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Ab initio calculations have been carried out for the ground state of H{ in order to predict its 
equilibrium geometry, binding energy, enthalpy of formation, and the features of the H 2 �9 H~ interaction 
at large and intermediate intermolecular distances. The extended basis set of Gaussian functions was 
carefully optimized to describe the various kinds of intermolecular interactions. Electron correlation 
was accounted for by means of CI calculations. Different from previous studies we find a D2d equilibrium 
geometry with De= 7.4 kcal/mol and AH~ ~ -  8.7 kcal/mol. The potential surface turns out to be 
extremely shallow in the vicinity of the D2d structure which results in a great mobility of the central 
nucleus at room temperature. 
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1. Introduction 

Although experimental [ 1 -7 ]  and theoretical [8 -12]  investigations clearly 
prove the stability of  H~- (with respect to any kind of  dissociation) little is known 
about  properties of  this molecule. F r o m  experiments one has obtained esti- 
mates for A H  ~ of the react ion (1) 

H 2 + H ~  = H ~ - .  (1) 

Two recent experimental values for A H  ~ are 

A H  ~ = - 5.1 +0 .6  kcal /mol  [6] 

A H  ~ = - 9.7 + 0.2 kcal /mol  [7 ] .  

Various studies have been proformed to determine the equilibrium geometry 
[8 -12]  and vibrat ional  frequences [8, 12] of  H~ by means of quan tum mechanical  
computat ions.  As a main  result of  these studies it turns out that  H~ is far f rom 
being a rigid molecule [12]. For  this reason it has proved difficult to predict even 
the geometry  of H~-. Whereas  some earlier t reatments predicted a D2d structure 
[8, 9] the mos t  recent and most  accurate computa t ions  indicate that H~- forms 
an ion cluster H~-. H2, held together  mainly by ion-induced dipole at tract ion 
[11, 12]. 

In order  to obtain an accurate description of this interaction it is necessary to 
use specially adapted and extended basis sets [13, 14]. The so far most  accurate 
t reatment  of  H~- has been published by Salmon and Poshusta  [12] who allowed 
for a polar izat ion of the Hydrogen  AO' s  and thus included explicitly the ion 
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induced dipole interaction. Due to the special form of the wavefunction used by 
these authors it is rather difficult to assess the flexibility of their trial function. The 
total energy reported by Salmon and Poshusta was estimated by these authors 
to be about 0.04 a.u. above the exact one. 

The present computations were performed with a method that goes beyond 
the HF approximation and includes effects of electron correlation like dispersion 
interaction and intramolecular correlation. 

The basis set was carefully optimized to account for all relevant types of inter- 
molecular interactions like ion-quadrupole-, ion- induced-dipole- and dispersion 
interaction and also changes in intramolecular correlation energies. Our computed 
total electronic energies are about 0.01 a.u. above the estimated exact energies. 
Due to the careful choice of this basis set we expect the relative errors to be almost 
an order of magnitude smaller. 

The main reason to start the present study were the results of recent molecular 
beam experiments performed by Ludwig and Teloy [15]. Preliminary measure- 
ments of the total cross section for the reactive scattering 

H2 + D~--*H2D + + D  2 , (2) 

H2 + D ~ - ~ H D + D 2  H+ , (3) 

showed that process (3) is favoured by roughly a factor of 2 (as compared to 2) 
at collision energies smaller than 0.1 eV, while process (2) predominates by far at 
energies higher than 0.2 eV. 

Reaction 2 is a simple transfer of a nucleus from D;- to H 2 which can proceed 
via a trasition state with Dza or Dzh symmetry. 

Reaction 3 may be understood as an exchange of two nuclei. If this process 
would proceed directly in a single step one would expect a barrier (like for the 
process H 2 + D 2 ~ 2  HD) which is in contradiction to the experimental results. 
Possible transition states for a single step mechanism (in which the opening and 
formation of the bonds to be changed proceeds simultaneously) may have a 
structure with Ta, C4v or Dsh symmetry which all have an open shell 4-electron 
ground state expected to be higher in energy than H 2 q-H~-. 

Although the transition state may have a lower symmetry (than those just 
mentioned), the above reasoning still is basically correct for all the reaction paths 
we could think of for a single step mechanism. The ratio of the total cross sections 
for the channels (2) and (3), however, corresponds roughly to the statistical weight 
of the reaction products. This indicates that decay takes place after rather complete 
isomerization of a long lived H+-complex. We have therefore especially investi- 
gated if the required isomerization is possible without additional activation 
energy. 

2. Method of Computations 

We start with a conventional closed shell Hartree-Fock (HF) computation. 
The correlation energy is then obtained by means of a PNO-CI (PNO = pseudo 
natural orbital [16] or pair natural orbital [17, 18], CI = configuration interaction) 
and CEPA [19, 18] (coupled electron pair approximation). The PNO-CI includes 
the doubly excited configurations in addition to the HF wave function and is 
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based on the PNO's  of the respective pair functions [17]. The CEPA accounts also 
for the effect of higher than doubly substituted configurations although in an 
approximate way [19, 18]. The CEPA is consequently not a strictly variational 
method whereas the P N O - C I  always yield an upper bound to the electronic 
energy. 

Although the present author in general prefers the CEPA especiallly for the 
computat ion of reaction energies, see the discussion in reference [20, 21], there is 
little difference between the P N O - C I  and CEPA results as far as energy differences 
for the various conformations of H~ is concerned. 

For  the subsequent discussions it is convenient to decompose the total corre- 
lation energy into intra- (eii) and interpair (eij) contributions, for the present case 
of two H F - M O ' s :  

g = g 1 1  q- g22 ~- g12 �9 (4) 

The decomposition (4) can be made for the PNO-CI  as well as for the C E P ~  
correlation energies [18, 19]. It depends, however, on the choice for the HF-MO's .  
In the present study we always use the Boys localized rather than the canonical 
MO's. 

3. Basis Set and Accuracy 

The basis set consisted of contracted Gaussian lobe functions described in 
Table 1. The s basis is a Huzinaga 6s set contracted (4, 1, 1). 

The orbital exponents of the two p sets were determinand in the following 
way. The more spread out function (t/=0.15) is necessary to get an accurate 
result for the polarizability ~z of H >  The steeper ruction (t/= 0.85) was then chosen 
to optimize the total energy of H2 at the equilibrium distance d (H-H)  = 1.4 a.u. 

Let us now discuss briefly the various kinds of intermolecular interactions be- 
tween H2 and H~ in order to get an idea of the accuracly of H F  and correlation 
energy computat ions with the present basis set. 

The dominant  long range interactions are, in an obvious notation, (H~-) 
monopole-(H2) quadrupole interaction E 3 (R denotes the distance between the 

Table 1. Gaussian AO basis for H~ 

Type a t/ c b 

s 68.160 0.007386 
10.2465 0.056140 
2.34648 0.268822 
0.67332 0.752376 

s 0.22466 1.0 
s 0.08222 1.0 
p 0.85 1.0 
p 0.15 1.0 

p AO's are constructed from two lobes each with offcenter shift d according to d- ~f~=0.1. 
b c denotes the contraction coefficients, the groups are normalized to unity. 
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molecular centers of H~- and Hz and 0 the angle between the H 2- and the inter- 
molecular axis) 

E 3 = R-  3QH2P2(cos u q) (5) 

and the monopole-induced dipole (H2)  term E 4 

e~ = - R -  4 [1~ + �89 ~• O)],  

e = �89177 + all ) . 

(6) 

(7) 

Both types of interactions are approximately accounted for on the HF level. 
Within the present basis set we compute (on the HF level) the following values 
for Qn2, e• and ell, exact values are given in parenthesis: 

Ql~ = 0.497 a.u. (0.460 a.u. [22] HF limit 0.493 a.u. [23]), (8) 

cql =6.48 a.u. (6.381 a.u. [22]), (9) 

e• =4.48 a.u. (4.578 a.u. [22]). (10) 

The close agreement between the present and the exact values clearly indicates 
that the HF  approximation gives a reliable description of the long range H 2 . H + 

interaction. We note that even rather small basis sets reproduce Qn2 and elt with 
satisfactory accuracy whereas it is necessary to include a rather smooth p function 
to reproduce e• [13, 14]. 

The London dispersion interaction Eaisp 

gdisp = --  R-6 C6(C 6 > 0) (11) 

(note that C 6 depends on the relative orientation of H 2 and H~-) is a genuine 
correlation effect and is not taken into account on the HF level. We note that 
Edisp coincides asyptotically (for large R) with the interpair correlation energy ~ 12. 

e12 is of not too great importance as far as the gross features of the H2 �9 H~- 
interaction is concerned since [e121 <0.07. AEHv for R > 7  a.u., but it cannot be 
neglected at the equilibrium configuration where e12 amounts to 50% (C2v) or 
100 % (D2h, D2e) of the corresponding HF binding energy A Env, compare section 5. 

The computations with the present basis set are expected to give a reliable 
account of dispersion effects (Edisp and ~12) since the latter are closely related to 
the polarizabilities of the interacting molecules which are accurately described 
by our basis. This fact was actually demonstrated for H2 only, but the present 
author cannot see why this should be different for H + . 

At shorter intermolecular distances, where the charge clouds of H2 and H~- 
start to overlap, one further has the attractive forces of chemical binding, in the 
present case essentially a charge transfer from H2 to H+3, repulsive forces due to 
the Pauli exclusion principle and the changes in intramolecular correlation 
A(gl l  q- g22)- 

Whereas the HF approximation accounts for the first two effects it clearly 
neglects A(e 11 + ~22)" 
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With the present basis we get the following HF- and total energies for H 2 
(d(H-H) = 1.4 a.u.) and H~ (equilateral triangle d (H-H)=  1.66 a.u.), exact values 
in paranthesis: 

EnF(H2) = - 1.133005 a.u. ( -  1.1336) [24] 

EPN~ - 1.169609 a.u. ( -  1.17448) [24] 

EnF(H+)= - 1.298906 a.u. 

EPN~ ) = - 1.337931 a.u. 

Our HF- and total energies of H 2 differ by 0.0006 a.u. and 0.005 a.u. from the 
corresponding exact energies. The repective errors for H + are expected to be 
rather smaller than for H 2 since we have a larger total number of basis functions 
for the same number of electrons. We consequently estimate the absolute error 
of the computed electronic energies to about 0.01 a.u. (twice the error of H2). 

The deviation to the exact energies is essentially a "correlation effect" since 
we account for about 90 % of the total correlation energy only. The remaining 
10 % are mainly due to the participation of d and f orbitals. These contributions 
may be expected to change only 1-2 % of the total correlation energy only along 
any reaction path. 

To sum up: The method of computation applied in the present study appears 
to give a reliable description of the most important intermolecule interactions 
between H2 and H~. The relative errors of the corresponding electronic energies 
are expected to be in the order of 10-3 a.u. 

4. Gross Features of  the H 2 �9 H~- Interaction 

Previous studies indicate that H~ forms a weakly bound ion cluster with only 
minor changes in the geometry of H 2 and H~. For this reason we first performed a 
series of HF computations for various intermolecular distances and various 
relative orientations of H 2 a.nd H f  in their respective equlibrium geometry. The 
results are collected in Table 2 and Fig. 1. In these calculations we have thus not 
allowed for a relaxation of the H 2 and H f  structures and have neglected correlation 
effects: e12+A(ell +e22)- These effects are of importance only for rather short 
intermolecular distances and cannot be neglected if we want to compute reaction 
energies with an accuracy of 1 kcal/mole. We therefore discuss the most inter- 
esting H~ configurations in more detail in the next section. According to the 
discussion of the preceding section we expect however, that the HF approximation 
describes the gross features of the H 2 �9 H~- interaction. 

Let us now discuss briefly the results collected in Table 2 and visualized in 
Fig. 1. 

Cases 1 - 4  center of H2 in H~- plane, H2 perpendicular to the intermolecular 
axis. 

The four lowest lying curves are virtually indentical for R > 7 a.u., where the 
interaction energies differ by less then 10%. This is not unexpected since the 
dominant long range interactions E 3 and E4, compare Eqs. (5) and (6), (E 3 and  E4 
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Fig. 1. Hartree Fock interaction energies AE~F for H2.o.H ~- (See also Table 2 and text) 

ate both attractive in this case since cos 0 = 0 and P2(cos 0)=  - 1/2), are identical 
for the respective geometries. D e of curve 3 and 4 is only about 60 % of that of 
curve 1 or 2. This is due to the fact that the electronic charge clouds in isolated 
Hz and H~- are slightly shifted from the nuclei into the bond regions. Consequently 
one expects stronger attractive forces (Coulomb interaction and charge transfer) 
and weaker repulsive forces (which arise from the overlap of charge clouds in 
connection with the exclusion principle) if H 2 approaches a corner of H +, cases 1 
and 2, than for the cases 3 and 4. 

Case 5: H 3 plane and H2 axis perpendicular to the intermolecular axis. 
The long range interaction terms E 3 and Er for this geometry are identical to 

those of cases 1-4. We find, however, a markedly smaller interaction energy, even 
at R = 20 a.u. AEHF is roughly 25 % smaller than for the curves 1-4. This deviation 
indicates the importance of higher terms in the 1/R-expansion, like quadrupole- 
quadrupole and monopole-hexadecapole interactions (both proportional  to R -  s) 
at distances as large as 20 a.u. The short range forces of chemical binding are 
obviously very small in this case and we have a rather shallow potential curve. 

Cases 6-8: H 2 in direction of the internuclear axis. 
Different from geometries 1-5 we now have a repulsive monopole-quadrupole 

term E 3 since cos 0 = 1 and P2(cos 0) = 1. These curves are consequently repulsive 
for sufficiently large R where E 3 dominates the attractive induced dipole term E 4. 
The latter increases more rapidly if R decreases and the curves have a maximum 
at R = 11.5 a.u., and then a minimum at smaller R. A pronounced binding is found 
for case 6 only where H2 approaches a corner of H + 3, a position which is most 
favourable for a slight charge transfer and, hence, small chemical binding. 
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Barriers of Rotation 

The differences of the De'S of curve 1 and 2 (or 3 and 4, respectively) correspond 
to the barrier for a propeller-like rotation of H 2 around the intermolecular axis. 
This barrier is in both cases of the order of 3 .10  .4  a.u. (~  10 .2  eV,,~ 100 ~ 
Due to the approximations made in the computations under consideration 
(neglect of correlation effects, no relaxation of structure parameters of H2 and 
H~), the actual values have possibly not too much significance but more refined 
computations confirm the order of magnitude. 

The difference between the minima of curve 1 and 3 (or 2 and 4) correspond to 
the barrier of an in plane rotation of H~-. The corresponding barrier is about 
3 .10  -3 a.u. (~0 .08eV ~2kca l /mol )  and thus considerably smaller than the 
binding energy of H;  ~ (the curves 3 or 4, which correspond to the maxima of 
electronic energy along the H~- rotation are quite strongly bound). This means 
that an H~- collision complex has always sufficient internal energy for an in plane 
rotation of H~. 

5. The Effect of Relaxation and Electron Correlation 
on the Equilibrium Structure of H~ 

5.1. More Accurate Determination of the Structure Parameters of Hi  

We first varied the structure parameters for geometries 1 and 2 (C2v symmetry) 
and also for the corresponding centrosymmetric Dz~ and Dzh structures within the 
HF approximation. The H 2 - H  ~ distance for cases 1 and 2 and also the H z - H  2 
distance for the Dzd and D2h structures were then reoptimized on the CEPA level. 
This procedure appeared necessary since the interpair correlation energy ~lZ 
varies rapidly with the corresponding intermolecular distance. The final structures 
are described in Table 3. 

The optimization procedure just described does not lead to drastic changes 
as compared to the results of the section 4. For  structure i and 2 we find an increase 
of the H - H  distance in the H 2 unit by roughly 0.01 a.u. The "central" proton of 
H~ is shifted slightly towards the H 2 such that the H - H  distances of the H~- 
isosceles triangles are now 1.70 a.u. and 1.65 a.u. which may be compared to the 
H - H  distance of 1.66 a.u. in free H~. These changes in structure are consistent 
with a small charge transfer from H2 to the "central" proton of H~ and a shift of 
the H~- electron pair into the basal H - H  bond. 

Table 3. Optimized structures for H~ a 

Structure Position of 

H1, H2 H3 H4, H5 

1(C2v) b (-0.4955, -+0.825, 0) (0.9907, 0, 0) 
2(C2v) b (-0.4955, _+0.825, 0) (0.9907, 0, 0) 
Dae (+0.734, 0, - 1.994) (0, 0, 0) 
D2h (-+0.7325, 0, -- 1.998) (0, 0, 0) 

(3.94, 0, _+0.705) 
(3.99, 0, +_0.705) 
(0, -+0.734, 1.994) 
(-+0.7325, 0, 1.998) 

See text for a description of the structure determination. 
b See also Table 2 and Fig. 1. 
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Table 4. Computed total energies for H~- at optimized geometries" 
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~+ b b Structure d HF PNO-CI CEPA ell2 b m ~12 

t(C2v ) -2.44012 -2.51689 -2.51840 -0.03604 -0.03837 -0.00387 
2(C2~ ) - 2.43987 - 2.51648 - 2.51797 - 0.03532 - 0.03774 - 0.00354 
D2d --2.43838 --2.51770 --2.51942 --0.03650 --0.00804 
D2h --2.43783 --2.51701 --2.51872 --0.03644 -- --0.00801 
H2... H~- ~ - 1.43190 - 2.50624 - 2.50754 - 0.03660 - 0.03903 0.0 

" See Table 3, alI quantities in atomic units. 
b ~H2, ell3+ denote the intrapair correlation energies of the H z and H~ electron pair, ~2 the interpair 

correlation energy. The corresponding quantities are taken from the CEPA computation and add 
up to the CEPA correlation energy. 

~ H 2. and H~ in their respective equilibrium geometry (Ro(H2) = 1.4 a.u., Ro(H~) = 1.66 a.u.) with 
intermolecular distance of 500 a.u. 

As a resul t  of  the qui te  r ap id  increase of  Ig121 with decreas ing  in te rmolecu la r  
d is tance  R (measured  with respect  to the centers  of  gravi ty  of  the nuclei  of  H ~  and  
H2) we find tha t  Ro decreases  by  a b o u t  0.2 a.u. if e lec t ron  cor re la t ion  is included.  

The  r eop t imiza t i on  of  s t ruc ture  pa r ame te r s  for the cases 1 and  2 effects the 
to ta l  e lect ronic  energy by 0 . 5 . 1 0 - 3  a.u. only  (on the P N O - C I  level) co r r e spond ing  
to  rough ly  5 % of the  b ind ing  energy.  

As far as the Dzd and  D2h s t ructures  are concerned  we note  the increase of  the 
H - H  dis tance  of  the H2 f ragments  to 1.47 a.u. as c o m p a r e d  to 1.4 a.u. in H2. This 
weaken ing  of  the H2 bonds  is a result  of  charge  transfer  to the centra l  p ro ton .  

5.2. Equilibrium Structure of H~ 

The to ta l  e lect ronic  energies o b t a i n e d  on the HF- ,  P N O - C I - ,  and  C E P A  level 
for the s t ructures  descr ibed  in Table  3 are  col lected in Table  4. In  this table  we 
have also inc luded  a c o m p u t a t i o n  of  H2 . . . . . .  H~- at large in te rmolecu la r  dis tance 
R =  500 a.u. This ca lcu la t ion  is necessary  as a reference po in t  to de te rmine  D e 
on  the P N O - C I  level. The P N O - C I  (like any CI  with doub le  subs t i tu t ions  only) 
does no t  converge  (for large R) t owards  the sum of  the P N O - C I  energies of  the 
co r r e spond ing  subsys tems even if the la t ter  are c losed shell systems [18]. In  o rde r  
to de te rmine  D e on the P N O - C I  level we consequen t ly  c ompa re  the P N O - C I  
energies of  H~  with tha t  of  the sys tem H2 . . . . . .  H~-. 

We first no te  tha t  s t ruc ture  1 still co r r e sponds  to the m i n i m u m  of  the H F  
po ten t i a l  hypersurface.  The H F  energies of  case 2, the Dza and  Dzh s t ructures  are 
0 .25 .10  -3,  1 .73 .10  -3, and  2.3 �9 10 -3  a.u. h igher  than  for s t ructure  1. 

The c o m p u t e d  to ta l  energies on the P N O - C I  and  C E P A  level predic t  the Dza 
s t ructure  to be lowest  in energy. The co r r e spon d ing  to ta l  energies for s t ructure  1, 
however ,  are  on ly  10-3 a.u. higher.  Such a smal l  energy defference is jus t  a t  the 
l imit  of  accuracy  of  the presen t  computa t ions .  Since mos t  of the s t ructure  p a r a m -  
eters col lected in Tab le  3 were de t e rmined  on the H F  level, we wonde red  
whether  case 1 co r r e sponds  at  least  to a local  m i n i m u m  and  if the D2a s t ructure  
is the abso lu te  min imum.  A d d i t i o n a l  c o m p u t a t i o n s  proved,  in fact, that  s t ructure  1 
is not  even a local  m i n i m u m  (on the P N O - C I -  and  C E P A  level) and  tha t  the 
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potential surface near the D2d structure is extremely shallow. Structures half way 
in between case 1 and Dza still have energies which differ by less than 10 -4 a.u. 
from that of the Dze geometry. Energy differences of this order of magnitude are 
beyond the accuracy of the present study and our investigations essentially prove 
that the equilibrium structure of H~- is D2d (or rather close to D2a) with an ex- 
tremely great mobility of the central proton. 

Inclusion of electron correlation changes in the case of H~- the order of the 
computed energies for the structures considered. This is mainly due to the effect 
of interpair correlations ~12. In the Dzd and Dzh structure one finds a larger differ- 
ential overlap of the localized MO's than in case 1 or 2. This results in a signifi- 
cantly larger s of 0.80.10 -2 a.u. (D2a) as compared to 0.39.10 -2 a.u. (struc- 
ture 1). 

5.3. Enthalpy of Formation of H ;  

Using the minima of the respective HF-, PNO-CI-, and CEPA potential 
surface of H~ we first obtain the following De for reaction (1) 

HF: De=5.1 kcal/mol (12) 

PNO-CI: De=7.2 kcal/mol (13) 

CEPA: De=7.4 kcal/mol. (14) 

Our HF result is in rather good agreement with the best previous HF computation 
by Huang, Schwarz and Pfeiffer [11], who obtained De=4.25 kcal/mol. The HF 
energyobtained by these authors for H~ (EHF = -- 2.43776 a.u.) is about 1 kcal/mol 
higher than the present result. This deviation is due to the fact that the present 
basis is more flexible (than the one used in Ref. [11]) and contains smoother s and p 
functions which are necessary to obtain an accurate description of binding 
energies for weakly bound systems with rather large interatomic distances. For 
the same reason we get for the D2d structure on the HF level De=4.1 kcal/mole, 
whereas the most extended previous study [12] predicted De= 0.6 kcal/mole for 
this case. The discrepancy between our most reliable De, Eq. (14), and the result 
of Salmon and Poshusta [12], De = 3.9 kcal/mole, may also be attributed to the 
rather limited basis used by these authors. 

In order to obtain AH ~ one has to evaluate the following terms (in an obvious 
notation) 

AH~ = - D e + AEv(T) + A(Erot(T) + Ekin(T) + pV). (15) 

At 300 ~ we can treat the last term on the r.h.s, of (15) classically and obtain at 
T-  300 ~ 

A (Ero t + E kln + P V) = - 2.1 kcal/mole. (16) 

To obtain an estimate of AEv(T ) proved to be extremely difficult. The effect of 
zero point vibrations has been estimated by Salmon and Poshusta [12] to 
250 cm-1. These authors assumed, however, that the vibration frequencies of the 
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H2 and H~ fragments in H~- are the same as in the free molecules. This assumption 
appears to be oversimplified since the present work proves the great mobility of 
the central proton. 

We have tried to determine the normal modes for the D2d geometry in the 
harmonic approximation. This attempt proved to be rather useless, however, 
since one of the B 2 modes (which corresponds to the displacement of the central 
proton along the molecular axis) has a harmonic frequency COo< 150 cm-1 (by 
virtue of the above discussions this result is not unexpected, of course). This 
corresponds to a mean square displacement q2>(lao)2. As the remaining force 
constants change too much along this vibration we cannot apply the harmonic 
approximation to describe the nuclear motions. 

In order to obtain at least a rough estimate for A H  ~ we therefore simply 
assumed that the zero point vibrations have no effect on A H  ~ and that the B 2 
mode discussed above contributes roughly RT. If we further assume that the 
propeller-like rotation, B 1 in D2e symmetry, may be considered as a free rotation 

which contributes ~- Tto the enthalpy and that all other vibrations of H~ and 

also those at H 2 and H~- are not thermally excited at 300 ~ we obtain 

AEv(300 ~ = 0.9 kcal/mole 

and further with Eq. (14-16) 

A H  ~ = - 8.7 kcal/mole. (17) 

Equation (17) should rather be considered as a rough guess, since we were not 
able to treat vibrations in a thorough way. This would require to compute the 
H~ surface for a rather wide range of atomic displacements to a high accuracy and 
then to solve the vibrational Schr6dinger equations. Due to the excessive amount 
of computertime needed for such computations it was considered to be beyond 
the scope of this study. The present result, however, is in good agreement with 
the recent experimental value of Bennett and Field [7]. 

6. Concluding Remarks 

The present study appears to be the first theoretical treatment of H~ which 
can claim "chemical accuracy", i.e. an error of 1-2 kcal/mole for the computed 
energy differences. Our results differ in some respects from those of previous 
studies [8-12] which is due to the fact that we used a more extended basis set and 
a more refined method of computation than employed previously. As far as 
the HF approximation is concerned we confirm previous conclusions [11] that 
a non-planar ion cluster H 2 �9 H~- with C2v symmetry corresponds to the minimum 
of the HF potential surface. Electron correlation, however, has not only a marked 
influence on D e, compare Eqs. (12) and (14), it also brings the energy of the D2d 

structure below that of the ion cluster H 2 �9 H~-. The potential surface is extremely 
shallow in the neighbourhood of the O2~ / structure and the vibration of the central 
proton along the molecular axis (corresponding to a displacement in direction of 
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the H2 �9 H~- structure) is highly excited at room temperature. One can consequently 
say that H~ spends actually most of the time in the H 2 �9 H~ structure (at T = 
300 ~ 

Let us finally point out that the present results offer the following explanation 
for the relatively large cross section for the reactive scattering process (3) at low 
scattering energies: 

H~ + D2-~H 2 + HD~ (transfer of the "central nucleus") 

H 2 + D HD + (in plane rotation of HD ~ )-~ H 2D + + HD (transfer of the "cdntral 
nucleus"). 

We have already pointed out in section 4 that the H~- collision complex has 
sufficient internal energy for all steps of such a process, which should occur if the 
collision time is comparable to the time for an in plane rotation of H~. 
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