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Molecular anions with excess vibrational,
rotational, or collisional energy may convert some
of this energy into electronic energy and thus ej ect
the “extra” electron. Such events can be induced by
non Born-Oppenheimer couplingsor by a crossing
of the anion and neutral energy surfaces.
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|n the cases we have studied, the anion’s electronic
energy liesbelow the neutral’sfor all geometries.



1. Dipole- bound anions (Rotations

induce; EA @100 cm™) DG

2. NH™ ( Rotations > vibrations; EA @0.4 €V)
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3. Enolate anions (H,C-C twisting induces;
EA @l eV)
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Therate R of transitions from the anion

state Y, =y, c; tothe state
Y=Y Cq

R = (2p/h) Ol<c|| <y, [Py s >(PIm)c; >

dle +E-¢e)r(E) dE .

{(Py ¢ )(P/nt) = S, (- Ty TR, (-HR-TTc/ TR)/m}

Electronic Non BO Matrix Elements
m;; =<y |P|y > vanish if the symmetry of y; A d/dQ,
and of y ; do not match; they can be large when

1. The anion'sHOMO is strongly modulated by

movement of the molecule- so Yy ,/Q must be significant.

2. Theenergy E = € - & of the g ected electron is not too

large (elsey; istoo oscillatory to overlap well with

Tv./1Q).



What are derivatives of the anion’s orbitals {ly /1Q ?

1. The orbital’s LCAO-MO coefficients (and thusiits
Size, orientation, and stability) vary with Q

2. The atomic orbitals (AO) themselvesjiggle under
motions of the atomic centers

Y

dY /dR = (Y (R+d) - Y (R))/d dY /dq = (Y (g+d) - Y (@))/c
causes 2p, to acquire d character CaUSES 2px to acquire 2p;
character




Time Domain Rate Expression

R=(2p/M) ol = <y;[Ply> i
dle +E-¢e)r(E) dE

Introducem;; =<y, |P|y;> and d = odt

R; = (20/h) S; 0(1/2ph) oexplit(e - e +E)/A]
<m; (P/mc; |ci><c;| m; (Pimc>dtr (E) dE.

Replace (e + E) <c¢| by <c(| (T + V; +E),
(&)l ci>by|(T+V;)c>and S c><ci | =1

R, = (2p/h) o(1/2ph) or (E) exp(itE/R)

dt dE

R; isthe Fourier transform of the overlap of two time
propagated functions.




In the more familiar the Optical Spectroscopy case

Defining m; =<y |Vly;>, and using

NYis=Vis (QYis, [T+Vi (Q) ] Cciy =&Ci4
Stlci><cq =1, gives

Again, a Fourier transform of the overlap of two

time-propagated wavefuctions:

(@ m;|c,> propagated using the excited-state propagator
exp(ith/h)

(b) |c > propagated using the ground-siaie propagator
exp(ith/h), after which . acts



Let’s Compare and Contrast

Short-time propagation because w is large.

L ong-time propagation because E issmall.



Classical Approximation:exp(ith; ;) @exp(itT/)
exp(itV; ;M)
Photon Case: Ry = (2p/h) (1/2ph) oexp[-it w]

<m; C;exp(itVi/h)|exp(itV/R)| m; | c; > dt

Says all of the photon energy goes into electronic
energy; nuclear kinetic energy is conserved.

60000 -

50000

40000 -

30000 T +hw/2p/

20000 —

10000 -\ &

0]

E incm-1

rr T T T T TP 1T T 1717 1T 1T 1T 1"
R in Angstroms



Non BO Case:
Rr = (2p/h) 0(1/2ph) or (E) <m;; (P/m) exp(it(V;)/k) c;

exp(it(E+ Vy)/h) m;; (Pimc>dt dE

= (2p/R) or (E) <my¢ (PIM) ;]

d(Vi+E-V)) m; (P/mc,>dE

However, V, (Q) liesbelow V; (Q) for all geometries,
so there are no geometries where the argument of the
delta function vanishes, so R; is predicted to vanishin
the classical approximation to nuclear motions.



An Approximation that Worksfor Non BO

M = <m; (P/m) exp(it(T + V;)/R) ;|

exp(it(T + V;)/h) mi; (Pimc;>

replace (exact) exp(it(T + V,)/R) c; by exp(it(e)/h) c.

approximateexp(it( T + V,)/R) by exp(it( T )/)
exp(it(Vy)/h)

introduce odp |p><p| = 1 and odQ |Q><Q| =1

M =0dQ’ odQodp <m; (P/m) exp(it(e)/h) c; |Q">
<Q'| p> exp(it( Toas )/R) <p|Q>

<Q| exp(it(V; (Q)A ) m;; (P/mc;>

Tuas = (P/2my)  and <Q'|p> = (2ph)™ exp(ipQ'/h)



The integration over time can be carried out

SinceE =¢- &, theintegral over dE can be replaced
by asum multiplied by dE; = e -&; :




The integral over p can also be carried out.
Defining
f(p) = (2ph) ™ exp(-ipQM) (2ph)** exp(ipQ’ /h)

QP12 e +V Q)T (P

=2%l2cos{[q- Ql [2my(e - V¢ (Q)/7

e,

Substituting thisresult back into R; gives

R|-=(2p/h)éff (ei - ef)dEf (‘JdQ(‘le<m|’f(P/m)ci|Q'>

57CodQ- QL f2m(eg -V (Q)/ 7}

il p/mc.
e v, @) e




Bearing in mind the nature of the electronic non BO
matrix elements m;; (Q), Q" and Q can often be
constrained to the region Q'= Q= Q, where the anion
and neutral surfaces approach most closely:

m +(@=d(Q- Qym*

and so

R.= (2p/h)ar(eI € )dE{(P/mc. (Qo)}2 Infclzphv

where

Q




Summary of Primary Non BO Egns.

Quantum Mechanical Time Fourier Transform

Semi-classical

If m;(Q) islocalized




Vibration, Rotation, and Collision
Induced Electron Ejection in Molecular Anions

Jack Simons
Abstract

Molecular anions that possess excess internal vibrational and/or rotational energy
can gect their “extra’ electron through a radiationless transition event involving non Born-
Oppenheimer coupling. In such processes, there is an interplay between the nuclear
motions (i.e., vibrations and rotations) and the electronic motions that allows enegy to be
transferred from the former to the latter and that permits momentum and/or angular
momentum to aso be transferred in a manner that preserves total energy, momentum, and
angular momentum. There are well established quantum mechanical expressions for the
rates of thiskind of radiationless process, and these expressions have been used
successfully to compute electron gjection rates. In this paper, we recast the quantum rate
equation into more physically clear and easy-to-understand forms by making use of semi-
classical approximations that have proven useful in rewriting the quantum expressions for
rates of other processes (e.g., photon absorption) in amore classical manner. It is hoped
that by achieving alternative and clearer interpretations of the electron gection rate equation,
it will be possible to more readily predict when such rates will be significant.
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