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Full-dimensionality quantum calculations
of acetylene–vinylidene isomerization

Shengli Zou,a) Joel M. Bowman,b) and Alex Brown
Department of Chemistry and Cherry L. Emerson Center for Scientific Computation, Emory University,
Atlanta, Georgia 30322
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The isomerization of acetylene to vinylidene is examined theoretically in full dimensionality~six
degrees of freedom!, using a newab initio potential energy surface@S. Zou and J. M. Bowman,
Chem. Phys. Lett.368, 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 H2– C2 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 for C2D2 . Full dimensional simulations of the photodetachment spectra
of C2H2

2 and C2D2
2 are done~within the Franck–Condon approximation! and 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 qualityab initio calculations, which are also briefly
reported. ©2003 American Institute of Physics.@DOI: 10.1063/1.1571520#
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I. INTRODUCTION

Interest in acetylene–vinylidene isomerization, as a p
totype of 1,2-H atom migration, is long-standing. The fi
experimental evidence for the existence of vinylidene w
found in the pioneering photodetachment experiments of
vinylidene anion by the Lineberger group in the 1980s.1 In
that study, broad spectral features in the~low-resolution!
photodetachment spectrum of the vinylidene anion were
tributed to the formation of metastable vinylidene. The arg
ment was made in that paper that vinylidene probably ex
as a nonstationary state that would dephase and lose its
tity on the order of picoseconds, due to the overlap of t
state with the dense set of presumed delocalized acety
molecular eigenstates. However, the possibility of eig
states with vinylidene characteristics could not definitely
ruled out, and an intensive search for such states was ca
in the 1990s by Field and co-workers.2 That group probed
high energy states of acetylene using stimulated emis
pumping spectroscopy. The spectra, which are above the
rier to form vinylidene, and which may contain signatures
a vinylidene species, are highly congested and very challe
ing to assign. Thus, no definitive assignments of vinylide
states could be made, and the issue was still clouded
1998. In that year, Coulomb explosion experiments on
vinylidene anion were reported.3 These experiments, al
though somewhat qualitative, indicated that the lifetime o
vinylidene state was of the order of microseconds or long
much longer than the estimate given by the Lineber
group.

a!Present address: Department of Chemistry, Northwestern University,
Sheridan Road, Evanston, IL 60208-3133.
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These experiments stimulated much theoretical w
over roughly a twenty-year time frame. The first combin
ab initio and dynamics study of vinylidene was reported
Carringtonet al.4 They determined a reaction path conne
ing the vinylidene minimum, isomerization barrier, an
acetylene minimum and determined a vinylidene lifetim
semiclassically, of the order of picoseconds. This estim
was in accord with the experimental estimate of t
Lineberger group. Subsequently, theoretical efforts focu
on high qualityab initio calculations of the energetics an
harmonic frequencies of the isomerization barrier and
nylidene minimum. The most accurate calculation of t
isomerization saddle point and vinylidene structure was d
recently at the CCSDT level of theory, with an extrapolati
to the complete basis set limit.5 The electronic barrier to
isomerization was given in this work as 2.85 kcal/mol.
second-order perturbation theory anharmonic analysis of
vinylidene and vinylidene anion vibrational fundamenta
was also reported, based on CCSD~T! calculations.6 Signifi-
cant corrections to harmonic frequencies were found,
these resulted in improved agreement with the peak posit
in the photodetachment spectrum. Limitedab initio calcula-
tions have been reported in connection with recent dynam
calculations; these are reviewed in detail below. Until ve
recently there existed essentially one semiglobal poten
spanning the acetylene and vinylidene minima and isom
ization barrier, due to Carteret al.,7 as modified slightly by
Halonenet al.8 The Carter–Halonen potential energy surfa
~PES! was based on earlierab initio calculations and is con
siderably more accurate for the acetylene region than
vinylidene. Very recently, this PES has been modified ag
in the vinylidene region by Stanton to incorporate his newab
initio calculations.9 A new, more accurate semiglobal pote

45
2 © 2003 American Institute of Physics

AIP license or copyright, see http://ojps.aip.org/jcpo/jcpcr.jsp



II
o
n
om
r
n
i-
tiv
r-
in
h

t t
m

e
n

er
v

re
-

m
ig

ty

he
A

e
s
ve
te
ra
n
s,
e
up
en
n
o
n
c
o
de

in

by
d
e

ic
g-

hl
Le

um
of

tes
p
s

lcu-
vi-
n-
to

bit

ri-
la-

e
ton–
ns

sly

ull-

ted
s

nd
as
ent

ds
II.

nd
cs.

es
n in
ec.

tes
c-
pic
ible
ost
ere
cs.
nd
k to
ian,
by a
ese
ice
act

10013J. Chem. Phys., Vol. 118, No. 22, 8 June 2003 Acetylene–vinylidene isomerization
tial has just been reported by two of us.10 This potential is
used in the present work and is briefly described in Sec.

The first multidimensional quantum dynamics study
vinylidene isomerization was reported by Germann a
Miller,11 who considered two and three degree-of-freed
models in vinylidene normal coordinates using the Carte
Halonen potential. Their goal was to obtain the microcano
cal isomerization ‘‘resonances’’ for vinylidene in various in
tial vibrational states. The calculations employed a nega
imaginary ~‘‘absorbing’’! potential just beyond the isome
ization barrier and in the acetylene region to avoid deal
with the large density of high-excited acetylene states. T
use of this potential introduces a negative imaginary par
the energy eigenvalues, which can be interpreted as lifeti
~or equivalently resonance widths!. However, in the case of a
truly bound system such as vinylidene–acetylene, the eig
values are necessarily real, and thus this approach is
rigorously correct. Nevertheless, as shown by them it is v
useful in assessing the relative metastability of modes of
bration of vinylidene.

Similar absorbing boundary conditions were used
cently by Schork and Ko¨ppel12 in extensive reduced dimen
sionality ~up to five degrees-of-freedom! wavepacket simu-
lations of the vinylidene anion photodetachment spectru
These authors used ‘‘satellite’’ coordinates that were or
nally suggested by Wyatt and co-workers13 in their quantum
calculations of low-lying vibrational states of planar ace
lene. A newab initio potential @at the CCSD~T! level of
theory# was also calculated; however, it was limited to t
vinylidene and barrier region of the neutral and the anion.
in the Germann–Miller work, Shork and Ko¨ppel obtained
lifetimes for a variety of vinylidene vibrational states. Th
results were quite dependent on the number of degree
freedom considered. For example, for the zero-point le
the lifetime in four and five degrees-of-freedom was repor
as 46 and 293 picoseconds. The lifetimes for excited vib
tional states ranged from sub-picoseconds to picoseco
~By slightly adjusting the line widths in their calculation
they were able to obtain excellent agreement with the exp
mental photodetachment spectrum of the Lineberger gro!
An important conclusion of this work was that the appar
lifetime of vinylidene in the zero-point level was longer tha
picoseconds. This supported, at least qualitatively, the c
clusions of the more recent Coulomb explosion experime
mentioned above. These authors also noted long-time re
rences in the time-dependent correlation function and c
cluded that the isomerization is not a simple exponential
cay, but involves significant barrier recrossing.

The same conclusion about significant barrier recross
was reached in planarab initio ‘‘direct-dynamics’’~classical!
calculations for fully deuterated vinylidene, reported
Carter and co-workers.14 The potential energy was obtaine
‘‘on-the-fly’’ at the CASSCF level of theory, and due to th
heavy computational demands of this approach, only a sm
number of trajectories were done. These trajectories, wh
were initiated in the vinylidene configuration, exhibited si
nificant recrossing of the isomerization barrier.~It should be
noted that earlier classical trajectory calculations of hig
excited planar acetylene were reported by Holme and
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vine, using a model potential energy surface.15 These authors
did not focus on the lifetime of vinylidene.!

We recently reported four degree-of-freedom quant
calculations of high-energy molecular eigenstates
acetylene16 using the Stanton–Carter potential. Eigensta
with clear vinylidene characteristics were found. A follow-u
calculation in full dimensionality, using this potential, wa
reported as a Communication.17 Again, eigenstates with very
clear vinylidene characteristics were found. These two ca
lations were the first to present definitive theoretical e
dence for the existence of vinylidenelike molecular eige
states. This work stimulated Prosmiti and Farantos
perform a nonlinear dynamics analysis of the periodic or
structure of acetylene and vinylidene18~a! on the Stanton–
Carter potential. They find strong evidence for stable pe
odic orbits in vinylidene, in support of the quantum calcu
tions, and in agreement with their previous work18~b! on the
original Carter potential.

In doing further work, specifically a calculation of th
photodetachment spectrum, we discovered that the Stan
Carter potential does not describe the vinylidene vibratio
very well. In particular, the CC-stretch has an anomalou
low harmonic frequency. As a result, we calculated a newab
initio potential energy surface for vinylidene–acetylene10 as
noted already. We have used this new potential in new f
dimensional calculations of highly excited C2H2 as well as
C2D2 and present the results here. In addition, we calcula
the photodetachment spectra of the corresponding anion~in
the Franck–Condon approximation!. To do that, a newab
initio force field for the vinylidene anion was calculated a
from it the ground vibrational state anion wave function w
obtained and used in the calculation of the photodetachm
spectra.

The paper is organized as follows: The metho
used and details of the calculations are given in Sec.
The choice of coordinate system, Hamiltonian, a
diagonalization–recoupling procedures are outlined in Se
II A and II B. Section II C provides the details of the bas
used for our calculations. Results and discussion are give
Sec. III, and we summarize and give our conclusions in S
IV.

II. METHODS AND CALCULATION DETAILS

The exact quantum calculation of molecular eigensta
of C2H2 ~and C2D2) at energies above the threshold to a
cess the vinylidene region of the potential to spectrosco
accuracy, i.e., a few wave numbers, is currently not feas
by any method. However, this level of accuracy is alm
certainly not necessary in order to determine whether th
exist molecular eigenstates with vinylidene characteristi
The methods we developed were done with this in mind, a
thus they have some novel features. In general, we see
develop the most compact representation of the Hamilton
by using reduced dimensionality bases that are obtained
sequence of diagonalization/recoupling procedures. Th
are described fully below, but first we discuss the cho
of coordinate system and give the corresponding ex
Hamiltonian.
AIP license or copyright, see http://ojps.aip.org/jcpo/jcpcr.jsp
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A. Coordinate system

The choice of coordinates is clearly very important
the study of isomerization. As noted in the previous sect
‘‘satellite’’ coordinates13 were used by Shork and Ko¨ppel.12

These consist of a CC position vector and two vectors for
H atoms relative to the geometric center of the CC bond.
shown by Bentleyet al.,13 the full symmetry of the potentia
can be exploited in these coordinates; however, not i
straightforward analytical fashion. Instead of using these
ordinates, we chose C2– H2 diatom–diatom Jacobi coordi
nates, which are shown in Fig. 1. There is a threefold adv
tage to using these coordinates. First, the exact Hamilto
is known and it is relatively simple, second it is easy
exploit the full permutational symmetry of the molecule, a
third the isomerization from acetylene to vinylidene is d
scribed by a ‘‘simple’’ process in whichR increases from
zero, r 1 decreases~significantly!, andu2 changes fromp/2
to 0 ~or p!. Thus, there are two equivalent vinyliden
minima, as we have noted previously.17 Note also that acety
lene and vinylidene have planar minima, corresponding t
dihedral angle,f, equal to zero and the CC distance,r 2 ,
changes very little for these minima.

While C2– H2 diatom–diatom Jacobi coordinates a
clearly much better suited to describe vinylidene than lo
energy acetylene states, we have demonstrated previo
that they can yield accurate vibrational energies for acetyl
states.10,17A better set of diatom–diatom Jacobi coordina
to describe acetylene is the CH–CH coordinates. These h
been used by Guo and co-workers19 in full dimensional cal-
culations of acetylene states and earlier by Liu and Muck
man in planar calculations of acetylene states.20

B. The truncation–recoupling procedure

The full dimensional, body-fixed Hamiltonian fo
diatom–diatom Jacobi coordinates is21,22

Ĥ5
~ Ĵ2 ĵ12!

2

2mRR2 1
ĵ1
2

2m1r 1
2 1

ĵ2
2

2m2r 2
2 2

\2

2mR

]2

]R2

2
\2

2m r 1

]2

]r 1
2 2

\2

2m r 2

]2

]r 2
2 1V~r1 ,r2 ,R!, ~1!

FIG. 1. Diatom–diatom Jacobi coordinates of C2H2 .
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wherem1 , m2 , andmR are the usual reduced masses cor
sponding to the distancesr 1 , r 2 , andR, respectively,Ĵ is the
total angular momentum operator,ĵ1 and ĵ2 are the rotational
angular momentum operators associated with the ang
variables of the vectorsr1 andr2 , and ĵ12 is ĵ11 ĵ2 . As usual,
the body-fixedz-axis is along the vectorR. In this frame, the
anglesu1 and u2 are the polar angles of the vectorsr1 and
r2 , respectively, andf is the dihedral anglef1-f2 , where
f1 andf2 are the azimuthal angles ofr1 andr2 in the body-
fixed frame.

To simplify the problem, we consider only zero tot
angular momentum, and thus

ĤJ505
ĵ12
2

2mRR2 1
ĵ1
2

2m1r 1
2 1

ĵ2
2

2m2r 2
2 2

\2

2mR

]2

]R2

2
\2

2m r 1

]2

]r 1
2 2

\2

2m r 2

]2

]r 2
2 1V~r1 ,r2 ,R!. ~2!

~For simplicity we drop theJ50 superscript, hereafter.! The
approach we take to obtain eigenfunctions and eigenva
of this Hamiltonian is based on a reduced dimensional
truncation–recoupling approach that we and others have
veloped over the years.23–25The objective is to keep the fina
Hamiltonian matrix as small as possible, and the basic st
egy is to use bases that are eigenfunctions of reduced dim
sionality Hamiltonians. Typically, these Hamiltonians are o
tained from the full dimensional Hamiltonian by fixing som
coordinates at reference values corresponding to the m
mum on the potential energy surface. Thus, these bases
termed numerical, or potential optimized. In the simplest v
sion, these bases are functions of a single coordinate,
one-dimensional~1D! basis functions. A more effective ap
proach is to use multidimensional numerical bases, wh
can result in a significantly more compact final Hamiltoni
matrix.

Most applications of numerical bases have been to pr
lems where one is interested in obtaining eigenfunctions
the vicinity of a potential minimum. However, this approa
cannot be used to study acetylene–vinylidene isomerizat
which involves large amplitude motion in all degrees of fre
dom, except the CC-stretch. Below, we describe a modifi
tion of the numerical basis truncation–recoupling approa
that does permit a description of this isomerization. The k
feature of this novel approach is the use of a reduced dim
sionality potential that is minimized with respect to oth
degrees of freedom, such that the resulting potential cont
both the acetylene and vinylidene minima.

In the first step, we determine a reduced dimensiona
basis in the three angular coordinatesu1 , u2 , andf, defined
above, and depicted in Fig. 1. The general approach we h
programmed, and used previously,17 is to determine this ba-
sis as eigenfunctions of the following three-dimensional~3D!
Hamiltonian

Ĥ3D5
ĵ 12
2

2mRRcut
2 1

ĵ 1
2

2m1r 1e
2 1

ĵ 2
2

2m2r 2e
2 1V3D~u1 ,u2 ,f!,

~3!
AIP license or copyright, see http://ojps.aip.org/jcpo/jcpcr.jsp
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whereV3D is the potential foru1 , u2 , andf, with R fixed at
Rcut, and minimized with respect to the remaining variab
r 1 andr 2 . In the calculations reported previously,17 we fixed
Rcut near the value at the isomerization barrier. With th
choice ofRcut, V3D ‘‘contains’’ the acetylene and vinyliden
regions of the full potential. However, this particular choi
of Rcut gives a much better description of the vinylide
minimum than it does of the acetylene one.~In calculations
of low-lying states of acetylene, we chose the value
bohr,10 which is close to the expectation values ofR in the
ground acetylene state.!

In the present calculations we do not use a potentia
Ĥ3D , i.e., V3D50, and thus the eigenfunctions are the we
known, body-fixed angular functionsyj 1 j 2

j 12K(u1 ,u2 ,f),22

which are eigenfunctions ofj 12
2 , j 1

2, and j 2
2 , and whereK is

the projection quantum number of the total angular mom
tum on the body-fixedz-axis. ~The eigenvalues are the an
logs of rigid-rotor ones, with radial lengths chosen as f
lows: Rcut52.0 bohr, while r 15r 1e and r 25r 2e, i.e., the
equilibrium values for vinylidene.! The explicit construction
of these functions is given by the standard expression

yj 1 j 2

j 12 ,K
~u1 ,u2 ,f!5(

m1

C~ j 1 j 2 j 12;m1~K2m1!K !

3Q j 1 ,m1
~u1!Q j 2 ,K2m1

~u2!
eim1f

A2p
,

~4!

whereQ j 1m1
(u1), andQ j 2K2m1

(u2) are normalized associ
ated Legendre polynomials, andC( j 1 j 2 j 12;m1(K2m1)K)
are the Clebsch–Gordan coefficients.

To determine the parity and symmetry properties
these body-fixed angular functions it is necessary to re
them to space-fixed ones by the general expression

Yj 1 j 2 j 12K
JM ~F,Q,u1 ,f1 ,u2 ,f2!

5D̃MK
J* ~F,Q,f2!yj 1 j 2

j 12K~u1 ,u2 ,f!, ~5!

whereD̃MK
J* (F,Q,f2) is the normalized Wigner rotation ma

trix which rotates the body-fixed wave function to the spa
fixed wave function andF andQ are spherical polar angle
of R in the space-fixed frame.f1 andu1 andf2 andu2 are
the spherical polar angles ofr1 and r2 in the body-fixed
frame, whosez-axis coincides with the vectorR, cf. Fig. 1,
andf5f1-f2 is the dihedral angle. As is well-known,21,22

the parity-adapted angular functions for arbitraryJ andK are
given by

Yj 1 j 2 j 12K
JM« ~F,Q,u1 ,f1 ,u2 ,f2!

5
1

A2~11dK0!
~Yj 1 j 2 j 12K

JM ~F,Q,u1 ,f1 ,u2 ,f2!

1«~21! j 11 j 21 j 121JYj 1 j 2 j 122K
JM ~F,Q,u1 ,f1 ,u2 ,f2!!,

~6!

where« represents the parity of the wave function, i.e.,
Downloaded 08 Aug 2003 to 129.128.203.199. Redistribution subject to 
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P̂Yj 1 j 2 j 12K
JM« ~F,Q,u1 ,f1 ,u2 ,f2!

5«Yj 1 j 2 j 12K
JM« ~F,Q,u1 ,f1 ,u2 ,f2!, ~7!

whereP̂ is the parity operator and«561.
In the present case whereJ50, K andM must be zero,

D̃00
0* (F,Q,f2) equals one and thus the parity-adapted fu

tions, denoted,yj 1 j 2

j 12«(u1 ,u2 ,f), are given by

yj 1 j 2

j 12«~u1 ,u2 ,f!

5~11«~21! j 11 j 21 j 12!yj 1 j 2

j 12K50
~u1 ,u2 ,f!. ~8!

Thus, for even parity states, i.e.,«51, j 11 j 21 j 12 must be
even, and for odd parity states,j 11 j 21 j 12 must be odd.
Using the parity of the wave functions, the Hamiltonian m
trix can be separated into two different parity blocks depe
ing on whetherj 11 j 21 j 12 is even or odd. This symmetry
and block structure of the Hamiltonian matrix is general
all tetra-atomic molecules. Additional symmetries exist f
C2H2 due to permutational invariance of the Hamiltonia
with respect to interchange of the two H atoms or the two
atoms. The relevant complete nuclear permutation invers
~CNPI! group is G8 and thus the Hamiltonian matrix can b
separated into eight different blocks belonging to irreduci
representationsA18 , A19 , A28 , A29 , B18 , B19 , B28 , andB29 . It is
fairly straightforward to show that these irreps correspond
particular restrictions onj 1 , j 2 , and j 12 and these are indi-
cated in Table I.

Making full use of the CNPI symmetry, the Hamiltonia
matrix is eightfold block diagonal, which greatly facilitates
direct-diagonalization approach to obtain eigenvalues
eigenfunctions. In addition, the evaluation of potential mat
elements over the angular degrees of freedom can be sim
fied using this symmetry. The integration range is, as us
21 to 1 for cosu1 and cosu2 and 0 top for f ~using a
parity-adapted basis!. Using the permutational symmetry o
the two diatoms, the integration range can be halved for
anglesu1 andu2 resulting in an additional savings of a facto
of 4 in doing the numerical integration.

In the next step, we obtain eigenfunctions of the follo
ing four-dimensional~4D! Hamiltonian

TABLE I. Correspondence between thej i-dependent parity blocks and th
irreducible representations for G8 ~acetylene and vinylidene! and C2V ~vi-
nylidene!.

j 11 j 21 j 12 j 1 j 2 j 12 G8 C2V

even even even even A18 A1

even odd odd B28 A1

odd even odd B29 B2

odd odd even A19 B2

odd even even odd A28 A2

even odd even B18 A2

odd even even B19 B1

odd odd odd A29 B1
AIP license or copyright, see http://ojps.aip.org/jcpo/jcpcr.jsp
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Ĥ4D5Ĥ3D1 ĵ 12
2 S 1

2mRR2 2
1

2mRRcut
2 D 2

\2

2mR

]2

]R2

1V4D~u1 ,u2 ,f,R!2V3D~u1 ,u2 ,f!, ~9!

whereV4D(u1 ,u2 ,f,R) is the potential in the four coordi
natesR, u1 , u2 , andf, and minimized with respect to th
remainingr 1 and r 2 variables.@In the present calculation
V3D(u1 ,u2 ,f) is zero and hereafter we eliminate referen
to it.# Note thatV4D(u1 ,u2 ,f,R) contains both the acetylen
and vinylidene minima, with the correct energetics, and t
the eigenfunctions ofĤ4D must span large amplitude mo
tions. The choice of the basis to represent these eigenf
tions must therefore be able to describe large amplitude
tion in these variables. Clearly the eigenfunctions ofĤ3D

satisfy this requirement for the angular variables. For a b
in R, we chose simple sine functions spanning a range
Rmax. Thus, the final 4D basis is a direct-product
symmetry-adapted functionsyj 1 j 2

j 12«(u1 ,u2 ,f) with sine func-

tions in R. ~This resulting in the largest Hamiltonian matr
in the calculation.!

Finally, eigenfunctions ofĤ4D are combined with a 2D
basis inr 1 and r 2 ~the HH and CC stretches! to obtain the
final 6D basis for the full dimensional Hamiltonian. In th
spirit of using reduced dimensionality Hamiltonians, this 2
basis consists of eigenfunctions of a 2D Hamiltonian

Ĥ2D52
\2

2m r 1

]2

]r 1
2 2

\2

2m r 2

]2

]r 2
2 1V2D~r 1 ,r 2!, ~10!

whereV2D(r 1 ,r 2) is a reference 2D potential. For the prese
calculations, wherer 1 (r HH) must span a large range in go
ing from acetylene to vinylidene~cf. Table II below! we used
a basis of sine functions. Inr 2 (r CC), we used a relatively
small numerical basis obtained from a 1D Hamilitonian w
a potential given by a cut inr 2 with all other coordinates
fixed at the vinylidene equilibrium.

The final, exact 6D Hamiltonian is

TABLE II. Geometry~bohrs and degrees! and energies (cm21) of stationary
points on the newab initio potential.a RCH1

andRCH2
are the two CH bond

lengths anduH1– C–C anduH2– C–C are the two HCC bond angles.

Vinylidene Acetylene Saddle Pt

RCH1
2.054 2.011 2.028

RCH2
2.054 2.011 2.568

RCC 2.470 2.287 2.385
uH1– C–C 120 180 175
uH2– C–C 120 180 55
R 2.264 0
r HH5r 1 3.555 6.308
r CC5r 2 2.469 2.287
Energy 15410 0 16382

aReference 10.
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2V4D~u1 ,u2 ,f,R!2V2D~r 1 ,r 2!, ~11!

whereV6D(u1 ,u2 ,f,R,r 1 ,r 2) is the full 6D potential.

C. Basis sets

The details of the bases used in the present calculat
are as follows: For each symmetry block, the maximu
value of j 1 and j 2 was 26 for even states and 27 for od
states and the integration overu1 andu2 was done with 36
Gauss–Legendre quadrature points. The maximum valu
m1 in Eq. ~4! was its maximum possible value, i.e., 26 or 2
and the number of quadrature points in the dihedral anglf
was 59. The range ofj 12 is u j 12 j 2u to j 11 j 2 , and where
both j 1 and j 2 are even this resulted in 1834 3D angul
functions. These were combined with 24 sine functions foR
~at 30 quadrature points! in the range 0–5.0 bohr. The orde
of the resulting 4D Hamiltonian matrix is 44 016 which us
15G of memory and required 47 hours of CPU time to obt
300 eigenvalues and eigenfunctions on an HP ES45 work
tion. For C2H2 , convergence tests indicate that 4D eigenv
ues for vinylidenelike states are converged to within ab
1 cm21 using this basis. The 2D basis inr HH andr CC was a
direct product of 24 sine functions at 30 quadrature poi
for r HH in the range 2.1–8.5 bohr and 6 numerical functio
at 12 quadrature points forr CC in the range 1.8–3.5 bohr.

Once the 4D and 2D bases were obtained, they w
combined to obtain the full 6D basis used in the final det
mination of the eigenvalues and eigenfunctions. The goa
to obtain eigenvalues and, very importantly, eigenfunctio
of the 6D Hamiltonian at energies above the threshold
formation of vinylidene. Even with the reduced dimensio
ality strategy described in Sec. II B, it was still a very d
manding task to obtain all eigenstates to within ‘‘spect
scopic’’ accuracy at these high energies. For example,
C2H2 a direct-product of the two bases, 144 2D functio
and roughly 300 4D functions would result in a final matr
that is still too large for us to consider. Further, for C2D2

many more 4D functions would be needed to reach the
nylidene threshold. In light of this, we have chosen to foc
on obtaining vinylidene states to good accuracy, at the
pense of this level of accuracy for highly excited acetyle
states. To do this we adopted a strategy of only using
part of the 4D basis with energies that span the energy ra
of vinylidene states. For all calculations, the entire 2D ba
~144 functions! was utilized. In our preliminary report,17 we
used 80 4D states, the first of which is 10 states below
energy of the lowest-lying vinylidenelike 4D state, i.e., sta
155–235. This resulted in moderately sized~of order 10 000!
final 6D Hamiltonian matrices. Subsequently, we ported
code to an ES45 HP/alpha with 32G of RAM and have be
able to extend the size of matrices to the order of 40 0
AIP license or copyright, see http://ojps.aip.org/jcpo/jcpcr.jsp
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This has enabled us to use a much larger 4D basis h
Specifically, most of the results we present in the next s
tion were obtained using 150 4D basis functions spanning
states below the lowest energy 4D vinylidene state to
states above it, i.e., 4D states 145–295.

In order to test this approach we also did calculatio
with a complete 4D basis that begins with the lowest ene
state of acteylene and terminates with an energy state
above the isomerization threshold, i.e., states 1–235. U
this large basis we could test the accuracy of a trunca
basis of 80 4D states, i.e., states 155–235.~This is the size of
the 4D basis used previously.17! We obtained a zero-poin
vinylidene wave function with an energy only 0.6 cm21

higher than the one obtained using the ‘‘full’’~1-235! 4D
basis~the identification of the vinylidene states is discuss
in detail in Sec. III!. Also, the energy differences for th
fundamentals ofA18 symmetry (n1 , n2 , and n3) are all
within 1 cm21. These comparisons indicate that the a
proach of using a subset of high energy 4D states is rea
able for obtaining vinylidene states; however, it clearly is n
an accurate method for acetylene states.~We present addi-
tional results using these two bases in the next section.!

Having validated the approach of using a subset of
4D basis for vinylidene states, we decided to use the pa
basis of 150 4D states instead of the complete basis of
4D states because additional 4D vinylidenelike states co
be used in the basis of 150 4D states. As expected, we fo
that the final 6D vinylidenelike states have somewhat low
energies than the results obtained with either the 80 4D b
or the 235 4D basis. Thus, we believe that the vinylide
energies reported below are close to being of ‘‘spec
scopic’’ accuracy, i.e., converged to within 10 cm21 or less.
It must be noted that density of states obtained with
smaller 150 4D basis is smaller than then one using the c
plete basis of 235 4D states. This is discussed in more d
in the next section.

As extensive testing of the theoretical method has b
performed for C2H2 , less extensive testing was done f
C2D2 . The final C2D2 results reported have been carried o
with the same basis parameters as for C2H2 , described in
detail above. The one change is that we could not use al
4D states, starting with the lowest energy one.~In order to
perform a calculation using a 4D basis that begins with
lowest energy state and terminates with the maximum ene
state used in the truncated 4D calculation, described be
would require 500 4D basis functions and the resulting
H-matrix would be of order 72 000.! Instead we adopted th
strategy of using a subset of 4D states that span the
nylidene energy region as was done for C2H2 . We used 230
4D states which span a smaller energy range, 2985 cm21,
starting with a state 541 cm21 below the first 4D vinylidene
state, than in C2H2 , where the 150 4D states spa
3315 cm21 with the first state 509 cm21 below the first 4D
vinylidene state. For the C2D2 calculations, these 230 4D
functions were combined with 144 2D functions resulting
a final H-matrix of order 33 120.

The results of these 6D calculations are given in the n
section. In addition we used the 6D eigenfunctions to sim
late the photodetachment spectra of C2H2

2 and C2D2
2 in the
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Franck–Condon approximation. This simulation requires
wave function for the ground vibrational state of the a
ion~s!. Rather than use an approximate harmonic model
this wave function, we calculated a newab initio anion po-
tential and numerically obtained the ground vibrational st
wave function on the same 6D quadrature grid used in
6D calculations of the neutral system. The details of th
anion calculations are briefly given in the next section.

III. RESULTS AND DISCUSSION

A. Potential energy surface

In our preliminary report of vinylidene states,17 we used
the Stanton–Carter potential, which is basically a modifi
tion of the Carter potential to improve the geometry a
energetics of the isomerization barrier and vinylidene mi
mum. However, as noted in the Introduction, this poten
does not give a good description of CC stretch of vinylide
Thus, we decided to construct a newab initio potential using
a high level method and basis. This has been done and
ready reported.10 Roughly 10 000ab initio calculations were
done and accurately fit by a least-squares method. Deta
properties of this new potential, and a calculation of lo
lying acetylene vibrational states have already be
reported,10 and so only the most salient properties of th
new potential are given in Table II. The coordinates used
the table include the usual bond lengths and bond angles
also the relevant Jacobi distancesR, r 1 , and r 2 . Note the
large change in the values ofR andr 1(r HH) for the acetylene
and vinylidene minima. Thus, the expectation values of th
two distances play signature roles in characterizing mole
lar eigenstates, which we examine next.

B. Energies and expectation values

As stated above, the goal of the present calculations i
investigate the nature of excited vibrational states with en
gies in excess of the threshold for formation of vinyliden
Thus, we do not compare energy eigenvalues to hi
resolution experimental data that have determined vib
tional energies of acetylene.2 Instead we focus on propertie
of high-energy molecular eigenstates of C2H2 and C2D2.

The calculations reported here are mainly for theA18
symmetry block in G8, i.e., theA1 symmetry block inC2v ,
since these are the states that are observed in the pho
tachment spectra. Unless specified otherwise the results
sented for C2H2 were obtained with the partial basis of 15
4D functions. For C2D2 , all results were obtained using th
partial basis of 230 4D functions.

To characterize the molecular eigenstates, we calcula
as before,16,17 the expectation values of all six coordinate
however, here we focus on^R& and^r HH& since these are the
most different for acetylene and vinylidene, as already no
For states with energies below the threshold for vinylide
formation ~roughly 20 000 cm21 above the acetylene mini
mum!, ^R& gradually increases from around 0.5 to nearly 1
bohr and̂ r HH& fluctuates around 6.3 bohr, which is the equ
librium value at the acetylene minimum.~As a consequence
AIP license or copyright, see http://ojps.aip.org/jcpo/jcpcr.jsp
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FIG. 2. Expectation values of the radial coordinatesr HH

andR for six degree-of-freedom molecular eigenstat
of C2H2 ~of A18 symmetry! in the high-energy region.
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of the uncertainty principlêR& cannot equal zero, the equ
librium value, since the physical range ofR must be greater
than or equal to zero.!

1. C2H2

The expectation valueŝR& and ^r HH& for C2H2 in the
energy range of interest are plotted in Fig. 2 as a function
the energy above the acetylene minimum. As seen, there
a number of states witĥR& and ^r HH& very different from
values that are characteristic of acetylene. For these s
^R& is roughly equal to 2.4 bohr and̂r HH& is roughly equal
to 3.5 bohr. These values are quite close to the equilibr
values ofR and r HH at the vinylidene minimum, strongly
suggesting that states with these expectation values ar
nylidenelike molecular eigenstates.

We also calculated wave functions and expectation v
ues ofR and r HH using the smaller partial basis of 80 4
functions and the complete basis of 235 4D functions t
terminates at the same highest energy state as the small
4D basis. The results are shown in Fig. 3. As seen the s
trum of vinylidene states in the two sets of calculations
quite similar, and as noted in the previous section the e
gies of the zero-point vinylidene state and fundamentals
in very good agreement. The major difference between th
two sets of results is the much larger density of acetyle
states for the 235 4D basis, as expected. The density of s
for this basis, in the energy region shown in Fig. 3,
roughly 1 per 7 cm21. ~Recall this is the density of states fo
one of eight symmetry blocks and so the total density
states in this energy region would be roughly 1 per cm21.)
This value is roughly twice the corresponding density
states of 1 per 14 cm21 for the results using the partial bas
of 150 4D states. It is interesting to note that intersperse
the spectrum of sharp vinylidene states~as evidenced by ex
pectation values that are very close to equilibrium vinylide
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values! are states with expectation values between those
vinylidene and acetylene. Also, the occurrence of such st
appears to be increasing as the energy increases. This
cates that the spectrum of sharp vinylidene states is fin
however, this must be regarded as a tentative observa
until converged higher energy calculations can be done.
nally, note that there appear to be more vinlyidenelike sta
in Fig. 2 than in Fig. 3. The reason for this is that the 4
basis used to obtain the results in Fig. 2 contains more
nylidenelike states than do the 4D bases used to obtain
results in Fig. 3.

We have examined a number of wave functions w
vinylidenelike expectation values and indeed found they
highly localized in the vicinity of the vinylidene minima
One example, the lowest energy wave function with
nylidene expectation values, is plotted in the upper panel
Figs. 4 and 5. As before,17 it clearly looks like a ground
vibrational state wave function. This wave function is al
localized in cos(u1) and cos(u2) and is symmetric aboutu2

equal top/2. By contrast, the analogous plots of the wa
function with energy just below that of this vinylidene stat
shown in the lower panels of Figs. 4 and 5 displays
character of a highly excited acetylene state.~Note that in
these plots the coordinates of all degrees of freedom
plotted have been integrated over. With this procedure
symmetry of wave function inu2 is clearly revealed.!

These results clearly point to the existence of vinylide
eigenstates in qualitative agreement with our previo
calculations,17 which were done with a much smaller bas
and different potential energy surface. Indeed, the ‘‘sp
trum’’ of expectation values shown in Fig. 2 is quite simil
to the one we reported previously; however, the present d
sity of states~using 150 4D basis functions! is considerably
larger.

We also did calculations using the 80 4D basis for theB28
AIP license or copyright, see http://ojps.aip.org/jcpo/jcpcr.jsp
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FIG. 3. Expectation values of the radial coordinatesr HH

andR for six degree-of-freedom molecular eigenstat
of C2H2 ~of A18 symmetry! in the high-energy region for
truncated basis~upper panel! and full basis ~lower
panel!, as explained in the text.
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symmetry block of the G8 point group. These states are an
symmetric with respect tou2 equal top/2. We have identi-
fied a number of localized vinylidene states that are com
mentary to the ones shown in Figs. 4 and 5 have been fo
For the ground state, the splitting between the a
symmetric and symmetric pair is roughly 2 cm21. This num-
ber has to be taken as a rough estimate of the splitting
course due to the imprecision of our calculations. Howev
theexistenceof symmetric and antisymmetric states is rigo
ous and does point out that the vinylidene spectrum sho
consist of doublets. This doublet structure would result in
apparent line width of the order of the doublet splitting in
‘‘low resolution’’ experiment.
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Energies and state assignments of some low-lying
nylidene states are given in Table III. Assignments were
termined by examining wave functions and also using
normal mode frequencies of vinylidene10 as a guide. We also
give previous results from the experiments of Ervinet al.,1

the planar 5D wave packet/absorbing potential calculati
of Schork and Ko¨ppel12 and the second-order perturbatio
theory calculations of Stanton and Gauss.6 There is excellent
agreement between all results forn2 and n3 . Our calcula-
tions for n6 and the 2n6 overtone are somewhat below th
other calculations and experiment. There is good agreem
for the combination bandn21n3 with the Stanton–Gaus
calculations. This state was labeled as a prominent pea
AIP license or copyright, see http://ojps.aip.org/jcpo/jcpcr.jsp
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the photodetachment spectrum but the energy was no
ported. We give an estimate of the energy of this state fr
the spectrum, which is in good agreement with our calcu
tion and with the one of Stanton and Gauss. Our search
the n1 fundamental did not produce a totally conclusive
sult, so the energy given must be regarded as tentative~It
should be noted that the normal mode frequency of
mode on the potential used in our calculations10 is
3131 cm21, which is in excellent agreement with the on
reported by Stanton and Gauss.! In the case of experiment,
weak spectral feature was assigned ton1 based mainly on a
calculated normal-mode frequency.

2. C2D2

Large-scale vibrational calculations of eigenvalues a
eigenfunctions of theA18 symmetry block of C2D2 were done
using the bases described in detail in the previous section
with C2H2 , expectation values of all coordinates were calc
lated. Plots of the expectation values^R& and ^r DD& are
given in Fig. 6. As seen, there are clear signatures of deu
ated vinylidene states. The density of states~of the A18 sym-
metry block! in the energy region shown in this figure
roughly 1 state per 8 cm21, which is roughly twice the den

FIG. 4. Image plots of the lowest energy symmetric vinylidene state~upper
panel! and the acetylenic state just below it in energy~lower panel! for C2H2

in the coordinatesr 5r HH andR.
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sity of states of C2H2 using a comparable incomplete bas
Based on the increase of the density of states for C2H2 using
a more complete basis we estimate that the true densit
states for C2D2 in this energy range for theA18 symmetry

FIG. 5. Image plots of the lowest energy symmetric vinylidene state~upper
panel! and the acetylenic state just below it in energy~lower panel! for C2H2

in the coordinates cosu2 andR.

TABLE III. Energies for low-lying vinylidene (C2H2) states from the
present 6D calculations along with comparisions with experimental m
surements and other calculations. The zero-point energy~ZPE! is given
relative to the acetylene minimum. All energies are given in cm21.

States Sym Present 5Da 2nd P.T.b Experimentc

ZPE A18 20424 ¯ ¯ ¯

y6 B29 218 301 263 ¯

2y6 A18 386 473 479 450630
4y6 A18 633 809 ¯ ¯

y4 B29 658 ¯ ¯ ¯

y41y6 A28 872 ¯ ¯ ¯

y3 A18 1179 1205 1176 1165610
y2 A18 1654 1671 1653 1671610
y1 A18 2783 ¯ 2988 3025630

y21y3 A18 2836 ¯ 2820 2814610d

aShork and Ko¨ppel, Ref. 12.
bStanton and Gauss, Ref. 6.
cErvin et al., Ref. 14.
dEstimate from the spectrum.
AIP license or copyright, see http://ojps.aip.org/jcpo/jcpcr.jsp
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FIG. 6. Expectation values of the radial coordinatesr DD

andR for six degrees-of-freedom molecular eigenstat
of C2D2 in the high-energy region.
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block is roughly 1 per 4 cm21 which would imply a com-
plete density of states of;2 per cm21.

The vibrational energies and assignments for some l
lying states and comparisons with previous results are g
in Table IV. The results labeled AIMD are fromab initio
molecular-dynamics calculations based on an analysis of
power spectrum. There is excellent agreement between
results for the two fundamentalsn2 andn3 as well as for the
2n6 overtone. The agreement between the theoretical pre
tions for the 2n3 overtone is also excellent; this vibratio
could not be resolved in the photoelectron experiment
appeared as a shoulder on then2 fundamental. We are the
first to calculate the energy of then1 fundamental
(2309 cm21) and the prediction is slightly higher than th
experimental estimate. The energy for the 4n6 overtone
(494 cm21) is much less than that calculated by Scho

TABLE IV. Energies (cm21) for low-lying vinylidene (C2D2) states ofA18
symmetry from the present 6D calculations along with comparisons w
experimental measurements and other theoretical predictions. The zero
energy~ZPE! is given relative to the acetylene minimum.

State Present Work 5Da AIMD b Experimentc

ZPE 19341 ¯ ¯ ¯

2y6 338 412 327 370630
4y6 494 643 ¯ ¯

y3 886 889 882 865610
y2 1594 1612 1561 1590620

2y3 1749 1774 1770 ¯

y1 2309 ¯ ¯ 2190630
y21y3 2499 ¯ ¯ 2468620d

aShork and Ko¨ppel, Ref. 12.
bHayeset al., Ref. 6.
cErvin et al., Ref. 1.
dEstimate from the spectrum.
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and Köppel, but again this band could not be resolv
experimentally.

Next we present details and results of the simulation
the photoelectron spectra for C2H2 and C2D2. The first step
in doing this calculation is to obtain a realistic ground-sta
vibrational wave function for the anion, which we descri
next.

C. Anion potential and ground-state vibrational
wave function

The ground state anion wave function is highly localiz
and, therefore, should be well described by a conventio
low-order force field. This was obtained usingab initio cal-
culations performed using the CCSD~T! method with the
aug-cc-pVTZ basis as follows. The equilibrium geometry
the vinylidene anion, and Hessian at this geometry were
tained in Cartesian coordinates usingGAUSSIAN 98.26 We then
used this information to generate a grid of energies in te
of the six internuclear distances using methods based
standard finite difference expressions and a step size of 0
bohr, as decribed in detail for a potential for H2O.27 We then
fit the resulting data using a full bilinear~28-term! force field
in the same coordinates, i.e., six internuclear distances
used to fit the neutral potential. The absolute average erro
the fit was 0.8 cm21. This force field was then used to obta
a full-dimensional ground-state vibrational wave function u
ing the same primitive bases that were used in the calcula
of the neutral system.

D. Photodetachment spectra

Franck–Condon factors were calculated numerically
the ground vibrational state of the anion with the vibration
states of theA18 block of the neutral. The resulting spectru
for C2H2 is shown in Fig. 7 along with the low resolutio

h
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experimental spectrum.1 ~Note only those states in Table I
of A18 symmetry appear in the photodetachment spectra.! The
most intense peak is the overlap of the anion ground s
with the ground state of vinylidene neutral. Both the the
retically calculated and the experimentally measured spe
have been normalized with respect to the most intense z
point energy~ZPE! peak. Also, the zero-point energy of th
experimental spectrum has been set such that the la
measurement in this peak coincides with the theoretical Z
peak. The overlaps of anion ground state with vinylide
states 2n6 , 4n6 , n3 , n2 , and n21n3 , which have theA18
symmetry in G8 CNPI group (A1 symmetry inC2v point
group!, are very prominent and the intensities of those sta
agree well with the experimental results.

As was done for C2H2 , Franck–Condon factors wer
calculated numerically for the ground symmetric state of
anion with excitation to all states in theA18 symmetry block
of the neutral for C2D2 . The anion potential used was th
same as that for the corresponding C2H2 calculations. The
resulting spectrum along with the experimental one are gi
in Fig. 8. As labeled in the figure, the most prominent a
sorptions are~in decreasing order of magnitude! to the
ground states and then to statesn2 , n3 , n21n3 , and 2n6 .
The intensities of these peaks agree well with the experim
tal measurements.

IV. SUMMARY AND CONCLUSIONS

We reported full dimensionality quantum calculations
vibrational eigenstates of C2H2 and C2D2 to energies above
the threshold for formation of vinylidenelike states. A ne
ab initio potential was used in these calculation that is
major improvement over previous ones that describe
isomerization. The eigenstates were obtained using a
degree-of-freedom Hamiltonian in C2– H2 diatom–diatom
Jacobi coordinates, for zero total angular momentum. T
were obtained mainly for theA18 symmetry block of the G8

FIG. 7. Franck–Condon factors for the vinylidene anion with molecu
eigenstates of acetylene–vinylidene (C2H2) vs the energy of the neutral an
comparison with the experimental photoelectron of Lineberger and
workers~Ref. 1!.
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permutation–inversion point group using a novel truncatio
diagonalization procedure that used a series of reduced
mensionality Hamiltonians. These eigenstates are symm
with respect to a rotation of the CC axis that spans the
equivalent vinylidene minima. Analysis of expectation va
ues and a visual inspection of several wave functions cle
indicates the existence of vinylidenelike molecular eige
states. In the case of C2H2 this analysis was done using thre
different bases, which indicates the robustness of this c
clusion. However, an absolutely definitive verification of th
conclusion will require a highly converged calculation of a
molecular eigenstates in the high energy regime. Energie
vinylidene and fully deuterated vinylidene states were p
sented and compared to previous approximate calculat
and experiment.

Limited calculations were also done for C2H2 for theB28
symmetry block; these states are antisymmetric with resp
to CC-axis rotation. A small splitting of the order of 2 cm21

or less was found for these antisymmetric states relative
the symmetric ones which indicates the vinylidene spectr
should consist of closely space doublets.

The photodetachment spectra of C2H2 and C2D2 were
also calculated using a realistic, full dimensional groun
state vibrational wave function for the anion, based on anab
initio force field. The resulting spectra were directly com
pared to the experimental spectra, which are not fully
solved and very good qualitative agreement with these sp
tra was found.
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FIG. 8. Franck–Condon factors for the fully deuterated vinylidene an
with molecular eigenstates of acetylene–vinylidene (C2D2) vs the energy of
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