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Table 1

lar chains in the simulated system

The species and number of molecules and molecu-

Myrppoi’ Noo?

model system Niepeat unit. Nantioxidant Noz

Mintioxidant repeat unit
HTPB-TDI 50%5
4020 50
4010NA 50
D 50
HTPB-TDI/4020 50%9 1 100:0.97
HTPB-TDI/40T0NA 50%7 1 100:1.05
HTPB-TDI/D 50%x7 1 100:1.02
HTPB-TDI/4020/0, 50%9 1 18 0.04:1
HTPB-TDI/4010NA/O, 50x7 1 14 0.04:1
HTPB-TDI/D/O, 50x7 1 14 0.04:1
Note: N, oo is the total number of butadiene repeating units. N, o qan i

the total number of antioxidant molecules. N, is the total number of

O, molecules. M5 1p: M is the mass ratio of HTPB-TDI and

antioxidant

antioxidant in the simulation system.
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Fig.1 Structural formula of HTPB-TDI and three antioxidants (4020, 4010NA, D)
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Fig.2 The whole process of constructing three kinds of unit cell calculation models
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b. C=—C bond oxidation reaction

3 HTPB-TDI M LA 3
Fig.3 Aging mechanism of HTPB-TDI
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Fig.4 Action mechanism of antioxidant 4020
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Fig.5 The dissociation positions (a)=(m) of HTPB-TDI and
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®2 HTHAMMEAEOKFMES 298 KR G2 .G

Table 2 Fat0K, G**fand G**" at 298 K for molecules and free radicals

corr

structure E/k)-mol™ G2 /kJ-mol™ G¥8X/kJ-mol™!
H- -1303.246 0 -1303.246
HTPB-TDI(1,4 cis) -412357.081 203.309 -412153.772
HTPB-TDI- (1,4 cis-a) -410671.039 166.138 -410504.901
HTPB-TDI- (1,4 cis-b) -410584.268 169.502 -410414.766
HTPB-TDI(1,2) —412345.851 204.313 -412141.538
HTPB-TDI-(1,2-c) -410588.545 164.607 -410423.938
HTPB-TDI-(1,2-d) -410674.207 300.365 -410373.842
HTPB-TDI-(1,2-e) -410573.831 165.511 -410408.321
HTPB-TDI-(1,2-f) -410552.674 167.661 -410385.013
HTPB-TDI(1,4 trans) -412361.787 203.874 -412157.914
HTPB-TDI- (1,4 trans-g) -410674.205 170.456 -410503.749
HTPB-TDI- (1,4 trans-h) -410587.582 167.670 -410419.913
4020 =2124425.430 856.444 =2123568.986
4020- (i) =2122771.229 818.641 =2121952.587
4020-(j) =2122751.265 818.344 =2121932.920
40T0NA -1815091.342 653.976 -1814437.366
4010NA- (k) -1813435.275 615.257 -1812820.018
4010NA- (D) -1813418.340 617.609 -1812800.731
D -1763565.073 522.151 -1763042.922
D-(m) -1761889.512 485.938 -1761403.574

Note: Eis the total electron energy at 0 K; GZo*" is the energy correction value at 298 K; and G**** is the Gibbs free energy at 298 K.

F3 298 K&MET HTPB-TDI S =P i £ K A9 A G*% ¢

Table 3 AG*®* of HTPB-TDI with three kinds of antioxidants under the condition of 298K

(d) (e) (f) (g)

dissociation position (a) (b) (c)
AG*8X(kJ+mol™") 345.63 435.76 414.35
dissociation position (h) (i) ()
AG*8KX(kJ+mol™") 434.76 313.15 332.82

464.45 429.97 453.28 350.92
(k) (h (m)
314.10 333.39 336.10

Note: AG?%¥ s the free energy of dissociation reaction at 298 K.

i 2% 3 AI A1, HTPB-TDI7E (a) 5 (g) #l {37 W 24 T 7
H i AeER /N T (a)—Ch) h ol g7, R 7E (a) 55 (g)
S HE B S A s TR = AR S A A (D - (m) B
B TR T 5 R BE R/ T (a) 5 (g) BT, 156 B Bl 2 571
ST HTPB-TDI & A= fif &5, th el 45, Bl 2 700 ik 15 7
Rk A Bl 5 R ST AL SE R HTPB-TDI P Y
R A R SO, O HLs 2 B H s i SN A T, A
i AP VEH . 40205 4010NA ¥ & A B A~ 1T fi
BN—H # H 4020 B9 fifF 25 B o A AR — 28, 3 7E
(i) 5 (k) B o7 e i BT 75 A PR B SEAIG , R W] 4020 i 25 16
JIHE SR T 40TONA H PR B 22 57 35 5 75 (1) 5 (k) 8 r
fiff B AR BRI AUH R, REER T ER . BAD AT
EA— s N—H#, BB AmERT
(D =CDERA, 2B HL A B R 1 559 TR Rl BT 2 750, M
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R BT D, 5L B9850 45 AR X I

2 13 T U 2 (E P R BT e b I SR 22 I S
G AR HE SR PERE LI T 2 RATY R T AGT Y
BRI R 250~350 K, i 6] B 25 K, HTPB-TDI 5

N XK 20214 %294 %114 (1089-1098)



1094

G, FE A, LA SR BRI B A

=B A A B A S PR B BE R R AR O AN BT 6
FIF7R o

WE 6 ff 8, 78 250~350 K3 FE 1, BE 5 58 % 19 7
= HTPB-TDI 5 = F B & 5% i 58 i 25 [ FH g K/ Bk
S W B AS Ak 7E HTPB-TDI 9 (a) = (h) B 47 Hh (a) (4
it B9 A8 g5 /N TR EE = B 2 A AE () — Cm) B A7 79 i B9
A /DT (a), UL A5, = Fp i &5 e 5
HTPB-TDI i & fir 15 R+ 55 36 4+ 0 56 5 16 14 A il 2k 2 0
JF B 92 HTPB-TDI [ H 4 % 1 5 0 19 47, DA &
FERF R . —Fh Bl & 50 4020 B9 ff B RS/,
D 11 i 25 FI H1 AE fe K, R 1 B 971 B ) 4020 fie i, D f
55, 578 298 KT i {3 Ll 45 2 — 3,

480+
460 ]
440}
420
400]
380-
360
340

240 260 280 300 320 340 360
temperature / K

a. HTPB-TDI (a)-(h)

A 4q

> 49 A 4
9 A
38 23

e ]

AG™™™ | kJ-mol”

i 3 2

350+
3454 = o -
340
335
330
325
320
315

310 , , . T )
240 260 280 300 320 340 360
temperature / K

b. HTPB-TDI(a) and antioxidants (i)-(m)
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Fig.6 AG“™™ for bonds in HTPB-TDI at positions (a) to (h)
and three kinds of antioxidant at positions (i) to (m) at 250 K
to 350 K
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Fig.7 MSD for 4020, 4010NA, and D in HTPB-TDI at 298 K
and 353 K
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Fig.8 Diffusion coefficients for 4020, 4010NA, and D in
HTPB-TDI
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E AH__ - RT
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m*-mol™,
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Table 4 Solubility parameters, van der Waals component and electrostatic component of HTPB-TDI and three kinds of antioxidants

materials 8./(J-cm™)05 8,/()-cm™)05 5,/()-cm™)05 8,%01/()-cm™3)05 (5,-8,)/5, A8/(J-cm™)05
HTPB-TDI 17.91 17.59 2.53 - - -

4020 20.15 18.68 7.28 19.73 2.13% 2.24

4010NA 21.32 19.55 8.21 20.66 3.19% 3.41

D 22.44 20.76 8.14 21.73 3.27% 4.53

Note: &, is the simulated value of the solubility parameter; 8, is the van der Waals component; §, is the electrostatic component; §, is the experimental value of the

solubility parameter; A8 represents the absolute difference of solubility parameters between the two substances.
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i B S0 ] & B SR 45 R S AL IR H
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Molecular Simulation of Three Kinds of Amine Antioxidants on the Aging Protection Mechanism of
Hydroxyl-terminated Polybutadiene Polyurethane

LAl Shuai-guang', DONG Ke-hai', KONG Ling-ze', XIA Cheng', CHEN Si-tong®, XIAO Yun-dong'
(1. College of Coast Defense Arm , Naval Aviation University, Yantai 264001, China; 2. College of Weaponry Engineering s Naval University of Engineering »
Wuhan 430033, China)

Abstract: To explore the aging mechanism and performance of antioxidants N-(1,3-dimethyl)butyl-N’-phenyl-p-phenylenediamine
(4020) , N-isopropyl-N'-phenyl-p-phenylenediamine (4010NA), N-phenyl-2-naphthylamine (D) in hydroxyl-terminated poly-
butadiene polyurethane (HTPB-TDI) system, quantum mechanics (QM) simulation, molecular dynamics (MD) simulation,
monte carlo (MC) simulation were used to calculate the dissociation free energy, diffusion coefficient, solubility parameter and
permeability coefficient of the HTPB-TDI system and each component. Results show that the order of the bond dissociation free
energy of the three antioxidants is AG,>AG, 0> AG,,,,, and they are all less than the minimum free energy of dissociation of
HTPB-TDI (345.63 kJ-mol™) , indicating that the three antioxidants can preferentially react with the active free radicals in
HTPB-TDI and slow down the progress of the free radical chain reaction in HTPB-TDI. The difference of diffusion coefficient and
solubility parameter between antioxidant 4020 and HTPB-TDI is the smallest, which shows that antioxidant 4020 has poor diffu-
sion ability and good compatibility with HTPB-TDI, so it can exist in HTPB-TDI stably and uniformly. The order of the permeabil-
ity coefficient of oxygen in the three kinds of hydroxyl-terminated polybutadiene polyurethane antioxidant systems is Py;pg 100>
Pritesroyaoiona=> Prresroya0z0» Which manifests that D has the worst oxygen barrier ability. According to the chemical reaction diffi-
culty, mobility, compatibility and oxygen permeability of the three kinds of antioxidants, the order of antiaging properties of the
three kinds of antioxidants is 4020>4010NA>D.

Key words: molecular simulation; hydroxyl-terminated polybutadiene polyurethane (HTPB-TDI) ; antioxidant; unbinding free en-
ergy;diffusivity ; compatibility ; permeability
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