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The J = 1-0 transitions of the microwave spectra of®8i*°Cl, H?8Si¥’Cl, H?°Si®*Cl, and H°Si**Cl were

measured at 1415 GHz. The effective rotational constants are obtained, and the chlorine nuclear quadrupole
coupling constants and nuclear spin-rotation constants of the four isotopomers are determined for the first

time. These constants are compared with th

Introduction

HSICl is an important reactive intermediate in chemical vapor
decomposition (CVD) of silicon from chlorosilanéand HSICl
emission can be used as a diagnostic tool in the analysis of
chlorosilane CVD% During our continuing study of silicon

eir values obtaineddipoimitio calculations.

Experimental Section

The spectrum of HSICl was measured using a pulsed-jet
Fourier transform microwave spectrometer which has been
described elsewhefé. Many modifications of the Wesleyan
spectrometer have been made since the initial publication

containing species, we came across a group of transitions whichincluding coaxial expansion of the gas with the cavity axis for
appeared to be due to a single chlorine nuclear quadrupoleincreased sensitivity and resolution, changes in the microwave
hyperfine splitting. Published rotational constants from electronic Circuitry for decrease in the microwave noise, and automatic

spectroscopy suggested that these lines were the hyperfine
structure of theJ = 1 — 0 transition of H&Si¥Cl. This
hypothesis was confirmed by the measurement of the Q
transition of three other isotopomers of HSICI.

The first spectroscopic work on HSICl was the partially
rotationally resolved electronic absorption spectroscopy of
Herzberg and Verntdn 1964 in which the HSICl was produced
by flash photolysis of HSiGlI A complete reinvestigation of
the emission spectra of HSICl has recently been performed in
which the HSICl was produced by a pulsed discharge of S{HCI
diluted in argon, and the vibrational frequencies, force constants,
rotational constants, and the molecular structure of both the
ground X!A’ state and the AA" state were determinéd.Laser
induced fluorescence of HSICl has also been observed with the
monochlorosilylene produced from the photodissociation of
2-chloroethenylsilane, $$iCHCHCIS Recently, a high-levedb
initio calculation using the CCSD(T) method has been per-
formed in which the experimental structure and the vibrational
frequencies are well reproducédhe current work is the first
pure rotational spectroscopy of monochlorosilylene. FiekHz
resolution in the current experiment, compared to-#3® MHz
resolution of the electronic spectroscopy, allows us to measure
an improved effective rotational constant and to measure the
nuclear quadrupole and nuclear spin-rotation hyperfine structure
of HSICl for the first time. In the present work, we have obtained
the effective rotational constants and the chlorine nuclear
quadrupole coupling constants of33i35Cl, H28Si¥7Cl, H29S5-

Cl, and HSi3>Cl.

* To whom correspondence should be addressed.

T Wesleyan University.

* Permanent address: Faculty of Information Sciences, Hiroshima City
University, Asa-Minami, Hiroshima 731-3194, Japan.

§ University of Alberta.

10.1021/jp020710m CCC: $22.00

scanning for ease of use.

In these experiments, a gas mixture of 0.5% HSUC(CHs)s-

SiCl in argon or neon with a total pressure of approximately 2
atm is expanded through a 0.8 mm diameter pulsed gas valve.
The expanding gas then encounters a pulsed voltage of 900 V
applied between electrodes separated by 1 cm. The resulting
plasma discharge with a current of typically 20 ma serves to
dissociate the trichlorosilane into various fragments including
the monochlorosilylene. The resultant mixture of precursors and
products are expanded into the hi@lFabry—Perot microwave
cavity which is tunable between 5 and 26.5 GHz. A microwave
pulse is timed to coincide with the arrival of the gas pulse in
the center of the microwave cavity. If a molecular transition
lies within the~500 kHz bandwidth of the microwave pulse/
cavity combination, a macroscopic polarization is induced in
the molecules. The free induction decay of this polarization is
collected and averaged over multiple pulses and is Fourier
transformed to yield the spectrum of the transition. The
molecules are traveling coaxially with the cavity axis and thus
the molecular interaction with the counter-propagating micro-
wave radiation results in a Doppler-doubled spectral transition.
The full-width-half-maximum (fwhm) of the observed lines are
~5—7 kHz. With this fwhm, we can estimate peak centers, on
most transitions, to withir~1 kHz. The spectra of all the
isotopomers were observed in natural abundance.

Observed Spectra and AnalysisTheJ =1 - 0,K; =0
transitions for the four isotopomers were measured in the
frequency range of 1415 GHz. TheJ =2 — 1, Kz =0
transitions at 2830 GHz are out of the range of the spectrom-
eters. We were limited to measuriagype,K, = 0, AK; = 0,
transitions because of the large value of Avetational constant,
which puts higheKj, states at high energy and low population,
and put theb-type transitions out of our frequency ranges. Thus,
we were only able to measure affectve rotational constant,
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the chlorine nuclear quadrupole coupling constants, and the
chlorine and®®Si spin-rotation constants of the ground electronic

Lin et al.

TABLE 1: Measured Hyperfine Components of the b;—00o
Transition in HSICI

and vibrational state of HSICl. The effective Hamiltonian used o observed
to assign and analyze the spectra is transitions frequencies  obs-calc
J F J F MHz kHz
H= Hrot + th H28S35C|
1 3/2 0 3/2 14526.1479 0
where 1 5k 0 3/2 14532.9798 0
1 1/2 0 3/2 14538.4307 0
H, o = Begt J° H28SR7CI
rot — Teff 1 32 0 32 14177.5292 0
o 1 5/2 0 32 14182.9136 0
and 1 1/2 0 312 14187.2109 0
3 H2oSEECl
lotea . 1 32,2 0 32,2 14268.4716 0.3
Hpy=——1[1,° — "/51°] + C,,(CNIyJ, 1) 1 32,1 0 32,1 14268.4750  —0.3
2121 — 1) 1 5/2, 3 0 3/2,2 14275.3019 -0.1
1 5/2,2 0 3/2,1 14275.3113 0.1
with 1 1/2,0 0 3/2,1 14280.7524 0.0
1 1/2,1 0 3/2,2 14280.7576 0.0
Bss= (B+ C)/2— 2D, H30Si35C|
1 3/2 0 3/2 14027.7179 0
—1_ " : 1 5/2 0 3/2 14034.5497 0
for theJ =1 — 0 transition.B andC are the standard rotational 1 12 0 3/ 14040 0017 0

constantsp; is the centrifugal distortion constants, is thea
component of the chlorine nuclear quadrupole coupling constant,
Cup(Cl) is the b component of the chlorine nuclear spin
molecular rotation coupling constant, ahé the nuclear spin
angular momentum operator of the chlorine nucldus €/,).

aFor the H°Si*°Cl isotopomer, thé= quantum number is replaced
by F1, F, where the angular momentum is coupledras= J + 1(Cl)
andF = F; + 1(%°Si).

TABLE 2: Spectroscopic Constants for HSICl in MHz2

The inclusion of this term in the Hamiltonian was also required
in the recent study of the related molecule HETkor the H°-

isotopomer B Bei®  xadCP  Cop(Cl)PE Cpp(29Si)Pe

SiB5Cl isotopomer, there is the additional hyperfine doubling
due to the nuclear spin fSi of />. The required extra term in
the hyperfine Hamiltonian i€,(2Si)l; Jp. These spin-rotation
terms represent the magnetic interaction between the Cl or the
29Si nuclei and the electrons of the molecule (a small but nonzero
effect in closed-shell molecules) and with the magnetic moment
due to the rotation of the other nuclei of the molecle.
Recently, McCarthy and Thaddeus have observed this extra
doubling in the spectra of th&Si isotopomer of HCCSil13

Table 1 lists the measured hyperfine components ofthe
1 — O rotational transition of the four isotopomers of HSIElI;
is the total angular momentum of the molecule, giverFoy
J + 1. For the H9Si%5Cl isotopomer, thé quantum number is
replaced byFi, F, where the angular momentum is coupled as
F1=J 4+ I(Cl) andF = F; + I(°Si). Table 2 presents the
spectroscopic constanB, yas, and Gp(Cl) for H28SI5CI, H28-
SiB7Cl, H?°Si*5Cl, and H°Si*SCl, (and Gu(?°Si) for H?°Si®5Cl)
along with the constants available from ref 3 for comparison
purposes. Because, except f@PB*2Cl, we have measured three
hyperfine components and fit the transitions exactly with three
constants, the “external” @ posteriorileast squares estimates
of the error in the constants are zero. Therefore, we have

H28S%5C|
H28Si7CI

7265.8051(3) 7264.(4)-27.303(3) 0.0052(7)
7090.9173(3) 7087.(4)-21.521(3) 0.0036(7)
H29SP5Cl 7136.9679(2) —27.306(2) 0.0057(5)—0.015(2)
H30SP5Cl 7016.5902(3) —27.305(3) 0.0048(7)

a20ne standard deviation in parentheses. This is based on an
“internal” estimate of the fit assuming the transitions frequencies are
accurate to 1 kHz? This work. ¢ Reference 3,§+C)/2, D; not given.
4 AssumingCec = 0. What is actually being reported @, + Cec.

Rotational Constants and Molecular Structure. As seen
in Table 2, the values ofB( + C)/2 from the electronic
spectroscopy of ref 3 are in good agreement with our more
accurate measurement fof43i3°Cl and H8SiB’Cl. The Beg of
H29Si35C| and HOSi35Cl were measured for the first time to be
7136.9666(6) and 7016.5895(11) MHz, respectively.

Fixing the Si— H bond length at 1.5275 A and the €l Si
— H angle at 95 from ref 5, our values 0Bg for the four
isotopomers we studied yield a substitutiong),Si—CI bond
length of 2.0716(21) A and an averagg, Si—Cl bond length
of 2.0722(22) A, essentially identical to the values of refs 3
and 5.

Chlorine Nuclear Quadrupole Coupling Constants. We

estimated the one standard deviation error of the constants bywill use the newly measured value of taecomponent of the

the “internal” ora priori estimate based on assuming that the
measured frequencies can be in error by as much as £%Hz.
Discussion

Because the hyperfine structure of only @atype transition
was measured for each of the four isotopomers, we are able to

extract only three spectroscopic constants for each isotopomer,

Beit = (B + C)/2 — 2Dj, xaa, thea component of the chlorine
nuclear coupling constant, ar@,, the b component of the
chlorine spin-rotation tensor. However, for thé%si*>Cl iso-
topomer, we were able to extract an additional constant,
Cuu(?°Si), theb component of the silicon spin-rotation tensor.

chorine nuclear quadrupole coupling constant #33i#°Cl to
examine the bonding of silicon to chlorine in HSICI. If we
assume that the electron distribution is cylindrically symmetrical
about the St+CI bond, then we calculate that the chlorine nuclear
qguadrupole coupling constant along the bond is given by

Xaa

—_ fea 2
%,co 60—, )

Xzz

where thez is the bond axis and is the angle between tre
inertial axis of the molecule andaxis and is equal to 1.68
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given the geometry from f& . This givesy,; = —27.338(3)
MHz for H28Si35Cl. Because this angle of rotation is small, this
value fory,,is approximately correct even for the likely event
that the assumption of electronic cylindrical symmetry about
the SiCl bond is not correct. Anticipating a result given below,
if yob is large and positive (say29 MHz) andy.. is small and
negative (the traceless tensor requires fhatt ypp +xcc = 0)
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TABLE 3: Comparison of the 35Cl Nuclear Quadrupole
Coupling Constants as Measured along the St Cl Bond of
Some Chlorosilylenes and Chlorosilanés

SiICP  HSiCE  SiCh%e HsSICI H,SiClLee HSiClhe
7:ACl) —23.13(32)—27.35(1) —36.08(35)—39.74 —38.33(13) —36.4

a|n MHz. The number in parentheses represents the one-standard-
deviation error, where knowr.Reference 19 This work, see text.

and that the quadrupole coupling tensor is diagonal in a dReference 2¢¢ It is assumed that the SCI bond is a principal axes

coordinate system oriented along the-8i bond, theny,, =
—27.351 MHz, which differs from the original estimate )of
by only 13 kHz. Thus, we takg,, the quadrupole coupling
constant of°Cl in H28Si%5C| along the Si-Cl bond axis, to be
—27.35(1) MHz.

of the quadrupole tensorReference 30¢ Reference 31" Reference
32.

10728 c?, 22 givesyaa(®°Cl) = —25.8 MHz24in relatively good
agreement with our measurement. Furthermggg,at +29.3

The nuclear quadrupole coupling constant measured alongMHZ andy.c at —3.5 MHz are calculated to be quite unequal.
the bond axis can be used to understand the bonding betweer! hese values are similar to those obtained above by invoking
the chlorine and silicon atoms. The Townes and Dailey model 7 back-donation; the donating orbital is thus the nonbonging

relates the value of,,to thep electron density around nucleus
in question and thus to the percent ionic character of the Bond.

This model is described in some detail in the two standard

monographs of microwave spectroscopy, Townes and Schétviow
and Gordy and Cook, and thus, we will not repeat the outlines
of the model here. If we include sonsdnybridization of thep,
orbital of chlorine and also include the effect afelectron
“back-donation” from the chlorine to the silicon atom, then we
can modify the equations given in ref 17 to read

Xz
+ 1
(1— f,— Y, f)eqQC))

c

3

for the relationship between the ionic character of the@i
bond, i;, and the nuclear quadrupole coupling constant of
chlorine along the SiCl bond axisy,» Here fsis the fractional

s character of the bonding, (p,) orbital of chlorine;f; is the
fraction of ax electron which is transferred from chlorine to
silicon in covalent bonding; anég;1Q (CI) is contribution to
the nuclear quadrupole coupling constant (alongztheis) of
35Cl of a chlorine P, electron, whose value is 109.74 Mz,

Tanimoto et. al. suggest that for Si€and SiC}2°f, has the

orbital along thec axis, the axis perpendicular to the plane of
the molecule.

It has recently been suggested that electron correlation effects
may need to be included for a full recovery of the electric
field gradients at heavy nuclei iab initio calculations?>26
We have therefore also explored the use of self-consistent field
and electron correlation methods for thb initio determina-
tion of the 3°Cl nuclear quadrupole coupling constant in
HSICI. The built-in capability of the Gaussian 98 package to
calculate electric field gradients at the SCF, MP2, and MP3
levels of theory was utilized, using Sadlej's basis sets for
H,2” Si, and CP® The values obtained fgr.(*°Cl) are —29.2
MHz (SCF),—25.3 MHz (MP2), and-26.3 MHz (MP3). The
MP3 value is within 4% of the experimental value47.303
MHz), thus validating this approach. Treatment of electron
correlation at higher levels of theory, such as MP4 and CCSD-
(T), may further improve the agreement with experiment.
Techniques exist to calculate the electric field gradient at these
levels of theory?? but their application is beyond the scope of
this work.

Table 3 lists the chlorine nuclear quadrupole coupling
constants measured along the—8i bond of a series of
chlorosilylenes already mentioned and the chlorosilangs, H

values of 0.27 and 0.19, respectively. If we take the amount of SjCI3° H,SiCl,,3! and HSiC4.32 In the cases of SiG| H,SiCl,,

back-donationf,, to be 0.27, as in SiCl, and fractional amount
of s character in thep, orbital, fs, to be 0.15>16eq 2 gives a
value of 0.65 for the fraction of ionic character in the-8lil
bond of HSICI. This value of; is in agreement with that given

and HSIC}, the measured nuclear quadrupole coupling constant
was rotated onto the SICl bond. To do this, it was assumed
that the S+-Cl bond is a principal axis of the quadrupole tensor
and that the electronic distribution of the-SEI bond is of

by the simple linear relationship between the ionic character of cylindrical symmetry. The chlorine nuclear quadrupole coupl-

a bond and the electronegativity difference of the atéhis=
Yalxc1 — xsil = 0.63.

We note that the inclusion of back-donation from chlorine
to silicon implies that the cylindrical symmetry of the electronics
along the C+Si bond may be broken, and thus, the andyyy

components of the chlorine nuclear quadrupole coupling constant

may be unequal. Using these valuesfofnd f,, assuming,
arbitrarily, that the back-donation is from the grbital, and
using a fractional covalent character of 0.35 that we “fit” from
the measured value gf, we obtain estimates of the chlorine
nuclear quadrupole coupling constantggfandy,y to be+5.9
and+21.5 MHz, respectively.

The nuclear quadrupole coupling constant was also investi-

gated by ab initio calculations performed on the HSICl set to
the experimental geometry using the Gaussian 98 package.
The B3LYP density functional method was used with the triple-

ing constant range from about23 to —40 MHz in these
molecules, corresponding to percent ionic character in the Si
Cl bond of~70% to~49%. The Si-Cl bonds in the chlorosi-
lylenes are slightly more ionic in character than those in the
chlorosilanes.

Chlorine and Silicon Spin-Rotation Constants.The fre-
guencies of the hyperfine components of e 1—-0 transition
(whose energy is approximateB/ + C) are equally sensitive
to the value of the spin rotation constalig,(Cl) and Cc{(Cl)
but insensitive to the value &.4(Cl). The value forCp,(**Cl)
in H?8Si®5CI given in Table 2 as 5.2(7) kHz is based on
(arbitrarily) settingCc(**Cl) equal to zero. If, in eq 1 for the
hyperfine Hamiltonian, we were to substitute the scalar inter-
action, Ci(Cl)[laJa + IbJo + IcJe], for Con(Cl)lppdon, then the
value of C,(Cl) would be exactly’/, of the value we report
for Cpp(Cl). In this case, we would be, in effect, including

£, correlation consistent, basis set augmented with diffuse the lpJy + IcJc terms with coefficients forced to be equal, the

functions. Multiplying the calculated electric field gradient by
the known electric quadrupole moment B€I of —8.249 x

laJa term having no effect on the frequencies of the(Ol
transition.
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We can estimate the main contribution to the valueCgf
via the second-order equatidn’3

_ 4Bay,|X|L, AT

Ex — Ex @

bb

where B is the rotational constangxa is is the off-diagonal
nuclear-spir-orbit interaction constant,, is the orbital angular
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(6) de Nalda, R.; Mavromanolakis, A.; Couris, S.; Castillejo,@iem.
Phys. Lett.200Q 316, 449.
(7) Vazquez, J.; Stanton, J. B. Phys. Chem. 2002 106, 4429.
(8) Hight Walker, A. R.; Chen, W.; Novick, S. E.; Bean, B. D,
Marshall, M. D.J. Chem. Phys1995 102 7298.
(9) Xu, Y.; Jmger, W.J. Chem. Phys1997 106, 7968.
(10) Hirota, E.; Brown, J. M.; Hougen, J. T.; Shida, T.; Hirota,Nire
Appl. Chem1994 66, 571.
(11) Yamamoto, S.; Habara, H.; Kim, E.; NagasakaJHChem. Phys.
2001, 115, 6007.
(12) Townes, C. H.; Schawlow, A. LMicrowave Spectroscopy

momentum operator, and the energy denominator is the energyMcGraw-Hill: New York, 1955; pp 215219.

between the first excited singlet state (A) and the ground
(singlet) state (X). In ref 11 on HCCI, the matrix element is
assumed to be unity and the spiorbit constant is estimated
by the authors to be 102 MHz (the value in thestate of the

isoelectronic NCl radical). If we take those values here (because

the A state of PCl has not been investigated and so the
appropriate ga value is not available), and use the appropriate

rotational constant and take the energy denominator to be

E(AA") — E(X 1A") = 20718 cm1,3 we estimateCpy(3°Cl) in
H28Si%5Cl to be 4.8 kHz compared to our measured value of

5.2 kHz, perhaps a fortuitous agreement given that the 100 MHz

estimate foraxa is really appropriate for HCCI and not HSICl
and that we have arbitrarily s€(Cl) to be zero.

We can also estimate the spin-rotation constants by ab initio
calculation. There is a new version of the Gaussian program
under development which currently can calculate the spectro-
scopic hyperfine constants for singlet stajearfdC, the nuclear
quadrupole coupling, and nuclear spin-rotation interaction
tensors) along with the more complete set of fine and hyperfine
constants for doublet radicals, @, T; electron spin-rotation,
Fermi contact, and nuclear spin-electron spin interacti&hs).
Using this program, we calculate for the chlorine nucleus in
H28Si35C| Caa = 131 kHz,Cpp = 5.7 kHz (experimental, 5.2(7)
kHz with C.c assumed zero), ar@,. = 0.04 kHz; we calculate
for the silicon nucleus in HS**Cl| Cyq = —485 kHz, Cpp =
—7.9 kHz, andC.. = —5.0 kHz. Our experimental value for
Cup(?°Si) is —15(2) kHz with Cc assumed to be zero which
should be compared with the sum of the calculated values for
the bb and cc components of the tensor which is13 kHz.
These calculations were performed using the B3LYP density

functional method using an augmented, correlation consistent,

polarized valence, triplé- basis set. This same calculation

(geometry optimized rather than set at the experimental geom-

etry) directly givesyaa(®°Cl) = —27.658 MHz which is to be
compared with our experimental valt€27.303(3) MHz.
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