Investigation of the spin-forbidden process in thymine

Mihajlo R. Etinski

University of Belgrade, Faculty of Physical Chemistry, Belgrade, Serbia

Abstract

The intersystem crossing rate from the lowest singlet to the lowest triplet state of thymine
was studied by means of ab initio methods. The rate was calculated employing the time-
dependent approach based on the correlation function. The normal modes of the singlet
and triplet electronic states are related by the Duschinsky transformation, i.e. by rotation
and translation. The correlation function was calculated using the Condon approximation
for the spin-orbit matrix element and harmonic approximation for the nuclear motion. The
intersystem crossing rate strongly depends on the singlet-triplet adiabatic energy gap and

on the normal mode mixing.
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Theoretical chemistry contributes a lot to the in-
sight into molecular structure and reactivity. In order to
rationalize elementary photochemical processes, me-
chanistic viewpoint is introduced. It includes motion of
the nuclei on the ground and excited potential energy
surfaces (PESs) and characterization of the points on
PESs such as minima, saddle points and PESs intersec-
tions [1].

The ground electronic state of organic molecules is
usually a closed-shell singlet. Singlet excited states are
created after photoexcitation. They are metastable and
decay to the ground state through radiative or nonra-
diative processes. These processes can be intermediate
steps in photochemical reactions. One of the nonra-
diative processes is an intersystem crossing. It involves
a transition between electronic states of the different
spin multiplicity, i.e., singlet to triplet electronic states
in organic molecules. It is a forbidden process in non-
relativistic quantum chemistry but becomes allowed
when coupling between spin and orbital momenta is
included. Triplet states are significant in organic photo-
chemistry because they can be highly reactive [1]. Due
to this, it is important to know the rates of their for-
mation. Rates of intersystem crossing are essentially
properties of chromophores. The knowledge of rates is
useful in designing molecules that can serve as photo-
labile protected biological compounds [2] or are in-
volved in photodynamic therapy [3].

There is evidence that triplet states of nucleic acids
are involved in the formation of nucleic acids photo-
products that are mutagenic and carcinogenic for skin
cells [4-8]. The most frequent photoreaction of nucleic
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acids is an intrastrand pyrimidine dimerization. This re-
action covalently links two pyrimidine basis and yields
mostly cyclobutane pyrimidine dimmer (CPD) and a
small amount pyrimidine (6-4) pyrimidone photopro-
duct and related Dewar-valence isomers. Thymine is a
pyrimidine base that has the highest yield of the pho-
toproducts. Therefore, it is important to investigate the
triplet state formation in thymine in order to under-
stand the molecular origin of UV-induced carcinogene-
sis and mutagenesis of nucleic acids.

Gas phase allows investigation of intrinsic proper-
ties of thymine — the properties that are independent
of solvation. Time-resolved spectroscopic experiments
showed that thymine in the gas phase, after initial
photoexcitation, relaxes on femtosecond, picosecond
and nanosecond timescales. For several hundred nano-
seconds it remains trapped in the long-lived electronic
state [9-13]. This state is a non-fluorescent (dark) state.
It could be the lowest singlet excited state S; (‘nm*),
the lowest triplet T, (*rn*) or the hot ground state.
Etinski et al., based on the quantum chemical calcu-
lations, argued that the dark state is the lowest triplet
state T, (>n*) and that it is formed from the lowest
singlet excited state S, (*nrt*) [14]. Recently, Kunitski et
al. performed a time-resolved spectroscopic experi-
ment in the gas phase in order to assign the dark state
of thymine [13]. They measured a transient IR spec-
trum of the dark state in the OH/NH stretch region.
Their results confirmed the findings of Etinski et al.

Solvation can modify adiabatic energy gaps because
excited states can have different polarizabilities. Etinski
and Marian found that hydration could significantly
shift electronic excited states of the pyrimidine basis
[15,16]. They found that the S, (*nm*) state in thymine
was blue-shifted by 0.51 eV while the T, (Crr*) state
was blue-shifted by 0.09 eV. Thus, it is of importance to
examine in what manner the adiabatic energy gap mo-
difies the ISC rate.
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The goal of this work is to establish how the ISC rate
in thymine from the S; (‘nm*) to the T, (3713715*) state
depends on the electronic structure parameter such as
the Duschinsky rotation (mixing) of the normal modes
and adiabatic energy gap.

The paper is organized as follows: in the next sec-
tion | shall explain how the ISC rates can be calculated
using the correlation function approach. Then, details
of the rate calculations, the results and discussion will
be presented. Finally, conclusions will be given.

THE CORRELATION FUNCTION METHOD

ISC rates are evaluated using the perturbation ap-
proach. The perturbation expansion is limited to the
first-order, i.e., the Golden rule approximation. This is
justified because all atoms in thymine are light so that
spin-orbit coupling I:Iso could be treated as a perturb-
ation.

The correlation function method presents a time-
dependent approach to the rate calculation. The cor-
relation function is calculated in time-domain and the
rate is obtained by integration of the correlation func-
tion [18]. In this case, the evaluation of enormously
large number of the Franck-Condon integrals is avoided.
This is particularly important for large molecules and
large adiabatic energy gaps.

In this work, we are interested in the evaluation of
the rate from the initial singlet vibronic state to the
final triplet states. Rates are calculated assuming the
statistical limit, i.e., a high density of the final states.
Large number of normal modes creates a quasi-con-
tinuum of triplet vibronic states allowing an irreversible
transfer of the initial population to the triplet electronic
state.

As zero-order states for the perturbation calcul-
ation, pure spin Born-Oppenheimer states |Sa,{vaj}>
and Tb”,{vbk}§ were used. Here S, is a singlet elec-
tronic state, b“ is an « fine-structure component of a
triplet electronic state, and{vaj}and {vy} are vibra-
tional states related to the S, and T, states. In the
body-fixed rotating molecular coordinate system, the
electronic potential energies of the singlet and triplet
states in the vicinity of their minima can be diagona-
lized by introducing normal-mode coordinates {Qs;} and
{Qsi}. Generally, normal modes of the triplet state are
displaced and rotated relatively to the singlet state
normal modes. The transformation between them is
the Duschinsky transformation [18]:

QTI :Z-Iijasj +D,' (1)
)
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where J is the Duschinsky rotation matrix and D is the
displacement vector.

The rate from the initially populated vibronic state
|Sa ,{vaj}> to triplet vibronic states Fb"’,{vbk}> is given by:

kisc = ZEZKSG ,{vaj}
k

Spin-orbit matrix elements (SOMEs) generally de-
pends weakly on the normal mode coordinates. They
can be expanded using the Taylor expansion about the
initial geometry:
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Keeping only the first term represents the Condon
approximation and contributes to the direct spin-orbit
coupling. The second and higher order terms represent
Hertzberg-Teller expansion and they contribute to the
vibronic spin-orbit coupling. In this work, only the di-
rect spin-orbit coupling will be considered because the
transition from the S; (nmt*) to the T, (mmt*) in thymine
is orbitally allowed — the first term in the Taylor expan-
sion of the SOMEs is significantly larger than the higher
terms.

Assuming only a direct spin-orbit coupling, the ISC
rate from the initial vibronic level, is given by:

. 2
kisc = 27[‘<5a |Hso ‘Tba>‘ ZKVaj
k

In this case, the calculation of the rate is reduced to
the calculation of the electronic part <Sa |HSO‘Tb’”> and
the vibrational part, i.e., the Franck-Condon integrals

2
ka>‘ OEg —Ey)  (4)
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Transforming the expression (4) into the Heisenberg
picture, we obtain:

K" = 17 (Vo Flso 0)Aso 0)] vy )t (5)

where H,(t)=e"' A e is the spin-orbit operator
in the Heisenberg picture. H,=H+H; is the zero-
-order Hamiltonian that includes vibrational motion on
the singlet and triplet potential surfaces. Etinski et al.
[17] showed that the previous expression can be
evaluated in the following way:

o 2 e
k;fs%” :‘<SG|HSO‘Tba>‘ J. Fcorr(t)dt (6)

where

(7)
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and £2,5,B are diagonal matrices with elements
(Q); =@, (S); =sinh(imt), (B); =tanh(ioit /2), w;is a
normal mode frequency, indexes S and T label normal
modes of the singlet and triplet electronic states and
superscript T indicates the transposition of a matrix.
AE ¢ is an adiabatic energy between singlet and triplet
electronic states.

The calculation of the correlation function involves
only matrix multiplication, matrix inversion and calcul-
ation of a determinant. The correlation function has an
odd imaginary part and an even real part. Therefore,
the evaluation of the rate is reduced to the calculation
of the real part of the correlation function for a positive
time interval. Input parameters needed for the calcul-
ation of the rate are normal mode frequencies of the
singlet and triplet electronic states, the displacement
vector, the Duschinsky matrix, the adiabatic energy gap
and the spin-orbit matrix element.

DETAILS OF THE INTERSYSTEM CROSSING RATE
CALCULATIONS

In this work we will use electronic structure data
obtained in the work of Etinski et al. [14]. They opti-
mized the S; (‘nm*) and T, (*nr*) excited states of
thymine using the coupled-cluster with approximative
doubles (CC2) method. This method represents an ap-
proximation to the coupled-cluster singles and doubles
(CCSD) method where the singles equations are re-
tained in the original form and the doubles equations
are truncated to the first order in the fluctuating po-
tential [19]. The basis set was Dunning’s cc-pVDZ basis
set (C, N, O, 9s4p1d/3s2pld; H, 4s1p/2s1p) [20,21].

The excited state geometries were optimized with-
out symmetry constraints. The molecular geometry of
the S, state was planar while the T, state was butterfly-
-shaped. Since there is a large difference in the S; and
T, molecular geometries the parameters from the Du-
schinsky relation, the displacement and mixing of the
normal modes are large. Figure 1 presents the absolute
displacement of the T, state normal modes relative to
the S; state normal mode in dimensionless harmonic
oscillator coordinates. There are several low-frequency
modes that are highly displaced. These modes are vib-
ronically active and they considerably contribute to the
rate. However, the normal modes with small displace-
ment can also contribute to the rate. Sando et al. [22]
showed that when the Duschinsky mixing is present,
modes with small displacement cannot be ignored in
the calculation of the nonradiative rate, particularly
when their number is large.

Figure 2 presents the Duschinsky matrix for the
transition between the S; and T, states of thymine.
Almost all normal modes of the triplet states have
more than one component in the basis of the singlet
state normal modes. Also, some high-frequency modes

are mixed with the low-frequency modes. Due to this it
is important to include all normal modes into calculations.
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Figure 1. Absolute displacement of the T, state normal modes
relative to the S; state normal mode in dimensionless
harmonic oscillator coordinates.

sl -.- | 09
08
10 " 1
e or
15 w B
[ .‘-- ] 06
201 g 05
"
|| S04
25+ | "l
!- u - 40.3
| s ,
-] s = L o2
a5r --.- 1 b Hoa
5 10 15 20 25 30 35

Figure 2. Duschinsky matrix related to the transition between
the S; and T, states of thymine. In order to visualize the
normal mode mixing, absolute values of the matrix

elements are shown.

The adiabatic energy gap between S, and T; elec-
tronic states of thymine obtained at the CC2/cc-pVDZ
level is 6652 cm ™. SOMEs were calculated using SPOCK
program based on the DFT/MRCI electronic structure
method [23]. SPOCK employs a one-center mean-field
approximation to the Breit-Pauli Hamiltonian [24].
SOMEs were calculated at the S; optimized minimum.
The sum of the squares of all SOMEs between the S,
state and all fine-structure components of the T, state
is 2319 cm™>. All rates that will be presented in this
work are a sum of the three rates from the S; state to
the three fine-structure components of the T, state.
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The correlation function was calculated for the first
10 fs using 1000 points. We found that the rate is very
robust to the density of points needed for the inte-
gration of the correlation function.

RESULTS AND DISCUSSION

The time dependence in the expression (5) can give
a physically more appealing picture based on the wave-
packet time-correlation function. After slight arrange-
ment we obtain:

kcorr

cor :‘<Sa| I:,SO‘Tba>‘2 T <Vaj eitl:ls e—itl:lr |Vaj> o/t AEsT 4t (8)

The correlation function can be understood as an
autocorrelation function of the initial wavepacket on
the singlet potential surface and its projection on the
triplet potential surface. As the initial wave packet is
nonstationary on the triplet potential surface, it moves.
Therefore, the ISC rate is directly related to the overlap
between the initial wave packet on the singlet potential
surface and the moving wavepacket on the triplet po-
tential surface. The wavepacket autocorrelation func-
tion decays due to multimode motion. The recurrence
time of various normal modes are different doing the
autocorrelation function to vanish after sometime. In
this case, the correlation function will become zero.

Figure 3 presents the correlation functions calcul-
ated for various adiabatic energy gaps when the Du-
schinsky mixing is included and excluded from the cal-
culations. The adiabatic energy gap varied from 1000 to
10000 cm " in steps of 1000 cm ™. The correlation func-
tion calculated with the smallest adiabatic energy gap
has the largest oscillation amplitude. The increase of
the adiabatic energy gap decreases the oscillation am-
plitude. This can be explained in light of the previous
discussion on the wavepacket autocorrelation function.
The negative amplitude of the correlation function
comes from the return of the wavepacket on the triplet
potential surface. As the adiabatic energy gap in-
creases, it takes more time for wavepacket to return to
the Franck-Condon zone so that the correlation func-
tion amplitude decreases and shifts to larger times.

It is interesting that in the absence of the Du-
schinsky mixing between the normal modes, the corre-
lation function significantly increases the oscillation
amplitude. This means that normal modes are strongly
mixed as it was concluded from Figure 2. The mixing of
the normal modes makes the triplet potential surface
more different form the singlet potential surface and
therefore the overlap of the singlet and triplet surface
wavepackets decreases.

Figure 4 presents the ISC rates calculated from the
correlation functions presented in Figure 3. The simple
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rule called energy gap law assumes that the rate of a
non-radiative transition between two electronic states
becomes larger if the energy difference between the
states decreases [25]. In our case, where the potential
surfaces are strongly displaced, the rate increases with
the increase of the energy gap.

12 T T T T T T T T

0.8 - 4

0.4 4 i

corr

0.0

044 |

0.8 T T T T

Time / fs Time / fs

Figure 3. The correlation functions calculated with (left) and
without (right) the Duschinsky mixing for various adiabatic
energy gaps. The adiabatic energy gap varied from 1000 to
10000 cm ™t in steps of 1000 cm™.
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Figure 4. Dependence of the logarithm of the ISC rate
calculated with (black) and without (gray) the Duschinsky
mixing for various adiabatic energy gaps. The adiabatic
energy gap varied from 1000 to 10000 em™in steps of
1000 cm™.

The rates are highly dependent on the adiabatic
energy gap variations. The rate changes six orders of
magnitude when the adiabatic energy gap changes
from 1000 to 10000 cm . This dependence is more
pronounced for smaller energy gaps. For larger energy
gaps, there is a saturation so that the ISC rates are less
sensitive to the adiabatic energy changes. Hence, it is
important to know the precise values of the adiabatic
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energy gap for various environments in order to be
able to quantitatively calculate the rate constant. In the
gas phase, the adiabatic energy gap is 6652 cm ™ and
hence the rate is 2.45x10° s .

Lin and coworkers showed on the model composing
of two normal modes that the ratio of the rates
calculated with and without the Dushinsky mixing for
various degree of mixing can be fairly complicated [26].
In our case, the rate obtained with the Duschinsky
mixing is usually an order of magnitude larger than
without the Duschinsky mixing. Hence, in thymine the
Duschinsky mixing plays the key role for the rate cal-
culation.

CONCLUSIONS

We have studied the intersystem crossing rate from
the lowest singlet to the lowest triplet state in thymine.
The rate was calculated employing the correlation
function approach. Since the normal modes of the
singlet and triplet potential energy surface were
different, the Duschinsky transformation between the
normal modes was introduced. It maps the normal
modes of the singlet state to normal mode of the trip-
let state by translation and rotation.

Parameters needed for the rate evaluation are
taken from quantum chemical ab initio calculations.
The correlation function was related to the wavepacket
autocorrelation function. Since the initial wavepacket is
non-stationary on the triplet potential surface, it evol-
ves. The overlap between the wavepackets on the sing-
let and triplet potential surfaces determines the corre-
lation function. It decays due to multimode motion.
The increase of the adiabatic energy gap makes the
correlation function amplitude to decrease and to shift
to larger times.

We found that the rate strongly depends on the
singlet-triplet adiabatic energy gap and on the Duschin-
sky mixing. This means that these parameters are im-
portant for a quantitative evaluation of the intersystem
crossing rate in thymine.
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1ZVOD
ISTRAZIVANJE SPINSKI ZABRANJENOG PROCESA U TIMINU
Mihajlo R. Etinski

Univerzitet u Beogradu, Fakultet za fizicku hemiju, Beograd, Srbija
(Naucni rad)

Najcesca fotohemijska reakcija nukleinskih kiselina je dimerizacija pirimidin-
skih baza. Timin je pirimidinska baza koja ima najvedi prinos dimerizacije. Istrazi-
vanja su pokazala da je pocetni korak dimirizacije timina stvaranje tripletnih stanja
timina. U ovom radu je proucavana konstanta brzine spinski zabranjenog intersis-
temskog prelaza izmedu najnizeg pobudenog singletnog elektronskog stanja i naj-
nizeg triplet elektronskog stanja timina pomocu ab initio metoda teorijske hemije.
Konstanta brzine intersistemskog prelaza je racunata koristeéi Fermijevo zlatno
pravilo iz pertubacione teorije. Ona se moze predstaviti kao integral vremenske
korelacione funkcije. Normalni modovi singletnog i tripletog elektronskog stanja
su povezani transformacijom Dusinskog, tj. pomodu rotacije i translacije. Korela-
ciona funkcija je racunata podrazumevajuci Kondonovu aproksimaciju za spin-or-
bitni matri¢ni element i harmonijsku aproksimaciju potencijala za kretanje jezgara.
Vremenska zavisnost korelacione funkcije je objasnjena razmatrajuci autokorela-
cionu funkciju talasnog paketa, koja predstavlja preklapanje talasnog paketa koji
miruje na singletnoj elektronskoj povrsini i talasnog paketa koji se kreée na tri-
pletnoj elektronskoj povrsini. Konstanta brzine intersistemskog prelaza se menja
Sest redova veli¢ine kada se adijabatska energija singletnog-tripletnog procepa
menja od 1000 do 10000 cm ™. Takode, ako se u proracun uzme da su normalni
modovi tripletnog stanja samo pomereni ali ne i rotirani u odnosu na normalne
modove singletnog stanja, dobijaju se rezultati koji se znacajno razlikuju u odnosu
na potpune proracune. Zbog toga, da bi se kvalitativno odredila konstanta inter-
sistemskog prelaza u timinu, od velike je vaZnosti uzeti u proracun potpunu za-
visnost izmedu normalnih modova singletnog i tripletnog elektronskog stanja, kao
i tatnu vrednost adijabatske elektronske energije.
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