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Abstract. The gas-phase structures of alkali metal cation-cytosine complexes
generated by electrospray ionization are probed via infrared multiple photon
dissociation (IRMPD) action spectroscopy and theoretical calculations. IRMPD
action spectra of five alkali metal cation–cytosine complexes exhibit both similar
and distinctive spectral features over the range of ~1000–1900 cm-1. The IRMPD
spectra of the Li+(cytosine), Na+(cytosine), and K+(cytosine) complexes are
relatively simple but exhibit changes in the shape and shifts in the positions of
several bands that correlate with the size of the alkali metal cation. The IRMPD
spectra of the Rb+(cytosine) and Cs+(cytosine) complexes are much richer as
distinctive new IR bands are observed, and the positions of several bands

continue to shift in relation to the size of the metal cation. The measured IRMPD spectra are compared to
linear IR spectra of stable low-energy tautomeric conformations calculated at the B3LYP/def2-TZVPPD level
of theory to identify the conformations accessed in the experiments. These comparisons suggest that the
evolution in the features in the IRMPD action spectra with the size of the metal cation, and the appearance of
new bands for the larger metal cations, are the result of the variations in the intensities at which these
complexes can be generated and the strength of the alkali metal cation-cytosine binding interaction, not the
presence of multiple tautomeric conformations. Only a single tautomeric conformation is accessed for all five
alkali metal cation–cytosine complexes, where the alkali metal cation binds to the O2 and N3 atoms of the
canonical amino-oxo tautomer of cytosine, M+(C

1
).
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Introduction

According to the central dogma of molecular biology, the
genetic information stored in double-stranded DNA

(dsDNA) is duplicated via production of two identical copies
of the molecule. At the first step of replication, DNA

polymerase recognizes a single nucleobase [adenine (A),
thymine (T), cytosine (C), or guanine (G)] of the template
strand from the original dsDNA. The complementary
nucleobase (A*=T, T*=A, C*=G, and G*=C) is then
recruited from the local environment to correctly pair the
original base with the complementary base by two (A::T) or
three (C:::G) hydrogen bonds. A new dsDNA is synthesized
from an existing single-stranded DNA (ssDNA) template by
successfully pairing all nucleobases. Clearly, base–base recog-
nition and, hence, proper base pairing are crucial to successful
DNA replication [1]. However, the nucleobases can exist in
several tautomeric states that lie close in energy, and the
tautomeric equilibria among these states can be sensitive to the
local environment. Experiments have established that metal
cation binding to the nucleobases can lead to formation of rare
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tautomers of the nucleobases [2–11]. In many cases, rare
tautomers exhibit different hydrogen bonding character-
istics such that their presence may induce formation of
mismatched base pairs and lead to gene mutation [12,
13]. Tautomerization of the nucleobases at any stage of
the replication process may alter the sequence or
structure of the newly-formed dsDNA. Therefore, com-
prehensive studies of the interactions between metal
cations and isolated nucleobases in the gas phase are
necessary to elucidate the effects of metal cation binding
on the tautomeric states and stabilities of the nucleobases
so as to understand the roles that metal cations play in
biological systems and their influence on DNA replica-
tion processes.

Previously, theoretical studies [14–31] have examined all
possible tautomers of isolated cytosine and found that six lie
relatively low in energy. The structures of these six low-energy
tautomers of cytosine, including the canonical tautomer of
cytosine, C1, found in DNA, are shown in Figure S1 of the
Supplementary Information. However, IR matrix isolation [32]
and microwave spectroscopy [33] studies as well as theoretical
studies of the unimolecular and bimolecular tautomerization of
cytosine suggest that only the C1, C2, and C4 tautomers are
generated upon thermal vaporization of cytosine.

Ab initio calculations have been performed byMonajjemi et
al. [30] on the M+(cytosine) complexes, where M+=Li+, Na+,
K+, Rb+, and Cs+, to examine the influence of N4metalation on
the tautomeric equilibria of cytosine. Their results indicate that
binding of alkali metal cations to the exocyclic amino group of
cytosine induces protonation of a nucleobase ring nitrogen
atom and, hence, causes a proton shift from an exocyclic to an
endocyclic nitrogen atom, leading to the generation of rare
nucleobase tautomers, C4 and C5 [34]. The roles that
coordinated metal cations can play in stabilizing or generating
minor tautomers of the nucleobases upon binding have been
evaluated theoretically, and the results have recently been
reviewed by Lippert and Gupta [35]. Metal cation binding to
other sites of cytosine may either stabilize a rare tautomer or
lead to the generation of a rare tautomer via binding to the
major tautomer followed by a proton transfer reaction.
However, in most cases, the metal catalyzed stabilization of
rare tautomers predicted by theory still awaits experimental
validation. Recently, noncovalent interactions of cytosine with
the alkali metal cations, Li+, Na+, and K+, were studied using
guided ion beam tandem mass spectrometry techniques, where
the M+(cytosine) complexes were generated by gas-phase
three-body condensation in a flow tube ion source [11]. Based
upon the measured thresholds for collision-induced dissocia-
tion (CID) of the M+(cytosine) complexes and calculated bond
dissociation energies (BDEs) as well as the barriers to
tautomerization for the low-energy tautomeric forms of
M+(cytosine), it was concluded that tautomerization occurs
during both gas-phase complex formation and CID [11].

In the case of M+(cytosine) complexes, where M+=Li+,
Na+, and K+, both the ground-state M+(C1) structure and

excited M+(C3) tautomeric conformations were accessed
when the complexes were generated by gas-phase conden-
sation of dc discharge generated alkali metal cations and
thermally vaporized cytosine. However, the measured
thresholds do not actually probe the binding in the ground-
state M+(C1) structures and, thus, it will be useful to re-
examine these systems under conditions where only the
ground-state M+(C1) complexes are generated, possibly by
electrospray ionization (ESI). Thus, part of the motivation
for the current work is to determine whether ESI produces
only the ground-state M+(C1) conformers, or if excited
conformations are also accessed as observed for M+(cytosine)
complexes generated by gas phase condensation of the alkali
metal cation and thermally vaporized cytosine [11]. Rb+ and
Cs+ cations share chemical similarity with K+, and are found to
replace K+, causing potassium deficiency [36]. Given these
observations, it is of interest to explore the conformations of
metal cationized cytosine to the heavier alkali metal cations,
Rb+ and Cs+ as well. In the present work, we use infrared
multiple photon dissociation (IRMPD) action spectroscopy to
characterize the tautomeric conformations of the M+(cytosine)
complexes generated by ESI and to determine how they are
influenced by the size of the alkali metal cation. Identification
of the conformations present is achieved by comparison of the
measured IRMPD spectra to linear IR spectra derived from
electronic structure calculations of the stable low-energy
tautomeric conformations of the M+(cytosine) complexes
determined at the B3LYP/def2-TZVPPD level of theory.

Experimental and Computational
Mass Spectrometry and Photodissociation

IRMPD action spectra of five M+(cytosine) complexes,
where M+=Li+, Na+, K+, Rb+, and Cs+, were measured
using a 4.7 T Fourier transform ion cyclotron resonance
mass spectrometer (FT-ICR MS) coupled to a free electron
laser (FEL) source that was housed at the FOM Institute for
Plasma Physics, Rijnhuizen, and has been described in detail
elsewhere, but has recently been moved to the Radboud
University of Nijmegen [37–39]. The alkali metal cation–
cytosine complexes were generated using a Micromass “Z-
spray” electrospray ionization (ESI) source from solutions
containing 0.1–0.5 mM cytosine and 0.1–0.5 mM alkali
metal chloride or alkali metal hydroxide in an approximately
50 %:50 % MeOH:H2O mixture. All of the alkali metal
chloride or alkali metal hydroxide samples were obtained
from Sigma-Aldrich (Zwijndrecht, The Netherlands). Cyto-
sine was purchased from Fluka (Zwijndrecht, The Nether-
lands). A solution flow rate of 10–30 μL/min was used and
the ESI needle was generally held at a voltage of ~3 kV.
Ions emanating from the ESI source were accumulated in a
hexapole trap for 4 to 5 s followed by pulsed extraction
through a quadrupole bender and injection into the ICR cell
by an rf octopole ion guide. The precursor ions were mass
selected using stored waveform inverse Fourier transform

1524 B. Yang et al.: IRMPD Action Spectroscopy of M+(cytosine) complexes



(SWIFT) techniques and irradiated by the FEL at pulse
energies of ~40 mJ per macropulse of 5 μs duration for 2–3 s,
corresponding to interaction with 10 to 15 macropulses over
the wavelength range extending from 10.0 μm (1000 cm–1) to
5.5 μm (1820 cm–1) for the complexes to Li+, Na+, and K+, and
from 17.4 μm (575 cm−1) to 5.3 μm (1887 cm−1) for the
complexes to Rb+ and Cs+. No dissociation of the
Li+(cytosine), Na+(cytosine) and K+(cytosine) complexes was
observed below 1000 cm-1, which is likely the result of the
weaker intensities at which these complexes could be generated
and the larger number of photons needed to induced
dissociation at these frequencies, and thus data were not
acquired below 1000 cm-1 for these complexes.

Computational Details

In previous work, Yang and Rodgers [11] examined the low-
energy tautomeric conformations of cytosine and its complexes
with Li+, Na+, and K+ as well as the transition states for
unimolecular tautomerization of these complexes by ab initio
calculations using Gaussian 03 [40]. Briefly, geometry
optimizations and vibrational analyses were performed at the
MP2(full)/6-31G* level. Single point energy calculations were
performed at the MP2(full)/6-311+G(2d,2p) level of theory
using the MP2(full)/6-31G* optimized geometries. Vibrational
frequencies were scaled by a factor of 0.9646 for zero point
energy (ZPE) corrections [41, 42]. In the present study,
geometry optimizations and vibrational frequency analyses of
five alkali metal cation–cytosine complexes with the six low-
energy tautomers of cytosine were carried out using Gaussian
09 [43] at the B3LYP/6-31G*, MP2(full)/6-31G*, B3LYP/
def2-TZVPPD, and MP2(full)/def2-TZVPPD levels of theory.
The def2-TZVPPD basis set [44] is a balanced basis set on all
atoms at the triple zeta level including polarization and diffuse
functions [45]. The def2-TZVPPD basis set was obtained from
the EMSL basis set exchange library [46, 47]. These levels of
theory have been shown to provide reasonably accurate
structural and energetic descriptions of comparable metal-
ligand systems [48]. Single point energy calculations of the
stable low-energy conformations were performed using the
extended 6-311+G(2d,2p) [49] basis set at the B3LYP and
MP2(full) levels of theory, while the energetics for the
calculations using the def2-TZVPPD basis set were used
directly. Zero point energy (ZPE) corrections were determined
using vibrational frequencies calculated at the B3LYP and
MP2(full) levels scaled by a factor of 0.9804 and 0.9646 [41,
42], respectively.

For the Rb+ and Cs+ complexes, all conformations
considered previously for K+(cytosine), were used as starting
points for geometry optimizations and vibrational frequency
analyses at all four levels of theory, MP2(full)/6-31G*_HW*,
B3LYP/6-31G*_ HW*, B3LYP/def2-TZVPPD, and
MP2(full)/def2-TZVPPD, where HW* indicates that Rb and
Cs were described using the effective core potentials (ECPs)
and valence basis sets of Hay and Wadt [50] with a single d
polarization function (with exponents of 0.24 and 0.19,

respectively) included [51]. The calculations that make use of
the def2-TZVPPD basis set utilize the ECPs developed by
Leininger et al. for Rb+ and Cs+ [45]. Energetics are determined
from single point energies computed at the analogous levels of
theory.

IR spectra were generated from the computed vibrational
frequencies and Raman intensities using the harmonic oscilla-
tor approximation and analytical derivatives of the energy-
minimized Hessian calculated at the B3LYP/def2-TZVPPD
level of theory. Frequencies were scaled by 0.98 for the
M+(cytosine) complexes, where M+=Na+, K+, Rb+, and Cs+,
and by 0.97 for the Li+(cytosine) complex to eliminate known
systematic error [41]. A smaller scaling factor is used for the
Li+(cytosine) complex because previous studies have shown
that theory underestimates the strength of binding in
Li+(ligand) complexes [52], which results in less red-shifting
of spectral features involved in the alkali-metal cation binding
interaction. For comparison to experiment, calculated vibra-
tional frequencies are broadened using a 20 cm–1 full width at
half maximum (FWHM) Gaussian line shape.

Results and Discussion
IRMPD Action Spectroscopy

Photodissociation of the M+(cytosine) complexes, where M+=
Na+, K+, Rb+, and Cs+, leads to loss of intact neutral cytosine
and detection of the alkali metal cation for all four complexes,
consistent with CID results for the complexes to Li+, Na+, and
K+ [11]. For the Li+(cytosine) complex, the Li+ cation is too
light to be detected efficiently, thus the IRMPD spectrum of the
Li+(cytosine) complex is plotted as an inverted depletion
spectrum, where the signal of the Li+(cytosine) complex is
monitored and inverted. No fragments were observed,
suggesting that Li+ is the only ionic product formed upon
IRMPD, consistent with CID results. For the other four alkali
metal cation–cytosine complexes, the IRMPD action spectra
are plotted as the IRMPD yield of the M+ product cation as a
function of wavelength, as shown in Figure 1. An IRMPD yield
was determined from the precursor ion intensity (Ip) and theM

+

fragment ion intensity (If) after laser irradiation at each
frequency as shown in Equation (1)

IRMPD yield ¼ I f = Ip þ I f
� � ð1Þ

The IRMPD yield (signal for the Li+(cytosine) complex)
was normalized linearly with laser power to correct for
changes in the laser power as a function of the photon
energy (i.e., the wavelength of the FEL).

The IRMPD spectrum of the Li+(cytosine) complex
exhibits two broad bands at 1480 and 1635 cm–1. Compar-
ison of the spectra in Figure 1 shows that the IR features
observed in the Li+(cytosine) spectrum are retained for all
five alkali metal cation–cytosine complexes, but that new IR
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bands begin to emerge for the Na+(cytosine) complex, and
become obvious for the Rb+(cytosine) and Cs+(cytosine)
complexes. The noncovalent interactions between the alkali
metal cation and cytosine are weaker for the larger alkali
metal cations, Rb+ and Cs+; therefore, it is easier to fragment
the Rb+(cytosine) and Cs+(cytosine) complexes, leading to
higher yields. The IRMPD yield is fairly constant for the
complexes to Na+, K+, and Rb+, and increases by nearly a
factor of two for the complex to Cs+. However, it is clear
that the signal to noise has markedly improved for the Rb+

and Cs+ cations as a result of the much greater intensity at
which these species are generated by ESI. The B3LYP/def2-
TZVPPD alkali metal cation-cytosine binding affinities of
cytosine are 285.1, 215.1, 161.4, 143.3, and 131.8 kJ/mol
for Li+, Na+, K+, Rb+, and Cs+, respectively. In addition, the
ion intensities of the M+(cytosine) complexes that could be
generated by ESI exhibit an inverse correlation with the
strength of binding such that the signal to noise ratio (S/N)
of the spectra for the larger alkali metal cation-cytosine
complexes is much better than that for the complexes to the
smaller alkali metal cations, Li+, Na+, and K+. The most
intense band for the Li+(cytosine) complex appears at
~1635 cm–1 and is fairly symmetric. As the size of the
alkali metal cation increases from Na+ to Cs+, this band
becomes increasingly asymmetric, and eventually exhibits
an obvious shoulder to the red of the main band for the
Rb+(cytosine) and Cs+(cytosine) complexes, suggesting that
more than one mode contributes to this feature. The band at
1480 cm–1 in the spectrum of the Li+(cytosine) complex is
increasingly red-shifted in the IRMPD spectra of the
complexes to K+, Rb+, and Cs+. However, the Na+(cytosine)

complex exhibits somewhat anomalous behavior in that this
band is the most red-shift for Na+. Subtle differences that
evolve for the complexes to the largest alkali metal cations,
Rb+ and Cs+, include a rise in the intensity of several bands
below 1400 cm–1 that now make these features discernable
from noise, whereas no discernable dissociation of the
complexes to the smaller alkali metal cations was observed
below 1000 cm–1. Thus, the spectra for these two latter
complexes were measured down to 600 cm–1. In particular,
bands are now observed at approximately 640, 790−800,
1080−1110, 1210, 1270, and 1350 cm–1 in addition to the
feature at approximately 1530 cm–1.

Theoretical Results

A detailed discussion of the tautomeric structures of cytosine
and its complexes with Li+, Na+, and K+ can be found
elsewhere [11]. As described above, the M+(cytosine) com-
plexes were calculated at B3LYP/6-311+G(2d,2p)_HW*,
B3LYP/def2-TZVPPD, MP2(full)/ 6-311+G(2d,2p)_HW*,
and MP2(full)/def2-TZVPPD levels of theory. The optimized
structures obtained for the Rb+(cytosine) complex of the six
low-energy cytosine tautomers are shown in Figure 2. Similar
structures are obtained for all of the M+(cytosine) complexes,
and are consistent with the structures obtained by Yang et al.
[11]. Relative free energies at 298 K of these tautomeric
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conformations including ZPE corrections calculated at each
level of theory for both neutral cytosine and the M+(cytosine)
complexes are given in Table 1. The MP2(full)/6-31G* results
for Li+(cytosine), Na+(cytosine), and K+(cytosine) calculated
by Yang et al. [11] are also included in Table 1. Based on
reports in the literature, the B3LYP/def2-TZVPPD basis set
provides accurate energetics for similar alkali metal cation-
ligand complexes [48, 53]. Thus, the B3LYP/def2-TZVPPD
values are used throughout the following discussion except as
noted. The calculations indicate that the preferred binding sites
for all five alkali metal cations to the low-energy cytosine
tautomers involve bidentate binding to the carbonyl oxygen
and N3 ring nitrogen atoms (O2N3) for C1 and C2, bidentate
binding to the N1 ring nitrogen and carbonyl oxygen atoms
(N1O2) for C3 and C6, and monodentate binding to the
carbonyl oxygen atom (O2) for C4 and C5, as shown in Figure 3
for the Rb+(cytosine) complex.

In all cases, the most stable structure of the alkali metal
cation cytosine complexes is the M+(C1) tautomeric confor-
mation shown in Figure 2, where the alkali metal cation binds
to the O2 and N3 atoms of the canonical amino-oxo tautomer
of cytosine. B3LYP results suggest that the amino-oxo

tautomer, C1, is also the most stable tautomeric form of
isolated cytosine. We note that the M+–O2 and M+–N3
distances increase from 1.87 to 2.81 Å and 2.09 to 3.63 Å,
respectively, as the alkali metal cation size increases from Li+

to Cs+. These changes directly reflect the increase in the ionic
radius of the alkali metal cation (0.70 Å for Li+, 0.98 Å for Na+,
1.33 Å for K+, 1.49 Å for Rb+, and 1.69 Å for Cs+) [54], which
leads to longer alkali metal cation-cytosine bond distances and,
therefore, weaker electrostatic interactions with cytosine.
Interestingly, M+(C6) is the next most stable tautomeric
conformation, and lies 16.7–20.1 kJ/mol higher in Gibbs free
energy than the ground-state structure, whereas in isolated
cytosine, the C6 tautomer is the least stable structure among the
six low-energy tautomers and lies 30.6 kJ/mol above the
ground-state C1 conformer, indicating that the binding of alkali
metal cation stabilizes this tautomeric conformation by ~10
−15 kJ/mol. The third most stable tautomeric conformation is
the M+(C3) complex, which lies between 47.9 and 38.7 kJ/mol
higher in free energy than the ground-state M+(C1) complex to
Li+–Cs+, respectively. For the M+(C3) complex, the alkali
metal cation is bound to the N1 and O2 atoms, with the O2
hydrogen atom oriented toward the adjacent N3 atom. Rotation

Table 1. Relative Gibbs Free Energies of Neutral Cytosine and Alkali Metal Cation–Cytosine Complexes at 298 K in kJ/mola

System B3LYP/6-311+G(2d,2p)_HW* MP2(full)/6-311+G(2d,2p)_HW* B3LYP/def2-TZVPPD MP2(full)/def2-TZVPPD

C1 0.0 5.5 0.0 0.8
C2 3.9 0.0 6.9 0.0
C3 6.9 2.9 10.0 3.1
C4 9.6 12.4 12.0 10.1
C5 16.3 19.8 19.0 17.5
C6 28.5 35.0 30.6 33.0
Li+(C1) 0.0 0.0b 0.0 0.0
Li+(C2) 64.7 54.1b 65.9 66.1
Li+(C3) 47.3 37.0b 48.0 49.1
Li+(C4) 81.7 83.6b 80.4 81.4
Li+(C5) 96.5 98.9b 95.2 98.1
Li+(C6) 18.5 21.2b 19.3 21.8
Na+(C1) 0.0 0.0b 0.0 0.0
Na+(C2) 56.0 44.5b 57.9 54.8
Na+(C3) 39.0 27.6b 40.5 40.1
Na+(C4) 73.9 74.4b 73.5 71.4
Na+(C5) 88.9 89.4b 88.3 87.8
Na+(C6) 16.7 19.1b 16.7 19.4
K+(C1) 0.0 0.0b 0.0 0.0
K+(C2) 51.5 37.9b 51.9 52.1
K+(C3) 35.5 22.5b 36.3 34.8
K+(C4) 62.4 63.6b 61.3 60.2
K+(C5) 76.9 78.3b 75.8 76.2
K+(C6) 17.2 18.6b 17.3 19.8
Rb+(C1) 0.0 0.0 0.0 0.0
Rb+(C2) 52.0 47.7 49.2 47.2
Rb+(C3) 34.9 30.0 35.0 33.3
Rb+(C4) 63.1 58.1 57.7 56.0
Rb+(C5) 78.6 73.9 72.0 71.9
Rb+(C6) 15.3 23.2 18.0 21.4
Cs+(C1) 0.0 0.0 0.0 0.0
Cs+(C2) 50.1 43.2 49.5 46.8
Cs+(C3) 33.7 22.4 36.4 34.3
Cs+(C4) 58.3 50.1 56.8 55.3
Cs+(C5) 73.2 65.7 71.0 70.9
Cs+(C6) 15.9 20.4 20.1 23.9

aDetermined at the indicated level of theory including ZPE corrections
bValues taken from Reference 11
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about the C2–O2 bond by 180° leads to a less stable tautomeric
conformation, the M+(C2) complex, which lies 65.9 to 51.9 kJ/
mol higher in Gibbs free energies than the ground-state
structure, respectively. In contrast to that found for the C6

tautomer, alkali metal cation binding to the C2 and C3

tautomers significantly destabilize these tautomeric conforma-
tions (by ~45−59 kJ/mol and ~29−38 kJ/mol) as the C2 and C3

tautomers of isolated cytosine are computed to lie only 6.9 and
10.0 kJ/mol in Gibbs free energy above the ground-state C1

tautomer, respectively. In the previous four tautomeric confor-
mations (C1, C2, C3, and C6), the alkali metal cations are
chelated with both oxygen and nitrogen atoms, leading to
greater stabilization. When cytosine is in its imino-oxo
tautomer, the alkali metal cation binds via interaction with the
O2 carbonyl atom. The lack of chelation results in weaker
binding, and, therefore, the tautomeric conformations, M+(C4)
and M+(C5), are the least stable among the six low-energy
tautomeric conformations. For the M+(C4) complex, the N4
hydrogen atom is oriented away from the adjacent N3 atom.
The M+(C4) complexes lie between 80.4 and 56.8 kJ/mol
higher in free energy for Li+–Cs+, respectively. Rotation about
the C4–N4 bond by 180° produces the least stable tautomeric
conformation, the M+(C5) complexes, which lie 95.2 to
71.0 kJ/mol higher in Gibbs free energies than the analogous
ground-state M+(C1) complexes. Again, alkali metal cation
binding to the C4 and C5 conformers significantly destabilizes
these tautomers (by ~45−68 kJ/mol and 52−76 kJ/mol) as these
tautomers of isolated cytosine are computed to lie only 12.0
and 19.0 in Gibbs free energy above the ground-state C1

tautomer, respectively.
The variation in the relative Gibbs free energies of the stable

low-energy tautomeric conformations of the M+(cytosine)
complexes as a function of the alkali metal cation is shown in
Figure 3. For all five alkali metal cations, the relative Gibbs free
energies of the M+(cytosine) complexes follow the order:
M+(C1)GM

+(C6)GM
+(C3)GM

+(C2)GM
+(C4)GM

+(C5), indi-
cating that M+(C1) is the most stable tautomeric conformation,
whereas M+(C5) is the least stable. This stability order differs
from that found for isolated cytosine using density functional
theory (DFT) where C1 is found to be the most stable
tautomeric conformation, whereas C6 is the least stable, C19
C29C39C49C59C6 [14–31]. Calculations at the MP2(full)
level of theory produce a different ordering of the stabilities of
the low-energy tautomeric conformations of cytosine and
indicate that the amino-hydroxy forms, C2 and C3, are global
minima or near global minimum structures, while C1 lies
5.9 kJ/mol higher in free energy. In contrast, the relative
energies of the six low-energy tautomeric conformations of the
M+(cytosine) complexes follow the same order regardless of
the level of theory used. The differences in the relative
stabilities between the ground and excited tautomeric confor-
mations generally decrease slightly as the size of the alkali
metal cation increases, except there is a slight increase from
Rb+ to Cs+ for the M+(C2) and M+(C3) tautomeric conforma-
tions. However, the M+(C6) conformers exhibit nearly constant
relative stability for the small alkali metal cations, Li+, Na+, and

K+, and then becomes increasingly less stable as the size of the
alkali metal cation increases. However, even the first excited
tautomeric conformation lies high enough in free energy above
the ground-state M+(C1) tautomeric conformation that it is
unlikely to be produced in measurable abundance at room
temperature, assuming that ESI produces an equilibrium
distribution and that the computed energetics are reliable.

Comparison of IRMPD and Theoretical IR
Spectra of Li+(cytosine)

Figure 4 shows the experimental IRMPD action spectrum as well
as the calculated linear IR spectra for the three most stable
tautomeric conformations found for the Li+(cytosine) complex.
The calculated IR spectrum of the Li+(C1) tautomeric conforma-
tion exhibits very good agreement with the observed action
spectrum. All experimental bands have comparable theoretical
frequencies and intensities, confirming that the ground-state
structure is the dominant tautomeric conformation accessed in the
experiments. The band observed at 1635 cm–1 corresponds to the
carbonyl stretch, which explains its high intensity. Overlap of the
carbonyl stretchingmode with NH2 scissoring at ~1610 cm

–1 and
the combination mode at ~1650 cm–1 arising from coupling of
the carbonyl stretch, NH2 scissoring, and N1−H wagging results
in the single broad band in this region. The chelating interaction
with the lithium cation leads to a redshift of this band compared
with that for free cytosine, calculated at 1720 cm–1 at the B3LYP
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level of theory. The experimentally observed band at 1480 cm–1

is the most diagnostic feature of the M+(C1) conformation, and
arises from the overlap of two modes arising from C4−N4 and
N3−C4−C5 stretching. The position and the relative intensity of
this band are in very good agreement with theoretical predictions.
No other conformations are predicted to have an IR feature at this
frequency. Optimistically, the weak bands predicted at 1091,
1201, 1347, and 1422 cm–1 also seem consistent with the
measured IRMPD spectrum in this region. However, these bands
are very weak, such that their magnitudes barely exceed the noise
level in the data and, thus, cannot be reliably used to confirm the
presence of the Li+(C1) conformation in the experiments.

Comparison of the calculated IR spectrum of the first
excited tautomeric conformation, Li+(C6), to the IRMPD
action spectrum suggests that the Li+(C6) is not accessed in
the experiments as there are several notable differences. The
predicted CO stretch is slightly blueshifted to 1635 cm–1, but
becomes narrower compared with the measured IRMPD
band at that frequency. The moderately intense band
predicted to occur at 1304 cm–1 is not observed in the
measured IRMPD spectrum. The weak IR features measured
at 1210, 1360, and 1440 cm–1 do not appear in the predicted
spectrum, but again their intensities in the calculated
spectrum are sufficiently small that they cannot be reliably
used to confirm the presence or absence of the Li+(C6)

conformation in the experiments. The calculated IR spec-
trum for the Li+(C3) tautomeric conformation exhibits a
strong band at 1631 cm–1 that corresponds to NH2 scissoring
coupled with C2–N3 and C5–C6 stretching, which agrees
reasonably well with the most intense band measured at
1635 cm–1. However, redshifting of the predicted CO stretch
compared with the measured IRMPD band is much more
pronounced because its functionality has changed from keto
to enol such that it now appears at 1428 cm–1, which does
not have a comparable experimentally observed band. The
calculations predict IR bands at 1534 and 1186 cm–1,
whereas no bands are observed at these frequencies in the
measured IRMPD spectrum. Based on these differences, it is
clear that the Li+(C3) conformation is also not accessed in
the experiments. Thus, the experimental IRMPD spectrum is
well represented by that calculated for the ground-state
Li+(C1) tautomeric conformation; no evidence for the
presence of excited tautomeric conformations in the exper-
iments is observed.

Comparison of IRMPD and Theoretical IR
Spectra of Na+(cytosine)

As can be seen in Figure 2, the IRMPD spectral features of the
Na+(cytosine) complex are similar to those of the Li+(cytosine)
complex. Subtle differences include broadening and a 10 cm–1

blueshift of the most intense peak from ~1640 to 1650 cm–1,
and a 20 cm–1 redshift in the band at 1480 to 1460 cm–1.
Comparison of the measured IRMPD and theoretical linear IR
spectra for the three most stable tautomeric conformations
found for the Na+(cytosine) complex is shown in the
Supplementary Information, Figure S2. The calculated spec-
trum correctly predicts a 10 cm–1 blueshift in the band at
1640 cm–1, and a 10 cm–1 redshift in the band at 1500 cm–1 as
the metal cation changes from Li+ to Na+. The very weak bands
at 1180, 1360, and 1430 cm–1 observed in the IRMPD action
spectrum are also correctly predicted by calculations for the
Na+(C1) tautomeric conformation. It might also be noted that
the two major peaks centered at 1640 and 1460 cm–1 in the
measured IRMPD spectrum are broadened due to the redshift
of the band predicted at ~1620 cm–1, the blueshift of the bands
predicted at ~1520 and 1640 cm–1 as the metal cation changes
from Li+ to Na+. Again, the experimental spectrum is best
represented by the spectrum calculated for the Na+(C1)
tautomeric conformation; no evidence for excited tautomeric
conformations is observed.

Comparison of the calculated IR spectrum of the first
excited tautomeric conformation, Na+(C6), to the IRMPD
action spectrum suggests that the Na+(C6) is not accessed in
the experiments as there are several notable differences. The
predicted CO stretch is blueshifted to 1655 cm–1 and becomes
slightly narrower compared with the measured IRMPD band at
1640 cm–1. The measured band at 1460 cm–1 is blueshifted by
~50 cm–1 and is predicted in much lower intensity in the
computed spectrum. The most diagnostic difference indicating
the absence of Na+(C6) in the experiments is the absence of the

0.08

0.16

0.24 Li+(cytosine) IRMPD

0.00

1200 Li+(C1), keto
0.0 kJ/mol

nt
en

si
ty

0

400

800

+In

400

800

1200 Li+(C6), keto
18.3 kJ/mol

0

800

1200 Li+(C3), enol
48.0 kJ/mol

1000 1200 1400 1600 1800

0

400

Frequency (cm-1)

Figure 4. Comparison of the measured IRMPD action
spectrum of the Li+(cytosine) complex with IR spectra for the
three most stable tautomeric conformations of Li+(cytosine)
predicted at the B3LYP/def2-TZVPPD level of theory. For ease
of comparison, the IRMPD spectrum, scaled to match the
intensity of the most intense spectral feature, is also shown in
gray along with each of the theoretical IR spectra

B. Yang et al.: IRMPD Action Spectroscopy of M+(cytosine) complexes 1529



band predicted to occur at 1315 cm–1 in the measured IRMPD
spectrum. Likewise, the weak IRMPD features observed at
1185, 1340, and 1410 cm–1 do not appear in the predicted
spectrum. The calculated IR spectrum for the Na+(C3)
tautomeric conformation exhibits a strong band at ~1640 cm–1

that corresponds to NH2 scissoring coupled with C2–N3 and
C5–C6 stretching, which agrees with the most intense band
measured at 1640 cm–1. However, redshifting of the CO stretch
is much more pronounced because its functionality has changed
from keto to enol such that it now appears at 1435 cm–1, which
does not have a comparable experimentally observed band. The
calculations predict an IR band at 1555 cm–1, whereas no band
is observed at this frequency in the measured IRMPD spectrum.
The band observed at 1460 cm–1 does not have a comparable
predicted band in the calculated spectrum for the Na+(C3)
tautomeric conformation. Based on these comparisons, it is
clear that the Na+(C3) conformation is also not accessed in the
experiments. Thus, the experimental IRMPD spectrum is well
represented by that calculated for the ground-state Na+(C1)
tautomeric conformation; no evidence for the presence of
excited tautomeric conformations in the experiments is ob-
served.

Comparison of IRMPD and Theoretical IR
Spectra of K+(cytosine)

Figure 5 shows the measured IRMPD spectrum of the
K+(cytosine) complex compared with theoretical predictions
for the three most stable conformations calculated. The
appearance of the measured IRMPD spectrum of K+(cytosine)
is similar to that of Na+(cytosine). However, the most intense
band is blueshifted compared with that of the Li+(cytosine) and
Na+(cytosine) complexes to 1660 cm–1, with a shoulder to the
red becoming increasingly obvious. The broad band observed
between 1440 and 1520 cm–1 for Li+(cytosine) and
Na+(cytosine) is also partially resolved into two bands. The
calculated spectrum of the K+(C1) tautomeric conformation
correctly predicts the evolution of these spectral features. The
appearance of the shoulder to the red becomes increasingly
obvious as a result of further redshifting of the band predicted
at ~1620 cm–1 and blueshifting of the band predicted at
~1640 cm–1. A further blueshifting of the predicted band at
~1520 cm–1 results in the split of the broad band located
between 1440 and 1520 cm–1 in the measured IRMPD
spectrum. The IR spectra of the K+(C6) and K

+(C3) tautomeric
conformations retain all of the bands that are seen in the
lithiated and sodiated tautomeric conformations. Again, the
predicted bands at 1315 and 1580 cm–1 for the K+(C6)
conformer, and the bands at 1220, 1430, and 1560 cm–1 for
the K+(C3) conformer, are the most diagnostic bands for these
tautomeric conformations. No comparable bands are observed
in the measured IRMPD spectrum at these frequencies,
indicating that these two low-energy tautomeric conformations
are not accessed in the experiments. Additional evidence
includes the absence of a predicted band for both K+(C6) and
K+(C3) tautomeric conformations that is comparable with

measured IRMPD band at 1470 cm–1, and a redshift in the
predicted strong band at 1640 cm–1 for the K+(C3) tautomeric
conformation compared with the measured IRMPD band at
1660 cm–1. Thus, only the ground-state K+(C1) conformer is
accessed in the experiments.

Comparison of IRMPD and Theoretical IR
Spectra of Rb+(cytosine)

Figure 6 compares the measured IRMPD spectrum of the
Rb+(cytosine) complex with the theoretical linear IR
spectra for the three most stable tautomeric conformations
calculated. The appearance of the measured IRMPD
spectrum of the Rb+(cytosine) complex is similar to that
of the K+(cytosine) complex, but the S/N is vastly
improved such that new features are clearly evident in
the measured IRMPD spectrum of the Rb+(cytosine)
complex. The most intense band corresponding to the
carbonyl stretch is further blueshifted to 1670 cm–1 as a
result of the weaker binding of the heavier alkali metal
cations to the carbonyl group. The band at 1630 cm–1 for
the K+(cytosine) complex is redshifted by 10 cm–1 for the
Rb+(cytosine) complex. The shifting of these two bands
makes the shoulder to the red of the most intense band
increasingly apparent. In addition, it is clear that a new
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Figure 5. Comparison of the measured IRMPD action
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band at 1520 cm–1 appears in the measured IRMPD
spectrum for the Rb+(cytosine) complex. As mentioned in
the previous section, this low intensity band at ~1520 cm–1

exhibits overlap with the band at ~1480 cm–1 for the
smaller alkali metal cation-cytosine complexes, producing
a broad band between 1440 and 1520 cm–1. As the size of
the alkali metal cation increases, the band at 1480 cm–1 is
increasingly redshifted and the band at 1500 cm–1 is
increasingly blueshifted. Eventually, the broad band splits
into two bands, as seen in the measured IRMPD spectrum
for the K+(cytosine) complex, and becomes easily distin-
guishable in the spectrum for the Rb+(cytosine) complex.
Weak bands in the region between 600 and 1400 cm–1

become increasingly apparent, and are best represented by
the spectrum predicted for the Rb+(C1) tautomeric confor-
mation. The calculated spectrum of Rb+(C1) accurately
estimates the shifting in band positions and the new
spectral features observed in the measured IRMPD
spectrum. The predicted bands at 1315 and 1590 cm–1

for the Rb+(C6) conformer, and the bands predicted at
1425 and 1555 cm–1 for the Rb+(C3) conformer are again
the most diagnostic bands for these tautomeric conforma-
tions. No comparable bands are observed in the measured
IRMPD spectrum at these frequencies, indicating that these
two low-energy tautomeric conformations are not accessed

in the experiments. Additional evidence includes the
absence of a predicted band that is comparable to the
measured IRMPD band at 1470 cm–1 and a redshift of
30 cm–1 in the predicted strong band at 1635 cm–1 for the
K+(C3) tautomeric conformation compared with the mea-
sured IRMPD band at 1665 cm–1. Thus, the Rb+(C1)
tautomeric conformation is the only structure accessed in
the experiments.

Comparison of IRMPD and Theoretical IR
Spectra of Cs+(cytosine)

A comparison of the measured IRMPD spectrum of the
Cs+(cytosine) complex with theoretical predictions for the
three most stable tautomeric conformations calculated can be
found in the Supplementary Information, Figure S3. Com-
pared with the measured IRMPD spectrum of the
Rb+(cytosine) complex, all of the bands are retained, but
the positions and intensities of these bands continue to
evolve with the size of the alkali metal cation. All bands
grow in intensity compared with those of the Rb+(cytosine)
complex. The band corresponding to the CO stretch is again
observed at ~1670 cm–1, and the shoulder to the red of this
band is even more evident in the IRMPD spectrum. Other
differences include further redshifting of the band at
1470 cm–1 and blueshifting of the band at 1520 cm–1 as
the metal cation changes from Rb+ to Cs+. The calculated
spectrum for the Cs+(C1) tautomeric conformation correctly
predicts the shifting of the major IR bands. The minor
features at 640, 720, 800, 1100, 1210, 1260, and 1340 cm–1

are also present in the calculated spectrum for Cs+(C1).
Furthermore, as observed for the other alkali metal cation–
cytosine complexes, the diagnostic bands at 1315 cm–1 for
the Cs+(C6) conformer, and the bands at 1435 and 1600 cm–1

for the Cs+(C3) conformer, are not observed in the measured
IRMPD spectrum. Additional evidence includes the absence of
a predicted band that is comparable to measured IRMPD band
at 1470 cm–1 and a redshift of 35 cm–1 in the predicted strong
band at 1635 cm–1 for the Cs+(C3) tautomeric conformation
compared with the measured IRMPD band at 1670 cm–1. Thus,
it is clear that the only tautomeric conformation accessed in the
experiments is the Cs+(C1) conformer.

Comparison of IRMPD Spectra of the Alkali Metal
Cation-Cytosine Complexes to the Protonated
Cytosine Complex

The IRMPD action spectra of protonated cytosine, H+(cytosine)
has been reported by Tortajada and coworkers [55]. The
appearance of the measured IRMPD spectrum of H+(cytosine)
exhibits both similarities and differences compared with the
IRMPD spectra of the alkali metal cation-cytosine complexes.
The most intense band for the H+(cytosine) complex is the band
corresponding to NH2 scissoring at 1645 cm

–1, with a shoulder to
the red at 1622 cm–1. The CO stretch is redshifted to 1600 cm–1, a
shift of 40 cm–1 comparedwith that of the Li+(cytosine) complex,
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a result of the much stronger interaction of the carbonyl group
with the proton. The diagnostic band for the alkali metal cation
complexes at ~1480 cm–1 is also observed in the measured
IRMPD spectrum of H+(cytosine); however, this band is
blueshifted to 1502 cm–1. In addition, the band at ~1200 cm–1

is present at a higher intensity in the measured IRMPD spectrum
of H+(cytosine) compared with that of the Rb+(cytosine) and
Cs+(cytosine) complexes. As a proton is a small, singly charged
cation, which exhibits similarities to the alkali metal cations, the
trends in the shifting of these two bands are consistent with our
previous observations, and correlate with the size of the cation. In
addition, a band at ~1800 cm–1 is observed in the measured
IRMPD spectrum of H+(cytosine), which corresponds to a free C
=O stretch. Comparison of the measured IRMPD spectrum to
spectra calculated for the enol tautomer C1_hb (protonation at the
carbonyl O atom) and oxo tautomer C1_hb (protonation at the N3
atom) indicates the presence of both tautomers under their
experimental conditions.

Conclusions
The IRMPD action spectra of five M+(cytosine) complexes,
where M+=Li+, Na+, K+, Rb+, and Cs+, were measured
using a Fourier transform ion cyclotron resonance mass
spectrometer coupled with a free electron laser. The
measured IRMPD spectra of all five alkali metal cation–
cytosine complexes share similarities, but also exhibit
systematic changes in the band positions as a function of
the size of the alkali metal cation. Comparisons of the
measured IRMPD spectra to linear IR spectra calculated at
the B3LYP/def2-TZVPPD level of theory for the three most
stable M+(cytosine) tautomeric conformations, M+(C1),
M+(C3), and M+(C6), are made to determine the species
accessed under our experimental conditions. In all cases, it is
clear that the only tautomeric conformation accessed in the
experiments is the bidentate M+(C1) tautomeric conforma-
tion, in agreement with the predicted ground-state structures
for these complexes. The combination of experimental and
theoretical results provides insight into the influence of
alkali metal cation binding on the relative stabilities of the
various tautomeric forms of cytosine. In particular, the very
strong binding to the C1 tautomer compared with the other
tautomers ensures that only one tautomeric conformation of
the M+(cyctosine) complexes is accessed in the experiments,
whereas multiple low-energy tautomers and, in particular C1,
C2, and C3, are competitive for neutral cytosine. However,
quantitative determination of the strength of the binding in
these ground-state alkali metal cation–cytosine complexes
remains experimentally elusive. Thus, it would be useful to
reexamine the M+(cytosine) complexes using instrumenta-
tion capable of determining thermochemical properties such
as a guided ion beam tandem mass spectrometer equipped
with an ESI source so that the strength of binding in the
ground-state conformers can be accurately determined.
These measurements are currently being pursued in a related
study.
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