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Restricted-spin coupled-cluster single-double plus perturbative triple excitdR@CSOT)]
potential energy function§PEF$ were calculated for thex2A” and A2A’ states of HPCI
employing the augmented correlation-consistent polarized-valence-quadripleg-cc-pVQZ

basis set. Further geometry optimization calculations were carried out on both electronic states of
HPCI at the RCCSI) level with all electron and quasirelativistic effective core potential basis sets

of better than the aug-cc-pVQZ quality, and also including some core electrons, in order to obtain
more reliable geometrical parameters and relative electronic energy of the two states. Anharmonic
vibrational wave functions of the two states of HPCI| and DPCI, and Franck-Cdfd®rfactors of

the A2A’-X2A" transition were computed employing the RCQ$Daug-cc-pVQZ PEFs.
Calculated FC factors with allowance for Duschinsky rotation and anharmonicity were used to
simulate the single-vibronic-levéSVL) emission spectra of HPCIl and DPCI reported by Brandon

et al.[J. Chem. Physl19, 2037(2003] and the chemiluminescence spectrum reported by Bramwell

et al. [Chem. Phys. Lett331, 483 (2000]. Comparison between simulated and observed SVL
emission spectra gives the experimentally derived equilibrium geometry & 1Aé state of HPCI

of re(PCl)=2.0035-0.0015A, #,=116.08-0.60°, and r (HP)=1.4063-0.0015A via the
iterative Franck-Condon analysis procedure. Comparison between simulated and observed
chemiluminescence spectra confirms that the vibrational population distributionAf#estate of

HPCI is non-Boltzmann, as proposed by Baradlteal. [Chem. Phys289 263 (2003]. © 2004
American Institute of Physics[DOI: 10.1063/1.1765654

I. INTRODUCTION turbative triple excitation/correlation-consistent polarized-
_ valence-quadruplg [RCCSOT)/cc-pVQZ (no g) level of
Recently, we reportedb initio calculations on thé 2p calculation. It was suggested that such a large difference of
andX 2A"” states, and simulations of t#e’A’ — X ?A” emis-  over 4° between the calculated and experimentally derived
sion spectrum, of HPCIl employing Franck-Cond&€) fac-  IFCA bond angle was possibly due to the inadequacy of the
tors computed within the harmonic oscillator modéh this  harmonic oscillator model employed in the FC factor calcu-
study, ourab initio results and spectral simulations con- lations. In the present study, effects of including anharmonic-
firmed the assignments of the emitter of, and the electroniity on the simulated emission spectra of HPCI, and, in par-
states involved in, the first observed chemiluminescencgcular, on the IFCA bond angle of the 2A’ state of HPCI,
spectrum of HPCI reported by Bramwell al” Also some of  are investigated. In the following sections, we report com-
the vibrational assignments and tf position of the  pyted ab initio potential energy function§PEF$ of the
AZA’—X?A" transition of Bramwellet al. were revised. A2a’ and X2A” states of HPCI, anharmonic vibrational
However, it was noted in Ref. 1 that the experimentally deyyave functions, FC factors, and spectral simulation of the
rived equilibrium bond anglé,(HPCI) of theA2A’ state of A2A’ X 2A" emission of HPCI which include anharmonic-
HPCI, with a value of 112.6° obtained from the iterative ity.
Franck-Condon analysi§FCA) (see the following section During the preparation of the manuscript of the present
and Ref. 1, and referen_ce_s_ therein for dez,taﬂaf 5|gn_|f|- investigation, a theoretical stutlyon the A2A’ X 2A"
;??;IZ fg?s?ilst;:jh-zni;hggtjn:gg-\:;ﬂi?e?fs?r?. Iggf b:)ebtlened emission of HPCI and HNCI, and a laser induced fluores-
P P 9 uble plus per(:ence(LIF) and single-vibronic-levelSVL) emission stud
on HPCI and DPCI have appeared. The forineported
dAuthor to whom correspondence should be addressed. Electronic maiBgLyp, CCSOT), and CASPT2 calculations on tfﬁBZA'
bcftchau@polyu.edu.hk T oA . .
bElectronic mail: epl@soton.ac.uk and X A" states of HPCI, using the cc-pVTZ basis set, and
®Also at University of Southampton. also FC spectral simulations beyond the harmonic oscillator
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model, based on a variation-perturbation approach. In gen- S,=A g+ aA 6>+ BA 6,

eral, theab initio results obtained in, and the conclusionsh b loved f hereAd is the displ ‘
drawn from the theoretical investigation of Ref. 3 agree as been employed 1@, w ere .0 Is the disp acemepto
the bond angle from the equilibrium valued< 6.), while

mostly with those of Ref. 1, except that in the comparison )
between their simulated spectrand the observed chemilu- Isl ar;]d?g arehthe d|_s|!c;)Igcemen|ts of the HP and _PCll bond
minescence spectrum of Ref. 2, a non-Boltzmann distriby!€Ngths from the equilibrium va Uest { Te), respectively.

tion of the populations of the vibrational levels in the upper h Thﬁ f|tt|ng_ of.Lhe .PEFIS’ the ;/arla_tlonal c:lchula;gr;s of
electronic state of HPCI was proposed. This is in contrast t4he anharmonic vibrational wave functions and the actor

the conclusion reached in Ref. 1 of a Boltzmann dis”ib““"ﬁlgfuI?/t\l/gtnssoxfragﬁzfiﬁgiﬁ,tlzafo?fcr:frﬁ?nggfvﬁime

in the low-lying vibrational levels of the upper electronic q 4 both anh icit d Duschinsky rotati
state with a vibrational temperature of 1000 K. These differ-Vas US€d, and both anharmonicity and Luschinsky rotation
ere included in the FC factor calculations. Here, only some

ent conclusions of Refs. 1 and 3 regarding the populatioe[fv hnical detail ific to th ¢ stud X 4
distribution of the low-lying vibrational levels of the upper tEC nical de Efi'lsl’ spe_(;l\lch 0 e_pre_zent_ N ul y are ?lve? an
state are also investigated in the present study. ese are as follows: Anharmonic vibrational wave functions

The rotationally resolved LIF and vibrationally resolved were expressed as linear combinations of harmonic oscillator

SVL emission study of Ref. 4 reported experimentally de-functions, h(vy,vz,03), Wherevl,- va, gndv3 fjenote the
rived ro and estimated? structures(i.e., the corresponding guantum numbers of the harmonic basis functions for the HP
: e,

HP and PCI bond lengths, and the HPCI bond angfethe stretching, bending, and PCI stretching modes, respectively.

A2A" and X 2A" states of HPCI, and the fundamental and Harmonic basis functions with vibrational quantum numbers

harmonic vibrational frequencies of these two electromcOf up to h(6,20,10) and a restriction afy+v,+v5=20

states of HPCI and DPCI. In addition, CC8DVaugmented- VE'® included in the variational calculations of tHEA”
coupled-cluster-polarized-valence-trigleaug-cc-pVTZ cal- state. For theA llA’ state, har_monic basis functions of up to
culations were carried out on both states of HPCI. One majof(6:10,10), with a restriction ofv;+v,+v5<10 were

difference between the chemiluminescence spectrum réonsidered. _
ported in Ref. 2 and the SVL emission spectra reported in | N€ IFCA procedure was carried disee Refs. 9 and 10

Ref. 4 is that the latter spectra are free from overlapping©r details with the geometry of th& ?A” state fixed to the

bands, which arise from emissions from low-lying vibra- €xperimentally derived, estimated equilibriunf) geometry

tional levels of the upper electronic state, as observed in thef Ref. 4, while the geometrical parameters of £18A’ state

chemiluminescence spectrum. In this connection, the simplevere varied systematically, until the best match between

SVL emission spectra will be considered first in the sectiorsimulated and observed SVL emission spectra was obtained

dealing with the comparison between the simulated and obSee also the following section for a more detailed descrip-

served spectra, before the chemiluminescene spectrum f®n, which includes theab initio calculations. Vibronic

discussed. components in the SVIA 2A’ — X 2A” emission spectra of
HPCI/DPCI were simulated using Gaussian functions with a
full width at half maximum(FWHM) of 15 cm %, which is a

1. THEORETICAL CONSIDERATIONS AND spectral resolution slightly better than that of the observed

COMPUTATIONAL DETAILS SVL emission spectra of Ref. 4. For simulated chemilumi-

nescence spectra, a FWHM of 1 im30 cmi *in the visible

region of 400—600 ninwas usedcf. an experimental reso-

lution of 0.32 nm quoted in Ref. 2 for the wavelength region

Restricted-spin coupled-cluster single-dodléus per-  of 400—600 nm The relative intensity of each vibrational

turbative triplé excitation [RCCSIOT)] calculations were component in a simulated spectrum is given by the product

carried out on theéd >A’ and X *A” states of HPCI, employ- of the corresponding computed anharmonic FC factor and a

ing the aug-cc-pVQZ basis seffhe 1s?2s?2p® core elec-  frequency factor of power 4.

trons of P and Cl were frozen in these RCG¥$PDcalcula-

tions. 171 RCCSDI)/aug-cc-pVQZ energy points were

scanned on the electronic energy surface of¢R4” state of

HPCI in the geometrical ranges of 12t(HP)<1.77A,

1.84<r(PCI)<2.40A, and 55.8.¢(HPCl)<135.0°, and 163 B. Further geometry optimization calculations

energy points were scanned on théA’ surface in the geo- In order to obtain more reliable computed equilibrium
metrical ranges of 1.198r(HP)<1.758 A, 1.81@:_r(PCI) geometrical parameters of the2A’ and X 2A” states of
<2.370A, and 84.¢6(HPC)<148.0°. Polynomial func- Hpcy, and transition energied{ andTo) between the two
tions of the following form were fitted to the corresponding states, further geometry optimization calculations employing
computecab initio total energies to give the potential energy pasis sets of better quality than the aug-cc-pVQZ basis set

A. Ab initio calculations, potential energy functions,
and Franck-Condon factor calculations

functions (PEFS$ of the X °A” andA A’ states of HPCI. were carried out at the RCCSD) level of theory. First, the
‘ ' aug-cc-pf+ Q)Z basis setd3 which contain an extra tight
V= Ek Cijk(S1)'(S2)!(S3)*+ Vegm. (1) function added to the original aug-cc-pVQZ basis sets for the
]

second row elements, were used for P and CI. This is because
The bending coordinate suggested by Carter and Handy, tight d polarization functions have been found to be impor-
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tant in the basis set at the Hartree-Fock level of theory foff/ABLE I. The RCCSOT)/aug-cc-pVQZ PEFs of th& A" and A ?A’
second row elementsee Refs. 13 and 14, and referencesstates of HPC[see text and Eq1)].

therein. ; S 2pn 2 2p0
Second, in addition to the valence electrons, te&2p° .l XA ATA
core electrons of P and Cl were correlated in the RCA3D 002 0.3269 0.3652
calculations(i.e., only the ¥ electrons of P and Cl are (2)28 8'%?? 8'3222
frozen and the energy-weighed core-valence aug-cc- 101 0.0038 00125
pwCVQZ basis setS were used for P and Cl. This is to 011 0.0558 0.0162
investigate the effects of core-core and core-valence correla- 110 —0.0120 0.0086
tion on the minimum-energy geometries of the two states of 003 —0.5186 —0.6241
HPCI, which contains the second row elements, P and CI ggg :8:8383 706.70251136
(see, for examples, Ref. 14, and references theriishould 102 —0.0225 ~0.0230
be noted that these calculations including the core electrons 012 —0.0937 —0.0347
were extremely, computationally demandifigp terms of 201 0.0272 0.0037
both memory and CPU time 210 ~0.0016 0.0147
. ) . 021 —0.1286 -0.0537
Third, the cc-pV5Z basis set was employed to examine 120 0.0187 0.0410
the effects of better valence description than the valence QZ 111 —0.0201 —0.0220
quality. The augmentetbr diffuse part of the aug-cc-pV5Z 004 0.4136 0.4795
basis set has been excluded, because its inclusion would lead 400 0.5343 0.5914
to unmanageably demanding calculations. Nevertheless, ba- ggg 8'822‘2‘ _0603?2,36
sis sets, which make use of effective core potentiglsPs 013 0.0505 0.0060
to account for core electrons, and are of the augmented po- 301 0.0025 0.0068
larized valence 5Z quality, were considered for P and Cl. The 310 0.0136 -0.0351
following contracted 6s6p5d4f3g2h] valence basis sets of 031 0.0672 0.0194
the aug-cc-pV5Z quality, which coupled with the respective ;gg :8'82% B 0060722562
quasirelativistic energy-consistent pseudopotentials 022 0.0645 0.0030
(ECP10MWB of the Stuttgart/Koeln grouff were designed 220 —0.0380 —0.0358
to describe the valences3and 3 shells of the P and ClI 112 0.0555 0.0077
atoms. 211 —0.0214 -0.0117
(@) P:15 even—temperesiprimitives(rati_o:_1_.75; center Re(li—zél)/A 29 .(?511716 29 '(?11 fzo
exponent1.5 and 13 even-tempered primitives (1.75; R(H-P/A 1.4209 1.4101
0.8) were contracted tp1slp], with the contraction coeffi- £ (HPC),/° 95.1664 116.9346
cients obtained from a restricted open shell Hartree Fock rms/hartregem™) 4.7x107°(10.3) 6.4<107°(14.0)

(ROHP calculation of the neutral atom employing the
15s13p primitives uncontracted, plus the following uncon-
tracted functions: §2.5; 0.25, 5p(2.4; 0.18, 5d(2.5; 2.0,
4f (exponents; 0.76832, 0.2744, 0.098, 0)035g(0.49, the computed equilibrium geometrical parameters of, and
0.14, 0.04, and 2h(0.24, 0.06. transition energies between, the’A’ and X ?A” states of

(b) CI: 15 even-tempereslprimitives (ratio=1.8; center HPCI were investigated by carrying out RCC@IP geom-
exponernt2.0) and 13 even-tempered primitives (1.75;  etry optimization calculations employing various basis sets
0.8) were contracted tp1slp], with the contraction coeffi- described above.
cients obtained from an ROHF calculation of the neutral  All the RCCSOT) calculations carried out in the present
atom employing the 1&.3p primitives uncontracted, plus study were performed using thwoLPRO suite of programs’
the following uncontracted functionssg2.5; 0.45, 5p(2.6;
0.3, 5d(2.6; 0.3, 4f (exponents; 1.8, 0.6, 0.2, 0.066 667
39g(1.75, 0.388 89, 0.086 419,7and 2h(0.35, 0.077 778 IIl. RESULTS AND DISCUSSION

The above ECP10MWH 6s6p5d4f3g2h] basis sets ~
for P and CI(ECP-AV5Z in short were used together with _  The RCCSIT)/aug-cc-pVQZ PEFs of th& *A” and
the aug-cc-pV5Z basis set for H. Calculations using these 5A A’ states of HPCI, and some of the computed anharmonic
quality basis sets of cc-pV5Z and ECP-AV5Z explore thevibrational energies and wave functions of the two states are
effects of basis set extension towards the complete basis sgiven in Tables | and Il respectively. The calculated equilib-
(CB9 limit on the minimum-energy geometries of the two rium geometrical parameters, harmonic and fundamental vi-
states of HPCI and their relative electronic energies. In addibrational frequencies of, and transition energi€g/{Te) be-
tion, the quasirelativistic ECPs employed for P and Cl in thetween, theX?A” and A2A’ states of HPCI(DPC)) are
ECP-AV5Z basis sets described above also account for summarized in Tables 11l to VI, together with previously cal-
certain amount of relativistic contribution. Summing up, culated and experimentally measured/derived values for
various effects, arising from basis size extension towards theomparison. Simulated spectra are shown in Figs. 1-6 to-
CBS limit, electron correlation of core electrons, and relativ-gether with the corresponding experimental spectra for
istic contributions of the second row elements, P and CI, orcomparison.
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TABLE II. Calculated energies,;, (cm™*) and anharmonic vibrational wave functions of some low-lying vibrational levels of the
wave .funct.lons\.lfvib in terms of hegn;omc ba§|§ functiolsee text of some A2A’ and X 2A” states of HPCI expressed as linear combi-
low-lying vibrational levels of theX “/A” andA “A’ states of HPCI. . . . . . .
nations of harmonic basis functioriive largest harmonic
Evib W, of the X 2A” state terms are shown First, based on the computed anharmonic
wave functions, the normal modes correspond largely to the

0.000 0'993f%%gg;fgg%‘fd%g)g;?gif)'(o'o‘l) HP stretching, bgndirjg, and RCI sFretching modes, respec-
528.659 —0.97931(0,0,1)-0.1613(0,0,2)+0.0790(1,0,1) tively, and the vibrational designations of the anharmonic
+0.0644(0,0,0)-0.030h(0,1,1) vibrational wave functions follow closely with those of the
877.123 —0.9898(0,1,0)-0.10061(0,1,1)—0.069%(0,2,0) leading harmonic basis functions at least for most of the
—0.0334(1,3,01+0.03000(1,1,0) low-lying vibrational levels shown in Table Il. Second, other
1051.932 0'938%0606%;3'123)62?)]?6062)3;%1323(O'O’1) than the HP stretching mode, which is expected to be
1401.246 0.9681(0,1,1)+ 0.21081(0,1,2)0.1011(0,1,0) strongly anharmonic, the PCI stretching mode is also signifi-
+0.0704(0,2,1)+ 0.0360(0,1,3) cantly anharmonic in both th&?A’ and X 2A” states of
1570.048 0.8581(0,0,3)+0.394H(0,0,4)-0.2804(0,0,2) HPCI. This anharmonic effect in the PCI stretching mode is
+0.1033(0,0,5)+ 0.08031(0,0,6) reflected in the calculated anharmonic vibrational wave func-
1746.993 0.9664(0,2,0)+0.145%1(1,0,0)+0.13361(0,2,1) . . . X . .
+0.11731(0,3.0)- 0.0709(0.1,0) tions with leading harmonic basis functlon§ b(O,Q,vs),_
1919.965 —0.90651(0,1,2)— 0.33041(0,1,3)+0.213h(0,1,1) wherev;=3. It can be seen that, for these higher vibrational
—0.0783(0,1,4)—0.067h(0,2,2) levels of the PCI stretching mode, the coefficients of the
2083.455 —0.728N(0,0,4)—0.496'h(0,0,5)+0.402%(0,0,3) leading harmonic terms become significantly smaller than
—0.16861(0,0,6)-0.1171(0,0,7) unity asvs increases, and contributions from other harmonic
2265.935 ~0.90361(0,2,1) - 0.2448(0,2.2) 0.24481(1,0,0) terms become significant. Nevertheless, these computed an-
—0.123%(1,0,1)-0.1114(0,3,1) ) it ' X
2278.549 ~0.912h(1,0,0)+ 0.2450(2,0,0)— 0.216(0,2,1) harmonic wave functions suggest a purely PCI stretching
+0.1744(0,2,0)-0.082h(1,0,1) mode with negligibly small coupling with the bending and/or
2433.532 0.8020(0,1,3)+0.4434(0,1,4)-0.3369(0,1,2) HP stretching modes. Third, anharmonic effects are also
+0.1381(0,1,5)+0.0920:(0,1,6) found to be significant in combination levels involving the
2594.024 0.5651(0,0,6)+0.5514(0,0,5)— 0.511%(0,0,4) . .
+0.2394(0,0,7)+0.15661(0.0.8) PClI stretch. For example, the anharmonic wave function of
2609.757 —0.92141(0,3,0)-0.247h(1,1,0)— 0.16651(0,4,0) the X 2A” state withh(0,1,3) as its leading harmonic term
—0.161:(0,3,1)+0.1231h(0,2,0) has significant contribution also from(0,1,4) (with a cal-
Eun W, of the A2A’ state c_ulate@ coefficient of Q.44; see Table. IFourth, anharmonic_
vibrational wave functions of very close calculated energies
0.000 0.9921(0,0,0)+0.0819(1,0,0)+0.069(0,0,1) show some “mode mixing,” as expected. For example, for
558 616 B 0.975;(%%?fi(gfﬁ);(%%?gi%gé%(1,0,1) the vibrational Ievels: of thX 2A’t state thhh(;,0,0) and _
+0.070'h(0,0,0)- 0.0340(3,0,1) h(0,2,1) as the leading harmonic terms in their anharmonic
641.242 —0.9902(0,1,0)—0.091h(0,1,1)+0.0574(0,2,0) wave functions, which are calculated to be only 12.6 ¢m
+0.057h(1,3,0)-0.0310(3,1,0) apart in energy, the anharmonic wave functions show signifi-
1110.287 0'93%060625;13'123025‘)]96062)2;1%231)](O’O'1) cant mixing(see Table . Finally, in general, the computed
1196.615 0.9669(0,1,1)+0.50601(0,1,2)—0.69221(0,1,0) anharmonic V|_brat_|or_1al wave functions for both states of
~0.0667(0,2,1)-0.056(1,3,1) DPCI behave in similar ways as those of HPCI discussed,
1270.096 0.9702(0,2,0)-0.121h(1,0,0)+0.109%(0,2,1) though the magnitudes of anharmonic effect and mode mix-
—0.09261(0,3,0)-0.0781(1,4,0) ing in DPCI are slightly smaller than in HPCI.
1655.136 —0.839N(0,0,3)—0.4103(0,0,4)+0.297%1(0,0,2)
—0.1181h(0,0,5)—0.088h(0,0,6)
1745.006 0.9092(0,1,2)+0.321(0,1,3)-0.2045(0,1,1) B. The equilibrium geometrical parameters
+0.0773(0,1,4)-0.0741(0,2,2) of the A2A’ and X2A" states of HPCI
1822.059 —0.93810(0,2,1)-0.2224(0,2,2)+0.117%(1,0,1)
+0.114%(0,2,0)+0.1046(0,3,1) Calculated minimum-energy geometrical parameters of
1885.977 0.930%(0,3,0)—0.2033(1,1,0)-0.1392(1,3,0) the two states of HPCI and the corresponding experimentally

—0.1308(0,4,0)+0.1229(0,3,1) derived values are summarized in Table Ill. We have only

included previousb initio results of relatively higher levels
in Table Il (for earlier and lower level results froab initio
A. The ab initio potential energy functions and the and/or density fupctional calculations, see Refs. 3 and 4, and
anharmonic vibrational wave functions of the references thereinWhen the levels of theory employed to
A2A" and X2A”" states of HPCI obtain the calculated values as shown in Table Ill are con-
~ sidered, it is clear that the levels used in the present study are
_ The RCCSDT)/aug-cc-pVQZ PEFs of thé\?A’ and  superior to those reported previously. Therefore, we will fo-
X2A" states of HPCI are given in Table I. The root meancus on the results obtained in the present study from here
square(rms) deviations of the fitted potentials from the com- onward. For theX 2A” state of HPCI, the ranges of the cal-
puted single point energies are 14.0 and 10.3cfor the  culated ro(HP), 6(HPCI), and r(PCl) values at the
A2A" andX A" states, respectively. RCCSOT) level with basis sets of, or better than, the aug-
Table 1l shows the computed energies and anharmonicc-pVQZ quality are between 1.4166 and 1.4213, 94.97 and
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TABLE Ill. The computed and experimentally derived geometrical paramékagsilibrium geometrical pa-
rameters, unless otherwise stated; estimated uncertainties/errors given in parefsixesegginal works for
details; for earlier works see Refs. 1, 3, and 4, and references theadithe X 2A” andA ?A’ states of HPCI.

X 2A" Re(HP)/A 0,(HPCI)/° Re(PCI/A Reference
RCCSOT)/aug-cc-pVQZPER 1.4209 95.17 2.0511 Present
RCCSOT)/aug-cc-pvVQ2 1.4213 95.11 2.0517 Present
RCCSOT)/aug-cc-pVl+Q)z?2 1.4200 95.23 2.0462 Present
RCCSOT)/aug-cc-pwCVQZ 1.4166 95.22 2.0397 Present
RCCSOT)/cc-pV52Z2 1.4195 95.22 2.0437 Present
RCCSOT)/ECP-AV5Z 1.4192 94.97 2.0478 Present
Averaged 1.419@0) 95.1518) 2.046770) Present
CCSOT)/aug-cc-pVTZ 1.425 94.9 2.067 4
CCSOT)/cc-pVTZ 1.4239 95.18 2.0633 3
CASPT2/cc-pVTZ 1.4250 94.64 2.0628 3
RCCSOT)/cc-pVQZ (no g) 1.4188 95.06 2.0570 1
ro 1.433136) 95.04) 2.04186) 4
r, 1.427923) 95.0227) 2.04334) 4
re 1.415823) 95.0227) 2.038823) 4
A2A!

RCCSOT)/aug-cc-pVQZPER 1.4102 116.93 2.0142 Present
RCCSOT)/aug-cc-pvVQ2 1.4113 116.72 2.0150 Present
RCCSOT)/aug-cc-pVl+Q)z? 1.4100 116.76 2.0094 Present
RCCSOT)/aug-cc-pwCVQZ2 1.4072 116.70 2.0029 Present
RCCSOT)/cc-pV52Z2 1.4095 116.73 2.0074 Present
RCCSOT)/ECP-AV5Z 1.4093 116.71 2.0104 Present
Averaged 1.409@4) 116.7617) 2.009970) Present
Ab initio change% 1.4058 116.63 2.0020 Present
CCSOT)/aug-cc-pVTZ 1.414 116.6 2.030 4
CCSOT)/cc-pVTZ 1.4124 116.54 2.0294 3
CASPT2/cc-pVTZ 1.4111 116.96 2.0246 3
RCCSOT)/cc-pVQZ (no g) 1.4080 116.76 2.0205 1

o 1.423138) 115.42) 2.00784) 4

r, 1.416820) 115.5312) 2.00932) 4

re 1.406720) 115.5312) 2.005@2) 4

IFCA (harmonig 112.6 2.013 1
IFCA (anharmoni¢® 1.406315) 116.0860) 2.003515) Present

@ptimized geometry; see text.

bExperimentalré values of theX ?A” state of HPCI plus the averagex initio geometrical changes upon
deexcitation; see text.

‘See text.

95.23°, and 2.0397 and 2.0517 A, respectively. The very nawvalue (to within 0.059. If the computed equilibrium geo-
row spreads of the computed geometrical parameters ahetrical parameters, obtained using basis sets of better than
0.0047, 0.26° and 0.0120 A, respectively, suggest a high dehe aug-cc-pvVQZ quality(i.e., the aug-cc-pwCVQZ, cc-
gree of consistency in these theoretical values. Therefore, 'ﬂv5z, and ECP-AV5Z basis setare considered, the aver-

is concluded that thesab initio results should be reasonably aged calculated values of(HP), 6,(HPCI), andr.(PCl)
reliable and any further improvements in the level of calcu-gre 1.41840.0018, 95.140.17°, and 2.04370.0041 A,
lation would not lead to any significant changes of the optiegpectively. These values agree with the corresponding ex-
mized geometrical parameters of tXeA” state of HPCl.  perimentally derived, estimated values of Ref. 4 to within
The averaged calculated valuesrg{HP), 6.(HPCI), and 5026 A, 0.12°, and 0.0049 A. Such good agreement be-

re(PCl) are 1',4'19&()'0030_’ 95'1&0'18,0’ and 2'04,67 tween theory and experiment confirms the reliability of these
+0.0070 A, which agree with the experimentally derlved,e Uilibrium aeometrical parameters of the2A” state of
estimatedr; values of Ref. 4 to within the combined theo- H?DCI 9 P

retical and experimental uncertainties. ~5,
Comparing the calculated and experimentally derived ~FOr theAA” state of HPCI, the spreads of the calcu-

equilibrium geometrical parameters of the?A” state of 1At€d Te(HP), 6(HPCI), and re(PCl) values at the
HPCI in more detail, the computed equilibrium bond lengthsRCCSOT) level with basis sets of, or better than, the aug-
obtained using the aug-cc-pwCVQZ basis[setrelating the ~cCc-PVQZ quality are 0.0041, 0.23°, and 0.0076 A, respec-
core X%2p® electrons of P and Cl explicitly in the Eively (Table IIl), which are even smaller than those of the
RCCSOT) calculation3 agree best with the experimentally X ?A” state, indicating that thesab initio geometrical pa-
derivedrg value$ (to within 0.001 A. For the bond angle, rameters are highly consistent and hence should be reason-
the RCCSDT)/ECP-AV5Z, value agrees best with thé  ably reliable. The averaged calculateg{HP), 6.(HPCI),

Downloaded 10 Nov 2009 to 152.78.208.72. Redistribution subject to AIP license or copyright; see http://jcp.aip.org/jcp/copyright.jsp



J. Chem. Phys., Vol. 121, No. 4, 22 July 2004

Emission spectra of HPCI 1815

TABLE IV. Computed and observed harmonic and fundamental vibrational frequefidiesharmonic and
fundamental vibrational frequencies of the PH stretching, bending, and PCI stretching modes, respectively
(quoted uncertainties are in parentheses; see original Wbtkan %) of the X 2A” state of HPCI and DPCI.

HPCI X A" oy w, w3 v, vy s Ref.
RCCSOT)/aug-cc- 2395.3 894.7 536.3 2278.5 877.0 528.7 Present
pvQZ
CCSOT)/aug-cc-pVTZ 2368 882 523 4
CCSDOT)/cc-pVTZ 2369 885 559 2298 879 523 3
CASPT2/cc-pVTZ 2446 906 533 2400 900 526 3
QCISD/6- 2403.7 907.8 510.7 1
311G(3f,3pd)

CASSCF/6- 2281 893 505 2
311G(Af,2pd)

Chemiluminescence 868 5298) 888 531 2

SVL emissioft 2277.912) 883.1936) 531.2595 2277.3 879.2 529.9 4
DSiF X 2A”

RCCSOT)/aug-cc- 1716.3 647.5 535.7 1655.7 638.1 528.6 Present
pVvQzZ

CCSOT)/aug-cc-pVTZ 1688 639 486 4

SVL emissiod 1656.6959) 641.3918) 530.9G45 1656.8 640.7 529.3 4

3An estimated accuracy of 3 cm* was given for the monochromater scan; see Ref. 4 for detail.

andr (PCI) values are 1.40960.0024, 116.760.17°, and

extremely consistent at all levels of calculation, and the op-

2.0099+0.0070 A, respectively. The discrepancies betweeriimized bond angles from calculations with the larger basis

the averaged calculated bond lengths of A’ state of
HPCI and the experimentally derived, estimatédalues of

sets of aug-cc-pwCVQZ, cc-pV5Z, and ECP-AV5Z converge
to a value of 116.710.02°. It is unlikely that the theoretical

Ref. 4 are less than 0.0049 A, which is within the combinedvalue of the bond angle of tha 2A state of HPCI would
uncertainties associated with the theoretical and experimerghange significantly with any further improvement in the

tal values. However, for the bond angle of #héA’ state of
HPCI, ther{ value from Ref. 4 is smaller than all the calcu-

level of calculation.
Considering the changes of the equilibrium geometrical

lated values shown in Table 11l by over 1°. It should be notedparameters upon deexcitation from tA@A’ state to the
that theab initio bond angles of thé 2A’ state of HPCl are X 2A” state, the experimentally derived, estimatédzalues

TABLE V. Computed and observed harmonic and fundamental vibrational frequdiidiesharmonic and
fundamental vibrational frequencies of the PH stretching, bending, and PCI stretching modes, respectively
(quoted uncertainties are in parentheses; see original Wptke %) of the A A’ state of HPCI and DPCI.

HPCIA2A

o Wy w3 vy [P U3 Reference
RCCSOT)/aug-cc- 2386.6 667.6 568.8 22215 641.2 558.6 Present
pvQZ
CCSD(T)/aug-cc- 2303 634 503 4
pVvVTZ
CCSDOT)/cc-pVTZ 2370 656 554 2260 645 546 3
CASPT2/cc-pVTZ 2375 676 544 2265 664 537 3
QCISD/6- 2407.1 669.8 563.7 1
311G(3f,3pd)
CASSCF/6- 2236 672 524 2
311G(Af,2pd)
Chemiluminescence 62 633 2
LIF2 2214.910) 639.6859) 554.9893) 2214.9 631.4 555.0 4
DPCIA2A’
RCCSOT)/aug-cc- 1713.4 480.8 574.4 1625.5 467.5 564.3 Present
pvVQZ
CCsOT)/aug-cc- 1740 483 596 4
pVvVTZ
LIF? 1621.5461) 462.7420) 563.6137) [1621.9° 459.4 560.7 4

The estimated accuracy of low-resolution LIF experiments from calibrated spectra is 0'5s@@ Ref. 4 for

detail.

The A(l,0,0%i(0,0,0) LIF band of DPCI was too weak to assign. The separation between the observed

A(1,1,0) and0,1,0 LIF bands is 1609.50 cit. The v value of DPCI used as observed input data for normal
coordinate analysis and force field refinement is given in squared brackets in the table. See Ref. 4 for detail.
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TABLE VI. Calculated and observed values Bf and T of the A 2A’-X 2A” transition of HPCI/DPCI.

HPCI To¥eV (cm™Y TeV (cm™ Reference
RCCSOT)/aug-cc-pvVQZ 2.72%21978.9 2.738(22 080.5 Present
RCCSOT)/aug-cc-pfl+ Q)Z 2.721(21948.6 2.734(22 050.3 Present
RCCSOT)/aug-cc-pwCVQZ 2.73122 030.4 2.744(22 132.0 Present
RCCSOT)/cc-pV5Z 2.72421974.3 2.737(22 075.9 Present
RCCSOT)/ECP-AV5Z 2.75222195.5 2.765(22 297.1 Present
Averaged 2.73122025.5 2.743(22127.2 Present
RCCSOT)/cc-pV5Z(no h)° 2.727(21993.3 2.740(22 095.9 1
CCSOT)/ce-pVTZ 2.76(22 261 2.772(22 354.4 3
CASPT2/cc-pVTZ 2.7822 422 2.799(22578.F 3
CCsOT)/aug-cc-pVTZ 2.73822 082 4
Chemiluminescende 2.71(21849 2
LIF 2.714(21 891.320Y 2.732(22 032.7) 4
LIF 2.727(21 992.9F
DHCI
RCCSOT)/aug-cc-pvVQZ 2.73022 015.2 2.738(22 080.5 Present
RCCSOT)/aug-cc-pl+ Q)Z 2.726(21984.8 2.734(22 050.3 Present
RCCSOT)/aug-cc-pwCVQZ 2.73622 066.6 2.744(22 132.0 Present
RCCSOT)/cc-pV5Z 2.72922010.5 2.737(22075.9 Present
RCCSOT)/ECP-AV5Z 2.756(22 231.7 2.765(22297.1 Present
Averaged 2.73%22 061.7 2.743(22127.2 Present
LIF 2.720(21 935.5880 2.731(22026.14 4
LIF 2.728(22 001.04°

@ero-point vibrational energfZPVE) corrections for calculated, values of the present study have employed
the RCCSDT)/aug-cc-pVQZ harmonic frequencies obtained from the PEFs.

PExperimentalT, values were obtained by correcting ZPVEs employing the experimentally derived harmonic
vibrational frequencies of Ref. 4; see also footnote e.

‘Using the optimized geometries and harmonic vibrational frequencies obtained at the
QCISD/6-311G(8If,3pd) level of calculation. See Ref. 1 for detail.

“The original T, position in Ref. 2 is assigned to 2.64 &1 305 cmY). The value given in the table is the
revised value from Ref. 1; see Ref. 1 for detail.

€ZPVE correction employing the RCC$D/aug-cc-pVQZ harmonic vibrational frequencies obtained from the
PEFs.

from Ref. 4 give changes oft+0.0091, —20.51°, and present study and the observed values from the SVL emis-
+0.0338 A inr(HP), 6.(HPCI), andr4(PCl), respectively. sion spectra of Ref. 4 is excellent for all three vibrational
The corresponding geometrical changes from themodes. The small differences between theory and experiment
RCCSOT)/aug-cc-pvVQZ PEFs are-0.0107,-21.76°, and  of less than 3 cm' suggest that thab initio PEF reported
+0.0369 A and those from the averaged calculated valuegere for theX 2A” state of HPCI is highly accurate. The
are +0.0100,-21.61°, and+0.0368 A. The agreement be- agreement between the computed fundamental vibrational
tween the theoretically and experimentally derived geometrifrequencies obtained at lower levels of calculation from Ref.
cal changes upon deexcitation in the bond lengths of withirg anq the observed values of Ref. 4 is generally not as good,
0.0031 A is excellent, particularly with the averaged calcu-5¢ expected, and hence we focus on the higher level results
lated equilibrium geometrical parameters. However, the disgt the present study from here onward. Regarding the har-
crepancy between thab initio and experimentally derived, monic vibrational frequencies of the?A” state of HPCl and

; 2 S
szgr;gszgga g?%r\]/ge? 10°f ggsetseggﬂg'g;nthbeo230?23lﬁrslcl;ft(;?npPCI the calculated values from the PEF agree reasonably
ties of 0.27° and 0.12° associated with the experimental well with the experimentally derived values for the bending

Y, i o -1 ;
~ ~ and PCI stretching modgo within 12 cm 7). In view of the
derived, estimated? bond angle of theX2A” and A2A’ g mod )

. - . . lack of observed higher vibrational bands of the HFP)
states of HPCI, respectively, given in Ref. 4. The Compa”so%tretching modes in the SVL emission spectra of HPCI
between theoretically and experimentally obtained geometri;

’ N (DPCI), the calculated harmonic HP and DP stretching fre-
cal parame_ters, part|cular_ly the bond angle of ; state guencies obtained from thab initio PEFs in the present
of HPCI, will be further discussed, when the simulated a

. ndstudy are probably more reliable than the corresponding ex-

observed SVL emission spectra are compared. perimentally derived harmonic values reported in Ref. 4.
] o ] For the A2A’ state of HPCI and DPCI, the agreement
C. Harn]ozmc and flinzdamental vibrational frequencies between the fundamental vibrational frequencies of all three
of the X“A" and A“A’ states of HPCl and DPCI modes obtained from the PEF and the observed values from

From Table 1V, the agreement between the RCCBD  the LIF spectra of Ref. 4 is in general very go@d within
aug-cc-pvVQZ fundamental vibrational frequencies of thelO cm L see Table VIt should be noted that for tha 2p
X 2A" state of HPCI and DPCI obtained from the PEF of thestate of DPCI, theA(1,0,0%—X(0,0,0) LIF band was too
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FIG. 1. TheR(0,0,0)—S( SVL emission spectrum of HPCla) experimen-

tal spectrum from Ref. 4p) simulated spectrum employing the experimen-

tally derivedr? geometry from Ref. 4 for both statdsee Table I}, (c)
simulated spectrum employing the averagédnitio geometry change upon

Relative Wavenumber / cm™1

FIG. 2. TheA(1,1,0)—X SVL emission spectum of HPCla) experimental
spectrum from Ref. 4(b) simulated spectrum employing the experimentally
derivedr geometry from Ref. 4 for both statésee Table Il), (c) simulated
spectrum employing the averagad initio geometry change upon deexci-

tation (see text and(d) simulated spectrum employing the IFCA geometry
of ro(PH)=1.406 25 A, §,=116.08°, and ,(PCl)=2.0035 A[averages of
those used in simulating speciif® and(c); see text

deexcitation(see text, and (d) simulated spectrum employing the IFCA
geometry of r(PH)=1.406 25 A, 9,=116.08°, andr.(PCl)=2.0035 A
[averages of those used in simulating spe@yaand (c); see text

weak to assigli Regarding the harmonic vibrational fre-

quencies of theA 2A’ state, Tacketet al* were unable to 2.743 eV(22 127.2 cm*)+0.020 eV(170 cm %). The aver-
find any bands involving 2; in their LIP spectra of both aged calculated’, values, employing the harmonic vibra-
HPCI and DPCI. Therefore, as with the?A” state discussed tional frequencies obtained from the PEFs of the two elec-
above, the calculated harmonic frequencies of the HP and Dffonic states reported here for zero-point vibrational energy
stretching modes of tha 2A’ state of HPCI and DPCI from corrections, is 2.731 e\22 025.5 cm?) for HPCI, and 2.735
the PEF are probably more reliable than the experimentallgV (22 061.7 cm?) for DPCI. The agreement between these
derived values reported in Ref. 4. For the bending and PChveraged calculated, values and the corresponding ob-
stretching modes of th& ?A’ state of HPCl and DPCI, the served values from Ref. 4 is within 0.017 €135 cm’ b. No
agreement between the calculated harmonic vibrational fresbvious trend can be identified in the calculafgdvalues
quencies and the observed values is within 28tm obtained at different levels of theory. It appears that the dif-
ferent contributions from basis set extension, core electrons,
and relativity to the calculated relative electronic energy are
probably not in the same direction, and hence would cancel
each other at least to a certain extent. It is therefore con-
The calculated transition energies obtained at differentluded that any further improvements in the level of calcu-
levels of theory are compared with the observed values ifation would not change the computed relative electronic en-
Table VI. Considering only the values from the relatively ergy significantly, and a theoretical uncertainty-e0.02 eV
higher levels of calculation of the present study, the averagedl60 cm 1 would be near the best achievable fdy initio
T value of theA2A’ —X 2A” transition of HPCI/DPCI is  relative electronic energies.

D. Calculated and observed transition energies,
To and T,
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FIG. 3. TheA(0,0,0)— X SVL emission spectum of DPCla) experimental  FIG. 4. TheA(0,1,2)—X SVL emission spectum of DPQla) experimental
spectrum from Ref. 4(b) simulated spectrum employing the experimentally spectrum from Ref. 4(b) simulated spectrum employing the experimentally
derivedr geometry from Ref. 4 for both statésee Table IIl, () simulated  derivedrZ geometry from Ref. 4 for both statésee Table IIJ, (c) simulated
spectrum employing the averaged initio geometry change upon deexci- spectrum employing the averagad initio geometry change upon deexci-
tation and (d) simulated spectrum employing the IFCA geometry of tation, and(d) simulated spectrum employing the IFCA geometry of
re(PH)=1.406 25 A, 6,=116.08°, andr,(PCI)=2.0035A [averages of r (PH)=1.40625A, 9,—116.08°, andr.(PCl)=2.0035 A [averages of
those used in simulating speciif@ and(c); see tex} those used in simulating specitta and (c); see text

I —
E. Comparison between simulated and observed SVL cal parameters of thé “A” state[r(PCI)=2.0020A, 6,
emlss|on Spectra Of HPC| and DPC| = 116630, andre(HP)=14085 A], (d) The IFCA bOnd
e 14 show the f 5 4 SVL emissi lengths ofr (PCI)=2.0035 and ,(HP)=1.4063 A and bond
Igures -4 show the four observe emission SpeCémgle of6,=116.08° were used for the A’ state[these are

r;itggblfohr?s 'r:)f;:]' ‘[tF)nEJ Isgti(c:itrg(f/oLlr;n:'lgs'.or%#].eite;l a the averaged values between those used to obtain simulated
, sponding simu ission spectra ar pectra(b) and (c)].

:lsgctfg?]v;\r:elEe';'gzbtle;:egoénc]ogpi?]r'st?g elhisriemzlrr:t]:lllatg _ In the comparison between the observed and simulated
P d. esti d? ical ploying ¢ E@Z " y %pectra, it should be borne in mind that the experimental
rived, estimated . geometrical parameters of the"A " state spectra from Ref. 4 were not corrected for wavelength-

froi‘n Ref.°.4 [re(HP)=2.Q388 A, ro(PCl)=1.4158 A and dependent response of the monochromator and detection sys-
0.=95.02°; see Table l]lin all cases, and the following sets 4o, | addition, the variation of the electronic transition

of geometrical parameters for t#e®A” state for the differ-  ginole moment over the electronic band has been ignored in
ent sets of simulated spec{i@), (c), and(d)] shown in each  he simulated spectra. In spite of these experimental and the-
figure. (b) The experimentally derived, estimated bond  gretical shortcomings, it can be seen from Figs. 1—4 that the
lengths and angle from Ref. 4 were used for 88’ state  gverall agreement between the observed and simulated spec-
(6e=115.53° for theA®A’ state; see Table W (c) The trais very good. All vibrational features of the observed SVL
averagedab initio changes in the equilibrium bond lengths emission spectra are reasonably well produced in the corre-
and angle upon deexcitation as discussed above were usefonding simulated spectra shown. Before comparing the ob-
together with the experimentally derived, estimatgdjeo-  served and simulated spectra in more detail, it should be
metrical parameters of thé 2A” state to give the geometri- noted that the changes in the bond lengths upon deexcitation
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(c) non-Boltz.

FIG. 6. Some simulated SVL emission spectra, which contribute to the
simulated “composite” chemiluminescence spectiuap trace same as Fig.

FIG. 5. The chemiluminescence spectrum of HR@l:Experimental spec- 5(0); see text

trum from Ref. 2,(b) simulated spectrum, employing the IFCA geometry of

the A 2A’ state[see figure captioKd) of Figs. 1-4 and te}t with a Boltz-

mann distribution for the populations of the low-lying vibrational levels of ~

theA 2A’ state at a vibrational temperature of 80df simulated spectrum, For the A(0,0,0) SVL emission(Fig. 1), the simulated
employing the IFCA geometry of tha 2A’ state[see figure captiond) of  spectrum(b) appears to match best with the observed spec-
Figs. 1-4 and te}f with a non-Boltzmann distribution for the populations trym (a) among the three simulated spectra. However, for the

of the low-lying vibrational levels oR 2A state(weights of different SVL e ; ; ; ; :
emissions used to obtain the simulated spectrum are given in Tab|eawt A(1,1,0) SVL emissioriFig. 2) with the simplest vibrational

(d) simulated spectrum, employing an IFCA bond angle of 113.5°, with aStrUCturef! th.e simglated spectrui) Ur.‘der?StimateS slightly
Boltzmann distribution at 800 Ksee text the relative intensity of th&(1,1,0) vibrational component,

and the simulated spectrufd) matches best with the ob-

served spectrurta). For theA(0,1,2) SVL emission of DPCI
from the ab initio calculations and from the experimentally (Fig. 4), all three simulated spectth), (c), and(d) give very
derived, estimated; structures are very similar, as dis- long vibrational progressions with significant relative inten-
cussed, and are also relatively small in magnitude. The majasities even beyond the 5000 ciregion (the wave number
geometrical change upon deexcitation lies in the bond anglecale is displacement from the laser excitation frequency,
and the major observed vibrational structure involves mainlygiving a direct measure of the ground state vibrational en-
the bending mode. In addition, it has been noted above thairgy; see Ref. ¥ while the relative intensities of the higher
the best averagedb initio bond angle of theA?A’ state  components of the vibrational structure of the lower elec-
differs from the experimentally derived, estimatedvalue  tronic state in the observed spectryg tail off at the ca.
of Ref. 4 by more than 1°. Hence, the major concern of thet000 cm ! region. These comparisons suggest that the effi-
geometrical change upon deexcitation lies in the bond angleiency of the detector system used in Ref. 4 to obtain the
of the A2A’ state. In view of the above considerations, theSVL A(0,1,2) emission spectrum of DPCl is very likely de-
three sets of excited state geometrical parameters used foreasing towards lower emission energiesrresponding to
the simulated spectréb), (c), and(d) shown in Figs. 1-4, emission to higher vibrational levels of thé¢2A” state.
may be viewed as representatives of the variation of the bonBearing this in mind, it appears that the simulated spectrum
angle of theA A’ state used in the IFCA procedure. Bearing (d), which is a compromise between the simulated spébjra
the above considerations in mind, the three sets of simulateaind (c), matches best with the observed spectiiam Sum-
spectrd (b), (c), and(d) in Figs. 1-4 are compared with the ming up, based on the comparisons between the simulated
corresponding observed spedita in Figs. 1-4 as follows.  and observed spectra discussed above, it is concluded that
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spectra(d) in Figs. 1, 2, and 4 have the best overall matchesABLE VII. The relative weights used in the non-Boltzmann distribution of
with the correspondlng observed Spe(ﬁ@% and the IFCA the populations of some low-lying vibrational levels of tASA’ state of

= , . HPCI employed in simulating the chemiluminescence spectrum as shown in
geometry of theA 2A’ state isro(PCl)=2.0035¢-0.0015 A Fig. 5(c) and Fig. 6(top trace; see text.
0,=116.08+0.60°, andr.(HP)=1.4063*0.0015A. It is —
noted that the IFCA bond angle of 116.08° obtained for the A(vi,v;,v5) Weights' (present work Weights (Ref. 3
A2A’ state is an average value between those used to obtain

(0,00 0.15 0.65
spectra(b) and (c) [115.53° (experimentally derived, esti- (0,0,9 0.34
matedr value of Ref. 4 and 116.63{based on the averaged 0,10 0.10 0.20
- : : (0,02 0.21
ab initio geometry change obtained hgrespectively, and 010 002
spectral simulations reported here suggests that the true equi-  (0,2,9 0.04 0.10
librium bond angle of theA 2A’ state lies on the larger side (0,3,0 0.01 0.05
of the uncertainty of the experimentally derived, estimated Ei g % 8'82

value of Ref. 4, and on the smaller side of that of the best

ab initio value obtained here. Since the observed SVL emis®Normalized to unity.

sion spectra are not corrected for wavelength dependency of

the detector system, a rather large uncertainty-6f60° has ) ) o o

been given to the IFCA bond angle. Nevertheless, the exper/©t considered this emission in deriving the IFCA geometry

mentally derived, estimated values of Ref. 4 and the very Of theA state. ~ _

consistentb initio values obtained heréable VI) are just From computed FC factors, thé(1,n,0) series has a

within this uncertainty. However, the difference of3.6°  nontrivial contribution to the SVIA(0,0,0) emission spec-

between the present IFCA bond angle of 116.08°, which haum of HPCI[see the bar diagrams and the vibrational des-

been obtained including anharmonicity in the calculation ofignations shown in Fig. (8)]. Vibrational components of the

the FC factors, and the earlier IFCA value of 112.6° obtained<(1,n,0) series are energetically close to, and hence overlap

within the harmonic oscillator model is quite large andWwith, vibrational components of the(0n+2,1) seriegfor

clearly way beyond the uncertainty df0.60°. The consid- example, th@((l 0,0) andX(0,2,1) vibrational levels were

erably smaller, earlier IFCA value of Ref. 1 is obviously in calculated to be only 12.6 cm apart; see Table ]l For the

error. This is at least partly due to the neglect of anharmoSVL A(1,1,0) emission of HPCI, computed FC factors sug-

nicity in our previous calculations of FC factors, but is alsogest that the very weak feature is due to ¥l,n,1) and

partly due to the assumption of a Boltzmann distribution of?((O,n,o) seriedsee Fig. 2a)]. Similarly, the very weak fea-

the population in the low-lying vibrational levels of the up- ture in the SVLA(0,0,0) emission spectrum of DPCI is due

per electronic state used in the simulation of the overlappingg the 3((0 n,1), and to a smaller exter;((o n,2), series.

vibrational bands in the chemiluminescence spectrum. Wejowever, theX(1,0,1) andX(l 0,2) components of DPCI

will come back to this, when the chemiluminescence specyiven in Table Il of Ref. 4 do not have significant computed

trum is considered. FC factors according to our calculations on the SVL
Regarding theA(0,0,0) SVL emission spectrum of A(0,0,0) and0,1,2 emissions of DPCI and we are unable to

DPCI, although the overall match between the simulated angssign these vibrational components in our simulated spectra

observed spectra is reasonably good for all three simulateigh Figs. 3 and 4. Perhaps these vibrational components were

spectra shown in Fig. 3, simulated spectra obtained in thgbserved in unpublished dispersed fluorescence spectra of

IFCA procedure cannot reproduce the rather strong relativ®PCI, which are not available to us.

intensity of theX(0,2,0) vibrational component observed at

an energy of 1277.3 cnt from the ground vibrational level F. Comparison between simulated and observed

of the lower electronic state. All simulated spectt®, (c),  chemiluminescence spectra of HPCI

and (d) give a gradual and smooth change in the relative

intensities of successive vibrational components in the main

bending progression. H-owever, th@(O,Z,O) component !n corresponding simulated spectra obtained in the present
Fhe ob_served_ spgctr_u[ﬁ_lg. 3a)] appears to have a relative study. The simulated emission spectrum Fi¢c)5includes
intensity, which is significantly stronger than that expecteq contributions from a non-Boltzmann distribution of the low-
from the trend of the rest in the vibrational progression. AI 2n

: ~ o . lying vibrational levels of theA 2A state, with the relative
simulated SVLA(0,0,0) emission spectrum of DPCI, which \yeights of the different emissions involved given in Table
gives theX(O 2,0) component of maximum relative intensity /|| The simulated emission spectrum Fig(bs has em-

in the vibrational progression, requires an excited state bondjoyed a Boltzmann distribution with a vibrational tempera-
angle significantly smaller than 115.0° and such a spectrurfyre of 800 K. This simulated spectrum is the best match
still gives a gradual and smooth change in the relative intenyjith the observed spectrum obtainable based on a Boltzmann
sities of all members of th¥(0,n,0) series. We are unable to distribution (the only variable in the match is the vibrational
explain this abnormality in the relative intensity of the temperaturg Both simulated spectra Figs(B and Hc),
X(O 2,0) component in the observed SXX(O 0,0) spectrum have employed the IFCA geometry for the?A’ state of
of DPCI based on our spectral simulation, and hence havelPCl, obtained above, when the SVL emissions were con-

Figure 5 compares the observed chemiluminescence
spectrum of HPCI reported in Ref. [Fig. 5a)] with the
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sidered. Figure @l) shows the simulated spectrum including such a good match between the simulated and observed spec-
contributions from bands based on a Boltzmann upper statiea of Figs. 5d) and Fa), respectively, is fortuitous. This is
distribution with a temperature of 800 K, but with an IFCA similar to the near exact match between the simulated spec-
bond angle of 113.5%and ther's from the PEFR for the  trum obtained within the harmonic oscillator model and the
A2A’ state of HPCI. Figure 6 shows simulated spectra ofobserved spectrum reported previously in Ref. 1, employing
most of the individual SVL emissions, which have significantan IFCA bond angle of 112.6° for th&?A’ state. With the
contributions to the simulated composite spectftop trace  SVL emission spectra of Ref. 4 available at present, and the
in Fig. 6, which is the same as Fig(ch|. spectral simulation including anharmonicity and the system-
Before each simulated and observed chemiluminescencgtic high-levelab initio geometry optimization calculations
spectrum of HPCI are compared in detail, it should be note@arried out in the present study, the bond angle ofARA’
that the relative intensities of the different members of thestate of HPCI has now been established to be 1160080°
main vibrational progression observed in the chemiluminesas discussed above. As a result, in the simulation of the
cence spectrufnof HPCI, theA(0,0,0)—X(0,n,0) progres- chemiluminescence spectrum reported in Ref. 2, only the
sion[Fig. 5@], do not match exactly with those observed in populations of the low-lying excited vibrational levels of the

the SVL A(0,0,0) emission spectrum of Ref.[4ee vibra- A2A’ state need to be considered, as follows.

tional assignments given in Fig(a)]. Specifically, the rela- Employing the JFCA geometry of thA 2A’ state of
tive intensities of the higher members of this vibrational se-qpc| obtained in the present investigation and assuming a
ries in the chemiluminescence spectrum decrease faster th@|tzmann distribution for the vibrational populations of the
those in the SVL emission spectrum, and ¥(@,2,0) com-  ypper state in the simulation, the best match obtained be-
ponent in the SVIA(0,0,0) emission spectrum has the maxi- tween the simulated and observed spectféigs. 5b) and
mum relative intensity, while in the observed chemilumines-5(a), respectivelyis with a vibrational temperature of 800 K.
cence spectrum, th&(0,1,0) component is the strongest. Although the overall observed vibrational envelope is pro-
Just considering the experimental chemiluminescence speduced in the simulated spectrum, the match between Figs.
trum of Ref. 2[Fig. 5a)] and the SVLA(0,0,0) emission 5(a@ and 8b) is not exact. Specifically, the discrepancies in
spectrum of Ref. 4Fig. 1(a)], it is unclear whether the dis- the mainX(0,n,0) series are similar to those between the
crepancies_between the two observed spectra in the maigbserved SVLZ(0,0,0) emissionFig. 1(a)] and the ob-
A(0,0,0)—X(0,n,0) progression is due to the different served chemiluminescence spectriiFig. 5a)] discussed
wavelength dependences of the detector systems used in thbove. In addition, the match between the simulated and ob-
two different experimental setupghe chemiluminescence served chemiluminescence spectra in the region arising from
spectrum was not corrected for any wavelength-dependerigher vibrational levels in thé\ 2A’ state(ca. 450 nm is
instrumental respon$¥ or due to overlapping emissions also not exact. It was found that it was not possible to im-
arising from low-lying excited vibrational levels of the upper prove the match further by adjusting only the vibrational
state in the chemiluminescence spectt{ithe SVLA(0,0,0) temperature used in the Boltzmann distribution. Conse-
emissioft is obviously free from such overlapping bamds quently, a non-Boltzmann distribution involving higher vi-
Since the wavelength dependences of the detector systerbgational levels of the upper state has to be considered, as
used in Refs. 2 and 4 are unavailable to us, we can onlproposed in Ref. 3.
ignore them in the following discussion and assume that the  With a non-Boltzmann distribution of relative weights of
discrepancies between the reported SA0,0,0) emission populations in various vibrational levels of tA€A’ state of
spectrum and the chemiluminescence spectrum are merelyPCl given in Table VII, the simulated spectrum shown in
due to extra bands in the latter arising from emissions fronFig. 5(c) gives a better match with the observed spectrum
higher vibrational levels of the upper electronic state. [Fig. 5@)] in the main;((o,n,O) series than that obtained
First, the_simulated spectrum with a bond angle ofwith a Boltzmann distributior{Fig. 5(b)], and also gives
113.5° for theA *A’ state[Fig. 5(d)] is considered. The main multiplet structures in the vibrational components in the
features of this simulated spectrum match almost exactlhigher wavelength region. It should be noted that the multip-
with those of the observed spectrdifig. 5a)], except for et structure in each vibrational component of the observed
the “shoulders” or “multiplet” structure associated with the spectrum is not well resolved, and also with a non-
observed mairX(0,n,0) series and, to a lesser extent, smallBoltzmann distribution, the choices of relative weights of
discrepancies in the region of ca. 450 nm. The bond angle dfibrational populations and the low-lying vibrational levels
the A2A’ state employed in this simulated spectr(intlud-  of the upper state from which emissions are included in the
ing anharmonicity is larger than the IFCA value obtained spectral simulation, which give the best match, may not be
previously with the harmonic oscillator modebut is still  unique. In view of these experimental and theoretical limita-
smaller than the very consisteab initio values by ca. 3°. tions, the main aim in obtaining the simulated spectrum
Based on our previous conclusion that excessive variationshown in Fig. %¢c) has been to match the overall pattern of
of geometrical parametef&rom reliableab initio valueg in  the observed vibrational structure with the smallest numbers
the IFCA procedure are not recommend@dnd also noting  of SVL emissions from the low-lying vibrational levels of
the good agreement between the simulated and observelle upper state. Although the match between Figa). &nd
SVL mission spectra using the IFCA bond angle of 116.08%5(c) is not exact, we believe that this aim has been largely
for the A2A’ state discussed above, we have to conclude thaichieved. It should be pointed out that, it is contributions
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from the SVL 7\(1,0,1), (0,0,2, and (0,0,) emissions, Baraille etal. has only reported the partition function coef-
which have shifted the strongest vibrational component irficients of theA(0,n,0) levels fom=0 to 3(0.65, 0.20, 0.10,
the simulated chemiluminescence spect(top trace in Fig.  and 0.05, respectively; see Table VUsed in their spectral

6) from the strongesK(0,2,0) component of thé(0,0,0)  simulation, despite the involvement of the S\A(0,0p)
—X(0,n,0) series(bottom trace in Fig. bto the X(0,1,0)  — X emissions in their simulation. Our simulations do agree
component[see Fig. 1a) for their assignments/positiohs  with their simulations in that some SVA(0,0p) emissions
and lead to good agreement between simulation and obsedire involved in the chemiluminescence spectrum as dis-
vation in the pattern of the main vibrational structure in thecussed abovésee also Table V)l However, the relative vi-
450-550 nm region of the chemiluminescence spectrunprational populations of thA(0,n,0) levels forn=0-3 ob-
SVL emissions from higher vibrational levels in the?’A’  tained here only agree qualitatively with their values. At the
state than those shown in Table VIl have been consideredame time, we find that including SVA(1,0p) emissions

but their inclusion did not improve the match between thewijth p=0 and 1 helps to improve the match between the
simulated and observed spectra. One main difficulty in theimulated and observed spectra, but based on their computed
match is the balance between the agreement for the mainC factors, Barailleet al. concluded otherwise. Since HPCI
X(0,n,0) series and the agreement for the other weaker savas produced in the exothermic reaction between PCI, and H
ries. Nevertheless, the region of near 450 nm is dominatedtom? it is not unreasonable to expect HPCI to be produced
by the A(0,n,0)— X emissions, withn=1-3, which have vibrationally excited in the HP stretching mode, as HP is the
only weak contributions to the higher wavelength region, anchewly formed bond. Considering the simulated spectrum of
hence their individual SVL emissions are not shown in Fig.HPCI in Ref. 3, it appears that its overall pattern of vibra-
6. Summing up, spectral simulation carried out in the presentional structure is similar to that of the SVA(0,0,0) emis-
study confirms that the chemiluminescence spectrum resion of Ref. 4Fig. 1(a)], with the strongest simulated vibra-
ported in Ref. 2 has a non-Boltzmann distribution in thetional component at ca. 500 npX(0,2,0)] in contrast to the
upper state, which should be close to the relative populationstrongest observed vibrational component at ca. 450 nm

given in Table VII. [X(0,1,0)] in the chemiluminescence spectrum of Ref. 2
(see Fig. 6. We can only conclude that our simulated spec-
IV. CONCLUDING REMARKS trum in Fig. 5c) has a better match with the observed chemi-

Near state-of-the-art levedb initio calculations have luminescence spectrifmthan the simulated spectrum  re-

been carried out on thd2A’ and X 2A” states of HPCl, Ported in Ref. 3. ,

giving highly consistent and reliable computed equilibrium ' the comparison between simulated and observed spec-
geometrical parameters, PEFs, fundamental and harmonic Jff& One major source of uncertainty comes from the wave-
brational frequencies of, and transition energies between, tHgngth_ dependence of the d_etecFor system used to obtain _the
two states. Simulated SVL emission spectra of HPCI andaxpe_rlmental spectrum, which is usually not _corre<_:ted in
DPCI and chemiluminescence spectrum of HPCI have beeRublished observed spectra. On the theoretical side, the

obtained based on computed FC factors which consider aﬁ/_ariation of transition moment over a spectral band needs to
harmonicity explicitly. Experimentally derived equilibrium be considered in order to give more reliable simulated spec-

geometrical parameters for tHe2A’ state of HPCI have tra. Incorporating this into our on-going research program of

been obtained via the IFCA procedure based on compariso?lDectral simulation is underway.

between simulated and observed SVL_ emission spectra.
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