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Global potential energy surfaces for the H 3 system.
Analytical representation of the adiabatic ground-state 1 1A' potential

Alfredo Aguado?) and Octavio Roncero
Instituto de Matemiicas y Feica Fundamental, C.S.I.C., Serrano 123, 28006 Madrid, Spain

César Tablero, Cristina Sanz, and Miguel Paniagua” )
Departamento de Qmica Fsica, Facultad de Ciencias C-XIV, Universidad Awma de Madrid,
28049 Madrid, Spain

(Received 5 August 1999; accepted 19 October 1999

Adiabatic global potential energy surfaces, for singlet and triplet statéds @ahd A” symmetries,

were computed for an extensive grid for a total of 8469 conformations pfsistem at full
configuration interactioab initio level and using an extended basis set that has also been optimized
for excited states. An accurateoot-mean-square error lower than 20 ¢ global fit to the
ground-state potential is obtained using a diatomics-in-molecules approach corrected by several
symmetrized three-body terms with a total of 96 linear parameters and 3 nonlinear parameters. This
produces an accurate global potential which represents all aspects of groundsstatduding the
absolute minimum, the avoided crossing and dissociation limits, satisfying the correct symmetry
properties of the system. The rovibrational eigenstates have been calculated up to total angular
momentumJ= 20 using hyperspherical coordinates with symmetry adapted basis functions. The
infrared spectra thus reproduced is within 1 cnmvith respect to the experimental values for several
transitions. ©2000 American Institute of Physids$s0021-9606)0)00803-5

I. INTRODUCTION surface, based on previous full configuration interaction
FCI) calculations due to Meyeet al. (the so-called MBB

Ion—mplecule reactions are of great importance in ga PES.? Dinelli et al,*° using high-resolution spectroscopic
phase environments such as molecular hydrogen plasmas 0C=ta for H , H,D*, D,H', and D} , have determined ef-

curring in interstellar clouds, planetary ionospheres, ior}

: . {ective mass-dependent LPES for each isotopomer. These
sources, and thermonuclear experiments. A very importan

reaction in the interstellar medium is the prototype reaction potentlal surfaces are eXpres sed as a sum of the mass-
independent Born—Oppenheimer potential and a mass-

Hy +H,—Hg +H, dependent adiabatic correction. Unfortunately, the study of

forming H; , which is a major cation in hydrogen plasmas E'QEZ rotgtionfallly e>|(_cite(31d states E?alr dislsolci_aﬁb_m\/iw a
and plays an important role, due to its simplicity, as a bench- gh density of long-lived metastable levels lying in the con-

. e EVES Y
mark system for high accuracgb initio molecular theory ~tnuum, above Ithe lowest é:Hh dissociation I|Im|t_(and

and reaction dynamics. Full reviews of the experimental and'dé€d maybe lying above higher dissociation limits corre-
theoretical work on Hi have been presented by McNaimd ~ SPonding to fragment iﬂgn_olgcules in higher rotational, or
Tennysor? New interest has arisen in highly rotationally ex- €Ven vibrational, _'?Ve)_sl is impossible to do with LPES
cited states of EI motivated by the experimental investiga- 2€cause their validity is only for energies below the lowest
tions of the extraordinarily complex IR predissociation dissociation limit. o
spectrum—almost 27 000 lines over the range 872 to 1094 Despite the high symmetry and electronic simplicity—
cm™%, grouped into four separated peaks when considering §V0-électron system—of the Hion, only a fewab initio
pseudo-low-resolution  spectrum—by  Carrington andFCl calgulatlorls of the global po'Fent|aI energy surfages
Kennedy’ Clary’ has suggested that rotational effects play alGPES, including the correct behavior as the molecule dis-
key role in explaining the temperature dependence of ion-Sociates and for all possible geometrical configurations, have

molecule reactions, especially at the low interstellar temperabeen reported for ground (A'***) and excited (£3 ,*°
tures. 21A'1% states and for a maximum of 680 different spatial

Very accurate %] electronic structure calculations in the geometries. This fact contrasts with very accurate GPES ob-
near equilibrium geometry have been repoftédcal poten-  tained for more complex polyatomics such ag ith more
tial energy surfaced PES on the highest level of sophisti- than 8000 different spatial geometri€s,0,""**H,F,* or
cation have appeared recentfybut covering only 69 points Has,”° to name just a few. Moreover, in a recent paper con-
on the minimum region of the ground-state potential energyerning a first attempt on a calculated spectrum for near-
dissociation H , Henderson and Tennyson conclude that, in
the absence of a high quality global potential, an attack on

dpresent address: Departamento dén@ea Fsica, Facultad de Ciencias

C—XIV, Universidad Autmoma de Madrid, 28049 Madrid, Spain. the _glopal_ H problem would be very Worthwh"e and is
YElectronic mail: miguel.paniagua@uam.es easily within the range of present methddsn this paper we
0021-9606/2000/112(3)/1240/15/$17.00 1240 © 2000 American Institute of Physics
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present FCI calculations for the global Hsystem including  tional or perturbative procedures, is large. For thg, H full
8469 different spatial geometries and, for each geometry, weonfiguration interactiofFCl) solution is trivial and nowa-
compute a total of 36 states 8f andA” irreducible repre- days it is possible to do the computational effort needed to
sentations with both singlet and triplet multiplicities. obtain several thousands of FCI energies with an extended
There are several global analytical representations of theasis set. The single best FCI energy obtained for the H
adiabatic ground-state A’ potential for H in the  minimun? is about 95 cm® higher than the very accurate
literature’®*?*However, all of these GPES are unsatisfac-result reported recentff:’
tory for several reasons: the diatomics-in-moleculetM) Nevertheless, when constructing a GPES, we are not in-
surface of Preston and Tulfj,which is the most widely terested in total energies but in energy differences, which are
used in trajectory calculations, is qualitatively correct; it wasysually small quantities. In forming the difference between
the first study of the avoided crossing dus to the presence @fyo large quantities of similar size, we must consider that
two  dissociation  channels, AF%g)+H" and  errors at each term of the difference are similar and will
H; (*X) +H, butit is not accurate even at low energies; thecancel to a large extent, with a final result for the difference
Schinkeet al. GPES? is based on theiab initio calculations  that may have a lower erréwith respect to the exact differ-
but the functional form used has discontinuous derivativegncg than the absolute error obtained in the calculated total
and contains unphysically deep minima for certain regionsenergy. Usually, the error in the energy differences involving
probably due to the small nu.mbegga_b initio points. The  glectronic excited states increases with respect to that ob-
most recent GPES of Prosmitt al.™ is @ combination of - (5ineq for the ground state. This is due to the fact that basis
two poten4t|al forms using the energy switching approach ofg(g are optimized, in general, for atomic ground state that
Vara”?’aé to connect them. The first potential form, corre- oo ejate with molecular ground state and several molecular
sponding tolothe Born—Oppenheimer portion of the Dinellig, qjteq states. If we compute molecular excited states corre-
etal. LPES,” reproduces the spectroscopic measurementfyin with atomic excited states, then we need atomic basis
with quantitative accuracy and is reliable for the minimum ., optimized for both atomic ground state and several ex-

region of the global potential. The second potential form IScited states.

represented_by two te”.“s’ a shor?—range 32 parame.ters fit to In order to assess the relative accuracy which can be
327 data points of Schinket al. (with a standard deviation expected using different basis sets, we begin by comparing

of abou.t 280 cm ) plus a long-range term to descnpe the results of calculations for 1 We report FCI calculations
charge-induced dipole and charge-quadrupole contributions, . _. : :
: : . Obtained using the (Bap2d)/[7s4p2d] basis of Meyer,
obtained from perturbation theory. Unfortunately, this latter . 9 )
. Botschwina, and Burton(MBB)° and a new basis set
term does not reflect the symmetry of Hausing the global : ;
. : . : : (11s6p2d)/[8s6p2d] obtained from the MBB basis set
potential to contain unphysical behavior with respect to sym-""""". : . .
. . . which is further augmented by a singdefunction with ex-
metry. In addition, the connection regions between the two _ .
. . onent 0.012 649 8, that has been optimized with respect to
potentials of very different accuracy may also be a proble .
for dynamical calculations the energy of the hydrogens2orbital, and two sets op
G{Junctlons with exponents 0.0455576 and 0.017 7738, that

The construction of an accurate GPES covering th b timized with ‘10 th fthe hvd
whole configuration space up to and above dissociation, fo ave been optimized with respect fo the energy of the hydro-

the ground-state H system, remains an important problem. gen % orbitals. Flgur.es 1 and _2 display errors In energy

In fact, the most recent dynamical study of this system usiné:fferences as a function of the |nt'ernuclear d|staﬂak|pg

a quantum-mechanical appro&tlis based on the very ap- s reference the _j—lground-state minimum energyfor sin-

proximate DIM GPES2 Moreover, in a first attempt to ob- glet states and trlplgt states, respectlvely. We have taken as

tain a calculated spectrum for near—dissociati@n,?-} Hend- the exact energy differences those obtalneq from the most

erson and Tennyson have used the MBB LPESt lacks aclcuiate potelntlill cugve+s for elacb statle copsﬂé(dnbeled

any representation of the regions near dissociation. In thi§ ~g » E; F 24, B2, B" "X, C I, in Fig. 1 and

paper we also present a global analytical representation &°%, , b%%,, €33, i °Il in Fig. 2.

the adiabatic ground-state'A’ potential for the H system. From Fig. 1 we can see that errors in energy differences

Moreover, we have calculated the rovibrational levels of theare very similar for the ground stateX 625) using both

ground-state Bl system, using symmetry adapted basis func-basis setgsee the upper panel for present results and the

tions in hyperspherical coordinates. The use of symmetry alower panel for MBB results The same behavior is ob-

well as an iterative Lanczos procedure allowed us to calcuserved in Fig. 2 for errors corresponding to té> | ex-

late levels up to an energy of about 14000 ¢nand with  cited state that are very similar for both basis sets. These are

high angular momentumJ¢& 20). The results thus obtained the only two states X 'S, and b®%) of H, having as

are used to check the accuracy of the GPES reported here, bgymptotic limits H(5)+H(1s). However, if we compare

comparison with the experimental infrared spectra as well asrrors in energy differences for any othep Elixcited state,

with previous theoretical studies of spectroscopic accuracywith different asymptotic limits, we can see a general worse

behavior for MBB basis set in both figuréseveral states fall

out of the limits in both figures for all internuclear distances

using the MBB basis setMoreover, in Fig. 1 we can see
The construction of a reliable GPES faces the problenthat errors corresponding to the iground state X 12;) are

that the absolute error of the energies, calculated with varidower than 20 cr? for distances between approximately 1.0

Il. POTENTIAL ENERGY CALCULATIONS
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FIG. 1. Errors in energy differences for different singlet states of the H FIG. 2. Errors in energy differences for different triplet states of the H
molecule as a function of the internuclear distance. Errors if‘cand molecule as a function of the internuclear distance. Units and panels as in
distances in atomic units. Upper panel corresponds to present results amdg. 1.

lower panel corresponds to Meyet al. (Ref. 9 results.

s functions contracted tp8s6p2d], the total energy of I§|
and 3.5 atomic units, corresponding to the potential well reat its ground-state equilibrium geometgquilateral triangle,
gion. From Fig. 1 we can see that the error at dissociation foequilibrium bond lengthiR.= 1.6500 a.u.is —1.343 100 a.u.,
the H, ground state X 'S ) is about 145 cm®; this disso-  about 161 cm® above the exact enerdy’ However, as we
ciation error affects the remaining error curves as we caiave stressed above, this absolute error is not as important as
clearly see for several triplet states in Fig. (.<:Zeea32+ the error in energy differences with respect to a reference
b3xr, ande®3 ., upper pang| which show very stable zero energy. Since we have computed the very accurate 69
error curves but displaced from zero error in about 145points quoted recently by Cencek al,’ it is possible to
cm L. If we compute these error curves with respect to theiobtain a root-mean-squafems) deviation of our energy dif-
own minima, the resulting curves are all around the zerderences errors, taken as zero energy value the corresponding
value error in energy differences. energy of the equilibrium geometry both for our energy dif-
We have carried out a similar study for the ground stateferences(zero energy at-1.343 100 a.y.as for the exact
(X?34) and several excited states{2, , 1°3, 223,  energy differenceézero energy at-1.343835 a.y. The re-
1211, 12I14) of the H; . In the upper panel of Fig. 3 the sulting rms deviation is less than 17 Tt/ Therefore, the
errors in energy differences for all the mentioned doubleexpected rms errors for the*ngound state well and its
states are compared with the exact energy differences. Thiissociation channels, zlflxli )+H" and H(1s)
latter have been obtained from the exact potential energy-H; (XZE ), are about 20 cm. Only the full dissociation
curves?® The corresponding results using the MBB basis sereglon of the H ground-state GPEJH(1s)+H(1s)
have been plotted in the bottom panel of Fig. 3. As for the H +H™ ] is expected to yield a higher error, growing smoothly
system, there are several stategKl,, 12Hg) that fall out  to a maximum value of 145 cnt as the internuclear sepa-
of the figure using the same energy scale as that used for ouwations increase.
results. Moreover, using the MBB basis set, only two states We use the (196p2d)/[8s6p2d] basis set to compute
(X 22; and 123, see the bottom panel in Fig) &re in  the final FCI data points for a total of 8469 differeng H
error lower than 20 cm® in the region of the potential well, conformations. We have used symmetry gr@lyifor all the
while when using the basis set proposed in this paper all thgeometries and we have computed 36 different states at each
states except 4I1,, fulfill this condition. Finally, one impor-  point as follows: 3A’, 91A”, 93A" and 9°A”. To specify
tant difference with respect to,Hs that for H, we have a our grids of H conformations, we have adopted the coordi-
very low error for dissociation. nates used by Boothroyet al’® in a refined H potential
Using the (1%6p2d) basis set, with the four innermost energy surface. These coordinates can be described by the

Downloaded 15 Mar 2013 to 161.111.22.69. Redistribution subject to AIP license or copyright; see http://jcp.aip.org/about/rights_and_permissions
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Internuclear Distance
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energy values for each o804 884 energy values that we
do not quote here for obvious reason file containing the
8469 ground-state H data points used to obtain the GPES
reported in this paper has been placed in the electronic de-
pository EPAPS?

lll. THE GROUND-STATE H} GLOBAL SURFACE

We write the global potential energy surface correspond-
ing to the H ground state (1A’) as

LMAX
MBE Vi;=Vom+ ; Vi3&(Rag Rac.Rsc). (1)
¥ 7

300 r ) A whereVp,y in Eqg. (1) is the lowest eigenvalue of the sym-
200 } 2 Ey,/ . metric 3X3 matrix, corresponding to the diatomics-in-
TE 100 } //;( o 2 E molecules approach with neglected overlap, given by
= Hu=VE(H,, '3 g) -2V + 3[VRA(H; |, 22g)
o]
5 FVRAHZ 22 +VEHS, 28g)

+VER(HZ 22 )],

1 2 3 4 5 6 7 8
Internuclear Distance

Haoo=ViA(Ha, '29) — 2V + 3[VIR(HZ , 22g)

2 + 2y + 2 + 2y +
+VRA(HZ 220+ VEA(H;  25g)
FIG. 3. Errors in energy differences for different doublet states of the H
molecule as a function of the internuclear distance. Units and panels as in
Fig. 1.

+VRA(HS 23],
Haa=VR(H,, 1S 5)—2ViP+ 3[VR(H; . 23])

shortest interatomic distanag, the next-shortest distance
r,, and the exterior angle between thefn,

We have used the preliminary grid described by Booth-
royd et al® that comprised 540 conformations. Moreover,
we have used also the more comprehensive grid that was
specified as followsr, andr, were chosen from 0.6 to 2.0
ay in increments of 0.1a; (1ay=0.529177 A, also for
215, 2.3, 2.45, 2.6, 2.8, §c§ 32,34, 3.7, 4.2, 4.3,46,50, Ha=3iVIB(H; 220)-Vi3H;, 2],

and 5.5ay, such thatry<r,<rsz; 6 ran from 0° to 90° v{) peing the energy of th&S state of H(Xk) atom(—0.5
inclusive in increments of 10° and continued fréh¥90° to  a.u. or—109 737 cm'%).

6=<120° in one, two, or three equally spaced increments that = The two-body energie‘g(AZg (including the nuclear repul-
did not exceed 10°. More conformations have been added t§ior), may be written as a sum of two terms

the “comprehensive” grid as described by Boothroyd
et al1® totalizing 6548 conformations. Some of them are co-

incident with the preliminary grid. where Vo prevails for small internuclear distancéthe

We have added conformations corresponding to the Hshort range of the potentjiawhich must fulfill the next con-
van der Waals regiof?, filling in a region at large H-K ition

distances from 5.5 to 154, with r, chosen from 0.7 to 4.0
ay. The total number of different conformations was 7995
including the van der Waals grid.

Finally, we include a grid of conformations that are very A simple alternative is to choose &, the shielded Cou-
close equilateral triangléslose to theD 3, minimum region  lomb potential
that we specify as follows:; andr, were chosen from 1.61
to 1.69a, in increments of 0.0h, such thatr;<r,; 6 ran
from 56° to 64° inclusive in increments of 1°, totalizing 405
different conformations. If we add to all of these conforma-We choose folV,,q an expansion of order
tions7the 69 proposed by Meyet al® and used by Cencek |
et al. in their very accurate H ground-statg calculations, V|ong=2 Ciphg, @)
we obtain a total number of 8469 conformations and 36 FCI i=1

+V@R(H; 22 )+ VEH; 23 )
+VR(H3 231,
Hio=3[VR(H; 22— VR(H; 23],
Hig=3[VRAH; , 250 - VHS 25 5],

V(AZE), = Vghortt Vlong ) 2

lim V&= lim Vgor—.
Rag—0 Rag—0

e*aRAB
Vshore= COR—AB' (a,co>0). 3
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TABLE IIl. Two-body? termV@(HS, 23.1).

Ci

Ci

oO~NO O~ WNPEFEO

©

10
11

Ay
(2)
HH

0.101 395 75(+01)
—0.526 324 017+01)
0.125 893 266+ 03)
—0.338 282 397+ 04)
0.709 290 230+ 05)
—0.107 000 112+07)
0.113 271 582+08)
—0.828 291 974+08)
0.408 176 908+ 09)
—0.129 107 830+10)
0.236 346 508+ 10)
—0.190 174 030+ 10)
0.192 102 300+ 01)
0.177 626 800+01)

0.365 653 648+ 03)
0.139 647 15@+01)
—0.161 982 516+02)
0.606 990 39¢+03)
—0.133 254 22(+05)
0.189 935 494+ 06)
—0.177 898 79(+07)
0.110 321 236+ 08)
—0.447 664 036+08)
9 0.114 117 310+09)

10 —0.165 634 016+09)
11 0.104 351 423+09)
P 0.938 759 600+01)
,3(2) 0.112 172 600+01)

o~NO OB WNEO

2All the coefficients are given in atomic units.

in functionspg fulfilling that V.4 tends to zero when the
internuclear distanc®,g tends to zero or to infinity. Al-
though the first condition is not strictly necessary, it allows
us to eliminate possible oscillations of the potential in re-
gions of small internuclear distances. We have found that th

functions introduced by Rydbety

pas(Rag) = RABefBS*NB)RABa (BYE>0),

yield high accuracy fits of potential energy curtfefor di-

atomic molecules.

The linear parametexs, i=0,1,...,| and the nonlinear

All the coefficients are given in atomic units.

mainly for the dissociation channels including the long-range
behavior, and the disadvantage of a longer time consumed in
calculating points of the final GPES.

For the three-body terms of the global potentigf)- in
Eq. (1), we choose an expansion of ord€in product func-
tions that decays exponentially with the distance. Therefore,
the V)L is neglected at all the dissociation limits and when
the internuclear distances tends to zero

K
ViRe(Rag . Rac.Rac) = ”Ek dhkPLBPjAcPIéc- (6)

parametersy and,Bng are determined by fitting thab initio ) .

energies of the diatomic fragments for all the states considl "€ Variablesag, pac, andpgc are the modified form of
ered in Eq(1), computed using the same hydrogen basis selhe Rydberg functions gsed to represent the_long.-range term
as for the triatomic system and using the sabanitio FCI ~ Of the two-body potentialsee Eq.(5)], but with different
procedure. In Tables I—Ill we report the parameters corre€XPonential parameters

sponding to the diatomic potentials for all the states needed R.o) = Rane—Pha Ras B)L< 7

to construct the DIM surface @4X 'S, Hy : X23; and pas(Ras) =Ras . (Bas 0. @)
123). Moreover, it is also feasible to construct higher or- In order to avoid the inclusion of terms that depend on only
der DIM matrices by using more diatomic potentials, corre-One interatomic distance in E@7), which have been in-
sponding to excited states of,Hand H; , that have been cluded in the two-body contributions, one must impose sev-

calculated in the preceding section. This possibility has th&ral constraints?

advantage of a larger initial approximation to the GPES,

TABLE II. Two-body?* termV®(H; , 257).

Ci

If the system under consideration has three identical at-
oms, further constraints in the Iinedhk [Eq. (6)] and non-
linear B [Eq. (7)] parameters must be added to ensure
that the global potential is invariant with respect to permuta-
tions of all the equivalent nucléf.

In Table IV we present the rms values for different fits

0 0.102 153 116+01) of the global H ground-state potential using one or several

; Ipgnaten 228188; three-body terms as indicated by th&1AX value in the

3 0.247 689 486-02) corresponding column in this tableee also Eq(l); in fact,

4 —0.265 726 686+03) we fit the three-body terms tVH;—VmM , whereVH3+ are

° 0.172 217 75(+04) the 8469 calculated data poihtsVe can see that, when only

S *g'i‘zzggggjgigg one three-body term is consider&skeLMAX=1 column,

8 0.530 127 306+04) the accuracy of the fit cannot reach the accuracy of the data

9 —0.704 964 844+05) points (which we have estimated at about 20 cij, even

10 0.125 717 960+ 06) for high order expansions and a great number of linear pa-

1 —0.763 708 296+05) rameters, the convergence being very slow. The reason for
;Ezz g:;i igg ggggé; this behavior is that the functional form of the three-body

2All the coefficients are given in atomic units.

term is unable to reproduce the long-range part of the global
potential. However, when the accuracy of the data points is
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TABLE IV. Accuracy vs the order of the fit.

LMAX=1? LMAX=2? LMAX=37 LMAX=4?2

K Npar’ me Npar’ rme Noar’ rme Npar’ rme
3 3 2612.32 6 1311.93 9 509.59 12 453.98
4 6 2536.07 12 352.55 18 217.55 24 115.42
5 10 800.24 20 211.60 30 104.58 40 50.71
6 16 741.13 32 121.71 48 38.47 64 30.85
7 23 397.67 46 83.24 69 27.63 92 18.51
8 32 367.59 64 62.26 96 18.56 128 14.21
9 43 283.65 86 57.01 129 15.04 172 12.45

10 56 265.81 112 51.06 168 12.94 224 10.51

11 71 249.03 142 44.77 213 11.28

12 89 226.64 178 38.82

13 109 207.40 218 32.88

14 132 178.03

15 158 165.43

16 187 144.80

17 219 131.16

4 MAX is the number of nonlinear parameters of the fit.
bnpar is the number of linear parameters of the fit.
°Root-mean-squarems) errors in cm 2.

yexpected to be greater than 300 chias usually occurs for (R=2.50a,)+H" and H (R=2.50a,)+ H(1s)curves,
the published GPBSthis is not an important problem, be- while in our potential we obtain the corresponding crossing
cause with only one three-body term we are able to obtaipoint at R=2.49a,. Therefore, our dissociation limit
rms errors lower than the accuracy of the data. In this casg4711 cm?) corresponding to an elongated, H(R

we have estimated a better accuracy of the data points. In= 2.50a0) + H(1s) underestimates the exact value given
creasing the number of three-body terms, a better global fishove by 134 cm'. The exact barrier to linearization is
can be reached with much fewer linear parameters. In faCtl4 299 Crn_l, which is overestimated by our potentia| by 2
values of the rms lower than that of the data points can bgm~1 (14301 cmi?). Finally, our final GPES underesti-

achieved, as illustrated in Table IMLMAX=2,3,4 col- mates the H(%)+H(1s)+H" dissociation energy by about
umng. We can also see that the convergence is faster in th|§60 cm L, corresponding to the region of very high energies
case. Moreover, when we go fromMAX=3 to LMAX (75301 cm Y.

=4, we can see that, for a given number of linear param- | Fig. 4 potential energy contours of the! Hyround-

eters, we obtain a_similar rms indicating- t_hat the process igte GPES have been plotted using Jacobi coordinates in
also convergent with respect to the addition of more three- hichr is the H internuclear vectorR is the vector joining

body terms. This result indicates that a linear combination o he center of mass of Ho the remaining H, atom an@ is

different three-body terms |s.able to reproduce the Iong—the angle between them. The GPES corresponding to the
range part of the global potential. Therefore, we select as the

final fit that underlined in Table IVK =8, LMAX=3), cor- pr?sen:[) results h;ave been plotted for thrge di_ffe&malues
responding to 96 linear parameters and three nonlinear pa@ ; 45%, and.90 » S€€ left-hand panels in Fig. We 'have
rameters with an rms value of 18.56 cithat is similar to also plotted, in the right-hand panels of the same flgu_re and
that estimated for the data points. In Table V we collect the®" the samed angle_s_, thez? ground-state GPES obtained
parameters corresponding to this “final” fit. However, as we preylously by Prosmltet' al: ) As we can see from the com-
can see from Table IV, the procedure presented here is abR#rison of both GPES in Fig. 4, in both cases the minimum
to attain lower rms errors for the global fit. This is a very '€9i0ns, corresponding to sharandR distances, are iden-
important result because if a great number of very accurati@l- However, if we fix our attention to long andR dis-
data points are obtainédsuch a procedure would be needed {2Nces, we can observe two very important differences. The
to produce a very accurate analytical GPES:ORTRAN pro- first one is the presence of undesirable structures correspond-
gram to generate the final GPES is available from the author§'d to nonsmooth contours that can produce discontinuous
upon reques¥ derivatives of the Prosmigt al. GPES?® The second one is
To verify the accuracy of the final GPES we have com-the lack of symmetry produced in the Prosneitial. GPES?®
pared some points with the exact Born—Oppenheimer oneds We can see clearly in the right-hand upper panel in Fig. 4
given by Rdse et al® The exact energy for dissociation if we pay attention to the different appearance of the disso-
into Hy+H" is 37170 cm?, just 15 cm * higher than our ciation channels, that should be identical to the present re-
potential energy37 155 cm'1). The exact dissociation limit sults(see left-hand upper panel in Fig.. 4
corresponding to an elongated, HR=2.50a,)+H™ is Furthermore, in Fig. 5 we have plotted the same GPES
54845 cm!, just 16 cmi ! higher than our potential energy as in Fig. 4, but now using a “stereographic projection” in
(54829 cm %). However, we must stress that the precedinghyperspherical coordinaté& The three hyperspherical coor-
exact value corresponds to the crossing point between the Hiinates are, 6, and¢,.% The coordinate can be said to
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TABLE V. Parameters of the three-bdtermsv®t,

Aguado et al.

L=1 L=2 L=3
ijk diy diy 3y
110 0.121 717 530-00) 0.346 021 656+01) 0.466 629 316+02)
111 —0.221 211 99¢+01) —0.907 685 330+02) —0.190 559 59¢+04)
210 —0.215 351 596+01) —0.123 551 63¢+02) —0.285 432 826+03)
211 0.164 527 455-02) 0.205 302 096+03) 0.141 983 537+05)
220 0.457 345 802-00) 0.230 134 236+03) 0.481 335 75@+04)
310 0.684 755 535+01) —0.946 613 730+01) —0.378 444 68(+04)
221 0.323 710 746-02) —0.219 021 56(:+03) —0.926 114 216+05)
311 —0.107 749 346+093) —0.637 342 470+093) —0.581 074 306+05)
320 —0.403 023 186+01) —0.716 554 16(:+093) —0.817 305 380+04)
410 0.290 457 775-01) 0.227 824 886+03) 0.686 126 620+05)
222 0.100 328 131-03) 0.125 357 89B+04) 0.613 774 046+06)
321 —0.784 727 770+ 02) 0.676 226 817+02) 0.234 769 592+ 06)
330 —0.355 883 520+02) 0.201 090 912+ 04) 0.125 170 847+06)
411 0.342 774 866-03) 0.185 046 740+04) 0.252 158 250+ 06)
420 0.153 901 234-01) 0.904 243 256+03) —0.174 950 586+06)
510 —0.507 373 537+02) —0.760 782 376+093) —0.491 418 37+06)
322 —0.781 143 074+02) —0.158 269 780+04) —0.112 789 83(+07)
331 0.147 626 200-03) 0.529 381 630+03) —0.488 917 697+06)
421 0.366 221 664-02) 0.175 945 920+03) —0.398 080 764+06)
430 0.425 337 721402 —0.209 129 837+04) —0.153 180 476+06)
511 —0.485 699 297+03) —0.322 417 947+ 04) —0.828 798 270+06)
520 0.376 517 0Q-02) —0.350 892 306+03) 0.117 875 72¢+07)
610 0.866 519 742-02) 0.114 901 910+04) 0.175 662 996+07)
332 0.302 965 2Q4-03) 0.125 881 368+04) 0.137 477 15@+07)
422 —0.374 046 086+03) 0.170 029 500+03) 0.604 811 338+06)
431 —0.115 175 398+ 03) —0.478 735 976+03) 0.519 369 730+06)
440 0.130 307 975-03) 0.150 614 350+04) —0.244 769 676+06)
521 0.175 553 953-03) 0.967 447 160+02) 0.293 758 736+06)
530 —0.138 784 667+03) 0.441 133 792+03) 0.153 034 936+06)
611 0.163 275 538-03) 0.209 375 708+04) 0.136 008 55@+07)
620 —0.521 422 17¢+01) 0.266 104 076+01) —0.259 383 146+07)
710 —0.457 545 706+ 02) —0.696 999 916+093) —0.251 569 756+07)
QU 0.652 302 250+00) 0.868 656 020+00) 0.218 844 970+01)

2All the coefficients are given in atomic units.

|/ describe the overall size of the system, &dnd ¢, de-
scribe its shape. Pack and ParRérave noted that it is often

In all panels of Fig. 5, six arrangement channels appear
instead of the expected three because of the inversion sym-

advantageous to view the surface of the internal sphere asetry in the¢, coordinate, causing each channel to be re-

functions of  and ¢, with p fixed. The stereographic pro-
jection hasX andY defined as

X=t /
_a2

The three internal coordinates, 6, and ¢, are easily re-
lated to Jacobi coordinates, R,, and® ., with 7=A,B,C
(A,B,C denoting the three particles of intergshrough the
expression¥

sing..

0
Cos¢ ., thar(z

__P
T da2
pfg JI—sindcod24.),

P sin(2¢,)sin6
T2 r,R,

R V1+sinfcog24,),

r,=

)

cos®

with d,.= \/mT(M—mT)/(,uM) being the mass-scaling fac-
tor, u=+vymm_,.m_.,/M being the reduced mass of the
triatomic system, and wher®l=m_+m_,;+m_,, is the
total mass of the system.

peated twice. Some of the differences and similarities of the
present GPES with respect to the Prosmeital. GPES® are
more evident from Fig. 5. In this figure we have selected
three fixedp values. One of them corresponds to the absolute
minimum position p=2.1715 a,), with zero energy repre-
sented by the central point in the upper panels of Fig. 5. As
we can see from these plots, the minimum region is practi-
cally identical and all the dissociation channels are also iden-
tical as corresponds to three identical nuclei, for both GPES.
However, as we can see in the middle and bottom panels of
Fig. 5, when we enlarge thecoordinate, a clear breakage of
symmetry occurs in the Prosmét al. GPES® (right panels,
while the GPES reported herein has the correct symmetry
properties(left panels.

IV. ROVIBRATIONAL ANALYSIS AND INFRARED
SPECTRA OF THE Hj}

The infrared spectra of H (and its isotopic varianjs
first observed in 1980 by OKH, have been extensively
studied?®3®-%8and it is nowadays rather well assignese,
for example, Ref. 48 It should be noted that there are sev-
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FIG. 4. Contours of the ground-state HGPES in Jacobi coordinates R, FIG. 5. Stereographic projection of contour plots of the ground-stgte H

and®. For each contour map th@ angle is fixed(0°, upper panels; 45°, GPES in hyperspherical coordinates 6, and ¢. (see the text for more
intermediate panels, and 90°, bottom panefhe left-hand panels corre- details on these coordinates and for the definition of X andPor each
spond to the present results; the right-hand panels correspond to the Prosniigintour map the distance is fixed2.1715a,, upper panels; @y, inter-
et al. GPES (Ref. 23. The solid curves are contours of the interaction mediate panels; and&,, bottom panels The left-hand panels correspond
potential. The contours range from 5000 to 75 000 énfor the bottom to the present results; the right-hand panels correspond to the Presailiti
panels, from 10 000 to 75 000 crh for the intermediate panels, and from GPES(Ref. 23. The solid curves are contours of the interaction potential.
15000 to 75000 cm! for the top panels, always in steps of 5000 ¢m The contours go from 64 000 to 72 000 chfor the bottom panels and
Distances are given in atomic units. from 49 000 to 58 000 cm' for the intermediate panels; in both cases the
minimum contours is nearest to the equatorial region and the increment from
each contour to the closest one is 1000 énFinally, for the top panels the
contours range from 0 cit (the central point in both panglso 26 000
eral LPES's!“8fitted in the region of the well, which yield cm* in steps of 2000 cm.
results within the experimental resolution, of the order of
0.001 cm®. However, the potential reported here is de-
signed to describe the entire configuration space, includin . . .
9 . . gurat pace, 1 the three internal coordinates, 6, and ¢, are easily re-
asymptotic regions as well as the existing conical intersec: . ) 36
LA . lated to the Jacobi coordinates, R,, and® *°[see Eq. 8.
tions; this GPES does not have the same spectroscopic accu- . L
. In these coordinates, the Hamiltonian takes the f6rm
racy, but a reasonable global accuracy for dynamical calcu-
lations. The study of the infrared spectra, which we shall
present below, only pretends to check the quality of the H=T,+Ty+Tr+Tc+V(p,0,4,), 9)
GPES presented in this work, in the region of the well, main-
taining that we assume a similar accuracy for all the dissowhere
ciation channels. Moreover, we are also interested in calcu-
lating higher rovibrational levels than those previously

2 9 .9

reported. T =— —p5—,

The rovibrational energy levels and transitions of H P 2up®dpT dp
have mainly been studied using Jacobi coordirfaf€s*® (10)
and hyperspherical coordinat¥s™ In this work we shall ) )

: ) h 4 9 P 1 9

use the hyperspherical coordinates of Pack and Patkde- T,=— — sin26)—+ 2
noted by APHJ, which are closely related to those described 2up?| SiN(26) 36 90 sir? 6 9¢p?
by Smitt?”*®and Johnsor®®° The body-fixed frame chosen
corresponds to the principal axis system with trexis being 32 32 32
perpendicular to the plane of the molecule, and it is related to Tr= X + y + z
the space-fixed frame through thg g,y Eulerian angles. up?(1—sing) up?(1+sind) 2up?sirt 6
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i cosfd o where the angular functlorw n are of the form

Te=———5J,—,
¢ up? SiF 0 296

A A A ¢
whereJ, ,J, ,J, are the components of the total angular mo- IM B 23+ 1 eln?s
mentum operator in the body-fixed frame. Waon(a,B,7,¢)="\/ —~ a2 wala B,y) —— o (12

The eigenstates of this Hamiltonian are expanded as

dM=4p"5"2 kEQ ClnaWan(a.B.v.¢,) the Dyf, being Wigner rotation matricés.In Eq. (11), the
, er; " FJ"(9) are related to th&,(p,q,x) Jacobi polynomiafé
XFE(0)ey(p), (1)  as

Fe"(6)=

(sin#)2(cosh)® \/ (2k+a+b+1)[[(2k+a+b+1)]?
Gy(b+1a+b+1,coé6), (13

V2 kKIT(k+a+b+1)I'(k+a+1)'(k+b+1)

with a=|n+Q|/2 and b=[J(J+1)—Q?]/2. This functions are orthonormalized in the intervak 8<=/2, F}“"
=Fp %" and satisfy

4 d d n2+2n9+92 2J(J+1)-2072 10
—K(K+4)  Fe (), (14)

~ sin(26) dﬂsm(zo) sir? 6 i cog 6

with K=4k+2a+ 2b.
Finally, the ¢, (p) functions appearing in Eq11) are the solutions of the one-dimensional differential equation

h2 d?

5 1 dp > — +Viedp) —Ey [ 0y(p) =0, (15

whereV,=V(p,0=0,¢.=0) in this case. EquatioflL5) is solved numerically in a large grid of equispaced pointg.in
The Hamiltonian matrix elements in this basis set representation are of the form

2 2 2

|QDV’>+<§DV| 2|90v’

(@ FR WM H| @ FI ™ WY = 8001 S Siae] (@0l —
n A\ \Y 2/,L d 2 ZMp

15
) Z+IC(IC+4)

2

cosf—
+ 600 Onn <‘Pv| |‘Pv >< J @ n|
MP

sir? 0 | Pt h2no

%2 sing
+ 8001 +20nn <<Pv| |<Pv MR —— o
2up 0

XVIJ+1)-Q'(Q'+1)VII+1)—(Q' £1)Q

|FJ ,Q, n>

+ 80018 nal e F "V (0, 0)| @y FL™, (16)

where theV, are the coefficients of the expansion of the while the integral org is carried out by means of a Gauss—
potential as Legendre quadrature with a large number of points
(=~300).
. ] The permutational group of three identical particles is
V(p,0,¢)7)=; Valp,0)e™? with \=0,£6,x12,.... isomorphic with theD; group and when adding the symme-
(17)  try under the inversion of spatial coordinatésomorphic
with the C; group the group of all symmetry operations
The integrals involved in the Hamiltonian matrix are Pecomes isomorphic with th2sy, group. Hyperspherical co-
evaluated numerically. A trapezoidal integration is usegfor ordinates are particularly well suited for treating the permu-
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TABLE VI. Rovibrational eigenvalues of Hfor J=0 for the present GPES&ith zero-point energy, ZPE
=4362.0841 cm?), for the GPES of Ref. 28with ZPE=4362.7801 cm?) and for the LPES of Ref. fwith
ZPE=4361.44 cm?). The asterisk mark is used to indicate that we obtain a different assignment than in

previous works.

i(r,J) (vl,v'z) r Present GPES  GPES of Ref. 23 LPES of Ref. 7 Efip(Ref. 48

1 (0,0% A 0.0000 0.0000 0.00 0.00
2 0 A 3179.0807 3178.7480 3178.15
3 (0,29 A 4777.6088 4777.1021 4778.01
4 2, 0% A 6263.5741 6260.4428 6261.81
5* (0, 3% A 7284.4716 7283.1507 7285.32
6 1, 29 A 7769.2711 7766.7933 7768.84
7 (0,4%) A 8999.8244 8995.3972 9001.36
8 (3, 0% A 9253.9503 9245.7749 9251.42
9 1, 3) A; 9967.8366 9963.1895 9968.34

10 2,29 A 10 593.5900 10 586.2089 10 592.50

11 (0, 5% A 10 920.0617 10 910.9288 10 923.49

12 (1, 49 A 11 813.2272 11 801.1910 11 814.16

13 (4, 0% A 12 149.0286 12 133.5773
1 0,3%) A, 7492.4355 7491.4193 7492.61 7493.113
2 1, 3% A 10 209.5390 10 206.0906 10 209.65
3 (0, 5% A, 11 527.6239 11 522.6036 11 529.15
4 2, 3% A, 12 831.5467 12 820.0798
5 (0, 6°) A 13 752.4209 13 739.8937
1 (0,1%) E’ 2521.0814 2520.9840 2521.20 2521.422
3 0, 22 E’ 4997.5292 4996.9634 4997.73 4998.058
5 (1, 1% E’ 5554.5911 5554.2073 5553.95 5554.274
7 (0, 3Y E' 7004.9686 7003.2497 7005.81 7006.187
9 1, 22 E’ 7870.0238 7868.5633 7869.09 7870.664

11 2, 1Y E’ 8488.8693 8485.4081 8487.53

13 (0, 4% E’ 9111.1184 9107.2931 9112.90

15 (1, 3Y E’ 9652.5387 9649.7530 9653.44

17 (0, 4% E’ 9996.9482 9990.8078 9996.67

19 2, 2% E’ 10 645.3620 10 639.1250 10 644.59

21* 1, 4% E’ 10 859.6242 10 862.46

23 3, 1Y) E’ 11 324.3941 11322.31

25 1, 43 E’ 11 656.2449 11 657.69

27* (0, 5% E’ 12 077.4622 12 078.43

tational symmetry of triatomic systems with three identical
nuclei, which may vyield a significant reduction in the size of
the Hamiltonian matrices for a particular irreducible repre-
sentation. Knowing the effect of the different symmetry op-
erators on the hyperspherical coordinate®%5the symme-
try adapted basis functions for thd" irreducible
representation of thB 3y, group are written as linear combi-
nation of the functions of Eq12) as

Wan (@.8,7,6,)=ApWan+BaW . (18)
where theA}), and B coefficients are obtained using the
corresponding projection operator, taking the values

AN X (E)+ X (E*) (- 1) +[x"(C3)

+x"(S3)(—1)?]2 cog4nm/3)},
(19
Bl oc[1+2 cog4nm/3)1{x (Cp)(— 1) +2+n

+XF((TV)( _ 1)J+n}

for Q#0 and/orn# 0, while forn= =0 these coefficients
are given by

AN x"(E)+ X" (EX) +[x"(Co) + X' (a)]1(—1)°
X[1+2 cog4nm/3)]

+ X' (Ca)+ X' (S3)]2 coganl3),
(20
Bn=0,

wherex!(C) is the character of the symmetry clagor the
I' irreducible representation.

The only good quantum numbers associated with each
eigenstate are the total angular momentdjgnd the sym-
metry, characterized by thE irreducible representation of
the Dj, group. Traditionally, for the classification of the
eigenstates several approximated quantum numbers are
used®® (v;,v,) andG andU. v; andv, correspond to the
symmetric and antisymmetric vibrations, respectively, while
| labels the bending. Since in the present treatmenilip)
functions correspond to a prediagonalization of the symmet-
ric stretch at the equilibrium values éfand ¢, v, corre-
sponds to the dominamnt in the expansion of Eq.11). The
asymmetric stretch, associated with #heoordinate, is ana-
lyzed by comparing the full eigenstates with the monodimen-
sional solutions of the problem f@*9 $°%andJ=0. Thel
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TABLE VII. Root-mean-squarerms) error of the energy levels calculated ysing the conjugate gradient metfo® in a very efficient
with the GPES reported in this work with respect to most accurate energ)ovay. The nuclear spin of the nuclei is 1/2 and the total wave
levels of Ref. 48, listing the number of levels used in the statistics as well a? ti includi | . tb i tri ]
the maximum total angular momentudj,,,, considered in the comparison. unctions, including nuc _ear spin, mus € a_‘n ISymmetric ur'
der exchange of any pair of nuclei, according to the Fermi—

(v1,Vh) Number of levels Jmax rms error Dirac statistic. Following Watsoff, this implies that the

©, 0% 60 10 0243 wave function(without.the nuclear spin parmust beA; or

©, 19 122 10 0.261 A} for total nuclear spi=3/2 (ortho H;) andE’ or E” for

(1, 0% 60 10 0.946 I=1/2 (para Hy). Up to J=10, the allowed energy levels
(o, 22) 54 10 0.832 calculated following this method are in very good agreement
©,2) 182 18 8'2(7)2 with those reported by Dineltt al,*® which are of the high-

g éog 145 io 1921 est spectroscopic accuracy available for this system; the typi-
0, 3Y 71 10 1.227 cal rms deviations for 778 levels with<10 are listed in

(0, 3% 63 10 1.029 Table VII. As forJ=0, the typical error is usually lower than
(1,29 27 10 0.539 1 cm ! and it should be noted that the larger errors occur for
1,29 47 10 1.414 J>10 values, as can be seen in Table VIII, where the energy

2,1 18 10 0.383 .
21) levels for some selecteis are shown together with those of

Dinelli et al*® As noted by Dinelliet al.*® their calculations

for high Js are not well converged, which can be the reason
of the discrepancy. However, the method described above
allows us the calculation of energy levels for higiialues in

a very efficient way, and in Table VIII the eigenvalues for
J=15 andJ=20 are also shown. Moreover, the use of sym-
metry adapted functions and hyperspherical coordinates
yields a simple and nearly automatic procedure to assign the
gnergy levels, almost always in good agreement with the

is associated with the . variable and is obtained from the
dominantn and Q) values,n,, and Q .., respectively, in
the expansion of Eq(1l) as|=[Q natNmaxd/2. Similarly,
the G number is also obtained from,,,, and Q. as G
=|Nmaxt 3Qmad/2. Finally, U is equal, in absolute value, to
[, and its sign allows us to distinguish betweenAheandA,
components. Since we are using symmetry adapted fun ; ;
tions, this latter number is not required to specify the charP"€V'0US assignmefit. .

acter of the states, and in what follows we shall label the . Finally, in Table IX, the .deV|at|on of t,he preseent reZSLéIts
states by (1, vb),J, G,I'. It should be noted that the assign- With réspect to some experimental trgnsﬂi”dffé*““"‘ L
ment is not a simple task, especially at high energies, and we shown and compared to that obtained using the levels of

have also used the data from previous assignmiefits Dinelli et al®® The typical error of the present GPES is of
In Table VI the eigenvalues fat=0 are compared.with the order of tenths of cmt. These are larger errors than
those of previous works. The LPESs of Refs. 48 and 7 detN0Se obtained by Dinelit al*® Nevertheless, it should be
scribe the region of the well, yielding results in very good noted t_hat in the present pot(_antial, of global nature, adiabatic
agreement with the experimental transitions, within an erro';:prrectlonsmhave not been included. As has been recently
discussed;’*in order to reproduce the experimental data for

typically less than 0.1 cm'. However, these LPESs do not 3 o o adi X X
correctly describe the asymptotic regions and, therefore, thel/s ©© within a few hundredths of cnt adiabatic corrections
the Born—Oppenheimer approximation should be in-

are not well suited for dynamical studies. The present GPE ) ; oo
and that of Ref. 23 describe the entire configuration spac&luded. for example using different masses for vibrational

and none of them includes adiabatic terms. The spectro@nd rotational motions.
scopic accuracy of these two GPES is lower than that of the
previously _LPES men_tioned. However, the_ present GPES, CONCLUSIONS
seems to yield results in better agreement with respect to the
spectroscopically accurate LPESs of Refs. 48 and 7 than that In this paper we have reported a new global potential
of Ref. 23. In particular, the maximum difference betweenenergy surface for the ground-state of thg system, based
the rovibrational levels obtained with this GPES and that ofon a huge number of full configuration interaction energies,
Ref. 7 is of the order of 1-2 cit for energies of the order covering all the regions of the potential surface. The rms
of 16 000 cm'* above the minimum. This difference is con- error of this GPES has been estimated to be lower than 20
sidered to be reasonably good for spectroscopy, especialym . The global fit is totally symmetric with respect to
because the adiabatic corrections have not been introducegermutations of the hydrogen atoms and cover all regions of
In order to determine more precisely the spectroscopithe GPES. To test the quality of this GPES at the absolute
accuracy of the present GPES, the eigenstates egfl#b000  minimum region, we have also reported calculations of rovi-
cm ! have been calculated for total angular momentum irbrational levels up to highed values than those reported
the range 6<J<20. The Hamiltonian matrix size increases previously and we have reproduced the infrared spectra
very rapidly withJ and it is therefore impossible to apply a within 1 cm™! with respect to the experimental ones. We
variational method for such largés. Instead, we use an it- therefore conclude that the accuracy of the present GPES is
erative procedure based on the Lanczos algofifimtwo  very high, especially taking into account its “global charac-
steps. The eigenvalues are obtained with a nonorthogon&r,” and very well suited for dynamical calculations, due to
Lanczos procedure following the method of Cullum andthe accuracy and symmetrical behavior of the dissociation
Willoughby ® The eigenstates are then obtained iterativelychannels.
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TABLE VIII. Rovibrational eigenvalue$E given in cm ) of H; for J=5,10,15,20, for the present GPES compared with the very accurate values of Dinelli
et al. (Ref. 48.

(Vi,Vh) J G r E E (Ref. 48 (Vi,Vh) J G r E E (Ref. 48
(0, 0% 5 0 Ab 1271.407 1271.269 (0, 2% 5 7 E” 5363.415 5363.836
(0, 1Y 5 3 A} 3553.086 3553.340 (0, 29 5 5 = 5459.792 5460.465
(0, 1% 5 3 A} 3673.833 3673.964 (0, 22 5 5 E” 5899.067 5899.400
1, 0% 5 0 A} 4420.118 4419.147 (0, 29 5 1 E” 6002.574 6003.163
(0, 22 5 6 A} 5658.859 5659.225 (0, 23 5 1 = 6276.403 6276.731
(0, 29 5 0 A} 6022.482 6023.076 (0,29 5 1 E” 6376.335 6376.537
0, 29 5 0 A} 6391.661 6391.893 @ 19 5 4 E” 6410.824 6410.568
(1, 19 5 3 A} 6568.640 6568.277 1, 1Y 5 4 E 6529.765 6529.265
, 1Y 5 3 A} 6679.769 6679.233 1, 19 5 2 E” 6673.165 6672.774
(2, 0% 5 0 A} 7476.045 7474.726 1,19 5 2 E" 6793.077 6792.501
(0, 39 5 3 A} 7962.296 7963.536 (2,09 5 5 = 6955.032 6953.812
(0, 3Y 5 3 A} 8228.598 8229.624 (2,09 5 1 E” 7456.048 7454.731
(1, 2% 5 6 A, 8539.626 8539.900 ©, 3 5 8 E” 7637.726 7638.501
(0, 33 5 3 A} 8682.235 8683.163 Egy gi; g j E ;Z,ﬁg'ﬁgg ;gg;-igg
(0, 0% 5 4 E’ 929.075 928.975 0, 3Y 5 2 E” 8089.003 8090.127
(0, 0% 5 2 E’ 1187.237 1187.108 1, 2 5 7 = 8256.267 8256.630
(0, 1 5 5 E’ 3299.915 3300.131 (0, 3Y 5 2 = 8267.694 8269.095
(0, 1Y 5 1 E’ 3722.399 3722.638 (0, 3) 5 2 = 8396.024 8396.945
(0, 1% 5 1 E’ 3863.331 3863.413 (0, 3% 5 4 E” 8619.566 8620.290
(1, 0% 5 4 E’ 4085.649 4084.721 1, 29 5 5 = 8634.387 8634.809
1, 0% 5 2 E’ 4337.991 4337.030 1, 2% 5 5 = 8774.061 8774.309
(0, 29 5 4 E’ 5690.234 5690.840 0, 3) 5 2 = 8792.310 8793.047
(0, 29 5 2 E’ 5939.093 5939.691 (0, 0% 10 6 A} 3726.944 3726.549
(0, 2% 5 4 E’ 6089.518 6089.819 (0, 19 10 9 A, 5198.084 5198.463
0, 2 5 2 E’ 6169.134 6169.466 (0, 1% 10 9 A 5454,525 5454.531
(0, 2 5 2 E’ 6327.764 6327.961 (0, 11 10 3 A, 6539.929 6539.917
1Y 5 5 E’ 6346.639 6346.289 0, 2 10 12 A, 6668.748 6671.817
(1,19 5 1 E’ 6733.647 6733.247 (1, 0% 10 6 A, 6805.429 6804.443
(1,19 5 1 E’ 6860.444 6859.851 0, 1Y) 10 3 A 6959.550 6959.027
(2,07 5 4 E’ 7148.211 7146.931 @, 1Y 10 9 A, 8108.049 8109.734
(2, 0% 5 2 E’ 7395.690 7394.378 (1, 0% 10 6 A, 8259.398 8259.969
(0,39 5 5 E’ 7829.274 7830.292 1,1 10 9 A} 8445.726 8445.703
(0, 3% 5 7 E’ 7962.996 7963.769 ©, 29) 10 6 A} 8690.943
(0, 39 5 1 E’ 8151.162 8152.309 0, 23 10 6 A} 9018.072
(0, 3H 5 1 E’ 8403.942 8404.998 (0, 22) 10 0 A} 9317.968
(0, 3% 5 5 E’ 8484.773 8485.553 1, 22 10 12 A} 9323.874
(O, 33) 5 1 E’ 8556.215 8557.124 (0, 22) 10 0 Aé 9555.467 ...
©,3) 5 1 E' 8758.187 8759.116 @, 2% 10 12 A 9590.213 9598.235
1, 29 5 4 E’ 8793.437 8793.787
(1, 29 5 2 E’ 8937.686 8938.016 (0, 0% 10 10 E' 2451.768 2451.609
(0, 0% 5 3 A 1080.607 1080.490 (0, 0% 10 8 E’ 3197.225 3196.903
(0, 1Y 5 6 Al 3047.126 3047.387 (0, 0% 10 4 E' 4086.839 4086.428
(0, 19 5 0 Al 3742.949 3743.187 (0, 07 10 2 E' 4297.048 4296.621
(1, 0% 5 3 A} 4233.648 4232.699 0, 1Y) 10 11 E’ 4539.163 4539.952
(0, 29 5 3 Al 5829.813 5830.419 (1, 0% 10 10 E' 5559.543 5559.156
(0, 22) 5 3 A, 5970.939 5971.239 (0, 1% 10 7 E' 5842.673 5842.782
1, 1Y 5 6 Al 6129.772 6129.561 0, 1Y 10 7 E' 6145.484 6145.235
(0, 2% 5 3 Aj 6213.395 6213.702 (0, 1% 10 5 E' 6227.051 6226.789
1, 1Y) 5 0 A, 6753.528 6753.128 (0,19 10 1 E’ 6327.058 6326.432
(2, 0% 5 3 A, 7293.412 7292.111 0, 1Y) 10 5 E’ 6628.948 6628.627
(0, 3Y) 5 6 A, 7551.059 7552.148 (0,14 10 1 E' 6666.099 6666.069
(0, 3Y 5 0 A, 8136.357 8137.599 (0,29 10 10 E’ 7034.483 7036.309
(0, 3% 5 6 A, 8276.489 8277.121 (0,19 10 1 E’ 7055.797 7055.249
(©, 33) 5 0 Al 8650.563 8651.706 (1, 0% 10 4 E’ 7192.905 7191.838
(1, 2% 5 3 Aj 8807.236 8808.113 (1,07 10 2 E' 7382.878 7381.697
Az s o3 oA e s QR B 5 F I I
(0, 0% 5 5 = 729.089 729.014 (0, 29 10 8 E' 7785.850 7787.014
(0, 0% 5 1 = 1250.447 1250.311 0, 2 10 8 E' 8006.069 8006.515
(0, 1Y 5 4 = 3396.264 3396.538 0, 2% 10 8 E' 8443.772 8443.842
(0, 1% 5 4 E” 3509.980 3510.150 (0, 0% 10 9 A 2857.013 2856.729
(0, 1% 5 2 E” 3660.107 3660.349 (0, 0% 10 3 Ay 4215.669 4215.239
(0, 1Y 5 2 = 3792.938 3793.033 1, 0% 10 9 Ay 5945.606 5944.843
(1, 0% 5 5 = 3889.573 3888.684 (0, 19 10 6 Al 6087.601 6087.546
(1, 0% 5 1 E” 4399.673 4398.704 (0, 1% 10 6 Ay 6412.622 6412.298
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TABLE VIII. (Continued)

(Vi,vh) J G r E E (Ref. 48 (Vi,vh) J G r E E (Ref. 48
(0, 1% 10 0 Al 7080.879 7080.385 (0, 0°) 15 3 A} 8539.756
(1, 0% 10 3 Al 7317.492 7316.346 (0, 1Y) 15 12 Al 8773.773 8785.042
(0, 2% 10 9 Al 7506.638 (0, 1Y) 15 12 Al 9249.313
0, 2%) 10 9 A 8091.794 (1, 0% 15 15 A 9470.135
(1, 0% 10 3 A, 8711.547 (0, 1Y) 15 6 A} 10261.999
(0, 2% 10 9 A, 8932.027 (0, 22) 15 15 A 10334.975
1,19 10 6 A, 9057.381 9057.019 (2, 0¥ 15 9 A} 10550.716
(0, 2% 10 3 A, 9268.059 (0, 1Y) 15 0 A} 10788.063
1, 1Y 10 6 A, 9347.706 9347.039 (0, 3°) 15 18 Al 10907.195
(0, 3% 10 12 A, 9403.539 e .
©, 22) 10 3 A 0564.754 (0, 00) 15 13 E" 6154.903
(1,1 10 0 Ay 10006.830 ©,0) 15 1 E’ 6943.399

(0, 1Y) 15 16 E" 6954.510
(0, 0% 10 7 = 3485.134 3484.774 (0, 1Y) 15 14 E" 7833.973
(0, 0% 10 5 = 3926.570 3926.171 (0, 0% 15 7 E" 8018.194
(0, 0% 10 1 = 4348.792 4348.363 (0, 1% 15 14 = 8267.157
(0, 1% 10 10 = 5026.095 5026.286 (0, 0°) 15 5 E" 8353.640
(0, 1Y 10 8 E” 5555.350 5555.503 (0, 0°) 15 1 E” 8692.435
(0, 1% 10 8 E” 5827.898 5827.729 (0, 29 15 17 E” 8918.178
(0, 1% 10 4 = 6401.130 6401.110 (1, 0% 15 13 E" 9133.420
(, o 10 7 E” 6580.702 6579.774 (0,14 15 10 E” 9465.563
(0, 1% 10 2 = 6612.470 6612.443 (0, 0% 20 18 A, 9750.216
(0, 1% 10 4 = 6812.167 6811.731 (0, 0°) 20 18 A, 10283.596
(1, 0% 10 5 = 6968.083 6967.289 (0, 0°) 20 12 A, 12089.177
(0, 1% 10 2 = 7073.194 7072.408 (1, 0% 20 18 A, 12577.884
(0, 2% 10 11 E” 7219.631 7220.652 (1, 0% 20 18 A, 13063.787
1, 0% 10 1 E” 7430.491 7429.303 (0, 1Y) 20 21 A 13113.814
(0, 1Y) 10 2 E" 7921.086 (0, 0% 20 6 A, 13314.547
(0, 2% 10 7 = 8108.997 8109.399 (0, OY 20 21 A, 13617.513
1,14 10 8 = 8379.827 8380.666

(0, 0°) 20 20 E’ 8541.217
(0, 0% 15 12 A} 6575.316 (0, 0% 20 16 E’ 10700.847
(0, 19 15 15 A} 7674.211 (0, 1Y 20 19 E' 11193.284
(0, 0% 15 6 AL 8198.855 (0, 0% 20 20 E’ 11449.958
0, 0°) 15 0 A 8705.218 (1,09 20 20 E' 11490.210
(1, 0 15 12 A} 9516.220 o, 1[1)) 20 19 E' 11737.466
©, 1% 15 9 A, 9760.939 (0, 01) 20 14 E’ 12198.864
©, 19 15 9 A, 10308.177 {, 10) 20 19 E’ 12220.050
(1, 1) 15 15 A 10535.633 ©,0) 20 10 E’ 12591.204
0, 1) 15 3 A) 10591.474 ©,0) 20 15 A 11112.254

2 0, 19 20 18 Al 12413.818

(0, 0% 15 14 E’ 5680.067 (0, 0% 20 9 A, 12803.849
(0, 0% 15 10 E’ 7268.264 (1, 1% 20 18 A, 13219.849
(0, 0% 15 8 E' 7802.829 (0, 0% 20 3 Aj 13739.397
(0, 1Y 15 13 E’ 8378.518 8385.960 (1, 1% 20 18 A 13803.937
(0, 0% 15 4 E' 8473.833 (1, 0% 20 15 Al 14135.544
(0, 0% 15 2 E' 8655.538 (0, 0% 20 19 E" 9284.714
(, o 15 14 E' 8693.101
(0, 19 15 13 E’ 8795.509 (0, 0% 20 17 E” 10284.461
(0, 14 15 11 E’ 9143.916 (0, 1Y 20 20 E” 11199.609
(0, 19 15 11 E’ 9652.220 (0, 0% 20 13 E" 11795.800
(0, 22) 15 16 E’ 9732.107 (1, 0% 20 19 E” 12194.310
(0, 0% 15 15 AL 5092.286 (0, 0% 20 11 E" 12354.754
(0, 0% 15 9 AY 7553.581 (0, 0% 20 13 E” 12754.707
(1, 0% 15 15 A, 8124.367

The calculations have also been extended to several excited the H; system using these data and the same procedure
states using the same spatial conformati@#69 data points presented here for the ground state. Moreover, we plan to
for each state We plan to obtain analytical global potential study the prototype reactionyH-H,—Hg3 +H, for which the
energy surfaces and rovibrational analysis for excited statgsresent H study is a necessary step to obtain the GPES.
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TABLE IX. Comparison of observetRefs. 41,43,71,44,46,72, and)7%hd calculated transitior@ cm™1) in
different absorption bands ofjH for the present calculations and using the energy levels of Ref. 48.

Number of transitions

rms error rms error

Band considered present GPES Exp+Fit (Ref. 48
v,—0:(0,15) — (0,0 92 0.282 0.009
v1—0:(1,0)—(0,0) 9 0.693 0.016

20yl g—1,:(0,2) —(0,1Y) 14 0.371 0.268
2yl v,:(0,2)—(0,1Y) 77 0.145 0.008
Vit vpe—wq (1,15 —(1,00) 21 0.477 0.009
Vot vye—,: (1,15 —(0,1%) 21 0.630 0.125
3w,l,—0:(0,3)—(0,0) 15 1.242 0.056
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