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Nucleic acid base anions play an important role in radiation-induced mutagenesis. Recently, it has
been shown that isolated~gas-phase! nucleobases form an exotic form of negative ions, namely,
dipole bound anions. These are species in which the excess electrons are bound by the dipole fields
of the neutral molecules. In the condensed phase, on the other hand, nucleobase anions are known
to be conventional~covalent! anions, implying the transformation from one form into the other due
to environmental~solvation! effects. Here, in a series of negative ion photoelectron spectroscopic
experiments on gas-phase, solvated uracil cluster anions, we report the observation of this
transformation. ©1998 American Institute of Physics.@S0021-9606~98!01901-1#
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Nucleic acid bases govern the storage and processin
genetic information. When ionizing radiation interacts with
living cell, electrons and hydroxyl radicals are among t
most abundant reactive species formed. Here, we focus
the fate of the electrons. Numerous studies have shown
nucleobases provide trapping sites for these electrons.
resultant radical anions then participate in chemical react
that can lead to the permanent alteration of the original ba
and to genetic damage. Nucleic acid base anions thus p
central role in the electron-driven aspects of radiatio
induced mutagenesis.

As a result of their relevance to this important biologic
problem, nucleic acid bases anions have been the subje
many experimental studies in the condensed phase.1 The na-
ture and extent of electron binding in isolated~gas-phase!
nucleic acid base anions, on the other hand, has been
plored primarily by theoretical studies, and until relative
recently, such calculations were the main source of inform
tion regarding the inherent properties of naked nucleic a
base anions. Computational studies on nucleic acid base
ions were conducted as early as the 1960’s and have co
ued to be performed to the present day.2 Among the objec-
tives of such work has often been the determination
adiabatic electron affinities~EAa’s) of nucleic acid bases
since EAa defines the thermodynamic stability of a neut
molecule relative to its corresponding anion, with a posit
sign indicating that the anion is lower in energy than
corresponding neutral and thus stable. Interestingly, h
ever, despite voluminous evidence that nucleobase an
exist in both solutions and the solid state, none of these
culations found stable anions of nucleic acid bases in is
tion, i.e., the EAa’s of their neutrals had negative values.

This situation persisted until just a few years ago, wh
Adamowicz and co-workers,3 noting the large dipole mo
ments~;5 D! of nucleic acid bases, conducted calculatio
which found stable, albeit fragile, anions of uracil and oth
nucleobases in which their excess electrons were boun
the dipolar fields of these molecules. It is now well esta
lished that excess electrons can be bound by the dipole fi
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of neutral molecular or cluster systems to form anions4 ~often
loosely referred to as ‘‘dipole-bound anions’’! if the dipole
moment of the system is larger than;2.5 D.5 The nucleic
acid base anions found in the Adamowicz group’s calcu
tions exhibited the properties expected of negative ions h
ing dipole bound excess electrons. Their excess elec
clouds were extremely diffuse~spread over tens of angstrom
outside their molecular frameworks! and anisotropic~teth-
ered to the positive end of their dipoles!; their excess elec-
tron binding energies were very small~with a predicted
EAa of 86 meV for uracil!; and their structures were virtu
ally the same as those of their corresponding neutrals.

On the heels of these theoretical predictions, t
complementary experiments were conducted on isola
gas-phase nucleic acid base molecular anions. One was
formed by Desfranc¸ois and co-workers6 and the other by us,7

and both studies were published as companion papers. In
experiment of Desfranc¸ois and co-workers, nucleic acid bas
molecular anions were generated through electron tran
collisions between the bases and laser-excited Rydberg
oms and characterized via the dependence of anion for
tion rates on Rydberg electron quantum numbers. In our
periment, the molecular anions of nucleic acid bases w
generated using a supersonic expansion nozzle ion so
and characterized via negative ion photoelectron spect
copy. Both experiments found that isolated nucleic acid b
monomer anions do indeed form dipole-bound anions, c
firming the theoretical predictions of Adamowicz.

While the realization that nucleic acid bases form dipo
bound anions answered some questions, it also raised
intriguing ones, and some of these are addressed in this c
munication. Consider the following. Electron spin resonan
studies of nucleic acid base anions in condensed phase
clusively show them to be conventional~covalent! anions. If
nucleic acid base anions are dipole bound anions in isola
and yet covalent anions in biologically relevant condens
phase environments, then a transformation must have
curred when the bare anions experienced the solvation
multi-body interactions of the condensed phase. Here,
present our experimental results pertaining to this proble
results which were obtained by studying gas-phase, solv
/98/108(1)/8/4/$15.00 © 1998 American Institute of Physics
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9Communications
nucleic base anions by means of negative ion photoelec
spectroscopy.

Negative ion photoelectron spectroscopy is conducted
crossing a mass-selected beam of negative ions with a fi
frequency photon~laser! beam and energy analyzing the r
sultant photodetached electrons. This is a straightforward
proach to the determination of electron binding energ
~EBE’s!, relying as it does on the relationship,hn
5EBE1EKE, in whichhn is the photon energy and EKE i
the measured electron kinetic energy. Our apparatus has
described in detail previously.8 The spectra presented he
were calibrated against the well-known photoelectron spe
of O2 and NO2, the resolution~FWHM! of our electron
analyzer was;25 meV, and photodetachment typically w
accomplished with;200 circulating watts of 2.540 eV pho
tons. In the supersonic expansion nozzle ion source wh
we used to generate the anions, relatively low energy e
trons were injected directly into the high density portion
the expanding jet~nucleic acid base vapor diluted in argon
several atm! in the presence of weak axial magnetic field
and negative ions were extracted from the resulting mic
plasma. The negative ion formation environment most pr
ably involves the attachment of even lower energy second
electrons to target species in the presence of many coo
collisions.

Dipole bound anions exhibit a distinctive photoelectr
spectral signature, characterized by a single, strong, na
feature at very low electron binding energies and by sev
much lower intensity features at slightly higher electr
binding energies. We have seen this spectral fingerprint in
of the many ground state, dipole bound anions which
have studied thus far. These spectra are unique, i.e., the
unlike those of any other anionic species we have enco
tered. The photoelectron spectra of dipole bound anions
exemplified by our previously reported7 spectrum of the
uracil anion, an important reference species in the pre
study @see Fig. 1~a!#. Essentially, the dominant peak in th
spectrum is due to the origin transition between the gro
state of the uracil anion and its corresponding neutral. T
fact that its electron binding energy is so small indicates t
the excess electron is bound very weakly, while the rela
strength and especially the unusual narrowness of this p
~almost instrumentally limited! imply that the structure of the
anion and its corresponding neutral are very similar. T
much weaker intensity features lying to slightly higher EB
are assignable to vibrations of molecular uracil. The verti
detachment energy~VDE! is the electron binding energy co
responding to the maximum in the dominant peak in t
spectrum. The VDE of the uracil anion was measured to
9367 meV. As mentioned above, the spectrum of the ura
anion strongly implies that the uracil anion has essenti
the same structure as does it neutral. Under such circ
stances, the VDE is either equal to or just slightly larger th
the EAa in value, and thus the EAa of uracil is near 93 meV,
in good agreement with the calculations of Adamowicz a
co-workers. In addition to explaining the photoelectron sp
trum of the uracil anion, this description also sets the st
J. Chem. Phys., Vol. 108,
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for recognizing and interpreting the spectra of the other
pole bound anions that will be presented below.

With this background material in place, we return to t
issue of the transformation that occurs when nucleic a
base anions experience condensed phase interactions.
rally, the condensed phase environment with the most
evance to biological problems is that provided by wat
Rydberg electron transfer data had earlier provided a
that small hydrated uracil anions have covalent charact6

even though contemporary calculations indicated otherw
To investigate this question further, we mimicked the ess
tial interactions of the aqueous environment by solvat
uracil anions with various numbers of water molecules for

FIG. 1. Photoelectron spectra recorded using 2.540 eV photons:~a! the
photoelectron spectrum of the uracil anion, U2; ~b! the photoelectron spec
trum of the uracil anion solvated by an argon atom, U2~Ar!1; ~c! the pho-
toelectron spectrum of the uracil anion solvated by a krypton atom, U2~Kr!1;
~d! the photoelectron spectrum of the uracil anion solvated by a xenon a
U2~Xe!1; ~e! the photoelectron spectrum of the uracil anion solvated b
water molecule, U2~H2O!1.
No. 1, 1 January 1998
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10 Communications
ing uracil–water cluster anions, U2~H2O)n , and then looked,
as a function of cluster size, for evidence of a dipole bou
to-covalent state transformation by using negative ion p
toelectron spectroscopy. Intuitively, we expected this to t
several, if not many, water solvents per uracil anion to
finitively accomplish such a transformation. Thus, we we
initially surprised when we recorded the photoelectron sp
trum of uracil anion solvated by one water molecule, i.
U2~H2O!1, shown in Fig. 1~e!. The dipole bound signature o
the unsolvated uracil anion was completely gone from t
spectrum, and instead there had appeared a broad, rela
high EBE feature, indicative of a substantial structural d
ference between this anion and its corresponding neutral
typical of many valence~covalent! anions. Evidently, the
dipole bound-to-covalent state transformation for the ura
anion requires only one water molecule to achieve. Our
terpretation of this is that the covalent form of the ura
anion is pulled down in energy~stabilized! by its interaction
with a water molecule, below the energy of the dipole bou
form of the uracil solvated by water. The reason that
covalent form is stabilized more than the dipole bound fo
is that the excess electron density on the covalent uracil
ion is much higher than that on the dipole bound uracil
ion, and the water molecule’s interaction energy is grea
with the denser excess electron distribution.

We also measured the photoelectron spectra9 of
U2~H2O!n , with n ranging from 1 to 12. All of these exhib
ited similar shaped covalentlike spectral features, wh
shifted to higher EBE’s with increasingn, in accord with
typical valence anion–neutral solvent interaction energies
addition, to rule out the possibility of our uracil/water resu
being due to a tautomerization reaction, we conducted a
allel set of control experiments9 using N,N-dimethyluracil,
which can not undergo tautomerization with water. Aga
just as in the case of uracil, its monomer anion was dip
bound and all of its hydrated anions were covalent, elimin
ing tautomerization as an explanation for our observation

Struck by the fact that the interaction of a single wa
molecule with the uracil anion is enough to bring about
sought-after dipole bound-to-covalent conversion, we n
turned to weaker solvents in hopes of seeing the actual t
sition take place. First, we tried argon, making the ura
anion–argon complex, U2~Ar!1, and recording its photoelec
tron spectrum. As seen in Fig. 1~b!, it retained its dipole
bound spectral signature. We then used krypton, genera
U2~Kr!1 and recording its spectrum@see Fig. 1~c!#. While
U2~Kr!1 showed some stabilization relative to U2, ~e.g.,
VDE@U2~Kr!1] 510167 meV!, it too retained its dipole
bound signature and character. Neither argon nor krypton
strong enough solvents, it seems to affect the transforma
of interest.

Next, we turned to xenon, an atom which, because o
high polarizability, has substantial solvating power. Here
the case of U2~Xe!1, we saw a dramatic effect. As shown
Fig. 1~d!, both a dipole bound and a covalentlike featu
exhibit themselves together simultaneously in the spect
of U2~Xe!1. This appears to be a system in which the cro
over from dipole bound to covalent behavior is well illu
J. Chem. Phys., Vol. 108,
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trated. Probably, this is because the EAa’s ~the stabilities! of
both forms are essentially the same. For the dipole bo
feature, the VDE;EAa as previously discussed, an
VDE@U2~Xe!1# is 11167 meV. For the covalent form, ther
is clearly a substantial structural difference between the
ion and its neutral~as evidenced by the broad width of i
partially resolved vibrational progression!, and thus,
VDE.EAa . In the absence of hot bands, the EAa of the
covalent form will lie at the low EBE edge of this featur
i.e., essentially at the same EBE as the VDE of the dip
bound form. Figures 1~a!–1~e! can now be seen as illustra
ing the gradual evolution, with increasing solvation pow
of the dipole bound state of the uracil anion into its covale
manifestations in xenon and water.

At this point, the nature of the covalent form of th
uracil anion and its relationship to its dipole bound forms a
interesting to consider. In regard to the covalent state, e
tron transmission spectroscopy along with calculations se
to indicate that the uracil molecule has a slightly negat
EAa , i.e., that the covalent form of the uracil anion is
low-lying temporary anion state, but it is also possible tha
has a slightly positive EAa , i.e., between 0 and 90 meV
Whichever is the case, it is clear that the covalent form of
uracil anion is very close in energy to that of neutral urac
Whether the covalent form of the uracil anion is slight
stable or slightly unstable, the systems which we have s
ied and reported upon here can be viewed as involving
competitive stabilization of both the covalent and the dip
bound isomers of the uracil anion. When the dipole bou
form is the most stable, as in the cases of U2, U2~Ar!1, and
U2~Kr!1, then we observe the dipole bound form of the
anions, since our source tends to discriminate in favor of
more stable form of a given anionic species. When the dip
bound and the covalent forms are essentially of the sa
stability, as in U2~Xe!1, we see both forms, and when th
covalent form has overtaken the dipole bound form~in terms
of stability!, as in U2~H2O!1, then we observe only the co
valent form. Of course, both forms continue to exist, ju
with the higher energy state unoccupied.

More generally, we see here, in the cases of uracil
ion’s solvation by water and xenon, examples of phenom
which one knows must occur relatively often in the co
densed phase; that of an unstable or marginally stable a
being stabilized and made observable by virtue of solvati
There are many other examples of this important and gen
phenomenon, many of them having nothing to do with dip
bound species, where a given anion has a stable existen
the condensed phase, but is not stable and thus is not se
the gas phase as an isolated ion. Solvated anions of this
exist as stable species only in solution and have no st
molecular counterpart, owing their very existence to sol
tion and multi-body condensed phase interactions.

The first order view of dipole bound and covalent form
as being separate isomers may require some further re
ment, however, especially when the two are close in ene
Emerging evidence for this comes from the fact that wh
we solvate U2~Xe!1 with additional xenon atoms,9 ~i! both
the dipole bound and the covalent features of the U2~Xe!1–3
No. 1, 1 January 1998
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11Communications
spectra move together, i.e., they shift by the same amoun
energy, and~ii ! the slope of a plot of the ion–solvent tot
interaction energy versus solvent polarizability, is somew
steeper for U2~Xe!1–3 than that for uncomplicated dipol
bound species, such as U2~Ar!1,2 or U2~Kr!1. If the dipole
bound and the covalent forms were simply unconnected
mers, they should shift by different amounts of energy w
increasing solvation. Also, the steep slope of the ‘‘dipo
bound’’ feature in the U2~Xe!1–3 spectra is more like a va
lence anion’s solvation behavior than that of a pure dip
bound anion. Thus, in the case of U2~Xe!n species at least
there is some reason to believe that the dipole bound and
covalent states may be coupled. There is a precedent for
in the nitromethane anion,10 where the dipole bound and th
covalent states are not nearly as close in energy as they a
U2~Xe!n . Additional experiments are planned to further e
cidate the degree of coupling between the dipole bound
the covalent forms of these species.

We have enjoyed discussions on this topic with
Sevilla, L. Adamowicz, J.-P. Schermann, C. Desfranco
W. Bernhard, M. Gutowski, P. Burrow, K. Jordan, W. Klem
perer, R. Compton, D. Herschbach, G. Posner, and D. Dix
We further thank the National Science Foundation for
support of this work.
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