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ABSTRACT: We have explored the potential energy proﬁles of TpT
dinucleotides toward formation of a DNA photolesion product, spore
photoproduct (SP), along the S0, S1, and T1 states, by means of density
functional theory and time-dependent density functional theory. Together with
the spin density analysis, the consecutive mechanism for the SP formation can
be established. The detailed reaction pathways have been revealed. All the
adiabatic reaction pathways proceeding though S1, T1, or S0 alone are shown to
be energetically infeasible, while the nonadiabatic pathway involving both the
T1 and S0 states corresponds to the lowest-energy path and is the most
favorable in energy. The nonadiabatic pathway is rate-limited by the step of the
hydrogen atom transfer proceeding in the T1 state with a barrier of 14.2 kcal
mol−1 (11.9 kcal mol−1 in bulk solution), whereas the subsequent C5−CH2
bond formation toward the ﬁnal SP formation occurs readily in S0 after
intersystem crossing from T1 to S0 via the singlet−triplet interaction. The
results provide a rationale for the experimentally observed kinetic isotope eﬀect after deuterium substitution at the 3′-T methyl
group of TpT.

1. INTRODUCTION
Ultraviolet (UV) light is one of the most lethal and potent
challenges to living organisms in the natural world. It usually
results in DNA photolesion in the cellular systems of organisms
and subsequently leads to mutation or even death.1 In contrast
to normal DNA, the bacterial spores, Bacillus for instance,
express unexpected resistance to UV light, which is due to the
formation of spore photoproduct (SP) and a corresponding
eﬃcient chemical repair mechanism associated with the
catalysis of a speciﬁc enzyme, spore photoproduct lysae
(SPL).2 The commonly called spore photoproduct (SP) refers
to the special UV-induced pyrimidine dimer, 5-thyminyl-5,6dihydrothymine, which is formed by linking the allylic carbon
to the C5 of the adjacent thymidine (Scheme 1).3 Upon UV
irradiation in the thymidine pair, the spore photoproduct can

be easily formed and maintained in the phase of SP-dimer for a
long time, like dormancy. As a result, it prevents spore DNA
from further photolesion and other chemical reaction until the
speciﬁc enzyme (SPL) performs a reversed progress of SPdimer formation, which enables the recovery of a normal life
cycle.3−6
Although SP was discovered nearly half a century ago,7 and
despite the strong interest of the scientiﬁc community in how it
is formed,3,8 the formation mechanism of SP after UV
irradiation is still not completely understood. Two mechanisms
have been proposed previously to explain SP formation. Cadet
and co-workers9 raised a concerted mechanism which involves
the cross-link of the methyl group of one thymidine and the
CC double bond of the second thymidine (Scheme 2, path
A). By irradiating the free base of [D3]thymidine containing a
CD3 moiety, they isolated the SP product as a mixture of the 5S
and 5R diastereomers after the photoreaction.
Varghese and Wang10,11 suggested a consecutive mechanism
in which the recombination of a 5-α-thyminyl radical and a 5,6dihydrothymin-5-yl radical leads to the formation of SP
(Scheme 2, path B). Very recently, Lin and Li12 prepared
two deuterium-labeled dinucleotide thymine dinucleoside
monophosphate (TpT), [D3]TpT, and [D4]TpT and monitored the hydrogen/deuterium atom transfer after UV
irradiation by 1H NMR spectroscopy. Their results showed
that a hydrogen atom from the methyl group of 3′-T is

Scheme 1. Formation of Spore Photoproduct upon UV
irradiation of DNA (Demonstrated with the Dinucleotide
TpT)a
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Scheme 2. Two Proposed Mechanisms for SP Formation: Path A, Concerted Mechanism; Path B, Consecutive Mechanism

eﬃciency, as reported for dealing with the cyclobutane
pyrimidine dimer (CPD) and the (6−4) pyrimidine−
pyrimidone photoproduct (TT64) reaction,17,18 the inﬂuence
of the DNA backbones (e.g., strain eﬀects) has to be neglected
in that case. In the current system of TpT, the relative position
of two thymine residues is restricted. The glycoside and the
phosphoester will deﬁnitely aﬀect the motion and transformation of the pyrimidine residues, despite the fact that the
absorption of UV light by DNA results in localization of energy
mainly at the sites of the bases. Our reaction system is the same
as those used in NMR experiments8,12,14 and is close to the
natural situation of DNA strand, in which the SP reaction takes
place between two intrastrand adjacent thymines.
The SP photoreaction is invoked by an initial excitation of
thymine residues to a singlet excited state 1(π,π)*. Aside from
returning to the ground state by internal conversion,
intersystem crossing (ISC) leads to a long-lived triplet state
3
(π,π)*.19,20 Despite its low quantum yield, the long-lived
triplet state is believed to be quite reactive toward DNA
photolesions.
We have calculated the potential energy proﬁles along the S0,
T1, and S1 states for the possible reaction pathways toward the
SP formation with the Gaussian 03 program package.21 The
geometries of the reactants, products, intermediates, and
transition states along the T1 or S0 state were optimized
using hybrid density functional theory (B3LYP) with the
standard basis sets of 6-311G(d,p),22,23 which is an appropriate
quantum chemical method for the current large reaction system
of TpT. The single-point energies were calculated at the
B3LYP/6-311++G(d,p) level with the B3LYP/6-311G(d,p)
optimized geometries. The harmonic frequency analysis was
performed to identify the stationary point as either local
minima (reactant, products, and intermediates) or ﬁrst-order
saddle points (transition states). The intrinsic reaction
coordinate calculations have been performed to check the
connections of the transition states between two local
minima.23,24 Bulk solvation eﬀects were considered by using
the integral electron formalism of the polarized continuum
model (IEF-PCM).25
In parallel, the reaction pathways were also explored on the
singlet excited state S1 on the basis of TD-DFT calculations26
using the S0 stationary structures. This implementation
computes vertical excitation energies only. In principle, this
prevents the exact localization of stationary points on an
excited-state potential energy surface. However, within the
framework of the van der Lugt and Oosterhoﬀ model27 in
which the geometrical features of the excited-state path are
similar to those of the ground-state path, an approximate
excited-state potential energy surface can be calculated using
ground-state geometries.

transferred intramolecularly to the C6 atom of 5′-T in a highly
diastereoselective manner, from which a more detailed
consecutive mechanism was proposed (Scheme 2, path B). It
was suggested12 that the C5C6 bond of 5′-T was excited by
UV light to form biradical triplet excited state. Then one of the
hydrogen atoms of 3′-T methyl transfers to the C6 atom of 5′T, forming two radicals, the 5-α-thyminyl radical and the 5,6dihydrothymin-5-yl radical, which recombine to the ﬁnal
product SP. But they also pointed out that the concerted
mechanism cannot be ruled out. In addition, the proposed
radical intermediates had not been observed directly in the
experiment. Obviously, further studies are required to conﬁrm
the proposed consecutive mechanism.
During the formation of SP, a chiral center is generated at
carbon C5, which thus can adopt either an R or S conﬁguration
provided that the thymine residues react freely.3 However, due
to the constraints imposed by the double-helical DNA
structure, only one of two stereoisomers, 5R or 5S, is possible
for SP formed from adjacent thymines in the bacterial spores.13
It has been established clearly that SP adopts solely a 5R
conﬁguration in the photoreaction of natural DNA, owing
greatly to the extensive NMR studies8,12 and crystal structural
analysis14,15 as well as enzymatic-repair studies.15,16
The present work mainly focuses on elucidating the
photochemical reaction mechanism of SP formation by
theoretical means. We choose to calculate the photoreaction
of the dinucleotide TpT, which is also the starting reactant
employed in most photoreaction experiments, as it is the
smallest DNA fragment to accommodate a SP dimer and
sustains the constraints of the DNA backbone. The potential
energy proﬁles for the SP formation in the possible lowest-lying
triplet and singlet ground state as well as the interaction
between these two states are explored at the B3LYP/6-311+
+G(d, p)//B3LYP/6-311G(d, p) level of theory. The reaction
pathways on the singlet excited state S1 are also explored on the
basis of TD-DFT calculations using the S0 stationary structures.
The experimentally undetected radical intermediates are
allowed to be characterized theoretically by spin density
analysis. Together with the energy proﬁle information, the
consecutive mechanism for the SP formation can be established
and shown to follow a nonadiabatic pathway involving both the
T1 and S0 states. Moreover, the possibility for a concerted
mechanism has been explored and found to lead to a totally
diﬀerent product other than SP, thus excluding its involvement
in the SP reaction.

2. COMPUTATIONAL METHODS
In the present work, we choose the smallest DNA fragment, the
dinucleotide thymine dinucleoside monophosphate (TpT), as
the reaction system. Although it is desirable to use simpliﬁed
models of two free thymine bases for the sake of computational
11118
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Figure 1. Optimized geometries of reactants, intermediates, transition states, and products in the S0 and T1 states at the B3LYP/6-31G(d, p) level.
Bond lengths are in angstroms. Carbon, nitrogen, oxygen, and hydrogen atoms are denoted with yellow, blue, red, and gray balls respectively.

3. RESULTS AND DISCUSSION

DNA backbone. However in the former case, the reactions
forming the 5′ → 3′ spore photoproduct have been shown to
be favored in natural DNA with conformation constraints,
because much shorter distances exist between the C5 atom of
the 5′-end thymine and the methyl of the 3′-end thymine
moiety (for conformation A of DNA: C−C distance between

As shown in Scheme 1, the SP product could result from bond
formation between the methyl group of the 3′-end thymine and
the C5 atom of the 5′-end thymine residues (5′ → 3′) or vice
versa (3′ → 5′). The latter case (3′ → 5′) usually occurs in
chemically synthesized spore photoproduct analogues lacking a
11119
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the Me3′‑end and C55′‑end is 3.69 Å and between Me5′‑end and
C53′‑end is 5.52 Å).8 Therefore, we focus our calculations on the
5′ → 3′ SP reactions, which represent the realistic case in
natural DNA.
The potential energy proﬁles along the S0 and T1 states were
calculated with the DFT method, and the reaction pathways on
the singlet excited state S1 were also explored on the basis of
TD-DFT calculations using the S0 stationary structures. The
optimized steric structures of reactants, intermediates, transition states, and products are shown in Figure 1. The
computed single-point energies are listed in Table 1. The
Table 1. Relative Energies (without ZPE Correction), in kcal
mol−1, of the Stationary Structures along the T1 and S0
Reaction Pathways
B3LYP/6-31G(d,p)
RS
RT
TS1
TI
TS2
P
STS1
SI
STS2
SP
STSC
P2

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

vacuum

ε = 4.3

vacuum

ε = 4.3

0.0
66.5
82.7
57.0
90.4
73.4
63.6
57.0
64.3
8.6
71.6
32.4

0.0
66.8
81.2
57.1
89.2
74.5
61.8
57.2
62.7
7.8
71.5
32.3

0.0
66.6
80.8
56.3
89.3
75.0
61.4
56.3
62.2
8.9
70.4
31.4

0.0
66.9
78.8
56.5
87.9
76.0
59.0
56.5
60.3
8.0
70.1
31.2

Figure 2. Potential energy proﬁles on the S0 and S1 surfaces: (a)
consecutive reaction pathways toward SP formation; (b) concerted
reaction pathways toward the C5−C6′ cross-linked product P2. The
relative energies are indicated in kcal mol−1.

potential energy proﬁles are presented in Figure 2 and Figure 3.
The eﬀects of including zero-point energy (ZPE) corrections
little aﬀect the reaction barriers and thus in the following are
not taken into account.
For the ground-state TpT, two thymine bases (denoted as T
and T′, respectively) adopt face-to-face conﬁguration, as shown
in RS of Figure 1. A consecutive reaction pathway is revealed, as
seen in Figure 2a. In the reactant RS, the C5−C6 bond (1.353
Å) and C5′−C6′ bond (1.351 Å) of the two bases possess the
ethylenic double-bond character. Hydrogen atom H8′ migrates
from the methyl C7′ in T′ base to C6 in T base via STS1,
leading to the formation of the intermediate SI. In the
transition state STS1, the C6−H8′ distance is 1.193 Å and the
C7′−H8′ distance is 1.770 Å. This step faces a barrier height of
61.4 kcal mol−1. The formed intermediate SI lies 56.3 kcal
mol−1 above the reactant. Such an unstable species corresponds
to the previously proposed radical intermediates, 5-α-thyminyl
and 5,6-dihydrothymin-5-yl (Scheme 2), which are bonded to
each other by the phosphate and the deoxyribose groups. The
intermediate SI is thus of a biradical character. In the
intermediate SI, the bond length of C5−C6 has been stretched
from 1.353 to 1.493 Å, indicating its conversion to the singlebond character due to the hydrogen atom addition.
After the formation of SI, the cross-link of the allylic C7′
carbon to the C5 atom of the adjacent thymidine (C5−CH2
bond formation) occurs, leading to the ﬁnal SP product, with a
quite low barrier of 5.9 kcal mol−1 via the transition state STS2.
In STS2, the C5−C7′ distance is 3.068 Å, and the C5−C6
bond, C5−C7 bond, and C5−C4 bond are 1.497, 1.489, and
1.452 Å, respectively.
Bulk solvation with the dielectric constant ε = 4.3 is used to
simulate the apolar surroundings in DNA.28 As shown in Table

Figure 3. Potential energy proﬁles of the reaction pathways along the
S0 and T1 surfaces. The relative energies are indicated in kcal mol−1.
The red dotted line highlights the nonadiabatic reaction pathway.

1, the bulk eﬀects only slightly inﬂuence the stationary point
energy and the barrier height. The transition-state energies of
STS1 and STS2 are lowered to 59.0 and 60.3 kcal mol−1,
respectively, compared to the corresponding gas-phase values
of 61.4 and 62.2 kcal mol−1. The whole reaction process in the
singlet ground state exhibits high barriers. The thermally-driven
formation of SP in the ground state is thus energetically
inaccessible.
11120
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and triplet state are nearly degenerate in principle.29,30 Indeed,
as shown in the calculated potential energy proﬁles of Figure 3,
the singlet biradical SI is equal to the triplet biradical TI in
energy, from which the singlet−triplet surface intersection
results. To obtain the singlet−triplet interaction proﬁle, the
PES was scanned from TS1 to TI by varying the C7′−H8′
distance from a conﬁguration which is close to the TS1 (the
initial optimized value is 1.76 Å in that structure) with a step
length of 0.6 Å and optimizing the remaining coordinates. The
energy scans for the singlet and triplet (both in vacuum and in
solution) are displayed in Figure 4. It is noticed that the energy

For the photochemical singlet reaction pathway along the S1
state, the approximate potential energy proﬁle is obtained by
TD-DFT calculations and shown in Figure 2a. It reveals an
energy barrier of 16.8 kcal mol−1 before the system reaches a
potential well. Calculated with a nuclear conﬁguration of the S0
biradical intermediate (SI), this local minimum is 32.6 kcal
mol−1 vertically above SI. Such a large energy gap indicates a
low possibility for radiationless transition from S1 to S0.
Moreover, the subsequent transformation from the potential
well to the ﬁnal product has to overcome a 51.6 kcal mol−1
barrier (transition state at 140.5 kcal mol−1), which is
energetically inaccessible. Therefore, the direct SP reaction on
the S1 potential surface is infeasible.
For the photochemical triplet reaction pathway along the T1
state, the obtained potential energy proﬁle is displayed in
Figure 3. Originated from the CC π → π* excitation, the
main structural feature of the lowest-lying triplet state of the
dinucleotide TpT (denoted as RT) is the transformation of the
C5−C6 π-bond (1.353 Å) into a σ-bond (1.488 Å) in one
thymine base, while the other thymine residue remains intact
(see the structure in Figure 1). Correspondingly, the triplet
TpT can be envisioned as a biradical species with spin densities
mainly localized on the ethylenic C5 and C6 atoms. Thus, the
C5 and C6 atoms become reactive and can invoke the crosslink of the two thymine residues forming SP dimer. The
reaction pathway along the triplet state is also found to proceed
consecutively as shown in Figure 3.
The ﬁrst step is the H8′ migration from the methyl C7′ of T′
to C6 of T via TS1, which proceeds facilely with a low barrier of
14.2 kcal mol−1. In the transition state TS1, C6−H8′ distance is
1.447 Å and C7′−H8′ distance is 1.318 Å. Taking into account
the bulk solvation eﬀect, this barrier is reduced to 11.9 kcal
mol−1. The intermediate TI lies 10.3 kcal mol−1 below the
triplet reactant RT, indicating that the hydrogen migration is an
exothermic process. In the intermediate TI, a p−π conjugation
occurs for the T′ base among the allylic C7′ carbon and the
ethylenic C5′ and C6′ carbons as indicated from the shortened
C5′−C7′ bond (1.391 Å) and elongated C5′−C6′ bond (1.391
Å) compared to those in RT, that is, C5′−C7′ bond (1.501 Å)
and C5′−C6′ bond (1.351 Å). Thus, the triplet radical
intermediate TI is more stable relative to the reactant RT.
Bulk solvation aﬀects slightly the exothermicity (10.4 kcal
mol−1). Considering the exothermicity and low barrier, it is
expected that the hydrogen atom transfer from the T′
thymidine to the T thymidine can take place favorably on the
triplet surface.
However, the consecutive step from TI to TS2, which is the
cross-link of the allylic C7′ carbon to the C5 atom of the
adjacent thymidine, requires surmounting a high energy barrier
of 33.0 kcal mol−1. Moreover, the resulting triplet SP
photoproduct (denoted as P) is quite unstable, which lies
75.0 kcal mol−1 above the initial reactant RS. Thus, there is
little possibility that the SP formation occurs solely on the
triplet surface. Possibly, surface interactions may exist between
the lowest-lying triplet and the singlet ground state, which is
crucial for understanding the SP formation mechanism.
For the singlet diradical SI, the two unpaired electrons are
distributed to diﬀerent sets of atoms C5 and C7′. The distance
between C5 and C7′ is 5.513 Å. It is obvious that the two singly
occupied molecular orbitals (SOMOs) of SI are localized on
the C5 and C7′ and shows a typical disjoint character. The
Coulombic repulsion energy arising from electrons of opposite
spin is minimized. As a result, the biradical species in its singlet

Figure 4. Relaxed potential energy curves for the ground singlet and
triplet states, obtained at the level of B3LYP/6-311G(d, p): (a) in
vacuum; (b) in solution.

curves get closer and closer when approaching TI and ﬁnally
equalizes with each other, both in vacuum or in bulk solution,
proving further the triplet−singlet surface crossing.
The T1/S0 surface crossing located at the biradical
intermediates (TI and SI) can facilitate the reaction process
substantially. The ﬁrst step of hydrogen atom transfer proceeds
easily in the triplet PES with a low barrier of 14.2 kcal mol−1
(11.9 kcal mol−1 in bulk solution), leading to the intermediate
TI. It is hard for TI to pursue the subsequent C7′ linking to C5,
with a high barrier of 33.0 kcal mol−1, on the triplet surface.
Instead, the triplet intermediate TI tends to cross over to the
singlet state SI because of the T1/S0 surface crossing, and
complete the C7′ linking to C5 thereafter, which is quite facile
in the ground state because it has a barrier of only 5.9 kcal
mol−1 (reduced to 3.8 kcal mol−1 in bulk solution). This energy
barrier is drastically lower than that in the triplet surface from
TI to TS2. Therefore, the SP formation reaction should follow
such a consecutive mechanism including the T1 state hydrogen
atom transfer and the S0 state cross-link of allylic C7′ to C5, as
11121
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these biradical intermediates have not been trapped and
detected in the experiments, our calculated results conﬁrm
their key participation and thus support the hypothesis of the
previously proposed consecutive mechanism.12 Moreover, the
necessity for the intersystem crossing of triplet TI to singlet SI
(i.e., nonadiabatic pathway) in facilitating the SP formation can
be further justiﬁed from the spin directions of unpaired
electrons.
Our calculation results can provide rationale for previous
experimental observations. In the 1H NMR experiments
monitoring the hydrogen/deuterium atom transfer after UV
irradiation of two deuterium-labeled TpT dinucleotides,
[D3]TpT and [D4]TpT, faster photoreaction was observed
for the [D4]TpT with all four hydrogen atoms in 5′-T replaced
with deuterium atoms, compared with the reaction rate for the
[D3]TpT which contains a [D3]methyl group in the 3′-T
residue.12 Their results suggested the existence of a primary
kinetic isotope eﬀect (KIE). Furthermore, a primary KIE of 3.5
for the photochemical SP formation was obtained. The
observed primary isotope eﬀect of 3.5 after deuterium
substitution at the 3′-T methyl group indicated that the
hydrogen atom transfer from the 3′-T methyl group to the C6
of the 5′-T residue is potentially rate-limiting.12 This
postulation can be fully supported by our calculations, which
show that the most energetically favorable pathway, as
highlighted with red dotted lines in Figure 3, is truly ratelimited by the step of the hydrogen atom transfer proceeding in
the T1 state with a barrier of 14.2 kcal mol−1 (11.9 kcal mol−1 in
bulk solution), whereas the subsequent allylic C7′ linking to C5
toward the ﬁnal SP formation occurs readily in the S0 state after
intersystem crossing from the triplet biradical TI to the singlet
biradical SI, with a barrier of only 5.9 kcal mol−1 (3.8 kcal mol−1
in bulk solution). Vice versa, the experimentally observed
kinetic isotope eﬀect supports our conclusion that the
nonadiabatic reaction pathway involving both the T1 and S0
states is the most feasible mechanism, because if the reaction
proceeds in the triplet surface alone, the rate-limiting step is not
the hydrogen migration but the allylic C7′ linking to C5, which
has a higher barrier of 33.0 kcal mol−1.
Additionally, this mechanism coincides with the observed 5R
steric conﬁguration of the SP molecule. In the initial groundstate reactant TpT (denoted as RS in Figure 1), two adjacent
thymine bases stand face-to-face and both adopt an anti
conﬁguration relative to the deoxyribose moiety. This is the
same as the case in spore or dry-state DNA, where an A-like
conformation is adopted and the thymine bases are in the anti
glycosidic bond conformation domain. As shown in Scheme 1,
the anti TpT conformation is anticipated to lead to the SP
product with a 5R steric conﬁguration, provided that the anti
conﬁguration can be retained during the whole reaction
process. In fact, the energetically favorable nonadiabatic
pathway is shown to possess the downward potential energy
proﬁle and low barriers, indicating that the SP photoreaction
should proceed rapidly, and thus the two thymine residues do
not have time to change their relative positions and steric
conformations. This explains why the initial anti conﬁguration
of TpT can be retained during the whole reaction process and
only the SP product with 5R steric conﬁguration is yielded from
the reaction.
We have also explored the possibility for a concerted
mechanism which should involve a simultaneous hydrogen
atom transfer and a cross-link of the allylic C7′ to C5 between
the two thymine residues in TpT. In the triplet state, simply no

highlighted with the red dotted lines in Figure 3. This is a
nonadiabatic pathway involving the participation of both the T1
and S0 states. Compared with the other adiabatic reaction
pathways proceeding through S0, S1, or T1 states alone, the
nonadiabatic pathway is rate-limited by a much lower barrier of
14.2 kcal mol−1 (the step of the hydrogen atom transfer in T1,
which is further reduced to 11.9 kcal mol−1 in bulk solution)
and thus corresponds to the lowest-energy path. Moreover, the
downward potential energy proﬁle exhibited with the nonadiabatic pathway also makes it the energetically most favorable
mechanism accounting for the SP formation.
To further establish the consecutive mechanism, the key
radical intermediates proposed by earlier experimental
work10,12 are characterized by analyzing spin densities. The
spin densities of selected atoms in reactants, intermediates, and
products along the most favorable nonadiabatic pathway are
listed in Table 2. Following the UV excitation and intersystem
Table 2. Mulliken Spin Densities (e−; B3LYP/6-311+
+G(d,p) Level) of Selected Atoms in Each Species along the
Nonadiabatic Reaction Pathway
RT
TS1
TI
SI
STS2
SP

C5

C6

C7

C5′

C6′

C7′

0.76
0.77
0.81
0.81
0.86
0.00

0.70
0.35
−0.11
−0.11
−0.19
0.00

−0.01
−0.05
−0.05
−0.05
−0.05
0.00

0.00
−0.12
−0.21
0.25
0.21
0.00

0.00
0.22
0.46
−0.45
−0.40
0.00

0.00
0.42
0.75
−0.75
−0.74
0.00

crossing, the triplet excited state TpT is formed (denoted as
RT). In RT, the spin density on C5 and C6 is 0.76 and 0.70,
respectively, indicating the localization of the unpaired electron
densities on the ethylenic C5 and C6 atoms. This conﬁrms the
biradical feature of the triplet excited state TpT. The
subsequent hydrogen atom abstraction by C6 from the T′
methyl leads to the intermediate TI, where the unpaired
electron densities on the C6 atom decrease from 0.70 to −0.11
and those on the C7′ atoms increase from 0.00 to 0.75. Thus,
one unpaired electron is transferred from the C6 to the C7′
atom when RT transforms to TI. In this process, the other
unpaired electron is still located at the ethylenic C5 atom, as
indicated by its spin density of 0.81. But the two unpaired
electrons located at the C7′ atom (0.75) and C5 atom (0.81) of
TI possess the same spin directions, which hinders the crosslink of the allylic C7′ with C5 in TI toward the ﬁnal SP
formation, although TI is also of a biradical character. This
explains why the triplet intermediate TI faces such a high
energy barrier of 33.0 kcal mol−1 to complete the cross-link and
form SP product in the T1 state (Figure 3).
However, due to the surface crossing, the triplet biradical
intermediate TI is apt to cross over to the singlet biradical
intermediate SI, where the unpaired electrons are located on
C5 (0.81) and C7′ (−0.75) atoms with reversed spin
directions, as shown in Table 2. As a result, there is a positive
trend to form a σ-bond between C5 and C7′ atoms of the
singlet biradical intermediate SI. Naturally, the cross-link of the
allylic C7′ with C5 in SI toward the ﬁnal SP formation is quite
facile, as manifested by its low barrier of 5.9 kcal mol−1 (3.8 kcal
mol−1 in bulk solution) in the S0 potential energy proﬁles.
From the above analysis of spin densities, the biradical
character can be revealed for the intermediates (TI and SI)
involved along the consecutive reaction pathways. Although
11122
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concerted transition state could be located. In the singlet
ground state, a concerted transition state STSC with a barrier of
70.4 kcal mol−1 is located, as shown in Figure 2b. But intrinsic
reaction coordinate calculations show that this transition state
leads to the C5−C6′ cross-linked product (denoted as P2 in
Figure 1), instead of forming a C5−C7′ bond as in the SP
reaction. As shown with the optimized structures in Figure 1,
the concerted reaction product P2 is obviously not the SP
product. Closely examining the concerted transition structure
STSC, we ﬁnd that the C5...C7′ distance (3.34 Å) is 0.25 Å
longer than the C5...C6′ distance (3.09 Å), which is the reason
why the C5−C6′ cross-link product is yielded, but not the SP
product. Therefore, the concerted mechanism can be ruled out
toward the SP formation. On the other hand, the concerted
path toward the C5−C6′ cross-link product is obviously
unlikely to occur because of its large endothermicity of 31.4
kcal mol−1 and high barrier of 70.4 kcal mol−1, as shown in
Table 1 and Figure 2b.
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4. CONCLUSION
In the present work, we have explored the photochemical
reaction pathways of TpT dinucleotides toward the formation
of a DNA photolesion product, spore photoproduct (SP). The
potential energy proﬁles for the SP formation in the possible
lowest-lying triplet and singlet ground state as well as the
interaction between these two states were calculated at the
B3LYP/6-311++G(d, p)//B3LYP/6-311G(d, p) level of
theory. The reaction pathways on the singlet excited state S1
were also explored on the basis of TD-DFT calculations using
the S0 stationary structures.
Our calculations show that the reaction follows consecutive
mechanisms along either of S1, T1, or S0 states, which involves
the initial hydrogen atom transfer from the 3′-T methyl to C6
of 5′-T and a subsequent C5−CH2 bond formation linking 3′-T
and 5′-T. However, all the adiabatic reaction pathways
proceeding though S1, T1, or S0 states alone are shown to be
energetically infeasible, while the nonadiabatic pathway
involving both T1 and S0 states corresponds to the lowest
energy path and is the most favorable in energy. Such a
nonadiabatic pathway involves an initial hydrogen atom transfer
with a barrier of 14.2 kcal mol−1 (11.9 kcal mol−1 in bulk
solution) along the T1 state forming the triplet biradical
intermediate TI, from which the T1/S0 surface crossing occurs
and the subsequent C5−CH2 bond formation toward the ﬁnal
SP formation proceeds facilely in the S0 state after intersystem
crossing from the triplet biradical TI to the singlet biradical SI,
with a barrier of only 5.9 kcal mol−1 (3.8 kcal mol−1 in bulk
solution). Thus, the whole reaction along such a nonadiabatic
pathway is rate-limited by the hydrogen atom transfer from the
3′-T methyl group to the C6 of the 5′-T residue. This result
provides a rationale for the experimentally observed kinetic
isotope eﬀect of 3.5 after deuterium substitution at the 3′-T
methyl group of TpT.12
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