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The Role of Excited Rydberg States in Electron Transfer Dissociation
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Ab initio electronic structure methods are used to estimate the cross sections for electron transfer from donor
anions having electron binding energies ranging from 0.001 to 0.6 eV to each of three sites in a model
disulfide-linked molecular cation. The three sites are (1) th& &* orbital to which electron attachment is
rendered exothermic by Coulomb stabilization from the nearby positive site, (2) the ground Rydberg orbital
of the —NHj3" site, and (3) excited Rydberg orbitals of the sarfeH;* site. It is found that attachment to

the ground Rydberg orbital has a somewhat higher cross section than attachment to eittiesrbigl or

the excited Rydberg orbital. However, it is through attachment either to*tloebital or to certain excited
Rydberg orbitals that cleavage of the-S bond is most likely to occur. Attachment to thieorbital causes
prompt cleavage because theenergy surface is repulsive (except at very long range). Attachment to the
ground or excited Rydberg state causes th&s®ond to rupture only once a through-bond electron transfer
from the Rydberg orbital to the-SS o* orbital takes place. For the ground Rydberg state, this transfer requires
surmounting an~0.4 eV barrier that renders the-S bond cleavage rate slow. However, for the excited
Rydberg state, the intramolecular electron transfer has a much smaller barrier and is prompt.

I. Introduction and Background SCHEME 1

In electron capture dissociatibECD) or electron transfer
dissociatioA (ETD) mass spectroscopy experiments, electrons o H, H / O
are believed to first attach (primarily) to positively charged sites e . £ :

2

X
N N
L. A ~H CH
within the gas-phase sample to form what is called a hypervalent Hs¢ N e ° }
~H

H H
H, F
. N
fy
or Rydberg radical center. The positive sites in peptides and
proteins include, for example, protonated amine or guanidinium
groups on side chains as well as protonated amide units along
the backbone. When a side-chain positive group is proximal to
(e.g., as when involved in hydrogen bonding) either the oxygen (o) H H  H*migration 5
atom of an amide unit or a disulfide bond, the nascent Rydberg ol E? /‘Ni\ — H
radical formed when an electron attaches can subsequently H€™ N~ £ H H c/& o Hzéx,c/NxH
induce an H atom migration to either the carbonyl oxygen or a 2 * H

disulfide sulfur atom to eventually generate-S, or S-S bond
cleavage, as illustrated in the clockwise branches of Schemes>CHEME 2
1 and 2. These very specific cleavages characterize ECD and CHy
ETD and are one of these methods’ strongest attributes. HH o s
In these schemes, we show the electron being transferred from i
a methyl anion, which would be appropriate for the case of H.C—S
electron transfer dissociation (ETD) which forms the focus of
the present paper. In ECD experiments, it is free electrons that CHy
attach to the positively charged sample. i
In two earlier studied; we investigated alternative pathways
by which such &S or N—C, bonds could be cleaved in ETD
or ECD. The experimental evidence that suggested alternative H* migration
mechanisms might be operative is detailed in refs 3 and 4 but HH H g )
will not be discussed here. Following our studiésof how i el --.i'_'lc*-Nt:;!.','., M s cg‘;;c""'-w‘---.u
proximal positive charges can render exothermic direct electron pl!i;'c—s""e' H |i|_u|--.c—50 H H
attachment to low-lying antibonding orbitals, we considered in o . .
refs 3 and 4 the possibility of electron transfer (or capture) the absence of any stabilizing Coulomb effects is e_ndotherm|c
directly into a S-S ¢* or amide OCNz* orbital. Of course, it ~ (by ~1.0 eV for the S-S o* and ~2.5 eV for the amider*).

is knowr? that direct attachment to either of these orbitals in However, we showed the presence of any nearby positively
charged group (e.g., aNHz" unit or a sodiated analogue
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knowing the distanceR) from the S-S or amide bond to the

positive site. One result of these studies was the suggestion, _S—CH N(—'ﬂg +CHj3
also illustrated in Schemes 1 and 2, that direct electron transfer Ry—> Hp—s LA

to the bond site could effect-S5 or N-C,, bond cleavage, and —
subsequent proton migration would then lead to the same _—dH
fragments as those produced by the conventional H atom leV - EA(CH3) T g/'s—cﬁ.,c‘hﬂ
migration mechanism. A similar suggestion was put forth at AH}— H+CH
about the same time in ref 1j by the Turecek group. Of course, SSo* bou?ld
this suggestion then raises the issue of whether the electrons species
transfer is more likely to occur to theNH3™ Rydberg site,
which provides a more exothermic channel, or to the Coulomb-
stabilized bond site (i.e., to either the-S ¢* or OCN amide

ar* orbital).

Thus, the second component of our earlier stifdibas been
the estimation, using LandaZener (LZ) theory, of the rates
at which electrons would be transferred from a donor anion to / !
either the Rydberg site or to the& or 7* bond site. In these ! ppeces
studies, the two model cations shown in Schemes 1 and 2 were
allowed to collide with a methyl anion. We chose the methyl
anion both because its small size made the electronic structure
calculations computationally feasible and because the highly
localized nature of its lone-pair site of negative charge allowed Figure 1. Potential energy of interaction between thesSECHCH,-
us to accurately specify the distance between the donor’s NHs* cation and the methyl anion as well as the potentials for the two
negative and cation’s positive charges. Knowing this distance charge-exchanged species.
is important in implementing the LZ theory estimates for ] ) .
electron transfer. It should also be mentioned that the distance~NHs" sites, the latter of which arel and 4 eV, respectively,
between the nitrogen atom of theNHz*+ unit and the midpoint  at the equilibrium 'S bond length. )
of the S-S or =0 bond of our model cation was held fixed The essential ingredients for implementing the LZ method
in refs 3 and 4 because we wanted to keep the Coulomb are the following: . S
stabilization of the SS o* or OCN * orbital constant. (1) The critical distanceRc) at which two diabatic curves

I the Gase ofSS b cleavage, e approach e oy £ 1= Asance can be stmated (1 our b o colcue
to calculate electron transfer rates involved (for our@, bond ' y y 9

rossin we show later Ivin
cleavage study, an analogous process was followed): crossing, as we show later) by solving

(1) Computing the BorrrOppenheimer potential surfaces, as —ZeZ/RC — A=
functions of the methyl-carbon-to-amine-nitrogen distance, of
three diabatic (meaning with specified and fixed orbital oc- —(binding energy of the SS or—NH," site)+ EA(CH,) (1)
cupation) electronic states:

(a) the state in which §€—S—S—CH,—CH,—NHs*™ and to obtain
~CHjs interact with the “extra” electron in the methyl anion’s

4¢eV - EA(CHy)

H
H s—Cq KO
\H-}:—S/ N

Inter-ion poten

+CH 3

ground Rydberg

lone-pair orbital, R. = Z&IA = 14.ZIA (2)

(b) the state in which an electron has been transferred from
the methyl anion to the (Coulomb-stabilized}S o* orbital, with the latter result applying whef is expressed in electron-
and volts andR is then obtained in angstroms. In this analysis, we

(c) the state in which an electron has been transferred from retain the possibility of treating multiply charged positive sites
the methyl anion to the-NHz* site’s lowest Rydberg orbital. by including the positive charge magnitudg (n our expres-

(2) Evaluating the electronic coupling matrix elemers £) S|ions, alt:o%gk\\/, of coursg, = 1 for the model compounds
connecting pairs of these three states that undergo avoideol‘]| scussed above.

crossings at various nitrogercarbon distancesRj. These aréz%;—h.ﬁ re:?gr\]/e ti%iedé;é(\:ﬂtl'lct): V;Z'?Eethenzg'fr; ‘3:‘:0?3222
couplings are determined from the splitting between the two ving ( 9 irection) yu 9 ing

adiabatic states that arise as the pairs of diabatic states interact™ Re. This speed can be estimated, assuming that most of their

i ) relative kinetic energy derives from the decrease in potential
(3) Using LZ theory to EXpress the cross sectionfor each energy (\) as they are accelerated along the attractive Coulomb
electrpn transfer process in terms of th!@,z e[ements and potential® until they reach the crossing as
guantities that characterize the intersecting diabatic surfaces,
as we illustrate below.

= (2A/u)*? 3
In Figure 1, we show qualitatively how the three Bern v=(2A0K) 3)

Oppenheimer surfaces discussed above vary along the methylyyherey, is the reduced mass of the antetation collision pair.
carbon-to-—NHs-nitrogen distanceRy). The ion-pair surface, (3) The magnitude of the slope differenc¥ for the two
relating to HC—S—S—CH,~CHy,—NHg" + “CHg, varies in diabatic curves as they crossRy4. Within the approximation
the attractive Coulomb manneiZe/Ry, while the two charge-  hat one of the curves is Coulombic and the other is flat, this
neutralized states are relatively flat, at least at |aRge Of factor can be expressed as

course, the latter two states lie below the ion-pair state at large
Ru by energy defect amountd) that depend on the electron

_ 2 _ A2
binding energies of the methyl anion and of the So* and OF = ZEIRS" = A*1(14.2) )
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The LZ theory then gives the probabiliti?) for undergoing
a transition in which the electron hops from the methyl anion
to either the SS o* or —NH3" Rydberg orbital as follows

(5)

Within the so-called weak-coupling limit, in whidH, » is very
small, which we will show later applies to the cases considered
here, these probabilities can be approximated by

P =1 — exp[-27H, ,/(hvdF)]

P = 27H, ;//(hvdF) (6)

which, in turn, can be rewritten in terms of the energy defects
(A) as

P = (2r/h)H, , (u/2)"*14.2IA*® (7)
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Figure 2. Energies of the CEBSCHCH;NH3;" + CHjs (higher curve
at largeR and lower curve at smaR) and S-S o* (lower at largeR
and higher at smaR) CH;SSCHCH,NH; + CHj; surfaces as functions

8.0

Equation 7 allows one to see how strongly the electron transfer of the methyl-carbon-to—NHs*-nitrogen distance.

probabilities depend on the energy defedt) (and on the

electronic couplings. It also suggests how these probabilities carbon-to-cation-nitrogen direction. It is for this reason that we

should scale with the chargg)(of the cation. Finally, the above
probability expression applies to an event in which the collision
begins in the ion-pair state 38—S—S—CH,—CH,—NH3z" +

focus on this GN distance when discussing the potential
curves.
Above, we explained how we use LZ theory to estimate the

~CHz and undergoes a transition to one of the charge-neutralizedprobabilities for electron transfer, but we still have to explain

states HC—S—S—CH,—CH,—NHj; + CHs; during the entrance
channel of the collision. However, to compute the overall
probability for starting the collision asg@8—S—S—CH,—CH,—
NH3™ + ~CHz and ending up (on the exit channel of the
collision) as HC—S—S—CH,—CH,—NH3; + CHjs, one has to
consider two paths by which the overall charge state changes
(1) HC—S—S—CH,—CH,—NH3" + ~CHsz; undergoes a
transition to a charge-neutralized state with probabitiip the
entrance channel (i.e., when moving downbhill on the attractive

how we obtain the electronic coupling matrix elemeld §).

In Figure 2, we show portions of the ion-pair and-S o*
attached Borar-Oppenheimer surfaces in the region where these
two diabatic surfaces undergo an avoided crossing. We take
Hi2 to be one-half of the energy splitting between the two

-adiabatic curves at their location (this defingg) of closest

approach (3 cmt for the example shown in Figure 2).
When studying the electron transfer from methyl anion to
the amide group of the model peptidgG(C=0O)NH—CH,—

Coulomb potential). The charge-neutralized species then evolvesCH,—NH3", we examined the splitting between two analogous
to smallerR-values and experiences repulsive forces that causecurves to obtain thél, , values for this case.

the two species to reverse their relative motions. Subsequently,

as the charge-neutralized species move outward to |&dbey
remain on the neutral state’s surface (with probability P)
to ultimately generate $€—S—S—CH,—CH,—NH3; + CHsz as
separated products. The overall probability for this patiR(is
- P).

(2) HsC—S—S—CH,—CH,—NH3" + “CHjz; does not undergo
a transition to the charge-neutralized state (with probability 1
— P) on the entrance channel but evolves to smaker

Finally, in refs 3 and 4, we were able to compute the cross
sections! for electron transfer to either bond site by multiplying
the probability 2 for electron transfer to that site by the factor
7R

0 = 47°RH, S 1(hooF) = (4 h)H, F(ul2)"4(14.42)% A%
8)

It is then possible to estimate the rates of electron transfer to

experiences repulsive forces, and reverses direction. Uponeach of the three cation sites by multiplying the corresponding

moving outward on the Coulombic potential, this ion-pair

cross section by the catieranion collision frequencyf), which,

species undergoes a transition to the charge-neutralized stat®f course, depends on the ion concentration and the temperature.

with probability P to ultimately generate $€—S—S—CH,—
CH,—NH3z + CHs. The overall probability for this path is (%
P)P.

Thus, the total probability of generating charge-neutralized
products is P(1 — P). Because, as noted above, the weak-
coupling limit applies to the systems studied here, this total
probability reduces toR, with P given as in eqs 6 and 7.

In refs 3 and 4, we used eq 6 to compute probabilities for
electron transfer in terms of the slope differenc#s)(realized
in our ab initio calculations, the relative velocitiag pbtained
from molecular dynamics simulations of aniecation colli-
sions, and the coupling matrix elemenks, ) extracted from

From the latter form of eq 8, it is clear that the relative rates
of electron transfer to the* (or 7*) and —NH3" Rydberg sites
depend on two competing factors: (1) The energy defect
dependenceN~*9) favors transfer to the* or * sites, but (2)
the coupling matrix element factokl( »?) favors transfer to the
ground Rydberg site (because the overlap of the methyl anion’s
lone-pair orbital is larger with this orbital than with either the
o* or z* orbitals).

In our earlier works, we were able to determine khe, and
A factors for the various transfer events and to conclude the
following:

(1) The cross sections for attachment to ¢hfeor 7* bond

the two adiabatic curves associated with each crossing, as wesites are at least an order of magnitude smaller than those for
now illustrate. Our dynamics simulations showed that, regardlessattachment to the ground Rydberg site.

of what impact parameter or relative orientation thgCHS—
S—CH,—CH,—NH3s" + ~CHg collisions started with, when the

(2) TheH; 2 couplings are sufficiently small (a few t9100
cm™1) in all cases (i.e¢*, 7*, and Rydberg) to make the factor

trajectories reached the regions where the diabatic curves cross2zH; #/(hvdF) much less than unity, so the weak-coupling limit

the two ions’ relative velocity was primarily along the methyl-

can be applied within the LZ theory.
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The remainder of this paper is organized as follows. In section
Il, we briefly outline our strategy for designing a series of
calculations that allow us to consider (1) the relative rates of
electron transfer to* (we will deal with transfer to amider*
orbitals in a future paper), ground Rydberg, and excited Rydberg

Sobczyk and Simons

To generate the four energy surfacess@HS—S—CH,—
CHZ—NH3+ + ~CHj, H3C—S—S—CH,—CH,—NH3; grOUnd
Rydberg+ CHjz, H;C—S—S—CH,—CH,—NHj; excited Rydberg
+ CHs, and HC—S—S—CH,—CH,—NH3z S—S ¢* + CHjy)
needed to evaluate the cross sections for electron transfer, we

orbitals, (2) how these rates depend on the electron binding performed calculations at the unrestricted HF (UHF) level. We

energy of the donor anion, and (3) at what rate thes$ond

did not proceed beyond this level because, as we show later,

is cleaved after electron transfer to each of the above threetheH; , coupling matrix elements we obtained were extremely

orbitals. In section Ill, we describe the theoretical methods used,

small (<70 cn?) in all cases. Being able to determine these

and in section IV, we present and discuss the relevance of ourH, , values to higher accuracy would not change the fact that

findings.

Il. Extension to Include Excited Rydberg States

In the two earlier papers? we considered only two possible
electron transfer eventgransfer to the ground Rydberg orbital
of the —NH3" site or transfer to either the-S5 ¢* or amide
OCN 7* orbital. It is known from dissociative recombination
experiment¥ that when free electrons attach to cations, they
most likely attach to higher-lying Rydberg states after which a

they are all small and thus would not alter the conclusions drawn
later, so we decided not to go beyond the SCF level in this
component of our work.

In the calculations dealing with the fate of the nascent ground
or excited Rydberg radical, we employed the unrestricted
second-order MgllerPlesset (UMP2) method and examined the
energies of the ground Rydberg, excited Rydberg, ang8 &*
attached states as functions of theSSbond length (with the
other internal coordinates of;8—S—S—CH,—CH,—NH3 held

cascade of radiationless or radiative relaxations to lower Rydbergfixed for the reasons noted earlier). The use of an unrestricted
states occurs. As our earlier work demonstrated, the characteimethod was necessary both to achieve a qualitatively correct
of the charge-neutralized species’ potential energy surface alongdescription of the homolytic cleavage of the-S bond and

the S-S bond coordinate differs drastically for the-S o* and
—NH3*™ ground Rydberg attached states; the former directly
dissociates, whereas the latter has a substantial barrier® S

because BC—S—S—CH,—CH,—NHj3 is an open-shell system.
We used the UMP2 method rather than the UHF approach in
this case because th# » matrix elements were found to be

bond cleavage. Therefore, in the present work, we decided tomych larger than the earlier cases discussed above, so we wanted

explore the possibility that electron transfer to excited Rydberg
states (i.e., higher Rydberg orbitals of th&\Hs™ site) would
be competitive with transfer to the ground Rydberg site. We

also decided to explore how the fate of the nascent charge-

neutralized species (e.g.3€—S—S—CH,—CH,—NHS3) would

depend on whether transfer occurred to the ground or excited
Rydberg state. In particular, we wanted to determine the barriers

to S-S bond rupture for the excited Rydberg states and to

compare these barriers to the substantial barrier we found for

the ground Rydberg state.

Finally, to extend our studies in an additional dimension, we
decided to carry out all of the evaluations of cross sections for
electron transfer te*, ground Rydberg, and excited Rydberg
orbitals for anions having a range of electron binding energies.
To accomplish this while not varying other characteristics of
the anion donor, we used a “trick” in which we modified the
methyl anion’s electron binding energy by artificially modifying
the nuclear charge (by fractional amounts) on its carbon atom;

to determine them to higher accuracy.

Because the methods we used are based on an unrestricted
Hartree-Fock approach, it is important to make sure that little,
if any, artificial spin contamination enters into the final wave
functions. We computed the expectation valB&for species
studied in this work and found values not deviating from 0.75
(after annihilation) by more than 0.03 in all open-shell doublet
neutral cases.

The calculations we performed are especially problematic at
distances where one or more of thgG+S—S—CH,—CH,—
NHs + CHs states’ energies lie above that of theG+S—S—
CH,—CH;—NH3z" + ~CHj ion-pair state. In such cases, great
care must be taken to prevent variational collapse. For the
ground Rydberg state ofd8—S—S—CH,—CH,—NHg3, this was
not an issue, but it was for the excited Rydberg state s65-H
S—S—CH,—CH,—NHes. For this case, we found it adequate to
use the “alter” option in the Gaussian program to begin the SCF

smaller nuclear charges lead to smaller binding energies. As aprocess with the desired orbital occupancy. Convergence to the
result, we were able to treat electron transfer from a donor aniondesired (excited Rydberg) state was then verified by visually

having a binding energy of 0.001, 0.2, 0.4, or 0.6 eV.

I1l. Methods

inspecting the singly occupied orbital after convergence.

For the state of (C—S—S—CH,—CH,—NH3 in which the
electron is attached to the-S o* orbital, the alter option did

The internal structure (bond lengths and angles) of the parentnot work (i.e., variational collapse took place), so we had to

H3C—S—S—CH,—CH,—NH3" cation was first optimized at the
Hartree-Fock (HF) self-consistent field (SCF) level and
subsequently held fixed throughout our calculations character-
izing the collisions with the CH3 anion. We froze the internal
geometry of this cation because we are attempting to model
the environment within a peptide or protein in which-aSo*
orbital is Coulomb stabilized by a positively charged site whose
location remains quite fixed.

use another approach. In the method we used to overcome the
problem for this state, we introduced a device that we have
exploited in many past applicatiotsSpecifically, we artificially
increased the nuclear charges of the sulfur atoms involved in
accepting the transferred electron by a small amodaq) &nd
carried out the UHF or UMP2 calculations with these artificial
nuclear charges. By plotting the energies of the states6fH
S—S—CH,—CH,—NHj3; + CHjs for several values of the charge

To properly describe the ground and excited Rydberg statesincrement §q) and extrapolating téq = 0, we were able to

of the R—NH3; species, we added to the aug-cc-pVDZ basis
setd® an additional set (1slp) of extra diffuse functihs
centered on the nitrogen atom. This kind of basis was shown
earliet to be capable of reproducing the energies of such low
Rydberg states of nitrogen-centered radicals.

evaluate the true energy of thesgdHS—S—CH,—CH,—NH3

+ CHjz states. Finally, the Gaussian 03 suite of progréwas
used to perform all of the calculations, and the Molden
visualization prograff was employed to examine the molecular
orbitals.



Role of Excited Rydberg States in ETD

Distance (R) between anion donor and cation acceptor
—_—

,/g o* bound

/"’* species
Excited Rydberg
- Ze3R \ species

Inter-ion potential energy

/Crossing distances

Ground
Rydberg species

\

Figure 3. Qualitative depiction of the variation of the four catien
anion state energies as functions of the anion-to-nitrogen dist&)ce (

IV. Results and Discussion

As mentioned briefly earlier, we considered processes in
which an electron is transferred from a modified methyl donor
anion denoted Ato any of three possible orbitals of the model
disulfide-linked cation HC—S—S—CH,—CH,—NH3" (within
which we keep the distance between the nitrogen atom and th
midpoint of the S-S bond fixed®) shown in Scheme 1. The
three orbitals to which the electron can be transferred are

(1) the S-S antibondingo* orbital to which electron
attachment has been rendered vertically exothermie ByeV

by the presence of the protonated amine’s Coulomb potential,
(2) an excited Rydberg orbital located on the protonated amine

site for which electron attachment is als@ eV exothermic,
and

(3) the ground-state Rydberg orbital located on the protonated

amine site for which electron attachmentid eV exothermic.

Of course, there are many excited Rydberg states that we

J. Phys. Chem. B, Vol. 110, No. 14, 20086523

TABLE 1: Nominal Cross Sections,s® = #R2: (A2), for
Three Sites and for Four Anion Electron Binding Energies
(eV)

€

anion binding excited ground
energy (eV) S So* Rydberg Rydberg
0.001 156 114 32
0.2 171 121 33
0.4 188 128 34
0.6 218 140 36

electron binding energy is 0.001, 0.2, 0.4, and 0.6 eV and for
electron transfer to either of the three bond sites discussed above.

Clearly, the S-S ¢* site’s nominal cross section is largest
and that of the ground Rydberg site is smallest. Moreover, these
cross sections decrease as the anion’s electron binding energy
decreases, reflecting the inverse dependencg simown in eq
9.

B. Electronic Coupling Elements. These nominal cross
sections would be appropriate for describing electron transfer
from A~ to the three sites mentioned above if the probability
(P) of electron transfer when a collision betweegCHS—S—
CH,—CH,—NH3™ and A~ reachesRc were unity. However,
these probabilities are, as we now demonstrate, much less than
unity because of the very weak coupling between the donor
anion’s highest occupied molecular orbital (for all values of
the anion’s binding energy considered here) and the cation’s
ground Rydberg, excited Rydberg, and-S o* orbitals. To
estimate the probabilities of electron transfer, we employ LZ
theory, which expressed2as in egs 6 and 7. To make use of
these equations, we had to first evaluate the coupling matrix
elements [, ;) appropriate for electron transfer to the three
orbitals and for each of the four anion binding energies. The
adiabatic Borr-Oppenheimer curves for each of these 12 cases
are shown in Figure 4 where we also give the resultdyy
values in cm?.

Before moving on to discuss the results we obtained by using

might have considered, but only one was examined in detail th€ Hi2 values shown in Figure 4, we want to emphasize the

for reasons that we make clear later.
The qualitative shapes of the Ber@ppenheimer electronic

following:
(1) All of the Hy » values are quite smalk(70 cnt?1). As we

energies of the four states corresponding to the electron residingill show below, this means that all of the electron transfer
on the donor anion or in one of the three orbitals just discussed probabilities () are much less than unity, thus justifying our

as functions of the anioncation distanceR) are shown in
Figure 3.

A. Nominal Cross SectionsEach of the three states in which
an electron has transferred front As shifted to lower energy
than the HC—S—S—CH,—CH,—NH5;*---A~ state by an amount
equal to the differenceX) between the electron binding energy
of the donor anion (Eion and the binding energy of the-§

o*, excited Rydberg, or ground Rydberg site (each of which
we denote EAe)

A =EA EA

site anion

The critical distanceRc) at which the descending Coulomb

use of the weak-coupling formulas discussed earlier.

(2) Because the splittings between the adiabatic curves, and
henceH; ,, are extremely small, the numerical precision in our
calculations probably limits our determining these coupling
elements to within a factor of 10.

(3) Especially for the ground-state Rydberg case, where the
two adiabatic curves interact at smivalues where significant
anion—cation repulsive forces are operative, the two diabatic
curves are not well represented even locally by straight lines.
This further limits our ability to accurately determine tHg
values for this case.

As a result, we think it unwise to attempt to represent as
accurate our final electron cross sections except to say that they

potential crosses the energy of any state in which the electronare all much smaller than their nominal cross sections. As we
has been transferred is given in eq 2. We will refer to the cross noted in discussing eq 8, there are two competing factors in

section computed in terms of this critical distance

0° = 7R = w(14.4ZIA)? (9)

determining the cross sections: the energy defect which appears
asA~*5and the coupling elements which appeaiHas?. We

feel confident that our analysis of tiedependence is correct,
but because of the major uncertainties in thg, values we

as the nominal cross section for the transfer of an electron from extract from Figure 4, we believe it best to quote large

an anion having binding energy Efvnto the site with binding
energy EAie. We note that the nominal cross section displays
the expected quadratic scaling with chaiyein Table 1, we

percentage uncertainties in the cross sections and in the electron
transfer rates they imply.
C. Effects of Energy Defects on ProbabilitiesBecause of

list these nominal cross sections for cases in which the anion’sthe significant uncertainties in determining tHe, values, it is
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Figure 4. Adiabatic curves showing avoided crossings &hd values for (left to right) S'S o*, excited Rydberg, and ground Rydberg orbitals
and (top to bottom) for anion electron binding energies of 0.001, 0.2, 0.4, and 0.6 eV.

useful to examine separately the two contributions to the electron TABLE 2: Energy Defect Factor, A=45 = (EAgje —

transfer probabilities and cross sections obtained from eq 8. EAanion)*° (All Values Must Be Multiplied by 107?), with
Thus, in Table 2, we show the dependence of the cross section i”n%ri%'eSE'r?e?\ggr Three Sites and for Four Anion Electron
on the energy defect factorA{#9), and in Table 3, we display 9 9

the total probabilities (2) appropriate to the three sites and anion binding excited ground
four anion binding energies, respectively. Then, in Table 4, we ___€N€r9y (€V) Oss" Rydberg Rydberg
give the full electron transfer cross sections for each of the three 0.001 4.4 1.6 0.19
sites and for the four anion electron binding energies. 0.2 7.1 2.4 0.25
0.4 12.1 3.6 0.31

These data indicate that energy factors tend to favor attach-
ment to the excited Rydberg and orbitals by at least an order
of magnitude over attachment to the ground Rydberg orbital. excited Rydberg and-SS o* sites. The data of Tables 1 and 2
As seen from Table 1, the nominal cross section favors the also suggest that the nominal and total cross sections should

0.6 26.8 6.4 0.44
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TABLE 3: Electron Transfer Probabilities, 2 P = 4aH; 2/ 12
(hvoF) (All Must Be Multiplied by 10 ~®), for Three Sites and
for Four Anion Electron Binding Energies (eV) 10+
anion binding excited ground 8
energy (eV) oss* Rydberg Rydberg o]
0.001 14 817 45 %,
0.2 19 64 192 % 44
0.4 222 26 6278 5 2
0.6 165 134 359 ° ]
>
= 04
TABLE 4: Electron Transfer Cross Sections,o = =
4m°R:2H; A (FwdF) (in Units of 102 A), for Three Sites and © 24
for Four Anion Electron Binding Energies (eV) .
anion binding excited ground ]
energy (eV) Osg Rydberg Rydberg 6
0.001 0.22 9.4 0.14 S
0.2 0.32 0.78 0.62 12 16 20 24 28 32 36 40 44 48
0.4 4.2 0.34 22 S-S bond length [A]
0.6 3.6 1.9 1.3

Figure 5. MP2-level energies of the parent cation (open circles) and
of the species in which an electron is attached to the ground Rydberg
decrease as the donor anion’s electron binding energy decreasesrbital (open squares), the excited Rydberg orbital (filled squares), or
It is our belief that these trends are reliable because they do notthe S-S o* orbital (filled diamonds) as functions of the-S bond
depend on the electronic coupling elemerts 4 which we length. The MP2-leveH, ; coupling matrix elements are also shown.
earlier explained contain substantial uncertainties.

D. Transfer Probabilities and Cross Sectionsin contrast ~ donor anion’s binding energy. The cross sections in Table 4
to what we observed in Tables-2, the probability and total ~ &r€ consistent with these expectations.
cross-section data of Tables 3 and 4, respectively, do not display F- What Happens after the Electron Transfers?Thus far,
clear trends as the electron binding energy of the donor anionit @ppears that we must conclude that collisions involving donor
is varied or among the three electron binding sites. The large @nions having binding energies in the 0.6@6 eV range and
uncertainties in determining the; » couplings are what causes ~theé model S-S bound protonated species can lead (at similar
the lack of clarity in the data of Tables 3 and 4. However, ates) to charge neutralization in which the electron has
although there is substantial percentage uncertainty iihe  transferred to the SS o* orbital, to the—NHs" ground-state
values, there is little doubt that these coupling elements are allOrbital, or to an excited Rydberg orbital of theNHs" site.

quite small €70 cnt?). Thus, it is safe to conclude that AIthough we gxamined only the lowest excited Rydberg state,
(1) all of the electron transfer probabilities (as shown in Table W€ believe it likely that electron transfer to other Rydberg states
3) are small €0.01) and can occur and that their attachment cross sections will be

. comparable to those found here. These conclusions then lead

(2) all of the electron transfer cross sections (Table 4) are . .

less than the nominal cross sections (Table 1) and less than s to .con5|d.er the fates of thg nascent charge-neutralized states

A2 and, in particular, to determine whether they can be expected
’ to lead to S-S bond cleavage.

- . ; To address this issue, we computed, at the MP2 level, the

believe the results of our simulations presented above can beBorn—Oppenheimer energy profiles of the-S o*, excited

used to reach certain conclusions: Rydberg, and ground Rydberg charge-neutralized species (in

(1) Clearly, all of the electron transfer probabilities are much he absence of the methyl radical which is assumed to have
less than unity, so the electron transfer events studied here oCCUfeparted once the collision has taken place) as functions of the
in the weak-coupling limit in which it requires between a g g pongd length. Our findings are displayed in Figure 5. In
thousand and a million collisions before electron transfer is Figure 6, we show the orbitals involved in the electron transfer
likely to occur. events.

(2) From Figure 4, we see that the coupling elemeHis,) The data shown in Figure 5 allow us to conclude the
are very small (+70 cnt?) for all anion binding energies and following:
for all three bond sites. Thus, although significant uncertainties (1) Direct attachment to the-SS o* orbital leads to direct
exist in their precise values, there is no doubt they are all less gpg prompt fragmentation of the-$ bond because the
than 100 cm*. corresponding energy surface is repulsive except at very large

(3) From Figure 4, it appears that the couplings are similar R.values.
in magnitude for the SS o* and excited Rydberg sites and (2) Attachment to the ground Rydberg orbital produces a
somewhat larger (a factor of-8.0) for the ground Rydberg  charge-neutralized species that must overcome, by stretching
site. The quadratic dependence of the probability and crossthe S-S bond, a barrier lying~0.4 eV above the zero-point
section onH; , means that the couplings favor transfer to the |evel to access a geometry where the ground Rydberg ai®&1 S
ground Rydberg site by 25100. o* states intersect (near 2.4 A). At this surface intersection, the

(4) From Table 2, we see that the energy defect factor favors Rydberg species can evolve (with a probability that we evaluate
transfer to the SS o* and excited Rydberg sites over the ground  |ater) into the S-S o* species and subsequently undergeSs
Rydberg site by a factor of 46300. bond rupture.

(5) Because the total cross sections are proportional to the (3) Attachment to the excited Rydberg orbital produces a
energy defect factor multiplied dyi; 2, we expect (from points ~ charge-neutralized species that must overcome a small Barrier
3 and 4) the total electron transfer cross sections to be similar~0.06 eV above the zero-point level to access an intersection
for attachment to all three sites and to not vary much with the with the S-S o* state (near 2.0 A). At this intersection, the

E. Summary for Electron Transfer Cross Sections.We
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corresponds to a frequency)(of ~2 x 103 s71) times the
thermal probabilityp = exp(—hv(v*)/KT)/(1 — exp(—hv/KT)),
that the S-S bond is in the vibrational level* necessary to
access the surface intersection. Of course, as is clear from Figure
5, for the excited Rydberg state® is 1, sop is high, while, for
the ground Rydberg state¥ > 6, sop is quite small.

The probability P) that the ground or excited Rydberg state
undergoes a through-bond electron transfer todhetate if
S—S vibration accesses the surface intersection can be expressed
within LZ theory as in eq 5. We have to use this form of the
LZ expression because we are now not in the weak-coupling
regime. Using theH; , values (353 and 354 cm) shown in
Figure 5 along with the corresponding slope differencds) (
and speedsuj, we evaluate these transition probabilities and
obtain

I:)ground Rydberg= 0.13 (10)

Pexcited Rydberg= 0.51 (11)
Thus, for both the ground and excited Rydberg states, the
coupling to thes* state is strong enough to make the probability
of undergoing such a transition very substantial. We should
mention how the speeds)(needed to compute the LZ surface
hopping probabilities have been estimated. We know the
frequency ¢) of the S-S vibration, and for any vibrational level

Figure 6. Orbitals involved in the electron transfer event: (right)$ (), we can evaluate the left and right turning points for this

o* (top), excited Rydberg (middle), and ground Rydberg (bottom): (left) bond’s oscillgtory mo'gion. U§ing .twice the distance between
methyl lone pair. the left and right turning points times the frequenay, (we

can estimate the (average) speed at which thé& $ond is

excited Rydberg species can evolve (with a probability that we Moving. Of course, this speed is a classical quantity, whereas
compute later) onto the repulsive-S o* surface and fragment ~ the true S-S bond motion is governed by quantum mechanics.
the S-S bond. Moreover, this is only the average speed; the speed is higher

There are, of course, many other excited Rydberg states that'€a" the midpoint of the vibration and lower near the turning

we might have considered. The state upon which we focus herePOINts. Nevertheless, this is how we estimate use in the LZ

is not the lowest excited Rydberg state; instead, it is the lowest expression. . . .
for which the intersection with the repulsive-S ¢* state occurs . Combining these probabllltlgs for hopplng with the frequen-
close to the zero-point vibration of the-S bond. Lower cies for accessing the surface intersections, we can evaluate the

Rydberg states have intersections with #fiestate that, similar net rates at which the ground or excited Rydberg states decay

to the case for the ground Rydberg state, require SurmountingInto the dissociativer™ state:
a larger barrier. Higher Rydberg states crossothstate within _
the zero-point motion of the-SS bond (as can be inferred by al&yround Rydverg—
examining how the excited Rydberg and the parent cation curves 0.13(2x 10" exp(—hv6/kT)/(1 — exphv/kT)) (12)
cross theo* state in Figure 5), so they should behave much
like the excited Rydberg state we study here. rat€ycited Rydberg—
In Figure 5, we also show the MP2-level electronic coupling 0.51(2x 10" exp—hv/kT)/(1 — exphv/kT)) (13)
matrix elementsHs ) that pertain to the ground-Rydberg-to-
o* (353 cn1) and excited-Rydberg-to* (354 cn1) surface Using our computed harmonic-S vibrational frequency (562
interactions. When computed at the SCF level, these couplingscm™2) and noting that, at 300 KT corresponds to 0.59 kcal
are 778 and 850 cm, respectively. Although the MP2 results  mol~! or 208 cn?, the factor expthv/kT) is 0.067 and exp-
should be more accurate, we offer these SCF data as well to(—6hv/kT) is 9 x 1078, Thus, the net rate of transitions from
give the reader some idea of the uncertainty in our estimates.the excited Rydberg state to th& state will be~102 s (i.e.,
Because these (MP2 or SCH) -, values are~100 times requiring only a few vibrations of the-SS bond), while the
larger than those discussed earlier, their evaluations were notrate of transitions from the ground Rydberg state will be many
plagued with what limited our ability to achieve accurétg, orders of magnitude smaller.
values for the anion-donor-to-cation-acceptor electron transfer. )
We can now make use of the couplings to compute the V- Conclusions
probabilites with which the nascent ground or excited Rydberg  The ab initio theoretical studies whose results we presented
states undergo transitions to the repulsiveSy* state. These here allow us to conclude the following:
estimates can be made by multiplying the frequerféyv(ith (1) Electrons can be transferred from alkyl anions having a
which the S-S bond is stretched (as it vibrates) to the crossing wide range of electron binding energies to theSo*, —NHz*
point times the probability for transitions between the two states. excited Rydberg, o—NHs* ground Rydberg orbitals with
The frequencyF) can be estimated by taking the vibrational similar cross sections, although the groundNHs™ site is
frequency ¢) of the S-S bond (we computed 562 crhwhich favored by a factor of~10.
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