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A recent study by Ahmed, Peterka, and S{itsChem. Physl10 4248(1999] has presented the

first experimentally derived estimate of the singlet—triplet gap in the simplest alkyne, acetylene.
Their value To(a °B,) =28 900 cm%, does not agree with previous theoretical predictions using the
coupled-cluster singles, doubles, and perturbative tripGSSDO(T)] method and a tripl€- plus

double polarization plug-function basis set (TZ2P), which yields 30506 1000cm . This
discrepancy has prompted us to investigate possible deficiencies in this usually-accurate theoretical
approach. Employing extrapolations to the complete basis set limit along with corrections for full
connected triple excitations, core correlation, and even relativistic effects, we obtain a value of
30900 cm? (estimated uncertainty-230 cmit), demonstrating that the experimental value is
underestimated. To assist in the interpretation of anticipated future experiments, we also present
highly accurate excitation energies for the other three low-lying triplet states of acetylene,
3 °B,(33570=230cm ), b 3A,(36 040+ 260 cm %), andb A,(38 380+ 260 cm 1), and the three
lowest-lying states of vinylideneX *A;(15150+230cmY), %°B,(31870:230cmY), and

b 3A,(36 840350 cm ). Finally, we assess the ability of density functional thed@§T) and the
Gaussian-3 method to match our benchmark results for adiabatic excitation energigld,of C
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I. INTRODUCTION =30500+ 1000 cm %, with the trans isomer about 0.35 eV
) ) ) ) higher; this definitively ruled out the triplet assignment of the
Theory has provided information crucial to the resolu-ggp spectra. In this same work, Lundberg and Field ex-
tion of several controversies concerning triplet acetylene. Aly|ained that there is, in fact, no contradiction between the
though Hg-photosensitization experiments by Burton an‘fisy and Klemperer experiméhiand either the Hunziker
Hunziker suggested that the lowest triplet state of acewle”"experimerﬁ or the ab initio ordering cis 3B, below trans
would betransbent, in 1978 Wetmore and Schaéfere- 3B,. They argue that angis-bent®B, acetylene formed in

sentedab initio theoretical results reliable enough to show e | jsy_Klemperer experiment is rendered Auger undetect-
definitively Eqat thecisbent isomer is more stable, 8  5p1e gue to electronically allowed spin-orbit mixing with
~28_200 cm’ 3b°V9 the ng’U“d state. Th|s_pred|ct|on W""Shigh vibrational levels of the ground electronic state. The
Cog‘f"med within a year.W|th the observation of tfa, Auger detectability of thérans ®B, state is consistent with
"B, spectrum by Hunziker and co-workets. the expectation that it experiences much weaker spin-orbit

ddHow(t-:‘r\\/etrr,l SUb?.e%l.Jent elxpelrgggnie}l resugs Ksleemed ixing with the ground state, since such mixing is now only
odds wi ese findings. In isy an emperervibronically allowed.

showed experimentallythat the lowest Auger detectable . .
: . There have been several subsequent theoretical studies
metastable triplet state of acetylene must be linedrans . . 6 .
of triplet acetylene. Yamaguctlat al.” predicted molecular

bent since it lacks an electric dipole moment. Moreover, . ; . 5&
Lundberg and Fieldin 1993 presentedstimulated emission propertlei of the~f|rst four triplet states of acetyle&e,
<a3B,<b3A,<b°A,, and additional studié$ have ruled

pumping(SEP spectra of GD, which were most easily ex- u™ ’ .
plained if To(cis3B,)<25820cm™. At that time the OUt the possibility thatcis-trans barriers on theT, or T,

singlet—triplet splitting in acetylene was unknown eXperi_surfaces might be responsible for t_he anpmalous sudden in-
mentally and the 1978 value was perhaps the most reliablg’®ase of detectable Zeeman anticrossifigaC) for the
available. In collaboration with Lundberg and Field, Sherrill A*A, state? Subsequently, Cui, Morokuma, and Stariton

et al® presented more accurate results for ¢iga®B, and  found a crossing between ti$& andT; surfaces nearly co-
trans a®B,, states using the coupled-cluster singles, doublesncident energetically with the onset of the anomalous ZAC
and perturbative triples method, CCED, in conjunction effects, and Cui and Morokuniaproposed a nonadiabatic
with a triple< plus double polarization plu$ functions  mechanism for the photodissociation®f acetylene involv-
(TZ2Pf) basis set. The higher-level theoretical treatmentng the first three triplet surfaces. More recent experimental
actually increased the singlet—triplet gap toTy(°B,) studies by Field and othéfs'* have probed these interac-
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tions between triplet states and tBe state, and Swiderek Additionally, for the first time we have investigated the im-
et al’® have observed singlet—triplet transitions in low- portance of core correlation in excited states gfigvia the
energy electron energy loss spectrum of solid acetylendriple-{ core-valenc& correlation-consistent basis set, de-
Malsch et all® have presented a detailed analysis of thisnoted cc-pCVTZ.
spectrum together with new theoretical results for vertical  Electron correlation was accounted for using the reliable
excitation energies below about 10 eV and adiabatic excitacoupled-cluster singles and doubles method with a perturba-
tion energies for the lowest few singlets and triplets using theive treatment of connected triple excitations, CGBF>1°
complete-active-space second-order perturbation theoryased on a restricted Hartree—Fd&F) reference for the
(CASPT2 method with polarized and augmented triglba-  closed-shell singlets and a restricted open-shell Hartree—
Sis sets. Fock (ROHP reference for the triplets. To estimate the error
Due to this healthy interplay between theory and experiin this method, single-point energies were obtained for the
ment in the investigation of triplet states of acetylene, thesmallest basis, cc-pVTZ, with the complete noniterative
recent work of Ahmed, Peterka, and Stfits of great inter-  treatment of triples, CCSD#?* Core orbitals (carbon
est because it reports for the first time an experimentallyls-like) were constrained to be doubly occupied for all cor-
derived value for the excitation energy of the lowest tripletrelated computations using the cc-pVXZ basis sets, whereas
state,To(@ 3B,), of this simplest alkyne. These workers usedcore electrons were correlated when using the cc-pCVXZ
the velocity map imaging technique to study the 243 nmcore-valence basis sets. Relativistic effects were considered
photodissociation of vinyl radical, ;. By conservation of by a perturbative treatment of the Cowan-Griffin quasi-
momentum, the major products are shown to be the singletlativistic many-electron Hamiltoniatwhich includes the
states of acetylene and vinylidene. However, a minor produatnass-velocity and one-electron Darwin opergtasing the
is seen with a very low total translational energy releaseCCSO(T) relaxed density® All coupled-cluster computa-
peaking at only 0.23 kcal mot. Given the current theoreti- tions were performed using the ACES Il quantum chemistry
cal data, such slow H atoms could only be accounted for byprogram packagé
thed 3B, state of acetylene. Using the experimental heats of We have also obtained optimized geometries, harmonic
formation of GH; and HES), the authors derive an upper vibrational frequencies, and excitation energies using density
limit for To(a°B,) of 82.65 kcal moll, or 28900 cm?,  functional theory’ (DFT) so that this increasingly popular
which “does not agree well with recertb initio calcula- approach may be compared to our highly accurate coupled-
tions” yielding® T,=30500cm™. cluster results. Specifically, we used the B3LYP metffod,
In this work, we use state-of-the-art theoretical methodsvhich pairs Becke’s hybrid exchange functioialith the
to examine potential sources of error in the earibrinitio  correlation functional of Lee, Yang, and PatThe B3LYP
adiabatic excitation energies for the four lowest-lying tripletcomputations used unrestricted orbitals for triplet species and
states of acetylene and the three lowest-lying electronievere performed with the Q-Chem quantum chemistry
states of vinylidene. By accounting for core-valence correlapackagé! using the cc-pVTZ basis and a grid with 100 radial
tion, estimating the effects of fulii.e., nonperturbativein- points and 302 angular points per radial point. Finally, we
clusion of connected triple excitations, extrapolating to thealso report excitation energies using the new Gaussian-3//
complete basis set limit, and even estimating relativistic efB3LYP (G3//B3LYP) method?3® for thermochemistry,
fects, we are able to determine excitation energies for thes@hich mixes the results of margb initio computations and
C,H, species which for the first time may be expected to beadjusts them using a small number of empirical parameters
of “chemical accuracy,” =1 kcal mol'l or better. Our to obtain energy differences which are often accurate to
present value follo(®B,) =30 900+ 230 cmi * demonstrates nearly =1 kcal/mol (350 cmY). The MP4 energies re-
that recent experimental value of 28 900 Cnis definitely  quired by the G3//B3LYP procedure, as well as the B3LYP
underestimated. Possible reasons for this underestimatiafbrational frequencies fob 3A, vinylidene, were provided
have already been suggested by Ahneeal!’ As those re- by J. Rienstra-Kiracofé using theGAUSSIAN 94 programe®
searchers plan to use larger photon energies in future experrhe reliability of G3//B3LYP for adiabatic excitation ener-

ments, our results for the higher triplet states should be he|p‘gies is assessed by comparison to our best coupled-cluster
ful in interpreting forthcoming experimental data. results.

Il. THEORETICAL APPROACH

This study employed the correlation-consistent polarized||. RESULTS AND DISCUSSION

valence basis sets of Dunning and co-workérStructures
o . - . . A. Structures

and harmonic vibrational frequencies were determined using
the correlation-consistent polarized valence tripleet, de- Equilibrium geometries, obtained via the B3LYP and
noted cc-pVTZ. The harmonic vibrational frequencies wereCCSIO(T) methods with a cc-pVTZ basis set, are given in
obtained via finite differences of analytic gradiettSingle-  Table I. The systematic study of several small closed-shell
point energies were determined using the quadruple- ancholecules by Thomaet al® suggests that the coupled-
quintuple< sets(cc-pVQZ and cc-pV5Zto enable extrapo- cluster bond lengths at this level of theory should be accurate
lations to the basis set limif. The cc-pV5Z basis set for within about 0.2%. Compared to experiméhgur cc-pVTZ
C,H, comprises 292 contracted Gaussian functions and is fatCSD(T) bond lengths are slightly overestimatéay 0.6%
larger than in any previous study of triplet states gHg  and 0.2% for ground state acetylene. Larger basis set or an
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TABLE |. Theoretical equilibrium geometries for low-lying electronic states of acetylene and vinylidene using
the cc-pVTZ basis set.

r(CC) re(CH) 0.(CCH)
State Method A) A) (degrees
Acetylene

X lgg B3LYP 1.196 1.062 180.0
CCsOT) 1.210 1.064 180.0
Experiment 1.210 1.064 180.0

4°B, B3LYP 1.324 1.092 128.6
ccsom) 1.340 1.091 128.0

4B, B3LYP 1.326 1.084 132.2
ccso) 1.345 1.082 1315

b A, B3LYP 1.371 1.094 121.7
ccso) 1.386 1.094 120.5

b 3A2 B3LYP 1.346 1.096 130.9
ccsom) 1.360 1.095 130.3

Vinylidene

XA, B3LYP 1.291 1.087 120.4
CCsOT) 1.307 1.086 120.1

a°B, B3LYP 1.309 1.091 121.2
CCsOT) 1.326 1.089 120.8
Experimerit 1.346+0.040 1.096:0.009 118.¢2.7

b A, B3LYP 1.426 1.095 122.7
CCsOT) 1.436 1.093 122.4

#Experimental results from Baldacet al. (Ref. 37).
PDerived from Franck—Condon simulations of experimental spectra by Etvin. (Ref. 38 based on theoret-

ical parameters foK 'A; vinylidene.

inclusion of core-valence correlation brought these bondretical harmonic frequencies. Although the LCkbcking

lengths into closer agreement with experiment, but thesg,oiqn in X 1A, vinylidene is known to exhibit substantial
§mal| geometry changes had essentially no effect on exc'taainharmonicity”,s Stanton and Gauss have fodathat anhar-
tion energies. Both the B3LYP and CCED bond lengths monic effects lower the acetylene—vinylidene energy differ-

fora "8, vmy_hdene are within the given error b"?“s for the ence by a modest 18 cmh One might also expect significant
structure derived from Franck—Condon simulations of ex-

perimental spectra by Erviretal® The B3LYP and anharmonicity for théa °B, andb %A, states of acetylene,
CCSDT) bond lengths for all states are in fairly good agree-hich lie only about 1700 and 1800 crh respectively, be-
ment with each other, with very similar C—H bonds and C—clow the barrier tocis-transisomerization on their respective
bonds about 0.01 to 0.02 A shorter for B3LYP. This is con-Potential energy surfacé'%.glPerhaps more importantly, vi-
sistent with our general experience with these two methodBrational frequency predictions for antisymmetric modes of
using a cc-pVTZ basi& The CCH bond angle differs by as excited electronic states can sometimes be theoretically chal-

much as 1.27b 3A, acetyleng lenging, and we have encountered such problems for three
different vibrational modes: the, mode ofb 3A, vinylidene
B. Vibrational frequencies and zero-point energies and thewg modes ofb 3A,, andb 3A, acetylene.

o . o Previous studié€ have shown large variations in the
Harmonic vibrational frequencies are given in Table Il

Compared to the harmonic frequencies derived frorrg LZ?'?;?% 3?: tlz):]n;r;: trlcofl;(r—:‘cllgu;Ln\?:Des;ir:gr g?sg)mgguﬁi
experimerft® for the ground electronic state, the cc-pVTZ Y P 2 .
CCSDIT) results are within 6 cm? for all modes except the for the w, and ws modes of these two structures are in good

w4(7g) bend, which differs by 46 ot (79%); this particular agrgement with each other and with previous equation-of-
mode is sensitive to basis set effeB3LYP is more ac- Motion (EOM) CCSD results. For thewg mode, we observe

curate for this modéreducing the error to 28 ci) but s~ Much larger diffleregnces between B3LYP and (E(CB)?SlO

worse than CCSIT) for other modesthe largest error being Versus 934 cm- (°A,) and 743 versus 863 cm (CA2),

62 cmi ! for w,). Overall, the zero-point vibrational energy with even larger differences in the infrared intensities. Pre-

determined from the CCS[P) harmonic frequencies, 5785 Vious double¢ plus polarization(DZP) EOM-CCSD results
1 i -point enfor wg are 710 cm* (3A,) and 206 cm® (°A,), while im-

cm -, is nearly the same as the experimental zero-point en 6 : u 2)

ergy which may be derivédfrom the harmonic frequencies Proving the basis set to TZ2P gave 438 ¢n{®A;). The

and anharmonic constants of Strey and Mii§755 cni.  present results fowg of 2A, acetylene seem more plausible
Assuming the other minima considered will generallythan the former EOM-CCSD results, given the reasonable

behave similarly to ground state acetylene, we estimate thegreement between B3LYP and CGSDand thewg bend-

zero-point energies simply as one-half of the sum of the theing frequency of about 1100 cm for the °B, state; never-
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TABLE II. Theoretical harmonic vibrational frequenci¢sm™?), infrared intensitieskm mol™), and zero-point vibrational energi¢gPVE, cm?) for
low-lying electronic states of acetylane and triplet vinylidene using the cc-pVTZ COSBDethod.

State Method w1 w5 w3 [N ws wg ZPVE
Acetylene

X lgg B3LYP 3516(0) 2070(0) 3412(89) 652 (0) 767 (192 5918
ccsoT) 3511(0) 2001(0) 3410(83) 578(0) 746 (178 B 5785

Experiment o 3495 2008 341571) 624 (0) 747 (175 .

Experiment v 3374 1974 3289 612 730
a°B, B3LYP 3064(6) 1633(5) 821(2) 802 (0) 3024(31) 1099(21) 5222
CCSsOT) 3109(3) 1578(3) 817(1) 767 (0) 3076(19 1104 (19 5226
7 °B, B3LYP 3153(0) 1612(0) 1080(0) 898 (75) 3134(13) 744 (36) 5311
ccsoT) 3199(0) 1542(0) 1080 (0) 868 (62) 3184(7) 758(32) 5316
b3A, B3LYP 3049(0) 1422(0) 1110(0) 845 (5) 3039(37) 810(268 5138
ccsoT) 3079(0) 1385(0) 1126 (0) 850 (7) 3071(3)) 934 (65) 5223
b3A, B3LYP 3013(13) 1535(3) 820(19) 1036 (0) 2967 (47 743 (344 5057
cCcsoT) 3057(7) 1493(1) 824 (16) 1033(0) 3016(51) 863 (181) 5143

Vinylidene
X 1A, B3LYP 3111(46) 1712(88) 1217(25) 757 (77) 3187(19) 345 (7) 5165
CCsO) 3130(38) 1662(82) 1227(17) 746 (76) 3221(15 339(9) 5163
%3B, B3LYP 3017(5) 1583 (6) 1399 (2) 752 (1) 3083(5) 992 (3) 5413
ccsoT) 3061(4) 1545(5) 1409(3) 762(9) 3142(4) 1002(2) 5461
Experiment » 2930 1530 1375

b3a, B3LYP 2992(18) 1455(6) 1191(13 1236(236) 3058(19 895 (5) 5413
ccsoT) 3035(8) 1471(8) 1191(20) 882 (<1) 3117(12) 904 (6) 5300

#Experimental harmonic frequencies from Strey and NREf. 40 for frequencies and from Koopet al. (Ref. 56 for intensities.
PExperimental fundamental frequencies tabulated by ShimandReti 57.
‘Experimental fundamental frequencies of Ereinal. (Ref. 38.

theless, the current predictions for this vibrational frequencynear-zero MO Hessian eigenvalues and all three difficult vi-
must be treated with caution. brational modes, and it is unclear whether the situation could
Similar difficulties arise for th® A, state of vinylidene, be improved by using a different choice of orbitdisg.,

where w, out-of-plane b,) vibrational mode allows cou- approximate Brueckner orbitdf™). For3A, vinylidene, the
pling to the lower-lyinga °B, state. Here we obtain 1236 problem may simply be that the,(b,) vibrational mode
cm 1 for B3LYP versus 882 cmt for CCSO(T). The former  lowers the symmetry t&€;, where mixing can occur with
value is fortuitously identical to that obtained at the TZ2Pthe nearby’B; state. This is not the case for the two minima
EOM-CCSD level of theory? Again, the discrepancies indi- On the T, surface of acetylene, where the problematig
cate that the predictions for this frequency are not as reliablgibrational mode does not allow coupling to tfi¢ minima.
as one would expect for this level of theory. The difficult vibrational modes have a considerably
In an effort to understand the difficulty in obtaining con- larger uncertainty than the others. The ZPVEs, computed as
sistent theoretical predictions for these problematic vibraone-half the sum of the cc-pVTZ CC$D harmonic vibra-
tional modes, we obtained the eigenvalues of the moleculdional frequencies, should be accurate to roughis0 cm*
orbital (MO) Hessian(spin-preserving rotations onf? for  for the well-behaved states. Fbr’A, andb %A, acetylene,
each structure at the cc-pVTZ CCED optimized geom- we will use a somewhat higher uncertainty #200 cmi %,
etry. Burtonet al. suggested that negative eigenvalues of theand for the challengind A, state of vinylidene, we will
MO Hessian could lead to anomalous Hartree—Fock vibraestimate an uncertainty of perhap800 cm .
tional frequencie8® and more recently Crawforet al*’
have shown how near-zero MO Hessian eigenvalues cae
cause spurious vibrational frequencies not only for Hartree—"
Fock but also for correlated wave functions based on a The total energies are given in Table Ill, and from these
Hartree—Fock reference. Two negative eigenvalues eache determine the relative energies presented in Table IV. In
were found for théA, and®A, states of acetylene, but none this study, the baseline excitation energies are obtained at the
were found for’A, vinylidene, which exhibits the worst vi- cc-pVTZ CCSOT) level of theory, which was used to obtain
brational frequency discrepancy. Concerning near-zero eigeometries and harmonic vibrational frequencies; corrections
genvalues, only two eigenvalues less than 0.01 were foundire obtained by more complete single-point computations at
—0.009 €A,) and 0.005 IB,). While the A, state was the cc-pVTZ CCSIT) optimized geometries. First we will
problematic, théB,, state was not; moreover, all eigenvaluesdescribe our procedure for obtaining highly accurate equilib-
for the difficult 3A, state of vinylidene were greater than rium excitation energiesl,, and then we will add the zero-
0.03, whereas several eigenvalues smaller than this causedint vibrational energyZPVE) corrections to obtaiif val-
no problems for other states. Hence, it does not seem poses which may be compared to experiment. For the lowest
sible in this case to find an easy link between negative otriplet state, @3B, cis, our baseline result ofT,

Adiabatic excitation energies
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TABLE IIl. Total energieshartrees, subtract Yand energy correctioribartreesfor low-lying electronic states of acetylene and triplet states of vinylidene,

evaluated at cc-pVTZ CCSD) geometries except where otherwise noted.

Acetylene Vinylidene
X1s; 3’8, a%8, B2A, BA, %A, 3B, A,

Qz(3df,3pd) CCSDT)/CISD*  —0.196919 —0.056627 —0.043862 —0.033682 —0.021871

cc-pVTZ B3LYP//B3LYP —0.312387 —0.174339 -0.160326 —0.155127 -0.145406 —0.243104 -0.167942 -0.152 045
cc-pVTZ CCSOT) —0.187648 —0.047011 -0.034104 -0.023454 —0.011790 —-0.117042 -0.044749 -0.021439
cc-pVTZ CCSDT —0.187691 —0.048493 -0.036834 -—0.024681 -—0.013121 -0.117834 -0.045677 —0.022523
cc-pCVTZ CCSDT) —0.289797 -0.147975 -0.135083 —0.124090 -0.112618 -0.218348 -0.145847 -0.121976
cc-pVQZ CCSOT) —0.209297 -0.066773 —0.053840 —0.043536 —0.032184 —0.137803 —0.064196 —0.040897
cc-pV5Z CCSDT) —0.215745 -0.072697 —0.059792 -0.049668 —0.038346 —0.144071 -0.069980 —0.046779
CBS CCSDT) —0.221337 —-0.077711 -0.064775 —0.054810 -—0.043543 —0.149424 -0.074878 —0.051720
Core-valence correction —0.102149 -0.100964 -0.100979 -0.100636 —0.100828 —0.101306 —0.101098 -—0.100537
Full T correction —0.000043 -0.001482 -0.002730 -0.001227 -0.001331 -0.000792 -0.000928 -—0.001084
Relativistic correction —0.029754 -0.029768 —0.029721 -—0.029842 -0.029795 -0.029888 —0.029726 —0.029878
Corrected CBS CCS(O) —0.353283 —0.209925 -0.198205 -0.186515 -0.175497 -0.281410 -0.206630 -—0.183219
G3//IB3LYP —0.292367 —0.151931 -0.139257 -0.128040 -0.116849 -0.222944 —-0.147738 -0.124011

®Results from Yamaguctet al. (Ref. 6.

—30870cm? is only slightly lower than the previous ¢m . Based on the recommendations of Hallé¢il,”® we

TZ2Pf CCSDT)//DZP CISD value ofT,=31000cm?;

may extrapolate the correlation energy to the complete basis

this indicates a fairly small effect due to refinement of theset limit by fitting cc-pVQZ and cc-pV5Z CCSD) correla-

geometry and the differences in basis &at-pVTZ differs
from TZ2Pf primarily in the addition ofd functions on hy-
drogens.

tion energies to the forEX"=ES"+ AX ™3, whereX is the
cardinal number of the basis st or 5. This extrapolated
correlation energy is then added to the cc-pV5Z Hartree-

As suggested previousfywe find that larger basis sets Fock energy to obtain the estimated complete-basis set
(here, cc-pVQZ and cc-pV3ancrease the excitation energy (cBS) CCSD(T) energy. The CBS estimates increase the ex-
of the lowest triplet state; moreover, the excitation energieg,iation energies yet again by 50—100 ¢nto yield CBS
of the vinylidene states and the other triplet states of acetyCCS[XT) excitation energiesT,,) of 31520 & °B,), 34 360

lene are also increased. If we hope to achieve chemical a
curacy,*1 kcal mol'! (=350 cmi %), then we must consider

these basis set effects to be quite large: the quadi@ipéesis
set increases excitation energies b200—500 cm?, while
the quintuple¢ basis increases them by an additioral00

(a2B,), 36550 B3A,), and 39020 cm (B 3A,) for acety-
lene and 15 780X *A;), 32140 &°B,), and 37230 cm*

(b 3A,) for vinylidene. These values are roughly 600 to 800
cm ! (2 kcal mol'Y) higher than the previous largest basis

TABLE IV. Adiabatic excitation energie¥, (cm %, T, in parenthesésfor low-lying triplet states of acetylene.

Acetylene Vinylidene
@B, a°B, boA, b°A, X 1A, a°B, boA,

TZ2pf CCSOT)//DZP CISD! 31000

(30500
Qz(3df,3pd) CCSOT)//CISDP 30790 33590 35830 38420
TZ(2df,2pd) CASPT2//CASSCF 30200 32600 35600 37900
cc-pVTZ B3LYP 30300 33370 34520 36 650 15210 31700 35190

(29600 (327709 (33740 (35870 (14 460 (31200 (34690
cc-pVTZ CCSOT) 30870 33700 36 040 38600 15500 31360 36 480
cc-pVTZ CCSDT 30550 33110 35780 38310 15330 31170 36 250
cc-pCVTZ CCSDT) 31130 33960 36 370 38890 15680 31590 36 830
cc-pvVQZ CCSDT) 31280 34120 36 380 38870 15690 31850 36 960
cc-pV5Z CCSOT) 31400 34230 36 450 38940 15730 31990 37080
CBS CCSDT) 31520 34 360 36 550 39020 15780 32140 37230
Core correlation correction 260 257 332 290 185 231 354
CCSDT correction -316 —-590 —260 —-283 -164 -194 —228
Relativistic correction -3 7 -19 -9 —-29 6 —-27
Final estimateTl, 31460 34040 36 600 39020 15770 32190 37 330
cc-pVTZ CCSOT) ZPVE —-560 —470 —-560 —640 -620 -320 —490
Final estimateT, (30900 (33570 (36 040 (38380 (15150 (31870 (36 840
G3//B3LYP (30820 (33600 (36 070 (38520 (15240 (31740 (36 950

@Results from Lundbergt al. (Ref. 5.

PResults from Yamagucthet al. (Ref. 6.

‘Results from Malsclet al. (Ref. 16.
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set results of Yamaguclet al® for triplet acetylene. Explor-  correction to the singlet—triplet gap in,i8, is probably not
atory computations adding diffuse andp-type functions to  more than twice thi$+80 cm 2).
the cc-pV5Z basis confirmed the expectation that these va-  To obtain our final estimates of the excitation energies
lence excited states do not have any appreciable neglectad, we add the core correlation correction, the relativistic
diffuse character, and so we estimate the uncertainty in theorrection, and the full CCSDT correctigall obtained with
CBS extrapolations as100 cni L. the cc-pVTZ or cc-pCVTZ basis setto the CBS CCSD)
One would expect the largest errors in the CBSresults. Our best estimates @f for acetylene are 31460
CCSOT) results to come from the neglect of core correla-(33,), 34040 &°3B,), 36600 p3A,), and 39020 cm*
tlc_)n and t_hellncompletéperturbatlvée tregtment of connected (b3A,), and for vinylidene they are 15 77&¢A,), 32190
triple excitations in the CCS@) method; the neglect of con- 55382), 37330 crit (B 3p,). Combining the uncertainties

nected quadruple and higher-order excitations is another,. . o
iven above, we obtain an overall uncertainty in these term

presumably much smaller, source of error. The effect of Co.rgnergies of about-170 el

correlation was estimated by correlating all electrons in To compare to experiment. we must add the zero-point

CCSOT) with the cc-pCVTZ basis set, which adds basis_ . . P P . . P

functions describing core correlation to the cc-pVTZ basisVlb.ratlomII energyZPVE) corrections to Obta'ﬁ‘? from Te. .
‘Using the cc-pVTZ CCSDI) ZPVEs, we obtain best esti-

As seen in Table 1V, core_correlgtlon is &gmﬂ_caqt andmates forT, of 30900+ 230@ °B,), 33570+ 230 °B,),
roughly uniform across the triplets, increasing excitation en-

ergies by 230 to 350 ciit. By comparison, core correlation 36040 260b°A,), and §8 386-260(b *A) cm " for
increase® the singlet—triplet gap in Cyby about 150 cm! ~ acetylene and 15150230(X 'A), 31870+ 230@ °B,),
(although in CH, singlet and triplet states are reverseégbr ~ and 36 846 350 cmi (b A,) for vinylidene. Our result for
a 3B, acetylene, we verified that this core correlation correcthe acetylene—vinylidene energy differer(@ 150 cm?) is
tion (260 cm}) is not changed substantially for a larger in excellent agreement with the recent estimate of 15199
cc-pCVQZ basig242 cri'l). We estimate the uncertainty in =205 cnmi* by Stanton and Gau¥susing similar complete-
the core correlation correction as double this difference, obasis-set extrapolations of coupled-cluster energies. The
+36 cm L. present data show that the previddZ2Pf CCSD(T) exci-
Errors in the treatment of electron correlation were estitation energy for the first triplet state of acetylene,
mated in the cc-pVTZ basis by including the full, iterative To(@>B2)=30500+1000cm?, is correct within its esti-
treatment of triples via the CCSDT method. The correction ignated error bounds and the recent experimentally derived
negative and less uniform than the core correlation correcestimaté’ To=28900 cm* is definitely too low. A possible
tion, decreasing excitation energies by 160 to 590 tm explanation for this discrepancy has already been given by
CCSDT computations fé& °B, acetylene verify that this full Ahmed, Peterka, and Suits, who point out that their observa-
trip|es correction is hard|y affectdd-z Cm_l) by improving tion of trlplet acetylene below thab initio threshold could
the basis set to cc-pVQZ. In a TZ2P basis, this correction i®€ caused by “hot band” contributions from vibrationally
70 Cm_l for the methy|ene Sing|et_trip|et gap, and bench-eXCited Vinyl radicals. We note that the Uncertainty in the
mark full configuration interaction resutfsindicate that the heat of formation of vinyl radical} +5 kJ mol™* (420
remaining error due to neglect of quadruple and higher-ordegM ), is not nearly large enough to explain the discrepancy
excitations is about 30 anf, thus it seems safe to estimate with experiment, and the Uncertainty in the heat of formation
the uncertainty in the correlation treatment faHz as+100  of H atom is nearly negligible. Suits and co-workers are
cm L planning future experiments with larger photon energies
Additional sources of error in the equilibrium excitation Which may access the higher-lying triplet states. We antici-
energiesT,, should be substantially smaller than those al-Pate that the accurate excitation energies reported here for
ready estimated. These include remaining deficiencies in thi@e other states of acetylene and vinylidene will assist in the
basis set and correlation treatmédiscussed aboyerelativ-  interpretation of these experiments.
istic effects, and errors in the Born—Oppenheimer approxi- ) ]
mation. Relativistic effects may be estimated via a perturbal- Comparison of electronic structure methods
tive treatment of the mass-velocity and one-electron Darwin  Finally, we now consider the ability of some othal
terms using the relaxed CCED density; not surprisingly, initio approaches to match our benchmark complete-basis-set
we find that they have very little effect on the excitation coupled-cluster estimates. Table IV shows that the
energies—the largest change is a lowering>fA; vi-  TZz(2df,2pd) CASPT2//CASSCF results of Malsat al 6
nylidene by 29 cm?, and we estimate uncertainties due tofor T, are about 1000 to 1400 c¢rh too low for the four
relativistic effects as half this, or-15 cm L. A potentially  acetylene excited states. The primary causes of this underes-
larger relativistic effect could be due to spin-orbit coupling.timation are both basis set and correlation effects. DFT
However, a quick estimate by Pedersbmsing a density B3LYP excitation energiesT(,) are also uniformly underes-
functional theory(DFT) approacf? indicates that spin-orbit timated, by 700 to 2500 cnt (2 to 7 kcal mol'?). Clearly
effects are negligible in acetylene. We have not explicitlythis approach is not suitable for obtaining excitation energies
considered corrections to the Born—Oppenheimer approxiwithin chemical accuracy. On the other hand, the recently
mation, but we note that the Born—Oppenheimer diagonaintroduced G3 methotf which generally provides heats of
correction to the singlet—triplet gais 40 cm * for CH,and ~ formation to near-chemical accuracy, fares much better for
28 cmi ! for HCF. We postulate that the Born—Oppenheimerthe current problem.
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The G3 method combines results from a seriesabf kcal mol ! of our best results, cc-pVTZ B3LYP is off by as
initio computations to mimic—at reduced computationalmuch as 7 kcal mot! and is thus unsuitable for computing
expense—the results of a large basis set quadratic configlrghly accurate excitation energies.
ration interaction singles and doubles with perturbative
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