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Density functional theory calculations are applied to investigate the intramolecular proton transfer in the

tautomers of thymine radical cation and its hydrated complexes with one water molecule. The optimized

structures and energies for 6 tautomers and 6 transition states of thymine radical cation are calculated at the

B3LYP/6-311++G(d,p) level. It is predicted that the order of relative stability for the keto and enol tautomers

of thymine radical cation is the same with that of the neutral thymine tautomers, though the enol tautomers are

more stabilized with respect to the di-keto form in the radical cation than in the neutral state. A new channel of

proton transfer from >C5-CH3 of thymine is found to open and have the lowest energy barrier of other proton

transfer processes in thymine radical cation. The roles of hydration are also investigated with thymine-water 1

: 1 complex ions. The presence of water significantly lowers the barrier of the proton transfer, which clearly

shows the assisting role of hydration even with one water molecule. 
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Introduction

The genetic information is encoded in DNA as the

sequence of complimentary DNA base pairs. The DNA base

pairs split and reform the base pair with other DNA bases

during the replication process. Hence, even the low

probability of the base mispairing can be critical and lead to

the spontaneous point mutation.1 It has long been pointed

out that the existence of “rare” tautomeric forms of DNA

bases significantly increases the possibility of mispairing.2

With labile H atoms, thymine can exist as noncanonical

tautomeric forms.3 Although the relative population of the

tautomers varies with chemical environment, the canonical

di-keto form is known to be dominant in the gas phase as

well as in aqueous solution.4,5 

A large number of theoretical and experimental studies on

tautomerism of thymine have been performed. The presence

of the di-keto and keto-enol tautomers in aqueous solution

was insisted from the fluorescence spectra.3 The relative

stability of the keto and enol tautomers was studied theore-

tically in the gas phase,6 in a microhydrated and in water

environment.5 The tautomerism of N-methylated pyrimidine

bases was also investigated.7 Tautomerism of thymine on

gold and silver nanoparticle surfaces was analyzed by

surface-enhanced Raman scattering and the density func-

tional theory (DFT) calculations.8 The roles of water mole-

cules in tautomerization of thymine and uracil have been

systematically investigated.9,10 Despite all these studies,

however, the tautomerism of thymine radical cation has

never been studied to our knowledge. 

Ionizing radiation is known to cause mutagenic and

carcinogenic effects in a mammalian cell with DNA as the

primary target.11,12 In particular, the radical cations of DNA

bases generated by the ionizing radiation directly initiate the

breakage of a DNA double-strand, which is one of the most

critical cytotoxic DNA lesions.12 

Since Sevilla13 first showed that UV irradiation of thymine

at 77 K in both alkaline and acidic glasses can produce the

thymine radical cations, their reactions have been extensive-

ly studied in the past decades.14,15 The reaction products of

the thymine radical cation in the condensed phase have been

investigated by electron spin resonance and electron para-

magnetic resonance/electron nuclear double resonance.16

The formation and decay of the thymine radical cations in

solution were directly monitored in nanosecond time scale.17

Theoretical calculations on radiation-induced damage of

thymine derivatives were also intensively carried out.18 

In those studies, they insisted that the dominant reaction of

thymine radical cation is deprotonation. With the decreased

basicity of thymine in its ionic state, thymine radical cation

gains considerable acidity14,19 and undergoes proton transfer

to solvent molecules or to its complementary base in a DNA

base pair.20 Recently, it was suggested that the ionization-

induced proton transfer occurred in isolated thymine-

ammonia van der Waals clusters.21 

In this paper, we investigate the intramolecular proton

transfer of thymine radical cations leading to the formation

of their tautomers, using DFT calculations. The structures of

the tautomers of thymine radical cation and the transition

states were fully optimized at the B3LYP/6-311++G(d,p)

level of theory. The activation energies for intramolecular

proton transfer processes were estimated and compared with

those of neutral thymine tautomers. The effect of hydration

in the proton transfer was also investigated by theoretical

calculations on thymine-water 1 : 1 complex ions. 

Computational Methods

The structures at the local minimum or the transition state

were fully optimized with DFT employing a hybrid func-
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tional of B3LYP with a standard 6-311++G(d,p) basis set.

The stationary points as the local minimum or the transition

state were checked by normal mode analysis. No imaginary

vibrational frequencies were shown for all of the local

minimum structures and only one imaginary frequency was

obtained for the transition states. The frequency calculation,

zero-point energy (ZPE) correction, and thermal energy

correction for Gibbs free energy have been performed at this

level of theory with the scaling factor of 0.978.22 

The optimized structures of neutral thymine and thymine-

water complexes at the B3LYP/6-31G(d,p) level were used

as initial points in optimizing the structures of thymine

radical cation and thymine-water complex ions, respectively.

The relaxed potential energy surface scan as a function of

the N(1 or 3)-H or C11-H distance (Fig. 1) was performed at

the B3LYP/6-31G(d) level to locate the transition state.

Then, the full optimization of the transition state was carried

out at the B3LYP/6-311++G(d,p) level. 

Spin-unrestricted calculations (UB3LYP) were used for all

of the radical cations studied here. In the UB3LYP calculations,

<S2> operator expectation values ranged from 0.757 to 0.771.

All calculations were performed using the GAUSSIAN 03

package.23

Results and Discussion

Rejnek et al.
5 reported that there were 12 enol tautomers

of thymine. However, only four of them are directly

produced by intramolecular proton transfer. The production

of the other tautomers requires additional C-O bond rotation.

Since our main interest here is in the tautomerization induced

by intramolecular proton tansfer, only the four enol tautomers

directly formed through this process are investigated.

Tautomerization of neutral thymine. There are five

possible channels of proton transfer: (1) from N1 to O7 of

thymine (T), T → T1; (2) from N3 to O8 of T, T → T2; (3)

from N3 to O7 of T, T → T3; (4) from N3 to O8 of T1, T1

→ T12; (5) from N1 to O7 of T2, T2 → T12. The optimized

geometrical parameters of these tautomers are listed in Table

1. In all these proton transfer processes, two bonds of the

pyrimidine ring, which are opposite the transferring proton,

are lengthened and the other four are shortened.9 

The relative energy of the tautomers and the activation

free energy of the proton transfer are listed in Table 2. The

relative stability is estimated to be T > T1 > T2 > T12 > T3,

which coincides with previous theoretical results.5,6 The

reaction barrier for T → T3 is the highest and that for T2 →
T12 is the lowest. The barrier for T → T1 is a little higher

than that for T → T2. The barriers for the di-enol formation

from the keto-enol form are lower than those for the keto-

enol formation from the di-keto form by 6-12 kcal/mol. This

may be due to relatively unstable structures of the keto-enol

forms compared with the di-keto form. The energy diagram

along the reaction coordinate of the proton transfer is shown

in Figure 4(a). 

Tautomerization of thymine radical cation. The optimiz-

ed structures of the tautomers of thymine radical cation are

shown in Figure 2. The geometrical parameters are also

listed in Table 3. Three bonds of N1-C2, C4-C5 and C5=C6

Figure 1. Numbering scheme for thymine and water.

Table 1. Geometrical parameters of thymine tautomers

T T1*
a

T1 T2* T2 T3* T3 T12*
b

T21*
c

T12

N1-C2 1.387
d

1.335 1.293 1.422 1.417 1.344 1.359 1.321 1.368 1.328

C2-N3 1.385 1.341 1.353 1.370 1.379 1.330 1.284 1.333 1.334 1.332

N3-C4 1.407 1.433 1.417 1.349 1.302 1.394 1.406 1.364 1.329 1.324

C4-C5 1.468 1.461 1.456 1.429 1.436 1.496 1.485 1.412 1.419 1.407

C5=C6 1.349 1.365 1.364 1.364 1.360 1.347 1.347 1.385 1.384 1.386

C6-N1 1.380 1.366 1.376 1.364 1.359 1.400 1.387 1.354 1.338 1.343

C2=O7 1.213 1.279 1.342 1.211 1.214 1.280 1.346 1.336 1.280 1.345

C4=O8 1.217 1.216 1.219 1.281 1.345 1.215 1.218 1.282 1.341 1.346

C5-C11 1.500 1.502 1.500 1.501 1.502 1.499 1.498 1.501 1.504 1.502

N(H)-H
e

1.332 1.328 1.357 1.298 1.288

O(H)-H
f

1.342 0.968 1.330 0.970 1.320 0.968 1.369 1.369

N1C2O7 123.3
g

107.9 121.5 121.0 119.6 128.6 112.9 119.8 105.4 117.6

N3C2O7 124.1 130.3 114.1 127.7 125.4 108.4 121.6 117.1 130.7 115.5

N3C4O8 120.3 118.9 119.9 105.9 117.7 123.6 121.2 105.4 116.7 117.4

C5C4O8 125.1 126.5 127.2 130.7 115.8 122.8 121.7 134.1 117.2 118.6

aTransition state of forming the corresponding enol tautomer from T. bTransition state of T1 → T12. cTransition state of T2 → T12. dBond length in Å.
eDistance from N which donates a proton. fDistance from O which accepts a proton. gBond angle in degree. 
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in the pyrimidine ring are lengthened in T+ compared with
those in T, while the other bonds are shortened. The N1-C2
increases the most by 0.062 Å and the C6-N1 decreases the
most by 0.056 Å. Two C=O and C5-C11 bonds become
shorter in T+. Both C=O bonds are lengthened following the
proton transfer.

The relative energies and the activation free energies are
listed in Table 4. The energy diagram along the reaction
coordinate is also shown in Figure 4(b). Although the
relative energies of T1+, T2+, T3+ and T12+ with respect to
T+ become smaller, the order of the relative stability (T1+ >
T2+ > T12+ > T3+) is the same with that of the tautomers of
neutral thymine. T1+ is the most stabilized and the barrier of
T+ → T1+ also becomes lower than that of T → T1 by 6.35
kcal/mol. However, the other proton transfer processes in T+

have the higher barrier than the corresponding processes in
T. 

The most interesting finding is that there is a new channel
of proton transfer, T+ → T4+. This channel is predicted not to
open in neutral thymine. T4+ is the most stable of other
tautomers of T+ and the barrier for T+ → T4+ is also the
lowest of other proton transfer processes in T+. This
indicates that the intramolecular proton transfer through this
channel is the most favored in T+. This also goes in parallel
with the earlier condensed phase study which found the
deprotonation at C11-H was the main reaction channel for
the thymine radical cation in anhydrous thymine crystals.16,24

Water-assisted proton transfer in thymine radical

cation. The optimized structures of thymine-water 1 : 1
complex ions, their tautomers and the transition states are
shown in Figure 3. The geometrical parameters of the
transition states are listed in Table 5. The relative energies
and the activation free energies are also in Table 6. The

Table 2. Relative energy, Gibbs free energy and activation free
energy for thymine tautomersa

ΔE0
b ΔG298 ΔG298

‡c

T 0.00 0.00

T1 11.19 11.34 43.28

T2 13.08 13.17 42.01

T3 18.76 18.78 47.62

T12 14.17 14.38 36.87
d
 

35.95
e

aEnergy in kcal/mol. bRelative energy with zero point energy correction.
cActivation free energy of forming the corresponding enol tautomer from
T at 1 atm and 298.15 K. dActivation free energy of T1 → T12.
eActivation free energy of T2 → T12.

Figure 2. The structures of the tautomers of thymine radical cation
optimized at the B3LYP/6-311++G(d,p) level.

Table 3. Geometrical parameters of the tautomers of thymine radical cation

T
+

T1
+
*
a

T1
+

T2
+
* T2

+
T3

+
* T3

+
T4

+
* T4

+
T12

+
*
b

T21
+
*
c

T12
+

N1-C2 1.449 1.391 1.349 1.483 1.449 1.393 1.405 1.419 1.393 1.376 1.406 1.375

C2-N3 1.372 1.329 1.332 1.357 1.364 1.320 1.277 1.410 1.419 1.319 1.330 1.332

N3-C4 1.402 1.432 1.425 1.342 1.303 1.385 1.392 1.348 1.335 1.364 1.315 1.312

C4-C5 1.494 1.491 1.471 1.460 1.456 1.513 1.488 1.458 1.438 1.442 1.468 1.459

C5=C6 1.407 1.417 1.420 1.417 1.408 1.411 1.403 1.380 1.401 1.434 1.424 1.430

C6-N1 1.324 1.315 1.319 1.319 1.320 1.337 1.333 1.347 1.351 1.311 1.308 1.307

C2=O7 1.194 1.249 1.299 1.195 1.208 1.254 1.315 1.192 1.195 1.296 1.257 1.298

C4=O8 1.203 1.200 1.206 1.257 1.316 1.208 1.222 1.253 1.306 1.258 1.309 1.308

C5-C11 1.470 1.475 1.474 1.471 1.477 1.468 1.475 1.437 1.407 1.474 1.477 1.473

N(H)-H 1.325 1.345 1.378 1.343 1.307

O(H)-H 1.352 1.356 1.343 1.358 1.350 1.351

C11-H
d

1.374

N1C2O7 119.5 105.3 119.5 117.6 116.9 126.3 110.9 122.7 125.6 118.3 103.4 116.3

N3C2O7 127.6 133.3 116.8 130.5 126.1 110.9 125.5 123.9 122.9 119.3 131.4 116.4

N3C4O8 122.3 120.5 120.2 107.9 120.5 125.3 121.2 125.1 114.2 106.1 120.0 120.3

C5C4O8 122.5 123.9 125.5 129.2 115.1 120.6 119.6 115.3 125.3 132.1 115.1 116.4

aTransition state of forming the corresponding enol tautomer from T+. bTransition state of T1+ → T12+. cTransition state of T2+ → T12+. dDistance from
C11 to the proton which transfers to O8. 
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energy diagram along the reaction coordinate is shown in

Figure 4(c). 

Note that T+-W3 in Figure 3 is the fully optimized

structure at the B3LYP/6-31G(d,p) rather than the B3LYP/6-

311++G(d,p) level. T+-W3 converged into the structure

where the water molecule was hydrogen-bonded to the π-

electrons of the pyrimidine ring rather than to the C11-H and

O8 during the optimization process at the B3LYP/6-

311++G(d,p) level. Therefore, following geometry optimi-

zation at the B3LYP/6-31G(d,p) level, only the single point

energy calculation of T+-W3 was performed at the B3LYP/

6-311++G(d,p) level. The thermal correction for the Gibbs

free energy as well as the zero point energy correction was

done with the frequencies calculated at the B3LYP/6-

31G(d,p) level with the scale factor of 0.961.25 

One water molecule can bind to T+ in three different

regions and form T+-W1 or T+-W2 or T+-W3 (Fig. 3). The

relative stability is T+-W1 > T+-W2 > T+-W3. Each complex

ion can form tautomers through proton transfer processes

involving the water molecule as a proton acceptor and then

donor. The relative stability of the hydrated tautomers is

T4+-W > T1+-W > T2+-W > T3+-W, which is the same as

that of the unhydrated tautomers of T+ (T4+ > T1+ > T2+ >

T3+). However, the barriers of forming these hydrated

tautomers are much smaller, which are only one third of

the barrier heights for the corresponding processes in T+.

Figure 3. The structures of hydrated thymine radical cations, their enol tautomers and the transition states optimized at the B3LYP/6-
311++G(d,p) level. T+-W3 is optimized at the B3LYP/6-31G(d,p) level. See the text.

Figure 4. Energy diagram of the relative energies (ΔE0) for the
tautomers and the transition states of (a) T, (b) T+, and (c) hydrated
T+ along the reaction coordinate of proton transfer.
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This clearly shows the assisting role of hydration in the

proton transfer processes even with one water molecule,

which have also been reported in previous theoretical

studies.9,10,26 

The formation of T4+-W from T+-W3 has the lowest

barrier, as is the case of T+ → T4+. However, since T+-W3 is

at higher energy than T+-W1 and T+-W2, the initial

population of T+-W3 will be small. Hence, the contribution

of this channel in the tautomerization of hydrated T+ is

expected to be less than that of the reaction channel of T+-

W1 → T1+-W that has a little higher energy barrier. This is

supported by the experimental observation that deproto-

nation in the N1 site is a dominant reaction channel of

pyrimidine radical cations in aqueous solution.17 

The barrier heights for the di-enol formation from T1+-W2

and T2+-W1 are also three times lower than those for the

same processes from T1+ and T2+. The barrier of the di-enol

formation from T1+-W2 is a little higher than that of T2+-

W1. This is in line with the observation that the proton

transfer from N3 to O8 (T+-W2 → T2+-W) needs higher

energy than that from N1 to O7 (T+-W1 → T1+-W).

Table 4. Relative energy, Gibbs free energy, and activation free
energy of the tautomers of thymine radical cationa

ΔE0 ΔG298 ΔG298
‡b

T
+

0.00 0.00

T1
+

3.76 3.44 36.93

T2
+

8.63 9.21 45.67

T3
+

16.00 16.41 53.39

T4
+ −2.25 −1.27 26.83

T12
+

12.26 12.68 42.83
c

35.57
d

aEnergy in kcal/mol. bActivation free energy of forming the
corresponding enol tautomer from T+ at 1 atm and 298.15 K. cActivation
free energy for T1+ → T12+. dActivation free energy for T2+ → T12+.

Table 5. Geometrical parameters of the transition states for tautomerization of thymine-amonia 1 : 1 complex ions

T1
+
-W* T2

+
-W* T3

+
-W* T4

+
-W* T12

+
-W2* T21

+
-W1*

N1-C2 1.410 1.463 1.438 1.417 1.374 1.423

C2-N3 1.359 1.352 1.320 1.392 1.315 1.361

N3-C4 1.407 1.353 1.381 1.380 1.376 1.302

C4-C5 1.478 1.486 1.498 1.485 1.468 1.452

C5=C6 1.414 1.406 1.406 1.391 1.421 1.419

C6-N1 1.317 1.320 1.325 1.342 1.312 1.310

C2=O7 1.233 1.206 1.248 1.196 1.310 1.241

C4=O8 1.207 1.250 1.218 1.225 1.248 1.320

C5-C11 1.476 1.473 1.473 1.421 1.476 1.478

N(H)-H
a

1.601 1.602 1.713 1.643 1.588

O(H)-H17
b

1.577 1.501 1.446 1.815 1.518 1.554

C11-H
c

1.422

O16-H
d

1.051 1.049 1.026 1.226 1.039 1.054

O16-H17
e

1.032 1.054 1.072 0.991 1.049 1.037

O16-H18 0.970 0.969 0.969 0.970 0.970 0.970

N1C2O7 119.3 116.2 115.2 122.2 116.1 116.7

N3C2O7 122.3 127.7 125.6 124.9 117.1 121.2

N3C4O8 121.5 121.2 122.4 121.1 119.8 120.4

C5C4O8 124.1 118.7 119.3 123.2 120.9 115.7

H17O16H18 113.4 114.1 114.7 110.7 114.1 113.4

aDistance from N which donates a proton. bDistance from O which accepts a proton. cDistance from C11 to the proton which transfers to the water.
dBond length between O16 and the proton which transfers from thymine radical cation. eH17 is the proton that transfers to O7 or O8. 

Table 6. Relative energy, Gibbs free energy and activation free
energy for the tautomers of hydrated thymine radical cationa

ΔE0 ΔG298 ΔG298
‡b

T
+
-W1 0.00 0.00

T
+
-W2 3.17 2.98

T
+
-W3 10.27 11.24

T1
+
-W 1.83 1.77

T2
+
-W 9.20 9.59

T3
+
-W 15.19 15.34

T4
+
-W −3.18 −1.43

T1
+
-W2 5.63 5.60

T2
+
-W1 9.44 9.95

T12
+
-W2 11.62 11.91

T21
+
-W1 11.76 12.08

T
+
-W1 → T1+-W* 13.00

T
+
-W2 → T2+-W* 17.95

T
+
-W2 → T3+-W* 21.08

T
+
-W3 → T4+-W* 9.13

T1
+
-W2 → T12+-W2* 15.92

T2
+
-W1 → T21+-W1* 13.71

aEnergy in kcal/mol. bActivation free energy of proton transfer at 1 atm
and 298.15 K.
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Conclusions 

DFT calcultions have been performed to explore intra-

molecular proton transfer in thymine radical cation. By

analyzing geometric parameters, energies and activation free

energies of the processes, we reach the following conclu-

sions. 

1. The relative stability of the tautomers of thymine radical

cation is T+ > T1+ > T2+ > T12+ > T3+, which is the same as

that of neutral thymine tautomers. However, the enol

tautomers are more stabilized with respect to the di-keto

form in the radical cation than in the neutral state. The

hydration of thymine radical cation further reduces the

energy gap between the di-keto and the enol forms. 

2. A new channel of proton transfer from C11 to O8 of T+,

T+ → T4+, opens in thymine radical cation. This channel has

the lowest energy barrier of other proton transfer processes

in T+, which is estimated to be 26.83 kcal/mol. T4+ is also

most stable of other tautomers of thymine radical cation

studied here. 

3. The hydration of thymine radical cation by one water

molecule significantly lowers the barrier for proton transfer.

The barrier heights are only one third of those for the

corresponding processes of T+. 

4. The formation of the di-enol tautomer from the keto-

enol tautomers has a little lower barrier than the formation of

the keto-enol tautomers from the di-keto tautomer. For

example, the barrier heights for T1 → T12 and T2 → T12

are lower than those for T → T2 and T → T1, respectively.

This is attributed to less stable structures of the keto-enol

forms than the di-keto form. The difference, however, gets

smaller in the radical cation and also in the hydrated ion.

This can be explained by the stabilization of the keto-enol

forms in the radical cation and in the hydrated ion. 
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