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Nuclear dynamical calculations have been performed on the H-Hz van dcr Wa;lls molecule. An an~lyuc cstimatc of the 
anlsotropic potenual has been derived and several isotropic potentials tested. ror n well depth of 17 t 2 cm-’ H3 IS found 
to have a weakly bound state at -0.12 I 0.05 cm-‘. Isotopic substltutlon has been mvcstipted’ D1 is found to hrvc scvcral 
bound states. 

1. Introduction 

The H, system has excited much mterest both theo- 
retically [l] and experimentally [2]. In particular It 
has been used to study elastic, inelastic and reacttve 
scattermg. The H3 molecule has been observed in an 
excited Rydberg state [3], a Bndtng confirmed by ab 
initio calculation [4,5], but as yet we know of no ex- 
perimental evidence for it in its electronrc ground 
state. 

The ground-state potential energy surface of H, 
has been much studied, especially in the region of the 
actrvation barrier of the hydrogen exchange reaction. 
In parttcular, the calculations of Siegbahn and Liu 
[6,7] are to within chemical accuracy (4 kJ mol-I). 
However, these calculations concentrate on the re- 
pulsive region of the potential relevant to the ex- 
change process and do not extend into the region 
where there is a shallow van der Waals minimum. 
Recently Varandas and Tennyson [8] have success. 
fully interpolated between these short-range calcula- 
tions and the asymptotically correct, long-range 
multipolar expansion to give an isotropic potential 
in the region of the van der Waals minimum. They 
also studied the arusotropic terms at small separa- 
trons, but lacked the anisotroptc multipolar coeffi- 
cients to give a full anisotropic potential. From their 

results it is however possible to obtain an estimate of 
the leading anisotropic (V2) term in the Legendre 
poljlnomial expansion of the potential 

V(R, r, 0) = Vo(R, r) + V?(R, r)P2(cos 0) f . . . , (I) 

where R is the distance between the H atom and the 
H2 centre of mass,r is the Hz bond length (assumed 
constant at re = I .4 “0) and 0 is the angle between r 
and R. 

Several empirical H-H? rsotropic potentrals en- 
compassing the van der Waals mimmum are avadable. 
In particular we cite those of Cengenbach et al. [9], 
Hlshinuma [lo], and Torello and Dondi [I I]; 
Varandas [ 121 gives a comparison of several such po- 
tentials. The aim of this work is to determine whether 
any or all of these potenttals support H, bound states. 

All ground-state potential energy surfaces be- 
tween uncharged species have a van der Waals mmi- 
mum. However, if this minimum is shallow, there is 
no guarantee that tt will support a bound state, es- 
pecially for systems of hght atoms which have large 
zero-point energies. It is believed, for example, that 
the minima in He-H, [13] and He-He [ 14) do not 
support any bound states, whereas the spectrum of 
HZ-H2 IS well character&d [ 151. 

Wrthm the Born-Oppenheimer approximation rt 
is possrble to solve the nuclear dynamics problem 
separately from the electronic problem. Here we do 
this for seven isotropic potentials [8-l 1 ] withm the 
close-coupling formahsm usrng the method of Le Roy 
and van Kranendonk [ 161. This method has been 
successfully applied to several triatomics and in par- 
ticular to Hp-inert-gas complexes. It has recently 
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been rcviewcd by Le Roy and Carley [ 171. Before 
turning to the nuclear dynamics, we will obtam an 
analytic estimate of the leading anisotropic term m 
the potcntIal. 

2. 1’2 term 

An e\prcssion for the amsotropic short-range re- 
pulsion energy was obtained by fitting the near 
Hartree-Fock SCF results of Varandas and Tennyson 
(ref. [8], column a m table 2) IO a modified Born- 
Mayer potcntlal 

I’yr(R) = A2 exp[-R(bq + b@)] (2 

m the range 3 <I? <9 ao. Inside this range 1’2 shows 
a comphcated functional behaviour [I?] associated 
with the smeulanty m the potential for linear geom- 
etrics at R = 0.70~. This region of the surface IS at 
lugh energy and need not concern us. A least-squares 
fit 9 wveightcd by (V?-)-t gave A2 = 6 303 cm-l, 9 
6: = 0.70275 ~0’ ind b, = 0.07342 ai’. This fitted 
the calculated pomts with a typical 9% error. 

The attractive long-range energy was assumed to 
take the form 

ViR(R)=-(I -exp[-R+f, +da/7”)]}C6r6’,R-6, 

(3) 

where C6 1s the isotropic Rm6 dlsperslon coefficient, 
taken after hleyer (quoted m ref. [ 1 I]) 3s 8.8 13 au. 
The term m braces damps the asymptotically correct 
multlpolar expansion at short range to allow for over- 
lap effects. Varandas and Tennyson’s [S] values of 
d, = -0.003625 0;’ and d, = 0.0012571 a;“, ob- 
tnmcd for their lsotroptc potential, were used. 

For H-H,, the ratio between anisotroplc and 
lsotroplc dispersion terms, r,,, is only known for 

II = 6 [ 11. The value of r6 used, 0.1 I, IS typical [ 11. 
Although there is cvldencc from He-H2 [ 131 that 
r8 and rto should be larger (of order 0.3), they are 
not known for H-H, and have been taken as zero. 

The amsotropic pitentlal 

V,(R) = V,Hr(R) + ViR(R) _ (4) 

has a shallow minimum of -0.7 o-l at R Z= 6.5 q, 
and rises to +360 cm-l at R = 3.0~ in excellent 

agreement with the anisotroplc term obtained from 
mtcgratmg Varandas’ LEPS potential [17-l. 
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As has been noted by Le Roy and van Kranendonk 
[16], anisotropic terms in the potential have little ef- 
fect on the properties of Hz-X van der Waals mole- 
cules m their ground rotatIonal state. This is because 
they only mix with the ground state through func- 
tions which represent rotatlondly excited states of 
Hz. These states are well spaced (typically 36.5 cm-l) 
and the couplmg IS extremely small - it 1~s often 
been Ignored, for example in ref. [IS]. In the case of 
H-H, the effect of V2 is further reduced by the can- 
cellation between the positive term at small R and the 
long, negative tall for large R wllen tlie potent14 is 

Integrated over the range of the large-amplitude vlbra- 
tions. The amsotropic term, however, stall plays an 
important role in rotationally excited states and has 
thus been Included In all the dynamical calculations 
presented in section 3. 

3. Dynamical calculations 

Any vanational calculation, giving as It does only 
an upper bound to the energy, cannot rule out the 
exstence of bound states on the evidence of an in- 
complete basis set calculation. To do this would re- 
quire a method givmg a lower energy bound. How- 
ever, if variational calculations on a potential ener- 
pi surface prcdtct a bound state, then that surface 
does indeed support a bound state. 

The variational method of Le Roy and van 

Kranendonk [16] was used to look for the H, bound 
states of the seven isotropic potentials hsted in table 
1. The method constructs a secular problem from 
basis functions, which can be represented by 

(5) 
where R and rare the vectors defined in section 1. 

The first term in (5) represents the stretching mo- 
tion of the H, diatom. As the diatom was considered 
as a rigid rotoi with fe = 1.4 Q in its ground, u = 0, 
vibrational state, this term is umty in all basis func- 
tions. 

The middle term in (5) represents thestretching vi- 
brations of the H-H, complex. These radial basis 
functions were generated numerically for a pseudo- 
diatomic problem using the isotropic potential. In 
order to generate a complete basis it is necessary to 
include functions from the continuum and this is ’ 
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Table 1 

Energy of Ha (J = 0) bound wbr31ronal stntc for D sclcchon of isotropic potentials, relatwc lo H and p-II, at R = -. Also shown 
XC van dcr Waals well depth (E) and locatIon (Rm), separntlon at zero cncrgy (o), and asymptotic cocftic~cnr ot’lhc Rm6 dlspcr- 
sion term 

PolenM Ref. Energy (cm-‘) c) E (cm-‘) c) R,, (oo) a) o (~0) a) c, (au) 3) 

BMW b) 191 -0.130 18.9 6.71 5.93 88 
cap( 11,6) C) 1101 unbound 11.5 6.92 6.00 12.1 

cxp(l2.6) C) I101 -0.039 14.4 6.65 5.84 5.46 

c\p( i3,6) c) 1101 -0.064 16.9 6.46 5.71 4.35 

cxp(l4.6) c, 1101 -0.091 19.4 6.33 5.63 3.68 

hlBhlD d) 1111 -0.116 14.8 6.56 5.66 8.813 

MBMD d) WI -0.163 17.0 6.58 5.73 8.813 

a) 1 cm-’ = 1.9863 X 10wz3 J molecule-’ , 1 a0 = 0.52918 nm: 1 hwrec -6 

WTtuee-reDon Born-hlaycr-spllnc-van dcr k~ls potcntul. 
LIP = 9.573 x 10~~~ J molcculc-’ mm6. 

C) hfoddicd Buckmgham potcntr;ll ~up(q 6) = [E&I - 6)11(6/o) c\pla(l - R/R,)1 - (RmMI. 
d) hlodlficd Born-hlnycr-(damped) dapcrsion potential. 

done by placing an infinite wall tn the potential at a 

large value of R [18]. For the Varandas-Tennyson 
isotropic potential no bound states were obtained if 
tlus wall was placed closer than 30 ~JO. At RwaO = 

94.5 q, the isotropic potential, VO, ~2 X 10-e cm-l 
and movmg the wall was found to lwe httle effect. 
This IS indicative of the importance of the long at- 
tractive tall m stabhzmg weakly bound states. All re- 
sults presented here are for a wall III this positlon and 
a radial basis set of 5 functions, II = 0, I, 2,3,4. 

The angular basis set, yi” in (5). is given in space 
fued coordinates by 

x Y,,W,~,-m(h, (6) 

where a, 1, J, ))r, AI - m, hi) is a Clebsch-Cordan 
coefficient. The quantum numberj is associated with 
rotations of the Hz diatom and 1 rotattons (tibra- 
tions) of the vector R. These couple to the total an- 
gular momentum J, which in the absence of nuclear 
hyperfine and electron spin interactions, is a good 
quantum number. For Hz, the nuclear symmetry 
means that only odd or even values of j can con- 
tribute to a particular state. Table 1 presents results 
for para-H2 (j even) and J= 0. In all calculations, the 
angular basis set comprised of all functions with j < 
4 which could couple to the relevant I state. Further 

detads of the method are given by Le Roy and co- 
workers \16-181. 

Table 1 shows that six of the seven potentials con- 

sidered were found to support an H-H-, bound state. 
The one exception being the a = 11 potential of 
Hishinuma [lo]. Although this potential gives a good 
representation of Hlshmuma’s data it has a well 

depth 20% less than any other potential considered 
and the whole potential is shifted to large R despite the 
Ulc strongly over-attractive dispersion tcrnms. Thus the 
short-range term for this potential is too repulstve. 
This illustrates a problem with mvertmg expenmental 
data the characteristics of the potential can depend 
strongly on the form of the potentral chosen. In 
Hlshinuma’s case, four equally good fits with shght- 
ly different model potentials give van der Waals well 
depths dlffcring by nearly a factor of two. 

Table 1 strongly implies the existence of an H3 
molecule even though nearly all the van der Waals 
well IS taken up by zero-point cnera. This results in 
a loosely bound, large-amphtude state. For example, 
the mimmum of the Varandas-Tennyson [Sl ISO- 
tropic potential hes at 6.5 ao, whereas the H-H, 
bound state has(R) = 16~7~ and (RZ)1f2 = 17 a,, 
showing that this IS mdccd an extremely “floppy” 
state. 

Next wc mvestigatcd the cffccts of lsotoplc sub- 
strtutlon and the dlffcrences between ortho and para 
diatomics. The results of these calculations, using the 
Varandas-Tennyson potential are given in table 2, 
which hstsoli the bound states found for the relevant 
species. 

Table 2 shows that the general effect of isotopic 
substitution is to stabilize the van der Waals complex, 

as would be expected from the associated increase in 
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Table 2 
Energy of bound X-Y2 states for the lsotroplc potcntbl of 
Vxandasand Tennyson 181 rclatwe to separated X + Y2 

spccss. o-H2 is assumed to he 121.9727 cm-t abovcp-Hz 
.md p-D2 60.9863 cm-’ above o-D2 

X Y Energy (cm-‘) J 
-- 

II P-b -0.1632 0 

H o-H2 -0.1632 I 
D P% -1.0744 0 
D O-HZ -1.0744 I 
tI o-D2 -0.4909 0 
H P& -0.1909 I 
D o-D2 -2.0373 0 

-0.8537 1 
D F-D? -2.0374 1 

-0.854 I 2 

-0.8569 0 

mass. This results in the stabilization of several rota- 
tional states for D3. We found, however, no bound vi- 
brationally excited states for any of the complexes 
exammed. 

For the lowest state of each complex, where the 
amsotroplc potential has negbglble effect, the nbra- 
tlonal wavefunction is completely dominated (greater 
than 99.99%) by the basis function which corresponds 
to the isotropic limit ground state. This means that 
these calculations are essentially converged by a basis 
set of only one function and results in there being 
little or no energy difference between ortho and para 
complexes, as hyperfine interactions have been ig- 
nored. For the rotatlonally excited states which are 
bound for D,, the relevant isotropic unit basis func- 
tion constitutes only -98% of the wavefunction. For 
these states the anisotropic potential is more impor- 
tant and thus the difference between ortho and para 
energies is an order of magnitude larger. 

4. Conclusion 

These calculations strongly imply the existence of 

at least one bound state for all the H3 isotopic 
species. For H3 an energy of -0.12 + 0.05 cm-’ rel- 
ative to dissociation is suggested by calculations on 
several potentials. This complex could well be form- 

ed in the low-density, low-temperature environment 
of space. 

These calculations did not consider the hyperfiie 
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coupling betweenJ and the diatomic nuclear spm. It 
is this coupling wluch has enabled Hz-Hz to be ob- 
served [I 51 and could perhaps be the key to experi- 
mental observation of the ground-state H3 molecule. 
In the case of D3, several rotational states are found 
to be stable and It m&t be possible to observe its 

rotational spectrum. However, the anisotropic poten- 
teal is important in calculatmg the stabihty of these 
states and the expression for V2 given in section 2 

can only be regarded as an estimate, lacking as it does, 
the higher dispersion terms. 
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