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a b s t r a c t

Hydrogen-rich cation radicals of 20-deoxycytidine dinucleotide, (dCC þ 2H)þ●, were generated by elec-
tron transfer dissociation of their doubly charged complexes with crown ethers and found to be stable in
the gas phase. The (dCC þ 2H)þ● ions were calculated to be formed with ca. 280 kJ mol-1 internal energy
that was rapidly dissipated below a 130 kJ mol-1 energy threshold for the lowest-energy dissociation by
loss of water. UV-vis action spectroscopy was applied to monitor several photodissociation channels of
(dCC þ 2H)þ● and to compose spectra that showed distinct absorption bands at 220, 270, 290, and
350 nm, and a broad featureless band at 500-700 nm. UV-vis action spectra were also obtained for the
(dCC ‒ H2O þ 2H)þ● cation radical that showed bands at 225, 270, 330, 430, and 530 nm. Born-
Oppenheimer molecular dynamics and density functional theory (DFT) calculations were employed to
generate a complete set of tautomeric (dCC þ crown þ 2H)2þ precursor dications and identify the lowest-
energy structures in the gas phase and aqueous solution that were the cytosine N-3-H tautomers. Cal-
culations also indicated that cytosine cations and radicals in the lowest-energy (dCC þ 2H)þ● ions were
N-3-H tautomers. Absorption spectra of several (dCC þ 2H)þ● tautomers were obtained by time-
dependent DFT calculations that provided a limited match with the action spectrum. In contrast, a
satisfactory match was obtained for the action and absorption spectra of (dCC ‒ H2O þ 2H)þ● fragment
ions. (dCC þ 2H)þ● represents a difficult case because of a multitude of cation and radical tautomers to be
analyzed and the propensity for consecutive photofragment dissociation upon photon absorption.

© 2019 Elsevier B.V. All rights reserved.
1. Introduction

Capture of low-energy secondary electrons is one of the prin-
cipal mechanisms of DNA damage [1]. When studied in frozen
glasses, electron capture by nucleotides was found to result in
nucleobase loss from the transient anion radicals [2], forming 10-
deoxyribose radicals that could undergo further reactions. When
formed in a protic medium, the basic nucleobase anion radicals can
undergo rapid protonation, forming radical hydrogen atom adducts
[3]. DNA-electron interactions have been extensively studied by
pulse radiolysis that produced complex mixtures and most studies
relied on electron paramagnetic resonance spectroscopy to char-
acterize the radical species [4-6]. Hydrogen-rich nucleobase radi-
cals have also been generated by femtosecond electron transfer to
mass-selected nucleobase cations and characterized by
neutralization-reionization mass spectrometry [7-10] and ab initio
. Ture�cek).
theoretical calculations [11]. Hydrogen-rich DNA cation radicals
represent a novel type of transient intermediates in which one
nucleotide carries a charge in the form of a protonated nucleobase
while another nucleotide has been converted to a hydrogen atom
adduct. By having both the charged and radical moieties, hydrogen-
rich DNA cation radicals, denoted as (dXX þ 2H)þ●, X¼ nucleobase,
are particularly suited for mass spectrometric studies. Recently, we
have reported that hydrogen-rich cation radicals can be efficiently
generated by electron transfer dissociation of doubly charged DNA
dinucleotides with crown ethers. Cation radicals of (dAA þ 2H)þ●,
chimeric RNA dinucleotides [12], (dGG þ 2H)þ●, (dGC þ 2H)þ●, and
(dGC þ 2H)þ● [13] have been generated and characterized by UV-
vis photodissociation action spectroscopy [14-16].

The cytosine rings in dideoxycytidine ions and radicals present a
particular challenge for the generation of dications and their
reduction by electron transfer. Neutral cytosine is known to exist as
N-1-H, O-2-H, N-3-H, and N-4-imine tautomers of very similar
relative energies in the gas phase, as elucidated by VUV synchro-
tron ionization [17,18], microwave spectroscopy [19], and ab initio
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calculations [20-24]. Cytosine cation radicals that were generated
by intramolecular electron transfer in gas-phase Cu complexes
have been shown by infrared multiphoton dissociation (IRMPD)
and single-photon UV-Vis action spectroscopies to consist of a
mixture of tautomers [25]. Ab initio calculations of cytosine cation
radicals pointed to N-3-H and O-2-H tautomers as the lowest-
energy structures [26]. Cytosine protonation by electrospray ioni-
zation has been shown by IRMPD spectroscopy to produce gas
phase ions as a mixture of O-2-H and N-3-H tautomers [27,28].
Hydrated cytosine ions [29,30], cytidine nucleosides [31] and nu-
cleotides [32] have all been shown by IRMPD spectroscopy to
consists of N-3-H and O-2-H protonated forms in the gas phase.
Hydrogen-rich cytosine and 1-methylcytosine radicals have been
generated in the gas phase by femtosecond electron transfer and
characterized by tandemmass spectra after reionization [33,34]. Ab
initio [35] and density functional theory [36] calculations of cyto-
sine radicals have identified the N-1-H, N-3-H tautomer as the
lowest-energy structure whereas hydrogen atom adducts to C-5, C-
6, and several other tautomeric combinations were >30 kJmol-1

higher in energy. Photoexcitation of cytosine has attracted sub-
stantial interest, and the studies have revealed that the excited
electronic states underwent fast decay with rates and branching
ratios that depended on the tautomer structure [37-44]. The pre-
vious data indicated that the formation of cytosine ions, cation
radicals, and their electronic structure and behavior may be
complicated, in particular if the cytosine rings are incorporated in
di- or larger oligonucleotides. Here we report an experimental and
computational study addressing the complexities of the formation,
action spectra, and comprehensive structure and energy analysis of
hydrogen-rich 20-deoxycytidine dinucleotide ions and radicals.

2. Experimental

2.1. Materials and methods

20-deoxycytidine dinucleotide (dCC) was custom made by In-
tegrated DNA Technologies (Coralville, IA) and used as received. 18-
Crown-6-ether (CE) and 2,3:11,12-dibenzo-18-crown-6-ether
(DBCE) were purchased from Sigma-Aldrich (Milwaukee, WI) and
used as received. The dinucleotide and crown ethers in an
approximately 1:1.2 molar ratio were dissolved in 80:20:1 mixture
of acetonitrile:water:acetic acid to achieve concentrations in the
20-50 mM range. The solutions were electrosprayed into the ion
trap mass spectrometer. Electron transfer dissociation (ETD) and
photodissociation mass spectra were measured on two different
instruments. One was a modified ThermoElectron Fisher (San Jose,
CA, USA) LTQ-XL ETD linear ion trap mass spectrometer that was
furnished with an external EKSPLA NL301G (Altos Photonics,
Bozeman, MT) Nd-YAG laser source operating at a frequency of
20 Hz with a 3e6 ns pulse width, and an optical parametric oscil-
lator system, as described previously [14]. The other instrument
was a Bruker amaZon Speed 3D ion trap mass spectrometer that
was equipped with windows allowing laser beam entrance to the
ion trap and furnished with the same EKSPLA NL301G laser. The
operating procedures for obtaining UV-vis action spectra in the
210-700 nm region on both instruments have been described
[45,46]. The electrospray ion source, and ion transfer ion optical
elements were tuned to optimize the formation of doubly charged
complexes. Doubly charged ions were isolated by mass in the ion
trap and allowed to react with fluoranthene anions for 100-200ms.
The charge-reduced cation radicals formed were isolated by mass
and exposed to laser pulses for photodissociation. The number of
laser pulses used for photodissociation varied from 1 pulse in the
400-700 nm region, 1-5 pulses in the 210-350 nm region, to 5
pulses in the 353-400 region. Each wavelength point in the UVPD
spectrum consisted of >100 accumulated and averaged scans. The
reported action spectra are averages of two reproduced measure-
ments obtained on different days.

2.2. Calculations

Born-Oppenheimer molecular dynamics of doubly protonated
(dCC þ crown ether) complexes was run with semiempirical
quantum PM6 calculations [47] that were augmented by including
dispersion and hydrogen bonding interactions, D3H4 [48]. BOMD
trajectories were run at 1 fs steps for 20 ps with energy conserva-
tion by weak coupling to a Berendsen thermostat [49], generating
20000 conformer snapshots for each tautomeric ion. These calcu-
lations were run with MOPAC [50] that was coupled to the Cuby4
platform [51]. Two hundred snapshots were selected from each
trajectory, the structures were fully gradient-optimized with PM6-
D3H4 and sorted out by their secondary and supersecondary
structural similarities. Several low-energy complex structures were
selected for each tautomer and their geometries were optimized
with B3LYP [52] and the 6-31G (d,p) basis set to yield harmonic
frequencies. The complex structures were further reoptimized with
uB97X-D [53] and M06-2X [54], both with the 6-31 þ G (d,p) basis
set, to evaluate electronic energies including dispersion in-
teractions. Further sets of energies were obtained by single-point
M06-2X/6-311þþG (2d,p) and MP2(frozencore)/6-311þþG (2d,p)
calculations [55]. Contamination by higher spin states in the UMP2
calculations was treated by standard spin annihilation methods
(PMP2 [56,57]) and further checked by restricted open-shell MP2
(ROMP2) single-point calculations [58]. The electronic, vibrational,
and rotational energies and entropies were combined to yield
relative free energies at the experimental temperature of 310 K. To
assess solvent effects, we performed single-point energy self-
consistent reaction field calculations using the polarizable contin-
uum model [59] with van der Waals surfaces, water as the dielec-
tric, and structures optimized in the gas-phase and dielectric.
Vertical excitation energies and oscillator strength were calculated
by time-dependent density functional theory (TD-DFT [60]) using
M06-2X/6-31 þ G (d,p). Our previous investigations of electronic
excitations in nucleobase, nucleoside, and dinucleotide radicals
have indicated that TD-DFT M06-2X/6-31 þ G (d,p) calculations
provide reliable excitation parameters when benchmarked against
higher-level, equation-of-motion coupled-cluster (CCSD), calcula-
tions [61]. All the thermochemical calculations were performed
using the Gaussian 16 (Revision A.03) suite of programs [62].

3. Results and discussion

3.1. Ion formation

Electrospray ionization of dCC-crown ether mixture solutions
yielded doubly charged complexes that were isolated by mass and
subjected to ion-ion reactions with fluoranthene anions. ETD [63]
resulted in charge reduction and elimination of the crown ligand, as
shown for the complex with dibenzocrown ether (DBCE),
(dCC þ 2H þ DBCE)2þ at m/z 439 (Fig. 1a). The complex with 18-
crown-6-ether (CE) gave similar results. In both cases ETD gener-
ated the (dCC þ 2H)þ● cation radical at m/z 518 as a major product
in an excellent yield. In contrast, ETD of (dCC þ 2H)2þ resulted in
complete dissociation (Figure S1, Supplementary Information). The
other products from ETD of the crown ether complex were
(dCC þ H)þ (m/z 517) and (dCC þ H þ crown)þ at m/z 877 and 781
for DBCE and CE, respectively. The (dCC þ 2H)þ● cation radical was
isolated bymass and probed by collision-induced dissociation, CID-
MS3 (Fig. 1b). This produced a dominant fragment ion by loss of
water (m/z 500), and further fragment ions by loss of (C þ H)●



Fig. 1. (a) ETD spectrum (fluoranthene, 150 ms) of (dCC þ DBCE þ 2H)2þ complex atm/
z 439. (b) CID-MS3 spectrum of (dCC þ 2H)þ● ion at m/z 518. (c) CID-MS4 spectrum of
the (dCC ‒ H2O þ 2H)þ● ion at m/z 500.
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radicals (m/z 406), and their secondary products by loss of water
(m/z 388). Backbone dissociations formed the (d1/w1 þ2H)þ (m/z
310), (d1/w1)þ (m/z 308), and a1/z1 (m/z 210) ions. The backbone
ions assignment followed the standard nomenclature [64,65].
Interestingly, most of the backbone fragment ions were even-
electron species, indicating loss of neutral radicals from
(dCC þ 2H)þ●.

The prominent (dCCþ 2H�H2O)þ● cation-radicals were further
investigated by CID-MS4 that yielded the mass spectrum shown in
Fig.1c. This displayed a dominant ion atm/z 308 that we assigned as
d1/w1, and several other fragment ions formed by combined losses
of CO, C2H3O, and cytosine. Interestingly, the (d1/w1 þ 2H)þ ion
from (dCC þ 2H)þ● appeared as (d1/w1 ‒ H2O þ 2H)þ at m/z 292 in
the CID spectrum of (dCC þ 2H � H2O)þ● (Fig. 1c). These frag-
mentations involving double hydrogen transfer have not been
observed in the CID spectra of closed-shell DNA cations [65] and
appear to be associated with the radical cytosine rings in
(dCCþ 2H)þ● and (dCCþ 2H�H2O)þ●. Wewill discuss the possible
reaction sequence leading to these fragmentations later in the
paper.
Fig. 2. UV-Vis action spectra of (dCC þ 2H)þ●. (a) Sum of photofragment ion in-
tensities.; (b) Relative intensities of m/z 308 and 310 photofragment ions. (c) Relative
intensities of m/z 292 photofragment ions.
3.2. Photodisociation action spectra

Photodissociation of mass-selected (dCC þ 2H)þ● ions was
investigated in the wavelength range of 210-700 nm, covering the
valence-electron excitations in the cation-radicals. The major
photodissociation products were observed at m/z 500, 406, 310,
308, and 292 that were analogous to fragment ions produced by
CID. The m/z 406 and 500 channels turned out to be problematic in
following the absorption by (dCC þ 2H)þ●, as they showed unusual
characteristics over most of the covered wavelength region. The
dominant m/z 500 channel further displayed gradually increasing
dissociation at l> 500 nm which was unprecedented in the action
spectra of other dinucleotide cation radicals [12,13]. The action
spectrum that was combined from the m/z 292, 308, 310, 406 and
500 channels showed distinct bands at 350, 290, 270, and 220 nm
(Fig. 2a), in addition to a broad featureless band at 500-700 nm.
Light absorption at 350 and 270 nmwas pronounced in them/z 308
and 310 channels (Fig. 2b), whereas the 220-nm band was in part
contributed by the m/z 292 channel (Fig. 2c).

The photodissociation characteristics of the fragment ion by loss
of water (m/z 500) was further investigated by UVPD-MS4. The
action spectrum showed bands at 330, 270 and 225 nm that were
analogous to those found for (dCCþ 2H)þ●. In addition, weak bands
were observed at 530 and 430 nm (Fig. 3a). The main bands in the
action spectra of (dCC þ 2H)þ● and the m/z 500 fragment ion
indicated similar chromophores that were associated with the
pertinent radical moieties.

3.3. Dication structures

To characterize the absorption properties of (dCC þ 2H)þ● we
undertook an extensive computational analysis of the structures



Fig. 3. (a) Action spectrum of the (dCC ‒ H2O þ 2H)þ● from ETD-CID-MS4. (b) TD-DFT .
M06-2X/6-31 þ G (d,p) absorption spectrum of 17. The lines were artificially broad-
ened by convolution with a Lorentzian function at 12 nm full-width at half maximum.

Fig. 4. uB97X-D/6-31 þ G (d,p) optimized structures of selected low-energy (dCC þ crow
pink¼ P. Only exchangeable (NeH, OeH) hydrogens are shown. Major hydrogen bonds are
legend, the reader is referred to the Web version of this article.)
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involved in the ion formation, photoexcitation, and dissociation.
Our goal was to first establish the thermodynamically most stable
isomers of the (dCC þ crown þ 2H)2þ precursor ions to determine
the protonation sites, cytosine tautomers and crown-ether
attachment sites. This was followed by conformational analysis of
energy-selected (dCC þ 2H)þ● cation radicals and several products
of their isomerization by proton and hydrogen atoms migration. In
the last step, we performed TD-DFT calculations of 45 excited states
of several representative (dCC þ 2H)þ● isomers.

To beginwith the (dCCþ 2Hþ crown)2þ precursor ions, we used
BOMD to generate conformers of all 8 combinations of complexes
consisting of 4 cytosine O-2 and N-3-protonated tautomers, each
with a 30- or 50-crown ether ligand. As reported previously [13,14],
dinucleotide dication complexes with 18-crown-6-ether and
2,3:11,12-dibenzo-18-crown-6-ether showed very similar energy
rankings of tautomer and coordination isomers, and so we used the
smaller 18-crown-6-ether as an economical surrogate in these
extensive calculations. The DFT-calculated free energies of fully
optimized gas-phase complexes revealed a distinct preference for
structures in which the crown ether was coordinated to the N-3-H
protonated cytosine in the 3' (1a,b) or 50 positions (2a,b) (Fig. 4,
Table 1). This distinction was further amplified by solvent effects in
water where structures 1a, 1b represented the lowest free-energy
isomers (Table 1). Complexation to the N-3-H cytosine cation at
the 30 and 50 termini in tautomers having the other cytosine pro-
tonated at O-2-H also gave rise to low-energy gas-phase structures
n þ2H)2þ ions. Atom color coding is as follows: cyan¼ C, gray¼H, blue¼N, red¼O,
indicated by green arrows. (For interpretation of the references to color in this figure



Table 1
Relative energies of (dCC þ CE þ 2H)2þ ions.a

Type Conformer Relative Energyb,c

Gas phase Water

DH (0)d DG (310)e DGaq (310)f

N-3-H, N-3-H, 30-crown 1a 0.3 ‒11 7.1g 8.5h

1b 0 0 0 0
N-3-H, N-3-H, 50-crown 2a 17 7.5 15 19

2b 26 15 19 13
O-2-H, N-3-H, 30-crown 3a 14 ‒3.2 42 43

3b 10 ‒0.5 50 55
N-3-H, O-2-H, 50-crown 4a 14 7.1 40 46
N-3-H, O-2-H, 30-crown 5 67 58
O-2-H, N-3-H, 50-crown 6 72 60
O-2-H, O-2-H, 30-crown 7 99 89
O-2-H, O-2-H, 50-crown 8 74 73

a CE stands for 18-crown-6-ether.
b Energies in kJ mol-1 for uB97X-D/6-31 þ G (d,p) optimized structures.
c Including B3LYP zero-point vibrational energies.
d Relative enthalpies in the gas phase at 0 K.
e Relative free energies in the gas phase at 310 K.
f Including solvation energies in the water dielectric.
g Optimized with inclusion of solvation by water via the polarizable continuum

model.
h PCM single-point energies on gas-phase optimized structures.

Table 2
Relative energies of (dCC þ 2H)þ● cation radicals.

Ion/Reaction Radical Site Relative Energya,b

uB97X-D M06-2X PMP2 ROMP2

9a 50 0u 0 0 0
9b 50 19 16 17 18
9c 50 59 25 21 22
9d 50 36 39
10 30 31 29 28 27
11a 30 54 35 34 33
11b 30 53 48
12 50 63 49
13 5,5-H2 37 34 31 38
14 6,6-H2 56 58
15 50 73 61
16 30 97 87
TS (9a /13) 97 103 92 96
9a / 17 þ H2O 149 130 127 126
9a / 18 þ H2O 199 188 189 196
17 / m/z 389 þ cytosine 146 130 154 161
17/ 19 þ 20 170 154 167 156
9a / 19 þ 20 318 284 294 282

a Energies in kJ mol-1.
b Including B3LYP zero-point vibrational energies and referring to 0 K in the gas

phase.
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(3a, 3b and 4a, Fig. 4). The reason for the stability of the N-3-H
coordinated complexes in the gas phase was evident from the
hydrogen bonding to the crown ether, as the N-3-H protonated
cytosine ring can develop three strong hydrogen bonds to the
crown-ether oxygens, one by N-3-H and two by protons of the NH2
group (Fig. 4). In contrast, coordination to the O-2 protonated
cytosine ring in 5-8 was less favorable, as the cytosine ring devel-
oped only two hydrogen bonds to the crown ligand, one by the O-2-
H and the other by one of the NH2 protons (Fig. 4). The reason for
the preferential coordination to the 30-N-3-H protonated cytosine,
e.g. 1a, 1b versus 2a, was less obvious and was likely due to a
combination of several subtle effects. In summary, coordination by
the crown ether in combination with solvent effects steered the
cytosine protonation in dCC to the N-3 positions favoring a single
type of the dinucleotide ion tautomer.

3.4. Cation radical formation and structures

Electron attachment to the (dCC þ 2H þ crown)2þ ions was
investigated for the lowest energy structure 1a. According to
uB97X-D calculations, the reducing electron entered the non-
Scheme 1. Electron transfer and dissociation o
coordinated cytosine ring (1r, Scheme 1). This was analogous to
electron capture by other dicationic crown-ether complexes where
solvation by the electron-donating crown ether was shown to
stabilize the ion, decreasing its recombination energy, and steering
the incoming electron into the non-solvated charged group [66].
Electron attachment to (dCC þ crown þ 2H)2þ was associated with
an adiabatic recombination energy that was calculated as REad-
iab¼ 6.08 eV. Considering the electron affinity of the fluoranthene
electron donor, EA¼ 0.63 eV [67], the vibrational excitation energy
in the (dCC þ crown þ 2H)þ● intermediate complex 1r can be
estimated [68] as Eexcz (6.08 ‒ 0.63)¼ 5.45 eV (526 kJmol-1)
which is added to the 310 K ro-vibrational enthalpy in 1a
(120 kJmol-1). The high vibrational energy of charge-reduced 1r
drove the dissociation of 1r, overcoming the binding energy of the
crown ether (DHdis,310¼143 kJmol-1, DGdis, 310¼ 70 kJmol-1, by
uB97X-D/6-31 þ G (d,p) including counterpoise corrections), and
resulting in ca. 503 kJ mol-1 non-fixed energy which was parti-
tioned between (dCC þ 2H)þ● and the crown ether. From the en-
ergy partition terms based on the number of vibrational degrees of
freedom in (dCC þ 2H)þ● and the crown ether, 180 and 144,
respectively [69], we estimated the initial excitation energy in
f the (dCC þ crown þ 2H)2þ complex 1a.
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(dCC þ 2H)þ● formed by ETD to be ca. 503 � 180/
(180 þ 144) y 280 kJ mol-1.

Under the conditions in the ion trap, the excitation can drive
dissociations and isomerizations of the (dCCþ 2H)þ● cation radical,
or be dissipated by collisions with the bath gas [69,70].

Geometry optimization of (dCC þ 2H)þ● cation radicals yielded
several structures that differed in their conformation and position
of the charging proton and odd electron. In general, one-electron
reduction was expected to occur in one of the O-2 or N-3-
protonated cytosine rings which was consistent with the calcu-
lated cation-radical structures. The relative energies quoted in the
text refer to M06-2X/6-311þþG (2d,p) calculations, energies from
the other calculations are listed in Table 2. The calculations pointed
to the 50-N-3-H-cytosine radicals 9a (Fig. 5) and 9b (Figure S2) as
the lowest-energy isomers (Table 2). Note that the unpaired elec-
tron distribution in 9a and 9b directly correlated with that in the
charge-reduced crown complex 1r (Scheme 1). The position of the
radical was evident from the puckered conformation of the charge-
Fig. 5. M06-2X/6-31 þ G (d,p) optimized structures of low-energy (dCC þ 2H)þ●. Color codin
Ångstrøms. The sum of atomic spin densities is shown for structure 10. (For interpretation of
this article.)
reduced ring and confirmed by the calculated atomic spin densities
that showed >98% of the unpaired spin to be located in the 50-
cytosine ring. The 30-N-3-H-cytosine radicals were ca. 30 kJmol-1

higher in energy for the most stable conformer (10, Fig. 5). Isomeric
cation-radicals with an O-2-protonated ring in the 3'- (12) or 50-
position (11a) had the radical in the complementary N-3-H ring,
but were overall >35 kJmol-1 less stable than 9a. The ordering of
relative energies for the cytosine radical tautomers in (dCCþ 2H)þ●

followed that of cytosine radicals where the N-1-H, N-3-H
tautomer is the most stable structure [33,36]. It is noteworthy
that all the low-energy (dCC þ 2H)þ● structures comprised
hydrogen bonds between the charged ring as a proton donor and
the reduced ring as a proton acceptor. The dramatic structure
change from themostly extended dications to folded cation radicals
can be attributed to the combined effects of canceling the Coulomb
repulsion between the charged cytosine rings upon reduction, and
allowing hydrogen bonding between the charged and radical
moieties, as in structures 9-11, 15, and 16 (Fig. 5). This was
g is as in Fig. 4. Major hydrogen bonds are indicated by green arrows with distances in
the references to color in this figure legend, the reader is referred to the Web version of
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consistent with the previously reported conformational collapse in
other dinucleotide cation radicals [12,13].

In addition to the canonical cation radicals that can be directly
produced by electron attachment to the dications, we also inves-
tigated structures resulting from proton or hydrogen atom transfer
between the cytosine units. Hydrogen atommigration to C-5 of the
50-cytosine formed cation radical 13 (Fig. 5) that was 34 kJmol-1

less stable than 9a. An analogous H-atom migration to the C-6
position formed an even less stable radical 14 at 58 kJmol-1 relative
to 9a. Proton migration to the 50- and 30-radical cytosine ring pro-
duced dihydrocytosine cation radicals 15 and 16, respectively
(Fig. 5). However, these were substantially less stable than 9a
(Table 2).

The reaction energies of (dCC þ 2H)þ● were calculated for the
main channels and referenced to the lowest energy structure 9a.
Isomerization by a migration of the 30-N-3-H cytosine proton to C-5
in the 50-cytosine (13, Scheme 2) was calculated to have a low TS
energy (103 kJmol-1) and can proceed in 9a at the initial mean
vibrational energy of 280 kmol-1 provided by ETD (vide supra).
RRKM calculations of the rate constant for the isomerization in 9a
(Figure S3a) indicated a relatively slow reaction that would achieve
ca. 20% conversion at 280 kJmol-1. However, the reverse isomeri-
zation of 13 to 9a was 34 kJmol-1 exothermic and fast, favoring 9a
by a factor of >100 over a broad range of internal energies
(Figure S3b). Loss of water was the lowest-energy dissociation of
(dCC þ 2H)þ●, requiring a threshold energy of 130 kJmol-1 from 9a
to form ion 17 (Scheme 2). An isomer of (dCC ‒ H2O þ 2H)þ● in
which the 30-cytosine was cyclized to the 50-position (18) was also
considered, but it was calculated to be 58 kJmol-1 less stable than
ion 17. The low threshold energy for the formation of 17 was
consistent with the dominant loss of water from (dCCþ 2H)þ● upon
Scheme 2. Isomerization and dissociatio
CID (Fig. 1b). Considering the estimated initial excitation of the
ETD-formed (dCC þ 2H)þ● (280 kJmol-1, vide supra), it was not
surprising that upon ETD of the complex, a fraction of the cation
radicals underwent water elimination (cf. Fig. 1a) in competition
with collisional cooling. A further dissociation of ion 17 forming the
w1 ion (19, m/z 308) and a1 radical (20) was a low-energy process
for which we calculated a threshold energy of 154 kJmol-1. This
backbone cleavage competed with the loss of the 30-guanine base
(m/z 389, Fig. 1c) with a threshold energy of 130 kJmol-1 (Table 2).
We note that the energetics of these competing dissociations was
more realistically captured by MP2 calculations (Table 2).

3.5. Calculated absorption spectra and action spectra assignment

We used the optimized structures of (dCC þ 2H)þ● ions for TD-
DFT calculations of excitation energies and oscillator strength.
M06-2X anduB97X-D TD-DFTcalculations gave very similar results
for the excited states, and so only the former are presented here.
Likewise, applying the larger 6-311þþG (2d,p) basis set in the TD-
DFT M06-2X calculations gave data that were very similar to those
from calculations with the 6-31 þ G (d,p) basis set, as illustrated
with 15 (Figure S4). The absorption spectra of the lowest-energy 50-
N-3-H-cytosine radicals (9a and 9b) showed weak bands in the
550-600 and 390-410 nm regions. Several weak bands were also
found in 270-330 nm region (Fig. 6). The main absorption lines
appeared in the 230-260 nm region of the spectrum. The line
wavelengths and oscillator strength differed for 9a and 9b, indi-
cating that the spectra were sensitive to the cation radical confor-
mation. However, band broadening by vibronic transitions was
likely to obscure the differences, as indicated by the simulated
absorption peaks that were artificially broadened by convolution of
n of (dCC þ 2H)þ● cation radical 9a.



Fig. 6. Action and TD-DFT absorption spectra of (dCC þ 2H)þ● ions. The nucleobase 50 or 30 positions are denoted by italics.
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Lorentzian functions at 12 nm full width at half maximum (Fig. 6).
The spectrum of the isomeric 30-N-3-H-cytosine radical (10) dis-
played the main line at 260 nm which resulted in a different band
pattern even after broadening. The absorption spectra of the 30-N-
3-H● radicals having the 50-ring protonated at O-2 (11a, 11b)
showed distinct features in the 210-300 nm region. In particular,
the spectra displayed a blue shift of the main lines and different
pattern of the weak lines at 250-330 nm. A blue shift in the 210-
250 nm region was also observed for the 50-N-3-H● radical having
the 30-ring protonated at O-2 (12). The spectrum of the 5,5-H2

isomer 13 had an absorption band at 450 nm and stronger bands at
l< 250 nm (Fig. 6). The 6,6-H2 isomer (14) gave a still different
spectrum, showing prominent bands at 476 and 350 nm and other
bands in the 300-400 nm region. Finally, the 50-N-3, O-2-H cation



Y. Liu et al. / International Journal of Mass Spectrometry 443 (2019) 22e3130
radical (15) showed no bands above 360 nm, with main absorption
appearing in the 230-250 nm region and at wavelengths< 200 nm
(Fig. 6).

A comparison of the action spectrum with the calculated ab-
sorption spectra revealed both matches and discrepancies. The
220-nm band had counterparts in the absorption spectra of 11 and
13. Although we did not calculate multiple vibronic spectra for the
isomers, we note that vibronic transitions typically result in a red
shift and band broadening. Thus electron transitions in several
isomers with l< 200 nm may appear at 220 nm in the action
spectrum. The 270 and 290 nm bands in the action spectrum are
usually notmuch diagnostic for DNA oligonucleotide cation radicals
[12,13]. Considering the vibronic red shift, the absorption spectrum
of 10 showed the closest match of the dual-peak band at 240 and
260 nm with the corresponding bands in the action spectrum. The
350-nm band in the action spectrum was the most difficult one to
match. Although most of the low-energy (dCC þ 2H)þ● isomers
showed multiple transitions in this region of the spectrum, the
bands had low oscillation strength tomatch the experimental band.
The C-6-H radical 14 was the only isomer displaying a strong band
at 350 nm in the absorption spectrum; however, 14 was a high-
energy isomer (Table 2) that would be difficult to form by a rear-
rangement of an ETD-produced cation-radical. The broad bands at
l> 550 nm in the action spectrum had analogical absorption bands
in the spectra of 9a, 9b, 10, 11, and 12, although those were less
intense. We observed previously that the calculated intensities of
long-wavelength bands of DNA radicals were very sensitive to the
vibrational states and often displayed a substantial increase due to
vibronic transitions [61]. In summary, none of the calculated TD-
DFT absorption spectra showed a match with the action spectrum
that would be comparable to results obtained for other DNA radi-
cals [13,14].

The radical energetics and correlation with precursors and in-
termediates suggested ions 9a, 9b as the most likely species pro-
duced by ETD. A notable feature of their chemistry was the facile
loss of water forming the m/z 500 ion (Fig. 1a and b). We used this
fragment ion and its possible structure relationship with 9a, 9b to
characterize the (dCC þ 2H)þ● ions. The UV-Vis action spectrum of
the (dCC ‒ H2O þ 2H)þ● ion displayed bands at 220, 270, 330, 430,
and 530 nm (Fig. 3a) that were composed of the photofragment ion
intensities at m/z 308 and 292 (Fig. 1c). The action spectrum
showed a close match with the TD-DFT absorption spectrum of a
cation radical produced by loss of the 50-OH group with cyclization
onto the 50-cytosine ring, forming a cyclocytidine structure (17,
Scheme 2, Fig. 3b). In contrast, the absorption spectrum of the
3'/50 cyclized isomer (18) was distinctly different and did not
exhibit matching features with the action spectrum of the (dCC -
H2O þ 2H)þ● ion. The reactant (9a) and product (17) displayed
different electron distributions in the 30- and 50-cytosine rings.
Although we did not study the details of the ring formation and the
pertinent transition state, the development of the electron density
in 17 reflected the ground electronic state that favored the charged
50-cyclocytosine and a radical 30-cytosine ring. The close match of
the absorption spectrum of 17 and its reaction correspondencewith
structure 9a and its conformers provided corroborative evidence
for the (dCC þ 2H)þ● ions having a 50-N-3-H●, 30-N-3-Hþ arrange-
ment of the charged and radical cytosine rings.

4. Conclusions

The experimental and computational data reported here
allowed us to arrive at the following conclusions. Stable hydrogen-
rich deoxycytidine dinucleotide cation radicals can be generated in
the gas phase by electron transfer dissociation of doubly charged
dCC-crown-ether complexes. Upon activation, the cation radicals
undergo dissociations involving radical losses. Photodissociation in
the 210-700 nmwavelength range yielded action spectra that were
interpreted after extensive modeling of precursor dication and
cation-radical structures. Although the experimental and calcu-
lated spectra did not achieve a flawless match, corroborating evi-
dence from fragment ion action spectra and energy analysis led us
to conclude that the (dCC þ 2H)þ● ions had the N-3-H tautomeric
pattern in both the protonated and H-atom adducted cytosine
rings. The 50-N-3-H●, 30-N-3-Hþ distribution of the cytosine radical
and charge sites was preferred energetically, but could not be
resolved by UV-vis action spectroscopy alone because of the simi-
larity of the electronic transitions in isomers differing in the radical
and charge position.
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