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A proposal for a possible transition state for the Ha f- Dz exchange reactron follows from an analysis of the Jahn-Teller 
mstability of tetrahedral I-IQ_ The suggested pathway involves pseudo-rotation in the e deformation space, with a compres- 
sed tetrahedral structure corresponding to the reaction saddle point. 

Introduction 

A considerable efforr has been devoted to ab initio 
theoretical studies Cl-161 * of the H4 potential surface 
in order to locate a structure that might correspond to 
the transition state for the four-center exchange reac- 
tion H, + D2 + 2HD and to characterize the long-range 
intermolecular interaction. To date a satisfactory struc- 
ture for the transition state has not been located. Var- 
ious shock-tube studies [ i7--191 of this reaction have 
been interpreted in terms of a bimolecular rate process 
having an activation energy of 39 to 42 kcal/mol. Be- 
cent atomic resonance absorption experiments [2(i] 
have been similarly interpreted, with a reported activa- 
tion energy of 38 f 5 kcal/moi. By contrast the ab 
initio barrier heights are typically 100 kcal/mol higher, 
with some representative values being 124 to 148 kcd/ 
mol for a square planar structure [3-7,121 and 188 
kcal/mol for a tetrahedral structure 171. Of compara- 
tively low energy but not suitable as the transition 
state is the collinear structure. As often pointed out, 
either the “correct” region of configuration space has 
not been explored in the ab initio studies, or the ex- 

* We note that the qualitative correlation diagram given in ref- 
[ 5 ] for the staggered approach of two Hz molecules is in 
error for the region between the D& and Td structures. The 
lowest singlet (* B *g) of the D& structure Correlates with 
the lower Jahn-Teller branch of the lowest singlet (‘El of 
the Td structure. 

perimental activation energy does not correspond to a 
four-center bimolecular reaction pathway. It is the ob- 
ject of this letter to describe a bhnolecuhu pathway 
that might be relevant either for this or for other four- 
center exchange reactions- 

2. Proposition 

The tetrahedral structure is highly unfavorable as a 
transition state not only because of its very high energy 
but also because it corresponds to three valleys meet- 
ing at a point, so that a lower energy pathway avoiding 
this structure is expected from the arguments [21] of 
Stanton and McIver. Their arguments apply even if the 
lowest energy spin singlet for the Td structure were not 
orbit&y degenerate. Pearson 1221 has briefly discus- 
sed the possibility of exchange involving the perpendic- 
ular approach of two molecules to form a tetrahedral 
activated complex and has shown that such a process 
is forbidden by orbital symmetry. However, the full 
implications of ‘he degeneracy of the 1 E state appear 
not to have been considered. 

Using an orbital description, the two components 
of the ‘E term of the aztt configuration may be 
written in Griffith’s notation [23] as 

Icn= llE(lA# 
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and 

1 v) = I1~(rBl)) = 2-“2[(arJftTm3 - (alTl@l , (lb) 

where the symbols & 9, and 5 denote the t2 orbital 
components transforming as x, y, and z, respectively, 
tbe bar superscripts denote “down” spin, the paren- 
theses enclosing four spin-orbital symbols denote 
Slater determinants, and the tE component labels 
‘A, and t Bt for U and V denote their irreducible 
representations in the D2d subgroup. Instability of the 
Td structure is confined in first order to the threedi- 
mensional configuration space spanned by the sym- 
metry coordinates Qt , Qa, and Q2u, where QI is the 
totally symmetric At stretching mode, while Q& and 
Q2u are the components of the E bending mode traus- 
forming as 322 - r2 andx’ -y2. respectively. Assuming 
an orientation of the tetrahedron with atoms having 
spherical polar coordinates (I-, 8,#)). (r, 8, @ + x), 
(r, B - 6, -@), and (r, ‘IT - 0, -(b + YY)), respectively, 
positive Q2a is taken to mean an elongation along z 
(reduction in 0) while positive Q2,., is taken to mean a 
twist about .z (reduction in &_ If the customary plane 

polar coordinates [24] are defined in Q2a, Q2,, space 

by 

P - (Q& + Q;d”2, CY - tmB’(Q2b/Q2a) 3 (2) 
then the lower energy surface is associated with the 
electronic wavefunction 

\k(a) = cos(ar/2) I co - siu(cu/2) I V) , (3) 

where the coefficients reflect the Jahn-Teller stabiliza- 
tion of the 1 u) component for an elongated tetrahedron 
(a = 0) and the 1 v) component for a compressed tetra- 
hedron (a = or)_ The minimal symmetry in the three- 
space is D2, with D,, symmetry occurring for arbitrary 
Qr and p for a = 0,21r/3, and 47r/3, corresponding to 
tetrahedra elongated along the z, x, and y axes, respec- 
tively, and for a = n/3, n, and 5s/3, corresponding to 
tetrahedra compressed along they, z, and x axes, re- 
spectively. Neglecting cubic and higher terms, the po- 
tential energy is independent of a at fmed r and p, 

giving rise the famous “Mexican hat” circr~Iar trough_ 
The I Ul component is further stabilized by a second- 
order J&u-Teller mixing with the higher energy term 
transforming as ‘A, in T, and given by 

I ‘At 1= 3-‘12 [(arZr$g) +(aLZrfi)+ (arZtlc)], (4) 

so that a three-fold pseudo-rotational barrier is autici- 
pated in p, a space. 

Consider now the staggered approach of two I 
molecules having the same bond length so as to for 
an H4 array of D2d symmetry with respect to the ; 
axis. This approach involves a decrease in both QJ 
Q&, with Q2b = 0. For some Q& the molecule is a 
Jabu-Teller miuimum along the Ly = 0 direction iu 
space. A pseudo-rotation of a = +1r/3 produces y o 
compressed structures corresponding to a potentia 
ergy maximum along a but to a local minimum wil 
respect to p and Qt , while continuing the pseudo-r 
tion to Q = +2z/3 produces x or y elongated struci 
equivalent to that initially formed along z, but wit 
atoms now re-paired, so that increase of Qt and p 
to products (fig- 1). Thus it is suggested that a pos: 
transition state is a compressed D2, tetrahedral str 
ture with a t B, electronic state. The actual path o 
steepest ascent involves r and p changing simultane 
with a, except for a = h/3 and IT, where the path 
tangent to a circle of constant p_ 

Of paramount importance to the plausibility of 
proposed reaction pathway is the continuity of the 
tronic wavefunction given by (3) While the individ 
t2 orbitals transform as different irreducible repres 
tions (br , b2, and b3) in D2 symmetry, such that ‘ 
bital energy surfaces” are disjoint paraboloids inter 
iug but not interacting, the components of the i E 1 
both transform as ‘A in D2 symmetry, so that reac 
tams and products are connected by a single poten 

A2iB2 

Fig. 1. Schematic projection of proposed exchange path h 
Qaa, Qab (or p. CX:) space_ The hexagonal array of lines em; 
ing from the Td origin denote loci of structures with D2d 
symmetry, with primed symbols for compressed stnxture 
unprimed for eiongated. 
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energy surface in Qt , Q2a, Q2b space. In short, the 
exchange reaction is “allowed” in a term description, 
with only “essential” configuration interaction being 
considered_ A recent quadclassical dynamical trajec- 
tory study [X] employing a London-type potential 
energy surface indicated that the reactive collisions 
tend to be those for which each of the diatomics is 
roughly perpendicular to the line of motion and for 
which they are within 40” of being planar, so that a 
nearly planar arrangement, such as proposed compres- 
sed tetrahedral structure, seems plausible as the transi- 
tion state provided that its energy is not too high. 

3. Energy considerations 

Since the t Btg state of the De,, structure has too 
high an energy to serve as the transrtion state, the 
proposed mechanism demands a significant second- 
order instability of this state with respect to the out- 
of-plane Bl,, mode. This could arise from a combina- 
tion of a decrease in the nuclear repulsion energy and 
secondorder Jahn-Teller mixings with excited 1Alu 
states. While no r At,, states arise from a basis consist- 

ing only of s AO’s on each hydrogen, there is one aris- 
2 11 ing from the singlyexcited configuration a lge,eg, 

where the e8 MO is constructed from p AO’s perpen- 
dicular to the molecular plane. Whether or not instabil- 
ity would be found from accurate ab initio calculations 
remains to be shown, altbougb our single determinants 

calculations with either STO-3G or 4-3 1G s-type basis 
sets indicate stabiZity for a D4h structure with respect 
to the (Cartesian) Bt, deformation. A major reason for 

this is that the displacement reduces the bonding of the 
ala MO. Thus it is possible that the flattened tetra- 
hedron has an energy too hi8h to serve as the transition 
state for the hydrogen exchange reaction, although it 
may be relevant in other cases where two-fold orbital 
degeneracy obtains for a tetrahedral structure_ 

* The singledeterminant corresponds to a superuosition of the 
‘Big and rAr8 states of the configuration a&e& 
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