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ABSTRACT: The stabilization of the pyrimidine anion by the addition of water
molecules is studied experimentally using photoelectron spectroscopy of mass-
selected hydrated pyrimidine clusters and computationally using quantum-
mechanical electronic structure theory. Although the pyrimidine molecular anion
is not observed experimentally, the addition of a single water molecule is sufficient
to impart a positive electron affinity. The sequential hydration data have been used
to extrapolate to −0.22 eV for the electron affinity of neutral pyrimidine, which
agrees very well with previous observations. These results for pyrimidine are
consistent with previous studies of the hydrated cluster anions of uridine, cytidine,
thymine, adenine, uracil, and naphthalene. This commonality suggests a universal
effect of sequential hydration on the electron affinity of similar molecules.

■ INTRODUCTION

The interaction of low-energy electrons with nucleic acid bases
as a result of interactions with ionizing radiation is known to
induce the fragmentation of DNA.1 Much effort has been made
to elucidate the mechanisms at play and the specific sites at
which fragmentation occurs.2−4 There is evidence that suggests
that pyrimidine nucleobases are sites at which an excess
electron can be localized. Pyrimidine is a nitrogen-containing
heterocyclic molecule that serves as a structural motif in many
important biological molecules. Besides being incorporated in
uracil and thymine nucleic acid bases, it is also present in many
natural products (e.g., vitamin B1), synthetic products, and so
on.
Pyrimidine is known to possess a negative electron affinity

(EA).5 Anions created from such molecules, whose energies are
higher than those of their neutral counterparts, are unstable
with respect to autodetachment. However, the interaction of
electrons with isolated neutral molecules having negative
adiabatic electron affinities can produce short-lived, “tempo-
rary” anions in the gas phase6,7 and actually become stable in
the condensed phase. This phenomenon suggests that
interactions between the unbound ion and solvent molecules
stabilize the excess charge and lowers the energy of the anion
below that of the corresponding neutral. From an energetic
standpoint, the interaction of an anion with one or more
neutral solvent molecules is more favorable than the interaction
of that ion’s neutral counterpart with an equal number of those
same solvent molecules.
The stabilization of the pyrimidine anion by interactions with

different solvent species has previously been investigated by
Periquet et al.8 The addition of six argon, five krypton, or four
xenon atoms resulted in a stable anion, as did the addition of

one water, two ammonia, or three toluene molecules. These
results suggest that the magnitude of the EA of the unstable
pyrimidine anion is a small negative value. Electron trans-
mission spectroscopic results from the mid-1970s also suggest
that the pyrimidine anion has an EA close to zero, possibly
down as far as −0.25 eV.5

Here we use negative ion photoelectron spectroscopy to
quantify the stabilization effect that water has on the otherwise
unstable pyrimidine anion. This solvent-induced anion
stabilization has been observed in similar molecules including
uridine, cytidine, thymine, adenine, uracil, and naphthalene.9−14

When studying solvent stabilization effects on unstable anions,
mass analysis allows for the systematic addition of solvent
molecules, along with the determination of the minimum
number of solvent molecules necessary to stabilize the negative
ion. Analysis of photoelectron spectra of solvated cluster anions
also offers a direct method of measuring the stabilization of the
anion by interrogation of the EAs of the clusters.

■ EXPERIMENTAL METHODS

Negative ion photoelectron spectroscopy is conducted by
crossing the mass-selected negative ion beam with a fixed
frequency laser and energy analyzing the resulting photo-
detached electrons. This process is governed by the equation:

= +hv EKE EBE (1)
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where EKE is the electron kinetic energy and EBE is the
electron binding energy. The negative ion photoelectron
spectrometer at Johns Hopkins University has been described
previously.15 Anions were formed at its supersonic expansion
source. There, the mixture of pyrimidine and water was heated
to ∼60 °C and expanded together with argon gas through the
20 μm nozzle orifice. The low-energy electrons from a biased
filament were injected into the expanding jet in the presence of
a weak magnetic field. The apparatus utilized a Wien filter for
mass selection. A magnetic sector mass spectrometer was also
used for mass analysis. Photodetachment was accomplished
with 2.54 eV (488 nm) photons of an intracavity laser.
Photodetached electrons were analyzed with a hemispherical
electron energy analyzer with a typical resolution of ∼25 meV.
The well-known photoelectron spectra of O− and NO− were
used for calibration.16−18

■ COMPUTATIONAL METHODS
Full geometry optimizations and harmonic vibrational
frequency calculations were performed on all hydrated
pyrimidine cluster anion structures using the spin-unrestricted
UB3LYP density functional theory (DFT) method19−21 and 6-
31++G(2df,2pd) double-ζ basis set as implemented in the
Gaussian 09 software package.22 Pure angular momentum
(5d,7f) atomic orbital basis functions were utilized rather than
the Cartesian counterparts (6d,10f). A pruned numerical
integration grid composed of 99 radial shells and 590 angular
points per shell was employed with a threshold of 10−10 for the
RMS change in the density matrix during the self-consistent
field procedure. The maximum Cartesian force for each
optimized structure did not exceed 1.4 × 10−6 Hartrees/
Bohr. Our previous optimized neutral pyrimidine/water
structures23 were taken as starting geometries for the [Py·
(H2O)n]

− (n = 1−5) anions. Additional starting structures were
created by taking known hydrated electron cluster geometries
[(H2O)n

−]24−27 and attaching a pyrimidine molecule to a free
hydrogen atom via an HOH···N hydrogen bond. Although this
procedure is by no means an exhaustive exploration of the
complicated potential energy surfaces associated with these
clusters, it should, at the very least, identify representative
minima close to the global minimum.
Vertical detachment energies (VDEs) of low-lying UB3LYP

optimized structures were calculated as the difference between
the electronic energy anion and that of the corresponding
neutral species (constrained to the anion geometry). All
computations used to determine VDEs employed the same 6-
31+G(2df,2pd) basis set. The electronic energies of the neutral
clusters were computed with the spin-restricted RB3LYP DFT
method.
The optimized geometries and harmonic frequencies of the

corresponding neutral clusters were also computed with the
spin-restricted RB3LYP DFT method and the 6-31++G-
(2df,2pd) basis set to evaluate the adiabatic electron affinities
(AEAs) of the Py·(H2O)n series. To preserve the hydrogen
bonding motifs and minimize solvent reorganization, we used
the optimized anion structures as starting points for subsequent
geometry optimizations of the neutral clusters. These neutral
structures were all identified in our previous work23 but do not
necessarily correspond to the lowest-energy configuration.
AEAs corrected for the zero-point vibrational energy (ZPVE)
of both the anion and neutral were also determined from the
unscaled B3LYP/6-31++G(2df,2pd) harmonic vibrational
frequencies. Extensive calibration28 has determined the electron

affinities computed with the B3LYP DFT method, and a
comparable double-ζ basis set is typically within four tenths of
an electronvolt of the experimental values for valence bound
anions.

■ EXPERIMENTAL RESULTS
Figure 1 shows a typical mass spectrum of the pyrimidine/
water cluster anion system. The first observed member of the

[Py·(H2O)n]
− series is the [Py·(H2O)]

− anion. The pyrimidine
molecular anion was not observed. This result suggests that just
one water molecule was sufficient to stabilize negative ion of
pyrimidine, in agreement with the previous results of Periquet
et al.8 The intensity of the second member of the series, [Py·
(H2O)2]

−, is stronger than that of [Py·(H2O)]
−, which is a

characteristic common to all of the solvent-stabilized systems
we have previously studied.9−14 The first solvent-stabilized
cluster in the series is likely to be only weakly bound, and this
low stability is manifested by the weaker signal in the mass
spectrum. The intensity of the hydrated series decreases sharply
after n = 2 but levels off after n = 5. [Py2·(H2O)m]

− clusters can
also be seen in our mass spectrum between the peaks for n = m
+ 4 and n = m + 5 (e.g., [Py2·(H2O)2]

− between n = 6, 7)
Intensities of these clusters containing two or more pyrimidine
molecules are significantly weaker compared with the largest
peaks associated with the [Py·(H2O)]

− clusters. As such,
clusters containing more than one pyrimidine will not be
discussed or analyzed here.
The photoelectron spectra of the first eight members of the

hydrated series [Py·(H2O)n]
− are presented in Figure 2. The

experimental threshold energies (Eth) and EAs are presented in
Table 1, along with the stepwise increase in the EAs with
sequential hydration (ΔEA). The spectra have very broad
features, typical of solvated valence anions. The spectral profile
is conserved through the series, but there is a nonlinear shift to
higher binding energies and additional broadening with

Figure 1. Mass spectrum of [Py·(H2O)n]
− cluster anions, n = 1−8.
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increasing cluster size. The first member of the series (n = 1) is
characterized with two peaks at 0.23 and 0.41 eV. We assigned
the lower binding energy peak as a transition origin, taking the
center of this peak as an experimental EA of Py·(H2O) cluster.
The spacing between the origin transition and the higher
energy peak (∼1449 ± 80 cm−1) indicates that the higher
binding energy peak could be caused by the vibrations of
pyrimidine.29−35 We assigned the EBEs of the next five
members of the hydrated series by comparing and overlaying
the adjacent pairs of the series, n = 1, n = 2, and n = 3, and so
on. This procedure has proven to be fairly reliable in the
systems we have previously studied.13,14 In the photoelectron
spectrum of [Py·(H2O)5]

− negative ion, there is an additional
broad feature around 0.75 eV. A summary of these results is
presented in Table 1.

■ RESULTS: COMPUTATIONAL
Figure 3 shows select optimized structures for low-energy [Py·
(H2O)n]

− (n = 1−5) cluster anions identified in this study, and

Table 2 lists their computed vertical detachment energies
(VDEs) for the anions and AEAs with (AEA0) and without
(AEA) the zero-point vibrational energy corrections for the
corresponding neutrals. Only a single low-energy [Py·(H2O)]

−

minimum was found (Figure 3a), and it is characterized by a
OH···N hydrogen bond donated from water to pyrimidine. The
VDE of this structure was found to be 0.43 eV, while
corresponding neutral has an AEA and AEA0 of 0.14 and 0.28

Figure 2. Photoelectron spectra of [Py·(H2O)n]
−, n = 1−8 cluster

anions recorded with 2.54 eV photons.

Table 1. Experimental Electron Affinities (EAs) of Hydrated
Pyrimidine Clusters [Py·(H2O)n]

−, Their Stepwise Increase
(ΔEA = EAn − EAn−1), and the Threshold Energies (Eth) of
Their Negative Ion Photoelectron Spectraa

n Eth EA ΔEA

1 0.10 0.23
2 0.32 0.62 0.39
3 0.64 0.93 0.29
4 0.87 1.16 0.23
5 1.04 1.36 0.20
6 1.10 1.45 0.09
7 1.11 1.51 0.06
8 1.17 1.59 0.08

aAll energy values are in electronvolts.

Figure 3. Structures of select [Py·(H2O)n]
− (n = 1−5) cluster anions

optimized at the B3LYP/6-31++G(2df,2pd) level of theory.

Table 2. Vertical Detachment Energies for Select [Py·
(H2O)n]

− (n = 1−5) Cluster Anions and Adiabatic Electron
Affinities of the Corresponding Neutral Clusters Calculated
Using B3LYP/6-31++G(2df,2pd) Level of Theory

VDE AEA AEA0

[Py·H2O]
 0.43 0.14 0.28

[Py·(H2O)2]
-A 0.91 0.56 0.69

[Py·(H2O)2]
-B 0.77 0.29 0.46

[Py·(H2O)2]
-C 0.77 0.34 0.51

[Py·(H2O)3]
-A 1.22 0.68 0.83

[Py·(H2O)3]
-B 1.21 0.68 0.83

[Py·(H2O)3]
-C 1.99 0.44 0.63

[Py·(H2O)4]
-A 2.34 0.88 1.03

[Py·(H2O)4]
-B 1.50 0.78 0.96

[Py·(H2O)4]
-C 1.50 0.78 0.95

[Py·(H2O)5]
-A 1.74 0.85 1.03

[Py·(H2O)5]
-B 2.17 0.65 0.84

[Py·(H2O)5]
-C 0.99 0.47 0.58
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eV, respectively. The latter value is slightly larger than the
lowest energy experimental feature at 0.22 eV but smaller than
the second lowest experimental feature at 0.41 eV. The
magnitude of the corrections for the ZPVE is essentially the
same for all of the clusters examined in this work. The AEA0 is
consistently 0.14 to 0.19 eV larger than the AEA, and, as such,
the latter quantity is largely omitted from the remaining
discussion.
The three lowest-lying [Py·(H2O)2]

− minimum energy
structures identified on the B3LYP/6-31++G(2df,2pd) poten-
tial energy surface are shown in Figure 3b−d. The lowest
energy structure (Figure 3b) has water molecules donating
hydrogen bonds to each of the nitrogen atoms of the
pyrimidine ring and exhibits a VDE of 0.91 eV, while the
analogous neutral has an AEA0 of 0.69 eV. The two other low-
energy [Py·(H2O)2]

− isomers (Figure 3c,d) share the same
structural motif where a water dimer is hydrogen-bonded to
one of the nitrogen atoms (i.e., both waters on the same side of
the pyrimidine ring). Both structures are 2.6 kcal mol−1 higher
in energy than [Py·(H2O)2]

−-A according to the B3LYP/6-31+
+G(2df,2pd) electronic energies. These two structures have
identical VDEs of 0.77 eV but slightly different corresponding
neutral AEA0 values (0.46 eV for [Py·(H2O)2]

−-B and 0.51 eV
for [Py·(H2O)2]

−-C). These calculated values agree very well
with experiment (0.62 eV) and suggest that multiple structural
isomers could be present experimentally. No anion structures
were found that form cyclic hydrogen bonding networks
involving both CH···O and OH···N interactions as previously
identified for neutral Py·(H2O)2 clusters.

23

Several [Py·(H2O)3]
− minima were identified. The two

lowest energy structures, [Py·(H2O)3]
−-A and [Py·(H2O)3]

−-B,
are nearly isoenergetic and are shown in Figure 3e,f,
respectively. These structures essentially have a water dimer
hydrogen bonded to one nitrogen atom and a water monomer
donating a hydrogen bond to the other nitrogen atom of the
pyrimidine ring. Some higher energy structures were identified
that exhibit proton transfer from water to pyrimidine, such as
[Py·(H2O)3]

−-C in Figure 3g. Additional structures with all
three water molecules on the same side of the ring and
interacting with just one nitrogen atom (not shown) were
identified and found to be appreciably higher in energy. The
VDE and AEA0 for the corresponding neutral computed for
[Py·(H2O)3]

−-A are 1.22 and 0.83 eV, respectively. The values
of those for [Py·(H2O)3]

−-B are virtually identical (within 0.01
eV), and both values agree very well with the experimental EA
of 0.93 eV. The structure that exhibits proton transfer, [Py·
(H2O)3]

−-C, is only 1.8 kcal mol−1 higher in energy than the
other two isomers at the B3LYP/6-31++G(2df,2pd) level of
theory. Its VDE is much higher at 1.99 eV, while the AEA0 of
the analogous neutral is 0.63 eV due to significant rearrange-
ment upon the loss of the excess electron.
Over 20 [Py·(H2O)n]

− (n = 4,5) minima were identified that
exhibit structural motifs similar to these observed for the
smaller hydrated structures. For n = 4, the two lowest energy
structures that were found are structurally similar and exhibit
proton transfer from water to pyrimidine, as shown by [Py·
(H2O)4]

−-A in Figure 3h. The VDE and AEA0 of the neutral
for this structure are 2.34 and 1.03 eV, respectively, compared
with an experimental EA value of 1.16 eV. The two structures
[Py·(H2O)4]

−-B and [Py·(H2O)4]
−-C lie within <1 kcal mol−1

according to B3LYP/6-31++G(2df,2pd) electronic energies
(Figure 3i,j, respectively). These two structures are charac-
terized by a pair of water dimers donating a single hydrogen

bond to one of the nitrogen atoms in pyrimidine. The VDE and
AEA0 of the corresponding neutral are 1.50 and 1.03 eV for
[Py·(H2O)4]

−-B, respectively, and those for [Py·(H2O)4]
−-C

differ by no more than 0.01 eV. All of these AEA0 values are
similar to the experimental EA of 1.16 eV, and these B3LYP
computations suggest that either structural motif could be
present in the experiment.
The lowest energy [Py·(H2O)5]

− structure ([Py·(H2O)5]
−-

A) that was identified is shown in Figure 3k and exhibits a water
dimer hydrogen bonded to one nitrogen atom of the
pyrimidine ring and a water trimer cluster hydrogen bonded
to the other nitrogen atom. The computed VDE and AEA0 for
the corresponding neutral are 1.74 and 1.03 eV, which agree
with the experimental EA of 1.36 eV. Penta-hydrated structures
exhibiting proton transfer such as [Py·(H2O)5]

−-B in Figure 3l
were also found. [Py·(H2O)5]

−-B is <1 kcal mol−1 higher in
energy than [Py·(H2O)5]

−-A at the B3LYP/6-31++G(2df,2pd)
level of theory and has a VDE of 2.17 eV and a AEA0 of 0.84 eV
for the analogous neutral. Figure 3m shows a higher energy
[Py·(H2O)5]

− isomer that is characterized by a cyclic water
pentamer ring hydrogen bonded to both of pyrimidine’s
nitrogen atoms. [Py·(H2O)5]

−-C is the lowest energy isomer
identified that displays this structural motif. Although it is 3.9
kcal mol−1 higher in energy than [Py·(H2O)5]

−-A at this level
of theory, it has a calculated VDE of 0.99 and AEA0 of 0.58 eV
for the related neutral that could account for the experimental
feature at 0.80 eV in the experimental spectrum of [Py·
(H2O)5]

−.
Interestingly, the hydrogen bonding motifs of the lowest

energy [Py·(H2O)n]
− structures identified in this work are

somewhat different than for their neutral counterparts. The
lowest-energy neutral Py·(H2O)n clusters prefer to have all of
the water molecules on one side of the pyrimidine ring,
interacting with only one of the nitrogen atoms.23 In contrast,
the lowest-energy anions identified in this study lead to either
the water molecules interacting with both nitrogen atoms of the
pyrimidine ring or aggregating to donate a proton to one of the
nitrogen atoms in the ring.

■ DISCUSSION

The electron affinity of the [Py·(H2O)n] series increases with
increasing n, and this can be described with the thermodynamic
cycle

∑ ∑= + ··· − ···
=

−

=

−

D DEA[X(Y) ] EA[X] [X(Y) Y] [X(Y) Y]n
m

n

m
m

n

m
0

1

0
0

1

0

(2)

where X represents the solvated molecule of interest, Y
represents the solvent, D0[X¯(Y)m···Y] is the ion-neutral
dissociation energy for the loss of one solvent molecule from
the anion cluster, and D0[X(Y)m···Y] is the neutral−neutral
dissociation energy for the loss of one solvent molecule from
the neutral cluster. This description relies on the condition that
the excess electron in the [Py·(H2O)n]

− clusters is primarily
localized on pyrimidine in valence bound orbitals and not
delocalized to any great extent in the solvent network. From eq
2, the sequential energy change per solvent molecule can be
expressed as

Δ = −

= ··· − ···
−

− −D D

EA EA[X(Y) ] EA[X(Y) ]

[X(Y) Y] [X(Y) Y]
n n

n n

1

0 1 0 1 (3)
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Negative ion photoelectron spectroscopy can therefore yield
the necessary information for the quantization of the energy
change for solvation if the excess electron is not significantly
interacting with the solvent network.
The solvation of pyrimidine with one water molecule results

in a positive electron affinity.8 Additional water molecules to
the cluster stabilize the excess charge and increase the electron
affinity of the pyrimidine monomer in a predictable trend, as
shown in Figure 4. Using eqs 2 and 3, extrapolation of the

electron affinity as a function of the number of water molecules
back to n = 0 yields the electron affinity of the pyrimidine
monomer to be −0.22 eV. This approximation agrees very well
with the previous electron transmission spectroscopic measure-
ment in the vicinity of −0.25 eV.5 Figure 5 quantifies the
change in electron affinity (ΔEA) with each additional water
molecule added. The first water molecule addition has the
largest impact on the anion cluster going from −0.22 to 0.21
eV, a 0.43 eV difference, but as the number of water molecules
increases the ΔEA decreases. These results are consistent with
those for uridine, cytidine, thymine, adenine, uracil, and
naphthalene.9−14 In each of these systems, the sequential
addition of water molecules increases the electron binding
energy of the cluster, with the first water molecule having the
largest impact on the electron affinity. In the cases of uridine,
cytidine, thymine, adenine, and uracil, molecular anions exist,
and hydration serves to increase the electron binding energy of
the negatively charged cluster. The case of naphthalene,
however, is nearly identical to pyrimidine in that although the
neutral molecule has a negative electron affinity, the addition of
one water molecule creates a stable negative ion.14

Interestingly, the computational results reveal that the
localization of excess charge in the [Py·(H2O)n]

− cluster
anions does not change appreciably with increasing n. Starting
with the smallest experimentally observed pyrimidine anion
cluster, [Py·(H2O)]

−, B3LYP computations show the excess
electron residing in a singly occupied molecular orbital
(SOMO) that is characterized as a valence π* orbital on

pyrimidine. This character does not change with increasing n
even though the photoelectron spectra evolve to more closely
resemble that of bulk water.36 This suggests that the addition of
subsequent water molecules simply increases the overall
electron binding energy of the entire anionic cluster.14

■ CONCLUSIONS
Although the pyrimidine molecular anion is shown to be
energetically unstable, only a single water molecule is required
to stabilize a negative ion state. B3LYP computations indicate
that the excess electron primarily resides in a pyrimidine
antibonding π* orbital, and the character of this SOMO does
not change appreciably even after the addition of five water
molecules. This localization of excess charge on pyrimidine
allows us to extrapolate the electron affinity of the pyrimidine
monomer out to −0.22 eV, which is in good agreement with a
previous experimental estimate. The addition of the first water
molecule has the largest impact on the electron affinity of the
cluster, in agreement with our previous results for uridine,
cytidine, thymine, adenine, uracil, and naphthalene.9−14

Although agreement between experimental PES spectra and
our theoretical predictions is very good, infrared spectroscopic
studies of [Py·(H2O)n]

− clusters would provide much insight
into the structural motifs of the anion clusters present in the
experiment.
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Figure 4. Plot of the experimental electron affinities (EAs) of hydrated
pyrimidine clusters as a function of cluster size, n.

Figure 5. Plot of the sequential spectral shifts (ΔEA) of [Py·(H2O)n]
−

photoelectron spectra as a function of cluster size, n.
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