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A series of 18 alcohols (ROH) has been designed with an enthalpy of deprotonation in the gas phase (HDP)
in the range 13.8-16.3 eV. The effects of excess electron attachment to the binary alcohol-uracil
(ROH‚‚‚U) complexes have been studied at the density functional level with a B3LYP exchange-correlation
functional and at the second-order Møller-Plesset perturbation theory level. The photoelectron spectra of
anionic complexes of uracil with 3 alcohols (ethanol, 2,2,3,3,3-pentafluoropropanol, and 1,1,1,3,3,3-hexafluoro-
2-propanol) have been measured with 2.54 eV photons. For ROHs with deprotonation enthalpies larger than
14.8 eV, only the ROH‚‚‚U- minimum exists on the potential energy surface of the anionic complex. For
alcohols with deprotonation enthalpies in the range 14.3-14.8 eV, two minima might exist on the anionic
potential energy surface, which correspond to the RO-‚‚‚HU. and ROH‚‚‚U- structures. For ROHs with
deprotonation enthalpies smaller than 14.3 eV, the excess electron attachment to the ROH‚‚‚U complex always
induces a barrier-free proton transfer from the hydroxyl group of ROH to the O8 atom of U, with the product
being RO-‚‚‚HU..

I. Introduction

Low-energy electrons are important for radiation-induced
chemical reactions.1-3 A variety of negatively charged clusters
involving biologically important molecules have been exten-
sively studied, both experimentally4 and theoretically.5-13

Anions of nucleic acid bases (NAB) solvated by water and by
rare gases have been studied using anion photoelectron
spectroscopy14-16 and Rydberg electron-transfer spectros-
copy.4,17,18

The issue of anionic states of NABs proved to be difficult to
resolve using conventional highly correlated electronic structure
methods because of the size of the systems.5-9,13,19-24 The
existence of dipole-bound states of NABs has been predicted
theoretically5 and confirmed experimentally.14,17The canonical
tautomer of uracil (U), for example, supports a dipole-bound
anionic state with a measured electron vertical detachment
energy (VDE) of 0.093( 0.00714 and 0.085( 0.01518 eV and
a calculated value of 0.073 eV.24 Aflatooni et al. characterized
temporary anionic states of NABs in electron transmission
spectroscopy experiments and reported an electron vertical
attachment energy of-0.22 eV for uracil.25 It means that the
anionic state of uracil at the equilibrium geometry of the neutral
molecule is temporary (i.e., unstable against electron auto-
detachment) and makes its appearance as a “resonance” peak
in electron-scattering cross-sections. These experiments, how-
ever, do not provide information about the electronic stability
of anionic states at the equilibrium geometry of the anion. Our
recent CCSD(T) results indicate that the valence anionic state
of the canonical tautomer of U is vertically stable with respect

to the neutral by 0.506 eV.24 However, the valence anionic state
is unstable, in terms of electronic energy corrected for zero-
point vibrations, by 0.122 eV with respect to the dipole-bound
state.24 The current view is that valence anionic states of the
canonical NABs are unbound or weakly bound in the gas phase,
but become dominant for solvated species.13,20-24 However,
these tautomers that result from enamine-imine transformations
might be adiabatically bound with respect to the neutral
species.23,24

The intra- and intermolecular tautomerizations involving
NABs have long been suggested as critical steps in mutations
of the DNA genetic material.26-28 The intramolecular proton-
transfer reactions have been studied for isolated and hydrated
NABs.4,28-31 The intermolecular single and double proton-
transfer reactions have been studied for the dimers of NABs
and their simplified molecular models in ground and excited
electronic states.32-36,37 It has recently been suggested that
hydrogenated nucleic acid bases, which might result from
intermolecular proton transfer to the anionic NAB, could play
a role in the damage of DNA and RNA.38 These radicals were
suggested as intermediates in the processes of single strand
breaks of DNA with very small barriers.

In our previous studies, we described an intermolecular
proton-transfer induced by an excess electron attachment to the
complex of a pyrimidine NAB with a weak acid (HA). The
electron attachment might lead to a barrier-free proton transfer
(BFPT) from the weak acid to the O8 atom of uracil or thymine
(see Figure 1 for the numbering of atoms)39-41 with the products
being a neutral radical of hydrogenated NAB (NAB+ H.) and
an anion of the deprotonated acid (A-)
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The driving force for proton transfer is the stabilization of the
excess electron onto theπ* orbital of the base (see Figure 1).
The findings related to BFPT were based on the anion
photoelectron spectroscopy (PES) measurements and the results
of quantum chemical calculations.

In our previous studies, we investigated anionic complexes
of a uracil or thymine with a specific proton donor, HA.39-41

The results of these studies suggested that the occurrence of
BFPT is an outcome of interplay between the deprotonation
energy of the proton donor HA, the protonation energy of the
anion of NAB, and the hydrogen bonding effects. However, a
limited set of HAs did not allow us to monitor a transition from
the complexes without intermolecular proton transfer, that is,
NAB-‚‚‚HA, to the (NAB + H.)‚‚‚A- complexes.

The goal of this study is to characterize binary anionic
complexes formed between uracil and alcohols of different gas-
phase acidity. We designed a series of 18 alcohols (ROH) with
gas-phase deprotonation enthalpies (HDP) in the range
13.8-16.3 eV. This range covers the region that is relevant for
proton transfer in anionic complexes of uracil with ROHs. The
neutral and anionic complexes have been studied at the density
functional theory level with a B3LYP exchange-correlation
functional and at the second-order Møller-Plesset perturbation
theory level. The photoelectron spectra of the anionic complexes
of uracil with 3 alcohols (ethanol, 2,2,3,3,3-pentafluoropropanol,
and 1,1,1,3,3,3-hexafluoro-2-propanol) have been measured with
2.54 eV photons. The evolution of the structure of the anionic
complexes of uracil with ROHs has been determined as a
function of the gas-phase acidity of ROH. The reported PES
spectra of 3 anionic uracil-alcohol complexes are in good
agreement with the theoretical predictions.

II. Methods

II.1. Experimental methods. Negative-ion photoelectron
spectroscopy is conducted by crossing a mass-selected beam
of negative ions with a fixed-frequency laser beam and energy-
analyzing the resultant photodetached electrons.42 It is governed
by the energy-conserving relationshiphν ) EBE+ EKE, where
hν is the photon energy, EBE is the electron binding energy,
and EKE is the electron kinetic energy. One knows the photon
energy of the experiment, one measures the electron kinetic
energy spectrum, and then by difference, one obtains electron
binding energies, which in effect are the transition energies from
the anion to the various energetically accessible states of its
corresponding neutral.

Our apparatus has been described elsewhere.43 To prepare
the species of interest, uracil was placed in the stagnation
chamber of a nozzle source and heated to∼180 °C. The
expansion gas was a 5% alcohol/argon mixture. Its total pressure
was 1-2 atm, and the nozzle diameter was 25µm. Electrons
were injected into the emerging jet expansion from a biased
Th/Ir filament in the presence of an axial magnetic field. The
resulting anions were extracted and mass-selected with a

magnetic sector mass spectrometer. Electrons were then photo-
detached from the selected anions with∼100 circulating watts
of 2.540 eV photons and finally energy-analyzed with a
hemispherical electron energy analyzer with a resolution of
25 meV.

Since there was very little heating of the source involved in
these experiments and since the expansion occurred in a large
volume of argon, we expect that both the neutrals and eventually
the anions were quite cool, and thus, the complexes were in
low-energy configurations.

II.2. Computational Methods. As in our earlier studies,39,40

we applied the density functional theory (DFT) method with a
hybrid B3LYP functional44-46 and the 6-31++G** basis set.47,48

Five d functions were used on heavy atoms. We have tested
that this basis set provides the B3LYP values of VDEs and
stabilization energies in anionic complexes, which are converged
to 0.03 eV with respect to the basis set saturated limits. The
calculations of matrices of second derivatives of energy (Hes-
sians) were performed to confirm that final geometries were
minima or transition states on potential energy surfaces.

The usefulness of the B3LYP/6-31++G** method to de-
scribe intra- and intermolecular hydrogen bonds has been
demonstrated in recent studies through comparison with the
second-order Møller-Plesset (MP2) predictions.49-52 The ability
of the B3LYP method to predict excess electron binding energies
has recently been reviewed, and the results were found to be
satisfactory for valence-type molecular anions.53 We found that
the value of electron VDE determined at the B3LYP/
6-31++G** level for the valenceπ* anionic state of an isolated
uracil is overestimated by 0.2 eV in comparison with the CCSD-
(T)/aug-cc-pVDZ result.24,39 We will assume in the following
that the same shift of-0.2 eV applies to the values of VDE
for all anionic uracil-alcohol complexes, in which an excess
electron occupies aπ* orbital localized on uracil. We also found
that the VDE of the isolated uracil anion calculated at the MP2/
6-31++G** (5d) level of theory is underestimated by 0.1 eV
in comparison with the CCSD(T)/aug-cc-pVDZ value, and we
will assume that the same shift of+0.1 eV applies to all anionic
uracil-alcohol complexes. These corrections to the B3LYP/
6-31++G** and MP2/6-31++G** levels turned out to be very
effective in predicting the PES specta of anionic complexes of
NABs.39-41

Sevilla et al. addressed a problem21 regarding which set of
atomic orbitals should be used in calculations of valence anions
of polar molecules, such as uracil, which are characterized by
negative values of vertical electron affinity, that is, the valence
anion is unbound with respect to the neutral at the optimal
geometry of the neutral, but which support dipole-bound anionic
states. There is a dilemma regarding what kind of the basis set
should be used in calculations for the valence anionic state. On
one hand, it is known that extended basis sets supplemented
with basis functions with small exponents are required to
properly describe diffuse charge distributions of molecular
anions.54 On the other hand, optimization of the wave function
for an unbound anion of a polar molecule might converge to a
solution which is contaminated with a dipole-bound contribution,
if an extended basis set is used. Fortunately, the systems studied
by us here are characterized by values of VDE larger than
1.1 eV, whereas typical values of electron binding energies for
nucleic acid bases in dipole-bound states do not exceed
0.1 eV.5,8,9,22,24Thus, our calculations can be performed with
standard basis sets that contain basis functions with small
exponents. Because we are dealing with bound anionic states,

Figure 1. Labeling of atoms for uracil and excess electron distribution
in valence anionic state of uracil.
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these basis functions might contribute to the proper description
of the anionic charge distribution but do not lead to a collapse
to a dipole-bound state, which is usually less strongly bound
than the valence anionic state.22,24

Electronically unbound anionic states are much more difficult
for theoretical characterization when using conventional elec-
tronic structure methods than electronically bound anionic states.
Special treatments, such as stabilization method or complex
coordinate technique, provide a more formal means to extract

resonance positions and widths.54,55 Alternatively, energies
obtained in B3LYP calculations might provide estimates of
vertical electron attachment energies.56,57

The gas-phase acidity of an alcohol ROH is associated with
the values of deprotonation energy (EDP), enthalpy (HDP), and
free energy (GDP). They are defined as the change of the
corresponding thermodynamic function for the reaction

The values ofHDP and GDP were calculated in the harmonic
oscillator-rigid rotor approximation forT ) 298 K andp ) 1
atm. The smaller the value ofEDP (HDP or GDP), the more acidic
the alcohol is.

The stabilities of the neutral and anionic (0,-) U‚‚‚HOR
complexes are expressed in terms of electronic stabilization
energy (Estab), Estab corrected for the energy of zero-point
vibrations (Estab+ZPVE), and free energy of stabilization,Gstab.
Estab is defined as the difference in electronic energies of the
monomers and the dimer

with the electronic energyEX (X ) U(0, -), ROH, U(0, -)‚‚‚HOR)
computed for the coordinates determining the optimal geometry
of X (i.e., the geometry whereEX is at the minimum). The values
of Estabwere not corrected for basis set superposition error,58,59

because our earlier results demonstrated that the values of this
error in B3LYP/6-31++G** calculations for a similar neutral
uracil-glycine complex do not exceed 0.06 eV. Finally, the
stabilization Gibbs energyGstab results from supplementing
Estab+ZPVE with thermal contributions to energy from vibrations,
rotations, and translations, the pV terms, and the entropy term.
The values ofGstab discussed below were obtained forT )
298 K andp ) 1 atm.

TABLE 1: B3LYP/6-31++G** (5d) Values of Gas-Phase Acidity Measured by Deprotonation Energy, Enthalpy, and Free
Energy for Selected ROH Molecules and Hydrogenated Uracil

gas-phase acidity

symbol molecule EDP HDP GDP HDP
exp GDP

exp

A0 H2O 17.155 16.859 16.555 16.937( 0.004a 16.651( 0.009a

A1 CH3CH2OH 16.656 16.277 15.949 16.401( 0.044b 16.111( 0.048b

A2 CH2FCH2OH 16.235 15.873 15.551 16.090( 0.125c 15.800( 0.124c

A3 CHF2CH2OH 16.012 15.654 15.337 15.883( 0.095d 15.572( 0.087d

A4 CF3CH2OH 15.781 15.425 15.112 15.676( 0.104d 15.355( 0.087d

A5 CF3CF2CF2CH2OH 15.720 15.352 15.001 15.178( 0.279e 14.888( 0.259e

A6 CF3CF2CH2OH 15.660 15.302 15.002 15.406( 0.269e 15.116( 0.259e

A7 CCl3CH2OH 15.461 15.135 14.762
A8 CH2FCHFOH 15.306 14.964 14.611
A9 CH2ClCHFOH 15.166 14.828 14.472
A10t (CF3)2CHOH-trans 15.112 14.765 14.415 14.951( 0.091f 14.671( 0.087f

A10c (CF3)2CHOH-cis 15.061 14.719 14.365 14.951( 0.091f 14.671( 0.087f

A10c (CF3)2CHOH-cis(CH)g 15.698 15.346 14.979 14.951( 0.091f 14.671( 0.087f

A11 CHF2CHFOH 15.009 14.672 14.316
A12 CF3CHFOH 14.799 14.464 14.115
A13 CClF2CHFOH 14.710 14.379 14.025
A14 CCl2FCHFOH 14.708 14.375 14.016
A15 CCl3CHFOH 14.651 14.319 13.958
A16 CH2FCF2OH 14.641 14.323 13.968
A17 CHF2CF2OH 14.333 14.019 13.672
A18 CF3CF2OH 14.097 13.785 13.444

HU. C5 side 14.697 14.410 14.098
HU. N3 side 14.650 14.367 14.034

a ref 65. b ref 66. c ref 67. d ref 68. e ref 69. f ref 70. g The H atom connected to C2 of A10c is important in the aA10cU complexes. See section
IV.

Figure 2. Two important isomers of 1,1,1,3,3,3-hexafluoro-2-propanol
(A10).

Figure 3. Two families of uracil-alcohol complexes considered in
this study. The first hydrogen bond is between O8 of uracil and the
hydroxyl group of ROH. The second hydrogen bond involves either
N3H or C5H of uracil. These two families are denoted aAnUN and
aAnUC, respectively.

ROH(g)f RO-(g) + H +(g) (2)

Estab) EU(0, -)(geomU(0, -)) + EROH(geomROH) -

EU(0, -)‚‚‚HOR(geomU(0, -)‚‚‚HOR) (3)

Proton Transfer in Uracil-Alcohol Complexes J. Phys. Chem. B, Vol. 109, No. 27, 200513385



All calculations were carried out with theGAUSSIAN 9860

andNWChem61 programs on a PC/Linux cluster, an IBM SP/2,
and SGI Origin2000 numerical servers.

III. Alcohols and Complexes

A series of alcohols has been designed with theHDP in the
range 16.3-13.8 eV (see Table 1). The enthalpies and free
energies of deprotonation of alcohols are usually underestimated
at the B3LYP/6-31++G** level, but the discrepancies between
the calculated and measured values do not exceed 0.3 eV. From
here on, these alcohols will be labeled An (1 e n e 18), and
the gas-phase acidity increases asn increases. H2O is listed in
Table 1 as A0 to provide calibration of the calculated values of
HDP and for comparison of the (H2O‚‚‚U)- complex40 with the
anionic alcohol-uracil complexes presented here. The most
basic alcohol considered by us is ethanol (HDP ) 16.3 eV), and

the most acidic is CF3CF2OH (HDP ) 13.8 eV). An alcohol
A10, 1,1,1,3,3,3-hexafluoro-2-propanol, has two important
isomers with different capabilities to form hydrogen bonds with
uracil and with different deprotonation enthalpies. These two
isomers are shown in Figure 2 and are called A10c (cis form;
HDP ) 14.7 eV) and A10t (trans form;HDP ) 14.8 eV), with
cis and trans referring to the relative positions of the OH and
CH hydrogens. The trans isomer is 0.05 eV lower in energy
than the cis isomer.

Our earlier results on anionic complexes of uracil with weak
acids indicate that the O8 site of uracil is susceptible to
intermolecular proton transfer.39-41 Moreover, the anionic
complexes bound through O8 were more stable than those bound
through O7. The favorable properties of the O8 site result from
a charge distribution of the excessπ* electron (see Figure 1),
which is localized primarily in the O8-C4-C5-C6 region.

TABLE 2: Evolution of the Structure of the aA nU Complexes as the Gas-Phase Acidity of An Increases
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Thus, hydrogen bonding through the O8 site stabilizes the
anionic complex more strongly than hydrogen bonding through
the O7 site. These earlier findings prompted us to restrict the
topological space to the structures with a hydrogen bond
between the hydroxyl group of an alcohol and the O8 site of
uracil. In these structures, the hydroxyl group plays a dual role
as both a proton donor and acceptor.

Two such structures are possible with the proton donor of
uracil being either the N3H or C5H (see Figures 1 and 3), and
the resulting complexes between the An alcohol and uracil will
be labeled AnUN and AnUC, respectively. The AnUN and
AnUC complexes are analogous to UG14 and UG16, respec-
tively, in the family of uracil-glycine complexes. The anionic
UG14 and UG16 complexes were the most stable among those
in which an OH group acts as both a proton donor and
acceptor.39

The anionic structures characterized in this study will be
labeled aXY (X ) AnUC or AnUN, and Y ) U, HU, or TS).
They are defined as stationary points on the anionic potential
energy surface. Two kinds of minima can develop on the anionic
potential energy surface: ROH‚‚‚U- that describes a hydrogen
bond between U- and an intact alcohol (Y) U) and RO-‚‚‚HU.

that develops as a consequence of the proton transfer from the
alcohol’s OH to O8 of uracil (Y) HU). The anionic complexes
with BFPT possess only one minimum, that is, aXHU. The
anionic complexes without BFPT can have only one (i.e., aXU)
or both minima. In the latter case, there is a transition state that
separates the aXU and aXHU minima, and this stationary point
is labeled aXTS. For instance, the symbol aA3UNHU stands for
a minimum on the potential energy surface of the anionic
complex of uracil with CHF2CH2OH, in which uracil is
hydrogenated at O8 and RO- forms another hydrogen bond with
N3H of uracil. We will also use a simplified notation when
referring to a group of similar complexes. For example, aAnUC
stands for a broad family of anionic complexes with alcohols
bonded to the C5 side of O8. Some examples of our notation
are shown in Table 2.

IV Results

IV.1. Experimental Data. The photoelectron spectra of
anionic complexes of uracil with ethanol, 2,2,3,3,3-pentafluoro-
propanol, and 1,1,1,3,3,3-hexafluoro-2-propanol, denoted aA1U,
aA6U, and aA10U, respectively, are very different (see Figure
4). The main features in the photoelectron spectra of aA1U and
aA6U have a maxima at about 1.0 and 1.3 eV, respectively.
The spectrum of aA10U is structureless with two broad
features: a larger intensity peak at 2.0-2.2 eV and a lower
intensity peak at 1.3-1.6 eV.

The valenceπ* and dipole-bound anionic states of uracil are
characterized by calculated values of the VDE of 0.506 and
0.073 eV, respectively.24 Henceforth, only the valenceπ*
anionic state will be considered further, since the experimental
values of VDE for aAnU are far too large for the dipole-bound
anionic state of U- solvated by An.

The spectra of aA1U and aA6U can be attributed to the
valenceπ* anionic state of uracil solvated by the corresponding
alcohol. Shifts in the VDE from 0.5 eV (U-) to 1.0 (aA1U)
and 1.3 (aA6U) eV can result from stabilization by the alcohol.
A difference in the position of the main feature between aA1U
and aA6U can result from different gas-phase acidity of A1
and A6; see Table 1. The interpretation is consistent with our
previous results for U-‚‚‚H2O with a measured VDE of 0.9 eV.40

Indeed, H2O with an experimentalHDP of 16.9 eV is a weaker
acid than ethanol (HDP ) 16.4 eV); see Table 1.

The same interpretation can be applied to a low-energy feature
at 1.5-1.7 eV in the photoelectron spectrum of aA10U (see
Figure 4), because A10 is more acidic than A6 by ca. 0.5 eV;
see Table 1. However, a high-energy feature at 2.0-2.2 eV is
difficult to interpret. It might be attributed to U- in the valence
π* anionic state solvated by A10. The solvation energy of U-

by A10 would have to be larger than that of U- by A1 by about
1 eV, which is difficult to accomplish. There are, however, cis
and trans forms of A10 (see Figure 2), and the CH hydrogen is
unusually protic (see Table 1) because of the electron withdraw-
ing effect of two-CF3 groups. The CH hydrogen interacting
with the excess electron localized on uracil might contribute to
the unusually strong solvation of U-. Another possible inter-
pretation of a feature at 2.0-2.2 eV is that intermolecular proton
transfer develops in some anionic complexes of A10 with uracil,
in analogy to the systems studied by us in the past.39-41 A proton
transfer to the ring of uracil would stabilize the unpaired electron
and would result in a substantial increase in the value of VDE.
In view of the efficient cooling of nascent anions, it is unlikely
that proton transfer is occurring in vibrationally excited anions.

We should comment on the possibility of dissociative electron
attachment in our experiments, which has recently been studied
for nucleic acid bases in the groups of Illenberger and Mark.62,63

We too often see dissociative electron attachment to free U to

Figure 4. Photoelectron spectra of uracil-alcohol complexes recorded
with 2.54 eV photons.
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yield (U-H)-, that is, deprotonated uracil. However, in
the experiments discussed in this paper, we did not see
(U-H)-...HOR complexes in our mass spectra.

IV.2. Computational Results. Quantum chemical calcula-
tions were performed for twelve neutral and anionic complexes
between uracil and an alcohol. A common feature of anionic
wave functions identified by us for the aAnU complexes is that
the unpaired electron is localized on aπ* orbital of uracil, in
close resemblance to the valence anionic state of isolated uracil
(Figure 1). An isolated uracil molecule has a symmetry plane.
However, occupation of the antibondingπ* orbital by an excess
electron induces buckling of the ring, because nonplanar
structures are characterized by a less severe antibonding
interaction. The same kind of a ring distortion takes place in
all anionic aAnU complexes.

The structures of the aAnU complexes systematically evolve
as the gas-phase acidity of An increases (see Table 2). Our
calculations strongly suggest that the complexes of anionic uracil
with the most basic alcohols (A1-A8; 15.0< HDP < 16.3 eV)
are primarily of the ROH‚‚‚U- type, that is, there is no
intermolecular proton transfer. An exception is the aA7U
complex, which decomposes with a release of the CCl3

- group.
The N3 side of O8 is more susceptible to intermolecular

proton transfer than the C5 side. Indeed, for the aA9U and
aA11U complexes, a minimum of the RO-‚‚‚HU. type develops
on the N3 side in addition to the ROH‚‚‚U- minimum (see Table
2). These minima are separated by low-energy barriers; see the
relative energies of transition states in Table S1 (Supporting
Information). For A9 and A11 bound to the C5 side of O8,
only one structure (i.e., ROH‚‚‚U-) was identified.

As the alcohol’s gas-phase acidity further increases, a barrier
disappears on the N3 side of O8, and all aAnUN complexes
(n > 11) are characterized by only one minimum of the
RO-‚‚‚HU. type (see Table 2). Using our earlier termin-
ology,39-41 we would say that these aAnUN complexes undergo
BFPT on the N3 side. On the C5 side of O8, however, there is

still no proton transfer for the aA12UC and aA13UC complexes,
which support only one minimum of the ROH‚‚‚U- type.

It requires anHDP as small as 14.4 eV (A14) to support two
minima on the C5 side of O8. For even more acidic alcohols
(n > 14; HDP < 14.4 eV), the ROH‚‚‚U- minimum disappears
with the RO-‚‚‚HU. structure being the only minimum for both
sides of O8 (see Table 2).

The unpaired electron is always localized on the ring of uracil.
The excess charge, on the other hand, is localized on uracil in
the case of ROH‚‚‚U- complexes and on RO- in the case of
RO-‚‚‚HU. complexes. Thus, the ROH‚‚‚U- and RO-‚‚‚HU.

complexes differ by a proton transfer from ROH to U-. This
proton transfer can be barrier-free, as in the case of anionic
complexes of amino acids with pyrimidine bases,39 or there can
be a small barrier, as in anionic complexes of pairs of nucleic-
acid bases.41

The evolution of electron vertical detachment energy in the
aAnU complexes as the alcohol’s gas-phase acidity increases
is illustrated in Figure 5. The values of VDE are larger for more
acidic alcohols, which may be explained by the electrostatic
interaction. The unpaired electron localized on uracil is better
stabilized the more acidic the proton of the ROH moiety is.
There is, however, a remarkable effect of intermolecular proton
transfer on the values of VDE. A discontinuity in VDE by ca.
0.5 eV separates complexes with a proton being transferred to
the uracil ring (i.e., the RO-‚‚‚HU. structures) from the
ROH‚‚‚U- structures.

There is also a systematic increase in the values ofEstab as
the alcohol’s gas-phase acidity increases; see Figure 6. The
distribution ofEstabvalues is particularly broad for these values
of EDP for which both the ROH‚‚‚U- and RO-‚‚‚HU. structures
might coexist. The alcohol is preferably bound to the C5 side
of O8 for the aAnU complexes without intermolecular proton
transfer and to the N3 side of O8 for the aAnU complexes with
intermolecular proton transfer. This is reflected in the values
of Estab presented in Figure 6 and Table S1 (Supporting

Figure 5. The VDE in anionic uracil-alcohol complexes vs the deprotonation energy (EDP) of the alcohol. All properties calculated at the B3LYP/
6-31++G**(5d) level of theory. “PT” and “No PT” are groups of complexes with and without proton transfer, respectively.

13388 J. Phys. Chem. B, Vol. 109, No. 27, 2005 Harańczyk et al.



Information). This finding is consistent with our result for the
(U‚‚‚H2A)- complexes (A) O, S, Se).40 The anionic complexes
without intermolecular proton transferhave only one strong
hydrogen bond involving the O8 of U and a proton donor site.
Then, the C5 side of O8 is a preferable binding direction for
the proton donor, because the gas-phase basicity of U- is larger
on the C5 side than the N3 side of O8; see Table 1. The anionic
complexeswith intermolecular proton transferhave an ad-
ditional hydrogen bond, which involves a deprotonated weak
acid (i.e, an anion) and the N3H or the C5H of U. This hydrogen
bond is stronger for the former than the latter and provides an
additional stabilization reflected in the reported values ofEstab.

IV.3. Discussion.The B3LYP values of VDE for the aA1U
complex amount to 1.13 and 1.18 eV for the N3 and C5 sides
of O8, respectively; see Table S1. When corrected downward
by 0.2 eV (a correction based on the CCSD(T) result for U-;
see section II.2), they approximately overlap with the broad
maximum of the PES spectrum of this complex at 1.0 eV; see
Figure 4. Similarly, the B3LYP values of VDE for the aA6U
complex are 1.45 and 1.47 eV for the C5 and N3 sides of O8,
respectively. After the-0.2 eV correction, they approximately
overlap with the broad maximum of the PES spectrum of this
complex at 1.3 eV.

The aA10U complex can involve either the cis or trans
isomers of the A10 alcohol (1,1,1,3,3,3-hexafluoro-2-propanol).
The coordination of A10t to the N3 and C5 sides of O8 leads
to the RO-‚‚‚HU. and ROH‚‚‚U- minima, respectively, with
the former characterized by a VDE value larger by ca. 0.5 eV
than the latter. On the other hand, the anionic complexes with
A10c do not support the RO-‚‚‚HU. minima, have similar values
of VDE, and are more stable than the complexes involving the
more stable isomer, A10t (see Table S1). The four aA10U
complexes are presented in Figure 7.

The small differences in the stability of the aA10U complexes
and the complexity of the PES spectrum prompted us to perform

MP2 calculations; the resulting relative stabilities of these
complexes and the VDE values are presented in Table 3. The
MP2 results confirm the occurrence of BFPT for the aA10tUN
complex and the lack thereof for the three other complexes.
They also confirm that the complexes involving A10c are more
stable than the complexes involving A10t. A new and initially
unexpected finding is that the MP2 values of VDE for the

Figure 6. The stabilization energy (Estab) in anionic uracil-alcohol complexes vs the deprotonation energy (EDP) of ROH. All properties calculated
at the B3LYP/6-31++G**(5d) level of theory.

Figure 7. The anionic complexes of uracil with different isomers of
A10 (1,1,1,3,3,3-hexafluoro-2-propanol).
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complexes with A10c, which do not undergo BFPT, are nearly
as large as the VDE value for the aA10tUN complex, which
undergoes BFPT. A plausible explanation is that the A10c
alcohol can engage both the OH and CH protons in stabilization
of the excess charge localized on uracil (see Figure 7). The gas-
phase acidity of this CH is comparable to the gas-phase acidity
of the A6 alcohol (see Table 1). The structure of A10t, on the
other hand, does not facilitate the interaction of CH with U-.
These factors result in the values of VDE for aA10cUC(N)U

comparable to that of aA10tUNHU, whereas the value of VDE
for aA10tUCU is smaller by ca. 0.5-0.6 eV (see Table 3).

The MP2 values of relative stability and the VDE values for
aA10U are consistent with the PES spectrum (see Figure 4).
The VDE values for the three most stable structures (aA10cUCU,
aA10cUNU, and aA10tUNHU) span the range 1.9-2.0 eV and
coincide with the position of the more intense feature in the
PES spectrum. The VDE value for the least stable aA10tUCU

structure of 1.4 eV coincides with the lower intensity feature
in the PES spectrum.

A quantitative interpretation of the PES spectra is hampered
by experimental and theoretical uncertainties. First, the relative
stabilities of different structures would have to be determined
with accuracy much higher than that resulting from current
exchange-correlation functionals. Second, in view of significant
differences in structure between the neutral and anionic species,
the Franck-Condon factors would have to be determined, and
anharmonic effects might be important. We should point out
that so far we have characterized the ROH‚‚‚U- and/or
RO-‚‚‚HU. minima on the potential energy surface of the
(ROH‚‚‚U)- complexes. In the case of quasidegenerate ROH‚‚‚U-

and RO-‚‚‚HU. minima, the description limited to the coexisting
classical structures might not be sufficient. In view of the small
proton mass, both electrons and the ROH proton should be
treated quantum mechanically to include nuclear quantum effects
such as zero-point vibration energy and proton tunneling. The
multiconfigurational nuclear-electronic orbital method64 pro-
vides the proper framework to include these effects.

V. Summary

We characterized binary anionic complexes of uracil with
alcohols using theoretical and experimental methods. A series
of 18 alcohols was designed with the gas-phase enthalpy of
deprotonation in the range 13.8-16.3 eV. The photoelectron
spectra of anionic complexes of uracil with 3 of these alcohols
were measured with 2.54 eV photons. Our main conclusions
are as follows:

• For ROHs with deprotonation enthalpies larger than
14.8 eV, only the ROH‚‚‚U- minimum exists on the potential
energy surface. Two minima might coexist on the anionic energy
surface for 14.3< HDP < 14.8 eV. These minima correspond
to the RO-‚‚‚HU. and ROH‚‚‚U- structures. For ROHs with
HDP smaller than 14.3 eV, an intermolecular barrier-free proton
transfer always takes place with the product being RO-‚‚‚HU..
The N3 side of O8 is more susceptible to intermolecular proton
transfer than the C5 side.

• The values of electron vertical detachment energy system-
atically increase as the gas-phase acidity of the alcohol increases.
There is, however, a discontinuity in VDE by ca. 0.5 eV, which
is a manifestation of intermolecular proton transfer.

• The stabilization energy of anionic complexes systematically
increases as the gas-phase acidity of the alcohol increases. The
alcohol is preferably bound to the C5 side of O8 for the aAnU
complexes without intermolecular proton transfer and to the N3
side of O8 for the aAnU complexes with intermolecular proton
transfer.

• The measured photoelectron spectra for anionic complexes
of uracil with ethanol, 2,2,3,3,3-pentafluoropropanol, and
1,1,1,3,3,3-hexafluoro-2-propanol are in qualitative agreement
with computational results. We assign the ROH‚‚‚U- structure
to the first two complexes. A difference in the position of the
main PES feature can result from a different gas-phase acidity
of ethanol and 2,2,3,3,3-pentafluoropropanol.

• The spectrum of the anionic complex of uracil with
1,1,1,3,3,3-hexafluoro-2-propanol (A10) displays two broad
features: a larger intensity peak at 2.0-2.2 eV and a lower
intensity feature at 1.5-1.7 eV. This spectrum was interpreted
in terms of anionic complexes of U with the cis and trans
isomers of A10. Only the latter coordinated to the N3 side of
O8 undergoes BFPT.
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