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Abstract To improve the understanding of the unimolecular
decomposition mechanism of nitroglycerin (NG) in the gas
phase, density functional theory calculations were per-
formed to determine various decomposition channels at
the B3LYP/6-311G** level. For the unimolecular de-
composition mechanism of NG, we find two main mecha-
nisms: (I) homolytic cleavage of O-NO, to form *NO, and
CH,ONO,CHONO,CH,0e, which subsequently decompo-
ses to form *«CHO, *NO,, and 2CH,0; (II) successive
HONO eliminations to form HONO and CHO-CO-CHO,
which subsequently decomposes to form CH,O+2CO, and
*CHO+CO. We also find that the former channel has slightly
smaller activation energy than the latter one. In addition, the
rate constants of the initial process of the two decomposition
channels were calculated. The results show that the O-NO,
cleavage pathway occurs more easily than the HONO
elimination.

Keywords Density functional theory - Homolytic cleavage -
HONO elimination - Nitroglycerin - Rate constants -
Transition state

Introduction
Nitroglycerin (NG) is not only one kind of liquid nitrate ester

explosive but also a major energetic plasticizer in nitrate ester
plasticized polyether (NEPE) propellants and other double-
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based propellants [1-8]. NG in the propellant formulations
tends to decompose with time, releasing nitrogen oxides as the
most reactive part of the whole decomposition products. The
nitrogen oxides accelerate the degradation of nitrate ester by
autocatalysis and so shorten the service lifetime of the NEPE
propellants. In addition, the decomposition of NG is related
closely with the combustion and thermal stability of the NEPE
propellants. Therefore, the knowledge of the thermal decom-
position of NG is very useful for understanding the aging
phenomena and determining the rules of the combustion and
thermal stability of the NEPE propellants.

Until now, there are a large number of studies devoted to the
decomposition of NG [1, 3, 9—13]. As early as 1970, Waring and
Krastins [9] investigated the thermal decomposition of NG in
the vapor and liquid phases and proposed a mechanism for the
vapor-phase reaction. Sadasivan and Bhaumik [1] indicated that
the initial step in the decomposition of doubled-based propellant
is the O-NO, breaking of NG and NC (nitrocellulose). Roos and
Brill [10] proposed that the decomposition products of NG are
CO,, CO, NO,, NO, HNCO, 0O,, H,0, CH,0, H,, N,, and N,O
at 400 °C and the pressure of 5 MPa and the major products are
NO, and CH,O. Hiyoshi and Brill [11] employed T-Jump/FTIR
spectroscopy to flash pyrolyze NG and found that the decom-
position products of NG at 350 °C and the pressure of 0.5 MPa
are CO,, CO, NO,, NO, HCN, HONO, H,0, CH,0, H,, and
N,. Chin et al. [12] mentioned that the initiation step of the
decomposition of NG and NC is the rupture of the O-NO, bond.
By isothermal thermogravimetry experiments, Suceska et al.
[14, 15] found that at a very early stage the evaporation of NG
from a double base rocket propellant can be described by the
zero-order reaction model, in line with the results obtained by
Tompa et al. [14, 15].

In addition, many other alkyl nitrate esters have widely
investigated [9, 12, 16-22]. These studies indicate that the
initial decomposition process of alkyl nitrate esters is the
rupture of the O-NO,. The product RCH,O¢ is an important
intermediate, which has many patterns of transformation
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such as single molecule cracking, isomerization, and H-
migration. Since NG is an important alkyl nitrate ester, the
information will be useful to improve the understanding of
the decomposition mechanism of NG.

Very few theoretical studies on the decomposition of NG
have previously been reported. However, the theoretical
studies on other nitrate esters have been reported [23-28].
Earlier theoretical studies on cellulose and NC show that the
0O-NO; bond is the weakest bonds and the initial step in the

decomposition is the O-NO, breaking [29]. The molecular
structures, vibrational spectra, standard thermodynamic
functions, and heats of formation of seven nitric esters
including NG were calculated at the HF, B3LYP, and MP2
levels with the 6-31G* basis set [24]. Li et al. suggested that
the O-NO, bond was a trigger bond during thermal decom-
position process for nitric esters. The O-NO, bond dissoci-
ation energy in NG is also calculated to be 142.04 kJ mol '
at the B3LYP/6-31G¥* level [27].

Fig. 1 Optimized structures
of NG and the intermediates
in the unimolecular
decomposition of NG
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In spite of a large number of experimental and theoretical
studies on NG and other nitrate esters the decomposition
mechanism of NG is still not clear enough because of the
complexity and rapidness of the thermal decomposition
process of NG. We only know that its initiation step of the
decomposition is the breakage of O-NO,. However, the next
steps in the process are not clear.

In this work, we performed density functional theory
(DFT) calculations to determine various unimolecular decom-
position channels of NG at the B3LYP6-311G** level. A new
different decomposition pathway of NG is found in our re-
search and a detailed mechanism for thermal decomposition
of NG is also proposed.

The remainder of this paper is organized as follows. First
a brief description of our computational method is given,

Fig. 2 Optimized structures

then the results and discussion are presented, followed by a
summary of our conclusions.

Computational methods

The Becke’s three parameter exchange functional and
Lee-Yang-Parr (LYP) functional (B3LYP) of DFT [30,
31] is not only able to give reliable geometries, ener-
gies, and infrared vibrational frequencies but also needs
less time and computer resources, which have been
widely applied and have played an important role to
deal with complex electron correlation problems. The
molecular structures of the reactants, transition states
(TS), intermediates, and products were optimized at
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the (U)B3LYP/6-311G** basis set and single point en-
ergies were calculated at the same level.

The corresponding vibration frequencies were also calcu-
lated at the same level to characterize a local minimum or
transition state. There is only one imaginary frequency for the
transition states. The transition state connected between des-
ignated reactants and products have been further verified by
performing intrinsic reaction coordinate (IRC) calculations
[32, 33]. All of the calculations were carried out with
Gaussian 03 package of programs [34].

Results and discussion

Figure 1 displays the fully optimized geometries of NG and
the intermediates, while the molecular structures of the
various transition states (TS) are listed in Fig. 2. The poten-
tial energy profiles for O-NO, homolysis and its consequent
decompositions and HONO elimination from NG and its
consequent decompositions are illustrated in Figs. 3 and 4,
respectively. Figure 5 presents the rate constants of two
reaction channels: O-NO, cleavage and HONO elimination.

Tables 1 and 2 show the vibrational frequencies of the
intermediates and transition states. Table 3 lists the relative
energy of two possible initial steps of the decomposition: the
homolytic cleavage of O-NO, and the HONO elimination.
The energies here and in the following discussion are cor-
rected for zero-point energy (ZPE).

a—0—NO; cleavage

Initial decomposition step and chemical equations in the two
main mechanisms

There are two different orientations of NO, groups in the
NG molecular structure as shown in Fig. 1: a-O-NO, and (-
O-NO,. So in which position the homolysis of O-NO, will
occur must be considered. In addition to the dissociation of
the O-NO, bond, there will be a competitive HONO elim-
ination of one NO, group from NG. Similarly, there are two
H transfers in the HONO elimination: o-H and 3-H transfer.
Therefore, we first investigate different possibilities for two
competitive initial decomposition pathways of NG.

Table 3 lists the relative energies of the possible trigger
reactions in detail. The bond dissociation energy (BDE)
required for the leaving of a-NO, is 133.34 kJ mol ™', while
that required for the removal of 5-NO, is 138.78 kJ mol .
Thus, it is apparent that the homolytic cleavage of a-O-NO,
is preferred in the decomposition of NG. For HONO elim-
ination, as shown in Table 3, the activation energies of the
two possible elimination pathways are 143.74 and 156.72 kJ
mol ', respectively. This shows that the a-H transfer will
preferentially occur in the HONO elimination. The same
conclusion are also obtained when we calculate at the
B3LYP/6-311++G** level, as shown in Table 3.

The chemical reactions for the unimolecular decomposi-
tion mechanism of NG are listed as follows. For the homo-
lytic cleavage of a-O-NO, pathway, the explicit chemical
equations are:

CH,ONO,CHONO,CH,ONO, — " 1 ONO,CHONO,CH,O o + » NO, M
NG INTI
- TSI )
CH,ONO,CHONO, + HCHO
INT2
CH,ONO,CHONO,CH, 0" < 2,3)
TS3
INTI CH,ONO,CHOHCHO + - NO,
g INTS
CH,ONO, CHONO, — e OCH,CHO + eNO, e OCH,CHO — 2, e CHO + HCHO ©
INT2 INT3 INT4
(4)
CH,ONO,CHOHCHO —— e OCH,CHOHCHO + e NO,
INTS INT6
CH,ONO,CHO — « OCH,CHO + oNO,
INT3 INT4 (7)
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e OCH,CHOHCHO —=%. ¢ CHOHCHO + HCHO e CHOHCHO —55, ¢ OCH,CHO 9
INT6 INT7 INT7 INT4 )

(8)

For the HONO elimination pathway by the «-H transfer,
the chemical equations are:

CH,ONO,CHONO,CH,0ONO, —T8¢CH,0NO,CHONO,CHO + HONO

o—H transfer

+ HONO (11)

NG INTS
D
CH,ONO,CHONO,CHO CH,ONO,CCHO
INTS INT9
o)
I TS8 i
CH,ONO,CCHO OHCCCHO + HONO
INT9 INTI10
(12)
e [ ]
TS9 OHCCOH + O
INT11
I
OHCCCHO < o
I
INT10 ———= OHCCe + e CHO
L INT14
(13,14)
° TS10
OHCCOH —'°, OHCCHO (1)
INT11 INT12
OHCCHO -, HCOH + CO (16)
INT12 INT13
d TS12
HCcon 2, HCHO a7
INT13
0
TS13
OHCC « e CHO t+ CO (18)
INT14

Homolytic cleavage of a-O-NO, plus subsequent
decomposition

A number of studies [1, 9, 12, 16-22] have shown that the
decomposition reactions of nitric acid ester compounds gen-
erally begin with the rupture of O-NO,. As discussed above,
the BDE of a-O-NO, is 133.34 kJ mol ', which is in the
experimental range 107.86-209.20 kJ mol™' [9, 35]. And
the bond dissociation energy of O-NO, in NG is calculated
to be 142.04 kJ mol ™" at the DFT-B3LYP/6-31G* level [27],
which is close to our calculated value here. These compar-
isons confirm that our computational results are reasonably
satisfactory. Among possible initial decompositions, as
shown in Eq. (1), the a-O-NO, bond of NG may homolyti-
cally break to form INTI1, and the structure of INTI is
displayed in Fig. 1. INT1 will further decompose.
Equations (2) and (3) show that there may exist two possible
decomposition pathways of INT1: (I) the rupture of C-C
bond to form CH,O and INT2 and (II) further cleavage of
O-NO.. Since it is difficult to determine which bond breaks
first, we examined the two possible pathways as follows.

C-C bond cleavage in INTI based on Egs. (2), (4), (5),
and (6)

INT1 is an important intermediate and its C-C bond
adjacent to the radical center can break to form a single
molecular CH,O and stable INT2 via TS1. This requires
an additional energy of 39.52 kJ mol'. The breaking
C-C bond in TSI is 2.091 A. The energy of TS1+NO2
is 172.86 kJ mol ' relative to NG, while INT2+CH,O+
NO, is 22.38 kJ mol! less than NG. Thus, the decom-
position of NG to INT2+CH,O+NO, is exothermic
(energy released). This indicates that INT2+CH,O+
NO, is more stable than NG.
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Fig. 3 Potential energy profiles for the O-NO, homolysis from NG
and subsequent decomposition of the intermediate radicals

The bond length of [3-O-NO, in INT2 arrives
2.872 A, which means that the O-NO, bond breaks
and the second NO, is removed from INT2. Therefore,
INT2 decomposes to produce INT3 and NO,, as shown
in Eq. (4). INT3+CH,0+2NO, are 9.19 kJ mol™' more
exothermic than NG, indicting that INT3+CH,0+2NO,
are more stable than NG.

Similarly, INT3 may further decompose to INT4 via the
removal of the third NO, group, as shown in Eq. (5). The
third NO, elimination involves the O-NO, breaking, which
requires additional energy of 131.12 kJ mol™'. The C-C
bond is weaker than other bonds in INT4 and the rupture
of the C-C bond is possible. Equation (6) indicates that the
C-C bond cleavage in INT4 leads to form CHO and HCHO
via TS2, which has a barrier of 148.35 kJ mol™! over NG.
The energy barrier for this process at TS2 is 26.42 kJ mol .
The breaking C-C bond in TS2 is 2.117 A. The final prod-
ucts of the unimolecular decomposition of NG are *CHO,

(-14.04) “1.52)
14 INTI3+
200 (?56'74) INTI4+ (120,58 3HONO
SHONO TSI0 (193) +2CO
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Reaction pathway

Fig. 4 Potential energy profiles for the HONO elimination from NG
and subsequent decomposition of the intermediate radicals
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Fig. 5 The rate constants of two initial decomposition channels:
O-NO, cleavage and HONO elimination

2CH,0, and 3°NO2. They can further react with each other,
for example:

HCHO + ¢ NO, — o CHO + HNO,

e CHO + ¢ NO, — CO + HONO

¢ CHO + ¢ NO, — HCOO e + ¢ NO
HCOO e + e NO, — CO, + HONO
2HONO — H;0 + ¢ NO + ¢ NO,

The small molecules generated here can account for some
of the products observed in the experiments [9]. Therefore,
our calculated results are supported by the experimental
report.

Further cleavage of O-NO; in INTI based on Egs. (3), (7),
(8). (9). and (6)

INT1 is difficult to decompose to form a biradical via the
elimination of second NO, group. This is because the form-
ing biradical has very high energy and is very unstable,
which is similar with the biradical referred to in ref 37.
Therefore, the O-NO, bond in INT1 can further break to
form INTS via an intramolecular hydrogen transfer, as
shown in Eq. (3). For this process we searched and obtained
TS3, as shown in Fig. 2. The breaking O-NO, bond and C-H
bond in TS3 are 1.786 and 1.362 A, respectively. TS3 has a
barrier of 116.74 kJ mol™' over INT1 and decomposes to
NO, and INTS. In TS3, the O-NO, bond length increases
and the H atom from its neighboring CH, group migrates to
the O atom connected with NO,. This makes its adjacent
C-O bond (between the H migrating C and O radical in
INT1) present double bond character (1.262 A). The migrat-
ing H atom is 1.392 away from the O atom linked by NO,
while 1.362 A away from the C atom. It means that there is a
hydrogen transfer in TS3. This is supported by the result that

TS3 has a large imaginary frequency of 1863 cm ™', as
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Table 1 Calculated frequencies of the intermediates at the B3LYP/6-
311G** level®

NG

15 31 37 45 56 63 93 161 170
186 209 245 282 291 448 518 557 578
639 676 702 735 751 765 765 837 858
870 925 928 1028 1046 1106 1110 1143 1254
1287 1302 1323 1327 1338 1408 1414 1425 1502
1510 1755 1757 1778 3051 3059 3104 3108 3122
INT1

31 38 50 78 110 131 165 225 251
268 333 429 546 562 610 674 725 753
764 773 846 866 923 967 1030 1085 1098
1114 1186 1277 1295 1318 1327 1334 1370 1407
1420 1502 1752 1770 2886 2952 3051 3101 3112
INT2

18 20 31 53 59 86 102 128 135
216 334 452 630 680 761 767 775 856
1019 1076 1107 1238 1310 1360 1397 1407 1480
1705 1759 1820 2946 3044 3102

INT3

37 123 157 200 282 541 634 732 767
785 867 904 1091 1099 1253 1319 1381 1414
1480 1751 1843 2874 3024 3062

INT4

162 261 416 701 771 861 1020 1171 1256
1379 1439 1852 2848 2863 2922

INTS

50 59 97 127 172 222 287 366 416
477 556 642 700 766 852 867 919 1010
1046 1118 1143 1230 1253 1314 1337 1373 1410
1424 1503 1750 1822 2924 2963 3071 3135 3831
INT6

44 119 202 288 411 446 487 612 793
835 1008 1030 1072 1106 1160 1233 1271 1332
1358 1374 1421 1811 2867 2907 2967 2997 3774
INT7

283 425 648 808 820 928 1018 1210 1345
1405 1536 1564 3006 3224 3540

INTS8

32 43 50 78 91 127 167 220 237
284 362 455 518 583 655 696 704 751
765 833 860 875 926 1024 1076 1094 1135
1261 1278 1317 1329 1369 1395 1417 1504 1755
1781 1825 2932 3045 3073 3132

INT9

35 66 81 128 195 286 328 440 489
548 619 652 749 790 843 946 1035 1053
1212 1277 1321 1361 1375 1462 1779 1805 1810
2937 3059 3120

INTI10

Table 1 (continued)

NG

82 100 171 325 417 530 591 791 949
1031 1224 1361 1373 1787 1799 1832 2915 2922
INTI11

216 256 291 583 925 975 1184 1337 1442
1619 2839 3811

INTI12

143 333 553 820 1058 1077 1329 1377 1808
1810 2923 2929

INT13

458 1076 1157 1301 3045 3671

INT14

174 250 679 781 984 1343 1464 2164 2995

: : . —1
11 frequencies are in cm

shown in Table 2. INT5+2NO, are 75.99 kJ mol™! more
exothermic than NG.

INTS will further decompose to INT6 via the third NO,
group leaving. The chemical reaction of this process is listed
in Eq. (7). The third NO, removal involving the breakage of
0-NO, required an additional 134.01 kJ mol ™" energy. It is
most likely that the C-C bond (between the O radical C and
its neighboring C) will be broken up in INT6 to form INT7
and CH,O as shown in Eq. (8). The energy barrier for this
process at TS4 is 76.64 kJ mol™' over NG. The length of
C-C bond in TS4 is 1.923 A. Equation (9) shows that INT7
can further transform to INT4 by an intramolecular H-
transfer. There exists a transition state named TS5, which
has a barrier of 224.11 kJ mol™' over NG. In TS5, the H
atom from the O-H bond transfers to its adjacent C atom,
and the migrating H atom is 1.253 A and 1.248 A away
from the O and C atoms, respectively. INT4 will also de-
compose to *CHO and CH,0 via TS2, the same as discussed
above. Under this kind of decomposition pathway, we also
gain some small unstable products such as *CHO, CH,O0,
and *NO,, which can react with each other as the reaction
equation above.

Successive HONO eliminations and subsequent
decomposition

First HONO elimination based on Eq. (10)

It is seen from Table 3 that the trigger reaction is the a-H
transfer required for a HONO elimination. The «-H transfer
and HONO removal take place easily because the a-O-NO,
bond is weak and the nonbonded CH::O distance is near.
This elimination reaction is similar to the HONO elimina-
tion in the decomposition of RDX and HMX [36, 37]. TS6
for this process was obtained and has a barrier of 143.74 kJ
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Table 2 Calculated frequencies of the transition states at the B3LYP/
6-311G** level®

TSI

-329 30 34 42 67 71 107 151 194
219 245 322 366 439 550 582 633 659
706 713 760 797 855 883 950 1005 1122
1132 1162 1236 1266 1312 1334 1381 1420 1451
1497 1595 1752 1816 2884 2939 3074 3137 3183
TS2

—-283 88 166 391 409 718 1057 1129 1238
1474 1615 1954 2765 2825 2850

TS3

—-1891 35 48 61 79 99 146 160 193
263 279 337 369 398 544 560 587 613
704 758 776 833 862 884 996 1013 1055
1064 1123 1215 1265 1328 1341 1349 1383 1419
1458 1507 1624 1770 1847 2932 3066 3118 3131
TS4

—514 112 142 210 243 358 390 496 568
724 942 977 1070 1150 1211 1228 1260 1360
1387 1460 1553 1765 2892 2921 2970 3115 3750
TS5

—-1991 194 323 549 556 895 1006 1081 1176
1297 1399 1735 2390 2920 3088

TS6

—-1532 23 39 50 52 67 90 107 169
175 218 223 256 288 380 400 455 470
547 581 645 660 689 719 763 765 827
852 867 917 968 1017 1064 1079 1137 1220
1255 1282 1304 1311 1327 1345 1382 1406 1467
1503 1598 1751 1754 1805 2951 3067 3089 3128
TS7

—1487 28 40 82 106 124 145 196 233
245 284 341 431 475 501 547 622 677
708 765 831 858 871 978 1022 1058 1155
1198 1253 1305 1321 1367 1379 1435 1493 1600
1752 1806 1822 2928 3070 3132

TS8

-1515 75 77 123 149 204 261 348 405
416 534 548 617 673 788 838 972 1011
1185 1224 1296 1314 1366 1430 1613 1778 1805
1841 2933 2987

TS9

—1280 102 158 210 367 471 491 662 684
822 987 1053 1326 1512 1641 1998 2087 2971
TS10

-2051 157 278 335 579 909 991 1339 1454
1623 2436 2867

TSI11

=309 82 268 335 645 1162 1879 2060 2825
TS12

@ Springer

Table 2 (continued)

TSI

-1271 176 207 611 762 767 1273 1302 1530
1816 2098 2949
TS13

—2104 753 1322 1443 2616 2865

2 All frequencies are in cm~ ' and the negative numbers indicate imag-
inary frequencies

mol ' over NG, slightly higher than the homolysis energy of
O-NO, discussed above. In TS6, the breaking O-NO, and
C-H bonds are 2.023 and 1.332 A, respectively, while the
forming O-H, O-N, and C-O bonds are 1.293, 1.241, and
1.283 A, respectively. The C-O bond near the O radical in
INTS has double bond character (1.200 A). Besides, the
intermediate INT8 and generated HONO is 90.06 kJ mol '
more exothermic than NG, that is to say, this elimination is
an exothermic reaction.

Second HONO elimination based on Eq. (11)

On the basis of the first HONO elimination, INT8 further
decomposes to INT9 via the second HONO elimination and
TS7 is easily found. TS7 for the second HONO elimination
has a barrier of 41.58 kJ mol™! over NG, while the relative
energy of INT9+2HONO is 175.44 kJ mol™' more exother-
mic than NG. This shows that the second HONO is easier to
eliminate than the first one. As shown in Fig. 2, the lengths
of O-NO, and C-H bond in TS7 are 1.964 and 1.352 A,
respectively, whereas the lengths of the forming O-H, O-N,
and C-O bonds are 1.280 A, 1.243 A, and 1.294 A,
respectively.

Third HONO elimination based on Eq. (12)

INT9 can subsequently eliminate the third HONO to form
an intermediate INT10 via TS8, which has the energy of

Table 3 Relative energies for two competitive initial decompositions
of NG at the B3LYP/6-311G**and B3LYP/6-311++G** level

Relative energy
(kJ mol ")

0O-NO, bond cleavage

The bond dissociation energy (BDE) of a-O-NO,
The bond dissociation energy of 3-O-NO,
HONO elimination

a-H transfer TS

(-H transfer TS

133.34(125.43)
138.78(131.08)

143.74(143.63)
156.72(155.19)

The values in parentheses is calculated at B3LYP/6-311++G** level
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41.18 kJ mol™ below NG. INT10+3HONO are 242.41 kJ
mol ! more exothermic than NG. In TS8, the breaking O-
NO, and C-H bond and the forming O-H, O-N, and C-O
bond are 1.958 A, 1.367 A, 1.256 A, 1.246 A, and 1.291 A,
respectively. Thus, it may be concluded from the discussion
above that the HONO elimination from NG is the most
exothermic pathway found in the present study.

INT10 decomposition plus subsequent decomposition based
on Egs. (13), (14), (15), (16), (17), and (18)

Equations (13) and (14) show that there are two possible
pathways for the decomposition of INT10: one is the H-
transfer reaction and the other is the rupture of the C-C
bond. INT10 with three carbonyl groups, named oxopropa-
nedial, is unstable. It can further decompose to INT11 and a
stable CO via a hydrogen transfer and simultaneous C-C
bond rupture, as shown in Eq. (13). The energy barrier for
this process at TS9 is 157.29 kJ mol ' with respect to
INT10. As the length of C-C bond increases in TS9, the H
atom from the first C atom migrates to the O atom from the
third C atom. In TS9, the C-C bond distance is 2.010 A and
the migrating H atom is 1.273 A and 1.350 A away from the
C and O atoms, respectively. INT11 is active and can trans-
form to INT12 via another H transfer (the H atom from the
O atom migrating to its adjacent C atom). The chemical
reaction for this process is listed in Eq. (15). TS10 for this
process was obtained and has a barrier of 120.58 kJ mol ™!
over NG. The migrating H atom is 1.208 A away from the O
atom while 1.279 A away from the C atom. Similarly, it is
seen from Eq. (12) that INT12, named glyoxal, can further
decompose to INT13 and a stable CO molecule via TS11.
The mechanism of this reaction is similar to the decom-
position of INT10. TS11 has an energy barrier of
32.28 kJ mol™' below NG. In TS11, the breaking C-C
bond is 2.122 A and the migrating H atom is 1.421 and
1.221 A away from the C and O atoms, respectively. As
shown in Fig. 4, INT13 is unstable and can quickly
transform to CH,O via TS12, which has a barrier of
34.18 kJ mol™' over INT13. The chemical reaction for
this process is listed in Eq. (17). The final products are
CH,O+3HONO+2CO, which is 449.85 kJ mol™! more
exothermic than NG.

Equation (14) shows that another decomposition pathway
of INT10 is the C-C cleavage and the bond dissociation
energy of the C-C bond is 228.37 kJ mol . The decompo-
sition products are INT14 and *CHO. INT14 can further
decompose to CO and *CHO via TS13 (another C-C bond
rupture), as shown in Eq. (18). The energy barrier for this
process at TS13 is 37.66 kJ mol™' over INT14. In TS13, the
breaking C-C bond is 2.024 A. The final products are
2.CHO+3HONO+CO, which are 1.93 kJ mol™! more exo-
thermic than NG.

Rate constants of initial decomposition process

There are two main mechanisms for the unimolecular de-
composition of NG and the detailed mechanism has dis-
cussed above. The energies and the molecular parameters
obtained from the ab initio calculations can be applied in the
rate constant calculation. Here, we only calculated the rate
constants of the initial decomposition process of NG.

The transition state theory of Eyring was used to calcu-
late the rate constants as the following equation:
p kel <p9 ) 7 [Afs;w)] oo | ALH (")

T} (19)

h \RT R

where kp is Boltzmann constant, / is Plank constant, AZ&S;’I

(p°) and A7 H? (p°) are standard molar entropy and standard
molar enthalpy of activation at the condition of p° = 100
kPa, respectively, and » is the sum of computation coeffi-
cient for all reactants. For the initial decomposition reaction
here, n=1.

As seen in Fig. 5, the rate constants of the HONO
elimination increase slightly faster than those of the
O-NO, cleavage reaction with increasing temperature.
However, there is no crossover among the two lines, that
is to say, the rate constant of O-NO, cleavage reaction is
higher than that of HONO elimination over the temperature
range of 500—1800 K. Under 530 K, the rate constants of the
two initial reactions are less than 0.1 s™'. This indicates that
the two reactions take place by low reaction rates. When the
temperature is over 700 K, the two initial reactions occur
rapidly. The linear relationship between In(k) and 1/7 for the
0O-NO, cleavage reaction is In(k)=14.375-8815.2/T, while
for the HONO elimination reaction the linear relationship is
In(k)=13.841-8943.6/T. Therefore, it can be concluded that
the O-NO, cleavage in the initial decomposition of NG
occurs more easily than the HONO elimination, which is
consistent with the discussion above.

Conclusions

In this work, we have studied detailed mechanisms for the
unimolecular decomposition of NG in gas phase at the DFT-
B3LYP/6-311G** level. The consecutive HONO elimina-
tion to form INT10 and 3HONO is identified as the ener-
getically favorable decomposition pathway. INT10 can
further decompose to CH,O0+2CO and 2CHO+CO.
Besides, the O-NO, bond homolysis to form INTI is also
favorable, but the associated endothermicity for subsequent
decomposition makes this pathway less favorable than the
other. INT1 can further decompose to *CHO+2CH,0. The
small molecules generated can account for some of the

@ Springer
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products observed in the experiments. The HONO elimina-
tion decomposition channel is exothermic, while the O-NO,
cleavage reaction is endothermic. An analysis of the rate
constants for the two initial decompositions shows that the
O-NO, cleavage reaction occurs more easily than the
HONO elimination.
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