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A detailed theoretical investigation of the singlet[&i,C,N] potential energy surfaces including 26 minimum
isomers and 45 interconversion transition states is reported at the Gaussian-3//B3LYP/6-31G(d) level. The
three lowest-lying isomers43iCN 1 (0.0 kcal/mol), HSINC 2 (4.9 kcal/mol), and BICNSi 3 (7.4 kcal/mol)

are also kinetically stable with the least conversion barriers of-28645 kcal/mol, whereas the high-lying
H3CSiN 4 (55.9 kcal/mol) is metastable with a barrier of 14.7 kcal/mol. This is consistent with available
matrix spectroscopic identifications from the parent compous@3i(Ns);. Additionally, 14 new isomers

with considerable kinetic stability are predicted. Among these, 7 chainlike isomers, SiEK8%.3 kcal/

mol), H,CNSiH 8 (27.2 kcal/mol), HCSINH 9 (49.4 kcal/mol), HNCSiH 10 (56.5 kcal/mol), HNCHSi 11

(55.0 kcal/mol), HN—c-CHSi 12 (55.0 kcal/mol), and bENSICH 13 (62.6 kcal/mol), and 4 three-membered

ring isomersc-CH,SiNH 22 (29.0 kcal/mol) c-NH,SiCH 23 (49.6 kcal/mol)c-SiH,NCH 25 (34.2 kcal/mol),
andc-SIHCHNH 26 (50.6 kcal/mol) each have the conversion barriers of 3B kcal/mol. In particular, the

4 specied0, 11, 12, and23 can be easily converted to each other, and all of them could coexist. The remaining

3 isomers HSICNH 15 (45.7 kcal/mol), HSINCH 17 (45.2 kcal/mol), ana-SiH,CNH 24 (61.0) have lower
conversion barriers of 213 kcal/mol and can be considered as metastable species. All of the predicted 14
new isomers could exist as stable or metastable intermediates under various conditions, such as the irradiation
of Si,C,N-containing compounds or the Sith HCN/HNC, Si+ H,CNH, and SiC+ NHj; reactions. Finally,

the structural and bonding analysis indicate that the newly found isomers contain various properties that are
of chemical interest (e.g., silylene =SC triple bonding, intra- or interdonetacceptor bonding, and cumulenic

Si bonding). This is the first detailed theoretical study on the potential energy surfaces of the series of
hydrogenated Si,C,N-containing molecules. The knowledge of the present trihnydrogenated SICN isomerism
could provide useful information for more highly hydrogenated or larger Si,C,N-containing species.

1. Introduction the monohydrogenated HSICN and HSINC isomers each have
o . . o singlet ground states, whereas HCCN and HCNC have triplet
Silicon-containing chemistry has attracted continuing interest gyound states. It is of great interest to investigate the structures
from various fields. One particular area of interest is the possible 5nd stabilities of the SiC and SEN triple-bonded silylene or
role in astrophysical chemistry. The concentration of Si in carbene-involving isomers ranging from chainlike to cyclic
interstellar space is only slightly lower than the concentrations forms, In dense interstellar space, the environmental temperature
of C, N, and O: However, because of the limitation of s very low, and molecules with high kinetic stability can exist
spectroscopic data, the number of detected Si-containingonce generated. Unfortunately, the detailed potential energy
molecules is far lower than that of C,N,O-containing species. syrface information of even the simplest hydrogenated Si,C,N-
Regarding the Si,C,N-containing species, only the simplest andmolecule, [H,Si,C,N], has not been reported yet.
_nonhydrogenated_SiCN and SiNC raqlicals have been detected (Qn the other hand, hydrogenated Si,C,N-containing species
in space. The SICN and SiN€ radicals, as well as the [, sjC,N] also play important roles in the coating of micro-
monohydrogenated chainlike molecules HSICN and HSINC, glectronic and photoelectronic materials. Knowledge of the
have also been (_Jletected in_the Iabora@ory. Also, the existencestryctural, stability, and bonding properties of,[8i,C,N] is
of these four Si,C,N-containing species and another form, yery useful for understanding the chemical vaporization pro-
HCNSI, has been confirmed by combined IR spectra and cesses of SiCN films and gaining insight into the atomic or
theoretical calculations. At the same time, three highly  yadical interaction with substrates (i.e., SiH HICN (m+ n
hydrogenated specieszENSI, HSICN, and HSINC were = X)).
tentatively characterized by IR spectrslote that no theoretical In this paper, we report our detailed computational work on
studies have been reported op#Si, HSICN, and HSINC. the trihydrogenated Si,C,N-molecule g[Bi,C,N]. At the reliable
Although silicon and carbon have iso-valence electrons, their Gaussian-3//B3LYP/6-31G(d) level, in addition to the ex-
chemical properties are rather different from each other. Silicon perimentally known isomers 43iCN, HSINC, and HCNSi,
is usually reluctant to form multiple bonding, whereas carbon various new isomers are found to possess very high or moderate
prefers it. We have been interested in the structures, stabilities,kinetic stabilities toward isomerization or dissociation. At-
and bonding properties of a series of[6i,C,N] species. tractively, these new isomers contain the silylenreGitriple-
Despite the iso-valence, the ,[|3i,C,N] isomers should have  bonding, intra- or intermolecular doneacceptor bonding, and
distinct features from the analogousy[d,C,N] ones. In fact, cumulenic Si-bonding.
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2. Computational Methods Lo Lor D

All of the calculations were carried out using tBaussian g — — )

98 program packag&The geometries of the |5i,C,N] isomers 10794 108 08

and the interconversion transition states were fully optimized e

at the B3LYP/6-31G(d) level. Harmonic vibrational frequencies I
were calculated at the same level to check whether the obtained bl _,s?,m

structure is a minimum or a saddle point. To get more accurate :
energies, Gaussian-3 calculations were performed at the B3LYP/ 10939
6-31G(d) geometries. Intrinsic reaction coordinate (IRC) cal- 4 ey
culations were also carried out to test whether the transition
state connects the right isomers at the B3LYP/6-31G(d) level.

F

3. Results and Discussions

For the singlet [H,Si,C,N] system, various isomeric forms
were searched as many ways as possible following the SICN i g (cs) s (C9)
chain, SINC chain, and-SiCN three-membered-ring procedures.

A total of 26 isomers and 45 interconversion transition states @
are located. The optimized structures of the isomers and the
transition states are shown in Figures 1 and 2, respectively, while
the vibrational frequencies of the isomers is given in Table 1.

The energetics of all the species are listed in Table 2. Finally,
a schematic singlet potential energy surface (PES) §8itC,N] ia | +Cca i Dmesm2107 ol scomEer
is plotted in Figure 3. In the following discussions, the term Princs=50.72 S NN Digsn117:32
“thermodynamical stability” is referring to the relative energy i

order. An isomer with low relative energy is considered to have
high thermodynamical stability. On the other hand, kinetic

stability is judged by its least conversion barrier. The lower the

least conversion barrier the isomer has, the higher the kinetic
stability it possesses. Disic=170.75

3.1. HsSICN 1, HsSIiNC 2, and HsCNSi 3. On the singlet 13 Drose=1B27
[H3,Si,C,N] PES, the two lowest-lying isomers are silylcyanide TN
H3SIiCN 1 (0.0) and silylisocyanide $BiNC 2 (4.9), each of R .
which hasCs, symmetry. The values in parentheses are relative 1177 s
energies in kcal/mol calculated at the G3//B3 level. Structurally 15| "% o5y
(in Figure 1),1 and2 can be viewed as the combination between 6
SiHz and G=N radicals. Because, for the CN radical, the C-atom el b s
has much higher spin density (0.841 e) than the N-atom (0.159
e), the SiH attack at the C-site should be more favored than at
the N-site. Bothl and?2 are kinetically stabilized bys1/2with
the barriers 28.3 and 23.4 kcal/mol, respectively.

The third low-lying isomer, silaisonitrile $CNSi 3 (7.4) and
another high-lying isomer $#€SiN 4 (55.9) areCs,-symmetrized -l
adducts between GHand SiN radicals. In contrast to the B Dt .
situation of the CN radical, the N-atom of the SiN radical has i Dirsse=—45.50
much larger spin density (0.859 e) than the Si-atom (0.141 e).
This renders isomeB to be energetically more stable thdn
Isomer 3 has a very high kinetic stability, 46.5 kcal/mol,
governed byts3/8 However, isome# has a much lower kinetic
stability at 14.7 kcal/molt§3/4). It is a metastable species as a
reaction intermediate. Interestingly, the=®i triple bond
distances withirg (1.5644 A) and4 (1.5677 A) are very close.

Isomer 1 is already well-knowr. Isomers2 and 3 were
generated recently by Maier et. al. from the parent compound
triazidomethylsilane BCSi(Ns)3.> A possible route was sug-
gested: HCSIi(Nz)3 — H3CSIiN 4 — H3CNSi 3 — H3SINC 2
< H3SIiCN 1. Because it is different from the direct and
relatively easiedt — 3 and1 <> 2 conversions, the isomerization
from 3to 2 is very complicated and difficult. The most feasible
pathway is HCNSi 3 — ¢-CH,SiNH 22 — c-CHNHSIH 26 —
HNCHSIH 21 — ¢-SiH,NCH 25 — H3SINC 2, among which ] )
two three-membered-ring isome28 and 26 are involved (the B3LYP/6-31G(d) level. Bond lengths are in angstroms and angles in
highest energy transition state is22/26 at 68.7 kcal/mol). degrees.

However, the successive H-hopping pathwayCNSi 3 — cannot compete because of the rather high energy8s18at
H,CNSiH 8 — HCNHSIH 19 — H,SINHC 18 — H3SiNC 2 110.4 kcal/mol. As listed in Table 1, the characteristic vibrational
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Figure 2. Optimized geometries of interconversion transition states and dissociation products between siffgjl€, ] isomers. Bond lengths

are in angstroms and angles in degrees.
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TABLE 1: Harmonic Vibrational Frequencies (cm™1), IR Intensities (km/mol) (in parentheses), Dipole Moment (Debye), and
Rotational Constants (GHz) of Singlet [H,Si,C,N] Structures at the B3LYP/6-31G(d) Level

dipole
moment rotational constant
species frequencies (IR intensity) (Debye) (GHz)

H3SIiCN 1 272 (4) 272 (4) 604 (37) 689 (42) 689 (42) 936 (251) 946 (53) 3.3288 84.311 61 4.933 63 4.933 63
946 (53) 2284 (49) 2300 (106) 2300 (106) 2326 (10)

H3SiNC 2 206 (0) 206 (0) 676 (67) 714 (55) 714 (55) 953 (68) 953 (68) 2.9125 84.479 34 5.615 76 5.615 76
966 (316) 2176 (294) 2287 (35) 2299 (131) 2299 (131)

HiCNSi3 265 (23) 265 (23) 778 (0) 1142 (1) 1142 (1) 1466 (70) 1513 (5) 0.7560  159.39117 524737 524737
1513 (5) 1516 (20) 3013 (79) 3069 (29) 3069 (29)

HiCSiN4 110 (4) 110 (4) 612 (6) 796 (2) 796 (2) 1270 (1) 1303 (3) 57411  157.12979 542548  5.42548
1477 (14) 1477 (14) 3071 (0) 3165 (0) 3165 (0)

H3NCSi5 238 (80) 238 (80) 656 (0) 1043 (5) 1043 (5) 1396 (49) 1523 (0) 8.1860 184.762 36 4.634 54 4.634 54
1679 (30) 1679 (30) 3261 (73) 3288 (22) 3288 (22)

H3NSIC 6 281 (28) 337 (0) 386 (0) 688 (37) 706 (28) 908 (3) 1242 (196) 4.5506 17.900 88 9.709 47 6.523 47
1631 (41) 1665 (40) 3133 (45) 3502 (32) 3584 (48)

H,CNHSI 7 286 (6) 460 (74) 575 (17) 591 (18) 780 (52) 1096 (4) 1354 (240) 1.8865 86.326 07 5.466 28 5.140 76
1436 (33) 1540 (73) 3200 (5) 3309 (11) 3401 (17)

H>CNSIiH 8 224 (20) 298 (8) 685 (7) 718 (11) 848 (100) 1023 (19) 2.0547 124.316 45 5.390 27 5.358 23
1179 (11) 1526 (1) 1805 (12) 2025 (303) 3046 (36) 3114 (34)

H>,CSINH9 188 (3) 229 (2) 590 (59) 597 (64) 643 (200) 738 (3) 842 (22) 2.0625 121.34155 6.021 00 5.967 15
1199 (28) 1391 (11) 3161 (3) 3251 (0) 3582 (39)

H.NCSiH 10 255 (40) 270 (5) 655 (231) 668 (10) 734 (22) 735 (7) 1168 (0) 4.4988  132.75587 4.87342  4.83444
1640 (69) 1696 (61) 2044 (168) 3424 (2) 3488 (17)

H,NCHSIi 11 235 (1) 367 (89) 591 (343) 651 (66) 682 (19) 1075 (9) 1275 (102) 2.6276 84.725 38 5.15555 4.880 67

1438 (72) 1698 (32) 2995 (15) 3535 (15) 3635 (8)
H.N—Cc-SIHC12 227 (35) 279 (75) 431 (6) 488 (315) 722 (30) 1152 (63) 1173 (3)  2.2811  158.00992 4.91315  4.896 63
1508 (84) 1668 (15) 2004 (44) 3503 (7) 3587 (16)

H,NSICH 13 101 (54) 211 (22) 231 (198) 458 (81) 741 (62) 807 (55) 841 (22)  2.4552  55.62323  6.70027  5.990 16
1101 (45) 1605 (39) 3310 (2) 3582 (47) 3685 (45)

H,NSIHC 14 55 (18) 127 (23) 319 (3) 360 (201) 742 (37) 817 (9) 830 (33) 2.8376  24.89753 8.26194  6.42628
953 (11) 1621 (33) 2239 (109) 3569 (39) 3662 (51)

H,SICNH 15 286 (0) 319 (65) 425 (338) 604 (18) 644 (109) 743 (56) 797 (283) 2.9202  101.34643  4.88565  4.852 67
952 (105) 1999 (507) 2157 (71) 2172 (171) 3559 (98)

H,SICHN 16 163 (6) 221 (27) 325 (4) 548 (3) 641 (18) 716 (24) 972 (84) 1006 (54R.2589  74.20959  4.65979  4.590 11
2056 (57) 2111 (141) 2125 (237) 2672 (84)

H,SINCH 17 236 (10) 280 (32) 375 (2) 467 (48) 747 (28) 761 (48) 761 (24) 5.3015  108.25190  4.92225  4.899 66
972 (74) 2070 (201) 2077 (297) 2181 (140) 3478 (317)

H,SINHC 18 239 (7) 243 (4) 243 (4) 549 (110) 694 (3) 712 (4) 919 (66) 1021 (57) 2.7078  33.47351  7.28806  6.394 47
1783 (29) 2140 (100) 2165 (222) 3571 (122)°

HCNHSIH19 372 (33) 533 (6) 547 (19) 573 (14) 844 (32) 1022 (100) 1080 (56) 1.8393  33.36169  8.07205  6.903 28

1285 (1) 1555 (32) 2010 (394) 2228 (107) 3559 (40)

HCSIHNH 20 123 (27) 395 (33) 492 (65) 521 (10) 656 (82) 675 (156) 860 (70)  2.5188  26.19945 854979  6.596 59
877 (14) 1028 (19) 2310 (86) 3151 (8) 3567 (15)

HNCHSiH21 102 (5) 262 (14) 565 (39) 632 (16) 855 (75) 1168 (53) 1227 (83)  1.2672 4552917 5.89048  5.307 36
1421 (68) 1605 (7) 2043 (285) 3065 (62) 3298 (14)

c-CH,SINH22 387 (134) 549 (37) 821 (0) 842 (45) 987 (14) 1097 (21) 1150 (27) 1.1683  26.02201 11.07044 8.18758
1153 (0) 1539 (7) 3067 (57) 3134 (45) 3578 (14)

c-NH,SICH23 357 (36) 632 (98) 747 (8) 847 (149) 913 (6) 1018 (14) 1127 (3) 2.7257  27.75378  9.68948  7.48158
1198 (4) 1689 (1) 3232 (11) 3443 (1) 3515 (7)

¢-SiH,CNH24 451 (23) 465 (0) 658 (32) 662 (9) 749 (151) 755 (5) 953 (67) 2.4411 3169380 9.89517  8.31513
1176 (27) 1447 (59) 2271 (55) 2298 (149) 3405 (1)
c-SiH,NCH25 489 (19) 571 (0) 652 (19) 656 (38) 818 (21) 820 (35) 974 (81) 1.8774 3232303 10.07635 8.488 97

1167 (31) 1630 (53) 2285 (54) 2308 (134) 3117 (30)
c-NHCHSIH26 311 (96) 401 (55) 596 (46) 667 (42) 843 (85) 1025 (16) 1044 (8)  3.5016  31.85611 8.73236  7.306 87
1271 (82) 1653 (38) 1975 (415) 3110 (34) 3449 (8)

frequencies (unscaled) of the three species calculated at theMaier et al.® we obtained various new species that are
B3LYP/6-31G(d) level are 2326 cm (—C=N stretch) forl, kinetically stable or metastable. We will first discuss the
2176 cnt! (—N=C stretch) for2, and 1516, 1466 crmt (C— kinetically stable species. There are seven chainlike isomers:
N=Si stretch) for3. To compare with the experimental values, SICNH; 5 (85.3), HCNSIH 8 (27.2), HCSINH 9 (49.4),
a scale factor of 0.96 is usétb place these vibrational bands H,NCSiH 10 (56.5), HNCHSi 11 (55.0), HN—c-CHSi 12
at 2233, 2089, 1455, and 1407 thin excellent agreement  (55.0), and HNSICH 13 (62.6) with their possible valence
with the corresponding experimental values 2200, 2098, 1467, structures shown in Scheme 1 (deduced from the structures and
and 1410 cml5 Isomers1 and 2 have very large dipole  natural bond order (NBO) analysis). Among these, despite the
moments at 3.3288 and 2.9125 D, respectively, making their fact that it has the highest energy, tBg, isomer SiCNH 5
detection via microwave technique very easy. The dipole still has high kinetic stability at 24.7 kcal/motsf/12. It
moment of3 is as small at 0.7560 D. possesses an interesting=&l triple bond, whose bond length
3.2. Newly Predicted [H;,Si,C,N] Isomers.3.2.1. Kinetically of 1.6387 A is slightly shorter than the typical value of 1.6519
Stable Isomerdn addition to the already observed isomérs A in HSICH.4 The CN distance of 1.4455 A is very close to
2, and3 and the suggested intermedidten the experiment of the typical G-N single bond value (1.4651 A) in4&NH,. This
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TABLE 2: Total (a.u.) and Relative (kcal/mol) Energies of the Singlet [H,Si,C,N] Isomers, Transition States, and Dissociation

Products at the G3//B3LYP/6-31G(d) Levels

species B3LYP G3//B3LYP species B3LYP G3//IB3LYP
H3SIiCN 1 —384.13671 (0.00) —383.93470 (0.00) ts7/8 —384.02168 (72.18) —383.81897 (72.62)
H3SIiNC 2 —384.12724 (5.94) —383.92685 (4.93) ts7/22 —384.03493 (63.86) —383.82985 (65.80)
HsCNSi3 —384.13746¢0.47)  —383.92295 (7.38) ts8/19 —383.96126 (110.10) —383.75873 (110.42)
H3CSiN4 —384.04649 (56.61) —383.84554 (55.95) ts8/22 —384.01483 (76.48) —383.81028 (78.08)
H3NCSi5 —384.00228 (84.36) —383.79880 (85.28) ts9/20 —383.95268 (115.48) —383.76285 (107.84)
H3NSiC 6 —383.94214 (122.09) —383.74179 (121.06) ts9/22 —384.00030 (85.60) —383.80964 (78.48)
H.CNHSIi 7 —384.03751 (62.25) —383.82614 (68.12) ts10/12 —384.04769 (55.86) —383.84564 (55.89)
H,CNSiH8 —384.10590 (19.33) —383.89140 (27.17) ts10/21 —383.96280 (109.13) —383.76009 (109.58)
H,CSiNH9 —384.04912 (54.96) —383.85602 (49.38) ts10/23 —383.96746 (106.20) —383.76479 (106.62)
H,NCSiH10 —384.05496 (51.30) —383.84466 (56.50) ts11/12 —384.04822 (55.52) —383.84632 (55.46)
H,NCHSIi 11 —384.05677 (50.16) —383.84710 (54.97) ts11/22 —384.04725 (56.13) —383.84028 (59.25)
H,N-cCHSi12  —384.04855 (55.32) —383.84708 (54.98) ts12/25 —384.03087 (66.41) —383.82591 (68.27)
H,NSiCH 13 —384.02065 (72.83) —383.83492 (62.61) ts13/14 —383.94308 (121.50) —383.75318 (113.91)
H,NSiIHC14 —383.94708 (118.99) —383.75481 (112.88) ts13/23 —383.99800 (87.04) —383.80152 (83.57)
H,SiCNH15 —384.07150 (40.92) —383.86195 (45.65) ts15/21 —384.04641 (56.66) —383.84196 (58.20)
H,SiCHN 16 —384.03262 (65.31) —383.82929 (66.15) ts15/24 —384.02172 (72.16) —383.81909 (72.55)
H,SINCH 17 —384.06993 (41.90) —383.86266 (45.21) ts16/SjH HCN ~ —384.03199 (65.71) —383.82912 (66.26)
H,SINHC 18 —384.02585 (69.56) —383.81934 (72.39) ts17/19 —383.99870 (86.60) —383.79447 (88.00)
HCNHSIH 19 —384.02726 (68.80) —383.82403 (69.45) ts17/25 —384.04964 (54.63) —383.84583 (55.77)
HCSIHNH20 —383.95921 (111.38) —383.77496 (100.24) ts18/19 —384.01960 (73.49) —383.81578 (74.63)
HNCHSIiH21 —384.05418 (51.79) —383.84562 (55.90) ts19/22 —383.98382 (95.94) —383.78490 (94.00)
cCH;SINH 22 —384.09681 (25.03) —383.88855 (28.96) ts19/26 —384.00218 (84.42) —383.79576 (87.19)
cNH,SICH23 —384.06437 (45.39) —383.85573 (49.55) ts20/26 —383.95813 (112.06) —383.77884 (97.80)
cSiH,CNH24 —384.03976 (60.83) —383.83757 (60.95) ts21/21 —384.05396 (51.92) —383.84506 (56.25)
cSiH,NCH25 —384.08569 (32.02) —383.88019 (34.21) ts21/25 —384.03087 (64.41) —383.82591 (68.27)
cNHCHSiH26  —384.06363 (45.86) —383.85405 (50.61) ts21/26 —384.02837 (67.99) —383.82073 (71.52)
ts1/2 —384.08989 (29.38) —383.88968 (28.25) ts22/23 —383.98401 (95.82) —383.78969 (91.00)
ts1/24 —383.99523 (88.78)  —383.79888 (85.23) ts22/26 —384.02785 (68.31) —383.82514 (68.75)
ts2/18 —383.99727 (87.50) —383.79942 (84.89) ts23/23 —383.96017 (110.78) —383.76885 (104.07)
ts2/25 —384.0224371.71)  —383.82547 (68.55) ts23/26 —383.94804 (118.39) —383.75366 (113.60)
ts3/4 —384.01948 (73.56) —383.82218 (70.62) ts24/25 —383.96099 (110.26) —383.76804 (104.58)
ts3/8 —384.05606 (50.61) —383.84877 (53.92) ts25/25 —384.00326 (83.74) —383.80044 (85.25)
ts3/8* —383.99831 (86.85) —383.80029 (84.35) 2SiH; + 2CN —383.94400 (120.93) —383.74430 (119.48)
ts3/22 —384.02183 (72.08) —383.81971 (72.16) 2CHs+ 2SiN —383.95660 (113.02) —383.75390 (113.46)
ts5/6 —383.93627 (125.77) —383.73660 (124.32) INH; + 'CSi —383.87760 (162.59) —383.70360 (145.02)
ts5/10 —383.92342 (133.84) —383.72746 (130.05) 1SiH, +*HCN —384.03577 (63.34) —383.83670 (61.50)
ts5/12 —383.95945 (111.23) —383.75939 (110.01) 1SiH, + HNC —384.00930 (79.95) —383.81330 (76.18)
ts5/16 —384.00433 (83.07) —383.80103 (83.88) 1Si +*H,CNH —383.95612 (113.32) —383.75280 (114.14)
ts6/23 —383.93977 (123.58) —383.74179 (121.05) 3Si+ H,CNH —383.99895 (86.44) —383.78027 (96.91)

C—N single bond is formed when the lone pair orbital of NH
interacts with the SiC vacant orbital. Surely, isonsecan be

typical value of 1.6519 A. Interestingly, although isoméfs
and 13 have just the opposite Si- and C-atom positions, the

viewed as a kinetically stable species formed between two nature of the SiC bond is markedly different (i.e.=8&l in 10

closed-shell molecules SiC and NHia an intermolecular
donor-acceptor interaction. Note that the arrow in Scheme 1
denotes the doneracceptor bonding.

The three isomers ¥£NSiH 8, H,CSiNH 9, and HNCSIH

and S&C in 13). Surely, strong electron withdrawal groups or
atoms at the Si-site favor the=8C bonding.

There are four kinetically stable isomecsCH,SiNH 22
(29.0), c-NH2SIiCH 23 (49.6), c-SiH,NCH 25 (34.2), and

10 can each generally be considered as having a cumulenicc-SIHCHNH 26 (50.6) with SiNC three-membered rings.

structure H¥X=Y=ZH,, with X, Y, and Z being either Si, C, or
N. The monohydrogenated X-atom contains a lone pair of
electrons. The internal Y-atom is sp-hybridized. The terminal
Si-atom of8 and10 is sp-hybridized. Note that the SiN bond
distance of 1.6824 A ii8 is somewhat longer than the typical
Si=N value of 1.6076 A, which is rationalized by the fact that
the large electron withdrawal ability of C and N reduces the
extent of the electron lone pair donation from the N- to the
Si-atom. HCNSIiH 8 is also the fourth lowest-lying [§iSi,C,N]
isomer. Isomer BENCHSI 11 has a silylene structure with=Si

C double bonding. Besides the=8C bonding, isomer bEN—
¢c-CHSi 12 has a 8—2e bridged Si—-H—C bond with the density

Isomers22 (29.0) andc-SiH,NCH 25 (34.2) are the fifth and
sixth lowest-lying isomers, respectively, on the[5i,C,N] PES.
Isomer 25 has the normal structure with SiHaking a side-
addition to the &N bond of HCN (Scheme 2). Formally,
isomers22, 23, and26 have silylene structures. The lone pair
of electrons on the N-atom can effectively donate to the vacant
orbital of the Si-atom, which greatly suppresses the silylene
reactivity and increases stability. Interestingly, ison2@ris
slightly lower in energy tha@5. It contains the intramolecular
donor-acceptor interaction between the N-lone pair and the
vacant orbital of carbene or silylene. The intramolecular denor
acceptor bonding mechanism should contribute to the unusual

greatly located between Si- and C-atoms, which leads to a stability of 22, 23, and 26.

nonclassical structure. Such an additional silylene structure

contains S+C double bonding. Bottil and 12 have a lone

As shown in Figure 3, the isomersENSIH 8, H,CSiNH 9,
and HNSICH 13 all possess high kinetic stability with

pair of electrons at Si- and N-sites. Their greatly strengthened corresponding least conversion barriers of 287« 3), 29.1

C—N single bond (1.3887 and 1.3688 A, respectively) could

(9 — 22), and 21.0 {3— 23) kcal/mol. Notice that th& — 3

be ascribed to the significant overlap between the lone pair conversion has two transition states3/8 (53.9) andts3/8*

orbital and ther-orbital of SiC. Isomer BFNSICH 13 possess a
normal S&C triple bond (1.6607 A) that is very close to the

(84.3). The lower-energig3/8that governs the kinetic stability
of isomer8 is three-membered-ring-like. The high-enetg$/
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Figure 3. Schematic potential energy surface of singlet,8i#iC,N] at the G3//B3LYP/6-31G(d) level.
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SCHEME 2 be useful for future experimental characterization or astrophysi-
" H cal detectlpn. . '
B /‘I H /’I B/ \ 3._2.2. Kinetically Met_astable Isomershree new isomers
0 H>SICNH 15 (45.7), BSINCH 17 (45.2), andc-SiH,CNH 24
‘ ) H / | (61.0) are found to be kinetically metastable. Their respective
H)\l 8i) /C Siy C——=N, \N—>Si/ least conversion barriers are 128 21), 10.6 (L7 — 25),
H and 11.6 24— 15) kcal/mol. Isomerd5and17 are adducts of
2 2 the type HXY— SiH, (XY =CN or NC) between silylene SiH
23 25 and HNC/HCN via an intermolecular donor (N- or C-lone

] . . ) . . pair)—acceptor (Si-vacant orbital) interaction. Thus, the newly
8* is an anti-Hammond transition state with SINC almost linear t5rmed Y—Si bond is as long as 1.8346 A fé6 and 1.9146 A
(OSINC = 173.49), confirmed by IRC calculations. Thes for 17, which is close to and much longer than the Si single
structural parameters are closer to those of the low-lying isomer ponq. respectively. The three-membered-ring iso2deontains
3 rather than the high-lying. Interestingly, the three isomers  the carbene and silylene characters, respectively. It contains the
H2NCSiH 10, HoNCHSi 11, and BN—c-CHSi 12 lie not only intramolecular donoracceptor interaction between the N-lone
energetically very close (within 1.5 kcal/mol) but also can be pair and the vacant orbital of carbene or silylene.
converted to each other very easily (the barrier is within 1 kcal/ 3.2 3. Kinetically Unstable Isomer§he remaining eight
mol). Moreover, they can easily rearrange to the cyclic isomer jsomers are ENSIC 6 (121.1), HCNHSI 7 (68.1), HNSIHC
c-NH,SICH 23 with the highest barrier of 4.3 kcal/moll — 14(112.9), HSICHN 16 (66.1), HSINHC 18(72.4), HCNHSIH
23). However, despite the easy interconversions among them,19(69.4), HCSIHNH20 (100.2), and HNCHSIk21 (55.9). Their
the four isomerd0, 11, 12, and23 are subject to high barriers  respective least conversion barriers are very small at@-8 (
toward isomerization to other isomers. The lowest-energy 23), —2.3 (7 — 22), 1.0 (14 — 13), 0.2 (16 — SiH, + HCN),
transition state related to them ts13/23(83.6), with which 3.8 (18— SiH, + HNC), 5.2 (19— 18), —2.4 20— 26), and
the kinetic stabilities ofL0, 11, 12, and23 are deduced to be 2.3 (21— 15) kcal/mol. They could be considered as kinetically

27.1, 28.6, 28.6, and 34.0 kcal/mol, respectively. The four unstable. Note that the negative values are a result of the single-
species can coexist as floppy isomers. The kinetic stabilities of point calculations at a different level, indicative of zero or very
the forms22, 25, and 26 are as high as 36.8, 21.0, and 18.1 small conversion barriers.

kcal/mol, respectively. The harmonic vibrational frequencies, 3.3. Experimental and Astrophysical Implications.In all,
dipole moments, and rotational constants given in Table 1 caneleven new [H,Si,C,N] isomers are predicted to have very high
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isomers HSICNH 15, H,SINCH 17, and c-SiH,CNH 24 are
predicted with lower conversion barriers of-113 kcal/mol.
2. These 14 new species provide good examples of those

kinetic stability of more than 20 kcal/mol. They contain SIEN
(5, 10, 11, 12), SINC— (8), CSiN— (9, 13), andc-SiCN-ring
(22, 23, 25, 26) skeletons. They are expected to exist under
various conditions. The successful generation of isories containing the stable silylene,=C triple-bonded, intra- or

3, and possibly4 gives strong support to the potential intermolecular donoeracceptor bonding, and cumulenic Si-
characterization of these new isomers when suitable precursorsonding features. These interesting properties may hold for other
are selected. Using the St HCN reaction, Maier et al. larger hydrogenated Si,C,N-containing species. In view of the
generated and characterized the simplest hydrogenated [H,Si,C,Npotential importance in Si,C,N-based film coatings and inter-
isomers (i.e., HCNSIi¢-SiINCH, HSINC, and HSICN with the  stellar space, the calculated spectroscopic properties should be
relative energies 22.3, 6.8, 3.2, and 0.0 kcal/mol at the BLYP/ helpful for future identification of these [5i,C,N] isomers in

6-311G(d,p) levely.Using the gas mixtures of SiHwvith C,N,

or HGN, Sanz et. al. successfully obtained microwave spec-
troscopy of HSICN and HSIN€It is reasonable to expect that
the reactions Si+ H,CNH, SiC+ NHs, and SiBh + HCN can
produce various [5Si,C,N] isomers, including the metastable
species. The initially formed kinetically stable isomers could
be21(Si+ H,CNH—7—21), 5,10, 11, 12, 23, and13[SiC

+ NH3; — 5—(10,11,12,23) — 13], and 25 (SiH, + HCN —

both the laboratory and interstellar space.
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