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so that the charge depends both on the nuclear charge and the
number of bonds. Carbon and nitrogen form one more bond than
oxygen. Since the ionicity is large, the electron affinity of the
ligand is important for the size of the dissociation energy, however,
and for the diatomic molecules, NiN is much more weakly bound
than NiC and NiO. For the same reason NisN is more weakly
bound than the other clusters, but here the larger ionicity and
covalency nearly compensate for the poor electron affinity. Carbon
forms the strongest bonds both in the diatomic molecule and in
the clusters since both the covalency and the electron affinity are
large.

Experimentally carbon and nitrogen are found to adsorb close
to the surface of Ni(100) whereas oxygen adsorbs further out.
The reasons for this different behavior are twofold. First, the
covalency to the second-layer nickel atom is much smaller for
oxygen, which in turn is due to an almost doubly occupied 2p,
orbital (pointing down toward the surface) for oxygen, which
cannot form covalent bonds to the second-layer nickel atom. For
both carbon and nitrogen the 2p, orbital is far from doubly oc-
cupied. This difference between carbon and nitrogen on the one

hand and oxygen on the other can be seen in the overlap popu-
lations already rather far above the surface. The second reason
for the larger force to reconstruct the surface for carbon and
nitrogen compared to oxygen is that the ionicity increases much
more for the former atoms as the atom penetrates the surface.
This again is connected with the occupation of the 2p, orbital for
oxygen which already at a large height above the surface becomes
almost doubly occupied and therefore cannot accommodate more
charge as the atom moves down toward the surface.

The final geometries for NisX are very similar for all three
adsorbates, both after a full geometry optimization as well as after
an optimization with the cluster geometry fixed. Oxygen con-
sequently also penetrates the surface for these clusters but gains
much less energy by doing so than carbon and nitrogen. On a
real surface the restoring forces from neighboring atoms are strong
enough to keep oxygen outside but cannot resist the stronger force
from carbon and nitrogen.

Registry No. NiC, 12167-08-7; NiN, 54485-02-8; NiO, 1313-99-1;
NisC, 112138-30-4; NisN, 112138-31-5; Nis0, 108599-79-7; C, 7440-
44-0; N, 17778-88-0; O, 17778-80-2; Ni, 7440-02-0.
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Anions: Application to NH" — NH + e~
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The vibration-rotation-induced electron detachment (VRIED) of diatomic anions has recently become accessible to detailed
experimental analysis. Continuing our efforts in this area of nonadiabatic couplings, we attempt to establish more specific
angular momentum propensity rules for such processes. In particular, we show how characteristics of the final electronic
state may be predicted depending on the symmetry of the initial state and the symmetry of the vibrational or rotational motion
that causes the ejection of the electron, and we show how the rates of electron ejection should vary with rotational quantum
number. The rotational structure of the VRIED event recently reported by Neumark et al. for NH~ (J. Chem. Phys. 1985,

83, 4364) is rationalized without our model.

I. Introduction

The vibration—rotation spectroscopy of negative ions has become
a rapidly developing field due to the development of new ion
sources and the application of modern techniques of tunable laser
spectroscopy,’ fast ion beams, and other ion modulation tech-
niques.'? One of the first anions whose vibrational and rotational
structure was studied by these techniques was NH™> The infrared
vibration-rotation spectrum of NH™ was obtained by autode-
tachment spectroscopy in a coaxial laser~ion beam spectrometer.
Rotational transitions within the v = 0 to v = 1 vibrational ab-
sorption of NH~ were sampled, and subsequent autodetachment
was observed. The non-instrument-limited line widths of these
autodetachment resonance peaks revealed some of the dynamics
of the autodetachment process. In particular, the observed increase
of the autodetachment rate with rotational energy was much faster
than expected if vibrational-to-electronic energy transfer were the
primary detachment mechanism (which might be anticipated
because most of the energy is in the V"= 1 vibrational degree of
freedom). Moreover, the experimental data suggest that tran-
sitions in which the rotational quantum number decreases by a
single unit dominate the ejection process. The nature of the p,
orbital of NH™ from which detachment occurs and the fact that
this orbital is not strongly affected by vibrational motion suggest

*Permanent address: Department of Chemistry, University of Warsaw,
Pasteura 1, 02-093 Warsaw, Poland.
tUniversity of Utah Graduate Research Fellow.

that rotational rather than vibrational motion could provide a more
efficient avenue for energy transfer to the electronic degrees of
freedom. Part of the purpose of this paper is to examine the
relative roles of vibrational and rotational motion in this process.

The conceptual framework for vibration-rotation-assisted au-
toionization in Rydberg states of neutral molecules was formulated
by Berry over 20 years ago.* For negative ions this treatment
has been extended by Simons et al.>® The present paper rep-
resents a continuation of these earlier studies, and its purpose is
to derive qualitative rotational propensity rules for vibration—
rotation-induced electron detachment (VRIED) in the particular
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case of diatomic negative ions. For a diatomic negative ion, a
compact expression for the electronic force operator can be ob-
tained in a manner that clearly displays its symmetry and physical
content. As shown here, this expression may be employed, in
particular, to predict isotope effects or to infer the electronic
symmetry of the diatomic molecule-plus-free-electron final state
if the symmetries of the anion initial state and neutral-molecule
final state are known.

The important feature of the detachment process on which we
focus our attention here is its dependence on the anion’s and
neutral molecule’s rotational quantum numbers. Previously, only
the special case in which the ejection is assumed to carry away
no angular momentum was treated,¥ whereas, as pointed out above,
the recent experiments on NH™ revealed strong evidence for
transitions in which the molecule’s rotational state changes. This
fact stimulated us to derive analytic expressions for the rotational
parts of the general propensity matrix element given in ref 5. In
the present treatment of NH™, we restrict our attention to the
Hund case b in which the component of the anion’s electronic
orbital angular momentum along the diatomic bond axis is strongly
coupled to the rotational motion and the spin—orbit interaction
is a relatively weak effect. This allows us to first couple the
electronic orbital angular momentum A to the rotation and to then
bring in the spin-orbit effects. In fact, we further limit our
consideration to species for which the resultant spin—orbit coupling
is negligible; that is, we couple A to rotation to achieve total
angular momentum eigenfunctions, and we ignore subsequent
spin-orbit interactions. This is done not because we believe
spin—orbit effects to be small in most cases of interest but because
we wish to focus only on the rotation—electronic orbital angular
momentum coupling in this work. An analysis of the resultant
rate expressions leads to a framework in terms of which we can
interpret the observed rotational structure of the VRIED event.

II. Theoretical Development

Although the derivations carried out in this paper are focused,
from the start, on the NH™ — NH + ¢~ system, many qualitative
features can be carried over to other diatomic anions. Attempts
are made throughout this paper to emphasize such general fea-
tures.

Initial- and Final-State Wave Functions. Let us begin by
describing the coupled electronic-vibration/rotation wave functions
of the following three species: the NH™ anion, the (hypothetical)
[NH,e"] “complex”, and the NH-plus-free-electron system. Ig-
noring the spin—orbit coupling and treating these systems as one
active electron coupled to an underlying - NH “core”, the NH-
anion wave functions can be specified in Hund’s case b as

V. Mm), =
(2J +1 )1/2
4
where y;, is the radial part of the NH™ anion’s active orbital,
Via(0,0) is its angular part expressed in terms of molecule-fixed
coordinates 7,0,¢; / labels the angular momentum of each of the
basis orbitals /7, that contribute to the molecular orbital whose
angular momentum projection along the bond axis of the molecule
is mh. C, represents the LCAO-MO coefficients of this active
molecular orbital, and the F},(R) values are vibrational wave
functions for the NH™ anion. The angles o and § are the azimuthal
and polar angles of the bond axis in the x,y,z lab-fixed coordinate
system. Here Dj;,(,8,0)[(2J + 1)/(4)]'/? is the normalized
rotational wave function®! for the NH- system having total
(orbital jm| plus rotational M) angular momentum J with pro-
jection M along the lab-fixed z axis.
For the [NH,e™} complex in which the “extra” electron is treated
as strongly coupled to the bond axis (as in Hund’s case b),
analogous wave functions are appropriate:

Di;,m(asﬁ’o)zlcn[‘p;l(r) Wm(e,(ﬁ) F;J(R) (13,)

(9) Edmonds, A. R. Angular Momentum in Quantum Mechanics;
Princeton University Press: Princeton, NJ, 1957.

(10) Brink, D. M.; Satchler, G. R. Angular Momentum; Clarendon Press,
Oxford University Press: London, 1975.
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The [NH,e™] “complex” functions do not properly describe the
true final states of the decay process. They are introduced merely
as a convenient intermediate to facilitate the derivations. The
true final state of NH-plus-free-electron should be described by
vector coupling the angular momentum of the free electron to that
of the underlying NH species. The 32~ NH molecule has no
orbital angular momentum, hence its rotational eigenfunctions
are given as [(2N + 1)/ (47r)] 1/ zDﬁ' o- The resultant total angular
momentum eigenfunction is then

[\ M m’),, = (

|JM;N,I), =
o V+1\/2 o,
= uwM,vmmm(21‘;7r 1) D B0 Cibilr) X

Vin(OL,91) Fyy (1¢)

where 8, and ¢, describe the angular portion of the “extra”
electron in the /ab-fixed x,y,z coordinate system (since the “extra”
electron is no longer strongly coupled to the diatomic axis) and
(NIM w|JM) is a vector coupling coefficient.>'0

An expanswn of these proper final-state wave functions |J,-
M;N,]); in terms of the [NH,e"] functions |J',M’m"’), allows us
to compute rates of decay of specific |J,M,m), states of NH" by
first computing |J,M,m>,, Mm%, matrix elements and then
transforming, using the above-mentioned expansion, to the desired
W.M,m), — |J,M;N,I); rates.

Angular Momentum Considerations and the Nonadiabatic
Matrix Elements. The rates of nonadiabatic transitions between
states |J,M,m), and |J, M’ m’),, induced by vibration/rotation-
to-electronic coupling were shown in ref 5 to be related to integrals
of the form ,(J', M’,mV-V|J,M,m),, where the first and second
operators

1é . 1 8
R 38 = “Rsin 8 da

act on the electronic and rotation—vibration components of |J,-
M,m),, respectively. It is possible to express ¥ in terms of angular
momentum operators whose commutation and other properties
can then be used to facilitate evaluation of the desired matrix
elements. In particular ¥ can be written in terms of the rotational
angular momentum N of the diatomic bond axis:

a i RXN

V=R TR

The components of NV in the lab-fixed coordinate system are

(2)

.
= _lhaa (3a)

N, = +h exp(:l:za)(—ﬁ xicotB —) (3b)

Transforming to the molecule-fixed coordinate system with

R = [sin 8 cos a, sin 8 sin a, cos 8] (4a)
B = [cos B cos «, cos B sin «, —sin §] (4b)
& = [-sin o, cos a, 0) (4¢)

N can be rewritten as

Ng =0 (5a)
ih 9
Ne = sin 8 da (56)
&}
Ny = —lﬁ% (5¢)

The Dﬂm(a,ﬁ,'y) functions are eigenfunctions of the square of
the fotal angular momentum J =N+ L, of the z component I
and of the R component Jz. In our wave functions Dyy,,(«,3,0),
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the angle v does not occurs since the diatomic has no angular
momentum about its bond axis; the only angular momentum about
this axis is the electronic orbital angular momentum L. The
well-known expressions for J in the lab-fixed coordinate system

a )
= —ih— 6
J. zhaa (6a)

9 9 i 0
= ig)l — i — —
Jy = xh exp( za)(aB icotf Y = Sn B 87) (6b)

can be transformed to the molecule-fixed coordinate system to
give

. a
J[g=—lﬁ5-; (7a)
ih 93 3
y = = = 7
& sin B da ’hcotﬁaﬁ (70)
9
. = —jh— 7
Ja lhaﬁ (7¢)

Using the properties
Jp Dy m(@,B8.Y) = mh Dif,(c.B,7) (8a)
Jt D/{;.m(avﬂiy) = (‘]B + iJ&) D‘}’\;.m(aaﬁvv) =
AU + 1) ~ m(m = ]2 Dijpr=1(,B8,y) (8Db)
one can show that
Né D,G‘m(oz,ﬁ,O) =0 (98.)
Nﬁ: D}’\;,m(aiﬁ’o) = (Nﬂ + iNa)(a’ﬁvo) Dﬁ,m(aiﬁ’o) =
R[JWJ + 1) = m(m = D]V/2 DY ey (,B8,0) -
mh cot B Dij(«,3,0) (9b)

Combining all of the above information, one can express the
desired nonadiabatic matrix element as follows:

2 & 27+ 1\ 20 + 1)/?
AL M 0V Mm), = ( ) ( ) X
4 4r
E Ctur [ Frop § Dl 0) [ 0%t enTU: i 7

n’l

Y DY (,8,0)F,yR? sin 3 dR dB da =
8170 ap B mim A = [BEybmy i [J(J + 1) = m(m + 1]V +
BB [J(T + 1) = m(m = 1)]'/2}} (10)

where

d d
vt = [ PR T Chu [V uigg¥uCor dr GoFuR® dR
(11a)

B = J Pt Chulll + 1) = mm & D]V X
S tirt dr CuFy 4R (11D)

For the NH™ case, m = =1 because of the %Il nature of the
electronic state. Moreover, because the  orbital resides primarily
on the nitrogen atomic center, the / = 1 terms dominate in C,;.
In this case, B}, vanishes for m = 1 and B, vanishes for m =
-1, and the above more general expression reduces to

v’(‘]cM’vm’I%'ﬁ‘J’M’m)r = 6.//./6M/M{6m’,mAL"Ju -
5m"06m,—le/Jv[J(J + 1)] 12 - 5m’,05m,lBL"Jv['](J + 1)]”2} (12)

where B, is given by eq 11b with the [I(I + 1) — m(m % 1)]'/?
factor replaced by [I(] + 1)]'/2

Vibration- or Rotation- Assisted Detachment. The final ex-
pression (eq 12) for the |J,M,m), to |J M’ m’), transition matrix
elements contains two distinctly different kinds of terms. The A4,/
elements, which arise for m’= m (= £1 for NH"), originate in
the vibrational or radial coupling. Such elements will be large
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if the rate of change of the anion’s active orbital with respect to
vibration (d/dR)3_,,C,¥ is large. We note that transitions
dominated by these vibrational couplings are expected to display
vibrational propensities that vary (approximately) as {F*, -
(R)(d/dR) F,{R)R? dR, where F,;; and F,, are the NH and NH~
vibrational wave functions for angular momentum state J. These
are not conventional Franck-Condon integrals, but integrals that
involve the derivative of one of the vibrational wave functions.

The other elements in eq 12 arise from rotational or angular
coupling and give rise to m’=m = | (m’= 0 for NH") transitions
in which the electronic angular momentum along the bond axis
changes. These By, elements appear multiplied by [J(J + 1)]'/?
that give rise to an (approximately) linear variation with the
quantum number J. The vibrational propensities that accompany
transitions dominated by these couplings should vary (approxi-
mately) as (F*,;F,; dR, which again are not conventional
Franck—-Condon factors; they have an added factor of R™%.

Transformation from [NH,e"] to NH plus Free Electron Rates.
Equations 10 and 11 give the matrix elements that couple initial
|/,M,m), states to “intermediate” |[J, M m’), states. As described
earlier, these intermediate states, in which the “extra” electron’s
angular momentum remains coupled to the diatomic bond axis,
are not the true final states in the VRIED process. The proper
final states |J,A7;N,7); correspond to a free electron whose angular
momentum / is vector coupled to the diatomic rotational angular
momentum N. When the definitions of the |/ ,M'm’), and
|7,M;N I}, states are used, it is relatively straightforward to work
out the transformation matrix that connects these two repre-
sentations:

ATMIm I M my =
AN+ 1\ B
5/5‘/-,4/_— ,1,0, ,’.
7/ MMéw( a7+ 1 ) (N1,0,mN,m")Cy (132)
where
Cr= ZGi [ ¥4 ¥ dr Cy (13b)

is the 7 projection of the [NH,e] “extra” electron’s radial wave
function onto the “free” electron’s radial wave function.

This transformation then allows us to write the desired VRIED
matrix elements as

ATMNIG VI Mm), =
Y (TMNI M mYyy AT MmNV M m), =
J M miy
2N+ 1\!/? - -
5]JBMMC[( 27+ 1 ) %gam/,m(NsI’oymIJ!m>AEJD -
Bt A0, A 1T m+ 1) BE [J(J + 1) — m(m + 1)]V2 -
Bt et ANLOm=1\T =1} By, [J(J + 1) = m(m = 1)]'/3 (14)
For the NH™ case, m = x1. Recalling that in this case, By,
vanishes for m = 1 and Bj,, vanishes for m = ~1, we see that the
above expression reduces to

ATMNIT VML), =
2

1/ _ _ s B
" ) {(N1,0,1|7,1) 455, = (N.],0,017,0) X
(I + D]/ By, (152)

J(J + D]'2Bg,} (15b)

Equations 14 and 15 thus provide our final expressions for the
|J.M,m), to |J,M;N,]}; matrix elements.

Transitions from NH- \-Doublet States. Spectroscopic mea-
surements on NH™ VRIED are able to resolve absorptions from
v = 0 NH" into various J levels of v = 1 NH". In fact, the
instrumental resolution (<20 MHz) is adequate to resolve tran-
sitions into the pairs of A-doublet states that arise from the pairs

of |J/,M,m==%1), states of NH™. These A-doublet pairs, whose
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energies are split by the rotation—orbital angular momentum
coupling, have eigenfunctions, within the Hund case b coupling
and with spin—orbit effects being neglected, of the following form
for the NH~ 211 state:

[/, M), = —[|J.M,1), + ¢ J,M,-1),] (16)

21/2
where € = %1 labels the two members of each A-doublet pair.
In the particular NH™ case at hand, transitions from |J,M,¢),
initial states to |J,M;N,]), final states have nonadiabatic coupling
matrix elements that can be obtained from eq 15 and 16:

«JM:N, 7|$ VI M), =

2N+ 1)1/2 o
2]/25.7]6MMC7 2J+ 1 ) {Ag],;(N,l,O,lIJ,l) X
[1+ e(-1)¥H]) -

V(T + 1)]'V2B;;(N,1L0,017,0)(1 + €)} (17)
An interpretation of this result and a comparison with the ex-
perimental data on NH~ will be made in section III.

Isotope Effects in VRIED. The nonadiabatic integrals over
the electronic NH™ and [NH,e”] wave functions

C*n'l'fﬁb*n'l’\b*l'mﬁ\b;/‘ﬁmql dF = M
1%

‘can be reexpressed’ in terms of an integral over the electronic force
operator VA,

2m,
= WAt i C* i i Co 6 (18)

1

-1
M= [E‘(R) - E(R) - hzkz] X

where E7(R) and E(R) are the anion and neutral electronic en-
ergies as functions of bond length R and A2k?/2m, is the kinetic
energy of the ejected electron. The electronic Hamiltonian #, for
a diatomic species is

N [ Z  Zye
he=2| T.() - -— (19)

Tig Fip

where T,(i) is the kinetic energy operator for the ith electron and
r; is the distance from the ith electron to the cth nucleus whose
charge is Z.. Since T,.(i) is independent of R we have

N _ Zaez Z,,ez
=yl -== - (20)
i=1 Yia Fip

To evaluate eq 20, it is expedient to use spherical polar coordinates
of the fixed molecular frame. The nuclear coordinates are then

Mb . Ma
X,= —Rsinfcose; Xy=-—7X,
u M,
Mb . . Ma
Y,=—RsinBsine; Y,=-—Y,
© M,
Mb Ma
Z,=—Rcos B, Zy=--—2Z, 2n
u M,

By writing ¥ as in eq 2 and carrying out the differentiation in
eq 20, after some algebraic manipulations we obtain

_. N Zaezu Fia Zbezl“' Fib
Tho=3| - -+ —= 22
) i=1[ M, r;? My ry? 22

This result is particularly attractive because we express the
electronic force operator as a simple function of the position vectors
of electrons. Note that although #, itself is independent of the
nuclear masses, V4, is not; hence, we may expect nuclear isotope
effects in transmons induced by V..

The dependence of Vh, on the atomic masses M, and M,
suggests that the rate of the VRIED process will depend on the
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TABLE I: Examples of Possible Symmetries of Final States for OH",
NH-, and LiH-

initial . intermediate final state
anion Vh, “complex”  neutral continuum
system state component state molecule?  orbital?
OH- !=z* o — 'z IR 121
T — lre I, 120
NH- I, o - M, o Iz1
i — E) 3z 120
d 2A4 3z 122
LiH™ 22 o — (9> o 1z0
I, - 2, 13+ 121

?We assume that the only energetically accessible electronic states
of the neutral molecules are 2II for OH, *2" for NH, and !=* for LiH.
®The smallest value of / that is allowed and which should dominate.

masses of the 1sotopes Consider, for example, NH™ and ND".
¥ h, consists of “a-centered” (7,.) and “b-centered” (7;,) terms that
have different weights, w, and w,, respectively:

wa=“/Ma “-’a=ﬂ/Mb

If both the initial and final states are described at the single
determinant level, the ejected electron is assumed to come from
the HOMO of NH™ or ND, which is the 17 orbital. This orbital
is mainly localized on the N atom, which will be referred to as

a”. The “a-centered” term in eq 22 should then dominate (be-
cause of the r;, factor and because the HOMO is on center a).
As shown in ref 5, the rate of VRIED varies as the square of the
nonadiabatic coupling matrix elements (section II) multiplied by
(2mh3/u?)p, where p is the translational density of states for the
ejected electron. Hence, the mass dependence of the final rates
should arise from w,2u™?, or

oL
M,,2

1
rate ~ —

2
which is independent of the H/D mass ratio. The N'*/N'* isotopic
substitution would give rise to a rate ratio of ]15/14]* = 1.15. In
general we expect large isotope effects when the active orbital
in the VRIED process is located on the atom being isotopically
changed if this atom is light enough so that its isotopes have
substantial mass differences.

Further Symmetry Analysis of the Electronic Matrix Elements.
The electronic integral given in eq 18 can be symmetry analyzed
by substituting eq 22 for VA,. The symmetry of VA, is determined
by the symmetry of the 7;, and ¥, vectors. Within a molecule fixed
coordinate system, it is straightforward to see that the three
components of 7;, and 7, belong to ¢ and = symmetries. The ¢
component is related to the R part of V,, therefore it may be
termed “vibrational”, whereas the = components are related to
B and & and may be termed “rotational”.

Given the ¢ and = symmetries of VA,, for a given electronic
angular momentum or A-value of ¥, ¥:,,C, = ¢ one can de-
termine the possible symmetries of the electronic wave functions
¥ = 2wy Coplwpbpn for the [NH,e7] complex and eventually the
symmetry of the continuum orbital. To this end let us insert eq
22 into the definition of M:

I

M,

N
M(R) = Zl Z;r/ C*n’l"l/*n’l’\b*l’m' X
i= n
LA L e d7, AET (23
rma Maria rb3 Mb nl\&nlwlm Fe ( )

This form clearly shows the distance dependence (i.e., r2) of the
Vh, operator was well as the mass dependences that arise. In Table
I we have worked out examples of this symmetry analyses of A
for the following three cases:

OH('=Z*) — OH(I) + ¢~ NH-(*II) - NH(Z) + ¢
LiH-(®32) — LiH(!Z*") + ¢
It should be noted that the vibrational (R) and rotational (3, &)
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components of Vh, connect ~ and y with Am = 0,%1. This
restriction is important because it enters into the rotational pro-
pensity determinations.

It should be noted that the angular momenta predicted for the
outgoing electron as in Table I are only the minimum values
needed to provide consistency in the m’values of the [molecule,
¢’] complex and the molecule-plus-free-electron final state.
Additional constraints may occur that cause the electron to be
ejected primarily in higher / waves. For example, in the NH™
case, since the active 1« orbital consists almost entirely of a
nitrogen-atom-centered p orbital and since the anion’s rotation
takes place about a point (the nuclear center of mass) near the
nitrogen atom, the rotational coupling produces the [NH,e]
complex in a 23 state in which the “extra” electron resides in a
p, orbital (rather than an s, or d, orbital). As a result, the
transformation from the [NH,e"] complex to the NH-plus-free-
electron state involves an / = 1 free electron.

ITI. Analysis of Propensity Resuits for NH™

In the initial infrared absorption process an NH™ anion in v
= 0 is excited to a particular J rotational level of the v = 1 state.
In fact, each individual molecular excitation event produces a
particular M state of the J rotational level, even if transitions to
different A-doublet members (¢ = 1) are individually resolved.
Thus it is proper to speak of each VRIED process as beginning
in a single quantum state labeled by its ¢ A-doublet quantum
number as well as its rotational J,M quantum numbers.

In principle, transitions from such a |J/,M,¢),- initial state to
all energetically possible final states contribute to the decay rate.
Thus, according to ref 5, the total rate of decay can be expressed
as

2nh? e o "
rate = ~—p T |(TMNIVIIML  (24)
m

Inserting the expression given in eq 17 for the above coupling
matrix elements yields

21rh 2 AN+ 1 o
= - X
rate p Z |C1| (2J 1 )lAm<N,l,0,1|J,1>
(1 + e( 1)’““} - [J(J + D]Y2By;,(N10,01J,0)(1 + &)
(25)

Recall that Ay, arises from radial or vibrational coupling whereas
B, involves angular or rotational coupling. From & 1la and
11b it is clear-that the J dependences of A, and B}, are weak
compared with the J dependence explicitly displayed in eq 25.

The vector coupling coefficients (N,/,0,0[J,0) vanish unless N
+ 1—J is an even integer. Of course, the three quantum numbers
N, 1, and J must also obey the vector coupling triangle condition.
Thus the change in rotational quantum number accompanying
the NH- — NH + ¢~ event must obey N - J = 2p - . Since /

= 1 was shown to dominate for the NH™ case, we predict that
N —-J=-1(N~-J=1is energetically impossible for NH™ because
the rotational levels of the v = 1 vibrational state of NH™ lie below
the corresponding rotational levels of v = 0 for NH). Values of
|N J| greater than 1 violate the triangle condition if 7 = 1 (as
in NH7).

For NH-, the initial vibrational quantum number v is equal
to 1, for which the only accessible final NH vibrational level is
7 = 0. Thus the rate expression reduces to

2nh? 1 2(2(J— 1)+ 1
!

x — = - X
atex = 2 T3 )|A0,1<J 1,1,0,1[/,1)

[1 + «(~1)°] = [J(J + D]/2Byy (J-1,1,0,017,0)(1 + €)> (26)

This rate expression suggests that the ¢ = 1 component of each
A-doublet should decay with a rate that varies with J approxi-
mately as |a - bJ]%, where a and b relate to A4y, (J-1,1,0,11J,1)
and By {J-1,1,0,0|7,0), respectively. In the case of NH", the 1w
molecular orbital is not expected to vary strongly with vibration
(i.e., dy"/dR is small), therefore rotational couplings (Bg;,) should
dominate over vibrational couplings (4g,;). As a result, VRIED

Chalasinski et al.

= P.(R+AR) ~ P_(R)

R, R+AR

Figure 1. Pictorial representation of the finite difference representation
of dP,/dR.

rates are expected to vary (approximately) as b2J?. The exper-
imental line width data do, in fact, demonstrate a J dependence
that can be interpreted as being of the |a — bJ}? form (for one of
the members of each A-doublet). The photoelectron time-of-flight
data also support the prediction of eq 26 that N = J - 1 transitions
should be strongly favored (because / = 1 dominates).

According to eq 26, the ¢ = —1 component of each A-doublet
pair should have zero rate of electron ejection within the ap-
proximations that gave this equation. Experimentally it is observed
that the rates of VRIED from one member of each A-doublet are
considerably lower and much less J dependent than those of the
fast-decaying member. The lack of strong J dependence indicates
that the slowly decaying A-doublet states eject electrons via vi-
brational coupling rather than by rotational coupling.

To understand how additional contributions to the radial
coupling elements can arise, we return to the factor
(d/dR)W,¥13,Cris Which enters into eq 11a for A, ;. The R de-
rivative acts not only on the C,;(R) LCAO-MO coefficients (which
does not give rise to higher / values) but also on the coordinate
origin to which the Y y7, functions are attached. It is
straightforward to see (pictorially or analytically) that the R
derivative of a p, orbital centered on the N atom generates a
function of d, symmetry (see Figure 1). The introduction of a
d, component (/ = 2) then leads to / = 2 type = terms in the
[NH,e7] electronic wave function, which in turn leads to domi-
nance of 7 = 2 in the final free-electron function. These [ = 2
transitions would indeed give rise (see eq 17) to nonzero VRIED
radial coupling rates for ¢ = —1 A-doublet states because now
(=1)¥+~ = _1 for the dominant N — J = -1 rotational transitions.
It should be stressed that exactly the same N —J = —1 transitions
occur both for this (slowly decaying via / = 2 radial coupling)
¢ = -1 A-doublet as for the (fast decaying, via I = 1 angular plus
radial coupling) ¢ = 1 A-doublet. This is consistent with the
experimentally observed photoelectron time-of-flight data.

IV. Summary and Conclusions

The rotational angular momentum dependence of the rate of
VRIED in diatomic anions has been analyzed within a first-order
perturbation theory “golden rule” model. It has been demonstrated
that, for diatomics, the electronic force operator VA, consists of
two components: a “vibrational” one of ¢ symmetry and a
“rotational” one of = symmetry. Knowing the symmetries of VA,
one can easily predict the electronic symmetry of the diatomic
molecule-plus-free-electron final state and hence the ejected
electron’s angular dependence if the symmetry of the neutral-
molecule final state is known. The examples of OH", NH", and
LiH™ have been discussed to illustrate the prediction of the sym-
metry of the outgoing electron wave.

The explicit form of ¥4, for a diatomic molecule derived in
this paper also enables predlcnon of isotope effects in the VRIED
process. In particular, it has been shown that the rate of VRIED
should be slightly larger for ¥NH- than for "NH".

Explicit evaluation of the angular terms in the “golden rule”
rate expression resulted in establishing angular momentum pro-
pensity rules for this process. As applied to VRIED in 2I1 NH",
these propensities predict the following: (1) One component of
each A-doublet rotational state in NH™ should decay with a rate
whose J dependence varies as |a — bJ]* and should involve ejection
of 1 =1 (p wave) electrons. (2) The other component of each
A-doublet should decay more slowly, should involve ejection of
7 =2 (d wave) electrons, and should vary weakly with J. (3) Both
A-doublet components should be dominated by rotational tran-
sitions that involve unit decrease in the rotational quantum
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number. All three of these predictions are in agreement with what
has been seen experimentally.

The more general conclusions of this analysis include the
following: (1) highly non-Franck—Condon vibrational propensities
due to the appearance of d/dR and R? factors in the radial and
angular nonadiabatic coupling matrix elements (see 11a and 11b);
(2) strong J dependence for one component of each A-doublet and
weak J dependence for the other; (3) propensity for small changes
in the rotational quantum number, with the minimum charge
determined by the 7 value of the ejected electron; (4) weak J
dependence for the vibration-induced rates and strong J depen-
dence for rotation-induced rates.
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We describe a stable and efficient approach to generating a reliable polyatomic grid for self-consistent electronic structure
calculations using the pseudospectral method. Systematic convergence of spectroscopic constants to the Roothaan Hartree—Fock
values as the grid size is increased is demonstrated. The approach offers an estimated 1-2 order of magnitude reduction
over alternative numerical self-consistent field algorithms in the number of grid points per atom required to produce accurate

results.

I. Introduction

In a series of previous papers,!= a new algorithm for solution
of self-consistent electronic structure equations has been proposed
and implemented. The algorithm involves a synthesis of con-
ventional quantum chemical techniques with the pseudospectral
method,* an efficient numerical method originally applied to
large-scale hydrodynamic simulations® and recently employed in
various contexts in chemical physics problems.® The essential
feature of the approach is use of both a basis set and a numerical
grid representation of the solution, allowing accurate evaluation
of derivatives and integrals but also permitting multiplications
to be carried out efficiently on the physical space grid. The net
results for the Hartree—Fock equations are elimination of two-
electron integrals and an N° scaling of both integral evaluation
and Fock matrix assembly, thus potentially yielding 2-3 orders
of magnitude reduction in computation time for large molecules.

In ref 3, quantitatively accurate results (as compared to
equivalent calculations done via the Roothaan procedure’) for the
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water molecule were obtained for the dissociation energy, force
constants, and equilibrium geometry. This demonstrated that the
pseudospectral method was capable of achieving the high accuracy
reequired for quantum chemical calculations on polyatomic
molecules. However, a cumbersome nonlinear optimization
procedure was required to achieve these results. Furthermore,
this procedure is not easily generalized to large polyatomics.
Consequently, a more automated and universal implementation
is required if the pseudospectral method is to become a useful
quantum chemical approach which is easily applied to a user-
specified molecular system.

In this paper, the most difficult step in that direction is taken.
The key problem identified in ref 3 is that of automatic grid
generation for a polyatomic system. A practical solution to that
problem is described below. There are still details of the scheme
which can be improved; we expect that such improvement will
allow reduction of the number of grid points required. However,
the method as depicted should be directly applicable to an arbitrary
polyatomic system. The explicit demonstration of this (along with
any improvements developed along the way) will appear in sub-
sequent publications. Here, we report results for the water
molecule which are analogous in quality to those in ref 3. In
contrast to the work reported in that paper, the grid design im-
plemented here is a systematic procedure which should not require
reoptimization for each molecular species.

No new timing results are presented here; the principal concern
is description of the grid generation algorithm and establishment
of accuracy for that algorithm. However, the conclusions re-
garding the number of grid points per atom, which is a critical
parameter in determining the efficiency of any numerical self-
consistent field (SCF) method, are in accord with those in ref 3.
The requisite number of points is 1 or more orders of magnitude
less than that used in previously described numerical schemes,
whether for the Hartree—Fock (HF) equations or in the less
demanding context of local density theory. The reason such large
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