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Franck—Condon simulation of the single vibronic level emission spectra
of HSIF and DSIF including anharmonicity
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Potential energy function®EF$ of theX *A’ andA *A” states of HSiF have been computed using

the coupled-cluster single-double plus perturbative triple excitations and complete-active-space
self-consistent-field multireference internally contracted configuration interaction methods,
respectively, employing augmented correlation-consistent polarized-valence quadruple-zeta basis
sets. For both electronic states of HSiF and DSiF, anharmonic vibrational wavefunctions and
energies of all three modes have been calculated variationally withlihiaitio PEFs and using
Watson’s Hamiltonian for nonlinear molecules. Franck—Condon factors between the two electronic
states, allowing for Duschinsky rotation, were computed using the calculated anharmonic
vibrational wavefunctions. These Franck—Condon factors were used to simulate the single vibronic
level (SVL) emission spectra recently reported by Hostudeal. in J. Chem. Physl14, 10728

(200)). Excellent agreement between the simulated and observed spectra was obtained for the
A'A"(1,0,0)-X A’ SVL emission of HSiF. Discrepancies between the simulated and observed
spectra of theA *A”(0,1,0) and(1,1,0 SVL emissions of HSiF have been found. These are most
likely, partly due to experimental deficiencies and, partly to inadequacies iabthitio levels of

theory employed in the calculation of the PEFs. Based on the computed Franck—Condon factors,
minor revisions of previous vibrational assignments are suggested. The calculated anharmonic wave

functions of higher vibrational levels of thé*A’ state show strong mixings between the three
vibrational modes of HSi stretching, bending, and SiF stretching.2004 American Institute of
Physics. [DOI: 10.1063/1.1630559

I. INTRODUCTION Prior to the dispersed fluorescence study of HCJO1 on
. . HSIiF and DSiF, Clouthier and co-workers have published
1 L

Recently, Hosuiﬂf 'e”t al; (lH(,:JOJ). rgported single Y" two extensive rotationally resolved laser induced fluores-
bronic level (SVL) A"A"—X"A" emission spectra of jet- cence(LIF) studied? on HSIF and/or DSIF. From these three
cooled HSIiF and DSiF. In this spectroscopic study, thes%gectroscopic studies of the Clouthier grdapequilibrium

authors attempted to confirm the assignment of the observ ometrical parameters, harmonic and fundamental vibra-

spectra by spectral simulation, employing Franck—Condor). . ~ 1., = 1nn .
(FC) profiles computed within the harmonic oscillator ap- 101! frequencies of th “A” andA A" states of HSiRand

proximation. However, it was found that, apart from thegr?dlz)bhﬁl\?tei}obsetir(]jiggrg/:dH%riIinzscsiforfotl). SEilimg dsﬁﬁ:tirrzscoorp'c
A'A"(0,0,0)-»X*A’ SVL emission band, the simulated ’ P

N o . tance of the silylene family of reactive intermediates in
emission spectra of HSIF did not agree very well with the : " . .
. . : chemical vapor deposition processes in the semiconductor
observed spectra. The discrepancies between simulated an . .
Industry have been discussed previouslge Refs. 1, 2, and

observed spectrg were gttributed to the _significant couplin% and references thergiand hence will not be repeated here.
between the HSI stretchingy{) and bending £,) modes, After HCJO1 had appeared, Christiansehal? reported

which was not accounted for in the harmonic oscillator - ~
model employed in the calculation of the FC factors. At thecoupled-cluster calculations on the'A’” andA *A” states of
end of the discussion in HCJ8% call was made for spectral HSIF, FC factor calculations within the multidimensional
simulations, which would include the effects of anharmonic-harmonic oscillator model, and simulatédA” —X *A’ ab-
ity, and it was proposed that the reported HSiF and DSiFsorption spectra obtained at different levels of coupled-
spectra would provide rather stringent tests of such calculacluster response theory. The highest levelalofnitio calcu-
tions. The present theoretical investigation is a direct refation carried out in Ref. 4 on HSIiF are the CCSD/aug-cc-
sponse to this request and challenge. pVTZ level for geometry, harmonic vibrational frequencies,
and spectral simulation, and the CC3/aug-cc-pVQZ level for
dAuthor to whom correspondence should be addressed; electronic maiverticaI excitation energy. Thesd initio calculations on the
bcdaniel@polyu.edu.hk two electronic states of HSiF were of the highest levels avail-
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able prior to the present study. The simulatéd'A” <1.8 A were scanned for th& 1A” state. All theab initio
—X1A’" spectra were compared with the LIF spectrum ofcalculations were carried out using theoLPRO suite of
Ref. 3 and it was noted in Ref. 4 that “there are aspects oprograms=® The following polynomial was fitted to the cal-
the weaker features where the calculated intensity patterfulatedab initio total energies mentioned above to give the
does not match the experimental results.” Again, the inadPEFs of theX A’ andA *A” states of HSiF:
equacy of the harmonic oscillator approximation was identi-
fied as one of the probable causes of the discrepancies be- V=2 Ci;(Sy)'(S,)!(S3)*+ Vegm. (1)
tween theory and experiment, particularly for the higher ik
energy region of the spectrum. No attempt, however, haghe bending coordinate suggested by Carter and H&ndy
been made in Ref. 4 to simulate the SVL emission spectra of ) 3
HSiF and DSiF reported in HCJO1. S;=A0+aA 6"+ BAGY

We have shown recently that the inclusion of anharmoas been employed f@&,, whereAd is the displacement of
nicity in the theoretical method of FC simulation has signifi- the bond angle from the equilibrium valued< 6,), while
cant effects on the simulated SVL emission spectra of,CF S, and S; are the displacements of the HSi and SiF bond
and some bands in the photoelectron spectra 8 Bnd |engths from the equilibrium values € ), respectively.
Cl,0.%" Theoretically, the inclusion of anharmonicity should  The fitting of the PEFs, the variational calculations of
improve the reliability of the simulated spectra, and generthe anharmonic vibrational wavefunctions and the FC factor
ally, simulated spectra including anharmonicity match bettegalculations were performed as described previGaslgnd
with observed spectra than those obtained within the hamence the full description of the methods will not be repeated
monic oscillator model, as expected. In the case of HSIF, imere. In brief, Watson’s Hamiltonian'®for a nonlinear mol-
addition to possible coupling among the three vibrationalecule was used, and both anharmonicity and Duschinsky ro-
modes mentioned above, anharmonicity is expected to bgtion were included in the FC factor calculations. Here, only
particularly large for the HSi stretching mode. The presensome technical details specific to the present study are given;
investigation on the SVL emission spectra of HSiF and DSiRhese are as follows. Anharmonic vibrational wave functions
is our first attempt to employ the anharmonic FC method tayere expressed as linear combinations of harmonic oscillator
study a species o€ s symmetry, where all three vibrational functions, h(v,,v,,v3), wherev,, v,, and v denote the
modes belonging to the same irreducible representation aguantum numbers of the harmonic basis functions for the
included in the FC factor calculation, and also to study aHS; stretching, bending, and SiF stretching modes, respec-
triatomic species containing a hydrogen atom, which is extively. Harmonic basis functions with vibrational quantum
pected to show strongly anharmonicity in the stretchingnumbers of up tch(10,15,12) and a restriction af; + v,
mode involving the hydrogen atom. + v3< 15, were included in the variational calculations of the

X 1A’ state, giving a total of 771 anharmonic vibrational

YN H : :
Il THEORETICAL METHODS AND COMPUTATIONAL states. For thé “A” state, harmonic basis functions of up to

DETAILS h(12,12,8), with a restriction of, + v,+ v3<12 and a total
of 435 anharmonic vibrational states were considered.
Ab initio energy scans on théA’ andA *A” states of The iterative Franck—Condon analy$iECA) procedure

HSIF were carried out for the fitting of their potential energy Was carried outsee Refs. 5 and 6 for detailswith the ge-
functions (PEFS. The coupled-cluster single and double ometry of theX A’ state fixed to the most recent estimated
plus perturbative tripfe excitations [CCSDOT)] method,  equilibrium (rZ) geometry of HCJO% while the geometrical
which is known to be one of the best single-reference correparameters of thé *A” state were varied systematically, un-
lation methods, was employed for calculations on the closeds| the best match between simulated and observed SVL
shellX A’ state. For thél *A” state, which is an open-shell emission spectra was obtainéske also Sec. Il for a more
singlet statgsee Ref. 2and cannot be described adequatelydetailed description, which includes tted initio calcula-

by a single configuration wavefunction, complete-active-tions). Vibronic components in the SVA 'A”—X A’ emis-
space self-consistent-fi¢fi multireference internally con- sjon spectra of HSIF/DSIiF were simulated using Gaussian
tracted configuration interactibh(CASSCF/MRC]) calcula-  functions with a full width at half-maximuniFWHM) of 30
tions were carried out. The aug-cc-pVQZ basis'setas  cm2, which is a spectral resolution slightly better than that
employed and the core electrons were frozen in both thef the observed SVL emission spectra of HCIOhe rela-
CCSOT) and CASSCF/MRCI calculations. In the CASSCF tive intensity of each vibrational component in a simulated
and MRCI calculations of thé 'A” state, the full valence spectrum is given by the corresponding computed anhar-
molecular orbital space was active, givingl12.9 million  monic FC factor and a frequency factor of power 4.
uncontracted configurations ardL.3 million internally con-
tracted configurations in the MRCI calculations. 388
CCSOT) energy points in the ranges of 1 (HSI)
<23A, 40.6<4(HSiF)<155.0°, and 1.4r(SiF)
<1.95A were scanned for thé&'A’ state, and 206 The computed results are summarized in Tables |-V and
CASSCF/MRCI energy points in the ranges of Lr{HSi) the simulated spectra are shown in Figs. 1—-6. They are dis-
<2.35A, 40.6<9(HSiF)<170.0°, and 1.45r(SiF) cussed in the following subsections.

llI. RESULTS AND DISCUSSION
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TABLE |. The CCSOT)/aug-cc-pVQZ and CASSCF/MRCl/aug-cc-pVQZ  the rms deviation is 20 cnt. Table Il shows the computed
PEFs of theX A’ andA A" states of HSiHsee text and Eq1)].

C(i.j.k) X A/ At

002 0.5754 0.5905
200 0.2644 0.2195
020 0.1098 0.0511
101 0.0284 -0.0130
011 0.0526 0.0277
110 -0.0016 0.0184
003 -1.2010 —1.1254
300 —0.4064 —0.4553
030 0.0051 -0.0053
102 -0.0503 0.0105
012 -0.0588 0.0128
201 0.0018 -0.0076
210 -0.0041 —0.0080
021 -0.0958 -0.0498
120 —0.0497 -0.0788
111 -0.0795 -0.0247
004 1.2358 0.8308
400 0.4348 0.4599
040 0.0429 0.0816
103 0.0459 —0.0834
013 0.0033 -0.4703
301 -0.0078 0.0213
310 -0.0020 0.0378
031 0.0426 0.0753
130 —0.0054 —0.0053
202 0.0186 0.1551
022 0.0090 —0.0024
220 -0.0357 -0.0310
112 0.1210 0.0315
211 0.0187 0.1905
121 0.1067 0.1560
500 —0.3562 -0.3528
600 0.1459 0.1576
050 0.0278 0.1705
060 -0.0035 -0.3258
140 -0.0196 0.0725
230 0.0050 0.1289
320 0.0350 0.1934
410 -0.0019 -0.0376
150 -0.0149 0.0675
240 -0.0175 0.1100
330 0.0208 -0.1722
420 -0.0133 -0.3216
510 0.0078 -0.0832
070 -0.0305 —0.6236
080 0.0381 0.4384
090 0.0997 1.1403
0,10,0 0.0420 0.4883
a —0.0495 -0.1821
r(H-Sj) 1.5291 1.5227

£(HSIF) 96.7093 116.7147

r(Si-P 1.6127 1.6194

A. Potential energy functions and anharmonic

vibrational wave functions

The CCSOT) and CASSCF/MRCI PEFs of th& ‘A’

andA 'A” states of HSiF, respectively, are given in Table I.
The root mean squar@ms) deviation of the fitted potential
from the computed single point energies is below 10 tm
for the CCSIT)/aug-cc-pVQZ PEF of th& 'A’ state. For
the CASSCF/MRCl/aug-cc-pVQZ PEF of the'A” state,

anharmonic vibrational energies and wave functions of some

low-lying vibrational levels of theX *A’ and AA” elec-
tronic states and also some higher energy vibrational levels
of the X 'A’ state. For both electronic states of HSiF consid-
ered, the anharmonic vibrational wave functions, expressed
as linear combinations of the harmonic basis functions, show
that anharmonicity is not negligible even for the low-lying
vibrational levels and the three harmonic modes of HSi
stretch, bending and SiF stretch show significant coupling.
The calculated anharmonic vibrational energies and
wave functions of some higher energy levels of HéA’
state are shown in Table Il as examples. It can be seen that
these anharmonic vibrational levels, which have their leading
harmonic basis functions df(1,05,v3) with the same ¢}
+v4) values, are calculated to be very close in energies. The
computed energy differences of these levels are less than 30
cm ! in most cases. This is because the differences between
the observed(computed fundamental frequencies of the

bending and SiF stretching modes of #e&A’ state of HSIF
are only 21.315) cm™ %, respectively(see Table IV and later
text). These energy differences of less than 30 trare
smaller than the FWHM used in the simulated spectra men-
tioned above. Consequently, vibrational components arising
from SVL emissions to these vibrational levels, which are
calculated to be closer in energy than 30 ¢nwould not be
resolved in the simulated spectra, but appear as a single,
overlapped band. Similarly, since the resolution of the ob-
served spectra are slightly poorer than that used in the simu-
lated spectrasee Figs. 1, 3, 4, 5, and,6vibrational compo-
nents with calculated energy separations of less than 33 cm
would not be expected to be resolved in the observed spectra.
Detailed discussions on the vibrational assignments of over-
lapping vibrational series in the observed SVL emission
spectra of HSIF will be given in the subsection dealing with
spectral simulation. This problem of overlapping vibrational
components of the bending and SiF stretching series, how-
ever, is not present in the SVL emission spectra of DSiF,
because the bending and SiF stretching fundamental frequen-
cies of theX 'A’ state of DSiF, observed or calculated, differ
by over 200 cm? (see Table IV.

From the calculated anharmonic vibrational wave func-

tions of the higher energy levels of the'A’ state of HSIF
shown in Table Il, it can be seen that there are very strong
mixings among harmonic basis functions of all three vibra-
tional modes of HSi stretching, bending and SiF stretching,
particularly for the combination band manifolds, which have
the samevr] and vy, =v5+v3, and they are very close in
energy, as discussed above. Consequently, based solely on
the computed leading harmonic basis functions of the anhar-
monic wave functions, the vibrational designations of these
anharmonic vibrational levels are not unambiguously clear,
because of strong mixings of the harmonic basis functions in
the anharmonic vibrational wave functions. In order to assist
the labeling of the vibrational quantum numbers, some two-
dimensional cross-section plots of the computed anharmonic
vibrational wave functions of these vibrational levels be-
tween pairs of normal mode coordinates have been exam-
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TABLE Il. The computed anharmonic vibrational energids;{ in cm™! relative to the ground vibrational
state and wave functiongin terms of the harmonic basis functions; see {teftsome low-lying vibrational

levels of theX *A’ andA *A” electronic states of HSiF, and some higher energy levels okth&' state(see

text).
Evib Anharmonic vibrational wave function
X 1A’ (Some higher leve)s

4461.158 —0.619%(1,2,1)-0.3698(1,3,0)—0.338'"h(1,1,2)
+0.2763(0,4,1)+0.2565(0,5,0)

4444.442 0.598%(1,1,2)—0.423%(1,3,0)+0.3184(0,5,0)
—0.268"N(2,1,0)+0.235%(1,0,3)

4432.019 —0.4661h(1,2,1)+0.367h(1,3,0)+0.342h(1,0,3)+
—0.2851(0,5,0)+0.266h(1,1,2)

4423.953 0.673%1,0,3)—0.37451(1,1,2)+0.32461(1,0,4)
—0.237h(1,0,2)+0.1924€(1,2,1)

3626.938 0.662%(1,1,1)+0.499Mh(1,2,0)+0.266((1,0,2)
—0.2474(0,4,0)-0.1964(0,3,1)

3610.083 —0.6072(1,0,2)+0.546%(1,2,0)—0.2864(0,4,0)
—0.2141(1,1,1)-0.196%(1,0,3)

3598.737 0.5699(1,0,2)—0.548%1(1,1,1)+0.352%(1,2,0)

+0.200h(0,3,1)-0.1893(0,4,0)
(Low-lying levels

1930.830 —0.934%(1,0,0)+0.2634(2,0,0)+0.184h(0,2,0)
—0.0913(0,0,0)+0.0650(4,0,0)
1712.708 0.9646(0,2,0)+0.1827(1,0,0)+0.139h(0,2,1)
—0.0801(0,3,0)+0.0444(0,1,0)
1699.996 ~0.9547(0,1,1)-0.224h(0,1,2)+0.123%(0,0,2)
+0.1042(0,1,0)+0.057h(1,1,1)
1677.423 0.912%(0,0,2)+0.3104(0,0,3)-0.183%(0,0,1)
+0.107(0(0,1,1)-0.087h(1,0,2)
859.647 0.9892(0,1,0)+0.107$(0,1,1)—0.058%(1,1,0)
—0.041(0,2,0)+0.036h(0,0,1)
845.030 —0.973$(0,0,1)-0.181A(0,0,2)+0.0906(1,0,1)
+0.072%1(0,0,0)+0.0395%1(0,1,0)
0.000 0.992B(0,0,0)—0.0906(1,0,0)+0.0720(0,0,1)
—0.029%H(3,0,0)+0.0164(0,0,3)
Al (Low-lying levelg
2128.492 —0.86281(1,1,0)-0.3170(2,1,0)— 0.154h(3,1,0)
—0.137h(4,1,0)-0.113%(1,1,1)
2009.066 —0.941%(0,2,1)-0.2240(0,2,2)+0.1026:1(0,2,0)
—0.10181(0,3,0)+0.082(1,0,1)
1719.216 —0.9555(0,3,0)+0.147%(1,1,0)-0.1190(0,3,1)
+0.105%1(0,4,0)—0.075h(2,3,0)
1702.117 —0.90661(0,0,2)-0.3201(0,0,3)+0.1961(0,0,1)
—0.11261(1,0,2)—0.074h(0,0,4)
1606.496 0.87018(1,0,0)+0.36861(2,0,0)+0.1484(3,0,0)
—0.1372(0,0,0)+0.1328(4,0,0)
1436.560 ~0.961(0(0,1,1)—0.208(0,1,2)+0.092(0,1,0)
—0.0834(1,1,1)-0.050%(0,2,0)
1159.644 —0.980((0,2,0)—0.1050(0,2,1)+0.0844(1,0,0)
—0.057%h(2,2,0)+0.054%N(0,3,0)
857.667 —0.965"h(0,0,1)-0.19161(0,0,2)-0.1231(1,0,1)
+0.0807(0,0,0)—0.0466(3,0,1)
582.819 —0.9874(0,1,0)-0.09161(0,1,1)-0.0910(1,1,0)
—0.0484(3,1,0)-0.0426h(2,1,0)
0.000 0.985B(0,0,0)+0.129%h(1,0,0)+0.079h(0,0,1)

+0.0471(3,0,0)+ 0.03241(2,0,0)

ined. The quantum numbers of a vibrational level were de€lear from the plots. Nevertheless, these higher vibrational
termined according to the numbers of nodes the computestates are labeled according to the empirical observation in
wave function has along the respective normal mode coordithe low-lying vibrational levels that, within a combination
nate. These plots for low-lying vibrational levels of the manifold of v, the levels with largen are lower in en-
XA’ state suggest that within a combination manifold ofergy. It should be noted, however, that, with such strong
v, the levels with largew} are lower in energy. However, mixings of the harmonic basis functions in the anharmonic
for higher vibrational states, the nodal structures of the calvibrational wave functions, as shown for the higher energy
culated anharmonic vibrational wave functions become lessibrational levels of théX A’ state of HSIF given in Table
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TABLE IIl. The computed and experimentally derived geometrical paranfetétie X A’ andA *A” states of HSIF.

HSi/A HSiF/(deg SiF/A Reference

XA
CCSOT)/aug-cc-pvVQZ 1.5291 96.7 1.6127 Present
CAS/TZ(2df,2pd 1.521 97.1 1.618 G
CCSD/TZ2df,2pd 1.528 96.8 1.615 GG
CCSD/aug-cc-pVTZ 1.531 96.5 1.620 dg
Effectiver, 1.5483) 97.06) 1.6061) 3
Averager, 1.5422) 96.94) 1.6081) 3
Estimated equilibriunt 1.5285) 96.95) 1.6033) 3¢
Averager, 1.5422) 96.93) 1.60765) 1
Estimated equilibriunt? 1.5296) 96.93) 1.6031) 1°

A A
CASSCF/MRCl/aug-cc-pvVQZ 1.5227 116.7 1.6194 Present
CAS/TZ(2df,2pd 1.571 114.5 1.607 GG
MRCI/TZ(2df,2pd 1.535 114.9 1.617 GG
CCSD/aug-cc-pVTZ 1.527 115.2 1.614 dfg
Semirigid bender 1.547 5721) [114.5¢ 1.601 5Q16) 2
Effectiver, 1.5571) 114.43) 1.6031) 3
Equilibriumr 1.52614) 115.06) 1.5973) 3
Averager, 1.5554) 114.35) 1.6031) 3
Estimated equilibriunt 1.5365) 114.35) 1.5983) 3¢
IFCA 1.526 116.0 1.59% Present

8Equilibrium geometrical parameters, unless otherwise stated; estimated uncertainties/errors given in pa¢se¢hesgimal works for detaijlsfor earlier
works see Ref. 2 and references therein.

PK. J. Gregory and R. S. Grefunpublisheg] quoted in Refs. 2 and 4.

°K. J. Gregory and R. S. Grelunpublisheg, quoted in Refs. 1 and 3.

“The highest level of calculation in this work.

€Obtained from the, structure, see original works for details; the bond angles were assumed to be the same anthe structures.

fExcited state calculations by coupled cluster response theory.

9IFixed to theab initio value.

"Fixed to the experimentally derivedq values; see text.

TABLE IV. Computed and observed vibrational frequenti@sn) of the X A’ state of HSiF and DSiF.

w(SiH) w,(bend) w3(SiF) 2 vy V3 Reference
HSIF X 1A’
CCSOT)/aug-cc-pvVQZ 2006 876 861 1931 860 845 Present
CAS/TZ(2df,2pd 2083 929 848 e e e G&
CCSD/aug-cc-pVTZ 2015 877 847 e e E 4
IR matrix 1913.1 859.0 833.7 18
Fitted HFF(calc)® 1977.3 861.0 843.1 3
Emissions ()¢ 1964.825) 863.7255) 838.421) 1931.6 859.7 838.4 1
Observed ;)¢ 2009.430) 876.010) 838.450) 1
Fitted HFF(calc)® 2008.4 876.4 838.6 1
DSiF X 1A’
CCSOT)/aug-cc-pvVQZ 1444 647 862 1403 638 847 Present
IR matrix 1387.4 638.4 833.4 18
Fitted HFF(calc)® 1423.3 636.0 836.0 3
LIF hot bands 642.93) 642 3
Emissions ()¢ 1420.235) 642.2150) 839.5856) 1400.6 638.3 840.2 1
Observed ;)® 1443.530) 648.710) 839.6410) 1
Fitted HFF(calc)® 14445 648.2 840.2 1

#Estimated uncertainties/errors in parentheses; see original works for details.

PK. J. Gregory and R. S. Grefunpublishedl quoted in Ref. 2.

“Harmonic force field§HFF) with centrifugal distortion constants of the ground and excited states from gas phase analysi%dfahé;&ee original works
for details.

YHarmonic vibrational frequencies from the fitting of the observed band origins to the standard vibrational anharmonic expr&;{i@)mf)‘fvﬁ wgV2

+ 0Jvg+ X2+ x9,w3+ X011, ; see original work for detail.

®Force field refinedo;= w?—x% — (1/2)x%— (1/2)x%, wherex;; is the first order anharmonic term of thandj modes. For the SiF stretching mode of HSIF,
the harmonic frequency has assumed the fundamental value, because overtone leyelena not observed. See original work for detail.
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TABLE V. Computed and observed vibrational frequentiesnt) of the A 1A” state of HSIF and DSiF.

w(SiH) w,(bend) w3(SiF) 2 v, V3 Reference

HSIFA A’

CAS/MRCl/aug-cc-pvVQZ 1829 603 873 1606 583 858 Present

CAS/TZ(2df,2pd 1544 570 865 e e B GG&

CCSD/aug-cc-pVTZ 1845 596 863 E E e 4°

LIF (w; ")d 1547.827) 566.921) 858.625) 1547 558 857 2

LIF (w?’)e 1546.9%9) 562.92) 861.779) 1547 558 857 3

Observed ¢/)f 1815.613) 597.13) 867.85) 3

Fitted HFF(calc)? 1836.3 590.2 870.8 3

DSiFA 1A’

CAS/MRCl/aug-cc-pvVQZ 1319 451 869 1209 442 853 Present

LIF (cuio’)E 1241.87) 426.82) 859.64) 1174 430 854 3

Observed ¢/)' 1322.48) 443.53) 867.45) 3

Fitted HFF(calc)? 1321.2 442.4 866.9 3

8Estimated uncertainties/errors in parentheses; see original works for details.

PK. J. Gregory and R. S. Grefunpublished] quoted in Ref. 2.

°Excited state calculation by the coupled cluster response th&ady 4.

YHarmonic vibrational frequencies from the fitting of the observed band origins to the expressidigg+ ' v}+ w5 vy+ w3 vi+x9vs2+x%vhv}
+x35vsv+ X35 v vh s see original work for detail.

®Harmonic vibrational frequencies from the fitting of the observed band origins to the expressiofget=’ o) v/ +32 5% x| v/v/
+37 35 3 X v vi— [ 03"+ x95(v5)?]; see original work for detail.

fForce field refineds; = w?—x?l— (1/2)xi°2— (1/2)x?3, wherex;; is the first order anharmonic term of thandj modes. For HSIF, approximate anharmonicities
and the product rule expression of isotopic substitution were used. See original work and also Ref. 1 for details.

9Harmonic force field§HFF9 with centrifugal distortion constants of the ground and excited states from gas phase analysi%chfahd;&ee original work
for detail.

I, the vibrational labels according to the normal mode deshere should give a reasonably accurate description of the
ignations of these anharmonic vibrational wave functionsmixing. Second, since the experimental resolution of H&J01
may not be good quantum numbers, particularly #grand  is not good enough to resolve some of these vibrational
v . In addition, 5 and v may not correspond to the bend- states within a combination manifold as discussed above, the
ing and SiF stretching mode, respectively, as conventionallyncertainties associated with the observed positions given in
assumede.g., in HCJOL! Nevertheless, for the sake of sim- HCJO1 are probably larger than those quoted, because of the
plicity and ease of comparison with the vibrational assign-uncertainties associated with the assignments of overlapped
ments given in HCJO1 we will still use the vibrational la- vibrational components. Third, although a spectral resolu-
bels obtained in the way mentioned above and will not makeion, which is able to resolve all the above-mentioned com-
a distinction between the vibrational designations used herbination bands, can be used in the simulated spectra, a poorer
and in HCJO1. It should be borne in mind that, for higherresolution of 30 cm! FWHM has been used in order to
energy vibrational levels of th¥ *A’ state of HSiFy and ~ Mmake sensible comparison with the observed spectra.
vy may not be good quantum numbers and may not corre-
spond to the bending and SiF stretching modes, respectivelg Equilibri rical ;
as assumed in HCJO1, because of strong coupling. It is noted, quiiibrium geometrical parameters
however, that there is no such problem of strong mixing, as  The equilibrium geometrical parameters of both states of
discussed, in the anharmonic vibrational wave functions oHSIF obtained from the PEFs are given in Table Il together
the X 'A’ state of DSiF and their vibrational designations With available experimental and theoretical values for com-
correspond to the DSi stretching, bending, and SiF stretchingarison. From Table Il it can be seen that, compared to the
of the leading harmonic basis function. reported calculations, the levels of calculation used in the
Finally, a few points should be noted. First, the extent ofPresent study are higher and hence the computed geometrical
mixing of the vibrational states within a combination mani- Parameters obtained here can be considered as the most re-
fold, as shown in the calculated anharmonic wave functionsliable theoretical values currently available for both the
is dependent on the closeness of the calculated energies %A’ andA'A” states of HSIF. When the equilibrium HSi
the vibrational levels within the manifold, which is depen- bond length and HSiF bond angle of tKe A’ state obtained
dent on the level of theory used to obtain the PEF of therom the CCSIT)/aug-cc-pVQZ PEF are compared with the
XA’ state. The difference between the computed fundaexperimentally derived, estimated values of HCJO0%, the
mental frequencies of the bending and SiF stretching modesgreement of within 0.001 A and 0.2°, respectively, is excel-
of 15 cmi s in reasonably good agreement with the corre-lent. However, the equilibrium SiF bond length obtained
sponding experimental difference of 21 chireported in  from the PEF of théX *A’ state is~0.01 A larger than the
HCJOT (see Table IV and later tejtsuggesting that the PEF experimentally derived, estimateflvalue. Nevertheless, the
of the X *A’ state should be reasonably reliable. In this con-CCSD(T)/aug-cc-pVQZ SiF value is, of all the computed
nection, the calculated anharmonic wave functions reportedalues shown in Table llI, the closest to the experimentally
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HSiF SVL A(1,0,0) Emission Spectra HSIF SVL A(1,0,0) Emission Spectra with FCF
(a) Expt.
*
X(1,n,0) (b) IFCA
X(1,n,1) " "
X(1,n,2)
X(2,n,0)
X(0,0,0) | [T T 1T 1 (1,n,3) I
\ | | | | \ \ \
(L\ A_A Aad (1,n,2) ‘
(c) 6=115.0
ﬂ (1,n,1)
(d) ab initio
(1,n,0)
0 1000 2000 3000 4000 5000 6000
6 10'00 20'00 30‘00 40'00 50'00 6060 Displacement from excitation in Wavenumber {cm™')
Displacement from excitation in Wavenumber (cm'1) FIG. 2. The simulated spectrum of the S\zl(l,0,0) emission of HSIF,

employingab initio geometry changsame as Fig. (@)], and the calculated
FIG. 1. Simulated and observed S\ﬁ(l,0,0) emission spectra of HSiF: Franck—Condon factortbar diagrams underneath the simulated spedtrum
(a) experimental spectrum from referencéspectral feature due to impurity  of theX(1,n,0), (1n,1), (1n,2), and (1n,3) series, which contribute to the

is marked with*; see original work (b) simulated spectrum withe(SiF)  opserved main vibrational progression assigned solely t&(tan,0) series
=1.597 A,r(HSi)=1.526 A, andd(HSiF)=116.0°[which give the best  in Ref. 1(see text

overall match between all simulated and observed spectra shown in Figs. 1,

3, 4, 5, and 6; theX A’ state has its geometrical parameters fixed to

ro(SiF)=1.603 A, r(HSi)=1.529 A, andd.(HSiF)=96.6°, the estimated . . S
rZ values from HCJOXRef. 1) for all the simulations carried out in this than the eXpe”menta”y derived equ”'b“um values of Ref. 3

work; see text (c) simulated spectrum witlno(SiF)=1.597 A, r(HSi) by 0.02 A and 1.7°, respectively, while the HSi bond length
=1.526 A, andd,(HSiF)=115.0° (experimentally derived, geometrical  is smaller by 0.003 A. The IFCA geometrical parameters
parameters of thd A" state from Ref. 3, see Table)Vand (d) simulated derived for theZ\ 1a" state will be discussed later, when the
spectrum with r(SiF)=1.6097 A, 1o(HS)=15226 A, and 0(HSIF) i 1ateq spectra are compared with the observed spectra. It

=116.9° (ab initio geometry change; see text o o ~
is just noted here that upon de-excitation from #heéA”

state to theX *A’ state, the equilibrium bond angle obtained
derived value. The overestimation of the computed SiF bondrom the PEFs decreases by nearly 20° in line with the ex-
length of theX A’ state is most likely due to the neglect of perimentally derived valuegsee Table I). However, the
core—core and core—valence correlation in all the reporteghanges in the HSi and SiF bond lengths obtained from the
calculations on HSiF, which includes of the second row elePEFs of the two states upon de-excitation from H&A”

ment, Si(see for example, Ref. 17However, the inclusion state to theX A’ state are opposite in direction to those of
of core electrons in the correlation calculation will increasethe experimentally derived, estimated equilibriufvalues.
the total number of electrons to be correlated considerablyyevertheless, in all cases, the magnitudes of the changes in
and also require a significantly larger polarized core—valencgond lengths upon de-excitation are relatively smald.007
basis set. Such calculations are computationally extremel) and the major geometry change upon de-excitation is in
demanding. the bond angle. Perhaps the discrepancies between the
For theA *A” state, the equilibrium SiF bond length and changes in the computed and experimentally derived bond
HSiF bond angle obtained from the MRCI PEF are largerengths upon de-excitation should not be surprising, because
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HSiF SVL A(0,1,0) Emission Spectra HSiF SVL A(1,1,0) Emission Spectra
(a) Expt. (a) Expt.
: AN N NV R Y
X(0,n,0) (b) IFCA Xino) [T T (b) IFCA
T T T T ] X(1n1) — T
X(1,n.2) | | | X(1,n,2) | | I
X(1.n1)] | | | | ! | | | | | I
X(1,n,0)] | | | X(0,n,0) X(2,n,0)] | | [
X@no | | | X(3,0,n)
a bbb L L
(c) 6=115.0 (c) 6=115.0
(d) ab initio (d) ab initio
1 1 RS O O W N
0 1000 2000 3000 4000 5000 6000 0 1000 2000 3000 4000 5000 a000

Displacement from excitation in Wavenumber (cm'1) Displacement from excitation in Wavenumber (cm'1)

FIG. 3. Simulated and observed SVA(0,1,0) emission spectra of HSiF: FIG. 4. Simulated and observed SWA(1,1,0) emission spectra of HSIF;
(a) experimental spectrum from Ref. (&pectral feature due to impurity is (@ €xperimental spectrum from Ref. 1p) simulated spoectrum with
marked with*; see original work (b) simulated spectrum with the IFCA Te(SIF)=1.597 A, re(HS'):15526A' and 6(HSIF)=116.0° (the best

geometrical parameters of .(SiF)=1.597 A, r (HSi)=1.526 A, and overall match; see tekt (c) simulated spectrum witho(SiF)=1.597 A,

0,(HSiF)=116.0° for theA 'A” state(the best overall match; see texic) re(HSi)=1.526 A, andee(ySiF)= 115.0° (experimentally derived geo-
simulated spectrum  withr o(SiF)=1.597 A, r.(HSi)=1.526 A, and metrical parameters of FhA 1A’f state from Ref. 3, sge Table)Vand (d)
0o(HSIF)=115.0° (experimentally derived, geometrical parameters of the Simulated spectrum  withr (SiF)=1.6097 A, rg(HS)=15226 A, and

AA” state from Ref. 3, see Table)Vand (d) simulated spectrum with 8e(HSiF)=116.9° (ab initio geometry change; see tgxt
r(SiF)=1.6097 A, r (HSi)=1.5226 A, andd,(HSiF)=116.9° (ab initio
geometry change; see tgxt
uncertainty in the experimentally derived HSi bond length of

the AA” state (equilibrium r, in Table Ill) of 0.014 A

diff i lati thod loved to obtain th quoted in Ref. 3 is rather large, and the difference between
iferent correlation methods were employed 1o obtain the, . experimentally derived, equilibriung, and estimated?
PEFs of the two electronic states. However, when the com-

puted CCSD/aug-cc-pVTZ equilibrium HSi bond lengths of values of HSi of they A" state s 0'0_1 A Wh'Ch.'.S a_lso quite
the two states reported in Ref.(the excited state geometry Iarge_ (see Table Ill. The changes_ m_the e_zqumbrlum geo
was obtained by the coupled cluster response methoel metrical parameters upon de—ex0|tat|o~n will be further dis-
compared with the corresponding experimentally derived, escussed, when the IFCA geometry of tAA” state is con-
timatedr? values, the changes upon de-excitation are alsgidered.

opposite in direction. The above considerations suggest that

obtaining reliable geometrical parameters for the excited®. Vibrational frequencies

state of HSIF is theoretically very demanding in terms of the 110 computed harmonic and fundamental vibrational
level of calculation, as expected. In addition, it should befaquencieglisted in wave number unitoobtained from the
noted that the uncertainties associated V!Ith the experimerbers of the two electronic states of HSi#nd DSif, are
tally derived geometrical parameters of tA¢A” state are  gjven in Tables IV and V, respectively, together with avail-
also larger than those of thé'A’ state. In particular, the able theoretical and experimental values. First, sincamo
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DSiF SVL A(0,0,0) Emission Spectra DSiF SVL A(0,1,0) Emission Spectra

(a) Expt. (a) Expt.
* I ﬁ A
X(1,n,0) (b) IFCA (b) IFCA
xon0) L T T T T ] ey
T T T T T T T T om
X(0,n,1) | \ | | \ | I

(d) ab initio

L
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(d) ab initio
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Displacement from excitation in Wavenumber (cm” Displacement from excitation in Wavenumber (cm'1)

FIG. 5. Simulated and observed SVA(0,0,0) emission spectra of DSiF:
(a) experimental spectrum from Ref.(§pectral feature due to impurity is
marked with*; see original work (b) simulated spectrum with (SiF)
=1.597 A, r(DSi)=1.526 A, and 6,(DSiF)=116.0° (the best overall
match; see text (c) simulated spectrum with.(SiF)=1.597 A, r ,(HSi)
=1.526 A, andd.(HSiF)=115.0° (experimentally derived, geometrical
parameters of thd 1A” state from Ref. 3, see Table)\Vand (d) simulated
spectrum  with r(SiF)=1.6097 A, r (HSi)=1.5226 A, and 6,(HSIF)

FIG. 6. Simulated and observed SVA(0,1,0) emission spectra of DSiF:
(a) experimental spectrum from Ref. 1p) simulated spectrum with
ro(SiF)=1.597 A, r(DSi)=1.526 A, and 6,(DSiF)=116.0° (the best
overall match; see tekt (c) simulated spectrum witho(SiF)=1.597 A,
ro(HSi)=1.526 A, andd,(HSiF)=115.0° (experimentally derived, geo-
metrical parameters of tha 1A” state from Ref. 3, see Table)Vand (d)
simulated spectrum withr (SiF)=1.6097 A, r (HSi)=1.5226 A, and
0.(HSiIF)=116.9° (ab initio geometry change; see text

=116.9° (ab initio geometry change; see tgxt

the HSI/DSi progressions of the LIF spectra. In addition, the
initio fundamental vibrational frequencies have been calcueomputed CAS/TRdf,2pd harmonic HSi stretching fre-
lated prior to the present study, measured fundamental frequency of theA 1A” state of HSIF of 1544 cimt by Gregory
quencies can be compared directly only with the calculateéind Grev(see Table V; unpublished, quoted in Ref.right
fundamental frequencies reported here. Second, from Tablegso have misled the vibrational analyses of Refs. 2 and 3. It
IV and V, the most obvious observation is the large differ-is clear that the CAS/T@df,2dp harmonic HSi stretching
ences between the computed harmonic and fundamental Vfir‘equency of theA 'A” state (1544 cm?) is significantly
brational frequencie~s of the HSI/DSi stretching mode, pargmalier than the corresponding computed harmonic HSi
ticularly for the A®A” state (of >200/100 cm*,  stretching frequencies obtained at the CCSD/aug-cc-pVTZ
respectively, as expected and mentioned above. It seemsye| by Christiansenet al? (1845 cm) and at the
clear that, previous experimentally derived harmonic fre-CASSCF/MRCl/aug-cc-pVQZ level in the present study
quencies of the HSi/DSi stretching mode of héA” state (1829 cm'Y), and also the force-field refined values of 1816
(~1547/1242 cm?), which are close to the observed funda- and 1836 cm! given in Ref. 3[observed @) and fitted
mental valueg1547/1174 cm?; LIF wio’ values from Refs. HFF (calc) values in Table Y. Therefore, it seems conclu-
2 and 3 in Table V, are in error. This was mainly because of sive that the CAS/T2df,2dp level, which lacks dynamic
the lack of observed higher energy vibrational components irlectron correlation, is inadequate for the potential energy
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surface of theA *A” state. The harmonic HSi/DSi vibrational eters of theA A" state[in all simulated spectra, th¥ *A’
frequencies obtained from the CASSCF/MRCl/aug-c-pVQZstate has its geometrical parameters fixed rigSiF)
PEF of theA 1A” state in the present study agrees very well=1.603 A, r(HSi)=1.529 A, and 6¢(HSiF)=96.6°, the
with experimentally derived harmonic values where forceestimated 3 values from HCJO%;see Table B
field refinements have been carried dobservedo’ and  (b) re(SiF)=1597 A, r¢(HS))=1.526 A, and 0,(HSIF)
fitted HFF values in Table )\ supporting the validity of the =116.0° (the IFCA geometry with the best overall match;
force field refinements carried out in Ref(géhd also Ref. 1~ see later tejt

Third, comparing the computed and experimental vibra{¢) e(SiF)=1.597 A, r(HSi)=1.526 A, and 6.(HSiF)
tional frequencies in detail, the harmonic and fundamentaf= 115.0° (experimentally derived, geometrical parameters
vibrational frequencies of the HSI/DSi stretching and bendfrom Ref. 3; and
ing modes obtained from the variational calculations of the(d) re(SiF)=1.6097 A, re(HSi)=1.5226 A, andf(HSiF)
X 1A’ state of HSIF/DSIF agree very well with the latest = 116.9° (ab initio geometry change
experimentally derived(force field refined as discussed ~ When the simulated and observed spectra are compared,
above or measured values of HCJGfo within ~2 cm % the following points should be noted. Flrs_t, some peaks in
see Table IV. The agreement between the theoretical andFOMe of the observeq spectra are due to impurities as nloted
experimental values of the SiF stretching frequencies of!! HCJO0Z [marked wit in the observed spectra shown in
HSIF/DSIF is less favorable. This is not surprising, becaus&19S- 1@, 3(a), and §a)]. Second, the relative intensity of

the computed SiF bond length of the'A’ state is—0.01 A the vibrational component at the excitation energy in an ob-
' %erved emission spectrum is expected to be stronger than the

larger than the experimentally derived value, as discusse o . . .
above. Nevertheless, the largest discrepancy for the ha'rr-?tenSIty given by its FC factor, because of stimulated emis-

. . — sion and scattered light. Third, the reported dispersed fluo-
monic frequency is 22 cit and that for the fundamental ; . )
: 1 . . rescence spectra of DSiF from HC3(Figs. 5a) and Ga);
frequency is only 7 cm®, which can be considered as rea- L
sonably small. see original work were uncorrected for the wavelength de-
inally. for theA A" h b h pendence of the detector efficiency. Consequently, only
| F||na é’ o(rjt eA A statltle, L e.agreem?nltj i_tweden t equalitative comparisons between the simulated and observed
calcu ated and experimentally derivédrce fie refined as spectra of DSiF can be made. Finally, the wave number scale
discussed aboyeor measured values of the SiF stretching

h , 4 fund Lt : f both HSIF f each figure is displacement from the laser excitation line,
armonic and fundamental frequencies of bot : an(giving a direct measure of the ground electronic state vibra-

DSiF_ are very_gooc(s ~3 cm °; see Tab_le \)’ Howev_er, tional energy, as used in HCJ®1.
the discrepancies for the fundamental HSi/DSi stretching and
the bend frequencies are significantly larger. The largest dif- ~ . .
ference is that between the calculated and observed HSi The A(1,0,0) SVL emission of HSiF
stretching fundamental frequencies, which is 59 &mNe The simulated and observei(1,0,0) SVL emission
attempted to improve the agreement by extending the rangepectra in Fig. 1 are considered first, because the match be-
of the ab initio energy scans for the PEF of the'A” state  tween the simulated spectrufd), employing theab initio

and enlarging the size of the harmonic basis functions emgeometry change, and the observed spectaris excellent,
ployed in the variational calculation, but found that no sig-With even the very weak features in the vibrational progres-
nificant improvement could be obtained. It is therefore consions ofX(0,v4,0) andX(2,v5,0) being present in the simu-
cluded that the PEF of thA 'A” state probably requires a lated spectrum. Such a good agreement between theory and
higher level of calculation in terms of both the correlation €xperiment suggests that the PEFs andath&itio geometry
method and the basis set used, in order to obtain a bettéhange employed in obtaining the simulated spectrum should
agreement between the calculated and observed HSi/D$E reasonably reliable. Comparing the simulated spectrum
stretching fundamental frequencies of tAe!A” state of (c), which emponNS the experimentally derived geometrical
HSIF/DSIF. In addition, core—valence correlation, which hasParameters of thé\ 'A” state, with the observed spectrum
been ignored in thab initio calculations, as discussed in the (&), the agreement is slightly worse in the higher energy
previous subsection on the calculation of reliable geometricalmembers of the main progression assigned toﬁh]av’z’,O)
parameters for this type of system, is also likely to be imporseries in HCJOthan the agreement between the simulated

tant for reliable vibrational frequency calculations. spectrum(d), employing theab initio geometry change, and
the observed spectrum. The major difference between the
D. Spectral simulation geometry of théA *A” state used in the simulations of spec-

. - . ._tra (c) and(d) is in the bond angle, as the major vibrational
are -Ic—:r(])?nzlz;?gldat\?v(ij'[hS\t/hLeecr:r(])IrSrselsO;oi%?r?gaog;g'r\?el; ?pdegglzi%rogressions observed upon de-excitation involve mainly the
) ~ ~ bending mode. This follows from the fact that the major
Figs. 1, 3, 4, 5, and 6 for thé\(1,0,0), A(0,1,0), and  yeometry change upon de-excitation is in the bond angle, as

A(1,1,0) SVL emissions of HSIiF, and th&(0,0,0) and discussed.

A(0,1,0) SVL emissions of DSiF, respectively. The top spec-  Regarding the bond length changes upon de-excitation, it
trum labeleda) in each figure is the observed spectrum fromshould be noted that FC factors depend on the magnitude of
HCJO01? In all figures, the simulated spectra label®d (c), relative changes of the geometrical parameters in the elec-

and (d), below (a), have the following geometrical param- tronic transition, and comparisons between simulated and
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observed spectra cannot indicate the directions of théengths of the upper state unambiguously. However, a larger
changedi.e., whether there is a small increase or decreasezquilibrium bond angle of 116.9from the ab initio geom-

in the geometrical parameters. Previously, in the IFCA proetry changg of the A'A” state is preferred to the smaller
cedure, the systematic variation in the geometrical paramexperimentally derived bond angle of 115.0°. This will be
eters of one of the two electronic states involved in the elecfurther discussed, when other SVL emissions are considered.
tronic transition, which did not have its geometry derivedFinally, the calculated FC factors and simulated spectra ob-
experimentally, was usually based on the geometry changgined in this work suggest that the observed main vibra-
obtained fromab initio calculations(see Refs. 5, 6, and 7, tional progression assigned to tf’ﬁé(l,vg,O) series by

and refere”nczs t_he:je)inHowev:_ar, Iin the case of HSIF, ?Ix'blHCJOf actually also has significant contributions from the
perimentally derived geometrical parameters are availablg oo S (1 1) (1,42), and (14.3) series, par-

for both states, but their directions of change in the HSi andg. . .
SiF bond lengths upon de-excitation are exactly opposite ti?cularly for the higher energy members of the observed main

those of the correspondingb initio geometry change, as vibrational progression.

discussed above. In the IFCA procedure, it was found that

the effects of bond length changes upon de-excitation on the

simulated spectrum are smaller than those of bond angle

change, and the IFCA procedure carried out was unable tg. The A(0,1,0) SVL emission of HSIF

determine unambiguously which directions of change in _

these bond lengths are more reliable from comparisons be- When the simulated and observéq0,1,0) SVL emis-

tween simulated and observed spectra. This will be furthegion spectra in Fig. 3 are considered, the agreement between

discussed when the SVL emissions of DSIF are consideredhe simulated spectruid), employing theab initio geometry

At the moment, it is assumed that the experimentally derive@¢hange, and the observed spectiiaris reasonably good for

bond lengths from the Clouthier gratipre more reliable, the observed maiX(0,/5,0) series, with/3=4, and also for

until further, hlgher levehb initio calculations are available the weak feature assigned to the start ofme,y'z’,o) series

(see next sectignand the HSIF angle in thA 'A” state is in HCJO1! However, for the vibrational components with

changed to fit the observed SVL emission spectra. v5=<3 in theX(0,4,0) series, the agreement is poor, particu-
It has been mentiorled above that some higher energiiry for the X(0,0,0) and(0,1,0 peaks. The computed rela-

vibrational levels of theX *A’ states are calculated to be tive intensities of these two vibrational components are a few

close in energy, and the corresponding vibrational compotimes stronger than those observed. Employing the experi-

nents which appear in both the simulated and observed SPefentally derived geometrical parameters of A" state

tra are unresolved. Nevertheless, f_rom_ our_computed anha@-lves the spectrum shown in Fig(c3 In both simulated

monic FC factors, the observed main vibrational Progressioldpecira in Figs. @) and 3d), however, the simulated relative

assigned solely to th¥(1,15,0) series in HCJO0lhas actu-  jprensities of theX(0,0,0) and(0,1,0 components are much

ally significant contributions from th&(1,v3,1), (1#3,2),  stronger than those observed. In the IFCA procedure of sys-
and (1y3,3) series, as shown in Fig. 2. Specifically, the firsttematically varying the upper state geometrical parameters, it
vibrational component of the observed main series observe@as found that it was impossible to obtain an overall match
at 1932 cm* is solely due to the SVL emission to the petween simulated spectra and the full experimental spec-

X(1,0,0) anharmonic vibrational level. The second compotrum of theA(0,1,0) SVL emission with reasonable geom-
nent observed at 2771 ¢rhhas strong contributions from etry changes based on the experimentally derived arador
the SVL emissions to both th¥(1,0,1) and(1,1,0 levels, initio geometriessee Ref. 7 for a discussion of why exces-
while from the third component observed at 3606 ¢ron-  sive variations of the geometrical parameters in the IFCA
wards, there are contributions from the vibrational series oprocedure are undesiralpldt is noted that the theoretical
S((l,,,g,o), (145,1), (144,2), etc. Based on the computed model employed in the FC simulation of the present study
FC factors obtained in this work, some of the vibrationalhas assumed the variation of electronic transition moment
assignments given in HCJbshould be revised. over a spectral band to be constant and this may be a cause
Summing up, the most important conclusion from theof the discrepancies between the simulated and observed
excellent agreement between the simulated and observéaVL emission spectra. However, the variation of electronic
A(1,0,0) SVL emission spectra of HSIF is that the explicit ransition moment over a spectral band is expected to be
inclusion of anharmonicity in the FC factor calculations, asgradual, except when an avoided crossing, where the elec-
carried out in the present investigation, has answered, at lea§Pnic configuration of the electronic energy surface changes
partially, the request of the experimental study of HCIO1. d'rgstlcally, is present in the FQ region of t_he electronic tran-
this connection, it can be concluded that #ieinitio calcu-  Sition. From the computed; diagnostics in the CCSD)
lations and PEFs employed to calculate FC factors betweegalculations on theX'A’ state and the calculated MRCI
the two electronic states of HSiF are reasonably reliable fowave functions of thel *A” state, it is clear that there is no
simulating other SVL emissions of HSIF/DSIF to be dis- other electronic states nearby. In this connection, it is almost
cussed below. From the detailed comparisons between simgertain that the large discrepancies between the calculated
lated and observed spectra of #¢1,0,0) SVL emission in  and observed relative intensities of tK€0,0,0) and(0,1,0
the IFCA procedure, we are unable to derive the bondsibrational components mentioned above cannot be due to



J. Chem. Phys., Vol. 120, No. 3, 15 January 2004 Simulated spectra of HSIF 1303

the neglect of the variation of electronic transition moment inA 1A” state, appears to match the observed specfikim
the theoretical model employed to obtain the simulated spect(a)] slightly better than the simulated spectrum with &ie
tra. initio geometry chang@Fig. 4(d)] in the 3500—4700 cmt

In view of the excellent agreement between the simuregion. Specifically, a smaller bond angle of 115.0° gives
lated and observed spectra of #hel,0,0) SVL emission, as simulated relative intensities of the vibrational components
discussed above, it is concluded that the simuldg@,1,0)  at 3788 and 4443 cnt [assigned tX(2,0,0) and(1,3,0 in
SVL emission spectra shown in Fig. 3 should be reasonabl{CJO01], which agree slightly better with the observed rela-
reliable, and hence the true relative intensities of theive intensities, than those obtained with a larger bond angle
X(0,0,0) and(0,1,0 vibrational components in th&(0,1,0)  of 116.9°. This is just the opposite of the conclusion reached
SVL emission are most likely stronger than shown in thefrom the comparisons between simulated and observed spec-
reported spectrum of HCJ31We speculate that the reduc- tra discussed above for th&(1,0,0) andA(0,1,0) SVL
tion of the observed relative intensities of these two vibra-emissions. In view of these differences in fitted bond angle, a
tional components in the reported spectrum of HCJO1, whiclbond angle of 116.0°, an intermediate value between the ex-
are predicted to be very intense, is possibly due to signgberimentally derived andb initio values, has been employed
saturation of the detector, and the nonobservation of twas a compromise, giving speciia in Figs. 1, 3, 4, 5, and 6.
weaker components at aboutl800 cm?! relative to the The upper state IFCA bond angle of 116.0° may be consid-
excitation line is probably because of an experimental probered as the bond angle, which gives the best overall match
lem, such as this part of the spectrum being recorded with Between simulated and observed spectra for all the reported
lower detector gain relative to that used for the rest of theSVL emissions of HSiFand DSiF; see next subsectjomith
spectrum. the ab initio PEFs calculated in this work.

Ignoring the X(0,0,0) and(0,1,0 vibrational compo- Finally, similar to theA(0,0,0) andA(0,1,0) SVL emis-
nents in theA(0,1,0) SVL emission spectrum, the simulated Sions of HSIF discussed above, the higher energy members
spectrum of thé\(0,1,0) SVL emission obtained with t ~ Of the vibrational progression observed in #el,1,0) SVL
initio geometry changgFig. 3(d)] appears to agree slightly emission spectrum, assigned to tﬁ@(l,v’z’,O) series by
better with the observed spectruig. 3(@] than that ob-  HCJ01! are due to the overlappin®(1,+5,0), (144,1),
tained by employing the experimentally derived geometry of(1,,5 2), and (1y%,3) series based on the calculated FC fac-
the A*A” state[Fig. 3(c)] in the spectral region 0f~3000 tors.
cm L. This conclusion from comparisons between simulated
and observed spectra of tA€0,1,0) SVL emission is simi- B B o _
lar to that of theA(1,0,0) SVL emission discussed above. 4 The A(0,0,0) and A(0,1,0) SVL emissions of DSiF

Finally, according to the calculated anharmonic FC fac-  Regarding théA(0,0,0) andA(0,1,0) SVL emissions of
tors, the observed weak vibrational progression assigned i9siF, the simulated and observed spectra are compared in
the X(1,v5,0) series by HCJO1are due to the overlapping Figs. 5 and 6, respectively. In view of the fact that the ex-
X(1,v5,0), (124,1), and (1v5,2) seriegsee the vibrational perimental spectréFigs. 5a) and Ga)] have not been cor-
designations given in Fig.(B)], similar to the main vibra- rected for the wavelength dependence of the detector effi-
tional progression observed in the SVA(1,0,0) emission, ciency as mentioned earlier, it can be concluded that the

as discussed above. matches between the simulated and observed SVL emission
spectra of DSiF shown in Figs. 5 and 6 are reasonably satis-
3. The A(1,1,0) SVL emission of HSIiF factory. This supports the conclusion that #ie initio PEFs

_ and the geometry changes upon de-excitation employed in

Considering theA(1,1,0) emission in Fig. 4, first, simi- simulating the SVL emission spectra reported in this work
lar to the A(0,1,0) emission discussed above, the generashould be reasonably reliable. However, it is not possible to
match between the simulated spectra of Figs) 4nd 4d),  decide on the best IFCA geometry of tAe'A” state from
and the observed spectra of Figapis reasonably good, the comparisons between simulated and observed SVL emis-
with the exceptions of th&(1,0,0) and, to a lesser extent, sion spectra of DSiF, because of the uncertainties associated
X(1,1,0) vibrational components. The simulated relative in-with the relative intensities of each vibrational component of
tensities of these two vibrational components are considethe observed spectra due to the wavelength dependence of
ably stronger than the observed relative intensities. It seent§e detector efficiency. Nevertheless, it can been seen that the
almost certain that the observed relative intensities of thesweak?((l,vg,O) series in the simulated spectra of the SVL
two vibrational components reported in HC3Mave suf- A(0,0,0) emission of DSiffFigs. 5b), 5(c), and §d)] is not
fered from an experimental problem, such as detector sign@bserved in the experimental spectrifig. 5a)]. In the
saturation, similar to the cases of t%0,0,0) and(0,1,0 IFCA procedure, it was found that a significantly smaller
components in the observéd0,1,0) emission spectrum dis- r,(HSi) value(of <1.510 A) for the A *A” state than those
cussed above. used to obtain the simulated spectra shown in Fig. 5 is re-

Apart from the7<(1,0,0) and(1,1,0 vibrational compo- quired, in order to reduce the relative intensity of the
nents, the simulated spectrue) in Fig. 4, obtained employ- Y(l,vg,O) series in the simulated spectrum to an extent that it
ing the experimentally derived geometrical parameters of thenatches the observed spectrum. This smailléHSi) value
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of 1.510 A, which is near the lower limit of the uncertainty emits from a vibrational level of higher energy in the upper
of the experimentally derived, value of 1.526-0.014 A electronic state than the former two emissions. This leads to
given in Ref. 3, suggests that the true value is probably tothe conclusion that the larger bond angle of 116.9° of the
wards the lower end of the experimentally derived value. It iSA A" state(based orab initio geometry changewould be
noted that employing a smalleg(HSi) (e.g., 1.510 Afor  preferred, based on spectral simulation, to the experimentally
the AA” state in the IFCA simulation does not change thederivedr, bond angle of 115.0°, and hence this casts doubt
relative intensities of the main vibrational features signifi-on the reliability of the latter. In view of the above consid-
cantly in the simulated spectra of all the SVL emissions conerations, further theoretical and experimental investigations
sidered here, because the main vibrational progressions olould be required to establish the equilibrium geometry of
served in these spectra are essentially bending series, ffe/A'A” state of HSIiF on a firmer basis. On the theoretical
mentioned above. With this smaller valuerg{HSi) for the  side, higher levelb initio calculations in terms of higher

A A" state, small improvements of the matches between therder electron correlation and a larger basis size are required
simulated and observed spectra were found for the SVlg obtain a more reliable PEF of tHe!A” state, and hence
A(0,0,0) emission of DSiF, regarding tﬁé(l,v’z’,O) series also a more accurate fundamental HSi stretching frequency
discussed, and for the SVA(1,1,0) emission of HSiF in the and simulated emission spectra. In addition, in the compari-

37004500 cm' region. son between the calculated and experimentally derived geo-
metrical parameters of th& *A’ state of HSIiF, we have
IV. CONCLUDING REMARKS noted that the inclusion of core electrons in the correlation

treatment of theab initio calculations could be important to

| give a more reliable computed SiF bond length of XA’

Etate. These suggested improvements in the levabahitio
. . L ) calculations will lead to significantly more demanding calcu-
and DSIF, and FC factors with the explicit inclusion of an- Ilations than presently carried out. Nevertheless, despite these

halr n:oglcllttyi betlweeirrl] thf twonellec(:jtro?k:c tstai\:ﬁsl hta\:je bri?n |C alﬁadequacies in the present theoretical approach and the in-
culated. 1t 1S pleasing to conciude that simuiated emissio bility of determining unambiguously the equilibrium geom-

spectra including anharmonicity obtained in the presen ~ .
P g y P etry of theA *A” state of HSIF from the IFCA procedure, the

A Lar Y 1p7 Fpp
StUd% matcthtg_?: obsﬁr\r/]ead _A |E|%;‘(])001)HX A ”(-:‘I’RIS;IOH major vibrational features of the simulated spectra reported
spectrum o I~ published In Vvery well. Annarmo-;, g investigation with the explicit inclusion of anharmo-

nicity is indeed important in FC simulations of the observe(_jniCity match reasonably well with those observed, and the

SVL emission spectra of HSiF and DSIF, as suggested II&omputed anharmonic FC factors lead to a vibrational as-

HCJOL. In addition, comparisons between simulated and Obs'ignment of all the main observed features in the SVL emis-

servedA(0,1,0) and(1,1,0 SVL emission spectra of HSIF i specira, which revises slightly the earlier assignment of

suggest that some vibrational components, which are préxef 1 and provides more detail, particularly with respect to
dicted to have strong relative intensities, but are observed tgyerjapping bands.
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