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Jet spectroscopy and excited state dynamics of SiH2 and SiD2 
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(Received 14 March 1991; accepted 18 September 1991) 

Silylene radicals, SiH2 and SiD2, are generated in a supersonic free jet by ArF laser (193 nm) 
photolysis of phenylsilane and phenylsilane-a-d3, respectively. LIF excitation and dispersed 
fluorescence spectra are measured for the V2 vibronic bands of the A IBI - X IAI transition. 
The heterogeneous predissociation to Si (3 P) + H2 is proposed from the anomalous rotational 
structure in the excitation spectra; the rotational lines of the r( 1) subbranch 
(K ~ = O-K;: = 1) have stronger intensity than those of the reO) subbranch 
(K ~ = I ... K;: = 0), though the latter is expected to be stronger due to the low temperature 
Boltzmann distribution in the jet. The time-resolved excitation spectra demonstrate shorter 
lifetime of K ~ = 1 rovibronic levels in the A IBI state. The heterogeneous predissociation is 
interpreted with the second order perturbation: A IBI-(a-type Coriolis) -+X IAI-(spin-
orbit) -+ ii 3 B I -+ Si (3 P) + H 2 • It is demonstrated experimentally that there is a potential barrier 
associated with the dissociation path of ii 3BI -+Siep) + H2, the height of which is estimated 
to be 1540-2160 cm -I from the bottom of the A IBI state. The electronic transition moment of 
the A IBI-X IAI transition is estimated to be IjIe 12 = 0.26e2a6 from the Einstein equation for 
spontaneous emission using measured fluorescence lifetimes for single rovibronic levels with 
K ~ = 0 and calculated Franck-Condon factors. The onset of a second predissociation channel, 
A I B I -+ Si ( I D) + H 2 , at the (0,7,0) vibronic level of SiH2 AlB I is manifested as a sharp 
decrease in the observed fluorescence lifetime for the v~ = 7, J' = 0 level relative to that 
predicted for a pure radiative lifetime. 

I. INTRODUCTION 
The silylene radical (SiH2) is one of the simplest polya­

tomic molecules containing silicon. Recently much interest 
has focused on the nature of its reactivity due to profitable 
applications of silicon-containing materials. However, many 
of the photophysical and photochemical properties of SiH2 
remain unexplored, despite their potentially important role 
in reactions involved in the silicon semiconductor manufac­
turing process. This is in a marked contrast to the extensive 
spectroscopic and dynamical investigations on the CH2 ra­
dical, a molecule isovalent with SiH2 . 

Absorption spectra of the SiH2 radical were first ob­
served in the flash photolysis of silane or phenylsilane. I A 
highly structured band system was attributed to the c-type 
transition between the X IAI and A IBI states generated 
from the I!!. state in the linear configuration under the Ren­
ner-Teller interaction. Dubois et al. 1 reported the rotational 
constants and vibrational frequencies of the bending mode 
and suggested that the rotational structure of high vibronic 
levels in the A state was not expressible in terms of a simple 
rotational Hamiltonian because of the strong Renner-Teller 
interaction and a large amplitude bending vibration. From 
rotational analysis of several vibronic bands, a barrier height 
to the linear configuration in the A state was estimated to be 
- 8000 cm - I. The frequencies of the bending mode (v2 ) 

and the H-Si-H bond angles were determined to be 1004 
cm -1 and 92.080 for X IA I , and 860 cm -I and 1230 for the 
A IBI states, respectively. The large change in bond angle 
upon electronic excitation is responsible for the long pro­
gression in the bending mode. Milligan and Jacox2 and Fre-

din et al. 3 determined the frequencies of all three fundamen­
tals in the X IA I state from matrix isolation spectra: 1964, 
995, and 1993 cm -I for VI' V2 , and V3 , respectively.3 

Theoretical calculations of ground and excited state 
geometries and vibrational frequencies are also available.4-9 
Potential surfaces of low lying electronic states have been 
calculated and the excited state dymamics have been dis­
cussed.6 

Fluorescence excitation spectra of the A-X transition 
and fluorescence lifetimes of the A IBI state have been mea­
sured by Inoue and Suzuki. \0 Fluorescence lifetimes were 
reported as being - 60 ns, in contrast to the much longer 
lifetimes observed for the b 1 BI state of the isovalent radical, 
CH2 , 4.2 jIs. 11 Steinfeld and co-workers,12 and Francisco et 
al. 13 have measured fluorescence lifetimes for a large num­
ber of rovibronic levels in the AlB 1 state of SiH2. They ob­
served wide variations in lifetimes ( < 10 ns to > 1 jIs) for 
neighboring rotational levels in the same vibronic state. The 
widely varying lifetimes for levels in the AlB 1 state were 
interpreted in terms of a model that involved predissociation 
ofSiH2 to Si (3 P) + H2, as we previously suggested. 14 Very 
recently, Knight and co-workers I2

(e) have verified this in­
terpretation with the direct observation of Si (3 P) following 
state-selected excitation of SiH2 . 

In this paper, we present a detailed investigation of the 
spectroscopy and excited state dynamics of SiH2 and SiD2 
generated in a supersonic free jet expansion. Fluorescence 
excitation spectra, dispersed fluorescence spectra, and flu­
orescence lifetimes are measured and the mechanism of pre­
dissociation is discussed. 
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II. EXPERIMENTAL 

The apparatus used is the same as that reported pre­
viously.IS A homemade pulsed valve with a 500 f.lm diam 
orifice was mounted to a vacuum chamber. The background 
pressure was - 10 - 6 Torr with the valve closed and -10 - 4 
Torr during operation with a stagnation pressure of -760 
Torr. SiIylene radicals, SiH2 (or SiD2 ), were produced by 
ArF laser photolysis, at the nozzle exit, of phenylsilane, ¢­
SiHJ (or phenylsilane-a-dJ , ¢-SiD3), seeded in an Ar jet. 
Laser induced fluorescence (LIF) signals were observed 35 
mm downstream (X /D = 70) from the orifice using an N2 
laser pumped dye laser intersecting the jet at right angles to 
the direction of propagation of the gas pulse. The Iinewidth 
of the dye laser was -0.3 cm - I. Absolute wavelength cali­
bration was achieved with the opto-galvanic signal from a 
Ne hollow cathode tube. Fluorescence was detected with a 
photomultiplier (Hamamatsu Photonics, R-1477) and am­
plified by a homemade socket-type preamplifier before input 
to a gated integrator (NF, BX-531). Time resolved excita­
tion spectra were measured using a 0.25 m monochromator 
(Nikon, P-2S0) to reject scattered light from the excitation 
laser. In this case, signals were enhanced with a wide-band 
amplifier (-100 MHz). 

Dispersed fluorescence spectra were measured using the 
0.25 m monochromator. ¢-SiH3 was obtained as a commer­
cial reagent (Shin-Etsu Chemical). ¢-SiD3 was prepared by 
reduction of ¢-SiCI3 with LiAID4 in dry ether and purified 
by distillation. ¢-SiD3 purity was established as > 99% from 
NMR and mass spectroscopy. 

III. RESULTS 
A. LIF excitation spectrum of the SiH2 ,41Bl-X lAl 
transition 

LIF excitation spectra of eight vibronic bands of the 
SiH2 AlB I -x I A I transition were measured in the wave­
length region 460-640 nm under jet conditions. The spectra 
obtained for vi = 0 to 5 are shown in Fig. 1. Vibrational 
assignments follow those established from the absorption 
spectrum at room temperature. 1 

Rotational structure conforms with that expected for 
perpendicular bands of a c-type transition for which the se­
lection rules are given byl6 

AJ = 0, ± 1, tlKa = ± 1, ± 3, and tlKe = 0, ± 2. 

Figure 2 illustrates the allowed transitions for low rotational 
levels. Dubois et al. determined rotational constants for the 
vi = 0-3 vibronic levels of the AlB 1 state from high J val­
ues. Our line positions for low J values were estimated using 
their rotational constants and our assignments are shown in 
Fig. 1. We note that lines corresponding to the r subband, 
which are expected to be strong under jet conditions, were 
almost absent in our spectra. A similar observation was re­
ported by Steinfeld and co-workers. 12 Several lines appeared 
to be unassignable in our spectra. These may result from 
perturbations or may have escaped assignment simply be­
cause molecular constants deduced from high J values were 
used to analyze low J lines. The strongest lines observed in 
other vibronic bands were attributed to PP1 (1) by analogy 

PP1(1j) 

PQ1(1) 
j . 

000-000 

iii I 

642 644 646 

PP1(1) 
010-000 

I I I 

608 610 612 

020-000 

rRO<ll Pa1(1) 

\ r
Qo(1)!j. 1 

PP1(2) 

A 
I , I , 

578 580 582 

PP1(1) 
030-000 

Pal (1) 

I I I 

552 554 556 

040-000 

I I I 

526 528 530 

050-000 

566 568 
Wavelength I nm 

FIG. 1. LIF excitation spectra of the SiH2 A 'B, (O,vi,o) - X 'A, (0,0,0), 
vi = 0-5 transition. Signals are integrated for 0-5 J.Ls. 

with the above observations though no detailed rotational 
analysis is reported here for these bands. An anomaly is seen 
in the line intensity OfPQI ( I ), which had been expected to be 
stronger than PP1 (1) from our line intensity calculation. The 
observed line intensity OfPQI ( 1 ) is found to be much weaker 
than that of PP1 (1) and decreases with increasing bending 
vibrational quantum number. These intensity anomalies in 
the excitation spectra are consistent with the proposal of 
rotational level-dependent nonradiative processes,12(b).14 
since similar anomalies were not observed in the absorption 
spectrum. I 
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FIG. 2. Rotational levels of the A IBI and X IAI states and allowed transi­
tions of SiR, . 

To further quantify the rotational dependence of this 
nonradiative process in theA state, time resolved LIF excita­
tion spectra were measured for eight vibronic bands. Figures 
3 and 4 show those of the (0,v2,0)-(0,0,0), v2 = 2 and 6, 
bands. These spectra indicate that the lifetime of rotational 
levels is strongly dependent on rotational quanta, J and Ka. 
The r(O) subbranch for (0,2,0)-(0,0,0) terminating at the 
levels of K ~ = 1 was observed in the early stage (0-50 ns), 
but not in the late (50-lOOns), although thep( 1) subbranch 
had almost the same strength in both time stages. The r( 0) 
subbranch was observed up to v2 = 5 in the early-time spec­
tra, but its intensity decreased with increasing vibrational 
quanta. 

The (0,6,0) level showed anomalous behavior. Since the 
rotational assignment of the (0,6,0)-(0,0,0) band has not 
been reported, we attempted to analyze the rotational struc­
ture using rotational constants derived from the analysis of 
lower vibrational levels. Tentative assignments are shown in 
Fig. 4 although calculated line strengths were not consistent 
with the observed line intensities in the spectrum. It is 
noteworthy that the PQI (1) and P R I (1) lines, which are 
weak and short lived in other bands, appear with significant 
intensity in the (0,6,0)-(0,0,0) band and survive with a life­
time of 30 ns. 

The line positions of the strongest rotational lines, 
PP1 (1), observed for the eight vibronic bands are listed in 
Table I. From the line positions in Table I, the vibrational 
frequency of the bending mode, CU2, in the A state of SiH2 

was determined as shown in Table II. Our value, cu2 = 850 

a) 

b) 

I I 

578 582 
Wavelength I nm 

FIG. 3. Time resolved excitation spectra of the SiR, 
A IBI (0,2,0) - X IAI (0,0,0) transition. (a) Detection gate was open be­
tween 0 and 50 ns after dye laser excitation. (b) Detection gate was open 
between 50 and 100 ns. 

a) 

Pal(1) 

PR
1
(1) PP1(1) 

b) 

c) 

, 
484 
Wavelength nm 

FIG. 4. Time resolved excitation spectra of the SiR2 

AlB, (0,6,0) - X lA, (0,0,0) transition. (a) Detection gate was open be­

tween 0 and 50 ns after dye laser excitation. (b) Detection gate was open 
between 50 and 100 ns. (e) Detection gate was open between 100 and 150 
ns. 
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TABLE I. Vacuum wave numbers and vibrational assignments of vibronic 
bands [PPI ( 1) 1 ofSiH2 • 

Vibronic band 
v' 2 v~ (em-I) 

0 0 IS 531 
1 0 16384 
2 0 17233 
3 0 18077 
4 0 18919 
5 0 19761 
6 a 20 605 
7 0 21453 

cm - I, shows good agreement with 860 cm - I reported by 
Dubois et al. I 

B. LlF excitation spectrum of the SiD2 A 1B1-X 1A 1 

transition 

LIF excitation spectra were measured for 11 vibronic 
bands of the SiDz AlB I -x IA I transition in the wavelength 
region 460-640 nm. Vibrational assignments follow those 
established from the absorption spectra. I The spectra ob­
tained for v~ = ° to 5 are shown in Fig. 5. Rotational assign­
ments for the A-X transition in SiD2 are not previously 
available. Rotational assignments shown in Fig. 5 are based 
on rotational analysis of high resolution spectral7 measured 
using an intracavity etalon in the dye laser. LIF excitation 
spectra of SiDz shown in Fig. 5 display more complicated 
rotational structure than that observed in SiHz. The rota­
tional structure becomes simpler in bands terminating at 
higher vibronic levels, as is the case for SiHz. In contrast to 
SiHz, r subbands observed for SiDz display appreciable in­
tensity in the low vibronic bands (v~ = 0, 1, and 2). How­
ever, for vibronic bands involving v~ ;>3, only p subbands 
were observed. 

Figure 6 shows time resolved LIF excitation spectra of 
the (0,2,0)-(0,0,0) vibronicbandinSiDz. The time depend­
ence ofthe rsubbands is seen to be similar to that observed in 
SiHz. As may be seen in Fig. 6, r subbands terminating at 
Ka ~O display strong intensity in the spectrum obtained at 
early times, but disappear at later times. 

TABLE II. Vibrational constants (em - I) of the V 2 bending mode. 

• Reference 1. 
b Reference 3. 

A 

850 
860 

SiH2 

X 

1009 
1004 
995 
-4.3 

SiD2 

A X 

616 731 This work 
610 In gas phase" 

720 In Ar matrixb 

-2.7 This work 

, 
640 

616 

I 

592 

.;J rRI 

rR~ 

I 

594 

~ "PRI 000-000 

• Pal 

, , , 
642 644 646 

PRI\:- -;tPa1 

r rao' 
R~ 

010-000 

620 
~PQl 

030-000 

040-000 

050-000 

Wavelength I nm 

FIG. 5. LIF excitation spectra of the SiD2 A 'B, (O,vi,O) - X 'AI (0,0,0), 
vi = 0-5 transition. Signals are integrated for 0-5 p.s. 

The line positions of the strongest rotational lines, 
PP1 (1), observed for the 13 vibronic bands are listed in Table 
III. From the line positions with v!{ = 0 in Table III, the 
vibrational frequency of the bending mode, (i)~ , in the A state 
of SiDz was determined as shown in Table II. Our value, 
(i)~ = 616 cm - I, shows good agreement with 610 cm - I re­
ported by Dubois et af. 1 
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rRO .,-,-, 

a) nr' PQ1 
PR1 , 
rQ 

.::::t rR1 
~ 

b) 

i i 
594 596 598 

Wavelength I nm 

FIG. 6. Time resolved excitation spectra of the SiD2 

A 'B, (0,2,0) - X 'A, (0,0,0) transition. (a) Detection gate was open be­
tween 0 and 50 ns after dye laser excitation. (b) Detection gate was open 
between 50 and 100 ns. 

C. Dispersed fluorescence spectra and Franck-Condon 
factors 

Dispersed fluorescence spectra were obtained following 
excitation to vibronic levels, vi = 1 - 7 ofSiH2 and vi = 1-8 
of SiD2 in the A 1 BI state. Spectra from vi = ° of SiH2 and 
vi = 0, 9, and 10 of SiD2 could not be obtained because of 
insufficient intensity. Examples of dispersed spectra are 

TABLE Ill. Vacuum wave numbers and vibrational assignments of vi-
bronic bands [P P, (1 )] of SiD2 • 

Vibronic band 
vi v" 2 

(em-I) 

0 0 15545 
1 0 16163 
2 0 16173 
3 0 17385 
4 0 17996 
5 0 18603 
6 0 19201 
7 0 19803 
8 0 204()1 
9 0 20998 

10 0 21599 
1 1 15439 
2 2 15336 

v;; 5 4 3 2 , II , , 

SiH2 020-0v;;0 

800 700 600 

V2 8 7 6 5 4 3 2 1 , , , , i , i 

SiD2 040-0v;;0 

800 700 600 
Wavelength / nm 

FIG. 7. Dispersed fluorescence spectra obtained following excitation of 
SiH2 (0,2,0) and SiD2 (0,4,0) in the A 'B, state. 

shown in Fig. 7 for (0,2,0) excitation ofSiH2 and for (0,4,0) 
excitation of SiD2 • The observed spectra consist of a single 
dominant vibrational progression involving an interval of 
-1000cm -I forSiR2 and -700cm -I forSiD 2 , which may 
be assigned to the bending mode, V 2 , based on vibrational 
frequencies measured in an Ar matrix.3 Deslandres tables of 
SiR2 and SiD2 were constructed from the observed line posi­
tions as shown in Tables IV and V, respectively. Vibrational 
constants were obtained from these tables by considering a 
single anharmonicity term X 22 , and the results are listed in 
Table II. Values obtained for 0)2 are in good agreement with 
those reported in previous gas phase 1 and Ar matrix stud­
ies.3 The anharmonicities in the excited state were too small 
to be estimated due to our limited experimental resolution. 

The emission bands of SiR2 terminating at v; = 4 ap-

TABLE IV. Deslandres table (em - I) for dispersed fluorescence spectra of 
SiH2 (emitting levels vi = 1-7). 

vi '\u~ 0 2 3 4 5 6 

0 
1 16384 15320 14334 13 358 
2 17233 16165 15188 14158 13 243 12285 

13 194 
3 18077 17090 16066 15094 14150 

14086 
4 18919 16845 15857 13 976" 12988 

13 886 
5 19761 18668 17682 15762 14721 

15691 
6 20605 19527 18509 17543 16547 15637 14641 
7 21453 20378 19391 18377 17372 16438 

"Splitting due to Fermi resonance in the ground state. 
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TABLE V. Deslandres table (em - I) for dispersed fluorescence spectra of 
SiD, (emitting levels vi = 1-8). 

vi \ vi' 0 2 3 4 5 6 7 8 

o 
1 16163 15322 14597 I3 891 13194 12498 
2 16773 15946 15228 14521 13085 12362 
3 1738516560 1584815106144031370612998 
4 17996 17170 16438 15720 15013 13 584 12903 12227 
5 18603177761704416333 1491614208 12840 
6 19201 17659 16940 16216 15515 
7 19803 18961 18240 16820 
8 204011958618860 1814117410 1672416003 

pear as doublets with an observed splitting of ~ 50 cm - I in 
all spectra. This splitting is presumably due to Fermi reso­
nance between 4V2 and either 2vI or 2v3 • Fermi resonance 
was reported between 2V2 and VI in the IR spectra ofSiH2 

and SiD2 in an Ar matrix. 3 Under our experimental condi­
tions, Fermi resonance does not appear at 2v2 , presumably 
because of differences in vibrational frequencies between the 
matrix and the gas phase. 

Low vibrational levels of X I A I and A I B I are found to 
be fairly harmonic, e.g., the anharmonic constant, X!{2' is 
estimated as - 4.3 cm - I, which is small compared with that 
for methylene, 18 - 18.2 cm - I. Hence, Franck-Condon 
factors were calculated using a harmonic oscillator model. 19 

Observed intensities for bands terminating at v!{ = 4 were 
taken as the sum of intensities for the two members of the 
Fermi doublet. The molecular constants used for the calcu­
lation were as follows. The values determined in this work 
were used for the vibrational frequencies of V 2 • The geomet­
rical parameters for SiH2 were as reported previously I and 
those for SiD2 were derived from high resolution spectra of 
the A-X transitionY Values chosen for VI and V3 in the X 
state for both radicals were those observed in an Ar matrix,3 

while for the SiH2 A state, values chosen were as calculated 
by Colvin et al.,5 since there are no experimental estimates 
available. For the SiD2 A state, VI and V3 were estimated 
using the approximation, v~ (SiD2 ) = v~ (SiH2 )/v1. The 
relative band intensities estimated from Franck-Condon 
factors calculated using these data are illustrated in Figs. 8 
and 9 together with observed intensities. The calculated in­
tensities match well with those observed in the emission 
spectra. 

D. Fluorescence lifetimes for the A 181 state 

Fluorescence lifetimes for J I = 0, K ~ = 0, K; = 0 rovi­
bronic levels of the A IBI state were measured for several 
vibrational levels, namely v~ = 0-7 for SiH2 and v~ = 0-10 
for SiD2 • The PPI (I) rovibronic transitions are sufficiently 
strong to yield fairly precise estimates for these J I = 0 flu­
orescence lifetimes. Typical logarithmic plots of the fluores­
cence decay curves are shown in Fig. 10. Single exponential 
decays are observed in all cases. The lifetimes are summar­
ized in Table VI. As may be seen from the table, the fluores­
cence lifetimes for these 00 •0 rotationless levels tend to de-

11111 
v'=O 

I I 

v'=4 

I L 
..... 
> 
.... 

II ~ 
v'=1 

0 -u 
L ~ • I 

v'=5 

L I L 
C 
.g 

I I 
c v'=2 0 u 
I 

b -'" L u I I 
v'=6 

J L • I . 
c 
d .... 
LL 

v'=3 

II • b II ~ 
v'=7 

I .. II L 

v" 0 1234567 o 1 234567 

-Cal. 
-Exp. 

FIG. 8. Calculated Franck-Condon factors (multiplied by the cube of the 
transition wave number) compared with observed fluorescence intensities 
for dispersed fluorescence progressions involving v, in SiH, . 

crease from 1.1 f-Ls to 0.4 f-Ls with an increase in the 
vibrational excitation energy. Thoman et al. 12

(b) also report­
ed the lifetime of 00,0 , vi = 2 to be 1.0 f-Ls, in good agreement 
with our value. 

A few fluorescence lifetimes for rotationally excited lev­
els were also measured. Measurements were made only for 
(0,1,0) and (0,6,0) in SiH2 and for (O,vi,Q), v~ = 0-7 in 
SiD2 • The fluorescence lifetimes are 850 and 60 ns for 
(0,1,0) and (0,6,0) in SiH2 , respectively. These were found 
to be generally short. We were not able to measure fluores-
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FIG. 9. Calculated Franck-Condon factors (multiplied by the cube of the 
transition wave number) compared with observed fluorescence intensities 
for dispersed fluorescence progressions involving v, in SiD,. 
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FIG. 10. Time profiles of fluorescence intensity for SiR, excited at PP, (I), 

vi = 3, 6 and 7. (The weak oscillation observed on the weak signal region 
after 3 p,s for vi = 3 is apparatus artifacts.) 

cence lifetimes for other rotationally excited vibronic levels 
due to their shortness relative to our experimental time reso­
lution. However, we may estimate an upper limit of - 30 ns 
from the time resolved excitation spectra. 

IV. DISCUSSION 

A. Radiative lifetime of the .4 18 1 state of silylene 

Since intensities for the V 2 progression in the dispersed 
fluorescence spectra are modelled well by calculated har­
monic Franck-Condon factors as illustrated above, the tran­
sition moment is assumed to be relatively insensitive to the 
valence angle, at least up to v~ = 7, v~ = 7 for SiH2 and 
v~ = 8, v~ = 7 for SiD2 • According to Einstein's treatment, 
radiative decay rates are proportional to the cubed power of 
the effective transition energy and may be formulated as fol­
lows: 

TABLE VI. Fluorescence lifetimes (p,s) of 00•0 rotationless single rovi­
bronic levels in A 'B, . 

v' , SiR, SiD, 

0 1.1 ±0.17 0.93 ± 0.38 
I 1.0 ±0.18 0.92 ± 0.23 
2 1.0 ±0.27 1.1 ±0.04 
3 0.82 ± 0.17 0.86 ± 0.15 
4 0.77 ± 0.03 0.80 ± 0.03 
5 0.69 ± om 0.66 ± 0.06 
6 0.60 ± 0.03 0.72 ± 0.09 
7 0040 ± om 0.67 ± 0.12 
8 0.67 ± 0.12 
9 0.63 ± 0.11 

10 0.63 ± 0.12 

3 

'7" 
III 

1.0 2 0 -
'7" 
~ 

0 

0 2 3 4 

FIG. II. Fluorescence decay rates for 00•0 rovibronic levels in SiR, and 
SiD, A 'B, state plotted against cubed power of the transition energy. [Eq. 
(2) in the text] (a) indicates vi = 7 in SiR,. 

k = 641T
4 
~J",K" SJ".K" d n 1 12 ", l(v'lv")1 2t:.E 3 " (1) 

r 3h (2J' + 1) d
m 

f..Le -f.' <I,v , 

where I (v'lv") 12 is the Franck-Condon factor, t:.Ev"v·, is the 
vibronic transition energy,f..Le is a transition moment, d n and 
d m are degeneracies of the excited and ground states, respec­
tively, and SJ ",K" is the line strength for each rotational tran­
sition. The term ~J".K"SJ".K"/(2J' + 1) is unity from the 
sum rule, and in our case, d nand d m are identical. Hence, for 
our purposes, Eq. (1) is reduced to 

kr = 641T
4

1,ueI 2 L l(v'lv"Wt:.E~·.v"' (2) 
3h v" 

Our measured J' = a fluorescence decay rates, 7 - I, which 
are the sum of radiative and nonradiative rate constants, are 
plotted in Fig. 11 according to Eq. (2). All the data for 00 •0 

rotational levels of SiH2 and SiD2 , except that for SiH2 

(0,7,0), conform to a straight line having zero intercept. The 
electronic transition moment is estimated to be 
l,ue 12 = 0.26e2a~ from the slope. Since with the exception of 
the lifetime of the J' = a level of SiH2 (0,7,0), there are no 
deviation from a linear relationship, and the intercept is 
zero, we may conclude that nonradiative processes are not 
operative in this system exceptfor SiH2 (0,7,0). The J' = a 
lifetimes reported in Table VI, hence, correspond to pure 
radiative lifetimes for the A I Bistate (with the exception of 
that for v~ ;;;. 7 for SiH2 ). Koseki and Gordon6 calculated the 
transition moment as a function of normal coordinates, in 
which the transition moment at the equilibrium configura­
tion in theA IBI state was estimated to be,ue "",0.63eao' Our 
experimentally determined value displays reasonable agree­
ment, given the precision of the calculated value. The flu­
orescence lifetime for SiH2 (0,7,0) is shorter than that ex­
pected from spontaneous emission alone. This indicates that 
a nonradiative decay channel opens at (0,7,0) for SiH2 • 

B. Nonradiative processes in the .4 181 state 

Previous studies I 2-14 indicatethattheA IB\ stateofsily­
lene shows anomalous spectroscopic and photophysical be­
havior: 
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( I) Unassignable rotational lines by a standard rota­
tional Hamiltonian in LIF excitation spectra. 

(2) Wide variation offtuorescence lifetimes. 
(3) Existence of dissociation channels to produce Si 

ep) and Si eD) + H2· 
Silylene lacks adequate level density for intramolecular non­
radiative processes without predissociation, as suggested 
previously.12(b) We see this also to be the case for the isova­
lent molecule CH2 where nonradiative decay of the excited 
b 'B, state does not occur, despite the fact that the b IB, 
state interacts strongly with the ground state X 3 B 1.20 In the 
case of silylene, the lowest dissociation limit, Si 
ePJ ) + H2 (l'2.g+ ), lies lower than the zero point energy of 
the A state, which was first proposed by our groupl4 and 
later confirmed by Steinfeld and co-workers. 12 The second 
dissociation limit, Si e D) + H2 (' '2.g+ ) also lies within the 
lower part of the vibronic manifold of the A 'Bistate, but the 
next dissociation channel, yielding SiH + H, occurs at a 
much higher energy.2' Theoretical calculations.9 predicted 
that there are a 3B, and 3A2 states around energy region of 
the A 'B, state. Previous studies '2-'4 explain the anomalous 
behavior of the A IB, state in terms of interaction of the 
A IB, state with triplet states, a 3B, and 3A 2 states, through 
which SiH2 dissociates to Si (3 P) + H2. Steinfeld and co­
workers I2 (b),12(d) proposedamechanismforSi ep) produc­
tion from SiH2, i.e., extensive random state mixing between 
the excited A I B, state and other low-lying electronic states 
ofSiH2, e.g., X 'A" ii 3B, and 3A2, leading to its predissocia­
tion to yield Si (3 P). Francisco et al. '3 calculated a substan­
tial barrier height of 44.7 kcallmol for the dissociation chan­
nel from the a 3 B I state to Si (3 P) + H2, and concI uded that 
the individual rovibronic states of the A 'B, state may couple 
either directly, or via a weakly avoided crossing of the 3A 2 

and ii 3 B, surfaces, to the 3 A2 background states and predis­
sociate via this 3A 2 surface to form Si ep). Direct confirma­
tion for the production ofSi atoms following photofragmen­
tation of SiH2 comes from the studies of Steinfeld and 
co-workers'2(c) (Si'D) and Knight and co-workers I2

(e) 

(Si 3p). 

Our observed results for the A 'B, state are summarized 
as follows: 

( 1) A radiationless decay channel with strong rota­
tional dependence, opens at Ka ~O rotational levels even at 
the vi = 0 vibronic level. 

(2) In energy region of SiD2, vi <2, a radiationless de­
cay channel shows strong deuterium isotope effect, i.e., sup­
pression of the rotational dependent decay channel. 

(3) SiH2, (0,6,0) vibronic level shows different behav­
ior from vi <5 levels. 

( 4) A higher energy decay channel occurs in the energy 
region vi > 7 for SiH2 A 'B,. 
The radiationless decay channel described in case (1) 

should be predissociation to Si e P) + H2 through triplet 
manifold due to the spin conservation rule. Theoretical cal­
culation9 predicted that the 3A 2 state had very different 
structure from other low-lying electronic states, X 'AI, 
A 'B I , and a 3 B I . Consequently, it is considered that interac­
tion between the 3A 2 and A IBI states is very weak due to 

Franck-Condon term in the energy region we are interested 
in, though these states can directly mix by spin-orbit cou­
pling. On the other hand, the AlB I state cannot directly 
interact with the a 3 Bistate through spin-orbit coupling. 
Therefore, we propose a predissociation mechanism with the 
second order interaction. The decay channel in the higher 
energy region vi ;.. 7 is interpreted by opening of the second 
predissociation channel to Si (I D) + H2. The details of the 
predissociation mechanisms will be discussed in following 
sections. 

c. Rotationally dependent predissociation 

As discussed in the previous section, we proposed that 
the predissociation A IB, to Si ep) + H2 is not caused by 
direct interaction with triplet states, i.e., A 'BI +-+a 3BI and 
A I B 1+-+

3 A2 , but second order interaction. The a-type Corio­
lis interaction between the Renner-Teller pair of the A and X 
states was observed in absorption spectra.' Then, it is con­
sidered that the second order interaction is that through the 
X IAI state, i.e., A 'B, +-+X IAI +-+ii 3BI and/or 
A 'BI+-+XIAI+-+3A2' A substantial barrier height between 
the a 3 Bistate and dissociation limit, Si (3 P) + H2, was esti­
mated to be 44.7 kcallmol '7 and, on the other hand, there is 
little or no barrier between the 3 A2 state and the dissociation 
limit.9 The deuterium isotope effect observed in LIF excita­
tion spectra suggests the existence of a potential barrier in 
the predissociation channel. Consequently, we conclude that 
the predissociation occurs by the interaction with the a 3 B I 
state, A IB, +-+X 'AI +-+ii 3BI . The theoretical calculation6 

also suggested the strong spin-orbit interaction between the 
X 'A, and a 3B, states. 

The matrix element of the second order interaction be­
tween the A 'B, and a 3B, states through the X lA, state is 
given by . 

('B,IHTB,) 

= - L (IB,IHorl'AI(n»('Adn)IHsoI3B,) , (3) 

n (Es - En ) (E, - En ) 

where lA, (n) is the high vibrational level of X lA, and Hor 
and Hso are Hamiltonians of orbital-rotation and spin-orbit 
interactions, respectively. The a-type Coriolis interaction 
matrix element between A 'Bland X I A I is given by22 

('B,;J,KIHorl'A,;J,K) = -2Ka ('B,IALa l'A I ), (4) 

where A is the rotational constant for rotation around the a 
A 

axis and La is the orbital angular momentum operator corre-
sponding to the lAg state, to which the X lA, and A 'B, 
states correlate in the linear geometry. Petek et al.20 report­
ed the same kind of the second order interaction between the 
b 'B, andX 3B, statesofCH2. The matrix element is zero at 
Ka = 0 and has nonzero values at Ka ~O. Time resolved ex­
citation spectra shown in Figs. 3, 4, and 6 are favorably inter­
preted by this mechanism; the K ~ = 0 levels survive in the 
spectra obtained with late gate times but the K ~ ~O levels 
decay with short lifetimes. 

The excitation spectra of SiD2 show complicated rota­
tional structure in low vibronic levels, vi <2 as seen in Fig. 5: 
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The K ~ #0 rotational levels are observed for v2 ..;;;2, but only 
the K ~ = ° levels for v2 ;;;.3. Although the level energy of 
SiD2, A IBI (vi = 2) is higher than SiR2, A IBI (V2 = 1), 
the spectrum for the (0,2,0)-(0,0,0) band ofSiD2 is much 
more complex in comparison with that for the (0,1,0)­
(0,0,0) band of SiRz. Considering the predissociation via 
the second order interaction discussed above, this fact sug­
gests a tunneling mechanism for the predissociation through 
a potential barrier between A I Bland Si (3 P) + R 2. The top 
of the barrier should lie in energy region between vi = 2 and 
3, i.e., 1540-2160 cm -I from the bottom of the A IBI state. 
The barrier height is lower than that predicted from theoreti­
cal calculation,13 i.e., 6850 em - I. 

The rotational levels with high J' value in A I B I, (0,6,0) 
ofSiH2 decay with much longer lifetimes than those in other 
vibronic levels. Theoretical calculation 9 predicted that trip­
let states, 3 A2 and ii 3 B I , intersect at energy of 21.2 kcallmol 
above Siep) + R2 dissociation limit, which is comparable 
to energy difference between Siep) and SieD), 18.0 kcall 
mol. Accordingly, the anomalous behavior of the vi = 6 vi­
bronic level would reflect the interaction of the 3A 2 state 
with the ii 3BI state. This anomaly would occur in vi = 9 
and 10 vibronic states ofSiD2 from energetic consideration, 
but we could not detect this effect because of low signal in­
tensity. 

D. Predissociation from higher vibronlc levels of SiH2 

(v2>7) 

As mentioned before, a new nonradiative channel ap­
pears to open at the J' = 0, K ~ = ° levels of SiR2, AlB I , 
vi ;;;. 7. This process cannot be attributed to the predissocia­
tion caused by the second order interaction discussed above, 
because the K ~ = 0 level predissociates. The A I Bistate cor­
relates to Si( I D) + R2 in the dissociation limit. We are led 
to conclude that the homogeneous predissociation to 
SieD) + H2 opens between vi = 6 and 7 as suggested pre­
viously.14 Steinfeld and co-workers IZ(c) have confirmed the 
existance of this nonradiative decay channel through direct 
detection ofSieD) production at vi = 7. 

The vi = 10 level of A I B 1 SiD2 lies very close in energy 
to vi = 7 ofSiH2 • It is surprising that the decay rate ofSiD2, 
vi = 10 lies just on the straight line in Fig. 10, which means 
no predissociation occurs from this level. This suggests the 
existence of a potential barrier, through which hydrogen 
atoms can pass, on the pathway to dissociation. Francisco et 
aI. 13 measured the fluorescence lifetimes of SiR2 , to be 450 
ns for vi = 7 and 49 ns for vi = 8, and concluded that the 
shortening of the lifetime at vi = 8 was caused by the predis­
sociation opening between vi = 7 and 8. The observed life­
time for vi = 7, which agrees with our value of 400 ns, is 
shorter than the radiative lifetime predicted on the basis of 
our J' = ° measurements (Fig. 11 and discussion above), 
indicating the existence of decay though a nonradiative pro­
cess. Their lifetimes can be interpreted satisfactorily with the 

tunneling predissociation mechanism: both vi = 7 and 8 lev­
els predissociate through the potential barrier. 

Finally, we estimate the dissociation limit for 
SWP) + H2. Using the transition energy for the (0,6,0)­
(0,0,0) and (0,7,0)-(0,0,0) bands, the zero point energy of 
X I A I , and the energy difference between Si ( 3 P) and Si ( I D) , 
the dissociation energy from the potential minimum of the 
ground state is determined to be 1.88 ± 0.05 eV, which is 
0.10 eV lower than the value estimated from ab initio calcu­
lations by Francisco et al. 13 The heat off ormation ofSiR2 is 
calculated to be !::JlJ (SiR2) = (2.78 ± 0.09) eV using 
!::Jleap (Si) = (4.66 ± 0.04) eV.23 
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