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The isomerization of acetylene to vinylidene is examined theoretically in full dimensiorisiity
degrees of freedonusing a newab initio potential energy surfackS. Zou and J. M. Bowman,
Chem. Phys. Lett368 421(2003]. Eigenfunctions and eigenvalues of the exact Hamiltonian, for
zero total angular momentum, are obtained using a series of novel truncation/recoupling procedures
that permits calculations up to very high energies. The Hamiltonian is given in diatom—diatom
Jacobi coordinates, with the choice,-HC, for the two diatoms in order to exploit the full
permutational symmetry of the problem. By examining expectation values of the eigenfunctions, a
number of states are definitely identified with vinylidenelike characteristics. Corresponding
calculations are also done forb,,. Full dimensional simulations of the photodetachment spectra
of C,H, and GD, are done(within the Franck—Condon approximatjoand compared to the
experimental ones. For this calculation the ground vibrational state wave function of the anion is
obtained using a new force field, based on high qualitynitio calculations, which are also briefly
reported. ©2003 American Institute of Physic§DOI: 10.1063/1.1571520

I. INTRODUCTION These experiments stimulated much theoretical work
over roughly a twenty-year time frame. The first combined
Interest in acetylene—vinylidene isomerization, as a proap initio and dynamics study of vinylidene was reported by
totype of 1,2-H atom migration, is long-standing. The firstCarringtonet al? They determined a reaction path connect-
eXperimeﬂtal evidence for the existence of Vinylidene WaSng the Viny”dene minimum, isomerization barrier, and
found in the pioneering photodetachment experiments of thgcetylene minimum and determined a vinylidene lifetime,
vinylidene anion by the Lineberger group in the 19808.  semiclassically, of the order of picoseconds. This estimate
that study, broad spectral features in tew-resolution  \as in accord with the experimental estimate of the
photodetachment spectrum of the vinylidene anion were afjneperger group. Subsequently, theoretical efforts focused
tributed to the formation of metastable vinylidene. The argu-y, high qualityab initio calculations of the energetics and
ment was made in that paper that vinylidene probably existgmonic frequencies of the isomerization barrier and vi-
as a nonstationary state that would dephase and lose its ideﬁ?lidene minimum. The most accurate calculation of the

tity on the order of picoseconds, due to the overlap of thaIsomerization saddle point and vinylidene structure was done

i:a}e W;ﬂ: thie d:r:s;e SetHOfV\E)rSS:”TlEd deloc;abl;ﬁ tEd afce:yle:}gcemly at the CCSDT level of theory, with an extrapolation
olecular eigenstates. HOWEVer, the possIDiity of €1gens, o complete basis set linfitThe electronic barrier to

states with vinylidene characteristics could not definitely be o . . .
: . .|%omer|zat|on was given in this work as 2.85 kcal/mol. A
ruled out, and an intensive search for such states was carrie

in the 1990s by Field and co-workéiThat group probed Second-order perturbation theory anharmonic analysis of the

high energy states of acetylene using stimulated emissio\r/1Inylldene and vinylidene anion V|brat|ongl fund'am.e'ntals
as also reported, based on CQ$Pcalculations Signifi-

pumping spectroscopy. The spectra, which are above the bat: ¢ i © h ic f : found d
rier to form vinylidene, and which may contain signatures ofca@nt corrections to harmonic irequencies were tound, an
a vinylidene species, are highly congested and very chaIIenéhese resulted in improved agreemer?t V_vlth t.h.e. peak positions
ing to assign. Thus, no definitive assignments of vinylidené',q the photodetachment spectrum. L_'m'tel,d initio calcula- )
states could be made, and the issue was still clouded untions have been reported in connection with recent dynamics
1998. In that year, Coulomb explosion experiments on th&alculations; these are reviewed in detail below. Until very
vinylidene anion were reportédThese experiments, al- recently there existed essentially one semiglobal potential
though somewhat qualitative, indicated that the lifetime of aSPanning the acetylene and vm);hdene minima and isomer-
vinylidene state was of the order of microseconds or longerization barrier, due to Cartest al.,” as modified slightly by

much longer than the estimate given by the LinebergelHalonenet al® The Carter—Halonen potential energy surface
group. (PES was based on earlieb initio calculations and is con-

siderably more accurate for the acetylene region than for
inylidene. Very recently, this PES has been modified again
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Sheridan Road. Evanston. IL 60208-3133. in the vinylidene region by Stanton to incorporate his radw
DElectronic mail: bowman@euch4e.chem.emory.edu initio calculations’ A new, more accurate semiglobal poten-
0021-9606/2003/118(22)/10012/12/$20.00 10012 © 2003 American Institute of Physics

Downloaded 08 Aug 2003 to 129.128.203.199. Redistribution subject to AIP license or copyright, see http://ojps.aip.org/jcpo/jcpcr.jsp



J. Chem. Phys., Vol. 118, No. 22, 8 June 2003 Acetylene—vinylidene isomerization 10013

tial has just been reported by two of ¥sThis potential is  vine, using a model potential energy surfat&@hese authors
used in the present work and is briefly described in Sec. llidid not focus on the lifetime of vinylidenke.

The first multidimensional quantum dynamics study of  We recently reported four degree-of-freedom quantum
vinylidene isomerization was reported by Germann ancalculations of high-energy molecular eigenstates of
Miller,** who considered two and three degree-of-freedomacetylené® using the Stanton—Carter potential. Eigenstates
models in vinylidene normal coordinates using the Carter-with clear vinylidene characteristics were found. A follow-up
Halonen potential. Their goal was to obtain the microcanoni<alculation in full dimensionality, using this potential, was
cal isomerization “resonances” for vinylidene in various ini- reported as a CommunicatidhAgain, eigenstates with very
tial vibrational states. The calculations employed a negativelear vinylidene characteristics were found. These two calcu-
imaginary (“absorbing”) potential just beyond the isomer- lations were the first to present definitive theoretical evi-
ization barrier and in the acetylene region to avoid dealingdence for the existence of vinylidenelike molecular eigen-
with the large density of high-excited acetylene states. Thétates. This work stimulated Prosmiti and Farantos to
use of this potential introduces a negative imaginary part t¢erform a nonlinear dynamics analysis of the periodic orbit
the energy eigenvalues, which can be interpreted as lifetimesiructure of acetylene and vinylidéf#@ on the Stanton—
(or equivalently resonance width$iowever, in the case of a Carter potential. They find strong evidence for stable peri-
truly bound system such as vinylidene—acetylene, the eiger@dic orbits in vinylidene, in support of the quantum calcula-
values are necessarily real, and thus this approach is néens, and in agreement with their previous witk on the
rigorously correct. Nevertheless, as shown by them it is verpriginal Carter potential.

useful in assessing the relative metastability of modes of vi- In doing further work, specifically a calculation of the
bration of vinylidene. photodetachment spectrum, we discovered that the Stanton

Similar absorbing boundary conditions were used re-Carter potential does not describe the vinylidene vibrations
cently by Schork and Kapel? in extensive reduced dimen- Very well. In particular, the CC-stretch has an anomalously
sionality (up to five degrees-of-freedomvavepacket simu- 10w harmonic frequency. As a result, we calculated a aéw
lations of the vinylidene anion photodetachment spectruminitio potential energy surface for vinylidene—acetyféras
These authors used “satellite” coordinates that were originoted already. We have used this new potential in new full-
nally suggested by Wyatt and co-workEri their quantum ~ dimensional calculations of highly excited,if, as well as
calculations of low-lying vibrational states of planar acety-C2D, and present the results here. In addition, we calculated
lene. A newab initio potential [at the CCSIT) level of  the photodetachment spectra of the corresponding ariions
theory] was also calculated; however, it was limited to thethe Franck—Condon approximatjorifo do that, a nevab

in the Germann—Miller work, Shork and ‘i§pel obtained from it the ground vibrational state anion wave function was

lifetimes for a variety of vinylidene vibrational states. The Obtained and used in the calculation of the photodetachment

results were quite dependent on the number of degrees §Pectra. _ _
freedom considered. For example, for the zero-point level ~The paper is organized as follows: The methods
the lifetime in four and five degrees-of-freedom was reported!S€d and details of the calculations are given in Sec. II.
as 46 and 293 picoseconds. The lifetimes for excited vibral "€ choice of coordinate system, Hamiltonian, and
tional states ranged from sub-picoseconds to picoseconddiagonalization—recoupling procedures are outlined in Secs.
(By slightly adjusting the line widths in their calculations, '’A @nd IIB. Section IIC provides the details of the bases
they were able to obtain excellent agreement with the experiUsed for our calculatlons: Results _and dlscussmn.are given in
mental photodetachment spectrum of the Lineberger g}oup.sec' [, and we summarize and give our conclusions in Sec.
An important conclusion of this work was that the apparent
lifetime of vinylidene in the zero-point level was longer than
p|c0_seconds. This supported, at least qualltgtlvely, th_e CONi METHODS AND CALCULATION DETAILS
clusions of the more recent Coulomb explosion experiments
mentioned above. These authors also noted long-time recur- The exact quantum calculation of molecular eigenstates
rences in the time-dependent correlation function and conef C,H, (and GD,) at energies above the threshold to ac-
cluded that the isomerization is not a simple exponential deeess the vinylidene region of the potential to spectroscopic
cay, but involves significant barrier recrossing. accuracy, i.e., a few wave numbers, is currently not feasible
The same conclusion about significant barrier recrossingy any method. However, this level of accuracy is almost
was reached in planab initio “direct-dynamics” (classical ~ certainly not necessary in order to determine whether there
calculations for fully deuterated vinylidene, reported byexist molecular eigenstates with vinylidene characteristics.
Carter and co-worker. The potential energy was obtained The methods we developed were done with this in mind, and
“on-the-fly” at the CASSCF level of theory, and due to the thus they have some novel features. In general, we seek to
heavy computational demands of this approach, only a smatlevelop the most compact representation of the Hamiltonian,
number of trajectories were done. These trajectories, whicby using reduced dimensionality bases that are obtained by a
were initiated in the vinylidene configuration, exhibited sig- sequence of diagonalization/recoupling procedures. These
nificant recrossing of the isomerization barrigt.should be are described fully below, but first we discuss the choice
noted that earlier classical trajectory calculations of highlyof coordinate system and give the corresponding exact
excited planar acetylene were reported by Holme and LeHamiltonian.
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H whereuq, u,, andug are the usual reduced masses corre-
sponding to the distances, r,, andR, respectively,] is the

C total angular momentum operatgy,andj, are the rotational
angular momentum operators associated with the angular

8 variables of the vectons andr,, andj;,isj;+],. As usual,
\ 0, the body-fixedz-axis is along the vectdr. In this frame, the
R angles#, and 6, are the polar angles of the vectarsand
"r“-a r,, respectively, andp is the dihedral angleb;- ¢,, where
2 ¢, and ¢, are the azimuthal angles of andr, in the body-
l ¢ fixed frame.
C To simplify the problem, we consider only zero total

angular momentum, and thus
FIG. 1. Diatom—diatom Jacobi coordinates ofHz.

) 2 2
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A. Coordinate system n2 g2 52 g2
The choice of coordinates is clearly very important in T ou ot ﬂ?’i_v(rlarbR)- 2
the study of isomerization. As noted in the previous section SR 2772

“ H ” H 3 " 12
satellite” coordinates® were used by Shork and ipel: éFor simplicity we drop thel=0 superscript, hereaftaThe

These consist of a CC position vector and two vectors fortha roach we take to obtain eigenfunctions and eigenvalues
H atoms relative to the geometric center of the CC bond. As P 9 9

shown by Bentleyet al. B the full symmetry of the potential of this Hamiltonian is based on a reduced dimensionality,

can be exploited in these coordinates; however, not in guncatlon—recouplmg approach that we and others have de-

-25 iaetive i ;
straightforward analytical fashion. Instead of using these Co\_/eloped over the yeafS. *The objective is to keep the final

: ) . ; .~ Hamiltonian matrix as small as possible, and the basic strat-
ordinates, we chose,EH, diatom—diatom Jacobi coordi- . . . .

i e . egy is to use bases that are eigenfunctions of reduced dimen-
nates, which are shown in Fig. 1. There is a threefold advan-

tage to using these coordinates. First, the exact HamiltoniaSlonallty Hamiltonians. Typically, these Hamiltonians are ob-

. I . . o pained from the full dimensional Hamiltonian by fixing some
is known and it is relatively simple, second it is easy to . : o

. : coordinates at reference values corresponding to the mini-
exploit the full permutational symmetry of the molecule, andmum on the potential energy surface. Thus. these bases are
third the isomerization from acetylene to vinylidene is de- P 9y ) .

scribed by a “simple” process in whicR increases from termed numerical, or potential optimized. In the simplest ver-

o sion, these bases are functions of a single coordinate, i.e.,
zero, r, decreasessignificantly), and 6, changes fromm/2 . . . . .

. oo one-dimensiona(1D) basis functions. A more effective ap-
to 0 (or ). Thus, there are two equivalent vinylidene

minima, as we have noted previousiiNote also that acety- proach is to use multidimensional numerical bases, which

L - . can result in a significantly more compact final Hamiltonian
lene and vinylidene have planar minima, corresponding to &

. . matrix.
ihedral angl | to zero and th istan L .
dihedral ang e’.¢’ equal to ze oa d the CC distance, Most applications of numerical bases have been to prob-
changes very little for these minima. o : o . . .
. . . . . lems where one is interested in obtaining eigenfunctions in
While C,—H, diatom-diatom Jacobi coordinates are . : - :
the vicinity of a potential minimum. However, this approach

clearly much better suited to describe vinylidene than low- S . o
. (fannot be used to study acetylene—vinylidene isomerization,
energy acetylene states, we have demonstrated previous

: L . which involves large amplitude motion in all degrees of free-
that they can yield accurate vibrational energies for acetylen i o
017 ) . . . om, except the CC-stretch. Below, we describe a modifica-
states:%” A better set of diatom—diatom Jacobi coordinates

to describe acetylene is the CH-CH coordinates. These ha\%é)n of the numencal ba_S|s_ truncat!on—recogpl|ng approach
: . . at does permit a description of this isomerization. The key
been used by Guo and co-workEri full dimensional cal-

. . . feature of this novel approach is the use of a reduced dimen-
culations of acetylene states and earlier by Liu and Mucker- ) . : L :
sionality potential that is minimized with respect to other

man in planar calculations of tylene st . . . .
a planar calculations of acetylene stdfes degrees of freedom, such that the resulting potential contains
both the acetylene and vinylidene minima.
In the first step, we determine a reduced dimensionality

B. The truncation—recoupling procedure basis in the three angular coordinatss 6,, andé¢, defined
The full dimensional, body-fixed Hamiltonian for above, and depicted in Fig. 1. The general approach we have
diatom—diatom Jacobi coordinate&li&? programmed, and used previousfyis to determine this ba-
o ~ R sis as eigenfunctions of the following three-dimensiqB&l)
o J-iw? 5 N i3 n* 9 Hamiltonian
T 2upR?  2uqr2 2uar2 2ug OR?
T2 T2 T2
. J12 J1 12
A Hap= + + +Vap( 01,05, ),
5 25— 2tV(r,nR), 1) T 2urRay 2uarie 2uaf5e 3001,62.¢)

2
2pup, I 2, 915 ©)
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whereV;p is the potential ford;, 6,, and¢, with R fixed at ~ TABLE I. Correspondence between thedependent parity blocks and the
Reuts and minimized with respect to the remaining Variablesi"e_dUCible representations forgGacetylene and vinylideneand C,,, (vi-
r, andr,. In the calculations reported previousiye fixed nylidens.

Reut near the value at the isomerization barrier. With this j,+j,+j,, i is i1 Gg Coy
choice ofR.;, V3p “contains” the acetylene and vinylidene

. . . . . even even even even Al A

regions of the full potential. However, this particular choice even odd odd B Ai
. .. . . 2
of_ RCUt gives a much better description of the vmylldene odd even odd B! B,
minimum than it does of the acetylene offla calculations odd odd even A] B,
of low-lying states of acetylene, we chose the value 0.5 odd even even odd A; Az
bohr'® which is close to the expectation valuesRfin the even odd even By gz
ground acetylene staje. © even even B 1
. - odd odd odd A) B,

In the present calculations we do not use a potential in
Hsp, i.e.,V3p=0, and thus the eigenfunctions are the well-
known, body-fixed angular functionsy}lj?:(al,02,¢),22

1

which are eigenfunctions df,, j2, andj2, and whereK is  ~_ju.

the projection quantum number of the total angular momen- 11121 110, 01,81, 02, b2)
tum on the body-fixed-axis. (The eigenvalues are the ana- _ yIMe

- . . =eY; i «(P,0,01,d1,05,p,), 7
logs of rigid-rotor ones, with radial lengths chosen as fol- RASHAP 161,02, 62) 0
lows: Ry, =2.0 bohr, whiler;=r,, and ro=r,,, i.e., the
equilibrium values for vinylideng.The explicit construction  whereP is the parity operator and= *1.

of these functions is given by the standard expression In the present case whede=0, K andM must be zero,
11K o Do (®,0,¢,) equals one and thus the parity-adapted func-
Vit (61:02:8)= 2 Cliajairzimy(K—my)K) tions, denotedy)' (6;,6,,¢), are given by
eim1¢> .
X®J'1,m1(01)12,K—m1(02)E, Yjp (01,02, 8)
@ =(1+e(- 1)tz iy 09, 0,,4). ®

whereG)jlml(al), and ®12K—m1(02) are normalized associ- _ _ S

ated Legendre polynomials, ar@(jjji»;m;(K—m;)K) Thus, for even parity states, i.e.=1, j;+],+]1» must be

are the Clebsch—Gordan coefficients. even, and for odd parity statep,+j,+j;, must be odd.
To determine the parity and symmetry properties ofUsing the parity of the wave functions, the Hamiltonian ma-

these body-fixed angular functions it is necessary to relatffix can be separated into two different parity blocks depend-

them to space-fixed ones by the general expression ing on whetherj,+j,+]1, is even or odd. This symmetry
and block structure of the Hamiltonian matrix is general for
Y k(®,0,01,61,0,,6,) all tetra-atomic molecules. Additional symmetries exist for
_ _ C,H, due to permutational invariance of the Hamiltonian
= DIJ\A*K(‘P,@),fﬁz)Y}ﬁ:(Glﬂz.¢), (5)  with respect to interchange of the two H atoms or the two C

atoms. The relevant complete nuclear permutation inversion
Wheref)ﬂ,l*K(CD,,gbz) is the normalized Wigner rotation ma- (CNPI) group is G and thus the Hamiltonian matrix can be
trix which rotates the body-fixed wave function to the space-separated into eight different blocks belonging to irreducible
fixed wave function and and® are spherical polar angles representationd;, A7, A;, A7, B;, B, B, andBj. Itis
of R in the space-fixed frameb, and 6, and ¢, and 6, are  fairly straightforward to show that these irreps correspond to
the spherical polar angles of andr, in the body-fixed particular restrictions on,, j,, andj,, and these are indi-
frame, whosez-axis coincides with the vectdr, cf. Fig. 1, cated in Table I.

and ¢= ;- ¢, is the dihedral angle. As is well-knov#h?? Making full use of the CNPI symmetry, the Hamiltonian
the parity-adapted angular functions for arbitrdrgndK are  matrix is eightfold block diagonal, which greatly facilitates a
given by direct-diagonalization approach to obtain eigenvalues and
IMe eigenfunctions. In addition, the evaluation of potential matrix
lejzjlzK(q)'G)’ 01,¢1,02,¢2) elements over the angular degrees of freedom can be simpli-

fied using this symmetry. The integration range is, as usual,
_ 1 (YN (D,0,0,, 1.0, ) —1 to 1 for cosd; and cosd, and O tow for ¢ (using a
\/Z(TM Jdpl KA 0 VL L0 V20572 parity-adapted basisUsing the permutational symmetry of
o the two diatoms, the integration range can be halved for the
te(— 1ttt YN L (0,0,6,,41,6,,42),  angless; andé, resulting in an additional savings of a factor
©6) of 4 in doing the numerical integration.
In the next step, we obtain eigenfunctions of the follow-
wheree represents the parity of the wave function, i.e., ing four-dimensional4D) Hamiltonian
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TABLE Il. Geometry(bohrs and degregand energies (cnt) of stationary
points on the nevab initio potential? Reyy, andRgy, are the two CH bond |:|6D: |:|4D+ |:|2D+ ]i
lengths andby,, _c_cand 6y, c_care the two HCC bond angles.

1 1
2 2
2:Uvrlrl 2/Uvrlrle

Vinylidene Acetylene Saddle Pt 2 1 1
+ —

Ron, 2.054 2.011 2.028 12 2ue,5 21, e

Rew, 2.054 2.011 2.568

Rec 2.470 2.287 2.385 +Vep(01,65,6,R,rq,r5)

Oh,—c—c 120 180 175

Ony-cc 120 180 55 —Vap(01,62,6,R)—=Vap(ry,ra), (1Y

R 2.264 0

My=r1 3.555 6.308

rec=r2 2.469 2.287 whereVgp(01,0,,¢6,R,rq1,r,) is the full 6D potential.

Energy 15410 0 16382
C. Basis sets

*Reference 10. ) ) )

The details of the bases used in the present calculations
are as follows: For each symmetry block, the maximum
value of j; andj, was 26 for even states and 27 for odd
states and the integration ové and #, was done with 36
~ A . 1 1 h? 92 Gauss—Legendre quadrature points. The maximum value of
Hsp=Hzpt |12 2urR% 2R, " 2ug IR? my in Eq. (4) was its maximum pogsiblie value2 i.e., 26 or 27
and the number of quadrature points in the dihedral aggle
+Vyp(01,02,6,R) = V3p( 01,02, ¢), (9 was 59. The range of, is |j1—j,| t0 j1+]j,, and where

both j; and j, are even this resulted in 1834 3D angular

functions. These were combined with 24 sine functiond=or
whereVyp(61,62,¢,R) is the potential in the four coordi- (at 30 quadrature pointsn the range 0—5.0 bohr. The order
natesR, 61, 6,, and ¢, and minimized with respect to the of the resulting 4D Hamiltonian matrix is 44 016 which used
remainingr, andr, variables.[In the present calculations 15G of memory and required 47 hours of CPU time to obtain
V3p(61,602,4) is zero and hereafter we eliminate reference3og eigenvalues and eigenfunctions on an HP ES45 worksta-
to it.] Note thatV,p( 61, 6,, ¢,R) contains both the acetylene tion. For GH,, convergence tests indicate that 4D eigenval-
and vinylidene minima, with the correct energetics, and thugies for vinylidenelike states are converged to within about
the eigenfunctions ofl,, must span large amplitude mo- 1 cmt using this basis. The 2D basisiiny andrcc was a
tions. The choice of the basis to represent these eigenfundirect product of 24 sine functions at 30 quadrature points
tions must therefore be able to describe large amplitude mder r, in the range 2.1-8.5 bohr and 6 numerical functions

tion in these variables. Clearly the eigenfunctionskbf,  at 12 quadrature points faic in the range 1.8—-3.5 bohr.
satisfy this requirement for the angular variables. For a basis Once the 4D and 2D bases were obtained, they were
in R, we chose simple sine functions spanning a range 0 t6ombined to obtain the full 6D basis used in the final deter-

Rmax. Thus, the final 4D basis is a direct-product of mination of the eigenvalues and eigenfunctions. The goal is
symmetry-adapted functiorﬁl?s(gl’gz,qg) with sine func- to obtain eigenvalues and, very importantly, eigenfunctions
2 of the 6D Hamiltonian at energies above the threshold for
formation of vinylidene. Even with the reduced dimension-
i ) ) . ) ) ality strategy described in Sec. 1B, it was still a very de-
Finally, eigenfunctions oH,p are combined with @ 2D ) 3nding task to obtain all eigenstates to within “spectro-
basis inry andr; (the HH and CC stretchgso obtain the  goqnicr accuracy at these high energies. For example, for

fing! 6D bgsis for the fu.II dim(_ansiqnal Har.nilto.nian. In the C,H, a direct-product of the two bases, 144 2D functions
spirit of using reduced dimensionality Hamiltonians, this 2D gnd roughly 300 4D functions would result in a final matrix

basis consists of eigenfunctions of a 2D Hamiltonian that is still too large for us to consider. Further, fos05

many more 4D functions would be needed to reach the vi-
5 5 nylidene threshold. In light of this, we have chosen to focus
he 9 he 9 . -
N _ 7 on obtaining vinylidene states to good accuracy, at the ex-
H2p -7 7+ Vap(r1,ra), (10 : : . .
2pp, O] 2p, I pense of this level of accuracy for highly excited acetylenic
states. To do this we adopted a strategy of only using that
part of the 4D basis with energies that span the energy range
whereV,p(r,r>5) is a reference 2D potential. For the presentof vinylidene states. For all calculations, the entire 2D basis
calculations, where; (r4) must span a large range in go- (144 functiong was utilized. In our preliminary repotf,we
ing from acetylene to vinylidengf. Table 1l below we used used 80 4D states, the first of which is 10 states below the
a basis of sine functions. In, (rco), we used a relatively energy of the lowest-lying vinylidenelike 4D state, i.e., states
small numerical basis obtained from a 1D Hamilitonian with 155—235. This resulted in moderately siZeflorder 10 000
a potential given by a cut im, with all other coordinates final 6D Hamiltonian matrices. Subsequently, we ported our
fixed at the vinylidene equilibrium. code to an ES45 HP/alpha with 32G of RAM and have been
The final, exact 6D Hamiltonian is able to extend the size of matrices to the order of 40 000.

tions inR. (This resulting in the largest Hamiltonian matrix
in the calculation).

Downloaded 08 Aug 2003 to 129.128.203.199. Redistribution subject to AIP license or copyright, see http://ojps.aip.org/jcpo/jcpcr.jsp



J. Chem. Phys., Vol. 118, No. 22, 8 June 2003 Acetylene—vinylidene isomerization 10017

This has enabled us to use a much larger 4D basis heréranck—Condon approximation. This simulation requires a
Specifically, most of the results we present in the next secwave function for the ground vibrational state of the an-
tion were obtained using 150 4D basis functions spanning 2n(s). Rather than use an approximate harmonic model for
states below the lowest energy 4D vinylidene state to 13@his wave function, we calculated a ne initio anion po-
states above it, i.e., 4D states 145-295. tential and numerically obtained the ground vibrational state
In order to test this approach we also did calculationswave function on the same 6D quadrature grid used in the
with a complete 4D basis that begins with the lowest energyD calculations of the neutral system. The details of these
state of acteylene and terminates with an energy state wedinion calculations are briefly given in the next section.
above the isomerization threshold, i.e., states 1-235. Using
this large basis we could test the accuracy of a truncated
basis of 80 4D states, i.e., states 155—23Hhis is the size of Ill. RESULTS AND DISCUSSION
the 4D basis used pre.viou%). We obtained a zero-point s potential energy surface
vinylidene wave function with an energy only 0.6 ch
higher than the one obtained using the “fuli1-235 4D In our preliminary report of vinylidene stateSwe used
basis(the identification of the vinylidene states is discussedhe Stanton—Carter potential, which is basically a modifica-
in detail in Sec. Il}. Also, the energy differences for the tion of the Carter potential to improve the geometry and
fundamentals ofA; symmetry (5, v,, and v3) are all energetics of the isomerization barrier and vinylidene mini-
within 1 cm L. These comparisons indicate that the ap-mum. However, as noted in the Introduction, this potential
proach of using a subset of high energy 4D states is reasof0€S not give_a good description of cc ;tretch of vinyI.idene.
able for obtaining vinylidene states; however, it clearly is notT"us, we decided to construct a nalw initio potential using
an accurate method for acetylene stat®¥e present addi- @ high level mgthod and basis. Thls_ _has been_done and al-
tional results using these two bases in the next segtion. ~ réady reported Roughly 10 00Gab initio calculations were
Having validated the approach of using a subset of th&lone a_nd accur_ately fit by a I_east-squares method. Detailed
4D basis for vinylidene states, we decided to use the partigfroperties of this new potential, and a calculation of low-
basis of 150 4D states instead of the complete basis of 2351N9 ac(()atylene vibrational - states have already been
4D states because additional 4D vinylidenelike states coulfePorted,” and so only the most salient properties of this
be used in the basis of 150 4D states. As expected, we fourltdfW potenﬂal are given in Table Il. The coordinates used in
that the final 6D vinylidenelike states have somewhat lowef€ t@ble include the usual bond lengths and bond angles and
energies than the results obtained with either the 80 4D basfdSC the relevant Jacobi distand@sr,, andr,. Note the

or the 235 4D basis. Thus, we believe that the vinylidend@'9€ change in the values Bfandry(r ) for the acetylene
energies reported below are close to being of “spectro-and vinylidene minima. Thus, the expectation values of these

scopic” accuracy, i.e., converged to within 10 chor less. two distances play signature roles in characterizing molecu-

It must be noted that density of states obtained with thear eigenstates, which we examine next.
smaller 150 4D basis is smaller than then one using the com-
plete basis of 235 4D states. This is discussed in more detail ] ]
in the next section. B. Energies and expectation values
As extensive testing of the theoretical method has been As stated above, the goal of the present calculations is to
performed for GH,, less extensive testing was done for investigate the nature of excited vibrational states with ener-
C,D,. The final GD, results reported have been carried outgies in excess of the threshold for formation of vinylidene.
with the same basis parameters as fgHE described in - Thus, we do not compare energy eigenvalues to high-
detail above. The one change is that we could not use all theesolution experimental data that have determined vibra-
4D states, starting with the lowest energy ofie.order to  tional energies of acetylerfdnstead we focus on properties
perform a calculation using a 4D basis that begins with theof high-energy molecular eigenstates ofH; and GD,.
lowest energy state and terminates with the maximum energy The calculations reported here are mainly for thg
state used in the truncated 4D calculation, described belovgymmetry block in G, i.e., theA; symmetry block inC,, ,
would require 500 4D basis functions and the resulting 6Dsince these are the states that are observed in the photode-
H-matrix would be of order 72 00PInstead we adopted the tachment spectra. Unless specified otherwise the results pre-
strategy of using a subset of 4D states that span the visented for GH, were obtained with the partial basis of 150
nylidene energy region as was done faHs. We used 230 4D functions. For GD,, all results were obtained using the
4D states which span a smaller energy range, 2985'cm partial basis of 230 4D functions.
starting with a state 541 cnt below the first 4D vinylidene To characterize the molecular eigenstates, we calculated,
state, than in gH,, where the 150 4D states span as beforé®!’ the expectation values of all six coordinates;
3315 cmi'! with the first state 509 cm' below the first 4D however, here we focus diR) and(r ;) since these are the
vinylidene state. For the D, calculations, these 230 4D most different for acetylene and vinylidene, as already noted.
functions were combined with 144 2D functions resulting inFor states with energies below the threshold for vinylidene
a final H-matrix of order 33 120. formation (roughly 20 000 cm? above the acetylene mini-
The results of these 6D calculations are given in the nexmum), (R) gradually increases from around 0.5 to nearly 1.0
section. In addition we used the 6D eigenfunctions to simubohr and(r ) fluctuates around 6.3 bohr, which is the equi-
late the photodetachment spectra gHg and GD, in the  librium value at the acetylene minimurfAs a consequence
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of the uncertainty principléR) cannot equal zero, the equi- valueg are states with expectation values between those for
librium value, since the physical range Rfmust be greater vinylidene and acetylene. Also, the occurrence of such states

than or equal to zerp. appears to be increasing as the energy increases. This indi-
cates that the spectrum of sharp vinylidene states is finite;
1. C,H, however, this must be regarded as a tentative observation

The expectation value&R) and(r ) for C,H, in the until converged higher energy calculations can be done. Fi-
energy range of interest are plotted in Fig. 2 as a function of@lly, note that there appear to be more vinlyidenelike states
the energy above the acetylene minimum. As seen, there at@ Fig. 2 than in Fig. 3. The reason for this is that the 4D
a number of states withR) and (r ) very different from basis used to obtain the results in Fig. 2 contains more vi-
values that are characteristic of acetylene. For these stat8ylidenelike states than do the 4D bases used to obtain the
(R) is roughly equal to 2.4 bohr and ) is roughly equal  results in Fig. 3.
to 3.5 bohr. These values are quite close to the equilibrium We have examined a number of wave functions with
values ofR andryy at the vinylidene minimum, strongly Vinylidenelike expectation values and indeed found they are
suggesting that states with these expectation values are Jighly localized in the vicinity of the vinylidene minima.
nylidenelike molecular eigenstates. One example, the lowest energy wave function with vi-

We also calculated wave functions and expectation valhylidene expectation values, is plotted in the upper panels of
ues ofR andr .y using the smaller partial basis of 80 4D Figs. 4 and 5. As befor¥, it clearly looks like a ground
functions and the complete basis of 235 4D functions thavibrational state wave function. This wave function is also
terminates at the same highest energy state as the smaller Bgalized in cosg¢;) and cosg,) and is symmetric about,
4D basis. The results are shown in Fig. 3. As seen the spe€gual tow/2. By contrast, the analogous plots of the wave
trum of vinylidene states in the two sets of calculations isfunction with energy just below that of this vinylidene state,
quite similar, and as noted in the previous section the eneshown in the lower panels of Figs. 4 and 5 displays the
gies of the zero-point vinylidene state and fundamentals areharacter of a highly excited acetylene stagfdote that in
in very good agreement. The major difference between theséese plots the coordinates of all degrees of freedom not
two sets of results is the much larger density of acetyleniglotted have been integrated over. With this procedure the
states for the 235 4D basis, as expected. The density of stategmmetry of wave function ird, is clearly revealed.
for this basis, in the energy region shown in Fig. 3, is  These results clearly point to the existence of vinylidene
roughly 1 per 7 cm?. (Recall this is the density of states for eigenstates in qualitative agreement with our previous
one of eight symmetry blocks and so the total density ofcalculations,’ which were done with a much smaller basis
states in this energy region would be roughly 1 perém  and different potential energy surface. Indeed, the “spec-
This value is roughly twice the corresponding density oftrum” of expectation values shown in Fig. 2 is quite similar
states of 1 per 14 cit for the results using the partial basis to the one we reported previously; however, the present den-
of 150 4D states. It is interesting to note that interspersed isity of statequsing 150 4D basis functioh$s considerably
the spectrum of sharp vinylidene states evidenced by ex- larger.
pectation values that are very close to equilibrium vinylidene ~ We also did calculations using the 80 4D basis forBje
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symmetry block of the Gpoint group. These states are anti-  Energies and state assignments of some low-lying vi-
symmetric with respect t@, equal tow/2. We have identi- nylidene states are given in Table Ill. Assignments were de-
fied a number of localized vinylidene states that are completermined by examining wave functions and also using the
mentary to the ones shown in Figs. 4 and 5 have been foun#ormal mode frequencies of vinylidelas a guide. We also
For the ground state, the splitting between the anti-give previous results from the experiments of Ereinal !
symmetric and symmetric pair is roughly 2 ch This num-  the planar 5D wave packet/absorbing potential calculations
ber has to be taken as a rough estimate of the splitting odf Schork and Kppel? and the second-order perturbation
course due to the imprecision of our calculations. Howevertheory calculations of Stanton and Gafdhere is excellent
the existenceof symmetric and antisymmetric states is rigor- agreement between all results fog and v3. Our calcula-

ous and does point out that the vinylidene spectrum shoultions for vg and the 25 overtone are somewhat below the
consist of doublets. This doublet structure would result in arother calculations and experiment. There is good agreement
apparent line width of the order of the doublet splitting in afor the combination band,+ v; with the Stanton—Gauss
“low resolution” experiment. calculations. This state was labeled as a prominent peak in
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FIG. 4. Image plots of the lowest energy symmetric vinylidene stgiper =l s o0 95 10

pane) and the acetylenic state just below it in enetpyver panel for C,H, cosh,

in the coordinates =ry andR.
FIG. 5. Image plots of the lowest energy symmetric vinylidene stgtper
pane) and the acetylenic state just below it in enetpyver panel for C,H,

the photodetachment spectrum but the energy was not rd the coordinates cof; andR.

ported. We give an estimate of the energy of this state fron%ity of states of GH, using a comparable incomplete basis.

the spectrum, which is in good agreement with our CaICU|aBased on the increase of the density of states i, Qising

:'r?n anfd r\:gﬂ:nthr?t oln:;i doLSttar:todn and (fatUﬁs. Ozrlseia\tlrcr; fog‘ more complete basis we estimate that the true density of

€ 1 Tuhdamental did not produce a totally CONCIUSIVE T€-qaag for GD, in this energy range for thé&; symmetry
sult, so the energy given must be regarded as tentafitve.
should be noted that the normal mode frequency of thigABLE Il Energies for low-lying vinylidene (GH,) states from the
mode on the potential used in our calculati®hss present 6D calculations along with comparisions with experimental mea-
3131 et hich is i llent t with th surements and other calculations. The zero-point en€ZiE) is given

cm =, which 1S in excellent agreement wi . € ON€ ejative to the acetylene minimum. All energies are given in tm

reported by Stanton and Gausis the case of experiment, a
weak spectral feature was assignediobased mainly on a  States Sym  Present 8D 2nd P Experiment

calculated normal-mode frequency. ZPE AL 20424
Vg B} 218 301 263
2vg A 386 473 479 456 30
2. C,D;, au, N 633 809 . .
Large-scale vibrational calculations of eigenvalues and vs B3 658
eigenfunctions of thé; symmetry block of GD, were done s+ U Aé 872
using the bases described in detail in the previous section. As 3 A} 1179 1205 1176 116510
: . ) v, A; 1654 1671 1653 167110
with C,H,, expectation values of all coordinates were calcu- " Al 2783 2088 3025 30
lated. Plots of the expectation valu¢R) and (rpp) are vyt vs Al 2836 2820 2814 10¢

given in Fig. 6. As seen, there are clear signatures of deuter= _

ated vinylidene states. The density of staisisthe A} sym-  ,onork and Kepel, Ref. 12.
. . . LT . °Stanton and Gauss, Ref. 6.

metry block in the energy region shown in this figure is cgpyin et al, Ref. 14.

roughly 1 state per 8 cit, which is roughly twice the den- Estimate from the spectrum.
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block is roughly 1 per 4 cm* which would imply a com- and Kapel, but again this band could not be resolved
plete density of states of 2 per cn *. experimentally.

The vibrational energies and assignments for some low- Next we present details and results of the simulation of
lying states and comparisons with previous results are givethe photoelectron spectra fopk, and GD,. The first step
in Table IV. The results labeled AIMD are fromb initio  in doing this calculation is to obtain a realistic ground-state
molecular-dynamics calculations based on an analysis of thébrational wave function for the anion, which we describe
power spectrum. There is excellent agreement between dfiext.
results for the two fundamentals andv5 as well as .for the _C. Anion potential and ground-state vibrational
2vg overtone. The agreement between the theoretical predigyaye function
tions for the 25 overtone is also excellent; this vibration

could not be resolved in the photoelectron experiment and 1 h€ ground state anion wave function is highly localized
appeared as a shoulder on thg fundamental. We are the and, therefore, should be well described by a conventional,

first to calculate the energy of thes, fundamental low-order force field. This was obtained usiag initio cal-
(2309 cnY) and the prediction is slightly higher than the culations performed using the CC8D method with the
experimental estimate. The energy for theg4overtone aug-cc-pVTZ basis as follows. The equilibrium geometry of

(494 cm'Y) is much less than that calculated by Schorkth€ vinylidene anion, and Hessian at this georgﬁetry were ob-
tained in Cartesian coordinates usiBgusSSIAN 98> We then

used this information to generate a grid of energies in terms
TABLE IV, Energies (cm?) for lowlying vinylidene (GD,) states ofa! of the six_ i_nterl_”nuclear distances_ using methods_ based on
symmetry from the present 6D calculations along withzcomparisonls withStandard ﬂmt? dlﬁ?rence -expressmns ‘j:md a step size of 0.001
experimental measurements and other theoretical predictions. The zero-poi@@Nr, as decribed in detail for a potential fos®1*" We then
energy(ZPB) is given relative to the acetylene minimum. fit the resulting data using a full biline&28-term) force field
in the same coordinates, i.e., six internuclear distances, as
used to fit the neutral potential. The absolute average error of
ZPE 19341 the fit was 0.8 cm?. This force field was then used to obtain
2vs 338 412 327 37830 a full-dimensional ground-state vibrational wave function us-

State Present Work 5D AIMD® Experimenit

4vg 494 643 . . Y : .

v, 886 889 882 86% 10 ing the same primitive bases that were used in the calculation

Vo 1594 1612 1561 159020 of the neutral system.

2, 1749 1774 1770

vy 2309 : 2190+ 30 D. Photodetachment spectra

vyt g 2499 “e e 2468+ 20"
= Franck—Condon factors were calculated numerically for

Zﬁ;‘)’/g‘sgpgl Kggf"eRef' 12. the ground vibrational state of the anion with the vibrational
Ervin et al, Ref. 1. states of the\; block of the neutral. The resulting spectrum
dEstimate from the spectrum. for C,H, is shown in Fig. 7 along with the low resolution
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FIG. 7. Franck—Condon factors for the vinylidene anion with molecular FIG. 8. Franck—Condon factors for the fully deuterated vinylidene anion
eigenstates of acetylene—vinylidene,H3) vs the energy of the neutral and  with molecular eigenstates of acetylene—vinylideng§} vs the energy of
comparison with the experimental photoelectron of Lineberger and cothe neutral and comparison with the experimental photoelectron of
workers(Ref. 1. Lineberger and co-worker@ef. 1).

experimental spectrutn(Note only those states in Table Ill permutation—inversion point group using a novel truncation—
of A] symmetry appear in the photodetachment spgcifee  diagonalization procedure that used a series of reduced di-
most intense peak is the overlap of the anion ground statmensionality Hamiltonians. These eigenstates are symmetric
with the ground state of vinylidene neutral. Both the theo-with respect to a rotation of the CC axis that spans the two
retically calculated and the experimentally measured spectraquivalent vinylidene minima. Analysis of expectation val-
have been normalized with respect to the most intense zerates and a visual inspection of several wave functions clearly
point energy(ZPE) peak. Also, the zero-point energy of the indicates the existence of vinylidenelike molecular eigen-
experimental spectrum has been set such that the largestiates. In the case of,8, this analysis was done using three
measurement in this peak coincides with the theoretical ZPH8ifferent bases, which indicates the robustness of this con-
peak. The overlaps of anion ground state with vinylideneclusion. However, an absolutely definitive verification of this
states 2, 4vg, v3, vo, and vy,+ vy, which have theA; conclusion will require a highly converged calculation of all
symmetry in G CNPI group @; symmetry inC,, point  molecular eigenstates in the high energy regime. Energies of
group, are very prominent and the intensities of those stateginylidene and fully deuterated vinylidene states were pre-
agree well with the experimental results. sented and compared to previous approximate calculations
As was done for ¢H,, Franck—Condon factors were and experiment.
calculated numerically for the ground symmetric state of the  Limited calculations were also done fopld, for the B,
anion with excitation to all states in th&; symmetry block symmetry block; these states are antisymmetric with respect
of the neutral for GD,. The anion potential used was the to CC-axis rotation. A small splitting of the order of 2 th
same as that for the correspondingHs calculations. The or less was found for these antisymmetric states relative to
resulting spectrum along with the experimental one are givethe symmetric ones which indicates the vinylidene spectrum
in Fig. 8. As labeled in the figure, the most prominent ab-should consist of closely space doublets.
sorptions are(in decreasing order of magnitudeo the The photodetachment spectra ofH; and GD, were
ground states and then to states v;, v,+v3, and 2.  also calculated using a realistic, full dimensional ground-
The intensities of these peaks agree well with the experimerstate vibrational wave function for the anion, based omfan

tal measurements. initio force field. The resulting spectra were directly com-
pared to the experimental spectra, which are not fully re-
IV. SUMMARY AND CONCLUSIONS solved and very good qualitative agreement with these spec-

We reported full dimensionality quantum calculations of tra was found.

vibrational eigenstates of €, and GD, to energies above
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