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We have made use of classical dynamics trajectory simultions and ab initio electronic structure calculations
to estimate the cross sections with which electrons are attached (in electron capture dissociation (ECD)) or
transferred (in electron transfer dissociation (ETD)) to a model system that contained botiS&o6d that

is cleaved and a-NH3' positively charged site. We used a Landaiener-Stueckelberg curve-crossing
approximation to estimate the ETD rates for electron transfer from g @Hion to the—NH3;™ Rydberg

orbital or the S-S o* orbital. We draw conclusions about ECD from our ETD results and from known
experimental electron-attachment cross sections for cationsrdnuhds. We predict the cross section for

ETD at the positive site of our model compound to be an order of magnitude larger than that for transfer to
the Coulomb-stabilized -SS bond site. We also predict that, in ECD, the cross section for electron capture
at the positive site will be up to 3 orders of magnitude larger than that for capture at-tBeb&nd site.

These results seem to suggest that attachment to such positive sites should dominate in predsitiogds
cleavage in our compound. However, we also note that cleavage induced by capture at the positive site will
be diminished by an amount that is related to the distance from the positive site to-thd@d. This
dimunition can render cleavage through Coulomb-assiste8 & attachment competitive for our model
compound. Implications for ECD and ETD of peptides and proteins in which SS-@&.Nonds are cleaved

are also discussed, and we explain that such events are most likely susceptible to Coulomb-assisted attachment,
because the SS o* and C=0 x* orbitals are the lowest-lying antibonding orbitals in most peptides and
proteins.

I. Introduction S—S bonds in peptides and proteins. Most workers agree that
the positively charged sites in the cation sample have a central

In electron capture dissociation (ECD) mass spectrometry role in attracting and binding the low-energy (ECD) or weakly

expie.rllmenté., very low-energy elgctrons a@tach to a gaseous bound (ETD) electron. Two variants of a mechanism used to
multiply posmvgly charged protein or peptide ion to generate explain ECD findings are shown in Scheme 1a and b,
very characteristic backbone bond cleavages. The fact that i . i i
primarily N—C, and S-S bonds are cleaved throughout much In the variant erlcted in Scheme 1a, an electron is _attached
of the backbone is a great strength of the ECD method, becausd©" transferred, in the case of ETD) to a protonated site of the
so many fragment ions resulting from these two specific parent catlon.to form a so-called Rydberg or hypervalent radmgl
cleavages are produced. The result is a wealth of information (1), after which several steps occur. The energy generated in
that can be used for protein sequencing. More recently, a variantthe electron capture event (ca. 3.5 eV or more) can, as the
of ECD, termed electron transfer dissociation (ETD), has also hascent Rydberg radical undergoes internal conversion to lower-
shown promisé, because it does not require the highly €nergy Rydberg states, eject a hydrogen radical with substantial
sophisticated and expensive Fourier transfeiam cyclotron kinetic energy. This hot H atom can, if properly directed when
resonance (FFICR) instrumentation of ECD. In ETD, one uses  €jected, strike the €0 z-bond and overcome a ca. 468 kJ/
collisions with a molecular anion (A to transfer an electron ~ mol barrief®4d5to form a C-OH radical (Il ). If the nascent
to the peptide or protein cation. This produces a less-exothermicRydberg radical relaxes all the way to the ground Rydberg state
(i.e., more “gentle”) electron-transfer reaction than that in ECD. (e.g., by distributing the exothermicity radiationlessly to vibra-
Although the fragmentation patterns characteristic of ECD tional modes), the elimination of a much colder hydrogen radical
and ETD are largely known (i.e., NC, and S-S bond can occur by surmounting only a 45 kJ/mol barrief?
cleavages dominate), the mechanisms by which these twoHowever, such a cold H atom will not be able to surmount the
processes occur is still under investigatfofihe present work ~ 40—68 kJ/mol barrier to form the €OH radical. After any
is intended to further elucidate some of the possible mechanismsC—OH radical is formed, the radicdll can then break its

that may be operative. N—C, bond (but must overcome a barrier to do so) to form the
A. Review of the Electron Capture Dissociation Mecha- ~ characteristic ¢ and z fragments observed in ECD.

nisms That Have Been Proposed_.et us briefly review what In the variant depicted in Scheme 1b, theNH3" site is

is believed to occdr* in the ECD fragmentation of NC, and involved in an interaction (e.g., a hydrogen bond) with the

carbonyl O atom when the electron (or the anion, for ETD)
* Corresponding author. E-mail address: simons@chemistry.utah.edu. strikes and attaches to theéNHs™. A proton-coupled electron-
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transfer event then occurs, in which the-N bond directed
toward the carbonyl oxygen elongates as theQHdistance
decreases, thereby generating the@H radical in a reaction
that has been estimatetb be 66 kJ/mol exothermic. This
concerted process has been shown to have a lower Bdhaer
does the sequential process involving H-atom loss from the
ground-state-NHs radical, followed by attack of €0, which
argues in favor of Scheme 1b over Scheme 1a.

Another interpretation of Scheme Qimvolves attaching (or
transferring) an electron to a high-lying Rydberg state that lives
long enough to permit the—NH3 site to subsequently move
near enough to the carbonyl oxygen to allow transfer of a H
atom to form the €& OH radical and to deposit sufficient energy
in the region of this radical to allow the barrier to1C, bond
cleavage to be overcome. In this view, the high-lying Rydberg
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SCHEME 2

however, it is clear that the positive site and its interaction with
the S-S bond are suggested to have central roles.

What characterizes all of the most commonly quoted mech-
anismd#>5 for ECD? Such characterization has the following
requirements:

(1) That the positive sites attract and bind the electron, and,
because of the higher proton affinities of the amine groups, these
positive sites are more likely to occur on amine groups than on
the carbonyl (E2OH") or SS (-SSH+) groups to which an H
atom eventually binds.

(2) That H-atom attack is likely involved (because of the high
H-atom affinities of the &0 and S-S groups) in generating
the C-OH or S—H groups that occur in the fragment ions.

(3) That the proximity of the positive sites to the=O or
S—S groups is important (either in establishing an interaction
to the C=0 or S-S bond to assist transfef @ H atom or being
close enough foa H atom ejected from-NH3" to be able to
reach the SS or G=0 bond).

B. Results That Seem To Suggest an Additional Mecha-
nism. Our interest in the ECD process began when findings of
the Marshall group seemed to suggest that mechanisms in
addition to those previously discussed might be involved. In
these experiments, a series of lysine-protonated dimers of Ac
Cys—Ala,—Lys (AcCAK+H)2" was subjected to ECD; each
of these protonated dimers have two monomers that contain (i)
n =10, 15, or 20 alanines labeled A (shown forming helices in
Figure 1 for then = 15 case), (ii) a cysteine labeled C (shown
in the center involved in an-SS bond to the other cysteine of
the dimer and linked to the helical alanines), and (iii) a singly
protonated lysine labeled-KH (shown at the termini and joined
to the helical alanines).

What was especially surprising about the findings of ref 7,
given the mechanism shown in Scheme 2 forSSbond
cleavage, were the following facts:

(1) S-S cleavage was the dominant event, when 10, 15, or
20 alanine units were present. In the case with 20 alanines, the
distance from the positively charged amine sites on the lysines
and the S-S bond is ca. 30 A. One clearly wonders how the H

state serves to “store” the attached electron until geometrical atom that is ejected (hot or cold) from the terminal lysine sites

motions allow the two important sites to achieve some critical

distance (and perhaps orientation). The high Rydberg state may

by interacting with the &0 bond, also serve to assist in making
this bond more susceptible to H-atom attack.

An analogous set of mechanistic ideas have been preséfited
to explain how S-S bond cleavage occurs in ECD; these ideas

are summarized in Scheme 2. Again, there may be differencesrigure 1. Structure of an (AcC,QgK+H)22+ disulfide-linked dimer

in the details of how various workers interpret this mechanism;

(from ref 7).
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can find its way to the SS bond when the distance is so large. PATHWAY 1. Fragmentation Beginning with
One also wonders how a high-lying Rydberg orbital localized Attachment to the Positive Site.

on the lysine site could assist in (efficiently) transferring an H e

atom to a S-S bond that is 30 A away. Certainly, the overlap HH HH o

of such a large Rydberg orbital with the-S bond’so* orbital o O xH s—cC NI
' i ; ; H S QH NyH oS N

would decrease as the distance (i.e., the number of alanine units)  j.c—s H H H:C—S H

increased. It has been sugges$tiwit the alanine units may not H

be as helically arranged as shown in Figure 1 and that the

terminal lysine chains may therefore be able to come sufficiently

close to the SS bond to effect H-atom transfer, as in Scheme HH

1. However, ion mobility measuremehtsuggest that the H\S_CW/‘C\N_WH

extended helical structure shown in Figure 1 is likely what is H"-‘c—s. WoOH

i

present in the ECD experiments of ref 7.

(2) Even when the species shown in Figure 1 has its two
positive lysine units replaced by sodiated amine groups (i.e
K+H replaced by-NH,Na") to give (AcCAsNHNa)y?", S-S

PATHWAY 2. Fragmentation Beginning with
' Attachment to the S—S ¢*-Orbital.

bond cleavage was found (ref 7) to be the main fragmentation HH ¢ H H
under ECD conditions. Because the Na-atom affinity efSS S n d M
bonds is not nearly that of their H-atom affinities, it is difficult H S CH N\-:;H HoS—Cn N-H
to explain how S-S bond cleavage can occur. It has been ",!‘ii‘:*s H ';!‘,“-C*S ¢

suggestetithat H atoms could be ejected from theNH,Na
groups after NpNa' is rendered neutral by electron attachment;
however, this seems unlikely to us, based on the fact that the

Na" affinity of —NH; is less than the proton affinity 6fNH, HH

so it seems much more likely that sodium would be ejected H HH T W _s—cﬁcmfmvﬂ

than hydrogen. 4 ‘s NeH H:C—Se H
Therefore, it seemed apparent to us that something more must y.c—Se H H

be happening in ECD cleavage of S bonds (and perhaps in

N—C, bond cleavage, as we discuss later). In our initial »

investigation® into these matters, we considered the possibility STMall positively charged molecule shown below, where we also
that the Coulomb potentials produced by any positive site(s) ShoW the two fragmentation pathways that we examined. This
(e.g, be they-NH3" sites on lysine or A-NENa* sites) could molecule was ghosgn because the distance between the positive
lower the antibonding SS o* orbitals! to an extent that would ~ Sit€ and the midpoint of the-SS bond (ca. 4.8 A) makes the

render direct electron attachment into such orbitals exothermic, Coulomb potential at the-SS bond ca. 3 eV. This stabilizing
We were aware that dissociative electron attachment (DEA) Potential then renders the-S o* state, to which itis 0.9 eV
experiments showéd that direct vertical attachment of an €ndothermic to attach an electron in the absence of any such
electron to a S'S o*-orbital was endothermic by 0:51.0 eV pote_‘r_]tlal, e_xotherm|c t_)y 2 eV for electron attachment. In
(depending on the nature of the groups attached to the two gaddition, this molecule !s_s_,mall enough to aII_ow us to perform
atoms). Because ECD conditions do not contain (many) such "€@sonably reliable ab initio calculations onit.
electrons, it seems unlikely that direct DEA could be occurring. Our primary flr]dlngs of ref 10b are sum.manzed in Figure 2.

We should note that we were not the first to consider the The essential points to be gleaned from Figure 2 are as follows:
idea that nearby positive charges could alter electron attachment (1) The Rydberg-attached species lies (vertically) ca. 4 eV
energetics. We note that, in 1997, Berges et'%ain an _below the parent and its energy varies with S bond length
investigation of lysozyme reduction, theoretically studied adding in @ manner that tracks that of the parent, as expected, because
an electron to a model system that involved a guanidinium cation having an electron in the Rydberg orbital hardly alters th&S
((NH,)sC") in close proximity to an HSSH molecule. The bonding.
(NH)3C* ion alone was shown to bind an electron by ca. 3  (2) This Rydberg-attached species can undergo an intra-
eV, and, of course, the HSSH is unstable, with respect to vertical molecular H-atom migration along a path in which the $
electron attachment (by ca. 0.9 eV). In the study of ref 13, it bond length is not the only primary component to the reaction
was observed that an electron could bind either to theJAG+ coordinate. This migration begins with elongation of oneti
site of the (NH)sC*+-*HSSH complex or to the HSSH site. The  bond, moving the H atom over a small barrier (labeled “1” in
latter they viewed as a zwitterion having the character Figure 2) and onto an S atom to generate the Mg§SH,CH,—
(NH2)sC*+++HSSH", but they did not make the observation that NH2 radical (the point labeled “2” in Figure 2), which then
the electron was bound in the-S o*-orbital. We should also ~ €volves over another low barrier (labeled “3") by stretching the
note that, in ref 1c, it was suggested that positive charges nearS—S bond to generate the Megadical and the closed-shell
S-S bonds might increase the electron affinities of such species, HSCHCH,—NH_ (the point labeled “4”). Because the transition
although, again, the role of the—S o*-orbital was not states involved in these N\H and S-S bond movements are
discussed. It is our belief that we were the first to suggest that low in energy, the net result is facile fragmentation of the
Coulomb potentials could stabilize sughorbitals to an extent ~ Rydberg-attached species to produce Ma®l HSCHCH,—
that would render direct vertical electron attachment exothermic. NHz.

. . . . (3) The S-S o* attached species vertically lies below the

Il. Review of Our Earlier Studies on Coulomb-Assisted parent by ca. 2 eV (as expected based on considerations of
S-S and N-C, Bond Cleavage Coulomb stabilization) and is spontaneously dissociative to

In one of our recent studit® of how electrons might bind generate the MeSradical and the S—CH,—CH,—NH3z*t
directly and exothermically to-SS bonds, we considered the zwitterions (drawn in the right-hand margin of the So* curve
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Figure 2. Energies of #) the parent MeSSCICH,—NH3" species, ©) the Rydberg-attached species, a®) the S-S o*-attached species, each
as a function of the SS bond length (as shown in ref 10b). The Rydberg-attached species also can fragment along a path (1, 2, 3, 4), as detailed
in the text.
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in Figure 2). The latter species spontaneously rearranges by way g /' o e % € OB WY
of an intramolecular proton migration to produce HSH,— | k /
CH,—NHjy, as indicated by the solid arrow shown at the right
margin in Figure 2. 0 4

In addition to examining the feasibility of direct electron e
attachment to SS bonds, as previously discussed, we also 65 10 15 20 25 30 35 40 45
considered the possibility that electrons could attach exother- Bond length A)
mically to carbonybr*-orbitals to induce N-C, bond cleavage Figure 3. (a) Model peptide used in ref 14. (b) Energies efd(—)
via a pathway such as that shown in Scheme 3. the parent speciedlif 7*-attached species, and) o*-attached species

Near the equilibrium €0 bond length, a €O z*-orbital for the model peptide from ref 14 (Figure 3a), each as a function of

is ca. 2.8 eV unstable (ref 14), with respect to vertical electron the N—C, bond length.
attachment, as shown in Figure 3b, where we show results thatendothermic, as mentioned previously. However, when any
we obtained for the model peptide shown in Figure 3a. positive site is withi 5 A of the CG=0 z-bond, its stabilizing

In the data displayed in Figure 3b for the model peptide Coulomb potential will lower ther*- and o*-curves shown in
shown in Figure 3a, there is no stabilizing Coulomb potential Figure 3b by amounts that will render direct vertical attachment
present, so direct vertical electron attachment is ca. 2.8 eVinto the G=0 z*-orbital exothermic. After an electron enters
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the r*-orbital, forming the species labelét in Scheme 3, the  arising in these larger species could considerably alter the rates
N—C, bond can be broken by passing over the barrier formed of electron transfer, and we wanted to focus this study on the
by thes*/ o* curve crossing in Figure 3 to produce spediks intrinsic rates of such processes. For all of these reasons, we
in Scheme 3. This nascent zwitterionic complex can then settled on using the #€~ anion as our transfer agent.
undergo spontaneous proton migration, analogous to that The impact parameter and orientation of the anion, relative
discussed for SS bond cleavage in Pathway 2, to generate the to the cation, were sampled by placing the anion at many
final ¢ and z fragments. positions on a grid 30 A long and 20 A wide above the N atom
We should also mention that, very recently, Syrstad and of the cation. We imparted zero initial kinetic energy to the
TureceR® proposed that electrons could directly attach to amide relative motions of the anion and cation, to simulate the type
groups when one or more positive charges are nearby. Theyof low-kinetic-energy conditions used in ETD; of course, the
also suggested a mechanism very similar to that shown in Coulomb attractions between the two ions causes them to
Scheme 3 but with the proton transferring to the carbonyl accelerate toward each other and, thus, gain kinetic energy.
oxygen in concert with cleavage of the-C, bond. Also, quite The MD simulations were performed using the SANDER
recently, Bakken et dB used ab initio quantum chemistry and module of the Amber 7.0 program with the parm99 force fiéld.
classical molecular dynamics simulations to examine several The HF/6-31G/RESP methodold§yvas used to derive charges
reaction pathways that could arise in peptide fragmentation of for the system studied here. Simulations were performed in
N—C, bonds. vacuo at a constant total energy, and data for each run were
Therefore, it seems that a plausible case can be made thagollected every 4 steps (i.e., every 0.04 ps).
Coulomb-assisted direct electron attachment might occur for In each classical trajectory, we monitored the distances
cleaving S-S and N-C, bonds. It is important to note that the  between the C atom of the methyl anion and both the N atom
Coulomb-assisted direct attachment mechanism is most likely of the MeSSCHCH,NH3* cation Ry) and the midpoint of the
to be operative for the cleavages that occur in ECD and ETD, S—S bond in this cationRsg). The simulations were terminated
because these two cleavages involve the two lowest-energyafter theRy andRssvalues were less than the estimated values
(S-S ¢* and G=0 x*) antibonding orbitals found in most  of the two crossing distance®{ ~ 3.5 A andRss ~ 13 A).

peptides and proteins. To cleave, for example, arOy bond The coordinates of the atoms in the cati@mion collision
by directly capturing an electron into te&-orbital of this bond ~ complex were then used to perform single-point energy cal-
would require much greater Coulomb assistance, because the&ulations at the unrestricted Hartrelock (UHF) level of
N—C, bond is very strong; it is the relatively weak-S o and theory;® using aug-cc-pVDZ basis se¥$.To generate the

C=0 x bonds that have the low-lying antibonding orbitals that MeSSCHCH;NH3"+::CHz~ and MeSSCHCH,NHj:+-CHz (with

are more likely involved in Coulomb-assisted ECD or ETD. the electron either residing in the-S o*-orbital or in the
This brings us to the primary focus of the present effort. We —NHs" Rydberg orbital) energies as functions Rfs or Ry

aim to probe the relative cross-sections (or probabilities) for (shown later in Figures 6 and 7)we performed such UHF

attaching an electron either to the positive site or to thesS ~ calculations at a range &values but with all other geometrical

o* orbital of the same model compound as we used in ref 10b, degrees of freedom frozen at the values they have in the

Me-SS-CH,—CH,—NHs*. The observations we make will also ~ terminated MD simulation structures.

shed light on the relative attachment rates for Coulomb-stabilized ~The MeSSCHCHzNHj;--CHs calculations are especially

C=0 7* orbitals. By providing a framework in which to  Problematic at geometries where the MeSSCH;NH3-+-CHs

understand what governs the propensities for electron attachmengnergy lies above that of the MeSSEH,NHz"++-CHs™ ion-

to the positive and Coulomb-stabilized bond sites, we hope to Pair state. To overcome these problems, we use a device that

make progress toward unraveling the full story behind the We have found (see refs 10) to be useful in many earlier studies

mechanism(s) by which the ECD and ETD reactions occur.  Of such electronically metastable states. Specifically, we arti-
ficially increased the nuclear charges of the atoms (S and S for

. Methods the S-S o* state or N for the Rydberg state) involved in
accepting the transferred electron by an amdgrii.e, we made
Although we are attempting to gain insight into the electron the nuclear charges of S equal to £65q and that of N equal
attachment event in both the ECD and ETD processes, let Usto 7 x ¢q) and performed the MeSSGEH,NH3+++CH; and
begin by discussing how we model ETD. We make this choice MeSSCHCH;NHs*++~CHs calculations. These calculations
because ETD involves collisions between two molecular ions, were performed for several values o6 (g = 0.1, 0.2, ...,
both of whose motions one can hope to model using classicalg 5), and the energy differences between the two species were
dynamics, whereas in ECD, one of the CO"Idlﬂg SPECies is an then extrap0|ated tQSq = 0 to obtain the true energy of
electron that should be treated in a quantum manner. MeSSCHCH,NHs+CHs, relative to that of MeSSCH
In the molecular dynamics (MD) calculations relating to ETD, CH,NH3"---~CHa. All of our calculations were performed using
the starting structure of our simulations was taken to be the the Gaussian 03 sufeof codes.
MeSSCHCH,NHs™ cation at its equilibrium geometry with a ) ) )
CHs~ anion 50 A away. We chose to use this anion because it V- Comparison of the Two Competing Attachment Sites
has a relatively small electron binding energy (and, thus, results The first issue to address is why one might not expect
from it may also be relevant to ECD, which might be viewed attachment to any positive site such-aslHz" to overwhelm
as involving the transfer of an electron from a species with zero attachment to an-SS ¢*-orbital (or a C=0 z*-orbital), given
binding energy) and because its small “size” allows us to that the negatively charged electron certainly will be strongly
accurately monitor, during the classical trajectories, the distanceattracted to the former site. In this discussion, we will include
from the sites from which the electron is transferred and the what happens in ETD processes, so we also need to address
site(s) to which it is attached. The anions used in the ETD why electron transfer to an-SS o*-orbital or a G=0 z*-orbital
experiments of ref 2 had much larger structures (e.g., of the might be competitive with transfer to a positive site such as
size of anthracene). We chose not to use one of these species-NH3*t, even though the Coulomb forces will cause any anion
in our initial investigation because we believe steric factors used in ETD to be preferentially attracted to the positive charge.
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o* orbital molecular cations of the complexity treated here, so we must
@ = resort to another approach to address the essential question of
whether the electron will more likely bind to the Rydberg or
/_\W/\ the S-S o* (or C=0 x*) site. Our approach is to first address
the ETD case and to then attempt to extract from its lessons, as
well as from considerations of earlier workers on electron
cation and electronmolecule capture processes, information
that might apply to ECD.

SS bond-site potential in absence of positive
charges gives metastable §S o™ state

o* orbital _'(HH 1. The Electron Transfer Dissociation Case.The ETD
oo % experiment involves collisions between a peptide or protein
— cation and an atomic or molecular anion. The relative transla-
Y tional motion of these two fragments can be treated reasonably

well using classical dynamics methods, such as those we have
utilized in the present work. Our approach to estimating the

SS bond-site potential in the -NH;" site relative probabilities for transferring an electron from the valence
presence of positive charges potential also can orbital of A~ to either the Rydberg-site orbital or the-S o*
giving bound o* state. bind the electron site (or the G=O * site) has been to conduct classical trajectory

Figure 4. Qualitative depictions of attractive potentials occurring in  Simulations in which the following conditions are valid:

the model MeSSCKCH.NH3" species. The bold line shows a (1) The MeSSCHCH,NH3" begins at its equilibrium geom-
metastable (top) or bound (bottom) state for an electron. (See text for etry;24

details.) (2) The anion (we have chosen to useLHecause it binds

the electron weakly (ca. 0.1 eV in reality but 0.66 eV using the
basis set and theoretical method that we employed here)) has a
relatively large orbital that can effectively overlap with either
the Rydberg or SS o*- (or C=0 z*-) orbitals. Its weak binding

may also allow us to draw conclusions pertinent to the ECD
case, because a very weakly bound electron in ETD may behave
similar to a free electron in ECD;

(3) The anion-cation distance is initially very large (we use
avalue of 50 A) and there is zero initial inter-ion kinetic energy
(see ref 24);

(4) A large range of impact parameters and orientations of
the MeSSCHCH,NH3" are used.

In each such trajectory, we monitor the distances between
bind an electron by ca. 4 eV. the C atom of the methyl anion (the center of negative charge)

We want to emphasize that, based on the ideas put forth in@nd Poth the N atom of the MeSS@EH,NH5" cation Rn)
Figure 4, bonds that are very close to any positively charged @"d the midpoint of the SS bond Rsg in this cation. These
site may have their antibonding(or 77*) orbitals so drastically distances have important roles in our S|_mulat|ons of electron
altered by the Coulomb potential of the nearby positive site that ansfer, because they govern the coupling between the' CH
they make the binding of an electron to such orbitals impossible. orb'tf‘l from which the electron leaves and the MeSSCH,-

A possible example of such a situation may be offered in a NHs" cation’s Rydberg and SS o*-orbitals into which the
recent study of dissociative recombinafidrperformed on electron MOvVes. ) -
protonated MeSSMe and onN-methylacetamide. In the For each trajectory, we need a way to estimate the probability
former, the protonation site is at one of the S atoms and in the that an electron-transfer event will occur and to which site (i.e.,
latter, it is on the amine N atom. In this work, it was found that Rydberg or SS) it will happen. In Figure 5, we show
H-atom loss was the dominant channel (82%) for protonated qualitative plots of_ pote_ntlal energies for three (_alectronlc states
N-methylacetamide and €S bond cleavage was the major ©f an ETD system in which MeSSGEH,NH5" cations undergo
channel (62.5%) for MeSSMe (although-S cleavage as well collisions with a molecular anion we callP/ACHs™ in our actual

as the formation of Me- S + SMe accounted for 32 % of the  Simulations). Of course, in our trajectory simulations, actual
fragments). However, in our opinion, both of these test interfragment p(_)tential energies are computed; however, Figure
molecules are not good candidates for the type of Coulomb- 5 helps.t.o. explain the essence of how we extract electron-transfer
assisted bond-attachment process that we have been studying?robabilities.

We believe the positive charges are too close to merely The three different electronic states whose potentials are
Coulomb-stabilize antibonding orbitals, so one observes what depicted in Figure 5, as functions of the distafebetween

is characteristic of dissociative recombination: cleavage of the C atom of CH™ and the N atom are as follows:

bonds immediately surrounding the positively charged sites. We (1) The MeSSCHCH,NH3s" + A~ ion-pair state whose
would like to see experiments such as those described in ref 23potential displays a characteristic Coulomb shapé/R-e=

A. The Bond-site and Rydberg-site Attractive Potentials.
In Figure 4, we offer what we think is a qualitatively useful
depiction of the potential experienced by an electron (free in
ECD or bound to an anionAin ETD) approaching a molecule
such as Me-SSCH,—CH,—NH3" containing two sites of
attraction. In the top of Figure 4, we show the potential that
would result from the SS o*-site if no charge were present
on the—NH3* group; this is meant to show a locally attractive
potential that is not deep enough to bind an electron, which is
consistent with accessing the-S ¢*-orbital, being 0.9 eV
endothermi@? The bottom part of Figure 4 is intended to show
a potential near the-SS g*-orbital that can bind an electron
by 2.0 eV and a deeper potential near thidH3™ site that can

conducted on our MeSSGHH,NHs" ion to determine the ~ —14.4 eVRy, if we expressRy in units of A) at inter-ion
branching ratio for SS and N-H bond cleavage, for example.  distances where repulsive potentials (e.g., from inner-region
B. Expected Rates of Resonant Electron TransferThe electrons and nuclei) have not yet arisen. The asymptote of this

interaction of an electron with a positive ion is most rigorously state forms our reference point (i.e., zero) of the energies
treated within the framework of quantum scattering theory, indicated for all the curves shown.

where the wave nature of the electron can be accommodated. (2) The MeSSCHCH,;NH3; + A state in which the “extra”
Such an approach is presently beyond our capabilities for electron has transferred frontAo the Coulomb-stabilized-SS
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Figure 5. Potential energy of interaction between the MeS3UHNH;" cation and the anion A as well as potentials for the two charge-
exchanged species. (See text for details.)

o*-orbital of MeSSCHCH,NH3". Asymptotically, this state lies P, = 1— exp[-2x77 J(hv | AF, )] (1a)
below the separated-ion state by 2.0 eV (the Coulomb-stabilized 5

electron binding energy of the-S5 o*-orbital) minus the Prydberg™ 1 = €Xp[=2777 {(hv,|AF, 4)]  (1b)
electron affinity of A, which we calEA(A) (e.g., 0.66 eV for

our CHs"). wherev; andv, are the velocities introduced previousiVi-1 5

(3) The MeSSCHCH,NH; + A state in which the “extra” is the difference is the slopes of the two potential surfaces at
electron has transferred from-Ato the —NHs* centered the crossing point, and’; ; represents the electronic Hamiltonian
Rydberg orbital of MeSSCHCH,NHs*. Asymptotically, this matrix elements connecting the pairs of electronic configurations
state lies below the separated-ion state by 4 eV (the binding whose curves Cross. Assuming that the two curves In which
energy of the Rydberg state) minB#\(A) either state of the neutral MeSSEEH,NH; interacts with the

id h h . ical neutral A are essentially flat at large interfragment distances,
Let us now consider what can happen in a typical ETD ,nq that the curve describing the MeSSCHoNHg™ + A~

- U : : .
coI_I|S|on between one MESSQEHZN_H?’ cation a_n(_j_one A ) interaction can be approximated-as¥R, we can solve for the
anion that encounter each other with very low initial relative 4 ¢rossing distances (if the distances used are given in units
kinetic energy (as characteristic of ETD). Their attractive 5t & and the energies appear in units of eV):

Coulomb potential will cause them to be accelerated toward

each other (with the-NH3" site of the cation moving toward 14.4

A7). As the ions reach the first “crossing” geometry (denoted 1= 20——EA(A) (2a)
by the upper circle in Figure 5), their relative kinetic energy

will be 2.0 eV — EA(A), from which we can evaluate their R,= _ 144 (2b)

relative velocityy; = [2(2.0 eV — EA(A))/u]*?, in terms of the 4 — EAA)

reduced mass of the two ions. At this first crossing point, a

resonant electron transfer from the orbital of iAitially holding as well as for the slope differenca (given in units of eV/A)
the electron and the-SS o* orbital is possible. At the second ~ at the two distanceAF; » and AFy

crossing point, the relative velocity is = [2(4 eV — EA(A))/

1]¥2 and resonant electron transfer to théNHz;™ Rydberg AF, ,= 144 (3a)
orbital can occur. ' R

The probabilityP of such resonant transfer processes can be 14.4
expressed in terms of Landadener-Stueckelberg (LZS) AF) 3==—- (3b)

theory® as follows: Rg
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For the CH™~ anion that we use for A the value ofEA s ca. -1.084

0.66 eV, soR; = 10.75 A|R, = 4.31 A, AF;, = 0.125 eV/A

= 2.42 x 1072 hartrees/bohr, andF; 3 = 0.775 eV/IA= 151 -1.104

x 1072 hartrees/bohr. The velocities at the two crossing points

can also be obtained for this specific case, and we fine- 3124

1.9 x 1072 bohr/au ands, = 3.0 x 1072 bohr/au. Of course, E » 8cni'

these values are only estimates that can be used to gain"-;[j 144
qualitative predictions of the transfer rates. However, as we show
later, the predictions achieved within this model are in rather %
good agreement with those obtained by running classical 5
trajectories. We should also note that LZS theory has been 3
successfully applied to a problem that is very similar to that
studied here: the calculation of transition probabilities for
cation—anion pairs being formed when species in Rydberg and -1.204
valence states collide. It is also usétb interpret the rates as

which electrons are transferred from Rydberg states of atoms = -12+—F—F—7F———7———7—T1— —
to molecules with large dipole moments to form dipole-bound 27 128 129 130 131 132 133
anions. R[A]

The only quantities one still needs to obtain to permit an Figure 6. Energies of the MeSSGIBH,NHs* + CHs~ (higher curve
estimate of the rates of hopping from the (diabatic) MeS$CH at largeR and lower curve at smaR) and S-S o* (lower at largeR
CHoNHs' + A~ surface to either of the two (diabatic) charge- and higher at smalR) MeSSCHCH;NH; + CHs surfaces, each as a
exchanged surfaces are the two Hamiltonian matrix elementsfunction of the distance from the methyl C atom to theSSmidpoint.
I 2 (for the S-S o* surface) and’; 5 (for the Rydberg-orbital 8-
surface). These coupling matrix elements, which result in the
adiabatic surfaces, are dependent on the overlaps between the
orbital of CH~ that initially holds the electron and the-S
o*-orbitals and Rydberg orbitals into which the electron is
transferred. To obtain these matrix elements for use in calculat-
ing electron-transfer rates, we performed several electronic
structure calculations in the neighborhoods of the two crossings.
Within the first neighborhood, we calculated the energies of
two different electronic states: that with an orbital occupation
corresponding to the MeSSGEH,NHz* + A~ ion pair, and
another with an orbital occupancy corresponding to MeSSCH -3.8-
CH2NH3 + A with the electron residing in the-SS g*-orbital.

Within the second neighborhood, we also calculated the energies 4.0-
of two different electronic states: that with an orbital occupation . : : : : : :
corresponding to the MeSSGEH,NH3z" + A~ ion pair, and 34 36 38 40 42 44 46
another with an orbital occupancy corresponding to MeSSCH R[A]

CHzNH3 + A with the electron residing in the NH3™ Rydberg Figure 7. Energies of the MeSSGIBHNHs* + CHs~ (higher curve
orbital. By plotting these pairs of energies throughout the atlargeR and lower curve at smaR) and—NHs* Rydberg (lower at
crossing regions, we extract the magnitude of the coupling large R and higher at smalR) MeSSCHCH,NH; + CH; surfaces,
Hamiltonian matrix element from the smallest energy spliffing  each as a function of the distance from the methyl C atom to the N
between the energies of the two adiabatic states. In Figures 6310

and 7, we show two such avoided-crossing plots; one relates togenerates an almost collinear arrangement of th& 3\, and

the S-S o* state and one to the NHs" Rydberg state. CHs~ units as the trajectory enters the curve-crossing regions.

Note that the distance at which the avoided crossing occurs Representative such geometrical configurations for the &
for the Rydberg case (3.65 A) of Figure 7 is not exactly the and—NHs* Rydberg curve crossing regions are shown in Figure
distance (4.31 A) predicted by the simple Coulomb model g.
introduced previously. This is because the MeSSCHNH;" Knowing that all trajectories access such geometries near the
+ A~ potential is not purely Coulombic and the MeSSEH  crossings allows us to relaRy to Rss given that the distance
CH:NHs + A potential is not entirely flat. The distance at which  from the midpoint of the SS bond and the N atom is 4.8 A.
the avoided crossing occurs for thecase (13.05 A) of Figure Thus, theRss = 13.05 A value shown in Figure 6 corresponds
6 seems to be much larger than that (10.75 A) predicted in theto a value ofRy = 8.25 A, which is shorter than thBy =
Coulomb potential model. However, what the Coulomb model 10.75 A value predicted using the simple Coulomb formula
predicts is the critical BC~ to N distance Ry), whereas in (again because the potential curves are not entirely Coulombic
Figure 6, it is the HC™ to S—S bond midpoint distanceR§s) and flat as assumed).
that appears on the horizontal axis. Thus, to compare the One other important point to make involves how trajectories
prediction of the Coulomb model to the ab initio computed move through the two crossing points. From Figure 5 and
crossing point, we must relat®y and Rss for this o* crossing keeping in mind the near-collinear S8I—CH;z geometries that
case. We noticed by examining many dynamical trajectories characterize essentially all trajectories at the critical distances,
that, regardless of where (i.e., impact parameter and orientation)it should be clear that the-S o* crossing will always be
the CH;~ ion initiates its collision, the attractive Coulomb forces accessed before theNH3™ Rydberg crossing, as illustrated in
between it and the nitrogen center of MeSSCH,NHz" Figure 9.

-1.164

-1.18+

Relative Energy [eV]

/193 cnt'
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C'J.’
] - | . | _
Figure 9. Prototypical bond (B) and cationt) compound, with B
Figure 8. Representative geometries realized when Ql¢ft) collides and+ separated by a distanceThe spheres, of radity andRs, denote
with MeSSCHCH;NH;" and reaches the-S5 ¢o* (top) and —NH3* the surfaces at which an anion (or electrengtion Coulombic energy
Rydberg (bottom) curve crossings, clearly showing the characteristic surface will intersect the bond-attached or cation-attached energy
near-collinear &N—SS orientation. surface, respectively.

Thus, all trajectories will have a chance to undergo an electron Therefore, the two cross sections (and, thus, the rate constants)
transfer to the weaker bond-attachet, (n our case) site before ~ are more similar than are the attachment probabilities.
realizing a chance to transfer to the strongerattached To refine the accuracy of our determination of the prob-
(Rydberg, in our case) site. This somewhat counterintuitive abilities for transferring electron and cross sections, we subse-
observation suggests that Coulomb-assisted bond attachmenguently repeated our UHF-level studies (as detailed in Figures
may indeed have a chance to compete against the stronge6 and 7) at the second-order MgHedrlesset (MP2) correlated
positively charged site. level of theory. We found that the magnitudes of the matrix

Now, let us return to estimating the electron-transfer rates, elements are
which is the primary focus of this work. From the closest
approach between pairs of the energy-versus-distance plots o= lcm? (8a)
shown in Figures 6 and 7, we can evaluate the magnitudes of
the 9 » and %4 3 matrix elements: Hy5=59 cm (8b)

T =4 cmt (4a) Inserting these new values of matrix elements in eqs 5, we obtain
’ probabilities of 2.84x 10°and 100.23x 10~*for transferring
Ty 3=96cm ! (4b) an electron to the SS o* site or the —NHs™ Rydberg site,
respectively. Therefore, we can approximate the two cross
Combining these coupling matrix elements with the force and Sections as
velocity estimates quoted previously, we can evaluate the

quantity entering into the exponential factor in eq 1: o, =0.01 R
2nAE, and
— =" =454x 10" (5a)
Ruy|AF, 4 Onvabers= 0.58 &
ydberg™
hznii:“ =267x 10" (5b)  atthe MP2 level of theory.
Vol AFy 4 As noted previously, these results are based on approxima-

. i tions to the ion-pair and neutral energy curves and to the
Because these factors are small fractions, we can approximatgegyitant velocities and force differences, although they do use

the exponentials appearing in eq 1 asédxp(—x) ~ x to obtain ab initio data for the Hamiltonian couplings. Nevertheless, they
the probabllltles for transferring an elgctron either to theSS suggest the following:
o* site or to the—NH3" Rydberg site in a resonant process: (1) The couplings are weak enough to render the probabilities
4 per collision for hopping either to the-S5 o* surface or the
Py =4.54x 10 (6a) —NHs" surface small. This implies that the cross sections for
_4 bond cleavage via either mechanism should be a small fraction
Prydverg= 267 x 10 (6b) of the collision cross section, as the data of eq 7 stow.
) ) N (2) Although transfer to the Rydberg surface is more likely
When we use the actual classical trajectory velocitigs2.8 than to thes* surface (primarily because of the larger Hamil-
x 1072 bohr/au andv; = 6.2 x 1072 bohr/au) and potential  tonjan coupling), the difference in probability is not more than
slope differencesAF, = 8.7 x 10~ hartree/bohr and\Fy,5 2 orders of magnitude and the cross-section ratios are even more

= 1.0 x 10 ? hartree/bohr), we obtain,P= 8 x 10* and similar.

Prydoerg= 182 x 107%, in agreement with the simple Coulomb  Before moving on to discuss the ECD case, let us
model’s predictions (egs 6) to within a factor of 2. To estimate consider what one might expect if the §Hanion used in
cross sections for these two processes, we can multiply thesehe present simulations were replaced by another anion. To

probabilities bysRZ for the two crossing radii and obtain do so, we examine the factors entering into the quantity
) ZmW‘izl(huﬂAFl,zl) and the crossing radius. If an anion with a
0,=0.16A (7a) larger electron binding energy than g€Hwere used:

) (1) Both theo* and Rydberg crossing points would be shifted
ORydberg— 16 A (7b) to smaller values oR, so both they and|AF| values would be
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larger but not by orders of magnitude. These trends would havethe positive site(s) (of our model compound or of a peptide or
a tendency to decrease the electron-transfer probabilities. protein sample)KE increases, s@ decreases. At the crossing
(2) However, both the’; » and % 3 values would be larger  points (i.e., as in Figure 5 but withA(A) = 0), the electron’s
(and could be so by considerable amounts), because thesdinetic energy will equal the binding energy of the-S ¢*
coupling matrix elements are dependent on the overlaps of thesite (first crossing) or that of the NH3* site (second crossing).
anion orbital and the SS o*-orbital or —NH3* Rydberg orbital. ~ Using values of 2 and 4 eV, respectively, for these two binding
Such overlaps are dependent exponentially on the distanceenergies, we obtaih values of 8.7 A (at the SS ¢* crossing)
between the two centers where the orbitals are localized, whichand 5.8 A (at the-NHs* crossing). To the extent that waves
is why we suggest the matrix elements could be much larger of these/ values overlap with the*-orbitals and Rydberg
for anions with higher electron binding energies. Moreover, orbitals, whose radial extents are not that much smaller than
because it is the squares of these coupling elements that appeapese values, the coupling matrix elemefis, and 7 3 will
in the electron-transfer rate expression, these trends would likely pe significant. Although the evaluation of Hamiltonian matrix

have a tendency to dominate those resulting fromnd AF elements between continuum electron wave functions and bound
and, thus, produce greater transfer rates. orbitals is beyond our current abilities for systems as complex
have a tendency to decrease both cross sections. by more than an order of magnitude for the two cases at hand.

Of course, the opposite trends would apply if an anion with e say this because the de Broglie wavelengths are similar (6
a smaller' binding energy were useq. To the extent that ECD & gnd 9 R), as are the radial extents of theorbitals and
can be viewed as ETD with an anion of very low electron Ry qperg orbital§! The primary conclusion of this analysis is
binding energy, this would seem to suggest that the transfera; there is no reason to believe that the relative probabilities
probabilities in ECD should be smaller than those in ETD, ¢ transferring to the SS o* site or to the—NH3z" Rydberg

because the7,, and 71,3 matrix elements in ECD would be site will be substantially different in ECD than the aforemen-

Ismaller than those Itn tEhTD'Eq_ODWfr\]’_er’ betlzgl;]se ECtD Vé'" havte tioned estimates in ETD suggest. Of course, these conclusions
arger crossing points than » IS would have a tendency 10 56 pased on our ability to view the ECD process as being

|nc|:re3]se fthltla Cross sect:_tlons an;:i, :Llus,dt_he rateti. ECD similar to an ETD event whose anion has a vanishingly small
n the following section, we further discuss the case, glectron binding energy.

but before moving on to that topic, we note that an interesting x
To base our analysis of ECD on an even broader set of

suggestion results from the aforementioned analysis. In par- . i -
ticular, we suggest that if one were to use an anion whose €XPeriences, let us also examine what is known about the cross

electron binding energy exceeds that of theS* site (i.e, 2 sections for attaching low-energy electrons to cations and to
eV for the model cation used in this work, but smaller if a cation Neutral molecules and consider applying this knowledge to our
with more methylene units (such as MeSSELNHst) were o* and Rydberg ECD attachments.

used?), one could render transfer to tle-site energetically Unfortunately, very few absolute cross sections have been
impossible. In this case, one could expect that ams®ond determined for electron attachment to cations, and, to the best
fragmentation must result from electron attachment to the of our knowledge, this cross section is not known for our model
Rydberg site, followed by bond cleavage via the mechanism of compound. It is know#? that the cross section for the attachment
Scheme 2. Conducting such ETD experiments would be anof 0.1 eV electron® to a cation site such as QH+ e~ —

excellent test of the validity of the Coulomb-assistedSSo* OHjz is on the order of 10" cn?. It is believed that the process

attachment mechanism that we have suggested. occurs by initial capture into a high Rydberg state of the;OH
2. The Electron Capture Dissociation Caselt is not at all radical, followed by radiationless relaxation to lower electronic

clear that the rates of electron transfer to theSS* (or C=0 states. Moreover, the cross section forsSH- e= — SHs is

7*) site and the—NH3* site in ECD experiments can be also ca. 10 cn?, so it seems reasonable to assume that the

estimated using analytical expressions (e.g., eq 1) applicable to—NHs;* + e~ — —NH3 Rydberg-site attachment cross section

ETD with the anion binding energy set to zero. is in this same range for electrons in the 0.1 eV energy range
After all, when the electron is electronically bound in an that is applicable to ECD.

orbital of any stable anion, it is spatially localized (albeit  \yhen considering attachment to ieorbital, we again face

probably over a substantially large orbital, because anions have

N . s ; a situation in which the absolute cross section for our compound
small e.Iect.ron binding energles). and, thus, Its trajectory toward s ot known. Therefore, we must make a reasonable estimate
the cation is governed by classical mechanics. In contrast, the

f lect f ECD should be d ibed b dally d of this cross section as well. The dissociative attachment cross
ree electrons o shou € described by spatially d€- gqqtign for attaching to the*-orbital and subsequently cleaving
localized continuum functions and treated by quantum mechan-

. N . X the C-Cl o-bond in CHRCI + e- — CI~ + CHF; has been
|crso.c'l‘;2§;esfolrji,i r:t |Savr\]llsilre] (;Cel aet:]edﬂ;ﬁ: tg g?gaiﬁt'rgatﬁlsa?:j;g”[)e etermined* to be 2x 1071° cm?. However, this value reflects
proc ng P PP he cross section for electron capture multiplied by the fraction
previously, which is what we now offer. e .

. - . F of nascent (CHECI)~ ¢* anions that survive long enough

The continuum-electron wave function can be characterized - : L
. for their C—CI bond to rupture. This fraction is governed by

by local de Broglie wavelength,

the rate at which the €Cl bond breakskjis9 (ca. in one-half

ok of a vibrational period, or at a rate of 1) and the rate at
= 9) which theo* anion undergoes electron autodetachméng{)
(2mKE) (ca. 105 s71). Therefore,F = Kgisd(Kaiss + Kgetac), Which is
~1071in the C-Cl bond rupture case. This means that the cross
which is dependent on the kinetic enerd§E) of the electron. section for electron capture is in thex2 1018 cn? range for

In the ECD source, the electron kinetic energy distribution is CHF,CI. Another example of a known cross section for DEA
peaked at very low values (e.g., in the range of tenths of an is that for the process shown in Scheme 4, which is 0718
electron volt). However, as the electrons are accelerated towardcm?.3>
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Again, this cross section relates to the attachment (to the olefin
sw*-orbital), followed by the cleavage (of the-€Cl ¢ bond);
therefore, it must be corrected for the fractierof nascentr*
anions that survive long enough to break the@ bond. This
fraction is also in the 10! range; therefore, for Scheme 4, the
cross section for attachment alone~g x 10717 cn?.

The attachment cross-section data presented previously sug
gests that attachment to the-S o* site (o0 ~ 10716-10"1
cn¥) can be expected to be a few orders of magnitude smaller
than the attachment to theNHs;" Rydberg site § ~ 10714

SCHEME 4

Cl
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HsC. NH*
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Figure 10. Potential test compounds in which the positive site and
the S-S or C=0 sites are held at relatively fixed distances.

cn?). Our earlier analysis, based on the ETD case, suggests

that the respective cross sections should be cax 1.6717 cn?

and 1.6x 10716 cn?. It seems that our ETD-based estimates of
theo* site cross section is in good agreement with expectations,
based on DEA of botlw*-orbitals ands*-orbitals. In some

to theo* site for our model compound. Of course, if théNH3*

site is initially in close contact with the-SS bond, as assumed

in the second variant of Schemes 1 and 2, a much higher fraction
of the H atoms will probably strike the-S5 bond, and the

contrast, our ETD-based estimates of the cross section of theRydberg bond-cleavage cross section would then be expected
Rydberg site is considerably smaller than the measured crosgo be 56-1000 times larger than that for tla& bond cleavage.

sections for species such ag®f and HS*. These differences
probably result from our having estimated the rate of formation
of the lowest-energy-NH3; Rydberg state, whereas the dis-
sociative recombination (DR) experiments (ref 32) likely form

V. Summary and Generalizations

In our opinion, the model classical trajectory and ab initio
electronic structure calculations that we have conducted,

higher-energy Rydberg states that quickly decay radiationlessly compined with an analysis of known experimental cross sections

to lower states that subsequently fragment. Therefore, it is
probably best (i.e, combining our ETD estimates with the
experimental DEA and DR data) to give the following estimates:

0, =10"-10Ycn? (10a)

Oryaberg= 10 =10 *°cn? (10b)
Thus, we are left concluding that ECD electrons probably attach
to a positive site up to a thousand times more often than to
Coulomb-stabilized SS o* sites, although the uncertainties in

for electron attachment, and assuming a resonant electron-
transfer model for electron transfer dissociation (ETD), allows
us to suggest the following for our model compound:

(1) ETD can occur at the positive site or theS bond site
at rates differing by an order of magnitude and favoring the
positive site when Ckt is used as the anion.

(2) ETD to the Coulomb-stabilized bond site can be “turned
off” through the use of an anion Awhose electron binding
energy exceeds that of the-S bond site (ca. 2 eV for our
compound). The latter is determined by the intrinsic vertical
electron attachment energy (ca. 0.9 eV endothermic) of the bond

these estimates are large enough to merit well-designed experisite and the Coulomb stabilization energy provided by the

ments and theoretical studies to refine our predictions.
However, it is important to keep in mind that these attachment
cross sections or rates are not directly proportional to the two
rates of subsequent-$ bond cleavage. After an electron
exothermically attaches toa site, the S-S bond is promptly

cation’s positive site (ca. 3 eV). Performing such experiments
would offer a good way to determine whether direetSSbond
site capture can occur as we have suggested.

(3) Electron capture dissociation (ECD) can also occur via
capture at the positive site or the Coulomb-stabilizeds®ond

cleaved; however, when an electron attaches to a Rydberg sitesite; however, the cross section for capture at the positive site
the second and third steps in Scheme 2 must still occur beforeis probably -3 orders of magnitude higher for our compound.

the S-S bond ruptures. In particular, we note that only a fraction
of the H atoms released or transferred from +H¢H; site will
attach to the SS bond, unless the two sites are in relatively
close proximity. If the—NH3" site is not initially in contact
with the S-S bond and is located a distanReaway, only a
fraction of the released H atoms will strike the-S bond. This
fraction can be estimated knowing the lengés of the S-S
bond. A sphere of radiuR has an area ofR? and the S-S
bond region covers an area of approximate{iRsg2)?, so the
fraction of ejected H atoms likely to strike the-S bond is
(Rsg2R)2. Using values ofRss = 2 A andR = 4.8 A (the
distance from the midpoint of the-S5 bond and the N atom in
the equilibrium geometry of ¥C—S—S—CH,—CH,—NH3™),

we estimate that 4% of the ejected H atoms would strike the
S—S bond for our model compound. This would then render

(4) ETD and ECD experiments should be performed on
compounds in which the distance between-ti¢Hz™ positive
site and the bond to be cleaved can be constrained to a narrow
range. This would allow the competition between positive-site
attachment followed by H-atom-induced bond cleavage and
Coulomb-assisted bond-attachment cleavage to be better ad-
dressed. Examples of the types of compounds that might be of
use are shown in Figure 10.

In these compounds, the Coulomb stabilization energies
produced at the SS and G=0 orbital sites would be 3.9 and
3.4 eV, respectively® Because the SS o*-orbitals and G=O
m*-orbitals have endothermic vertical attachment energies of
ca. 1.0 and 2.8 eV, respectively, the Coulomb stabilization
generated in such compounds should be sufficient to render the
S—S and G=0 bond attachment exothermic. On the other hand,

the cross section for bond cleavage through attachment to thethe large distance and intervening steric blockage between the

Rydberg site much closer in magnitude to that for attachment

S—S or CG=0 bonds and any H atoms generated by electron
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Figure 11. Bond-site and Rydberg-site combined potentials for cases
in which the bond-site is rendered capable of binding (top) and when
the positive site is too close to the bond site to bind (bottom).

Bond-site potential in the
presence of positive charge
that is too close.

attachment at the positive sites should make cleavage via
Scheme 1 or 2 very inefficient.

Although our theoretical simulations of ETD and our
extrapolation to ECD likely offer reasonable estimations of the
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through the H-atom transfer mechanism of either of Schemes 1
or 2 will likely dominate, because the probabilities of attachment
to the positive site exceed those for the stabilized-bond site.
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