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ABSTRACT: The potential energy profiles toward formation of cyclobutane
pyrimidine dimers CPD and the physical quenching after UV excitation were
explored for the dinucleotide thymine dinucleoside monophosphate (TpT) using
density functional theory (wB97XD) and the time-dependent density functional
theory (TD-wB97XD). The @B97XD functional that includes empirical dispersion
correction is shown to be an appropriate method to obtain rational results for the
current large reaction system of TpT. Photophysical quenching is shown to be
predominant over the photochemical CPD formation. Following the initial excitation
to the 'zz* state, the underlying dark 'nz* state bifurcates the excited population to
the prevailing IC to S, and the small ISC to the long-lived triplet state T, via T, 1

keal mol ™!

59.8
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(*zr*) state that has negligible energy gap with 'nz* state. Even for the reactive T,

state, two physical quenching pathways resulting in the conversion back to ground-state reactant via the T, /S, crossing points are
newly located, which are in strong competition with CPD formation. These results provide rationale for the recently observed
nanosecond triplet decay rates in the single-stranded (dT)s and inefficiency of deleterious CPD formation, which allow for a

deeper understanding of DNA photostability.

B INTRODUCTION

Absorption of UV radiation by nucleic acid bases, the most
important UV chromophores of nucleic acids, is a process of
primary biophysical and biochemical interest. The accumu-
lation of photolesions leads to genetic modifications and
ultimately to diseases like skin cancer. The photostability of
DNA bases is thus fundamental for the life sustainability. UV-
induced photochemical damage has been observed for the
monomers, oligonucleotides, and DNA.'™* The most abundant
lesion is the formation of cyclobutane pyrimidine dimers
(CPDs) (Scheme 1) ,>* in which the adduct is formed via a 2+
2] photocycloaddition involving the C=C double bonds of the
adjacent pyrimidines. In principle, the excited singlet and triplet
states of the pyrimidine play a critical role in CPD lesion.
Significant advances in understanding the excited singlet-
state photophysics of the nucleic acid bases have been made in

Scheme 1. Formation of Cyclobutane Pyrimidine Dimers
(CPDs) upon UV Irradiation of DNA (Demonstrated with
the Dinucleotide TpT)“

“The atomic numbering used hereafter is also labeled.
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recent years. Kohler and co-workers® observed that UV
irradiation of the single-stranded (dT);s leads to the
dimerization of cis-syn thymine in less than 1 ps. The ultrafast
process of CPD formation indicated that the dimerization
occurs directly from the singlet 'zz* state. Theoretically,
CASSCF and CASPT? calculations®” on two stacked thymines
and PCM/TD-M052X calculations on the dinucleotide TpT®
indicated that the concerted [2 + 2] dimerization takes place on
a singlet excited state and proceeds along a barrierless path to
form CPD on the ground state through an S;/S; conical
intersection (CI). Furthermore, the structure cannot change
much in the picosecond time scale and the calculated
conformation of CI is further away from stacked thymine
configuration in B-DNA. Therefore, the dimerization occurs
only for the two neighboring thymine residues that are already
at a configuration near the CI structure, which is infrequent in
the DNA strands. The highly conformation restriction explains
the very low quantum yield (~3%) of CPD.”

It has also been proposed that the long-lived triplet states
play key roles in the CPD formation.'® The structure of single-
stranded DNA is mobile,'' and the frequent conformation
change makes the triplet state possible to encounter thymine
residue with suitable conformation within its long lifetime,
leading to CPD. The triplet CPD formation mechanism has
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been confirmed by the triplet photosensitization experi-
ments.'””~"7 The reactivity of the triplet state toward CPD
formation has also gained support from the theoretical
calculation,'® where the hybrid DFT calculation has been
employed to investigate the triplet pathway for dimerization of
two single-stacked thymines to form CPD.

Recently, Banyasz et al.® measured the excitation wavelength
dependence of the intersystem crossing quantum yield ¢;5c for
the thymidine monophosphate (TMP). It was observed that
¢risc displayed a strong wavelength dependence, which was in
contrast with the constant CPD quantum vyield of ¢cpp for
(dT),0. On the basis of this observation, it was speculated that
the contribution of triplet *zz* states to CPD formation should
be lower than 10% if taking into account the experimental
errors. Compared to the measured large T, quenching rate
constants (~10' M~! s71),'® the inefficiency in formation of
CPD photoproducts through the triplet route indicates
competitive physical quenching processes may exist, resulting
in very small product yields eventually. Interestingly, a triplet
biradical intermediate was located by CASPT2 calculations,
which can be used to rationalize the quenching of thymine
triplet excitations.'” A barrierless path from two stacked
thymines in the triplet state to the biradical intermediate was
revealed, which should correspond to a femtosecond or
picosecond lifetime for the triplet decay. However, the most
recent time-resolved IR spectroscopy experiments observed
that triplet decay in (dT),q or the locked dinucleotide T pT,
follows nanosecond rates.”® By spectral analysis, two time
constants were derived and ascribed to the decay of the local
thymine triplet state (with a ~10 ns time constant) via the
biradical intermediate (lifetime ~60 ns). The spectroscopic
evidence was thus first acquired for the generally assumed
triplet biradical intermediate.”® The observed nanosecond rates
for the triplet decay are in conflict with the theoretically
expected femtosecond or picosecond lifetime along a barrierless
path. Therefore, further studies are required to clarify the triplet
quenching mechanism and rationalize the recent experimental
results.

The present work mainly focuses on examining the
important physical quenching processes in competition with
the photochemical CPD formation theoretically. The dinucleo-
tide TpT, the smallest DNA fragment sustaining the constraints
of the DNA backbone, is chosen to be the reaction system, just
as in the most photoreaction experiment. The interaction of
excited singlet, triplet states, and ground state is explored by
DFT and TD-DFT calculations with the ®B97XD*" functional
including solvent effects. wB97XD is a recently developed long-
range corrected functional that includes empirical dispersion
correction. With this method, the detailed nonradiative
deactivation pathways are revealed, showing how singlet excited
state evolves to triplet and ground singlet states. Two physical
quenching pathways competing with CPD formation along the
triplet state are located, which takes place through the T,/S,
surface crossings along the dimmerization coordinate. These
results allow for a deeper understanding of the inefficiency
CPD formation through triplet route and shed further light on
DNA photostablility.

B THEORETICAL METHODS

In the present work, we choose the smallest DNA fragment, the
dinucleotide thymine dinucleoside monophosphate (TpT), as
the reaction system, which is close to the natural situation of
DNA strand. Our analyses were performed by using a recently
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developed long-range corrected functional, ®B97XD,*" from
Head-Gordon and co-workers that includes empirical dis-
persion correction. The treatment with dispersion interactions
can improve descriptions for stacked DNA systems.”” The first
excited singlet electronic state (S;) geometries of TpT were
optimized and the excitation energies were calculated with
time-dependent density functional theory (TD-wB97XD). The
geometries of the reactants, products, intermediates, and
transition states along the T, or S, state were calculated
using wB97XD functional with 6-311G(d,p) basis set. The
stationary points of the reactant, intermediates, and products
was identified as local minima by harmonic frequency analysis.
The transition states are identified as the first-order saddle
point. The intrinsic reaction coordinate (IRC)> calculations
are carried out to confirm that the transition states connect the
right minima. The single-point energies were calculated at the
®wB97XD/6-311++G(d,p) level with the wB97XD/6-311G-
(d,p) optimized geometries. As all DNA damage processes are
supposed to take place in aqueous solution, bulk solvation
effects were simulated on the basis of the optimized geometries
obtained in the gas phase by using the polarized continuum
model (PCM) at the same level.” Bulk solvation with the
dielectric constant & = 4.3 is used to simulate the apolar
surroundings in DNA.>® The B3LYP***" calculations were
performed in parallel at the same level to compare with the
@B97XD results. The calculations were carried out using the
Gaussian 09 program package.28

B RESULTS AND DISCUSSIONS

Validation of Computational Approach. It had been
reported that the density functional theory with dispersion
method can substantially improve the theoretical description of
the formation of the intrastrand photolesions product,
compared to pure or hybrid GGA functionals.”* Therefore,
the long-range corrected functional, @wB97XD, from Head-
Gordon and co-workers that includes empirical London
dispersion was used in the calculations of this work.

The cyclobutane pyrimidine dimers (CPDs) are major
mutagenic photoproducts formed upon absorption of UV
irradiation. The excited singlet and triplet states are involved
and play key roles in the CPD formation reaction. To verify if
the @B97XD method can provide the correct description of the
excited states and is suitable to investigate the photoreaction
mechanism, we performed several single-point test calculations
to compare with the reported CASPT2/CASSCEF results. Table
1 shows the vertical excitation energies calculated for a gas-
phase model of two stacked thymines (TT pair) in its ideal B-
DNA conformation or for the isolated thymine base, from the
ground state to different excited states.

Table 1. Computed Vertical Excitation Energies (eV) of the
Excited Singlet and Triplet States with Different Methods

CASPT2/ TD- TD- TD-

CASSCF wB97XD MO0S2X B3LYP
TT*S, 512 498 4.90 4.59
thymine-S,; 541° S.14 5.04 4.76
thymine-T, 3.59° 341 3.54 334
thymine-T, 4.75¢ 4.68 4.59 4.34
thymine-T; 5.14¢ 5.06 5.75 4.75

“Stacked TT in the ideal B-DNA conformation. See ref 7, CASPT2/
CASSCF(12,12)/6-31G*. “See ref 29, CASSCF(14,10).
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For TT pair, the CASPT2/CASSCF(12,12)/6-31G* calcu-
lated S,—S,; excitation energy is 5.12 eV.” It can be seen from
Table 1 that our TD-wB97XD/6-311G(d,p) calculation result
of 498 eV is in good agreement with the CASPT2 result.
Similarly, for the isolated thymine, the Sy—S; excitation energy
of 5.14 eV obtained here is also in agreement with the
CASSCF(14,10)/ANO-S result of 5.41 eV.*® In addition, the
excitation energies of the lowest three excited triplet states
(3.41, 4.68, and 5.06) at the TD-wB97XD/6-311G(d,p) level
obtained here are also very close to that of CASPT2//
CASSCF(14,10) calculations (3.59, 4.75, and 5.14).*° These
test computation results indicate that TD-wB97XD offers an
alternative approach and can obtain excited-state results in
agreement with CASPT2 and CASSCF.

We also tested other time-dependent density functional
theory methods of TD-M052X and TD-B3LYP, which was
used to investigate the cyclobutane dimmers (CPD) formation
reaction.*'® The results are also listed in Table 1. Compared
with TD-MO052X calculation results, the excitation energies of
TT-S,, thymine-S,, T,, and T obtained using the TD-wB97XD
method are closer to CASSCF and CASPT?2 results, whereas
the excitation energies using TD-B3LYP method are all
underestimated. It shows here that more accurate results can
be obtained with the TD-wB97XD method, compared to the
methods of TD-M052X and TD-B3LYP.

In the following section, we chose wB97XD and TD-
@wB97XD to investigate the UV-induced reaction of CPD
formation in the ground state and the excited triplet and singlet
state. The potential energy profiles along S, and T states were
first calculated. The optimized structures of reactants,
intermediates, transition states, and products are shown in
Figure 1. The computed energies in vacuum and solution are
listed in Table 2. It can be seen that the larger basis set 6-311+
+G(d,p) offers slight improvement for the stationary point
energies and barrier height. We use the energies calculated with
the 6-311G(d,p) basis set for the discussion. The zero-point
energy (ZPE) corrections affect the relative energies slightly
and thus are not taken into account in the following discussion.

Potential Energy Profile on the S, Surface. For the S,
state, the transition states of consecutive reaction (STS1, STS2)
and the concerted reaction (STS3) are both located, as shown
in Figure 2. The first transition state STS1 connects the
reactant RS with the intermediate biradical minimum SIM with
a barrier height of 60.3 kcal mol™'. The transition vector of
STS1 corresponds to the C6—C6’ bond stretching. In SIM, the
C6 atom is bonded with C6’ atom with the bond length of
C6—C6’ 1.623 A, and the distance between C5 and C5’ atom is
3.091 A. According to spin density analysis, the spin densities
on CS and C5' are +0.84 and —0.83 respectively, indicating the
localization of the unpaired electron densities on the CS and
CS'. This confirms the biradical feature of the singlet biradical
complex SIM. Then the highly reactive biradical structure forms
CPD easily, via a low barrier of 4.4 kcal mol™" (STS2). The
consecutive pathway faces a rate-limiting barrier height of 63.2
kcal mol™" and thus is energetically inaccessible.

Additionally, the cycloaddition reaction of TpT on the S,
surface could also be a concerted process through one four-
membered cyclic transition state STS3 (Figures 1 and 2). In
STS3, the double bonds of C5—C6 and C5'—C6’ are stretched,
and the cross-linking occurs between C5 and C5' and between
C6 and C6'. All bond breaking and bond making occurs in a
single step, yielding the final CPD product via STS3
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Figure 1. Optimized geometries of reactants, intermediates, transition
states, and products in the Sy, T, and S, states at the @B97XD/6-
311G(d,p) level. Optimized geometry for the singlet excited state S, at
the TD-wB97XD/ 6-311G(d,p) level. Bond lengths are in angstroms.

Table 2. Relative Energies (without ZPE Correction), kcal
mol !, of the Stationary Structures along the T, and S,
Reaction Pathways, Obtained from @wB97XD Calculations

wB97XD/6-311G(d,p) @B97XD/6-311++G(d,p)

vacuum vacuum =43
RS 0 0 0
STS1 60.3 61.9 60.0
SIM 58.8 57.7 56.2
STS2 63.2 65.8 64.0
STS3 94.1 91.9 89.5
CPD 16.8 16.7 15.6
RT 67.5 68.0 68.6
TS1 80.4 78.7 78.0
IM 59.8 58.7 57.2
TS2 1222 121.9 119.9
P 109.7 109.9 109.4

overcoming a barrier of 90.0 kcal mol™!, much higher than
STS2.

The influence of solvation is also considered. As shown in
Table 2, the barrier heights decrease in the consecutive and the
concerted reaction steps to 64.0 and 89.5 kcal mol™,
respectively, compared to the corresponding vacuum vales of
65.8 and 91.9 kcal mol™". So the bulk solvation only slightly
influences the barriers height. Whether through consecutive or
concerted pathway, the potential energy profiles clearly show
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Figure 2. Potential energy profiles on the S; surface for the formation
of CPD. The relative energies are obtained from the wB97XD/6-
311g(d,p) calculation and indicated in kecal mol™.

that the CPD formation on the ground state is energetically
inaccessible at room temperature.

Potential Energy Profile on the T, Surface. Starting
from the triplet reactant TpT (denoted as RT), a consecutive
reaction channel is revealed in the triplet state and the potential
energy profile is presented in Figure 3. Due to the C=C 7 —
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Figure 3. Potential energy profiles on the T, surface for the formation
of CPD. The relative energies are obtained from the wB97XD/6-
311g(d,p) calculation and indicated in kcal mol™".

¥ excitation, the C5—C6 bond of RT becomes a o-bond
(1.489 A). The triplet RT is a biradical with the spin densities
localized on CS and C6 atoms. Thus, the CS and C6 atoms of
one thymine residues are reactive and could be bonded with
CS" and C6' atoms of the other thymine residues stepwisely to
form CPD dimer.

The first step proceeds through initial attack of C6 on Cé6’
facilely with a low barrier of 12.9 kcal mol ™, leading to the
intermediate IM which lies 7.7 kcal mol™ below the triplet
reactant RT. It can be seen from Table 2 that the bulk solvation
affects slightly the barrier (9.4 kcal mol™"). In the intermediate
IM, the C6 atom bonds with C6’ atom and the spin densities
are localized on CS and C5’ atoms. So IM is of a biradical
nature. Taking into account the bulk solvation effect, the
exothermicity of IM is increased to 11.4 kcal mol™ (Table 2).
Due to the low barrier, the first step can take place favorably on
the triplet state. However, the consecutive step of the C5—CS’
cross-link from IM to TS2 overcomes a high energy barrier of
624 kcal mol™!, forming the triplet cyclobutane pyrimidine
dimmer CPD (denoted as P). The triplet CPD product is quite
unstable and has a relative energy of 109.7 kcal mol™" with
respect to the singlet reactant RS zero level. Thus, there is little
possibility that the CPD forms solely in the triplet state.

Comparison of wB97XD and B3LYP Calculated
Results. We also performed the calculation with the most
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popular functional Becke three-parameter hybrid B3LYP
density functional,®*” to compare with the results of Head-
Gordon’s ®B97XD functional®" at the same level. The B3LYP
energies of the stationary structures in the gas phase and
solution are collected in Table 3. For the consecutive pathway

Table 3. Relative Energies (without ZPE Correction), kcal
mol !, of the Stationary Structures along the T, and S,
Reaction Pathways, Obtained from B3LYP Calculations

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

vacuum vacuum =43

RS 0 0 0

STS2 72.3 70.7 68.9
STS3 96.3 93.1 91.1
CPD 31.5 31.3 30.1
RT 67.8 674 68.0
TS1 81.4 79.2 78.2
M 69.4 68.2 66.8
TS2 127.7 126.9 125.3
P 1214 121.5 120.9

in the S, state, only one transition state STS2 with a barrier of
72.3 kecal mol™" was located. The IRC calculation in the region
between the STS2 and RS did not converge to any
intermediate; that is, STS1 and SIM were not located by
B3LYP calculations.

The calculated results here with wB97XD or B3LYP are
compared with higher level calculations. In the CASSCF and
CASPT?2 calculations performed for two stacked thymines,”
two transition states (STS1, STS2) with the barrier of 61.0 and
63.1 kcal mol™" and a singlet biradical intermediate SIM (59.8
keal mol™") were located along the ground-state consecutive
reaction pathway. As shown in Figure 2, similar results can be
obtained by our wB97XD calculations, and the wB97XD/6-
311G(d,p) energies (60.3, 63.2, 58.8, and 16.8 kcal mol™" for
STS1, STS2, SIM, and CPD) are in nice agreement with those
obtained by CASSCF and CASPT2 calculations (61.0, 63.1,
59.8, and 19.0 kcal mol™" for STS1, STS2, SIM, and CPD).°
However, the B3LYP calculation can only locate one transition
state STS2 and the energies (72.3 and 31.5 kcal mol™" for STS2
and CPD) deviate largely from the higher level CASSCF/
CASPT?2 results. It shows here that wB97XD functional
provide a better approach than B3LYP in calculating the
reaction process and energies.

As for the triplet-state pathways, it can be seen from Tables 2
and 3 that the energy barriers of TS1 and TS2 are decreased by
1.0 and 5.1 kcal mol™* using wB97XD functional, and the
energies of IM and P of wB97XD results are decreased by 9.6
and 11.7 kcal mol™!, compared with those obtained from
B3LYP functional. Previous studies indicated that the DFT
description of intrastrand cross-link formation can be improved
by inclusion of London dispersion correction,”* because
inclusion of dispersion can improve the structural description
of di- or trinucleotides by maintaining their 7-stacked mode.
Different from B3LYP, the @wB97XD functional includes
empirical London dispersion correction. Also due to other
parametrization, different results are obtained from these two
DFT functionals.

Overall, it can be seen from the potential energy profiles on
the T, and S, surface that the CPD formation process solely
along the triplet or singlet ground state exhibit high barriers and
is thus energetically inaccessible at room temperature. Possibly,

dx.doi.org/10.1021/jp504944b | J. Phys. Chem. A 2014, 118, 9105-9112
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surface interactions between the singlet states and triplet state
may exist, which are crucial for understanding the CPD
formation mechanism.

ISC from the Singlet Excited State to the Triplet
Excited State. The first singlet excited state of TpT is
optimized in a vacuum at the TD-wB97XD/6-311G(d,p) level
of theory, and its equilibrium geometry is shown in Figure 1.
Comparing the ground-state and excited-state geometries, one
of the C=0 bond of TpT is stretched from 1.216 to 1.328 A.
Frontier molecular orbital analysis also indicates the ns*
character for the first singlet excited state. At the equilibrium
geometry of 'nz*, the energies of triplet states of T, Ts, T,
and T, are calculated, and the results are shown in Figure 4. It

. 1000 T4 (nm*)

96.0 T3 (nm*
924 Ty (mr*

X 764 T1 (nn*)

105.3

67.5

So

0.0

Figure 4. TD-wB97XD/6-311G(d,p) calculated excitation energies
(kcal mol™") for TpT, and schematic excited-state relaxation pathways
denoted with red dotted lines.

can be seen that the energy of T, is in close proximity with the
lnz* state. In addition, our calculations show that the character
of the lowest four excited triplet states is 7z* for T}, T,, and T,
and nz* for T;. Considering the classical propensity rule (the
ElI-Sayed rule),”® ISC from 'nz* state to an excited triplet state
requires the excited triplet state to be a state with substantial
zm* character to mediate the correlated spin—orbital coupling.
T, state has #z* character and the energy gap between the S,
and T, state is 3.8 kcal mol™' (0.16 eV). The close degeneracy
between the states of different multiplicity can compensate for
very small spin—orbit coupling® ~>* and drive efficient ISC.
Due to near-degeneracy between singlet excited state 'nz* and
triplet excited state T,, the ISC takes place from S, to the
receiver T, state. Subsequently, T, undergoes fast IC to the
lowest T, (3zn*) state, where CPD reaction occurs. These
results indicate that the dark 'nz* state can serve as a doorway
state, resulting in excited-state depopulation from singlet
manifold to triplet manifold.

It should be noted that intersystem crossing to triplet
manifold only accounts for a small fraction in the excited-state
relaxation. For isolated thyrnine,35_37 it had been found that
the conical intersection (CI) between the singlet excited-'zz*-
state and ground-state results in the ultrafast internal
conversion, which is the dominant process, and a small fraction
of the S;(n7*) population undergoes intersystem crossing to
the lowest triplet state T,(zz*). For stacked thymines (TT
pair), CASSCF and CASPT? calculations® revealed a barrierless
relaxation process from Franck—Condon region to the Sy/S,
conical intersection. Minimum energy path calculations
suggested that Sy/S; CI can either evolve to the product or
revert back to the original reactant. So the CPD formation can
directly occur via S; state. Similarly, the S;/S; CI were also
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located by PCM/TD-M052x/6-31G(d) calculations® for the
dinucleotide TpT, with a representative structure reported (the
C5—C5’ and C6—C6’ distances are 2.5 and 2.06 A,
respectively). By performing TD-wB97XD/6-311G(d,p) calcu-
lations, we also found a similar structure (the C5—C5’ distance
of 2.52 A and the C6—C6’ distance of 1.98 A), and the
calculated energy gap between S; and S, at this point is only
0.34 eV, confirming further the existence of S,/S; CL
Altogether, these results indicate that the singlet excited state
'nz* governs the excited-state depopulation. The excited-state
relaxation channels are prevailed by internal conversion (IC) to
So, which is accompanied by the small intersystem crossing
(ISC) to the long-lived triplet state T;. Although the quantum
yield is low, the long-lived triplet state is believed to be a
possible reactive intermediate leading to the CPD photo-
product.

Nonadiabatic Photochemical and Photophysical
Pathways from the Triplet to Singlet Ground State.
Although the formation of CPD solely in the triplet or singlet
ground state is energetically inaccessible due to the high
barriers, the T,/S, surface crossing can facilitate the reaction
process substantially. To obtain the singlet—triplet interaction
profile, we performed IRC calculations at the wB97XD/6-
311G(d,p) level using the mass-weighted internal coordinate
with the small step size of 0.01 amu'’? bohr and obtained the
minimum energy path for triplet. For each point along the
triplet minimum energy path, the single-point energy is
calculated in the singlet state, from which the T,/S, surface
crossing points are obtained. As shown in Figure 5, three T /S,

—_—T1
— 80

0.0

Reaction coordinate

Figure 5. Potential energy profiles for the CPD formation along either
the T, (blue solid lines) or S, (green solid lines) state and the
interaction between the two states, obtained from wB97XD/6-
311G(d,p) calculations. The relative energies are indicated in kcal
mol™". The red dotted lines highlight the energetically most feasible
pathway leading to CPD formation. The purple and orange solid lines
denote the minimum energy paths for the decay of ISC1 or ISC3 in
the ground state.

crossing points ISC1, ISC2, and ISC3 have been located. After
obtaining these crossing points, minimum energy path
calculations are performed further to locate their decay
pathways in the ground state.

As shown in Figure S, the second crossing point ISC2 is a
stationary point identical with the triplet biradical intermediate
IM. With two unpaired electrons distributed to different sets of
atoms C5 and CS’, the biradical IM in its triplet and singlet
state is degenerate in energy. For ISC2, a similar structure in

dx.doi.org/10.1021/jp504944b | J. Phys. Chem. A 2014, 118, 9105-9112
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two stacked thymines (TT pair) was located by CASPT2
calculations,"” where the minimum energy path starting from
the locally excited triplet state (RT) showed a barrierless path
toward the biradical intermediate at ISC2. For such a barrierless
path, a femto- or piosecond time constant for the triplet decay
would be expected. But a most recent experimental study
observed different results. By time-resolved IR spectroscopy
measurements,”® it was observed that the triplet decay in
(dT),s or the locked dinucleotide T, pT, followed nanosecond
rates, and two time constants for the kinetic processes were
determined,”® corresponding respectively to the decay from the
local thymine triplet state to the biradical intermediate (with a
~10 ns time constant) and the decay of the biradical
intermediate to ground-state reactant (lifetime ~60 ns). The
experimental time constants were compared with the CASPT2
results, and it was stated that the theoretically predicted
barrierless path should correspond to a femtosecond or
picosecond time constant, in conflict with the observed
nanosecond rates for the triplet decay.*

Our calculation may provide new insights to rationalize these
recent experimental results. As shown in Figure S, the
®B97XD/6-311G(d,p) calculations reveal that the decay of
the locally excited triplet state (RT) to the biradical
intermediate at ISC2 is not barrierless. It requires us to
surmount a barrier of 12.9 kcal mol™ via TS1. With such an
energy barrier, the triplet decay to form the biradical
intermediate is expected to take place with a much slower
rate, compared to ultrafast barrierless process, matching with
the experimentally observed time constant of ~10 ns for the
triplet decay.”® The different result between our calculations for
the dinucleotide TpT and CASPT? for TT pair'® might be due
to the different model systems used, and TpT should be closer
to the natural situation of DNA strand.

Furthermore, the decay rate of the biradical intermediate
(~60 ns)* can be explained. It can be seen in Figure 5 that the
decay of the triplet biradical via ISC2 may lead to either the
recovery to the ground-state reactant RS with a low barrier of
0.5 kcal mol™" or the formation of the CPD product with a
barrier of 3.4 kcal mol™". In either case, the spin multiplicity is
altered from triplet to singlet. Also, along the PES in either the
triplet or singlet ground state, the biradical intermediate at
ISC2 is trapped in a local energy minimum. These two factors
thus account for the observed long lifetime of the biradical
intermediate (~60 ns).

Prior to reaching ISC2, another new T,/S, crossing point
ISC1 has also been located in our calculations. The minimum
energy path for ISC1 in the ground state (denoted with purple
solid line in Figure S) shows the relaxation back to the reactant.
This adds a new physical quenching pathway for the triplet
decay. This triplet quenching process via ISC1 is also rate-
limited by the energy barrier of 12.9 kcal mol™ for reaching
ISC1 from the triplet RT, consistent with the triplet decay time
constant of ~10 ns.’® The subsequent decay of ISCI1 to
ground-state reactant also requires spin flipping and should
have time constant of ~60 ns, as for ISC2.

For the two T,/S, crossing points ISC1 and ISC2 that can
lead to physical quenching, the spin—orbit coupling (SOC)
constants were calculated. DFT calculations for spin—orbit
couplin% constants can be performed with DALTON program
package™® using the effective single-electron approximation™”*°
in linear response theory. The wB97XD functional is not
available in DALTON program. The spin—orbit coupling
matrix elements were therefore computed at the level of
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B3LYP/6-311G(d,p) using the Breit—Pauli (BP) operator.*"**
The SOC values of ISC1 and ISC2 are 4.37 and 1.08 cm™),
separately, as shown in Table 4. Except for SOC values,

Table 4. B3LYP/6-311G(d,p) Calculated Spin—Orbit
Coupling Constant (cm™"') and the Singlet—Triplet Energy
Gap (kcal mol™") for ISC1 and ISC2

(PEPN,)  (PIETIY,)  (PIEPIY,)  SOC* AEg,
ISC1 —1.03 —2.88 —=3.12 4.37 0.28
1SC2 —0.64 —0.10 0.87 1.08 0.57

“The square root of the sum of the three components’ squares.

intersystem crossing probability is also dependent on energy
gap between two states. Based on the energy gap law,”** the
quenching rate from one electronic state to another state
increases exponentially with the decrease of the energy gap
between the states.*>** As shown in Table 4, the singlet—triplet
energy gaps for ISC1 and ISC2 are very small (0.28 and 0.57
kcal mol™). The nearly degeneracy between the triplet and
singlet state at the crossing point can guarantee the efficient
intersystem crossing even with small spin—orbit coupling.*' ~>*
Therefore, intersystem crossing via either ISC1 or ISC2
constitute two efficient physical quenching pathways along
the dimerization coordinate. This theoretical result supports the
experimental observation that the biradical intermediate has a
low propensity to form CPD but is mainly subject to a
nonreactive decay.”

The third crossing point ISC3 is located after the triplet
biradical intermediate (IM). For ISC3, the minimum energy
path calculation shows that it leads to the formation of CPD in
the ground state (denoted with orange solid line in Figure S). A
structure similar to ISC3 was located for two stacked thymines
by using B3LYP hybrid density functional.'® However, an
energy barrier of approximately 16.7 kcal mol™ is required to
reach ISC3 from the biradical intermediate IM. This makes it
energetically less favorable as a pathway to form CPD, if
compared with the pathway via ISC2 that is highlighted with
red dotted lines in Figure 5. The nonadiabatic pathway forming
CPD via ISC2 is only rate-limited by the barrier of 12.9 kcal
mol ™" for the triplet RT to TS1 and should take place easily at
room temperature. However, ISC1 and ISC2, resulting in the
So-state recovery, also locate along the pathway to form CPD
and could bring on a net result of physical quenching instead of
CPD formation. This is consistent with the experiment results
that the formation of CPD through triplet route is inefficient
(less than 10%),® although the T, quenching rate constant is
observed to be large (~10" M N Altogether, the
theoretical results suggest that the self-quenching reaction
pathways resulting in S, recovery should dominate and only a
small fraction of triplet populations collapse into the photo-
chemical CPD product.

Bl CONCLUSION

In summary, the present study has characterized the photo-
chemical and photophysical evolution for the photoexcited
dinucleotide TpT using DFT method. The potential energy
profiles for the CPD formation in the Sy and T states as well as
the interaction between these states are explored using the
®B97XD/6-311G(d,p) level of theory. Compared with B3LYP
functional, @B97XD functional with dispersion correction has
improved the theoretical description of the formation of CPD.
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The excitation energies for S;('nz*), Ty, T, T, and T, are
calculated at the TD-wB97XD/6-311G(d,p) level of theory.

The calculated results indicate that following the initial
excitation to the 'mz* state, the underlying dark state 'nz*
governs the partitioning of the excited-state population
between the two photophysical relaxation channels for the
prevailing IC to S, and the small intersystem crossing (ISC)
conversion that results in a long-lived triplet state. It is shown
that the triplet excited state T, (*z7*) has negligible energy gap
with 'nz* state, resulting in a depopulation pathway of ISC to
the triplet manifold followed by conversion via IC to the lowest
T, state, the long-lived reactive precursor to the photoproduct
CPD.

The detailed examination for the T, pathway reveals also the
predominant photophysical quenching over the photochemical
CPD formation. For the CPD formation via T| mechanism, the
most energetically feasible pathway corresponds to the first
formation of the of a triplet biradical intermediate IM
overcoming a barrier of 12.9 kcal mol™!, where the energy
degeneracy between T and S, occurs and results in the T,/S,
surface crossing point ISC2. Via ISC2, the system crosses over
to S, state and completes the cross-linking to end product
CPD. On the other hand, the existence of ISC2 could also lead
to a deactivation pathway, from which the biradical
intermediate is reverted back to the ground-state reactant
nearly barrierlessly. In addition to ISC2, another new T,/S,
crossing point ISC1 exists prior to the triplet biradical
intermediate IM. Through ISC1, the triplet reactant can
decay back to the S, state, without even undergoing further
CPD cross-linking. The two deactivation pathways via T/S,
surface crossing points guarantee that most of the triplets
undergo reversion back into the ground-state reactant, whereas
only a small fraction is transformed to photoproduct CPD.
These results explain the experimental observation that the T,
quenching, though eflicient, gives only a very low quantum
yield of the photoproduct CPD.® Meanwhile, our calculations
reveal that a barrier of 12.9 kcal mol™" is required for the decay
of the locally excited triplet state to the biradical intermediate,
providing rationale for the most recent experimental observa-
tion that triplet decay in (dT),s or the locked dinucleotide
TypTy, follows nanosecond rates (~10 ns).*° Overall, the
finding of physical quenching pathways in competition with
CPD formation allow for a deeper understanding of the
inefficiency of deleterious CPD formation and ultimately shed
light on DNA photostablility.
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