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Abstract

In this work we investigate different forms of electron binding in the mass-selected and cooled nucleobases uracil,
thymine and cytosine and their water clusters. In photodetachment–photoelectron spectra of the pyrimidine nucleobases,

Ž . Ž . Ž .sharp structures were found at 86"8 meV uracil , 62"8 meV thymine and 85"8 meV cytosine , which are due to
photodetachment of dipole-bound states. The photodetachment angle dependence of these states shows mostly p-wave
detachment, which confirms the predicted predominant s-character of the electronic wave function of dipole-bound states.
This anisotropy of electron emission and their sharp photodetachment structures can be taken for dipole-bound state
recognition. Water attachment to the nucleobases results in positive valence-bound electron affinity, s-wave detachment and
broad spectra, implying that the electron now is trapped inside the p

) LUMO of the nucleobases, stabilized by the water
dipole. The solvent shifts in dependence on water aggregation are linear and allow by extrapolation an estimation of the
monomer electron affinities. All three pyrimidine nucleobases are estimated to have a very similar valence-bound electron

Ž .affinity in the range of 0–200 meV. In nucleobaseP H O clusters, due to the large total dipole moment, dipole-bound2 n

states also exist. Resonant excitation of these dipole-bound states with a photon of 1064 nm wavelength causes dissociation
of the anion cluster, leading to monomer anions in their dipole-bound state. These monomer anions can be photodetached by
a second IR photon. Whereas, for uracil and thymine, one dipole-bound state is detected, for cytosine we find two

Ž .dipole-bound states 85"8, 230"8 meV which are attributed to the dipole-bound states of the simultaneously present
amino-hydroxy and amino-oxo cytosine tautomers. We also give a possible explanation why the formation of the
dipole-bound state of the amino-oxo tautomer at 230 meV is improbable in the supersonic expansion. q 1998 Elsevier
Science B.V. All rights reserved.

1. Introduction

Ž .Charge transfer CT in deoxyribonucleic acid
Ž . w xDNA is a subject of recent scientific interest 1–5

w xand is discussed with much controversy 6–8 . In
DNA a surplus charge causes reactivity as shown by

) Corresponding author.

the examples of the electron-induced thymine dimer
w xrepair mechanism 2,9 and the positive charge-in-

w xduced damage of guanine–guanine sequences 5,10 .
Hence, the ability of DNA to move charges, and
especially electrons along the p stack of the nucle-
obases, is of fundamental interest. This is especially
so because charge-induced damage of certain DNA
sequences or charge-induced repair of other DNA
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sequences could be important mechanisms in respect
to gene stability.

Charge transfer through DNA is typically investi-
gated by attaching or intercalating donor and accep-

Ž .tor chromophores typically large p systems . In the
superexchange CT theory, donor and acceptor are

w xelectronically coupled via the bridge orbitals 11 .
This coupling depends on the energetic matching
between the donor and acceptor p

) orbitals to the
) w xbridge p orbitals 12,13 , which are consequently

very close in energy. Calculated energy gap values
w x w xcover the range of 2 eV 13 to 0.2 eV 14 . The

latter value even results in a situation in which
electron injection into the DNA becomes possible
and charge transfer was even proposed to be possibly

w xa hopping mechanism 14 . Therefore, the position of
the p

) orbitals of the nucleic acid bases, as well as
any new information about the property of nucle-
obases to stabilize a surplus electron in any state of
aggregation such as in gas phase, in clusters, in
solution or in DNA, is important. By the empirical

w x )‘Koopmans theorem’ for anions 15 positions of p

LUMO orbitals can be determined from valence-
Ž .bound electron affinities EA . Solvent shifts areVAL

important to extrapolate the monomer EA and toVAL

investigate solvent shell formation and other effects.
For such investigations mass-selected and cooled
isolated nucleobase anions and nucleobase cluster
anions are very suitable.

The capability to stabilize a surplus electron in the
nucleobases has been investigated for uracil, thymine

w xand adenine by Rydberg electron transfer 16 and
for uracil and thymine by photodetachment–photo-

Ž . w xelectron spectroscopy PD-PES 17 . It was found
that isolated nucleobases can stabilize the surplus
electron in a dipole-bound state. In these states the
electron is bound to the rotating dipole moment
mostly outside of the molecule, a situation similar to
that for Rydberg states. As shown for uracil, even
attachment of a single Ar atom stabilizes the surplus
electron inside the p

) LUMO, i.e. the binding
character changes from dipole-bound to valence-

w xbound 18 . Although for the uracil monomer a
positive valence-bound electron affinity EA ofVAL

30–60 meV was found, it is difficult to form such
anions due to the large geometry shift between the

w xneutrals and the anions 18 . A similar co-existence
of both states has been found for the uracil–Xe

w xcluster 19 . Such a switch from dipole- to valence-
bound was also predicted by theory for attachment of

w xwater molecules to uracil 20,21 .
An overview of the historical development of

dipole-bound states as well as a detailed review are
w xgiven in Refs. 22,23 . The first experimental obser-

vation and interpretation of dipole-bound anions was
w xreported by Compton 24 and followed by Brauman

w x w x w x25 , Haberland 26 and Lineberger 27,28 . The first
PD-PES of dipole-bound anions was reported by

w xBowen 22 . A sophisticated investigation and pro-
duction of dipole-bound states was performed by

w xRydberg electron transfer 23 . A lower threshold for
Ž .the dipole moment m;2 Debye , necessary for the

w xexistence of a dipole-bound state, was calculated 29
w xand demonstrated 30,31 . The existence of even two

dipole-bound states in very polar molecules is pre-
w xdicted 23,30,31 but, up to now, not found experi-

mentally.
In this work we present PD-PE spectra of dipole-

bound states of mass-selected uracil, thymine,

Fig. 1. Structure of the pyrimidine nucleic acid bases. Thymine
Ž . Ž .DNA and uracil RNA , which differ only by one methyl group,
have at room temperature only a single tautomer. For cytosine the
co-existence of two different tautomers with very different dipole
moments has been found. The amino-oxo tautomer is the most

Ž .stable tautomer ms6.5–8 Debye .
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Žamino-oxo and amino-hydroxy cytosine for struc-
.tures see Fig. 1 . Also the angle dependence of

photodetachment from these dipole-bound states was
measured. The PD-PE spectra of the pyrimidine

Ž . Ž .nucleobaseP H O ns1–5 clusters are reported.2 n

Water shifts allow rough estimation of the valence-
bound electron affinities and p

) LUMO positions of
the nucleobase monomers. By IR excitation we find
dissociation in dipole-bound states of the water clus-
ters, which results in dipole-bound monomer anions.
We even observe the presence of two tautomers for
cytosine with this technique.

2. Experimental setup

The detailed experimental setup is described else-
w xwhere 32 . It consists of an anion source, an ion

extraction and acceleration zone, a quadrupole mass
Ž .selector and a time-of-flight TOF photoelectron

spectrometer. The anions and anion water clusters of
the nucleobase were formed in a supersonic N2

Žexpansion 8 bar N back-pressure mixed with traces2
.of water and sample molecules close to the pulsed

Ž .and heated nozzle 50 Hz repetition rate by attach-
ment of low-energy electrons. These electrons were
produced as secondary electrons by ionization of
carrier gas molecules with primary high-energy elec-

Ž .trons 1 keV . The latter are generated in a micro-
w xchannel plate electron gun 32 . In order to achieve

suitable sample vapour pressure of uracil, thymine
and cytosine the nozzle was heated up to 200–2508C.
After passing the heated skimmer, the anions were
extracted perpendicular to the neutral jet by applying
a pulsed voltage to deflection plates and then fo-
cussed into a quadrupole mass filter. The mass-
selected anions were accelerated to about 200 eV
kinetic energy and introduced into a TOF photo-

Ž .electron spectrometer Ls468 mm . Photodetach-
ment is performed by the fundamental or second

Žharmonic of a Nd:YAG laser pulse width: 12 ns;
pulse energy: 30 mJ at 1064 nm and 20 mJ at 532

.nm . By calibration with atomic oxygen anions an
electron energy resolution of 3 meV for photoelec-
trons of a kinetic energy of about 40 meV could be
achieved. The experimental shift in absolute electron
energy was estimated to be below 5 meV at such low
excess energies. For high-energy electrons, the en-

ergy resolution and the accuracy in peak position is
limited by the laser pulse duration of about 12 ns.

3. Results and discussion

Ž .In Section 3 we present 1 PD-PE spectra of
dipole-bound states of the nucleobases uracil,

Ž .thymine and amino-hydroxy cytosine, 2 the pho-
todetachment anisotropy produced by dipole-bound

Ž .states, and 3 photodetachment spectra of nucle-
Ž . Ž .obaseP H O clusters. We show that 4 in nucle-2 n
Ž .obaseP H O clusters resonant photoexcitation of2 n

dipole-bound states is possible. In the subsequent
dissociation of these states the surplus electron func-

Ž .tions as a spectator. Finally 5 we interpret the
presence of two dipole-bound states for the monomer
fragment anions of cytosine as evidence for the
presence of two conformers.

3.1. Dipole-bound anion states

Ž .The PD-PE spectra of the nucleobases uracil a ,
Ž . Ž .thymine b and cytosine c measured at a detach-

Žment wavelength of 1064 nm horizontal polariza-
.tion are presented in Fig. 2. Each spectrum shows

one prominent, sharp peak at low binding energy
Žthe anion ground-state energy is the origin of the

.energy scale . The sharp spectra of uracil and thymine
agree well with previous spectra measured by Bowen

w xand co-workers 17 . Based on the Franck–Condon
principle a single prominent sharp peak indicates
similar geometries between anion and neutral struc-
ture. Such behavior is expected of dipole-bound
anion states where the surplus electron is mostly
outside of the molecule as a spectator, i.e. the core is
mostly neutral and not influenced by the charge.
Therefore, for uracil and thymine, the sharp peaks in

w xPD-PE 17 and Rydberg electron transfer spectra
w x Ž .16,18 have been attributed to the 0–0 -transition
from the dipole-bound anion ground state to the
neutral ground state. Here we add cytosine as the
third pyrimidine base.

From peak positions the binding energies of the
dipole-bound states are determined to be 86"8
meV for uracil, 62"8 meV for thymine and 85"8
meV for cytosine. Due to the high excess energy of

Ž .the photoelectrons )1 eV , the experimental elec-
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Fig. 2. Photodetachment–photoelectron spectra of the isolated
nucleobase monomers uracil, thymine and cytosine. The predomi-
nant peaks are attributed to the 0–0 origin transitions from the
dipole-bound anion to the neutral ground state.

tron energy resolution is limited by the laser pulse
duration resulting in a peak width of about 40 meV
and a peak position accuracy of about "8 meV. Our
values for uracil and thymine agree well with the

Žresults of Bowen and co-workers PD-PES: uracil,
w x.93"7 meV; thymine, 69"7 meV 17 , Schermann

Žand co-workers Rydberg electron attachment: uracil,
w x w x.85"15 meV 18 ; thymine, 68"20 meV 16 and

ab initio calculation of Adamowicz and co-workers
Ž w x w x.uracil, 86 meV 33 ; thymine, 88 meV 34 . The

Ž . w xdipole moments of uracil 4.7 Debye 35 and
Ž . w xthymine 4.6 Debye 35,36 agree reasonably well

with the binding energies expected for such dipole
w xmoments 23 .

For cytosine, however, the observed binding en-
ergy of 85"8 meV is surprising low considering
that the cytosine dipole moment is predicted to be in

the range of 6.5–8 Debye. The expected electron
binding energy to a molecule of a dipole moment of

w x7 Debye is about 175 meV 23 . The binding energy
of 85"8 meV is expected to correspond to a dipole
moment of 4–5 Debye. Looking for an explanation,
we find that two cytosine tautomers have similar
ground-state energies and can co-exist at room tem-

w xperature in gas phase 37 . Although the amino-oxo
tautomer presumably is somewhat more stable than

Ž .the amino-hydroxy tautomer see Table 2 at a noz-
zle temperature of 200–2508C, we expect both tau-
tomers to have a comparable population. The tau-
tomers have very different dipole moments of about
7 Debye for amino-oxo cytosine and 3.4 Debye for

Ž .amino-hydroxy cytosine Tables 1 and 2 . To match
binding energy and dipole moment, we attribute the
sharp prominent peak in the PD-PE spectrum in Fig.
2c to the amino-hydroxy tautomer. Consequently we
then assign the small broader peak at about 230 meV
to the dipole-bound state of the amino-oxo tautomer.
This assignment brings the expected large dipole
moment of 7–8 Debye for amino-oxo cytosine into
qualitative agreement with the electron binding en-
ergy of 230 meV. The intensity difference between
the two peaks is, however, remarkable. Although

w x w xtheory predicts 37 and experiments show 43 that
both tautomers have similar energy and should have
similar population, their peak intensities are very
different, i.e. the population in the amino-oxo tau-
tomer anion is very small. This lack of amino-oxo
tautomer intensity in the PD-PE spectrum is ex-
plained in Section 3.5. The exact energy of the
dipole-bound state of the amino-oxo tautomer is
determined by a two-photon excitation involving an-
ion cluster dissociation as described in Section 3.4.

Table 1
Dipole moments m, dipole-bound electron affinity EA andDB

relative stability D E and of the two most stable tautomers for
uracil

Reference Di-oxo Oxo-hydroxy

Ž . w xm Debye calc. 37 4.4–4.5 3.2–3.3
w xcalc. 38 4.2–4.9 3.4–3.6
w xcalc. 35 4.7

w xest.rexp. 39 3.9
w xest.rexp. 40 4.2

Ž .EA meV this work 86"8 –DB
Ž . w xD E meV calc. 37 0 ;470–490
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Table 2
Dipole moments m, dipole-bound electron affinities EA andDB

relative stability D E of the two most stable tautomers for cyto-
sine. Note the large dipole moment for amino-oxo cytosine

Reference Amino-oxo Amino-hydroxy

Ž . w xm Debye calc. 37 6.5–6.7 3.4–3.5
w xcalc. 41 7.12 3.4
w xcalc. 36 7.16

w xest.rexp. 41 6.5
w xest.rexp. 40 7.65
w xest.rexp. 42 8.0

Ž .EA meV this work 230"8 85"8DB
Ž . w xD E meV calc. 37 0 ;16–43

w xexp. 43 0 ;0

For uracil and thymine, the other possible tau-
Ž .tomers oxo-hydroxy, di-hydroxy and others are

much higher in energy than the most stable di-oxo
w xtautomer 37 . They are, therefore, not populated

Ž .even at the high temperatures 200–2508C we used
for evaporation. The weak structures in the PD-PE

Ž .spectra Fig. 2a,b at higher energies are attributed to
w xtransitions to vibrational excited neutral states 17 ,

which have small intensities because of the similar
geometry between the dipole-bound anion and the
neutral structure.

3.2. Angle-resolÕed photodetachment of dipole-bound
states

Due to the special binding situation in dipole-
bound anions, an investigation of the angle depen-
dence of the PD process was considered to be very
interesting to identify the electronic wave function
involved. Fig. 3 shows, for uracil, the dependence of
the total photoelectron signal on the polarization

Žangle of the detachment laser wavelength: 1064
.nm . The data are fitted with the function dsrdV;

w Ž .x Ž .1qbPP cos u solid line with an anisotropy2

parameter of bf1.4. The signal is composed of a
Ž .2large cos u contribution corresponding to a p-wave

Ž .photodetachment bs2 and an angle-independent
contribution which is attributed to s-wave detach-

Ž . w xment bs0 44 . The angle-resolved detachment
spectra for thymine and cytosine show the same

Ž .behavior not shown here .
The angular momentum of the emitted electron

Ž .p-wave photodetachment: ls1 is expected to de-

pend via angular momentum conservation on the
angular momentum of the initial anion state, the final

Ž . Ž . w xneutral state here ls0 and the photon ss1 44 .
Hence, the p-wave detachment containing some con-

Ž .tribution of s-wave detachment bs0 reveals the
character of the electronic wave function as an s-
orbital with some p-orbital contribution. This nicely
confirms model calculations which predict that
dipole-bound states have an electronic wave function
of s-character with some minor p -orbital contribu-z

w xtion 23 . Such dipole-bound state electronic wave
functions of spherical shape, strongly displaced from
the molecular centre, are given in many references
w x21,23,33,34,45–49 . The p-wave detachment of
dipole-bound states found here gives us a new crite-

Ž .rion for identifying such states see Section 3.4 .
Distinctly different laser polarization dependence was
also found for co-existing dipole- and valence-bound

w xstates in pyridine tetramer anions 50 .
The pyrimidine nucleobases can stabilize a sur-

plus electron in dipole-bound states. They are a
property of the isolated molecules in the gas phase
and have little direct relevance for processes or
properties of the nucleobases in solvents or within
DNA and RNA structures. Therefore in a second
step it is highly interesting also to study the proper-
ties of nucleobases in its native environment such as
in water.

Fig. 3. Dependence of the photodetachment signal of the dipole-
bound states on the polarisation angle of the detachment laser. The

2Ž . Ž .cos u photoelectron emission behavior solid line corresponds
Ž .to a p-wave photodetachment anisotropy parameter b s1.4 .

Beside the narrow shape the p-wave detachment is now an
additional criterion for the identification of dipole-bound states.
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3.3. Water clusters: Õalence-bound anion states

It is well known that EAs strongly depend on
w xsolvation 51–53 . For the nucleobases the question

arises how the properties of electron stabilization
change in aqueous environment. In mass-selected
clusters we even can pose more specific questions
such as how many water molecules are needed to
obtain a positive EA and how does the EAVAL VAL

shift with cluster size. Fig. 4 presents PD-PE spectra
Ž . Ž .of the nucleobaseP H O clusters ns0–5 of2 n

Ž . Ž . Ž .uracil a , thymine b and cytosine c . For all
nucleobases the same behavior can be observed.
Already the attachment of one water molecule causes
a dramatic change in the energetic position as well as
in the shape of the PD-PE spectra. Instead of the

Žsharp prominent peak at low energy see bottom of
.Fig. 4 , a rather broad structure at significant higher

energy is found. This has also been observed before
Ž . w xfor uracilP H O and uracilPXe anion clusters 192

and is a typical indication for clusters distorted by
the electron localized inside the cluster. Because one
water molecule itself is not able to stabilize an
electron, this implies that uracil–water, thymine–

Ž .water and cytosine–water both tautomers form va-
lence-bound anions with the surplus electron now
residing in the p

) LUMO of the nucleobases
w x51,52,54,55 . Thus the spectra show that the nucleic
acid bases in aqueous environment have positive

w xEA as predicted by Sevilla et al. 56 and alreadyVAL
w xshown for uracil by Bowen 19 and Schermann and

w xco-workers 18 .
Ž .An ab initio investigation for the uracilP H O2 3

w xcluster 20 gives a vertical EA of 0.9–1.1 eVVAL

which is somewhat below the peak maximum of our
Ž .corresponding PD-PE spectrum Fig. 4 . However, a

Ž . Ž . Ž .Fig. 4. PD-PE spectra of uracil a , thymine b and cytosine c and their water clusters. The broad cluster spectra indirectly show that the
electron is localized in the p

) LUMO of the pyrimidine nucleobases.
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small negative adiabatic EA within the rangeVAL

between y0.07 and y0.24 eV was calculated, which
does, however, not fit together with the existence of

Ž . Ž .stable t)250 ms valence-bound uracilP H O2 3

anions. Also Rydberg electron transfer experiments
of Defrancois et al. clearly show that the anion state

w xis below the neutral molecule 18 . Nevertheless, the
w xcalculations 20 confirm large differences in geome-

Ž .try between anion and neutral nucleobaseP H O2 n

clusters. Thus, the determination of absolute adia-
batic EA values by the onset of the structures inVAL

the PD-PE spectra should be done with caution. The
determination of relative EA values, however,VAL

within one series of water clusters is reliable.
With increasing size of the water clusters, the

onset of the structure in the PD-PE spectra shifts
towards higher energies. The electron affinities de-
termined from the onsets have an accuracy of about
100 meV. They are displayed in Fig. 5 in depen-
dence on cluster size n. For all three bases no
saturation in increase of EA can be observed.VAL

Furthermore the increase with cluster size seems to
be linear within the accuracy of the measurement.
The average increase per added water molecule is
0.22 eV for uracil, 0.20 eV for thymine and 0.17 eV
for cytosine, i.e. rather small. A comparison with the

Ž ysolvation behavior of point charges O : D Es8002
w x.meV 57 and anions with an extended p systems

Ž y w x.anthracene : D Es240 meV 54,58 indicates that,
in the pyrimidine nucleobases, the surplus charge is
delocalized in the p system.

As for EAs and p
) positions, extrapolation of
Ž .the slope to the origin monomer base would give

positive but small values for EA of 150"120VAL
Ž . Ž .meV uracil , 120"120 meV thymine and 130"

Ž .120 meV cytosine, both tautomers . These results
show that EA is close to zero but, even moreVAL

interesting, is very similar for the three pyrimidine
bases studied. Due to the geometry shift between the
anion and the neutral cluster and the inaccuracy in
determination of the adiabatic EA , the error mar-VAL

Ž .gins are large "120 meV . In this uncertainty we
also included that this procedure might be slightly
wrong because the EA could change somewhatVAL

more by adding the first water molecule than the
second, i.e. the behavior of the EA should not beVAL

Ž .linear within this region see Fig. 5 . In Table 3
experimental and theoretical values for EA areVAL

Ž .Fig. 5. Dependence of the electron affinity onset on the size n of
Ž .the nucleobaseP H O clusters. The shift increment decreases2 n

from uracil via thymine to cytosine and can be correlated with the
size of the molecule and the size of the p system. The solvent
shift extrapolation allows an estimation of the electron affinities
for valence-bound anions of the pyrimidine nucleobases. Note that
all electron affinities, and hence all p

) LUMO energies are very
similar.

compared. Employing ‘Koopmans theorem’ for an-
w x )ions 15 , we can estimate the p LUMO to be

situated at y2.0"0.14 eV for all pyrimidine nucle-
obases. This narrow range for the p

) orbitals of the
pyrimidine nucleobases provides an ideal resonance
condition for the DNA bridge concerning electron
transfer. The question still open is where the p

)

LUMOs of the purine nucleobases are situated.
In situ, e.g. in DNA in a polar solvent environ-

ment, a lowering of the electron energy in the p
)

Ž .LUMO can be assumed due to i stabilization by the
Ž .polarizability of the p stack, ii the dipole moments

Ž .of bound water and iii the hydrogen bond forma-
tion to the complementary base. The latter is a
situation close to a solvation by two bound waters.
The question how the water molecules are bound to
the nucleobases is still open. For solvation of anions

w x w xspectroscopy 61 and calculations 62 show that
water tends to form one-sided sub-clusters in which
each water molecule binds with one hydrogen to a

Ž .neighbouring water forming ring systems ns1–5
Ž .and then three-dimensional structures n06 . This

concept would also agree here with the observed
linear shift of EA in dependence on cluster size.VAL

This would be, however, in contradiction to ab initio
w xcalculations of Adamowicz and co-workers 20 who
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Table 3
Comparison of valence-bound electron affinities for the three pyrimidine nucleobases. The energy of the LUMO orbital E is calculatedLUMO

w xby the formula E syEA y1.9 eV 15LUMO VAL

Ž .Uracil Thymine Cytosine amino-oxo Remark Ref.

150"120 meV 120"120 meV 130"120 meV water shift extrapolation this work
w x30–60 meV – – Rydberg electron transfer 18
w xy220 meV y290 meV y320 meV electron attachment 59
w xy190 meV y320 meV y400 meV calc. 60
w x20 meV – y240 meV calc. 15

a a ay2.05"0.12 eV y2.02"0.12 eV y2.03"0.12 eV E this workLUMO

aE calculated with values of line 1.LUMO

predicted that the first three water molecules are
hydrogen bound to the uracil anion and form the first
solvation shell.

( )3.4. NucleobaseP H O clusters: resonant excita-2 2

tion of dipole-bound states with subsequent dissocia-
tion

Due to their large dipole moments also for the
Ž .nucleobase P H O clusters, the existence of2 n

w xdipole-bound states is expected 20,21,63 . As ex-
pected and found by the PD-PE spectra the cluster
ground state is valence-bound. The dipole-bound
state, hence, is the first excited cluster anion state.

w xAs shown by several groups 27,28,61,64 resonant
transition from a valence-bound ground state to a
dipole-bound excited state is possible. Due to the
similarity of the geometry of dipole-bound anions
and neutrals, vibrational states of the dipole-bound
states are in the same way accessible as the corre-
sponding neutral states. The questions we would like
to address in the following are: do nucleobaseP
Ž .H O clusters have dipole-bound states and are2 n

they observable, can we excite them, and what hap-
pens after their photoexcitation?

Ž .Fig. 6 shows PD-PE spectra of uracilP H O2 2
Ž .and cytosineP H O measured at wavelengths of2 2

Ž . Ž .532 nm a,c and 1064 nm b,d . In the 532 nm
spectra the broad PD-PES structure of the valence-
bound anion clusters of Fig. 4 are repeated. In the

Žspectra recorded with a wavelength of 1064 nm Fig.
. Ž .6b,d beside the broad structure one uracil respec-

Ž .tively two cytosine additional sharp peaks appear at
low energy. Similar spectra have been recorded also

Ž .for thymine not shown here . Also in thymine as in

uracil they show for 1064 nm excitation one narrow
peak at low energy.

The simplest explanation for the observation of
the sharp peaks in the PD-PE spectra of the clusters
at 1064 nm would be that, in the anion beam of the
mass-selected clusters, beside the valence-bound also
dipole-bound anion clusters are present. The ob-
served structures at a detachment wavelength of
1064 nm would then be a superposition of PD-PE
spectra arising from different types of anions. Such a
situation was found by Bowen and co-workers for

w xuracilPXe cluster anions 19 and by Kim and co-
w xworkers for pyridine tetramer anions 50 . In this

case, both types, i.e. dipole- and valence-bound an-
ions, can co-exist because they are mostly isoener-
getic and separated by a barrier. This spectra super-
position of two anion species is expected to be
independent on the detachment wavelength.

Because the sharp peaks in our spectra are not
Žpresent at an excitation wavelength of 532 nm at

.each laser polarization angle , the initial presence of
two types of anions can be ruled out. Nevertheless
the concept that the PD-PE spectra are due to two
different types of anion species is convincing. We
attribute the sharp peaks of Fig. 6b,d to a photode-
tachment of the dipole-bound nucleobase monomers,
which are formed by resonant excitation from the
valence-bound to a dipole-bound state of the cluster
anion and its subsequent dissociation. The following
properties of the sharp structures support this assign-
ment:
Ž .i Their energetic position is the same for the

Ž .nucleobaseP H O cluster of sizes ns2 and2 n
Ž .ns4 ns4 is not shown here and, hence, they

are not a property of the cluster size.
Ž .ii They are sharp and show the anisotropy behav-
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Ž . Ž . Ž . Ž . Ž .Fig. 6. PD-PE spectra of uracilP H O left and cytosineP H O right recorded with detachment wavelengths of 532 nm a,c and2 2 2 2
Ž . Ž . Ž .1064 nm b,d . In b beside the normal photodetachment photoelectron signal, for uracil and thymine not shown an additional sharp peak

Ž .appears exactly at the energy of the dipole-bound anion state of the nucleobase monomer. In the case of cytosine d two additional peaks
Ž . Ž .occur which are attributed to photodetachment of the dipole-bound states of the amino-hydroxy 85 meV and the amino-oxo 230 meV

Ž .cytosine tautomers see also text .

Žior of dipole-bound states p-wave detachment;
.see Fig. 3 .

Ž .iii Their energetic position is the same as ob-
served for the dipole-bound states of the isolated

Ž .nucleobases Fig. 2 .
Ž .iv They appear only at 1064 nm but not at 532

Ž .nm anion cluster photoexcitation see Fig. 6 which
indicates that a resonant anion state is involved.
Ž .v They occur only for cluster size ns2 and
ns4, which is an indication that the process
might depend on the total cluster dipole moment.
In the following we propose a scenario which

Ž . Ž .explains the experimental results i – v . In Fig.
Ž .7a–c the energy scheme of a nucleobaseP H O2 2

cluster and the concerning monomer is presented.
Ž .The proposed mechanism consists of b resonant

Ž .photoexcitation hn into a dipole-bound state1

Ž . Ž .dotted lines of the cluster, b dissociation into the2

dipole-bound nucleobase monomer and neutral water
Ž .and c photodetachment of the monomer dipole-

Ž .bound state by a second photon hn . Also autode-2
Ž .tachment can compete with dissociation b .1

In the usual photodetachment process the anion is
Ž .excited into the continuum Fig. 7a . Dipole-bound

cluster states, however, give rise to a large optical
w xexcitation cross-section 61 which competes effi-

Ž . Ž .ciently b with the continuum excitation a . Be-
cause water clusters, with their low-frequency libra-
tions, offer an enormously high density of vibrational
states, the presence of a resonant excitation is always
guaranteed even at the accidental wavelength of
1064 nm. The large anion to neutral geometry change
of the clusters shows that high vibrational states of
the dipole-bound state are accessible with a large



( )J. Schiedt et al.rChemical Physics 239 1998 511–524520

Ž .Fig. 7. Energy scheme of the nucleobaseP H O cluster and the2 2

nucleobase monomer. Beside normal photodetachment into con-
Ž .tinuum a resonant excitation from the valence-bound anion

ground state into high vibrations of the dipole-bound excited
Ž . Ž .anion state DBS is possible b . Beside vibrational autodetach-

Ž . Ž .ment b dissociation of the anion cluster can take place b .1 2

During this process the electron acts as a spectator. The dipole-
bound state of the nucleobase monomer can be then photode-

Ž .tached by a second photon c . This two-photon process only can
take place if an excitation leads resonantly into the dipole-bound

Ž .cluster state see arrow length in Fig. 6 . For cytosine the ratio of
the two tautomers present in the heated nozzle is conserved in the
water clusters and the fragment anion distribution, resulting in a
dipole-bound state for each tautomer.

Ž .Franck–Condon factor. For the nucleobaseP H O2 2

clusters, this is especially the case for an excitation
Ž .in the range of 1064 nm ;1.2 eV . This photoexci-

Ž .tation leads in all nucleobaseP H O anion clusters2 2

to a high vibrational energy of 0.5–0.7 eV in the
dipole-bound state. The energy needed for the disso-
ciation of the dipole-bound anion cluster is assumed
to be very similar to the neutral cluster because of
the electron being mostly outside of the cluster. The
neutral binding energy for one water is estimated to
be 0.2 eV, which corresponds to the breaking of a
hydrogen bond to the nucleobase. Hence, after
dipole-bound state excitation the internal cluster en-
ergy is large enough for complete loss of two water

Ž .molecules c . Although most of the excited dipole-

bound state clusters may undergo vibrational autode-
Ž .tachment b , for some clusters the electron obvi-1

ously can act as a spectator of the core dissociation
and survive in the dipole-bound state. During disso-
ciation the dipole-bound state of the cluster is then
converted into the dipole-bound state of the
monomer. The monomer can be then photodetached
by a second photon, explaining the sharp dipole-
bound state structure in Fig. 6b,d. The low intensity
of the monomer dipole-bound states in Fig. 6 is
explained by the competition of the dissociation with
Ž . Ž .i photodetachment into continuum, ii autodetach-
ment from the highly excited dipole-bound states and
Ž .iii radiationless recombination. This two-photon
process involving cluster dissociation explains the
exclusive observation of dipole-bound states at the
IR wavelength, and all other experimental findings
above. A direct two-photon process via a dipole-
bound cluster state can be ruled out. Such a process
would image the dipole-bound state of the cluster
and its EA should depend on cluster size. This,DB

however, is in contrast to our finding that, for all
pyrimidine nucleobases, the peak positions are con-
stant for the anion cluster with two and four added
water molecules. In addition, the energy exactly
corresponds to the dipole-bound state of the respec-
tive isolated nucleobase.

In our experiment the fragmentation of the cluster
dipole-bound state has to occur within the laser pulse
in order to explain the fragment ion detachment.
Such fast monomer anion formation out of a cluster

w xhas been found previously for O 65 , benzo-4
w x w xquinonePH O 66 and azulenePH O 57 anion2 2

clusters. Ultrafast dynamics of dipole-bound states
and anion fragmentation have also been observed in

Ž .yfemtosecond experiments for IP H O clusters2 5,6
w x67 . The finding that the dipole-bound electron acts
like a spectator has analogy to Rydberg states where
photofragmentation of the benzene core in the pres-
ence of a high quantum Rydberg state was also

w xpossible 68 .
We tried to prove the two-photon character of the

process by variations of the laser intensity but did
not find significant effects. We explain this by satu-
ration of the valence- to dipole-bound state transi-

w xtion, which typically has a large cross-section 61 .
The dependence of the appearance of the dipole-
bound monomer states on the number of water
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Ž .molecules see v is not yet understood completely.
It seems to be coupled with a property of the cluster.
Either the total dipole moment of some clusters is
too small so that no dipole-bound state exists or the
binding energy in the dipole-bound state is so small
that autodetachment becomes very fast and anion
fragmentation cannot compete. In tendency the latter
explanation is confirmed by calculations for uracil,

Ž . Ž . w xuracilP H O and uracilP H O 20,21,33 , show-2 2 3

ing that the cluster binding energies in the dipole-
bound states are small. In any case, the appearance
of dipole-bound monomer states only for nucle-
obase–water cluster sizes of two and four, but not
one and three, water molecules clearly shows that the
resonant excited anion cluster state is not of
valence-bound character. If this were so, resonant
excitation would take place between two valence-

Ž ) ) ) w x.bound states p –p or n–p 32 of the nucle-
obases and, hence, would be independent on cluster
size.

3.5. Distinction of two cytosine tautomers by PD-PES
of dipole-bound anions

Ž .One interesting observation for cytosine Fig. 6d
is the occurrence of two different dipole-bound states
after cluster dissociation. For uracil and thymine, the
monomer dipole-bound states formed via anion clus-
ter dissociation correspond exactly in number and
energy to the monomer dipole-bound state of the
anions formed in the supersonic expansion. For cyto-

Ž .sine the sharp peak 1 Fig. 6d is identified by
energetic position with the spectrum of the monomer

Ž .dipole-bound state Fig. 2, see insert . Peak 2 at 230
meV is identified also to be a transition from a
dipole-bound anion by its sharp structure and its
p-wave detachment. For explanation of its nature we

Ž .have two possibilities. It is i either a second
Ž .dipole-bound state of one cytosine tautomer or ii a

dipole-bound state of a second tautomer.
Ž .As for i , for molecules of very large dipole

moment the existence of two dipole-bound states
w xwas predicted 23,69 . Whereas the lower ground-

state dipole-bound state is strongly bound, the ex-
cited state is supposed to have a very low binding

w xenergy below 10 meV 23 . Hence assignment of the
two peaks to two dipole-bound states of one cytosine

tautomer can be ruled out because of the large
dipole-bound electron affinity EA for both states.DB

Ž .As for the tautomer problem ii , indeed we find
w xin literature 37 for cytosine two tautomers of very

similar stability but very different dipole moments of
Ž .6.5–8 and 3.4–3.5 Debye see Table 1 . With this

information we attribute the two sharp peaks to the
Ž .dipole-bound states of the amino-oxo 230 meV and

Ž .the amino-hydroxy cytosine tautomers 85 meV .
ŽThe assignment for the structure at 230 meV peak

.2 to be a dipole-bound state of the amino-oxo
cytosine tautomer is evident for the following rea-
sons:
Ž .i Peak 2 shows the same dependence on detach-
ment wavelength as peak 1: they vanish at 532 nm
and appear at 1064 nm. This indicates that both
are formed by the same mechanism.
Ž .ii It shows all characteristics of a dipole-bound
state such as sharp peaks and p-wave detachment.
Ž .iii Due to the large binding energy, peak 2
should correspond to a large dipole moment of

w xabout 7 or more Debye 23 as expected for the
Ž .amino-oxo tautomer see Table 2 .

Ž .iii The second peak only appears for cytosine,
which has two tautomers of similar stability but
very different dipole moments.
Ž .iv Peak 2 agrees in energy with the weak struc-
ture present in the PD-PE spectrum of the cytosine
monomer.

w xDue to the similar stability 37 of the two cyto-
sine tautomers, we can assume that, in our heated
nozzle, both neutral tautomers are formed with a
similar intensity. If this and the assignment of the
dipole-bound states formed via the water cluster are
correct, we have to explain why the dipole-bound
state of the amino-oxo tautomer at 230 meV only has
a very weak intensity in the PD-PE monomer spec-

Ž .trum Fig. 2c . We believe that, in comparison to the
amino-oxo, the amino-hydroxy tautomer anion is
enhanced in the anion formation process taking place
in our source. The reason for observation of the

Ž .strongly bound dipole-bound state I via cluster
Ž .fragmentation but not II in the direct anion forma-

tion process in the gas phase has to be found in the
different nature of these monomer anion formation
processes.

Ž . Ž .As for I , in the cluster spectra Fig. 6 the
population of the dipole-bound monomer states re-
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sults from a resonant excitation to the dipole-bound
cluster state with a subsequent anion dissociation.
Because both tautomers can be assumed to be pre-
sent in the gas phase, both tautomers can be embed-
ded into water clusters which then can attach elec-
trons. These clusters can be photodissociated, result-
ing in two tautomers each in a dipole-bound anion
state. Isomerization between the tautomers is as-
sumed to be improbable because of the fast cooling
in the expansion and the high barriers between tau-
tomers.

Ž .As for II , in the spectra of the monomer nucle-
Ž .obases Fig. 2 the dipole-bound states are formed in

the N gas expansion, a completely different mecha-2

nism. We now raise the question which formation
mechanisms of dipole-bound states take place in a
supersonic expansion seeded with low and high ener-
getic electrons. Several scenarios are possible:
Ž .i A free low energetic electron is captured into
the dipole-bound state and the electron binding
energy set free is transformed into vibrational
energy. This process is very unlikely because the

Ž .electron motion is fast vertical process and the
dipole-bound anion and the neutral state have a

Ž .very similar geometry propensity rule Dns0 .
Ž .ii The electron is captured without vibrational
excitation and the binding energy is extracted in a
three-body collision. Such a process is also im-
probable especially because the light electron is
unable to efficiently transfer energy to heavy par-
ticles.
Ž .iii Electron attachment to clusters leading to
dissociation into the monomer dipole-bound state.
This process is similar to our proposed cluster
photodissociation mechanism. For production of
the dipole-bound monomer anion the dissociation
from the dipole-bound cluster state is necessary
Ž .see i, ii, iv above . It is assumed, however, that
the cluster anion formation leads predominantly to
valence-bound clusters.
Ž .iv The electron is transferred from a mostly
isoenergetic Rydberg state of the N carrier gas2

into the dipole-bound state of the nucleobase.
Those Rydberg states are supposed to be formed
in the N expansion mostly by primary electron2

collisions. This mechanism does not need further
stabilization and results in cold dipole-bound an-
ions.

Ž .We strongly favour route iv to be responsible
for formation of dipole-bound anions in the super-
sonic expansion. Rydberg electron transfer has shown

w xto be very efficient 23 . So how can we explain that
the dipole-bound state of the amino-oxo cytosine
tautomer at 230 meV binding energy is formed so

w xweak? As shown by Desfrancois and Schermann 23
for efficient electron transfer a certain Rydberg level
is the most efficient. The Rydberg quantum number
n for maximum transfer rate can be estimated by
EA s23 eVrn2.8. For EA s230 meV the Ryd-DB DB

berg quantum number n is 5, i.e. rather low. For the
two cytosine tautomers, the situation of dipole-bound

Ž .anion formation is shown in Fig. 8. In a the
Ž .amino-hydroxy and in b the amino-oxo tautomers

of cytosine with their dipole-bound states at 85 and
Ž .230 meV below the threshold are shown. In c

schematically a Rydberg state ladder is drawn. At
230 meV the Rydberg state density becomes very
sparse. The efficiency of electron transfer from Ryd-
berg orbitals being somewhat off-resonant decays

w xexponentially with energetic distance from n 23 .max
w xEven the higher state density due to vibrations 70

in the molecule N does not help because in2

molecules Rydberg states of low quantum numbers
have short lifetimes. In addition, the size of the

Ž .Fig. 8. Rydberg electron transfer scheme. a The amino-hydroxy
Ž .tautomer and b the amino-oxo tautomer with their dipole-bound

Ž .states at 85 and 230 meV. c The Rydberg state level scheme. At
Ž .230 meV below threshold i the Rydberg state levels are sparse,

Ž . Ž .ii their lifetimes short and iii their orbital sizes small. All these
arguments motivate that Rydberg electron transfer is not efficient

Ž .for formation of dipole-bound states DBS of large binding
energies.
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electron orbitals becomes small for low n quantum
numbers, thus reducing the interaction distance for
electron transfer to a second molecule.

Hence, we have found good arguments that a
dipole-bound state at 230 meV binding energy is
formed with less efficiency by Rydberg electron
transfer than a dipole-bound state at 85 meV. This
could explain the small peak for the strongly bound
dipole-bound state of the second tautomer, although
the population of the corresponding neutral tautomer
is sufficiently large. The result is that Rydberg elec-
tron transfer is obviously tautomer selective here.

4. Conclusion

In this work former results by Bowen and co-
w xworkers 17,19 concerning dipole-bound anion states

of the nucleic acid bases uracil and thymine in gas
phase could be confirmed. In addition, the energy of
the dipole-bound state of two tautomers of the
pyrimidine nucleobase cytosine was measured. Their
electron affinities EA are in agreement with theDB

expected tautomer dipole moments. The anisotropy
parameter for photodetachment of dipole-bound states
was determined to bf1.4 corresponding to mostly
a p-wave detachment. This confirms the predicted
predominant s-character of the electronic wave func-
tion of dipole-bound states.

All pyrimidine nucleobases have positive EAVAL

in aqueous environment and can incorporate the
surplus electron into p

) LUMO, delocalized over
the entire molecule. By water shift extrapolation it is
found that the p

) LUMOs of all pyrimidine nucle-
obases are situated at low and very similar energies.
This is an ideal precondition for an efficient nearest-
neighbour coupling as necessary for charge transfer
in DNA.

Ž .In the PD-PE spectra of nucleobaseP H O an-2 n

ion clusters measured at IR wavelength a superposi-
tion of photodetachment from valence-bound as well
as from dipole-bound anions is observed. This is
explained by resonant excitation of high vibrations in
the dipole-bound cluster excited state. The cluster
then boils off the water molecules where the electron
acts as a spectator. After dissociation of the anion
cluster, the surplus electron stays in the dipole-bound
state of the nucleobase monomers from which it can

be photodetached by a second photon. By this com-
plex monomer anion formation mechanism we find
for cytosine in addition to the dipole-bound state at
85 meV a very strongly bound dipole-bound state at
230 meV. The latter is attributed to the dipole-bound
state of the most stable amino-oxo cytosine tautomer,
which has a very large dipole moment of 6.5–8
Debye. This tautomer anion was only very weakly
observed by direct anion formation in the supersonic
expansion. We tentatively explain this by an energy
dependence of the efficiency of the Rydberg electron
transfer from the excited carrier gas molecules to the
nucleobases.
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