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Abstract. Thymidine (dThd) is a fundamental building block of DNA nucleic acids,
whereas 5-methyluridine (Thd) is a common modified nucleoside found in tRNA. In
order to determine the conformations of the sodium cationized thymine nucleosides
[dThd+Na]+ and [Thd+Na]+ produced by electrospray ionization, their infrared multi-
ple photon dissociation (IRMPD) action spectra are measured. Complementary
electronic structure calculations are performed to determine the stable low-energy
conformations of these complexes. Geometry optimizations and frequency analyses
are performed at the B3LYP/6-311+G(d,p) level of theory, whereas energies are
calculated at the B3LYP/6-311+G(2d,2p) level of theory. As protonation preferentially
stabilizes minor tautomers of dThd and Thd, tautomerization facilitated by Na+

binding is also considered. Comparisons of the measured IRMPD and computed IR spectra find that [dThd+Na]+

prefers tridentate (O2,O4',O5') coordination to the canonical 2,4-diketo form of dThd with thymine in a syn
orientation. In contrast, [Thd+Na]+ prefers bidentate (O2,O2') coordination to the canonical 2,4-diketo tautomer
of Thd with thymine in an anti orientation. Although 2,4-dihydroxy tautomers and O2 protonated thymine
nucleosides coexist in the gas phase, no evidence for minor tautomers is observed for the sodium cationized
species. Consistent with experimental observations, the computational results confirm that the sodium cationized
thymine nucleosides exhibit a strong preference for the canonical form of the thymine nucleobase. Survival yield
analyses based on energy-resolved collision-induced dissociation (ER-CID) experiments suggest that the
relative stabilities of protonated and sodium cationized dThd and Thd follow the order [dThd+H]+ < [Thd+H]+ <
[dThd+Na]+ < [Thd+Na]+.
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Introduction

The overall structures of DNA and RNA are highly impact-
ed by the conformations of their nucleoside building

blocks (i.e., the nucleobase orientation and sugar puckering
of the 2'-deoxyribose and ribose moieties). Anti orientations
of the nucleobase residues and C2'-endo sugar puckering of the
sugar moieties are found in the most common B-form of
double-stranded (ds) DNA. A change in sugar puckering to
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C3'-endo results in the A-forms of DNA and RNA, which are
generally found in RNA-DNA and RNA-RNA complexes [1].
The guanine residues take on syn orientations with C3'-endo
sugar puckering of the sugars and left-handed coiling of the
strands in the less common Z-form of ds DNA [2]. Nucleobase
flipping has been observed as an important step during base
excision repair to enable the enzyme access to the target base
[3–5]. Thus, the determination of nucleoside conformation is of
fundamental importance to fully understand both static and
dynamic nucleic acid structures. The local environment also
influences the structures of DNA and RNA. DNA triplex
structures and the i-motif are stabilized by protons [6, 7],
whereas B-form DNA and G-quadruplex structures are stabi-
lized by alkali metal cations [8–12]. Sodium cations prefer to
bind to the negatively charged phosphate backbone at low
concentrations [13], whereas sodium cations may interact with
the nucleobase and/or sugar moieties at higher concentrations.
Metal ion binding to the nucleobase residues can lead to more
profound influences on DNA conformation than those binding
to the phosphate backbone [14].

The N-glycosidic bond, the covalent bond linking the
nucleobase residue and sugar moiety, is important to the overall
stability of DNA and RNA. Mutations in the DNA and RNA
sequence via nucleobase excision or mismatch are influenced
by the N-glycosidic bond stabilities [15]. N-glycosidic bond
stability/cleavage is investigated here because of its role in
biochemical processes that occur in vivo, such as nucleobase
salvage and DNA repair [15–17]. For example, base excision
repair (BER) is one of the cellular mechanisms available to
repair damaged or inappropriate nucleobases in DNA, and
explicitly involves cleavage of the N-glycosidic bond [18,
19]. Modifications on the nucleobase and sugar moiety have
been found to affect the stabilities of N-glycosidic bonds [20–
22]. Additionally, both theoretical and experimental studies
demonstrate that the local environment of a nucleic acid also
impacts N-glycosidic bond stabilities [23–25].

Thymine (Thy) is one of the naturally occurring pyrimidine
nucleobases found in DNA. It is similar to uracil, but possesses
a methyl substituent at the 5-position. Thy has been well
studied because of its slow dissipation of electronic energy
upon optical excitation [26, 27]. UV-induced carcinogenesis
and mutagenesis may be caused by ultraviolet light absorption
by Thy [28, 29]. Another interesting characteristic of Thy is
tautomerization that may occur to the canonical 2,4-diketo
structure, which may lead to point mutations and molecular
based diseases resulting from nucleobase mismatches of tauto-
meric Thy [30]. The tautomerization of Thy has been examined
both experimentally and theoretically [31–34]. For the canon-
ical form of Thy, sodium cations show a preference for binding
to the O4 position over the O2 position [35, 36]. However, a
theoretical study found that tautomeric Thy with the O4 hydro-
gen atom pointed toward the 5-methyl substituent and sodium
cation binding to the O2 and N3 atoms exhibits the largest total
stabilization energy [36]. Thymidine (dThd) comprised of a
Thy nucleobase and 2'-deoxyribose sugar is a naturally occur-
ring nucleoside of DNA. 5-Methyluridine (Thd) is the

ribonucleoside counterpart of dThd, but is not a common
RNA nucleoside. Thd is found as a natural modified nucleoside
in tRNA [37, 38]. In addition, Thd is an important reagent for
the synthesis of the anti-AIDS drugs AZT and D4T [39, 40].
Thus, it is interesting to investigate the effects of the sugar
moiety and in particular the 2'-hydroxyl substituent on sodium
cation binding preferences of the Thy nucleosides.

Due to the fundamental importance of understanding
the effects of protonation versus sodium cationization on
the gas-phase conformations and N-glycosidic bond sta-
bilities of dThd and Thd, infrared multiple photon dis-
sociation (IRMPD) action spectroscopy studies of the
sodium cationized Thy nucleosides, [dThd+Na]+ and
[Thd+Na]+, and energy-resolved collision-induced disso-
ciation (ER-CID) experiments of the protonated and
sodium cationized Thy nucleosides are performed.
IRMPD action spectroscopy studies of the protonated
Thy nucleosides, [dThd+H]+ and [Thd+H]+, have previ-
ously been reported [41, 42]. The conformations and
vibrational frequencies of [dThd+Na]+ and [Thd+Na]+

are calculated using density functional theory (DFT) at
the B3LYP/6-311+G(d,p) level of theory, whereas ener-
getics are determined at the B3LYP/6-311+G(2d,2p)
level of theory. Comparisons between the experimental
IRMPD and calculated IR spectra enable the determina-
tion of the stable low-energy conformations populated in
the experiments. This approach has proven to be a
robust technique for structural characterization of
deprotonated, protonated, and metal cat ionized
nucleobases [34, 43–63], nucleosides [41, 42, 64–73],
and nucleotides [74–82]. The relative stabilities of the
protonated and sodium cationized Thy nucleosides are
determined via survival yield analyses based on the ER-
CID experiments of these species. In particular, the
relative N-glycosidic bond stabilities are explicitly de-
termined when the major fragmentation pathways ob-
served for these species involve solely N-glycosidic
bond cleavage. By comparing the present results with
previous IRMPD action spectroscopy and theoretical
studies of protonated dThd and Thd [41], and sodium
cationized uracil (Ura) nucleosides, uridine (Urd), and
2'-deoxyuridine (dUrd) [73], the effects of protonation
versus sodium cationization and the 5-methyl substituent
on the gas-phase conformations and energetics are
elucidated.

Experimental and Computational
Fourier Transform Ion Cyclotron Resonance Mass
Spectrometry and Photodissociation

IRMPD action spectroscopy experiments of [dThd+Na]+

and [Thd+Na]+ were performed using a custom-built 4.7
T Fourier transform ion cyclotron resonance mass spec-
trometer (FT-ICR MS) coupled to the free-electron laser
for infrared experiments (FELIX) or an optical
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parametric oscillator/amplifier (OPO/OPA) laser system
[83–86]. One mM dThd or Thd (purchased from Sig-
ma-Aldrich, St. Louis, MO, USA) was dissolved in a
50%:50% (v/v) methanol:water mixture with 1 mM NaCl
(the solvents and NaCl were purchased from Sigma-Al-
drich, Zwijndrecht, The Netherlands). [dThd+Na]+ or
[Thd+Na]+ were formed from the analyte solutions via
introduction into a Micromass “Z-spray” electrospray
ionization (ESI) source at a flow rate of ~10 μL/min.
The ions were accumulated in an rf hexapole ion trap for
several seconds to enhance ion signal and provide effi-
cient thermalization, pulsed extracted via a quadrupole
deflector, and then injected into the ICR cell through a 1
m long rf octopole ion guide with a pulsed positive DC
bias applied to reduce collisional heating of the ions
[84]. All ions were stored in the ICR cell for at least
300 ms for further thermalization by radiative emission.
The ions of interest, [dThd+Na]+ or [Thd+Na]+, were
isolated using stored waveform inverse Fourier transform
(SWIFT) techniques. The isolated sodium cationized Thy
nucleosides were irradiated for ~3 s by the free-electron
laser over the frequency range between ~550 and 1850
cm–1 or for ~8 s by the OPO laser over the frequency
range between ~3300 and 3800 cm–1 to induce IR pho-
todissociation. Very low IRMPD yields for [Thd+Na]+

were observed when IR dissociation was induced by the
OPO laser. Therefore, a CO2 laser was also used for the
OPO experiments to facilitate excitation and dissociation
of [Thd+Na]+ to improve the IRMPD efficiency. The
IRMPD yield was calculated at each frequency using
Equation 1,

IRMPD yield ¼
X

i

I f i

.
Ip þ

X
i

I f i

 !
ð1Þ

where ∑
i
I f i is the total fragment ion intensity, Ip is the

precursor ion intensity, and (Ip þ ∑
i
I f iÞ is the total ion

intensity. The experimental IRMPD spectra were gener-
ated by plotting the IRMPD yields as a function of IR
frequency.

Quadrupole Ion Trap Mass Spectrometry
and Energy-Resolved Collision-Induced
Dissociation

ER-CID experiments of [dThd+H]+, [Thd+H]+, [dThd+Na]+,
and [Thd+Na]+ were performed using a Bruker amaZon ETD
quadrupole ion trap mass spectrometer (QIT MS) (Bruker
Daltonics, Bremen, Germany). Ten μM dThd or Thd was
dissolved in a 50%:50% (v/v) methanol:water mixture. One
percent (v/v) acetic acid (purchased from Mallinckrodt
Chemicals, St. Louis, MO, USA) was added to facilitate for-
mation of [dThd+H]+ and [Thd+H]+, whereas 10 μMNaClwas
added to facilitate formation of [dThd+Na]+ and [Thd+Na]+.
The protonated and sodium cationized Thy nucleosides were

formed using an Apollo ESI source operated at a flow rate of 3
μL/min. Heliumwas introduced into the ion trap at a stagnation
pressure of ~1 mTorr for efficient trapping and cooling of the
ions, and also served as the collision gas for the ER-CID
experiments. The low mass cut-off was set to 27% of the
precursor ion m/z, corresponding to a qz value of 0.25. The rf
excitation amplitude (rfEA) was varied from 0.00 V to the rfEA
required to completely dissociate the precursor ion at a step size
of 0.01 V. The ER-CID experiments were performed in tripli-
cate to assess reproducibility of the measurements. Data anal-
ysis was performed using Compass Data Analysis Software
ver. 4.0 (Bruker Daltonics, Bremen, Germany).

Computational Details

The chemical structures of the canonical forms of neutral dThd
and Thd including the numbering of the nucleobase and sugar
atoms are shown in Figure 1. All candidate conformers of
[dThd+Na]+ and [Thd+Na]+ subjected to DFT calculation were
generated via simulated annealing processes using HyperChem
software [87] with the Amber 3 force field. All possible favor-
able binding sites of Na+ (i.e., the O2, N3, O4, O2', O3', O4',
and O5' atoms) to canonical 2,4-diketo and tautomeric 2-keto-
4-hydroxy (t4) and 2-hydroxy-4-keto (t2) forms of the Thy
nucleosides were considered when constructing the initial
structures employed for simulated annealing. Each initial struc-
ture was subjected to 300 cycles of annealing. Each cycle
began with 0.3 ps of thermal heating from 0 to 1000 K,
followed by sampling of conformational space at 1000 K for
0.2 ps, and then 0.3 ps of thermal cooling from 1000 to 0 K.
The resulting structure was optimized to a local minimum
using the Amber 3 force field and saved as a snapshot,
which was then used to initiate the next annealing cycle.
Based on the relative stabilities of the resulting snapshots
found in the simulated annealing process, more than 600
candidate conformers were chosen for higher level DFT
calculation. Geometry optimizations and harmonic vibra-
tional frequency analyses were performed at the B3LYP/6-
311+G(d,p) level of theory, whereas single point energies
were calculated at the B3LYP/6-311+G(2d,2p) level of
theory using the Gaussian 09 suite of programs [88]. The
relative Gibbs free energies at 298 K determined from the
DFT calculations were used to assess the relative stabilities
of the stable conformers found for [dThd+Na]+ and
[Thd+Na]+. The vibrational frequencies were scaled by a
factor of 0.978 in the FELIX region, whereas the vibra-
tional frequencies were scaled by a factor of 0.954 in the
OPO region. In order to better reproduce the measured
IRMPD spectra, the computed vibrational frequencies were
convoluted with 20 and 15 cm–1 FWHM Gaussian line
shapes over the FELIX and OPO regions, respectively.
To further assess the relative stabilities of the two lowest
energy conformers computed for [Thd+Na]+ in aqueous
environments, the mono- and dihydrated complexes of
these species were also examined.
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Survival Yield Analyses

Survival yield analysis has proven to be a robust method to
elucidate the relative stabilities of protonated and sodium
cationized nucleosides [70–73] as well as those of a variety
of other ions [89–93]. Survival yields based on the ER-CID
experiments of the protonated and sodium cationized Thy
nucleosides at each rfEA were calculated using Equation 2 [93],

Survival yield ¼ Ip
.

Ip þ
X

i

I f i

 !
ð2Þ

where Ip and (Ip þ ∑
i
I f iÞ are as defined in Equation 1. Survival

yields were calculated using custom software developed in our
laboratory. The survival yield was plotted as a function of rfEA
to generate the survival yield curves. Each survival yield curve
was least-squares fit to the four parameter logistic curve sum-
marized in Equation 3,

Survival yield ¼ minþ max−min

1þ r f EA
.
CID50%

� �Hillslope ð3Þ

where the min and max are the minimum (0) and maximum (1)
values of the survival yield, and Hillslope is the slope of the
declining region of the survival yield curve. The relative sta-
bilities of the protonated and sodium cationized dThd and Thd
nucleosides are determined by comparing the rf excitation
amplitudes required to produce 50% dissociation of the pre-
cursor ions, and designated as CID50%. Data analyses were
performed using SigmaPlot 10.0 (Systat Software, Inc., San
Jose, CA, USA).

Results
IRMPD Action Spectroscopy

The IR photodissociation pathways observed for [dThd+Na]+

and [Thd+Na]+ are summarized in Reactions 4 and 5,

NuoþNa½ �þþn hv→ NaþþNuo ð4Þ

NuoþNa½ �þþn hv→ ThyþNa½ �þþ Nuo−Thyð Þ ð5Þ
where Nuo is either dThd or Thd. IR photodissociation of
[dThd+Na]+ induced by either FELIX or the OPO laser pro-
duced both simple cleavage of the noncovalent interaction
between Na+ and the nucleoside, Reaction 4, and cleavage of
the N-glycosidic bond with Na+ retained by the Thy
nucleobase, Reaction 5. In contrast, IR photodissociation of
[Thd+Na]+ induced by the FEL led solely to simple loss of the
neutral nucleoside, Reaction 4, whereas in the OPO region,
both Reactions 4 and 5 were observed. The measured IRMPD
spectra of [dThd+Na]+ and [Thd+Na]+ are compared in Fig-
ure 2. The most significant difference observed in the experi-
mental IRMPD action spectra of [dThd+Na]+ and [Thd+Na]+

is the IRMPD yield, where the IRMPD yield of [dThd+Na]+

exceeds that of [Thd+Na]+ in the FELIX region, particularly at
lower frequencies. Note that the IRMPD efficiency of
[Thd+Na]+ for the OPO experiments was improved by also
using a CO2 laser to facilitate excitation and dissociation.
Therefore, although the plotted yields look very similar in this
region, it is clear that the IRMPD yield of [dThd+Na]+ must
exceed that of [Thd+Na]+ when equivalent excitation condi-
tions are employed. Absence of the N-glycosidic bond cleav-
age pathway for [Thd+Na]+ in the FELIX region and the need
for additional excitation via the CO2 laser for [Thd+Na]

+ in the
OPO region suggest that the 2'-hydroxyl substituent of Thd

Thymidine (dThd) 5-Methyluridine (Thd)

[Thd+Na]+ T1(O2O4'O5')

syn, O4'-endo (OT
4
)

0.0 kJ/mol0.0 kJ/mol

[dThd+Na]+ T1(O2O4'O5')[dThd+Na] T1(O2O4'O5')

syn, O4'-endo (OT
1
)

0.0 kJ/mol

1

0.0 kJ/mol

[Thd+Na]+ B1(O2O2')[Thd+Na] B1(O2O2')

anti, C4'-exo (
4
TO)

6.6 kJ/mol6.6 kJ/mol

[dThd+H]+ t24 [Thd+H]+ t24[dThd+H]+ t24

anti, C2'-endo (2T )

[Thd+H]+ t24

anti, C2'-endo (2T )anti, C2'-endo (2T
3
)

0.0 kJ/mol

anti, C2'-endo (2T
3
)

0.0 kJ/mol0.0 kJ/mol 0.0 kJ/mol

Figure 1. Chemical structures of thymidine (dThd) and 5-
methyluridine (Thd). Numbering of the Thy nucleobase and
sugar moieties is shown. The ground T1(O2O4′O5′) conformers
of [dThd+Na]+ and [Thd+Na]+ as well as the low-energy
B1(O2O2') conformer of [Thd+Na]+ predicted at the B3LYP/6-
311+G(2d,2p)//B3LYP/6-311+G(d,p) level of theory (relative
298 K Gibbs free energies) are shown with the sodium cation
binding mode, Thy orientation, and sugar puckering. The
ground conformers of [dThd+H]+ and [Thd+H]+ are also shown
for comparison and taken from reference [41]
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stabilizes the N-glycosidic bond relative to that of dThd. Sim-
ilar behavior was observed for sodium cationized adenine and
uracil nucleosides [69, 72]. This result is also consistent with
the ER-CID experimental results discussed below. In the
FELIX region, three additional IR features at 772, 862, and
944 cm–1 are observed for [dThd+Na]+ that are not seen for
[Thd+Na]+. In addition, the two intense IR features at 1680 and
1750 cm–1 in the spectrum of [dThd+Na]+ are slightly red
shifted in the spectrum of [Thd+Na]+. In contrast, the experi-
mental IRMPD spectra of these two species are parallel in the
OPO region. These minor differences in the experimental
IRMPD spectra suggest that both [dThd+Na]+ and
[Thd+Na]+ involve the same tautomeric form of the Thy
nucleobase, but may exhibit different modes of Na+ bind-
ing or conformations due to the presence of the 2'-hydroxyl
substituent of Thd. Parallel behaviors have been observed
for the other pyrimidine nucleosides (i.e., both the cytosine
(Cyt) and Ura nucleosides [72, 73].

ER-CID Experiments

CID mass spectra of [dThd+H]+, [Thd+H]+, [dThd+Na]+, and
[Thd+Na]+ acquired at an rf excitation amplitude that results in
~50% dissociation are shown in Figure 3. Survival/fragment
yields for these systems determined from the ER-CID experi-
ments over the entire range of rf excitation amplitudes exam-
ined are shown in Supplementary Figure S1. N-glycosidic
bond cleavage processes are observed as the dominant frag-
mentation pathways for [Thd+H]+, [dThd+Na]+, and
[Thd+Na]+, where the cation, H+ or Na+, is retained either by
the Thy nucleobase or the sugar as summarized in Reactions 6
and 7.

NuoþCation½ �þ →
n He

ThyþCation½ �þþ Nuo−Thyð Þ ð6Þ
NuoþCation½ �þ →

n He
Nuo−ThyþCation½ �þþThy ð7Þ

In all cases, Reaction 6 is favored over Reaction 7. Although
Reaction 6 remains the dominant CID pathway for [dThd+H]+,
additional fragmentation pathways involving elimination of
ketene (K, H2C=C=O), or both ketene and a water molecule
(W) are observed, as summarized in Reactions 8 and 9, and
become more competitive with glycosidic bond cleavage.

dThdþH½ �þ →
n He

dThd−KþH½ �þþK ð8Þ
dThdþH½ �þ →

n He
dThd−K−WþH½ �þþKþW ð9Þ

Four additional minor fragmentation pathways are also ob-
served for [dThd+H]+ that involve elimination of one or two
W molecules, or elimination of Thy and one or two W mole-
cules, as summarized in Reactions 10, 11, 12, and 13.

NuoþH½ �þ →
n He

Nuo−WþH½ �þþW ð10Þ

dThdþH½ �þ →
n He

dThd−2WþH½ �þþ2W ð11Þ

dThdþH½ �þ →
n He

dThd−Thy−WþH½ �þþThyþW ð12Þ

dThdþH½ �þ →
n He

dThd−Thy− 2WþH½ �þþThyþ2W ð13Þ

Reaction 10 is also observed as a minor fragmentation
pathway for [Thd+H]+. Reactions 9 and 11–13 obvi-
ously involve sequential fragmentation pathways. To
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Figure 3. CID mass spectra of the protonated and sodium
cationized forms of dThd and Thd at a rf excitation amplitude
(rfEA) that produces ~50% dissociation
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Figure 2. IRMPD action spectra of [dThd+Na]+ and [Thd+Na]+ in
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IRMPD action spectra of [dThd+H]+ and [Thd+H]+ previously
reported are overlaid in grey for comparison and taken from
reference [41]
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determine further details regarding the order of dissocia-
tion of these sequential reaction pathways observed in
the CID of [dThd+H]+, MS3 experiments were performed
for the [dThd–W+H]+, [dThd–2W+H]+, [dThd–K+H]+,
and [dThd-K-W+H]+ ionic products (see Supplementary
Figure S2). MS3 experiments could not be performed for
[dThd–Thy+H]+, [dThd–Thy–W+H]+, and [dThd–Thy–2W+H]+

due to the very low intensities of these species observed over the
entire range of rf excitation amplitudes examined in the CID
experiments. [dThd–K–W+H]+ (Reaction 9) can be formed via
sequential loss ofK from [dThd–W+H]+ orW from [dThd–K+H]+

(Reactions 10 and 8, see top and third panels of Supplementary
Figure S2), respectively. [dThd–2W+H]+ is obviously formed via
sequential loss of W from [dThd–W+H]+ (Reaction 11, top panel
of Supplementary Figure S2). [dThd–Thy–W+H]+ is formed se-
quentially from [dThd–W+H]+ (Reaction 12, top panel of Supple-
mentary Figure S2). However, the reverse order of dissociation
could not be examined or confirmed as the intensity of the
[dThd–Thy+H]+ was too low. [dThd–Thy–2W+H]+ is formed
sequentially from [dThd–2W+H]+ via glycosidic bond cleavage
(Reaction 13, second panel of Supplementary Figure S2). It is clear
that when glycosidic bond cleavage occurs after elimination of
water, the proton is preferentially retained by the dehydrated sugar
moiety. Successive losses of K, W, and formaldehyde as well as
glycosidic bond cleavage dominate the dissociation behavior of
these fragment ions.

Theoretical Results

The nomenclature employed to describe the stable con-
formers of [dThd+Na]+ and [Thd+Na]+ uses an uppercase
letter to indicate the number of chelation interactions
between the sodium cation and Thy nucleoside (i.e., T
for tridentate, B for bidentate, and M for monodentate).
A number following the uppercase letter indicates the
order of relative Gibbs free energies at 298 K of the
stable conformers found that exhibit the same mode of
Na+ binding. Structures that involve binding to the 2-
keto-4-hydroxy and 2-hydroxy-4-keto tautomeric confor-
mations of Thy are appended by t4 and t2, respectively.
Supplementary Figure S3 introduces two designations for
describing the Thy orientation and sugar puckering,
which have been described previously [70–73]. Table 1
lists representative low-energy conformers computed for
[dThd+Na]+ and [Thd+Na]+ along with their relative
enthalpies at 0 and 298 K, relative Gibbs free energies
at 298 K, pseudorotation phase angles (P), orientations
of the Thy nucleobase, and sugar puckerings. Supple-
mentary Figures S4 and S5 show all stable conformers
found for [dThd+Na]+ and [Thd+Na]+ along with the
orientations of the Thy nucleobase, sugar puckerings,
and their relative Gibbs free energies at 298 K.

Ground Conformers of [dThd+Na]+ and [Thd+Na]+

The ground conformers of [dThd+Na]+ and [Thd+Na]+

computed at B3LYP/6-311+G(2d,2p)/ /B3LYP/6-

311+G(d,p) level of theory are shown in Figure 1, while
geometric information for these species is given in Ta-
ble 2. The ground conformers calculated for [dThd+Na]+

and [Thd+Na]+ are highly parallel. They both exhibit a
tridentate mode of Na+ binding to the O2, O4', and O5'
atoms, forming 5- and 6-membered chelation rings, with
a syn orientation of Thy, and similar O4'-endo sugar
puckering that shifts from OT1 for [dThd+Na]+ to OT4

for [Thd+Na]+ because of the influence of the hydrogen
bonding interaction between the 2'- and 3'-hydroxyl sub-
stituents. The main difference between the two ground
conformers is an additional hydrogen-bonding interaction
between the 2'- and 3'-hydroxyl substituents found for
[Thd+Na]+. The N-glycosidic bond length calculated for
the T1(O2O4'O5') conformer of [dThd+Na]+ is 1.458 Å,
which slightly decreases to 1.453 Å in the T1(O2O4'O5')
conformer of [Thd+Na]+.

Sodium Cation Binding to O2

For [dThd+Na]+, tridentate binding to the O2, O4', and
O5' atoms is the most favorable mode of Na+ binding.
Elimination of one (or both) chelation interactions be-
tween Na+ and the O5' (and O4') atoms of the sugar
moiety significantly increases the relative Gibbs free
energy by at least 30.0 and 59.2 kJ/mol, respectively
(see the B1(O2O4') and M1(O2) conformers in Supple-
mentary Figure S4). All anti oriented bidentate O2 and
O3' binding conformers of [dThd+Na]+ are much less
favorable, and are at least 51.4 kJ/mol less stable than
the ground conformer (see the B1(O2O3') conformer in
Supplementary Figure S4). Similarly, the most favorable
mode of Na+ binding for [Thd+Na]+ involves Na+ bind-
ing to the O2, O4', and O5' atoms. The bidentate O2
binding conformers of [Thd+Na]+ that exhibit an anti
orientation of Thy are at least 6.6 kJ/mol less favorable
than the ground conformer (see the B1(O2O2') conformer
in Figure 1 and Supplementary Figure S5). Lack of one
chelation interaction between Na+ and the O5' atom of
the sugar moiety increases the relative Gibbs free energy
by at least 31.9 kJ/mol (see the B1(O2O4') conformer in
Supplementary Figure S5). No stable monodentate O2
binding conformer is found for [Thd+Na]+. Unique
tridentate O2, O2', and O3' binding conformers are only
found for [Thd+Na]+, and are at least 19.2 kJ/mol less
stable than the ground conformer (see the T1(O2O2'O3')
conformer in Supplementary Figure S5).

Sodium Cation Binding to O4

For both [dThd+Na]+ and [Thd+Na]+, Na+ binding to the
O4 atom is much less favorable than binding to the O2
atom. The most stable O4 binding conformers calculated
for both [dThd+Na]+ and [Thd+Na]+ are M1(O4) con-
formers, which are 39.4 and 35.4 kJ/mol less stable than
the corresponding ground conformers, respectively (see
Supplementary Figures S4 and S5). Both anti and syn
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oriented O4 binding conformers are found with a strong
preference for the anti orientation. The most stable syn
oriented O4 binding conformers calculated for [dThd+Na]+

and [Thd+Na]+ are 53.1 and 45.6 kJ/mol less favorable than
the corresponding ground conformers, respectively (see the
M10(O4) conformer in Supplementary Figure S4 and the
M4(O4) conformer in Supplementary Figure S5). No stable
bidentate or tridentate O4 binding conformers are found for
either [dThd+Na]+ or [Thd+Na]+. Clearly, the change in pref-
erence for O2 over O4 binding to Thy for the Thy nucleosides
is driven by the additional stabilization provided by multiple
chelation interactions of Na+ with Thy and the sugar moiety.

Sodium Cation Binding to the Sugar Moiety

The most stable sugar binding conformers calculated for
[dThd+Na]+ and [Thd+Na]+ are the B1(O3'O5') conformer of
[dThd+Na]+ and the B1(O2'O3') conformer of [Thd+Na]+,
which are 46.8 and 25.0 kJ/mol less stable than the

corresponding ground conformers, respectively. These results
suggest that the stability and binding preferences of these
species are dominated by the Thy nucleobase, and also by
additional chelation interactions with the sugar moiety. How-
ever, the 2'-hydroxyl substituent of Thd is also an important
determinant of the conformation and stability of [Thd+Na]+.

Sodium Cation Binding to Tautomeric Thymine
Nucleosides

All tautomeric [dThd+Na]+ and [Thd+Na]+ are found to be less
favorable than the canonical forms of these species. The most
stable sodium cationized t4 conformers of [dThd+Na]+ and
[Thd+Na]+ are 42.0 and 37.6 kJ/mol less favorable than the
corresponding ground conformers, respectively (see the
B1(O2O5')t4 conformers in Supplementary Figures S4 and
S5). The sodium cationized t2 conformers are even less favor-
able than the sodium cationized t4 conformers. The most stable
sodium cationized t2 conformers are the syn oriented

Table 1. Relative Enthalpies and Free Energies of Select Stable Low-Energy Conformers of [dThd+Na]+ and [Thd+Na]+ at 0 and 298 K in kJ/mol, and their
Pseudorotation Angles (P), Thymine Orientations, and Sugar Puckerings

Species Conformer ΔH0 ΔH298 ΔG298 P (°) Thymine orientation Sugar puckering

[dThd+Na]+ T1(O2O4'O5') 0.0 0.0 0.0 100.5 syn O4'-endo (OT1)
T2(O2O4'O5') 4.9 5.3 4.6 108.3 syn C1′-exo (1T

O)
T3(O2O4'O5') 7.5 7.7 7.8 346.2 syn C2'-exo (2T

3)
T4(O2O4'O5') 9.2 9.8 8.4 146.3 syn C2′-endo (2T1)
T5(O2O4'O5') 9.6 9.9 9.8 86.2 syn O4′-endo (OT4)
T6(O2O4'O5') 12.9 12.9 13.7 347.5 syn C2′-exo (2T

3)
T7(O2O4'O5') 15.9 16.4 15.3 98.6 syn O4′-endo (OT1)
B1(O2O4') 32.1 32.8 30.0 192.6 syn C3′-exo (3T

2)
M1(O4) 44.2 45.4 39.4 163.7 anti C2′-endo (2T3)
B1(O2O5')t4 41.6 41.6 42.0 42.8 syn C4′-exo (4T

3)
B1(O3'O5') 48.2 49.3 46.8 9.5 syn C3′-endo (3T2)
B1(O2O3') 51.1 51.4 51.4 144.0 anti C2′-endo (1

2T)
M10(O4) 55.9 56.3 53.1 160.6 syn C2′-endo (2T1)
B1(N3O4)t2 53.2 52.9 53.7 147.4 syn C2′-endo (2T1)
M1(O2) 66.0 68.1 59.2 20.2 anti C3′-endo (3T4)
B1(O4'O5') 70.4 71.5 67.2 44.8 anti C4′-exo (4T

3)
M1(O5') 91.5 92.4 86.4 4.7 syn C3′-endo (3T2)
M1(O3') 97.1 97.9 91.8 39.1 syn C4′-exo (4T

3)
B1(O3'O4') 98.8 99.7 96.9 206.3 syn C3′-exo (3T

4)

[Thd+Na]+ T1(O2O4'O5') 0.0 0.0 0.0 79.2 syn O4′-endo (OT4)
B1(O2O2') 9.1 9.3 6.6 65.0 anti C4′-exo (4T

O)
B2(O2O2') 8.8 8.6 7.8 63.7 anti C4′-exo (4T

O)
T2(O2O4'O5') 9.6 10.4 8.2 149.0 syn C2′-endo (2T1)
B3(O2O2') 11.3 11.0 11.1 214.9 anti C3′-exo (3T

4)
T1(O2O2'O3') 20.4 21.3 19.2 149.8 anti C2′-endo (2T1)
B1(O2'O3') 25.0 24.0 25.0 79.7 anti O4′-endo (OT4)
B1(O3'O5') 33.8 33.7 31.3 32.5 syn C3′-endo (3T4)
B1(O2O4') 33.4 34.1 31.9 194.0 syn C3′-exo (3T

2)
M1(O4) 40.2 41.4 35.4 16.2 anti C3′-endo (3T2)
B1(O2O5')t4 38.2 38.3 37.6 47.5 syn C4′-exo (4T

3)
M4(O4) 48.7 48.9 45.6 156.2 syn C2′-endo (2T1)
B1(N3O4)t2 52.1 51.5 51.7 165.0 anti C2′-endo (2T3)
B1(O3'O4') 78.2 77.7 78.4 219.7 anti C4′-endo (4T3)
M1(O5') 88.6 88.9 84.0 44.2 syn C4′-exo (4T

3)
B1(O2'O4') 97.2 98.8 91.7 321.4 syn C1′-endo (1T2)
M1(O2') 100.8 101.2 95.5 55.1 syn C4′-exo (4T

O)

Energetics based on single-point energy calculations performed at the B3LYP/6-311+G(2d,2p) level of theory, including ZPE and thermal corrections based on the
B3LYP/6-311+G(d,p) optimized structures and vibrational frequencies
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B1(N3O4)t2 conformer of [dThd+Na]+, which is 53.7 kJ/mol
less stable, and the anti oriented B1(N3O4)t2 conformer of
[Thd+Na]+, which is 51.7 kJ/mol less stable than the corre-
sponding ground conformers (see Supplementary Figures S4
and S5). Therefore, conformers involving Na+ binding to the
tautomeric Thy nucleosides are unlikely to be important in the
experiments.

Sugar Puckerings of [dThd+Na]+ and [Thd+Na]+

C1'-exo, C2'-endo, C2'-exo, C3'-endo, C3'-exo, C4'-endo,
C4'-exo, and O4'-endo sugar puckerings are found among
the stable conformers of both [dThd+Na]+ and
[Thd+Na]+. O4'-exo sugar puckering is not found for
either species. C1'-endo sugar puckering is only found
for [Thd+Na]+ [see the B1(O2'O4') conformer at 91.7 kJ/
mol in Supplementary Figure S5]. The ground con-
formers of [dThd+Na]+ and [Thd+Na]+ exhibit slightly
different O4'-endo sugar puckering (OT1 and OT4), re-
spectively. The effect of sugar puckering on the relative
Gibbs free energies of the sodium cationized Thy nucle-
osides is clearly not as significant as the orientation and
tautomeric form of the Thy nucleobase or the mode of
Na+ binding.

Solvation of [Thd+Na]+

Figure 4 compares the conformations and relative Gibbs free
energies of the T1(O2O4'O5') and B1(O2O2') conformers of
[Thd+Na]+ and their mono and bis water adducts. The anti

oriented B1(O2O2') conformer is only 6.6 kJ/mol less stable
than the syn oriented T1(O2O4'O5') conformer. Binding of one
water molecule to [Thd+Na]+ preferentially stabilizes the
B1(O2O2') conformer, such that the anti oriented
B1(O2O2')•H2O conformer is now very slightly favored (by
0.1 kJ/mol) over the syn oriented T1(O2O4'O5')•H2O conform-
er. Binding of a second water molecule further stabilizes the
anti oriented B1(O2O2') conformer of [Thd+Na]+ relative to
the syn oriented T1(O2O4'O5') conformer such that
T1(O2O4'O5')•2H2O is 9.8 kJ/mol less stable than the anti
oriented B1(O2O2')•2H2O conformer. These results suggest
that [Thd+Na]+ prefers an anti orientation with the sodium
cation binding to the O2 and O2' atoms of Thd in aqueous
solution. This behavior parallels that found for the other sodi-
um cationized pyrimidine nucleosides with Cyt and Ura
nucleobases [72, 73].

Discussion
Comparison of Experimental IRMPD
and Calculated IR Spectra of [dThd+Na]+

Figure 5 compares the experimental IRMPD and calculat-
ed IR spectra of [dThd+Na]+ for several conformers that
exhibit good agreement. Supplementary Figures S6–S10
show analogous comparisons for representative con-
formers of [dThd+Na]+ that exhibit spectral misalign-
ments (shaded in red). Overall, the calculated IR spectra
of the T1, T2, and T3(O2O4'O5') conformers exhibit the

Table 2. Geometric Details of the B3LYP/6-311+G(d,p) Ground Conformers of [dThd+Na]+, [Thd+Na]+, [dThd+H]+, and [Thd+H]+, and Stable Low-Energy
B1(O2O2') and T1(O2O2'O3') Conformers of [Thd+Na]+

[dThd+Na]+ [Thd+Na]+

T1(O2O4'O5') T1(O2O4'O5') B1(O2O2') T1(O2O2'O3')

Bond Length Na+…O2 2.185 Å 2.199 Å 2.156 Å 2.256 Å
Na+…O2' – – 2.261 Å 2.273 Å
Na+…O3' – – – 2.745 Å
Na+…O4' 2.416 Å 2.433 Å – –
Na+…O5' 2.255 Å 2.248 Å – –
C1′…N1 1.458 Å 1.453 Å 1.478 Å 1.451 Å

Bond Angle ∠O2Na+O2' – – 91.3° 86.7°
∠O2Na+O3' – – – 113.5°
∠O2Na+O4' 78.6° 77.2° – –
∠O2Na+O5' 136.5° 134.7° – –
∠O2'Na+O3' – – – 64.1°
∠O4'Na+O5' 74.2° 74.0° – –

Dihedral Angle ∠C2N1C1′O4′ 61.6° 61.9° 194.8° 212.5°
∠O5′C5′C4′O4′ -56.8° -56.5° -67.4° -70.6°

[dThd+H]+ [Thd+H]+

Bond Length H…O2 0.970 Å 0.970 Å
H…O4 0.971 Å 0.971Å
C1′…N1 1.511 Å 1.499 Å

Bond Angle ∠HO2C2 109.2° 109.2°
∠HO4C4 110.3° 110.2°

Dihedral Angle ∠C2N1C1′O4′ 225.4° 226.0°
∠O5′C5′C4′O4′ -63.6° -63.9°

Structural information for [dThd+H]+ and [Thd+H]+ are taken from reference [41]
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best agreement with the experimental IRMPD spectrum.
These conformers all exhibit tridentate binding of Na+,
with a syn orientation of Thy, but with different sugar
puckerings, O4'-endo (OT1), C1'-exo (1T

O), and C2'-exo
(2T

3), respectively (see Figure 5). Changes of the sugar
puckering and rotation of the N-glycosidic bond lead to
the splitting of the IR feature predicted at ~3664 cm–1,
indicating that the T4, T5, T6, and T7(O2O4'O5') con-
formers do not have measurable populations in the ex-
periments (see Supplementary Figure S6). Minor shifts of
the features in the range from ~949 to 1050 cm–1 are
predicted in the calculated IR spectrum for the
B1(O2O4') conformer, suggesting that if present, this
conformer is in low abundance in the experiments (see
Supplementary Figure S7). The IR spectra calculated for
the B1(O2O3') and M1(O2) conformers exhibit signifi-
cant spectral misalignment of the strong IR absorption
observed at ~1686 cm–1, and a slight splitting of the IR

absorption observed at ~3664 cm–1, indicating that all
syn orientated bidentate and monodentate O2 conformers
of [dThd+Na]+ do not have measurable populations in
the experiments (see Supplementary Figure S7). Interest-
ingly, the 3′-hydroxyl is red shifted to 3650 cm–1 versus
the 5′-hydroxyl at 3670 cm–1 in the bidentate B1(O2O3')
conformer, whereas the 3′-hydroxyl is blue shifted to
3678 cm–1 versus the 5′-hydroxyl at 3671 cm–1 in the
monodentate M1(O2') conformer. A significant red shift
of the strong IR feature at ~1686 cm–1 is observed for
all O4 binding conformers, indicating that these con-
formers are not measurably populated in the experiments
(see the example comparisons for both anti and syn
oriented M1(O4) conformers in Supplementary Fig-
ure S8). For all sugar binding conformers, obvious spec-
tral mismatches between the calculated IR and experi-
mental IRMPD spectra are also found and demonstrate
that Na+ binding solely to the sugar moiety is not suffi-
ciently favorable for [dThd+Na]+ to measurably populat-
ed these species in the experiments, consistent with their
computed free energies at 298 K (see Supplementary
Figure S9). Likewise, neither t2 nor t4 conformers are
present in the experiments because of the obvious spec-
tral misalignments in the high end of the FELIX region
and the lack of the IR feature at ~3420 cm–1 in the OPO
region (see the example compar i sons fo r the

T1(O2O4'O5') B1(O2O2')
0.0 kJ/mol 6.6 kJ/mol

T1(O2O4'O5')• H O B1(O2O2')• H O2
0.1 kJ/mol

2
0.0 kJ/mol

T1(O2O4'O5')•2H O B1(O2O2')•2H OT1(O2O4'O5 2
9.8 kJ/mol

2
0.0 kJ/mol9.8 kJ/mol mol

[Thd+Na]+•nH2O   (n = 0 2)2
Figure 4. The B3LYP/6-311+G(d,p) optimized structures of
the T1(O2O4'O5') and B1(O2O2') conformers of [Thd+Na]+

and their mono- and bis-water adducts, [Thd+Na]+•nH2O, n =
1, 2. The relative Gibbs free energies calculated at B3LYP/6-
311+G(2d,2p) level of theory are also shown
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Figure 5. Comparison of the experimental IRMPD action
spectrum of [dThd+Na]+ with the B3LYP/6-311+G(d,p) opti-
mized structures and calculated linear IR spectra for represen-
tative low-energy conformers that best match the measured
spectrum. The Thy nucleobase orientation, sugar puckering,
and B3LYP/6-311+G(2d,2p) relative Gibbs free energies at
298 K are also shown
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B1(O2O5')t4 and B1(N3O4)t2 conformers in Supplemen-
tary Figure S10).

In summary, the T1, T2, and T3(O2O4'O5') conformers
are dominantly populated in the experiments, whereas the
T4, T5, T6, and T7(O2O4'O5') conformers are not mea-
surably populated. If the B1(O2O4') conformer is present,
it has low abundance. All O4 binding and sugar binding
conformers are not present in the experiments. Likewise, it
is very clear that all sodium cationized tautomeric dThd are
also not populated in the experiments. These findings are
also consistent with the computed relative Gibbs free en-
ergies for these conformers of [dThd+Na]+.

Comparison of Experimental IRMPD
and Calculated IR Spectra of [Thd+Na]+

Figure 6 compares the experimental IRMPD and calculated IR
spectra of [Thd+Na]+ for conformers that exhibit good agree-
ment. Supplementary Figures S11–S15 show analogous com-
parisons of representative conformers of [Thd+Na]+ that ex-
hibit spectral misalignments (shaded in red). The IR spectrum
calculated for the B1(O2O2') conformer of [Thd+Na]+, which
exhibits an anti orientation of the Thy nucleobase and C4'-exo
(4T

O) sugar puckering, exhibits good agreement with the ex-
perimental IRMPD spectrum; the slight broadening of the IR
feature calculated at ~3420 cm–1 well reproduces the weak
shoulder to the blue of the IR feature observed (see Figure 6).

The other stable structures that exhibit a very similar confor-
mation, i.e., B4 and B5(O2O2'), exhibit virtually identical IR
spectra (not shown) and thus may also be populated in the
experiments. For all T(O2O4'O5') conformers, a moderate IR
feature is predicted between ~3540 and 3630 cm–1 in the
calculated IR spectra, which contributes to the very weak IR
absorption at ~3605 cm–1 in the experimental IRMPD spec-
trum of [Thd+Na]+. Among all T(O2O4'O5') conformers, the
IR spectrum calculated for the T2(O2O4'O5') conformer shows
the best agreement with the experimental IRMPD spectrum,
but slight red and blue shifts are observed for the two intense
peaks predicted at ~3420 and 3682 cm–1, respectively, suggest-
ing that the T2(O2O4'O5') conformer of [Thd+Na]+ is a less
important contributor than B1(O2O2') in the experiments (see
Figure 6). For the ground T1(O2O4'O5') conformer, this IR
feature shifts to the red compared with the measured IRMPD
spectrum, suggesting that if present, the ground T1(O2O4'O5')
conformer is likely present in low abundance in the experi-
ments (see Supplementary Figure S11). Overall, the
T(O2O4'O5') conformers have low abundances in the experi-
ments. The calculated IR spectrum of the anti oriented
tridentate O2 binding conformer, T1(O2O2'O3'), exhibits rea-
sonably good agreement with the experimental IRMPD spec-
trum, where slight misalignments of the calculated IR spectrum
from ~971 to 1166 cm–1 are observed, indicating that the
T(O2O2'O3') conformers may also be populated in the exper-
iments, but are probably present in lower abundance than the
B1(O2O2') conformer (see Figure 6). The hydrogen-bonding
interaction between the 3'- and 5'-hydroxyl substituents of the
B2(O2O2') conformer produces an additional IR band at ~1166
cm–1 and a shift of the IR spectral features in the OPO region
that does not agree with the IR features observed in the exper-
iments, indicating that this conformer is not measurably popu-
lated (see Supplementary Figure S11). The B3(O2O2') con-
former with C3'-exo (3T

4) sugar puckering and a noncanonical
hydrogen-bonding interaction between the O5' and C6H atoms
leads to misalignment in the range from ~1150 to 1250 cm–1

and a further splitting of the IR feature at ~3420 cm–1, suggest-
ing that this conformer, if present, is only present in very low
population (see Supplementary Figure S11). The IR spectrum
predicted for the B1(O2O4') conformer is somewhat parallel to
that of the T1(O2O4'O5') conformer, but additional disagree-
ments observed in the FELIX region indicate that all B(O2O4')
conformers, if present, have even lower populations than the
T(O2O4'O5') conformers (see Supplementary Figure S11).
Similar to [dThd+Na]+, the IR spectra calculated for all O4
binding and sugar binding conformers exhibit obvious spectral
mismatches, such that these conformers are not present in the
experiments (see Supplementary Figures S12, S13, and S14).
The two intense IR features in the high end of the FELIX
region are associated with the C2=O and C4=O stretches, and
the IR feature at ~3420 cm–1 is associated with the N3–H
stretch (see Table 2). Thus, all t2 and t4 conformers where
the N3 proton has shifted to the O2 or O4 atoms are not
populated because the significant shifts of the IR bands asso-
ciated with the C2=O, C4=O, and N3–H stretches (see the
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Figure 6. Comparison of the experimental IRMPD action
spectrumof [Thd+Na]+ with the B3LYP/6-311+G(d,p) optimized
structures and calculated linear IR spectra for representative
low-energy conformers that best match the measured spec-
trum. The Thy nucleobase orientation, sugar puckering, and
B3LYP/6-311+G(2d,2p) relative Gibbs free energies at 298 K
are also shown
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example comparisons for the B1(O2O5')t4 and B1(N3O4)t2
conformers in Supplementary Figure S15).

In summary, anti oriented bidentate O2 binding con-
formers of [Thd+Na]+ are dominantly populated, and anti
oriented tridentate O2 binding conformers may also be
populated, but have lower abundance than the B(O2O2')
conformers; syn oriented tridentate and bidentate O2 bind-
ing conformers may also be minor contributors in the
experiments. Kinetic trapping of B(O2O2') conformers
occurs in the ESI desolvation process, consistent with
the inversion of the relative stabilities of the solvated
T1(O2O4'O5') and B1(O2O2') conformers. Additional
hydrogen-bonding interactions in the B2(O2O2') conform-
er slightly shift the IR bands in both FELIX and OPO
regions, suggesting that similar B(O2O2') conformers are
not populated in the experiments. Minor disagreements
are observed for the IR spectrum calculated for the
B3(O2O2') conformer, suggesting that if present, this
conformer has low abundance in the experiments. In
contrast, all conformers involving O4 binding, sugar bind-
ing, and tautomeric [Thd+Na]+ are not important in the
experiments. These findings are again consistent with the
computed relative Gibbs free energies for the conformers
of [Thd+Na]+.

Vibrational Mode Assignments for [dThd+Na]+

and [Thd+Na]+

Table 3 lists vibrational mode assignments for [dThd+Na]+ and
[Thd+Na]+ based on the ground T1(O2O4'O5') conformer of
[dThd+Na]+ and the dominantly populated B1(O2O2') con-
former of [Thd+Na]+. In general, the IR features observed for
[dThd+Na]+ and [Thd+Na]+ in the experiments are highly
similar. The relatively strong IR features at ~772, 862, and
944 cm–1 associated with Thy twisting, C6–H wagging, and
sugar breathing, respectively, are only observed in the mea-
sured IRMPD spectrum of [dThd+Na]+. This may be associat-
ed with inefficient dissociation of [Thd+Na]+ at these low
frequencies. The intense IR feature with a shoulder to the red
at ~1680 cm–1 is contributed by C5=C6 and C2=O stretches.

The intense IR feature at ~1750 cm–1 is associated with the
C4=O stretch. Additionally, the strong IR band at 3420 cm–1

represents N3–H stretching, which only occurs in the canonical
forms of dThd and Thd. These spectral signatures provide
strong evidence that all tautomeric [dThd+Na]+ and [Thd+Na]+

are not populated. In the measured IRMPD spectrum of
[Thd+Na]+, the IR band at 3420 cm–1 along with the small
shoulder to the blue is contributed by the N3–H and 2'-hydrox-
yl stretches.

Comparisons of the Experimental IRMPD Spectra
of Sodium Cationized and Protonated dThd and Thd

IRMPD action spectroscopy and theoretical studies of pro-
tonated dThd and Thd were previously reported by Wu and
coworkers [41]. Figure 2 shows comparisons of the exper-
imental IRMPD spectra of sodium cationized and protonat-
ed dThd and Thd. As is obvious in the figure, the IRMPD
spectra of these species exhibit significant differences. The
experimental IRMPD spectra of [dThd+H]+ and [Thd+H]+

are contributed by both 2,4-dihydroxy (t24) and O2 proton-
ated thymine nucleosides. The IR bands at ~1780 and
~3395 cm–1 are only contributed by O2 protonated con-
formers, whereas the IR bands at ~1210 and ~3580 cm–1

as well as the shoulder at ~3560 cm–1 are mainly contribut-
ed by the t24 conformers. The IR features measured at
~1520 and ~1495 cm–1 represent C2–O and C4–O stretches,
respectively. In contrast, the two intense peaks in the high
end of the FELIX region and the IR feature at ~3420 cm–1

measured for [dThd+Na]+ and [Thd+Na]+ are only contrib-
uted by the canonical 2,4-diketo forms of the Thy nucleo-
sides. The relatively low IRMPD yields of the sodium
cationized Thy nucleosides in the FELIX region suggest
that sodium cationization activates the N-glycosidic bond
less effectively than protonation, and that sodium cation
binding to both the Thy nucleobase and sugar moiety may
reduce the flexibility of the nucleoside in these complexes.

Comparisons of Stable Low-Energy Conformers
of Sodium Cationized and Protonated dThd and Thd

Figure 1 also shows the ground conformers of the protonated
Thy nucleosides calculated using the same theoretical approach
as employed in this work [41]. For both [dThd+H]+ and
[Thd+H]+, the ground conformers are 2,4-dihydroxy tautomers
with anti orientations of the Thy nucleobase, where the 2- and
4-hydroxyl hydrogen atoms point toward the N3 atom, and
exhibit C2'-endo sugar puckering. The most stable O2 proton-
ated Thy nucleosides are only 4.1 and 5.2 kJ/mol less favorable
than the corresponding ground conformers, respectively,
whereas the most stable O4 protonated Thy nucleosides are
3.3 and 6.2 kJ/mol less stable, respectively, i.e., the protonation
preferences of [dThd+H]+ follow the order t24 > O4 > O2. In
contrast, the protonation preferences of [Thd+H]+ follow the
order t24 > O2 > O4. In spite of the similar computed relative
stabilities, evidence for O4 protonated species was not found.
For the sodium cationized Thy nucleosides, the ground

Table 3. Vibrational Mode Assignments for [dThd+Na]+ and [Thd+Na]+

Vibrational mode [dThd+Na]+ [Thd+Na]+

Thy ring twisting 772 –
C6–H wagging 862 –
Sugar ring breathing 944 –
Sugar ring stretching 964 to 1150 971 to 1166
Sugar H bending 1150 to 1320 1166 to 1310
Thy ring H rocking 1320 to 1490 1310 to 1512
C5–C6 stretching 1640 1641
C2=O stretching 1680 1671
C4=O stretching 1750 1746
N3–H stretching 3420 3420
2′O–H stretching – 3435
3′O–H and 5′O–H stretching 3664 3664

All values are given in cm–1. Assignments are based on the ground conformer of
[dThd+Na]+ and the dominantly populated B1(O2O2') conformer of
[Thd+Na]+
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conformer of [dThd+Na]+ involves tridentate binding of Na+ to
the canonical form of dThd via the O2, O4', and O5' atoms,
with a syn orientation of the Thy nucleobase and O4'-endo
(OT1) sugar puckering. The ground conformer of [Thd+Na]+

exhibits a very similar conformation, but the O4'-endo sugar
puckering changes to OT4 because of the hydrogen-bonding
interaction between the 2'- and 3'-hydroxyl substituents. The
relative stabilities of different forms of [dThd+Na]+ follow the
order O2 > O4 > t4 > sugar > t2. In contrast, the relative
stabilities of different forms of [Thd+Na]+ follow the order
O2 > sugar > O4 > t4 > t2. The difference in the order of the
relative stabilities of [dThd+Na]+ and [Thd+Na]+ indicates that
the 2'-hydroxyl substituent of Thd stabilizes the sugar binding
conformers relative to dThd. Compared with protonation, so-
dium cationization is unable to sufficiently stabilize the minor
tautomers of the Thy nucleosides, such that the canonical forms
of [dThd+Na]+ and [Thd+Na]+ have lower relative Gibbs free
energies and are the only forms populated in the experiments.

Survival Yield Analyses of the Sodium Cationized
and Protonated Thymine Nucleosides

Figure 7 shows comparisons of the survival yield curves of the
sodium cationized and protonated Thy nucleosides. Based on
the CID50% values, the overall relative stabilities of these
species follow the order [dThd+H]+ < [Thd+H]+ < [dThd+Na]+

< [Thd+Na]+. In particular, the dominant fragmentation path-
ways observed for [Thd+H]+, [dThd+Na]+, and [Thd+Na]+

involve only N-glycosidic bond cleavage. Thus, the CID50%

values of these species directly correlate with the relative
stabilities of the N-glycosidic bonds in these complexes. How-
ever, the CID behavior of [dThd+H]+ is much richer. Although
glycosidic bond cleavage remains the dominant CID pathway
(see Figure 3), a variety of water and ketene elimination reac-
tions are also observed and become increasingly competitive
with glycosidic bond cleavage, such that the survival yield falls
off more rapidly and the CID50% value shifts to lower rfEA than

it would be in the absence of these neutral loss pathways, and is
representative of the overall stability rather than the glycosidic
bond stability of [dThd+H]+. The CID50% value of [Thd+Na]+

is higher than that of [Thd+H]+, indicating that sodium
cationization activates the N-glycosidic bond less effectively
than protonation. Likewise, the CID50% value of [Thd+Na]+

exceeds that of [dThd+Na]+, indicating that the 2'-hydroxy
modification of Thd stabilizes the N-glycosidic bond compared
with dThd. These conclusions show good agreement with
previous ER-CID and threshold collision-induced dissociation
(TCID) studies [94–97], which all demonstrate that sodium
cationization does not activate the N-glycosidic bond as effec-
tively as protonation, and that the N-glycosidic bonds of the
RNA nucleosides are stabilized by the additional 2'-hydroxyl
substituent relative to the analogous DNA nucleosides.

Comparisons of the Sodium Cationized Uracil
and Thymine Nucleosides

We have previously reported IRMPD action spectroscopy
and ER-CID studies of the sodium cationized Ura nucleo-
sides, [dUrd+Na]+ and [Urd+Na]+ [73]. The same theoret-
ical approach as employed here finds that both ground
conformers of [dUrd+Na]+ and [Urd+Na]+ exhibit
tridentate Na+ binding to O2, O4', and O5' atoms with a
syn orientation of Ura and O4'-endo sugar puckering. How-
ever, comparisons between the calculated IR and experi-
mental IRMPD spectra of these complexes indicate that the
syn oriented tridentate T(O2O4'O5') binding conformers of
[dUrd+Na]+ are mainly populated, whereas the anti orient-
ed bidentate B(O2O2') binding conformers of [Urd+Na]+

are dominantly populated in the experiments. These find-
ings were explained by the fact that the anti oriented
B(O2O2') conformers of [Urd+Na]+ are preferentially sta-
bilized by hydration in aqueous solution. Thus, kinetic
trapping of the B(O2O2') conformers during the ESI
desolvation process results in these conformers being dom-
inantly populated in the experiments. This conclusion was
further validated for [Urd+Na]+ at the B3LYP/def2-
TZVPPD, MP2(full)/6-311+G(2d,2p), and MP2(full)/def2-
TZVPPD levels of theory [73]. Similar behavior is ob-
served here for [dThd+Na]+ and [Thd+Na]+. Theory and
experiment both suggest that the syn oriented tridentate O2
binding conformers of [dThd+Na]+ are mainly populated.
In contrast, T(O2O4'O5') conformers of [Thd+Na]+ are
minor contributors in the experiments, whereas the anti
oriented bidentate (O2,O2') binding conformers of
[Thd+Na]+ are dominantly populated in the experiments.
The inversion of the order of the relative Gibbs free ener-
gies calculated for the solvated T1(O2O4'O5') and
B1(O2O2') conformers suggests that B(O2O2') conformers
are dominantly present in solution, and are kinetically
trapped in the ESI desolvation process. Thus, the additional
5-methyl substituent does exert a minor influence on the
stability of the T(O2O4'O5') versus B(O2O2') conformers.
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Figure 7. Survival yield analyses of the protonated and sodium
cationized forms of dThd and Thd and their corresponding
CID50% values
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Conclusions
DFT calculations find that the ground conformers of
[dThd+Na]+ and [Thd+Na]+ exhibit tridentate Na+ binding to
the O2, O4', and O5' atoms with a syn orientation of Thy and
O4'-endo (OT1 for [dThd+Na]+ versus OT4 for [Thd+Na]+)
sugar puckering. Comparisons of the experimental IRMPD
and the theoretical IR spectra of [dThd+Na]+ and [Thd+Na]+

indicate that the sodium cation shows a preference for binding
to both the Thy nucleobase and sugar moiety. The T1, T2, and
T3(O2O4'O5') conformers of [dThd+Na]+ are dominantly pop-
ulated in the experiments. In contrast, T(O2O4'O5') conformers
of [Thd+Na]+ are minor contributors. Anti oriented B(O2O2')
conformers of [Thd+Na]+ are stabilized by hydration in aque-
ous solution, and are kinetically trapped in the ESI desolvation
process such that they are dominantly populated in the exper-
iments. Anti oriented T(O2O2'O3') conformers may also be
populated, but if so they are in lower abundance. All O4 and
sugar binding conformers of [dThd+Na]+ and [Thd+Na]+ are
not present in the experiments as evidenced by the significant
differences between the calculated IR and experimental
IRMPD spectra. Absence of the IR features associated with
the 2-hydroxyl or 4-hydroxyl substituents demonstrate that all
tautomeric [dThd+Na]+ and [Thd+Na]+ are also not important
contributors to the experiments. The overall stabilities of pro-
tonated and sodium cationized dThd and Thd determined by
survival yield analyses follow the order [dThd+H]+ <
[Thd+H]+ < [dThd+Na]+ < [Thd+Na]+. Because N-glycosidic
bond cleavages are the major fragmentation pathways observed
for [Thd+H]+, [dThd+Na]+, and [Thd+Na]+, the relative N-
glycosidic bond stabilities also follow the same order
[Thd+H]+ < [dThd+Na]+ < [Thd+Na]+. These results indicate
that the 2'-hydroxyl substituent stabilizes the N-glycosidic
bond of Thd versus that of dThd, and that sodium cationization
activates the N-glycosidic bond less effectively than proton-
ation. By comparing the gas-phase conformations and energet-
ics of sodium cationized Ura and Thy nucleosides, it is clear
that the additional 5-methyl substituent exerts only a minor
influence on the relative stabilities of the T(O2O4'O5') and
B(O2O2') modes of binding.
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