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Abstract

Injection of electrons into the empty 7* molecular orbitals of uracil and
the DNA bases creates short-lived anion states whose energies have been
determined by electron scattering. A common range of attachment ener-
gies into the lowest orbitals is observed in all the bases. Evidence for nu-
clear motion during the lifetimes of the anions is found in all the com-
pounds except adenine. These properties of the bases as bridge sites
along the s-stack of DNA, namely, the effective degeneracy of the anion
energies and the strong excitation of vibration, are key parameters for
theories of electron-transfer rate, some of which lead to inverse rather
than exponentially decreasing bridge-length dependences.

The nature and efficiency of electron transfer along the “s-stack” of
DNA remains an unresolved and fundamental problem, reinvigorated
by recent experimental and theoretical results falling on both sides
of the issue.” Up to now, there have been no direct experimental de-
terminations of one of the key components of this problem, namely,
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the energies required to inject an electron into the lowest, normally
empty, valence molecular orbitals of the DNA bases. Knowledge of
these energies, determined at the ground-state geometries of the iso-
lated neutral molecules, is essential for developing theoretical mod-
els of electron transfer in DNA. In particular, they serve as starting
points for understanding energy changes due to solvation and to the
role of molecular distortions associated with electron localization on
the bases.

In the present work, we show that the energies required to add an
electron to the four DNA bases and the RNA base uracil, under the
conditions listed above, are positive. The anion states at the equilib-
rium geometry of the neutral molecule are temporary, that is, unstable
against electron autodetachment, and make their appearance as “reso-
nance” peaks in electron-scattering cross sections.5 Stated more prop-
erly, the vertical attachment energies (VAEs) are all >0, or in more fa-
miliar language, the vertical electron affinities are <0. We emphasize
that our results are for electron occupation of the empty Valence orbit-
als and do not refer to the diffuse, weakly bound, anion states formed
by trapping of an electron in the electric dipole fields of the bases.®

We find that the VAEs of thymine (T) and cytosine (C), the pyrim-
idines, differ by only 0.03 eV, and the VAEs of guanine (G) and ade-
nine (A), the purines, by only 0.08 eV. Contrary to “chemical” intu-
ition, the vertically formed anions of the pyrimidines are more stable
than those of the larger purines, by about 0.2 eV. Taking account of
the Franck-Condon overlap between the neutral and anionic poten-
tial surfaces in each compound, we find that there is a range of ener-
gies common to all the bases over which electron attachment may take
place. In other words, the lowest temporary anion states of the bases
are, in a practical sense, degenerate. Additionally, we have observed
evidence for nuclear motion of the temporary anions associated with
the lowest empty molecular orbitals (LUMOs) of all the bases except
adenine. This demonstrates that electron injection into these orbitals
strongly excites vibrational modes of the neutral molecules.

Low-energy electron transmission spectroscopy (ETS)” was em-
ployed in this work to observe the formation of temporary anion
states. Briefly, an energy-selected electron beam is directed through
a gas cell containing a sufficient density of the target compound to
partially attenuate the beam. The scattered electrons are rejected at
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a retarding electrode following the collision region, and the trans-
mitted current, comprising the unscattered electrons, is collected. A
sharp dip in this current as a function of electron energy signals the
presence of a peak in the scattering cross section arising from the
formation of a temporary anion state. To accentuate this structure,
the energy of the electrons is modulated in the collision cell with a
small ac voltage and the derivative of the transmitted current with
respect to energy is acquired using a synchronous detector.” In the
present work, the collision cell and an oven source containing the
compounds were separately temperature controlled. The source and
cell temperatures employed here were lower than those reported in
past studies® of the photoelectron spectra of the bases, and thus we
believe that decomposition products are not significant. The ET spec-
tra were not observed to change during the course of measurement.
VAEs of the bases were calibrated to within +0.050 eV by admitting
N, to the cell and referring to well-known features arising from the
N, temporary anion.>

Observation of the temporary anion states associated with elec-
tron occupation of the LUMOs of the DNA bases was a significant ex-
perimental challenge because of the large electric dipole moments of
these compounds. The dipole contribution to the total scattering cross
section increases sharply as the electron energy decreases below 1 eV,
creating a sloping background on which the resonance structure must
be observed. Adjustment of the retarding potential used to reject scat-
tered electrons is critical, and great care must be taken to avoid in-
strumental artifacts.?

Figure 1 displays the derivative of transmitted current as a func-
tion of electron energy'©in the DNA bases and uracil. The temporary
anion signature is shown by a minimum followed at higher energy by
a maximum in the derivative signal. The energies of the extrema in-
dicate the approximate full width at half-maximum of the band over
which attachment occurs. The anion energies are associated with the
midpoints between the extrema,s indicated by the vertical lines in Fig-
ure 1. The VAEs are summarized in Table 1. Significantly, the lowest
anion states in U, T, C, and G exhibit additional fine structure char-
acteristic of anion states whose lifetime is sufficient to allow nuclear
motion.5 The structure is spaced at approximately 0.1-0.2 eV but is
not pronounced enough to determine accurately. Thermally excited
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Figure 1 Derivative with respect to energy of electron current transmitted through
uracil and the DNA bases, thymine, cytosine, guanine, and adenine, is plotted as a
function of electron energy. The experimentally determined r* anion state energies
are indicated by vertical lines.

vibrational levels of the neutral molecules undoubtedly contribute to
the smearing of this structure, in addition to broadening owing to the
short lifetime of the anion state.

Except for uracil, there are no other direct measurements of struc-
ture in the total scattering cross sections of these compounds for com-
parison. Uracil was the subject of a preliminary ETS study by A. R.
Johnston and one of the present authors (P.D.B.). The results, in good
agreement with those found here, have been cited elsewhere.!!
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Table 1 Experimental (ETS) and Theoretical Vertical Attachment Energies in Ura-
cil and the DNA Bases

Vertical attachment energies (eV)

Theory
Compound Exptl ETS PPP Sevilla et al. 6-31G*/3-21G
uracil 7* 0.22 0.48 0.19 0.216
m* 1.58 1.50 1.609
m* 3.83 3.35 5.009
thymine T* 0.29 0.32 0.364
7,* 1.71 1.771
* 4.05 4.057
cytosine 7* 0.32 0.40 0.524
m* 1.53 1.918
J'[3* 4.50 5.235
adenine T* 0.54 0.82 0.74 0.794
7,* 1.36 1.43 1.379
* 2.17 2.39 2.405
guanine (keto) 7 * 0.94 1.23 1.191
m* 1.64 1.441
* 2.55 2.575
guanine (enol) 7 * 0.46 0.908
7,* 1.37 1.662
* 2.36 2.597

We assign the anion states observed in Figure 1 to occupation of the
lowest antibonding m-orbitals in each compound. The positive sign of
the VAEs is supported by the results of several theoretical studies of
the bases.'2 Although calculations of anion states that are unstable
with respect to autodetachment of the electron are difficult to carry
out from first principles, the problems can be circumvented with var-
ious degrees of success by use of semiempirical methods (e.g., ref 11)
or ab initio calculations using restricted basis sets and approxima-
tions such as Koopmans’ theorem together with empirical determi-
nation of parameters that scale the theoretical results to measured
temporary anion energies in other compounds. This latter approach
was used by Sevilla et al.’? who employed the experimental gas-phase
VAEs of benzene, naphthalene, pyridine, and pyrimidine, as well as
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the uracil result mentioned above, to construct the set of VAEs of the
bases shown in Table 1. Unfortunately, only their results for the low-
est empty anion states were presented. Although the agreement is ex-
cellent for the pyrimidines, U, T, and C, the results are less satisfac-
tory for A and in substantial disagreement for G. Semiempirical PPP
results' are available for U, G, and A and are in qualitative agreement
with experiment for all the anion states except for the ground-state
anion of G.

To further assure ourselves that the lowest anion states we ob-
serve are in fact the ground states, and motivated as well by the dis-
crepancy in G, we have carried out our own ab initio calculations®
along the lines of Sevilla et al.'? Empty orbital energies were scaled
to known VAEs in benzene, naphthalene, pyridine, and pyrimidine.
These results are also presented in Table 1. The scaling procedure is
based only on the lowest anion states of the comparison molecules
and will not be reliable for high-lying states because of their mixing
with core-excited anion states. Thus, we can reasonably compare re-
sults for only the lowest two anion states in U, T, and C and the low-
est three in G and A. The predicted energy differences between the
first two anion states of each of the bases U, T, C, and A and between
the first and third states of A are in excellent agreement with exper-
iment. These results further support our assertion that we have in-
deed observed the ground-state anions of these bases.

The present calculations in guanine, for which the keto tautomer
was assumed, also indicate a significant disagreement with exper-
iment. In particular, the spacing between the two lowest predicted
anion states is much smaller than observed. The enol tautomer of
guanine is an alternate form that has been observed in other envi-
ronments such as rare gas matrices.’s Our calculations for the anion
states of the enol tautomer are also shown in Table 1. We find that the
lowest state is 0.28 eV more stable than that of the keto tautomer and
thus in somewhat better agreement with experiment. The predicted
spacing between the two lowest anion states is in substantially better
agreement with our measured ET spectrum. We conclude that in the
gas phase and at the temperature we were using (298 °C), the enol
tautomer is the major contributor to the spectrum.

To our knowledge, there are no direct measurements of the adia-
batic electron affinities of the DNA bases in the gas phase. Wiley et
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al.**have presented measurements of reversible reduction potentials
of the bases in solution, from which they have derived gas-phase
adiabatic electron affinities by “calibration” using other molecules
for which both quantities are known. Their electron affinities, in eV,
are C (+0.56), T (+0.79), U (+0.80), A (+0.95), and G (+1.51). These
values are difficult to reconcile with the slightly negative vertical
electron affinities (-VAE) obtained in the present measurement. In
guanine, for example, this would indicate a stabilization of almost
2 eV by nuclear relaxation of the anion away from the geometry of
the neutral.

Returning to the results in Figure 1, we note that vertical electron
attachment in each base to form the lowest anion state displays a band
whose width is primarily determined by the Franck-Condon overlap
of the anion potential surface with that of the neutral molecule. Elec-
trons with energies ranging between 0.4 and 0.6 eV will attach effi-
ciently to any of the bases.”” The second anion states of all the bases
also overlap, indicating a second set of empty orbitals whose energies
are effectively degenerate.

In all of the bases except A, evidence for nuclear motion accom-
panying electron attachment to form the ground-state anions is ob-
served. Although weak, the features were reproducible in all the spec-
tra. Such fine structure is properly termed quasi-vibrational since it
can appear even when the nuclei have time to move for only a single
vibrational period before autodetachment is complete.'® The struc-
ture arises in one or more vibrational modes that are strongly driven
by the electron charge distribution in the temporary anion. ET spec-
tra’¥in pyridine and pyrimidine, for example, display these features
in a much more pronounced fashion, where they are ascribed to to-
tally symmetric breathing modes of the anions. Such features in the
ET spectra are invariably associated with strong vibrational excita-
tion in the neutral molecule.>

The gas-phase anionic properties of the DNA bases described in
this work are entirely favorable with regard to bridge-assisted, long-
range electron transfer along the s-stack of DNA. Certain of the model
theories3?° have stressed the roles of (i) near degeneracy in the ener-
gies of the bridge sites and (ii) wave function dephasing, which in the
present case can arise from strong electron vibrational excitation, in
achieving electron-transfer rates that fall off weakly with the number
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of bridge sites. Furthermore, our preliminary calculations of the an-
ion state energies of two adjacent bases suggests that they are cou-
pled by amounts comparable to vibrational energies, another favor-
able property.

The anion states of the bases will, of course, be stabilized by solva-
tion. Given the low values of the VAEs, the stabilization will certainly
be sufficient to prevent autodetachment of the electrons in DNA it-
self. Assuming that the favorable bridge properties mentioned above
persist, the proximity in energy of the donor and acceptor moieties
attached to the DNA to those of the bridge sites will ultimately de-
termine the electron-transfer rates in particular experiments, as well
as the most appropriate theoretical treatment. The gas-phase studies
presented here therefore allow an increased level of realism in mod-
eling such rates.
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