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Potential energy surfaces (PES) of the ground and excited states of ajldnar@ vinylidenecarbenezf,

have been studied bgb initio CCSD(T) and MRCI methods. The three lowest singlet excited states of
allene,'A,, 'B;, and'E, are calculated to have the vertical excitation energies of 6.10, 6.55, and 6.94 eV,
respectively. Three local minima are found on the excitegu®face2b (*Ag, Dan), 5 (*A", Cs), and10 (!B,

C), and their adiabatic excitation energies are 3.02, 3.05, and 4.70 eV, respectively. The PES of the ground
and excited states are shown to cross when the geometry of allene changes by twisting gneupkl and
bending the CCC angle or along the pathway that leads ethchment. For vinylidenecarbene the lowest
singlet excited states at@, and'B; with the respective vertical excitation energies of 1.88 and 2.44 eV and
the adiabatic excitation energies of 1.77 and 2.05 eV. The endothermicity ogtthe-€CsH, + H, reaction

is predicted to be-83 kcal/mol with the barrier 0f92 kcal/mol on the Ssurface. The calculations suggest

the most likely mechanism for photodissociation of allene at 193 nm to prodiitetCH, involves a Franck

Condon transition to th#B; excited state. This is followed by a twisting of the g¢toups and then conversion

to the vibrationally excited ground state through the seam of crossing. Once the vibrationally excited allene
molecule is in the ground electronic state it dissociates to produide € Ha.

Introduction CH,CCH, (X *A)) + hwyg5 1= CH,CCH, ('B) (1)

Recent experimental studies on the photodissociation of allene 1ny toyl
showed that one of the photodissociation channels produces CH,CCH, (By) = CH,LCCH," (XA 2)
CsHp and H.173 The GH, molecules undergo secondary
photolysis to produce £by molecular detachment of H It
has been suggested that such a process can lead to the formation
of the G molecules in comets. The GH, molecule is also
one of the simplest diene species that is thought to be a precursor

CH,CCH," (X 'A)) = H,C; + H, ©)

CH,CCH (X'A") 4 hv, g5 = CH,CCH* (4)

Iar
for the formation of soot in flamésand one of the reactants CH;CCH* — CH,CCH' (X 'A") 5)
that could lead to unsaturated molecules in the interstellar L
mediums-7 CH,CCH* (X 'A") =~ H,C, + H, (6)
The laser induced fluorescence (LIF) study of the photodis- et
sociation of allen2at 193 nm showed that whengld, was H,Cs + wygs = C3 (X 27 + H, (7)

photodissociated it producedsGwith very cold rotational  The initial photoexcitation of allene and propyne puts them in
distributions in the 000 and 010 states. A geometrical isomer gifferent Franck-Condon regions on their respective excited
of allene, propyne, has a geometry and electronic structure thatstates. Direct dissociation from the different Fran@ondon

is distinctly different. It also absorbs at 193 nm and it was regions on these excited states would lead bl Qproducts
postulated that dissociation of this species should lead t9 a C with different internal energies. This in turn should give C
fragment with a rotational distribution which is distinctly radicals with different internal energies, which is contrary to
different from the one observed from allene. In fact, what was the observations. To obtain identical rotational distributions for
observed is a rotational population identical to the one observedthe observed & one is forced to postulate that the intermediate
from allene. These LIF resuftsvere explained by using the  that is photolyzed in reaction 7 has to be the same for both

following reaction scheme: allene and propyne. One obvious way to do this is the
conversion of electronically excited allene and propyne to the
t Academia Sinica. vibrationally excited @H4 on the ground state surface via
§Uni\_/ersity of California, Davis. reactions 2 and 5 before dissociation occurs. Once it is on this
National Taiwan University. surface theoretical calculatichd! show that a GHs molecule
Il Arizona State University. L . !
O University of California, Berkeley. with internal energy of 148 kcal/mol is above all barriers to
® Abstract published ildvance ACS Abstractuly 1, 1997. 1,2- and 1,3-H atom migration, as well as all other barriers to
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isomerization. So it is conceivable that once the molecule is the MRCI geometry optimization for the molecules of this size
on this surface, the same intermediate can be formed byis at present prohibitly expensive. Both fogt; and GH, the
hydrogen migration before dissociation. On the other hand, the CASSCF(8,10) wavefunction was used as a reference for the
equilibration may happen after the ldetachment from allene  MRCI(4,8) computation with the Davidson correction for
or propyne if GH, formed in reactions 3 and 6 have enough quadruple excitations. The basis set used in the MRCI
internal energy for isomerization. calculations is ANO(2), i.e., the ANO basis s€t(4s3p2d for

In order to understand the mechanism and dynamics of theC, 3s2p for H) augmented with several diffuse functions for
photodissociation of allene and propyne leading eventually to the carbon atom (s exponents, 0.012 138 and 0.004 224 82; p
Cs, one has to study potential energy surfaces (PES) of variousexponents, 0.008 015 0 and 0.002 805 2; d exponent: 0.028%512).
isomers of GH4 and GHo, their isomerization, and 4tlimina- The ANO(2t+) basis set has been tested for the calculations of
tion in the ground and excited states which are accessible withthe valence and Rydberg excited state energies of various
absorption of a 193 nm photon. In the present paper, we hydrocarbons and shown to provide a high accufdcyor
consider the electronic spectrum of allene (reaction 1) and PEScomparison, we have also carried out the equation-of-motion
for excited states of allene in order to clarify how reaction 2 coupled cluster (EOM-CCSBj calculations with the 6-311-
can take place. We analyze the potential energy surfacesfor H (2+)G** basis set® for the vertical excitation energies of allene
elimination from allene, reaction 3. Ground and excited state and vinylidenecarbene.
PES's of one of the isomers o8, vinylidenecarbene, formed The MOLPRO-96% GAUSSIAN 9427 and ACES-If® pro-

by the H detachment from allene are also considered. grams were used for the calculations.
Methods of Calculations Results and Discussion
For the ground electronic state, the geometriesaf0CsHo, Excited Electronic States of Allene. The absorption spec-

and transition states for Hletachment have been optimized trum of allene is rather compléX=32 It is generally agreed

by using the hybrid density functional B3LYP metR8dvith that the weak, featureless absorption below 6.45 eV is due to
the 6-311G(d,p) basis s&t. Vibrational frequencies, calculated  the forbidden'A; (Sg) — *A; (S)) transition and the intense,

at the B3LYP/6-311G(d,p) level, have been used for charac- structured band between 8.5 and 9.0 eV is due to the allowed
terization of the stationary points and zero-point energy (ZPE) A1 — 1B, vertical excitation. Four distinct absorption bands
correction. In order to obtain more accurate energies on the are observed between 6.54 and 9 eV, including a weak band
ground state PES we used the CCSD(T) apprtaefth the with a maximum at 6.70 eV, a strong broad absorption covering
large 6-31#G(3df,2p) basis set. The CCSD(T)/6-31G®- the 6.95-7.85 eV range, and two bands in the 8:@&38 and
(3df,2p)//B3LYP calculational scheme has been shéwa 8.5-9.0 eV ranges. There have been a number of theoretical
provide accuracies of42 kcal/mol for the atomization energies studies of vertical excitation energies for allene, including
of the G2 test set of molecules. A similar approach has also perturbative configuration interaction (ClI) calculations of Rauk
been demonstrated to be accurate for transition state enétgies. et al.33 Cl calculations of Diamond and Sedgdland equation-

In some cases, for comparison, we additionally carried out the of-motion calculations of Galasso and Fronz#&niTheir results
CCSD(T) calculations with Dunning’s correlation consistent cc- and the results of the present calculations are summarized in
pVTZ basis set’ Table 1.

For excited states, geometry optimization of various stationary ~ The first two excited states of allene &g, (6.10 eV at our
points has been carried out by using the multireference CASSCFbest MRCH-D level) and!B; (6.55 eV), corresponding to the
method® with the 6-311-G(d,p) basis set. For#l, the active m — q* transitions.  In the ground state, allene has the following
space included four electrons distributed on six orbitals, valence electronic configuration, #ab,?2a?2b,?16*2€*. Tran-
CASSCF(4,6). For th®, symmetric structure of allene the sitions of one electron from 2e to 3e hawe— n* character
active space consisted of the electrons forming two CC bondsand produce four excited states of, 81, By, and A symmetry.
of -type on 2k+2b,+2a orbitals (in terms ofC,, subgroup). Both *A; — !A; and 'A; — !B; transitions are symmetry-
For the planarC,, and Cs allenic species the active space forbidden and have zero oscillator strength. The first allowed
included 3a+1b+1by+1a and 4&t-24d’ orbitals, respectively.  transition isT — 3s, to the'E Rydberg state!E has the vertical
In the cases when the energies of two electronic states are closexcitation energy of 6.94 eV and the oscillator strength of 0.04.
to each other, particularly for the search of a minimum on the The next!A; — 1B, (@ — =*) transition has a large oscillator
S: surface of allene and of crossing points for thea®d strength of 0.24 at the MRCI level, and the vertical excitation
surfaces, we used state-averaged (s/a)-CASSEHculations energy, 7.65 eV, is significantly higher than the energy of a
with equal weights for both states and with a larger active space,193-nm photon, 6.42 eV. We will return to the question which
eight electrons on 10 orbitals. The search of the crossing pointsstate is most likely to absorb the 193-nm photons later, after
has been performed by minimizing the energy difference considering the optimized geometries for the excited states and
between two states at the s/a-CASSCF(8,10)/6+33(U,p) adiabatic excitation energies.
level. For optimization of the geometries of vinylidenecarbene,  PES of the allene ground state is well studi&d® Most of
we used the active space including six electrons, fogectrons earlier calculations concern with the transition state (TS) for
and two electrons forming a lone pair on the hydrogen-less the internal rotation. At various levels of theory the calculated
carbon atom, distributed on nine orbitals,;-88;+3b,. In barrier is in the 4550 kcal/mol range, in agreement with
some cases, the frequency calculations for excited stateghf C  experimental barriers for substituted derivatives of allene-(46
have been carried out at the simpler CIS/6-8GKd,p) level° 47 kcal/mol)?® The TS (structure in Figure 1) is a planar

The energies of excited state structures were refined by usingbent Cy, symmetric species corresponding 8, singlet
internally contracted MRCI calculatiods. The CASSCF biradical.
optimized geometries were used in the MRCI calculations  Figure 2a illustrates the behavior of the ground and four
assuming that the shapes of potential energy surfaces are similalowest lying singlet excited states of allene upon the,CH
at both levels of theory. The MRCI minima or saddle points twisting when the linearity of CCC is maintained. The ground
may slightly deviate from those optimized at CASSCF, however, state!A; (Dyg) correlates with!A (D) and A, (D2,), so the
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TABLE 1: Vertical Excitation Energies (eV) for Allene, Calculated at Various Levels of Theory

CASSCF(8,10) MRCI(4,8) MRCI+D EOM-CCSD
state character /ANO(2+) /ANO(2+) /ANO(2+) oscstr. /6-311(2+)G**  osc str Cp Cl2 EOMe
A, T — a* 5.89 6.19 6.10 0 6.23 0 6.49 6.57 6.86
B; m— a* 6.55 6.70 6.55 0 6.65 0 6.84 6.92 7.23
E mT—3s 5.84 6.85 6.94 0.037 7.02 0.030 7.21 6.87 7.73
1B, T — a* 7.13 7.55 7.56 0.236 7.62 0.411 7.88 7.45 8.03
2'A; 7 —3plht — ¢ 7.69 0 8.15-8.25 7.61 8.28
2E a—3p 7.82 0.017 8.13 7.69 8.54
2'A, 71— 3p 8.05 0 8.25 7.82 9.01
2B, a7—3p 8.06 0 8.158.25 7.85 9.02
3A; 7 —3dlt — ¢ 8.27 0 8.56 8.31 9.19
3E a—3d 8.46 0.019 8.72 820 9.24
2B, x—3d 8.61 0.083 8.86 834 9.73
4E  7—3d 9.25 0.013 8.91895 8.42

aFrom ref 33.P From ref 34.¢ From ref 35.
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Figure 1. CASSCE/6-3lﬂL-G** optlmlzed_ geometries of various of the dihedral CH twisting angle. (b) PES of th#A;, A,, and !B,
structures of allene in the ground and excited singlet electronic states. siates within C,, symmetry as functions of the CCC angle; (c)

. . . approximate!A;—!A, seam of crossing withirC,, symmetry as a
wavefunction changes its character from a closed shell singletfynction of the CCC angle; (d) PES of th,, 1A,, 1B,, and!B; states

to an open shell singlet. At the plarag, symmetric geometry  within C,,' symmetry as functions of the CCC angle. Bold numbers
the open sheltlA, state (structur@a) lies 13.2 kcal/mol lower show the location on PES’s of the various equilibrium structures,
than the closed shelAq (structure2b). The first excited state ~ Presented in Figure 1.

1A, (Dg) correlates witdB; (D) and!Big4 (D2n) and its energy

increases from 140.7 kcal/mol at the ground state geometry tototally symmetric representation (A) at intermediBtegeom-
161.8 kcal/mol at th®2, geometry. On the contrary, the energy etries, the ground state'@d,) ultimately correlates with the open
of the second excited statB; (D2g), correlating with 2A (D5) shell’A, and the excitedB; state with the closed shell excited
and!Ag (D2n), rapidly goes down. As was discussed in detail state (1by)%(1bg)? 'Ag. The lE state splits intdB, and B3

by other author8’! the 1B; (D.q) state is stabilized by, within D, symmetry. The energy 6B; slightly decreases, from
torsion according to Walsh’s rulé3. The doubly occupied 2e  160.0 kcal/mol for'E (Dyg) to 158.9 kcal/mol for'Bzg (Dzn),

and virtual 3e* MO’s inDyg symmetry split into in-planer while the energy of théB; component increases. The fourth
and out-of-planer components, with the energies and sym- excited state i$B, (Dyq) corresponding tdB; (D,) and 1By,
metries such thatd(n) < bag() < boy(o*) < bay(*) for the (D2n), and its energy also increases. THg and 2A as well
D,q — D, — Do transformation. On the basis of Walsh's rules, as the'B; and'B; surfaces have to cross withDp symmetry.
the o* Ay (bog() xboy(0*)) is the stabilized form of the B The Dy, symmetric structure2b apparently is a local

Franck-Condon state. However, because ®llapses to the minimum on the PES of the first excited singlet state. The
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B3LYP calculations of Bettinger et 8. gave no imaginary N
frequencies for this structure, while the CASSCF(4,6) calcula- {8?2 A,

tions give one imaginary frequencies f@b. More accurate }&Zi/ C’ 'B,
s/a-CASSCF(8,10) optimization without symmetry constraints 1.080 1323 1285 21A,

starting from geometries withCCC = 140’ converges t@b, :83§ 1217 izgg :4207 3'a,
confirming that it is a local minimum. Another local minimum o }%88 1.365 1j42? 'B,

on S, also optimized without any symmetry constraints by s/a- 121.9 {233 {;‘(')?73 2'A;
CASSCF(8,10), is a planar structuBewith JCCC = 106.5. T S

Geometry of5 is close to that o#4 (*:A1,Cp,) which has one 119.7

imaginary frequency and corresponds to a transition state onFigure 3. CASSCF(6,9)/6-313G** optimized geometries of vi-
the $ surface. The adiabatic excitation energiesZbr(A,, nylidenecarbene in the ground and excited electronic states v@thin

Da) and 5 (1A”, Co are close, about 70 kcal/mol at the SYMmety.

MRCI+D level. Another stationary point located on the S
surface, nonplanar structug'A", C), is a transition state for ~ may not exclude also some absorption by tRestate. The
the rotation of one of the CiHfragments. vertical excitation energy of this state, 160.0 kcal/mol, is

The S and S surfaces cross when the CCC fragment bends significantly higher tharhwigs nm but the adiabatic excitation
within C,, symmetry. We found two points on the seam of energy may be considered as low as 108.3 kcal/mol@in
crossing,8 (Cy,) and9 (D2), with the energies of 66:172.5 general, the results indicate that the absorption cross section at
and 147.4-154.5 kcal/mol, respectively. Interestingly, the this wavelength should be very low, which agrees with the
geometry of8, which is likely to be the minimum on the seam experimental observatiodsor the photodissociation dynamics,
of crossing (MSX), is similar to those dfand5. The transition we expect that it is not critical which excited state of allene,
state on $(4), the minimum on $(5) and MSX8 lie in close 1A, 1By, or IE, is formed after the absorption of a photon. The
vicinity of each other. Figure 2¢ shows the profile of titg— lifetime of these states is expected to be short because of the
1A, seam of crossing along the CCC angle at the platar possibility of fast transformation into vibrationally excited
geometry. AtOCCC= 160 the crossing occurs in the 135 ground electronic state by internal conversion or by hopping
143 kcal/mol energy range. A crossing point with the energy from one potential energy surface to another via the respective
of a 193 nm photon has the CCC angle betweerf 58@l 180. seam of crossing. For tH& — 1B; and!B; — 1A, transitions,

The minimum on $surface is7 (!Bs, Cz). The geometry the internal conversion mechanism can be preferable because
of 7, is similar to that of3, but with longer CC distances (1.41 the vibronic coupling between these state is nonzero in the first
A) and a larger CCC angle (146°). The relative energy’of  order approximation and the energy gap between them is small.
with respect tol, i.e., the adiabatic excitation energy for the On the other hand, for th8; — 'A; or !A, — A, transitions
second excited state, is 147.3 kcal/mol. We located also two the surface hopping mechanism seems to be favorable. The
minima within nonplanarC,, symmetry with the @ axis internal conversion would be slow because of two factors, zero
perpendicular to the molecular planeDa,. Structurel0 (1By) first-order vibronic coupling due to the fact that the transitions
has a three-member CCC cycle and its geometry is close toare symmetry-forbidden and the large energy gap at the ground
that of the triplet cyclopropylidene. The ring closure on the Sstate geometry.

1B, surface occurs without barrief'B; is the lowest excited Excited Electronic States of Vinylidenecarbene. In this
singlet state at the geometry #0. The adiabatic excitation  section we consider vertical excitation energies, optimized
energy,l — 10, is 108.3 kcal/mol.11 (*By, Cy,') is @ minimum geometries and adiabatic excitation energies for one of the

on the S and its adiabatic excitation energy is 158.6 kcal/mol. isomers of GH,, vinylidenecarbene, which is formed aftep H
The results of our calculations illustrated in Figures-ga detachment from allene. The geometries are shown in Figure
show that the potential energy surfaces of the ground and severaB and the excitation energies are presented in Table 3. The
excited states of allene cross when geometry of the moleculewavefunction of vinylidenecarbene has the following configu-
changes by twisting the GHjroups and bending the CCC angle. ration, 1a?2a23a?4a?5a%6a?1b,21b,27a22,2. Here, orbitals
As compared to the ground state, the geometry changes in thelly and 2 correspond to the CC bonds wftype. 1h () is
excited states are very large and the adiabatic excitation energieperpendicular to the molecular plane and 24') lies in the
in the cases of structur@, 5, and10 are much lower than the  plane and connects the central&hd the bare &carbon atoms.
vertical excitation energies. Therefore, one can expect that the7a contains the lone pair of T
vibronic spectra of allene corresponding to the, !By, and'E The first excited state of £, is *A,, which has ther' — 7
states have numerous weak peaks with very low Franck character and the 1#7a22b,!2b;* orbital occupation. At the
Condon factors spread over a broad energy region. The spectrayRCI+D level the vertical excitation energy is 1.88 eV. The
would be similar to the vibronic spectrum of ethylene due to 1A; — 1A, transition is symmetry-forbidden. At the optimized
the 7 — a* (!Aq — !By transition324% Correspondence  geometry of!A, the G:C? bond is elongated to 1.39 A and the
between the vertical and adiabatic excited states is complicated.C2C3 bond only slightly lengthens. Both CASSCF and CIS
Within the symmetry consideration, discussed above, vertical calculations show that th€,, symmetric structure ofA, has
!By (D2g) correlates withi2b and5, 'E correlates with7 (Cy,, no imaginary frequencies. The adiabatic excitation energies of
B;) and10 (Cy,, !B), and'A; correlates withll. However, 1A, is calculated to be 1.77 eV. The next statéBs (1b>-
if the symmetry constraints are lifted and all surface crossings 2b,17412h,2) where one electron of the lone pair is shifted to
are considered as avoided crossirigs, should correlate with the 7z* orbital. At the optimized geometry!B; has a single
2b, 5, and 10, !B, should correlate with7, and ‘E should CIC2 bond and a triple &3 bond with thez-components on
correlate with1l. the 1h and 2b orbitals. The unpaired electrons are located on
Although the!A; — 1A, and 'A; — 1B; transitions are ~ C! (2by) and G (7a). The vertical and adiabatic excitation
symmetry forbidden, théA, and!B; states could absorb light  energies of'B; at the MRCH-D level are 2.44 and 2.05 eV,
due to vibronic coupling. Th#B; state is most likely to absorb  respectively, and the oscillator strength is 0.02. A recent study
the 193 nm photons according to the calculated energetics. Oneof Seburg et at showed that the vinylidenecarbene can undergo
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TABLE 2: Relative Energies (kcal/mol) of Various Structures of Allene in the Ground and Excited Singlet Electronic States
ZPE  CASSCF(4,6)/6-31+G**  CASSCF(8,10/ANO(2-)  MRCI(4,8)/ANO(2+)  MRCI+D/ANO(2+)

1, S, A1 (D2g)? 34.4(0) 0.0 0.0 0.0 0.0
2a, S, *Au (Dan) 33.5(3) 82.6 41.3 54.9 56.4
2b, Sy, 'Ag (Dan) 32.7(1) 98.4 60.4 70.2 69.6
3, S, A2 (Ca) 35.6(1) 76.3 25.6 46.7 48.8
4, S, A1 (Ca) 34.5(1) 86.8 39.1 69.9 72.8
5,5, A" (CY) 45.4 82.0 70.3
6, Sy, TA" (Cy) 33.7(1) 99.9
7, S, 1B1 (Cay) 39.0(0) 194.0 130.6 147.7 147.3
8, MSX (Cy,) 1A, 38.9 69.7 72.5
1A, 417 64.5 66.1°
9, MSX (D2n) 1A 156.7 157.0 147.4
1A, 156.0 161.F 154.5
10, S, 1B, (Co,') 36.6(0) 137.1 94.2 110.8 108.3
11, S, 1B: (Cy,') 35.3(0) 146.2 149.4 169.3 158.6
TS2, S, A" (Cy 96.1° 134.6 128.8
A 93.6 133.4 129.5
TST, 1A' (Cy 100.4 138.F 135.2
A" 104.F 139.6 133.8

a Zero-point energies calculated at the CASSCF(4,6)/6+33 level. In parentheses: number of imaginary frequenciéhe total energies
(in hartrees) forl are the following: CASSCF(4,6)/6-3%1G**, —115.945 84; CASSCF(8,10)/ANO{2, —115.967 84; MRCI(4,8)/ANO(2),
—116.333 56; MRCFD/ANO(2+), —116.384 54 ¢ Without ZPE corrections.

TABLE 3: Vertical and Adiabatic Excitation Energies (eV) for Vinylidenecarbene C3H,, Calculated at Various Levels of
Theory

__ B CASSCF(8,10) MRCI(4,8) MRCI+D EOM-CCSD

state charactér CAS® Clsd /ANO(2+) /ANO(2+) /ANO(2+) osc str  /6-311(2+)G**  osc str

1A ground state 19.4(0) —114.74798 —115.03372 —115.07594 —115.089 93

Ayvert T —a* 1.77 1.88 1.88 0. 1.97 0.
adiab 18.9(0) 19.8(0) 1.62 1.76 1.77

1B, vert n— m* 2.61 2.73 2.44 0.016 2.80 0.010
adiab 20.9(0) 1.93 2.12 2.05

2'A vert 7 — ¥ +a — 't 6.01 5.57 5.39 0.075 5.62 0.166
adiab 19.0(0) 19.7(0) 5.24 5.12 4.92

A vert ' —a*(2e€) 6.71 6.27 5.80 0.046 7.44 0.036
adiab 17.8(2) 6.00 5.75 5.43

B,vert a' —a*&n —a* 6.58 5.92 5.84 0.0002 7.11 0.008
adiab 18.4(2) 6.19 5.80 5.82

2 vert a—a* & o' —a* 6.64 6.67 6.58 0. 7.80 0.
adiab 7' —3p 18.1(2) 6.04 5.88 5.81

a See text for more detaib. Zero-point energies (kcal/mol). In parentheses: number of imaginary frequehaigthe CASSCF(6,9)/6-31HG**
level. 9 At the CIS/6-31%G** level. ¢ For the ground state total energies are given in hartrees.

a photochemical automerization process at 444 nm. The 1,%2b?7&'2b,, i.e., one electron from 7aand one electron
electronic state which would absorb at this wavelengtiBis from 2b, are moved to ther* 2b; orbital. Despite that, the
The next three singlet excited state lie significantly higher in optimized geometry ofB, and the ground state are similar.
energy thadA, and!B; but close to each other. Thé&; state This fact can be explained by the electronic structur&Bef it
hast — 7* + &' — a'* character and 182b;17a%2b,'3b,! has ar-bond between €and C (1b;) and a one-electron’-
dominant electronic configuration. The oscillator strength for bond between €and C (2b,) and the 2b orbital contains a
thelA; — 21A; transition is relatively large. At the optimized lone pair on the € atom. The second unpaired electron is
geometry both CC bonds, especiall§G3, are stretched. Both  located on €(7a). As a result of the small geometry change,
CASSCF and CIS calculations give no imaginary frequencies the adiabatic excitation energy is only slightly lower than the
for the C,, structure of 2A;. The energy of this state decreases vertical one. However, at the CIS level i@, structure of
from 5.39 eV at the ground state geometry to 4.92 eV at the !B, has two imaginary frequencies and the energy would
optimized geometry. The third state im Aymmetry has the  decrease with symmetry distortion.
dominant electronic configuration of #8b,27a22b,°, i.e., two The sixth excited state is'&,, with the dominant electronic
electrons from ther' (2by) orbital are shifted to ther* (2b;) configurations of 192b,27a2,! (7 — #* & a' — a*) and
orbital. At the optimized geometry ofl&; C1C2 is a double 1023l 17a 22, (' — 3p). At the optimized geometry within
bond, CC3is a single bond, and the electronic structure can be C,, symmetry both CC bonds are elongated to ::423 A so
described as follows. The 1brbital corresponds to the-C1C? that both z-bonds are broken. At the CIS level, th&,
bond, while G has two lone pairs on the ¥and 2k orbitals. geometry of 2A; has two imaginary frequencies. The vertical
According to the significant geometry change, the difference and adiabatic (withirC,, symmetry) excitation energies of the
between the vertical excitation energy (5.80 eV) and adiabatic 2'A, state are 6.58 and 5.81 eV, respectively; however, the latter
excitation energy (5.43 eV) is substantial. CIS calculation gives would decrease with the bending the CCC fragment.

two imaginary frequencies for!8; indicating that the energy Potential Energy Surfaces of B Detachment from Allene.
of the this state would further decrease upon CCC bending. TheProfiles of the ground and excited state PES’s fedetachment
vertical energy of théB, state, 5.84 eV at the MR&1D level, are shown in Figure 4 and the energies of the reactants, products,

is close to that of 3A;. The electronic configuration dB; is and transition states are collected in Table 4. Figure 4 is a
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TABLE 4: Relative Energies (kcal/mol, ZPE Corrections Are Included) of the Reactants, Products, and Transition States of the
C3H, (allene) — CsH, + H, Reaction on the $ and T, Potential Energy Surfaces

ZPE B3LYP/6-311G*  B3LYP/6-313-G**  CCSD(T)/6-311G(3df,2p)  CCSD(T)/cc-pVTZ
CaHa, 'A, Do 34.4(0) —116.693 20 —116.695 27 —116.428 27 ~116.433 31
CaHa, TS1,'A, Co 28.0(1) 90.7 92.4 92.8

CaHa (AL,Cy) +Ho  25.7(0) 84.8 83.0 83.8

CaHa, %Az, Coy 32.7(0) 476 50.8

CsHa, TS3,2A", Cs 25.3(1) 113.0 116.7

CsH2 CA",.C) + H, 24.2(0) 111.9 111.7 112.8

aZero-point energies calculated at the B3LYP/6-311G** level for singlets and at the B3LYP/A&T1level for triplets. In parentheses:

number of imaginary frequenciesThe total energies (in hartrees).

AE, kcal/mol
147.3

- 140 CSI‘;m Gy 'By

By 2 130.3 C3H, (C,y,'By)+H,
< Gt (Cp.'Ag+H,

C3H, (G, A"M+H,

TSI’

7120 (8¢5 crossing)'::’

83.0 C3Hy (Co'Ap+H,

H, elimination reaction coordinate
—_—
1 C;Hy, Dy 'A,

Figure 4. Schematic presentation of the profiles of potential energy
surfaces along the reaction coordinate, corresponding to the H
elimination from allene, in various electronic states. The bold dashed
curves illustrate the &S, crossing in the vicinity of TS1land TS2.
The dashed curve showing the Surface is speculative.

166.9
TSI, C,, A’

1.291

TS2, C,. 'A"

Figure 5. Optimized geometries of transition states fordétachment
from allene on the §(B3LYP/6-311G**) and $ (s/a-CASSCF(8,10)/
6-311+-G**) PES.

agreement between theory and experiment is close. The reverse
barrier for K addition to the vinylidenecarbenesld; is 9.0—
9.4 kcal/mol. This value is close to the barrier height for H
addition to vinylidene to form €H,4, 12.2 kcal/mol at the MP4-
(SDQ)/6-31G** level*® TS1 is a late transition state for,H
elimination. Geometries of thesB, and H fragments in TS1
are close to those of the free molecules. The HH bond,iisH
stretched only by 0.07 A. The CCC fragment is slightly bent.
The breaking CH bond distances are uneven, 1.42 and 1.95 A.
According to the energy balancezH; can be also produced
in the first excited!A, state. This state correlates to the first
excited state of allene, structurgb (*Ag) or 5 (*A""). 2b and
5 lie by about 70 kcal/mol higher than the ground state allene
and the GHz (*A,) + Hz products are by-124 kcal/mol higher
in energy than gH, 1. The transition state for fHdetachment
on the S surface is TS2. TS2 has a planar geometry, the HH
is 0.85 A, about 0.1 A longer than in the free.HSimilar to
TS1, the breaking CH bonds have significantly different lengths,
1.38 and 2.16 A. The energy of TS2 relative oat the
MRCI+D level is 128.8 kcal/mol without ZPE correction.
Assuming that the ZPE correction is the same as for TS1, one
gets for TS2 an energy of 122.4 kcal/mol. This is slightly lower
than the energy of £, (*A2) + H,. The result indicates that
the reverse ¢H, (*A;) + Hy — C3H4 (S)) reaction proceeds
with a low barrier or without a barrier.

The minimum on the Ssurface has a planar geometry.
Therefore, after the photoexcitation the allene molecule tends
to become planar. Crossing betweena®d $ and hopping
onto the ground state surface also is likely to happen at a planar
geometry. On the other hand, the geometry of TS1 on the S
surface is not planar; one of the @Hroups is twisted by 90
The trajectory from the exciteds8, to CsH, + H, may not
necessarily go via the transition state, because the available
energy is much higher than the barrier. For example, let us
consider a structure T§dwhich is similar to TS1 but has two
CH, groups in the same plane. The energy of T8t the A’
state is 135.2 kcal/mol at the MR€ED level, i.e., below the
photon energy. Another interesting observation is that the
energies of and § are very close to each other at the
geometries of TSland TS2. At TS1 the energies ofA’ and
1A" are 135.2 and 133.8 kcal/mol, respectively. At TS2, at the

schematic presentation of PES and the abscissa in this schem®RCI+D/ANO(2+) level, *A” (128.8 kcal/mol) is slightly

is a reaction coordinate for JHelimination, which is not
rigorously defined here. We only show the energies of the
reactant, GHy, the products, g, + H,, and the transition states
in various electronic states. »>k¢limination from allene on the

lower than!A' (129.5 kcal/mol), although at the CASSCF(8,-
10) level!A" is the excited state. This means that in the vicinity
of TSI and TS2 the &and § surfaces cross, which is illustrated
by the bold dashed curves in Figure 4. Note, this crossing

ground state surface occurs via transition state TS1, shown inoccurs at the geometry quite different from those explored in

Figure 5. The barrier is calculated to be 92.4 kcal/mol at the
CCSD(T)/6-31#G(3df,2p) level with the B3LYP/6-311G(d,p)
ZPE correction. The CCSD(T)/cc-pVTZ calculation gives a
similar value for the barrier height. The calculated endother-
micity of the GH, (allene)— CsH, (*A 1) + H; reaction is 83.6-
83.8 kcal/mol. The experimental heats of formation for allene
and GH, are 45.6 and 129.4 kcal/mol, respectivéiyhus, the

Figure 2. Thus, one of the likely reaction scenarios is traveling
along the $ surface from the ground state geometry to the
vicinity of TS1 and TS2 followed by hopping ontog&nd
elimination of H.

The second excited state ofid; (*B1), which also can be
energetically accessed, correlates witHC(*B;) 7 on the $
surface. Th& — C3H, (1B1) + H, reaction is exothermic, with
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C;3H,, C,, A"

Figure 6. Optimized geometries (B3LYP/6-3315**) of the reactant,
product and transition state of theHs (allene)— CsH, + H, reaction
on the triplet T PES.

the energy release ef17 kcal/mol. 7 is a local minimum on
the S surface, therefore, it is separated fronHg (B1) + H>

by a barrier. Since the energy dfis 147.3 kcal/mol relative
to 1, even a very low barrier would bring the energy higher

than the energy available from the 193 nm photoexcitation, as

shown by the dashed curve in Figure 4. Hence, the formation
of C3H, in the 1B, state from the photodissociation of allene at
this wavelength is unlikely.

On account of the possibility that the,ldetachment could
occur on the triplet surface after the photoexcitation followed

by the intersystem crossing, we also considered the reactant

transition state, and products om PES. Their B3LYP
optimized geometries are shown in Figure 6. The triplet allene
(3A,) has a plana€,, symmetric structure which is similar to
that of 3 (*A,). Opposite to3, the triplet structure has no
imaginary frequencies and is a local minimum opn TThe
adiabatic singlettriplet separation for allene is calculated to
be 50.8 kcal/mol at the CCSD(T)/6-315G(3df,2p) level with
B3LYP/6-311G(d,p) ZPE corrections. The energy efiC((A,)
is close to the energy & (*A,), indicating that the Tand $
surfaces may cross in this vicinity. Foghd, the lowest vertical
triplet state is also®A,, however, optimization leads to the
distortion of symmetry fromC,, to Cs. At the optimized
structure the electronic term #8\"". The CCC angle changes
from linear to 164.3. The CC distances are somewhat shorter
than those in gH, (YA,). The adiabatic singlettriplet gap for
vinylidenecarbene is 29.8 kcal/mol, which agrees with the results
of previous calculatiorfé and the experimental value of 29.7
+ 0.2 kcal/mol*® The GH, ((A"") + H; products lie by 112.8
kcal/mol higher than the ground state alleheThe transition
state for H elimination on the T surface, TS3, has a very late
character; the HH bond is only 0.01 A longer than that in H
and the shortest breaking CH bond distance is 1.99 A. The
energy of TS3 is 116.7 kcal/mol at the CCSD(T) level with
ZPE, and the reverse barrier on thesbrface is about 4 kcal/
mol.

Applications to the Photodissociation Dynamics.The most
likely mechanism of the photodissociation of allene at 193 nm
involves as the initial step vertical excitation to tHg state,

CH,CCH, (SO'lAl) + 193 ym— CH,CCH, (521181)

Jackson et al.

Particularly, since the molecule in the excited state tends to
become planar, the normal mode corresponding to the internal
CH, rotation should be excited. On the next stage, conversion
into the vibrationally excited ground electronic state takes place
by hopping from $to & on the seam of their crossing,

CsH, (S) —~ C3H41 (S

This can happen at the plan&,, symmetric geometries,
between structure8 and 9, and would lead to vibrational
excitation of the CC stretching and CCC and CCH bending
modes in the ground state. On the other hand, the hopping can
occur along the pathway of Hletachment in the vicinity of
TS2 and TS1

The last reaction step is elimination of Bin the ground state
surface,

CsH;F (S — CH, (lAl) +H,

According to the experimentd?(Er) curve for this reactiod,
the translational energy of the products lies in the38 kcal/
mol range. If GH; is formed in the excitedA, and !B,
electronic statesAH is 124 and 130 kcal/mol and the total
energy disposahv —AH, is 24 and 18 kcal/mol, respectively,
significantly lower than the observed maximal threshol&gaf
If C3Hy is formed in the triplefA" state, the energy disposal,
~35 kcal/mol, is close to the maximal threshold BfEy),

however, the triplet scenario can be achieved only via inter-

system crossing and is expected to be less likely.

The experimental minimal threshold &r approximately
corresponds to the reverse barriei9(kcal/mol) on the ground
state PES. This is reasonable because at the transition state
geometry (TS1), ¢H, and H are only slightly distorted and
their internal energy is small 23 kcal/mol). After TS1 the
reaction occurs fast and all or most of the potential energy should
be transformed into the translational energy. If the dissociation
takes place along the &nd T; surfaces, th&(Er) curve would
have a zero or low minimal energy threshold, which is not the
case in experiment.

Hence, we conclude that theld; + H, products are formed
in the ground stateAH is 83 kcal/mol, and the total energy
disposal is 65 kcal/mol. This means that the internal energy of
CsHz + Hz should be in the 3159 kcal/mol range. The internal
energy includes the following components,

Eint = Evin(H2) + Ero(Hp) + Ein(CsHp) + E(C5H))

Here, the rotational energies of the fragments are related by
conservation of the angular momentum. The distribution of
energy amondgr and the components of the internal energy is
determined by the photodissociation dynamics, i.e., by the
trajectories the molecule travels along the excited and ground
state PES. Also, it is important what is the first point on the
seam of crossing the molecule reaches and what is the shape of
the seam of crossing.

The mechanism discussed here implies that the products can
be rotationally excited. This can be due to the excitation of
the normal mode corresponding to the CiHternal rotation,
leading to the pinwheel rotation ofbnd the rotation of gH,

The difference between the energy of a photon and the adiabatic;;ond the CCC axis. This kind ofH, rotation does not cause
excitation energy for the corres.ponding equilibrium structure ihe rotational excitation of Cafter the second Hdetachment.

2b on the excited state PES is very large/8 kcal/mol. In the transition state TS1 one H is much closer to the carbon
Therefore, the molecule formed in the excited electronic state center than the other. The-G1 repulsion for the close H atom
should also be highly vibrationally excited, is much greater than for the other H atom and therefore some
torque is exerted on thesldpecies. This results in the cartwheel

1 1 1
CH,CCH, (S,,B;) — C;H, " 2b (S, Ag) rotational excitation of Bl Experimental measurements of
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