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Abstract
The photocyclodimerization mechanisms of two oxo tautomers of uracil and 6-azauracil were studied at the CC2 level of 
theory and cc-pVDZ basis functions. Uracil was explored in three orientations of the monomers - cis-anti, trans-syn and 
trans-anti, while 6-azauracil - in all four orientations. Conical intersections S0/S1 were found at the CASSCF(2,2)/6-31G* 
theoretical level. The study propose a photophysical mechanisms of photoformation and photodestruction of cyclodi-
mers (CDs), which occur through the 1ππ* electron excited states (spectroscopically bright states). The photophysical 
relaxations (internal conversions) to the ground states are mediated by conical intersections S0/S1, which we found and 
discussed in the current paper.
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1. Introduction

The photostability of nucleobases has a fundamental 
role in the protection of living organisms from the damag-
ing UV light.1 The nucleic acid bases are main UV chro-
mophores in cells. They absorb UV radiation under 300 
nm and participate in a number of photoreactions - in par-
ticular internal conversions to ground states. These pro-
cesses are connected with ring deformations and they are 
responsible for the photostability of nucleobases.2,3 The 
competitive [2+2] cyclodimerizations through excited 
states are the second most common response of the pyrim-
idine nucleobases exposed to UV irradiation.2,4

The cyclodimers (CDs), formed by two adjacent py-
rimidine bases are considered to be the most prevailing 
lesions of cellular DNA induced by the UV radiation. They 
can cause death of cells and skin cancer.4–11 The yield of 
formation of the CDs with a four-membered cyclobutane 
ring is larger than other photoadducts.7,12–17 The recogni-
tion and the repair of such DNA lesions is possible through 
different enzyme pathways. For example, the DNA pho-
tolyase catalyzes the cleavage of the cyclobutane bonds 
formed between the monomers. Thus the pyrimidine CD 
turns back in the initial stacked dimer.18,19

The found possible orientations of pairs of pyrimi-
dines to form CD are four: cis-syn, trans-syn, cis-anti and 
trans-anti. Such structures are shown in Fig. 1.20

Fig. 1. Four CDs of pyrimidine nucleobases

After irradiation of frozen water solution of uracil 
(U) the cis-syn and cis-anti CDs are predominantly 
formed.21–23 The trans-syn and trans-anti isomers are also 
present but in significantly lower amounts.23 The analysis 
(NMR, chromatography, etc.) has shown that the cis-syn 
CD is the major photoproduct.21–24 All four CDs are 
formed after irradiation of a fluid solution (water or aceto-
nitrile) and when the aqueous solution is acetone sensi-
tized.23–26 The trans-syn cyclodimers of U can be formed 
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also by irradiation of denaturated DNA.27 The molecular 
and crystal structure of cis-syn photodimer of U has been 
proposed by Adman.24

6-Azauracil (6-AU) is a close analogue to U. The 
compound has an extra nitrogen atom in the aromatic 
ring. With respect to the biological effects, 6-AU has been 
shown to inhibit animal tumors,28 human acute leuke-
mia29 and growth of a large number of microorgan-
isms30,31. The compound is also used as an antiviral drug.32 
The IR absorption spectrum of 6-AU in low temperature 
matrix has shown that the diketo tautomer is predomi-
nant.33 In the UV absorption spectra of 6-AU in acetoni-
trile, two peaks are registered – at 200 nm and 260 nm.34 

The last one has been assigned to a π→π* electron transi-
tion as in U. Some authors claimed that the main relax-
ation process of 6-AU is the intersystem crossing (ISC) 
mechanism involving a triplet state (3ππ*).34–36 Irradiation 
with a wavelength of 308 nm has confirmed that the ISC 
process is predominant in 6-AU but it is accompanied with 
weak fluorescence.34

The mechanisms of formation of the cis-syn cyclo-
photodimer of thymine37–39 uracil40–42 and cytosine43,44 
have been proposed also by theoretical computations. It 
has been concluded that these processes are ultrafast and 
barrierless photoreactions in which the driving state is the 

first 1ππ* excited state which relaxes through a conical in-
tersection (CI) S0/S1.45 The triplet states have been also 
suggested to play a role in the photodimerizations of py-
rimidine bases.12,46,47 It has been found that upon 266 nm 
radiation the CDs are formed via the singlet channel which 
is 30 times more efficient than the triplet one. By increas-
ing the irradiation wavelength, the importance of the sin-
glet channel is also increased.48

The aim of this study is to investigate theoretically 
the two close analogues U and 6-AU in order of their abil-
ity to form CDs through the bright 1ππ* excited states in 
the gas phase. It is interesting to see whether the extra ni-
trogen atom in the ring of 6-AU as compared to U would 
influence the photophysics of the compound.

2. Theoretical Methods
The structures of the stacked dimers (SDs), conical 

intersections S0/S1, and CDs of U and 6-AU were opti-
mized with the Complete-active-space self-consistent field 
(CASSCF) method and 6-31G* basis functions. The active 
space was constructed by two electrons on two orbitals: 
HOMO and LUMO – they are shown in Fig. 2 (the re-
maining MOs are given in the electronic supplementary 

Fig. 2. HOMO and LUMO molecular orbitals of the conical intersections S0/S1 included in the active space (2,2)
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information). Since the structures under study are rather 
complicated – including valent and non-valent bonds – we 
applied a limited active space for the optimizations. Our 
experience imposes this because the extension of the ac-
tive space usually leads to serious troubles with the config-
uration wavefunction. – In other words a large active space 
includes a great many excited states and thus leads to a lo-
cation of wrong conical intersections S0/S1. In order to be 
consistent with the level of computation, the branching 
space vectors (the gradient difference and derivative cou-
pling vectors) were computed at the same theoretical level. 
Subsequently, we reoptimized the structures of the geome-
tries-minima at the CC2 level (approximate second-order 
coupled-cluster method)49 with cc-pVDZ basis functions. 
Additional computations of the CC2-vertical excitation 
energies of the CDs and SDs of U and 6-AU were per-
formed at this level either. No symmetry and geometry 
restrictions were applied for the optimizations of CBDs 
and the conical intersections S0/S1.

All SDs were optimized by freezing of one or two dis-
tances between the monomers forming the four-mem-
bered ring (see electronic supplementary information). 
The freezing of one of the distances is required since the 
structures lie in very shallow minima on the hyperPESs 
and the fully relaxed optimizations lead to planar Watson- 
Crick dimers. To find the distance(s) for freezing we per-
formed preliminary SCAN computations of the CDs with 
respect to the responsible distance(s). We located the min-
imal distance(s) at which only Van der Waals forces start to 
act between the two monomers. 

The excited-state reaction paths connecting the SDs 
and the CDs through conical intersections S0/S1 were 
found by the linear-interpolation-in-internal-coordinates 
approach (LIIC). It was performed in two steps: 1) inter-
polation between the SD and the conical intersection S0/
S1, and 2) interpolation between the conical intersection 
S0/S1 and the CD. The internal coordinates of the interpo-
lated structures (qi) along the reaction paths were generat-
ed by equation (1):

qi= qr + ε (qp – qr ) ,                              		   (1)

where qr – internal coordinate of the reactant (one of the 
minima in this case); qp– internal coordinate of the prod-
uct (the conical intersection S0./S1 in this case); ε – inter-
polation parameter, which varies from 0 (at the reactant) 
to 1 (at the product).

In each LIIC-step several intermediate structures 
were generated and their CC2-excitation energies were 
computed for the construction of the excited-state reac-
tion paths. The proposed mechanisms concern the reac-
tions in the gas phase.

The geometry optimizations of the conical intersec-
tions S0/S1, the calculations of the branching space vectors, 
and the equilibrium structures of the minima were carried 
out with the GAUSSIAN 03 program package.50 The reac-

tion paths (CC2) were studied with the Turbomole pro-
gram.51 The programs MOLDEN52 and Chemcraft53 were 
used for the visualization of the results.

3. Results and Discussion
The CASSCF equilibrium geometries of the CDs, 

SDs as well as the conical intersections S0/S1 of U and 6-AU 
are shown in Fig. 3. The frontier MO included in the active 
space (HOMO and LUMO) of the conical intersections S0/
S1, depicted in Fig. 2 are of π-type. The typical π→π* charge 
transfer states are those in cis-anti and trans-anti conical 
intersections S0/S1 of U and in cis-syn and trans-syn coni-
cal intersections S0/S1 of 6-AU.

The aromatic rings of the CDs of U are nonplanar. 
The nonplanarity is a result of the repulsion between the 
π-electron clouds of the rings and of the lone electron 
pairs of the oxygen atoms. The C-C’ bonds between the 
monomers are about 1.55 Å long. The rings have envelope 
conformations, mutually twisted one to another (see elec-
tronic supplementary information). In contrast to the 
CDs, the SD structures of U have planar aromatic rings. In 
the anti- configurations, the C-C’ distances have close 
lengths, whereas in the trans-syn structure they differ with 
about 0.62 Å. In the cis-syn structure, obtained by Domcke 
et al.38 the corresponding difference is about 0.16 Å. In the 
SDs, the aromatic rings of the cis-anti U are slightly twisted 
one to another. In the trans-syn isomer, the rings are high-
ly twisted which means that the formation of the cyclodi-
mer includes a reorientation of the aromatic rings of the 
SD (see the electronic supplementary information). In the 
trans-anti SD, instead twisting of both rings there is a par-
allel translation of the monomers and they form a “sand-
wich”-like structure.

The CDs of 6-AU and U are with nonplanar aromat-
ic rings and “envelope” conformations. In the syn- 6-AU 
structures, the four-membered ring has one N−N‘ and one 
С−С‘ bond, which show difference about 0.075 Å. In the 
anti- orientations, these bonds are of N−C’ (or С−N‘) type 
and they are equal in length. The SDs of 6-AU are general-
ly very similar to the corresponding structures of U. The 
aromatic rings of the syn- structures are highly twisted one 
to another, while the structure of trans-anti is a “sand-
wich”-like, analogous to U. The SDs of 6-AU are with al-
most planar aromatic rings, like those of U and the single 
monomers.

3. 1. Conical Intersections S0/S1

All conical intersections S0/S1 of U (Fig. 3) are struc-
turally closer to the cyclodimers than to the SDs and have 
nonplanar aromatic rings. Only the hydrogen atoms from 
the four-membered rings deviate considerably from the 
planarity. The C−C’ distances between the two pyrimidine 
monomers are shorter than those of the SDs and differ in 
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Fig. 3. CASSCF-optimized structures of CDs, conical intersections S0/S1 and SDs of a) U and b) 6-AU
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lengths. The anti- structures are with mutually twisted 
rings. The conical intersections S0/S1 of U exhibit a twist-
ing of the ring C=C bond, typical for the single pyrimidine 
conical intersections S0/S1

2,3,54–59 which have found to be 
the main channel for internal conversions in nucleobases.

All conical intersections S0/S1 of 6-AU have nonpla-
nar aromatic rings, similar to those of U. The two closest 
distances between the two monomers depend on the ori-
entation of the rings. In the syn-isomers we have different 
in length distances C−C’ and N–N‘. In the anti-isomers 
these are the two С−N‘ distances which are equidistant. 
The conical intersections S0/S1 of 6-AU, like those of U, are 
structurally closer to the cyclodimers than to the SDs. The 
conical intersections S0/S1 of 6-AU are in general similar to 
those of U, but their aromatic rings are not as much twist-
ed one to another as in U.

The calculated branching space vectors of the conical 
intersections S0/S1 are illustrated in the electronic supple-
mentary information. They indicate clearly the trend of 
the systems to form four-membered rings. We believe that 
the found conical intersections S0/S1 mediate the photocy-
clodimerizations of U and 6-AU via internal conversions.

3. 2. Vertical Excitation Energies
The CC2/cc-pVDZ vertical excitation energies of the 

systems SDs and CDs of the two compounds are listed in 
Table 1. One can see that for U the cis- and trans-anti CDs 
have higher vertical excitation energy of the bright 1ππ* 
excited states than the trans-syn CD. The first two excited 
states of all isomers of U (for SDs and CDs) are the spec-
troscopically dark 1nπ* states.

Comparing the vertical excitation energies of the 
CDs of U with the UV absorption maximum of uracil in 
the gas phase – 4.79 eV (259 nm),60,61 it can be seen that the 

cyclodimerization of two U monomers leads to a blue shift 
of the UV absorption maximum. This tendency is also the-
oretically supported, since for all CDs of U we found higher 
1ππ* vertical excitation energies (more than 6 eV) than the 
calculated value of the uracil monomer (5.54 eV). The SDs 
of U have lower vertical excitation energies of the 1ππ* ex-
cited state in comparison to the monomer.

The CDs of 6-AU have two low-lying 1ππ* excited 
states. The cis-syn isomer has the lowest vertical excitation 
energy of the first 1ππ* excited state while the trans-syn 
isomer has the highest. The calculated (CC2/cc-pVDZ) 
vertical excitation energy of the low-lying 1ππ* excited 
state of the monomer of 6-AU is 5.19 eV. This value is 
higher than the vertical excitation energies of the first 
bright 1ππ* excited state of the CD structures and lower 
than those of the SDs. Therefore, in contrast to U, a red 
shift of the calculated UV absorption spectra should be ex-
pected for 6-AU in the course of the photocyclodimeriza-
tion. Opposite to the computed data, according to the ex-
perimental 1ππ* absorption maximum of 6-AU monomer 
(4.779 eV), a blue shift is expected in the course of the cy-
clodimerizations to cis-anti, trans-syn and trans-anti iso-
mers and no shift for the formation of the cis-syn isomer 
(4.774 eV).

The SDs of U have lower 1ππ* vertical excitation en-
ergy than the corresponding CDs. The trans-syn isomer has 
higher 1ππ* vertical excitation energy than cis-anti and 
trans-anti systems. In the SDs of 6-AU, similar to U, the two 
low-lying excited states are of 1nπ* character. In contrast to 
U, the 1ππ* excited-state energy of the cis-syn, cis-anti and 
trans-anti SDs of 6-AU is higher than that of the corre-
sponding CDs, although that difference is very small in the 
cis-anti and trans-anti isomers – about 0.076 еV and 0.003 
eV, respectively. The trans-syn SD of 6-AU has higher 1ππ* 
vertical excitation energy than the CD, like U.

Table 1. Vertical excitation energies (CC2) of the SDs and CDs of U and 6-AU, all in eV. In brackets are given the oscillator strengths

	 CDs 
	              cis-syn		                  cis-anti		               trans-syn		                    trans-anti

U	 5.204(0.0006)	 1nπ*	 5.223(0.0016)	 1nπ*	 5.176(0.0006)	 1nπ*	 5.193(0.0006)	 1nπ*
	 5.271(0.0015)	 1nπ*	 5.232(0.0017)	 1nπ*	 5.227(0.00008)	 1nπ*	 5.218(0.0007)	 1nπ*
	 6.177(0.0148)	 1ππ*	 6.207(0.0119)	 1ππ*	 6.046(0.0710)	 1ππ*	 6.213(0.0043)	 1ππ*

6-AU	 4.774(0.0417)	 1ππ*	 4.942(0.0166)	 1ππ*	 5.157(0.0276)	 1ππ*	 4.929(0.00000001)	 1ππ*
	 4.955(0.0060)	 1ππ*	 4.996(0.00002)	 1ππ*	 5.200(0.0239)	 1ππ*	 5.184(0.0052)	 1nπ*
	 5.176(0.0166)	 1nπ*	 5.503(0.0044)	 1nπ*	 5.241(0.00002)	 1nπ*	 5.647(0.00000003)	 1ππ*

	 SDs
	              cis-syn		                  cis-anti		                  trans-syn		                    trans-anti

U	 4.785(0.0002)	 1nπ*	 4.874(0.0001)	 1nπ*	 4.911(0.0002)	 1nπ*	 4.866(0.00005)	 1nπ*
	 4.813(0.0002)	 1nπ*	 4.875(0.0006)	 1nπ*	 4.912(0.0001)	 1nπ*	 4.867(0.0005)	 1nπ*
	 5.386(0.0883)	 1ππ*	 5.283(0.0368)	 1ππ*	 5.426(0.1107)	 1ππ*	 5.226(0.0004)	 1ππ*
6-AU	 4.373(0.0001)	 1nπ*	 4.387(0.0001)	 1nπ*	 4.381(0.0004)	 1nπ*	 4.381(0.0003)	 1nπ*
	 4.406(0.0001)	 1nπ*	 4.399(0.0002)	 1nπ*	 4.385(0.000002)	 1nπ*	 4.384(0.000002)	 1nπ*
	 5.043(0.0685)	 1ππ*	 5.015(0.0549)	 1ππ*	 4.915(0.0040)	 1ππ*	 4.912(0.00008)	 1ππ*
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3. 3. Excited-state Reaction Paths
In Figs. 4-7 are given the excited-state reaction paths 

of the proposed gas-phase mechanisms of CD formation 
of U. The relative energies are referred to the ground-state 
equilibrium geometries of the SDs, calculated at the CC2/
cc-pVDZ level of theory. In Fig. 4 includes only the cy-
clodimerization mechanism of cis-syn 6-AU since it has 
been already investigated for U.40–42

The excited-state reaction paths show that after 
UV-irradiation of the SDs the 1ππ* excited states can 
reach the conical intersections S0/S1 without barriers 
along the excited-state reaction paths. An exception is 
the trans-syn (U) mechanism where small energy barrier 
is estimated (Fig. 6). After the conical intersections S0/S1 
the systems can relax non-radiatively (internal conver-
sion) to the ground states S0 of SD or CD. The low-lying 
1ππ* excited states in the Frank-Condon region of cis-an-
ti (Fig. 5a), trans-syn (Fig. 6a) and trans-anti (Fig. 7a) 
CDs of U have higher energies than those of the corre-

Fig. 4. Excited-state reaction paths (CC2/cc-pVDZ) of the photod-
imerization of cis-syn 6-AU. The full circles () correspond to opti-
mized structures (CASSCF(2,2)/6-31G*), while the open circles () 
correspond to linearly-interpolated structures. The conical intersec-
tion is designated with ×. The relative energy Erel is referred to the 
optimized СС2 energy of the SD (–859.439819 a.u.)

Fig. 5. Excited-state reaction paths (CC2/cc-pVDZ) of the photodimerization of a) cis-anti U and b) cis-anti 6-AU. The full circles () correspond to 
optimized structures (CASSCF(2,2)/6-31G*), while the open circles () correspond to linearly-interpolated structures. The conical intersection is 
designated with ×. The relative energy Erel is referred to the optimized СС2 energy of the SD (–827.454581a.u. for U and –859.440401 a.u for 6-AU)

a) b)

a) b)

Fig. 6. Excited-state reaction paths (CC2/cc-pVDZ) of the photodimerization of a) trans-syn U and b) trans-syn 6-AU. The full circles () correspond to 
optimized structures (CASSCF(2,2)/6-31G*), while the open circles () correspond to linearly-interpolated structures. The conical intersection is 
designated with ×. The relative energy Erel is referred to the optimized СС2 energy of the SD (–827.453428 a.u. for U and –859.439129 a.u for 6-AU)
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a) b)

Fig. 7. Excited-state reaction paths (CC2/cc-pVDZ) of the photodimerization of a) trans-antiU and b) trans-anti6-AU. The full circles () correspond to 
optimized structures (CASSCF(2,2)/6-31G*), while the open circles () correspond to linearly-interpolated structures. The conical intersection is 
designated with ×. The relative energy Erel is referred to the optimized СС2 energy of the SD (–827.452068 a.u. for U and –859.438461 a.u for 6-AU)

Fig. 8. Energy-level diagrams of the possible relaxation pathways of the 1ππ* excited states of the SDs and CDs of a) U and b) 6-AU. The relative 
energy Erel was referred to the CC2 energy of the optimized cis-anti SD (–827.4545801 a.u. of U and –859.440401 a.u of 6-AU). The data for U cis-syn 
is taken from Ref. [41].

a)

b)
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sponding SDs. Therefore for the photodestruction of the 
CDs of U by these mechanisms is required higher energy 
than the energy required for their formation. 6-AU 
shows opposite effect – for the photodestruction of the 
CDs are required lower energies than for their forma-
tion.

Conical intersections S2/S1 (1ππ*/1nπ*) are found 
along all reaction paths of U as well as along the reaction 
paths of 6-AU starting from the SDs. They are channels 
through which the excited system can be trapped to the 
dark 1nπ* excited state. As a result, low intensive fluores-
cent transitions could be expected as competitive reactions 
to the cyclodimerizations. On the other hand as competi-
tive mechanisms the reactions can occur through the dark 
1nπ* excited states but these reactions will be objects of our 
special future attention.

All non-radiative mechanisms of photocyclodi-
merization of U and 6-AU studied here are summarized in 
two energy-level diagrams illustrated in Fig. 8. (The data 
for cis-syn U is taken from Ref. 41). The driven excited 
state of the reactions is of 1ππ* type. The excited-state reac-
tion paths of the 1ππ* excited states connect the SDs and 
the CDs through the conical intersections S0/S1. The rela-
tive energies of the ground states of the SDs and their 1ππ* 
vertical excitation energies are similar for U and 6-AU. The 
CDs of U have lower relative energies of the ground states 
and higher 1ππ* vertical excitation energies than the corre-
sponding structures of 6-AU. All conical intersections S0/
S1 of 6-AU have energies higher than 4 eV, similar to the 
trans-syn isomer of U. The cis-syn,40 cis-anti and trans-anti 
conical intersections S0/S1 of U have lower energies which 
indicates that they could be accessed easily with smaller 
energy gradient in the course of the reactions in compari-
son to those of 6-AU. 

4. Conclusion
The theoretical study (CC2/cc-pVDZ) on the relax-

ation mechanisms of the photo-induced cyclodimeriza-
tion reactions of uracil and 6-azauracil to cis-syn, cis-anti, 
trans-syn and trans-anti cyclodimers proposes gas-phase 
mechanisms through 1ππ* excited-state reaction paths as 
one of the possible reactions. The mechanisms indicate 
that the formation of CDs as well as their destruction is a 
non-radiative reaction passing through conical intersec-
tion S0/S1, which is in accordance with recent studies.40–42 
The destruction of the CDs of U requires much higher 
excitation energies than their formation. Opposite to U, 
the formation of the CDs of 6-AU requires higher ener-
gies than the energies for their destruction. In other 
words, according to the proposed mechanisms, the cy-
clodimerization of two U molecules to CD would pro-
voke a blue-shift of the UV absorption maximum, while 
the formation of CD of 6-AU leads to a corresponding 
red-shift.
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Povzetek
Z uporabo cc-pVDZ baznih funkcij smo na CC2 teorijskem  nivoju preučevali fotociklodimerizacijske mehanizme dveh 
okso tautomerov uracila in 6-azauracila. Uracil smo raziskovali pri treh orientacijah  monomerov – cis-anti, trans-sin in 
trans-anti, medtem ko so bili za 6-azauracil računi izvedeni za vse štiri orientacije. Na CASSCF(2,2)/6-31G* teorijskem 
nivoju smo ugotovili stožčasta presečišča S0/S1 ter predlagali fotofizikalne mehanizme fotoformacije in fotodestrukcije 
ciklodimerov, ki nastajajo preko 1ππ * elektronsko vzbujenih stan. 
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