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Heats of formation of the lowest triplet state of ethylene and the ground triplet state of ethylidene have been
predicted by high level electronic structure calculations. Total atomization energies obtained from coupled-
cluster CCSD(T) energies extrapolated to the complete basis set limit using correlation consistent basis sets
(CBS), plus additional corrections predict the following heats of formation in kcal/mM?(C2H4,3A1) =

80.1 4 0 K and 78.5 at 298 K, andH?(CH;CHA") = 86.8 & 0 K and 85.1 at 298 K, with an error of less
than£1.0 kcal/mol. The vertical and adiabatic singtétiplet separation energies of ethylene were calculated
aSAEs_tyverr = 104.1 andAEs-ta4ia = 65.8 kcal/mol. These results are in excellent agreement with recent
quantum Monte Carlo (DMC) values of 10345 0.3 and 66.4+ 0.3 kcal/mol. Both sets of computational
values differ from the experimental estimate of £83 kcal/mol for the adiabatic splitting. The computed
singlet-triplet gap 40 K for acetylene iAEs_1 aq4id Co:H2) = 90.5 kcal/mol, which is in notable disagreement

with the experimental value of 82.6 kcal/mol. The heat of formation of the tripIAHg(CszﬁBz) = 1453
kcal/mol. There is a systematic underestimation of the singlgtlet gaps in recent photodecomposition
experiments by~7 to 8 kcal/mol. For vinylidene, we preditz&H?(HZCC,lAl) = 98.8 kcal/mol at 298 K

(exptl. 100.3+ 4.0),AH?(H2CC,382) = 146.2 at 298 K, and an energy gafEs-1—aqaidH.CC) = 47.7 kcal/

mol.

Introduction the cc-pVnZ basis sets extrapolated to the complete basis set
o , ) (CBS) limit.16 Thus, the high level theoretical results predict a
The prediction of the energies of the excited states of small singlet-triplet energy gap up to~6 kcal/mol larger than
hydrocarbons Hm, remains a challenging task for both experiment.
experimental and theoretical chemists alike, even though this The situation is not sianificantly imoroved for theEe - of
issue has been investigated extensively. After decades of 9 antly imp ) ST
ethylene. The lowest-lying triplet state was identified as the

research, the heat of formationkl;) and the singlettriplet . . .
. T-state in the electronic spectrum of ethylene and described by
ap (AEs-t) of methylene have now been well establishet, . )
gap (Es-7) y Mulliken and co-workerd?18 The electronic spectrum of

and there is excellent agreement between experiment and theory hvi . . . inal L
(cf. ref 4 for a list of benchmark studies on @H ethylene is dominated by the—V (7 ) singlet excitation,

. . at ~7.6 eV1® Earlier experimental studies using optical
The agreement between theory and experiment is currently . L !
. . - spectroscopy established that the excitation to the triplestate
not as good foAEs_t of acetylene. The singletriplet gap in

acetylene has extensively been investigated by molecular orbital’® at a much smaller energy, 4.6 ev (106'1. kcal/mob' Subse-
theory—8 and experiment.Suits and co-workePseported an quent low-energy electron impact spectrometric studies ER)
experimental value 0T = AEs 1 asid{CoHs) = 82.6 kcal/mol provided similar vertical excitation energies at 4:3R70 eV

= T adi = 82. ) . i
(28 900 cntd) for triplet acetylene @Ho(a 3B,) evaluated by (99.6-108.4 kcal/mol). lon impact experimefts agree with

photodissociation of the vinyl radical in a molecular beam. This thellower end of thils range giving a Valuig;;;g ev (99.2hkcall
experimental estimate did not agree with a previous theoretical M°!)- More recently, Suits and co-wor ' studied the
result of 86.6 kcal/mol (30 270 crh) determined by Yamaguchi ~ Photodissociation reaction of ethylene sulfideKGS) to

et al® from coupled-cluster CCSD(19-24 calculations with the ~ 9€nerate excited states oft; and were able to identify triplet
TZ2Pf basis set. Subsequent calculations using also the coupledéthylene as a product. A small amount of triplet ethylene was
cluster CCSD(T) method but instead with correlation consistent Produced near its equilibrium geometry, and from the maximum
basis sef§ by Le et al” and Sherrill et af led to larger energy ~ €xtent of the translational energy distribution, these autfiors
gaps of 87.2 kcal/mol (30 500 cr) with the aug-cc-pVTZ basis ~ determined the adiabatic singtetiplet gap of ethylene

set and 88.3 kcal/mol (30 900 c¢®) with the energies from  AEs-1(CzH2) to be 58+ 3 kcal/mol, which yields an upper
limit for the heat of formation of triplet ethylendH; = 70 +
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to the’By, transition, although the absolute values obtained for (ROHF) calculation is initially performed and the spin constraint
the vertical excitation energy vary from 3.5 to 4.6 eV. Higher is relaxed in the coupled cluster calculatfdn®®> The CCSD-
level calculations (CASSCF/CASPT32Yield a gap of 4.39 (T) energies were extrapolated to the complete basis set (CBS)
eV, whereas MRD-CI calculatioffsgave a slightly larger value  limit energies using the following expressions:

of 4.59 eV (30700 cm! or 105.8 kcal/mol). Gemein and

Peyerimhoff® performed a theoretical study of the radiationless  E(x) = Acgs + B exp[—(x — 1)] + C exp[—(x — 1) (1)
transition between the singlet ground and first excited triplet

states of ethylene, based on a valueTef= 63.7 kcal/mol wherex = 2—4 for the a\hZ basis, D, T, and Q, respectively,
(without zero-point corrections) obtained at the MRD-CI/DZP  gnd®

level. Kim et al** explored several portions of the tripleshT,

potential energy surface using coupled-cluster methods in their E(X) = Ecgs + B/ 2)
study of the C+ CHjy reaction. From the energi®scalculated

at the CCSD(T)/6-31+G(3df,2p)//QCISD/6-311G(d,p) level,  \herex = 4 and 5 for aVQZ and aV5Z, respectively.

a value of ABs 1(CHs) = 64.5 kcal/mol can be derived, After the valence electronic energy, the largest contribution
including a ZPE correction of 3.2 kcal/mol. Lester and co- +tq the TAE is the zero-point energy (ZPE). Evaluation of the
workers?® carried out diffusion Monte Carlo (DMC) calculations  zpgs is described below. To evaluate the TAEs, smaller
on the ground state singlet and first excited triplet state of -grrections were also included. Cerealence corrections
ethylene at the MP2/6-3%1+G** geometries, with trial func-  (AE.,) were obtained at the CCSD(T)/cc-pwCVTZ level of
tions constructed from Hartred-ock, complete active space  theory5? Scalar relativistic corrections\Esg), which account
self-consistent field, and multiconfigurational self-consistent for changes in the relativistic contributions to the total energies
field wavefunctions. Total atomization energies (TAES) Were of the molecule and the constituent atoms, were included at the
calculated for the singlet and triplet states at these optimized c|.sp (configuration interaction singles and doubles) level of
geometries. Zero point energies were obtained by scaling thetheory using the cc-pVTZ basis s&Esr is taken as the sum
MP2/6-31H+G(d,p) values by 0.97. The vertical and adiabatic f the massvelocity and 1-electron masselocity Darwin
singlet-triplet gaps were predicted to be 103:=0.3 and 66.4  (\vD) terms in the Breit-Pauli Hamiltoniar?® The spin-orbit

+ 0.3 keal/mol, respectively. The DMC vertical transition  correction is 0.085 kcal/mol for C from the excitation energies
energy is consistent with the MRD-CI value of 105.8 kcal/fifol, ¢ Moores? By combining our compute®D, values with the

as well as the experimental EIS result of 4.36 eV (100.5 kcal/ | \o\wn heats of formationtd® K for the elements[(H?(H) —

mol).2>26 No experimental error bars are reported. The DMC O~y —
adiabatic energy difference between the ground state and theSl'63i 0.001 keal/mol andAH((C) = 169.98:+ 0.1 keal

: 0
first exited triplet state is close to the previous CCSD(T) ré$ult mol), we haye %enved&HH values &0 K f%r the molecule.s
of 64.5 kcal/mol, and both are substantially larger than the under study in the gas phase. We obtain heats of formation at

experimental estimate of 5& 3 kcal/mol32 298 K by following the_ procedures outlined by C_urtlss eflal.
. . . . All other thermochemical parameters were derived form the
As it is now possible to perform higher level calculations

. ; . corresponding heats of formation.
with basis sets that can be extrapolated to the complete basis P g

set limit for such species, we have calculated the siﬁgt'enlet Results and Discussion
gap of ethylene using current state-of-the-art electronic structure ) ]
calculations. The triplet state of ethylidene, th¢0€H carbene Table 1 lists the different components of the TAEs of the

isomer, and the 1,2-H shift pathway connecting both isoffiers five CHa and four GHy structures that we studied. ThetG

were also studied. In addition, we calculated the adiabatic Structures include ethylerie (*A), triplet twisted ethylene
singlet-triplet gaps of the @H, isomers acetylene and vi- (BA), the transitipn state for rotation of triplgt ethyleBeot
nylidene. Extensive investigations on thermochemical param- (*B2), triplet ethylidene3 (*A"), and the transition stat (°A)
eterd”#°including singlet-triplet splittings have demonstrated ~ for the 1,2-H shift connecting triplet isome@ and 3. The

that the TAEs of small molecules and radicals can be predicted c@lculated total energies and zero point energies are given as
within +1.0 kcal/mol, when coupled-cluster CCSD(T) electronic  Supporting Information. Both singlet and tripleghs; isomers
energies obtained with the correlation-consistent basis sets andvere studied, including acetyleBg*> "), triplet cis-acetylene

extrapolated to the complete basis set limit (CBS), can be used,8 (*B2), vinylidene7 (*A1) and triplet vinylidene8 (°Bo). Table
and other smaller corrections can be included. 2 lists the calculated heats of formation of all structures

considered at both 0 and 298 K. Table 3 summarizes the vertical
and adiabatic singlettriplet gaps of ethylene obtained using
different methods, whereas Table 4 gives the corresponding
Electronic structure calculations were done by using the results for GH, isomers. The spin-contamination in the triplet
Gaussian 0% and MOLPRQ! suites of programs. Geometry  electronic state of §H, is not particularly severe, as shown by
parameters of each structure were fully optimized using mo- the expectation value§® of 2.010-2.057 for the UHF
lecular orbital theory at the second-order perturbation tfory wavefunctions. Similarly, thél; diagnosti€! for the CCSD
MP2 and coupled-cluster theory CCSD(T) lev&id* with the wavefunctions are reasonably small, ranging from 0.011 to 0.015
correlation-consistent aug-cc-pVTZ basis $efor open shell for the GH, structures and from 0.014 to 0.020 for theHg
electron configurations, the fully unrestricted formalism was isomers (Table 1).
used for calculations done with Gaussian 03. Single-point  Triplet Ethylene and Ethylidene. The ZPE of ethylene was
electronic energies were also calculated using the restrictedpreviously estimated as the average of one-half the sum of
coupled-cluster R/lUCCSD(T) formalism in conjunction with the the calculated harmonic frequencies and one-half the sum of
correlation-consistent aug-cc-p¥ (n =D, T, Q, 5) basis sets  the experimental fundamentals which include anharmonic
at the (U)CCSD(T)/aug-cc-pVTZ optimized geometries. For corrections. For ethyleng, the value from the experimental
simplicity, the basis sets are denoted hereafter a&Zalh the fundamentals is 0%v; = 30.90 kcal/mol, and the value obtained
R/UCCSD(T) approach, a restricted open shell Hartfeeck from CCSD(T)/aVTZ harmonic frequencies is By = 31.84

Computational Methods
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TABLE 1: Calculated Atomization Energies of the GH, and C,H, Structures (kcal/mol)
CBS CBS SDo(0 K) SDo(0 K) T
molecule (DTQ)2 (Q5p AEzpe AEc\* AEsg? AEsc&® (DTQ) (Q5) diagnostic
CHCH, 1(*Ag) 561.73 561.99 31.38 2.06 —-0.34 -0.17 531.90 532.16 0.0114
CH,CH, 2(°A;) 492.96 493.16 28.26 1.94 —0.37 —-0.17 466.20 466.40 0.0115
CH,CH, 2rot (°B>) 476.01 28.06 2.12 —0.37 -0.17 449.54 0.0090
CH;CH 3 (3A™) 487.92 29.53 1.83 -0.37 —-0.17 459.69 0.0147
CH(H)CH: 4 ((A) 441.28 26.17 1.93 —0.36 —-0.17 416.51 0.0154
CHCH5 (324" 402.85 403.17 16.38 211 -0.29 -0.17 388.13 388.45 0.0137
CHCH6 (°B») 312.90 313.02 16.12 1.50 —0.29 —-0.17 297.82 297.94 0.0166
CCH, 7 (*Ay) 357.78 358.02 14.53 1.51 —-0.21 -0.17 344.37 344.37 0.0177
CCH,; 8 (°B») 311.16 311.26 15.46 1.62 —0.32 —-0.17 296.83 296.93 0.0204

aFrom CCSD(T)/CBS energies extrapolated using eq 1 withD, T, and Q and the CCSD(T)/aVTZ optimized geometries, unless otherwise
noted.” From CCSD(T)/CBS energies extrapolated using eq 2 with Q and 5 and the CCSD(T)/aVTZ optimized geometrigSore/valence
corrections were obtained at the CCSD(T)/cc-pwCVTZ le$d@lhe scalar relativistic correction (MVD) is from CISD/aVTZ calculatiohSpin
orbit atomic values taken from reference 58verage between the experimental (ref 62) and the CCSD(T) val@SSD(T)/aVTZ value scaled
by 0.9848 obtained from ethylene at the CCSD(T)/aVTZ leVY8lP2/avTZ value scaled by 0.9752 obtained from ethylene at the MP2/avTZ
level.! CCSD(T)/aVTZ value scaled by 0.9888 obtained from acetylene at the CCSD(T)/aVTZ level.

TABLE 2: Calculated Heats of Formation for the C,H, and
C,H, Structures (kcal/mol)

AH(0 K) AH;(298 K)
structure (DT®  (Q5y (DTQ)? (Q5yp

CH.CH, 1 (*Ay) 14.6 14.3 12.6 12.3
CH,CH; 2 (*Ay) 80.3 80.1 78.7 78.5
CHzCHz 2rot (382) 96.9 95.1

CHsCH 3 (3A") 86.8 85.1

CH(H)CH, 4 130.0 128.2

HCCH5 (24%) 55.1 54.8 55.0 54.7
HCCH®6 (°By) 145.4 145.3 145.3 145.2
H.CC7 (*A1) 98.8 98.6 99.0 98.8
H.CC8 (3B,) 146.4 146.3 146.3 146.2

aFrom CCSD(T)/CBS energies extrapolated using eq 1 with

D, T, and Q and the CCSD(T)/aVTZ optimized geometries, unless
otherwise noted? From CCSD(T)/CBS energies extrapolated using eq

2 withn = Q and 5 and the CCSD(T)/aVTZ optimized geometries.

TABLE 3: Summary of the Calculated Vertical and
Adiabatic Singlet—Triplet Gap of Ethylene (kcal/mol)2

AEs 1 AEs 1e AEs 1
(verticalp (adiabaticy  (adiabatic)
method 2vert—1 2-1 2-1
present work
CCSD(T)/avDz 103.8 65.6 62.4
CCSD(T)/avTz 103.7 67.7 64.5
CCSD(T)lavQz 103.9 68.4 65.2
CCSD(T)/aVsz 104.0 68.6 65.4
CCSD(T)/CBS(1)  104.0 68.8 65.6
CCSD(T)/CBS(2)  104.1 68.8 65.6
TAE® 65.8
DMCf 103.5+ 0.3 66.4+ 0.3
Experimental 1005 584+ 3"

2 (U)CCSD(T)/aVTZ optimized geometriesEnergy difference
betweer2vert *By, and1 A4 states at the singldétgeometry ° Energy
difference betweer 3A; and 1 'A4 without zero-point corrections.
dEnergy difference betweeB A; and 1 *Aq including zero-point
corrections from Table 1% Negative difference betweeh®A; and1

(U)CCSD(T)/aVTZ frequencies d® we used a scaling factor
of 0.9848 leading to ZPRJ = 28.16 kcal/mol. We note that
the difference between the ZPEsIodind?2 obtained at the MP2
is 3.0 kcal/mol, which is close to the CCSD(T) difference of
3.2 kcal/mol.

For ethylenel, the calculated TAEs of 531.9 and 532.2 kcal/
mol with CCSD(T)/CBS energies extrapolated using egs 1 and
2, respectively, are essentially the same as the experimental
value®3

In its singlet ground state, ethylene belongs tolhg point
group and its orbital configuration Is'Ag: ...(bsg)? (bay)? (b2g)°.
The vertical triplet state resulting from a HOM& LUMO
excitation corresponds to a configurati@mert By ...(Hsg)?
(bau)! (b2g)t. As shown in Table 3, the vertical gap computed
using the CCSD(T) method is essentially independent of
extension of the one-electron basis set. Thus our calculations
predict a vertical excitation energy &fEs 1 ver(®B1u—1Ag) =
104.1 kcal/mol forl. This is in excellent agreement with the
diffusion Monte Carlo (DMC) result of 103.% 0.3 kcal/mot®
but differs somewhat from the experimental value of 100.5 kcal/
mol (4.36 eV¥® and the earlier CASPT2 result of 101.2 kcal/
mol (4.39 eV)*? The smaller CASPT2 value could in part be
due to the use of a much smaller TZP basis set

The structural changes due to geometry relaxation from the
vertical triplet position2vert are schematically illustrated in
Figure 1 using the CCSD(T)/CBS energies. Maintaining the
planar Dy, conformation, the triplet state is stabilized by
undergoing a €C stretch motion, reaching a value of 1.540 A
(essentially a carboencarbon single bond) at the energy
minimum position2pl of the 3B, state. This stretch strongly
stabilizes the triplet by 17.9 kcal/mol, the energy difference
betweer2vert and2pl. The planar structurepl is characterized
by three imaginary frequencies, at 687i cnT?l, by, at 384i
cml, and by at 245i cnml, at the UMP2/aVTZ level. The

A4 based on the calculated (Q5) atomization energies given in Table imaginary vibrational modes correspond to distortions of

1. ' Diffusion Monte Carlo calculations taken from ref 48EIS
experiment from ref 26 (4.36 eV}.Experimental estimate from ref
32.

kcal/mol, giving a best estimate of ZPE( 31.38 kcal/moF?

H-atoms in different directions. Geometry relaxation following
the smallest imaginary,p mode leads to the structutrans,
which actually has atransbent Cy, conformation (a3B,
electronic state). Such a motion is energetically negligible; the

Evaluation of the ZPEs for triplet structures is less straightfor- energy difference betwee2pl and 2trans is 0.01 kcal/mol.
ward, as no experimental information is available. Comparison 2trans remains characterized by two imaginary frequencigs, a
of the calculated and experimental results for ethylene yields a at 649i cnt! and by at 254i cnt™. Geometry relaxation ditrans
scaling factor, obtained as the ratio of the best ZPE estimate toalong the smaller imaginary modg gives rise to the structure
the calculated 0Zw; at a given level of theory. We used the 2rot, which is 0.38 kcal/mol lower in energy th&trans. 2rot
scaling factor of 0.9752 derived with the calculated (UYMP2/ has a®B, electronic state inC,, symmetry with acis-bent

aVTZ frequencies for structuregrot, 3, and 4. For the

configuration and only one imaginary frequency,a 681i
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TABLE 4: Summary of the Adiabatic Singlet—Triplet Gaps of Acetylene and Vinylidene and the Energy Difference of Singlet
Isomers (kcal/moly

AEs-T1e AEs 1 adia AEs t¢ AEs—T adia
(adiabatic) (adiabaticy (adiabaticy (adiabaticy AEf

method 6—5 6—5 8—7 8—7 5-7
present work
CCSD(T)/avDz 82.0 81.7 43.9 44.8 37.4
CCSD(T)/avTz 88.2 88.0 45.8 46.7 42.2
CCSD(T)/avQz 89.4 89.1 46.3 47.2 42.9
CCSD(T)/avsz 89.8 89.5 46.5 47.5 43.1
CCSD(T)/CBS(1) 90.0 89.7 46.6 47.5 43.2
CCSD(T)/CBS(2) 90.1 89.9 46.8 47.7 43.3
TAES? 90.5 47.7 43.8
experimental 82.6 45.8

2 (U)CCSD(T)/aVTZ optimized geometrie3Energy difference betwedhB, and5'%, without zero-point correction§.Energy difference between
6 °B, and5'Z4" including zero-point corrections from TableYEnergy difference betwee®B, and7 *A; without zero-point corrections.Energy
difference betweeB B, and7 'A; including zero-point corrections from Table "Energy difference between*A; and5'=, including zero-point
corrections from Table 22 Energy difference based on the calculated (Q5) atomization energies given in TalReférence 9.

& 1.540 A
12 Z(HCCH) = 11.6°
104.0
2vert (°B;,) H
100 86. : 1.456 A
2trans ('By) Z(HCCH) = 90.0°
Nf= 2 *
F— 80 A 85.
] ot 2rot (°By) : -
E 4 MNy=1 68.8
8 -~ 2(A)
£ e0q® a3 N0
@ 1.541 A
S 1338A Z(HCCH') = 153.3
=] 40 A
AEsT =656
(with ZPE)
20 4
0

1('Ag)
Excitation Process
Figure 1. lllustration of the structural modification of triplet ethylene upon geometry relaxation. Geometry parameters were obtained from UCCSD-
(T)/aug-cc-pVTZ optimizations. litalic are relative energies obtained from UCCSD(T)/CBS total energies, with respect to ethyetiout
zero-point correctiond; is the number of imaginary frequencieSEs_t is the adiabatic singlettriplet energy gap of acetylene obtained from

CBS energies and zero-point corrections. Eoans, the J(HCCH) corresponds to @s dihedral angle; folrot, the J(HCCH') corresponds to a
trans dihedral angle.

cm~L. The rotation-distortion mode amakes2rot the transition The adiabatic singlettriplet energy gap of ethylene
state structure for internal rotation around the-@© bond AEs_T,adidCoHa) is the energy difference betwe@nand 1 at
connecting the energy minimum triplet ethyléhi itself. These the respective equilibrium positions and is calculated to be 68.8
changes in geometry are consistent with the models for ethylenekcal/mol withoutAZPE and 65.8 kcal/mol witAZPE (Table
originally proposed by Mulliken and co-workes. 3). The results given in Table 3 show that this gap increases
The equilibrium structure o hasD,q point group symmetry, slightly with respect to the increasing the size of the basis set.
with the two CH planes perpendicular to each other, and has Again, our result forAEs-t aqid C2Ha) is very close to that of
a3A; electronic staté* Taking the TAEs given in Table 1,the  66.4+ 0.3 kcal/mol obtained from the quantum Monte Carlo
rotational barrier of triplet ethylene, evaluated as the energy calculations?® and both differ significantly from the experi-
difference betweerrot and 2, is 16.7 kcal/mol. This is ~ Mmental estimate of 5& 3 kcal/mol?3%233From TAEQ), the
substantially larger than the rotation barrier around a singleC ~ heat of formation of triplet ethylene is predicted to be
bond in ethane of~3 kcallmol®> The energy differences  H(2.%A1) = 80.1+ 0.5 and 78.5+ 0.5 kcal/mol at 0 and 298
between2pl, 2trans, and2rot are small {0.4 kcal/mol) and K, respectively. Suits and co-workéfscalculated the latter
the differences in their ZPEs are larger (from 1 to 1.3 kcal/ parameter at 7€ 3 kcal/mol from their experimental value of
mol) showing that the surface is quite flat in this region. In the gap and the heat of formation oftG.
fact, the planar forn2pl becomes lower in energy after including The heat of formation of triplet methylene was determined
zero-point corrections, as it has less real modes. To get valuego be 92.9 kcal/mol at 0 K.Thus the C-C bond energy o to
more precise than 0-3.5 kcal/mol would require a detailed form two triplet CH molecules is 105.7 kcal/mol. This
fit of a potential energy surface, which would include anhar- corresponds to the simplest model of a GJs{C(si?) o bond
monic corrections. Thus, it is reasonable to consider that internalenergy where the two sp2 C atoms have theielectron
rotation of triplet ethylene simply corresponds to a rotation about perpendicular to each other.
the C-C bond from the perpendicular minimu2rto the planar Similar to methylene (Chj, ethylidene3 has a triplet ground
structure2pl. state A" in Cs symmetry, Figure 2). Singlet G&H does not
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3(°AY)

* d(C1-C2) = 1.475 A
d(C2-H3) = 1.082 A

d(C1-H4) = 1.098 A

Z(C1-C2-H3) = 133.2°

Z(C2-C1-H4) = 111.6°

4(A)
d(C1-C2) = 1.451 A
9 d(C2-H3) = 1.085 A
T, d(C1-H4) = 1.087 A
=1.331A
1.284 A

= i d(C1-H5)
d(C2-H5) =
' ; £(C1-C2-H3) = 138.0°
X £(C2-C1-H4) = 119.2°

Nguyen et al.

For vinylidene, we predictAH?(HZCC) = 98.6 and 98.8
kcal/mol at 0 and 298 K, respectively. Thus, in the singlet
ground state, vinylidene is 43.7 kcal/mol less stable than its
acetylene isomer. From gas phase acidity measurements, Ervin
et al®8 derived heats of formation of 1021 4.0 and 102.2¢
4.0 kcal/mol at 0 and 298 K, respectively. From their photo-
decomposition experiments, Suits ef aletermined a value of
100.3+ 4 kcal/mol at 298 K. Our calculated value is within
the error bars of both sets of experiments. In the first excited
triplet state, both triplet acetylene and triplet vinylidene have
similar heats of formation, with triplet acetylene being kcal/
mol more stable. The singletriplet gap for vinylidene, is
AEs 1adidH2CC) = 47.7 kcal/mol (Table 4).

Using AHfVOK(CHz,BBl) =034 kcal/mol‘} Anyo|<(7) = 08.7
kcal/mol (the average of the DTQ and Q5 values in Table 2),

Z(C1-C2-H5) = 57.8°
£(H3-C2-C1-H4) = 47.6°
Figure 2. Selected UCCSD(T)/aug-cc-pVTZ geometrical parameters
of ethylidene3 (°A"") and transition state structudke(®A) for 1,2-H-
shift. Bond lengths are given in angstrom, and bond angles, in degree.

and AH; ok(C) = 169.98 kcal/mol, we obtain the-€C bond
dissociation energy (BDE) of as

H,CC—H,C+C BDE = 164.7 kcal/mol

We can also estimate the<C BDE of 3 by usingAH; ok (3) =
exist as an equilibrium structure but rather is a transition state 86.7 kcal/mol (Table 2)AH¢ok(CH) = 141.6 kcal/mol, and
for hydrogen scrambling in ££1,.46:66 Our CBS results listed ~ AHrok(CHs) = 36.0 kcal/mol (see ref 3) as
in Table 1 show tha8 is 6.5 kcal/mol less stable than triplet
ethylene2, and 72.2 kcal/mol abovg, the global minimum of
the GH4 energy surfaces. Previous studies using coupled-cluster
theory with a smaller basis $éibtained a value of 5.8 kcal/l Thus7 has a &C bond strength slightly below that of,8,4
mol for the energy gap betweehand 2, and placed about of 172.4 kcal/mol (taking the average for the heat of formation
65.0 kcal/mol below the CP) + CHy limit. The heats of  of C,H, in Table 2) and can best be described as having a double
formation of ethylideneAH?(CH3;CH) are 86.8 and 85.1 kcal/  bond with a bond length of 1.307 A. The-C bond energy in
mol at 0 and 298 K, respectively. Th@ss 68.4 kcal/mol below 3is slightly higher than that in CkCHs; of 87.9 kcal/mol (see
the CEP) + CH,4 limit. ref 3) and is consistent with the bond being described as a single

On the triplet potential energy surface, the equilibrium bond with a bond length of 1.475 A.
structure2 and 3 are linked through the transition statefor
the 1,2-shift of hydrogen. The optimized geometry4d$ also Conclusions
displayed in Figure 2. Our CBS results are in agreement with
previous the previous restfithat the energy barrier for the 1,2
hydrogen shift is substantial, 43.2 kcal/mol with respect to
ethylidene3. The heat of formation of the vinyl radical at 0 K
has been calculatétto be 72.6 kcal/mol in excellent agreement
with the experimental valu&, which is the same. The €H

CH,CH—CH; + CH BDE = 90.9 kcal/mol

The vertical and adiabatic singtetriplet separation gaps of
ethylene were evaluated to be 104.1 and 65.8 kcal/mol,
respectively. The adiabatic gaps of acetylene and vinylidene
were determined as 90.5 and 47.7 kcal/mol, respectively. The
error bar of our calculated results is expected to be less than
+1.0 kcal/mol. Thus our calculated adiabatic singteiplet
bond energy of can then be calculated to be 43.9 and 37.4 gp|ittings are larger than experiment by 7.8 and 7.7 kcal/mol,
kcal/mol in 3. Thus the transition statis slightly below the  egpectively. This difference is substantially larger than the
C—H bond energy o but above that foB, so it is unlikely experimental error bar af3 kcal/mol. In addition, other high
that 3 can be isomerized t@ without undergoing €H bond accuracy computational approaches yield comparable differences
scissiort from the experimental values. On the basis of the computational

Triplet Acetylene and Vinylidene. The calculated TAEs for  results, we suggest that there is a systematic overestimation of
the GHz isomers are reported in Table 1 with heats of formation the stability of the triplet state of £, and GH, in the
in Table 2.cis6 corresponds to the lowest-energy form of triplet - photodecomposition experiments of Suits and co-workers by
acetylene. For acetyleng the value from the experimental 7-8 kcal/mol.
fundamentals is 0Z; = 16.19 kcal/mol, and the value obtained
from CCSD(T)/avVTZ harmonic frequencies is By = 16.56 Acknowledgment. Funding provided in part by the Depart-
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