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The electronic spectrum of silicon methylidyne „SiCH…, a molecule
with a silicon–carbon triple bond in the excited state

Tony C. Smith, Haiyang Li, and Dennis J. Clouthiera)

Department of Chemistry, University of Kentucky, Lexington, Kentucky 40506-0055

Christopher T. Kingston and Anthony J. Merer
Department of Chemistry, University of British Columbia, 2036 Main Mall, Vancouver,
British Columbia V6T 1Z1, Canada

~Received 28 October 1999; accepted 30 November 1999!

The Ã 2S1 –X̃ 2P i transition of jet-cooled silicon methylidyne, SiCH, has been recorded by
laser-induced fluorescence in the 850–600 nm region. The radical was produced in an electric
discharge using tetramethylsilane as the precursor. Fifteen cold bands of SiCH and 16 bands of
SiCD have been assigned vibrationally, giving the upper state frequencies asv285715/558 cm21 and
v3851168/1127 cm21 for SiCH/SiCD. Rotational analysis of the 00

0 and 30
3 bands for each

isotopomer has given the following molecular structures:r 09~Si–C!51.692 52~8!,
r 09~C–H!51.0677~4!, r 08~Si–C!51.6118~1!, andr 08~C–H!51.0625~5! Å. The silicon–carbon bond
length in theX̃ 2P ground state of SiCH~electron configuration ...s2p3! is typical for a Si5C
double bond; in theÃ 2S1 excited state(...s1p4) it corresponds to a triple bond. This work
provides the first experimental measurement of the length of the carbon–silicon triple bond.
© 2000 American Institute of Physics.@S0021-9606~00!00508-0#
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I. INTRODUCTION

Experimental and theoretical studies of carbon–silic
multiple bonding have burgeoned since reports of the fi
physical and chemical characterization of a molecule wit
silicon–carbon double bond~1,1,2-trimethylsilaethylene! in
1976.1,2 A variety of stable compounds containing silicon
carbon double bonds have been synthesized and various
sient species such as H2CvSi3 and HCSi4 have been de-
tected by spectroscopic methods. Despite these success
is well-recognized that silicon is very reluctant to form mu
tiple bonds, and compounds containing triply bonded silic
atoms have yet to be detected experimentally. Very recen
we reported the laser spectroscopic detection of the sili
and germanium methylidyne radicals~SiCH and GeCH!.5 In
this work, we present a detailed study of silicon methylidy
and show that it has a silicon–carbon triple bond in the fi
excited electronic state.

Beyond their fundamental significance, small silico
containing species are also of great importance in astrop
ics. After hydrogen and helium, silicon and carbon a
among the most abundant elements in the universe and
eral silicon-based interstellar molecules have been identifi
including SiO,6 SiS,7 SiC,8 SiN,9 SiC2,

10 SiC3,
11 SiC4,

12 and
SiH4.

13 Herbstet al.14 have published model calculations
the gas-phase chemistry of silicon compounds in dense in
stellar clouds which suggest that silicon methylidyne~SiCH!
and silylidene (H2CSi) should be relatively abundant, a
though a recent preliminary search15 failed to detect H2CSi.
It has also been suggested that carbon–hydrogen–si
species may be the precursors to the carbon–silicon clu

a!Author to whom correspondence should be addressed.
3660021-9606/2000/112(8)/3662/9/$17.00
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found in stellar atmospheres,16 so their detection by radioas
tronomy would be of great interest.

Organosilicon radicals are also likely to play a role in t
chemistry of the chemical vapor deposition of silicon carb
and the formation of hydrogenated amorphous silicon c
bide ~a-SiCH! films. Such materials are grown from orga
nosilane precursors such as methyltrichlorosilane17,18 or pre-
cursor mixtures of silane and various hydrocarbons19–21

which are decomposed in hydrogen atmospheres at high
peratures. In the process, a large variety of silicon-based
active intermediates such as silicon atoms, silicon clust
silylenes, silylidenes, and organosilicon radicals may
formed and their reactions can influence the composition
electronic properties of the final product. For several yea
we have been engaged in spectroscopic studies of such
tive intermediates22–30in order to establish sensitive method
for detecting and characterizing them.

The SiCH radical has been detected in neutralizati
reionization mass spectrometry studies, proving that it
stable under collision-free conditions.31 Han et al.32 identi-
fied the 1010.4 cm21 Si–C stretching fundamental of SiCH
in the photolysis products of silane/methane mixtures in
argon matrix. At about the same time, Cireasaet al.4 re-
ported the near-infrared emission spectrum of SiCH, gen
ated by a direct current discharge through a flowing mixt
of hexamethyldisilane and helium. They identified the 31

0,
00

0, and 30
1 bands and obtained rotational constants for the0

0

band. They also suggested that a previous matrix spectru33

assigned to SiC should be reassigned as due to SiCH.
aware of these previous reports, we accidentally discove
the electronic spectrum of jet-cooled SiCH5 during stimu-
lated emission pumping~SEP! experiments on H2CSi, pro-
duced in a pulsed discharge jet with a tetramethylsilane p
2 © 2000 American Institute of Physics
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cursor. An extensive band system was found in the 850–
nm region, which was readily assigned as theÃ 2S1 –X̃ 2P i

electronic transition of linear SiCH. A similar system
bands was found for GeCH,5 using a tetramethylgerman
precursor.

As anticipated by prior ab initio studies,34,35 the bonding
and electronic transitions in SiCH are very different fro
those in the well-known C2H radical. C2H has a ...p4s1

configuration and a2S1 ground state with Lewis structur
H–C[C •. The lowest electronic transition36,37at 3800 cm21

involves promotion of an electron from thep orbital to thes
orbital, giving a2P excited state. This molecular orbital pic
ture is consistent with the approximately 0.07 Å increase
the carbon–carbon bond length on electronic excitation
SiCH, the ground-state electron configuration
...s2p3(2P) with the H–C

•
vSi: Lewis structure, due to the

less favorable mixing or hybridization of the valence shes
andp orbitals of silicon relative to carbon,38 so that the sili-
con 3s orbital remains doubly occupied. The first electron
transition involves excitation of an electron from thes to the
p orbital, giving a2S1 excited state with a carbon–silico
triple bond.

II. EXPERIMENT

Silicon methylidyne was produced in a pulsed discha
jet with tetramethylsilane~TMS! as the precursor. The TMS
was cooled to255 °C and the vapor seeded into a 30 p
flow of argon which was expanded through a pulsed va
~General Valve, series 9, 0.8 mm orifice!. A pulsed electrical
discharge apparatus,24,25 consisting of a pair of disk elec
trodes mounted in a plastic flow channel, was attached to
exit of the valve. At the appropriate time during the gas flo
a high voltage pulse was applied to the electrodes, creati
glow discharge which dissociated the precursor. For mos
these experiments, a small@10 long36 mm inner diameter#
reheat tube39 was attached to the exit of the pulsed discha
jet. It substantially increased the population of the wea
2P1/2 spin component and also suppressed the excited a
glow from the discharge. Laser-induced fluorescence of
discharge products was excited 10 mm beyond the end o
reheat tube by a pulsed laser and the resulting fluoresc
was collected by a lens and focused through appropriate
wave pass filters onto the photocathode of a photomultip
tube ~EMI 9816QB!. The pulsed fluorescence signals we
processed by gated integrators and recorded digitally.

Low-resolution~0.1 cm21! survey spectra in the 860
590 nm region were acquired at the University of Kentuc
~UK! using a Nd:YAG pumped dye laser~Lumonics HD-
500! excitation source. The spectra were calibrated using
lon fringes~FSR 0.65 cm21!, along with optogalvanic lines
from various argon-and neon-filled hollow cathode lamps
an estimated accuracy of 0.05 cm21. Weak laser-induced
fluorescence~LIF! features due to C2 ~Phillips bands!,40 SiH2

~Ã–X̃ system!,41 and HCCl~Ã–X̃ system, from the methyl-
trichlorosilane precursor,vide infra!42 were also identified
among the much stronger bands of SiCH and SiCD in th
spectra.
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Medium-resolution~0.04 cm21! spectra of the 00
0 bands

of SiCH and SiCD in the 854–840 nm region were al
obtained at UK using an excimer pumped dye laser equip
with an intracavity angle-tuned etalon~Lambda Physik
FL3002E!. These spectra were quite difficult to record, d
to the abrupt decrease in photomultiplier sensitivity at;950
nm and the lack of suitable long-wave cutoff filters a
wavelength calibration standards in this region. Norma
our photomultiplier is terminated with a small resistor~50–
5000 ohms! so that we can use fast timing to discrimina
against the initial discharge flash and scattered laser li
but in this very long wavelength region the signals we
simply too weak under these conditions and were ov
whelmed by scattered light signals at higher input impe
ances. These problems were overcome by adding a sim
gated impedance–switching circuit to the detection syst
This circuit takes advantage of the long SiCH fluoresce
decay~1–3ms! and short duration of the scattered laser lig
pulse ~20 ns!. A 50 ohm resistor and a fast metal–oxid
semiconductor field effect transistor~MOSFET! switch, nor-
mally connected to ground, were added in parallel to th
MV input impedance of the gated integrator. This low im
pedance input allowed the fast discharge and scattered
light current pulses to dissipate swiftly. About 200 ns af
the laser fired, the switch was opened by a 1–2 msec d
tion TTL pulse applied to a MOSFET driver. This rapid
switched the input impedance from 50V to 1 MV, generat-
ing a large, slowly decaying LIF signal voltage, free of i
terferences, at the gated integrator output.

The 00
0 band near-infrared spectra were calibrated us

Raman shifting and I2 LIF techniques similar to those prev
ously described.43 The high intensity, etalon narrowed outp
of the Lambda. Physik dye laser operated in the 490–520
region with Coumarin 503 was Raman shifted in a high pr
sure hydrogen cell. The first Stokes beam~615–660 nm! was
used to excite an I2 vapor LIF spectrum for wavelength cal
bration and the second Stokes beam~830–915 nm! was used
to excite the silicon methylidyne LIF spectrum. Th
medium-resolution spectra were calibrated to an estima
accuracy of 0.003 cm21 for unblended lines.

High-resolution ~0.01 cm21! spectra of the strong 30
3

bands of SiCH and SiCD were recorded at the University
British Columbia~UBC! using the same discharge appara
with helium as the carrier gas. The excitation source wa
pulse amplified continuous wave~cw! ring dye laser~Coher-
ent 899-21! operated with DCM in the 625–700 nm regio
The cw laser beam~200–400 mW, 500 kHz linewidth! was
pulse amplified in an excimer pumped DCM dye amplifi
~Lambda Physik FL2003! to yield 10 ns pulses of;70 MHz
linewidth and output power of 10–30 mW at 18 Hz. Th
resolution of the high-resolution spectra was limited to ab
350 MHz by power broadening and the residual Dopp
width of the unskimmed molecular beam. The spectra w
calibrated using optogalvanic spectra of atomic uranium
interpolation between the atomic lines with fringes from
pressure- and temperature-stabilized 750 MHz eta
system.44 Unblended lines in the LIF spectra could be me
sured to an estimated relative precision of about 0.00
cm21.
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TABLE I. The vibrational frequencies of SiCH and SiCD~in cm21!.

Vibration

X̃ 2P Ã 2S1

SiCH SiCD SiCH SiCD

Ab initioa Expt. Calc.d Expt. Ab initioe Expt.f Calc.d Expt.f

n1(s1)C–H stretch 3260.2 ¯ 2414 ¯ 3249.6 ¯ 2415 ¯

n2(p) bend 469.9 ¯ 363 ¯ 848.7 715 554 558
n3(s1)Si–C stretch 1011.9 1013b/1010.4c 979 977.4c 1150.9 1168 1125 1127

aFrom the quartic force field calculated from multireference configuration interaction~MRCI! geometries, Ref.
34.

bFrom the emission spectrum, Ref. 4.
cFrom the matrix infrared absorption spectrum, Ref. 32.
dAb initio predictions of the SiCD frequencies were not available in the literature. We calculated them fro
SiCH frequencies, includingab initio values where necessary, and our experimental geometry, using a s
diagonal force field.

eMulticonfiguration self-consistent field–configuration interaction~MCSCF-CI! frequencies of Ref. 35.
fThis work.
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Tetramethylsilane@(CH3!4Si, Aldrich# was used as re
ceived. Fully deuterated tetramethylsilane@~CD3!4Si# was
synthesized45 by the Grignard reaction of CD3I ~Aldrich!
with SiCl4 ~Aldrich!. The identity and purity of the deuter
ated precursor were checked by gas-phase infrared spec
copy. We found that TMS-d12 was a much more efficien
precursor than commercial TMS, which we deduced mus
due to the presence of partially chlorinated methylsilane
our synthesis product. Subsequent tests with vari
(CH3)nSiCl(42n) compounds showed that methyltrichloros
lane~CH3SiCl3, Aldrich! was the best precursor, giving LI
signals 3–4 times stronger than those from TMS.

III. RESULTS AND ANALYSIS

A. Vibrational analysis

From ab initio predictions34,35 and the results of the ro
tational analysis of the 00

0 band emission spectrum by Ci
easa et al.,4 the electronic transition is assigned
2S1 –2P i . SiCH has three vibrations conventionally label
asv1 , the C–H stretch,v2 , the doubly degenerate bend, a
v3 , the Si–C stretch. The theoretically predicted and exp
mentally observed vibrational frequencies are summarize
Table I.

The Ã 2S1 –X̃ 2P i transition of SiCH, as observed b
LIF, extends from about 850 to 600 nm; the central port
of it is illustrated in Fig. 1. In agreement with the matr
absorption spectrum33 and the infrared emission spectra,4 we
assign a strong band with a prominentQ-branch at 11 801.2
cm21 as the2S1 –2P3/2 component of the 00

0 band. The
weaker2S1 –2P1/2 component, which decreased in intens
when the reheat tube was removed, was found 71.3 cm21 to
lower frequency. In SiCD, the2S1 –2P3/2 component of the
00

0 band was found at 11 743.9 cm21. The redshift of the 00
0

band on deuteration is unexpected; usually a blue shif
found since the vibrational frequencies normally decrease
electronic excitation. The next strong band in the spectr
of SiCH with the same general appearance occurs at 12 9
cm21, and is found to be the first member of a moderat
long upper state vibrational progression where the freque
is 1168 cm21. The corresponding frequency in SiCD is 112
os-

e
in
s

i-
in

n

is
n

m
.8

y
cy

cm21 so that, in agreement with Cireasaet al.,4 we assign the
upper state vibration as the silicon–carbon stretching vib
tion, v38 . Associated with each member of this progressi
30

n , is a prominent band with somewhat different appeara
lying about 700 cm21 to the blue in SiCH~550 cm21 in
SiCD!. For various reasons these bands are assigned to
vibronically induced progression 20

130
n . For a start, their po-

larizations are different, consistent with the fact that t
bending vibration is a non-totally symmetric vibration,
speciesP. Figure 2 compares the appearances of the 20

130
2

and 30
3 bands of SiCH. The 30

3 band~lower panel! is clearly
a perpendicular band, where the spin splitting of theÃ 2S1

upper state is unresolved; since theX̃ 2P3/2 lower level has
negligible L doubling, the band apparently has just fo
branches, but the two central branches are much stro
than the two outer branches because they are unreso
blends containingQ branches. In the parallel-polarized 20

130
2

band~upper panel!, the central branches are less promine
as shown by the reduced intensity of the main head, beca
the Q branches are much weaker. Also, theSR21 branch is
seen to have a small doubling. This is not spin splitting in

FIG. 1. Portions of the low-resolution LIF spectra of theÃ 2S1 –X̃ 2P i

band systems of the SiCD and SiCH radicals. An asterisk denotes an im
rity band of SiCH in the SiCD spectrum.
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Ã 2S1 upper state because such splitting does not appe
an SR21 branch, as a result of the rotational selection rul
instead it must be interpreted as thel-type doubling of an
upper state vibrational level where the bending vibration
excited. A second argument supporting the assignment tv28
is the comparatively large isotope ratio of 1.3:1 betwe
SiCH and SiCD, which is only consistent with the bendi
vibration. Strong vibronic coupling between nearby ele
tronic states, giving rise to intense vibronically induc
bands following the selection ruleDv2561, is very com-
mon in the spectra of linear transition metal-containi
compounds;46–48 it is therefore not surprising that simila
coupling occurs in SiCH.

The rest of the spectrum can then be readily assigne
involving combinations ofv28 and v38 , with no evidence of
bands involvingv18 , the C–H stretching mode. A few wea
hot bands were also observed—these will be discussed

FIG. 2. Medium-resolution spectra of the2P3/2 spin-orbit component of the
20

130
2 and 30

3 bands of SiCH. TheR21 branch of the 20
130

2 band exhibitsl-type
doubling which confirms theP vibrational symmetry of the upper state.
in
;

s

n

-

as

a

future paper on the Renner–Teller effect in the grou
state.49 The frequency of the centralQ-branch maximum of
each band and its assignment are presented in Table II
the vibrational frequencies, accurate to about60.5 cm21, are
given in Table I.

B. Rotational analysis

We have rotationally analyzed four bands; the 00
0 bands

of SiCH and SiCD, recorded at medium resolution at U
and the 30

3 bands of SiCH and SiCD, recorded at high res
lution at UBC. TheÃ 2S1 –X̃ 2P3/2 spin-orbit components
of the 00

0 bands are shown in Fig. 3; laser-limited linewidth
of ;0.04 cm21 were achieved, resolving almost all of th
rotational structure except the central overlappingQ11 and
P21 branches. A portion of the high-resolution spectrum
the 30

3 band of SiCH is presented in Fig. 4, showing t

FIG. 3. Medium-resolution spectra of the2P3/2 spin-orbit component of the
00

0 bands of SiCH and SiCD, showing the rotational assignments of theP11

andR21 branches.
e
TABLE II. Q-branch maxima and assignments for the observed vibronic bands of silicon methylidyn~in
cm21!.

SiCH SiCD

Assign. 2P3/2
2P1/2 Comment Assign. 2P3/2

2P1/2 Comment

00
0 11 801.2 11 729.9 00

0 11 743.9 11 672.5
20

1 12 516.0 12 444.7 n285715 20
1 12 301.4 12 230.1 n285558

30
1 12 968.8 12 897.4 n3851168 20

2 12 841.3 12 770.3 20
11540

20
2 13 203.5 13 132.1 20

11688 30
1 12 870.7 12 799.4 n3851127

20
130

1 13 673.8 13 602.6 30
11705 20

3 13 378.9 13 307.6 20
21538

20
3 13 889.2 13 817.9 20

21686 20
130

1 13 423.4 13 352.3 30
11553

30
2 14 124.4 14 053.0 30

111156 20
230

1 13 957.7 13 886.4 20
130

11534
20

230
1 14 350.7 14 279.1 20

130
11677 30

2 13 985.6 13 914.2 30
111115

20
130

2 14 817.8 14 746.2 30
21693 20

330
1 14 489.4 14 418.1 20

230
11532

20
330

1 15 025.0 14 953.6 20
230

11674 20
130

2 14 533.4 14 462.2 30
21548

30
3 15 266.9 15 195.4 30

211143 20
230

2 15 061.5 14 990.2 20
130

21528
20

230
2 15 482.8 ¯ 20

130
21665 30

3 15 090.5 15 019.2 30
211105

20
130

3 15 949.1 ¯ 30
31682 20

330
2 15 586.1 15 515.0 20

230
21525

30
4 16 398.6 16 326.9 30

311132 20
130

3 15 632.0 15 560.7 30
31542

20
230

3 16 600.2 16 528.5 20
130

31651 20
230

3 16 153.1 16 081.6 20
130

31521
30

4 16 184.3 16 112.9 30
311094
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beginning of theR21 branch and theJ-dependent upper stat
spin-rotation splittings given by the difference between
Q21(J9) and R11(J9) lines. Both sets of spectra were a
signed by standard methods using pattern recognition, c
bination differences, and plots ofR11(J9)2Q21(J9)5g(N
11/2) which confirmed the rotational numbering.

Initial attempts at fitting the 30
3 band of SiCH showed

that most of the upper levels were substantially perturb
We therefore elected to use ground-state combination dif
ences from the 00

0 and 30
3 bands to determine the best po

sible set of ground-state constants before fitting the up
states. For each band, including both spin components, a
set of strong, symmetric, unblended lines was chosen an
possible combination differences were formed. We refin
the ground-state constants by a simultaneous, weighted l
squares fitting of both sets of combination differenc
weighting them as the square of the inverse of the estim
precision of the measurements. The high-resolution 30

3 band
combination differences were given a precision of 0.00
cm21 and the medium-resolution 00

0 band combination dif-
ferences 0.004 cm21. A program was written to fit these dat
to a lower state2P effective Hamiltonian in theR2 formu-
lation with the matrix elements given in Table III. The r
sulting ground-state molecular constants are summarize
Table IV.

FIG. 4. A portion of the high-resolution spectrum of the 30
3 band of SiCH

illustrating the upper state spin splittings and the beginning of theR21

branch.
e

-

d.
r-

er
ata
all
d
st-
,

ed

7

in

A program was written to fit the assigned transitio
using the following upper state energy level expressions:
the F1 levels ofe parity,

F~N!5T01BN~N11!2DN2~N11!21 1
2gN

1 1
2gDN2~N11!, ~1!

and for theF2 levels of f parity,

F~N!5T01BN~N11!2DN2~N11!22 1
2g~N11!

2 1
2gDN~N11!2. ~2!

In fitting the transitions, the ground-state constants w
fixed and the excited state constants were varied as nee
care was taken to eliminate blended, weak, and obviou
perturbed transitions from the data set. The resulting c
stants are given in Table IV and the assignments of the2P3/2

components of the 00
0 bands of SiCH and SiCD are summ

rized in Tables V and VI.
The 00

0 bands were free of detectable perturbations
the 30

3 bands of both SiCH and SiCD exhibited systema
J-dependent deviations from the calculated energies, as i
trated in Fig. 5. For SiCD, only a single small avoided cro
ing with a state of lowerB value was found in theF2 com-
ponent, which approaches the unknown perturbing state f
below. In SiCH, the perturbations are substantial and af
both theF1 andF2 components in a similar fashion, displa
ing them to lower energy with increasingJ. We found it
necessary to constrain the centrifugal distortion constantD to
the 00 level value since, if varied, it fits the onset of th
perturbations by adopting an anomalously large value. T
perturbing level must be above 33 and have a smallerB
value so that the rotational levels of 33 catch up at highJ.
From Table II it is clear that there are no observed transiti
very close to 30

3, so the perturbing level must either involv
v18 or an overtone ofv28 , or it may be a high vibrational leve
of the ground state. Although the frequency ofv18 is un-
known, it must be in the 3000–3250 cm21 range, so that 11

falls considerably below 33 and 1121 is 250–500 cm21

above 33. The course of thev28 levels is slightly irregular but
the level 25,l 51(P) is expected to lie close to the positio
of the 33 level, and could possibly be the cause of the p
turbation.
TABLE III. The Hamiltonian matrix for the2P vibronic states of SiCH in a case~a! basis.

u2P1/2 e/ f & u2P3/2 e/ f &

B(J1
1
2)

22
1
2A2D@(J1

1
2)

41(J1
1
2)

221#

2
1
2AD(J1

1
2)

27
1
2(p12q)(J1

1
2)

7
1
2qD(J1

1
2)@(J1

1
2)

221#

7
1
2(pD12qD)(J1

1
2)

3/2

2B@(J1
1
2)

221#1/212D@(J1
1
2)

221#3/2

6
1
2q(J1

1
2)@(J1

1
2)

221#1/2

6
1
2qD(J1

1
2)@(J1

1
2)

221#3/2

6
1
4(pD12qD)(J1

1
2)@(J1

1
2)

221#1/2

symmetric

B@(J1
1
2)

222#2
1
2A

2D@$(J1
1
2)

222%21(J1
1
2)

221#

1
1
2AD@(J1

1
2)

222#

7
1
2qD(J1

1
2)@(J1

1
2)

221#
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TABLE IV. Molecular constants~in cm21! for SiCH and SiCD.a

Ground-state constants SiCH SiCD

A 269.813 865(19) 269.816~6!b 269.942 390(18)
B 0.580 4350(13) 0.580 44~9! 0.499 0003(14)
106D 0.5448(44) 0.66~9! 0.3553(42)
102p 0.19640(50) 0.23~3! 0.20251(42)
104q 20.548(13) 21.28~27! 21.169(11)

root-mean-square~rms! error 0.000 68 0.0058 0.000 73

Excited state constants 00 33 00 33

B 0.635 3304(15) 0.635 39~9!b 0.621 7138(30) 0.543 4875(24) 0.534 528 86(68)
106D 0.3881(36) 0.69~12! 0.4c 0.2799(54) 0.4015(23)
102g 0.9075(11) 0.902~18! 1.3291(19) 0.7441(14) 0.84675(96)
106gD ¯ ¯ ¯ ¯ 21.170(46)
T0 11 766.7363~12! 11 766.7205~27! 15 232.8314~7! 11 709.4734~20! 15 056.3329~4!
rms error 0.0024 0.0058 0.000 78 0.0024 0.000 75

aThe number in parentheses are 3s error limits and are right-justified to the last digit on the line; sufficient additional digits are quoted to reproduce the o
data to full accuracy.

bFrom the analysis of the 00
0 band emission spectrum, Ref. 4, with the error limits increased to 3s. A value ofg50.000 26(78) was also quoted for the groun

state.
cFixed in least-squares analysis; see text.
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IV. DISCUSSION

A. Molecular structure

This work reports the first observation of the electron
spectrum of jet-cooled silicon methylidyne. Using th
ground and excited statev50 level rotational constants an
assuming the C–H bond length does not change on deu
tion, we have calculated ther 0 structures reported in Tabl
VII. The ground-state bond length,r 0951.693 Å, is similar to
the ab initio predictions,34,35 and comparable to our exper
mental value of 1.706 Å for the silicon–carbon double bo
length in silylidene~see Table VII!. The accepted value fo
ra-

d

the length of a standard carbon–silicon double bond50 is 1.69
Å, in excellent accord with the above gas-phase values.

The excited state Si–C bond length of 1.612 Å is r
markably short, indicating a true triple bond. This is the on
experimental value for the length of the carbon–silicon trip
bond currently available. It compares favorably with theab
initio prediction of 1.604 Å for the bond length of linea
silaacetylene, H–C[Si-H.51 The silicon methylidyne triple
bond is formed by promotion of an electron from a nonbon
ing s orbital (...s2p3) to the p orbitals, giving a ...s1p4

configuration. The C–H bond length decreases;0.005 Å on
d in
TABLE V. Rotational line frequencies~cm21! and assignments for the2S1 –2P3/2 component of the 00
0 band of HCSi.

J9 R21 R11 Q21 Q11 P21 P11

1.5 11 808.1008~216!a *11 804.3107~270! 11 804.2961~11! 11 800.4933~233!
2.5 11 810.3025~6! *11 805.2425~2132! 11 805.2231~28! 11 798.8977~43!
3.5 11 812.6243~36! 11 806.3112~218! *11 806.2771~49! 11 797.4137~42!
4.5 11 815.0609~23! 11 807.4877~219! 11 807.4440~43! 11 796.0454~6!
5.5 11 817.6167~10! 11 808.7872~19! 11 808.7239~225! 11 794.7991~24!
6.5 11 820.2902~217! 11 810.2050~47! 11 810.1368~46! 11 793.6740~5!
7.5 11 823.0823~248! 11 811.7361~17! 11 811.6585~12! 11 801.5630~219! 11 801.5001~33! 11 792.6702~34!
8.5 *11 826.0091~78! 11 813.3912~35! 11 813.3039~24! 11 801.9455~222! 11 801.8729~24! 11 791.7827~34!
9.5 11 829.0379~34! 11 815.1580~221! 11 815.0609~239! 11 802.4492~23! 11 802.3620~213! 11 791.0116~4!
10.5 11 832.1880~14! 11 817.0518~3! *11 816.9544~72! 11 803.0694~211! 11 802.9724~228! 11 790.3667~45!
11.5 11 835.4573~22! 11 819.0617~23! 11 818.9510~24! 11 803.8111~6! 11 803.7044~217! *11 789.8381~56!
12.5 11 838.8465~27! *11 821.2008~94! *11 821.0742~53! 11 804.6698~3! 11 804.5533~228! 11 789.4259~40!
13.5 11 842.3523~234! 11 823.4366~232! 11 823.3104~22! 11 805.6456~220! 11 805.5242~29! *11 789.1446~140!
14.5 11 825.8101~30! 11 825.6693~29! 11 806.7437~28! 11 806.6125~25!
15.5 11 828.2953~21! 11 828.1448~14! *11 807.9499~2105! 11 807.8186~211!
16.5 11 830.9018~38! 11 830.7416~24! *11 809.2888~263! *11 809.1378~276!
17.5 11 833.6170~246! *11 833.4452~286! *11 810.7411~275! *11 810.5805~293!
18.5 *11 836.4576~263! *11 836.2779~291! 11 812.3186~222! 11 812.1487~242!
19.5 *11 839.4098~2150! *11 839.2301~287! *11 814.0028~290! *11 813.8232~2116!
20.5 *11 842.4883~2160! 11 842.3135~43! *11 815.8003~2211! 11 815.6348~26!
21.5 *11 817.7239~2257! *11 817.5778~233!
22.5 *11 819.7789~2175! 11 819.5938~16!

aThe numbers in parentheses are observed minus calculated values in units of 1024 cm21. An asterisk denotes a blended or otherwise poor line not use
the least-squares fit.
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TABLE VI. Rotational line frequencies~cm21! and assignments for the2S1 –2P3/2 component of the 00
0 band of DCSi.

J9 R21 R11 Q21 Q11 P21 P11

1.5 *11 749.9583~258!a *11 746.7130~2125! *11 746.6984~285! 11 743.4568~23!
2.5 11 751.8316~9! 11 747.5114~213! 11 747.4872~6! *11 742.0640~264!
3.5 11 753.7922~211! 11 748.3921~238! *11 748.3568~256! 11 740.7776~221!
4.5 11 755.8538~21! 11 749.3760~10! 11 749.3323~218! 11 739.5863~13!
5.5 11 758.0071~10! 11 750.4533~32! 11 750.4000~218! 11 738.4879~16!
6.5 11 760.2525~238! 11 751.6181~231! 11 751.5647~27! 11 737.4863~26!
7.5 11 762.6041~18! 11 752.8895~13! *11 752.8119~2131! 11 736.5750~221!
8.5 11 765.0377~265! 11 754.2532~20! *11 754.1756~249! 11 744.4677~35! 11 744.3999~211! *11 735.7573~292!
9.5 11 767.5809~28! 11 755.7083~217! 11 755.6307~212! *11 744.8451~91! 11 744.7629~224! *11 735.0461~259!

10.5 11 770.2155~5! *11 757.2699~52! 11 757.1826~34! 11 745.3048~13! 11 745.2274~20! 11 734.4317~217!
11.5 11 772.9441~2! 11 758.9140~214! 11 758.8267~44! 11 745.8661~28! *11 745.7742~272! 11 733.9140~31!
12.5 *11 775.7746~61! *11 760.6695~77! *11 760.5531~282! *11 746.5194~267! 11 746.4371~40! 11 733.4834~210!
13.5 11 778.6926~40! 11 762.5021~219! *11 762.3904~257! *11 747.2888~77! 11 747.1775~231! 11 733.1495~243!
14.5 11 781.7027~216! 11 764.4402~218! *11 764.3187~280! 11 748.1356~38! 11 748.0243~4!
15.5 11 784.8161~6! 11 766.4776~18! 11 766.3512~218! *11 749.0848~66! 11 748.9635~7!
16.5 11 788.0230~12! 11 768.6017~236! *11 768.4704~247! 11 750.1185~218! *11 749.9729~2246!
17.5 *11 770.8370~65! 11 770.6913~215! *11 751.2638~58! *11 751.1182~295!
18.5 11 773.1480~233! *11 773.0042~238! 11 752.4916~3! *11 752.3363~2173!
19.5 11 775.5707~30! 11 775.4105~247! *11 753.7922~2280! 11 753.6709~242!
20.5 *11 777.9109~288! 11 755.2476~31! 11 755.0924~4!

11 756.7655~11! 11 756.6055~10!

aThe numbers in parentheses are observed minus calculated values in units of 1024 cm21. An asterisk denotes a blended or otherwise poor line not use
the least-squares fit.
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electronic excitation;ab initio theory predicts either little
change34 or a slight decrease.35

B. Rotational and vibrational analysis

The 00
0 band parameters obtained from the rotatio

analysis of the emission spectrum4 are in general agreemen
with the more precise values reported here~Table IV!, al-
though the ground-stateL doubling parameters differ sub
stantially. The 2P state spin-orbit coupling constan
@269.813 86~19! cm21# is substantially larger than theab
initio prediction34 of 241.0 cm21. It has the same sign an
approximate magnitude as that of theÃ 2P i state of the va-
lence isoelectronic molecule SiN~289.1 cm21!,52 which
happens to be the average~89.0 cm21! of the atomic spin-

FIG. 5. Observed shifts in the upper state rotational energy levels foun
the 30

3 bands of SiCH and SiCD. The shifts are plotted as a function oJ
rather thanN to avoid overlap of theF1 andF2 curves in the SiCH plot.
l

orbit constants of silicon~148.9 cm21! and carbon~29.0
cm21!.53 One would anticipate that the predominant cont
bution to the spin-rotation parameterg in the excited state
would come from the interaction with the2P i ground state,
which in the ‘‘pure precession’’ approximation is given by

g52ABl~ l 11!/~EP2ES!, ~3!

whereA is the spin-orbit coupling constant of the2P state
andl is the angular momentum quantum number of the el
tron that gives rise to theS and P states. Although this
relationship gives the correct sign forg, it predicts a value of
1.531022 cm21, substantially larger than the experiment
value of 0.907(11)31022 cm21. Equation~3! also implies
that the ratio of theg values for SiCH and SiCD~1.219!
should be the same as the ratio of the rotational const
~1.169!, but the discrepancy is considerably larger than
errors in the constants. It is evident that the simple ‘‘pu
precession’’ model, with its various approximations,53 does
not work very well in this case.

in

TABLE VII. Comparison of the experimental (r 0) andab initio structures
for the ground and excited states of silicon methylidyne and other carb
silicon species.

Molecule and state Source and referencer ~Si–C! Å r ~C–H! Å

SiCH X̃ 2P i
Expt’l r 0—this work 1.692 52~8!a 1.0677~4!

SiCH X̃ 2P i
ab initio, Refs. 34/35 1.702/1.710 1.078/1.09

SiCX 3P Expt’l r 0 , Ref. 56 1.721 87 ¯

H2CvSi X̃ 1A1
Expt’l r 0 , Ref. 30 1.706~3! 1.105~3!

SiCH Ã 2S1 Expt’l r 0—this work 1.6118~1! 1.0625~5!

SiCH Ã 2S1 ab initio, Ref. 34/35 1.587/1.624 1.08/0.084

H–CwSi–H linear ab initio, Ref. 51 1.604 1.068
HCSiH trans-bent ab initio, Ref. 51 1.665 1.077

aThe numbers in parentheses are three standard errors in units of th
significant figures.
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The vibrational analysis can be validated in seve
ways, although the lack of experimental data forv18 , the
C–H stretching frequency, limits the accuracy of the cal
lations. The vibrational frequencies of SiCD in the excit
state can be predicted from the experimentally determi
frequencies of SiCH by including theab initio value forv18 .
A simple diagonal force field was determined and the Si
frequencies calculated from the force constants—the res
are given in Table I. The agreement between the obse
and calculated frequencies forv28 andv38 is excellent. Using
the vibrational frequencies in Table I and incorporating e
perimental data where available, the observed 00

0 band shift
to lower wave numbers on deuteration is reproduced,
though the magnitude of the shift~257 cm21! is larger than
that calculated~223 cm21!. Further confirmation of the vi-
brational numbering comes from the absorption spectrum
SiCH in a neon matrix,33 originally assigned as due to SiC
but plausibly reassigned by Cireasaet al.4 The spectrum
shows a progression of four bands, with the strongest fea
at 11 749 cm21, a harmonic frequency of 1178 cm21, and an
anharmonicity constant of 5 cm21. Assuming a matrix shift
of 252 cm21, these bands closely match the strong 30

n(n
50 – 3) progression in our LIF spectra and the lowest ene
feature must be assigned as the 00

0 band in each case.
Vibrationally forbidden bands following the selectio

rule Dv251 are prominent in theÃ 2S1 –X̃ 2P transition of
SiCH. Such bands are parallel-polarized (DK50), although
the electronic transition moment is perpendicular. Bands
this type appear as a result of nuclear momentum coupl
which in unsymmetrical linear molecules takes the form
coupling through the bending vibration between electro
states whoseL values differ by one unit. In this case, th
upper 2S1 state is mixed with a2P electronic state. Al-
though mixing with higher electronic states is possible,
most likely candidate is the ground state, which is only ab
12 000 cm21 distant. The effect of this interaction would b
to induce vibrationally forbidden components withDv2

561 in the electronic transition between the electro
states, as observed experimentally. For suitably strong m
ing, a high density of states, and favorable Franck–Con
factors, we may anticipate that the interaction with high
levels of the ground state would give rise to numerous p
turbations in the upper state, as observed in the spectr
WCH46 and TiCH.47 From our limited data set, it is eviden
that such perturbations, if present, are too small to be
tected at the present resolution. In this regard, SiCH is pr
ably similar to H2CS54 and BO2,

55 whose electronic spectr
appear unperturbed at Doppler-limited resolution but sh
numerous tiny level shifts and line doublings at very hi
resolution.
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