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ABS1RACT

Molecular anions that possess excess internal vibrational and/er rotational

energy can eject their "extra" electron through a radiationless transition event

involving non Born-Oppenheimer coupling. In such processes, there is an

interplay between the nuelear and electronic motions that allows energy to be

transferred from the fermer to the latter and that permits momentum and/er

angular momentum to algObe transferred in a manner that preserves tota! energy,

momentum, and angular momentum. There are wen established quantum

mechanical expressions for the rates of this kind of radiationless process, and

these expressions have been used successfuny to compute electron ejection rates.

In this paper, we recast the quantum rate equation into more physicany elear

forms by making use of semi-elassical approximations that have proven useful

in rewriting the quantum expressions for rates of other processes (e.g., photon

absorption) in a more classical manner. It is hoped that by achieving alternative

and elearer interpretations of the electron ejection rate equation, it will be

possible to more readi1ypredict when such rates will be significant.

1. IN1RODUCTION

1.1 Relation to Experiments

There exist a series ofbeautiful spectroscopy experiments that have been

carried out over a number ofyears in the Lineberger (1), Brauman (2), and

, Beauchamp(3)laboratoriesin whichelectronicallystablenegativemolecular

ions prepared in excited vibrational-rotational states are observed to eject their

"extra" electron. For the anions considered in those experiments, it is unlikely

that the anion and neutral-molecule potential energy surfaces undergo crossings

at geometries accessed by their vibrational motions in these experiments, so it is

believed that the mechanism of electron ejection must involve vibration-rotation
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to electronic energy flow. That is, the couplings between nuelear motions and

electronic motions known as non Bom-QpJ'enheimer(BO) couplin~s have been

postulated to cause the electron ejection rather than curve crossings in which the

anion' s energy surface intersects that ofthe neutraI at same geometries.

In earlier works (4), we and others (5) have formulated and computed such

non BO coupling strengths for severaI of the anion systems that have been

studied experimenta!ly ineluding:

1. Dipole-bound anions (5a, 4f) in which the extra electron is attracted primarily

by the dipole foTce field of the polar molecule and for which rotation-to-

electronic coupling is most important in inducing electron ejection.

2. NH- (X2TI)for which (4d) vibration ofthe N-H band couples only weakly to

the non-bonding 2p1torbita!and for which rotation-to-electronic coupling can be

dominant in causing electron ejection for high rotationallevels.

3. Enolate anions (4e) that have been "heated" by inftared multiple photon
-.~

absorption for which torsional motion about the H2C-C band, which destabilizes

the 1t orbital containing the extra electron, is the merle contributing most to

vibration-to-electronic energy transfer and thus to ejection.

Our calculations have been successful in interpreting trends that are seen in

the experimentally observed Tales of electron ejection. However, until new, we

have not had a elear physical picture of the energy and momentum (or angular

momentum) balancing events that accompany such non BO processes. It is the

purpose of this paper to enhance aur understanding of these events by recasting

the rate equations in ways that are maTe elassical in nature (and hence hopefully

maTe physically elear). This is clone by

l. starting with the rigorous stale-te-stale quantum expression for non BO

transition TaleS(4g),

2. ineluding what is known trom past experience (4) about the magnitudes and

geometry dependencies of the electronic non BO matrix elements arising in these

rate expressions, to
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3. make the simplest reasonable semi-elassieal approximation to the nuclear

motion (7) (Le., vibration-rotation) and its eoupling to the eleetronie motions.

By so doing, we are able to an-iveat expressions for Talesof eleetron ejeetion

that, in aur opinion, offer better physical insight into these radiationless

proeesses and thus offer the potentiaI for predieting when sueh Taleswill be

signifieant in other systems.

1.2 Stale-ta-Stale Quantum Rate Expression

Within the Bom-Oppenheimer approximation to moleeular strueture, the

eleetronie Sehrodingerequation

he(rIQ)'l'JrIQ) = Ek(Q)'l'k(rIQ) (l)

is soIved to obtain eleetronie wavefunetions 'l'k(rIQ),whieh ale funetions of the

moleeule's eleetronie eoordinates (eollectively denoted r) and atomie eoordinates

(denoted Q), and the eorresponding eleetronie energies Ek(Q),whieh are funetions

of the Q eoordinates. The eleetronie Hamiltonian

2 2 2 2
he<r!Q) = ~ {-lt 121DeVi +1/2 Lj *i e Irij -La Za e Iri,a

+ 1/2 La*b ZaZb e2/Ra,b} (2)

eontains, respeetively, the sum ofthe kinetie energies ofthe eleetrons, the

eleetron-eleetron repulsion, the eleetron-nuclear Coulomb attraetion, and the

nuclear-nuclear repulsion energy. In he , seeond-order differentialoperators

involving the eoordinates ofthe eleetrons appeal, but the eoordinates ofthe

atomie eenters appeal only parametrieally in the various Coulomb potentials.

Henee, the solutions {'l'kand Ek} depend only parametrieally on the nuclear

positions.
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Given the solutions to the electronic Scbr6dinger equation, the solutions of

the fulI Scbr6dinger equation (Le., the equation in which all nuclei and electrons

are moving)

H(rIQ) 'P(r,Q) = E 'P(r,Q)

are expressed as sums over the (complete set of functions of the electronic

(3)

coordinates r) electronic functions {'lik(rIQ)}

'P(r,Q) = Lk'IIk(rIQ)Xk(Q), (4)

with the "expansion coefficients" Xk(Q) canying the remaining Q-dependence.

When substituted into the full ScbrOrlinger equation, this expansion of'P gives

equations which are to be solved for these {Xk}functions:

(H - E )Lk'IIk(rIQ)Xk(Q) = O. (5)

Using the fact that the full Hami1tonianH is he plus the kinetic energy operator

for nuclear motion T

2 2
H = he + T = he + La (-Il /2ma 'ija ), (6)

and premultiplying the above Scbr6dinger equation by 'lin and integrating over

the electronic coordinates gives the set of coupled equations that need to be

solved for the {Xk}:

Lk f 'IIn*(rIQ){he+T -E} 'IIk(r!Q)Xk(Q)dr

= {En(Q) -E} Xn(Q)+ T Xn(Q)

+ La Lk {f 'lin*(rIQ) (-ilr{)'II~aRJ( -ilr{)X~aRJ/ma dr

f
2 2 2

+ 'lin*(rIQ) (-Il a 'II~aRa )/2madr Xk} = O. (7)

The expression
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{En(Q) -E} Xn(Q)+ T Xn(Q)= O (8a)

is, within the B~m-Oppenheimer model, the equation goveming the nuclear

morion functions {XkL(Q)} in the absence ofthe so-called non Bom-

Oppenheimer (non BO) coupling terms (Le., the latter twa terms in Eq.(7)).

Within this model, the vibration-rotation functions {Xk(Q)} of each specific

electronic stale labeled k are found by solving the vibration-rotation Schrodinger

equation

{T + Ek(Q)} Xk,L(Q) = tk,L Xk,L(Q). (8b)

There are a complete set of functions of Q (Le., the {Xk,L}for ~ electronic

stale k.

In the theory ofradiationless transitions as covered in this paper (6,4g), the

twa non BO terms are treated as perturbations (not externally applied, but arising

as imperfections within this model ofmolecular structure) that can induce

transitions between unperturbed states each ofwhich is taken to be a specific

Bom-Oppenheimer produet stale:

'Pk,L (r,Q) =='l'k (rIQ) Xk,L(Q). (9)

It is reasonably well established that the non BO~couplingterm involving second

derivatives of the electronic wavefunction contributes less to the coupling than

does the term (-ift-()'l'k/i1Ra)(-~Xwi1Ra)/ma having ftrst derivatives of the

electronic and vibration-rotation functions. Hence, it is only the latter terms that

will be discussed further in this paper.

With this background, it should not be surprising that it bas been shown

that the rate R (sec-l) at which transitions from a Bom-Oppenheimer initial stale

'Pi = 'l'i Xi to a fmal stale 'Pr = 'l'rXr is given, via ftrst-order perturbation

theory, as:
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R = (21t/ft)JI<xil<\!fi IPI\!fr>(P/Il)Xr>12o(er + E -ei) p(E) dE. (10)

Here, ei,f are the vibration-~otationenergies ofthe initial (anion) and final

(neutral) states, and E denotes the kinetic energy carried away by the ejected

e1ectron(e.g., the initial stale corresponds to an anion and the final stale to a

neutral molecule plus an ejected electron). The density of translational energy

states ofthe ejected e1ectronis p(E) = 41tmeL\2meE)1I2/h2 . We have used the

short-hand notation involving P P/Il to symbolize the multidimensional

derivative operators that arise in the non BO couplings as discussed above:

(P\!fr)(P/IlXr) = La (-ifl:-()\!fP'aRJ(-ift-OXp'aRa)/ma, (11)

where Raruns over the Cartesian coordinates (Xa,Ya, Za) of the athatom whose

mass is ma' In Eq. (lO), the produet p dE is unitless, o(er + E -ej) bas units of

sec2/(gm cm2), the square ofthe P matrix element bas units of(gm cm/sec)2, the

square ofthe P/Il matrix element bas units of(cm/sec)2, and 21t1ftbas units of

(sec/(gm cm2)). Hence the produet bas units of sec-l .

1.3 The Electronic Non BO Matrix Elements

The integrals over the anion and neutral-plus-free-electron e1ectronicstates

mi,f= <\!fr IPI \!fi> (12)

are known to be large in magnitude only under special circumstances:

I. The orbital of the anion from which an electron is ejected to form the stale \!ff

ofthe neutrai (usually the anion's highest occupied molecular orbital (HOMO))

must be strongly modulated or affected by movement ofthe molecule in one or

more directions (Q). That is a\!fi/aQ, which appears in P\!fi, must be significant.

2. The stale-ta-stale energy gap ei - er, which is equal to the energy E of the

ejected electron, must not be too large; otherwise, the oscillations in the ejected
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eleetron's wavefunetion \jff will be so rapid as to render overlap with a\jfi/aQ

negligible.

Moreover, symmetry ean eause mi,f= <\jff jPI\jfj>to vanish. In partieular, ifthe

direet produet of the symmetry of \jfj and of a/aQ do not mateh that of \jff, then

mj,f will vanish.

Let us eonsider these eonditions in more detail before proeeeding further

beeause they form the basis for approximations that are introdueed later. The

derivatives or responses ofthe anion' s orbitals to nuc1earmotions a\jfj!aQarise
/

nom twe sourees:

l. The orbital' s LCAO-MO eoeffieients depend on the positions of the atoms

(or, equivalently, on band lengths and interna}angles). For examp}e,the n*

orbita}of an olefmanion that eontains the "extra" eleetron is affeeted by

stretehing or twisting the C-C band involving this orbital beeause the LCAO-

MO eoeffieients depend on the band length and twist angle. As the band

stretehes or twists, the n* orbital's LCAO-MO eoeffieients vary, as a result of

whieh the orbital's energy, radial extent, and other properties algOvary.

2. The atomie orbitals (AO) themselves respond to the motions ofthe atomie

eenters. For example, vibration ofthe x2n NiI- anion's N-H band induces <in

eharaeter into the 2p1torbita}eontaining the extra eleetron as shown in Fig. l.

Alternatively, rotation ofthis anion's N-H band axis eauses the 2p1tHOMO to

aequire same 2Pa eharaeter (see Fig. lagain). Sueh AO responses ean be

evaluated using the same ana}ytieal derivative methods that have marle

eomputation of potential energy gradients and Hessians powerful tools in

quantum chemistry.
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H H

d\f/dR =('P(R+8)-\f(R»1O d\f/d9 = (\f(9+o) -\f(9»/8
causes 2pxto acquire d character causes2pxto acquire2pz

character

Figure 1. Orbita! response ofNH- 's 2p7torbita! to (a) vibratation of the N-H
bond (left) and (b) rotation ofthe N-H bond (right).

Another view ofhow the LCAO-MO coefficients vary willi geometry can be

achieved by differentiating he'IIi = Ei 'IIiwilli respect to Q (an arbitrary molecular

motion) and then premultiplying by the anion-plus-free-electron function 'lir and

integrating over the electronic coordinates r to obtain:

<'lir lahelaQI'IIi>/(Ej -Er -E) =<'lir la/aQ'IIj>. (13)

In this form, one sees that the response of the anion' s electronic stale, when

projected against the neutral-plus-free-electron stale to which it will decay, will

be enhanced at geometries where the anion and neutral potential surfaces

approach closely (so the denominator in Eq. (13) is smalI). Enhancement is also

effected when the initial and final states have a strong matrix element of the

"force operator" ahefCJQ.The latter is effectively a one-electron operator

involving derivatives of the electron-nuclear Coulomb attraction potential :Ej:Ea

Za e2 /rii,a, so the matrix element <'lir lahefaQI'IIi > can be visualized as

<cllrlahefaQ'cllj>, where cIIiis the anion 's HOMO and cIIÓsthe continuum orbita!

ofthe ejected electron. At geometries where the anion-neutral energy surfaces are

far removed, the denominator in Eq.(13) will attenuate the coupling. Ifthe state-

to-state energy difference Ei-Er= E accompanying the electron ejection is large,
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the integral «1>rlohJoQI<1>i> will be small because the continuum orbital <1>r

will be highly oscillatory and thus will not overlap well with (ohJoQ )<1>i.

In summary, for non BO coupling to be significant (4) the anion's HOMO

must be stron~ly modulated by a morion (vibration or rotation) of the

molecule's nuclear frameworkand the state-to-state ener~y gap must not be too

large as to render the HOMO-to-continuum-orbital overlap insignificant. For the

HOMO to be strongly modulated, it is helpful ifthe anion and neutral energy

surfaces ap,proachclosely (n.b., this is not the same as requiring that the state-to-

state energy gap ei - er be small) at some accessible geometries.

It should be emphasized that it is necessary but not sufficient for E{(Q) -

Ei(Q) to be small over an appreciable range of geometries; this only guarantees

that the denominator in Eq. (13) is small. It is algo necessary that E{(Q) - Ei(Q)

decrease at a significant rate as the point of closest approach is reached; this is

why we say the surfaces must approach closely. Viewed another way, ifE{(Q)

- Ei(Q) were small yet unvarying over some range of geometries (Q), then the

HOMO's electron binding energy (and thus radial extent) would remain

unchanged over this range of geometries. In such a case, movement along Q

would not modulate the HOMO, and thus o'l'i/oQ would vanish. Let us consider

a rew examples to further illustrate.

1.4 A Few Examples

In Fig. 2 are depicted anion and neutral potential curves that are

qualitatively illustrative of (1bAd) the x2n Nlf case mentioned earlier. In

this anion, the HOMO is a non-bonding 2p1torbitallocalized almost entirely on

the N atom. As such, its LCAO-MO coefficients are not strongly affected by

morion ofthe N-H bond (because it is a non-bonding orbital). Moreover, the

anion and neutral surfaces have nearly identical Re and IDevalues, and similar

De values, as a result of which these two surfaces are nearly parallel to one
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another and are separated by ea. 0.4 eV or maTethan 3000 cm-l. It bas been seen

experimenta1lythat exeitation ofNH- to the low rotational states ofthe v=l

vibrationallevel, whieh lies above v=0 NH neutrai, results in very siew (e.g.,

es. 108see-l) e1eetronejeetion, eorresponding to ea. one million vibrational

periods before detaehment oeeurs. However, exeitation to high rotationalleve1s

(e.g., J = 40) ofv=l produees much maTerapid eleetron ejeetion (ea. 109-1010

see-l). These data have been interpreted as saying that vibrational eoupling is

weak beeause ofthe non-bonding nature ofthe 2PTtMO,while rotational

eoupling beeomes signifieant for high J.

30000

5000

R -in Angstroms

25000

20000
....

~ 15000
.S:

w
10000

o

Figure 2. Anion (lower) and neutral (upper) potential energy surfaces illustrative

ofNH- where the surfaee spaeing does not vary strongly along R.

Fig. 3 shows a hypothetieal ease simi1arto the NH- situation but for whieh

the anion and neutrai eurves approaeh c1ose1yat longer hond lengths. In this

ease, one would expeet larger rates of detaehment than in NH- beeause

1. The state-to-state gap ej -er is smalI for the twe states labeled in Fig. 3.

2. The anion and neutrai eurves awroach one another at R values that are

aeeessible to the vibrational wavefunetions ofthe twe states shown in Fig. 3,

thus alIowing strong modulation of the HOMO.
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Figure 3. Anion (lower) and neutral (upper) potentiaI energy surfaces illustrative
of cases where the surface spacing varies strongIy along R and becomes smalI at
same R.

In Fig. 4 are shown anion and neutraI potentiaI curves, as functions of the

"twist" angIe ofthe H2C-C hond in a typicaI enoIate anion (2,4e) such as

acetaldehyde enoIate H2CCHO-.AngIesneare =0correspondto geometries

where the P1torbital ofthe H2C moiety is deIocaIized over the twa P1torbitaIs of

the neighboring C and O atoms, thus fonning a deIocaIized 1tHOMO.
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Figure 4. Anion (lower) and neutral (upper) potential energy surfaces illustrative
of enoIate cases where the surface spacing varies strongIy aIong the H2C-C
torsion angIe e and becomes very smalI near e = 90°.
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At angles near e = 90° , the P1torbital ofthe H2C group is no longer stabilized

by delocalization; so the HOMO' s energy is much higher (as a result ofwhich

the anion-neutral surfaces ap.proachclosely). In this case, excitation of, for

example, v=7 in the H2C-C torsional mode ofthe anion might be expected to

produce electron ejection because v=7 ofthe anion lies above v = Oofthe

neutral. However, over the range of e values accessible to both the v=7

vibrational function of the anion and the v=0 function of the neutral, the anion-

neutraI potential energy gap is quite large (i.e., Eff(Q) -Ej(Q) is large even

thoughEj-Efis small).In contrast,excitationof v=9 ofthe anioncouldproduce

more rapid electron ejection (to v=2 ofthe neutraI, but not to v=0 ofthe neutral)

because for the v=9 -7 v=2 transition there are angles accessed by both v=9

anion and v=2 neutraI vibrational functions for which Eff(Q) -Ej(Q) is smalI and

changing; moreover, the state-to-state gap Ej-Ef is algOsmall in this case.

The purpose ofthese examples and of considering the nature ofthe,
Jelectronic non BO matrix element was to prepare for critical approximations that

are to be introduced. In particular,

1. We will focus on transitions for which h=-~~mal1.

2. We will focus on molecular deformations that most strongly modulate the

anion's HOMO, so

3. we will focus on geometries Q near which the anion-neutral surface s\,acing is

smalI and changing.

2. TIME CORRELATION FUNCTION EXPRESSlON FOR RATES

Before dealing further willi the non Bom-Oppenheimer case, it is useful to

recall how one can cast other rate expressions, such as the rate of photon

absorption (7) accompanying an electronic transition in a molecule, in terms of a
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Fourier transform of a time dependent function that involves dynarnical motions

on the initial and [maI electronic states' potential energy surfaces.

2.1 The Optical Spectroscopy Case

2.1.1 From Wentzel-Fermi Golden Rule to the Time Domain

The expression for the rate R (sec-l) ofphoton absorption due to coupling V

between a molecule's electronicand nuclear charges and an electromagnetic field

is given through flrst order in perturbation theory by the welI known Wentzel

Fermi "golden rule" formula (7,8):

2
R = (21t/h)I<'!fi Xi lVI '!fr Xi>! o(er -ei -hro). (14)

Here, '!fi,fand Xi,farethe initiaI and [maI state electronic and vibration-rotation

state wavefunctions, respectively, and ei,f are the respective state energies which

are connected via a photon of energy hro. For a particular electronic transition

(i.e., a specific choice for '!fiand '!frand for a specific choice of initial vibration-

rotation state, it is possible to obtain an expression for the total rate RT of

transitions from this particular initial state into alI vibration-rotation states of

the [maI electronic state. This is dane by flrst using the Fourier representation of

the Dirac Ofunction:

o(er - ei - hro)= (l/21th)Jexp[it(ec - Ej -hro)/h] dt (15)

and then surnming over the indices labeling the [maI vibration-rotation states Xi:

RT= (21t/h)Lr (l/21th) Jexp[it(er - ei -hro) 1ft]

<'!fiXi lvI '!fcXc> <'!fiXilVI'!ffXr>* dt. (16)

Next, one introduces the electronic transition matrix element (which may be an

electric dipole matrix element, but need not be so restricted for the development

presented here )
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/li,f = <\j!f IVI\j!i> (17)

and uses the faets that the \j!i,fare eigenfunetions ofthe eleetronie Hamiltonian

he and that the Xi,fare eigenfunetions of the vibration-rotation Hamiltonia T +

Vi,f(Q) belonging to the twa e1eetroniestates having potential energies Vi,f(Q)

and vibration-rotation kinetie energy T (both ofwhieh are funetions ofthe

moleeule's atomie position eoordinates eolleetively denoted Q)

he \j!i,f=Vi,f(Q) \j!i,f

[T + Vi,f(Q)] Xi,f = ~\fXi,f'

These identities then allow RTto be rewritten as

(18a)

(18b)

RT= (21t/h)Lf (l/21th) f exp[-it 00]

<Xilexp(-ith/h) /li,f*1Xf> <Xfexp(ithlh)1 /li,fl Xi> dt. (19)

In this form, the eompleteness of the {Xr}

Lf IXf><xfi = 1 (20)

ean be used to e1iminate the sum over the vibration-rotation states belonging to

the fmal e1eetronie state and thus express RT in the following manner:

RT= (21t/h) (l/21th) f exp[-it 00]

< exp(ith/h)Xi I/li,f * exp(ithf7'lt) /li,f IXi> dt. (21)

The above expression is often visualized (and eomputed) (9) in terms ofthe

Fourier transform ofthe overlap oftwo time-pro'pagatedwavefunetions:

(a) One funetion FI is equal to the initial vibration-rotation funetion lxi> upon

whieh the eleetronie transition perturbation /li,f aets, after whieh the resultant

produet funetion is propagated for a time t on the final-state's potential energy

surfaee by using the propagator exp(ithf7'lt).


