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MRD-CI calculations have been carried out on the ground and excited electronic states of H;

forD,,,D_,,C_, and C,

P

geometries. Dipole transition moments between the various

electronic states have been also obtained at the different geometries calculated. The present
work provides accurate theoretical information relevant to the transition state spectroscopy of
H + H, along a collinear path and also along a perpendicular path. In addition, the present
work is the first all-electron configuration interaction treatment of the Rydberg states of H,,
and the results are in excellent agreement with the observed spectra.

. INTRODUCTION

The H, system has been the subject of numerous theo-
retical and experimental investigations.' Early interest in H,
involved mainly the repulsive ground state, as relevant to the
symmetric hydrogen exchange reaction. Interest in the ex-
cited states arose from experimental reports of long-lived H,
species,” and in particular since 1979, following the obser-
vations of the Rydberg spectra of H,,*® which involve tran-
sitions between the bound Rydberg states.

Theoretical calculations of H; have followed two differ-
ent approaches, depending on whether the ground state or
the Rydberg states were being calculated. For the ground
state, emphasis has been placed on accuracy, and calcula-
tions by Liu® and Siegbahn and Liu'’ have employed
multireference all-electron configuration interaction meth-
ods and large atomic orbital (AO) basis sets (Slater-type
orbitals by Liu” and Gaussian-type orbitals by Siegbahn and
Liu'"), in an effort to produce “‘chemically” accurate re-
sults." The points thus calculated have been fitted by Truh-
lar and Horowitz'' and the resulting potential ( referred to as
SLTH) has been widely used and is considered to be the
most accurate potential energy surface for any chemical re-
action."'? According to the SLTH potential the ground
state of H, is repulsive with a saddle point (for the H + H,
reaction) at a D, geometry with closest neighbor distance
of 1.757 bohr, and at a barrier of 9.8 kcal/mol with respect to
the dissociation limit. Recently, Varandas et al.'* have car-
ried out new fits to the calculated data in order to obtain
analytic representations for the two lowest potentials of H,,
which undergo a conical intersection at D, geometries.

Theoretical treatments on the excited states of H, have
placed emphasis on the calculation of a large number of elec-
tronic states, in order to reproduce the observed pattern of
the energy levels in the Rydberg spectra of H,. These calcu-
lations'*~'®* made use of single orbital excitations over the
H;" core. The first work of this type on H, was that of King
and Morokuma,'* who also calculated transition moments
for the possible transitions, and this work has been widely
used in interpretations of experiments involving the Ryd-
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berg states of H,.5'9"22 The frozen-core calculations obtain
generally good agreement with the observed spectra on the
pattern of the energy levels but the errors in the predicted
energy separations between the excited states are of the order
of 1000 ¢~ . Furthermore, the frozen-core approaches are
poor for calculation of the ground state of the neutral, since
unlike the Rydberg states, the ground state does not resem-
ble the H;" system.

Recently, the H + H, system has been the subject of
studies in the field of transition state spectroscopy
(TSS),2*** where spectroscopic observations of the tran-
sient species between reactants and products are sought. The
theoretical work on the TSS of H,?****?%2® has dealt with
absorption from the ground state, 14 'tothe 1 °4 " (2p) state
(where C, labels are employed). Most of the work has in-
volved the collinear path®2%* while a 3D treatment has
been also carried out.”* The calculated transition state spec-
tra are expected to be sensitive to quantities such as the dif-
ference between the ground and excited state potentials
(AV) and also to the actual variation of the dipole transition
moment over the potential energy surfaces, corresponding to
a given absorption process. In all the theoretical treatments
carried out thus far?***?%2* the SLTH potential has been
employed for the ground state, while for the excited state,
model potentials have been used based either on SCF calcu-
lations on symmetric linear H; structures (for most of the
1D treatments®>*7**y or on diatomics-in-molecules (DIM)
calculations (Ref. 26 and for the 3D calculations, Ref. 24).
In most of these studies a constant dipole transition moment
has been assumed for the absorption from the ground state
into the (2p) state, throughout the potential energy surface.

Clearly there is a need for more accurate theoretical cal-
culations on the excited states along the reaction path of
H 4+ H, and also for nonlinear geometries, in order to obtain
reliable AV. Furthermore, since the transition moments
with the ground state are also required, it is necessary to
carry out a balanced treatment of the ground and the excited
states.

Ab initio calculations on the ground and excited states of
H, have been carried out in the early work of Frenkel®” and
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also for C,, geometries by Kulander and Guest.*® Raynor
and Hershbach®' and also Roach and Kuntz*? have carried
out DIM studies on ground and excited states of H,, for a
large number of geometrical arrangements, which at least
for the first few states provide helpful qualitative informa-
tion.

The present work has been undertaken with the aim of
producing reliable transition energies and transition mo-
ments between the ground and excited states, information
which might be useful to investigations of the transition state
spectra of H,. The ground state and the >4 ” (2p) states have
already been mentioned in connection with the TSS. The
A’ (2s) state is also of interest®*?* since it lies very close to
the 124 ” (2p) stateand it hasa large transition moment with
the ground state'*** in the molecular regions although zero
in the dissociation limit, where the transition (1s—2s) is
forbidden. Transitions from the ground state to 124 " (2p)
are symmetry forbidden at the linear symmetric geometries
(122 -1°%11,), at D,, geometries (1%2E'—1%4"), and
also at C,, geometries with the base of the triangle larger
than the sides (2B, —?B,). At the dissociation limit the tran-
sition is the allowed 15— 2p atomic hydrogen transition.

In addition to the above Rydberg states, the first excited
state of H; is also of interest, because it has a conical intersec-
tion with the ground state at D, geometries and also be-
causeit predissociates the >4 ' (2s) stateand the J £0levels of
the 124 "(2p) state. The lifetime of the 24 '(2s) state has
been estimated at <1 ps from the width of the observed
spectra.>*’ Similarily, the J #0 levels of the 1 24 " (2p)state
are expected to be short lived, while the lifetime of the J = 0
levels of this state has been estimated as 40-100 us on the
basis of experimental data,”® and it is generally accepted that
this state corresponds to the observed metastable H, spe-
cies, 202!

In addition to the calculations aimed at the TSS of H,, it
is of interest to carry out accurate calculations on the Ryd-
berg states at D,, geometries. As mentioned above only fro-
zen-core types of treatments have been devoted to calcula-
tions on the Rydberg spectra of H,. A comparison of the
present theoretical results with the observed spectra will
serve for an evaluation of the accuracy of the present calcula-
tions on the excited states, while a comparison with the accu-
rate calculations of Liu® and Siegbahn and Liu'® will be ap-
propriate for the ground state results.

. COMPUTATIONAL DETAILS

The MRD-CI method and programs**>* have been em-
ployed for the calculations. The AO basis set consisted of the
(6s/4s) basis of Huzinaga,*® augmented with two p polariza-
tion functions with exponents 0.7 and 0.2 for each H atom.
The Rydberg basis was of double-zeta quality (for functions
up to 4s) with the following exponents: 0.018 75, 0.0475,
0.005 25, 0.0133, 0.001 387 5, and 0.003 515 for the s set,
0.026 255, 0.0665, 0.005 025, and 0.012 73 for the p and
0.012 75 and 0.026 03 for the d set. These exponents have
been obtained by splitting the single-zeta Rydberg basis em-
ployed for calculations on Rydberg states of rare-gas hy-
drides.”” The Rydberg functions were centered on the cen-
tral H atom in the linear symmetric geometries and in the

center of the triangle for the D,, geometries. For the C,, and
C_,, geometries the Rydberg functions were centered at the
midpoint of the distance of the H atom from the center of the
H, bond.

All the calculations relevant to the TSS of H; have been
carried out in C, symmetry, as it is the common symmetry
for the different geometries of the Hj system.

The reference spaces for the CI calculations were deter-
mined by carrying out preliminary calculations at different
geometries. All configurations with ¢?3>0.002 in the CI wave
functions have been included in the reference sets. For the
calculations on 4 ’ states the reference space consisted of 54
configurations (which gave rise to 80 configuration func-
tions), the CI space generated involved 35 342 configuration
functions and selection of configurations was carried out for
the lowest six roots with an energy threshold of 1 ghartree.
For the 24 " calculations the reference space consisted of 36
configurations (52 configuration functions), the generated
CI space involved 22 089 configuration functions and selec-
tion was carried out with respect to the two lowest root with
a threshold of 0.5 phartree.

The calculations for the Rydberg spectra of H, involved
asingle D;, geometry with a bond length of 1.64 bohr. These
calculations were carried out in C,, symmetry, where 24,
and 2B, states were obtained. The 24, states correlate with
24, and *E’ states of D,, symmetry, where for the ?E ' states
2B, states are the partners of the 4. The ?B, states correlate
with 24 7 and with ?E " (along with states of >4, symmetry).
The reference space of the ’4, calculations consisted of 51
configurations and selection was carried out for the 7 lowest
roots with an energy threshold of 0.5 phartree. About 5000
configuration functions were selected out of 14 889 genera-
ted. For the B, calculations, 32 reference configurations
were employed and selection for the two lowest roots with a
0.1 phartree threshold resulted in 4100 selected configura-
tion functions out of 10 623 generated.

Some preliminary calculations on the Rydberg states of
H, have been also carried out with a single-zeta Rydberg
basis®’ and also in C,, symmetry. The CI spaces were gener-
ated using 52 and 26 reference configurations for the 4, and
the B, states, respectively. All the generated configuration
functions (4105 for 24, and 2233 for °B,) were included in
the calculations of the first seven 24, roots and the first three
2B, roots. These calculations were carried out for D;, geo-
metries with different values of the internuclear distances, in
order to detemine R, for the Rydberg states. Similar calcula-
tions (i.e., along the “breathing” motion of the ring) have
been also included in the C| calculations with the larger basis
set mentioned above.

Further details of the calculations shall be presented
along with the results in Sec. HI.

lIl. RESULTS AND DISCUSSION

The results of the calculations shall be presented in three
sections where in Sec. IIT A the calculations on the Rydberg
spectra of H, are discussed while in Secs. ITI Band III C, the
calculated energies and transition moments, respectively, at
different geometries are presented.
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TABLE L. Calculated energies (in eV) of the excited electronic states of H,
with respect to the ground state energy,” at a D,, geometry with bond
length of 1.64 bohr.

State Present work”  Present work® Ref.14
42E'(4p) 4.86 4.86 4.35
3%4;(3d) 4.39 4.35 3.86
12E"(3d) 4.38 4.35 3.86
32E'(3d) 4.33 4.32 3.83
224%(3p) 4.30 4.24 3.83
2245 (3s) 4.27 4.15 3.78
22E'(3p) 3.87 3.82 3.42
124 7(2p) 2.24 2.25 1.90
1%4;2) 207 1.96 1.66
12E"(2p) 0.00 0.00 0.00

“The calculated ground state energy = — 1.553 99 hartree.

"Split-Rydberg basis.
¢Single-zeta Rydberg basis.

A. Calculations related to the Rydberg spectra of H,

The vertical energies of the first nine excited states of H,
at a D;, geometry with R = 1.64 bohr are given in Table I,
relative to the energy of the ground state. The results ob-
tained with both the basis sets employed in the present work
are listed in Table I, along with data from the work of King
and Morokuma.'* A comparison of the present large basis
results with those of the frozen-core calculations shows that
the latter obtain too high an energy for the ground state by
about 0.5 eV. The results of the calculations with the single-
zeta Rydberg basis differ from those of the split-Rydberg
basis by about 0.01 to 0.06 eV (see Table I) for most of the
states, except for the (2s) and the (3s) states, where the
difference is about 0.11 and 0.12 eV, respectively. Experi-
mental data analogous to the theoretical of Table I exists
only for the (2s) state, which is estimated to lie at about 5.05
eV with respect to the ground state dissociation limits of
H + H,, with the ground state estimated at 3.15 eV with
respect to the same limits,”’ so that the experimental
1°E' 1724 separation of Gellene and Porter®' is 1.90 eV.
Another estimate of the energy of the 24 ’'(2s) state with re-
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spect to the ground state H + H, limit has been given by
Watson’® as 5.52 eV. The present calculations with the larg-
er basis set obtained energies of about 3.15 and 5.22 ¢V for
the ground and the (2s) states, respectively, with respect to
the energy of H~H, with H at 10.0 bohr from H,. Thus there
is excellent agreement with the experimental value on the
energy of the ground state while for the energy of the (2s)
state the theoretical value of the present work falls between
the two previous estimates.”'"

For the energy separations between the excited states
themselves, a ot more information is available. In Table II,
the theoretical transition energies with respect to the
124 7(2p) state of the present work, along with those of
other theoretical work are compared to the experimental 7,
values, recently compiled by Watson.*®> As shown in Table
I1, the theoretical AE of the present work obtained with the
double-zeta Rydberg basis are within 200 cm ™' of the ex-
perimental 7', values, while the frozen-core calculations are
generally about 1000 cm ™! off the experimental. The results
of the single-zeta basis are not as good as those of the larger
basis set, especially for the (25)—(2p) splitting. Thus calcu-
lations with the split Rydberg basis are expected to yield
reliable results on the ground and excited states of Hs, more
so than calculations with the smaller AO basis set.

In Table 111 the calculated frequencies and dipole tran-
sition moments for the possible transitions in H, are given in
the same format as the corresponding data of King and Mor-
okuma.'* The Einstein coefficient for spontaneous emission
may be calculated using the formula

Ei' Rn-m :
A, =2.02584X 10" °(AE)> _‘—|d_-!-

n

(D

where AEis the transition energy (incm™ '), d,, is the degen-
eracy of the upper state, R, . is the dipole transition mo-
ment (in atomic units) between the jth partner of the upper
state and the & th partner of the lower state. The summation
in Eq. (1) is over all the possible combinations between the
degenerate partners of the upper state with those of the lower
state. The transition moments of Table III correspond to the
sum of the squares of the transition moments in Eq. (1),

TABLE II. Comparison of experimental and theoretical energy differences (cm ') between the 1 Ay (2p)

state and the other Rydberg states of H,.

State Exp.T.*  Pres. work® Pres. work®  Ref 14 Ref 15 Ref. 16 Ref. 17
17425 — 1256 — 1422 — 2346 ~ 1988 — 2323 — 1936 — 2546
147020 0.0 0.0 0.0 0.0 0.0 0.0 0.0
23E'(3p) 13 285 13118 12 628 1227 11832 12 179 11698
2°41(3s) 16 488 16 307 15265 15104 14 728 15082 14 595
2°4; (3p) 16 879 16 602 16 043 15511 15300 15 486 15 166
32E’(3d) 17 120 16 865 16 701 15521 15099 15486 14 990
12E"(3d) 17 403 17 225 16 887 15751 15 341 15970
3°4;(3d) 17 493 17 302 16 925 15821 15413 15 808
4°E’(4p) 20 8894 21064 21059 19 709 19 293 19 760 19182

*From Ref. 33.

Split-Rydberg basis set.

“Single-zeta Rydberg basis set.
47, value (Ref, 33).
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TABLE III. Calculated frequencies (cm™') and transition moments
(atomic units) for the Rydberg transitions in H;. For each entry the top
number is the frequency and the lower number is the square of the dipole
transition moment.

Lower state

Upperstate 1°E'(2p) 124[(2s) 1245(2p) 22E'(3p) 2%4(3s)

42E'(4p) 39160 22486 21 064 7947 4758
0.002 1.265 0.0 0.463 68.230
3241(3d) 35397 18 724 17 302 4184 995
0.289 0.0 4.552 13.113 0.0
12E”(3d) 35321 18 647 17 225 4108 918
1.016 0.0 6.736 36.880 0.0
32E°(3d)  34.961 18 287 16 865 3748 558
2.400 0.027 0.0 70.427 0.836
2247(3p) 34698 18 024 16 602 3485 295
0.0 2.124 0.0 0.0 51.141
2241(3s) 34402 17 729 16 307 3189
0.102 0.0 0.444 48.948
22E'(3p) 31213 14 540 13118
0.034 15.690 0.0
1247(2p) 18096 1422
0.0 7.233
1245(2s) 16674
4.886

where, as in the previous calculations,'* only the electronic
transition moment is considered at a single geometry with-
out vibrational averaging.

The transition moments reported by King and Moro-
kuma'? are very close to the values of the present work, with-
in 15% for most transitions, except for the transitions to the
ground state where the frozen-core results are different by
up to 50% from the values of the present work.

The dipole transition moment calculated for the
124 5(2p)—1724(2s) transition when used in conjunction
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with the experimental transition energy (of 993 cm™"') in
Eq. (1), yields a lifetime of about 70 us for the 124 7(2p)
state. If the value of King and Morokuma for the transition
moment is employed the resulting lifetime is about 62 us.
Gellene and Porter have calculated a lifetime of about 87 us
using King and Morokuma’s dipole transition moment and
an energy difference of about 0.11 eV.?! The theoretical val-
ues of 70 and 62 us are both within the range of the experi-
mental value of the lifetime for this state which has been
reported as 40-100 us.?

The radiative lifetime of the 1 4 | (2s) state is calculat-
ed asabout 2.16 us, but this state is not expected to emit since
it is rapidly predissociated.

Radiative lifetime for Rydberg states of H; other than
the (2s) and (2p) states treated above, may be calculated
using the data of Table III.

B. Calculations of energies along different paths for the
H4H; system

The calculations which are to be discussed in this sec-
tion deal with the spectroscopy of the H + H, system, main-
ly along a collinear path, while a few nonlinear geometries, at
90° and 45° insertion, have been also treated. The C; point
group has been used for all these calculations, as it is the
common symmetry in all types of geometries of H,.

Before the results of these calculations are presented,
some calculations of D;, geometries will be discussed, which
have been also carried out in the same approach as the above
calculations (i.e., in C, symmetry). The calculated energies
of the ground and excited electronic states of H, at D,
geometries of different triangle side (R) are listed in Table
1V, along with R, and E, values derived from these calcula-
tions. Experimental R, values*~®** are also included in Table
IV as are the R, values obtained from calculations employ-
ing the smaller basis set on the same type of motion.

TABLE 1V. Calculated energies (hartree) of the ground and excited states of H, at different D;, geometries.

R* (bohr) 12E°(2p) 1247(25) 1247(2p) 22E'(3p) 2241 (3s) 12E%(3d)
1.0 — 127381  —126797 —124431 —1.17635 —1.17475 —1.16934
1.2 —1.43177 —140508 —1.38845 —132233 —131627 —131239
1.4 — 151119 —1.46242 —145110 —138767 —137750 — 137498
1.5 —1.53405 —1.47399 —146497 —140293 —139089 —1.38887
1.6 —1.54955 — 147808 — 147047 —141052 —139668 —139515
1.65 — 155518 — 147800 —147123 —1.41217 —1.39743 — 139605
1.7 —1.55953 — 147674 — 147086 — 141243 139685 —1.39582
1.8 —1.56554 — 147135 146712 —141019 ~139302 —1.39237
2.0 —1.56921 —1.45274 —145152 —139739 137756 137733
23 —1.56313 — 141486 —141729 —136750 —1.34551 —1.34251
2.6 —1.56057 —134912 —135520 —1.31833 —1.29049 —1.28458
3.0 — 153545 132030 —132720 —1.30080 —1.26814 125773
E, —1.56929 — 147821 — 147128 —141246 —139743 139609
R}? 1.972 1.622 1.658 1.689 1.652 1.664
R 1.961 1.600 1.637 1.670 1.633 1.648
Ry “ee 1.606 1.640 1.682 1.646 1.663

® R stands for the side of the triangle.

b Results of the split-Rydberg basis calculations.

¢ Results of the single-zeta Rydberg basis calculations.
9 Experimental values from Refs. 4-8 and 33.
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FIG. 1. Potential energy curves of the first ten electronic states of H, at D,
geometries.

As shown in Table IV, the theoretical R, values of the
excited states are in good agreement with the corresponding
R, experimental values. The theoretical values obtained
with the smaller basis set also compare well with the experi-
mental. The potential energy curves of the ten electronic
states of H, treated in the previous section, along the breath-
ing motion of the ring are given in Fig. 1. These curves have
been obtained by calculations with the smaller basis set,
which appears to lead to good predictions on the geometries
of the Rydberg states. Frozen-core calculations'” also pre-
dict correctly the R, of the Rydberg states. However, DIM
calculations®® overestimate the R, of 124 by about 0.11
bohr and are very poor for the higher excited states.

Thebest D,, structure for the ground state is obtained at
R of 1.972 bohr at 63.09 kcal/mol above the H + H, disso-
ciation limit. The DIM calculations also predict the lowest
energy D;, geometry at about 2.00 bohr and energy of 63.19
kcal/mol. Similarily, the new fits of the Liu® and Siegbahn
and Liu'® ground state energies, obtained by Varandas et
al." also obtained the best ground state D,, structureat R of
1.973 bohr and energy of 63.36 kcal/mol.

The calculations on linear H, involved D, geometries
and C_, geometries. In order to facilitate comparison of the
results of the present work with the STO calculations of

Liu,® the geometries have been selected from those calculat-
ed by Liu, and for the C_, path, approximately along the
reaction path for the ground state. The calculated energies
are given in Table V. The 211 states have been obtained as
both *4 " and *4 " with the two components giving nearly
identical results. The first twenty one rows of Table V refer
to linear symmetric geometries. The calculated energies for
these geometries have been plotted in Fig. 2. As shown in
Fig. 2, an avoided crossing exists between 1 >3 and 222

states at R of about 1.70 bohr. This is consistent with the
presumed predissociation of the (2s) state by the first excit-
ed state of H;. Indeed an examination of the character of
these states along the symmetric stretch path shows that
they are both of mixed valence-Rydberg character and are
mainly described by two configurations 1a’ *3a’ (the Ryd-
berg 2s configuration) and 2’ 21a’, which has been associat-
ed with the resonance state calculated by Kulander and
Guest* but along the insertion path. Similar results regard-
ing the characters of these two states are obtained along the
C_, path out to the point with R, of 2.30 bohr and R, of 1.54
bohr. Beyond this geometry the two states are described by
different main configurations. The above considerations
show that the (2s) state for collinear geometries has consid-
erable valence character, which will result in large transition
moments with the ground state, as will be discussed later.

The ground state saddle point is calculated at
R, = R, = 1.767 bohr which is very close to the value ob-
tained by Liu, 1.757 bohr. The barrier at the saddle point,
with respect to the energy of a structure with H at 10.0 bohr
from H, (last entry in Table V), is 9.96 kcal/mol. Thisis also
in very good agreement with the values calculated by Liu®
and Siegbahn and Liu'® of 9.8 and 9.90 kcal/mol, respective-
ly.

At 1.75 bohr (which is close to the saddle point of the
SLTH potential'') the present calculations yield a ground
state energy of 0.00415 hartree (or 2.61 kcal/mol) above
that of Liu.” For symmetrical geometries with smaller bond
lengths than 1.75 bohr, the difference between the present
energies and those of Liu® increase up to 4.03 kcal/mol at
R, = R, = 1.3 bohr. This is due to the well known inadequa-
cies of modest GTO basis sets at short internuclear dis-
tances.'® For larger bond lengths than at the saddle point the
difference in the calculated energies decreases down to 0.12
kcal/mol at R, = R, = 5.0 bohr.

For the C_, path (see Table VI), corresponding to the
collinear H + H, approach, the present calculations lead to
energies which are essentially parallel to those of Liu.’ The
differences in the calculated energies vary only slightly, from
2.60 kcal/mol at the saddle point to 2.33 kcal/mol at the
furthest point with R, = 1.41 bohr and R, =4.33 bohr.
Thus a shift of the calculated energies in the present work by
about 2.5 kcal/mol would lead to near coincidence of the
ground state potential with the SLTH potential along the
C_., path.

A comparison of the present results with those of the
extensive DIM work of Roach and Kuntz shows that the
gross features of the potentials are well reproduced by the
DIM calculations but there are some quantitative discrepan-
cies: The DIM results show the ground state saddle point at
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TABLE V. Theoretical energies (hartree) of the first six electronic states of linear H;, for different values of
internuclear distances R, and R, (bohr), of the outer H atoms from the central H atom.

133+ 223+ 322*(2s) 473+ 1211(2p) 2
R, R, 1237 173 2% 2238 171, 170,
1.3 1.3 — 159682 -—139988 — 131871 -~ 1.34164 —1.38633 — 1.31421
1.4 1.4 —1.62249 — 140990 —1.33180 - 1.35399 —1.39728 — 1.32577
1.5 1.5 —1.63900 — 141349 — 134106 —1.35944 —1.40143 —1.33059
1.6 1.6 —1.64861 — 141311 —1.35544 —1.35973 — 140055 —1.33151
1.7 1.7 - 1.65321 — 141156 —1.37655 —1.35651 — 139621 —1.32838
1.75 1.75 —1.65393 —1.41241 —1.38425 —1.35393 - 139308 —1.32578
1.76 1.76 —1.65397 —141292 — 138533 —1.35331 -~ 139237 —1.32525
1.767 1.767 —1.65398 — 141334 —1.38593 —1.35287 —1.39187 —1.32480
1.77 1.77 —1.65398 —1.41355 —1.38621 —1.35269 -1.39165 — 1.32460
1.78 1.78 —1.65394 — 141427 —1.38685 - 135207 —1.39091 — 1.32400
1.8 1.8 —1.65380 — 141617 —1.38762 —1.35074 —1.38938 —1.32278
1.9 1.9 —1.65136 — 142924 —1.38443 —1.34312 —138079 —1.31530
2.0 2.0 —1.64694 — 144301 —137664 —1.33404 —1.37076 — 1.30667
2.1 2.1 —1.64085 —1.45450 —1.36727 —1.32419 — 136011 — 1.29744
2.2 2.2 —1.63377 —1.46387 —1.35774 — 131382 —1.34898 — 128739
2.3 2.3 —1.62603 — 147105 —1.34809 —1.30334 —1.33755 —127741
2.5 2.5 —~1.60931 —148120 —1.33101 —1.28171 —1.31459 —1.25736
3.0 3.0 — 156925 —1.49263 —1.30249 —1.23276 —1.26189 — 1.21588
3.5 35 — 153894 —1.49634 —1.28132 —1.21949
4.0 4.0 —1.51997 —1.49799 —1.26076 — 1.187 65
5.0 5.0 —1.50447 —1.49946 —1.22475 —1.148 48
1.88 1.68 —~1.65429 — 141183 —1.38530 —1.35101 —1.38967 —1.32076
1.95 1.64 —1.65467 — 140972 —1.38423 —1.34880 —1.38703 —1.31832
2.02 1.61 —1.65515 — 140749 — 138263 —1.34587 —1.38365 — 1.31532
2.11 1.58 —1.65593 —1.40449 —1.37984 —1.34169 —1.37885 —1.31080
2.20 1.56 —1.65673 — 140213 —1.37653 —1.33724 —1.37355 — 1.30606
2.30 1.54 —1.65770 —1.39931 — 137161 —1.33229 — 136761 — 1.30049
2.41 1.52 —1.65884 —1.39531 —1.36590 —1.32693 —1.36117 —1.29448
2.55 1.51 —1.66014 —1.39264 — 135805 —1.32010 —1.35320 — 1.28702
2.69 1.49 ~1.66165 —13868 —135015 —131363 —1.34566 —1.27957
2.84 1.48 —1.66302 —1.38247 — 134213 —1.30718 —1.33785 —1.27231
2.98 1.47 —1.66417 —137707 —133521 — 130158 — 133141 —1.26588
3.19 1.46 —1.66563 — 136962 —1.32576 —1.29395 —1.32247 —1.25758
3.41 1.45 — 166687 — 136104 — 131757 —1.28681 —1.31470 — 1.24998
3.64 1.44 —1.66788 — 135199 — 131081 —1.28039 — 130805 —1.24349
3.87 1.43 —1.66865 —1.34296 —1.30578 —1.27537 —1.30286 — 1.23752
4.15 1.42 —1.66924 133270 —1.30134 —1.27301 —1.29829 —1.23418
4.33 1.41 —1.66951 —1.32565 —129927 —1.27298 —1.29578 —1.23081
10.0 1.40 — 1.669 85 . —1.294 69 . —1.294 76

1.81 bohr (vs 1.767 bohr of the present work and 1.757 bohr
of the SLTH potential). In addition the location and height
of the barrier on the potential of the 172" state derived
from the avoided crossing with 2 °2 ", are given as 1.93 bohr
and 0.76 eV by the DIM work while the present values are
R = 1.70 bohr and 0.05 eV for the location and height of the
barrier, respectively. Thus, although a qualitative picture
may be obtained from the DIM work, quantitative informa-
tion requires the use of ab initio configuration interaction
methods.

A comparison is possible between the energies of the
1 %11, (2p) state of the present work with those of Mayne et
el.,* upon which the model potentials for most of the 1D
calculations of the transition state spectra of H; have been
based. As would be expected the absolute differences in the
calculated energies are very large (cf. Table V of the present
work with Table I of Mayne et al.>*) since SCF energies®* are
compared to CI energies. What is perhaps more important is
the fact that the difference between the two calculations in-

creases significantly, from about 31.5 kcal/mol at (1.30,
1.30) to 45.4 kcal/mol at (2.50, 2.50).

Although the reaction path of the H + H,~H, + H
process is assumed to be collinear,’ insertion paths have been
found to be important®® when the H atoms are translational-
ly hot, as, e.g., in the recent experimental work of Collins et
al.,”® where H atoms are produced by photodissociation of
H,S. Mayne et al.,** on the basis of 3D trajectory calcula-
tions on the SLTH potential have also found that linear and
bent transition state configurations contribute to a compara-
ble extent to the total absorption.

Calculations over the full potential energy hypersur-
faces of the H, system is beyond the scope of the present
work. However, some further calculations have been carried
out on nonlinear geometries, in order to estimate the vari-
ation in the calculated quantities in going from the linear to
nonlinear structures. A few points have been calculated at
C,, geometries, which are obtained by a motion of the cen-
tral H atom (starting at the saddle point) away from the line,
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FIG. 2. Potential energy curves of the lowest six electronic state of linear
symmetric H,.

along a perpendicular path. The ground state, 1 2E’ at D,,,
geometries, gives rise to two states, 4, and 2B, at C,,
geometries which have a conical intersection at the equilat-
eral triangle structures. Similarly, pairs of states result from
the other degenerate Rydberg states of H,. The calculated
energies at C,, geometries are given in Table VI and Fig. 3,
where the expected features of the potentials curves are dis-

played. In addition, in Table VI, the energies calculated at a
single point along a 45° insertion path are given.

The character of the 4 '(2s) state along the 90° path is
found to be purely Rydberg, without the valence contribu-
tion found at collinear goemetries.

Kulander and Guest*” have also carried out calculations
of states of H, along an insertion path, although a direct
comparison with their results is not possible since in the pres-
ent calculations a path was chosen which goes smoothly
from the linear saddle point to the dissociation limits.

C. Calculations of dipole transition moments

The calculated dipole transition matrix elements for the
possible transitions between the first four electronic states of
H; are given in Tables V11, VIII, and IX for the linear sym-
metric, C_,, and insertion paths, respectively. The transi-
tion moments of interest to the transition state spectrscopy
of H + H,, are between the ground state and the (2s) and
the (2p) states. These are given in columns four and five of
Table VIII, columns three and four of Table IX, and in the
third column of Table VII, where the transition to the (2p)
state from the ground state is symmetry forbidden. As
shown in Tables VII-IX, absorption from the ground state
to 24’ (2s) is everywhere allowed in the geometries calculat-
ed and the corresponding transition moments are almost
everywhere larger than those calculated for the transition
from the ground state to the 4 “ (2p). In addition, the first
excited state (224 ') has appreciable transition moments
with the ground state and also with the two excited states of
interest, when such transitions are symmetry allowed (see
Tables VII-1X).

As mentioned previously, the dissociation limit is ob-
tained by peforming a calculation at a geometry where the H
atom is at 10.0 bohr away from the H, molecule. Such a
calculation yields the correct dipole transition moment for
the 1s-2p transition, obtained as 0.7407 with a correspond-
ing lifetime of 1.6 ns. However, it is not possible to calculate a
pure 2s state of the atom, because the system does not possess
spherical symmetry and mixing of the 2s orbital with the o
component of the 2p is allowed. As a result at the limit of
Ry, _y. = 10 bohr two nearly degenerate states are obtained
with characters 2p — 2s and 2p + 2s, at about 82 330 cm ™'

TABLE V1. Theoretical energies (hartree) of the first eight electronic states of H, calculated along the 90°

insertion path.

(Ry _w,,Ry,) (bohr)

State (0.0,3.534)* (0.5,3.0) (1.02.5) (1.7,1.96) (3.0,1.47) (4.0,1.42) (3.0,1.47)°
1247 — 1.65398 — 1.642 86 — 1.62343 — 1.569 37 — 1.653 97 — 1.666 46 — 1.655 53
224’ -~ 1.41334 — 142784 — 1.476 00 — 1.568 94 — 1.40587 — 1.33973 — 1.398 82
324’ — 1.38593 — 140989 —1.43938 — 145693 — 1.36409 — 1.31952 — 1.367 26
434 — 1.352 87 — 1.366 46 — 1.389 00 — 1.40040 — 1.33061 — 1.30069 — 1.33076
524" — 1.35150 — 1.37491 — 1.40047 — 1.31371 — 1.286 50

624’ -~ 1.324 87 —1.33990 — 1.364 63 — 1.38086 — 1.30801 — 1.28298 — 1.303 19
14~ — 1.391 99 — 140942 —1.43766 — 1.45514 — 1.367 13 — 1.31875 — 1.369 12
224" — 1.324 80 —1.338 14 — 1.360 68 — 1.380 88 — 1.297 56 — 1.251 59 — 1.299 81

#The saddle point geometry.
©45° path.
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FIG. 3. Calculated energies of electronic states of H along a 90° insertion
path. R stands for the distance of H from the midpoint of the H, bond, solid
lines represent °4 '(*4, and *B,) states and dashed lines represent °4 ” (2B,)
states.

above the ground state limit (with the experimental 1s-2s
transition energy at 822 59 cm™'*?). These states being
mixed s—p have nonzero dipole transition moments with the
ground state. Such symmetry-breaking problems giving er-
roneous charge distributions at the atomic dissociation lim-
its have also been noted in connection with calculations of

van der Waals compounds of Ne.*!
Given that the above problem exists at the dissociation
limit, the range of validity of the transition moment calcula-

6857

tions connecting the ground and the (2s) states must be ex-
amined. At geometries near the saddle point, where the sys-
tem is interacting, the calculated transition moments are
expected to be reliable. For intermediate distances, from 3.0
to 4.33 bohr (see Tables V and VIII), the calculated mo-
ments involving the (2s) state might be overestimated, al-
though at such geometries the degeneracy of the two p—s
states, which has been found at the dissociation limit, does
not exist.

In previous theoretical work on the TSS of H;, the di-
pole transition moment has been either assumed constant or
has been represented by a model function.”® The transition
state spectra have been predicted on the basis of classical
trajectory calculations on the ground state potential,>*** on
the basis of time-dependent quantum mechanical caicula-
tions for the motion of the nuclei on the ground state poten-
tial”® and also on the basis of the overlap between the bound
levels of the upper state [always assumed tobe the 1 4 ” (2p)
state] and the vibrational continuum of the ground state. It
is evident that the spectra obtained in the above studies®*->*
will be significantly modified if the actual transition mo-
ments calculated for the 1 4 ' — 1 24 " (2p) process areintro-
duced in the calculations of the spectra. It is instructive to
consider the variation of the oscillator strength for the above
absorption, as a function of the transition energy. Such a plot
is given in Fig. 4. Asshown in Fig. 4, the oscillator strength is
essentially zero at transition energies lower than about
60 000 cm ™', and it gains intensity at large transition ener-
gies, corresponding to large distances of H from H,. This is
in support of the conclusions of Mayne et al.,** that observa-
tions of absorption into the 124 ”(2p) state would require
conditions of low energy collisions.

Also marked in Fig. 4 are points corresponding to the
perpendicular insertion path, and also a single point on the
45° insertion path. As shown the largest oscillator strengths
are calculated for the perpendicular path with the 45° point
at intermediate magnitude between the collinear and per-
pendicular paths. It might also be noted that although there
are some small differences in the magnitudes, the variation
of the oscillator strength with transition energy appears to be
of the same type, for all angles of approach of H + H,.

A plot of the oscillator strength for the absorption from
the ground state to the 24 ' (2s) is given in Fig. 5. It should be

TABLE VII. Dipole transition moments (atomic units) calculated at symmetric linear H, geometries.

R(bohr) 125F 1783 125+ 223 1257 170, 2287 1701,
1.7 0.7941 0.5233 2.2391 1.8204
1.767 0.5524 0.8386 1.6714 2.2764
1.8 0.3826 0.9567 1.2902 2.4818
1.9 0.0147 1.1032 0.5266 2.6896
2.0 0.1377 1.1663 0.2477 2.6669
2.1 0.2062 1.2366 0.1294 2.6000
22 0.2370 1.3198 0.0623 2.5094
2.3 0.2490 1.4262 0.0260 2.3790
2.5 0.2420 1.6715 0.0162 1.9982
3.0 0.1566 2.0123 0.0715 0.9401
35 0.0751 1.9261 0.1022 0.5037
40 0.0297 1.7046 0.1348 0.3484
5.0 0.0039 1.2268 0.2541 0.3166
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TABLE VIII. Dipole transition moments {atomic units) calculated along the collinear H + H, path.

R RS 173+ 2757 122+ .38 128+~ 1711 273+ 5373 278+ 171 RIED IR I |
1.767 1.767 0.5524 0.8386 0.0 0.0 1.6714 2.2764
1.88 1.68 0.4977 0.8717 0.0711 0.0714 1.5759 2.3176
1.95 1.64 0.4375 0.8980 0.1087 0.1474 1.4691 2.3650
2.02 1.61 0.3531 0.9283 0.1397 0.2559 1.3133 2.4420
2.11 1.58 0.2296 0.9565 0.1737 0.4191 1.0740 2.5406
2.20 1.56 0.0977 0.9698 0.2027 0.5762 0.8067 2.6253
2.30 1.54 0.0167 0.9554 0.2319 0.7133 0.5281 2.7010
2.41 1.52 0.1165 0.9296 0.2572 0.8085 0.3210 2.7054
2.55 1.51 0.2006 0.8918 0.2855 0.8716 0.0875 2.7175
2.69 1.49 0.2488 0.8472 0.3140 0.8975 0.0529 2.7065
2.84 1.48 0.2790 0.8085 0.3412 0.8925 0.1634 2.6823
2.98 1.47 0.2912 0.7751 0.3662 0.8733 0.2369 2.6632
3.19 1.46 0.2945 0.7330 0.4051 0.8222 0.3156 2.6306
K3 1.45 0.2854 0.6959 0.4421 0.7475 0.3655 2.5898
3.64 1.44 0.2688 0.6605 0.4804 0.6535 0.4011 2.5431
3.87 1.43 0.2480 0.6276 0.5199 0.5534 0.4198 2.4893
4.15 1.42 0.2209 0.5929 0.5616 0.4413 0.4453 2.4453
4.33 1.41 0.2043 0.5694 0.5853 0.3695 0.4710 2.4303

*R, and R, stand for the distance of the outer H atoms from the central H atom.

TABLE IX. Dipole transition moments (atomic units) calculated along the insertion path.

Ry Ry, 124° 224" 17472324 17°4'=1%4"  224'=1%4"  3°4'-174"
0.5,3.0 0.7786 0.5317 0.0 1.8185 1.9188
1.0,2.5 0.5781 0.8689 0.0 0.8001 2.5715
1.7,1.96 0.000 1.2736 0.0014 0.0 2.7020
3.0,1.47 0.1623 0.5883 0.3105 0.0 2.8584
4.0,1.42 0.3080 0.5523 0.4549 0.0 2.5822
3.0,1.47¢ 0.3073 0.6784 0.2723 0.5896 2.7613

*45° point.
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noted that the scale of Fig. 5 is larger by a factor of 5 than
that of Fig. 4. It is obvious that the absorption to this state
would occur at lower transition energies, between 55 000
and 60 000 cm ™' and the largest oscillator strengths are ob-
tained from the symmetrical geometrical distortions with
respects to the saddle point (solid circles in Fig. 5). Thus
transition spectra involving the 4 ' (2s) state would be espe-
cially strong, for the higher energy collisions, which would
take the H + H,, system near the saddle point geometries. As
shown in Fig. 5, in this case the nonlinear geometries have
lower magnitude oscillator strengths, as was expected from
the differences in the valence contribution to the character of
the (2s) state between the linear and nonlinear structures.
A consideration of the plots in Figs. 4 and 5 (taking into
account the scale factor difference) shows that almost every-
where (except at the dissociation limits) the absorption to
the 4 '(2s) state is predicted to be considerably stronger
than the absorption to the 24 ” (2p) state. As noted previous-
ly the (2s) state is rapidly predissociated but the time do-
main of the experiments investigating the spectroscopy of
the transition state is probably sufficiently short*>?* to make
observations of absorption into the °4 '(2s) state.

IV. CONCLUSIONS

Ab initio configuration-interaction calculations have
been presented for the ground and excited electronic states of
H, at different molecular geometries. The results of the pres-
ent calculations on the excited states are in good agreement
with the observed Rydberg spectra of H;,*® while the calcu-
lated energies for the ground state lie on a surface essentially
parallel to the SLTH potential '

Dipole transition moments have been presented for the
absorption processes from the ground state to the °4 ' (2s)
and to the 24 " (2p) states, and also for the other possible
transitions between the first four electronic states of H,. On
the basis of the calculated oscillator strengths for different
transition energies two types of transition state spectra are
predicted: One type, corresponding to absorption to the (2p)
state, would show intensity at high frequencies, near the
atomic 1s-2p frequency and no appreciable intensity at fre-
quencies lower than about 70 000 cm ™', The other type of
spectrum, corresponding to the (2s) absorption, is predicted
to show high intensity at lower frequencies which would in-
volve transitions from H; geometries near the saddle point.
Furthermore, absorption into the (2s) state is predicted to
be stronger than that to the (2p) state everywhere, except at
the dissociation limits. The previously predicted transition
state spectra of H,,>*?*?¢2® display intensity maxima at
both low and high frequencies and thus they give a compos-
ite picture of the spectra indicated by the present results. The
present data on the energies and the transition moments
might lead to more accurate predictions when employed in
treatments such as the previous??*2%-2% for the calculation
of the transition state spectra.
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