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Abstract: The intersystem crossing rates of uracil and thymine molecules in
interaction with a heat bath were studied by means of ab initio methods. The
rates were calculated employing the time-dependent approach based on the
correlation function. The norma modes of the singlet and triplet electronic
states were related by the Duschinsky transformation. The correlation function
was calculated using the Condon approximation for the spin—orbit matrix
element and harmonic approximation for the nuclear motion. The excess vib-
rational energy in theinitia singlet excited electronic state decreased the rate of
triplet formation in uracil and thymine. This decrease was more pronounced for
uracil. In addition, it was found that the change of the adiabatic energy gap
could significantly modify the rate of triplet formation.
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INTRODUCTION

The ozone layer above the Earth ground protects living beings by absorbing
harmful UV radiation below 290 nm. The UV radiation from 290 to 320 nm is
partially absorbed while the UV radiation from 320 to 380 nm is not absorbed.
The main cellular targets of UV radiation are nucleic acids.! Sequences contain-
ing two or severa pyrimidine bases are hotspots prone to the formation of pho-
tolesions. These photolesions can change the genotype of cells and remove the
normal capacity to inhibit cell growth. The most frequent photochemical reaction
of nucleic acids is intrastrand pyrimidine dimerization. Although time-resolved
infrared experiments? showed that the main dimerization product is formed in
less than 1 ps in a sequence of thymine bases, indicating an ultrafast photoche-
mical reaction on the singlet excited electronic potential surface, the triplet state
mechanism is not necessarily excluded.3 Essentialy, in order to decrease the
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yield of the dimerization, it is necessary that the excited state populations relax
ultrafast to the ground electronic state. Nevertheless, it was shown that in the
pyrimidine bases uracil, thymine and related compounds, a long-lived dark elec-
tronic state is formed to a minor extent.48 The electronic structure of this long-
lived state has been the subject of long and controversial debates. Recent theo-
retical work® and supersonic jet experiments8 showed that this dark state is the
lowest triplet state.

In previous studies, %14 the formation of the triplet state in the pyrimidine
bases uracil, thymine and their derivatives were investigated. It was found that
the lowest triplet state (3nm*) in uracil and thymine is formed via the lowest
singlet excited state (Inm*). Two mechanisms were proposed for triplet formation
upon initial excitation to the second excited singlet state (nn*):® &) an internal
conversion (IC) to the first excited singlet state (*nr*) followed by intersystem
crossing (1SC) to the lowest triplet state (3tn*) and b) an 1SC transition from the
initially populated singlet (1nn*) state to the second triplet state (3nn*) followed
by IC to the lower triplet (3nr*) state. Due to the fast depletion of theinitial lrnr*
state to the ground and Inn* state, it was suggested that lowest triplet state is
populated by the ISC process from the Inn* state. In all studies®14 that were
performed, the 1SC process was initiated from the lowest vibrational level of the
singlet electronic state. These cases corresponded to vibrationally cooled mole-
cules. In this study, the way in which excess vibrational energy, due to inter-
action of uracil and thymine with a heat bath, modifies triplet formation is inves-
tigated. The heat bath was a solvent. In order to calculate the I SC rates, the time-
correlation function method is employed.

The paper is organized as follows: in the next section, we present the com-
putational details and a brief explanation of how 1SC rates can be calculated
when a molecule has excess of vibrational energy due to interaction with a heat
bath are given. The complete explanation will be given elsewhere.1> In the sub-
sequent section, this method is applied to uracil and thymine and the results
discussed. Finally, conclusions are given.

THEORETICAL METHODS AND COMPUTATIONAL DETAILS

Pure spin Born—Oppenheimer states |Sa,{vaj}> and |Tb“,{vbk}> were employed for the
calculation of the ISC rate. Here, S, is asinglet electronic state and T is an « fine-structure
component of atriplet electronic state. {v4} and {v} are vibrationa states related to the S,
and T states. In this work, the potential surfaces were approximated by a harmonic poten-
tial. The normal modes of the triplet {Qr} and singlet {Qg} electronic states are related by
the Duschinsky Transformation:16

Qr =>.3;Qs +D (1)
i

where Jis the Duschinsky rotation matrix and D is the displacement vector.
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If initially a molecule is in a thermal equilibrium with the heat bath, then the ISC rate
constant is given as an ensemble average:

k=" p(E4)k(j — k) )
i

where P(Ey) = exp(Ey4/ksT)/Z is a canonical ensemble probability of the occupation of the
initial vibronic level with an energy E,, Z is the canonical partition function, T is the tem-
perature of the thermal bath, kg is the Boltzmann Constant and k(j—K) is the ISC rate from the
vibronic level with energy E;; to the vibronic level with energy Ey.

Assuming the Condon Approximation for the spin—orbit matrix elements, the ISC rate is
given by:

((va}ve)| O(Eq — Enc) 3

k=2 |FisolTyr) e ST i
K. j

Transforming this expression to the Heisenberg Picture, one obtains an expression that
contains the correlation function. Then, the I1SC rate is calculated as the integral of the cor-
relation function:

1 - 27
k:E|<Sa|HSO|Tb0‘>| [ FOat @)
where the correlation function is:
F(t) — det(sr_lss_IQSQT) %
det(JTQrBrJ + QgBs) det(JTQr Br~1J + QgBs 1) (5)

xexp{ DT [QrBrJ(ITQrBrJ + QsBs) 1 JQr By —Qr Br]D}e'AE

AE is the singlet—triplet adiabatic energy gap and the matrices Sg, Bs, Sy and By are diagonal
matrices with the elements. sinh((L/kgT-t)ay), tanh(wg/(2(L/kgT—t)), sinh(itey) and
tanh( wy;it/2), respectively, w; is the norma mode frequency, indexes Sand T label the normal
modes of the singlet and triplet electronic states, t is time and the superscript T indicates the
transposition of the matrix.

The geometries of the S;(nn*) and T,(nn*) states of uracil and thymine obtained with
the CC2/cc-pVDZ level of theory® were used. The normal mode displacements of the T, state
relative to the S; states of uracil and thymine in dimensionless harmonic oscillator coordinates
are presented in Fig. 1. There are severa low-frequency modes that are highly displaced in
both uracil and thymine. In addition, the C,—C5 bond stretching has a very large displacement
(2.84 in uracil and 2.85 in thymine). The Duschinsky matrices for the transition between the
S, and T, states of uracil and thymine are presented in Fig. 2. Almost al modes are mixed.
The mixing is particularly large for the low-frequency modes and the two highest frequency
modes that represent N—H oscillation. In addition, some high-frequency modes are mixed with
the low-frequency modes. The adiabatic energy gap between S; and T, electronic states of
uracil and thymine, obtained at CC2/cc-pVDZ level, are 5150 and 6652 cml, respectively.®
The adiabatic energy gap and displacement of the normal modes are decisive parameters that
contribute to the calculation of the ISC rates. The sum of the squares of al spin—orbit matrix
elements between the S; state and all fine structure components of the T, state is 2391 cm2
for uracil and 2319 cm2 for thymine.® All 1SC rates that will be presented in this work are the
sum of the three ISC rates from the S; state to the three fine-structure components of the T,
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state. All normal modes were included in the calculations. The correlation function was
calculated for the first 10 fs using 1000 points.
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Fig. 1. Displacements of the T; normal modes relative to the S; normal modesin
dimensionless harmonic oscillator coordinates for uracil (upper) and thymine (lower).
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Fig. 2. Duschinsky matrix related to the transition between the S; and T, states of uracil (left)
and thymine (right). In order to visualize the normal mode mixing, absolute values of the
matrix elements are shown.

RESULTS AND DISCUSSION

If an electronic transition in a molecule is dower than the vibrational relax-
ation, then the normal modes of the electronic state will equilibrate with a heat
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bath. This means that the heat bath will determine the average vibrational energy
of the electronic state. Since the Boltzmann constant is kg=0.7 cm™1 K—1, only
the normal modes with the frequencies less than =250 cm™1 are more than singly
occupied at 300 K. At higher temperatures, 400 and 600 K, this frequency is
shifted to =300 and 500 cm™1, respectively. This means that the heat bath can
excite only low-frequency modes that include a pyrimidization of the ring atoms,
an in-plane bending of the C=0 bonds and a rotation and bending of the methyl
group in thymine. Hence, these modes will have an excess of vibrational energy
compared to the high-frequency modes. On the other hand, these modes signifi-
cantly contribute to the 1SC rate because they make a vibronic quasi-continuum
inthe triplet state.

The correlation functions for uracil and thymine calculated for different tem-
peratures are presented in Fig. 3. In both molecules, the correlation functions de-
cay to zero in approximately 5 fs. These fast decays are related to the large dis-
placements of the normal modes. Since this is a multimode case with Duschinsky
rotation, the normal modes with small displacements can aso contribute to the
correlation function. The correlation functions of thymine decay faster than the
correlation function of uracil. This means that in thymine, the vibrational wave-
packet on the triplet potential surface leaves the Franck—Condon zone faster than
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Fig. 3. Time dependence of the correlation function F for uracil (left) and thymine (right)
for various temperatures. The adiabatic energy gap was 5150 cm? for uracil and
6652 cmL for thymine.
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in uracil. In addition, the amplitude of the first oscillation is larger for thymine
than for uracil. This amplitude for both correlation functions increases with in-
creasing temperature. The sametrend is valid for the decay of the first oscillation
of the correlation function.

The correlation function at t = 0 should be exactly one but it is dightly higher
for uracil and thymine. This is because the determinant of the Duschinsky mat-
rices for uracil and thymine are 0.98 and 0.96, and not 1.00. Therefore, the nor-
mal modes of the triplet electronic state are not completely represented by the
norma modes of the singlet electronic state without including rotations. This
phenomenon is called the axis-switching effect.17.18 Sando et al.19 showed that
the contribution of the nonlinear effect is in principal small for non-radiative
transitions.

The ISC rate from the lowest vibrational level of the singlet electronic state
(the T = 0 case) for uracil and thymine are 1.5x10%0 and 2.5x109.13.14 The ISC
rates for uracil and thymine as a function of temperature are presented in Fig. 4.
In accordance with the correlation function behavior, the rates decrease with in-
creasing temperature. This means that the excess of vibrational energy in the S;
state decreases the 1SC rate for the formation of the triplet state. The explanation
for this could be that the excited vibrational levels in the S; state have smaller
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Fig. 4. Temperature dependence of the intersystem crossing rates for uracil and thymine.
The adiabatic energy gap was 5150 cm' for uracil and 6652 cm2 for thymine.
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Franck—Condon integrals with the triplet vibrational level than the lowest vibra-
tiona state of the singlet state. The temperature dependence of the rate is more
pronounced for uracil than for thymine. In the interval from 100 to 400 K, the
rate decrease 30 % for uracil and 10 % for thymine. According to the energy gap
law,20 it is generally assumed that the rate of a non-radiative transition between
two electronic states becomes larger if the energy difference between the states
decreases. Thymine has a smaller singlet—triplet energy gap than uracil but the
ISC rate is smaller. This is due to the large Duschinsky mixing. In this case, the
energy gap law ceasesto be valid.

A solvent can modify the adiabatic energy gap and it is of interest to see how
the ISC rate depends on the adiabatic energy gap. The ISC rates of uracil and
thymine as a function of the adiabatic energy gap calculated at 300 K are pre-
sented in Fig. 5. Up to 5000 cm1, the rates increase exponentially. For uracil, it
changes two orders of magnitude while for thymine one order of magnitude.
Hydration blue shifts the S;(1nm*) state by =4000 cm™1 and the 3nn* state by
~800 cm1.10 Hence, singlet—triplet energy gap is then increased by =3200 cm 1.
Thiswould increase the | SC rate by an order of magnitude for uracil.
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Fig. 5. The dependence of the intersystem crossing rates on the adiabatic energy gap for uracil
and thymine. The temperature was 300 K.

CONCLUSIONS

The rate of formation of the lowest triplet state in uracil and thymine when
the molecule has an excess vibrational energy due to interaction with a heat bath
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was studied. In a previous paper on the spin-forbidden transitions in uracil, thy-
mine and their methylated compounds,® two mechanisms for triplet formation
were suggested, i.e., @) anon-radiative transition from the intermediate Int* state
to the lowest triplet state and b) a transition from the initially populated lrr*
state to the second triplet state 3nn* followed by internal conversion to the lower
triplet 3rr* state. In thiswork, the first mechanism was considered.

The intersystem crossing rates were calculated using the correlation function
and canonical ensemble formalism. The normal modes of the triplet and singlet
states were related by the Duschinsky transformation. The excess of the vibra-
tional energy was controlled by the temperature of a heat bath. The correlation
functions for both molecules decay in 5 fs. The correlation functions of thymine
decay faster than the correlation functions of uracil. It was found that excess vib-
rational energy decreased the rate of triplet formation in uracil and thymine. This
dependence was more pronounced for uracil. In addition, the rate of the triplet
formation was more susceptible to changes in the adiabatic energy in uracil than
in thymine.

Acknowledgement. The author acknowledges the Ministry of Ministry of Education,
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H3BO[

YTHULIAJ TEMITEPATYPE HA KOHCTAHTY BP3UHE CITMHCKHU 3ABPAILEHOT
[TPEIA3A Y YPALIWIIY U TUMHUHY

MHXAJJIO ETUHCKH

Daxynwi 3a usuuxy xemujy, Ynueepuiteii y Beoipagy, Cuygenwicku wpi 12—16,
u. tip. 47, 11158 Beoipag

Y pamy cy nomohy ab initio meTofa mpoyyaBaHe KOHCTaHTe Op3WHE MHTEPCUCTEMCKHUX
Ipenasa y ypauuily U TAMUHY KOjU HHTeparyjy ca TOIUIOTHUM KynaTunoM. KoHcTaHTe dp3uHe
Cy U3pauyHaTe kopucTehy BpeMeHCKH 3aBHUCHA ITPH/Ia3 3aCHOBAH Ha KOPEeNaluoHOj QYHKIIHjH.
HopmanHu MOIOBU CHHITIETHOT W TPUIUIETHOT €JIEKTPOHCKOT CTawa Cy MOBe3aHU TpaHCGOop-
manujom JdymuHckor. KopenanuoHa ¢yHkuMja je uspauyHara kopucrehu KoHmoHOBY amnpo-
KCUMaLWjy 3a CIIHH—OPOUTHU MATPUUYHU €JIEMEHT U XapMOHHjCKy allpOKCUMALHjy 3a HyKIe-
apHO KpeTawe. Buuiak BudpanuoHe eHepruje y mo4eTHOM CHHIJIETHOM €JIEKTPOHCKOM CTamy
CMamwyje KOHCTaHTy Op3WHe HacTajawa TPUIUIETHOT CTama y ypauwly U TUMHHY. To cMamerme
je uspaxenuje 3a ypauuin. Takohe, HaheHO je ma mpomeHa pasiuke aAujabaTCKUX eHeprja
€JIEKTPOHCKH CTamba MOJKE 3HauajHo /1a yTHue Ha Op3HHY HacTajama TPUIJIETHOT CTama.

(ITpummseno 18. jyna 2012)
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