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Abstract 

The rotational spectrum of the HSiO radical has been measured in the millimeler- and submillimeter-wave regions. The 
radical is produced in a d.c. glow discharge plasma of a gaseous mixture of Sill4 and N~O. Molecular constants including 
magnetic hyperfine interaction constants of the hydrogen nucleus are determined accurately from the observed frequencies of 
I 1 I a-type R-branch transitions. A portion of quadratic force constants are derived from the centrifugal distortion constants and 
the inertial defect, and they are used to determine the zero point average structure of HSiO: r,(Si-O) = 1.532N2) A and 
~,(HSiO) = 116.8(1) ° , where r,(Si-H) is assumed to be 1.5066 A. © 1997 Elsevier Science B.V. 

Kevwordw Microwave spectrum: HSiO radical; Structure 

1. Introduct ion 

Simple transient molecules containing the Si atom 
have attracted much attention in various fields of 

chemistry including structural chemistry, reaction 

dynamics, and interstellar chemistry. Particularly the 
SiH,,O (n = 1-4) molecules are thought to be inter- 
mediates in the oxidation process of Sill4, and play 
important roles in the chemical vapor deposition pro- 

cess using the SiHa discharge plasma. However, spec- 
troscopic studies of these species have been limited so 
far. The infrared spectra of HSiOH (hydroxysilylene) 
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and its isotopic species were detected in the Ar matrix 
by Ismail et al. [ 11. Later the HeSiO (silanone) isomer 
was also identified in the Ar matrix with infrared 

spectroscopy [2,31. Recently, the rotational spectrum 
of H2SiO was observed by Bailleux and his collabora- 

tors in the discharge plasma of a gaseous mixture of 
Sill4, O2, and Ar [4,5]. An ab initio calculation pre- 
dicts that HeSiO is the most stable isomer, although 
trans and cis HSiOH isomers are close in energy to 

H:SiO [6-91. 
On the other hand, only one spectroscopic study has 

been reported for HSiO and its geometrical isomer. 

Zee et al. observed the electron spin resonance (ESR) 
spectrum of HSiO trapped in the Ar and Ne matrices 

cooled at 4 K l l0]. The Fermi contact terms of the 
hydrogen and -~'~Si nuclei as well as the g factors were 
determined. They also reported probable identifica- 
tion of HOSi by the same method. Several ab initio 
calculations were reported for HSiO and HOSi. 
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Frenking and Schaefer Ili [111 obtained the structure, 
vibrational frequencies, and relative energies for 
HSiO and its geometrical isomers with the CI calcu- 
lations using the DZ + P basis set. According to their 
results, HOSi is the most stable isomer, and there exist 
two HSiO isomers, A and B, with HSiO angles of  
124.3 ° and 93.0 ° , respectively. The energy difference 
between the HOSi isomer and the HSiO isomer (A) is 
11 kcal tool <, and the energy barrier to inter- 
conversion is 26 kcal mol ~. Later, Xie and Schaefer 
III [12] reinvestigated these isomers with the higher 
level of theory, and found that only one energy 
minimum exists for the HSiO isomer at the HSiO 
angle of 120 ° . Then they estimated the energy of 
HSiO relative to HOSi to be 11.6 kcal tool -r. Bruna 
and Grein [13] also studied the energy difference 
between HSiO and HOSi as well as the electronic 
excited states of these isomers. Very recently, 
Yamaguchi et al. [14] carried out a high level calcu- 
lation on the S iOH-HSiO system, and concluded that 
the HSiO isomer is less stable than the HOSi isomer 
by 12.1 kcal mol -~. They also predicted that the acti- 
vation energy for interconversion from HSiO to HOSi 
is 24. I kcal mol -I. 

It is of great interest to study the geometrical struc- 
tures of these isomers and their relative stability in the 
gas phase in order to make a direct comparison with 
the above theoretical studies. Microwave spectro- 
scopy is a powerful technique for this purpose because 
of  its high sensitivity and high precision. In this paper, 
we report microwave spectroscopic detection of  the 
HSiO radical and determination of  its molecular 
structure. 

2. Experiment 

A source modulation microwave spectrometer 
combined with a 2-m glow discharge cell was used 
in the present study. An output from a frequency mul- 
tiplier driven by a millimeter-wave klystron was used 
as a microwave source in the frequency range from 
180 GHz to 400 GHz. Further details of the spectro- 
meter were described elsewhere [15]. 

The spectral lines of  HSiO were first found during 
the high sensitivity measurements of  H2CSi [16] in a 
d.c. glow discharge plasma of  a gaseous mixture of  
Sill4 and CO. When we were searching for the 

12~-113 line of H2CSi in the 385-GHz region, we 
found a pair of  paramagnetic lines near the H2CSi 
line. The separation of  the lines, which were thought 
to be a hyperfine structure of the hydrogen nucleus, is 
6 MHz. These lines were not observed by using a 
mixture of  CH4 and CO, or that of Sill4 and CH~. 
On the other hand, the lines were weakly observed 
in a discharge plasma of Sill4 and 02. From these 
facts, the molecule responsible for the observed lines 
was thought to have Si, O, and H atoms. The lines 
were observed as much stronger when we used a 
mixture of SiHa and N20. This improvement in pro- 
duction made it possible to search for other related 
paramagnetic lines in a wide frequency range. As a 
result, a number of paramagnetic lines were found in 
the 383-385 GHz region. These lines showed a typi- 
cal pattern for the a-type R-branch transitions of  a 
nearly prolate asymmetric top radical. A number of 
paramagnetic lines, which show a similar pattern, 
were also found in the 344-347 GHz region. Hence, 
the carrier of these lines is a fairly light molecule with 
B + C of  39 GHz. 

The most probable candidates for the molecule giv- 
ing the observed lines are HSiO and HOSi. To deter- 
mine which of these it is, preliminary rotational 
constants were derived from the observed frequen- 
cies; A = 312000 MHz, B = 19886 MHz, C = 
18 605 MHz. These correspond well to the rotational 
constants of HSiO calculated from the ab initio struc- 
ture [12]; A = 320400 MHz, B = 19 192 MHz, C = 
18 107 MHz. On the other hand, the rotational con- 
stant, A, of HOSi is expected to be 796600 MHz, 
which is much larger than the observed value. 
Furthermore the hyperfine splittings due to the hydro- 
gen nucleus are fairly large, suggesting that the 
unpaired electron is located on the nucleus adjacent 
to the hydrogen nucleus. From these results, we con- 
cluded that the observed lines are due to the HSiO 
radical in the 2A' electronic ground state. 

The optimum condition for production was 20 
mTorr of Sill4 and 6 mTorr of N20 with the discharge 
current of  about 20 mA. The cell was kept at - 150°C 
by slowly flowing liquid nitrogen in a copper jacket 
attached to the cell. Finally we measured the frequen- 
cies of  111 lines listed in Table 1. Each frequency was 
determined from five pairs of  forward and reverse 
frequency scans covering the line frequency. An 
example of  the observed spectrum is shown in Fig. I. 
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Table 1 

Observed and calculated transition frequencies of HSiO (MHz) 

52t.~ 

N&, K N i  I. k .1' J" V' F" u,m. At, 

5us 4o4 
5os 4o4 
5,~ 4,~ 

5o~ 4o4 

5 b 41, 
5~s 4~4 
51~ 414 

5 ~  4~4 

5H 4~ 
5~4 4 ~  
5~4 4~ 
5H 4~, 
6, ,  5,~ 

6o~, 5os 
61, 5>  

616 51~ 
6 . ,  5~> 
6~5 5~4 
6 ~  5~4 

6~s 5H 

615 5H 
6,~ 5~  
6>  524 

6 _'5 5 ~4 
6~4 5>  

6:4 52, 

6_,4 5-~ 
7,? 6,m 

7 ,)v 6o~, 

7~7 6.,, 
7<  6 >  

7,7 6,, 
7 >  6,~ 
7. ,  6h~ 
7m 6~, 

7 h, 6 I> 

7 >, 6 b 

7 2. 6 .'5 

7>  6_,, 

7 > 62 
7> 624 
72.~ 624 
72~ 624 
72, 624 
91i. 8ira 

9 o,~ 8 os 

9>  8,s 
9m 8>  

9/2 7/2 4 3 192386.839 
9/2 7/2 5 4 192374.264 

11/2 9/2 5 4 192358.354 

1 I/2 9/2 6 5 192345.793 

9/2 7/2 4 3 189383.843 

9/2 7/2 5 4 189333.380 

11/2 9/2 5 4 189161.396 

1112 9/2 6 5 189110.984 

9/2 7/2 4 3 195713.116 

9/2 7/2 5 4 195700.097 

11/2 9/2 5 4 195557.274 

11/2 9/2 6 5 195544.238 
I 1/2 9/2 5 4 230807.622 

11/2 9/2 6 5 230796.302 

13/2 11/2 7 6 230766.195 

I 1/2 9/2 ~ 4 227175.998 

1 I/2 9/2 6 5 227102.903 

13/2 I 1/2 6 5 227033.628 

13/2 11/2 7 6 226960.553 

11/2 9/2 5 4 234779.882 

11/2 9/2 6 5 234769.909 

13/2 I I/2 6 5 234683.426 

13/2 I I/2 7 6 234673.367 

1/2 9/2 5 4 231168.667 

112 9/2 6 5 231161.674 

3/2 11/2 7 6 230623.456 

1/2 9/2 5 4 231310.739 

I/2 9/2 6 5 231303.833 

3/2 11/2 7 6 230771.152 
3/2 I 1/2 6 5 269196.490 

3/2 I 1/2 "7 6 269187.()50 

5/2 13/2 7 6 269167.683 
5/2 13/2 8 7 269158.136 

3/2 11/2 6 5 2649743;38 

15/2 13/2 8 7 2647t)3.1 )07 

13/2 I I/2 6 5 273852.446 

13/2 11/2 7 6 273859.382 

15/2 13/2 7 6 2739265) 17 

15/2 13/2 8 7 273914.596 

13/2 11/2 6 5 269539.454 
13/2 I 1/2 7 6 269533.024 

15/2 13/2 7 6 269139.518 

15/2 13/2 8 7 269133.097 

13/2 I 1/2 6 5 269767.42 I 
13/2 I I/2 7 6 26976 I. 122 

15/2 13/2 7 6 269374.981 

15/2 13/2 8 7 269368.7(/2 
17/2 15/2 8 7 346088.325 

17/2 15/2 9 8 346025.860 

19/2 1712 9 8 345881.607 

19/2 17/2 10 9 345837.945 
17/2 15/2 8 7 340559.654 

17/2 15/2 9 8 340530.021 

0.006 

-0.0O5 

(LOI 3 
O.O24 

0.010 

O.O07 

0.007 
0.0()() 

-O.O05 

0.0()3 

O.O25 

O.027 

0.0O3 

().001 
-O.O(Jt) 
-O.0O4 

iLOII 

-0.020 
0.007 

-O.0O2 

0.008 

0.001 

o,O24 

0.002 

0.021 
O.O25 
0.020 
()j)O9 

0.0~t7 

().0~)4 
-O.0O5 

-O.OO2 

O.O23 
-0.017 

-/).( ) 15 
-O.I)l 
-(i.002 

-0.004 
O.005 
I).009 

0.O2O 
0.()20 

-(},(!2 I 
().015 

o.o()o 
I).012 

0.001 
I).0()6 
0.005 
0.O4 I 
O.020 
0.01)9 
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N K,., If N KII . K: J' J" F' U' v ,,6~ &u 

9 ~4 8 is 19/2 17/2 9 8 340442.774 

9 i,) 8 is 19/2 17/2 10 9 340413.096 

9 ~s 817 17/2 15/2 8 7 351980.555 

9 Is 817 17/2 15/2 9 8 351975.401 

918 8 iv 19/2 17/2 9 8 351950.785 

918 8 ~7 19/2 17/2 10 9 351945.943 

928 8:7 17/2 15/2 8 7 346337.410 

928 8,,7 17/2 15/2 9 8 346330.979 

928 827 19/2 17/2 9 8 346084.790 

92~ 8.,7 19/2 17/2 I 0 9 346078.338 

927 82~, 17/2 15/2 8 7 346827.173 

927 8 > 17/2 15/2 9 8 34682 I. 198 

9_,7 82~, 19/2 17/2 9 8 346586.779 

9 _'7 826 19/2 17/2 10 9 346580.791 

9 ~7 8 ~6 17/2 15/2 9 8 346508.689 

937 8 ~6 19/2 17/2 10 9 345980.307 

9 ~, 8 .~5 17/2 15/2 8 7 346515.412 

936 835 19/2 17/2 9 8 345987.273 

94 84 17/2 15/2 8 7 346535.105 

94 84 17/2 15/2 9 8 346532.822 

94 84 19/2 17/2 9 8 345615.342 

94 84 19/2 17/2 10 9 345613.051 

95 8 s 17/2 15/2 8 7 346590.802 

9~ 88 17/2 15/2 9 8 346588.857 

95 85 19/2 17/2 9 8 345161.872 

95 85 19/2 17/2 10 9 345159.885 

10mo 9o4 1912 17/2 9 8 384160.437 

100m 9o~ 19/2 17/2 10 9 384153.474 

l Oiml 909 2112 1912 1 I 10 384116.788 

10 i io 914 19/2 17/2 9 8 378337.313 
101m 914 19/2 17/2 10 9 378318.122 

101ul 914 21/2 19/2 I0 9 378219.873 

10 I Io 914 21/2 19/2 I I I 0 378200.648 

1019 9 Is 19/2 17/2 9 8 391027.225 

1014 918 19/2 17/2 10 9 391022.303 
10 ,j 918 21/2 19/2 10 9 390999.648 

1014 918 21/2 19/2 I 1 10 390994.786 

1024 928 19/2 17/2 9 8 384739.941 
I O> 928 19/2 17/2 10 9 384733.06 I 

1024 928 2 I/2 19/2 10 9 384529.583 
I 0 > 9_~8 21/2 19/2 1 I I 0 384522.714 

1028 927 19/2 17/2 9 8 385413.528 

1028 9.,7 19/2 17/2 I 0 9 385407.435 

I 028 927 21/2 19/2 10 9 385218.089 
I 0 > 927 21/2 19/2 1 I 10 385212.026 

I 0 ~8 927 19/2 17/2 10 9 384918.959 

1038 9 ~7 21/2 19/2 I 0 9 384490.079 
10 ~8 9 ~v 2112 1912 I I I 0 384487.166 

1037 9 ~, 19/2 17/2 9 8 384928.259 
10~7 936 19/2 17/2 10 9 384925.304 
10 ~7 9 ~6 21/2 19/2 10 9 384496.716 
I 0 ~7 9 ~, 21/2 19/2 I 1 I 0 384493.789 
104 94 19/2 17/2 9 8 384871.584 

I).023 

-0 .034 

0.005 

0.010 

0.000 

0.006 

-0.002 
0.008 

0.000 

-0 .016 

-0.008 

0.010 

-0 .006 
-I).038 

0.O57 

-0.014 

-0.077 
-I).053 

0.003 

-0.013 

0.018 
0.003 

I).036 

-0.012 

0.011 

-0 .009 

0.022 

0.007 

-0.028 

-0 .011  
- 0 . 0 1 3  

I).029 

-0.004 

0.020 

0.014 

-0.015 
-0 .017 

0.007 

-0.021 

0.002 

-0.017 

0.019 

0.009 
0.024 

0.007 

0.074 

0.049 
0.041 

-0.005 
-0.043 

-0.023 
-0.048 

0.043 
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Table I Continued 

N K . K N~'I;. I< J' J" F' U' u ,~h, Au 

10a 9 ~ 19/2 17/2 10 9 384869.488 0.020 
10 • % 19/2 17/2 9 8 384837.080 0.004 
10, 9• 19/2 17/2 10 ~,~ 384835.376 -0.034 
10 ~ t) s 21/2 19/2 10 9 383687.174 0.027 
I0~ 9, 21/2 1912 II 10 383685.421 -0.029 

3. Analysis 

The observed transition frequencies were analyzed by 
using a standard Hamiltonian for an asymmetric top 
radical including magnetic hyperfine interactions [ 17 ], 

H = H~,,~ + H,. d + H ~  + Hs,.cd + Hhf ( 1 ) 

where H,.o, represents the rotational Hamiltonian, H~d 
the centrifugal distortion terms, H~ the spin rotation 
interaction terms, H~d the centrifugal distortion cor- 
rection for H~F, and Hh~ the hyperfine interaction terms 
of the hydrogen nucleus. Since the hydrogen nucleus 
has a nuclear spin of I = I/2, the following coupling 
scheme of the angular momenta was employed;  
J = N + S and F = J + I ,  where N and S denote the 
angular momentum of  an end-over-end rotation of the 
molecule and that of  the electron spin, respectively. A 
Hamiltonian matrix involves all the off-diagonal 
interactions with AN = 0, 1, and 2 due to the spin 
rotation interaction and the hyperfine interaction. 
The matrix for each F is numerically diagonalized 
to obtain the energy levels. 

Rotational constants, centrifugal distortion con- 
stants, spin rotation interaction constants and their 
centrifugal distortion corrections, and the magnetic 
hyperfine interaction constants were determined by a 
least-squares analysis from the observed transition 
frequencies with K~, up to 5. The frequency of an 
unresolved K doublet line was compared with a 
calculated frequency averaged for the frequencies of 
the component lines. Although we only observed the 
a-type R-branch transitions, the DK constant was 
determined in the fit. In fact, the standard deviation 
of the fit was much larger, when we assume the D K  

constant of a similar sized molecule, HSO (27.2 MHz) 
II 8,191. In this analysis we included the higher order 
centrifugal distortion correction for the spin-rotation 
interaction, ~H,v, which depends on K~. 

In the course of the analysis, we noticed an anomaly 
of the spin doubling in the 90~-80s and 71~,-615 tran- 
sitions. This can be explained by an effect of the off- 
diagonal term of the spin rotation interaction, e,,j, + ej .... 

which has a matrix element between the N0~, J = N - 
1/2 and ( N -  I ) l x  > J = N -  1/2 levels [17,20]. In the 
case of HSiO, these levels become close in energy to 

each other at about N = 8. Therefore 80s, the J = 15/2 
and 7 i¢,, J = 15/2 levels are most influenced by this 
term. Because of the heavy mixing of the wave 
functions in both levels, the off-diagonal term in the 
dipolar hyperfine interaction tensor, Y,,;, was also 
determined with sufficient accuracy. Furthermore. 
the energy difference between the K~, = 0 and K~-- I 
levels is well determined because of the interaction. 
This is an important reason why the D~ constant is 
determined in the present study. 

The result of the least-squares fit is shown in 
Table 1, and the molecular constants determined are 
summarized in Table 2. The standard deviation of the 
fit was 24 kHz. which is almost comparable to the 
frequency measurement error. 

4. Results and discussion 

In the present study, the HSiO radical was identified 
in the gas phase for the first time, although the ab 
initio calculations suggest that the HOSi isomer is 
more stable than the HSiO isomer [11-14 ]. According 
to the ab initio calculation [141, the dipole moment of 
HOSi is smaller than that of HSiO, which may be a 
reason why we first detected the HSiO isomer. A 
search for the HOSi spectrum is now being carried 
out. In the following sections, we discuss the mol- 
ecular structure and intramolecular potential functions 
of HSiO. 
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Table 2 
Molecular constants of the HSiO radical (MHz) ~ 

A 312105(20) ~ .... 
B 19887.009(56) ~ hh 
C 18605.416(55) e,, 
,5 v 0.0247506(167) (e,,b + ~t,,,)/2 b 
A XK 1.30194(48) ~,v~ 
ArK 146.8(168) ~Ax 
6 ,~ 0.0021953( 145 ) 'H,~ 
6K 1.283(28) aF 
H ~'K 0.0000184( 25 ) T .... 
HKN -0.0007761 ( l 12) Tt,h 

T~, 

4604.55(75) 
63.197(61 ) 

-139.685(47) 
262.797(197) 
-0.0918(126) 
-7.015(140) 
0.0188(41 ) 

451.32(45) 
1.69(83) 
2.38(149) 
3.99(50) 

"Numbers in parentheses represent three standard deviations in units of the last significant digits. 
bRelative sign between (e,p, + e~,,,)/2 and T,,~, is correct. 

4.1. Cen t r i f uga l  d is tor t ion  cons tan t s  a n d  h a r m o n i c  

f o r c e  f i e ld  

All the quartic centrifugal distortion constants, AN, 

ANK, AK, 6N, and diK, were determined in the present 
study. When they are compared with the correspond- 
ing constants for a similar sized molecule, HSO 
[18,19], the AuK, AK, and 6K constants of HSiO are 
significantly larger than those of HSO (AuK = 0.8960 

MHz, AK = 27.2 MHz, and 6K = 0.89 MHz). On the 
other hand, the z~ N and 6N constants of HSiO are com- 

parable to or even smaller than those of HSO (AN = 
0.03070 MHz and 6 N = 0.00193 MHz). Furthermore, 
the inertial defect derived from the observed rota- 

tional constants is 0.1312(1) u,~ 2, which is larger 
than that of HSO (0.0754 uA 2) [18]. These results 

q [ I I I 

HSi0 i0oio~9o9 

J=21/2~ 19/2 J -  19/2~ 17/2 

F=11~I0 I0~9 F= 10~9 9~8 

I I I i [ 
384110 384120 384130 384140 384150 384160 384170 

FREQUENCY [MHz] 

Fig. I. An example of the rotational spectrum of HSiO. The line 

with an asterisk is a diamagnetic line of an unknown species. 

indicate that the vibrational frequency for at least 
one mode in HSiO is significantly lower than that in 
HSO. The ab initio calculation [14] predicts that the 

HSiO bending mode has a low vibrational frequency 
(723 cm J) in comparison with the bending frequency 

for HSO (1063 cm -~) [21,22]. In order to confirm this, 
we derived the harmonic force constants from the 
centrifugal distortion constants and the inertial defect. 

A nonlinear XYZ type molecule like HSiO has six 
quadratic force constants. When we take 2d?(Si-O), 
Ar(H-Si) ,  and Ac~(HSiO) as internal coordinates, S~, 

$2, and $3, respectively, they are F j l ,  F22, F33, FI2, 

F~3, and F23. We developed a computer program to 
determine these constants from the centrifugal distor- 
tion constants and the inertial defect by a least-squares 

method. This program was successfully applied to 
determine the harmonic force field of the HSS radical 
[23]. Since we have only six independent data in the 

case of HSiO, only four force constants, Fl l ,  F33, Fi3, 
and F23, were determined for HSiO, as listed in 
Table 3. The result of the fit is shown in Table 4. In 

Table 3 
Harmonic force field of the HSiO radical a 

Fit 8.409(154) Fi2 0.0(fixed) 
F22 2.54(fixed) b Fj~ 0.063(20) 
F~ 0.1606(164) F_, 0.109(55) 

aIn mdyn A-~. The internal coordinates are as follows: S, = 
2~r(Si-O); $2 = Ar(Si H); S~ =/~u (HSiO). Numbers in parentheses 
represent one standard deviation in units of the last signifcant 
digits. 

bAdjusted to reproduce the v l vibrational frequency, 2107 cm-~, 
estimated by the ab initio calculation [14]. 
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Table 4 
Observed calculated centrifugal distortion constants inertial defect 
of the HSiO radical 

Obs. Calc. 

A~ (MHz) 0.0247506 0.0247312 
A ~'t~ (MHz} 1.30194 1.30315 
.../X ~, (MHz) 146.8 150.5 
6.~ (M Hz ) 0.0021953 0.0022962 
6~ (MHz) 1.283 1.123 
,5{i (uA e) 0.1312 0.1285 
~ l ( c m  II 2107 
co., (cm I) 1180 
c0~ (cm I t 555 

qnertial defect. 

this analysis, the Fee constant was fixed to the value 
which reproduces the vibrational frequency of the 
S i -H stretching mode (2107 cm I) calculated by the 
ab initio method [14] ,  whereas the F I 2  constant was 
set to zero. These two force constants are rather insen- 
sitive to the centrifugal distortion constants and 
inertial defect, and hence, the above assumptions are 
justified. By using the force constants determined, the 
vibrational frequencies for the S i -O  stretching mode 
and the HSiO bending mode are evaluated to be 1180 
cm t and 555 cm -I, respectively (Table 4). The bend- 
ing mode in HSiO has a much lower frequency than 
that in HSO [21,22]. 

The vibrational frequencies of the HSiO bending 
and the S i -O  stretching modes determined in the pre- 
sent study are lower than the ab initio values [ 14], 723 
cm t and 1272 cm -~, respectively. Particularly the 
difference is significant for the HSiO bending motion. 
This may indicate an effect of  anharmonicity of the 
HSiO bending mode, which is a promoting mode to 

isomerization to SiOH [11-141. These vibrational fre- 
quencies would be useful in the future search for the 
infrared spectrum of HSiO. 

4.2. Molecular structure 

The molecular structure of HSiO is determined 
from the rotational constants. The r0 structure directly 
derived from the observed rotational constants suffers 
from the vibration-rotation interaction, and hence, 
the structural parameters have a large uncertainly 
due to the inertial defect. In order to avoid this diffi- 
culty, we determined the zero point average structure 
(r;) in the present study. 

The rotational constant which corresponds to the r~ 
structure is related to the observed rotational constant 
as follows [24,251; 

B, = B0 + (1/2)~(~B(harm) (2) 

where oct'(harm) represents the harmonic part of the 
vibration-rotation constants, which can be calculated 
from the harmonic force constants. Similar relations 
hold for A, and ('~. We evaluated A,, B,, and C~ from 
the observed rotational constants to be 302 928 MHz, 
19 803 MHz, and 18 585 MHz, respectively, where a 
small contribution of the second term in Eq. (2) is 
calculated with the aid of the harmonic force field 
determined in the present study. The r , (S i -O)  and 
oe,(HSiO) have been determined from the corrected 
rotational constants by a least-squares method to be 
1.5326(2) A and 116.8(1) °, respectively, in this calcu- 
lation, r , (Si -H)  is assumed to be 1.5066 ,~, which is 
evaluated from the ab initio equilibrium distance, 
1.4971 A 114], and a small correction between the , ,  
distance and the equilibrium (r~,) distance. 0.0095 A. 

Table 5 
Molecular structure of the HSiO radical '' 

b r,  r~i Ab initio '~ Ab initio' 

r (Si - t t  ) (A) 1.5066(fixed) 1.497 I(fixed) 1.4971 1.503 
r(Si-())  (A) 1.5326(2) 1.5286(2) 1.5085 1.516 
oe(HSiO) ~ ) 116.8(I J 116.8(1) 122.37 121.8 

"Numbers in parentheses represent three standard deviations in units of the last significant digits. 
bPresent sludy. 
"Present study. The equilibrimn distance of Si O is evaluated by use of Eq. (3 L where the ~l constant for the SiO molecule ( 1.970 A I ) is 

employed 125]. The equilibrium angle of HSiO is assumed to be the same as c~,tHSiOL 
dyamaguchi et al. [ 14]. TZ2P(f.d) + diff CISD level of theory. 
~'Xie and Schaefer [12]. TZ2P CISD level of theory. 
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The latter correction was calculated by using the fol- 
lowing approximate relation [25]; 

r~ - r~ = (3/2)a(Ar 2)- ((Ax 2) + (Ay2))/(Zr~) (3) 

where a represents the third-order anharmonic con- 
stant and the Ax and Ay denote the displacements of 
the local Cartesian coordinates perpendicular to the 
bond direction. As for the a constant, we employed 
the corresponding value for the Sill radical (1.530 
A-~), and the vibrational averages of the square dis- 
placements were calculated from the harmonic force 
field obtained above [25]. It should be noted that 
rz(Si-O) and c~(HSiO) are rather insensitive to the 
assumed value for r~(Si-H); when rz(Si-H) increases 
by 0.01 A from the assumed value, r~(Si-O) and 
o~(HSiO) change by - 0.001 ~. and 0.7 °, respectively. 

The determined structure is compared with that 
derived from the ab initio calculations in Table 5. 
For a detailed comparison, we derived the r~(Si-O) 
distance by using Eq. (3), since the structure reported 
in the ab initio studies is the equilibrium one. The SiO 
distance in HSiO is slightly longer than that derived 
from ab initio calculations as shown in Table 5. It is 
significantly shorter than the S i -O single bond dis- 
tance in cis-HSiOH, 1.658 .~ [8], and is slightly longer 
than the Si=O double bond in H2SiO, 1.515 A [5]. 
Therefore the S i -O bond in HSiO seems to have a 
double bond character. The HSiO angle obtained in 
this study is smaller than those reported in the ab initio 
calculations (Table 5). Even if we consider a systema- 
tic error caused by the assumption of rz(Si-H), this 
difference seems to be significant. Nevertheless, it is 
close to 120 °, which indicates the sp 2 hybrid orbitals 
in the Si atom. This is consistent with the double bond 
nature of the SiO bond. 

study (451.30 MHz) is in good agreement with that 
reported from the ESR study (450 MHz) [10]. The 
spin density on the hydrogen nucleus is estimated to 
be 31% by comparing the observed Fermi contact 
term with the corresponding atomic value [26]. In 
the present study, the off-diagonal term of the dipolar 
interaction tensor, T~b, has been determined. We can 
then determine the principal values of the dipolar 
interaction tensor; Txx = 6.0(6) MHz, Try = -2.0(13) 
MHz, and Tzz = --4.1 (15) MHz, where Z axis is taken 
to be perpendicular to the molecular plane. The angle 
between the X axis and the a axis is determined to be 
48(6) ~. The numbers in parentheses represent three 
times the standard deviations in units of the last sig- 
nificant digits. Since the angle between the H-Si  bond 
and the a axis is 59 °, the direction of the tensor (X 
axis) is almost parallel to the H-Si  bond. This result is 
consistent with that reported for HSiS [27]. 

The spin-rotation interaction constant, ~,, is 
approximately related to the energy difference 
between the ground and first A" electronic state, AE as 

e,, = 4AA~o/AE (4) 

where A~, is an off-diagonal spin-orbit interaction 
constant of the HSiO. The energy difference is esti- 
mated by using Eq. (4) to be 40000 cm -~, where the 
spin-orbit interaction constant of the Si atom (148.9 
cm -j) [28] is employed as A .... It should be noted that 
this value is fairly high compared with the excitation 
energy of the first A" state predicted by the ab initio 
calculation (20900 cm J) [131. 

A c k n o w l e d g e m e n t s  

4.3. Fine and hyperfine interaction constants 

The Fermi contact term, a~, for the hydrogen 
nucleus takes a large positive value, indicating that 
the unpaired electron occupies the molecular orbital 
extending within the molecular plane. Moreover, the 
spin rotation interaction constant, ecc, takes a negative 
value. These two results undoubtedly indicate that the 
ground electronic state of HSiO is 2A', which is con- 
sistent with the results of the ab initio calculations 
[11-14]. 

The Fermi contact term determined in the present 
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