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Abstract: We address the possibility of populating the lowest triplet state of cytosine by an ‘“intrinsic”
mechanism, namely, intersystem crossing (ISC) along the ultrafast internal conversion pathway of the
electronically excited singlet species. For this purpose, we present a discussion of the ISC process and
triplet-state reactivity based on theoretical analysis of the spin—orbit strength and the potential energy
surfaces for the relevant singlet and triplet states of cytosine. High-level ab initio computations show that
ISC is possible in wide regions of the singlet manifold along the reaction coordinate that controls the ultrafast
internal conversion to the ground state. Thus, the ISC mechanism documented here provides a possibility
to access the triplet state, which has a key role in the photochemistry of the nucleic acid bases.

Introduction intersystem crossing (ISC) mechanism. Such a possibility is

Significant advances in understanding the singlet-state pho-€Xplored in the present contribution and has been the main
tophysics of the nucleic acid bases have occurred in recent yearsunderlying reason to undertake the current research. Despite
Light absorption initially produces excited states of singlet the fact that triplet formation has a low quantum yiete0(01
multiplicity having a high photostability as their most remarkable in water)? longer-lived triplet states are crucial when considering
characteristics, due to ultrafast decay pathways for electronic the DNA chemistry. Their relevant role in the photochemistry
energy. Fluorescence lifetimes of DNA/RNA nucleosides and and photophysics of the DNA components is well-known
nucleotides measured in solution by several groups fall in the because they are precursors of the cyclobutadipyrimidines.
subpicosecond time scale, suggesting the presence of an ultrafasthese compounds are formed through the dimerization of
internal conversion channel (for a recent review, see ref 1). Very Pyrimidinic thymine and cytosine derivatives after UV irradia-
short lifetimes, in the picosecond regime, have also been tion mediated by ISC from the singlet to the triplet state.
determined in the gas phase for the isolated purine and Dimerization is observed in DNA models, such as the isolated
pyrimidine based. Such favorable internal conversion (IC) bases in solution and oligonucleotides, and also in naked and
processes behave in these molecules as a self-protectiorfellular DNA, where it is believed to be one of the major
mechanism preventing photochemical reactions induced by UV photochemical evenfs® Moreover, recent theoretical results
radiation. Computational resuit$ for cytosine have shown that ~ from one of our group suggest that the triplet state may also
the ultrafast decay is due to the presence of an energeticallyinduce phototautomerization in Watse@rick pairs?
accessible region of conical intersection between the lowest Despite great experimental efforts, the initial formation of
excited and the ground state. the photoreactive triplet state has not been explained satisfac-

Along the ultrafast internal conversion of singlet-excited torily. One of the mechanisms proposed in the literature involves
cytosine, the lowest triplet state might be populated by an triplet energy transfer from “external” photosensitizers added

t Universitat de Valacia to the DNA or from “endogenous” sensitizers present in the

* Imperial College London. cell® Here, we show that along the ultrafast fluorescence decay,

§ Universitat de Girona. nonsensitized population of the triplet state through ISC between
(1) Crespo-Herhadez, C. E.; Cohen, B.; Hare, P. M.; Kohler, Bhem. Re.
2004 104, 1977-2019.

(2) Kang, H.; Lee, K. T.; Jung, B.; Ko, Y. J.; Kim, S. K. Am. Chem. Soc. (6) Cadet, J.; Vigny, P. IBioorganic PhotochemistrMorrison, H., Ed.; John
2002 124, 12958-12959. Wiley & Sons: New York, 1990; Vol. 1, pp-1272.

(3) Blancafort, L.; Robb, M. AJ. Phys. Chem. 2004 108 10609-10614. (7) Douki, T.; Cadet, JBiochemistry2001, 40, 2495-2501.

(4) Mercha, M.; Serrano-Andrg L. J. Am. Chem. SoQ003 125, 8108~ (8) Douki, T.; Reynaud-Angelin, A.; Cadet, J.; Sage,Bifochemistry2003
8109. 42, 9221-9226.

(5) Ismail, N.; Blancafort, L.; Olivucci, M.; Kohler, B.; Robb, M. Al. Am. (9) Blancafort, L.; Sodupe, M.; Bertran, J. Am. Chem. So004 126,
Chem. Soc2002 124, 6818-6819. 12770-12771.
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Figure 1. Cuts along the potential-energy surfaces @f$, and T, showing the proposed route for the triplet-state formation along the minimum-energy
path for ultrafast decay of electronically excited singlet cytosine (a) and the nonradiative deactivation mech&gsat)afi, (b). (Energies are in kcal
mol~1, SOC is in cnl.)

the lowest singlet excited (Fand the lowest triplet state () rium structure for the lowest triplet staféw,z*) min, where the

is possible for cytosine, providing a mechanism of “intrinsic” excitation is localized on the & Cg r bond of cytosine. This
triplet sensitization of the base. It is worth mentioning in this biradical species can react further or decay to the ground state,
context that the ISC vyields at room temperature for the either by radiative emission (phosphorescence) or by nonradia-
pyrimidine bases, estimated by various techniques, fall within tive decay via ISC with &

the range of 10°—1073, approximately, and triplet emission is
also observed in low-temperature matrix experiméhidore-
over, rather long-lived, dark excited states, with lifetimes of Vertical Excitations and Potential Energy Surfaces.The well-
hundreds of na_nosecon_ds'. haye been detected t?y resonaml)éstablished CASPT2//CASSCF protocol was used throughout our
enhanced multiphoton ionization (REMPI) experiments for cajculationsi* The calculation of the critical points and MEP with
cytosiné! and thyminé®13in the gas phase. Both a triplet state  Molcas-6° and Gaussian08is reported in the Supporting Information.
and an (n7*) singlet state have been proposed earlier as possible The CASPT2 calculations were carried out with Molca$-Gsing a
candidates of the observed dark states, and our present comput&8GASSCF(12,9)/6-31G(d,p) zero-order wave function unless otherwise

tions give support in favor of the triplet state as the actual dark stated. The active space includes sexenrbitals (all except the MO
species detected experimentally. localized on the NEigroup) and the two lone pairs (located on the N

Our CASPT2//CASSCF results are summarized in Figure 1, and oxygen atoms,ynand rp hereafter). The core orbitals were not

h h . . fi Fi 1 correlated, and the so-called imaginary level-shift techrfiques
where we present the two main points of interest. Figure 1la employed with IMAG= 0.2 au. The states of interest were obtained

shows the population of the triplet state after initial singlet fom average CASSCF(12,9) calculations, using five roots for the states
excitation. The first part of the decay on the singlet-state surface of singlet multiplicity and six roots for the triplet states. Therefore, an

leads to the excited-state minimufiz,#*) min. From there on,  equivalent computational treatment was given to the vertical excitation
the singlet and triplet excited states; @d T, respectively) energies and to the calculated band origins. To reduce computational
are almost degenerate along the minimum-energy path (MEP)effort, the CASPT2 energies along the minimum-energy path (MEP)
to the region responsible for the ultrafast decay of the singlet for singlet state decay (Figure 3) were calculated only for the three
state (path frond(,7*) min to (S1/So)x). Along this path, there lowest singlets and the two Iowe_st triple_ts, due to the large separation
is substantial spirorbit coupling (SOC) (2630 cnid). between these states and the higher lying ones along the path. These
Together with the small singletriplet energy gap, this allows
for the occurrence of ISC from;30 T;. Clearly, the decay to

S is more efficient because it does not involve a change of Publishing: Singapore, 1999. . _
spin and it dominates over the ISC. However, the experimental > égﬁg;i%'%ofpegﬁ' e M Gt Fe
results described above show that the triplet state, despite its g[a}&af,N%I:( aHifrenS;,Tl?_-:NZ%g}ggb% l?:;'?pggatin?hh E(-);sMglrgq_\/ist,de
low quantum yields, is relevant for the photochemistry of the U échimrg\elpf’en.ﬁig, B% Scte, M., Seijo, L,;’Sgrrano_AnaE"L,?' '
DNA pyrimidine bases, and our present results explain the gi‘fgbél‘\;lgl_%fs'\/'\;ég%wngv gy;%f:rt%lsrioyﬂ\]/:ggfgg{l \/Ch\é\/rﬁggf\;k
triplet-state formation. Similar to its important role in the singlet- Chemical Centre, University of Lund: Lund, Sweden, 2004 '
state photophysick,® the G pyramidalization is essential in ~ (16) Kﬁisé?r:‘ée'\gé%;gfgcgsg zGa'k\r/;/é;stCk?l\e}gg'-T/io?ﬁbc?%%srsr?’ f- JE-_? sl?tfaerl-)r{a'\rfh
favoring the ISC because it induces an increase of the SOC  RE.: Burant, J. C.; Dapprich, S.; Millam, J. M.; Daniels, A. D.; Kudin,
along the coordinate. The second point is the fate of the triplet ~ K-N. Strain, M. C.; Farkas, O.; Tomasi, J.; Barone, V.; Cossi, M.; Cammi,
(Figure 1b). After the ISC, the molecule decays to the equilib-

Computational Details

(14) MercHa, M.; Serrano-Andrg, L.; Fischer, M. P.; Roos, B. O. IRecent
Advances in Multireference Methogtirao, K., Ed.; World Scientific

R.; Mennucci, B.; Pomelli, C.; Adamo, C.; Clifford, S.; Ochterski, J.;
Petersson, G. A.; Ayala, P. Y.; Cui, Q.; Morokuma, K.; Malick, D. K.;
Rabuck, A. D.; Raghavachari, K.; Foresman, J. B.; Cioslowski, J.; Ortiz,
J. V.; Stefanov, B. B.; Liu, G.; Liashenko, A.; Piskorz, P.; Komaromi, |.;
Gomperts, R.; Martin, R. L.; Fox, D. J.; Keith, T.; Al-Laham, M. A,; Peng,

(10) Ganer, H.J. Photochem. Photobiol. B99Q 5, 359-377.

(11) Nir, E.; Muller, M.; Grace, L. I.; de Vries, M. SChem. Phys. LetR002
355 59-64.

(12) He, Y. G.; Wu, C. Y.; Kong, WJ. Phys. Chem. 2003 107, 5145-5148.

(13) He, Y. G.; Wu, C. Y.; Kong, WJ. Phys. Chem. 2004 108 943-949.

C. Y.; Nanayakkara, A.; Gonez, C.; Challacombe, M.; Gill, P. M. W.;
Johnson, B.; Chen, W.; Wong, M. W.; Andrel. L.; Head-Gordon, M.;
Replogle, E. S.; Pople, J. AGaussian 98revision A.6; Gaussian, Inc.:
Pittsburgh, PA, 1998.
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Figure 2. Evolution of the low-lying singlet and triplet excited states along
the S(zr,7*) MEP computed at the CASPT2//CASSCF level.
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Figure 3. Energies (CASPT2//CASSCF) of the low-lying singlet and triplet
excited states along the MEP frofmw,r*) min t0 (S1/So)x.

calculations were done with a smaller 6-31G(d) basis, and comparison
with the energies obtained along a linear interpolation coordinate with
the 6-31G(d,p) basis (five singlet and six triplet states) gives a
qualitatively similar profile (see Supporting Information). In fact, one
of the previous publications on the excited state of cytosine has shown
that the influence of p-polarization functions on the hydrogen atoms is
small?

Spin—Orbit Coupling (SOC) Calculations. The SOC strength
between selected states was computed as

SOG =,/ Y ITJAsdSTF  u=xy,z

which can be considered the length of the spinbit coupling vector
SOCy with componentT; 4|Hsol S The algorithms implemented in
the Molcas-6°> and Gaussian-08quantum-chemistry programs were
employed. A CASSCF(12,9)/6 31G(d,p) wave function averaged over
five singlet and six triplet states was used. To reduce the computational
effort, the SOC along the MEP for singlet-state decay (Figure 4) was
calculated with a CASSCF(12,9)/6 31G(d) wave function over three
singlet and two triplet states (see above). A detailed analysis of the
SOC is given in the Supporting Information.

Calculation of Radiative Lifetimes. From the calculated CASSCF
transition dipole moments (TDM) and the CASPT2 excitation energies,
the radiative lifetimes have been estimated by using the Striekler

1822 J. AM. CHEM. SOC. = VOL. 127, NO. 6, 2005
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Figure 4. SOC between Tand § and T; and $ pairs of states at CASSCF
level, along MEP to 8S, crossing.

Berg relationshig? In particular, the ST TDMs were obtained by
the following expression:

[r'1S,205, 0 HE ) T°0)
+
E(T% — E(S))
(S Hsdl T T I 701
ES) — E(T,)

Estimation of Probability for ISC ( P'S€). In the semiclassical
picture based on potential-energy surfaces, the probability of ISC for
a molecule passing through a singtétiplet crossing, in a Landau
Zener type mode¥ is given by

TDMgr = [§r|T0= )

n

m

p'SC— 1 _ pZ
LZ _ _ T
P~ = exp( 45)
_ 8Hsoc2
hgaVNAv

Here,qd is the gradient difference vector between the singlet and triplet
states and/ the velocity of the molecule at the crossing point (see
Supporting Information for details).

Results and Discussion

Triplet-State Formation (ISC from S; to T1). The photo-
physics of electronically excited singlet cytosine at long
wavelength consists of ar(r*) absorption feature with a
minimum on the $surface(,7*)min, and decay at a region
of degeneracy with the ground state (conical interseath
So)x; see Figure 1). On the potential-energy surface, the
population transfer to the triplet state will most likely occur
after decay to the minimum of the spectroscopic excited state.
Ideally, large SOC occurs when the electronic transition that
accompanies the spin flip creates orbital angular momentum.
In the present case, where the excitation involves mainly p
orbitals, the two p orbitals must be orthogonal to each other.
For cytosine, this implies that the population of the triplet
cytosine surface could be associated to a transition between the
1(r, %) and 3(no,r*) states since in the regions of interest (MEP

(17) Strickler, S. J.; Berg, R. Al. Chem. Physl962 37, 814.

(18) Manaa, M. R.; Yarkony, D. Rl. Chem. Phys1991, 95, 1808-1816.

(19) Salem, LElectrons in Chemical Reactions: First Principje®hn Wiley
& Sons: New York, 1982.
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Table 1. Computed Spectroscopic Properties for the Low-Lying molecular orbital (MO) models, the¥(no,7*) states stay close.
ﬁﬂgﬁgi?yg')ﬁ’gegfgfgeﬁ ftate; of Cytosine at the CASPT2// The remaining singlet and triplet states considered become
, - ,P) Leve i - -
Vertical Transiion (ev Pp—— progressively destabilized as the geometry change imposed along
erical Transiton (eV) and Orighn (Te. &¥) the reaction coordinate of;Sncreases. At the end of the S
b . . . . . .
state CASSCF CASPT2 CASSCF  CASPT2 Trad MEP, which is essentially coincident with th¥mz,a*)min
) ggi g-gi (8-83? 3?431 g-g‘; i86n6$ structure, the Tand T, states are placed at0.28 and+0.34
15232*; 567 511 E0:003; ' : S eV, with respect to the energy #br,7*) min. The computed SOC
3, ) 3.72 3.65 2.99 3.04 199 ms in the FC-1(x,7*) min region is much more pronounced for the
zgnwﬂ;) g-éi i-gg 4.01 3.89 Y, %)/3(no,*) pair than for thel(z,7*)/3(,7*) states. How-
7T,7T* . . . . .
3(o,) 5 38 502 373 3.88 e;_er_, thtle singlettriplet gap is too large for ISC to take place
efficiently.
a Singlet-state results taken from ref4Oscillator strength in parentheses. We continue with an exploration of the region of quasiplanar

geometries in the region arounde,m*)min, Where the @

for singlet-state decay), the triplet states have an electronic pyramidalization is approximately 2@r less. A quasiplanar
character similar to that in the singlet states (see the resonancginimum 3(No,*) min, has been optimized on the Surface

structures in Figure 1a). This is in agreement with the El-Sayed approximately 8.5 kcal mot (0.37 eV) above () min. A
selection rules for intersystem crossfgon the basis of these crossing between thé(z,7*) and 3(no,7*) states has been
considerations, our study considers three regions of the potentialy,.ated near that minim,um using Iiﬁear displacements (see
energy surface where the ISC mechanism is possible: (1) theSupporting Information), but the barrier to access e/
Franck—Clondtin (FC) struct_u_re(_gs)mirl and the MEP from 3(no,t*) crossing (hereafter “singlettriplet crossing 1" STC;)
(9Shnin 10 *(,7%) min; (2) the vicinity of (7" min; and (3) the from (7, 2*) min is high (15 kcal mot?, 0.65 eV). In addition

1 A y , U, . ,
MEP from X(z,7*) min t0 (Sy/ SO)X'_ _ ~ al(w,m*)/3(w,7*) degeneracy point§TCy) has been located in

The computed spectroscopic properties for the low-lying the vicinity of 1(zr,*) min. The crossing has a low energy of 2.1

triplet states of cytosine are listed in Table 1, where for the ycal mor! (0.09 eV) relative to that of(,7*) min, but the
sake of comparison, the previously reported singhglet  corresponding SOC is comparatively small (7.5 émThus,
feature$ are also included. It is clear that the lowest triplet state |gc at quasiplanar geometries seems unlikely either because

(T1) is predicted to haver*) character. At the highest level  of the high-energy barrier heights or because of the small SOC
of theory employed, the vertical transition for the lowest jnyolved.

singlet—triplet electronic transition is computed to be at 3.65
eV, with the band origin at 3.04 eV. The results are consistent ;
with the estimation of the triplet energy (3.33 eV) made for
cytidine 3-monophosphate (CMP) in agueous solution at room
temperaturg and the recorded band maximum (around 3 eV)
of the phosphorescence excitation spectrum for related com
pounds in polar solventd. The radiative lifetime is predicted
to be ~0.2 s and is in reasonable agreement with the
experimental data for the phosphorescence lifetime of cytosine
(0.6-0.8 s)1° The remaining triplet states are placed more than
1 eV above the Tz, 7*) state, both at the FC region and at the
respective equilibrium geometries. To compute the band origins,
the minima for the triplet states were optimized (see Supporting
Information). Interestingly, the band origins for the singlet and
triplet (no,,r*) states are predicted to be degenerate and close
to that of the3(ny,r*) state, wheread(w,7*) min is stabilized by
0.6 eV with respect to(w,7*)min. The CASSCF geometry
optimization of the3(ny,7*) state gives a minimum on the
potential-energy surface, whereas the optimization of the . .
1(ny,*) state leads directly to a conical intersection with the cha}rac.ter of the itateg along the MEP, |n.duced by the pyrami-
ground state. It is worth recalling that this state is expected to da||zat'|on. Of_ Q"_ This ynderllnes the importance of the
play a minor role in the ultrafast decay of singlet-excited PYramidalization in favoring the ISC from o Ty.
cytosine because of the relatively larger barrier height that the  TO get an estimate of the probability of ISC from 8 T,
system has to overcome Compared to that |nl¢he-[*) path_4y5 the rate constanksc, for nonradiative ISC from a triplet (T)
The evolution of the low-lying singlet and triplet states along 1  Singlet (S) state can be obtained, in principle, from Fermi's

the MEP tol(zz,7*) min (essentially a bond inversion coordinate Golden Rule:

in the ringf~> is depicted in Figure 2. The fr,7*) and T,-

(No,T*) stat_es are placed below and aboqer‘éspec_tively_, alor_lg ksc = %| [r||i| ol S[]]Zp(E)
the relaxation path. As could be expected when invoking simple

The key region of favorable ISC to;Tis the path from
() min t0 (S1/So)x (shaded region in Figure 1a), which
corresponds to bond inversion and pyramidalization gf €

The energies of the lowest-lying singlet and triplet states
(CASPT2//CASSCF/6-31G(d) results; see Computational De-
“tails) are shown in Figure 3 and the corresponding SOC values
in Figure 4. The $-T; energy gap (Figure 3) remains small
along a large part of the path. A further point of/&
degeneracyJTCy) lies along the path at 4 kcal mdl (0.17
eV) abovel(s,w*) min. For comparison, the estimated barrier to
acces$S)/So)x from (%) min is higher (approximately 7 kcal
mol~t or 0.3 eV, see Figure 3). These results strongly suggest
that close to the MEP for singlet-state decay there is a seam of
S,/T1 intersection anchored on tH&TC, and STC; crossing
points. The increase of SOC between th& Sstates along the
path from*(7,7*) min to (S/So)x is shown in Figure 4. Examina-
tion of the calculated values (see Supporting Information) shows
that the high SOC comes from the “mixed’,&*)/(no,*)

(20) Lower, S. K.: EI-Sayed, M. AChem. Re. 1966 66, 199241, whereHso is the spin-orbit coupling operator and(E) is the
(21) Wood, P. D.; Redmond, R. W. Am. Chem. Sod.996 118 4256-4263. density of states in the final electronic stafésdowever, in

J. AM. CHEM. SOC. = VOL. 127, NO. 6, 2005 1823
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the present work, we use a semiclassical picture based onlight absorption, $is populated since it carries most of the

potential-energy surfaces, where the probability for 18E¢,
is given by the LandatuZener-type model given in the

intensity in the low-energy spectral region. Along the S
relaxation path, a minimum is reached and fluorescence can

Computational Details. This approach is appropriate to estimateoccur, although the most favored route is toward the radia-

the transition probability here since the singlet/triplet crossing
has no nuclear or derivative coupling (in contrast to a singlet
singlet crossing). In addition to that, the calculated electronic
coupling of 26-30 cnt1! falls into the “nonadiabatic” regime,
which is estimated to apply for energy gaps of around 0.025
eV (200 cnt?) or less?® On the basis of the calculated SOC
values and potential-energy surfaces, the vall@Sfestimated

at STC; is approximately 0.001. Thus, the ISC process is non-
negligible in wide regions of the singlet manifold along the

reaction coordinate that controls the ultrafast internal conversion

to the ground state.

Fate of the Triplet Species (Characterization and Decay
to the Ground State). After the ISC, the molecule decays to
the triplet surface to yiel#(w,7#*)min. In this structure, the
excitation is localized on thes=Cgs o bond of the molecule,
and the bond is very twisted. Thus, along the decay to the T

tionless channel involving the)/& crossing (Figure 1a). Close

to the MEP for radiationless decay of,3here is a region of
S,/T1 degeneracy with substantial SOC. In this manner, the
lowest triplet state can be populated. Thgalz*) state can
subsequently be involved in further reactions, emit, or become
deactivated to & if enough vibrational energy is avail-
able (Figure 1b). In fact, the topology formed B, z*) min
and(T1/Sy)x is very similar to the one found for the guanine
cytosine base pair when the triplet excitation is localized in
cytosine?

In a semiclassical picture, singlet-excited cytosine
passes through the region of/5 degeneracy before decay
to the ground state, and there is a non-negligible probability
of ISC to the triplet state. The probability of ISE'¥C) for a
single passage through the ISC region, estimate8Tals, is

hypersurface, the excitation changes character, and the resultingpproximately 0.001. Moreover, possible recrossing to S

biradical localized on the £-Cg v bond is consistent with the
currently accepted dimerization reaction through the triplet
state® In the region of3(z,#*)min, we have optimized two
minima which correspond to different conformers of this species,
with approximately the same energy (see Supporting Informa-
tion). Moreover, in the vicinity of these structures, we have
optimized two structures of IS, crossing for decay of the triplet
to the ground state(T1/So)x, Figure 1b), which are different
conformational minima in the (N-1)-dimensional space @f T

Sy degeneracy. All structures have the same electronic characte

but different ring conformation. The crossing has a sloped
topology, and it can be accessed fré(m,w*) min after further
twisting around the €-Cs bond (see the direction indicated
by the arrows in Figure 1b). The barrier({bi/Sp)x is estimated

to be around 5 kcal mot (0.2 eV), and the calculated SOC
along the MEP fron®(sz,7*) min t0 (T1/So)x is approximately 1
cmL ISC to S regenerates cytosine in its ground state, as
confirmed by an MEP calculation ongSsee Supporting
Information). The crossingl1/Sg)x can be rationalized in terms
of the geometry changes that take place on the carbarbon

(see the 8S; crossing along the MEP, Figure 33nay
increase the probability of ISC because along the final part
of the MEP, the $-T; energy gap remains small. A more
detailed assessment of the branching ratio between decay to
the ground state and ISC can only be given by dynamics
calculations.

Overall, ISC leads t&(w,7*) min, Which we propose to be
the experimentally detected dark intermediate. The alter-

lnative explanation of a darkKnr*) state intermediate seems

less plausible. Thus, théz,7*) and Y(no,*) states are coup-
led by the pyramidalization coordinate, and there is no
(no,7*) minimum that could act as a reservoir for the de-
tected excited-state intermediate. Moreover, in the REMPI
experiment of cytosine, the delay between the analysis
laser and the ionizing laser was kept long enough (20 ns) to
allow for internal conversion, as well as to ionize the largest
amount of triplet populatiok! Thus, we present an “intrin-
sic” mechanism for the formation of the triplet state in the
cytosine base without the intermediacy of photosensitizers. It

double bond of cytosine, which can be related to those occurringis conceivable that a similar mechanism operates in thymine

in the T,—S, ISC of ethene itsef#* It is well-known that the
SOC vanishes for planar ethene and-80isted ethene and has

a maximum value at 45 For cytosine, at the CASSCF
optimized geometryT1/So)x, the dihedral angle is about 125
which is close to the angle for which SOC is maximal in ethene.
In fact, this latter value is of the same order of magnitude as
the one calculated here for cytosine. It is fascinating to realize

and uracil, which also have the carbonyl group which is the
key structural element in the process described here for cytosine.
In fact, a recent theoretical study indicates that the radiationless
Si/Sy decay in uracil also follows a pyramidalization coordi-
nate?> A more detailed study of thymine and uracil will be
necessary to assess the relevance of the present ISC mechanism
for these molecules and to identify the factors responsible for

that the geometries close to the singlet/triplet crossings are - higher cyclobutadipyrimidine yields in comparison to those
precisely the ones that favor the intersystem crossing mechanismy cytosine. Moreover, the present mechanism could be also

by increasing the SOC elements.
Conclusions

In conclusion, along the relaxation pathway of singlet-excited
cytosine, ISC may take place populating the lowest triplet state.
The overall picture is schematically shown in Figure 1. Upon

relevant for the dimerization reaction of pyrimidine bases in

DNA. However, the photophysics of oligomers and the various
DNA forms depend greatly on stacking, and the role of the

monomer excited states has to be clarified to evaluate this
possibility.
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