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Tém tit: Sw gia ting tich tu cua cac Polymer khd phan hiy clng véi nhu cau phat trién cac phu gia
chang chay hiéu qua da thiic day cac nghién cizu vé co ché phan hiy nhiét cia vdt liéu Polymer. Trong nghién
cieu ndy, md phong dong hoc phan tir (MD) si dung trieong luc phan itng ReaxFF diwoc thyec hién dé khdo sét
qué trinh phan huy nhiét ciia HDPE, PS, PP va PI, ciing nhir anh hwong ciia dé am 1én PA66 trong khodng
nhiét dg 600-3000 K. Két qua md phong cho thdy ddc trung phdn hiy riéng biét cia tieng logi Polymer va
cho phép xac dinh céc théng so déng hoc Arrhenius phuc vie md hinh hda qué trinh phan hay nhiét. Nhing
két qua thu dwoc gop phan lam sang té co ché phan huy cua polymer, hé tror danh gid nguy co chdy va sir
phat sinh khi déc, tir d6 dinh hieong thiét ké vat liéu polymer an toan va c¢d khd ndng chong chay cao hon.

Tir khod: dong hoc phdn tir, ReaxFF, phdn hiiy nhiét, Polyolefin, Polyimide, co' ché phdn rd, nang lirong
hoat hoa.

Abstract: The growing accumulation of non-degradable polymers and the demand for efficient flame-
retardant additives have motivated studies on their thermal degradation mechanisms. In this study, molecular
dynamics (MD) simulations using the reactive force field (ReaxFF) were conducted to investigate the thermal
decomposition of HDPE, PS, PP, and PlI, as well as the effect of moisture on PA66, within a temperature range of
600-3000 K. The simulations revealed distinct degradation behaviors for each polymer and enabled the extraction
of Arrhenius kinetic parameters for modeling their thermal decomposition. The obtained results enhance the
understanding of polymer degradation pathways, providing insights into fire hazard evaluation and toxic gas
generation, thereby supporting the design of safer and enhanced flame-resistant polymer materials.

Keywords: molecular dynamics, ReaxFF, thermal decomposition, Polyolefin, Polyimide, decomposition
mechanism, activation energy.

1. Pat van dé (PS), Polyimide (PI) va Nylon 66 (PA66) chiém hon
Sy bung nd trong san xuat nhya toan cau, hién  70% tong san luong. Phan 16n lugng rac thai nay van
da vuot mirc 400Mt/nim, di 1am gia ting dang ké duoc xur Iy bang chon lap hodc dét 16 thién, tao ra
luong rac thai Polymer, trong d6 Polyethylene ti nhiéu san pham phan huy khong kiém soat nhu khi
trong cao (HDPE), Polypropylene (PP), Polystyrene  ddc, hop chét ban bay hoi va vi nhya, gy ra nhiing
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thach thirc nghiém trong dbi v6i moi trudng va st
khoe con nguoi. Trong bdi canh d6, viée hiéu 1 co
ché va dong hoc phan hity nhiét ciia Polymer trd thanh
nén tang cho cac hudng nghién ctru hién dai nhu tai
ché nhiét hoa (Pyro-Gasification), thiét ké vat liéu bén
nhiét, va phat trién phu gia chdng chay hiéu qua.

Céac phuong phap thuc nghiém truyén thong
nhu phan tich nhiét trong truong (TG), phén tich khi
phat thai (TG-FTIR, TG-MS) va phép do co hoc nhiét
dong (DMA) d3 cung cip nhirng hiéu biét quan trong
vé co ché da bac va phu thudc pha, phu gia cia
polymer. Tuy nhién, cac k¥ thuat nay bi gi¢i han
trong kha nang quan sat ban chat lién két hoa hoc va
qua trinh dut gdy xdy ra ¢ thang thoi gian cyc nho
(Femtd-giay), khién viéc mé ta dong hoc vi mé cua
phén huy tré nén khoé khan.

Sy phat trién cia m6 phong dong hoc phan tir
(Molecular Dynamics — MD) véi truong luc phan
ung ReaxFF da m& ra kha nang vugt qua rao can nay.
ReaxFF cho phép mo phong sy hinh thanh va pha v&
lién két mot cach tu nhién trong qud trinh tinh toan,
dua trén khai niém bac lién két phu thudc khoang
cach [1]. V6i ning luc mo ta hé thong chira dén hang
tram nghin nguyén tir, dac biét khi dugc song song
hoa theo thuat toan mién khong gian cua Plimpton
[2], phuong phap nay d tré thanh cong cu manh dé
nghién ctru co ché phan huy nhiét & cap do nguyén
tir. Cac cong cu hd trg nhu Packmol gitip thiét 1ap mo
hinh cau triic Polymer & mat d6 mong mudn va giam
xung lyc va cham sau khi dong géi [3], g6p phan ting
do chinh xac cua md phong.

Trong thap nién qua, nhidu cong trinh da ap dung
ReaxFF-MD dé m6 phong qué trinh phan huy riéng 1¢
cua ting vat li¢u: HDPE [4], PP [5], PS [6], PI [7], va
PAG66 trong trang thai am [8]. Tuy nhién, cic nghién
ctru nay thiéu mot so sanh toan dién giita cac polymer
vé ngudng 6n dinh nhiét, san pham trung gian va thong
) dong hoc, dan dén khoang tréng khoa hoc trong vi¢c
danh gid mot cach hé thong kha nang phan hity nhiét
twong dbi giita cac loai Polymer théng dung.

Nghién ctru nay nham khic phuc khoang trong
d6 bang cach ap dung cting mot bo tham sé ReaxFF
va quy trinh tich hgp budce thoi gian 0,1fs cho nam hé

Polymer tiéu biéu gom HDPE, PP, PS, PI va PAG6.
Phuong phép dugc kiém ching thong qua so sanh voi
dir liéu thuc nghiém nhiét phan tuong ting. Két qua
gitip 1am sang t6 co ché phan hily nhiét dic trung ctia
ting Polymer, tir d6 ho tro danh gia nguy co chay va
phat sinh khi ddc, cling nhu dinh hudng thiét ké vat
lidu va phu gia chdng chay hiéu qua hon, gbp phan
giam chi phi thir nghiém thuyc té.

2. Phuwong phap tinh toin

Céc chudi HDPE (100 mat xich), PP (100 mét
xich, dang hdn hop dugc sip xép ngiu nhién -
Tactic), PS (50 mét xich véi cac nhom thé dugc sap
xép ngiu nhién - Atactic), va PI (cau tric
BPDA/PDA 30 mit xich) dugc xdy dung ngau nhién
trong hop 1ap phuong gia dinh kich ¢& 10 nm mdi
canh, ti trong muc tiéu 0,85-1,35g cm™ dugc thiét lap
bang Packmol. PA66 phi tinh thé gdm 48 chudi, mdi
chudi gém 50 mat xich v&i do am thiét lap ¢ 0.8%
(kho) va 14 % (uét) theo khdi luong, gia tri nay tham
khao theo thiét ké cua Arash va cac cong su [8].

Sau khi cic cdu triic dugc t6i wu hoéa bang
phuong phap GFN2-xTB, cac ciu trac tdi uu héa
dugc md phong dong hoc phan tir theo cac budce sau:
Budc 1 - nung t&i 600K (sir dung trong diéu kién
khong doi vé thé tich va nhiét d6 - NVT), budc 2 -
nén toi 1 atm (str dung trong diéu kién khong ddi vé
ap suit va nhiét do - NPT), bude 3 - gia nhiét myén
tinh voi toe d6 20 Kxps™ té1 3 000 K (st dung trong
diéu kién NVT). Truong lyc ReaxFF-CHO 2010
duoc 4p dung cho HDPE/PP/PS, bén canh do, bo
ReaxFF-PI déc thu dugc 4p dung cho PI theo nghién
citu cua Xu va cong su [7]; PA66 st dung bd
ReaxFF- N-C-O-H cta Arash [8]. Moi md phong
thyc thi trén LAMMPS (ban nam 2025) véi phan
mién 3-D, khir dién truong bang phuong phap Wolf
[9], khoang cach cit truong luc van der Waals & 10A.

Ddi voi nghién ciru vé sy thay doi cu triic va tinh
chét vat liéu khi chiu tac dong manh dot ngdt (anh
hudng tuong hd ap sudt va va dip), mot mau HDPE/PS
dang hat c¢ kich thuéc nano véi duong kinh 2nm dugc
xdy dyng va str dung dé nghién ciru. Cac hat nay duoc
gia tdc dé dat toc d6 3 kmx s! tham khao theo nghién
ctiu cua Panczyk va cac cong su cua ong [10].
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Céc két qua md phong MD dugc ghi lai trong -
tap tin dﬁ.lll ra Trajectory, trong do, ‘sé li¢u vé trang go
thai lién két, ndng lugng va thanh phan hoa hoc trong 5
cac budc mo phong dugce ghi lai, chiing dugc str dung g’
dé phan tich két qua. Viéc phan tich két qua can dugc N
hd tro bang cac 1ap trinh Python trong Mathpolib véi ,
mot ham Python do nhém nghién ctru tu viét dé trich ” a0
xuét chudi phan tmg (bac lién két > 0,3), phéd san d
pham theo thoi gian duoc vé va uéce lugng hing sd PSS (1 He)
tdc do k(t) bang md hinh ty xtc tién bac n (n-th-order g=
Autocatalytic Model). Dai nhiét 6 tir 1000 — 2200 K Te
dugc ding dé hiéu chinh ndi suy Arrhenius. é’
3. Két qua va thio luin g,
3.1. Két qud mé phéng sw mit mdt khoi lwong of . - , _ A
cua cdac polymer theo nhiét dj.
Két qua md phong sy mat mat khéi luong caa €
cac polymer duoc phan tich va trinh bay ¢ dang dd s
thi (Hinh 1). E
" HDPE é °
gzu Hinh 1: Biéu do mat madt khoi lwong ciia cdc polymer theo dai
nhiét d tir 0 — 3000K.
L (a: HDPE; b: PS; c: PP; d: PI; e: PA66 14% H,0; f: PA66 0,8% H;0)
a Nhin chung, cac polymer déu tuong dbi bén &
ps budc ddu moé phong khi nhiét do chua tdi 1000K. Sau
- do, su dit giy cac lién két xay ra 1am cho vat liéu
B polymer suy gidm khoi lugng, cu thé:
D6i véi HDPE: gan nhu tro t6i 1000K, sau d6 suy
: giam tuyén tinh va hoan tit qua trinh mét mat khdi lugng
= 6 T~1600K. Do déc déu cho thdy co ché ciia qué trinh
I dut gay lién két héa hoc nglu nhién C-C 1 co ché néi
b trdi, phfl,h(_)p két qua TG-MS ctia Liu va cong su [4]. ,
—~ Do6i véi PS: ¢ nhiét d§ dudi 850 K, PS tuong doi
bén nhiét. Tai 850 K, PS bét dau phan hity va két thuc
g qué trinh phan hity nhiét & 1400 K. Du do mat mat
g w khéi lwong nhanh nhat trong cac polymer, nhung phan
§7 16n khéi lugng mét di 13 do sw mat mat cia styrene don
£. thé — chi tiét dugc xac nhan qua phan bd san phim
of | ! ‘ A (muc 3.3).
S | B Dbi v6i PP: Nhiét d bit ddu phan hity nhiét sém
c hon HDPE (T =~ 950 K) va hoan tit qua trinh phan huy
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nhiét & 1550 K. Didu nay phan 4nh anh huong lam yéu
mach C-C bdi nhom CHs.,

D6i voi PI: khéi luong con lai ludn duy tri
> 98 % khéi lwong dén 1300 K, sau d6 giam chdm; qua
trinh phan huy nhiét cia PI hoan tat & T ~ 2 000 K. Két
quéa nay 1a minh chimg cung cb vi thé cua PI 1a mot
trong nhitng polymer bén nhiét nhat [11].

Dbi voi PAG6, khi 6 4m 14 14 %, diém bt dau
phan hay nhiét & 900K 1éch trai ~90 K so vdi PA66
kho (0,8% H20) vé6i nhiét do bit dau phan hay 1a
990K. Bén canh d6, nhiét do két thiic phan huy ciing
1&ch trai 80 K (1400 K v6i PA66 udt va 1480 K véi
PA66 kho). Két qua nay minh chig cho viéc nudc 1a
mot chat xtc tac bé giy lién két C—N theo Arash va
cac cong su dd bao cao [8]. Piéu nay duogc giai thich
nhu sau, & ham lugng cao (14 %), nudce tao ludi lien
két hydrogen lién két v6i ca nhom carbonyl va nhom
NH ciia amide. Lién két H nay kéo dai lién két C—N
1én ~1,48 A (so véi 1,42 A & 0,8 %) va 1am giam tan
s6 dao dong amide, dan dén ha rao thé hoat héa khoang
30-35 kJ mol ™! so v&i mau kho (0,8 % H20).

3.2 Phén tich dpng hgc Arrhenius

D6 thi (Ink) theo bién (1/T) duoc trinh bay tai
Hinh 2 cho thay d6 tuyén tinh rat tot voi hé s6 twrong
quan cao (R?>0,98) = co ché phan tng phan hay cua
cac polymer déu theo phuong trinh dong hoc bac mot
chi phéi. Riéng véi PAG6 kho, do sur phan manh bi gian
doan khi sy c6 mat han ché caa nudc (da trinh bay &
phan 3.1), nén bac cua phan ang phan hity PA66 kho
khdng tuan theo bac 1 rd rang. Do vay s€ bo qua viéc
xem xét phan tich dong hoc véi PAG6 kho.

0.0008 0.0010 0.0012

1/T (K)
Hinh 2: D6 thi (In k) theo bién (LIT).

Tir hé s6 goc —E4/R suy ra nang luogng hoat hoa

duoc trinh bay tai bang 1. Thir tu d6 16n caa E, tring

0.0004 0.0006

khop véi sy mat mét khdi lugng theo nhiét d6 cua cac
polymer, trong d6, PI vuot troi nhat véi nang luong hoat
hoa cao nhit (~330 kJ,mol™) va thap nhat 1 PS (~210

kJ,mol™).
Bdng 1: Nang heong hogt hoa ciia qué trinh phan hiiy cac Polymer.
Ea 7 4 e
Polymer . Y nghia cau tric
(kJ mol™)
Lién két C-N-C co
Pl ~330 | 'O KL AL Cong
hudéng, mat do vong cao
Chudi thang, phan cit
PE ~270 o
lién két ngau nhién C-C
PP 260 Hifu ung —C,H3 “lam
mém” mach chinh
PAG6 228 Ludng cuc C=0-H-O-
(u6t) H ha rao thé C-N
On dinh géc benzyl ha E,
PS 19 | Ondinn goc benzyiha
nhung sinh don thé

3.3. Co ché va phan bé sin pham phan hay
nhiét ciza cac Polymer

Hinh minh hoa cho thay co ché phan ung va
phd san pham ciia nam polymer r& theo ba “dia chi”
khéc nhau trén ban d6 hda hoc: dong Polyolefin
(PE, PP) gan nhu trat 80 — 85 % khdi luong vao
Olefin C>~Ca do qua trinh phan cit ngau nhién & vi
tri B ctia lién két C—C, phan con lai chuyén thanh than
v6 dinh hinh giau lién két = thong qua tai to hop gdc
Ankyl, trong khi PS lai wu tién co ché pha v& cau tric
Polymer thanh cac don vi cau trdc nho hon, giai
phong téi 70 % don thé styrene trudc khi vong thom
bi pha v& va tao than hoic khi COx (gdm CO/CO>);
P1 vai khung Imide bén nhiét khong sinh olefin ciing
khong sinh Acid, song phan ng khtr carbonyl lién
hop giai phong COx va hinh thanh mang than gém
nhiéu vong thom khién nhém COx + than chiém dén
90%; cudi ciing, PAG6 uét dirng gitra hai thai cuc, khi
nudc xuc tac thuy phan amide sinh hon hop NHs/Hz0
chiém 33%, COx + than 57% va chi 10% olefin nho.
Piéu nay khang dinh mot cach thuyét phuc ring su
da dang vé thanh phan san pham phan huay thyc sy la
két qua phan &nh chinh xéc dic trung lién két hda hoc
noi tai cting nhu mtrc d¢ phan cyc riéng biét cua ting
loai polymer, cho thdy méi quan hé truc tiép giira cau
trdc phan tir va co ché phan hay cua ching.
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Phan b6 san phdm phan huy chinh (mé phéng)
mo - _
80

60

Olefin nhe Cr-Ca
= Monome [ Hgp chat tham
KR axit (NHa)

B COx 4+ Than céc

Ty I& sén phdm (%)

40

20

PE PP 5 P

)
o e
PRE®

Hinh 3: Két qua md phong phan bé san pham phan hay chinh.

3.4. Anh hwong twong hé &p sudt va va dap

O &p suat tinh, ngudng phan hay nhiét chiu chi
phéi gan nhur hoan toan bai ning luong lién két hoa hoc,
song khi thém truong co hoc cuong do cao (vi du séng
xung kich 3 kmxs™) thi dong ning va dap tai phan bd
tirc thoi thanh nhiét cuc bo va bién dang mach, tao diéu
kién cho hai hién twong quan trong Xay ra dong thoi:
bing nd mat do gdc tu do va kich thich phat trién lién
két chéo. Hinh 4 cho thay ngay sau khi song xung kich
truyén qua (t~Ops), nong do gbc trong cau tric
nano-HDPE/PS vot 1én ~0,01 mol L' - cao hon nhiéu
s0 voi mau khong chiu song xung kich (Hinh 4), sau d6
giam lity thira theo hang s6 tat ~3 ps; chinh dong gdc
nay lap tic kéo theo toc do hinh thanh mang lién két
chéo (Hinh 5), trong d6 phan trim nguyén ti carbon
tham gia lién két chéo dat 30 % chi sau 6 ps va tién toi
trang thai bao hoa ~40 % & 20 ps, vuot xa gid tri 4-5 %
cia mau tinh.

10 €6 xung kich (3 kms1)
== Khéng xung kich (diéu kién tinh)

Méng dd gdc tur do (mmael L-%)

00 25 50 75 100 125 150 175 200
Thai gian (ps)

Hinh 4: Dién tién gac tu do trong HDPE/PS.

Su gia ting manh ca géc tu do Ian hinh thanh
mang chéo cho thdy va dap khéng chi pha v& mach ma
con 1am bé mat nhya tré nén giau nhém chic phan ang,
diéu nay di giai thich dugc cho céc két qua thuc nghiém

cua Panczyk va cong sy [10] khi quan sét vi nhya bién
sau va dap co do ua nudc va kha nang hap phy kim loai
ning cao hon. Hiéu tng nay ham y rang cac qua trinh
nghién, mai hay song bién c6 thé lam ting toc do a0
hoé héa hoc cua vi nhya trong méi trudng bang cach
mé ra con dudng lién két chéo oxy-hoa & nhiét do thap
hon nhiéu so véi nhiét phan thuan tay; dong thoi, ddi
VGi tai ché nhiét-co, viéc kiém soét toc do cat, va dap la
can thiét dé han ché qué trinh than hda sém lam giam
hiéu suat dau long. Mat khéc, két qua nay ciing hd trg
sur hiéu biét vé cac hanh vi caa vat liéu nhua trong diéu
kien xay rano, hd tro viéc thiét ké phu gia chng chay,
chbng nd va polymer bén nhiét, co co hoc méi.

40 €6 xung kich (3 km s-1)

== Khéng xung kich (diéu kién tinh)

C (%) tham gia lién két chéo
= = [ N W w
[=] w (=] u =] w

5

0.0 25 5.0 75 10.0 125 15.0 17.5 20.0
Thai gian (ps)

Hinh 5: Hinh thanh mgng lién két chéo trong hat nano HDPE/PS.

4. Két luan

Nghién cttu MD thdng nhat cho nam polymer
phd bién di cung cap ban do dinh luong vé ngudng
6n dinh, thong sé Arrhenius va phan bd san pham
phan hay. Két qua khang dinh: (i) dong gop cua
nhanh bén va vong thom quyét dinh giam rao thé hoat
hoa; (ii) nudc ¢d thé dao chiéu co ché bé gay lién két;
(iii) hidu tmg co-nhiét (shock) 1am bé mat nhua phan
cuc manh, goi y kha ning tang tinh tham sinh hoc cua
vi nhya. Nhitng dir liéu nay cé thé tich hop vao md
hinh CFD phan ng caa 10 nhiét phan, déng thoi hd
trg thiét ké phu gia chong chay va polymer bén nhiét
va bén co hoc méi.

Nghién ctru twong lai c6 thé dugc mé rong sang
Polymer chtra Hetero-Atom khac (PU, PET) va ky
thuat tang toc Meta-Dynamics nham thu dwoc dit liéu
& dai thoi gian thuc té (gid — ngay) gilp cho viéc
nghién ctu va thiét ké cac Polymer bén nhiét bén co
hoc tré nén d& dang hon khi cac co ché phan hay nhiét
ctia chiing da duoc hiéu ro.m

SO 08, 2025 - TAP CHi PC&CC BIEN TU |38



H(bﬂ(G(CHﬁ\M )
YACHUACHAY

INE_e-ISSN 3093-3595 3 oI

PHAN ANH - LE ANH TUAN - NGUYEN HUU HIEU

TAI LIEU THAM KHAO

1. VanDuin,A.C.T., Dasgupta,S., LorantF., &
Goddard, W. A.1IL (2001). ReaxFF: A reactive force field for
hydrocarbons. Joumal of Physical Chemistry A, 105(41),
9396-9409. https://doi.org/10.1021/JP004368U.

2. Plimpton, S.J. (1995). Fast parallel
algorithms for short-range molecular dynamics.
Journal of Computational Physics, 117, 1-19.
https://doi.org/10.1006/jcph.1995.1039.

3. Martinez, L., Andrade, R., Birgin, E. G., & Martinez,
J.M. (2009). PACKMOL.: A package for building initial
configurations for molecular dynamics simulations. Journal of
Computational Chemistry, 30(13), 2157-2164.
https://doi.org/10.1002/jcc.21224.

4. Lin, X, Li,X., Liun,J., Wang,Z., & Gong, X.
(2014). Study of high-density polyethylene pyrolysis with
reactive molecular dynamics. Polymer D&S, 104, 62-70.
https://doi.org/10.1016/j.polymdegradstab.2014.03.022.

5. Guo,W., Fan, K., Guo,G., & Wang,J. (2022).
Atomic-scale insight into thermal decomposition behavior
of polypropylene via ReaxFF MD. Polymer Degradation
and Stability, 200, 110038.
https://doi.org/10.1016/j.polymdegradstab.2022.110038.

6. Huang, Y.-H., Wu, M.-N., Song, C.-W.,
Zhang, J.-J., Sun, T., & Jiang, L. (2018). Simulation
and experimental investigations of thermal
degradation of polystyrene under femtosecond laser
ablation. Applied Physics A, 124, 797.
https://doi.org/10.1007/s00339-018-2215-z.

7.Xu,S., Lin, D., Li,R., Zhan, J., & Wu, D. (2024).
Effect of chemical structures and environmental factors on
the thermal degradation mechanism of polyimide:
Experiments and molecular dynamics simulations.

Materials Today Chemistry, 40, 102242.
https://doi.org/10.1016/j.mtchem.2024.102242.
8. Arash,B., Thijsse,B.J., Pecenko,A., &

Simone, A. (2017). Effect of water content on the
thermal degradation of amorphous polyamide-6,6: A
collective  variable-driven  hyperdynamics  study.
Polymer Degradation and Stability, 146, 260-266.
https://doi.org/10.1016/j.polymdegradstab.2017.10.019

9. Wolf, D., Keblinski, P., Phillpot, S. R., &
Eggebrecht, J. (1999). Exact method for the

simulation of Coulombic systems by spherically
truncated, pairwise r* summation. The Journal of
Chemical Physics, 110(17), 8254-8282.
https://doi.org/10.1063/1.478738

10. Panczyk,T., Cichy,M., & Panczyk, M. (2025).
Shock-wave-induced ~ degradation of polyethylene and
polystyrene: A reactive molecular dynamics study on nanoplastic
transformation. Molecules, 30(10), 2164.
htps://doi.org/10.3390/molecules30102164.

11. Zharinov, M. A., Petrova, A.P., Babchuk, LV., &
Akhmadieva, K. R. (2022). Thermally Stable Polyimide Structural
Adhesives. Polymer Science, Series D, 15(2), 143-149.
https.//doi.org/10.1134/51995421222020332.

SO 08, 2025 - TAP CHi PC&CC BIEN T |39


https://doi.org/10.1134/S1995421222020332

