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Reactions of silicon atoms with NO molecules in solid argon have been studied using matrix isolation infrared
absorption spectroscopy. The reaction products were identified via isotopic substitdeHO ( 14N1€0,

and mixtures) and comparison with density functional calculations of isotopic frequencies. Three different
SiNO isomers: SiNO, NSIO, and Siy>-NO were identified. The Si(N@)and SiNSIiO molecules also were
formed on annealing. The SINO, Si(NQ#&nd NSiO molecules decomposed to form the SiO and Si@es

and the NNSi@ van der Waals complex upon broad band irradiation.

Introduction (NO),, and NSIO to SiO, Sig) and the NN-SiO, van der Waals

. . L . complex are also observed.
The interaction of metal centers with nitric oxide molecules

is of great interest in a wide variety of areas, including surface
science, catalytic chemistry, and environmental science. The
reaction of silicon with NO is of particular interest in semi- The experiment for pulsed laser ablation and matrix isolation
conductor construction. Ultrathin silicon oxynitride films are infrared spectroscopy is similar to those used previotfsly.
increasingly used as gate dielectric materd&l©ne important Briefly, the Nd:YAG laser fundamental (1064 nm, 10 Hz
way to obtain silicon oxynitride films is the rapid thermal repetition rate with 10 ns pulse width) was focused on the
oxidation of silicon or silicon oxide in a NO ambiefit® The rotating silicon target. The laser-ablated silicon atoms were
interactions of NO with silicon atoms, clusters, and surfaces codeposited with NO in excess argon onto a Csl window cooled
are important in understanding the thermal silicon oxynitridation normally © 7 K by means of a closed-cycle helium refrigerator.
mechanism. Considerable attention has been focused on thélThe matrix gas deposition rate was typically2 mmol per
adsorption and reaction of NO on silicon surfa€esbut much hour. Nitric oxide (Matheson)>N60 (MSD isotopes, 99%),
less is known about the reactions of silicon atoms and clustersand“N80 (Isotec, 99%) were condensed, and the most volatile
with NO molecules, which are important in elucidating and fraction was used to prepare the NO/Ar samples. In general,
modeling the surface reactions. Studies in the gas phase showethe matrix samples were deposited forZ h. After sample
that NO reacted readily with all sizes of silicon clust&tSis- deposition, IR spectra were recorded on a BIO-RAD FTS-6000e
NO™ and SiNO™ cluster isomers, which are possible candidates spectrometer at 0.5 crh resolution using a liquid-nitrogen-
of Sis* + NO reaction products and/or intermediates, have been cooled HgCdTe (MCT) detector for the spectral range of 5000
theoretically studied! Two distinguishable groups of isomers, 400 cnTl. Samples were annealed at different temperatures and
NO bond-broken and molecular-adsorbed isomers were foundsubjected to broad band irradiation¥ 250 nm) using a high-
on the potential energy surfaces. The NO bond-broken type is pressure mercury arc lamp (Ushio, 100 W).
thermodynamically more stable than the molecular-adsorbed Quantum chemical calculations were performed to predict
type. The silicon nitrosyl SINO and its isomers NSiO and SiON the structures and vibrational frequencies of the observed
have been the subject of previous theoretical investigatidt’s.  reaction products using the Gaussian 98 progizfine Becke'’s
All of the three isomers were predicted to have a linear three parameter hybrid functional with the Leéang—Parr
conformation with a?I1 ground state. Their geometries and correlation corrections (B3LYP) was us&dt’ The 6-314-G-
vibrational frequencies have been estimated. However, no(d) basis set was used for the Si, N, and O atéh@eometries
experimental results have been published on the silicon nitrosyl were fully optimized and vibrational frequencies calculated with
and its isomers. analytical second derivatives.

In this paper, we report a detailed study of the reactions of
silicon atoms with NO in solid argon. The reaction products Results and Discussions
are identified via isotopic substitutions as well as density

functional calculations. We will show that three structural  !nfrared Spectra. Series of experiments have been done
isomers of SINO, and the SiNSIO and Si(N®jolecules, are using different NO concentrations (ranging from 0.025 to 0.2%

formed and identified. Photoinduced dissociation of SiNO, Si- In argon) and different laser energies (ranging from 5 to 20 mJ/
pulse). The infrared spectra in the 165850 cnT? region, which

« E-mail: mfzhou@fudan.edu.cn (Zhow), q.xu@aist.go jp (Xu). cgntams at least one apsorptlon of each product from codepo-
t Fudan University. sition of laser-ablated silicon atoms and 0.05% NO in argon,
* National Institute of Advanced Industrial Science and Technology.  are shown in Figure 1, and the product absorptions are listed in
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Figure 1. Infrared spectra in the 16550 cnt! region from
codeposition of laser-ablated silicon atoms and 0.05% NO in argon.
(a) After 1 h of sample deposition at 7 K, (b) after annealing to 25 K,
(c) after annealing to 30 K, and (d) after 20 min of broad-band
irradiation.
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TABLE 1: Infrared Absorptions (cm ~1) from the Reactions
of Silicon Atoms with NO in Solid Argon

N0 15N160O N8O assignment
1825.6 1793.3 1778.7 XBNO),
1662.6 1631.8 1627.9 BNO),
1548.7 1522.8 1518.3 SiINO
1504.6 1479.5 1463.6 BNO),
1492.0 1464.9 1451.6 Si(N®)
1427.7 1427.7 1390.6 NNS}O
1417.2 1417.2 1380.5 Sio
1340.9 1307.8 1340.3 SINSIO
1283.8 1280.1 1254.7 NSiO
1225.3 1225.3 1181.4 SiOo
1142.8 1141.4 1107.2 SiNSIO
992.1 979.7 969.1 Sin?-NO
755.4 751.0 740.1 SiNO
710.6 699.5 701.3 Sin?-NO
580.3 578.4 577.4 SiNSIO

Table 1. Bands due to NO, (N@)and other common nitric
oxide species including #0, (NO)*, and (NO)~ were also
observed® 20 and are not listed in Table 1. The stepwise
annealing and photolysis behavior of the new product absorp-
tions are also shown in the figure and will be discussed below.

Different isotopic nitric oxides1°N160, 1“N180, and“N6O
+ 15N160, and“N60O + 1“N180 mixtures were employed for
product identification through isotopic shifts and splittings. The
isotopic counterparts are also listed in Table 1. The mixed
14N160 + 15N160 spectra in the 16001250 cnt?! frequency
region are shown in Figure 2,, and the miXéN0 + 14N180
spectra in the 16001320 cnr! frequency region are illustrated
in Figure 3. Figures 46 show the spectra in the 116060,
770-730, and 596-570 cn1 regions for different isotopic NO
samples after 30 K annealing.

Calculation Results. Quantum chemical calculations were
performed on the potential product molecules. Four different
geometric SiNO isomers were calculated, namely, nitrosyl SiNO,
isonitrosyl SiON, side-bonded Si2-NO and inserted NSiO
molecules. The optimized structures and relative stability are
shown in Figure 7. The vibrational frequencies and intensities
are listed in Table 2. All of the four SINO isomers were
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Figure 2. Infrared spectra in the 166250 cnT! region from
codeposition of laser-ablated silicon atoms and 0.63¢%0 + 0.03%
N0 in argon. (a) Afte 1 h of sample deposition at 7 K, (b) after
annealing to 25 K, (c) after annealing to 30 K, and (d) after 20 min of
broad-band irradiation.

0.12 - Sio,
3 SiNSiO
< iNSi
= 0.08- r\‘ NNSIO,
(X}
c
8 (c)
S
o
7]
=)
<
0.04
(b)
H,0
i (a)
0.00 T S -
1600 1520 1440 1360

Wavenumber (cm™)

Figure 3. Infrared spectra in the 1660320 cnT! region from
codeposition of laser-ablated silicon atoms and 0.63%fO + 0.03%
N80 in argon. (a) Afte 1 h of sample deposition at 7 K, (b) after
annealing to 25 K, (c) after annealing to 30 K, and (d) after 20 min of
broad band irradiation.

with a linear structure. The side-bonded-%?-NO molecule
was calculated to have?A'"" ground state. The SiNO nitrosyl
is the global minimum, and the Si?-NO, NSIiO, and SiON
isomers are 7.1, 9.2, and 41.8 kcal/mol higher in energy.

Similar calculations were also performed fosM8D, Si(NOY),
and NNSiQ molecules. Two distinguishable groups of isomers,
NO bond-broken and molecular-adsorbed isomers wigN@Si
formulas were computed. For NO molecular-adsorbed isomers,
the most stable structure was predicted to have a semibridge-
bonded structure with two inequivalentS\ bonds (1.733 and
1.881 A). A number of NO bond-broken isomers, including
SINSIO, NSIiSiO, SiOSiN, and cyclic-gi-N)(«-O) were also
calculated. The most stable structure is a heans SINSIO
structure, which was predicted to be more stable than the
semibridge-bonded SNO by about 12.2 kcal/mol. We have
optimized singlet, triplet, and quintet spin states for Si(NO)

predicted to be stable relative to the ground state Si atom andwith a bentC,, symmetry. The most stable structure was found
NO molecule, and all have a doublet ground state. In agreementto be a3B; state. The optimized structures forlSO, SiNSIO,

with the previous theoretical calculatio#s!3the SiNO, NSiO,
and SiON molecules were predicted to havilaground state

Si(NO), and NNSIQ are shown in Figure 8, and the vibrational
frequencies and intensities are listed in Table 2. Table 3 provides
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Figure 4. Infrared spectra in the 116®60 cnt! region from

codeposition of laser-ablated silicon atoms and NO in excess argon.
Spectra were taken after 30 K annealing. (a) 0.049%°0, (b) 0.03%
14N160 + 0.03%N?60, (c) 0.05%'°N*€O, (d) 0.03%N*O + 0.03%
N0, and (e) 0.05%“N*O.
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Figure 5. Infrared spectra in the 770730 cnt! region from

codeposition of laser-ablated silicon atoms and NO in excess argon.
Spectra were taken after 30 K annealing. (a) 0.04%°0, (b) 0.03%
14N16O + 0.03%*°N0O, (c) 0.05%'N*€0O, (d) 0.03%N*0O +0.03%
14N80, and (e) 0.05%8*NO.

a comparison of observed and calculated isotopic frequency
ratios for the observed product absorptions.
SiNO. As shown in Figure 1, the 1548.7 cthabsorption

appeared on 25 K annealing, increased on 30 K annealing, but
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Figure 6. Infrared spectra in the 59670 cnt! region from

codeposition of laser-ablated silicon atoms and NO in excess argon.
Spectra were taken after 30 K annealing. (a) 0.04%°0, (b) 0.03%
14N160 + 0.03%*°N€O, (c) 0.05%'N*€O, (d) 0.03%N*0O +0.03%
N0, and (e) 0.05%“N*O.
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Figure 7. Optimized structures (bond lengths in A) and relative stability
(values in parentheses, in kcal/mol) of the SiNO isomers.

TABLE 2: Calculated Vibrational Frequencies (cm™1) and
Intensities (km/mol) for the Product Species

molecule frequency (intensity, mode)
SINO (@) 1589.1 (316¢), 777.0 (380), 320.7 (2177
NSIO (L) 1307.3 (42p), 877.6 (2,0), 206.2 (12971)
Si—7%-NO (A") 1030.4 (55, §, 722.9 (27, 9, 563.4 (5, §
SiON (1) 1151.7 (241p), 730.2 (250), 302.5 (9,7)
SiNSIO PA") 1343.4 (380, 3, 1137.6 (27,3, 561.4 (38, 9,
333.1(34, 9, 168.7 (7, 4), 126.6 (3, §
Si(NO). (°By) 1745.3 (162, 9, 1618.5 (1272, 4), 617.4 (25, 9,
478.2 (49, b), 475.7 (0, @), 369.3 (1, @,
323.4 (4, h), 162.3 (1, @), 156.7 (0, )
NNSIO; (*A1) 2451.4 (3, g), 1443.9 (116, §), 991.4 (1, &),

287.1 (82, ), 284.2 (142, 9, 133.0 (0, b),
78.0 (1, h), 54.7 (6, @), 29.7 (0, b)

greatly decreased on broad band irradiation. This band shiftedhigher than the experimental values. As listed in Table 3, the

to 1522.8 cm? with 15N160 and to 1518.3 crrt with 14N180.
The isotopicN/5N ratio of 1.0170 and®0/80 ratio of 1.0200
suggest that this band is due to the-® stretching mode of a
nitrosyl species. In the mixeN160O + 15N160 and“NO +
14N180 experiments (Figures 2 and 3), only the pure isotopic
counterparts were observed, which indicate that only one NO
subunit is involved in this mode, and thus the 1548.7 tband
is assigned to the SINO molecule. A weak band at 755.4'cm
tracked with the 1548.7 cm band. This band shifted to 751.0
and 740.1 cm?, respectively, with the!>N160 and “N€O
samples, giving the isotopit¥N/*N ratio of 1.0059 and®O/
180 ratio of 1.0207. This band is assigned to the Sistretching
mode of SiNO.

The SINO assignment is supported by DFT calculations. The
N—O and SN stretching modes of ground state SINO were
computed at 1589.1 and 777.0 chwhich are 2.5 and 2.8%

calculated isotopic frequency ratios for both modes are very
close to the observed values. The bending mode of SINO was
predicted at 320.7 cm, which is out of the detection range of
our spectrometer.

The 2IT ground-state SINO molecule was predicted to have
Si—N and N-O bond lengths of 1.629 and 1.210 A. The-Si
bond length is shorter than that of -S\ single bonded
aminosilylene HSiNH (1.725 A) and is close to that of SN
double-bonded SINH (1.603 A) calculated at the same le¥el,
which suggests that the -SN bond in SiNO can be regarded
as a double bond. The-ND bond length of 1.210 A is of the
order of a N-O double bond. The bond lengths of NO and
NO~ were predicted to be 1.148 and 1.264 A, respectively.

Si—7%-NO. The band at 992.1 cm appeared on 25 K
annealing, markedly increased on 30 K annealing, and slightly
decreased on broad band irradiation. This band shifted to 979.7
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(o] NSIO. The band at 1283.8 cm appeared and increased on
/1,240 annealing, but disappeared on broad band irradiation. This band
0 185.0 A\ 1246 showed very small nitrogen isotopic shift (3.7 chiwith the
1.586 1263 /1 547 1733 %81 15N160 sample, but shifted to 1254.7 ctawith the 14N180
Si— NS . . sample. The isotopit®0O/180 ratio of 1.0232 and*N/*N ratio
748" S'Ws' of 1.0029 imply that the 1283.8 cthband is mainly due to a
Si—O stretching mode, but is coupled by N atom(s). In the
SiNSiO, 2A" Si,NO, %A’ mixed 14N160 + 15N160 and“N160 + N80 experiments, only
the pure isotopic counterparts were presented, indicating that
N only one N atom and one O atom are involved in this mode.
Si | 1.095 Accordingly, a NSiO molecule is suggested.
/ \.804 2048 DFT calculations confirmed this assignment and predicted a
136./66l N_ 1 186 1517 °IT ground state for the linear NSiO molecule, which lies 9.2
2408 N of\s‘,i}'\o kcal/mol higher in energy than the linear SiNO isomer. The
o o 176.2 NSiO molecule has three vibrational fundamentals:-Giand
Si—N stretching and bending vibrations, which were calculated
Si(NO),, °B, NNSIO,, 'A4 at 1307.3, 877.6, and 206.2 ciwith 42, 2, and 129 km/mol
Figure 8. Optimized structures (bond lengths in A, bond angles in IR intensities. The calculated-SO stretching frequency is only
degrees) of the O, SINSIO, Si(NO), and NNSiQ molecules. 1.8% higher than the observed value. ThelSistretching mode

was predicted to have very low IR intensity and was not
observed in the experiments. The bending mode has large IR
intensity, but the frequency is out of the detection range of our

TABLE 3: Comparison of the Observed and Calculated
Isotopic Frequency Ratios of the Reaction Products

1NN 1050 SRS
spectrometer. The calculated isotopic ratios for the observed
molecule mode obsd caled obsd caled mode are in excellent agreement with the experimental ratios
SiNO N—O str. 1.0170 1.0217 1.0200 1.0199 (Table 3). Itis interesting to note that the isotofi©/180 ratio
_ Si—N str. 1.0059 1.0044 1.0207 1.0226 of the Si-O stretching mode is much smaller than the diatomic
NSIO SO str. 1.0029 1.0029 1.0232 1.0234  gjQ ratio (1.0372) and is close to the ratio of the antisymmetric
Sir-NO) - N—O st Tl 1omey Tont ToE; si—O stretching mode of Sif(1.0266). The SiO and Si-N
SiNSIO Si—N str. 1.0253 1.0261 1.0004 1.0003 Stretching modes in NSiO are strongly coupled, and, therefore,
Si—O str. 1.0012 1.0008 1.0322 1.0354 are better described as the antisymmetric and symmetric
bending 1.0033 1.0020 1.0050 1.0045 stretching vibrations.

Si(NO), N—O asym-str. 1.0185 1.0173 1.0278 1.0285 . . .
NNSIO, Si0,asym-str.  1.0000 1.0000 1.0267 1.0270 The Si-N and Si~O bond lengths of the ground state NSiO

molecule were predicted to be 1.646 and 1.522 A. Both bonds
cm-twith 1N%0 and to 969.1 cmt with 1N80. The isotopic  can be regarded as double bonds. The spin density is mainly
frequency ratios%N/*N: 1.0127 and'®0/80: 1.0237) are  |ocated on the N atom, and, therefore, doublet NSiO is a linear
slightly lower than those of diatomic NO, but still indicate a ynivalent radical. The Lewis structure can be drawrnNs
N—O stretching mode. Doublets were observed in the mixed sj=0, which satisfies the valence of silicon.
YN0 + 1SN0 and MNTO + N0 experiments (Figure SINSIO. Absorptions at 1340.9, 1142.8, and 580.3m

4), and another SiNO isomer should be considered. The bandappeared together on annealing. These absorptions are favored

position 'f :coo IOV,‘:j fobr adt((ajrmlni%-éb;t?de? nirosyl but iS5 1oy NO concentration and high laser power experiments,
appropriate for a side-bonded spe nerefore, we assign suggesting the involvement of more than one silicon atom. The

1 i I -
the 992.1 cm? band to the N-O stretching mode of the side 1340.9 cm? band showed very small shift witHNO (0.6

s
gﬁg\?vzz ?;g s’\;(r)ng] glr?r(l:g;?i.ng \ger:()j/ v;ﬁilt(o?yiri]sd Etaziefgrczmd iscmil) but shifted to 1307.8 cmt with ™N™00. The *N/*N
assigned to the SiN stretching mode of S2-NO. Thel®N160 isotopic frequency ratio of 1.0253 implies that this band is

and N80 counterparts of this mode were observed at 699.5 mfa(;f"y du.e to.a StN str:atclhlngdwbrsnon (The harmonic ratloh
and 701.3 cmt, of diatomic SiN was calculated to be 1.0230). In contrast, the

1 i i 15N|1
The N-O and SN stretching modes of th#A" ground- 1142.8 cn! band shifted to 1141.4 cm with 15N%0 and to

. : 1107.2 cnt with 1“N180, which define a smaf*N/15N ratio
state St72-NO molecule were predicted at 1030.4 and 722.9 J . )
"y wk?ich are 3.7 and 1.7%phigher than the experimental (1.0012) and a larg&0/'80 ratio (1.0322). These ratios show

: : . . that the 1142.8 cml band is mostly S+O stretching in
values. As listed in Table 3, the calculated isotopic frequency =~ " :
ratios for both modes are in quite good agreement with the vibrational character. The 580.3 ciband shifted to 578.4

observed values. The SO stretching mode was predicted at cm-* W',th lSNleo_and to 577,'4 lelw'th 1‘:2”?0 and 'idLie to
563.4 cnt! with much lower IR intensity (5 km/mol versus 55 & kl’f”f'”g vibration. The mixetN'%0 + N0 and N0
and 27 km/mol for the NO and Si-N stretching modes). This T N %0 isotopic spectra (Figures 2, 4, and 6) each reveal only
mode was too weak to be observed in the experiments. two isotopic band_s and cle_arly indicate that only one N and
The side-bonded Siy?-NO molecule is the second stable ©né O atom are involved in these modes. Analogous to the
isomer; it lies only about 7.1 kcal/mol higher in energy than BNBO molecul€?* these three absorptions are assigned to the
the linear SINO molecule. The-NO bond length was predicted ~ Si—N and Si-O stretching vibrations, and to the bending
to be 1.425 A, which is only slightly shorter than that of a typical Vibrations of the SiNSiO molecule.
N—O single bond (1.44 A3 suggesting that the NO bond in The calculated frequencies at the optimized geometry of
Si—?-NO is a single bond. The SN and SO bond lengths SINSIO provide excellent support for the assignment. The three
were predicted to be 1.763 and 1.727 A, both exhibiting single experimentally observed modes were predicted at 1343.4, 1137.6
bond character. and 561.4 cm?, which are 2.5-5.2, and—18.9 cnt! from
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the observed values. The isotopic frequency shifts were alsoabsorptions exhibited isotopic frequency shifts for the NO
predicted correctly (Table 3). stretching vibrations. These absorptions cannot be identified and
The observed SiN stretching frequency (1340.9 ci) is are simply labeled “${NO)," in Table 1.
significantly higher than that of SINO and is even higher than ~ Reaction Mechanisms.Three structural isomers of SiNO
those of SiN (1144 cm),25 HSIN (1163 cnm?),26 and SiNH were observed in the experiments. The SiNO and#&iNO
(1202 cnm1).27 The Si-O stretching frequency (1142.8 ci) absorptions increased on annealing, suggesting that the addition
is ca. 82.5 cm? lower than that of SiO in solid argon. Unlike ~ reactions 1 and 2 proceed with little or no activation energy.
the linear BNBO molecule, the ground state of SiNSIO was Although the side-bonded structure is 7.1 kcal/mol less stable
predicted to have a bent structure with the SiNSi and NSiO than the linear SINO isomer, both structures are stable with
bond angles of 174.8 and 126.5The terminal Si-N bond respect to the ground state reactants:+SNO. The energy
length of 1.586 A is shorter than those of SINO and NSiO and barrier from the side-bonded structure to the linear structure
is close to those of SiNH (1.559 A) and HSIN (1.565 A) with Wwas predicted to be 25.3 kcal/mol. Both the end-on and side-
a typical Si-N triple bond?! The population analysis shows bonded addition products were formed in a number of transition
that the spin is predominately on the O-linked Si atom, and Metal atom and NO reactions in solid mat#x.
doublet SINSIO can also be regarded as a univalent radical.
The valence bond structure can be drawn asNs+Si=0. Si+NO—SINO (1)

Si(NO),. An absorption at 1492.0 cm appeared on 25 K
annealing, greatly increased on subsequent 30 K annealing, and

disappeared on broad band irradiation. The band is favored in

. : : : The NSIO insertion molecule was also observed to grow on
high NO concentration experiments. It shifted to 1464.9&m . . X .
wi%h 15N160 and to 1451_2 crmt with N0, The isotopic annealing. Since both the SINO and-%?-NO isomers were

: 15N(- 1 . o observed to increase on annealing, the silicon atom insertion to
that s bhnd s e (o & AD sretching mode. This band oM NSIO requires actvaron energy. The growth of NSIO on
formed a triplet at 1492.0, 1476.1, and 1464.9-&mith the ~ 2nnealing is probably due to diffusion and reaction of N or O
mixed 14N60 + 15N160 sa;nple (Fig’;ure 2). Similar triplets at atom_s. Some of t_he NO molecules dlssoc_lated. during the
1492.0, 1468.4, and 1451.6 chwere produced with the mixed ablatlon/cpndensatlon process. ThgONabsorptions |lncrea'15ed
14N160 + 14N180’ sample (Figure 3). The mixed isotopic spectra on annealing p_resumably because of N atom r_eact|on_ with NO.
clearly indicate that two equivalent NO subunits are involved g:tohO:l?shorr]&;\gdv?/ggecﬁez‘asrI?%%Z;?\r/g:je;%Ln:f:mn;igsé’:b\g;ﬁgn
Itg :EIeS g?&%;ﬁbg;i:gore’ we assign the 1492.0"ttrand and decreased on annealing. We note that the NSiO absorption

. . increased more on annealing after broad band irradiation, during
The Si(NO) molecule was predicted to have’®, ground —ich the SiNO absorptions were almost destroyed to produce
state with a bent structure. The antisymmetric NO stretching

. : . strong SiO absorption. Although SiNO is more stable than NSiO,
mode was computed at 1618.5 chwith the isotopic frequency the N atom prefers to interact with SiO at the Si side to form

ratios in good agreement with the observed values (Table 3). Ngjo. The SION isomer was not observed in the present
The symmetric NO stretching mode was predicted at 1745.3 o, oriments. This isomer was predicted to lie 41.8 kcal/mol

AR . . . .
cm %, with much lower intensity (about 13% of the intensity higher in energy than the most stable SiNO isomer. The ground

Of the antisymmetric stretching mode). T.PB2 ground-stat.e state SION molecule was predicted to have a strorgNO
Si(NO), molecule can be regarded as bonding between a Si atomstretching vibration at 1151.7 crh

and a (NO) dimer. The molecule was predicted to have a very

acute NS'N pond angle (83 The N_N bond distance of This molecule may be formed either via Si and NSiO addition

2.408 Ais slightly longer than that in cis-(N&Y reaction 3 or via silicon dimer and NO reaction 4. The SiNSIO
NNSIO,. Absorptions at 1417.2 and 1427.7 chwere molecule was predicted to be 12.2 kcal/mol more stable than

observed on broad band irradiation during which the S|(;_NO) the SkNO isomer. The SNO isomer was not observed in the

absorptions disappeared. Both bands exhibited no nitrogenexperimentS, which Suggests that B]ay direcﬂy react with
isotopic shifts with'5N1€O, but shifted to 1390.6 and 1380.5 NO to form SiNSIO.

cm~1 with a N80 sample. When a 1:1 mixture &iNO +

Si+ NO— Si-*NO 2)

The absorptions due to SiNSIO also increased on annealing.

14N180 was used, both bands split into triplets with intensity Si + NSiO— SINSIO 3)
ratios of approximately 1:2:1, indicating that two equivalent O . o
atoms are involved. The isotop#€O/*80 ratios (1.0267 and Si, + NO— SiNSiO 4

1.0266) indicate that both bands are due to antisymmetrig SiO

stretching vibrations. According to the previous studies, the  The absorption due to the Si(N©Onolecule increased on
1417.2 cm! band is due to the antisymmetric stretching mode annealing. This molecule is most probably formed via the
of linear SiQ in solid argor?®3*9The 1427.7 cm! band is about  reaction of a Si atom and (N@)eaction 5, which was predicted
10.5 cnt blue shifted from that of Si@and is assigned to the  to be exothermic. The Si(N@gbsorption decreased on broad
NNSIO, complex. Present B3LYP calculations on NNSIO  band irradiation, during which the Si@nd NNSIQ absorptions

predicted a van der Waals complex with a T-shayigd appeared. This observation suggests that SigN@ylerwent
structure. The SiN distance was predicted to be 2.948 A. The photoinduced isomerization or dissociation to NNSID SiOy,
antisymmetric SiQ stretching frequency of NNSgOwas as shown in reaction 6. The NNSi®@an der Waals complex
calculated to be slightly shifted from that of SIO was predicted to be 124.5 kcal/mol lower in energy than the

Other Absorptions. Absorptions at 1826.5, 1662.6, and Si(NO), isomer.
1504.6 cm! appeared on annealing, disappeared upon broad
band irradiation, and increased on later annealing. These Si+ (NO), — Si(NO), (5)
absorptions are favored in high NO concentration experiments, ) ) )
suggesting the involvement of more than one NO. All of these Si(NO), + hv — NNSIO, or SiG, + N, (6)
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Besides the Si(NQ) absorptions, the SINO and NSIO

Zhou et al.

(10) Elkind, J. L.; Alfold, J. M.; Weiss, F. D.; Laaksonen, R. T.; Smalley,

absorptions also disappeared or decreased on broad bané- E-J. Chem. Physl987 87, 2397.

irradiation, during which the SiO absorption greatly increased.

It appears that SINO and NSIO underwent Y¥sible light
induced dissociation to form SiO. However, the SiNSIO

absorptions kept almost unchanged upon irradiation, which

suggests that the SINSIO molecule is stable under-gible
irradiation.

Conclusions

(11) Wang, W. N.; Tang, H. R.; Fan, K. N.; lwata, Shem. Phys. Lett
1999 310, 313. Wang, W. N.; Fan, K. N.; lwata, £hem. Phys. Lett.
1997 273 337.

(12) Fan, K.; lwata, SChem. Phys. Lett1992 189 401.

(13) Puzzarini, C.; Tarroni, R.; Palmieri, P.; CartesJSChem. Soc.,
Faraday Trans 1996 92, 4361.

(14) Chen, M. H.; Wang, X. F.; Zhang, L. N.; Yu, M.; Qin, Q. Zhem.
Phys 1999 242 81. Zhou, M. F.; Tsumori, N.; Andrews, L.; Xu, Q.
Phys. Chem. 2003 107, 2458.

(15) Frisch, M. J.; Trucks, G. W.; Schlegel, H. B.; Scuseria, G. E.; Robb,

Reactions of silicon atoms with NO molecules in solid argon M- A Cheeseman, J. R.; Zakizewski, V. G.; Montgomery, J. A., Jr.;

have been studied using matrix isolation infrared absorption

Stratmann, R. E.; Burant, J. C.; Dapprich, S.; Millam, J. M.; Daniels, A.
D.; Kudin, K. N.; Strain, M. C.; Farkas, O.; Tomasi, J.; Barone, V.; Cossi,

spectroscopy. Absorptions due to SINO (1548.7 and 755.4 M.; Cammi, R.; Mennucci, B.; Pomelli, C.; Adamo, C.; Clifford, S.;

cm 1Y), Si—12-NO (992.1 and 710.6 cm), and NSiO (1283.8

cm~1) were observed and identified via isotopic substitutions o

(*5N160, 14N180, and mixtures) and density functional calcula-
tions. The SINO and Sin>NO molecules were formed by

addition reactions upon diffusion of ground state reagents in
solid argon. The NSiO insertion product was probably produced

via diffusion and reaction of N or O atoms. The Si(N@nd

SiNSIO molecules were also formed upon annealing. On broad

band irradiation, the SINO, Si(N@)and NSIO molecules
decomposed to form the SiO and Sifxides, as well as the
NNSIO, van der Waals complex.
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