The dipole bound-to-covalent anion transformation in uracil
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Nucleic acid base anions play an important role in radiation-induced mutagenesis. Recently, it has
been shown that isolate@as-phasenucleobases 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 conventionalcovalenj anions, implying the transformation from one form into the other due

to environmentalsolvation 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 PhysidsS0021-960608)01901-1]

Nucleic acid bases govern the storage and processing of neutral molecular or cluster systems to form anfdisten
genetic information. When ionizing radiation interacts with aloosely referred to as “dipole-bound anionsif the dipole
living cell, electrons and hydroxyl radicals are among themoment of the system is larger thar2.5 D® The nucleic
most abundant reactive species formed. Here, we focus agicid base anions found in the Adamowicz group’s calcula-
the fate of the electrons. Numerous studies have shown thébns exhibited the properties expected of negative ions hav-
nucleobases provide trapping sites for these electrons. Thag dipole bound excess electrons. Their excess electron
resultant radical anions then participate in chemical reactionslouds were extremely diffusspread over tens of angstroms
that can lead to the permanent alteration of the original basesutside their molecular frameworksind anisotropidteth-
and to genetic damage. Nucleic acid base anions thus playeted to the positive end of their dipojesheir excess elec-
central role in the electron-driven aspects of radiationtron binding energies were very smglvith a predicted
induced mutagenesis. EA, of 86 meV for uracil; and their structures were virtu-

As a result of their relevance to this important biological ally the same as those of their corresponding neutrals.
problem, nucleic acid bases anions have been the subject of On the heels of these theoretical predictions, two
many experimental studies in the condensed pha$e na-  complementary experiments were conducted on isolated,
ture and extent of electron binding in isolatéghs-phase  gas-phase nucleic acid base molecular anions. One was per-
nucleic acid base anions, on the other hand, has been eformed by Desfrapmis and co-workefsand the other by us,
plored primarily by theoretical studies, and until relatively and both studies were published as companion papers. In the
recently, such calculations were the main source of informaexperiment of Desframis and co-workers, nucleic acid base
tion regarding the inherent properties of naked nucleic acignolecular anions were generated through electron transfer
base anions. Computational studies on nucleic acid base apollisions between the bases and laser-excited Rydberg at-
ions were conducted as early as the 1960’s and have contigms and characterized via the dependence of anion forma-
ued to be performed to the present daymong the objec-  tion rates on Rydberg electron quantum numbers. In our ex-
tives of such work has often been the determination ofperiment, the molecular anions of nucleic acid bases were
adiabatic electron affinitie$EA,’s) of nucleic acid bases, generated using a supersonic expansion nozzle ion source
since EA, defines the thermodynamic stability of a neutral and characterized via negative ion photoelectron spectros-
molecule relative to its corresponding anion, with a positivecopy. Both experiments found that isolated nucleic acid base
sign indicating that the anion is lower in energy than itSmonomer anions do indeed form dipole-bound anions, con-
corresponding neutral and thus stable. Interestingly, howfirming the theoretical predictions of Adamowicz.
ever, despite voluminous evidence that nucleobase anions \while the realization that nucleic acid bases form dipole-
exist in both solutions and the solid state, none of these cabound anions answered some questions, it also raised new
culations found stable anions of nucleic acid bases in isolamtriguing ones, and some of these are addressed in this com-
tion, i.e., the EA’s of their neutrals had negative values.  munjcation. Consider the following. Electron spin resonance

This situation persisted until just a few years ago, whenstydies of nucleic acid base anions in condensed phase con-
Adamowicz and co-worker$noting the large dipole mo- clusively show them to be conventior@ovalen} anions. If
ments(~5 D) of nucleic acid bases, conducted calculationsycleic acid base anions are dipole bound anions in isolation
which found stable, albeit fragile, anions of uracil and othergpnq yet covalent anions in biologically relevant condensed
nucleobases in which their excess electrons were bound tﬁihase environments, then a transformation must have oc-
the dipolar fields of these molecules. It is now well estab-;ired when the bare anions experienced the solvation and
lished that excess electrons can be bound by the dipole ﬁe'@ﬁulti-body interactions of the condensed phase. Here, we
present our experimental results pertaining to this problem;
dAuthor to whom correspondence shoud be addressed. results which were obtained by studying gas-phase, solvated
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nucleic base anions by means of negative ion photoelectron
spectroscopy. (a)

Negative ion photoelectron spectroscopy is conducted by u~
crossing a mass-selected beam of negative ions with a fixed-
frequency photorilasey beam and energy analyzing the re-
sultant photodetached electrons. This is a straightforward ap-
proach to the determination of electron binding energies
(EBE’s), relying as it does on the relationshihv (b)l AL
=EBE+EKE, in whichhwv is the photon energy and EKE is
the measured electron kinetic energy. Our apparatus has been
described in detail previousf/The spectra presented here
were calibrated against the well-known photoelectron spectra
of O” and NO, the resolution(FWHM) of our electron
analyzer was-25 meV, and photodetachment typically was
accomplished with~200 circulating watts of 2.540 eV pho-
tons. In the supersonic expansion nozzle ion source which
we used to generate the anions, relatively low energy elec-
trons were injected directly into the high density portion of
the expanding jetnucleic acid base vapor diluted in argon at
several atmin the presence of weak axial magnetic fields,
and negative ions were extracted from the resulting micro-
plasma. The negative ion formation environment most prob-
ably involves the attachment of even lower energy secondary
electrons to target species in the presence of many cooling
collisions.

Dipole bound anions exhibit a distinctive photoelectron
spectral signature, characterized by a single, strong, narrow
feature at very low electron binding energies and by several (e) AR
much lower intensity features at slightly higher electron
binding energies. We have seen this spectral fingerprint in all
of the many ground state, dipole bound anions which we
have studied thus far. These spectra are unique, i.e., they are
unlike those of any other anionic species we have encoun-
tered. The photoelectron spectra of dipole bound anions are R e ——— 2
exemplified by our previously reportédspectrum of the 20 15 1.0 05 0.0
uracil anion, an important reference species in the present Electron Binding Energy (eV)
StUdy[see, Fig. 1)]. Essentl_ally, the_' ,dommam peak in this FIG. 1. Photoelectron spectra recorded using 2.540 eV photanghe
spectrum is due to the origin transition between the groungotoelectron spectrum of the uracil anio;;Ub) the photoelectron spec-
state of the uracil anion and its corresponding neutral. Th@&um of the uracil anion solvated by an argon atom,(&t); (c) the pho-
fact that its electron binding energy is so small indicates thatoelectron spectrum of the uracil anion solvated by a krypton atortkk);;
e exces elecron s ound very weakly, whlle the ekl
strength_ and espemally_ the unusual narrowness of this peglgter molecule, U(H,0),.
(almost instrumentally limitedmply that the structure of the
anion and its corresponding neutral are very similar. The
much weaker intensity features lying to slightly higher e for recognizing and interpreting the spectra of the other di-
are assignable to vibrations of molecular uracil. The verticaPole bound anions that will be presented below.
detachment enerqy/DE) is the electron b|nd|ng energy cor- With this baCkgrOUnd material in place, we return to the
responding to the maximum in the dominant peak in thisissue of the transformation that occurs when nucleic acid
spectrum. The VDE of the uracil anion was measured to b#ase anions experience condensed phase interactions. Natu-
93+7 meV. As mentioned above, the spectrum of the uracirally, the condensed phase environment with the most rel-
anion strongly implies that the uracil anion has essentiallyevance to biological problems is that provided by water.
the same structure as does it neutral. Under such circunRydberg electron transfer data had earlier provided a hint
stances, the VDE is either equal to or just slightly larger tharthat small hydrated uracil anions have covalent chardcter,
the EA, in value, and thus the Efof uracil is near 93 meV, even though contemporary calculations indicated otherwise.
in good agreement with the calculations of Adamowicz andTo investigate this question further, we mimicked the essen-
co-workers. In addition to explaining the photoelectron spectial interactions of the agueous environment by solvating
trum of the uracil anion, this description also sets the stageracil anions with various numbers of water molecules form-

U= (Ar),

(¢)

U= (Kr),
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(d)

U~ (Xe),

Photoelectron Counts

U=(H,0),
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ing uracil-water cluster anions,(H,0),,, and then looked, trated. Probably, this is because the BAthe stabilitie of
as a function of cluster size, for evidence of a dipole boundboth forms are essentially the same. For the dipole bound
to-covalent state transformation by using negative ion phofeature, the VDE-EA, as previously discussed, and
toelectron spectroscopy. Intuitively, we expected this to tak&/DE[U™ (Xe),] is 111+7 meV. For the covalent form, there
several, if not many, water solvents per uracil anion to deis clearly a substantial structural difference between the an-
finitively accomplish such a transformation. Thus, we wereion and its neutralas evidenced by the broad width of its
initially surprised when we recorded the photoelectron specpartially resolved vibrational progressign and thus,
trum of uracil anion solvated by one water molecule, i.e.,VDE>EA,. In the absence of hot bands, the E&f the
U~ (H,0)4, shown in Fig. 1e). The dipole bound signature of covalent form will lie at the low EBE edge of this feature,
the unsolvated uracil anion was completely gone from thid.e., essentially at the same EBE as the VDE of the dipole
spectrum, and instead there had appeared a broad, relativddpund form. Figures (8)—1(e) can now be seen as illustrat-
high EBE feature, indicative of a substantial structural dif-ing the gradual evolution, with increasing solvation power,
ference between this anion and its corresponding neutral araf the dipole bound state of the uracil anion into its covalent
typical of many valencegcovalenj anions. Evidently, the manifestations in xenon and water.
dipole bound-to-covalent state transformation for the uracil At this point, the nature of the covalent form of the
anion requires only one water molecule to achieve. Our inuracil anion and its relationship to its dipole bound forms are
terpretation of this is that the covalent form of the uracilinteresting to consider. In regard to the covalent state, elec-
anion is pulled down in energistabilized by its interaction  tron transmission spectroscopy along with calculations seem
with a water molecule, below the energy of the dipole boundo indicate that the uracil molecule has a slightly negative
form of the uracil solvated by water. The reason that theEA,, i.e., that the covalent form of the uracil anion is a
covalent form is stabilized more than the dipole bound formlow-lying temporary anion state, but it is also possible that it
is that the excess electron density on the covalent uracil arikas a slightly positive EA, i.e., between 0 and 90 meV.
ion is much higher than that on the dipole bound uracil an\Whichever is the case, it is clear that the covalent form of the
ion, and the water molecule’s interaction energy is greateuracil anion is very close in energy to that of neutral uracil.
with the denser excess electron distribution. Whether the covalent form of the uracil anion is slightly
We also measured the photoelectron spéctod  stable or slightly unstable, the systems which we have stud-
U~ (H,0),,, with n ranging from 1 to 12. All of these exhib- ied and reported upon here can be viewed as involving the
ited similar shaped covalentlike spectral features, whictcompetitive stabilization of both the covalent and the dipole
shifted to higher EBE’s with increasing, in accord with  bound isomers of the uracil anion. When the dipole bound
typical valence anion—neutral solvent interaction energies. lfiorm is the most stable, as in the cases of, U™ (Ar),, and
addition, to rule out the possibility of our uracil/water results U™ (Kr),, then we observe the dipole bound form of these
being due to a tautomerization reaction, we conducted a pagnions, since our source tends to discriminate in favor of the
allel set of control experimertaising N,N-dimethyluracil, more stable form of a given anionic species. When the dipole
which can not undergo tautomerization with water. Again,bound and the covalent forms are essentially of the same
just as in the case of uracil, its monomer anion was dipolestability, as in U (Xe);, we see both forms, and when the
bound and all of its hydrated anions were covalent, eliminateovalent form has overtaken the dipole bound fgimterms
ing tautomerization as an explanation for our observations.of stability), as in U (H,O);, then we observe only the co-
Struck by the fact that the interaction of a single watervalent form. Of course, both forms continue to exist, just
molecule with the uracil anion is enough to bring about thewith the higher energy state unoccupied.
sought-after dipole bound-to-covalent conversion, we next More generally, we see here, in the cases of uracil an-
turned to weaker solvents in hopes of seeing the actual trafen’s solvation by water and xenon, examples of phenomena
sition take place. First, we tried argon, making the uracilwhich one knows must occur relatively often in the con-
anion—argon complex, UAr),, and recording its photoelec- densed phase; that of an unstable or marginally stable anion
tron spectrum. As seen in Fig(d), it retained its dipole being stabilized and made observable by virtue of solvation.
bound spectral signature. We then used krypton, generatinghere are many other examples of this important and general
U~ (Kr); and recording its spectrufisee Fig. 1{c)]. While  phenomenon, many of them having nothing to do with dipole
U~ (Kr); showed some stabilization relative to”lJ(e.g., bound species, where a given anion has a stable existence in
VDE[U ™ (Kr);] =101+7 meV), it too retained its dipole the condensed phase, but is not stable and thus is not seen in
bound signature and character. Neither argon nor krypton arae gas phase as an isolated ion. Solvated anions of this type
strong enough solvents, it seems to affect the transformatioexist as stable species only in solution and have no stable
of interest. molecular counterpart, owing their very existence to solva-
Next, we turned to xenon, an atom which, because of itdion and multi-body condensed phase interactions.
high polarizability, has substantial solvating power. Here, in  The first order view of dipole bound and covalent forms
the case of U(Xe);, we saw a dramatic effect. As shown in as being separate isomers may require some further refine-
Fig. 1(d), both a dipole bound and a covalentlike featurement, however, especially when the two are close in energy.
exhibit themselves together simultaneously in the spectrurkmerging evidence for this comes from the fact that when
of U™(Xe);. This appears to be a system in which the crosswe solvate U(Xe); with additional xenon atom(i) both
over from dipole bound to covalent behavior is well illus- the dipole bound and the covalent features of théX¢),_
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