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Molecular anions possessing excess internal vibrational and/or rotational energy can eject their “extra” electron
through radiationless transitions involving non-Be@ppenheimer coupling. In such processes, there is an

interplay between the nuclear and electronic motions that allows energy to be transferred from the former to
the latter and that permits momentum and/or angular momentum to also be transferred in a manner that

preserves total energy, momentum, and angular momentum. There are well established quantum mechanical
expressions for the rates of this kind of radiationless process, and these expressions have been used successfully
to compute electron ejection rates. In this paper, we recast the state-to-state quantum rate equation into the

time domain and into a form in which the departing electron tunnels through a radial potential. The time
domain expressions are especially useful for polyatomic systems where the multidimensional time correlation
function decays to zero on a very short time scale. The tunneling framework is more appropriate when the
perturbative assumptions, upon which the time-domain expressions are based, are questonable.

I. Introduction

A. Relation to Experiments. Numerous specroscopy experi-

Our calculations have been successful in interpreting trends
that are seen in the experimentally observed rates of electron
ejection. However, in our opinion, there is a need to extend the

ments have been carried out over a number of years in theyhaoretical framework in two directions. First, the time-

Lineberger: Braumar? and Beauchantdaboratories in which

electronically stable negative molecular ions prepared in excited

independent state-to-state golden rule expressions used to date
are too cumbersome for use in highly excited polyatomic anions

vibrational-rotational states have been observed to eject their (containingN atoms); it is simply not feasible to compute the

“extra” electron. For the anions considered in those experiments

'3N—6-dimensional vibrational wave functions at high internal

it is unlikely that the anion and neutral molecule potential energy energies. Second, a tool that does not rely on the perturbative

surfaces undergo crossings at geometries accessed by theiy
vibrational motions. It is therefore believed that the mechanism

of electron ejection must involve vibratiemotation to electronic

energy transfer in which couplings between nuclear motions

and electronic motions known as non-Bet@ppenheimer (BO)

reatment upon which the golden rule expressions are based is
needed; this is essential whenever the non-BO couplings are
not weak enough to be viewed as weak perturbations.

It is the purpose of this paper to effect such extensions in the
theoretical frameworks by recasting the rate equations both (a)

couplings cause the electron ejection rather than curve crossings, the time domain rather than state-to-state expressions and
in which the anion’s energy surface intersects that of the neutral (b) using a radial electron tunneling framewdtkat does not

at some geometries.

In earlier works, wé and othershave formulated (within a
first-order Fermi “golden rule” perturbative framewatiand

require perturbative assumptions.
B. Review of State-to-State Quantum Rate Expression.
Within the Born—Oppenheimer approximation, the electronic

computed non-BO coupling strengths for several of the anion Schralinger equation

systems that have been studied experimentally including the

following.

(1) Dipole-bound aniorf§>abin which the extra electron is
attracted primarily by the dipole force field of the polar molecule
and for which rotation-to-electronic coupling is most important
in inducing electron ejection.

(2) NH= (X&) for which*d vibration of the N-H bond
couples only weakly to the nonbonding,apbital and for which
rotation-to-electronic coupling can be dominiant in causing
electron ejection for high rotational levels.

(3) Enolate aniorf§ that have been “heated” by infrared
multiple photon absorption for which torsional motion about
the HC—C bond, which destabilizes the orbital containing
the extra electron, is the mode contributing most to vibration-
to-electronic energy transfer and thus to ejection.

he(r|Q) ¥.(rIQ) = E(Q) ¥\(rIQ) 1)

is solved to obtain electronic wave functiogig(r|Q), which

are functions of the molecule’s electronic coordinates (col-
lectively denoted) and atomic coordinates (denot&], and
the corresponding electronic enerdgi&§Q), which are functions

of the Q coordinates. The electronic Hamiltonian

h(r1Q) = ={ — hA2m v+, ijiezlri,j - ZaZan/r',a} +

Y2 ZZE IR (2)

contains, respectively, the sum of the kinetic energies of the
electrons, the electrerelectron repulsion, the electremuclear
Coulomb attraction, and the nuclearuclear repulsion energy.
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The rateR (sec?) of transition from a Bora-Oppenheimer
initial stateW; = yiyi (y; is the anion electronic function and
xi is the anion vibration/rotation function) to a final stabe =
Yyt (yr andy; are the neutral plus ejected electron electronic
and vibration/rotation functions) is given, via first-order per-
turbation theory,® as

R= (27/h) [|G4I0|Pl v {Plu)xTFo(e+ E— )
p(E) dE (3)
Here,¢i s are the vibration-rotation energies of the initial (anion)

and final (neutral) vibrationrotation states y§ and yr ,
respectively), ande is the kinetic energy carried away by the
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d¥/d6 = (¥ (6+3) - W(6))
causes 2py to acquire 2p,
character

dWP/dR = (P(R+8) - P(R))/S
causes 2py to acquire dy,
character

Figure 1. Orbital response of NHs 2p, orbital to (a) vibrtation of
the N—H bond (left) and (b) rotation of the NH bond (right).

(1) An orbital's LCAO-MO coefficients depend on the

ejected electron (e.g., the initial state corresponds to an anio”positions of the atoms (or, equivalently, on the anion’s bond
and the final state to a neutral molecule plus an ejected electron).|em~:jthS and internal angles). For example, #eorbital of an

The densityp of translational energy states of the ejected elec-

tron is related to the kinetic energy p{E) = 4rmL3(2meBY%

h. Here and elsewhere, we use the short-hand not&tjd?y/u

to symbolize the action of the multidimensional derivative
operators arising in the non-BO couplings:

(Py)(Pluy; ) = Zo(—1hoypd dR)(—ihdy/oR)/m,  (4)

whereR; runs over the Cartesian coordinates,{s,Za) of the
ath atom whose mass i8,.

It should be noted that the energy conservif(gr + E —
€i) appearing in eq 3 doesot imply a crossing between the
anion and neutral energy surfadg€Q) andE:(Q), respectively.

For all of the anions discussed in this paper, the anion’'s

electronic energ¥(Q) lies below the neutral’s electronic energy
E:(Q) for all geometriesQ accessed by vibrational/rotational

motion of the anion. However, because the anion has “excess

vibrational and/or rotational energy, iistal energye; exceeds
the total energye; of the (vibrationally/rotationally) colder
neutral. As a result, thiotal energy conservation conditiaiies
+ E — ¢ ) can be fulfilled when the ejected electron carries
away the excess ener@yas its asymptotic kinetic energy.

C. The Electronic Non-BO Matrix Elements. The integrals

over the anion and neutral plus free electron electronic states

m ¢ = Wyl Ply;U )

are known to be large in magnitude only under the following
special circumstances.

(1) The orbital of the anion from which an electron is ejected
to form the stateys of the neutral (usually the anion’s highest
occupied molecular orbital (HOMO)) mubt strongly modu-
lated or affected by movement of the molecule in one or more
directions Q). That is,dyi/0Q, which appears iPy; , must be
significant or the above integral will be small.

(2) The state-to-state energy gap;- ¢ , which is equal to
the kinetic energyE of the ejected electron, must not be too

olefin anion that contains the “extra” electron is affected by
stretching or twisting the €C bond involving this orbital
because the LCAO-MO coefficients depend on the bond length
and twist angle. As the bond stretches or twiststherbital’s
LCAO-MO coefficients vary, as a result of which the orbital's
energy, radial extent, and other properties also vary.

(2) The atomic orbitals (AOs, which are denotegl)
themselves dynamically respond to the motions of the atomic
centers. These dynamical responses occanitdQ asdy,/dQ,
which can be evaluated using the same analytical derivative
methods that have made computation of potential energy
gradients and Hessians powerful tools in quantum chemistry.
For example, vibration of the &I NH~ anion’s N-H bond
induces d character into the 2porbital containing the extra
electron as shown in Figure 1, because the radial derivative of

»a [x orbital, ap/oR, produces a function of ,d symmetry.

Alternatively, rotation of this anion’s NH bond axis causes
the 2p, HOMO to acquire some 2pcharacter becausip,/d60
contains terms of pcharacter (see Figure 1 for a pictorial
explanation).

Further insight into how the LCAO-MO coefficients vary with
geometry can be achieved by way of the Hellmafeynman
theorem in the form

;| —ihoh/0Q|y,IE, — E; — E) = [y —ifalaQ|y; 0=
(¢l Ply; L= my; (6)

One sees that the electronic non-BO matrix elements will be
enhanced at geometries where the anion and neutral potential
surfaces approach closely. Note that this requirement (of small
E; — Er) meaning that the energy surfaces are close says nothing
about the anion-to-neutral state-to-state energy gap «; ,
which determines the kinetic enerdy carried away by the
electron. Enhancement is also effected when the initial and final
states have a strong matrix element of the “force operatny”

3Q. The latter is effectively @ne-electroroperator involving

large; otherwise, the spatial oscillations in the ejected electron’s derivatives of the electrennuclear Coulomb attraction potential

wave functionys will be so rapid as to render overlap with
0yi/0Q negligible, again making the above integral small.
Moreover, symmetry can causg; = [¢|P|y;[to vanish if
the direct product of the symmetry gfi and of 3/0Q do not
match that ofy; . Viewed another way, the direct product of
the HOMO'’s symmetry and the symmetry of the vibration or
rotation coordinate @) from which energy is transferred

3 Za Za€ria, SO the matrix element|ohs/dQ|yilcan be
visualized as¢;|0hd/0Q|¢il] whereg; is the anion’s HOMO and

¢r is the continuum orbital of the ejected electron. At geometries
where the aniorrneutral energy surfaces are far removed, the
denominator in eq 6 will attenuate the coupling. If the state-
to-state energy differeneg— ¢; = E accompanying the electron
ejection is large, the integraps|ohs/0Q|¢;iCwill be small because

determines the symmetry of the ejected electron’s continuum the continuum orbitad: will be highly oscillatory and thus will

orbital which, in turn, determines the angular distribution of
the ejected electron.

not overlap well with §hy/0Q)¢;.
In summary, for non-BO coupling to be significanthe

The derivatives (i.e., the dynamic responses) of the anion’s anion’s HOMO must be strongly modulatdzy a motion

orbitals to nuclear motion8y;/dQ arise from two sources.

(vibration or rotation) of the molecule’s nuclear framework and
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Figure 2. Anion (lower) and neutral (upper) potential energy surfaces
illustrative of NH- where the surface spacing does not vary strongly
alongR.

the state-to-state energy gap must not be too lagé render
the HOMO-to-continuum orbital overlap insignificant. For the
HOMO to be strongly modulated, it is helpfultiie anion and
neutral energy surfaces approach closelysome accessible
geometries.
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Figure 3. Anion (lower) and neutral (upper) potential energy surfaces
illustrative of enolate cases where the surface spacing varies strongly
along the HC—C torsion angled and becomes very small neér=

90°.

of the H,C moiety is delocalized over the twg prbitals of the
neighboring C and O atoms, thus forming a delocalized
HOMO. At angles neafl = 90°, the p, orbital of the HBC group

is no longer stabilized by delocalization, so the HOMO’s energy
is much higher. In this case, excitation of, for examples 7

It should be emphasized that it is necessary but not sufficient in the HC—C torsional mode of the anion might be expected

for Ex(Q) — Ei(Q) to be small over an appreciable range of

to produce electron ejection because= 7 of the anion lies

geometries; this only guarantees that the denominator in eq 6abovev = 0 of the neutral. However, over the rangefofalues

is small. It is also necessary thB{Q) — E;j(Q) decrease at a

accessible to both the = 7 vibrational function of the anion

significant rate as the point of closest approach is reached; thisand thev = 0 function of the neutral, the aniemeutrral energy

is why we say the surfaces mugtproach closely. If E(Q) —

surface gap is quite large (i.e5(Q) — Ei(Q) is large even

Ei(Q) were small yet unvarying over some range of geometries, thoughe; — ¢t is small). In contrast, excitation of= 9 of the

then the HOMO's electron binding energy (and thus radial

anion could produce more rapid electron ejection:(te 2 of

extent) would remain unchanged over this range of geometries.the neutral, but not te = 0 of the neutral) because for the=

In such a case, movement alo@ywould not modulatethe
HOMO, and thushy;/0Q would vanish. Let us consider a few
examples to further illustrate.

D. A Few Examples.In Figure 2 are depicted anion and
neutral potential curves that are qualitatively illustrativ&6{
the X2I1 NH~ case mentioned earlier. In this anion, the HOMO
is a nonbonding 2porbital localized almost entirely on the N
atom. As such, its LCAO-MO coefficients are not strongly
affected by vibration of the NH bond (because it is a

9 — v = 2 transition there are angles accessed by both9
anion andv = 2 neutral vibrational functions for whicB:(Q)

— Ei(Q) is small and changing; moreover, the state-to-state gap
€ — ¢ is also small in this case.

Il. Time Correlation Function Expression for Rates

1. Time Domain Expression for Electron Ejection Rates.
We begin with th&49Wentzel-Fermi “golden rule” expression
given in eq 3 for the transition rate between electronic states

nonbonding orbital). Moreover, the anion and neutral surfaces ;; and corresponding vibratiefrotation stateg; ; appropriate

have nearly identicaR. and we values, and similab values,

to the non-BO case. We recall that are the vibratior-rotation

as a result of which these two surfaces are nearly parallel to energies of the molecule in the anion and neutral molecule states,
one another over a wide range of internuclear distances and aree denotes the kinetic energy carried away by the ejected

separated by ca. 0.4 eV or more than 3000 tat their minima.
It has been seen experimentally that excitation of Nbl the
low rotational states of the = 1 vibrational level (which lies

electron, and the density of translational energy states of the
ejected electron ig(E). Also recall that we use the short hand
notation to symbolize the multidimensional derivative operators

abover = 0 NH of the neutral and thus has enough energy to that embody the momentum exchange between the vibration/

eject the electron) results in very slow (e.g., c& <0) electron
ejection, corresponding to 1 million vibrational periods before

detachment occurs. However, excitation to high rotational levels

(e.g.,J = 40) of » = 1 produces much more rapid electron

rotation and electronic degrees of freedom:

(Pyo)(Pluys) = Z(—1hay/dR)(—i hdy/oR)/m,  (4)

ejection (16—10' s71). These data have been interpreted as whereR, is one of the Cartesian coordinateé,¥¥a.Zs) of the

saying that vibrational coupling is weak (i.@1i/dR is small)
because of the nonbonding nature of the, 280, while
rotational coupling becomes significant (i.8yi/90 large) for
high J.

ath atom whose mass is.,.

In the event that some subde®} of internal vibration or
rotation coordinates have been identified as inducing the
radiationless transitionPgr)(P/uys) would represent;(—ihdy/

In Figure 3 are shown anion and neutral potential curves, as 3Q;)(—ihdyi/dQ;)/ (1), wherewu,, is the reduced mass associated

functions of the “twist” angle of the ¥C—C bond in a typical
enolate anioh* such as acetaldehyde enolateCGEHO .
Angles neaf) = 0 correspond to geometries where thepital

with the coordinate®),. It is usually straightforward to identify
which distortional modes need to be considered by noting which
modes most stronglgnodulate the anion’s HOMCSo, for the
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remainder of this work, we will assume that such active modes
have been identified as a result of which the skfr-iAdys/

Q) (—ihdy/3Qy)/(w;) will include only these modes. The
integration over all of the other vibration/rotation coordinates
contained in the matrix elemefgi| @;i|P| :[{P/u)y:Ocan then

be carried out (assuming the electronic elem&mP|y:[to not
depend significantly on these coordinates) to produce an
effective Franck-Condon like factor (FC) for these inactive:

Ol @i | Pl [P )y U=
I—Ij=inactive‘fde @i,j|Xf,jDHj=activefde@i,j|Ey)i|P|¢fD
(Pt 0= FCIT—acqe f AQ Bt 1Pl UPIe) ;0 (7)

Since, by assumption, the anion and neutral molecule do not
differ significantly in their geometries (and vibrational frequen-
cies) along the coordinates contributing to the FC factor
(otherwise, the anionneutral energy gap would depend sub-
stantially on these modes), the FC factor is probably close to
unity in magnitude. Hence, for the remainder of this paper, we
will focus only on the active-mode part of this expression and
will do so assuming only one such mode is operative (i.e., we
treat one active mode at a time).

Recalling the definition of the electronic coupling matrix
elementm = [¢|PJyil) and realizing thaP is a Hermitian
operator, allows the non-BO rakto be rewritten as

R= (2n/h) fEﬂP/ﬂ)xilm,f* L¢¢ Lkl ¢ (Ple) i 0
o(es + E—¢) p(E) dE (8)

If the Fourier integral representation of the function is
introduced and the sum over all possible final-state vibration
rotation stateqys} is carried out, thetotal rate Ry can be
expressed as

R = (2n/h)% [(1/27h) [explit(e; — €+ E)/A]
WPy * s ke Iy ¢ (P/) 0t o(E) dE (9)

Using 5 + E)ixl = Oil(T + Vi + E), (&) lxi0= (T + i)y
and || = 1, gives

Ry = (2l [(L2rh) [ p(E)in (Pl
expit(T + V)/R)ylexpit(T + Vi/R)my ((Plu)y; ot
exp(—itE/h) dE (10)

In this form, the rate expression looks much like that given
for the photon absorption rate given in many sourdest with
m;:(P/u) replacing the molecutephoton electronic transition
matrix elemeng;s. That is,Ry is given as théourier transform
of the aserlap of two time propagated functions &dF».

(a) F1 is the initial vibration-rotation statey; upon which
the non-BO perturbatiom ;(P/u) acts after which propagation
on theneutral molecule’s potential surfac¥; is effected via
expit(T + Vy)/h).

(b) F is the initial functiony; propagated on the anion’s
surface V; via exp(it(T + V))/h) (producing, of course,
exp(—itei/h)y;) after which the perturbatiom ;(P/u) is allowed
to act. The time correlation functiofdF,|F;0is then Fourier
transformed at enerdy = ¢; — ¢t and multiplied by the density
of statesp(E) appropriate to the electron ejected with kinetic
energyE.

2. Electron Ejection is Not Closely Analogous to Photon
Emission.It is tempting to conclude that the process of electron
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Figure 4. (a) Ground (lowest) and excited (upper) potential energy
surfaces arising in the photon emission case. (b) Anion (lower) and
neutral (upper) potential energy surfaces for the electron ejection case.

ejection induced by non-BO coupling can be viewed as very
similar to photon emission. However, such is not at all the case,
as we now illustrate (also consult Figure 4). The rate of photon
emission from an excited state with energyto a final state
with energye; is expressed in many souréésas

R= (Z”/h)|@iXi|V|¢foD]25(€f — ¢+ ho)

Introducing the electronic dipole transition matrix elemepnt

= [@s|V]yiOand using identities analogous to those employed
above to move from the state-to-state to the time domain, this
rate expression can be reduced to

(11)

R = (27/h)(1/27h) f exp[—itw] [ ; exp(—ith/h)y; exp
(_ithf/h)/li,fbfimt (12)

which is the photon-emission analogue of eq 10.

If one makes the (classical) assumption that the nuclear
motion kinetic energy operatdr commutes withV;; and with
mi¢ in the non-BO case and withs in the photon case, the
time integrations can be carried out and the following expres-
sions are obtained from eqs 10 and 12:

Ry = (27/h) fP(E)mn,f(P/ﬂ)Xilé(Vf+ E—V)m;
(Pl HE (10a)
Ry = (20/R) [ il 0(Vs + hor — V)i s0  (12a)

For anions that are electronically bound, the anion’s electronic
energyVi(Q) lies belowthe neurtral molecule’s electronic energy
Vi(Q) as depicted in Figures-24. As a resultVy(Q) — Vi(Q) is
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positive at all geoemtries, and becauses also a positive m;; larg

guantity, there are no values @f for which the argument of M \ /\

the 6 function in eq 10a vanishes. In contrast, in the photon 18000 f—

emission case, the final (ground) state surfég®) lies below 16000 3 Z >

the initial (excited) state surfadé(Q), soV: — Vi, is a negative e L8

quantity. Therefore, values of (the positiiép can be found 140005 7

for which the argument of thé function in eq 12a vanishes. _ 120004 A% 7
The fact that the simplest (purely classical) picture of the g100003 { 7

electron ejection and photon emission events produce entirely £ 80003 \ ‘ /

different results (the former predicts a vanishing rate, the latter 6000 3 \ /

does not) indicates that these two processes are not analogous. 4000 3

The essential difference lies in how the total electronic energy 20-00_5 1

changes in the two events. : o; 0

(a) In photon emission, a positive energy photon is ejected,
and the system moves from a state of higher electronic energy
to a state of lower electronic energy. The vibration/rotation -90
energy is altered only in a secondary way (i.e., because the
forces experienced on the nuclei changes once the electronic

Theta in fegrees

50000

450003
state changes). 40000

(b) In the electron ejection case, a positive energy electron 35000 3
is ejected, but the system moves from a statewer electronic 30000
energy (the anion) to a state bigher electronic energy (the o E
neutral). The vibration/rotation energy plays essentialrole g 25000
because its depletion provides the energy (and momentum) that w1 200005
allows the electronic energy iacrease 15000 -

3. When is the Time-Domain Expression UsefulThe rate 10000
expressions given in egs 3 and 10 are formally identical. 50003

However, the practical implementation of eq 10 will be favorable 0 T T
when one is treating polyatomic molecules and, especially, if R in Angstroms

one can identify specific geometrieQ%) near which the Figure 5. Two illustrations of how the electronic non-BO matrix
electronic non-BO matrix elementsi; are most strongly elemenim; tends to be largest at geometries where the anion and neutral
focused. Examples of two such situations are shown in Figure Surfaces approach closely.

5. In these cases, the initial € 0) wave functionm ¢(P/u)yi0

to be propagated on the final (neutral) energy surface will be

localized to those region§) wherem is localized. The other could be useﬁ. ios for which the el . K
time-evolved function entering into the correlation function of __HOwever, there are species for which the electron is so weakly
eq 10 is my(Plu) expit(T + Vi)R)y , which is equal to bound (and thus the separation in time scales between rotation/

vibration motion and electronic motions is not large) that a
perturbative approach likely will not work. We now turn our
attention to a framework that allows such extreme cases to be
more adequately addressed.

than even rotations, so the golden rule perturbative approach

exp(—it(esh)m «(P/u)yi; this function is also spatially localized
becausem; is. As a result of this localization, the time
correlation function

C(t) = exp(ite./h Plu)y:|expit(T + V))/A Plu)y.O
() = explte/m)tom, (Pluylexp(it( DM, #())16'3) 1. Tunneling View of Electron Ejection

When considering anions with very weakly bound (e.g.,
will rapldly (i.e., on a time scale of the molecular vibrations 1—-100 Cm‘l) e|ectron3, it may be more appropria[e to reverse
that are most important in promoting the non-BO coupling) the conventional assumption of fast moving electrons and slow
decay to zeroC(t) will display nonzero values again at later moving nuclei as postulated in the BO approximation. In
times as the time evolving function expit(T + Vi)/h) m;:(P/ particular, in such systems, it is useful to introduce potential
wyireturns to near where it started &t= 0. However,  energy surfaces that describe the interaction of an electron (at
especially in polyatomic anions, these recurrences will contribute g fixed locatiorr, 6, ¢) with a neutral molecule whose geometry
little amplitude toC(t) because of rapid dephasing along each s averaged over its vibrational motion. Let us proceed to explore
of the 3N — 6 vibrational modes. this role-reversed point of view.

Because of the rapid decay @¥(t) and because of the The following Hamiltonian is usédo describe the neutral
availability of efficient tool&* for handling short-time quantum  molecule (whose vibrational and orientational coordinates are
wave function propagation even in mulitdimensional systems, collectively denoted) and the “extra” electron (whose spatial
the time-dependent prescription given in eq 10 will be favored coordinates are,0,¢) and the interaction potentisl between
over the state-to-state time-independent eq 3 when treatingthe electron and the neutral;
polyatomic anions. However, both eqs 3 and 10 are based on a
perturbative treatment of the non-BO coupling and, thus, are |y — h(Q) + L2(0,¢)r_2/2me+ V(r,Q) — Ar Y
expected to be restricted to cases where the perturbation is weak )
as reflected in the fact that the rate of electron ejection is orders 2m{ d/or(r* afor)} (14)
of magnitude slower than rates of vibrations or rotations. For
the examples discussed earlier (e.g., Neholates, etc.),itwas  The electronic 1f), vibrational ¢), and rotationdf (J,M)
indeed the case that electron ejection rates were much slowerigenstate§yn, gm} Of the neutral are solutions of the S¢hro
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Figure 6. Anion and neutral energy curves (top) representative of the alkali halide species together with a depiction of the anion HOMO of such
LiX species (bottom left) and of the anion HOMO of an enolate (bottom right).

dinger equation for whict(Q) is the Hamiltonian functions ofr, the radial distance of the extra electron from the
neutral molecule.
Q) ¥nuam = Enpam¥nam (15) The nature and strength of the coupling elemeéhtsn, a

is governed by how depends on (a) the angular location of
and theE,, ju are the electronic/vibrational/rotational energy the extra electrof, ¢, relative to the atomic centees (b) the
levels of the neutral molecule. distance of the extra electrog from these centers, and (c) the
To generate a series of “diabatic” energy surfaces that yariation ofV along the 3 — 6 internal vibrational modes of
describe the potential energy of interaction of the extra electron the neutral. The latter dependence is often represented in terms

with the neutral mOIeCUlaUeragedOVer the internal (eleCtroniC, of a series expansion & about some reference geomet@px
vibrational, and rotational) motions of the neutral, we evaluate (ysually some equilibrium geometry):

the diagonal elements of the Hamiltonian that contains all terms

ir?((g)q e the fg/iéﬂ' g)otigﬂ, of the o electidn=" V(Qr) = V(Q"r) + Zcy v 6(0VIIQI(N(Q— Q) +
P)2mer r,Q) within a basis{ Wa mnsim =

Y1 m(@aPa)¥nsam(Q)} consisting of products of neutral molecule Zk’m(SZV/ 9QQW(r)(Q« — Qko)(Qm_ Qmo) +.. (18)

functions ¥, 3m(Q) and angular function¥, for the extra

electron (relative to each atomic center a in the molecule).

In this product basis, théiagonal elementsf the Hamilto-
nian H' are labeled by the quantum numbers of the neutral
molecule (,v,J,M) as well as by the atomic center (a) and
electronic angular momentum quantum numbeasid m and
are given by

The characteristics of described above in (a) and (b) allow
V to couple basis states belonging to faneneutral molecule
level (n, v, J, M) but having different atomic centees and
different angular dependenten to produce what we will call
diabatic states (for reasons made clear later). Let us consider
an example to illustrate such couplings. In Figure 6 are shown
the conventional BornOppenheimer energy surfaces for a
— 2 2 typical alkali halide (LiX) and its anion in which the extra
Hosamarn™ Bt 0+ 1)/2myr, eylgctron is bound to t(he p)ositive end of the polar LiX molecule
S Y00 [, 5 Q)1 V(T 10,,6,,Q) dQ sin 6,6, dp, in an orbital consisting primarily of s and ptomic orbitals on
(16) the Li center. This bound orbital results from the couplindg of
=0, m= 0 andl = 1, m = 0 basis orbitals located primarily
For notational simplicity in describing how these diagonal ©n the Li atom. Also shown in Figure 6 is the anion orbital of
elements and the off diagonal elements discussed below couple typical enolate. This orbital results from coupling 1 orbitals
to generate diabatic energy surfaces, we use a single injlex ( (havingm = 0 with the z-axis directed perpendicular to the

to represent ’[he neutral molecu'e quantum numm’rsj’(\], molecular plane) on the Ieft C, m|dd|e C, and O centers. In
M). Each neutral molecule level with product wave function terms of the diabatic states discussed above, these orbitals are
W, . 1mis coupled throughV(Qyr) to other levelsW, . as solutionsF(r) to a radial Schirdinger equation

reflected in the off-diagonal elements of this same Hamiltonian: 2 2
—hAr2mr{a/ar (r<o/or)F} + Egapaid)F = €F  (19)

Hyaimyarm= f Yoaim' whereEgiapaidr) is the attractive diabatic potential obtained by
V(Qr0.0) W, o dQ sin6 do dg (17) coupling basis states having indentical v, J, M quantum
numbers but differers, |, mvalues, and is the orbital energy
Both the diagonal and off-diagonal matrix elements remain of the HOMO orbital(s) shown in Figure 6.
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Figure 7. Family of one attractive and many repulsive curves generated
for eachn,»,J,M neutral molecule level by coupling varioag,mvalues.

Couplings that arise in alkali halide (bottom left) and enolate (bottom Figure 8. Families of attractive and repulsive curves arising from
right) cases. neutral molecule levels, v — 1, v — 2, andv — 3 showing the crossings

of repulsive curves from lower levels with attractive curves from

. higherv levels. For the anion level labeled the crossings indicated
Because it is rare for a neutral molecule to support more than by dots show how the attractive diabatic curve (connecting to the neutral

one bound anion state (i.e., to have more than one bound virtualievel ») acquiresy — 1, v — 2, andy — 3 components asincreases.

orbital), the effects discussed in (a) and (b) most commonly
will couple basis states having commanv, J, M quantum different bond stretching (LiX) or torsional (enolate) vibrational
numbers to produce only one attractive diabatic potential plus quantum numbers should experience the most important cou-
a family of repulsive potentials. Each of the repulsive surfaces plings.
can be labeled by ah quantum number because, at large | Figure 8, are shown thiamilies of diabatic cuses (one
electron-molecule distances, these surfaces vary wits|(l attractive and numerous repulsive for eadavel of the neutral)
+ 1)h%2mar?. This situation is illustrated in Figure 7 where the  appropriate for the LiX case where radial vibrational motion
single attractive and many repulsive surfaces are shown for onegominates. The attractive diabatic curve that connects, at large
nv,JM level. r, to the oth level of LiX undergoes crossings with various
The above discussion covered h®{@,r) couples basis states  repulsive diabatic curves connectingutte- 1, v — 2, andv —
with different a,l,m but with identicaln,»,J,M (i.e., all states 3 of LiX. Because §V/9R) (R — R) is linear in the bond length
derived from a given state of the neutral molecule). However, displacement, within a harmonic treatment, (a) those crossings
V also couples states having differemty, J, andM quantum of diabatic curves whosequantum numbers differ by one will
numbers; in fact, it is only through such interactions that be coupled and (b) those crossings whosgiantum numbes
transitions among various internal states of the neutral occur differ by 2 or more will not be coupled. As a result, the attractive
and, hence, energy flows to the extra electron. It is by way of curve of theusth level will interact (to undergo amavoided
these interactions that the diabatic curves discussed in thecrossing at the left-most dot in Figure 8 to acquite— 1
preceding two paragraphs evolve into adiabatic curves that wecharacter (simultaneously causing the electronic function to
detail further below. acquire mord = 1 character). At larger, near the second dot,
The strength of the coupling to various internal states dependsthis evolvingadiabatic cuve will acquire v — 2 character (and
on the magnitudes of the derivatives appearing in eq 18. For the electron will gain = 2 nature) and so forth until, at the
example, in the LiX systems, radial vibrational motion modu- last dot, thev — 3 character is gained (as the electron gains
lates the anion’s HOMO most strongly, 8#/dR is the dominant  €ven highel dependence). It is through this sequence of avoided
term in the expansion of eq 18. In the enolate cases, twisting crossings that (a) theiabatic cuwes generate an adiabatic
motion (@) of the R.C group is the primary source of HOMO  curve through which the extra electron must tunnel radially,
modulation, s®V/d6 is largest. If a dominant motion can be (b) the vibrational energy decreases fromo v - 1, v - 2, and
identified as in these two examples, then one can approximatev - 3 while the electron gains energy (and angular momentum)
the effect ofV in terms of a single contributiors{/8Q) (Q — as it detaches.
QY to first order. Such terms can be expected to give rise to To determine the rate of electron ejection from the anion
couplings between internal states of the neutral which differ (diabatic) level having quantum numberg,J, andM (repre-
(by unity, within the harmonic approximation) in their quantum sented by the single quantum numlben Figure 8), one must
numbers that label that motioQ) which dominatesiV/3Q. solve for the rate at which tunneling occurs on the corresponding
Again considering the LiX and enolate cases, states with adiabatic curve by solving the Sclaiager equation
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—h/2mgr{ dlor (r? alar)} F(r) + V(NF(r) = ¢ F(r)  (20)
whereV(r) is the adiabatic curve (shown as the evolving red/
yellow/blue/fucia curve in Figure 8). The energy, is found
by solving the bound-state radial S¢timger equation in which
V(r) is the corresponding attractive diabatic potential (shown
in red in Figure 8).

In practice the (red)diabatic surfacecan be found, using
conventional quantum chemistry tools, as follows.

(1) One obtains the anion’s (bound) HOMG&r,0,¢) and its
orbital energye™ as well as the neutral molecule’s occupied
molecular orbitalg y;} using conventional BO quantum chem-
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following the red diabatic curve until the first dot, moving to
the yellow curve until the second dot, then on to the blue curve
until the third dot, and, finally, on to the fucia curve, (3 +

3(3 + 1) A/l2mgr 2 ) from then on.

The rate of electron ejection is then obtained by computing
the radial tunneling rate on the red/yellow/blue/fucia curve at
an energy—, obtained by solving the Schdnger equation (eq
20) for the radial motion of the extra electron on the red diabatic
curve. It is through this process that one can evaheletron
ejection rates in terms of tunneling. As stated earlier, this
framework is especially useful when the extra electron is so
weakly attached that it makes sense to reverse the conventional

istry. These orbitals are expressed as expansions (e.g., for théepartion of electronic and nuclear motion time scales.

HOMO, I/J(I',Q,qf)) = z:a,l,m,JCa,I,m,jYI,m(e.au(,lﬁa)Ra,j(l'a)) in terms of

angular and radial basis functions centered on the various atomdV. Summary

(a). Of course, the LCAO-MO coefficients and the orbital
energies depend on the geomei®) @t which this calculation
is performed.

(2) One can next define an electremolecule interaction
potential V(Q,r) in terms of the Coulomb minus exchange
potential generated by the neutral’s occupied orbitgi$ plus
the Coulomb attraction potential of the underlying neutral’s
nuclei:

V(Qr) =2 {~Z&Mr — R,} +
5 [y ) €l — 1|1 =P, )y (r) dr' (21)

(3) The diabatic surfacé/(r) appropriate to the neutral
molecule in sspecifiednternal staterf,v,J,M) is obtained from
V(Q,r) by (a) averaging over th® coordinates using the square
of the neutral’s vibration/rotation wave functia, ;m(Q) as
the weighting factor, (b) averaging over the extra electron’s
angular coordinate&,¢ using|y(r,0,¢)|? as the weighting, and
(c) adding in the electronic angular kinetic energy (i.e., the
centrifugal potential) for the extra electron occupyipg

V(1) = [ 19 (1.0.0) 110,50 Q)1* V(Q..6.0)
dQ sin6 do d¢ + 1/(2my?) [y* L2 sin6 do dg (22)

Because the HOM®@(r,0,¢) has been obtained by mixing basis
functions on all centers and with variolysi values, it explicitly
contains all of the couplings among basis states with fined
v, J, andM but with variousa, |, andm quantum numbers. It
is thisV(r) function that the red curve in Figure 8 represents; it

The rate of ejection of electrons from anions induced by non-
BO couplings can be expressed rigorously and quantum
mechanically as a Fourier transform of an overlap function
between two functions

Ry = (2u/h) [(1/2h) [ p(E)iin(Plu) exp(it(T +
V)IR)y;| exp(it(T + Vi)R)m, (Plu)y, (ot exp(—itE/h) dE
(10)

one of which is the anion vibratiefrotation functiony; acted
on by the non-BO perturbatiom ¢(P/«) and then propagated
on theneutral molecule surface, the other being the initjal
propagated on the anion surface and then acted an #f/u).

In computer applications involving polyatomic anions, it is
especially efficient to computBy in this manner using short-
time quantum wave function propagation techniques.

For an anion having a very weakly bound extra electron, it
can prove more fruitful to evaluate the rate of non-BO induced
electron detachment in terms of the radial tunneling of this
electron through an adiabatic potential. This approach arises
when one reverses the conventional BO assumption of fast
electrons and slow nuclei and introduces families of diabatic
radial potentials (for each electronic, vibrational, rotational level
of the daughter neutral molecule) that are coupled by the
electron-molecule interaction potential to generate adiabatic
radial potentials through which the electron tunnels.
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is the potential that the extra electron experiences as the nucleigngowed Chair.

in the molecule undego their motions if there were no couplings

between the internal (i.e., electronic, vibrational, rotational)
energy of the molecule and of the extra electron.
The adiabatic cuve derived from each such diabatic curve

can be approximated by finding where the (red) diabatic curve
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