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A general, full-dimensional computational method for the accurate calculation of rotationally and
vibrationally excited states of tetra-atomic molecules is further developed. The resulting computer
program may be run in serial and parallel modes and is particularly appropriate for molecules
executing wide-amplitude motions and isomerizations. An application to the isomerizing acetylene/
vinylidene system is presented. Large-scale calculations using a coordinate system based on
orthogonal satellite vectors have been performed in six dimensions and vibrational term values and
wave functions for acetylene and vinylidene states up~t23 000 cm' above the potential
minimum have been determined. This has permitted the characterization of acetylene and vinylidene
states at and above the isomerization barrier. These calculations employ more extensive vibrational
basis sets and hence consider a much higher density of states than in any variational calculations
reported hitherto for this system. Comparison of the calculated density of states with that determined
empirically suggests that our calculations are the most realistic achieved for this system to date.
Indeed more states have been converged than in any previous study of this system. Calculations on
lower lying excited states of acetylene based on HC—CH diatom-diatom coordinates give nearly
identical results to those based on orthogonal satellite vectors. Comparisons are also made with
calculations based on HH—CC diatom-diatom coordinate20@5 American Institute of Physics

[DOI: 10.1063/1.1850471

I. INTRODUCTION benchmark case for the development of experimental and
theoretical techniques in molecular physics, and for the elu-
Recent interest in understanding wide-amplitudecidation of intramolecular vibrational coupling and energy
(“floppy”) molecular motions has been stimulated by theexchange. Such work has been reviewed by Hergtaal
drive to develop theories of intermolecular forces, isomerizaMost recently Xuet al. reported full-dimensional calcula-
tion, and coherent control of chemical reactions. Methods fotions, using a diatom-diatoittHC—CH) coordinate system, of
calculating the rotation-vibration energy levels and wavethe vibrational energies of acetylene up to 13 000%m
functions of floppy systems have advanced greatly in the lasibove the ground stat8.
decade. It is now feasible to study wide-amplitude motions  There have been fewer studies of acetylene at energies
of tetra-atomic molecules in full dimensidR® approaching the barrier to isomerization and still fewer of
The accurate calculation of th@o)vibrational bound vinylidene. The work most relevant to the understanding of
states of the acetylene/vinylidene system is particularly chalintramolecular energy flow has been reviewed by Jacobson
lenging because of the drastic differences in the equilibriunand Field** There has been considerable controversy con-
geometries of the two isomers and the high density of stateserning the lifetime of vinylidene in the gas pha@eRecent
at energies sufficient for vinylidene formation, which is contributions to the understanding of acetylene/vinylidene in
about 15000 cit above the acetylene ground state. Thethe energy regime associated with isomerization that are
acetylene/vinylidene system is a very important prototype foimost relevant to the present work include four papers from
isomerization reactions and in particular for 1,2-hydrogenthe Bowman group, on the six-dimensior(@D) ab initio
shifts, while vinylidene itself is an important reactive inter- acetylene/vinylidene potential energy surfateon full-
mediate in organic chemistry. dimensionality quantum calculations of acetylene-vinylidene
Acetylene has been very extensively studied, especiallyibrational states;** and on an empirically adjusted 6ab

. . . . . e - 115
at energies well below the barrier to isomerization, as dnitio potential-
In this work we use the purelgb initio potential of Zou

3 .- . .
dpresent address: Computational Science and Engineering Departmeﬁa}‘nd Bowmaﬁ to perform realistic full-dimensional calcula

CCLRC Daresbury Laboratory, Keckwick Lane, Warrington WA4 4AD, FIOHS up to an_d including Vinyl_idene energies. Thi_s potential
UK. is far from being spectroscopically accurate but it does de-
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CMy,

®— FIG. 1. Coordinate systems supported

9 by WAVR4 and relevant to acetylene:
(a) diatom-diatom(HC-CH), (b) or-
thogonal satellite vectorgg) diatom-
diatom(CC-HH). The positions of the

q1 d, R
e ( : ) qe( ) points CM;,,CMg, andM are as de-
R CM fined by Mladenov (Ref. 16.
(b) (© 34

scribe the acetylene/vinylidene isomerization and is therefore  Our code allows the use of all three coordinate systems
suitable for full-dimensional test studies. Our objective in theand implied symmetries of the molecule in question. Indeed,
present work is not to calculate high-accuracy energy levelacetylene is invariant under the operations of inversion and
per sebut to test coordinate systems and methods which wilpermutation of the hydroger&HH) and the carbonB(CC).
be suitable for spectroscopically accurate potentials wheffhus the total symmetry group of acetyleneGs.*® The
they become available. We note that the empirically adjustedoordinate system in Fig.(4 easily supports only the op-
potentiat® only became available near the completion of theerations of inversion and simultaneous permutation of car-
present work but in any case was fitted only to acetylendons and hydrogen®(CC) X P(HH). These two operations
spectroscopic data. generate the grouf, which is a subgroup of5g. Having

Our computational methods are outlined in Sec. Il. Cal-reduced symmetry is not a problem if only low-lying energy
culations using various coordinate systems are described iBvels are of interest. However, for highly excited energy
Sec. lll and the results for acetylene and vinylidene boundevels the isomerization to vinylidene becomes feasible thus
states are discussed in Sec. IV. Section V concludes the paennecting two equivalent acetylene geometries. Therefore

CMss

per. the full symmetry must be properly accounted for and this is
done most readily using the coordinates shown in Fi{g) 1
Il. COMPUTATIONAL METHOD or Fig. 1(c).

The original WAVR4 cod&* supported only inversion

We recently described a method for solving the problemsymmetry and the symmetry operations which reverse a vec-
of the calculation of bound rovibrational levels and wavetor connecting two identical atoms. For example, for the
functions of a tetra-atomic molecufé. Our approach is  cc_HH diatom-diatom coordinate system presented in Fig.
based on the well-established technique of sequential diagayc) these latter operations interchange the hydrogen
nalization and truncatiol. Our code WAVRA4(Ref. 4 is a ——q,) and carbon atomé&j,— —q.), respectively. Thus us-
general suite of computer programs which utilizes a class ofyg CC-HH diatom-diatom coordinates the full symmetry
coordinate systems based on “generalized orthogonglan pe most straightforwardly exploited. However for
vectors.™ The use of orthogonal vectors makes the Hamil-yc_cH diatom-diaton{Fig. 1(a)] and orthogonal satellite
tonian structure very simple and yet allows a variety of POS{Fig. 1(b)] coordinate systems the symmetry of operations
sible choices of coordinate systéfiSeveral possibilities rel- P(CC) X P(HH) and P(HH), respectively, could not be used.
evant to acetylene are presented in Fig. 1. The HC-CHhe implementation of the additional symmetries is possible.
diatom-diatom coordinates given in Fig(al correspond to  Bejow we present modifications which have been made in

traditional valence coordinates in the limit that the masses ofyavR4 to make use of hydrogen permutation symmetry
atoms 1 and 4 are small compared to those of atoms 2 and pp).

Note that the Hamiltonians are equally rigorous in all three
coordinate representations shown in Fig. 1.

For the isomerizing acetylene/vinylidene system, coordi-A. Existing method
nates based on orthogonal satellite vecfiBig. 1(b)] seem Here we recall only the key features of the computa-
to be the most natural choice because large changes in t%nal method*?° Our primitive basis set is a product of
rqd@lll coordd|_nates L”VOle')ng the Zyk()irogerr:s karedavgi')de‘ljradial and bending-rotation functions. A discrete variable
Similar coordinates have been used by Schork and KOppel o o esentatiofDVR) (Ref. 21 is used for the radial coordi-
to study vinylidene/acetylene isomerization, albeit with thenates which are described as a direct product of either
molecule held fixed in a plane. It is worth emphasizing thaty,se_oscillator-like or spherical oscillator functioffsThe

orthogonal satellite vectors do allow the full symmetry of bending-rotation basis functions are defined as
acetylene to be employed as elaborated below.

Another possible choice is to use HH-CC diatom-diatom |y K k j ,3p) = N Pl [ Y743, K)
coordinates[Fig. 1(c)]. These coordinates favor the vi- + (= 1)3+PrKeky K 7

: ' . : (-1 Y, 73,-K), (1)
nylidene configuration and calculations of acetylene states
may be hampered by slow convergence because there iswherey is an auxiliary number taking the values -1 and +1,
singularity in the Hamiltonian at the acetylene equilibrium J andK are the usual rotational quantum numbers associated
geometry, which corresponds ®=0. Zou and Bowmah  with the total angular momentum and its projection on the
recently used this coordinate system successfully in theibody-fixedz axis, j and| are angular momenta associated
simulation of the photodetachment spectrum of the vi-with rotation ofq, andqs,, respectivelyk is the projection of
nylidene anion. | onto R, p takes the values 0 and 1 for even and odd total
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parity, respectivelyNy, is a normalization factoPX are as-
sociated Legendre functions of the anglebetweenR and
di, YI‘ are spherical harmonics of the body-fixed angle
(6,, ¢) defining the direction ofj,, and|J,K) are symmetric
top eigenfunctions. Whemp=+1 our angular basis functions
are the same as the ones proposed by MladéptBubut
wheny=-1 they differ by a factof-1)*P*K. The full primi-

tive basis set is obtained as a direct product of the bending-

rotation basis setl) and a suitable radial DVR basis set
[ny)noy|ng) for qy,0,, andR, respectively.
The total Hamiltonian

H =T, (o) + To, () + Tr(R) + X Ta {01, 62 R)
K

+ > TRK(gy,0,R) + V 2
K

is a sum of potential energy, radial kinetic energy opera-
tors g, Tg,, and Tk, and bending-rotational kinetic energy
angular operator,,, In Eq. (2), the first sum represents the
part of T,pg Which is diagonal inK while the second part is
off-diagonal inK.

While the radial kinetic energy operators depend only on

J. Chem. Phys. 122, 064309 (2005)

TABLE |. Action of P(HH) on the primitive basis functions as given in Eq.
(9); the quantitiesy, K, andk are the initial quantum numbers; andk’ are
the final quantum number& is unchangedand the quantity is used in

SEq. (9).
Y K k g Y k'
- K=0 k=0 J+p -1 k
-1 K>0 k=0 J+p +1 K+k
+1 K>0 k=K J+p -1 k-K
+1 K>0 k<K K +1 K-k

LAEDI e A (6)
da

The third stage requires construction of the matrix represen-
tation of the operator

H3:Tq1+Tq2+ H2 (7)
and its subsequent diagonalization. This gives full-
dimensional pure vibrational energieski=0. The energies

ES and eigenfunctions

W= 2 Cigg oW W™ (8)

bcB

the respective radial coordinates, the bending-rotational OPzan then be used in a final step to solve the final full rovi-

eratorT,,, depends not only on the angles but also funCt'on'brational problent2)

ally on g, g, andR. However the radial DVR basis set is

if desired.

essentially a three-dimensional grid and therefore when

evaluating the matrix elements @f, the functional depen-

B. Modifications of the method

dence on radial coordinates can conveniently be approxi-

mated by the radial DVR approximation. The matrix ele-

The implementation oP(HH) symmetry for orthogonal

ments of the potential are also evaluated in the pyvRsatellite vectors can be achieved in two ways. One can either
approximation for radial coordinates and using Gaussia$ymmetrize the bending-rotation primitive basis @gtfrom

quadrature for the angular coordinafé<?

the start and carry on as above or postpone the symmetriza-

The diagonalization-truncation method is implementedtion until phase three. To keep the simplicity and efficiency

in WAVR4 in three vibrational steps and one rovibrational
step. The first phase of the basis set contraction scheme is

construct and diagonalize the matrix representation of the

Hamiltonian

Hi=Th 0GR +V (3)

for every radial 3D grid point. This results in a set of eigen-
valuese”*™ and eigenfunctions

o= S ChedKig).

a

(4)

The indexa is a cumulative index fow,K,k,j, andl where

K is fixed. The indiced,c, andd enumerate the grid func-

tions inq;,Q,, andR, respectively. The next phase is to con-

struct the matrix of the Hamiltonian
Hy=Tr+H; 5

in the new contracted basis s&¥ " and diagonalize it.

Note that in the new basis set the operdilyris diagonal.

The result of diagonalization dfl, is a new set of energies
Ep™ and eigenfunctions

of the earlier codéparticularly the evaluation of matrix ele-
faents of the potential ener{ﬂ we chose the latter.

The action ofP(HH) on the full primitive basis set maps
it into itself as follows:

P(HH)[n; =b)[ny =)z =d)|y Kk j 1,Ip)
= (=D =c)n=b)nz=d)ly’ KK 1],Ip),
(9)

where the resulting primed quantum numbers depend on the
initial ones and are summarized in Table | along with the
quantity “g.” Since in practice the basis set is finite one
needs to be careful about choosing the range of quantum
numbersj,l, andk so that for every bending-rotation func-
tion its image undeiP(HH) belongs to the basis set. Note
also thatP(HH) preserveK thus allowing retention of the
four-step diagonalization-trunction scheme described above.
During phases one and two, two cases must be distin-
guished. Ifb# ¢ then the eigenfunctiord ™ and W™ can
be obtained fromW™ and W, respectively, because
P(HH)H1(q;,0,R)=Ha(02,9;,R)  and  P(HH)H(ay,qy)
=H,(g,,0;). Thus one can skip nearly half of the radial grid
points and construct the orthogonal symme(tig and anti-
symmetric(=) functions simply by making linear combina-
tions
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W W \IbeKi W Wy P(HH \PbCK. 10 TABLE Il. Comparison of calculations of totally symmetric energy levels
b(ql) c(Q2) B C(ql) b(CIz) ( ) B (10 performed using the coordinate systems presented in Fig. 1. DD, diatom-

If b=c then the eigenfunctiongngdK and ¥PPK gre ei-  diatom(HC-CH); Sats), small basis set orthogonal satellite vector calcula-

ther symmetric or antisymmetric with respectR(HH) be- tion described in Sec. Il B; CCHH, diatom-diatof@C—HH). Identification
. of states follows Ref. 15.
cause H,(q,02,R) and H,(qg;,q,) are symmetric under

P(HH). The symmetry of eigenfunctions is determined nu-  assigment DD Sd#)-DD CCHH-DD

merically by computing a vector product &% with its

symmetry imageP(HH) ¥ |f the product is equal to 1 0 ZPE 57155 0.2 0.0
10,0,02,0° 1203.5 0.1 0.1

(within minor numerical erropsthen the function is deter-

mined to be symmetric, if it is equal to -1 then the function 20000,2 1448.6 03 07
. ) ) . 30,1,0,6,0° 1950.7 0.8 0.0
is antlsymm%'gr}ic. Therefore among the funqtlons 400,04,0° 2419.0 01 0.9
V() Wp(0)W 5™ some are symmetric and some antisym- 5 g2 22 2632.1 05 17
metric. 6 0,0,0,2,2° 2675.9 0.4 1.8
The above considerations require only relatively minor 7 0,0,0,8,4° 2922.3 0.8 8.0
modifications to our computer code, mostly for “house keep- 80,1,0,2,0° 3143.5 1.0 0.4
ing” regarding the symmetry of computed eigenfunctions. 91,0,0,6,0° 3371.1 2.6 0.3
Furthermore we do not explicitly create symmetrized func- 100,1,0,6,2° 3379.2 21 2.4
tions during the third phase. Instead the elements of the final 11 0.0,0,8,0° 3642.6 0.7 9.0
symmetric and antisymmetric Hamiltonian matrices are con- 12 0.0.04,2 3839.6 3.0 8
structed as linear combinations of the unsymmetrized matrix 1302,08,0° 3886.0 2.4 0.1
. . ; S 14 0,0,0,4,2° 3911.9 0.9 6.0

elements. Finally, the symmetric and antisymmetric eigen- B
. . ) : o 150,0,0,2,472 4096.2 4.2 15.2
values and _elgenfur)ctlon_s are obtained by_ d@gonallz_atlon of ¢ 0,0,0,8,4° 41706 14 14.4
the respective matricesising a dense-matrix diagonalizer 17 0,1,0,4,0° 4349.5 14 23
The computations at different points on the radial grid 1500,06,6° 4406.2 31 46.2
are independent of each other and require only eigenvectors 19 0,0,1,%,1-* 45253 0.0 1.6
from the previous phases. This is true not only for phases one 20 1,0,0,8,0° 4546.6 35 0.4
and two but also for the computation of matrix elements 210,1,0,2,22 4556.2 2.6 4.1
during phase three. Therefore these computations can be par- 22 0,1,0,2,2° 4595.6 23 5.5
allelized in a straightforward way. The code was parallelized 23 1.0.0.6,2° 4803.5 55 11
using OpenMP compiler instructions thus allowing the com- 24 0.1.06,4° 4834.2 4.1 223
250,0,0,8,0° 4871.0 3.8 62.7

pilation of the same code in both serial and parallel modes.
When the parallel mode is being used then a parallel diago-
nalizer is used in phase three. Another advantage of usin
OpenMP is that it supports dynamic scheduling for parallel’
sections of the code. This makes it possible to have a vari X é . o
job load for computations at each grid point and still achieve 460 bendmg fgnctlons which are tptally symmetric with

reasonable load balancing per CPU on average. In contragf“?Spect to inversion. Only s_tates of th|s_sy_n_1metry _have been
the implementation of a parallelization strategy for thecomputed. Thus the total slze OT the primitive basis set was
DVR3D code using message passing interfddel) had to 1445 040. To contract this basis set, up to 300 optimized

employ a fixed number of selected eigenstates for every grigendinghfunctions v.\;ﬁre selected for eac? frfadfizlo%r(i%lpoint
point to achieve load balancir?@. uring phase one with an upper energy cutoff o cm

and up to 450 functions during phase two with an energy
cutoff of 30 000 cm'. The computation of all states symmet-
IIl. CALCULATIONS ric and antisymmetri¢with respect toP(HH) permutation
Below we present details of calculations using the coor{00k a total of about 15 h on an eight CPU node of the Sun
dinate systems given in Fig. 1. All calculations have beerfluster. The zero-point energy and the lowest 25 excited state
performed using the recemb initio potential of Zou and energies of each computed symmetry are presented in the
Bowman*® The computations were initially carried out on a columns “DD" of Tables Il and Ill. Approximate assignments
Compagq Alpha workstation and then on a Sun Fire V8802re given in terms of the conventional normal mode quantum
cluster comprising four nodes each with eight processors angumbers for acetyleney, v,, vs, vy, andvg.
32 GB of RAM.

ndD,=55 000 cm?. The bending basis set was defined by
a=Imax=26 andkn,,=7. These quantum numbers define

B. Diatom-diatom CC-HH

A. Diatom-diatom HC-CH As mentioned above an alternative arrangement of

The diatom-diatonfHC—CH) calculation was performed diatom-diatom coordinate€CC—HH) is also possiblgsee
using six radial functions in each CH coordinate and nineFig. 1(c)]. The problem with this choice is the singularity in
radial functions in the CC coordinate. The parameters usethe Hamiltonian at the acetylene equilibrium configuration.
for CH stretching Morse-oscillator-like functioffswere re Atthe equilibrium,R=0 and the direction of the correspond-
=1.164 A,w,=2900 cm?, andD,=36 000 cm?; the param- ing vector is not defined. The terms proportional t&R4.in
eters for CC stretching wene=1.4135 A, w,=2000 cm?,  the Hamiltonian(2) can be very large wheR is near zero
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TABLE Ill. Comparison of calculations of energy levelsymmetric with respect to inversion a{CC)]
performed using the coordinate systems presented in Fig. 1. DD, diatom-digterCH); Sat1), large basis
orthogonal satellite vector calculation described in Sec. Ill C; ZB, diatom-dig@6+HH Ref. 13; ZPE,
zero-point energy.

States symmetric undét(HH) States antisymmetric und&(HH)
Assignment DD S4t)-DD ZB Assignment DD S&t)-DD ZB
0 ZPE 5715.5 0.2 5716.3
10,0,0,2,0° 1203.5 0.2 1208.7 0,001t 1311.6 0.1 1312.7
20,0,0,8,2° 1448.6 0.2 1449.7 0,0,0:31 2519.5 0.3
30,1,0,08,0° 1950.7 0.4 1950.3 0,0,0:13* 2772.0 0.4
40,0,0,4,0° 2419.0 0.3 0,0,190° 3241.1 0.4
50,0,0,2,272 2632.1 0.3 0,1,04171 3254.3 1.0 3256.4
60,0,0,2,2° 2675.9 0.4 0,0,0511 3735.0 0.5
7 0,0,0,8,4° 2922.3 0.4 0,0,0333 3955.6 0.6
80,1,0,2,0° 3143.5 0.5 0,0,0831 3999.7 0.7
91,0,0,8,0° 3371.1 1.0 0,0,0451 4246.6 0.8
100,1,0,8,2° 3379.2 0.8 3381.4 0,0,22° 4417.7 1.4
11 0,0,0,8,0° 3642.6 0.5 0,1,0811 4447.3 0.9
12 0,0,0,4,22  3839.6 0.5 1,0,048171 4656.5 1.7
130,2,06,0°  3886.0 0.7 0,0,192° 4671.1 1.6
14 0,0,0,4,2° 3911.9 0.6 0,1,043? 4691.1 1.1
150,0,0,2,42  4096.2 0.7 0,0,0&7171 4954.9 0.8
16 0,0,0,2,4°  4170.6 0.7 0,2,04171 5158.1 1.0
17 0,1,0,4,0° 4349.5 0.7 0,0,05373 5161.4 1.0
18 0,0,0,6,6°  4406.2 0.9 0,1,190° 5200.0 2.6
190,0,1,%,11 45253 1.5 0,0,05531 5232.4 1.0
201,0,02,0°  4546.6 1.7 0,0,03573 5416.2 1.1
210,1,0,2,22  4556.2 1.1 0,0,0851 5493.6 1.2
220,1,02,2°  4595.6 0.9 0,0,140° 5601.5 2.5
231,0,0,6,2°  4803.5 1.9 0,1,05511 5654.0 1.1
240,1,0,6,4°  4834.2 1.0 0,0,0471 5722.9 1.4
250,0,0,8,0°  4871.0 0.9 0,0,1222 5815.0 2.6

and must be treated with care. We successfully used WAVRAN j ax=max=Kmax=36 to describe bending. The matrix el-
with these diatom-diatom coordinates when tackling theements of 1R? were computed analyticalfy.The bending
Ar,—HF systenf, where R values near zero are accessiblebasis set for totally symmetric states comprised 4579 func-
but relatively far from the Ay—HF equilibrium. When we tions but it is clear, by comparison with the DD calculation,
applied CC—HH diatom-diatom coordinates to the acetylenghat the bending states are still poorly converged. The
system we found extremely slow convergence of the energgliatom-diatom CC-HH coordinates, and hence the corre-
levels. Also the range of H-H distances must be very large téponding basis functions, are not well adapted for the lowest
cover both acetylene and vinylidene. As a result we found®5 excited states of acetylene given in Table Il. The singu-
orthogonal satellite coordinatésee below to be a prefer- larity associated witlR=0 may also contribute to the poor
able choice for the simultaneous treatment of acetylene anéPnvergence of these levels. The calculation took 42 h on an
vinylidene. eight-processor node of the Sun cluster.

Recently Zou and Bowman successfully applied diatom-
diatom CC—HH coordinates when testing their nawinitio )
acetylene/vinylidene potential for acetylenic bound stdtes C- Orthogonal satellite vectors
and then performing calculations of vinylidene statew- For comparison, Table Il also presents a calculation,
ever these two bound-state calculations used basis sets whiehat(s),” with a small basis set using orthogonal-satellite co-
were each tailored specifically to either acetylene or vi-ordinates. The whole calculation took yrd h to compute
nylidene and would not be suitable for global calculations. both symmetric and antisymmetric states. The bending basis

Table Il presents the results of our test calculation usinget was defined by a=!max=32 andkma=7 (3504 func-
diatom-diatom CC-HH coordinates. We used nine Morsetions in tota) and the radial basis set had six points for
oscillator-like functions to describe CC stretching, CC-H stretch and nine points for CC stretch. Although the
=1.24 A, w,=2200 cm?, andD,=50 000 cm?), six Morse-  bending basis set is smaller, the bending states are much
oscillator-like functions for HH coordinatér,=3.41 A, w, better than obtained in the diatom-diatom CC-HH calcula-
=3200 cm?, and D,=45 000 cm?), ten spherical oscillator tion [the maximum error “SATS)-DD” is an order of mag-
functions for theR coordinate(7=0 and w,=1600 cn?), nitude smaller than that for “CCHH-DD”
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Further calculations using orthogonal satellite vectorsTABLE IV. Comparison of vinylidene energies. ZBB, diatom-diat¢eC—
were performed with the Objective of computing vinylidene HH_) Ref. 3; Sat, large basis set orthogonal sa_telllte vector calculation de-
. . L scribed in Sec. Il C; ZPE, zero-point energy with respect to acetylene po-
states while maintaining good accuracy of acetylene stateg, ... minimum.
Accurate calculations of low-lying levels using orthogonal
satellite vectors required a radial basis set of about the same ZBB Sat Sat-ZBB
size as the HC—CH diatom-diatom calculation above but the

. . . : ZPE 20424 20490 66
bending basis set required was somewhat larger. The bending y 1179 1105 16
basis set was chosen by considering the results of 3D bend- V3 1654 1683 59
. . . . . . 2

ing calculations with the radial coordinates fixed to acetylene " 2783 2783 0

and vinylidene geometries, respectively. It was found that the
basis set withj .= max=41 andky,.,=9 provided good ac-

curacy for low-energy states and a sufficiently high densityperformed for vinylidene, first without and then with the
of excited bending states. For example, the estimate from thghove energy cutoffs, the accuracy of the vinylidene zero-
calculation with fixed acetylene radial geometry predictedpoim energy decreased from about 1o about 20 crit.
that this basis set should provide about 95% of all excitedynfortunately we had to be rather restrictive and use the
bending functions up to 22 500 cfabove the global poten- energy cutoffs above during phases one and two to make the
tial minimum (comparing with the same calculation using afinal matrix of manageable size.
much largefjma=Imax=51 andky,,=15 bending basis set With ten basis functions used for each radial degree of
The bending basis set comprised 7075 3D bending functiongeedom, the total size of the primitive basis set was
which are symmetric under inversion ai{CC). Among 7 075 000 states. The first phase produced 165 594 optimized
this number there are both symmetric and antisymmetrigunctions and the second phase resulted in two matrices of
functions with respect to permutation of the hydrogens.  about 45 000 each in size for totally symmetric and antisym-
Initial calculations using the bending basis set defined bynetric stategwith respect to HH permutationThe calcula-
Imax=Imax=41 and kp,=9, with seven CC-H stretching tion took about two monthéwall clock time on an eight-
functions and ten CC stretching functions, gave reasonablgrocessor node of the Sun cluster. This time was dominated
energy values. However our objective was to compute Vviby the preparation of the final matriphase threle The zero-
nylidene states while maintaining good accuracy of acetylengoint energy and the lowest 25 excited state energies of each
states. As a result the radial basis set of CC-H was increasedmputed symmetry calculated with this large basis set using
from seven to ten functions. The parameters for the radiabrthogonal satellite vectors are given in the column (i$at
basis set were selected to cover the range of acetylene anfl Table Ill. Selected vinylidene state energies are given in
vinylidene geometries. We used Morse-oscillator-like func-Table IV and discussed below. All the computed energy lev-
tions with parameters,=1.76 A, w,=2100 cm}, and D,  els (up to =18 000 cm' above the acetylene ground state
=50 000 cm* for CC-H stretching andr,=1.24 A, w,  for this Safl) calculation are given in supplementary tables
=2400 cm?, andD,=35 000 cm® for CC stretching. To test available through the EPAPS depositdty.
the radial basis, if the angles are fixed to the equilibrium  The ten-point CC—H stretching basis set covered both
geometry of acetylene, the 3D radial calculation producescetylene and vinylidene minima well but not the saddle
reasonably good vibrational states with accuracy better thapoint. This deficiency may have resulted in a failure to re-
100 cni? for levels up to 20 000 cit (when compared with  produce low-energy bending states in the vinylidene mini-
a much larger basis 3D radial calculation mum (see below. Thus the radial basis set in CC—H should
One of the crucial choices in our calculation is the se-have been even larger. The machine we used is not particu-
lection of energy cutoffs required by the diagonalization-larly fast by modern standards and we plan to address the
truncation method. If the cutoffs are too high, then the opti-problem of the CC-H basis set in subsequent even larger
mized basis set is very large and the final matrix is too bigcalculations.
for direct diagonalization methods. If, however, the cutoffs
are too low, then at a given radial grid poiat| the angular e -
(or angular R) eigenvalues may be above the cutoff, so that™" Identification of vinylidene states
the whole radial grid point is effectively discarded. The lack  To find vinylidene states among the many acetylene and
of some essential grid points may result in severe errors iginylidene states computed using orthogonal satellite vectors
the DVR energies. Therefore the choice must be a balanage wave functions have been converted back to the primitive
between the basis set si@nd hence computer timand the  basis set and then integrated over the radial coordinates.
desired accuracy. For example, the same 3D radial calculdhen a cut atp=7 was considered and probability density
tion with all the angles fixed to the acetylene equilibrium functions plotted in thed,, 6, plane. Acetylene states have
values and the energy cuto t)t: 29000 cm? (here used probabilities localized in the upper left and lower right cor-
to remove the highest energy DVR points in the coordinateners since at the equilibriur,=7 and 6,=0 or ;=0 and
R) and E(Ci); 26 500 cm* [here used to truncate eigenfunc- 6,= (by inversion symmety Vinylidene states have both
tions of the 1D(R Hamiltonian] gave accuracy better than angles=140° and therefore they occupy the lower left and
100 cni? only for levels up to 17 000 ci (compared with  upper right quadrants. In Fig. 2 selected totally symmetric
up to 20 000 crit when no energy restrictions were used excited states are presented. The first two states are clearly
Furthermore when the analogous 3D test calculations werkcalized in the vinylidene local minima. These are the vi-
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FIG. 2. Probability densities of some selected states. The energies are given relative to the acetylene ground state.

nylidene ground state and a bending excited sttite first HC-CH diatom-diatom energies is also rather good the dis-

excited state of the vinylidene totally symmetric £bend-  crepancies are typically larger than those for the present or-

ing mode. The third state is a highly excited acetylene statethogonal satellite calculation. The accuracy achieved by Zou

The latter two states are separated by only 0.6'cm and Bowman is consistent with the moderate size of their
basis set.

IV. DISCUSSION

B. Density of states
A. Acetylene

) Zou, Bowman, and Browhrecently carried out a calcu-
For low-energy levels of acetylene all three coordinatejation of vinylidene energy levels. They reported a density of
systems given in Fig. 1 are usable. Thus using them provide,%ugmy one totally symmetric state per 7 ¢nin the region
an excellent opportunity to test our computational method$,om 20 000 to 22 500 ciit (above the acetylene potential
and computer code and compare the coordinate systems. minimurm) which corresponds to the lowest vinylidene ener-
The HC-CH diatom-diatom coordinate system is thegjes According to our calculations there is on average one
most natural choice for computing low-energy levels ofiota|ly symmetric state per 2.2 ¢fin this region. We have
acet;_/lene_. Itis theref_ore not surprising that thi_s type of Ca"independently estimated the number(atetyleng states at
culation is computationally the least expensive. Recentl;high energies using effective model parameters obtained by
Guo and co-worker§ used these coordinates to computefitting to experiment®?’ This gives (approximately 1350
acetylene states up to 13 000 €riusing different potentials  yotally symmetric vibrational states up to 15 000érabove
from the one used hexeThey also used a mixed basis set/ e ground statéthis energy corresponds te20 700 cnmt
grid representation but developed a different method to solvgpoye the potential minimumThis number of states com-
the full problem. Their method is a combination of basis S€pares very favorably with the 1352 states obtained up to the
contraction analogous to our phase 1 contraction and subsgame energy in our variational calculations. Thus our calcu-
quent application of the Lanczos algorithm. More recently|ations have achieved a realistic density of states.
the same approach and coordinates have been used to adjust Figyre 3 illustrates the growth with energy in the cumu-
theab initio potential of Zou and Bowmafempirically. The |ative number and density of totally symmetric states. The
authors of Ref. 15 also reported the energy levels computeghergies are given relative to the acetylene ground state. By
using the pureab initio potential used here. These energies1g 0oo cmit the number of states reaches nearly 3000 and
agree to better than 0.04 chwith our calculations using the the average density of states is one state per 17Z.cm
same coordinate systef@olumn DD, Tables Il and I)l Thus Throughout the range 15 000—18 000 érthe energy spac-

we will use our diatom-diatom calculation as a reference. jngs petween neighboring states are very uneven, varying
It can be seen in Table Ill that the large basis set oryetween 0.1 and 10 ¢rh

thogonal satellite calculation agrees rather well with the
HC—CH diatom-diatom calculation. It is also clear that or- o
. . . . . C. Vinylidene

thogonal satellite energies are systematically higher which
indicates incomplete convergence despite a bigger basis set. In this work we tried to maintain good accuracy for
Note that comparisons of the energy levels of one-acetylene states while pursuing the computation of highly
dimensional CC—H and CC radial calculations with calcula-excited states up to and including vinylidene energies. We
tions using bigger bases or finite basis representations indwere able to identify the vinylidene ground state and the
cated that the quadrature errors in these lowest energy statésee totally symmetric vinylidene fundamental states. The
due to the DVR approximation are small relative to the basienergies of the excited states presented in Table IV are in
set convergence errors. reasonable agreement with those reported by &tcal> The

The “ZB” column in Table Ill presents energies com- excellent agreement between the computed energies
puted using CC-HH diatom-diatom coordinates as reportedeems to be fortuitous. The discrepancy for the zero-point
by Zou and Bowman® While the agreement with the energy can be explained by the rather low-energy cutoffs we
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oo re et A To rectify the problem with our treatment of the saddle
410 point, a new calculation is required with an even larger
] CC-H radial basis set and higher energy cutoffs. Each of
these substantially increases the computational cost per ra-
dial grid point. This is most pronounced for the ones near the
acetylene minimum which have the largest number of con-
] tracted basis functions and make the present parallelization
110 strategy problematic. It was found that the computational
E costs distribute very unevenly among the grid points. The
main idea behind parallelizing the loops over the grid points
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1 N was that on average each processor gets a sufficient load
0 2000 6000 1000(_)1 14000 18000 because the number of grid points is larger than the number
Ei-Ey/cm of processors. However we found that there are a few grid

NAICARMARBARARN ' ' points which take a very long time to compute. These points
e : dominate the calculation leaving other processors idle.
Therefore two levels of parallelism seem to be required: one
level to distribute the calculations at each point on the radial
grid and another level to have several processors per grid
point.

10°F -1 V. CONCLUSION

[ s s ! s In this work, we have compared three coordinate sys-
8000 10000 12000 14000 16000 18000 tems and computed bound state energies and wave functions
E-Ey/cm for the acetylene/vinylidene system. The diatom-diatom
HC-CH coordinate system works very well for low-energy
states and can serve as a good reference point for other mod-
els. However it is not suitable for highly excited states. It is
our conclusion that the orthogonal satellite vectors model is
had to use to make the computation feasible. The error due the most effective choice because it offers quicker conver-
these cutoffs is estimated to be in the range of 20—30'cm gence than the diatomic-diatomic CC—HH coordinate system
Another major source of errors is an insufficiently largewhen both acetylene and vinylidene states are sought. The
CC-H radial basis set which does not extend far enough torthogonal satellite model is slow in converging acetylene
cover the saddle point. As a consequence the effective barristates but it seems to be more effective in separating the
between the acetylene and vinylidene minima used in thangular and radial degrees of freedom than the CC-HH
calculation is too high. This results in a higher vinylidene model. Note that the Hamiltonians are equally rigorous in all
zero-point energy and inappropriately higher energies for théhree coordinate representations. The differences are in the
lowest bending states: this may explain why we have nosizes of the basis sets required to converge the calculations.

FIG. 3. Cumulative number of totally symmetric statesp) and the nearest
neighbor distributionbottom).

been able to identifyfas eigenfunctions localized in the vi- We performed a test calculation which simultaneously
nylidene potential minimumnthe lowest two totally symmet- reproduced quite well acetylene and vinylidene energies. The
ric bending states 2 and 4vg. potentiat® used in the calculation is particularly suitable for

Zou et al. did find two localized vinylidene states corre- describing acetylene-vinylidene isomerization but quite poor
sponding to 25 and 4vs at 386 and 633 ci, respectively, in reproducing experimental acetylene energies. Very re-
above the vinylidene ground statedowever consideration cently thisab initio potential has been empirically adjusted
of Fig. 3 of Zouet al® suggests that increasing the density ofto reproduce the experiment much bettefhe new potential
acetylenic states in the basis set could significantly reduceatisfies one necessary condition for performing a new more
the localization of the 25 and 4vg states in the vinylidene accurate calculation of highly excited acetylene states.
well. In our calculations we have employed a density of  There are still difficulties in performing an accurate glo-
states in the region corresponding to the lowest vinylidendoal calculation of acetylene and vinylidene states. First of all,
energies three times larger than the largest calculations dhe calculations are very expensive and require a good par-
Zouet al. It is possible that the failure to identify theigand  allelization strategy. The subsequent wave function analysis
4y totally symmetric bending states in the present work isis very expensive too. However we have demonstrated the
due to coupling of these states with the acetylenic “bath’feasibility of large realistic calculations. Our next objective
states so that they amotlocalized in the vinylidene wellon  is to perform more accurate calculations using the new ad-
the potential energy surface used here and in RefH8w-  justed potentidf and extending the radial CC—H basis set to
ever further calculations properly treating the saddle pointover the saddle point. There are several important applica-
will be required before any firm conclusion can be drawn ontions for which bound state data of highly excited acetylene/
this point. vinylidene are required. For example, the present work will
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