JOURNAL OF CHEMICAL PHYSICS VOLUME 117, NUMBER 20 22 NOVEMBER 2002

An analytical model for vibrational non-Born—Oppenheimer induced
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We introduce an analytical model designed to capture the most important features of the electronic
matrix elements arising in non-Born—Oppenheimer couplings between a bound anion state and a
neutral-molecule-plus-ejected-electron state. In this particle-in-a-radial-box model, vibrations are
assumed to cause modulations in the dejtf)(and length () parameters of the box. The most
important elements of this model are thais chosen to reproduce the proper dependence of the
radial size of the anion’s orbital on electron binding energy, @fds chosen to produce the correct
electron affinity. Within this model, which is shown to be consistent with trends seah initio
calculations of associated electron ejection rates, the coupling matrix elements can be evaluated
analytically to provide closed-form expressions for how the rates depend lipihre kinetic energy

of the ejected electron?) the energy spacing between the anion and neutral energy surfaces as a
function of geometry(3) the difference in the slopes of the anion and neutral energy surfaces, and
(4) overlaps of the neutral’s vibration—rotation wave function with the spatial derivative of that of
the anion. ©2002 American Institute of Physic§DOI: 10.1063/1.1515766

I. INTRODUCTION the final state has lower electronic energy; in the electron
ejection events of interest here, the final state has the higher
For nearly 30 years, our research group has been irelectronic energy.
volved in theoretical studies of molecular anidnss a part
of these studies, the mechanism by which excess vibrational
energy can be converted into electronic energy to cause ele " Perturbative treatment of non-BO rates
tron ejection to produce an unbound electron and a neutra
molecule has been the subject of considerable sttidgb What causes the molecule to be able to move to a state
initio electronic structure calculations have allowed us toof higher electronic energy is the coupling between the elec-
gain considerable insight into these detachment processesonic and nuclear-motiorti.e., vibrational and rotationgl
However, until now, we did not possess a simple physicaknergies. These non-Born—Oppenheim@on-BO cou-
picture in terms of which to understand, in a semiquantiativeplings provide a means for excess vibrational energy to be
manner, many results of our simulations. It is the primaryconverted into electronic energy, which then leads to an elec-
focus of the present effort to produce a physical model thatron being ejected. We showed long &§ahat, within a
provides such insight. In particular, this work deals with theperturbative regime where the non-BO couplings are weak
electronic non-Born—Oppenheimgnon-BO matrix ele- and thus the rate of electron ejection slow, the rdke€n
ments that enter into the expression for the electron ejectiogjections per seconat which these processes can eject elec-
rates and produces a closed analytical expression for hotons can be written as follows:
these rates depend upon the essential physical parameters of

the anion and neutral. R=(2mlh) f [l Pl (PL x) 2

A. Nature of the non-BO processes

Before describing the model we have developed, it is X0zt E=ei)p(B)dE @

important to clarify the physical origins of the phenomenapere, y, and y; are the vibration—rotation wave functions of
that this model is designed to address. To explain what is nGhe anion and neutral, respectively, is the electronic wave
involved in the radiationless transitions we study, let us comfynction of the anionyy; is that of the neutral-plus-ejected
pare these events to what happens when an electronicalffectron, angh(E) is the density of translational states of the
excited molecule emits a photdsee Fig. 1 electron ejected with kinetic enerdy. The 8(g;+E—¢;)
The electron ejection event illustrated here is very dif-quantity guarantees that the total energy of the initial state
ferent from photon emission. In the latter, a photon comesnatches that of the final statg plus the ejected electrda.
out and the molecule evolves to a state of lower total andrhe momentum operator$j appearing above act on both

lower electronic energy. In the former, an electron comes oOuhe electronic and vibration—rotation functions as follows:
and the system evolves to a state of lower total energy but to

a state of higher electronic energy. So, in photon emission, (Py)(P/u)xi=2a(—iA Vi) (=i Vaxs)(1imy). (2)
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FIG. 1. Ejection of photons from an electronically excited molecule in a specific vibrational level to two different vibrational levels of the trcocie
state(left-hand sidg Ejection of an electron from an excited vibrational level of an electronically stable anion to a less excited vibrational level of the neutral
(right-hand side

. Lo . 0
This expression mvolveg a sum over all of the r_wd@neled Oals ixe=ml i xilxi)- (8)

a) of derivatives ¥,) with respect to the positions of the

nuclei, as well as the masses of the nuctaj); the notation

P/u is used to remind one that there aren]factors in the  The intensities of photon absorption lines are thus related to

operator. squares of thmﬁf electronic matrix elements and of the
The above rate expression contains two kinds of matrixibrational overlap integfa|$xi|xf>- _ _
elements:(1) those that involve integration over the elec- The treatment outlined above is predicated on the as-

trons’ coordinategthey form the focus of the present work sumptions that

m; ¢ =il (=i V)| ) (3 (1) the electronic transition moment; ; has a significant
value at the equilibrium geometry whege also is most
significant, and

(2) this momentu; ; is rather slowly varying for geometries

(xilmi (=17 Vax4)). (4) somewhat displaced from the equilibrium geometry

In the latter, the electronic non-BO integral appears inside {Xa};j‘ which is why the Taylor expansion in E7) is
the integral because the quantity, ; is a function of the sed.

|_nternal coord{natesl.e., bond lengths, angles, and orienta- Our experiencs®
tion) of the anion.

and (2) vibration—rotation integralgéthat we have treated in
earlier work$°1)

has shown us that the analogs of these two
assumptions are not usually valid when dealing with non-BO
matrix elements. In particular, the electronic integnal;

C. Contrasts with the photon absorption rate cannot be assumed to be significant at geometries where the
expression initial vibrational wave function has large amplitude. Instead,
the results of our mangb initio calculations of such matrix
%Iements convinced us that ; is largest when the anion and
neutral electronic energy surfaces are closest. Moreover, it
has not been found in thab initio calculations we have
performed thatn; ; varies weakly with geometrical displace-

wi e =il | e (5  ments. Instead, as the geometry moves away from where the
anion and neutral surfaces are closast; decreases rapidly.
We illustrate this kind of behavior in Fig. 2.

Oxil i exe) (6) Based on a substantial number o@b initio

. _6 . .
appear in such expressions. In the optical spectroscopy Caé@lculatlons’;_ we havg concluded that contributions to the
one often expands the geometry dependenge pfibout the ~ 'ate expression given in E¢L) are large whenever

The rate expression for photon absorption connectin
initial electronic; and vibration—rotatiory; states to final
statesy; and y; involves analogous integrals. In particular,
the electric dipole integral

and the vibrational integral

equilibrium geometry of the ground state: (1) the anion and neutral electronic energy surfaces are close
=0 _ 0y —xO in energy, and
+3a(pi 110X °(Ka— X + -0 s 7
P HLE 2al O 0Xa) (Xam Xa) " (2) the phases and local de Broglie wavelengths of x;
whereX, denotes the Cartesian coordinates ofdlte atom, and of dy;/dX, are similar at the same geometries

0 ; P, ; ; i
a_nd Xa denotes its equ_lllbnum value. Ipsgrtmg this expan- wherem; ; is large.

sion into the(x;|ui tx¢) integral and retaining only the lead

term wﬁf) reduces the vibrational integral to those occur-  The first condition appears to be what causgs to be

ring in the well known Franck—Condon factors: large, as we address in further detail later and as our analyti-
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FIG. 2. Two examples of anioflower) and neutraluppe) surfaces that approach closely showing where is largest and hown; ; varies with geometry.

cal model correctly reproduces. The second condition iglerivative of the other wave function. That is, because the
what causes contributions to the integral involving the prodiwo functions are orthogonal for all values of the nuclear
uct of miy, x;, and dys/dX, to be significant. That positions[denoted X,)],

dy;/dX, and noty; appears in the rate expression relates to (i) =0 9)

the fact that momentum as well as energy is transferred in ' f, o o .

the radiationless transition; so, the momentum operatord® following identity holds for derivatives with respect to
(—i#V,) must act ony; to couple it toy; . Within the har- &Ny nuclear position:

monic approximation, the derivatively;/dX, produce vi- (i dIdXg| ) = — (| A1 X ) - (10

brational wave functions having one higher and one lowergg i, computing the non-BO electronic matrix elements
quantum number; it is the latter that contributes to the inteye can differentiate either the anion or the neutral plus free
gral and allows one unit of vibrational momentum to be con-g|ectron wave function.

verted to electronic momentupas reflected in the fact that The most general form for the anion wave functigiis

m; = (| (—i%Va)|¢;) also contains a momentum transi- e linear combination of determinants form
tion element

lﬁ:E Cil b1 bao - banl, (11

where theC; are the so-called configuration interaction co-
Most of our past works in this area have been directecfficients, ¢ is the spin—orbital occupied by tHeth elec-
toward either(1) usingab initio electronic structure methods tron, and the---| notation denotes the determinant formed
to calculate, via. Eq(1), non-BO induced electron ejection from the product oN such spin—orbitals. In turn, each of the
rates for specific anions of experimental interest,(8r  molecular spin—orbital@MO) is written as a linear combina-
analyzing"*~**the vibrational or rotational components of tion of atomic orbital(AO) basis functiong 7,} multiplied
the (x;|m; (—i%V,x,)) matrix elements that govern the by a linear combination of atomic orbital to form molecular
rate to arrive at propensity rules with respect to angular moerbital (LCAO—-MO) coefficientsCy , .
mentum and vibrational energy and momentum changes. The derivative of such a wave function with respect to
In the present paper, our efforts are focused on obtainingny internal vibrational distortion of the molecule, which we
further insight into the electronic matrix elementg; by  denoted/dX, will involve three distinct kinds of factors:
introducing an approximate yet reasonable model that allow . .-
us to derive analytical expressions for how these matrix elefl) der!vat!ves of theC, coefflc!ep tsdCy/dX,
ments depend ofe) the energy gap between the anion and(z) der!vat!ves of theCy, coefﬂ_mentsd_Ck,M/dX_, and .
neutral potential energy surfaces, aimi the kinetic energy (3) derivatives of the atomic orbital basis functions
carried away by the ejected electron. It is these analytical d7,/dX.
expressions and the model used to achieve them that rep
sent the primary results of this work.

D. Focus of the present work

Fhe d#,/dX contributions can induce different angular
character into the function, but are usually found to make
small contributions to the net rate of detachment whenever
II. ANALYSIS OF THE ELECTRONIC NON-BO thedC, ,/dX contributions are significant. For example, in
ELEMENTS Fig. 3 we show how the radial and angular derivatives, re-
spectively, of ap, orbital on the nitrogen center of NH
produced . andp, character, respectively. The radial deriva-
The electronic integralsn; ;= (y;|(—i%V,|¢;) can be tive arises when considering vibration-assisted electron de-
expressed in terms of the overlap of either the initalion tachment processes such as we are dealing with here. The
or final (neutral-plus-free-electrgrivave function with the angular derivative relates to rotational detachment events

A. Physical meaning of the non-BO elements
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that do not form the focus of the present discussibut
which we and others have diSCUSS?d ea,sméﬁ FIG. 4. Change in radial extent of an orbital induced by shorteniné\thg

A_s stated above, tMn#/dX derivatives d(_) not usua”y bond length for an orbital ofr (left-hand sidg or of 7 (right-hand side
contribute strongly to thedy/dX factors; instead, the character.
dCy,,/dX factors are found to dominate in most cases.
Moreover, because most anions and their corresponding
ground-state neutrals are described qualitatively correctly at . .
the single-determinant level, it is common for tHe,/dx  the EAdecreases. Hence, for sharB distances, the EAis
contributions to also be smalbecause only on€; is sig- Smaller, so the orbital's radial extent is large. It is this dy-
nificant and thus has the fixed value of upitfFor these hamical expansion and contracti@s the vibrational motion
reasons, we will focus further attention on the usually domi-Subsequently lengthens the-B bond of the orbital that

nant,dC, , /dX factors and their contributions to the detach- allows for vibration-to-electronic energy and momentum
ment rates. coupling. Another example of the variation in orbital size

Assuming that the aboveC,. , /dX are the primary de- and binding energy is given in Fig. 5 where the orbital hold-
rivatives in dg/dX, and making a single-determinant ap- iNd the excess electron of an enolate anion is depicted. In this
proximation to the anion and the neutral-plus-free-electrorfXample, as the twist angle evolves away from 0°, the delo-

wave functions, the non-BO electronic integral can be recalization of thep. orbital containing the excess electron is
duced as follows: lost making this orbital less stable, so its electron binding

energy is reduced, and, in turn, its radial extent grows.
(¢l dldXy| ) = (il dpt /A X)

:Eu,vci,udcf,v/dx<nu|77v>' (12)

The integral between the two Slater determinants reduces ti
an integral between the orbita, from which the electron is
ejected and the continuum orbital into which it is ejected.
That one-electron integral, in turn, reduces to the sum of
overlap integrals(nﬂ|7;u> between pairs of basis orbitals

multiplied by LCAO-MO coefficient<; , and their deriva- .R
tivesdCs ,/dX. The physical meaning of an orbital deriva- ~N
tive such ag¢;/dX is illustrated in Fig. 4 where we show @

how the radial extent of an orbital changes as the bond con
necting atoms near this orbital vibrate.
The molecular orbitalsp; depicted above change their
radial sizes by modifying their LCAO-MO coefficient ,
in a way that causes thg, , for more diffuse basis orbitals 30° Twist
7, to grow at the expense of th€, , for more compact
basis orbitals as th&—B bond shortens. The reason behind H
this expansion of the orbital size as the-B bond contracts C""""“““R
lies in the fact that the anion’s electron binding enef@p) \@
shrinks as théd—B bond shortens. That is, the energy spac- 0° Twist
ing between the anion and neutral energy surfaces decreas:
as the bond shortens. Ho b . «R
Such variation of EA withR would, for example, occur : \
in species such as FLiwhere the excess electron is bound in H g
a o orbital (such as that shown in Fig. 4ocalized on the
positive Li center; as the negative F atom moves closer to Ligig. 5. orbital holding excess electron in an enolate anion as a function of
the potential binding this electron becomes less attractive, Se twist angle of the terminal & group.

60° Twist

C
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bound anion FLi (X 23 ™) and of the latter by the valence-
bound anion HN(X?2I17). Of course, in the above ex-
Vir) amples, there is only one internal vibrational coordinate, the
A—-B bond length, upon whick' depends. In generaV, will
depend on all of the anion’s vibrational coordinates, although
L, /‘1 it usually depends strongly on only one or a féve., those

* An example of the former case is provided by the dipole-

that vibrate atoms to which the excess electron is bpund
such coordinates.
To further develop our model, we now assume that

- r _)
A e (@ the angular form of the orbital’ is known (e.g., it
would be ac orbital comprised primarily oé andp,,
~—V(r) at X, basis orbitals for the first case shown in Fig. 4 otra
orbital comprised primarily op, basis orbitals in the
€ I Y .
V(r) at Xy latter), and
(b) the vibration effecting the electron ejection does not
change the angular form of this orbit@.g., theA—B
bond vibration shown in Fig. 4 retains the and 7
FIG. 6. Electron-molecule radial potential§r) at two values of the vibra- symmetries of the two orbitals shown; only the radial
tional coordinateX. At X; the potential is less attractive than)t. character ofV is altered.
Even in cases such as that depicted in Fig. 5 where the
B. An analytical model for the bound and continuum precise angular character of the orbital is not maintaiféd
orbitals though that of its dominant carbqm, nature is retainedthe

- above two assumptions are nearly met, so the analysis of-
An elementary model for describing one excess eIectror];nered below is assumed to still apply

(whose position is given by coordinates 6, ¢) interacting .
with a molecule(whose vibrational coordinates are denoteduct I(';Zugze%az(;s’utlgf o;t;gzi; ca)n:: de;(ﬂ;edﬁ?d zir;?rg) rod-
{X} and whose spatial orientation is described by Euler 9 P @ b .

anglesa, B, y) involves a one-electron Schdimger equation with the latter containing all of the vibration-coordina®¢)
of the form dependence

[—h22mr2 91ar (1201 9r) + h2L22mi2 + VW = EW V=F(O.HR(rIX). =

(13 Such a separation of fixed angular akddependent radial

In this equation, the potential depends on the coordinates Parts holds for both the anion orbita¥/(= ¢;) and the con-
of the excess electron with respect to the molecular framdinuum free-electron orbital'{ = ¢x),

For example, in the two cases depicted in Figv¥4ould be & =F(0,$)R (r|X) (169
of the form ! ' i '

V=— pecos/2r? (149 ¢1=F(0,$)Rs(r[X). (16b)
or When these product forms are separated into the 'Schro

dinger equation[Eg. (13)], and one premultiplies by
V=—u(r)sir? . (14b  F*(6,¢)sing and integrates ove# and ¢, one obtains an

The form in Eq.(148 could be appropriate to the state ~€duation for the radial part; ; of the two orbitals,

shown in Fig. 4 if the dominant potential were the charge~{—72/2mr=2 g/ gr (r? alar)+h2(LA12mr2+ ()R, ¢

dipole potential. Herey is the magnitude of the dipole mo- '

ment of theA—B molecule,r is the distance of the electron =EiRi:. (17)

from the positiveB atom, andd is the angular coordinate of | these two radial equations, the symial?) is used to

the electron relative to th&—B bond axis. Equatioril4b)  genote the average value of the angular momentum squared

would apply to ther state of Fig. 6. Then, the sid depen- | 2 taken with respect to the angular “shape” of the orbitals
dence shows the axially symmetric nature of the potential(g 4):

about theA—B bond axis, and (r) would characterize how
V depends on the distance) (of the excess electron from the L2y — j E* L2E : 1
atom to which it is most strongly bound. In this casér) (L (0, $)L°F(6,4)sinfdodé. (18

cannot be written in terms of a single dominant power aé The symbol(V) is used to denote the electron—molecule

in the elegtron—dlpole example becausfr) arises from interaction potential/ averaged over the angular coordinates
the attraction of the valence excess electron to the nucle%ith respect to this samé( 8, é),

where its orbital is localized. However, in all cases, the
radial dependence of is attractive at large and repulsive

at smallr.

<v>=f F*(6,4)V F(0,4)sin0dodd. (19
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By next rewriting theR; ¢ functions as

Rii=i¢lr, (20)
Eq. (17) can be rewritten as a Scliinger equation for the
i ¢ functions, U

{—ﬁZ/Zm(92/07r2+U}¢i'f=Eiyf¢iyf. (21)
Here, we introduced the short-hand notatldrto represent U0 E
the sunt® of the angularly averaged electron—molecule po- ET . L+A
tential (V) and the average centrifugal potential f‘ .
h2(L2)/2mr?: i

U=(V)+Aa%L?)/2mr2. (22 0

0 L

Recall that it is only througRV) that the potential in the

Schralinger equation acquires its dependence on the vibrariG. 7. Radial effective potential(r) showing bound-state energy

tional coordinategX}. &;, continuum-state kinetic enerdy, well depthU®, and potential radial
Now, we introduce a simple yet reasonable treatment ofXentL-

how U depends orX to further develop our model. In par-

ticular, we pose that it is the strength of the attractive

electron-molecule potentia¥(r) that is modulated as the o the kinetic energ carried away by the ejected electron.
wbrgtlon alongX takgs place. Typlcal forms fqrthg attractive Tq this end, we introduce a rather simple, but we believe
portions of such radial potentials are shown in Fig. 6 for twoqyajitatively correct, model for the effective potential and for
values ; andX,) of the vibration coordinat&. In these  hoy this potential depends on the vibrational coordinates
plots, we show the longer-range attractive portion of the pPOjithin this model, we are then able to analytically evaluate
tential only; of course, at smallervalues, core repulsion and m; ; in a way that allows us to display its EA ariddepen-
exchange effects dominate adr) becomes positive. Also  gencies. Because this model is qualitatively representative of
shown in Fig. 6 are the ground-state anion energy levgls  actual electron-molecule interactions, we thus believe that its
ande;, as well as the classical outer turning poibisandL,  E and EA dependencies are suggestive of what is found in
of these levels for each of the two geometries. Because thf%ality.
potentialU is less attractive aK, than atX;, the electron Proceeding with the development of our model, the ef-
b!ndlng energyeiy IS ;malle_r in magnitude th‘?ﬂiZ- Inad-  fective radial potential(r) is represented by a square-well
dition, the outer turning point, for the less tightly bound oy potential such as shown in Fig. 7. The energy difference
level is larger(as is the radial extent of the corresponding petween the well deptbl® and the bound-state energyis
orbita}I) thanlL,. The_se characteristics of the potential play the electron affinity EAX). The dependence of this EA on
very important roles in how we choose the parameters of oUfhe viprational coordinategX} is assumed to arise totally
model potential as we now illustrate. from modulations in the well depttl® andL parameters. In
For the model potential introduced below, we use a lAparticular, we use the relation that®=EA+¢; and we as-
dial “box potential” whose outer wallatr=L) and whose  syme that; is given in terms of the particle in a box ground-

depth U°) parameters are chosen to reflect the attributes ofiate energy expressigsee below for justification
the actual radial potential discussed abGwe, as in Fig. &.

In particular, the depttU® is chosen so that the resultant & =#°m/(2mL?). (24)
lowest eigenvalue; gives (through EA=U%—¢;) the cor-
rect electron affinity(EA) at each particular value of. In
addition, the box length is chosen so that the radial extent
of the corresponding orbital depends ¥ras expectedi.e., (r)=L/2 (25
grows as the EA decreageSpecifically, we use the fact that
the true anion orbital varies asexp(—r(2mEA/#?)Y?) for
large r, which suggests that the average value afhould
depend on EA as follows: L=2(r)=(3/2"?(h/mY)EA~ 2, (26)

(ry=3#/(2(2mEA)Y?) = (3/22) (hImY?)EA~Y2 (23 Using this value forL in Eq. (24) allows &; and U° to be
rewritten in terms of EA,

Next, since the average value of the radial coordifateor
the corresponding ground-state wave function is

we use Egs(23) and (25) to relate the box length to the
EA as follows:

Below, we use this relationship betwegr) and EA to relate

the radial potential’s box length parameteto EA. e;=m"EA/9, (279
It is important to stress that our primary goal in this U= EA(1+ 72/9), 27b)

work is not to accurately calculat&e., obtain a numerical

value fop the m; ¢ non-BO matrix elements; we already and, of course, E(26) givesL in terms of EA.

know how to do this usin@b initio quantum chemistry. In- As noted above, the radial extent of the bound-state an-

stead, our objective is to obtain analytical expressions foron orbital (r) is related to the outer turning poifite., the

how m;  depends on the Efas a function of geometfyand  box length parametdr). On the other hand, the free-electron
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orbital, whose asymptotitkinetic) energy isk, is assumed The first term,dC/dX, does not contribute ton; ; as the

to be “box normalized” to unity over the rangesOr<L integral [ sin(zr/L)sin(p*r/A)dr vanishes because the bound

+A. and continuum orbitals are orthogonal to one another. The
The normalized bound-state radial wave functi@ir) dp*/dX factor in the second term is rewritten as

WI|| be assumeq to va_nlsh atzlL' to keep the analysis as dp*/dX= 1/2(2m)1’2[dU°/dX]{U°+ E}‘l’z. (34)

simple as possible while remaining qualitatively correct. In

principal, this function should also contain an exponentiallyThe result is that the non-BO matrix element becomes

decaymg component in thre>L + A region, bl_Jt this compo- m; 1= — % (2/L)Y2C(2m)Y2(1/21)[dU%d X]

nent will be neglected. The resultant normalized ground-state ‘

anion wave function is
X {U0%+ E}‘l/ZJ sin(arr/L)r cogp*r/h)dr.

Ji(r)=(2IL)Y2sin(zr/L) (29
and the corresponding energy is as given in Egd) and (39
(279. The integral involving the trigonometric functions can be
The free-electron solution to the radial Sciirgger  carried out and yields
equation is expressed as follows: m, 1= —ih2m/2(21L)Y2C[dUY/d X]
— ; +
Yi(r)=Csin(pTr/t), for O<r<L, (299 {2m(UO+ )} VU0 E— ) (36)
r(r)=D explip(r—L)/A)+ D" exp(—ip(r—L)/h), Inserting the expression f@ given in Eq.(318, again iden-
for L=r<L+A. (29p  tifying the momenta p=(2mE)** and p*=(2m(U°
1 N o " +E))Y2 and recalling that)°=EA(1+ 72/9) gives
Here, p=(2mE)~“ and p™=(2m(U"+E))~< are the mo- '2 s ) .
menta of the electron in the asymptotic reglosr<L+A m; ¢=—ifm(LA)""d EA/dX(1+ 7°/9)[EA+E]
and in the region wher&(r) is nonzeror <L, respectively. < (p/p M p2sirk(o"L/A
Matching ¢; anddys/dr atr=L and normalizingy; such (p/p7){psin'(p )
that the integral of/|? betweerr =0 andr=L+ A is unity +p*2cog(ptLih)} 12 (37)

5 Again, we stress that the rate of change of the EA along the
f |pr(r)[*dr=1 (30 vibrational coordinat is assumed to result from the modu-
lation in the well deptHJ® andL parameters accompanying
this vibration; this is what allows us to replad&®/dX by
(1+ 7%/9)d EA/dX. Equation(37) represents our final result
C=(2IM)Ysiré(p*L/k)+(pT/p)?cog(ptL/A)} Y2 for the non-BO electronic matrix elemerfteeeping in mind
(319  thatL=23#%/(2mEA)Y7.

D=1/2sin(p"L/A)—i(p*/p)cogp™L/A)]C, (31b

D'=1/2sin(p*L/A)+i(p*/p)cogp*L/A)]C. (310 ) , o
To obtain an expression for the rate of electron ejection
Notice that all three amplitudes scale as\()t/? as expected  induced by vibrational non-BO coupling, we insert Eg7)
for a box-normalized function. into Eq. (1). This produces the following rate expression
(here u is the mass factor associated with the vibrational
coordinatex):

produces(in the A— limit) equations for the amplitudes
C, D, andD’. These results are

D. The electron ejection rate expression

C. Non-BO matrix elements

The non-BO electronic matrix element, ; connecting ~ R=(2mA*3u?)(1+ 772/9)2f U xi dEA/dX
Y; and i can, within the above approximations to the wave L ko
functions, be written as X[EA+E] X(p/p*)(2mEA/A?) Y p? sin(p* L/#)

2
dp

m; ;= —iﬁf (2/L)Y2sin(7rr/L)d/dX Csin(p*r/A)dr, +p*2co(ptLIA)} Y2dy/dXdX
(32

whereC is given in Eq.(318 and the integral ranges over = (27243/3u?)(1+ 772/9)2J’

O=r=L, and the derivativel/d X is meant to denote a sum

of derivatives with respect to all vibrational coordinates. X[EA+E] Y{E/(E+U%)]Y2EAY42m) Y4 E

Changes in these coordinates are, as discussed earlier, as-

sumed to modulate the depth of the attractive electron- 4+ U2 co[(E+U®)/EA]Y2dy, /dX dX

molecule potential® and thus the EA, which i&)%—¢;.

We re-express the derivatie#d X (C sin(p*r/4)) as follows:  where we have also substituted the density of states
P _ Py p(E)dE=(A/=wh) dp and the expression forlL

d/dX(Csin(pTr/a))=(dC/dX)sin(p~r/h) =3%/(2mEA)Y2. The key ingredients in this rate expres-

+C(r/h)dp*/dXcogp*rin). (33 sion that we wish to emphasize are

J xi dEA/dX

2
dp, (38
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(1) The energy gapg—e;) between the anion’s statg [recall U°=EA(1+ 72/9)] (b) is rather weakly depen-

and the neutral’ss determines the kinetic enerd@y car- dent onE, otherwise, andc) is also small at higlE.
ried away by the ejected electron.

(2) As expected, we obtain a rate that is proportional to the  As noted earlier, these factors seem to agree with pro-
square of an integral connecting the anion’s vibration-pensities that we have observed in @l initio simulations
rotation wave functiory; to the derivative of the neutral of electron ejection rates.
molecule’s corresponding wave functidiy;/dX. In addition to the above propensities for transitions to

(3) In this integral, a factord EA/dX[EA+E] ! appears occur near geometries where the anion and neutral surfaces
that is large when the anion and neutral energy surfaceapproach closely and for which the ejected electron has nei-
are closdi.e., EA is small and when the “gap” between ther very small nor very large kinetic energy, there are also
these surfaces is changing rapidliye., d EA/dX is  vibrational energy and momentum propensities that contrib-
large). This is one of the most important quantitative ute to the net rate.
suggestions of this model, and is what helps us identify  Let us first consider the case in which the electranjg
the geometries near wherg, ¢ is large as in Fig. 2. matrix elements do not vary strongly with geometry. Accord-
Moreover, it is this factor that seems to fit what we haveing to Eqg.(38), this will occur when the anion and neutral
observed in all of ourab initio calculations when we energy surfaces have slope differencé&£A/dX) and spac-
searched for geometries wharg; is largest. ings (EA) that are smoothly varying over the range of geom-

(4) Also within this integral, the factofE/(E+U%)]¥2 ap-  etries accessed by the anion’s vibrational motion. Such a
pears. This factor disfavois values near zero, and is a situation would not arise, for example, for the cases shown in
rather slowly varying function oE at higherE values.  Fig. 2, where then, ; elements are large in a narrow range of
Recalling thatu®= (1+ 7?/9)EA, this factor also disfa- geometries, but could arise in the case illustrated in the right
vors geometries where EA is large. hand panel of Fig. 1.

(5) The quantity{E+ U° co[(E+U°/EA]} Y2, which also In such cases, the geometry dependence ofithecan
occurs within this integral, is limited in magnitude be- be factored out of the vibrational integral after which the
tween (i) E-Y2 and (i) (U% Y2 This is also a rather latter reduces to an integral of the form

weak function ofE and of U° (which is proportional to
EA). (xsldxi /dX). (39

This integral can be treated as one does when computing

Franck—Condon factors among vibrational states of two dif-
ll. SUMMARY ferent electronic states, but with one modification. In the
present case, as explained earlier, it is the derivative of one

We have introduced a one-dimensional particle-in-a- L .
: . of the vibrational functions that occurs, because the electron
radial-box model for the electron-molecule potential of a

molecular anion. In this model, the vibrations of the under-ejec'[Ion process requires that momentias well as energy

: . be transferred from the vibrational mode to the electron. So,
lying nuclear framework are assumed to cause modulation e propensities arising in this case relate to the squares of
in the depth U°) and length ) of the attractive potential brop 9 q

well. These modulations, in turn, induce dynamical change.'z‘,he overlap of the anion's vibrational state lowered by one

in the radial size and electron binding ener@A) of the quantum level with the neutral molecule’s vibrational func-

. e : . .__tions y;. The anion’s function is lowered by one quantum
anion. The two most significant assumptions introduced mt%ecaused 1dX generates. within the harmonic approxima-
the model relate to how® andL are designed to reflect the Xi 9 ’ PP

o . tion, functions of one lower and one higher quantum number
proper dependence on EA. Specifically, theparameter is .
: . and only the former contributes to transfer of energy out of
chosen to reproduce the known relationship between the r

dial size of the anion’s orbital and the electron binding en-Etlhe vibrational _mpgle. .
The other limiting case to consider occurs whenrhg

ergy. Theu? parameter is chosen so that the model’s pr(Edic'elements are large over only a narrow range of molecular
tion of the electron binding enerdasU°®— ;) is the correct g y 9

EA geometriede.g., as in Fig. 2 In such a case, The integral

The non-BO couplings can be evaluated analyticallyf(m"f)(f dx;/dX)dX ranges only over that regiofe.g., O

within this model, and yield an electron detachment rate ex-<x.i 9) Wh?ﬁ m"fl 'S S|gn|f|(I:_ant. In th||s ra?]gexi and xy
ression that offers insight into the electron ejection processOSCI ate with local de Broglie wave lengths hv(z’f[si
b “E-(X)]¥) and h/(2u[e;—E%(X)]*d), respectively.

In particular, the crucial factors appearing multiplicatively in Here, E-(X) is the anion’s energy surfac&€9(X) is the

the integrals whos? squares are proportional to the eJeCtIorrlleutral’s,,u is the reduced mass belonging to the vibrational
rate are as follows:

mode, ande; and g; are the anion and neutral vibrational
(1) A factor d EA/dX[EA+E] ! that will be large if the energies. Within the approximation where tme; elements
separation between the anion and neutral energy surfacese factored out of this integréior this limited range o),
(EA) is small and strongly varyingdEA/dX is large, one can show that the integral will be small unless these two
and if the kinetic energ¥e carried away by the electron local de Broglie wavelengths are similar. In turn, this sug-

is small. gests that the local momenta gRs;—E(X)])Y? and
(2) A factor [E/(E+U%)]YHJE+U°coS[E+UYEA]} Y2 (2u[e—E°(X)])Y? should be similar or thats;—&;
that (a) is small whenE is small or whenU® is large  —E~(X)+E°(X) should be small. Notice that;—e; and
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