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B 2, % (polyethylene glycol, PEG) 1 4 filf BR ig
1 ¥E 52 Wk 4k i#F 59 (nitrate ester plasticized polyether
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HL 5 7254 X (HO—(CH,CH,0) ,—H) "™/,
7 NEPE #EZE ) v, PEG Kl & 5 BE 48 5 385 99 5 ik 47 1R
UFR T T B A R B AR R e e
B AEHE R A7 2 Ak 2 b K G 0 PEG A5 Y24
W R BRI 22—, LIS 45 AR R G R
10 B3 fife DT 224 45 30 42 0 NEPE 3 3 57 58 Ak ) 1 2 k¢
iR H T L, B PEG RS 4 A9 AL HLEE, X F
WFE NEPE 3t 5] 22 A KL AR, -4k 52 T 9 2 700 75
A R B AT R L,
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25 U 1 ) B S 40 AL 4T 4 41 0y R AT PEG AR
B, RIIEVERE IS B 0 M S SR X B4R
RIS H R X PEG 45 45 s AT T 98, /P27 R
AR IV A7 52 56 45 PEG 45 /) J& 5 3 NEPE 4 3/ 71
MY BB R K . 036 T PEG K B 43 i AL B i) BF
FoRE b H SR R G F B 4T, A, Arisa-
wa 450 SRR R R bl o BRS04 A
AHNFEHEAR D T ARRET PEG 4+ 19 43 15
B, Han 2170 5 5 SO A7 SCRR R 98 T 4% 1 1 4000
{19 PEG 143 i BLET, 45 Hy % JC #0000 7 24 J2 PEG #4443
fif i By A, ARG 0 18 T 25 8 F R B BT 4 R
TSI i I SR B AR B A T R S 4
PR PEG 43 fiff (9 5 0 15 B o 35K 6 S 56 v 2 ) 2%
I3, 0 2B A SR 2, UG R K BT PEG K
BN FRALEE . T B — g i SR A5
B, 53k, BR A% DGO )2 18T 43 A 40 o e 1oz J =, AT
A R RS S8 2 86 T VBB B . 24T, QL Yan'! |
S L R WH Zha ' S A D4 5R A TR T
By A T ONEPE 3 3 570 o i /6 B 9l ( nitroglycerin,
NG) . 1,2,4-T =P R R (1,2, 4-butanetriol trini-
trate, BTTN ) 3% ¥ 71 ¥ 73 fift 15 000, 79 31 T B3k i . 1
J&, kT PEG 2 T 7 M HLEL Y o T B HLAH 5T, AF S
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" XHZ AT NO, 4T W1k RS HLBLEAT T 4
4, 7 % PEG 231 BRI A DL IR A 04T

BT A B R 9% BE 7z R B S (density func-
tional theory, DFT) ) B3LYP J ik Fl/)s h 28 % 18 %407
1 1E B9 28 43 33 3 A #E8 (canonical variational transi-
tion state theory combined with a small-curvature
CVT/SCT) , 7 6-31G (d,p) &
GUKF L 3B N 2 1) PEG 43 LK NO, 43 F
FTE NI PEG 3 1 B AL WL BEAT 4 F R4, JF i — 25
WFEA R 55 B X PEG &4k 52 0 Y 52 i ] 1) % 45 3]
R 45 & A B L B 3 O AT TS a0 A, LA 3
PEG i & i B A E AL HLEE

2 #wEHEHEFE

2.1 HFEMAE

B3LYP Jy ¥k J& H Bif Bl 8 i ok FH () — Fh %5 B0z 1R
PRI g5 vk, © 8 2 i A T NEPE i 3 570 9 15 28 55
NG BTTN &4k S i AL 247 op " BOAS 9 9 ok
L TE 6-31G(d, p) B0 /K I, 4k PEG 4k
7 A 4543 T4 A8 TR B N BE RN A R #L‘Jf TS Al
IRC J7 1 % 52 I ik Y A8 AT SR 58k . R 3
78 Gaussian09 #ff 4 g4,
2.2 EEMEETEZ

Gt 55 % 58 (bond dissociation energy, BDE ) J2 fiif
b 2F SR 55 5 1k 24 I N ME B B R 0 B B AR A, 15
kR () PR
BDE(a—b)=E(a)+E(b)—E(a—Db) (1)
K, G W a—b B Ak 2 g 15 1 B 2408 BUEE [T a Fi
FEW b WAy, 45 o T SE M RE & E i DFT/
B3LYP/6-31G(d,p) J5 kit A5,
2.3 HERNEREHITEX

K H CVT/SCT Fi% (#(2)),1E Polyrate9. 7 &
4T Xt PEG &4k 2 I i 3 Bk A7kt
KT (T = min ‘TI;, TQ(pR((TT)S)e—VMEp(s)/k T s (2)
Ao, KT R R CVT/SCT Jr 45 2 i k2
T HE G o XTI 5 kg B Boltzmann &
B, ) - KT T ORI BE, Ky h % v R,
6.626X107" )+ s; s MM AKR; Q°T(T,s) WiRIE T
I, RN AR R s 5 B 2 L 4 pR B @ (T) O B i Ak
B SR I 53 bR Vi () R QT(T,s) IR R E
R pser DA/ 2R R T 0N AL IE R

tunneling correction,
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3 PEG(n=2)EURNMITHTEERSH

3.1 PEG A FEURE
% Al DFT/B3LYP/6-31G (d, p) it & 18 5|, PEG
(n=2) 80 T2 T RN [ AR T 242580 LK f
& C—O Wikt iz Al H 755 RS KR
3.1.1 C—O W R iz
PO RIS IF R G5 R E W, PEG 4 THEEAN TR
ﬂi’fk%%@ﬁﬁr&ﬁﬁw&%%fﬂ%[” S E T REE R
2 By PEG 4 FARALSE M ] 1, 3 43 F R X AR5+, v]
RE T 2 L A F 2 A O(1)—C(1) .C(1)—C(2) .,
C(2)—0O(2) =fp s mhic AL, 3F=001) 1A
BT IR =AM b2 B e A5 R LR 1,
th,C=111or M,P(D) . Q(D).P(Il) .Q(I) .P(II) .Q(IN)
4 %1 %9 HO -, - CH,CH,OCH,CH,OH, HOCH,
-CH,OCH,CH,OH HOCH,CH, - .-OCH,CH,OH,,
o, B B8
XCH > 2\ 4 E 04
op? d )
B 1 PEG & FHifbgity

Fig. 1 Optimized structure of PEG molecule

R 1 PEG 4 B Ak 2 Gl 20 i B
Table 1 Bond dissociation energies for various types of chem-
ical bonds of PEG

¢  E(PEG) E(P(c)) E(Q(c)) BDE
/a.u /a.u /a.u /kJ - mol™

I -75.72 -308.06 412.74

| -383.94 -115.00 -268.77 420.97

1 -154.29 -229.51 365.08

Note: C is the broken bond of PEG molecule. P(c) and Q (c) are two

groups generated in the bond c breaking reaction.

2 1T Al =R eEsh ,C(2) —O(2) f ik
JIT T R S 1A R A Lt VPR e R (0 B S A BE /DN, R T
HEAVYE PEG(n=2) & bl B rh 2 o W 2L, i 51 &
Kok i T 28 B iy, LA 2 5 AR U =X (A) FTR o
HOCH,CH,OCH,CH,OH ( PEG)—»>HOCH,CH, - +

- OCH,CH,OH (A)
3.1.2 HEFEBRK

PEG Zfbid ik, H JE-F5 RN el il % PEG
ST AR . 1 2 Sz s g B kA (TST)
LA (P P2) Aty , 2 (4) S HAR I Ak 27 S i
i, TS X R Ao — HE A9 43 51 —1976. 49 cm ™',
b gt
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TS1

3 HIETHEARS R o T A 4 1
Fig.3  Optimized structures of hydrogen atom transfer reac-

tion molecules

HOCH,CH,OCH,CH,OH(PEG) —»TS1—
HOCHCH,(P1)+HOCH,CH,OH(P2) (B)
i (B) AT 40, H R TR R 5 C(1) A Y
HIE T2 8 O (2) 58w R B, BT % 1 1Lk
27101 k) - mol™ , R d, BN HKE TS5
C(1) 2 ] f) 5 5 b B2 B4 PEG g 1.10 A fili Kl
TS i 1.38 A & AEA R 2. 44 A, Tiii% H
JEF5 O(2) By 8 1E S B8 i B 45 K A 1 vp 4y
W% 2.60,1.31,0.97 A, FEBEE H 5T 10 & i 7%
B ,C(2)5 O(2) 2 Ja] iy B 85 7% Wi 1 K, 16 4 5
IRE T 3.43 AGEH] C(2)—O(2) ks B 28 2L, 9 itk
RS P1P2 BiFl, BRI R ER,P1 5 P2
(1) B 5 2 RSN 4 PEG 4285 17 29.19 K - mol ™ E ]
AL & Y
3.2 NO, #F5|&H PEG EH K
SCY 4 RS W], NEPE i k5700 P 47 53 72 of, PEG K
G R B B AR AL, 43 32 B e 1 790 HE Al 2 43 2 i 1Y
SO S A R o e ol R TR T 5 B2 4 it B
() NO, 43 TV i % , REAS 5 ik 70 P LAt 21 40 % 2k
A AR i, BE— B T NO, 43
THAESKMT PEG(n=2) 4 TR Z LR, R4
o TR, 5 F) NO, 2 T i PEG [ i
T 2 52 S A S N R AL SR
3.2.1 PEG P&f#WT 3R
HOCH,CH,OCH,CH,OH(PEG) +NO,—»TS2—
CH,CH,OH(P1)+HOCH,CH,ONO,(P3) (C)
TS2 5 P3 43 5 NO, 7> T3l ) PEG [ fif it
Z S R A S A g (LR 3) L =
(C) JiZ R 9 Ak 2 S R 77 R 3, TS2 X 37 1) e — i
il —-588.04 cm™', %M H,NO, 4> Ty N
TR R A L RE g, X O (2) BBy Bz B
FF WG O, W LT ) B B AR RE ) PEG 5 NO, iy
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2.77 A 455N TS2 il 1.74 A SR TE A IR P K
1,41 AL [ O(2)—C(3) Ml i i I, 76 28
PR T ZORES R T I BE B 1A% 3.51 AL Be R4S
SR % RN T i AL RE R 232,30 k) - mol ™!, I H.4E
IR RE B B S T 48.41 K - mol T IR N

0 0
0 \\{\)z 0(2) ((:4'-)|
Ho B ?
HO/ cHy” 105-82\%;'2/ \%F)*

0 @ TS2

&)
OH

(3)
OoN CH
2 N % 2\ /
: CH,

4> p
@ @

3 NO, r 73l PEG [ fif W7 24 S 73 1 AL 254
Fig.3 Optimized structures of PEG cleavage reaction mole-

cules caused by NO, molecule

3.2.2 PEG 4L & K
BB O SR % B Z eR BEE, X PEG il 4k 2 B
AT T o TR, HOoR B S K8 6-311++
G(d,p), GARBIEAIRE, 505 2L 0k 5 HAh 2
NHEAT IO E . Ak, SR T B3LYP/6-31G (d, p) J7 i %t
fis Ak S ok A AT RS, &l 4t P4 P5 fl TS3
A3 00 R A B 1 BN ok B A B A S 11k
g5k, (D) (E) R X 18 i Ak 24 52 vy 7 A X
HOCH,CH,OCH,CH,OH(PEG) +NO,—TS3—
HOCH,CHOCH,CH,OH(P4) +HONO (D)
HOCH,CHOCH,CH,OH(P4) +NO,—
HOCH,CHO(ONO)CH,CH,OH (P5) (E)
%Nt B RE T NO, 4T X% PEG 4 Fh 5
C(2) MM H 71 B R BGE R (X(D) ), 242 i
Yt A R BRI/ T 13,41 k) - mol™', HE 4 %
NS T AL ZE R AT 0, FE A JEAS TS3 v, Bl 2R B
H JEF 5 NO, 4+ Frh—4~ O JiF K& C(2) iy B 4 51
g 1.22 AF1.39 A TR A, C(2) Hi% H T
BIAF T 2.99 A RIT 2L, IR ShAR R A0 45 A5
F|,TS3 X 7 A ik — Fg 45 A —1418.52 em ™", iZid JER
RER A N 4R 5 T 67.28 k) - mol ™ B, 2k AL
P4 T2k & —A> H R 1M1 5 AT #5310 i i 1, Wi 5|
PERRIE IR 1) NO, 4 % i 530, % 15 JCBE 22 19 i 1k %
B, CE) BFR o RN, A B P51 B R 45 SR 1
Y] PA+NO, F&E T 218.29 k) - mol™ | At [ o
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o \ G &) S
N 3 2 e
\CHW\O/ e
0 (2) )
P4
’\-b‘rL N\O
0
€ /)g
i oo & &
2
\ e (2)\ / _
CH, 0 CHy
0 () (4)
P5
N
q,'b/o/ \O
Y
HY) S
XK
i {&\\CH & é)sl-)i
2
\ /(2) ~. / e
CH, 0 CHy
™ (2) )
183

4 PEG Ak S B 5 F 1L AL 45 44

Fig.4 Optimized structures of PEG nitration reaction molecules

3.2.3 PEG IR R
HOCH,CHOCH,CH,OH(P4) +NO,—TS4—
H,COCHOCH,CH,OH(P6) +HNO, (F)
PR NI PR AR B T3 (D) BR 1 NO, 4» 7%t
PEG 1 H JF T BIZF U L, H 52 (E) o P4 B fb AR
G, B T, P4 K A R F il — A~ H 3
— 5% NO, 4y TR (R (F)) o i TS4 43 745
P (P 5) T, B 2R B HJEF 76 4 P4+NO,
Hi5 O (1) JFF-AH 7 5, T 78 A= )ik b Ul NO, 43
Hifg N FFI 51K B HNO, . H B F 2 BUlE— 4
H Ok i a3 2, Wit 520 (6) th A k&
HEF 1 C(2) W] Jy 83, W1 J5 7 18] 85 25 th K2 v 4
Hif 2,41 AG R EAS T 1,93 A BRAAE AR
Wbk 1,44 AR OEFEREA O (1) (C(1) ,C(2)
=R 2 ) e AR R RN R R G RS A R

(107

o S8 & 8
) 2
CH/ \o/ \CH/
2 2
M 2 )
P6
0
A B0 N
\'.\Q// = \O
107
e 8 8
»° 2
el e
CHy \o \CHz
M 2 #
Ts4

5 NO, 4F31 /2 PEG FRALIT I 4% F 1 1k 45 #g
Fig. 5 Optimized structures of PEG cyclization reaction mole-

cules caused by NO, molecule
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Iz Je A /N3 110, 58° 83, 70°F1 59.28°, ik
RV FEERA SR O(1) 5 C(2) [ 4 ik 2= s, 3P
I ICAE(P6) IR SRS o A5 700 80 Ak 1 JE 22 4
fEo AR 1 A 4 1 K I, TS4 Hof ) ME — & 40 N
-149.99 cm™ | N rgeiEfbfie s 32.94 k) - mol™'

4 PEG ZUHIESH

4.1 BEEX PEG EFH RN EIES

W T Al A BN I AR T TR R B A AR B AL RE 2
BB S Az e B B L 1 45 A5 PR 2 8 T iR PEG
(n=2) i HLEH5 T RGE n o 4.6.8 10 B S
e A P TSR R AR RE IS AL BE L A R SR 2 BioR .
H,BDEE \E, (E, VE, O3 ks R 7 BE A (A
(B)(C) (D) (F) XN iy A [a] 5 i PEG 73 5 2
JO7 T o ) B i E 0 L RE o

R 2 PEG Al NG 2 i RE /TG fLRETT B 45 2R
Table 2 Calculation results of bond dissociation energies and

mol™'

activation energies for PEG aging reactions kj -
n BDE E, E, E, E,

2 365.08 271.01 232.30 67.28 32.94
4 365.82 272.11 232.45 68.34 33.14
6 365.99 272.14 232.74 69.32 33.22
8 365.77 272.23 232.81 69.73 33.35
10 366.63 272.46 233.14 69.82 33.74

Note: BDE, E,, E,, Ey, E, refer to energier form reaction (A), (B), (C),
(D), and (F).

2R 2 A[ 0, %7 T PEG 43+ 1) C—O W ) )i,
AR R A BE TR % N T 75 1 B S i RE LT A A, L
A5 — WA, T H R RN NO, 43+ 5]
ALY PEG [ fiff Wi 24 s 7 LA K I 4k S B BT 7 B4 376 Ak B
Y Bit SR A B ) 14 in T 2 g K, e By E, VB, PR
fE/NF 2 k) - mol™, B il & 2% 4k 3 il B KB NO, 43
T A PEG R fiff W 224 2 0 r 75 19 3% AL Be B, 35 K AE
W/NF 3 k- mol™ o FHILAT 0L, B4 B X PEG 24k
NS AN K, PEG (n=2) 1Y Sz iy PR 18 17 100 B 8 458 4f- b
REAFRA R PEG IR
4.2 PEG ZULHIBHTE

£ F Arrhenius 8" 0780, X F PEG 4> F Y
C—O Wi BN, H Jr 75 S 8 A Al O 1 JHL Al 28 s i
JIT T W A RE PR I By R 3 /N T LA 2 R g
1E PEG Z A bad v e B fe xfE & A= o X F NO, 73+
SR PEG ff Ak S I A A B R T 5, A i S B R AR

A
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HTA 151:9** *IEP FCE) [ ToRE &, RIS 1L BE
0 kJ - mol™, & 3 /N T R (F) B I T 75 1 1 1k fi
(32.94 K 'm0| 1) PR AR O AT 5, il A S 10 e A T

B2 <8 7Iv% 117y N R 7 Y /SN o A A= 3 A O < R )
oL ,CVT/SCT J5 i fig i 11 58 S i i Ak 2% Js I 3 %
WRCHA SR L. I 2 ke H 7%
F R NO, 5351 1) PEG [ fifk W 4 52 I Fl B84k B2
S R BT A T B B . g
Fh T NO, 43 F 5| 2 iy PEG 34k I i ¥ I 2] X
(D) R CE) BN [ g A0 B8, pl B oy ke i A0 48 7 3 ml
w20 (D) i AL BE A, L R R R, B
IR W R R BT A #% PEG BR AL S 0 i R, ] i

FH T NEPE i 551 75 [ 44 T 5 fg A7 i B 4 4 7E 20 °C
Ay, R R T 00 5 LM BE 0% = TR o 22 Rl E, Ry
TRAIE 22 42 1 56 9 B AR 5 7E 60 C 224712 A It 2 B
20~60 CHERMWFIFEIE FE , F T Polyrate9. 7 #4415 &
ﬁ‘fifh E’Jlﬁ? AT IR A R LR 3. Hop K

K, K ar 5k H R 88 i NO, 45 F 51 i 1)
PEG F*ﬁ’%’%ﬁr’”ﬁ FFRA I 1 b2 B o 3 5 5

&3 PEG &b S R AL

Table 3 Rate constants of PEG aging reactions
T/°C K; K, Ky
20 1.80E-35 7.63E-31 5.13E-3
25 1.15E-34 3.62E-30 7.79E-3
30 6.97E-34 1.63E-29 1.16E-2
35 3.97E-33 6.99E-29 1.72E-2
40 2.14E-32 2.86E-28 2.50E-2
45 1.09E-31 1.12E-27 3.60E-2
50 5.32E-31 4.21E-27 5.13E-2
55 2.47E-30 1.52E-26 7.21E-2
60 1.09E-29 5.28E-26 1.00E-1

M1 3% 3 AL, 78 20 ~60 C N, NO, 70 F 5]k 1y
PEG il S I a8 4 5 K Ay ¢ fifk iy 224 ﬁﬁ@ﬁ%é&ﬂﬁ
10 ~10% %, 13 1 25 2 1o 3 % #0h PEG 8443
H 553 B 10° ~107 f%. ik vl UL, NEPE T&

7R v i TR i 2 4 9 R 20 A A= L) NO, 23 T R Y
fei T PEG ZALE R %4518 5 SCHk [ 4 ] B9S2 58 73
LR &

e HUE;HXT PEG 731§ C—O b Sz i il NO,
oy T 51 R PEG i 4k BN % A Mk B B BE B i P i 5T
SR, T I E A NO, » TAFAEA1F T PEG K& 3 1Y
ZALHLHL: LA NO, 73 T2 5T i =22 [ i o 2
EACK, RN A8 B /MK U il A F I ER AL B
IS RV i B 24 SR 5 PEG .73 ) LA PF B A H R
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Fe Mo O A PEG 7311y C—O Wi S 1
Kt d o WE, X PEG & Al B9 B AR STk R fe /o it
AL, s NEPE HE 3 57) mb 38 98 500 /9 A2 € 4, DL D
NO, 70 By~ , I Ja S Isl e i 177 2 Al i i 22 30

5 & it

K DFT/B3LYP 1 CVT/SCT J7ik, %t PEG ¥4
FH NO, 4 FAE7E F 1 PEG 4> F 24k 2 B 20 i 47
TR E S50, & LTS5

(V) TES o F R A5 T, PEG 2 4k 2 i A5 2 1
Shy e g T 425 B0 LR L5 C—O Wi I i A H L7
B RN . NO, 7 FHAE T, PEG 43 F 4 W fife Wi 54 )2

I i Ak SRR A S R = A AR O FLX =Rl R
NI B G AL BE . PEG B 0> T 45 148 F & Ak T 5 1 gk
=i BEFVE 1L RE /I

(2)PEG 43 F W R A BEXT PEG & Ak BN 15 T 35
BN 3 K - mol™ A n=2 1y PEG 4» T #1LIX
N AR BEE R R AR R R A T PEG 40 T &40 0 & A
HIMES B BE . 1 Arrhenius g 32 Rl 2N R H B0

AT, 78 PEG kit i ,NO, 2725 F i) PEG
B A 52 NE Pk 52 R R fide DT 24 S5 o oA 2 AR
1Ml PEG 03 F 548 T 1 H R 56 B8 [ R Sk Ik Ak A5
3, PEG 4371 C—O Wik 5 [ & A= fie A R

(3) 7E NEPE #fE i 5 b, NO, 43 H K i i T
PEG 431 1 & Ak 52 I 3 6, AL At fin 5 4 22 550 v 184 990 741
MR e M, LA NO, 4 7 11 7= A=, 2 J5 20 8 28 4 F
Ak 1) 2

g B A R A TR B 4 F R R S R
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Molecular Simulation Study on the Aging Mechanism of Polyethylene Glycol

PEl Li-guan', DONG Ke-hai', LI Wen-zuo’, CHENG Jian-bo’, TANG Yan-hui', ZHAO Peng’
(1. Department of Aircraft Engineering , Naval Aeronautical Engineering University , Yantai 264001, China; 2. College of Chemistry and Chemical Engineering ,
Yantai University, Yantai 264005, China; 3. 94657 PLA, Jiwiang 332000, China)

Abstract: To study the detailed aging mechanisms of polyethylene glycol (PEG) adhesive, based on the B3LYP method of density func-
tional theory (DFT) and canonical variational transition state theory combined with a small-curvature tunneling correction (CVT/SCT),
the molecular simulation and calculation for the aging reaction type of PEG molecule in the presencee of PEG unimolecule and NO, mol-
ecule were carried out. Results show that there are two kinds of degradation breaking of C—O bond breaking reaction and hydrogen at-
om transfer reaction under the PEG unimolecular reaction condition. The bond dissociation energy of C(2)—0O(2) bond is smaller than
those of the chemical bonds O(1)—C(1) and C(1)—C(2), the C(2)—O(2) breaking is the trigger point of the cleavage reaction
of PEG unimolecular. The hydrogen atom transfer reaction is the process of gradual transfer of hydrogen atom connected to C(1) to
O(2) atom and the amount of heat absorbed by the reaction is 29.19 kJ - mol™. Under the participation of NO, molecule, there are
three kinds of aging reaction modes, namely the degradation breaking reactions of PEG molecule, nitration reaction and cyclization
reaction, the activation energies required is less than that of the aging reactions of PEG unimolecular. The change range of bond dis-
sociation energies and activation energies required by aging reactions of PEG molecule with the polymerization degree of 2, 4, 6, 8
and 10 are less than 3 k] - mol™, indicating that the polymerization degree has little effect on the reaction. At the storage tempera-
ture of 2060 °C, the rate constants of degradation breaking reactions and cyclization reaction under the participation of NO, mole-
cule are 10°-10* times as much as that of hydrogen atom transfer reaction. The basic aging rule of PEG molecule in the presence of
NO, molecule is obtained, considering that the cleavage reaction, nitration reaction and cyclization reaction for PEG under the par-
ticipation of NO, molecule are the main aging modes, the hydrogen transfer reaction of PEG unimolecular are the secondary aging
mode, while the occurrence of the C—O bond breaking reaction is the most difficult.

Key words: polyethylene glycol (PEG); NO, molecule; density functional theory; canonical vibrational transition state theory;
rate constan
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