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The potential energy surface of [H,N,Si,O] has been generated using the G3B3 methods. Transition states
and dissociations have been calculated at the same level. Calculations have also been carried out using ab
initio methods at the MP2/6-3#1G(d,p) level and the results of the DFT methods (B3LYP/6-31G(d) and
G3B3) compared; good agreement between these methodologies was observed, particularly for the optimized
geometries and relative energies. On this surface, many intersystem crossings between the singlets and the
triplets occur, and the geometries at these crossing points have also been estimated. Finally the reaction
coordinates of neutralneutral reactions of the fragments leading to the stable isomers have been mapped.

Introduction stabilities and isomerization energies. For comparison, the
hile i . id co di i | optimization of the isomers in the ab initio MP2 method with
While isocyanic acid (HNCO) and its sulfur analogues g, her higher-order correlation energy correction obtained by
thioisocyanic acid (HNCS) have been identified in interstellar ~~gp method at the single-point geometry is also reported
space, the corresponding silicon analogues have not beenore we find that, in this work, the computer time consuming
detected as yet. This is despite the fact that the fragments suct) ;p, methods and the faster B3LYP method predict almost
as SiO, SiN, OH, NH, NO, SiS, and HNO are present in gjnijar geometries and relative energies in these species. The
interstellar spacéGiven the low-temperature and low-pressure heat of formation is also estimated using the atomization

c}?ndltlon§bc|3X|?tlng there, It V\g.)IL."d be gf |fnterest to _underfstahnd methods reported in the literatuteAs these molecules in their
the possible formation, stability, and fragmentation of the g 46t ground state in some cases dissociate to the spin-

isomer_s of these silicon spec_i«_es, e., [H’N’S.i'(_)_]' On _the o_ther forbidden triplet fragments, the minimum energy crossing point
hand, in the laboratory conditions, the possibility of isolating (MECP) of the spin isomers has also been determiied
these isomers has to be understood, and to date only some '

calculations on the re]ative stability of the ghainlike isomgrs Computational Methods

have been reportedThis then calls for a detailed study of this ) ) ] )
species, and ideally, the potential energy surfaces (PES) All the DFT calculations are carried out using the Gaussian98
generated for both singlet and triplet multiplicities by compu- SOfTWarelpaC!(ag@'l“The optimizations are .camed out on all
tational methods would give an in-depth picture of these isomers. the possible |S(;mers of [H,N,Si,0] and their fragments by the
In this regard, the isomers of [H,N,C,0] have been well studied, G3B3 method> All geometries are analyzed by harmonic
while for the sulfur analogues only low level calculations of vibrational frequencies obtained at the same level and character-
the isomers of [H,N,C,S] have been reported and not the detailediz€d as minima (no imaginary frequency) or as a transition state
PES3-7 Recently another analogue, namely, the [H,P,C,0O] has (one imaginary freq_uency). The transition s_tate geome_tnes are
also been reportetiThough silicon-containing molecules are then used as an input for IRC calculations to verify the
very important both from the reactions in interstellar space and connectivity of the reactants and produtthe G3B3 meth-

the semiconductor materials viewpoints, we have not come odology uses the B3LYP/6-31G(d)-minimized geometries as the

across any detailed study of the PES or reactions leading to thestarting point for the higher-level single-point corrections and
isomers of [H,N,Si,O]. also the ZPVE correction based at the same level which differs

from the more common G3 method in which the MP2-based

geometries and HF-based ZPVE are used. The total energies
g obtained &0 K by G3B3 methodology are used to calculate
the heat of formationAHs). The triplet isomers were obtained
using the unrestricted open-shell methods and the spin con-
tamination was found to be very small, with the maximi®?#]
value of 2.08 obtained in only one or two cases. By use of the
B3LYP geometries as the starting point, the ab initio MP2/6-
311+G(d,p) optimizations were carried out on the isomers. The
higher-order correlation energy correction of the MP2 energies
was obtained at the single point using the CCSD/6-311G(d,p)
method!” The details of the results obtained at the BSLYP and

N - CCSD/MP2 levels are given in the Supporting Information.
iict.a-lg-)(.)n\ilmﬁm correspondence shoulld be addressed. E-mall: bprakash@ The MECP has been determined by using an external shell
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The main aim of this work is to study the isomerization,
stability of the isomers, and neutrateutral reactions of the
fragments leading to the isomers of [H,N,Si,O]. This is achieve
by first generating the detailed singlet and triplet PES of the
isomers using DFT methodologies. Recent work on silicon
species has shown that the widely used B3LYP method with
split valence ¢-polarization/diffuse+ polarization) basis sets
is quite suitable for geometry and property predictidHs.
Accurate estimation of the energies involving series of single-
point calculations on the DFT-optimized geometry, like the
G3B3 method, is also carried out to see its effect on the relative
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TABLE 1: Total Energies (au), Heat of Formation (kcal/ o) 1353 167.7 Si
mol), Dipole Moments (D), and ZPVE (au) of the Various 1576 1685:%4 N—2 T ses
Singlet and Triplet Isomers of [H,N,Si,O] obtained at the 1012/ oo 1033/ 1017
G3B3 level ' / 1204 .
AH (0K)  dipole H 11(Cs) 12(Cs)
isomers G3B3(0K)  (kcal/mol) moment (D) ZPVE

Singlet 1673 1699 1746 1695
HNSIO (1) —419.849073 (0.0) 0.2 2.7 0.016214 SFWO 77 O 1206
HNOSi (2) —419.732838 (72.9)  73.2 2.7 0016594 57| 1524
HSINO (3) —419.755812 (58.5)  58.7 1.1 0.013755 ' Y
HSION (4) —419.691723 (98.7)  99.0 11 0.012668 H o 13ce) 14.(Cs)
HOSIN (5) —419.793769 (34.7)  34.9 47  0.015681
HONSI (6) —419.779376 (43.7)  44.0 1.5 0.017964
NSi(H)O (7) —419.726538 (76.9)  77.1 47  0.013095 o 1642, 1569 o 1349 1869 g;
SiN(H)O (8) —419.796804 (32.8)  33.0 24 0017486  g71/T173 1772 1057 1745
NO(H)Si (9) —419.755648 (58.6)  58.8 2.3 0.017374 ' ' 0975

Triplet 15 (Cs) H 16 (Cs)

HNSIO (1) —419.796901 (0.0) 33.0 3.3 0.014162
HNOSi (2) —419.714628 (51.6) 84.6 0.7 0.016003 .
HSINO 3) —419.730337 (41.7)  74.7 1.2 0.013211 2140 .7
HSION (4) —419.713845(52.1)  85.1 1.6 0.012066 e 1.578 1.663 1.510
HOSIN (6) —419.766520(19.1)  52.0 1.2 0.015413 e 832
HONSi (6) —419.690211(66.9)  99.9 1.9 0.016520 N 932 & 589"
NSi(H)O (7) —419.755721 (25.8)  58.8 2.8 0.013046 1.646 143.3“82 1790 112.6\1.028
SiN(H)O (8) —419.717286 (50.0)  82.9 2.0 0.017293 q
NO(H)Si (9) —419.669114 (80.2) 113.1 2.1 0.016025 17 Cs) 18 (C1) H
. . ) N
method, the MECP geometry is generated using the gradients
and electronic energies obtained from Gaussian98 for the two 1.676 1.621
surfaces under the constraint that the difference in the energies
and gradients of the two states is miniméfn. §i— 565
1925 445\ 0.974
Results and Discussions 19 (C1) H

AT - Figure 1. Equilibrium geometries in the singlet state of the [H,N,-
Isomers.Both chainlike isomers and branched/cyclic isomers Si.0] system, optimized at the B3LYP/6-31G(d) (G3B3 geometries)

stationary on the singlet and triplet surface of [H,N,Si,O] evel. Bond lengths are in angstroms and angles in degrees.
optimized using G3B3 are reported with details such as total
energies in Table 1 and geometries in Figures 1 and 2. Thecyclized isomer ofl. This lies about 25 kcal/mol above the
PES has about nine stationary points on the singlet and an equalowest isomer as predicted by the B3LYP/6-31G(d) calculation
number on the triplet surface, all of which have been character- and around 28.3 kcal/mol as predicted by CCSD/MP2 methods.
ized as minima by analyzing the vibrational frequencies. It The G3B3 raises the energy a little higher to a value of 32.8
should be noted that though there are some higher energykcal/mol. In the case of triplets, it is the isom&which is the
isomers in some connectives, we report here only those thatnext most stable isomer. Here, the predicted values by both the
are the lowest in energy at that particular connectivity. By methods are 11.5 kcal/mol by the B3LYP and 11.7 kcal/mol
comparison of the structures of the other 16 valence electronby the CCSD/MP2 methods. Again G3B3 raises the relative
systems, such as HNCS, HPCO, or HNCO, with the structures energy difference to 19.1 kcal/mol. The next two low-lying
of these isomers, it is found that they are almost similar, with isomers5 and6 in the singlet symmetry are almost degenerate
the chainlike isocyanic isomer with NH (or PH) connectivity in energy in the CCSD/MP2 method and with ZPVE correction
being the most stable isomer, i.e., HNSiO, HNCO, HNCS, or become equal. In the B3LYP case, an energy difference of 3.8
HPCO? 7 The dihedral angles in the most stable isomers are kcal/mol is seen even with the ZPVE correction. This energy
almost equal except in the phosphorus analogue where a bondyap slightly increases when the G3B3 corrections are taken into
angle of less than S0vas obtained for the angle HFCIhere account and indicates up & 9 kcal/mol difference. In the case
are about six chain isomers and three ring isomers (classifiedof triplets, the next low-lying isomer ig, which is a branched
based on bond angles) in the singlet case and an equal numbeisomer. The relative energies obtained are 16 and 25.8 kcal/
of chain isomers in the triplet. But in the case of triplet, only mol for the B3LYP and the G3B3, respectively. The isodger
one cyclic structure turned out to be a stationary point, the othersthe next higher energy isomer lies about 19 kcal/mol above
are branched with a large NSiO or SiNO bond angle. The singlet isomer31 in the B3LYP and MP2 methods while the corrections
isomers, with the exception & and9, are planar, while the  due to G3B3 increase it to 41 kcal/mol. Overall, both DFT and
triplets 1, 5, and9 turn out to be nonplanar. ab initio methods with the correlation energy correction seem
The relative energies are calculated with respect to the mostto have a good agreement in geometries and relative energies.
stable isomer in the respective spin symmetry. The energies The calculated heats of formation are also shown in Table 1.
obtained by CCSD/MP2 are compared with the B3LYP (both These are based on the G3B3 enthalpies at 0 K. In general, the
in Supporting Information) and with the more accurate G3B3 singlets have a lower heat of formation (as expected) with
values (Table 1). Our discussion will be limited to some of the HNSIO having a heat of formation of 0.2 kcal/mol. The triplet
lowest isomers, while the table gives details of all the calculated isomer has a heat of formation of 33.0 kcal/mol.
isomers. The lowest (global minima) predicted isomer by all  PES. Interconversions between the isomers can be broadly
the methods is isome¥l, while within the individual spin divided into three types, cyclization (or ring opening), 1,2 H
symmetries, isomet also happens to be the lowest. The next migration, 1,3 H migration, and sometimes combinations
low-lying singlet isomer is8, which can be described as the between these. The potential energy surfaces generated by the
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TABLE 2: Total Energy (au) of the Singlet and Triplet
Transition States for the Isomerizations in [H,N,Si,O]

1773 114.7/;54
N———Si

Si
1.710
1386 1185
N—

Calculated Using G3B3

1031 1147 1036 1008 singlet triplet
= ' transition states G3B3 transition states G3B3
H 31 (C1) 32 (Cs) n 3
o TS5 —419.704601 TS31R5 —419.734428
i 1.744 TS11A7 —419.709765 TS31R7 —419.710018
1807  134.3/1.208 126.8 \ 1,301 TS11/8 —419.739057 TS32P4 —419.679837
3'9097"‘ 1533 TS24 —419.678456 TS 32r8 —419.704027
’ TS12/'8 —419.713818 TS32F9 —419.641319
1:522 s i 4(Ca) TS'3/'6 —419.686542  TS°3/%6 —419.667884
i 3(Cs) TS13/18 —419.715541  TS?3%3P8 —419.677847
TS15/'8 —419.739509 TS35L7 —419.687667
TS 159 —419.740778  TS?35/9 —419.655201
o 1678 g 1.799 TS16/8 —419.746217 TS%F8 —419.615481
0973/1174 1008 o364 1134 TS16A9 —419.742232  TS%/9 —419.659253
1818 070/ 1049 TS/dis(4) —419.658223 TS/dis €1)  —419.662138
: TS/dist7)  —419.676380 TS/dis #2)  —419.699944
3scry N d 36 (Cs) TS/dis (6) —419.642902
0 o TS/dis ®8)  —419.676109
~ TS/dis (9) —419.635712
1780 1238 ’ 1.290 . . . . .
N—R80 1796 1243 Singlet isomerl can isomerize td by cyclization. The
1106 \1.485 Si 1230"‘ 1 032 transition state of the isomerization betwe&h and 18 is
37 Cs) BN nonplanar, and the cyclization takes place with the formation
H sy of an N—O bond. This process requires 66.6 kcal/mol by the

B3LYP method, and the usage of the more accurate G3B3

s
1,936 2014 increases the barrier to 69 kcal/mol. Here, the energy difference
between the two methods is only around 2.4 kcal/rtiblcan
65.7 also isomerize td5 and'7 through hydrogen migration. The
1443 154 0976 transition state!1/*7 is a planar molecule which is a 1,2 H
_‘—H migration. This is predicted to be of high energy with a
39 (C1) difference of 6 kcal/mol for the two methods. The 1,3 H

migration to!5 requires a higher activation energy of around
96.9 kcal/mol by the B3LYP method and the G3B3 predicts

around 6.2 kcal/mol less.

The next lowest isomet8 can undergo two types of ring
G3B3 methods for the singlets and the triplet isomers are shownopening reactions. The ring opening with breaking of theON
in Figures 3 and 4, respectively. The relative energies are bond leads té1, with a barrier of 36 kcal/mol. The ring opening
indicated in the figures with respect to the most stable isomer. by breaking the N-Si bond leads t62, and this has a barrier
The transition-state energies for both singlets and triplets are of 48 kcal/mol, the G3B3 method increases the barrier to 52.2
tabulated in Table 2, while the frequencies for the transitions kcal/mol. H migration from N to O, followed by ring opening,
states obtained by the same method are tabulated in theleads to'5 and requires an energy of around 38 kcal/mol, while

Supporting Information. The transition state geometries obtainedthe G3B3 energy decreases this to 36 kcal/mol. H migration
are shown in Figures 5 and 6. from N to Si followed by ring opening leads to isom@&with

Figure 2. Equilibrium geometries in the triplet state of the [H,N,-
Si,0] system, optimized at the B3LYP/6-31G(d) (G3B3 geometries)
level. Bond lengths are in angstroms and angles in degrees.
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Figure 3. Singlet potential energy surface of [H,N,Si,O] system at G3B3 level of theory. Relative energies (kcal/mol) are given in parentheses.
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Figure 4. Triplet potential energy surface of [H,N,Si,O] system at G3B3 level of theory. Relative energies (kcal/mol) are given in parentheses.

TABLE 3: Total Energy (au) of the Fragments Calculated
at G3B3 Level

method. Here the G3B3 calculations show that the activation
energy is substantially higher for this isomerization and is around

fragments G3B3 fragments G3B3 39 kcal/mol.®1 requires around 54.5 kcal/mol for the 1,2 H
INH 55127283 3HNO —130.383604 migration leading to the isomé&¥. But we were unable to locate
SNH —55.193914 HON —130.345268 the transition state t&8, unlike in the singlet case. Isomé&s
zﬁg Egg-gggggg 3';4%\!0 —ﬁg-%gigg isomerizes to the branched isonf&rvia a 1,2 H migration,

- . I — . . .
2SiH 589837711 2NOS; 419097697 which reqU|res.54.3 gnd 49.5 kpal/mol by both methods,
1Si0 —364.558551 @NSIo —419.163900 respectively. This transition state did not converge in the singlet
§Sio —364.409488 iSiNO —419.163614 case. There is no isomerzation & to 8 as observed in the
SN —343.960269 Si —289.195544 singlets, as the isomed in the triplet case is not cyclic but
IHNS] —344.658047  3Si —289.223010 b ge’s, 3 76 168 P ; ycl
3HNSI —344.528206 24 ~0.501087 ranched35 can cyclize t@®9, the only cyclic molecule in the
IHSIN —344.555539 2N —54.471734 triplets, and it requires 70 kcal/mol. The branched isof8r
zHSiN —344.511388 ‘l‘N —54.565162 can isomerize to the chain ison@rvia the low-lying transition
HSi0 —365.092206 O —74.957092 state, which requires only 8.3 kcal/mol. The isorfcan also
HOSI —365.105323 (0] —75.032293 . . L . . L
1HNO —130.412519 isomerize t0’3, which is also a 1,2 H migration, but this time

a barrier of around 45 kcal/mol and, by the G3B3, 51 kcal/
mol. 18 can also simultaneously undergo the combination of
ring opening and H migration to O which lead'®with a low
barrier of 33.4 kcal/mol, and the higher order corrections
decrease this to 31.7 kcal/mol.

Isomer15 can cyclize to'9, which requires only 26.4 kcal/
mol, and the effect of the higher-order corrections improve this
energy by only 6.9 kcal/mol. The H migration to N, isomerizing
to 11, requires an activation energy of 56 kcal/mol, and the
isomerization oft5 to 18 requires a much lower energy of 34.1
kcal/mol. Isomef6 can undergo cyclization 9 requiring only
around 23.3 kcal/mol. A four-membered ring transition state
and an activation energy of 58.3 kcal/mol is required for the
isomerzation ot6 to 13. This is a 1,3 H migration; hence, more
energy is required. The isomerization6fto 18 requires around
20.8 kcal/mol and is of lower barrier. Isom& can convert to
14 by 1,3 H migration, and accordingly the transition state is a
four-membered ring, and the activation energy required for this
migration is 40.2 kcal/mol by the B3LYP method and around
35 kcal/mol for the G3B3 methods. Ring opening!6fto 16
requires an activation energy of only 8.4 kcal/mol. On this
surface, we were unable to locate the transition states for
isomerization of'2 to 19, 13 to 17, and15 to 17. Two other
transition states that involve isom&¥, which are of very high
energy, have not been located.

In the PES of the triplets, the overall picture is that the

the H migrates to the Si and requires only 24.7 kcal/mol with

a difference of 1 kcal/mol between the two methods. Overall

in both singlets and triplets, the more stable isomers show small
changes in relative energies with the inclusion of the higher-
order single-point calculations (G3B3) to the basic B3LYP/6-

31G(d) level.

MECP. The crossing of the triplet and the singlet surfaces
that are bound at some lowest point (MECP) is sometimes
considered as the transition point for the intersystem crossing.
The MECP geometries have been determined for the isomers
at the B3LYP/6-31G(d) (G3B3 geometries) level; these are
shown in Figure 7. Isomerd and 7 do not have a crossing
point as the triplet states are the ground states and the
dissociation to the triplet fragments are lower than the singlet
dissociations. The idea of finding out the geometry of MECP
is to understand the most feasible pathway the reaction would
take when the two fragments of different spins interact. The
fragments can undergo side-on addition (to form a chainlike
isomer) or an insertion-type (to form a branched/ring isomer)
reaction on collisions to form either the singlet or the triplet
isomer. The relative energies discussed below are without the
inclusion of the higher-level corrections.

Two low-lying reaction coordinates, namely, téH + SiO
and HNSi+ 30, could contain the MECP for the formation of
isomers1. MECP-1 (singlet-triplet crossing point on the
surface ofl) lies around 32.7 kcal/mol above the singlet. The
N—Si bond is elongated and indicates the proximity to the

isomerizations are predicted to have smaller activation energiesdissociation to fragments NH and SiO. This indicates clearly

than the singlet. Isomeil can isomerize td5 through 1,3 H
migration, which requires only 27.4 kcal/mol by the B3LYP

that this MECP point lies on th&\NH + SiO reaction surface.
The MECP-1 lies only 0.8 kcal/mol above the triplet isomer.
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Si o]
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1.028/ 1553 1.693 1 885 N 1.589 “H : SN
H Ts 32134 Ts 32138
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1.317,/87.8\1-790
_ S
2574 -~ 1331, 886 \[ 71 Q1005 665, Si
o 1.624 N
Nx’ 1143 1037 a2} 1202 %52 “oes
1.437
1.029/ 98.8
/ 1 498 . . 4 665 TS 32139 Ts 33136
H “H” N
Ts 12/18 Ts 13/16 igss  1206/1221 1611 1423-%9
a7 1626 .~
// //Si 1'74XH AB 1.459\\\ ///1-601
1.869 .7 1.342 1.759,-763.0\1.703 N
o 1810 TS 33138 TS 35/37
Si—sl:s% 72.9 Qg """ ] Si
AN 1162 957 1284 1.891 1399 133.5%34
1.667 . ,~1.571 “H {571 R
\\.H// \\ ; 7z
----------- - 1.198° .
Ts 15/18 N
TS 13/18 H \H
TS 35/39 TS 36/38
0.975 Si.
. ,S
63.8 ,1.823
118.5. 1.668 * -
i 2'2/2%’ 1.894
’ AN 7
2296// 1.739 N\ __________ 1_:51'_1._0 O/ 4 83.1
7 845 1;3;55\73.3477 1.002/1101 1427
4 2 si ‘ ~HoE
1.674 ot
Ts 16/18
Ts 1519 Ts 3613
0.972 Figure 6. Isomerization transition state geometries in the triplet state
. —=H of the [H,N,Si,O] system, optimized at the B3LYP/6-31G(d) (G3B3
2381 - ~ [101.0 geometries) level. Bond lengths are in angstroms and angles in degrees.
s 1.495 . . .
- 983 state for the intersystem crossing, crosses over to the singlet.
'TQ'N MECP-2 lies about 6.5 kcal/mol above the singlet and around
’ 2.5 kcal/mol above the triplet. The-ND bond length of 1.374
TS 16/19 A is smaller than the triplet NO bond length of 1.386 A, while

Figure 5. Isomerization transition state geometries in the singlet state the Si-O bond length of 1.659 A is also smaller than the 1.710
of the [H,N,Si,0] system, optimized at the B3LYP/6-31G(d) (G3B3 A in the triplet. The bond lengths of the MECP geometry are
geometries) level. Bond lengths are in angstroms and angles in degl’eesi.onger than the Corresponding ones in the Singie[’ indicating
that the MECP geometry is an intermediate between the singlet
This small energy difference and the similarity in geometry may and triplet geometry and not near the dissociation channel. The
suggest that the triplet can be formed in some instances. Thelowest dissociation channel is tBdH + OSi, and the triplet's
crossing point lies around 21.8 kcal/mol below the dissociation geometry is very close to this. These fragments then would form
channel (fragment energies are given in Table 3 and geometries’2 via the transition statelG/dis@2)) shown in Figure 9, which
in Figure 8). For the second reaction coordinate, we were unablehas a barrier around 10.9 kcal/mol. The MECP then can be
to locate the MECP, indicating that in this reactiéhjs formed inferred to lie on the reaction coordinate of the-8i bond
first; this then via the\lECP-1, which now acts as the transition  stretching and is the intersystem crossingto 12 isomers.
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Figure 7. Geometries at the MECP for various isomers in the [H,N,-
Si,0] system optimized at the B3LYP/6-31G(d) (G3B3 geometries)
level. Bond lengths are in angstroms and angles in degrees.

triplet; hence, it can also be considered as the transition state

for the intersystem crossing rather than for dissociation. The
geometry of MECP-5 is closer to the dissociation to the
fragments which involvedN, which also happens to be the
lowest channel for dissociation. This MECP lies 4.6 kcal/mol
above the triplet and 10.2 kcal/mol above the singlECP-6

is clearly close to the dissociation to & and HON fragments.
But the lowest channel of dissociation for this isomeiHsand
20ONSi for both singlet and triplet. The crossing point lies about
11.4 kcal/mol above the triplet and 59.5 kcal/mol above the
singlet. The next two isomers are rin§sand 9; MECP-8 is
very close to the triplet lying only 0.2 kcal/mol above it, while
the singlet is about 35.8 kcal/mol lower. The geometry suggests
that it is closer to the dissociation #i and HNO.MECP-9
indicates that the crossing point lies lower than the fragments
HON and?3Si energy and above the triplet by 2.4 kcal/mol and
above the singlet by 46.5 kcal/mol. On the basis of the above
discussions, we can infer that the MECPs lying on the
dissociation channels are

SiO + 3NH — HNSIO
1

HOSi+ “N — HOSIN
(5)

HON + 3Si— HONSI
(6)

HNO + 3si— HNSIO
(8)

Reactions.?0OH + 2SiN. The side-on addition reaction &f
OH with 2SiN can give rise to isomés either in the singlet or
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Figure 8. Optimized geometries of fragments at B3LYP/6-31G(d)
(G3B3 geometries) level. Bond lengths are in angstroms and angles in
MECP-3 lies around 0.9 kcal/mol above the triplet and 8.4 degrees.
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Figure 9. Dissociation transition state geometries in the singlet and
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triplet form if the reaction procee

ds with the bond formation of

Si—0 or to singlet or triple with the bond formation between



Formation of the Silicon Analogues of Isocyanic Acid J. Phys. Chem. A, Vol. 107, No. 51, 20081503

N and O. Of the 4 possible pathways, i.e., The other possible reaction is the insertion, and it can take

35—>31— =37 24+ 2NSiO the following pathways, i.e.,

15——>19——>16——>18——>11——>3NH + 18i 19—1—>13—>15—— ;
20H + 2SiN sio 20H + 2sm{ 6 5—>11—=3NH + 1si0

363332 3NH + 1510 39—>3—=33—=3g—> 32— 3NH + 1Si0

16——>18—>11—3NH + 1Si0

the one that formé5 is the most exothermic one releasing 86.1 | € Possible isomers are the singlet and trilewhich I;rrn
kcal/mol. The lowest dissociation & to 2SiOH and*N requires without any barrier energy, of which the formation & is

an energy of 77.0 kcal/mol, while its isomerization@requires highly exothermic a_nd has a valye of 6.2 kcaI/_moI. _The .m"?“”
a much lower energy of 33.3 kcal/mol as the activation. The notable feature of this pathway (singlet) is the high dissociation

isomerization of5 to 19 is an endothermic process with a critical €N€rgies and comparatively lower isomerization energies, and
energy of 23.9 kcal/mol. [¥5 isomerizes td8 (slightly higher _the Iowest-energy pathway throlug_h the S'”g"?t yields the
barrier energy), then the barrier is 34.1 kcal/mol, but the isomer. The 'Somer'zatl'of‘ d8 o 1is exothermic by arpund
isomerization itself is a exothermic process with a release of 2 33 kcal/mol, while'8 to 'S is predicted to be endothermic by 5
kcal/mol. The isomerization frof® to 16 is exothermic with a kcal/mol. But the barrler_for the latter isomerization is lower
release of 15 kcal/mol. The dissociation’6fand'6 requires by 5 kcal/mol. *NH + S_'O seem to be th? most common
high energy, and the dissociation'éfto its lowest dissociation products as the reaction is ovgrall exothermic. The triplet route
channel i€H + 20NSi (72.0 kcal/mol)!8 energetically prefers alséo turnsl out to be exothermic. ,
isomerization, rather than dissociation,iowith a barrier of NH + $|O.The ot_her p_ossmle dlato_mlc fragments V.Vh'Ch
36.2 kcal/mol and releasing 33 kcal/mol by the G3B3 method. €1 react is the one involvinNH and SiO by the following
11 can finally dissociate t8NH andSiO passing through the ~ Pathways
MECP-1. The transition state for the dissociationafdid not 335 37 201 + 2 NS
converge with the normal options in the B3LYP method (G3B3) ! 5 7 H+2NSio
and with relaxed convergence criteria optimized to a very long ~ 3NH*18i0——11—=1§—1g—>19—~15—>2si0H + 4N
N—Si bond. At a shorter NSi bond length, the transition state 32— 3g—>33—= 25iH + 2NO
obtained was for the dissociation to NHand SiO. This is
because the spin densities in this state obtained were suggestive Here the addition reactions yield only three pathways, namely,
of one electron each on N and Si. Carrying out the calculations the singlet and triplel and only triplet2. On the basis of the
with a much higher basis set such as 6-3%#1G(d,p) at the geometry and energy dWIECP-2, it can be seen that for the
B3LYP level did not make any difference. We carried out the singlet to be formed, the reactants should take the p&tHis-
calculations for this dissociation using the MP2 method and (32) — 32 — MECP-2 — 12. The 12 turns out be higher in
this yielded a dissociation energy of around®kcal/mol with energy than the reactants, and we were unable to locate any
spin densities on N (1.9) and a bond length of 2.374 A for the transition state. It should be also kept in mind thatNiECP-2
N—Si bond. This predicts a transition state for dissociation is higher in energy than both the singlet and the triplet and hence
which lies after the MECP. It should be noted that the position acts as a transition state for the intersystem crossing.3Zhe
of the MECP-1 being before the transition state %f dissocia- though higher in energy than the reactants, requires an activation
tion, the 11 endothermically dissociate #\NH and SiO or it energy of 33.0 kcal/mol to be formed from the reactants, and
can also cross over tél via the crossing point and then the reaction is endothermic. The pathway to the sifdlpasses
dissociate to the next lowest fragmentation HNSi 20O through the small barrier predicted by the MP2 method and then
endothermically. Overall, the route is exothermic with the final passes through thdECP-1 before it forms either the singlet
products lying below the reactants, and all the transition statesor the tripletl. The dissociation ofl to 2H and2NSiO is very
are also below the reactants. This reaction is feasible in the highly endothermic and the isomerization'®is also a very
interstellar conditions with most probable products beiNgl high energy process. On the other hand, the triplet requires
and SiO. The second route with the formation % is relatively less energy to cross the barrier and isomeriz.to
exothermic by 77 kcal/mol. All the dissociations on this reaction The dissociation of1 to HNSi + 20 is via 31 (vide supra).
pathway require very high energy while the isomerizations much Basically the addition of these fragments is an endothermic
less. This also finally leads fNH + SiO as the most probable  process, but once the reaction proceeds, only isdnferms.
products. The only feasible pathway for the insertion reaction proceeds
The side-on addition can also yield the triplet isom@&rsr through the endothermic pathway®and hence does not gain
6. Here the formation 05 is more exothermic. The isomeriza- enough energy to cross the barrier for isomerization, intersystem
tion to 31 from 35 requires an activation energy of 19 kcal/mol, crossing to'8, or for dissociation through the lowest path.
while the lowest dissociation requires 60.3 kcal/mol. On the  *HNSi+ 20, IHSIN + 20, and®HNO + 3Si. Next we focus
other hand the isomerization frofh to 37 is highly endothermic, on the reaction pathways of the triplet O with the triatomic HNSi
while the dissociation ot1 to 3NH and SiO passes through a and HSIN. The possible existence of HNSI/HSIN has been
small barrier predicted only by the MP2 methods. Findflys discussed by Parisel et.A? hence the reactions of these
very stable against dissociation, requiring 57.2 kcal/mol for the fragments witi?O along with the reaction of HNO witfSi are
same. The reaction proceeding through the other triplet6i.e., also studied. The reaction pathway for the addition can proceed
requires very little energy for dissociation 1 and 20NSi, without a barrier to the triplet state, but for the singlet to form
while the isomerization té3 requires around 14.1 kcal/méB it has to be via the triplet then via the crossing poiMECP-1
can dissociate to SiH and NO, which is competitive with to form the isomerfl. As the crossing point lies before the
isomerization t@*8. The isomerization t82 requires very little transition state, the triplet isomer is required to cross the
energy and so is the disociation ¥ to 3NH and SiO. Again, MECP-1 before it goes downhill for the formation of the singlet
the lowest channel in the triplet route is the dissociatiodto 1. Thus the lower-energy triplet route would prefer the formation
NH + SiO. of 1. In the insertion pathway?8 — 32 — 3NH + 1Si0), the
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