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THE WONDERFUL WORLD OF MOLECULAR

ANIONS ACCORDING TO JACK SIMONS

Thanks to NSF, ACS-PRF, ONR, DOE, past and
present group (and many others).



Much of the Work I will describe was carried
out by these four outstanding students.

 

Agnieszka Sawicka Monika Sobczyk

 

Iwona Anusiewicz Joanna Berdys



In 1970, Lineberger measured the EA of one atom (S) by
laser detachment (of S-). By 1975, there were 19 atoms; in
1985, 40, and in 2002 more than 1101 species.

In 1972, my first NSF research proposal was entitled
“Theory of the Electron Affinities of Small Molecules”.
Then, calculating EAs to within 0.1 eV was very difficult.

C- (4S3/2) → C (3P0): ΕΑ = 1.262119 ± 0.000020 eV

C → C+ IP = 11.3 eV

Total energy of the C atom is –1030.080  eV

0.1 eV is only 10-2 % of the total energy.

2p-2p Coulomb repulsion is ca. 13 eV, and

J = ∫ |φ2px(r)|2 e2/|r-r’| |φ2py(r’)|2 dr dr’ is accurate to only

5-10% or 0.6-1.3 eV.

During 1972-83, we had to develop tools (special diffuse
atomic basis sets, equations-of-motion (EOM) methods to
include electron correlation) to reliably compute EAs.

Throughout 1973-2000,we studied anions that other
workers had interest in. These efforts also led us to
“discover” and characterize new classes of anions.

We enjoy examining molecular anions wherever they arise
(e.g., new species, in atmospheric science, in organic
reactions, in biology, or just in our minds).



Outline of Presentation

The Potentials Experienced by Electrons in the
Outer Valence Regions are Quite Different for
Anions, Neutrals, and Cations- This Plays a
Central Role in Determining Properties

How can an Electron Bind to a Closed-Shell
Molecule with no empty or half-filled orbital?
(Dipole-, Quadrupole-, Zwitterion- and Double-
Rydberg Anions)

What is Special about Multiply Charged Anions? -
Coulomb Repulsion Can Destabilize and Stabilize
them, and Cause them to Explode.

How Can Electrons Damage DNA?- An
Interesting Through-Bond Intramolecular
Electron Transfer Case

How do Electrons Cause Proteins to Fragment?



The potential energy experienced by electrons in the
outer valence regions in anions is qualitatively different
from that in neutrals and cations.
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These differences give rise to qualitative differences in
radii (anion> neutral> cation), electron binding energies
(EA < IP), and excited-state patterns (Rydberg series
for neutrals and cations, not for anions).



How Can One Attach an Electron to a
Closed-Shell Molecule Where There are No
Empty or Half-Filled Valence Orbitals?

What Orbital Would Hold an “Extra” Electron in
H3CCN or Uracil?
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These are Dipole-Bound Anions
(K. D. Jordan, M. Gutowski, P. Skurski: 1975-

present)

Any Molecule With Large Dipole Moment Can
Electron Bind Even if It Has No Low-Lying
Empty Valence Orbitals

Orbital is very diffuse; electron is weakly bound
(few cm-1 to 2000 cm-1)-special basis sets.

Because dipole orbital is highly polarizable, its
dispersion energy can be large- correlation
energy is important to treat.

Usually only one bound state is observed, but if
µ is large enough (> 10 D) others may exist-
few, if any excited states.

The Larger the Dipole Moment, the Larger the
Binding Energy (seldom > 2000 cm-1 = 0.25 eV).



It was thought that dipole-bound anion states
“disappear” in condensed media (liquids and
solids) because surrounding molecules occupy and
thus render the dipole potential’s basin of attraction
inaccessible.

In solvated electrons, the dipole-binding potentials
don’t disappear but play a central role.



Moreover, at interfaces or surfaces of materials
containing highly polar molecules, the dipole-binding
sites can be “exposed”

Urea (O=C (NH2)2) dimer through pentamer anions as
models of surface or defect sites.

In molecular clusters, the electron tends to occupy
a surface state formed from dipole potentials.

(H2O)4 neutral and (H2O)4
- anion.



Zwitterion Sites form dipoles that can bind (this
alters the zwitterion-canonical energy gap)

500 cm-1



Cation-site Electron Binding

If there is no Compensating nearby Negative Site, the
Cation Site Binds One Electron (by 3-4 eV) to form a
Rydberg

Two Electrons can bind (the second by tenths of an eV
because of Coulomb repulsion) to form what we called a
Double-Rydberg Anion
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        and     H3N
--CH3

In zwitterions, the cation site binds by ca. 3-4 eV
but is destabilized by Coulomb repulsion of the
neighboring anion site thus greatly reducing the
zwitterion’s electron binding energy to the few
hundred cm-1 range.



All of the above have been examples in which

electrostatic attraction plays the dominant role in

binding the electron.

The attractive potentials were dipolar or cationic;

the repulsive were Coulombic and inner-shell.

The species were dipole-bound anions, zwitterion

anions, solvated electrons, cluster anions, and

double-Rydberg anions.

There are now many (hundreds) of such anions

that have been studied theoretically and

experimentally (Lineberger, Brauman, and many

others).

Let’s Now Ask

“Can a Negative Molecular Ion Bind a
Second Electron?”



Consider the potential that a “second” excess
electron experiences as it approaches an anion to

form a dianion.
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It depends on the competition between Coulomb repulsion and
valence attraction whether the dianion will be stable (top),
metastable (bottom), or unstable.

The Coulomb repulsion both destabilizes and provides the
stabilizing repulsive barrier. The barrier alters the photo-
electron spectrum significantly.



Consider the binding energy for a second electron
in dicarboxylates (-OOC-(CH2)n-COO-)

The binding energy can be well approximated as 3.2 eV minus
the Coulomb repulsion energy between the two anion sites.

For n > 2, the dianions are stable. For n < 3, they are unstable
because the Coulomb repulsion is too large.



Doubly Charged Anions
Spatially separated anion centers have stability

governed by EA of each center and by distance L.
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What About Applying this Model to Sulfate?
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Even when a dianion is electronically stable, it
may be thermodynamically unstable
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So, this is a thermodynamically metastable species with
a negative adiabatic bond energy of – 30 kcal mol-1



 Electrons Can Damage DNA : How?

“Theoretical Study of Damage to DNA by 0.2-1.5
eV Electrons Attached to Cytosine”, J. Berdys, I.
Anusiewicz, P. Skurski, and J. Simons, J. Phys.
Chem. in press (2003)

It is known that solvated electrons can enter DNA
bases’ π* orbitals and migrate up and down the chain
moving from base to base.

Experiments by Sanche and by Burrow showed that
moving (i.e., unsolvated) electrons attach to π* orbitals
in DNA bases and can cause formation of anionic
fragments.

How can solvated or moving electrons break 100 kcal
mol-1 bonds such as C-O σ bonds?

Electrons are too light to transfer much of their energy
and momentum directly to the C and O atoms.

Electrons are far more efficient at transferring energy
to other electrons and exciting or ionizing them. So,

e + DNA → 2e + DNA+, e + DNA→DNA*+e,

e + DNA → DNA- need to be considered.



Where do the electrons attach to DNA?

Low-energy electrons cannot directly enter σ* orbitals
to effect dissociative electron attachment (these orbitals
are much higher in energy than where the damage
peaks occurred).
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We decided to examine whether π* states could be
involved in SSB formation in the 0.3-4.5 eV range where
DNA’s bases have π* orbitals.



We simulated the π* electron attachment, electron
transfer (from the base, through a deoxyribose onto a
phosphate), and C-O bond rupture (that produces SSB)
events for one base (Cytosine) of DNA.

Specifically, we examined an excised portion of DNA
(with bonds “terminated” using H atoms to simulate
neutralized phosphate groups), attaching an electron to
the ca. 1 eV π* orbital of cytosine.
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We probed the energy landscape as the C-O bond is
stretched (we could not use QM/MM methods because
the base, deoxyribose, and phosphate are all
electronically involved in the electron transfer process).
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The driving forces for C-O bond rupture are:

the  instability of the anion’s π*orbital, and

the large electron affinity (> 4 eV) of the O3PO group
that holds the electron after the C-O bond ruptures.



We found the energy profile for the π* anion state to
have a barrier of ca. 11 kcal mol-1 for the anionic DNA
fragment.
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Assume the C-O bond vibrates at a rate of ca. 3x1013 s-1.
The probability that it can access the barrier near 1.9 Å
at T = 298 K is:  P = exp[-11 (505)/298] = 8x10-9.

So, the expected rate of barrier crossing is 2.4x105 s-1.

Since the detachment rate of the π* state is ca. 1013 s-1,
only 1 in 108 electrons should effect SSB.



These data suggest that DNA may undergo electron-
induced SSB via π* anions with yields of only 10-8 per
attached electron.

However, our findings suggest that solvated DNA may
undergo SSBs at rates of ca. 104 s-1 and have yields
approaching 1 per attached electron (because the anion
may be stable to detachment or nearly so).
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What Happens for Lower-Energy Electrons?

E = 0.2 0.3 0.8 1.0
Barrier = 16 15 12 11 kcal/mol
Log rate = 1 2 4 5

So, the barrier to C-O bond cleavage depends on the
electron energy E and thus the SSB rate does too. This
suggests that very low-energy electrons are less likely to
effect SSBs.



Nature of the Electron Transfer Event

Near 1.9 Å, the anion’s C-O σ* orbital drops enough to
come into energy degeneracy with the base’s π* orbital
and for electron transfer to occur at no further energy
cost at a rate of ca. 1013 s-1.
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Gas-phase samples of protonated proteins
attach low-energy electrons and
fragment. What is the mechanism?
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The conventional picture and most common
fragmentation pattern.



In proteins containing disulfide linkages, it is
found that the S-S bond is easily ruptured in ECD
fragmentation.
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The same H-atom transfer mechanism is thought
to be involved here as well.



However, a synthetic helical protein- disulfide
linked dimers of Ac-Cys-Alan-Lys (with n = 10, 15,
and 20) protonated at the Lys site- displayed S-S
bond cleavage independent of n.

How can the H atom migrate to the S-S bond so
far away?



 “Model Calculations Relevant to Disulfide Bond
Cleavage via Electron Capture Influenced by Positively
Charged Groups”, A. Sawicka, P. Skurski, R. R.
Hudgins, and J. Simons, JPC, submitted (2003)

Maybe the electron attaches directly to the S-S σ*
orbital.

With no positive charges near the S-S bond in Me2S2



With two +1 charges 30 Å from the S-S bond.

With two +1 Charges 20 Å from the S-S bond.



Summary of Presentation

The Valence-Range Potentials Experienced
by Electrons in Anions, Neutrals, and Cations
are Different- Play Central Roles

Anions Can be Formed by Binding an
Electron to a Closed-Shell Molecule (Dipole-,
Zwitterion- and Double-Rydberg Anions)

Doubly Charged Anions- Coulomb Repulsion
Plays Both Destabilizing and Stabilizing
Roles

Metastable Anions in DNA Damage- An
Interesting Intramolecular Electron Transfer
Case

ECD fragmentation of proteins may involve
direct electron attachment to σ* orbitals.

There is no such thing as a “bad” anion.


