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Overview of Polymer Degradation Modeling

Sophisticated models proposed to across multiple spatial-scales

from Audouin, Verdu, et al. (1994) : mechanistic modeling of oxidation!!

Kinetic model (+0, diff.) Infectious spreading!2! Constitutive Eq.L3]

2p0-+0, S0 Many Goss, George (2001) Mohammadi, Dargazany (2019)

200

8 8 8 8 8 8 8 3 &

- Kinetic Monte Carlo!®]
Ahn,Roma,CoIin(ZOZZ) QAsEEEEEEEEEEEEEEnn?®

Micro. < » Macro.
U EEEEEEEEEEEEEEEEN,
DFT simulation!4
|
> Gervais, Ngono, Balanzat (2021)
[1] L. Audouin, et al. J. Mater. Sci., 1994, [2] B. G. S. Goss, M. D. Barry, D. Birtwhistle, G. A. George,PDST, 2001, [3] H. Mohammadi, R. Dargazany, Int. J. Plast., 2019
[4] Y. Ahn, G. Roma, X. Colin, Macromolecules, 2022, [5] B. Gervais, Y. Ngono, and E. Balanzat, PDST, 185, 109493, 2021 .
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[1] L. Audouin, et al. J. Mater. Sci., 1994, [2] B. G. S. Goss, M. D. Barry, D. Birtwhistle, G. A. George,PDST, 2001, [3] H. Mohammadi, R. Dargazany, Int. J. Plast., 2019
[4] Y. Ahn, G. Roma, X. Colin, Macromolecules, 2022, [5] B. Gervais, Y. Ngono, and E. Balanzat, PDST, 185, 109493, 2021 .




Heterogeneous aging picture: “infectious spreading”

Radical transportation is important key!6-8!

2-types of radical dynamics

Chain radical /~l/

~ polymer segment diffusivity

Celina et al.
(1995)

Free radical

~ Langevin Eq. in viscoelastic lig.

000000

000000

Gijsman, Hamskog
(2006)

ssssss

en uptake (mmol/kg)

Time (s)

[6] M. Celina, G.A. George, D.J. Lacey, N.C. Billingham, PDST, 1995, [7] P. Gijsman and M. Hamskog, PDST, 2006, [8] X. Liu, R. Yang, PDST, 20109.
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Fig. Snapshots of oxidative aging simulation (blue: scission site (damaged site), green: chain radical)



Modeling: Kremer-Grest model + oxidation (BAS) kinetic model S

CG models are effective for calculating long-term dynamics
Q. Why CG model ? A. Oxidation is mild process

%
: : :
Full atom MD is very time-consuming /_l/
simulating ps >1yr. even with supercomputer ~ ~ - el
0
. X
NEINEIECIES Myl lo [s1IM FENE + WCA with NVT ensamble / O’ Chain end

1 bead = 1.5 ~ 3 mers Crosslinking

_ Crosslinked
Reduction of Comp. cost bead



Mapping of aging reaction

For simplicity, auto-oxidation in OER (oxygen excess) focused

Stchastic reaction events with cutoff r. = 21/6¢

Auto-oxidation Serie Reaction topology templetes

POO - | S
e
0, @ POOH — M- + -OH (k1) o M- — M-(end) + scission (fast process)
g . } IIIII .""
md.gem @ 00 " %0} -o%o- 0O )0 <
P :
-
*OH+PH—P - +H,0 2POOH — 2M- + (inactive product) (k1,)  2M- — Crosslink (fast process)

PO -

o — ot s s G o4
C=ov+ P s oo -

Crosslinking (Y-type)

2M- — Crosslink (fast process)

Thermal oxidation of PPl @ 180°C under OER

klu/k3 — 1.6 x 1074 klb/k3 -58x103 |- %o -o%o- ®

PH + OH- — M- + (inactive product) (k3)

Input parameter: k; (H-abstraction rate) | O g O ) ~Onug O

[9] E. Richaud, F. Farcas, B. Fayolle, L. Audouin, J. Verdu, PDST, 2007.



Simulation setting
Polymer melt oxidation, main parameters are k5 vs 7,

- Code: LAMMPS (23-Jun2022) coupled with REACTION packagelt®
- 2560 Kremer-Grest chains (N=100, unentangled system)

- Standard KG parameterll], timestep: At = 0.0057, segment number density: p* = 0.85

* Rouse (longest) relaxation time of N=100 chain: 1z, = 2 x 10*7y,

+ Considered distinct 4 cases with different k3tp = 60,1.2 x 10%,2.4 x 10%,1.2 x 10°

- Add just the one free radical, then begin the oxidative aging simulation.

Supported by Nagoya University High Performance Computing Research Project for Joint Computational Science

[10] J.R. Gissinger, B.D. Jensen, K.E. Wise, Macromolecules, 2020. [11] K. Kremer and G. S. Grest, The Journal of Chemical Physics, 1990
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- Case 1 $HORREHHE & KRB | SIRSRICHEINEEE (k31 = 1)
- Case 2 KZ5| SIRERIGDANHOBEIILDELIEZ D (kytp = 10)

ase 1 Moderate reaction (k;tp = 1) ase 2 Fast reaction (k31 = 10)
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[1] TI, Y. Doi, T. Uneyama, Y. Masubuchi, Macromolecules, 56, 21, 8474-8483, 2023, [2] TI, Y. Doi, T. Uneyama, Y. Masubuchi, Polymer Journal, under review
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[3] T. Uneyama, T. Miyata, and K. Nitta, J. Chem. Phys, 141, 16, 164906, 2014 number of segments 1 system size L
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Unimolecular POOH decomposition

RIEHEE . = 2V/°, HERN(CKRIHESHE B2 roon-mron i) g

| E Eb Eg{ b M- — M-(end) + scission (fast process)

2POOH — 2M- + (inactive product) (k1,) } lllll @
""" OO OO %o ol -
,,,,, o%o.’ .o®e.

2M- — Crosslink (fast process)

Hydrogen abstraction (chain radical) :

PH+M-—M-+POOH (k3)

" . ) w
HRERIR %90 0e® - oo -
.....
«OH+PH—P-+H,0 O’O\O O"\O 2M- — Crsslik (fast process)

Hydrogen abstraction (free radical)

PH + OH- — M- + (inactive product) (k3) O\.’O } IIIII :avy
. SEHOBMEERL o | |

[1] TI, Y. Doi, T. Uneyama, Y. Masubuchi, Macromolecules, 56, 21, 8474-8483, 2023, [2] T|, Y. Doi, T. Uneyama, Y. Masubuchi, Polymer Journal, submitted
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