven - 3 n as-u A TSEFL st <550 €

[
-- Solubility info —-

Zverage molecule loading, molec/cell
1.01089898910101

Molecule solubility, cm3[STP]/cm3/atm
0.00357817850427972

Molecule solubility, cm3[STP]/cm3/Fa i
3.532255431663042-02 17.6975
Maximum molecule solubility, cm3[STP]/cm3/Pa
£.98835288144717e-08 i 121.2702
- Permeability info —

Molecule permeability cosfficients Px/Py/Pz/P(averags
-1.753355309623322-16

-1.14473335833111e-16

-1.88266945395509e-16

Average permsability cosfficient Plaverage), cm3[STE]
£.03542336055732e-16

Molecule permeability cosfficients Px/Py/Pz/E(average),
-0.00233703806401108

-0.00152580906840713

-0.00250940020639015

Lverage permsability cosfficient P(average), Barrer
0.00804458403190075

Maximum molecule permeability P, Barrer
0.01551570295903745

20,7945
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Volumetric mesh

o

Mesostructure of filler phase Surface mesh

—— Laps

structure

Mesostructure
of filler particle

Chain of polyamide-6

Atomistic structure of %"~
the montmorillonite unit cell

Atomistic model of &
a nanocomposite ¥k

* - Kojima Y., Usuki A., Kawasumi M. et al. // J. Appl. Polym. Sc i .

Case study: multiscale calculation of macroscopic
elastic modulus of the PA6 - MMT nanocomposite

x  The mechanical properties of the
composite are different from the
composition of the properties of
the components due to the
formation of a transition layer,
whose elastic modulus is twice the
elastic modulus of the matrix

x  The increase in the elastic modulus
of the material was 18% when filled
by 1 wt.%. With the best structural
parameters (experiment*), it is
possible to increase the elastic
modulus by up to two times

x  The method is universal and allows

you to calculate the properties of
different structures: for an
isotropic distribution of filler (1 and
100) module 4.2. and 11 GPa
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DATABASE

Case study: gas barrier properties

CANDIDATE SELECTIC
PE / PET / PVDF / PTFE

QSPHPREDICTION

of multilayer polymer dclay
nanocomposite films

SIMULATION
MD + GC MC

MACRGLEVEL
MODEL

A SINGLE POLYMER CHAINS

Datasets Pers,
s/ |/ Descriptors  Pp o mg, o
i S a ﬂ't:( fce
0
iy N\ A
Quantitative

= Structure
."'"“I“'"'.Property

Relationship

Force Field

Table 4. Permeability coefficients of oxygen and water molecules for PET, PE, PVDE, and PTFE. -
P(0y) (Barren) P(H;0) (Barrer) £
Material MD-GCMC  Bicerano  Experiment  MD-GCMC  Askadskii  Experiment & ool
) Simulations ~ Model [39,84] Simulations Model [39,84] 8
E
PET 0.01-0.02 0.04 0.013-5 1-2 87 100-1300 g”‘" \ 3
PE 0.2-0.6 447 0.04-5 12 60 20-75 S
PVDE 00702 891 002-18 830 193 - %
PTFE 17-22 765 25-6 10-50 328 3-8 e I e il

—a— Size = 10 um —=— Size = 30 um

C MATRIX WITH PERMEANT ..
°
] - T H : :
ok oy o ‘i’polirier ﬁlng. Vo
—‘: P — . = e
e ! .___: H o ]
N v w1y
..:. ! ' ' ' e® ®
e i o jlymer film ¢}
: pdlyme H
S S B B ¥
S B A T

o
Permeabilit
P=DS

RN

v Successful candidate selection
before synthesis
v Determination of the optimal filler

aspect ratio using macro -level model

Knizhnik A. A. et al. "Gas Barrier Properties of Multilayer Polymg€tay Nanocomposite Films: A Multiscale Simulation Approach." Miteds8.9 (2023): 1151.
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Where dielectric properties What 6s NMELWCOMP
calculation usually lives A Integrated into the multiscale modeling of
A DFT packages : VASP, Quantum Espresso, via polymeric  materials
linear response / post -processing A Extensive built -in postprocessing using several
A MD-trajectory tools : MAIC0S, MDTraj, GROMACS approximations
built -in utility A Effective HPC usage: time -intensive runs sent to
A Limitation : each addresses only an isolated remote clusters through the  Interface
stage
What the module implements
Astatic € Kirkwood fluctuation formula [1  -3] PROPERTY
AComplex s(. ) spectrum : Neumann velocity d&dipole formalism [4] Dielectr
ARelaxation fitting : single & two -mode Debye, Cole 8Cole [5], IEleCic
Havriliak dNegami [6-8] (with introduced physical constraints) MD/LMP
ADielectric loss : analytical calculation for loss tangent tan( 1)
[1] Kirkwood, J. Chem. Phys. 7, 911 (1939) L [ 2] Co f )[4 Neumadn, M. Mo | . Liq. 114 5 (2004)
Molecular Physics 50.4 (1983): 841-8 5 8[5]Col e & Col e, J. Chem.6]Hawrsi.l i9a k 3& INdd&®dmMil,) HAQ:l ymer 8, 161 (1967) L12

Onodera, J. Phys. Soc [8 Hayilek&Negami, J4Polgm. Scf. C 84993 §j2007) L
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Module verification: dielectric permittivity of cellulose

Cellulose as the test system: one of the most extensively studied biopolymers and critical in electrical
Insulation applications (oil-paper insulation systems in transformators)

X

Multicomp Workflow Environment ver. 1.3 (2026) C:/Users/sini

File Calculate Tools Help
A L HCECEC %)
Calculation modules 8

mosenry
- Mechanical Properties

sty
QPR (QSPR) Bicerano Properties

v /7 DPD modules

. (LAMMPS) Meso Structure DPD Relaxati.,
. (LAMMPS) Meso Structure DPS Relaxation

v j FEM modules
. (Test) BRep/mesh generator views
. (Build) BRep Surface Mesh
. (Build) Volume Mesh

oty
- (FEM) Mechanical Properties
v j Tools
v J Linear Polymer/Composite Constructor
(LAMMPS) Shrink System till target ...
own  (Tools) Create Bonds
(Tools) Z-Join Systems
(Tools) Mix Systems
(Tools) Multiply System by copying
(Tools) Set Force Field Name
(Tools) Sparse System into Separate ...

s (Tools) Swap Head/Tail Markups
ot

Bl B e 0 Bois

sty (Tools) Symmetry Operation
e

(Tools) Expand System by translation
o

HE S

wem  (Tools) Atom Typing
e

®em  (Tools) Atom Typing KPV
o

anan

(Tools) XY-Match System v

itsa/Doc

uments/multicomp13/projects/test-dielectro.mcpr

x|/ ¥

\Vi ] stdout.1.-1.txt \ [ stdout.2.-1.txt

WORKFLOW ENVIRONMENT

MODULES KIT “ MODULE PARAMETERS >

single repeating unit

‘DIELECTRIC’
MODULE

INPUT:
generated

cellulose

cellulose
structure

OUTPUT:

permittivity

: tensor
TYPING
Simple Atoms Relaxation| Relaxation| (PROPERTY
Chain TSV code CG/Fire MD
Relaxation| Relaxation| Dielectric
Mix CG/Fire Shrink MD MD/LMP °

RESULTS, LOGS,
GRAPHICAL OUTPUT

.y

v MD simulations with
COMPASS FF

Numbes of GPU Devices | Do not use GPU accelenation
Time step, fs
T parameters
Tempenture, K
Tempenture

lemperature damping parametes,time unts |100

Data

Dielectric constants (tensor)

K ¥
x [1.13249

y 1.20067
117732

v Good agreement with [1]:
U( 0) NO.66forthe
cellulose type U

I

From REF [1] :

cellulose|

vigorously shocked stable

1. Hou W, Ya

ng, L., Mo, Y., Yin, F., Huang, Y., ZhekagR/olt. 6, 1051

060 (2021DOI:

https//doi.org/10.1049/hve2.12087


http://dx.doi.org/10.1049/hve2.12087.

KANTEcH  Case study: calculating the Dielectric Properties
“ABORATORY of Polyvinylidene fluoride (PVDF)

Palyletvraliuonsetmdana), PTFE

Poiyimetipentens], PP

Palpiving fuoride), PAF

BOPP

Poly{1-butens), PB-1
Py isa busan

16 0.4

PVDF Coated Metal jacket - a-PVDF a-PVDF
Pipeline insulation system 14

Painted Metal Jacket

]
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Pohyisabutylethylens)
Polyiprapens), PP
Poiylathilana), PE

Poly{butylene terephthalade), PET
Pyt 1,4-butadiane), PEO
Poly(2-metndstyrens)
Paly(d-methylstyrene), PMS
Py propylena glycol), PPG
Polylb=irahydrofuran), FTMO

Mass Loaded Vinyl [ Metal Banding 12

Insulation Material -
Puy[u—mnn;uuw:.ms Pipe
Poly(sfyrens), PS5

Polybuby methacryisie], PEMA
Folyicyciohexyl methacrylaie), PCHMA
Paly(2 S-dimedhyl-p-phenylens cxide), PP
mathacrylate)

Paly2-chiora-p-xylylene}
Paly{2-chlereslyrana)
Patyf4-chicrostyrans

Poty(2 B-diphertyl-p-phanylens oxids)
Paly{stylana naphihaiata], PEM
Poly{capralactone), PTGL

PD\’HQIT&I methacryiale], PEMA

i1 4-phenyl ether}, FPE

fans

Pﬁymnﬂndm chioride}, PYDC
Polyicarbenate], PC

Poly(ethylens terephthalae), PET

poly {phermiens oxida), PPO
Polyacetal, Palymethylens cuide), POM
Poly(retyg methacriste), PRBA
Poly(thio-1,4-phanylans), FPS
Potpfuingl chioride], PV
Paly{phenylens sullide), PPS

polylacetylena), PA
Poabyacryionitile), Pm

Pohyf[tetmmetyiene erepmhalate), Pa'r
Prasby{vir

Frequency /Hz

Propylene, FPE
Pely(stherketane], FEEK
Hylan-8

Polyhexamethylene sebacamide)
Pahycaprotactam

Am:l;u:c:wm:._hﬁ.l

Aromalic pakourea, AFPTU
Mmmmla&.rmm Styrene, ABS
PEEU

Poiy(athylera glyool), PED
yimetind methacrylate], PR

PVDF — h|gh K Xia, Weimin, and Zhicheng Zhang. let Nanodielectrics 1.1 (2018): 17-31.

Insulator

PVDF is a high -performance insulating polymer
e ' . whose dielectric constant and energy losses vary

F{WDF-TIFE-CFE} |
FVDF-TFE-CTFE} ]
T T

significantly depending on its crystal phase Y 9

0 10 20 30

W Ve - - -
Dielectric constant @100 Hz y or 9) and the applied electric field frequency. 1 4
Chen, Jie, et al. Advanced Materials 36.52 (2024): 2308670.




o Case study: calculating the Dielectric Properties
g LEL L of Polyvinylidene fluoride (PVDF)

crystal U-phase  b-phase U-phase

—— ~ S (BB ‘); - : PROPERTY
” ‘ \’ > Dielectric

o) 3 MD/LMP

A, of A, / : o

y

Convergence of Dielectric Tensor Components

Real Permittivity €'(w) - Model Comparison
MD data

— Single Debye
2-mode Debye

— E_XX
— Eyy
— £ 27
—-== lIsotropic epsilon(0)

4.0 A

5 351 —— Cole-Cole
......... -\ —— Havriliak-Negami
3.01 A
4 P .
& 3, 3
T2 R

20/ FrequenCy ':"”;"52;

| ae k6]

cle/c(o

Time domain

2 autocorrelation(d ¢l < e domai N
(MD, PCFF) ~ «(FFT)

Time (ns) Frequency (Hz)
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System t +5 (habe
2 1.28
S 1.20
5 1.18

La20NR2LAO 122
5S0&S Y2F 0.46

(KWW eq.)

fmaxx

ACrystalline phases:

2.65 GHz

t +5 @hase

1.27
1.05
1.10
1.14
0.42

2.49 GHz

t £+ 5 @hase

1.24
1.15
1.17
1.19
0.44
2.6 GHz

PVDFamorphous
(2000 atoms)

2.830.27
3.4270.33
3.030.29
3.150.25
0.43
3.9 GHz

low and similar dielectric permittivity.

PVDF
amorpnous

(5460 atoms)

4.4050.32
4.65,0.38
4.34r0.33
4.4650.33
0.53
3.85 GHz

Aamorphous PVDF: significantly higher permittivity, with Qmorphous / erstal a 4 [Macromolecules, Vol. 28, No. 20, 1995].
ASystem -size effect: larger amorphous models better capture dipolar correlations and conformational disorder.

V The simulations reproduce the experimentally observed strong dependence
PVDF dielectric properties on molecular morphology.

15
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I Long MD trajectories: Reliable
low -frequency dielectric
properties require  ~1006100 ns
simulations to converge dipole
fluctuations and autocorrelation
functions .

I CPU scalability: ~7x106atom -
steps/( core is) for a 2,000 -atom
PVDF system; ~3 d4x106atom -
steps/( core is) maintained for
systems up to 143,328 atoms

I GPU acceleration: ~2x106atom -
steps/( core 1s) achieved on NVIDIA
RTX 3090 GPUs, enabling efficient
large -scale dielectric simulations.

Performance (step*atom)/(core*s)

7x10°

6x10°

5x10° -

4x10°

3x10° -

2x10° -

1x10°

Dielectric properties MD
—e— (PVDF) 2000 at
—e— (PVDF) 12288 at

—e— (PVDF) 143322 at -

32

64

96

I ) | . | ) I d
128 160 192 224
CPU Cores
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has been developed and integrated into the
MULTICOMP software package, enabling equilibrium-MD calculations of static and frequency-
dependent dielectric permittivity, dielectric loss, and characteristic relaxation times.

A The module within MULTICOMP provides an , from
automated construction of realistic polymer and nanocomposite models to dielectric-property
prediction, improving the efficiency and reproducibility of multiscale simulations.

demonstrates the reliability of the implemented
methodology, including good agreement with published static dielectric permittivity data for
cellulose.

, the simulations reproduce the strong morphology dependence of dielectric
response, most notably the substantially higher permittivity of amorphous phases compared
with crystalline polymorphs. Frequency-dependent spectra and relaxation analysis provide
additional insight into dipolar and segmental dynamics and demonstrate the capability of the
module to characterize complex dielectric relaxation behavior.

, MULTICOMP provides a practical computational framework for virtual screening,
design, and optimization of advanced dielectric polymer and nanocomposite materials.
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RELEASE 1.4
IS UPCOMING ON _LABORATORY
DECEMBER 2026!

INTRODUCING DIELECTRIC (MD) AND THERMO (FEM)
PROPERTIES MODULES

EXTENDED SURFACE AND PARTICLE CONSTRUCTORS (ASE
LIBRARY)

MODIFIED VERSION OF THE DPD NANOCOMPOSITE
CONSTRUCTOR MODULE

KANTECH

3
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PROPERTY 5, a3
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