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There are inconsistencies among previously reported Reffisdler bending frequencies for the2I1 state

of OCS'. To resolve these controversies, we have computed vibrational frequencies using high-level excited
electronic state ab initio equation-of-motion coupled cluster methods. On the basis of equation-of-motion
coupled cluster theory including single, double, and iterative inclusion of partial triple excitations (EOM-
CC3) paired with the correlation-consistent polarized valence quadiulpéssis set (cc-pVQZ), we predict
harmonic bending frequencies of 364 and 401 tfar the A and A’ components of 2IT1 OCS', respectively.
Particularly for the upper Renneileller component, these results are lower than the theoretical predictions
of 370 and 459 cmt reported by Chen, Hochlaf, Rosmus, He, and NgGhem Phys 2002 116, 5612].

Instead, the presently computed bending frequencies are more consistent with the experimentally derived
average value of 35 5 cm! recently reported by Sommavilla and Merkt Phys Chem A 2004 108

9970], lending credence to the spectral assignments made in this later work. The two components of the
Renner-Teller bending frequencies ok 2[1 OCS' are similarly predicted to be 396 and 453 ©m
Anharmonicity constants arising from a quartic force field computed at the cc-pvVQZ EOM-CC3 level of
theory are given, to provide a more complete characterization of the potential energy surfacédithe

state of OCS.

I. Introduction In 2002, Chen, Hochlaf, Rosmus, He, and?Npgresented
work using multireference configuration interaction computa-
tions to help assign the complex PFI-ZEKE photoelectron
spectrum associated with thé — AT transition in OCS.

Linear triatomic molecules offer an ideal target for both
extremely high-accuracy theoretical treatments and high-resolu-

tion spectroscopic techniques, allowing for the detailed explora- Harmonic and anharmonic vibrational frequencies forARE

tion of fundamental physical processes including Fermi reso- state of OCS were computed by using state-averaged complete

hance, the Renner'.l'eller effect, and spirorbit interactions, . active space self-consistent field (SA-CASSCF) and internally
among others. While there have been numerous spectroscopic

studies of the ionized states of OES? vanishing Frank contracted multiconfiguration configuration interaction (ic-
Condon factors have plagued experimental determinations ofMRCI)‘ co_upled with a truncated cc-pVQZ basis set (in V.Vh'Ch
the Renner Teller split bending frequencies of tHe?IT state th.eg function was stripped from sulfur). Through comparisons
of OCS'. Indeed, the congestédis+ — A 2IT photoionization with these computed values, many bands in the complex photo-

spectrum of OCS is the least well characterized of the photo- €/€ctron spectrum were assigned, at least tentativ~elg/ - Most
ionization bands associated with low-lying states of 0@s  hotably, the RennerTeller bending frequencies for the “I1
Nonetheless, experimental estimaféé1922of the bending state of OCS were predicted to be 370 and 459 cthior the

frequency based on the allowet}i iot band have been made, A' and A' components, respectively, corresponding to a root-

falling in the range of 346380 cm L. Other estimate¥1%based ~ Mean-square value of 417 cf Subsequently, a high-accuracy
on weak spectral features assigned to transitions out of theSPeCtroscopic study was published by Sommavilla and Merkt

ground neutral vibronic state were somewhat higher, ranging €X@mining the RennerTeller effect in theA [1 state of OCS,
from 400 to 590 cml. yielding a recommended average bending frequency: 357

There have also been numerous theoretical studies dkthe = 2 e ™. In this work, characteristiqs of the bending energy
[T state of OC$ in the past decaci®:222428 |n 1996, Hubin- surface were gleaned ffqm pertgrbatlons of theSIBt_retchlng
Franskin et af° presented a joint experimentaheoretical study levels caused by Fermi interactions with the bending levels.
examining low-lying electronic states of O€Susing the While the assignments of the two main features of the PFI-
TPEPICO method as well as ab initio computed potential energy ZEKE spectra are in agreement between the works of
surfaces for the ©C and C-S stretching coordinates. In 2001, Sommavilla and Merke and Chen et af? assignments of
Takeshita, Shida, and Miyoshi examiiédhe vibrational weaker features differed markedly between the two studies.
structure of photoelectron spectra based on comparisons withindeed, the differences are so profound in assignments of the
simulated ionization intensity curves. Featured in this work were higher Fermi polyads that no common assignments can be found
harmonic vibrational frequencies for the—-@ and C-S in the two studies. The primary cause for the difference in the
stretching modes for a number of low-lying electronic states two sets of assignments arises from different values for the
computed using multireference configuration interaction, though bending frequency: the value recommended by Sommavilla and

a treatment of the bending potential was absent. Merkt is less than half of the €S stretching frequency (802
6 cm 1) while in the analysis of Chen et al. the bending
* Corresponding author. E-mail: hfs@uga.edu. frequency used is more than half of the-8 stretching
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frequency, resulting in drastically different patterns of predicted CCSD CC3 CCSDT
Fermi interactions cc-pVDZ  1.134 1147  1.144

. ) ccpVTZ 1125 1139  1.136

More recently there have been several purely theoretical cc-pVQZ 1121 1.135

foray$>28 aimed toward characterizing the potential energy (@ ‘b ‘a
surface of theA 2I1 state of OCS, though none have focused
on the RennetrTeller bending frequencies: Chen, Huang, and \’ \V v
Chang examined-6low-lying electronic states and dissociation 1674 1671 1671
channels of OCS using complete active space second-order 1656 1.652 1.653
perturbation theory; Masuda, Hatsui, and Kogtigiresented 1650 1645
excitation energies for low-lying states based on MRCI com- X

putations including single, double, and triple excitations; and Figure 1. Optimized bond lengths (in angstroms) for tK&IT state
Hirst computed’ potential energy surfaces for six electronic of OCS", computed at the frozen-core cc}¥ (X =D, T, Q) CCSD,
states using MRCI. CC3, and CCSDT levels of theory.

In the present work we seek to dispel lingering uncertainties
in the harmonic bending frequencies for théll state of OCS
through the use of equation-of-motion coupled cluster methods
paired with a quadruplé-quality basis set. Yamaguchi and
Schaefer fourd® fair agreement between experimental results
and the predicted RenneTeller parametere) and average
harmonic bending frequency for t#e3IT state of CNN based
on EOM-CCSD computations. By explicitly accounting for the
effect of triple excitations in the present work via the EOM-
CC3 method, more reliable vibrational frequencies are obtained.

A complete quartic force field for the two RenneFeller
components of thé\ 21 state of OC$ was computed at the
frozen-core cc-pvVQZ EOM-CC3 level of theory and employed
in concert with second-order vibrational perturbation theory
(VPT2)*¥-50 to compute vibrational anharmonicity constants.
The internal coordinate set employed comprised theCCGand
C-S stretches and a linear-@—S bending coordinate. The
full quartic force field was computed from energies at 34
geometries displaced from the optimized frozen-core cc-pVQZ
EOM-CC3 geometry (see Figure 2). The program INTDIF2005

Il. Theoretical Methods was used to determine the necessary displaced geometries as
The dominant electron configuration for the neutral OCS well as to compute the force constants in internal coordinates.
ground electronic state is written as [corelf@70)%(80)%(90)2 The transformation of the force constants from internal to normal

(27)%(37)*. The lowest lying ionized states are then dominated coordinates was performed by using INTDER2%05 while
by configurations arising from the removal of an electron from SPectroscopic constants were computed with ANHARM.
the 3t or 2 orbital, giving rise to the&X 2IT andA 2IT states of ;Nhen dJSZpIaced along the-€C—S bending coordinate, the
OCS, respectively. The geometry of the2I1 state of OCS X “II andA “I1 states afsessp"t into Aand A comp,(’)nents by
was optimized by using coupled cluster theory with single and the RennerTeller effect:® Since both the Aand A’ compo-
double excitations (CCSD} 32 and either partial (CC3}26 nents_exh|b|t positive curvature with respect to the_ bend|_ng
or full inclusion of triple excitations (CCSDT; 0 paired with ~ c0ordinate, and both have unique harmonic frequencies, this is
the correlation consistent polarized valence hierarchy of basis® YP€ A RennerTeller molecule. Ifozr energies at geometries
sets* cc-pVXZ (X = D, T, Q for CCSD and CC3X =D, T displaced along .th|s cgorplmate fér2[1 OCS', the A state
for CCSDT). The geometry ok 2IT OCS" was optimized by was compute_d via excitation from the Bomponent of theX
using excited electronic state ab initio equation-of-motion _11 State while the A component of theA fI‘ZI state was
coupled cluster theory methddsncluding single and double computed relative to the’Acomponent of thex “I1 state.
excitations (EOM-CCSD¥%43 and with single, double, and
iterative partial triple excitations (EOM-CCB)paired with the
cc-pVXZ (X=D, T, Q) basis sets. The EOM-CC3 method was  A. Geometries. The geometry ofX 2[1 OCS' is shown in
implemented for open-shell systems for the first time only Figure 1, optimized by using CCSD, CC3, and CCSDT paired
recently** Sattelmeyer, Stanton, Olsen, and Gauss exarfiined with the cc-p\XZ (X =D, T, Q for CCSD and CC3X = D,
the performance of iterative triples linear response coupled T for CCSDT) basis sets. For both bond lengths, the CC3
cluster methods in the prediction of excited-state properties. Themethod yields excellent agreement with results from the full
EOM-CC3 approach was shown to offer improvement over CCSDT approach, offering substantial improvement over the
EOM-CCSD compared to experimentally derived harmonic CCSD results. The CC3 predicted-S bond lengths are within
vibrational frequencies. 0.001 A of the CCSDT results with both the cc-pVDZ and cc-
The EOM formalism? allows the straightforward application  pVTZ basis sets. For the-@0 bond length the CC3 method
of the robust coupled cluster theory to excited electronic states.overestimates the effects of triple excitations slightly, yielding
Thus, accurate coupled cluster energief\8f1 OCS'" can be C—O distances 0.003 A larger than the CCSDT values with
computed straightforwardly based on Hartré®ck orbitals both the cc-pVDZ and cc-pVTZ basis sets. The corresponding
from the X 21T state. The reference electronic wave functions absolute energies are listed in Table 1, for reference.
were computed by using spin-restricted Hartr€eck theory The geometry ofA 2IT OCS' was optimized by using EOM-
(ROHF) to avoid complications arising from a spin-contami- CCSD and EOM-CC3 paired with the cc-p¥ (X=D, T, Q)
nated reference wave function. The ROHF molecular orbitals basis sets, as shown in Figure 2. The difference between the
resembling the 1s orbitals on oxygen and carbon and the 1s,EOM-CCSD and EOM-CC3 optimized bond lengths is on par
2s, and 2p orbitals on sulfur were frozen in all correlated with those observed fox 2IT OCS'. As such, EOM-CCSDT
computations. The CCSD, CC3, EOM-CCSD, and EOM-CC3 optimized bond lengths (which in turn should offer an excellent
electronic structure computations were carried out with Psi3.2, approximation to the full Cl values) fdk 2I1 OCS" would be
while the Mainz-Austin—Budapest versidri of ACES Il was expected to fall within 0.003 A of those predicted by using
used for CCSDT. Harmonic vibrational frequencies were EOM-CC3. Overall, the cc-pVQZ EOM-CC3 predicted geom-
predicted for theX 2IT and A 2I1 states of OCS$ via finite etry should be accurate to well within 0.01 A. Given the
differences of energies evaluated at displaced geometries.  sensitivity of the geometry & 2IT OCS' with respect to basis

Ill. Results and Discussion
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TABLE 1: Absolute Energies (E, hartrees) and Harmonic
Vibrational Frequencies (cm?1) for the X 2T State of OCS
at the Corresponding Optimized Geometries (see Figure 1)

E w1  wW2pa  W2A w3
cc-pvDZ CCSD —510.341992 682 390 442 2198
cc-pVTZ CCSD —510.486 673 693 410 465 2219
cc-pvQZ CCSD —510.530820 700 413 469 2233
cc-pvDZ CC3 —510.362 393 687 376 429 2064
cc-pVTZ CC3 —510.517127 699 394 450 2076
cc-pvQZ CC3 —510.564 159 707 396 453 2085
cc-pvDZ CCSDT —510.360989 685 378 431 2103
cc-pvVTZ CCSDT —510.515012 698 397 453 2120

707 396 453 2130

@ Recommended values far; and w, are from explicit cc-pVQZ
CC3 computed frequencies. The valuedgrassumes that the cc-pvVQZ
CC3 prediction overestimates the effect of triple excitations by 30%.
b Renner parameter = (05 5 — w5 4 )05 5 + @5 4) = — 0.1337.

recommended valde

EOM-CCSD EOM-CC3

cc-pvVDZ  1.290 1.308
cc-pVTZ  1.282 1.298
cc-pVQZ  1.278 1.293 !
1.568 1.590
1.547 1.572
1.540 1.566
A

Figure 2. Optimized bond lengths (in angstroms) for tAEIT state
of OCS', computed at the frozen-core cc-¥¥ (X = D, T, Q) EOM-
CCSD and EOM-CC3 levels of theory.

set and correlation method, it is not surprising that the cc-pvVQZ
EOM-CC3 optimized bond lengths (1.293 and 1.566 ARee
andRcs, respectively) differ by more than 0.01 A from the ic-
MRCI distances (1.279 and 1.573 A) presented by Chen%t al.
The corresponding absolute energies are listed in Table 2.
B. Harmonic Vibrational Frequencies. Predicted harmonic
vibrational frequencies forX 2[1 OCS~ are provided in
Table 1, computed by using CCSD, CC3, and CCSDT with the
cc-pvXZz (X =D, T, Q for CCSD and CC3X = D, T for
CCSDT). Forw; and the two RennetTeller components of
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component (396 cr) is in perfect agreement with the MRCI
results of Stimson et a&%the harmonic frequency for the upper
Renner-Teller bending frequency (453 cr) is significantly
smaller than the MRCI datum of 498 cth On the basis of the
above comparisons of CC3 and CCSDT results with the smaller
cc-pVDZ and cc-pVTZ basis sets, the presently predicted cc-
pVQZ CC3 bending frequencies should be well within 5ém

of cc-pVQZ CCSDT values, which in turn should be well-
converged toward the full ClI limit. The MRCI value for the
A" component appears to be too large by at least 40'cm

Harmonic vibrational frequencies for tAe?I1 state of OCS
are listed in Table 2, computed by using the EOM-CCSD and
EOM-CC3 methods paired with the cc-¥ (X =D, T, Q)
basis sets. The results exhibit a consistent convergence toward
the complete basis set limit, with the cc-pVQZ results differing
by less than 10 cri from the corresponding cc-pVTZ results.
In contrast toX 2[T OCS', both the G-S and G-O stretching
frequencies are sensitive to the inclusion of triple excitations.
The EOM-CC3 results are consistently 70¢ntower than the
EOM-CCSD values with a given basis set tof, while for w3
the EOM-CC3 results are all much smaller than the correspond-
ing EOM-CCSD values, though the differences are far less
regular. Assuming that EOM-CC3 will overestimate the effect
of triple excitations in the €0 stretch by roughly 30% (as
was the case for CC3 in the case %fIT OCS'), cc-pvVQZ
EOM-CCSDT would be expected to yield a value of roughly
2003 cnr?.,

The bending frequencies, on the other hand, are significantly
less sensitive to the inclusion of triple excitations. kera,
the results computed with EOM-CC3 are consistently just
10 cnt! smaller than the corresponding EOM-CCSD results.
In the case of the upper component, partial inclusion of triple
excitations via EOM-CC3 results in a slightly more significant
shift in the predicted bending frequency of around 30 Emith
all three basis sets considered. This difference is of comparable
size to that observed between CCSD and CC3 predictions for
the bending frequencies & 2IT OCS', so the final cc-pvVQZ
EOM-CC3 bending frequencies for t#e2I1 state should be
similarly accurate. Regardless, the present results are certainly
of sufficient quality to shed light on the disparity between the

wo, there is excellent agreement between the CC3 and CCsDTresults of Sommavilla and Mertand Chen et &
predicted frequencies. For these two modes the CC3 approach One sees reasonable agreement between the present results

yields predicted frequencies within 3 ciof the CCSDT results
with both the cc-pVDZ and cc-pVTZ basis sets. For the@

and the G-S stretching frequency of Sommavilla and Merkt,
with the presently predicted value fex falling 10 cnm! outside

stretch, however, the CC3 predicted harmonic frequency is of the experimental range. The cc-pVQZ EOM-CC3 predicted

further from the CCSDT value. Fows, CC3 appears to
overestimate the effect of triple excitations (i.e., the difference

C—O0 stretching frequency, however, is some 80 trhelow
the experimental value (2062 6 cni1). Even “correcting” this

between the CCSD and CCSDT predicted frequencies with apredicted C-O stretching frequency, the final recommended

given basis set) by roughly 30%: with both the cc-pvVDZ and
cc-pVTZ basis sets the CC3-predicted G stretching frequency
is about 40 cm? lower than the corresponding CCSDT value.
This apparent deficiency in CC3 for the—© stretching

value of 2003 cm! is significantly smaller than (and well
outside the error bars) the result of Sommavilla and M&rkt.
The cc-pvVQZ EOM-CC3 predicted average bending frequency
(383 cn1?) is notably smaller than that due to Chen e#al.

frequency parallels the differences observed between CC3 and417 cnl). However, this difference is almost entirely due to

CCSDT optimized €O bond lengths, mentioned above.
Assuming that this 30% overestimation will similarly apply to
the cc-pVQZ CC3 results, an estimated cc-pVQZ CCSDT value
of 2130 cn1? can be derived. This value is in good agreement
with the MRCI result (2124 cmt) of Stimson et at! The avail-
able experimental valug®'®for the C-0O stretching frequency
are all fundamentals (and span 757 so provide no means
of direct comparison with the predicted harmonic frequencies.
The two components of the RennéFeller harmonic bending
frequencies forX 21 OCS' are predicted to be 396 and
453 cnt! at the cc-pVQC CC3 level of theory. While the A

a difference in the predicted frequency for the uppef’)(A
component of the RennefTeller pair: while the two values
for the A component are within 6 cm, the values for the A
component differ by nearly 60 crh This is similar to the
difference observed for the upper component of the harmonic
bending frequency oK 2IT OCS', and may be suggestive of
an unbalanced treatment of th&€ gurfaces in the works of Chen
et al22 and Stimson et &t On the basis of the comparison of
the presently predicted EOM-CCSD and EOM-CC3 results, the
cc-pVQZ EOM-CC3 value of 401 cmi is expected to be
accurate to within 10 cri.
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TABLE 2: Absolute Energies (E, hartrees) and Harmonic Vibrational Frequencies (cnm?) for the A 2IT State of OCS', at the
Corresponding Optimized Geometries (see Figure 2)

E w1 w2 2 A" w3
cc-pvDZ EOM-CCSD —510.184 642 845 347 408 2070
cc-pVTZ EOM-CCSD —510.327 596 856 367 428 2066
cc-pvVQZ EOM-CCSD —510.370 964 863 375 433 2059
cc-pvDZ EOM-CC3 —510.219 961 77 342 381 1943
cc-pVTZ EOM-CC3 —510.374 067 788 357 396 1970
cc-pvVQZ EOM-CC3 —510.420 391 794 364 401 1979
recommended valde 794 364 401° 2003
experimerft 809+ 6 357+5 2062+ 5

aRecommended values fes; and w, are from explicit cc-pVQZ CC3 computed frequencies. The valuexfpassumes that the cc-pvQZ
EOM-CC3 prediction overestimates the effect of triple excitations by 30R&nner parameter = —0.0965.¢ Reference 23.

TABLE 3: Harmonic Vibrational Frequencies (), CC3 methods paired with the cc-p¥ (X = D, T, Q) basis
&U?dgr%eggartgrgglég?;lﬁss g), Aﬂ]h%rimgﬂg%gggﬁiﬂtﬁau sets, in order to shed light on the inconsistencies between the
ij)y A ij..o i initi
Coordinates) for the A 2II State of OCS', Computed at the previously rgported a.b |r!|t|o values of Chen efabnd the
cc-pVQZ EOM-CC3 Level of Theory (All Values Given in spectroscopic determlnatlons of Sommavilla and Mamhe .
cm™1)2 seemingly subtle difference between the harmonic bending
o1 794 s 162.4 frequen_cies util_ized b)_/ Chen et a_I. and Sommavilla and Merkt
w2 364 (401Y D333 —86.2 results in drastically different assignments of the complex and
w3 1979 D1 —116.1 (-96.5) congested PFI-ZEKE spectrum. The root-mean-square of the
D23 —129.1¢91.8) presently predicted RenneTeller split harmonic bending
! ;gg 204 gm ggb“z frequencies (383 cm) is somewhat larger than the value
V2 (394) 133 ; proposed by Sommavilla and Mefk{(357 + 5 cn?) though
V3 1966j @2222 89.7 (503) . >
D11 252 smaller than the ic-MRCI computed values of Chen etal.
X11 -2.0 D333 261.5 (417 cnmt). Examination of the convergence of the computed
X12 —3.5(-2.6) D112 —34.5 (-28.3) frequencies with respect to convergence of the one- and
X3 -13.7 @113 2.9 n-particle bases suggests that the presently predicted Renner
Xe2 1.5(0.6) P1223 —26.4(-21.7) Teller bending frequencies should be accurate to within 170tcm
X23 —-13.0 (_128) Dyy33 —96.8 (_883) . . . . . .
Xa3 0.2 D1yas 36.5 The I_<ey issue in the sp_ectral assignments |s_the size _of this
D133 54.5 bending frequency relative to the—S harmonic stretching

, . frequency (predicted here to be 794 Timexperimental value
aValues f_or thg upper (A Renner-Teller component of the bending SOgj: 6 C{n(ﬂ)_zg our recommended OCS bgndin frequency is
mode are given in parentheséfRoot-mean-square of the’ And A’ ) gfireq y

components= 383 cnTL. ¢ Recommended value 2003 cin® Recom- less than half of the €S stretching frequency, in accord with
mended value 1990 cth the work of Sommavilla and MerkE Thus the cc-pVQZ EOM-

) . . CC3 computed vibrational frequencies support the assignments
While the root-mea_n-squaredl computed harmonic bending of the PFI-ZEKE spectrum of Sommavilla and Merkt, which
frequency (91?3 cm') is 26 cn1* higher than the value of \yere markedly different than the corresponding assignments in

357 + 5 cm! suggested by Sommavilla and MefRtt is the work of Chen et &2 Anharmonicity constants for tha

smaller than the value proposed by Chen ef##17 cnrt) 2[1 state of OCS have also been computed, based on a cc-
based on ic-MRCI computations. Perhaps more importantly, the pVQZ EOM-CC3 quartic force field.

presently predicted value far; is less than half of the predicted Harmonic vibrational frequencies were also computedifor

harmonic C-S stretching frequency (794 ct), such that the 211 s+ by using CCSD, CC3, and CCSDT paired with cc-
dominant interaction between these two modes will arise from pPVXZ basis sets. The results demonstrate that for this system

Ferm.i interactions.between the.highest components of thethe approximate triples afforded by the CC3 method yield
bending polyads with the stretching levels (as in the analysis frequencies in excellent agreement with CCSDT for theSC

of Sommavilla and Merktj2 in contrast to the assignments in stretch and ©C—S bend, providing significant improvement

the work of Chen et & over CCSD results. For the-@ stretch, on the other hand,

C. Anharmonicity Constants. With the aim of providing 8 1,6 cc3 approach seems to overestimate the effect of connected
more complete description of the vibrational energy surface of triple excitations by roughly 30% with the cc-pVDZ and cc-
the A 2[1 state of OCS, anharmonicity constants derived from pVTZ basis sets.

the computed frozen-core cc-pVQZ EOM-CC3 quartic force

field for the A 2IT state of OCS are presented in Table 3. The Acknowledgment. This work was supported by National
theoretically predicted anharmonicity constants are generally in gcience Foundation. Grant No. CHE-0451445. S.E.W. would

agreement with the available anharmonicity constants derived 5i5g Jike to thank Yukio Yamaguchi for assistance. Figures 1
from the PFI-ZEKE spectrum of Sommavilla and MefkiAll and 2 were generated with HFSn.
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