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We report the photoelectron spectra of homogeneous dimer anions of the nucleobases: uracil,
thymine, cytosine, adenine, and guanine, i.e., U,", T,~, C;7, A,™, and G, along with DFT
calculations on U, and T, . Based on these calculations the photoelectron spectrum of T,~ was
assigned as being due to both a proton transferred and a non-proton transferred isomer, while the
photoelectron spectrum of U,” was assigned in terms of a single dominant barrier-free proton
transferred isomer. Photoelectron spectra were also measured with a different source and on a
different type of photoelectron spectrometer for U,™, T,™, A,~, (1-MeT),™ and (1,3-Me,U), ™.

I. Introduction

There are several reasons for interest in the electrophilic
properties of nucleic acid bases and biomolecular assemblies
in which they are moieties, e.g., in DNA. Among these is the
relatively recent discovery that very low energy electrons
(produced by ionizing radiation as secondary electrons and
then thermalized) are capable of breaking both single and
double strands of DNA.' While the detailed mechanism by
which this occurs is still under debate, it is generally thought
that nucleic acid base moieties within DNA are the electron
attachment sites early on in the process.*®

The electrophilic properties of nucleic acid bases have long
been studied in condensed phases by EPR spectroscopy.’” In
isolation (gas phase), several experimental and theoretical
studies have also investigated the electrophilic properties
of nucleobases. Experimentally, these include Rydberg
electron transfer, free electron attachment, and anion photo-
electron (photodetachment) spectroscopic studies of the naked
nucleobases,® ' and theoretically, there are even a larger
number of studies.'> In addition, hydrated nucleic acid
base anions have also been studied by anion photoelectron
spectroscopy.'®!” Moreover, the electrophilic properties of
nucleobase pairs have been investigated both experimentally'®2°
and theoretically,?' > although most of those studies focused
on the heterogeneous (AT)™ and (GC)~ dimer (base pair) anions
due to the importance of AT and GC in the genetic code.

The electrophilic properties of homogeneous base pairs, on
the other hand, have received relatively less attention,
although Rydberg electron transfer studies have probed the
valence anion of U, ™, A, ™, and T, plus a dipole bound anion
state of T>~.2* Here, we report our combined experimental and
theoretical studies (photoelectron spectroscopy and density

“ Department of Chemistry, Johns Hopkins University, Baltimore,
MD 21218, USA. E-mail: kbowen@jhu.edu

b Hefei National Laboratory for Physical Sciences at Microscale and
Department of Chemical Physics, University of Science and
Technology of China, Hefei, Anhui 230026, China.
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functional theory, respectively) of the homogeneous nucleo-
base dimer anions, T,~ and U, ", along with the photoelectron
spectra of C,7, A,~, and G, . Our recent development of a
source for generating parent (intact) anions of various nucleo-
sides, nucleotides and other biomolecules>> 2’ has allowed
us to investigate these five homogeneous nucleobase dimer
anions. Our computational results are quantitatively consistent
with our experimental findings. Both approaches suggest that
both T, and U, have multiple anionic isomers.

II. Methods

A Experimental

Anion photoelectron spectroscopy is conducted by crossing a
mass-selected, negative ion beam with a fixed-energy photon
beam and analyzing the energies of the resultant photo-
detached electrons. This technique is governed by the well-
known energy-conserving relationship, iv = EBE + EKE,
where hv, EBE, EKE are the photon energy, electron binding
energy (transition energy), and the electron Kinetic energy,
respectively.

Two different types of anion photoelectron spectrometers,
each with its own unique anion source, were used to perform
these experiments. In one of these, negative ions are generated
in an ion source and then travel through a linear, time-of-flight
mass spectrometer which serves to provide both mass analysis
and mass selection. The mass-selected anions of interest are
then photodetached by light from a pulsed laser and their
electron kinetic energies are then analyzed with a magnetically-
guided electron time-of-flight energy analyzer (a ‘magnetic
bottle’). Details of our apparatus have been described else-
where.?® The third (355 nm, 3.49 eV) harmonic of a Nd:YAG
laser was used for the measurements reported in this paper.
Photoelectron spectra were calibrated against the well-known
photoelectron spectrum of Cu™. In this apparatus, homogeneous
nucleobase dimer anions were generated using our pulsed,
infrared desorption-pulsed visible photoemission anion
source which we have developed recently.? Fragile neutral

This journal is © the Owner Societies 2010
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biomolecules were brought into the gas phase by infrared
desorption, while at almost the same time low energy electrons
were generated by photoemission and a jet of helium (4N4
grade) was fired to provide collisional cooling. Desorption of
involatile biomolecules was accomplished by directing a low
power pulse of first harmonic (1064 nm, 1.16 eV) Nd:YAG
laser light onto a translating graphite bar, thinly coated with
the nucleobase of interest. Low energy electrons were emitted
by coordinating a strong pulse of second harmonic (532 nm,
2.33 eV) Nd:YAG light onto a rotating yttrium oxide (work
function of ca. 2 eV) disk. The helium jet was generated in a
standard pulsed valve.

In the other type of spectrometer, negative ions were
mass-analyzed and mass-selected with a 90° magnetic sector
before being crossed with the beam of an argon ion laser,
operating intracavity at 2.54 eV per photon.”® The electron
kinetic energies of resulting photoelectrons were then analyzed
by a hemispherical electron energy analyzer. In contrast to the
pulsed operation of the spectrometer described above,
all components of this type pd photoelectron spectrometer
operate continuously. Photoelectron spectra were calibrated
against the well-known spectrum of O~. To prepare the
nucleobase dimer anions of interest, nucleic acid bases were
evaporated thermally (180-200 °C) in an argon-filled stagnation
chamber before being expanded into high vacuum through a
small nozzle. Low energy electrons, emitted from a negatively
biased thoriated-iridium filament, were then injected into the
resulting jet, forming a weak magnetically-supported plasma.
Negative ions produced in this way, i.e., in a nozzle-ion source,
were then extracted into the ion optics of the spectrometer’s
beam-line for transport into the magnetic sector described
above. This apparatus differs from the other one used in these
experiments in that it and its source operate continuously,
while the earlier discussed spectrometer and its source operate
in a pulsed mode.

B Computational

There are six possible sets of double, hydrogen bond inter-
actions between the nucleobases in a homogeneous nucleobase
dimer. The geometrical parameters of all six sets were fully
optimized at the B3LYP?%3!/6-31++G(d,p) level of theory for
both neutral and anionic, homogeneous uracil and thymine
dimers. Some of these are the products of proton transfer (PT)
events between two paired canonical bases. The geometrical
parameters of the transition states for the PT processes were
optimized with the STQN method** and further confirmed
with IRC calculations. The vertical detachment energy (VDE)
of the anion was calculated as VDE = Ej (anion) — Ejy
(anion), where the energy of the neutral dimer, Ej, was
calculated at the anionic geometry. The adiabatic electron
affinity (EA,) of the neutral was calculated as EA, = Eiy
(neutral) — Ej,(anion), where the total energies of two
monomers were calculated at their respective equilibrium
structures and corrected for the zero-point vibrational energies
(ZPVESs). In order to explore the proton transfer processes for
both the neutral and anionic dimers, the relaxed potential
energy profiles were obtained by controlling the variation of
the specific N-H bond length along with optimizing the

geometrical parameters of the other moieties. All above
calculations were performed with Gaussian 03 program.®
The molecular structures and the electron density maps were
depicted with the MOLDEN program.*

The symbols used throughout the text for denoting hydrogen-
bonded nucleobase dimers are similar to those originally
presented by Gutowski ez al.'® The prefixes “a” and “n” stand
for anionic and neutral dimers, respectively, while the super-
scripts and subscripts following the letter symbol of a given
nucleobase indicate how the hydrogen bonds were formed.
Using aT%Tgé’,H as an example shown in Fig. 1, the anionic
thymine dimer has a hydrogen bond between the O7 site of the
left-most thymine and the hydrogen atom on the N3 site of the
other thymine, and another hydrogen bond between the NI
site of the former and the O8 site of the latter, where the O8-H
symbol denotes that a proton transfer has taken place from the
N1 site to the OS site.

III. Results

Photoelectron spectra of the five homogeneous nucleo-
base dimer anions generated with an infrared desorption/
photoemission source and measured on our pulsed apparatus
are presented in Fig. 2. The photoelectron spectra of the three
pyrimidine dimer anions [see Fig. 2(a) through (c)] each exhibit
a dominant broad peak well within the energy window of the
spectra, before their intensities gradually increase toward the
high electron binding energy (EBE) ends of their spectra.
Generally, their intensity thresholds occur at EBE ~ 0.7 eV.
In the case of T,™, a weaker intensity, broad peak is also
discernible at EBE ~ 2.3 eV, and in the case of U, ", thereis a
shoulder on the low EBE side of the main peak. The photo-
electron spectra of the two purine dimer anions [see Fig. 2(d)
and (e)] have similar spectral patterns, with each exhibiting
two peaks. In both spectra these peaks are separated by
~0.9 eV, and in both spectra the two peaks exhibit about
the same intensity ratios. They differ, however, in that the
spectrum of A, is shifted to higher EBE by ~0.5 eV relative
to the spectrum of G,

Photoelectron spectral results are also shown in Fig. 3,
where variations in T, spectra are examined under varied
pulsed gas valve durations (under varied source conditions).
Fig. 4 compares the photoelectron spectra of T,™, U,™, and
A,", generated in a nozzle-ion source and measured on our
continuous photoelectron spectrometer, with their corres-
ponding photoelectron spectra generated in an infrared
desorption/photoemission source and measured on our pulsed
spectrometer. Lastly, Fig. 5 compares the photoelectron
spectrum of U,  with its methylated derivatives having
different degrees and/or sites of methylation. The first two
spectra in Fig. 5(a) and (b) are the same spectra shown in
Fig. 2, while the latter two in Fig. 5(c) and (d) were generated
in a nozzle-ion source and measured on our continuous
photoelectron spectrometer.

Computational results are presented in Table 1. These
results show that the three low-lying anionic thymine dimers,
ie., aTITR: 1 (C, symmetry), aTQ TRz (C; symmetry), and
aT|TN: (Cop symmetry), and the two low-lying anionic
uracil dimers, i.e., aUQ]UNs 5 (C; symmetry) and aUQ]UN!

3536 | Phys. Chem. Chem. Phys., 2010, 12, 3535-3541

This journal is © the Owner Societies 2010



"I'ia: cel 08 % 0—'
05}3'-931 = %c;s,‘-‘ .

<, ¥
%J\b*p"b j-m?_c'bo

0™ s on?/?m o% NN = W
o7 0.,.)’ . ‘% < w od p
» ¢ =4
e = g-,—:.:—.ﬁLr— C__cj
aTwiTosn aTwTos aTwiTor
7
o8 . (N3 5” i - o
P e ja -0.\ B ) ‘\_ 0
T 188 CS?C(;' OQL '(-‘Q @
P USU
aUniUos.
Fig. 1 Dominant anionic dimers of thymine (upper) and uracil (lower).
(Thymine),

Photoelectron Intensity
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Fig. 2 Photoelectron spectra of homogeneous nucleobase dimer
anions (a)—(e) recorded with 355 nm (3.49 eV) photons. VDE calcula-
tions of T,~ and U, are shown as stick spectra in (a) and (b),
respectively.

(Cs, symmetry), are the major calculated configurations of
these anionic dimers. Their geometric structures are presented
in Fig. 1. In order to model the experimental environment due

Gas Valve Pulse Duration, < (all at 200 psi)
@)t=190 ps

(b) 1 =230 ps

Photoelectron Intensity

()t =260 pus

0.0 0.5 1.0 1.5 2.0 25 3.0
Electron Binding Energy (eV)

Fig. 3 Photoelectron spectra of T, recorded with 355 nm photons at
three different pulsed gas valve durations. Pressure of the carrier gas
(He) was constant at 200 psi.

to cooling by the helium gas jet, we conducted an additional
calculation to estimate the temperature dependence of the
relative abundance of the gas phase isomers of T, and U,".
The percentage contributions (at temperatures, 250, 453,
and 473 K) of the different isomers were estimated using a
Boltzmann function, exp(AE-Y E/RT), where AE,, is the
total energy difference between the most stable dimeric form
and the others (the ZPVE corrections are included), and R is
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Fig. 4 Comparison of the photoelectron spectra of T,~, U,™, and
A, generated both by our infrared desorption/photoemission source
and by our thermal nozzle-ion source.

the gas constant. These relative contributions are shown in
Table 1. According to our calculations, the newly formed,
“hot” dimer anion (at 453 and 473 K) should have three stable
T, isomers, ie., aT TR 1, aTQTR:, and aTYTHY, and
two stable U,™ isomers, aUQ]UNs i and aUQTUNY. After
these dimer anions are cooled by series of collisions with the
carrier gas at 250 K, aTQ!TRs 1, aTQTH:, and aUQIUD: 1
become dominant. The calculated VDE values of these three
dimer anions match fairly well the peak centers of the main
features in the spectra of T, and U, (see Fig. 2), where stick
spectra denote the calculated transitions. Calculated VDE
values for the other two dimer anions mentioned above may
correspond to the intensity thresholds at EBE ~ 0.7 eV, and
they are also marked by stick spectra in Fig. 2. Since the
spectra of C,7, A,™ and G, were also measured in the same
source environments, it is likely that they were produced at
similar temperatures.

IV. Discussion

In the photoelectron spectrum of T, [see Fig. 2(a)], the peak
centered at EBE = 1.55 eV is assigned as arising from the

(b) T, = (5-MeU),

¢

© (1-iv|eT)'2'

Photoelectron Intensity

=

(d) (1,3-Me,U),

>

00 05 10 15 20 25 30
Electron Binding Energy (eV)

Fig. 5 Comparison of the anion photoelectron spectra of U,™, Ty,
(1-MeT), and (1,3-Me,U), .

photodetachment of aTQ] TRz (predicted to occur at 1.37 eV),
while the feature centered around EBE =~ 2.3 eV is assigned as
arising from the photodetachment of aTITN: 1 (predicted at
2.06 eV). The threshold feature starting near EBE ~ 0.7 eV
may be due to the photodetachment of aTQ] TH+ (predicted at
0.54 eV). In the photoelectron spectrum of U, [see Fig. 2(b)],
the peak centered at EBE = 2.2 eV is assigned as arising from
the photodetachment of aUQTUN: 1 (predicted to occur at
2.20 eV). The threshold feature starting near EBE ~ 0.7 eV
may be due to the photodetachment of aUuQIuN! (predicted at
0.65 eV). Since computational results are not available for
C,™, Ay, and G,~, spectral assignments of those photo-
electron spectra have not been made.

The underlying natures of aUQIUD: 1, aTRITD: 1, and
aTQITN: are elucidated by the computational results
presented in Fig. 6 and 7. The potential curves in Fig. 6(a)
show that aUQ]UD: ;3 was formed by a barrier-free proton
transfer. The curves in Fig. 6(b) show that the proton transfer
which formed aTQ|TR; i involved a slight barrier, ie., it was
not barrier-free. The formation of aTQ] TRz, on the other hand,
did not involve proton transfer. Thus, the photoelectron
spectrum of T,™ shows evidence for the formation of both a
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Table 1 Relative stabilities (3E), vertical detachment energies (VDE), and relative percentages of the gas phase anionic dimers, and electron
affinities (EA) of the gas phase neutral dimers

Percentage at temperature 7'

Anionic dimers SE/kcal mol ™! VDE/eV 250.15 K 453.15 K 473.15 K Neutral dimers EA/eV
aTRITO: 1 0.00 2.06 89.8% 72.7% 71.4% T TH; 0.76¢
aTRITN; 1.15 1.37 8.9% 20.3% 21.0% — 0.71
aTRITH! 2.11 0.54 1.3% 6.9% 7.6% nTYTH 0.52
aTni1Tor 7.91 1.26 — — — nTTH: 0.44
aTRITO: 10.00 0.42 — — — nTRETOR 0.44
aTRATOR 11.21 0.40 — — — nTRITOR 0.40
aTRAITY; 13.00 0.32 — — — nTRITSS 0.34
aURIUN 1 0.00 2.20 99.6% 95.5% 94.9% nUQUD: 0.87
aURJuUN, 2.75 0.65 0.4% 4.5% 5.1% nUQUSY 0.63
aURIUD; 8.16 0.99 — — — nUQTUS; 0.57
aURSUD: 10.95 0.50 — — — nURSUD: 0.52
aURIUD: 12.21 0.20 — — — nUQIUSE 0.50
aURUG] 1389 017 - - —~ nUQIU, 044

“ With respect to aTQ Ta 1. © With respect to aTQ] Tha.

proton transferred and a non-proton transferred thymine
dimer anion. Fig. 7 presents electron density maps for the
highest singly-occupied molecular orbitals (SOMOs) of these
three anionic dimers. The unpaired electron resides on one of

the two molecules in a given dimer, and these SOMO’s have &
orbital characteristics.

We now turn to three different comparisons of our spectro-
scopic data. The particular tautomeric isomers that form
depend both on the type of anion source used and on the
different source conditions available within a given source.
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Fig. 6 Relaxed energy profiles generated by scanning the N1-H bond
length for the neutral (outlined dots) and anionic (solid dots) dimers of
uracil (a) and thymine (b).

VDE=1.37 eV

Fig. 7 Electron density maps for the highest singly-occupied
molecular orbitals of the dominant anionic dimers.
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While the relative intensities of peaks varied to some degree
for all five nucleobase dimer anions studied, the behavior
of T,~ was the most dramatic. Fig. 3 shows how the
photoelectron spectrum of T,™ changed with gas valve pulse
durations. Longer gas pulse durations presumably resulted
in greater cooling. One sees that the proton transferred
aTQITD: 1y dimer anion forms even at short pulse durations
(relatively warm conditions), but that the non-proton
transferred aTQITD: dimer anion grows in strongly with
longer pulse durations and more cooling. This is reasonable
since our calculations predict that aT%ng,H is the most
stable of the T, isomers.

In addition to the five dimer anions which were generated in
our infrared desorption/photoemission source and studied on
our pulsed photoelectron spectrometer, the dimer anions, T, ™,
U,", and A,~, were also generated in a nozzle-ion source and
studied on our continuous photoelectron spectrometer. In
Fig. 4, we compare the photoelectron spectra of these three
dimer anions formed and measured on different types of
photoelectron apparatus. Due to the use of an argon ion laser
on the continuous machine, the photoelectron spectra
measured there span only an electron binding energy range
up to ~2.4 eV. Nevertheless, it is still possible to make several
comparisons. The T,  spectrum taken on the continuous
spectrometer resembles the T,™ spectrum taken on the pulsed
spectrometer under short gas duration (warm) conditions,
suggesting that the nozzle expansion in the former case did
not cool well. The spectra of U,™ taken on both apparatus are
relatively consistent. Both spectra of A,™ show bands in the
same energy region but with an offset of ~0.2 eV. While
peak-pulling of the band in question in the lower (pulsed
apparatus) spectrum is doubtless a factor in the apparent
band shift, the fact that the upper (continuous apparatus)
spectrum shows no hint (on its high EBE side) of the higher
EBE band seen in the pulsed apparatus spectrum suggests that
the two different anion sources may not have generated
entirely the same A, isomers.

In addition to T, ™, U, ™, and A,~ which were generated and
studied on our continuous apparatus, we also generated and
studied (1-methylthymine),™ and (1,3 dimethyluracil),” in the
same way on the same apparatus. Their photoelectron spectra
are presented in Fig. 5 along with those of U, and T,~
measured on the pulsed apparatus. From the top to bottom
in Fig. 5, the spectra are arranged in order of increasing
methylation, i.e., molecules of U have no methyl groups, those
of T have one, while those of 1-MeT and 1,3-Me,U have two
methyl groups each. We make the following observations/
speculations. The bands at EBE = 2.2 ¢V and 2.3 eV in U,™
and T,, respectively, have essentially the same proton transfer
configurations, i.e., aUQTUN: 1 and aTQ]TH: 1. Moreover,
they are insensitive to methylation. The lower EBE band (at
EBE = 1.55¢V) in the T, spectrum comes from the photo-
detachment of the aT Tha configuration, which is similar to
the above configurations, except that it does not give rise to
proton transfer. The occurrence of this particular isomer of
T, is rooted in the presence of a methyl group in thymine. We
saw a similar effect when we methylated adenine and thymine
at their sugar positions, tieing-up these sites and inhibiting
proton transfer in [(MeA)(MeT)]™ even though it had been

evident in (AT)".'"® We suspect that more of the same is
occurring in the observed spectral bands of (1-MeT),™ and
(1,3-Me,U),, and that these are also due to non-proton
transferred isomers.
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