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ABSTRACT: Proton transfer is regarded as a fundamental process in
chemical reactions of DNA molecules and continues to be an active research
theme due to the connection with charge transport and oxidation damage of
DNA. For the guanine radical cation (G•+) derived from one-electron
oxidation, experiments suggest a facile proton transfer within the G•+:C base
pair, and a rapid deprotonation from N1 in free base or single-strand DNA. To
address the deprotonation mechanism, we perform a thorough investigation
on deprotonation of G•+ in free G base by combining density functional
theory (DFT) and laser flash photolysis spectroscopy. Experimentally, kinetics
of deprotonation is monitored at temperatures varying from 280 to 298 K,
from which the activation energy of 15.1 ± 1.5 kJ/mol is determined for the
first time. Theoretically, four solvation models incorporating explicit waters
and the polarized continuum model (PCM), i.e., 3H2O-PCM, 4H2O-PCM,
5H2O-PCM, and 7H2O-PCM models are used to calculate deprotonation potential energy profile, and the barriers of 5.5, 13.4, 14.4,
and 13.7 kJ/mol are obtained, respectively. It is shown that at least four explicit waters are required for properly simulating the
deprotonation reaction, where the participation of protonated water cluster plays key roles in facilitating the proton release from G•+.

■ INTRODUCTION
Proton transfer through hydrogen bonds attracts continuous
interests and massive research efforts, because of the
significance in most essential chemical and biological
processes.1−10 Many theoretical and experimental investiga-
tions show that molecular mechanism behind proton transfer
probably involves protonated water clusters.1−7 Two important
structures of protonated water clusters, H+(H2O)4 with a
central hydronium core (H3O

+) bound to three waters1 and
H+(H2O)2 possessing a proton fluctuating between two
waters,2 are proposed to explain anomalously high proton
mobility of liquid water.3 Unlike other ions, the transport of
protons in aqueous solution does not require the net diffusion
of ionic species but instead is driven by a periodic series of
isomerizations between H+(H2O)4 and H+(H2O)2, where the
charge is transferred along the hydrogen bond.3,6,10 Even for
proton transfer across biomembranes such as bacteriorhodop-
sin, which affects biological functions of protein assemblies, the
suggested mechanism also emphasizes the participations of
protonated water clusters based on time-resolved Fourier
transform infrared spectroscopy (trFTIR) and in situ H2

18O/
H2

16O exchange FTIR measurements.11

Interestingly, proton transfer is also a universal phenomenon
in chemical reactions of DNA molecules, the mechanism of
which continues to be an active research theme because of the
connection with charge transport and oxidation damage of
DNA. Following one-electron oxidation of DNA, for example,
the instantaneously generated guanine radical cation (G•+) can

undergo rapid proton transfer, competing with hole transfer
along DNA or leading to oxazolone via further reaction of its
product, guanine radical G(−H)•.12−24 As shown in Scheme 1,
G•+ has two sites, N1−H (pKa = 3.9) and N2−H (pKa = 4.7),
to lose a proton. According to the pKa values, the N1−H site is
suggested to be favored over the N2−H site. Pulse
radiolysis12,17 and ESR18 experiments showed that only
G(N1−H)• were observed in the aqueous phase after proton
transfer at pH = 7.0. Density functional theory (DFT)
calculations including seven water molecules as the hydration
shell also provided a theoretical support that G(N1−H)• is
more stable than G(N2−H)• by 13.6 kJ/mol.18 Therefore, the
proton transfer of G•+ in free nucleobase is thought to occur at
the N1−H site.
It is noticeable that in different DNA structures, mechanisms

of proton transfer of G•+ are different. In the DNA duplex, a
facile proton transfer from N1 of G•+ to N3 of hydrogen-
bonded cytosine (C) within the G:C base pair was proposed
(Scheme 1),12,16,21,22,25,26 since the pKa (4.3) of N3-
protonated cytosine is higher than that of G•+. Both transient
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absorption spectra and kinetics measurements further con-
firmed this intrabase proton transfer route.17,21,27 An earlier
DFT study on isolated G•+:C base pair in the gas phase
predicted that the interbase proton transfer is unfavorable as
the product G(N1−H)•:C(+H)+ is 5.9 kJ/mol less stable than
the reactant G•+:C, conflicting with experimental results.16

Upon incorporation of 11 water molecules around the G•+:C,
the B3LYP/6-31+G** calculations showed that the G(N1−
H)•:C(+H)+ becomes more stable than the G•+:C by 5.0 kJ/
mol, settling this controversy.22 It follows that hydration effect
plays an important role in reaction energetics, although the
intrabase proton transfer within the G•+:C base pair takes place
in a hydrophobic environment.
In free base, single-strand DNA and triplex DNA, G•+

t r a n s f e r s t h e N1−H pr o t o n t o s u r r o u nd i n g
waters,12−14,17,18,20,23,28 namely, deprotonation. Since the
N1−H site of G•+ is not hydrogen-bonded with the C base
anymore and then has access to water, it is intriguing to
investigate the role of water cluster or protonated water cluster
in the process of proton transfer of G•+. However, the
deprotonation mechanism of G•+ has not been addressed
properly. In a theoretical investigation on mechanisms of
peroxynitrite oxidation of guanine,29 B3LYP calculations
involving one water molecule presented a free energy profile
of G•+ deprotonation, in which the transition state was located,
with an energy of 65.8 kJ/mol above the reactants.
Unfortunately, there is hitherto no reported experimental
activation energy to be compared with. Assuming the energy
barrier is 65.8 kJ/mol, deprotonation should take place on the
time scale of milliseconds, which is obviously in disagreement
with the nanoseconds (1.8 × 107 s−1) rates observed in
experiments.17

In this context, we performed a joint theoretical and
experimental investigation on deprotonation of G•+ derived
from one-electron oxidation of free G base. With the transient
absorption spectroscopy, the dependence of formation kinetics
of G(N1−H)• on temperatures was measured, from which the

activation energy of deprotonation was determined. To
provide further mechanistic insights, potential energy profiles
of deprotonation were calculated under solvation models
incorporating explicit waters and the polarized continuum
model (PCM), which provide energy barriers matching the
experimental value and thus suggest a deprotonation process
assisted by protonated water cluster. The deprotonation
mechanism of G•+ in free base after one-electron oxidation is
clarified, revealing the crucial role of protonated water cluster.
These results enrich understandings for proton transfer of
DNA systems, which are closely associated with hole transfer
along DNA and oxidative damage of DNA.

■ MATERIALS AND METHODS
Materials. 2′-Deoxyguanosine (G, Alfa Aesar), sodium

persulfate (Na2S2O8, Sigma-Aldrich), and sodium phosphate
buffer (50 mM, Beijing Solarbio Science & Technology) were
used as purchased. Ultrapure water obtained by Millipore
filtration was used as solvent. The sample of G and Na2S2O8
(ca. 0.215 g) was dissolved in 3 mL of sodium phosphate
buffer (50 mM, pH 7.0) in H2O.

Laser Flash Photolysis. Nanosecond time-resolved
transient absorption spectra were measured using a flash
photolysis setup Edinburgh LP920 spectrometer (Edinburgh
Instruments Ltd.) combined with a Nd:YAG laser (Spectra-
Physics Lab 170, Newport Corp.).30,31 Each measurement was
performed in a 1 cm path length quartz cuvette that was put in
the Oxford Instruments OptistatDN Cryostat and cooled to a
certain temperature. The sample was excited by using a 355
nm laser pulse (1 Hz; 20 mJ/pulse; full width at half-
maximum, ≈ 7 ns). The analyzing light was from a 450 W
pulsed xenon lamp. A monochromator equipped with a
photomultiplier for collecting the spectral range from 300 to
700 nm was used to analyze transient absorption spectra. The
signals from the photomultiplier were displayed and recorded
as a function of time on a 100 MHz (1.25 Gs/s sampling rate)
oscilloscope (TDS 3012C, Tektronix), and the data were
transferred to a PC. Data were analyzed with online software of
the LP920 spectrophotometer and instrument response
function of Gaussian type was considered. The fitting quality
was judged by weighted residuals and reduced χ2 value. Note
that each kinetic measurement was performed with new
sample.

Computational Methods. The geometries were fully
optimized using the M06-2X density functional in connection
with the 6-31++G** basis set and the polarized continuum
model. M06-2X developed by Truhlar and Zhao is a hybrid
meta functional having 54% Hartree−Fock exchange con-
tribution.32,33 Due to the large exchange−correlation, this
functional is a better choice than other functions, for example,
B3LYP, which is severely influenced by the self-interaction
error.34 The M06-2X functional has been shown to well
describe noncovalent interactions; thus, it is very suitable for
studying a number of chemical problems, including radicals
and hydrated molecule ions.32,35−37 For example, Johnson et
al. used the M06-2X functional with the 6-31++G** basis set
to obtain vibration spectra of [Py•(H2O)n=3−5]

− radical anions
and the potential energy curve for proton transfer in
[Py•(H2O)3]

−, revealing the important role of proton-assisted
charge accommodation in electron capture by a heterocyclic
electron scavenger.37 To ensure the suitability of the M06-2X
functional to treat our study system, other common density
functionals, BP86, PBE, and B3LYP, at the same level with the

Scheme 1. (a) Proton Transfer (PT) Reaction in a One-
Electron Oxidized G:C Base Pair and (b) Deprotonation
from N1 and N2 Site of Guanine Radical Cation,
Respectively
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6-31++G** basis set were employed in the parallel
calculations. As shown in Table S1, the calculated energy
barrier of M06-2X agrees well with our experimental result,
while those of other functionals deviate to varying degrees.
Additionally, to consider long-range electron correlation, the
M06-2X functional was also added to empirical terms that
model dispersion interactions. It is shown that energy barriers
calculated using the M06-2X-D3 functional in Table S1 are
similar to the results of the M06-2X functional. The M06-2X
functional in connection with the 6-31++G** basis set can
provide a useful and affordable method and was thus chosen in
this work.
The harmonic frequency analysis was performed to identify

the stationary point as either local minima (reactant and
products) or first-order saddle points (transition states) and to
extract zero-point vibrational energy (ZPE) corrections.
Connections of the transition states between two local minima
were confirmed by intrinsic reaction coordinate (IRC)
calculations at the same level. Partial atomic charges using
the natural bond orbital (NBO) scheme and spin densities
were evaluated at the same level. All the calculations were
carried out using the Gaussian 09 program package.38

■ RESULTS AND DISCUSSION
In this work, laser flash photolysis experiments were first
performed to obtain the activation energy of G•+ deprotona-
tion. It is well-known that the SO4

•− oxidizes G to G•+ and G•+

deprotonates to G(N1−H)• by rapid loss of the imino proton
at pH 7.0 (reactions 2 and 3).23,39,40 In our experiments, the
oxidizing radicals SO4

•− are generated within the ∼14 ns laser
pulse duration through the rapid photodissociation of S2O8

2−

by 355 nm laser irradiation (reaction 1),23,24,31,39,41 which
ensures no interference with the detection of the oxidation
reaction with G and subsequent deprotonation. According to
previous pulse radiolysis studies,17 when the concentration of
G is above 3 mM, the deprotonation of G•+ to G(N1−H)•,
rather than the bimolecular reaction of SO4

•− oxidizing G, is
the rate-determining step of the G(N1−H)• formation
(reactions 2 and 3). Hence, a high concentration of G (6
mM) was used in this experiment, to monitor the
deprotonation kinetics of G•+ to G(N1−H)• through the
time-resolved spectra.

S O 2SO
hv

2 8
2

4→− •−
(1)

SO G SO G4 4
2+ → +•− − •+

(2)

G G( H) H→ − +•+ • + (3)

Figure 1a shows that transient absorption spectra at different
time delays upon the 355 nm photolysis of G and Na2S2O8
mixture. The 60 ns spectrum is featured with two resolved
bands at 380 and 510 nm as well as a flat absorption above 600
nm, which are essentially similar to those reported before and
can thus be identified as the mixture of G•+ and G(N1−
H)•.17,21,23,24 As the reaction proceeds with time, G(N1−H)•
continues to be generated and its proportion in the mixture
increases accordingly. According to previous experimental
spectra17,42,43 as well as calculated absorption spectra of G•+

and G(N1−H)•,44,45 G(N1−H)• exhibits a stronger absorp-
tion around 380 nm and above 500 nm compared with results
for G•+. Therefore, the absorptions around 380 nm and above
500 nm pronouncedly increase in the 120 and 200 ns spectra,

which mainly correspond to G(N1−H)•. To obtain the rate
constant of deprotonation, the absorption change of 625 nm
where G(N1−H)• mainly absorbs was measured in H2O at
298 K (the inset of Figure 1a). Through a monoexponential
fitting, the deprotonation rate constant can thus be determined
as 1.5 × 107 s−1, which is in accord with nanosecond pulse
radiolysis result (1.8 × 107 s−1) by Kobayashi and co-
workers.17

The deprotonation rate constant as a function of temper-
ature in the range 280−298 K was measured to obtain the
activation energy of G•+ deprotonation. Note that here at a
higher temperature above room temperature 298 K, the
deprotonation rate constant is too fast to be measured within
the nanosecond time resolution, while for a much lower
temperature condition, antifreeze is required in the experiment
to avoid the solution becoming untransparent, which in turn
invokes additional reaction processes. As shown in Figure 1b,
the deprotonation rate constants decrease with the temper-
ature, and the rate constants exhibit an Arrhenius behavior.
The Arrhenius plot yields an energy barrier of 15.1 ± 1.5 kJ/
mol, corresponding to the activation energy of G•+

deprotonation. To the best of our knowledge, the experimental
activation energy of N1-dprotonation of G•+ is for the first
time reported.
To shed light on mechanistic aspects, a computational

investigation of deprotonation mechanism of G•+ by loss of a
proton from the N1−H site to the surrounding waters was
performed at the M06-2X/6-31++G** level. In the previous
study, rate constants of G•+ deprotonation in H2O and D2O
were measured to be 1.7 × 107 s−1 (kH) and 1.0 × 107 s−1 (kD),
respectively, showing a kH/kD of 1.7.21 Obviously, this is a
quite small kinetic isotope effect, thereby one can deduce that
deprotonation of G•+ should not incorporate a tunneling
effect.46−52

Figure 1. (a) Transient UV−vis spectra for solution of G (6 mM) +
Na2S2O8 at 298 K upon 355 nm laser flash photolysis. Insert: kinetic
curves monitored at 625 nm at temperatures varying from 280 to 298
K. (b) Arrhenius plots for the temperature dependence (298, 292,
286, 280 K) of the rate constants measured respectively from the
absorbance changes at 625 nm, with the activation energy indicated.
Solid red line is the fit.
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Since hydration is crucial for intrabase proton transfer within
the G•+:C base pair, the solvation effect should also be
considered carefully in the calculations here. To properly
mimic the surrounding environment of G•+ in the free base,
four solvation models are proposed by using the PCM and
explicit waters in a hydration shell, which usually reflects the
electrostatic interaction and hydrogen-bonding interaction
between solute and solvent, respectively. The four models
are denoted as 3H2O-PCM, 4H2O-PCM, 5H2O-PCM, and
7H2O-PCM.
Figure 2a plots arrangement of explicit water molecules in

the 4H2O-PCM model. Three waters (W1, W2, and W3) are

placed in the first hydration shell, near N1, N2, and O6 of G•+

in the hydrogen-bonding conformation. The fourth one (W4)
merely interacts with W3 via a relative weaker hydrogen bond,
which represents the effect of the second hydration shell.
According to our calculations, the role of W4 should be to help
the proton localize in the first hydration layer. In verification
calculations, when W4 was removed from the four solvation

models, the proton of N1 was found to be always trapped by
the O6 atom of G•+, eventually forming an intramolecular
hydrogen transfer product rather than an expected deprotona-
tion product (Figure S1), regardless of the solvation model
used. This is the reason why the explicit water W4 in the
second hydration shell is included in each model.
Figure 3a displays the potential energy profile for

deprotonation from N1 site calculated under the 4H2O-PCM
model. Initially, the reactant G•+ and the four water molecules
form a complex G•+···4H2O shown in Figure 2a. Accompany-
ing the cleavage of N1−H+ bond of the complex, the proton
H+ gradually moves to W2, leading to a transition state (TS)
with an energy barrier of 13.4 kJ/mol. In the optimized TS
structure, the proton does not localize at the W2 but forms a
proton bridge between W2 and W3. Sequentially, the H+

proceeds to transport along the proton bridge and, finally, is
stabilized at W3. In the structure of the reaction product, the
H+ completely escapes from the N1−H site of G, indicating
the generation of G(N1−H)•. This energy profile describes
that G•+ deprotonates to G(N1−H)• by releasing a proton
from N1 to the first hydration shell.
To confirm this proton transfer process, partial atomic

charges through the NBO scheme are studied (Table 1). In the

initial complex of G•+···4H2O, the positive charge is mainly
localized on a guanine base (+0.892|e|), while the surrounding
water molecules remain almost neutral. For the TS and

Figure 2. Arrangements of explicit waters in the (a) 4H2O-PCM, (b)
7H2O-PCM, (c) 5H2O-PCM, and (d) 3H2O-PCM models. Carbon,
oxygen, nitrogen, and hydrogen atoms are denoted with gray, red,
blue, and white balls, respectively.

Figure 3. Potential energy profiles for the deprotonation of G•+ under (a) 4H2O-PCM, (b) 7H2O-PCM, (c) 5H2O-PCM, and (d) 3H2O-PCM
models. The energies (in kJ/mol) are obtained at the PCM/M06-2X/6-31++G** level. Carbon, oxygen, nitrogen, and hydrogen atoms are denoted
with gray, red, blue, and white balls, respectively. The pink circle highlights the migrated proton.

Table 1. Molecular Charge (|e|) Distribution for Each
Optimized Structure in the 4H2O-PCM Model Calculated at
the PCM/M06-2X/6-31++G** levela

R TS P

G 0.892 0.177 0.176
W2···H···W3 0.729
W3 0.020 0.119 0.693

aR: G•+···4H2O. TS: G(N1−H)•···2H2O·H+·2H2O,. P: G(N1−H)•···
H3O

+·3H2O.
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deprotonation product, the positive charge mainly distributes
in the surrounding waters (+0.848|e| for TS and 0.693|e| for
deprotonation product), instead of the G base. From the values
listed in Table 1, it is found that the proton is indeed
transferred from G to the surrounding waters. Additional spin
density calculations show that, for each optimized structure,
the single unpaired electron is always restricted on the G base,
as shown in Figure 4. This further demonstrates that the
calculated process reflects the transport of the proton rather
than a hydrogen atom.
It is noticeable that the product complex lies 12.4 kJ/mol

above the reactant. To verify the energy predicted, empirical
terms that model dispersion interactions were added to the
M06-2X functional to consider long-range electron correlation.
It is shown that the energy of product predicted by the M06-
2X-D3 functional is still 12.6 kJ/mol above the reactant,
thereby confirming the M06-2X result. In fact, proton release
of G•+ described by Figure 3a only corresponds to the first step
of deprotonation of G•+. Complete deprotonation of G•+

should also include the second step, the proton being
transferred from the first hydration shell to the outer hydration
shell. For the overall deprotonation process, the calculated
product G(N1−H)•···H3O

+·3H2O in Figure 3a is merely a key
intermediate species. For the second step of deprotonation of
G•+, i.e., proton mobility in bulk water, a widely accepted
understanding is that its transport efficiency is abnormally
high.3 Nuclear magnetic resonance (NMR) and 17O
resonance,53,54 Rayleigh light scattering,55 and inelastic
neutron scattering56 experiments have suggested that proton
hopping times are about 1−2 ps at room temperature.
Therefore, for overall deprotonation process on the time
scale of nanoseconds, the second step, the proton diffusing into
outer hydration shell is not the rate-determining step. It
follows that the migration of H+ to the first hydration shell
should be a key step of the deprotonation process, i.e., the rate-
determining step. Thus, the calculated reaction energy barrier
of 13.4 kJ/mol can be approximately determined as its
activation energy for the overall process, which is in good
agreement with our experimental value.
To further validate the model, the influences of explicit

water numbers on the energetics of deprotonation are
examined. For the 4H2O-PCM model, all the explicit waters
(W1, W2, W3, and W4) arrange near the deprotonation site.
To avoid ignoring influence of waters far from the
deprotonation site, three more waters are added near the
remaining exterior atoms of G•+ on the basis of the initial
G•+···4H2O structure, as shown in Figure 2b. The 7H2O-PCM
model predicts the energy barrier of 13.7 kJ/mol, nearly the

same as that of the 4H2O-PCM model (Figure 3b and Table
S2). This demonstrates that the influence of the water
molecules far from the deprotonation site is not significant
for the deprotonation process of G•+. In order to explore
whether more explicit waters are required in the second
hydration layer, another water is added in the second
hydration, and the 5H2O-PCM model is proposed (Figure
2c). It is shown that the 5H2O-PCM model also obtains a
nearly identical energy barrier (14.4 kJ/mol) and the same
deprotonation route (Figure 3c and Table S2), compared with
results for the 4H2O-PCM model. This result indicates that
adding more water molecules in the second hydration shell
hardly alters the proton transport route and deprotonation
energy barrier.
Furthermore, the effect of including fewer waters on

deprotonation is also investigated. According to the 4H2O-
PCM, 5H2O-PCM, and 7H2O-PCM results, it is inferred that
W2 and W3 directly participate in deprotonation as a transfer
and an acceptor, while W4 helps the proton to escape the trap
of the O6 atom and to be stabilized in W3. Obviously, the
three explicit waters (W2, W3, and W4) are required for any
solvation model. As for W1, it does not directly take part in the
proton transfer progress and seems dispensable. To determine
its role in deprotonation, the 3H2O-PCM model is used by
removing W1 (Figure 2d). As shown in Figure 3d and Table
S2, a similar proton transfer occurs under the 3H2O-PCM
model, but the energy barrier is merely 5.5 kJ/mol, lower than
those of the other three models. Disappearance of a hydrogen
bond formed by W1 with W2 should be the main reason for
the reduced energy barrier, indicating that W1 has a strong
influence on energetics of the deprotonation.
In comparison with the experimental activation energy, it is

found that the 3H2O-PCM result deviates obviously, while
results of the 4H2O-PCM, 5H2O-PCM, and 7H2O-PCM
models all fall into the range of allowable error. It can be
concluded that except for the 3H2O-PCM model, the results of
the other three models are reasonable. This indicates that
properly simulating the surrounding environment of G•+

requires at least four explicit waters. Adding more water
molecules far away from the deprotonation site has little
influence.
As shown in the potential energy profile of the 4H2O-PCM

model (Figure 2a), in the product structure, four waters are
hydrogen bonded with each other. According to NBO results,
the migrated proton is mainly accepted by W2, thereby leading
to a H3O

+ moiety bound with the O6 atom of G(N1−H)• and
two H2O molecules (W2 and W4). Such a structure of
protonated surrounding waters is similar to that of H9O4

+ in

Figure 4. Spin density distribution for each optimized structure in the 4H2O-PCM model calculated at the PCM/M06-2X/6-31++G** level.
Carbon, oxygen, nitrogen, and hydrogen atoms are denoted with gray, red, blue, and white balls, respectively. R: G•+···4H2O. TS: G(N1−H)•···
2H2O·H

+·2H2O. P: G(N1−H)•···H3O
+·3H2O.
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water wires (Figure S2); thus, the product is actually a neutral
G(N1−H)• in complex with a protonated water cluster of
H9O4

+. Indeed, the NBO results show that H9O4
+ has already

existed in the TS geometry, in which a proton is shared
between W2 and W3 (∼1.2 Å from each oxygen atom) in a
nearly linear O(W2)−H−O(W3) arrangement (∼170°). This
structure is similar to that of another important protonated
water cluster in water wires, H+(H2O)2 with a proton bridge
between two waters (Figure S2). This structural characteristic
indicates that TS tends to transfer a proton to yield
deprotonation product G(N1−H)•···H9O4

+, suggesting the
protonated water cluster of H9O4

+ facilitates deprotonation of
G•+. Compared with previous theoretical results in the
presence of a single water,29 the involvement of a protonated
water cluster in the 4H2O-PCM model significantly improves
the theoretical prediction of the energy barrier, allowing a nice
agreement between theory and experiment. The results also
indicate the crucial role of a protonated water cluster in the
deprotonation of G•+, which should be an interesting topic for
future spectroscopic studies.

■ CONCLUSIONS
By combining the method of quantum chemistry and
technique of time-resolved laser flash photolysis spectroscopy,
we investigated the deprotonation mechanism of G•+

generated from one-electron oxidation of free G base.
Experimentally, the dependence of formation kinetics of
G(N1−H)• on temperatures was monitored with the transient
absorption spectroscopy, and the activation energy of G•+

deprotonation (15.1 ± 1.5 kJ/mol) is determined. To
theoretically simulate surrounding environment of G•+, four
solvation models (3H2O-PCM, 4H2O-PCM, 5H2O-PCM, and
7H2O-PCM) were proposed, in which the explicit waters in
the first/second hydration layers and PCM model are used to
reflect solvation effects of short-range hydrogen-bonding
interactions and outer hydration sphere, respectively. On the
basis of the models, potential energy profiles of deprotonation
from N1 of G•+ were calculated at the M06-2X/6-31++G**
level, in which activation energy values are predicted to be 5.5,
13.4, 14.4, and 13.7 kJ/mol for the 3H2O-PCM, 4H2O-PCM,
5H2O-PCM, and 7H2O-PCM models, respectively. Comparing
experimental and theoretical data, it can be concluded that
except for the 3H2O-PCM model, results of the other three
models are reasonable, showing that at least four explicit waters
are required for properly simulating the deprotonation of G•+

in aqueous media. In the 4H2O-PCM model, participation of
protonated water cluster of H9O4

+ facilitates deprotonation of
G•+. These results provide mechanistic insights for under-
standing the deprotonation of G•+ in free base, demonstrating
the important role of protonated water cluster in proton
transfer of nucleobase systems. In addition, the theoretical
strategy employed here can provide guidance for analogous
proton transfer processes in aqueous solution.
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