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Multiphoton ionization of SiH; and SiD; radicals: Electronic spectra,
vibrational analyses of the ground and Rydberg states, and ionization

potentials

Russell D. Johnson IlI, Bilin P. Tsai,® and Jeffrey W. Hudgens®
Chemical Kinetics Division, Center for Chemical Technology, National Institute of Standards and

Technology, Gaithersburg, Maryland 20899
(Received 3 April 1989; accepted 8 June 1989)

The electronic spectra of silyl radicals, SiH; and SiD,, were observed between 310 and 430 nm
(46 000-64 000 cm™') by resonance enhanced multiphoton ionization (REMPI) mass
spectroscopy. The spectra were generated through a 2 + 1 REMPI mechanism. Two Rydberg
series originating from planar, D;, point group states were observed. One series, of quantum
defect § = 1.45(2), is comprised of the E 24  (4p), J 24 § (5p), and M 24 ; (6p) Rydberg states
which have origins at v, , = 48 438, 56 929, and 60 341 cm ™' in SiH, and at v, , = 48 391,

56 874, and 60 267 cm " in SiD;. In SiD, the P247(7p) Rydberg origin was observed at v,
= 62002 cm ™. The A, K, and N states observed in the SiD; spectrum comprise the second
Rydberg series, & = 2.09, and were tentatively assigned as ns >4 | Rydberg states (n =5, 6, 7).
The Kand N origins were observed at v, , = 58 417 and 61 005 cm ™. A fit of the Rydberg
formula to the np >4 7 (n>5) origins found the adiabatic ionization potential of the SiH, and
SiD; radicals tobe IP, = 8.135( 4 5, — 2) eV and IP, = 8.128(1) eV, respectively. Detailed
vibrational analyses of these Rydberg states are presented. Analysis showed that in the E?4y
(4p) state of the SiH, radical @; (a; symmetric bend) = 796(7) and 2w, /2 (¢’ degenerate
bend) = 870(5) em ™! and that in SiD, radical @] (a; SiH, symmetric stretch) = 1576(3), w;
= 589(3), and 2w /2 = 635(6) cm™'. The REMPI spectra exhibited v hot bands from
vibrational levels as high as E, = 2073 cm ™! in the X 4,state. Modeling calculations, which
fit the numerous v hot bands, predicted barriers to inversion of B,,, = 1935cm ™' and B,

= 1925 ¢cm ™! for SiH, and SiD, X 24, radicals, respectively.

I. INTRODUCTION

The observation of electronic spectra belonging to
members of the isovalent series: CH,, SiH;, and GeH, radi-
cals, have challenged spectroscopists for decades. The meth-
yl (CHj;) radical spectrum was first observed in 1956 by
Herzberg using traditional flash-photolysis UV absorption
spectroscopy. > Despite substantial effort, silyl (SiH,) radi-
cals eluded spectroscopic discovery.”~ Since Herzberg’s pio-
neering work, discoveries of new states in these radicals have
originated from studies that used resonance enhanced multi-
photon ionization (REMPI) spectroscopy.® In 1982 the spe-
cial multiphoton selection rules accessible to REMPI spec-
troscopy enabled us to observe numerous “one-photon
forbidden” bands of the CH, radical.”® More recently, the
sensitivity and selectivity intrinsic to mass resolved REMPI
detection enabled us to observe the first electronic spectra of
SiH,>!° and GeH,'! radicals.

Interest in the SiH, radical has recently increased be-
cause of its potential importance to semiconductor manufac-
turing. SiH, radicals are believed to play a pivotal role dur-
ing the manufacture of silicon films by electric discharge
chemical vapor deposition (CVD).'? The spectroscopic in-
formation and procedures described here should facilitate
optical studies of the silyl radical in such CVD processes.

* On sabbatical leave from the University of Minnesota at Duluth.
® Correspondence should be addressed to this author.
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In this account we present an electronic spectrum of the
SiH; radical from 310 to 430 nm. This REMPI spectrum
encompasses a broader wavelength range than described in
our previous reports.”'® We also present the first spectrum
of the SiD, radical. During our analyses of these REMPI
spectra we identified four np 245 (D;,) Rydberg states,
identified three members of a second Rydberg series tenta-
tively assigned as ns °4 | (D,,) states, assigned the numer-
ous vibrational bands associated with these Rydberg states,
assigned the vibrational bands associated with the X °4,
(C,,) state, and precisely determined the adiabatic ioniza-
tion potentials of SiH; and SiD, radicals.

All prior experimental studies and most theoretical
studies have focused upon the ground state properties of the
silyl radical and cation. For an extensive review of the SiH,,
(n = 1-3) radical literature through 1985, we refer the read-
er to the paper by Allen and Schaefer.'® The SiH, radical was
first observed in cryogenic matrices with ESR!'*!% spectros-
copy. Early workers established that the ground state is py-
ramidal and modeled the ESR signals with a simple s—p hy-
bridization model to estimate that 8,, = 15.1° (/H-Si-H

= 113.5°).'¢ [The angle @ is formed by the intersection of
the line through the Si—H axis and the plane formed from the
three hydrogen atoms. G, is the angle(s) at which the poten-
tial energy is at a minimum. For planar D;, structures,
8 = 0°.] All theoretical calculations qualitatively agree with
the ESR geometry but predict less acute pyramidal struc-
tures. 13,1724

© 1989 American Institute of Physics
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Examination of the molecular orbitals shows the basis
for the pyramidal structure. The molecular orbital configu-
ration of the ground state SiH; radical is

(1a,)%(2a,)%(3a,)*(1e)*(4a,)*(2e)*(5a,)' X4,

When the radical is planar, the 5q, orbital is described as the
silicon p, orbital which is perpendicular to the silicon-hy-
drogen plane. The 2e orbitals incorporate silicon sp? hybrid
orbitals. As the radical symmetrically deforms into a pyra-
mid (or “umbrella” shape), the 54, radical orbital mixes in
s-orbital character, the 2e orbital mixes in p,-orbital charac-
ter, and the total orbital energy decreases. Thus, the poten-
tial energy function along the umbrella coordinate of the
silyl radical contains two minima centered at + @and — 6.
The barrier between these minima, B,,,, is centered at the
planar structure, 8 = 0°. Best fits of the photoelectron spec-
trum® of SiH;™ and the infrared diode laser spectrum of the
SiH, radical®® have led to estimates that B, , = 1868-1900
cm™ L,

Ionization ofthe X 24, silyl radical by ejection of the 5a,
electron produces the ground state silyl cation. The molecu-
lar orbital configuration (in C,, notation) of the ground
state SiH cation is

(1a,)%(2a,)%(3a,)*(1e)*(4a,)*(2e)* X'4].

Ab initio molecular orbital calculations?”?® predict that the
SiH; X '4 | cation is planar and in the D;, point group. The
planar structure prevails because no p,-orbital electron is

available to stabilize a pyramidal structure. The photoelec-
tron spectrum of the SiH, radical reported by Dyke et al.?’
also indicates that the SiH, cation is planar. The spectrum
displayed a progression of regularly spaced vibrational
bands separated by 820 + 40 cm ™. This progression was
assigned to the v, umbrella mode. The constancy of the fre-
quency intervals along the progression indicates that the v,
umbrella mode potential energy function is harmonic, and
thus, that the cation is planar.

Ab initio calculations have predicted values for the adia-
batic ionization potential for the SiH; radical which range
between 7.8 and 8.0 eV.2%?227-28 R esearch groups have mea-
sured the adiabatic ionization potential of the SiH, radical
with photoelectron spectroscopy,?’ photoionization mass
spectrometry,?® and guided ion beam tandem mass spec-
trometry.>® The reported adiabatic ionization potentials
range between 8.01 and 8.14 eV. Since these groups have
presented their ionization potentials with stringent measure-
ment precisions, these measurements disagree. We offer a
new measurement of the adiabatic ionization potential based
upon a fit of Rydberg series observed in the spectra of SiH,
and SiD, radicals. This fit provides an order of magnitude
improvement in the precision of the ionization potential.

Olbrich?? has reported informative multireference dou-
ble-excitation configuration interaction (MRD CI) molecu-
lar orbital calculations of the ground, excited valence, and
Rydberg states of SiH;. Most excited states of silyl radicals
that lie below ~ 10 eV are Rydberg states formed from the
configurations:

(1a,)*(2a,)*(3a,)*(1e)*(4a,)%(2e)* ..(nd)! n=3,4,5,..
..(ns)! n=4,56,..
.(mp)' n=4,5,,..
..(n)' n=456,...

The MRD CI calculations predict that all nondegenerate
Rydberg states are planar. The lowest excited state, the
A 24 (4s) Rydberg state, which lies at ~41 855 cm ™", is
predicted to be dissociative. Olbrich also reports that one
excited valence state exists below the first ionization poten-
tial. This state has the configuration

(1a,)%(2a,)*(3a,)*(1e)*(4a,)*(2¢)*(5a,)> CZE.

The MRD CI calculations predict that this C 2E valence
state possesses a pyramidal geometry and high inversion bar-
rier. This high inversion barrier perturbs the lower energy °E
Rydberg states and impels them into pyramidal geometries.

{l. VIBRATIONAL QUANTUM NUMBERING
CONVENTIONS AND TRANSITION SELECTION RULES

This report describes transitions between electronic
states that possess pyramidal C;, and planar D,, geometries.
This section establishes the vibrational quantum numbering
conventions and selection rules used in this report. The silyl
radical possesses four normal vibrational modes. Descrip-
tions of these modes in the C;, and D;, point groups and the

{

vibrational selection rules that govern transitions between
electronic states are listed in Table I. In this report all vibra-
tional levels are labeled using the ascending sequence, v = 0,
1,2,3,..., where the integer denotes the number of nodes in
each vibrational wave function.

The v, umbrella mode possesses a double-minimum po-
tential-energy surface. Because of the double-minimum po-
tential, the intervals between v, vibrational energy levels are
staggered. Previous calculations that have modeled vibra-
tional spectra of silyl radicals®>*® predict that the v; = 0,1
levels of SiH, are separated by ~0.13 cm™'. Higher v}

=2n,2n+ 1 (n=1273,...) levels that lie below this inver-
sion barrier energy are also nearly degenerate. In the litera-
ture the near degeneracy between pairs of vibrational states
is often acknowledged by labeling vibrational levels with the
quantum number sequence, 07,07;1%,17;..;n%,n~. While
useful to IR spectroscopy, this numbering system is awk-
ward when discussing selection rules of a transition where
the vibrational mode changes from a double minimum to a
harmonic potential. The only slight inconvenience of our
present sequence, v, = 0, 1,2,3,..., is that we must explicitly

J. Chem. Phys., Vol. 91, No. 6, 15 September 1989
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TABLE I. The vibrational modes of the SiH, molecule in C;, and D,,, point groups and the vibrational selec-
tion rules that govern electronic transitions between C,, and D,, (or C,,) structures.

Symmetry
vib, — Generic
mode C,, D,,  descriptions

Vibrational
selection

rule

Ay, =0, +1, +2,..
Av, =0, £2, +4,..

Av, =0, +1, +2,..

except v; = l«>v; =0 forbidden

v, a, a;  Symmetric stretch

v, a, a;  Umbrella mode,
Symmetric deformation,
Out-of-plane bend,
Inversion mode

Vs e ¢ Degenerate stretch

Vs e ¢ Degenerate
deformation

Av, =0, +1, +2,..
except v, = lev, = 0 forbidden

remember that the levels vy = (0,1), vy = (2,3), etc. in the
ground X 24, (C,,) state are nearly degenerate. Due to this
practical degeneracy, the vf = 0 and vy = 1 vibrational lev-
els possess almost identical populations. Thus, we expect
transitions from the v] = 0,1 levels to appear in spectra with
equal band intensities.

In standard derivations of selection rules®' the Born—
Oppenheimer approximation is invoked to separate the elec-
tronic and nuclear wave functions. This separation permits
independent solution of the electronic and vibrational inter-
action integrals which yield the electronic and vibrational
selection rules. For two-photon electronic transitions of the
type C;,~C;, or C,,—D5, the electronic selection rules per-
mit transitions between all group symmetries.

In the Born—-Oppenheimer approximation the vibra-
tional interaction integral evaluated for multiphoton transi-
tions is the same as the integral evaluated for one photon
transitions.®*' The vibrational selection rules that govern
transitions between pairs of electronic states belonging to
C;,-C,, and C;,-D,, point groups restrict the vibrational
quantum number changes along each normal mode. The
general selection rule dictates that the product of the sym-
metries of the two vibrational states must contain the a]
symmetry element.

The equilibrium geometries of X 24, and lower energy
2E state silyl radicals belong to the C,, point group. Even sq,
all vibrational wave functions of C,, silyl radical belong to
the D,, point group.”" This higher symmetry is present be-
cause the vibrational potential energy surfaces of pyramidal
SiH, structures are symmetric across the x,y reflection sym-
metry plane and because the inversion barriers centered at
the x,y plane are finite. Therefore, vibrational selection rules
that govern transitions between pairs of D, states also gov-
ern transitions between pyramidal-planar and pyramidal-
pyramidal pairs of states. The selection rules for nondegen-
erate vibrations can be summarized: For totally symmetric
vibrations (a]) Av=0, + 1, + 2,..., for non-totally sym-
metric vibrations (a},a7,ay) Av=0, + 2, + 4,.... The se-
lection rules for degenerate vibrations of ¢’ symmetry, for
which every vibrational level above v = 1 contains the a;
symmetry, Av =0, + 1, + 2,... except that levels v; = 0 and

v; = 1 cannot intercombine (0«>1). Since the SiH; radical
possesses no vibrational modes of e” symmetry, this symme-
try will not be discussed.

lll. APPARATUS AND METHODS

The apparatus? used in this study has been described
elsewhere.! Briefly, it consisted of a flow reactor which pro-
duced the free radical species, an excimer-pumped dye laser
or a Nd:YAG-pumped frequency-doubled dye laser which
irradiated the radicals and drove the multiphoton ionization
process, a time-of-flight mass spectrometer, and a comput-
er/data acquisition system. Free radicals produced in the
flow reactor effused into the ion source of the mass
spectrometer, where they were ionized by a focused laser
beam. The pressure within the ion source was about 53X 10~
Torr. The laser generated ions were mass selected and de-
tected by the mass spectrometer. The ion flight time that
corresponded to SiH;* (m/z 31) or to SiD;" (m/z 34) was
sampled by a gated integrator and the ion signal was aver-
aged, displayed, and recorded with a microcomputer.

The excimer-pumped dye laser (Lambda Physik model
2002E) was scanned stepwise at 0.0048 to 0.0072 nm per
step (bandwidth ~0.2 cm™!) and ten laser shots were aver-
aged at each step. The Nd:YAG pumped dye laser (Quantel
International model TDL-50) was continuously scanned at
0.02 nm/min (bandwidth = 0.16 cm ™' FWHM) to yield an
effective resolution of Av~0.42 cm~!. Both laser beams
were focused by a 250 mm lens into the ionization region.
Table Il summarizes the characteristics of the dye solutions
(Exciton Chemical Co.) used during these studies. The data
displayed in this report are uncompensated for variations in
dve laser energy.

Both dye lasers were calibrated by the optogalvanic
method*® using a table of neon lines.>* In conformity with
custom, wavelengths are reported in reference to air.

Silane (15% SiH, in helium) was procured from Math-
eson Gas Products, Inc. Silane-d, (99.9% D) was procured
from MSD Isotopes, Inc., diluted with helium to prepare a
15% SiD, solution, and stored in a steel bulb at 1 atm pres-
sure. Fluorine and chlorine (10% in helium) were obtained
from Spectra Gases.

J. Chem. Phys., Vol. 91, No. 6, 15 September 1989
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TABLE II. The laser dyes, their spectral ranges, and maximum energies
used during this study.

Spectral Maximum
range energy
Laser dye (nm) (mJ/pulse)
Excimer-pumped dye laser®
Coumarin 440° 420440 30
Stilbene 420° 415435 14
DPS 400415 12
PBBO 390410 8
QUI 365-395 25
DMQ 340-380 23
p-Terphenyl 330-350 24
Nd:YAG-pumped dye laser”
DCM 320-335 5
LDS-698 305-335 10

® p-Dioxane solutions except as noted.
®Methanol solution.

IV.RESULTS AND ANALYSES
A. Radical generation and species characterization

In a flow reactor operated at a total pressure of ~2 Torr
a 1% mixture of F,, Cl,, or O, in helium was passed through
a microwave discharge to form halogen or oxygen atoms.
Downstream from the discharge and a few mm above the
sampling skimmer, a slight excess of silane (or silane-d,)
was introduced into the flow stream. The atomic halogen or
oxygen reacted with silane via

F + SiH,~SiH, + HF, AH = — 43 kcal/mol, (1)
Cl + SiH,-SiH; + HCl, AH = — 11 kcal/mol, 2)
O + SiH,-SiH; + OH, AH = — 10 kcal/mol.* 3)
Previous studies have established that reactions (1) and (2)
produce silyl radicals.'®!!?7-2%-3¢ When O was reacted with
SiH,, rapid subsequent reaction of OH radicals with SiH,
almost certainly contributed to SiH, radical production. In
our previous reports'®!! we established upon chemical and

spectroscopic grounds that REMPI ion signals were carried
by SiH, radicals. In the present study we observed that the

Two-Photon Energy (cm™1)

mass of the spectral carrier shifted from m/z 31 to m/z 34
when reaction (1) was conducted with SiD, reagent. This
mass shift demonstrates that the spectral carrier contains
three hydrogen atoms and confirms that the present REMPI
spectra originate from SiH,; and SiD, radicals. Over the
wavelength range of this study the silyl radical signals were
carried only by the molecular ion (i.e., SiH;* or SiD;" ). No
evidence for photodissociation of the silyl cations was ob-
served.

B. The REMPI spectrum of silyl radicals between 350
and 435 nm

1. Assignment of the E 2A; (4p) Rydberg states and v,
umbrella modes

Figure 1 displays the REMPI spectrum of SiH; between
350 and 415 nm. The REMPI spectrum displays one strong
progression of ten, regularly spaced, vibrational bands.
Along the progression the average two-photon energy inter-
val between band maxima is 24v = 796(7) cm ™ !. (That the
REMPI spectrum arises from two-photon resonances is
shown below.) Numerous weaker bands lie on the shoulders
of each progression member. Table III lists the laser wave-
length, two-photon energy, and spectral assignment of each
REMPI band of the SiH, radical observed between 355 and
430 nm.

All spectra presented in this report are composites as-
sembled from portions of spectra obtained using the laser
dye solutions listed in Table I1. These composites are assem-
bled to clearly present the REMPI bands. The data are un-
corrected for the effects of laser intensity variation across the
range of each figure. To guide the reader, in Fig. 1 the 2§
band is the most intense. We estimate that if a spectrum of
the SiH; radical were measured using a laser of constant
beam intensity, linewidth, temporal profile, and divergence;
it would show that the sequence of 25, bands that lic above
and below the 2§ band diminish steadily in intensity. The 27
and 03 bands would be ~ 10% and ~ 1% as intense as the 2
band, respectively.

Figure 2 displays the REMPI spectrum of SiD; between
350 and 415 nm. The REMPI spectrum of SiD, displays one

T

56000
R I Ll

SiH,

54000 52000
Ll l T 17 T L}

¥ ™ T

3
27 %1
1
8
20
29
1

m/z 31 Signal

50000
T ] T

I
2 F Ay (1p) ==X A

PSR SR WY A T S N S N ST TN SN WA N ST S TN VAN S SR Y SN RN N ST T S N G VA ST

48000

FIG. 1. The composite REMPI spectrum of
SiH, between 350 and 415 nm. The marked
features are the transitions from the nearly
degenerate vy = 0,1 vibrational levels of the
ground state to the E24 (4p) Rydberg
state. Hot bands and vibronic transitions in-
volving other modes are not indexed. The
marked features reflect the 4p state v; mode
vibrational spacings.

1
21

350 360 370 380 390
Laser Wavelength (nm)

400 410
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TABLE III. The REMPI bands of the SiH, radical (m/z 31) observed
between 355 and 430 nm and their assignments.

Johnson, Ill, Tsai, and Hudgens: Multiphoton ionization of SiH, and SiD,

strong progression of 13, regularly spaced, vibrational
bands. Along the progression the average two-photon ener-
gy interval between band maxima is 2hv = 589(3) cm~ .

Laser Wavelength (nm)

Band Ii:frtgg Numerous weaker bands !ie on the shou!ders of each mem-
maximum Two-photon B3 (4p) ber of the strong progression. Table IV lists the laser wave-
Spectral Aie energy origin length, two-photon energy, and spectral assignment of each
assignment (nm) (em™Y) {cm™") REMPI band of the SiD, radical observed between 350 and
430 nm. In Tables IIT and IV we have assigned the electronic
2 428.96 46613 — 1825 origin of each silyl radical spectrum to the red-most band of
2? 424.42 47111 - 1327 each regular progression, i.e., the bands at 412.79 and at
j; ﬁ;'g: :; ;Z; . 1_2’;15 413.19 nm in the SiH, and SiD, spectra, respectively. As
23 418:08 47826 —612 expected for origin bands, the hydrogen isotope shift
4p 02 412.79 48438 0 between these origins is small (24v = 47 cm ™).
2! 412.17 48 511 13 The present REMPI spectrum can arise from reso-
22 411.68 48 568 130 nances with either excited valence states or Rydberg states.
2! 406.13 49231 793 The excited valence state has a doubly occupied silicon p,
% 405.50 49 308 870 orbital, which heightens the inversion barrier between the
2% 404.87 49384 946 two radical pyramidal structures. In contrast, Rydberg
2‘; 399.69 30024 1386 states feature empty p, orbitals, which favor planar (6,, = 0°
;; ;g::ii :g (1)2; i:;? and B,,, = 0) silyl radical geometries. The la.rge chaqge in
8 398.40 50 187 1749 the v, umbrella mode potential that accompanies transitions
2 393.47 50 815 2377 to any higher excited state implies large, nondiagonal
2 392.88 50 891 2453 Franck~Condon factors that favor Av, > 0 transitions. Thus,
2142, 23 392.21 50 979 2541 all electronic spectra of silyl radicals should exhibit long vi-
391.81 51030 2592 brational progressions along the v, umbrella mode. Accord-
(4;3’)‘ 391.23 51107 2669 ingly, we assign the strong vibrational progressions in the
;‘g ;22;2 :: g;i i;gg REMPI spectra to the v; umbrella mode of the upper state.
242 386.31 51757 3319 Analysis of the v; umbrella mode of the excited state
2 381.50 52 410 3972 distinguishes the Rydberg from the excited valence state as-
28 380.93 52488 4050 signments. The uniform frequency intervals observed along
2i4; 380.52 52 545 4107 the strong v, progressions in the SiH, and SiD, spectra indi-
2§ 375.74 53213 4773 cate that the excited electronic state v;, umbrella mode po-
ii 2 g;i:; 2 ; ii; :gﬁ tential energy functions are harmonic. Harmonic v, umbrel-
2? ° 370:1 4 54018 5580 1a mode potentials in silyl radicals can occur only' for plapar
B4 369.18 54159 5721 structures. Since unperturbed Rydberg states of silyl radical
2 364.73 54 819 6381 are planar and the excited valence state is pyramidal, we
2 359.55 55610 7172 assign the REMPI spectrum to Rydberg states.
The Rydberg state assignment resolves the REMPI ex-
* Tentative assignment. citation mechanism. In the absence of strong perturbations
Two-Photon Energy (cm!)
, '56(')00' ' .54?00 — 52(')00 ——r 50?00 I 48?00
SiD 3 . 5 F 2y (1p) ==X A4, FIG. 2. Composite REMPI spectrum of
3 o8 2': 2, 2 o4 . . SiD, between 350 and 415 nm. The
c 2 9 0 0 2 | 2 2 marked features are the transitions from
o gt "1 1 the nearly degenerate vy = 0,1 vibra-
n 0 2l tional levels of the ground state to the
< 2}1 E?47 (4p) Rydberg state. Hot bands
™ 2 12 0 and vibronic transitions involving other
Q ¢ 0g modes are not indexed. The marked fea-
£ tures reflect the 4p state v; mode vibra-
tional spacings.
RPN VI VST SR TS S S
350 360 370 380 390 400 410
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TABLE 1V. The REMPI bands of the SiD, radical (m/z 34) observed
between 350 and 430 nm and their assignments.

Energy
Band ~ rel. to
maximum Two-photon EAS (4p)
Spectral Agic energy origin
assignment (nm) (em™") (em™")
2 426.18 46916 — 1475
2 425.25 47018 - 1373
2 422.34 47342 — 1049
2! 421.45 47442 — 949
20 417.87 47 848 — 543
2 417.18 47928 — 463
4p 0 413.19 48 391 0
2! 41275 48 442 51
22 412.08 48 521 130
2! 408.15 48987 596
22 407.73 49039 648
22 403.30 49577 1186
23 402.92 49623 1232
rH 402.52 49 673 1282
23 398.55 50 168 1777
2 398.15 50 219 1828
2142 397.81 50 261 1870
4 397.39 50 314 1923
2 393.93 50 757 2366
23 393.59 50 800 2409
2242 393.25 50 843 2452
2142 392.54 50936 2545
1522 390.85 51156 2765
2 389.42 51344 2953
28 389.12 51384 2993
2342 388.81 51425 3034
24 388.03 51528 3137
1523 386.39 51747 3356
28 385.01 51932 3541
24 383.58 52 125 3734
1524 382.05 52334 3943
2 380.67 52524 4133
284 379.24 52722 4331
1023 377.83 52918 4527
28 376.39 53 121 4730
1528 373.70 53 504 5113
2 372.30 53 705 5314
1.2 369.58 54 100 5709
200 368.12 54 315 5924
1528 365.67 54 679 6288
2! 364.28 54 887 6496
(H 23> 363.23 55045
122} 361.81 55263 6872
21 360.51 55 461 7070
(H 25)" 359.27 55 652
(H 112})* 356.85 56 030
(H 28)* 355.46 56 249

*Tentative vibrational assignment. See the text.

the energies of Rydberg state origins conform to the familiar
equation:
109 737
T (n-8?’
where vy , is the electronic origin, IP,, is the adiabatic ioniza-

Voo (cm™') =1P

tion potential, 7 is the principal quantum number, and § is
the quantum defect. We show in Sec. IV D that IP, = 8.135
eV (65 610 cm™") for the SiH, radical and IP, = 8.128 eV
(65 560 cm ') for the SiD, radical. Quantum defects for ns,
np, nd, and nf Rydberg states of silicon-centered radicals
should lie near §~2.0, 1.6, 0.1, and 0.0, respectively.>’>°
Rydberg formula calculations using these quantum defects
predict that all Rydberg states lie above 31 000cm ', i.e., at
the energy of two or more laser photons. For the present
spectra the most sensible solution to the Rydberg formula
gives a principal quantum number of » = 4 and a quantum
defect § = 1.47. These values indicate that the REMPI spec-
tra arise from two-photon preparation of 4p Rydberg states.
The 4p Rydberg origins of of SiH; and SiD; radicals lie at
48 438 and 48 391 cm ™', respectively. A silyl radical in the
4p Rydberg state must absorb one more laser photon to ion-
ize and form the X '4 | cation. Thus, the ion signal is genera-
ted through a 2 + 1 REMPI mechanism.

The v; vibrational data enable an assignment of the state
symmetry of the 4p Rydberg state. In the C;, point group the
np Rydberg orbitals of SiH; radicals are divided into states of
E and A, symmetries. MRD CI calculations by Olbrich??
predict that all °’4, (C,, notation) Rydberg states are planar.
Thus, spectra of 24, Rydberg states should display regular
v; vibrational progressions. In contrast, the MRD CI calcu-
lations predict that the 2 2E valence states posesses a strong-
ly pyramidal geometry and high inversion barrier. To avoid
“forbidden” diabatic curve crossing of adjacent 2E states,
the 2 2E valence basis function mixes strongly with 12E
(3d), 3 %E (4p), and 4 E (3d) Rydberg basis functions. The
amount of mixing changes as a function of the umbrella coo-
dinate angle. The resulting four 2E electronic states possess
complex v, umbrella mode potentials with multiple poten-
tial energy minima and maxima. Thus, REMPI spectra of
these lower energy E states should display irregularly
spaced v, vibrational progressions.”> Since the present
REMPI spectrum exhibits a regularly spaced v; vibrational
progression, we assign the upper state as the 4p °4, (C,,)
Rydberg state. Since this Rydberg state is planar, belongs to
the D, point group, and is the fifth excited state above the
ground state, we will refer to this state as the E4 7 (4p)
Rydberg state.

2. Assignment of the v, hot bands

Many of the weaker bands and shoulders observed
throughout the E 24 7 (4p) — — X 24, REMPI spectra of si-
lyl radicals arise from thermally populated v; vibrational
levels of the X 24, state, i.., ¥4 hot bands. Figure 3 shows the
composite REMPI spectrum between 410 and 435 nm of the
SiH; radical. The spectrum of the SiHj, radical shows v; hot
band transitions from populated v5 = 0-7 vibrational levels
of the ground state to the v; =0 and v; =1 levels in the
E?47 (4p) state. The populated v{ = 2-5 levels also ac-
count for many of the shoulders that appear on members of
the 25, progression. Table III lists these band assignments.
Because the ground state potential energy surface along the
v5 umbrella coordinate possesses two minima, the ground
state vibrational intervals are not regular.
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FIG. 3. Composite REMPI spectrum of SIH; between 410 and 435 nm. The
marked features are the transitions from several vibrational levels of the
ground state to the v} = 0,1 vibrational levels of the E 24 7 (4p) Rydberg
state. The marked features reflect the ground state v vibrational spacings.

Figure 4 shows the composite REMPI spectrum be-
tween 410 and 435 nm of the SiD, radical. The spectrum of
the SiD, radical shows transitions from populated v5 = 0-7
and vy = 9 vibrational levels of the ground state to the lowest
two v, = 0and v} = 1 levels. The 2) band was not observed.
The populated vy = 2—4 levels also account for many of the
shoulders on members of the 2§, progression. Table IV lists
these band assignments.

Tables V and VI shows the E 24 7 (4p) — X 24, Des-
landres tables for the v, umbrella modes of SiH,; and SiD,
radicals, respectively. These tables display the Av, =0, + 2,

Two-Photon Energy (cm-1)
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FIG. 4. Composite REMPI spectrum of SiD; between 410 and 435 nm. The
marked features are the transitions from several vibrational levels of the
ground state to the v} = 0,1 vibrational levels of the E 4 7 (4p) Rydberg
state. The marked features reflect the ground state v5 vibrational spacings.

+ 4,... vibrational bands and band differences of the ground
state (rows) and of the E 24 7 (4p) Rydberg state (co-
lumns). In all, v, hot bands account for 22 REMPI bands in
each of the silyl radical spectra. The agreement of the vibra-
tional intervals along each row and down each column indi-
cates the overall self-consistency of these band assignments
throughout the E 24  (4p) — — X 24, REMPI spectrum. As
described below, we will average these measurements of the
X 24, v band intervals with other REMPI measurements to
construct a manifold of v, vibrational energy levels.

Initially, the appearance of silyl radicals with up to E,
~2100 cm ™! of internal energy may seem surprising. How-
ever, flow reactors are devices usually operated neither at
thermal nor chemical equilibrium. In our present experi-
mental configuration a small fraction of the SiH, can react
with atomic fluorine within the sampling skimmer. Most
SiH, radicals are sampled within 100 us of their production,
i.e., within ~10° SiH,/He collisions. Under these condi-
tions few vibrationally hot radicals will be quenched. Thus,
the appearance of vibrational hot bands up to v5 = 9 in these
spectra shows that the reaction of F + SiH, forms a small
nascent fraction of the SiH; radicals withup to ~2100cm ™!
of internal energy.

3. Assignment of the v, degenerate deformation mode

Numerous bands appear in the K247« X4,
REMPI spectra of silyl radicals (Figs. 1 and 2; Tables I11
and IV) that are not assignable as v, bands. A portion of
these bands are accounted for when they are assigned to the
v, degenerate deformation mode of the E 24 7 (4p) Rydberg
state, both alone and in combination with v} bands.

Table V11 lists the vibrational REMPI bands of the SiH,
radical that involve the v; mode. Because the v, vibration is
degenerate, the v; = 1 —v} = 0 transition is symmetry for-
bidden®' (Table I); the 4} band does not appear in the spec-
trum. Since transitions to higher v} levels are symmetry al-
lowed, the 42 and 4] bands do appear in the spectrum. Table
VII also lists the combination bands whose differences mea-
sure 2w;. The average of all measurements gives 2w,

= 1740(10) cm ™. The one measurement which involves
3w can be used to derive an w’, of 791(25) cm™ ' and an x_,
of 20(5) cm™!, using the formula G(v) =w,(v+ 1)
+ x, (v + 1)% However the difference in vibrational spac-
ing may not be due to anharmonicity in the vibrational po-
tential, but due to a splitting of the degenerate levels which
comprise the v> 1 levels of v;.

In SiD, the REMPI spectrum exhibits the correspond-
ing v} vibrational band structure. Table VIII lists the vibra-
tional REMPI bands of the SiD; radical that involve the v,
mode. Consistent with our vibrational assignments, the 4,
band does not appear but the 43 and 43 bands do. Table VIII
also lists the intervals among the combination bands which
reflect the 42 and 4] spacings. The averages of these combi-
nation differences are 2w, = 1270(11) cm™' and 3w}

= 1949(16) cm ™. As for SiH,, these can be used to derive
an w., of 576(25) cm™' and an x/, of 15(5) cm™'. The
isotopic frequency ratio between the w vibrational frequen-
cies of the SiH; and SiD; radicals is 1.37(2). This ratio
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TABLE V. The Deslandres tables which analyze the v, umbrella bands observed in the E?47 (4p) — — X 24, REMPI spectrum of the SiH, radical. Energies

and differences are in cm .

v, even
Measured
Av. EZ47 (4p)
vy =0 vy =2 vy =4 vy =6 (334 v; interval
v, =0 48 438 726 47712 600 47 111 499 46 613
1587 1597 1592 2-0
v; =2 50 024 716 49 308
1593 1583 1588 4-2
v, =4 51618 726 50 891
1595 1597 1596 64
v, =6 53213 725 52 488
1 606 1606 8-6
v, =8 54 819
Av. o} 723(5) 600 499
Measured
X4, 2-0 4-2 64
v; Interval
v, odd
Measured
Av. E’A7 (4p)
vy =1 vy =3 vy =5 vy =17 w} v, interval
v, =1 49 231 720 48 511 685 47 826 649 47177
1584 1573 1558 1572 3-1
v; =3 50 815 731 50 084 700 49 384
1595 1588 1595 1591 5-3
v, =5 52410 738 51672 693 (50979)*
1 609 1609 1609 7-5
v, =7 54018 738 53281
159 1591 9-7
v, =9 55610
Av. oy 732(9) 692 649
Measured
X4, 3-1 5-3 7-5
vy interval
Av. ©5/2="196(7) cm~'for E24}
*Blended band.

matches the w, isotope ratio of 1.35 predicted from the ion
structure.*

In summary, the present v; vibrational assignments for
the SiH; and SiD; radicals are supported by the absence of
the 4) bands and the agreement of the observed isotopic shift
ratio with the predicted value.

4. Assignment of the v, Si-D; symmetric stretching
mode

Between 390 and 361 nm the REMPI spectrum of the
SiD, radical displays a progression of bands that we have
assigned to v; = 1« = 0 transitions in combination with
27 (m = 2-8) transitions (Fig. 3 and Table IV). Table IX
shows the combination differences between pairs of 27, and
1527 (m = 2-8) bands. The average difference between
these bands gives a v{ Si~D, symmetric stretch frequency of

@} = 1576(3) cm™'. No corresponding v| band system was
observed in the REMPI spectrum of the SiH, radical.

C. The REMPI spectrum of silyl radicals between 310
and 360 nm

With increasing principal quantum number the energy
that separates the higher Rydberg states becomes smaller.
As a result, the REMPI spectra at shorter wavelengths be-
come increasingly more congested as vibrational progres-
sions from adjacent Rydberg states overlap. Between 310
and 360 nm the REMPI spectra display features from six
Rydberg states that belong to two Rydberg series. These are
described below.

1. Assignment of the J2A;(5p) Rydberg states

Figure 5 displays the composite 2 + 1 REMPI spectra
between 310 and 360 nm of the SiH radical (m/z 31). Table
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TABLE VI. The Deslandres tables which analyze the v, umbrella bands observed in the E 24 J (4p) — — X 24 1 REMPI spectrum of the SiD, radical. Energies

and differences are in cm .

v, even
Measured
Av. E’47 (4p)
vy =0 vy =2 vy =4 vy =6 @} v; interval
v; =0 48 391 543 47 848 506 47 342 426 46 916
1186 1190 1188(2) 2-0
v; =2 49 577 538 49 039
1180 1180 1180 42
v, =4 50757 538 50219
1175 1165 1170(5) 64
v; =6 51932 549 51384
1174 1174 8-6
v, =8 53 106
1188 1188 10-8
vy =10 54 294
Av. oy 542(4) 506 426
Measured
X4, 2-0 4-2 64
v; interval
v, odd
_Measured
Av. E?47 (4p)
vy =1 vy =3 vy =5 vy =17 vy =9 (4 v; interval
v, =1 48 987 545 48 442 514 47928 486 47 442 424 47018
1180 1181 1181 3-1
v; =3 50 168 544 49 623
1176 1177 1177 5-3
v, =5 51344 544 50 800
1180 1180 7-5
v, =17 52 524
1173 1173 9-7
v; =9 53 698
Av. oy 545(1) 514 486 424
Measured
X4, 3-1 5-3 7-5 9-7
v; interval

Av. @,/2="589(3)cm™' for E24 7 state

X lists the band maxima and spectral assignments. The most
prominent progression in the SiHj; radical spectrum is com-
prised of seven 2§, (n=0-6) bands separated by
2hv = 821(4) cm~!, The uniform spacing between these
25, bands shows that the upper state is a planar Rydberg
state. The red-most band in this progression at 351.22 nm is
assigned as the electronic origin (v, = 56 929 cm™'). Ta-
ble XI presents the Deslandres table that analyzes the 11
observed 27, (n = 0-6, m = 0-3) bands that constitute this
part of the REMPI spectrum. The ground state vy = 2-0
and vy = 3-1 intervals derived in Table XI agree well with
those derived from the analysis of the E 24 7 (4p) — « X 24,
band system (Table V).

Figure 6 displays the composite 2 + 1 REMPI spectra
between 310 and 360 nm of the SiD; radicals (m/z 34).
Table XII lists the band maxima and spectral assignments.
The spectrum of SiD, exhibits a regular progression of 13 v;

umbrella mode vibrational bands separated by
2hv = 608(3) cm ™. The prominent 23, (m = 0-12) band
progression, marked in Fig. 6, terminates upon the origin at
351.56 nm (v, , = 56 874 cm ™). Observation of the 29 hot
band at 354.95 nm verifies the origin assignment in SiD,.
The small red shift of Avy,, = 55 cm™" between the SiH,
and SiD, origins also supports the 03 band assignments for
both isotopic radicals. Table XIII presents the Deslandres
table that analyzes the 19 observed 27 = (n = 0-6, m = 0~
3) bands that constitute this part of the REMPI spectrum.
The ground state v} = 2-0and vy = 3-1 intervals derived in
Table XIII agree well with those derived from the analysis of
the E 24 7 (4p) « «X 24, band system (Table VI).

Using the assigned origins, the solutions to the Rydberg
equation for the SiH, and SiD; radicals give n =35 and
6 = 1.45. This quantum defect is only 0.02 smaller than
computed for the E 24 7 (4p) Rydberg state. Because of the
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TABLE VII. The bands observed in the E 24 ;(4p) — —X 4, REMPI
spectrum of the SiH, radical that involve the v; (¢') degenerate deformation
mode. This table shows the band intervals between v; levels and the combi-
nation differences used to derive w;.

TABLE VIIL The bands observed in the E247 (4p) — — X 24, REMPI
spectrum of the SiD; radical that involve the v; (e') degenerate deforma-
tion mode. This table shows the band intervals between v; levels and the
combination difference used to derive w;.

Two-photon Band Two-photon Band
energy interval energy interval
Assignment (ecm™) (cm™') Assignment (ecm™ ") (ecm™")
0o 48438 03 48 391
1282
2 50 187 ;zzg 4 49 673 1923
4 51107 43 50 314
Combination differences o .
2! 49231 Combination differences
1
214 50979 1748 2i 48987 1274
s 2142 50 261 1949
22 50 024 1733 2143 50936
242 51757
2 : 49 577
2 50 815 % 1266
24 52545 1730 24 50 843 1258
224} 51528
2 51618 1731
242 53 349 2 50 168
[ 1257
2 52410 2145 51425 1957
343
24 54159 1749 24 52125
4
Av. 20} = 1740(10) cm ™' 224, :(z) ;;; 1965
3w, = 2669 0%
@b, =791(25) cm™ " Av. 2w, = 1270(11) cm™'
xi, = 20(5) Av. 3w, = 1949(16)

G =w,(v+ 1) +x,(v+ 1)

similarity of quantum defects, we have assigned this portion
of the spectrum to J 24 J (5p) — « X %4, transitions. Small
shifts in quantum defect between the first and second
members of a Rydberg series are commonly observed. In
carbon-centered radicals quantum defects usually decrease
by 0.02-0.05 between the two lowest energy members of a
Rydberg series.>®4!

2. Assignment of the M 2A;(6p) and P 2A; (7p)
Rydberg states

Between 313 and 332 nm higher members of the silyl
radical np A § Rydberg series appear in the spectra (Fig. 5
and Tables X and XII). The spectrum of the SiH, radical
displays a three member 25, (n = 0-2) progression separat-
ed by 2Av = 800(30) cm ™' (Table XIV). We have assigned
the Rydberg origin to the progression member at 331.35 nm
(Vo0 = 60341 cm™'). Solution of the Rydberg equation
gives n = 6 and § = 1.45. The similarity of these quantum
defects to lower np *4 ; series members supports our assign-
ment of these REMPI bands to M 24 7 (6p) — «X 24, tran-
sitions.

Between 313 and 332 nm the M24 7 (6p) — X4,
transitions of the SiD, radical appear as a six member pro-
gression of 27, (n = 0-5) bands uniformly separated by

wl, = 576(25) cm™'*
x!, = 15(5)

G(v) =w,(v+ 1) +x, (v+ 1)

2hv = 615(4) cm™! (Fig. 6 and Table XIV). We have as-
signed the progression terminus at 331.76 nm as the origin
(Vo0 = 60267 cm™') which gives the Rydberg equation so-
lution: n = 6 and § = 1.45. The isotope shift of Av,, = 74
cm ™! between the SiH, and SiD; 0] bands supports these
origin assignments.

The P24 % (7p) — «X 24, REMPI spectrum of SiD,
appears as a regular 25, (n = 0-3) progression with four
members evenly separated by 2hv = 615(3) cm™' (Table
XV). The progression terminus at 322.48 nm is assigned as
the origin (v, , = 62 002 cm™!). The Rydberg equation so-
lution, n = 7 and § = 1.45, leads to the assignment of this
band system as the P 24 3 (7p) Rydberg state.

3. Assignment of the H, K, and N states, the second
Rydberg series

REMPI bands originating from a second Rydberg series
of silyl radicals appear between 310 and 365 nm. In this
section we present the spectral analyses in the order of de-
scending energy, X’, I?, and H. This presentation order is
chosen because the highest member of this second Rydberg
series has the most secure origin assignment. This assign-
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TABLE IX. The combination differences between bands observed in the
E?47(4p) — ~ X 24, REMPI spectrum of the SiD, radical that lead to the

v} (a; ) Si-D, symmetric stretch mode assignment and derivation of ] .

Two-photon Combination

energy difference
Assignment (em™") (em™")
o o
i o
iy 52134 157
i 2018 1574
i 53508 157
ﬁz; 54 100 157
iy 54679 157

Av.o] = 1576 + 3cm ™!

ment helps establish the origin bands of lower series
members.

The N— X 24, spectrum of the SiD, radical shows a
regular progression of 27, (n = 0-5) bands separated by
2hv = 619(7) cm~! (Fig. 6 and Table XVI). This v} um-
brella mode frequency indicates that the valence electron
configuration in the core of this Rydberg state corresponds
to the X '4{ cation. The terminus of this progression at

Johnson, lll, Tsai, and Hudgens: Multiphoton ionization of SiH, and SiD,
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FIG. 5. Composite REMPI spectrum of SiH; between 310 and 360 nm. The
marked features are the transitions from the nearly degenerate vy = 0,1 vi-

brational levels of the ground state to the 7247 (5p) and M 24 (6p)
states.

327.75 nm is assigned as the N state origin (v, = 58 417
cm~'). This origin assignment gains additional support
from the appearance of the 29 hot band at 330.64 nm. Solv-
ing the Rydberg equation yields two physically meaningful
solutions: n =7, § = 2.09 and n = 5, § = 0.09. These solu-
tions correspond to the 7s 24 | (D,,) Rydberg state or to
one of the three 54 Rydberg states.

The next lower member of this Rydberg series, the K
state, is also clearly identified. The K — — X 24, spectrum of
the SiD; radical shows a weak four member progression of
26, (n=0-3) bands which are regularly separated by
2hv = 615(3) cm ™! (Table XVI). We have assigned the red
terminus of this progression at 342.27 nm as the K state

TABLE X. The REMPI bands of the SiH; radical (m/z 31) observed between 310 and 360 nm and their

assignments.
Energy Energy
Band _rel.to _rel.to
maximum Two-photon J24% (5p) M4 (6p)
Spectral A energy origin origin
assignment (nm) (cm™") (em™") (em™")
5p 03 351.22 56 929 0
5p 2! 346.21 57752 823
5p 23 345.63 57 849 920
5p 22 341.37 58 570 1641
5p 23 340.85 58 661 1732
5p 2} 336.65 59 392 2463
5p 2% 336.02 59 503 2574
5p 2% 332.05 60215 3286
6p 0F ) 331.35 60 341 0
5p 2} 327.57 61038 4109
5p 25 327.05 61135 4206
6p 2! 326.91 61162 821
5p 2% 323.24 61 855 4926
6p 22 322.79 61941 1600
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TABLE XI. The Deslandres table which analyzes the v, umbrella bands observed in the 724 7 (5p) ~ X4, REMPI spectrum of the SiH, radical.

Energies and differences are incm ™.

vy even vy odd Measured
Av J247 (5p)
vy =0 vy =2 vy =1 vy =3 )} v; interval
v; even
v =0 56 929
1646 1646 2-0
v; =2 58 575 726 57 849
1639 1654 1647(7) 42
v; =4 60214 711 59 503
1641 1632 1637(5) 64
v, =6 61 855 720 61135
v; odd
v =1 57756
1636 1636 31
v, =3 59 392 731 58 661
1 647 1647 5-3
v, =35 61038
Av. o 719(6) 731
Measured
X4, 20 3-1
v interval

Av. 0},/2 = 821(4) cm ™!

origin (v, o = 58 417 cm ™). Solving the Rydberg equation
yields the physically meaningful solutions: #n = 6, § = 2.08
and n = 4, § = 0.08. The band system may arise from two-
photon preparation of the 6s 24 | (D;,) Rydberg state or a
4d Rydberg state.
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FIG. 6. Composite REMPI spectrum of SiD; between 310 and 360 nm. The
marked features are the vibronic transitions from the nearly degenerate
v7 = 0,1 vibrational levels of the ground state to the J24 7 (5p), M2y
(6p), N, and P24 7 (7p) states. The K state is not indexed.

According to the Rydberg formula, the origin of the
next lower member of this second Rydberg series should
appear near 380.1 nm (v, , ~52 602cm™"). A fragment of a
Rydberg band system, made up of four REMPI bands, ap-
pears betwee_g 355 and 364 nm (Fig. 2 and Table IV). The
three H « — X bands at 363.23, 359.27, and 355.46 nm com-
prise a short progression. The interval between these bands,
2hv = 602(5) cm™!, shows that the v} umbrella mode is
active. This v; progression may extend further to the red. If
it does, coincidences with the stronger bands of the
E247(4p) — —X 24, system have masked these lower
members. In fact, if we were to assign the three member
progression as the 28, 23, and 25 bands of the H state, the
hypothesized progression would terminate upon an elec-
tronic origin at v, , = 52 637(20) cm ™!, very close to the
energy predicted by the Rydberg formula. In this view the
band at 356.85 nm would be assigned as the 1} 2} transition.
This 152} assignment would predict that o} = 1587(30)
cm ™~ '—nearly the same ! frequency as observed in the
E 24 % (4p) Rydberg state. Based upon this incomplete spec-
tral evidence, we tentatively assign the H state as a member
of the second Rydberg series.

Regardless of the orbital assignment, no lower energy
members of the second Rydberg series are expected. If the H
state is a 3d Rydberg state, it is the lowest member of the nd
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TABLE XII. The REMPI bands of the SiD, radical (/n/z 34) observed between 310 and 360 nm and their

assignments.
Energy Energy Energy Energy Energy
Band _ rel. to _rel.to _rel.to rel. to rel. to
maximum Two-photon J247 (5p) M?4; (6p) P?A% (Tp)  Kstate Nstate
Spectral Aair energy origin origin origin origin origin
assignment (nm) (cm™") (cm™1) (cm™ 1) (ecm™") (cm™") (cm™Y)
5p 28 354.95 56 330 — 544
5p 09 351.56 56 874 0
5p 2} 351.13 56 942 68
5p 2! 347.81 57487 613
5p 22 347.43 57 549 675
5p 22 344.16 58 095 1221
5p 23 343.81 58 155 1281
K 03 342.27 58 417 0
5p 23 340.63 58 699 1825
5p 24 340.23 58 767 1893
K 2! 338.70 59032 615
5p 2% 337.12 59 309 2435
5p 23 336.66 59 390 2516
K 22 335.22 59 645 1228
5p 23 333.71 59915 3041
5p 28 333.35 59 980 3106
K2 331.79 60 263 1846
6p 03 331.76 60 267 0
N2 330.64 60472 —533
5p 28 330.39 60517 3643
5p 2] 330.05 60 579 3705
6p 2! 328.41 60 882 615
N g 327.75 61005 0
5p 2] 327.17 61113 4239
5p 28 326.91 61162 4220
6p 22 325.10 61 502 1235
N 2! 324.43 61628 623
5p 28 323.95 61721 4779
7p 03 322.48 62 001
6p 23 321.88 62116 1849
N2 321.18 62 252 1247
5p 23 320.77 62333 5391
7p 2! 319.30 62 620 619
6p 22 318.72 62733 2466
N2} 318.05 62 865 1860
5p 210 317.64 62946 6004
Tp 22 316.20 63234 1233
6p 2 315.65 63 343 3076
N2 314.92 63 490 2485
5p 21 314.64 63 546 6604
7 2 313.16 63 847 1846
N2 311.92 64 101 3096

Rydberg series. If the H state is the 55 24 ; Rydberg state, it
is the lowest bound member of the ns Rydberg series. The
MRD CI calculation by Olbrich®? predict that the 4 24 |
(4s) Rydberg state is unbound with respect to SiH,(a *B,)
+ H(3S) fragments. Rapid predissociation will preclude
observation of the 4 24 | (4s) Rydberg state by REMPI.

D. Calculation of the adiabatic ionization potential of
silyl radicals

The Rydberg series formed from the np 4 7 band ori-
gins enables a direct determination of the first adiabatic ioni-

zation potential of the SiD, radical. The best fit of the
J247 (5p), M?47 (6p), and P24 7 (7p) Rydberg state
origins yields a quantum defect of § = 1.445 4- 0.002 and an
ionization potential of 65555+ 10 cm~' (IP =8.128
4+ 0.001 eV). For SiH, an ionization potential of 65 650
cm~! (IP = 8.139 €V) and a quantum defect of § = 1.45 is
found by solving the Rydberg equations for the J24 5 (5p)
and M 24 7 (6p) origins. Because of the obvious variation of
the quantum defect, the E 24 ; (4p) origins were not includ-
ed as part of the fitted data.
Figure 7 shows the fit of the SiD, data graphicaliy. The
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TABLE XIII The Deslandres table which analyzes the v, umbrella bands observed in the 724 J (5p) — «— X 24, REMPI spectrum of the SiD, radical.

Energies and differences are in cm~".

vy even vy odd Measured
Av. J247 (5p)
vy =0 vy =2 vy =1 vy =3 @} v; interval
v; even
v; =0 56874 543 56 330
1222 1220 1221(1) 20
vy =2 58095 545 57550
1214 1222 1218(4) 4-2
v, =4 59 309 537 58 772
1210 1213 1211(2) 64
v, =6 60519 534 59 985
1204 1204 8-6
v; =8 61723
1223 1223 10-8
v, =10 62 946
v; odd
v, =1 57 487 545 56 942 )
1212 1213 1212 3-1
v; =3 58 699 543 58 155
1220 1220 5-3
v; =35 59919
1195 1195 7-5
vy =17 61 114 535 60579
1219 1219 9-7
v, =9 62 333
1213 1213 11-9
v; =11 63 546
Av. wy 540(6) 541(4)
Measured
X4, 20 3-1
v§ interval

Av. 0}/2 = 607(4) cm™ ' for 724 (5p)

TABLE XIV. The 245 (6p) — —X ?4, REMPI transitions observed in ionization potential is plotted as a function of quantum de-

the REMPI spectra of SiH, and SiD; radicals.

fect for the three Rydberg state origins. The point at which

these curves intersect corresponds to the ionization potential

Band Tw;fg;to" i:::?\il and quantum defect. The curves would not have a common
assignment (ecm™1) (cm™1) intersection if one or more of these Rydberg origins were
. - misassigned even by one quantum of v; . Thus, the high pre-
SiH, (‘;‘?dwal 60 341 cision of the Rydberg series fit also enhances the confidence
0
821
2! 61162
779
2 61941 TABLE XV. The P24 (7p) ~ X 24, REMPI transitions observed in
Av. 0} = 800(30) cm~! for SiH, the REMPI spectrum of the SiD; radical.
SiD; radical
0 60267 Two-photon . Band
615 Band energy interval
. -1 —1
2} 60 882 assignment (cm™") (cm™")
621
2 61502 0 62002
614 618
2 62116 2} 62 620 »
617
° 610 613
2 63 343 2 63 847

Av. @3 = 615(4) cm~! for SiD,

Av. @, =615(3) cm™!
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TABLE XVI. The K« - X 4, and N X 24, REMPI transitions ob-
served in the REMPI spectrum of the SiD; radical.

Two-photon Band
Band energy interval
assignment (ecm™") (ecm™")
K state
03 58417
615
2! 59 032
613
2 59 645
618
2 60 263
Av. 0} = 615(3) cm ™" for K state
N state
2 60472
— 533
o 61005
624
2! 61628
624
2 62252
613
2 62 865
625
2 63 490
611
2 64 101

Av. @) = 619(7) cm™ " for N state

in the present Rydberg state origin assignments. The incor-
poration of the K and N Rydberg origins into the fitted data
also yields IP, = 8.128 eV for the SiD; radical.

Using the IP, determined for the SiD, radical, we can
also derive an adiabatic ionization potential of the SiH, radi-

IONIZATION POTENTIAL DETERMINATION

67000
[ 1p = by +—R— /
(n~0) 5p

66000

Ionization Potential (c‘r;ill)

f BAND hv(cm-1)
65000 |
- L [5p 03 56874
i |6p 03 60267
6=1446 1 I7p 0} 62002

64000 'l'l]llll‘1l'lll|III'IIII'I )
12 13 14 15 16 1.7 1.8

Quantum Defect

FIG. 7. The graphical determination of the ionization potential of SiD, is
shown by plotting the ionization potential as a function of the quantum
defect. Given the origins and the principal quantum numbers as shown, and
using the rearranged Rydberg formula, a curve for each observed origin is
drawn. The intersection of the three curves pinpoints the quantum defect
and ionization potential.
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cal by adding the net isotopic change in zero point vibration-
al energy, A(AZPE), caused by substituting hydrogen for
deuterium in the vibrationless X 24, radicals and X '4, ca-
tions.*?> A(AZPE) is available from measurements and from
calculations. Rydberg spectra of SiH, and SiDj; radicals give
approximate direct measurements of A(AZPE). Theisotope
shift between the SiH, and SiD; J24 ¥ (5p) — « X 24, ori-
gins suggest that A(AZPE) = 55 cm™ . 4b initio molecular
orbital calculations also provide estimates of A(AZPE). To
calculate A(AZPE) from ab initig results, we used the fre-
quencies reported by Pople er al. for the SiH, cation'® and
radical,?® scaled the vibrational frequencies by 0.89, and de-
rived vibrational frequencies for SiD, using the isotopic ra-
tios for each harmonic vibrational mode. We calculate
A(AZPE) = 55cm ™. Adopting A(AZPE) = 55cm ™!, we
derive an adiabatic ionization potential of 65 615 ( + 40;
—20)cm ™' [IP = 8.135 ( + 5; — 2)] for the SiH, radical.

V. DISCUSSION

A. The ground state v, umbrella mode of SiH; and SiD;
radicals

In previous sections the Deslandres tables that analyze
the v hot band structures for the E24 J (4p) — — X %A, spec-
tra (Tables V and VI and the J 24 § (5p) — « X %4, spectra
(Tables XI and XIII) were presented. By averaging the
ground state intervals shown in these tables, we have con-
structed the v, energy level manifolds of SiH; and SiD, radi-
cals. Table XVII lists the observed v, vibrational energy lev-
els of SiH; and SiD; radicals residing below E, = 2100
cm™ 1.43

Our results overlap with data reported previously by
others. Using IR diode laser spectroscopy, Yamada and Hir-
ota®® have established with great accuracy that the v; = 1-2
and vy = 0-3 levels of the SiH, radical are separated by
721.0486 and 727.9438 cm™', respectively. In agreement
with the IR diode laser results, our analogous measure-
ments, which have greater uncertainty, give 723(5) and
732(9) cm ™. Using photoelectron spectroscopy to observe
sily! anions, Minlos and Ellison?® measured the vibrational
levels up to v, = 14 (v, =77 in their notation; E, <5210
cm™ ') of the SiH, radical and levelsuptov, = 17 (v, = 87
E, <4520 cm™") of the SiDj; radical. These photoelectron
spectra are of lower resolution than the present REMPI
spectra and do not resolve pairs of vibrational levels that lie
at lower energies. Nevertheless, the overall agreement
between the photoelectron and REMPI spectra is good.

Since the silyl radical is pyramidal, it posssesses two
potential energy minima along the umbrella mode coordi-
nate. To model the observed energy levels of this double-well
potential, we solved the Hamiltonian for a quartic oscillator
with the potential ¥ = A(Z* — B-Z?), after the method de-
scribed by Laane.** The umbrella coordinate is Z = ¢, 7, 0.
The constant ¢, includes the reduced mass, r, is the Si-H
bond length, and @ is the out-of-plane angle. The reduced
mass of the oscillator was approximated by the G-matrix
element, g, = (3my + mg; }/3Imymg;. The mass-weighted
coefficients 4 and B are derived from the variables: (1) ©,,,,
the bending angle which corresponds to the minimura in the
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TABLE XVIL The v” vibrational energy levels measured for the X4,

(C,, ) ground state of silyl radicals and calculated using a quartic potential,
V=A(Z*~BZ%.

Measured ©f Calculated oy
Quantum vibrational vibrational Difference
number, energy”® eﬂergyb (Obs. — Calc.)
vy (em™") (em™1) (cm™")
SiH, radical
0 0 0
1 0.03
2 723 748.6 —25.6
3 732 751.4 —19.4
4 1326 1346 - 20
5 1424 1418 6
6 1825 1792 33
7 2073 2080 -1
$iD, radical
0 0 0
1 1.5E—4
2 542 556.01 — 140
3 545 556.04 - 11.0
4 1048 1062.6 —14.6
5 1059 1064.5 —55
6 1474 1478 —4
7 1545 1519 26
8 1782
9 1969 1963 6
2See Ref. 43.

bForSiH,, V(cm™') = 98.40(Z* — 8.88-Z2); ZPE = 402.7cm ™ 'and for
SiD,, ¥ (cm™') = 63.29(Z* — 11.03-Z?); ZPE=291.3cm™".

potential, (2) r,, the Si~H bond length, and (3) B,,,, the
inversion barrier.

Table XVII lists the calculated v; umbrella mode ener-
gy levels obtained with the quartic potential. Using a least-
squares procedure, the observed vibrational energy levels of
the SiH, and SiD, radicals were fitted separately to find the
best quartic coefficients. The coefficients 4 and B for each
isotopic radical are listed in the footnotes of Table XVII. The

3000

L
= ] e
i 0 6 (3*
5 2000 e
> 4 I~ 4 (29
=
= 3 (1)
Z 1000 1535 <3 )
1 (07)
l < )
0
8.

1
-30 -20 -10 0 10 20 30
-— ) —>

QUT-OF-PLANE ANGLE (degrees)

FIG. 8. Schematic of the potential function for the v{ (a5) umbrella mode
of SiH, as a function of symmetric out-of-plane bending “umbrella” angle ©
(Ref. 16). The experimentally observed v vibrational levels are indicated.
All energies are in cm™'. The level splitting between vy = 0-1 is not shown.
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inversion barriers calculated from these coefficients are B,,,

= 1935 cm™! for the SiH, radical and B,,, = 1925cm ™' for
the SiD, radical. To intepret the equilibrium coordinate val-
ue Z,,, we have adopted the ab initio bond length r,

= 1.462 32 A, calculated by Allen and Schaefer.' The Z,,’s
give ®,, = 4 20.7° for SiH; and ®,, = + 21.3° for SiD,
radicals. The residuals listed in Table XVII indicate that the
fit is reasonable. The consistency between the ®,,’s and
B,,.’s of SiH; and SiD; is very good.

Figure 8 diagrams the v4 (a5 ) umbrella mode potential
function based upon the solution of the quartic potential.
The experimentally observed intervals between vibrational
levels are also shown. As is typical of vibrations described by
double-minimum potentials, the vibrational levels below the
potential barrier have collapsed into closely spaced doublet
levels. Those levels that lie above the barrier are well separat-
ed.

Other groups have reported inversion barriers and po-
tential minima for silyl radicals based upon spectroscopic
data. Using a quartic potential to fit the v, = 2«1, 30
transitions, Yamada and Hirota found B,, = 1768
cm™1,2%45 By combining the fitted potential minimum with
the observed rotational constant B,, they found that r, (Si-
H) = 1.456 A and ®,, = + 20.4°. Yamada and Hirota also
solved for these levels using the three parameter potential
function V(Q) = 0.5:[kQ? + AE — (AE?* + 4a*Q%)'?]to
find B,, =1868 cm™!, r,=148 A, and O,

= + 18.4°26* To fit the photoelectron spectrum of the
SiH; anion, Nimlos and Ellison used the three parameter
function V(Q) =0.5-k-Q? + D-exp( — BQ?), and found
that ®,, = + (16 +2)°and B,,, = 1900 + 300 cm™'.%

The barriers calculated with ab initio methods have de-
pended strongly upon the orbital basis set size and theory
level used in the calculation. Ab initio molecular orbital cal-
culations have predicted B,,, = 1400,'® 1539,"7 1889,*
1951,%4 2046,%* and 21743 cm~!. Allen and Schaefer!® have
published the ab initio results for the SiH, radical that have
the lowest variational energy. They predict that B,,, = 2174
cm™ "3 All ab initio calculations calculate a more planar
radical than derived from fits of the experimental data. 4b
initio calculations all predict ®,, = 18.4°~16,1°,!317.18:20-22
Allen and Schaefer calculate ®,, = + 17.8°."* Some of the
discrepancy between the present and ab initio values for ®,,
might be reconciled if we were to define more explicitly the
normal mode path Z, and to add a shape factor for the inver-
sion barrier. The improved definition of Z would include
changes in bond length and reduced mass as a function of
bending angle ®. However, a discrepancy between the ab
initio and experimentally derived bond angles is expected.
Yamada and Hirota®® have noted that the rotational con-
stant B, calculated using the ab initio geometry does not
reproduce the experimentally observed B,

B. The Rydberg states of SiH; and SiD; radicals

This study has precisely established the energies of six
excited electronic state origins. Evidence for a seventh Ryd-
berg state was obtained. Figure 9 diagrams the excited state
energy levels of the SiH, radical. Solid lines represent the
Rydberg states observed during this study. Dashed lines rep-
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STATE ENERGIES OF THE SiH; RADICAL
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FIG. 9. The energy level diagram which shows the excited states of silyl
radicals. Energy levels indicated with solid lines were observed during this
study. Energy levels indicated with dashed lines are predicted states. Inter-
connecting line show the state mixing predicted with MRD CI calculations
by Olbrich (Ref. 22). Solid interconnecting lines among the *E states sym-
bolize the mixing which occurs along the umbrella coordinate. Dashed in-
terconnecting lines symbolize the mixing which occurs as one Si-H bond is
lengthened. The predicted predissociative nature of the 424 | (4s) is
shown. The interconnected 2E states belong to the C;, point group. All oth-
ers belong to the D, point group.

resent predicted electronic states. The energies of the 4, B, C,
f), 6, and T states are derived from term values calculated by
Olbrich using the MRD CI method.?” The solid lines con-
necting the B, C, F, and G 2E states indicate the configura-
tional mixing which occurs along the umbrella coordinate
between the nonplanar C 2E valence state and the 2E Ryd-
berg states. This configurational mixing, predicted by the
MRD CI calculations,?? also causes the F2E (4p) state to
reside at higher energy than the E 24 J (4p) Rydberg state.
In Fig. 9 we have retained this predicted energy ordering.
Since the valence-Rydberg interactions may cause the lower
’E Rydberg states to assume pyramidal geometries, we have
notated the B, C, F, and G *E states as members of the C,,
point group.

In Fig. 9 we depict the H, K, and N states as the 5s, 6s,
and 7s Rydberg states, respectively. These assignments are
tentative. We base our preference for these ns Rydberg series
assignments upon the bond dissociation curves calculated by
Olbrich. These calculations?? predict that as one Si—-H bond
is lengthened, the 4 24 | (4s) Rydberg state couples with the
C*E, B2E (3d), and X 24 | states through avoided crossing
interactions. In Fig. 9 dashed interconnecting lines symbol-
ize this mixing. The net potential along the Si—-H coordinate
of the 424 (4s) Rydberg state leads directly to SiH,

(@>B,) + H(?S) fragments. Thus, rapid predissociation
should prevent the 4 24 | (4s) Rydberg state from appear-
ing in REMPI spectra. Since higher ns Rydberg states do not
strongly mix to form a dissociative potential surface, they
should appear in REMPI spectra. Our proposed assignment
scheme, depicted in Fig. 9, fits the present observations.

An alternate assignment of the H state would be to the
3d 2E Rydberg state (labeled G in Fig. 9).*6 However, the
mixing of the dissociative 4 24 ] (4s) state with the C2E
valence and B *E (3d) Rydberg states may also give some
dissociative character to C and B. Additional mixing along
the umbrella coordinate among the B, C, F, and G states may
impart dissociative character to the F 2E (4p) and G 2E (3d)
states. If this mixing scheme occurs, then we should not ex-
pect REMPI spectroscopy to detect these states. Such a mix-
ing scheme can account for the absence of the FE (4p)
Rydberg state from our REMPI spectra. We cannot com-
pletely dismiss the possibility that the H state should be as-
signed as the 3d ’4, state (labeled D in Fig. 9).* However,
the He « X4, bands appear at energies that seem too high
to favor such an assignment. Future molecular orbital calcu-
lations may provide firmer assignments for this second Ryd-
berg series.

The E, J, M, and P states comprise the np 24§ (Ds,)
Rydberg series. We based the p-orbital assignment on the
Rydberg series quantum defect, § = 1.45. The symmetry as-
signment of the entire Rydberg series depends upon the be-
havior of the v; umbrella mode in the E (4p) state. MRD CI
calculations by Olbrich?? lead to the prediction that the
4p 4 ; Rydberg state will show a regular v} vibrational pro-
gression and that the 4p 2E ' Rydberg state will show an irreg-
ular v} vibrational progression. Because the E (4p) state
exhibits a regular v5 vibrational progression, we assigned the
Rydberg series as having 24 ; (D, ) symmetry.

Analysis of a rotationally resolved spectrum of any
REMPI band would confirm our 24 5 (D,, ) symmetry as-
signment. Unfortunately, no rotational branches were re-
solved. The absence of rotational structure may indicate that
nonradiative processes influence the REMPI spectra. The
nonradiative paths may lead to predissociative states or to
states that possess poor ionization cross sections. Coriolis
coupling*” of the 24 J states to a background of 24 { and ’E”’
states might explain the observations. Under the Hund’s
case (b) angular momentum coupling which we expect to
govern SiH; Rydberg states, the strength of the Coriolis in-
duced coupling from each 44 vibrational level depends
upon the N, K quantum numbers. For example, the average
coupling strength between >E’ and 4 J vibrational levels is
proportional to [N(N + 1) — K 2].*” The coupling vanishes
when N = 0 and is at a minimum for K = N levels. Thus,
Coriolis induced coupling would permit observation of some
rotational levels, yet quench most of the rotational spec-
trum.

Table XVIII summarizes the state assignments and
spectroscopic constants of SiH; and SiD; radicals derived
from the REMPI spectra. For comparison with experiment,
Table XVIII also presents the vertical excitation energies
T,..., predicted with the MRD CI molecular orbital calcula-

vert?

tions.?2 For each transition we also present a T, derived from
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TABLE XVIIL Summary of the experimentally observed and predicted origins and vibrational frequencies of Rydberg states.

Experimental values Predicted values
Rydberg SiH, SiD, Orig. shift SiH, SiD,
state (cm™ ") (cm™Y) (cm™') (cm™1)® (cm™hH®
E247 (4p) T,.. = 50708°
Ty= 48 438 48 391 47 47 7764
(6=1.47) (6=147)
w; = 1576(3) N 2218 1568
w; = 796(7) 589(3) 811 601
w0y = 2283 1616
W, = 870(5)° 635(6)° 910 673
J247 (5p) T, =60 850°
To= 56 929 56 874 55 57918¢
(6= 145) (6=144)
W) = 821(4) 608(3) 811 601
M324; (6p)
Ty= 60 341 60267 74
(5=14) (6=145)
w; = 800(30) 615(4) 811 601
P43 (Tp)
T,= 62 002
(6=144)
o, = 615(3) 601
H(59)f T,.. =59 467°
Ty= {52 637(20)]¢ 56 5354
(6=2.09 or §=0.09)
W) = [1587(20)]® 1568
@) = 602(5) 601
K (6s)* Tyern = 63 642°
T,= 58 417 60 7104
(6=2.08 or 5 = 0.08)
W) = 615(3) 601
N (s
T,= 61 005
(6=2.090ré6=009)
w; = 619(7) 601
* Except where noted, frequencies are those of Ref. 28 scaled by 0.89. 2w} /2 values used.

*Scaled frequencies of Ref. 28 divided by isotope shift ratios given
in Ref. 40.
¢ Calculated vertical excitation energy from Ref. 22.
9 Derived using ab initio term value of Ref. 22, the IP, of this work,
and the zero point vibrational energies: 7, = IP, — (term value)
+ ZPE(ion) — ZPE(radical).

the difference between the experimental IP, and the MRD
CI term value reported by Olbrich.>* This T, includes a
AZPE correction.*? As seen in Table X VIII, the value for 7,
predicted with this procedure agrees reasonably well with
the observed value.

Table XVIII also compares the observed Rydberg state
vibrational frequencies with those calculated for the ground
state cations. Because the bonding in the cation core of >4 §
Rydberg radicals is nearly the same as the bonding of the
SiH, cation, such comparisons are reasonable. In Table
XVIII the predicted vibrational frequencies of the SiH; ca-
tion were derived from the ab initio results reported by Pople
et al.®® The ab initio vibrational frequencies were scaled by
0.89, a commonly used factor. To derive the vibrational fre-
quencies for SiD. Rydberg radicals, the SiHj, cation frequen-

Tentative assignment. Alternate assignment is (3d).
2 Extrapolated value. See the text.

" Tentative assignment. Alternate assignment is (4d).
iTentative assignment. Alternate assignment is (5d).

cies were divided by the isotopic ratio of G-matrix elements
of the cation.*

As is shown in Table XVIII, the experimental and
scaled ab initio vibrational frequencies agree extremely well.
The E 24 % (4p) state provides the most comprehensive
comparison. In this state the v}, v}, and v, vibrational fre-
quencies were measured. The scaled ab initio calculations
have predicted the vibrational frequencies with better than
5% accuracy.

C. The ionization potential of silyl radicals

Our interpretation of the REMPI spectra supports the
adiabatic ionization potentials, IP, = 8.135( + 5, — 2) eV
for the SiH, radical and IP, = 8.128(1) eV for the SiD,
radical. This paper is the first to report an ionization poten-
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tial for the SiD; radical. The authority of our measurement
resides in the fact that it is based upon meticulously assigned
spectra of several states. The spectroscopic assignments of
SiH, and SiD, concur with each other and converge to the
same electronic origins. Precisely measured electronic ori-
gins were used to derive the IP . Hence, the present evalua-
tion of the ionization potential appears completely secured
by the spectroscopic data.

Ab initio molecular orbital calculations underestimate
the IP, of SiH, radicals by 0.1-0.3 eV. Olbrich calculated
IP, =7.81 ¢V?* and Pople and Curtiss calculated IP,
=7.99 eV.?® This 0.1 eV calculational error is consistent
with ab initio values for other silicon ground state radicals,
SiH and atomic Si. For the X 21, SiH radical the ab initio
value is IP, = 7.81 eV?® and the observed is IP, = 7.91
€V.?>3° For the Si radical the ab initio value is IP, = 8.08
eV and the observed is IP, = 8.152 eV.*®

Before the present work two groups had reported pre-
cise but conflicting spectroscopic measurements of IP, for
the SiH, radical. Using photoelectron spectroscopy, Dyke et
al. obtained a value of IP = 8.14 + 0.01 eV.?” Using pho-
toionization mass spectrometry, Berkowitz et al. reported a
value of IP = 8.01 4+ 0.02 eV.? Photoionization spectro-
scopic methods determine the adiabatic ionization potential
by observing the lowest energy onset of the photoionization
signal. Because radicals, like SiH,, undergo a large geometry
change upon ionization, they possess small Franck—-Condon
factors near the photoionization threshold. Thus, identifica-
tion of the weak ionization threshold band is difficult and
governed by instrument sensitivity. These factors caused
Berkowitz et al.?® to conclude that poor Franck—Condon
factors had prevented Dyke et al. from observing the true
ionization threshold.

Our spectroscopic IP, for SiH; radical agrees closely
with the IP, = 8.14(1) eV reported by Dyke et al.>’” We
attribute the 0.13 eV difference between our recommended
IP, and the lower value reported by Berkowitz ef al.*® to the
effects of vibrational hot bands in their spectrum. In their
report Berkowitz et al. noted that the presence of vibration-
ally hot SiH; radicals would have corrupted their measure-
ment by contributing signal at energies below the true ioni-
zation threshold energy.® To produce SiH, radicals for their
experiments, they conducted the reaction F + SiH, in a flow
reactor. They argued against the presence of hot bands based
upon prior experience and the intensity ratios of the ob-
served bands. In our REMPI experiments SiH,; radicals
were also produced in a flow reactor by the reaction
F + SiH,. The REMPI spectrum (Fig. 3) displays numer-
ous vibrational hot bands. Although the direct comparison
of equipment and experimental conditions between labora-
tories is not possible, our observation of hot bands makes the
presence of vibrationally hot radicals during the studies by
Berkowitz et al. likely.

Boo and Armentrout® reported IP, = 8.11 4 0.07 eV
for the SiH, radical based upon measurements of the reac-
tion rates of Si* with SiH, as a function of collision energy.
This autonomous measurement agrees with our IP,. Boo
and Armentrout also derived heats of formation for several
SiH,, (n = 1-3) radicals and cations. The 0.13 eV disparity

between the previously published photoionization results
caused them to express reservations regarding the correct
heat of formation for the SiH, radical. The IP, determined
in this work sustains Boo and Armentrout’s recommended
value, AH ?(SiH;) = 48.5 kcal/mol.*®

ACKNOWLEDGMENT

Dr. Bilin P. Tsai thanks the University of Minnesota for
subport through the Bush Sabbatical Program.

'G. Herzberg and J. Shoosmith, Can. J. Phys. 34, 523 (1956).

G. Herzberg, Proc. R. Soc. London Ser. A 262, 291 (1961).

3(a) G. Herzberg and R. D. Verma, Can. J. Phys. 42, 395 (1964); (b) G.
Herzberg, A. Lagerqvist, and B. J. McKenzie, ibid. 47, 1889 (1970).

‘R. D. Verma, Can. J. Phys. 43, 2136 (1965).

5I. Dubois, Can. J. Phys. 46, 2485 (1968).

¢J. W. Hudgens, in Advances in Multi-photon Processes and Spectroscopy,
edited by S. H. Lin (World Scientific, Singapore, 1988), Vol. 4.

T.G. DiGiuseppe, J. W. Hudgens, and M. C. Lin, J. Chem. Phys. 76, 3338
(1982).

8J. W. Hudgens, T. G. DiGiuseppe, and M. C. Lin, Chem. Phys. 79, 571
(1983).

°R.D. Johnson I1I and J. W. Hudgens, Chem. Phys. Lett. 141, 163 (1987).

!R. D. Johnson III, B. P. Tsai, and J. W. Hudgens, Resonance Ionization
Spectroscopy 1988, Institute of Physics Conference Series No. 94, edited
by T. B. Lucatorto and J. E. Parks (Institute of Physics, Bristol, Philadel-
phia, 1988), p. 133.

Y'R. D. Johnson I11, B. P. Tsai, and J. W. Hudgens, J. Chem. Phys. 89, 4558
(1988).

2R. Robertson, D. Hils, H. Chatham, and A. Gallagher, Appl. Phys. Lett.
43, 544 (1983).

3W. D. Allen and H. F. Schaefer III, Chem. Phys. 108, 243 (1986).

“R. L. Morehouse, J. J. Christiansen, and W. Gordy, J. Chem. Phys. 45,
1751 (1966).

5G. S. Jackel and W. Gordy, Phys. Rev. 176, 443 (1968).

'The often reported internal angle in C,, species, ZH-Si~H, is related to ©®
by the equation Z(H-A—H) = 2 sin~'[(3/4)'/2 cos ®].

D. S. Marynick, J. Chem. Phys. 74, 5186 (1981).

'¥K. Ohta, H. Nakatsuji, I. Maeda, and T. Yonezawa, Chem. Phys. 67, 49
(1982).

19]. A. Pople, B. T. Luke, M. 1. Frisch, and J. S. Binkley, J. Phys. Chem. 89,
2198 (1985).

2], Moc, Z. Latajka, and H. Ratajczak, J. Mol. Struct. (Theochem) 150,
189 (1987).

213, Kalcher, Chem. Phys. 118, 273 (1987).

22@G. Olbrich, Chem. Phys. 101, 381 (1986).

3y. Ellinger, F. Pauzat, V. Barone, J. Douady, and R. Subra, J. Chem.
Phys. 72, 6390 (1980).

24P. R. Bunker and F. Olbrich, Chem. Phys. Lett. 109, 41 (1984).

M. R. Nimlos and G. B. Ellison, J. Am. Chem. Soc. 108, 6522 (1986).

26C. Yamada and E. Hirota, Phys. Rev. Lett. 56, 923 (1986).

27]. M. Dyke, N. Jonathan, A. Ridha, and M. J. Winter, Chem. Phys. 81,
481 (1983).

283, A. Pople and L. A. Curtiss, J. Phys. Chem. 91, 155 (1987).

293, Berkowitz, J. P. Greene, H. Cho, and B. Ruscic, J. Chem. Phys. 86, 1235
(1987).

39B. H. Boo and P. B. Armentrout, J. Am. Chem. Soc. 109, 3549 (1987).

31See G. Herzberg, Electronic Spectra of Polyatomic Molecules (Van Nos-
trand Reinhold, New York, 1966), p. 170.

*2Certain commercial materials and equipment are identified in this paper
in order to adequately specify the experimental procedure. In no case does
such an identification imply recommendation or endorsement by the Na-
tional Institute of Standards and Technology, nor does it imply that the
material or equipment identified is necessarily the best available for the
purpose.

D. S. King, P. K. Schenck, K. C. Smyth, and J. C. Travis, Appl. Opt. 16,
2617 (1977).

3A. R. Striganov and N. S. Sventitskii, Table of Spectral Lines of Neutral
and Ionized Atoms (Plenum, New York, 1968).

35Heats of formation were obtained from S. G. Lias, J. E. Bartmess, J. F.
Liebman, J. L. Holmes, R. D. Levin, and G. Mallard, J. Chem. Phys. Ref.
Data 17, Suppl. 1 (1988), and from Ref. 30.

J. Chem. Phys., Vol. 91, No. 6, 15 September 1989



Johnson, Ill, Tsai, and Hudgens: Multipnoton ionization of SiH, and SiD, 3359

36W. H. Duewer and D. W. Setser, J. Chem. Phys. 58, 2310 (1973).

37M. B. Robin, Higher Excited State of Polyatomic Molecules ( Academic,
New York, 1975).

383, T. Manson, Phys. Rev. 182, 97 (1969).

3], L. Dehmer, Rev. Mod. Phys. 48, 49 (1976).

“The isotopic ratio of vibrational frequencies expected between the SiH,
and SiD, radical and cation species were calculated from G-matrix ele-
ments. G-matrix elements were computed using the method shown in F.
A. Cotton, Chemical Applications of Group Theory, 2nd ed. (Wiley Inter-
science, New York, 1971), p. 324 and Appendix VIII. Using the X 24,
radical geometry given in Ref. 26, the SiH,/SiD; vibrational ratios: 1.414,
1.350, 1.427, and 1.354~were found for the v,, v,, v, and v, modes of the
radicals. Adopting the X '4 | cation geometry of Ref. 19, the ratios 1.414,
1.350, 1.413, and 1.353 were computed.

413. W. Hudgens, C. S. Dulcey, G. R. Long, and D. J. Bogan, J. Chem. Phys.
87, 4546 (1987).

42AZPE itself is the difference between the zero point energies of the cation
and radical, i.e., AZPE = ZPE(ion) — ZPE(radical).

“3No correction for the energy separation between the vy = 0-1 levels was

applied. This difference, ~0.3 cm™', is much less than the measurement
uncertainty.

447, Laane, Appl. Spectrosc. 24, 73 (1970).

45The two point fits by Yamada and Hirota cannot provide meaningful er-
ror estimates for the estimated value of B,,, .

“6In the event that future measurements or high quality calculations change
these Rydberg orbital assignments, we recommend that the letter designa-
tion of each REMPI band system remain unchanged. New letters or prime
designations may need to be introduced. For example, in the event that the
H state becomes assigned as the 3d ?E state, then the reassigned state
should be called H 2E (3d), the 55 24 | state should acquire a primed letter
designation (the letter determined by its energy), and the G designation
should be discarded.

“TCoriolis induced predissociation appears in the spectrum of the H, radi-
cal. See I. Dabrowski and G. Herzberg, Can. J. Phys. 58, 1238 (1980); G.
Herzberg and J. K. G. Watson, ibid, 58, 1250 (1980).

48C. Moore, Atomic Energy Levels, Natl. Bur. Stand. Circ. 467 (U.S. GPO,
Washington, D.C., 1949), Vol. 1.

J. Chem. Phys., Vol. 91, No. 6, 15 September 1989



