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ABSTRACT: A numerical study is reported concerning the first and second singlet excited-states of 5-
benzyluracil using the multireference self-consistent field (state-averaged CASSCF) method. The
vertical excitation energies of low-lying excited-states were characterized using higher-level methods,
such as CASPT2, MRCI, EOM-CCSD, and TDDEFT. The local minima and conical intersections found
on the potential energy surfaces (PESs) were characterized in terms of molecular geometry and natural
population analysis. Different relaxation pathways on the PESs are identified and discussed. The
molecule can be thought of as a model system for the study of crosslink reaction between DNA and

proteins induced by UV light. A few suitable schemes for the crosslink process are indicated.

KEYWORDS: 5-benzyluracil; excited states; conical intersection; DNA — protein crosslinking;

1. Introduction

Short-range biomolecular interactions are crucial for sustaining all forms of life and for ensuring
survival of the species through the inheritance of the genetic information. In particular, the interactions
between proteins and cognate DNA are key for the replication, transcription and translation of genetic
information. The analysis of gene regulation mechanisms allows decryption of the information encoded
by genomes, and also can provide important tools for diagnosis, prognosis and therapy of diseases.
Whereas the study of biological systems should be ideally performed without disturbing the inherent
interactions (of electrostatic/polar/hydrophobic nature) between the macromolecules, in practice it is
more convenient to form some stable and long-lived covalent bond (cross-linking) between the
interacting bio-molecules and analyze the corresponding complexes. In particular, inducing cross-
linking between nucleic acids and proteins is one of the biochemical tools for the study of the interplay
between DNA and interacting proteins in living cells'. Stable but reversible (transient) interactions are
usually induced by formaldehyde treatment before chromatin immunoprecipitation (ChIP) analysis for

transcriptional studies”. Although this is a cheap protocol which can be run with inexpensive equipment,
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it has limitations: most importantly the lack of selectivity, the long incubation times and the toxicity to
cells. Alternatively, conventional UV sources®, and nanosecond/picosecond or, more recently
femtosecond ultrashort UV pulses*” have been considered as alternatives to chemical cross-linking. In
particular, the laser based cross-linking is very promising, since the laser can be tuned to reduce DNA
damage, and to be highly specific. In addition, it could be used to probe biomolecular transient
interactions in living cells.

Despite the great potential in bio-sciences, for example for genome-wide mapping of DNA-bound
proteins, the knowledge of the photo-induced cross-linking mechanisms at a molecular level is scarce,
and only the structures of the adducts of certain aminoacids and DNA bases (Ser-T, Cys-T, Lys-T, and
Tyr-T), have so far been characterized®®. In addition, the intermolecular cross-linking products of DNA
bases and aminoacids are obtained in very low yields. The intramolecular version of the photo-crosslink
process has recently been reported using substituted uracils, and these compounds constitute a good
model system for the study of the photochemical behaviour of a particular nucleic acid base-aromatic
aminoacid combination that benefit from proximity effects’. 5-Benzyluracil (5BU) contains a benzene
ring (which replaces the aromatic part of phenylalanine) and a uracil base covalently connected through
a methylene group. UV irradiation of 5BU induced a cyclization reaction and provided the bicyclic
adduct in high yield, in contrast to the very inefficient intermolecular photocross-linking using mixtures
of the two components9.

We were intrigued by the efficient photochemical reaction of SBU, and decided to theoretically study
the possible singlet relaxation pathways (which are faster than those of the triplet state) that could
compete with the crosslink. Being the system amenable to simulation by the use of modern
computational methods, we set out to determine the molecular structure, electronic excited states energy
and potential energy surface (PES) of states potentially involved in the interaction with a UV
femtosecond laser pulse. In particular, this will be done for the ground state and the first two singlet
excited electronic states using calculations based on geometry optimization at the multireference self-

consistent field (state-averaged CASSCF) level of theory. A special care will be taken on the search of
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noticeable points on the investigated PESs, i.e. local minima and conical intersections that can lead to
ultrafast non-radiative decay processes. In the proximity of such points the dynamics of the process
would involve more electronic states with consequent cross-talk and quantum interference between
different decay paths. In addition, since the saturated methylene bridge hinders the electronic
communication between components via the © systems, the description of the excited states of the uracil
base is expected to contribute to the growing knowledge of the photophysical properties of substituted

nucleic acid bases'°.

2. Computational Details

The geometry optimization calculations for 5BU have been performed at the state-averaged CASSCF
theory level using the Molpro computational chemistry program package''. For this case the Dunning’s
double { + polarization (DZP) basis set'? was taken and no symmetry restrictions were considered for
the molecular geometry.

According to Matsika’s and Epifanovsky’s studies'>'*

, if we neglect Rydberg states, the lowest
excited states of the uracil fragment is originated from excitations of the valence m and lone pair nop
orbitals. Eight m and two lone pair orbitals, from the two oxygen atoms, are located on the uracil part of
the molecule, thus an appropriate active space in CASSCEF should include these 10 orbitals. On the other
side of the molecule (the benzene fragment), there are at least six & orbitalsls, which should be included
in the same active space. Therefore, in order to include in the SBU excitation scheme these effects, the
correct active space for the SBU would be (20,16), the nomenclature (n,m) denoting here an active space
of n electrons and m orbitals. This is a very large active space that results in a huge number of
configuration state functions (CSFs), requiring a large amount of computational resources, even for the
CASSCEF level. A solution to this limitation was found by reducing CASs dimensions as described in'*
for pure uracil where (14,10) and (12,9) CASs have been tested. We have found that for 5BU the best
compromise solution was not the extension on the two-ring molecule of the reduced CASs used in'®, but

the (20,14), corresponding to the exclusion of the highest unoccupied orbital from the active space. This
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choice drastically reduces the number of CSFs causing just some convergence problems in the MCSCF
cycles. For the (20,14) active space, the number of CSFs generated is 273,273, while the number of
determinants is 1,002,001. In order to estimate the role of virtual orbitals in the excitation energy
calculation we have used also the (20,15) CAS to compute the vertical excitation energy. Here a number
of 1,002,001 CSFs and 4,008,004 determinants were obtained.

In order to take into account the effect of electron correlations (static and dynamic) for the vertical
excitation energies evaluation, we have performed further calculations using higher-level methods: (i)
multireference configuration interaction (MRCI)16 with and without Davidson (D) correction'’, (i1) multi
state second-order multireference perturbation theory (MS-CASPT2)"®, (iii) equation-of-motion
coupled-cluster theory for excited states (EOM-CCSD)"?!, (iv) and the time-dependent density
functional theory (TDDFT)22’23. For MRCI, MS-CASPT2 and EOM-CCSD cases we used Molpro
software while for TDDFT, Gaussian03** package was employed. In case of MS-CASPT?2 calculations a

26 parameter of 0.2 was considered. For all multireference and the single-reference CC2%’

level shift
methods the first two electronic singlet excited states, S; and S,, were accounted for. In case of CC2
method the Laplace Transformed Local CC2 version (LT-DF-LCC2)*™ with Density—FittingBl’33
approximation was used together with the cc-pVTZ auxiliary basis set™** (JKFIT and MP2FIT).
Unfortunately, the use of multireference methods including dynamic electron correlation exceeds our
computer capacity for geometry optimization purposes. Therefore, all geometry optimizations were
performed at the SA-CASSCF level. Our challenging (20,14) active space was only used for MS-
CASPT?2 and a single point energy calculation. For this reason we were forced to reduce once more the
dimension of our active space from (20,14) to (20,13) keeping only four virtual orbitals. With the
(20,13) active space we succeeded in computing also the MRCI energies. The SBU system contains 106
electrons with 53 double occupied orbitals. In the case of geometry optimizations, by using the SA-

MCSCF method, we kept the first 43 orbitals closed, which means that these orbitals were doubly

occupied in all CSFs, but they were fully optimized during the MCSCF cycle. On the other hand, for the
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vertical excitation energies calculation with methods including the electron correlation evaluation, all 43
orbitals, which were not included in the active space, were kept frozen.

Finally, for all geometries the natural population analysis (NPA)*

was included along with the
Wiberg’s bond-order index (BD*® implemented in the Molpro package. Molecular structures were

visualized and analyzed using the Gabedit®® molecular graphics program, while the molecular graphics

(figures) were created using the Avogadro40 software.

3. Results and Discussion

3.1 Vertical and Adiabatic Excitation Energies. As we already mentioned in the previous section,
the ground state optimized geometrical structure of SBU was obtained using the SA-MCSCF method
with DZP basis set, considering the (20,15) active space configuration. Its geometry is shown in
Figure 1, where “ring atoms” have been denoted with numbers (/...6) and with letters (a...f) for uracil
and benzene, respectively. As one can observe from Figure 1 the optimized ground state geometry of
SBU presents two planar structures defined by the uracil and benzene rings where the planes between

them form an angle of 113.8°. In the following the geometries will be denoted by RX(S,), where Xi = Bi

or Ui (B= benzene, U= uracil) is used to differentiate stationary points on uracil or benzene branches, Y
=0, 1 or 2 is to show the order of the given excited state related to the energy quantum number, while e
indicate the nature of the stationary point (equilibrium geometry or not). The bond lengths and bond
indexes of the R,(S,) geometry are presented in Table 1 (second and third columns, respectively). The
geometry parameters of the uracil fragment are quite close to the values obtained by Matsika"® for
isolated uracil, while the benzene ring loses its symmetry. The C-C bond lengths are not anymore equal
but differ by about 0.005 A. Based on the Wiberg BI analysis, one can see that the uracil fragment
contains three “double bonds” with the BI = 1.6, while other bonds are classical single bonds with BI =
1.0. With regards to the benzene ring, the BI varies between 1.24 — 1.30 showing a slight deviation from

its value*' in the perfect aromatic ring.
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The vertical excitation energies up to the second excited level are presented in Table 2, as calculated
with different methods. The results for the first excited (S;) state are in a reasonably good agreement

with each other except for TDDFT result. This last result was obtained with the B3LYP***

exchange-
correlation (XC) functional and slightly underestimates the energy value. For the second excited state
(S2) this picture is not simple anymore. While the multireference methods give values higher than 6.8
eV, single reference methods are close to S; vertical excitation energy. The explanation of this
discrepancy could be related to the inability of these methods to properly describe the ¢ — & polarization
effects” due to the limitations on the number of virtual orbitals involved in the multiconfiguration
wavefunction. This kind of discrepancy is extensively investigated in ref 14, where a special MRCI
method is introduced, called MRClon, in which all the single excitations for the ¢ electrons in the
valence n,7 space are allowed except for the 1s core orbitals. In this way the energy value for the second
excited state of the simple uracil molecule has been found to be 0.5 eV lower than that obtained by
means of the ordinary MRCI. In order to be able to estimate the effect of virtual orbitals cut off, we have
performed MS-CASPT?2 single point energy calculation using the (20,14) active space. The S, vertical
excitation energy was substantially improved, we obtained 6.28 eV, which is 0.55 eV smaller than
similar value computed with the (20,13) active space. On the other hand, a more recent work on the

- 14,46
uracil system ™

emphasized that the use of high-quality basis sets with diffuse functions (i.e., aug-cc-
pVTZ or aug-ANODZ) is important for obtaining a good agreement with the experimental values.
However, as the SBU is structurally more complex, a calculation with this high-quality basis set is,
unfortunately, not yet feasible.

A critical issue for the laser-induced excitation of a molecule is to find, for the excited states, different
stationary points on the PESs and possible intersections between different PESs. The detailed
characterization and discussion of these crossing points, i.e., conical intersection, is given below.

The geometry optimization of the first and second excited states was first performed starting from the
optimized geometry of the ground state. For both states the resultant forces induce geometry changes
only at the benzene side. For the S; state a stationary point characterized by the R’(S,) geometry was
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found. Compared to the R,(S,) geometry, the benzene ring’s C-C bonds become longer in average by
0.038 A and their BI-s become closer to each other. At the same time, no geometry change can be found
at the uracil branch for the R’(S,) geometry. The energy of this R’(S,) stationary point falls 4.63 eV
above the ground state energy level, which is always set as the zero-point of the energy scale in this
work. In order to find other stationary points on the PES of S; state where the uracil fragment is
involved, we have slightly modified the starting geometry by stretching the C*=0 double bond. In this
way the resultant forces during the geometry optimization induce changes in the uracil fragment. This
stationary point is characterized by the RY(S,) geometry and its molecular graphics is shown in Figure 2.
In this 5BU structure the uracil fragment shows a non-planar geometry, where hydrogen atoms bound to
the N” nitrogen as well as to the C° carbon atoms moved out from the molecular plane of the uracil
fragment. Furthermore, the C*=0 double bond stretches from ~ 1.2 A to ~ 1.4 10%, the C*-C° bond
becomes shorter (from ~ 1.5 Ato~14 10\), and the C°-C® bond becomes longer (from 1.35 Ato1.41 10\).
These changes are also reflected in the BI values. The C*-C° bond switches from a single bond
(BI=1.03) in the ground state to a stronger one with BI=1.37, while the CS—C(’, initially a “double bond”
(with BI=1.66), here changes to a weaker bond (with BI=1.24). Likewise the C*=0 “double bond” (with
BI=1.62) turns onto a “single bond” (with BI=1.16). On the benzene side this geometry changes are
more moderate, in the order of few percent or lower for the bond lengths. At the same time, the benzene

ring is rotated by 26.7° compared to its position in the ground state. The reference energy of this R”'(S,)
stationary point is 4.19 eV being 0.44 eV lower than the stationary point energy of the R’(S,) geometry.
Another stable geometry of RY'(S,), labeled R?(s,), was found on the S; PES (See Figure 3). The
reference energy of this RV(S,) stationary point is 4.72 eV. This RY*(S,) geometry can easily turn over to
the RV'(S,) geometry by internal vibrational relaxation, because the two geometries are symmetric with

respect to the uracil plane.
When studying the S, geometry relaxation starting from the optimized ground state, the changes occur
again on the benzene side. Nevertheless we did not find any stationary point before reaching a conical
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intersection between the S; and S, PESs. Using the same procedure of inducing a stretch in the C*=0
double bond we found two different stationary points corresponding to theR"'(S,) and RY*(S,)
configurations.

The RY'(S,) geometry is shown in Figure 4. Similarly to R"'(S,), the geometry distortion is noticed
predominantly in the uracil fragment, but, unlike the S; configuration, different bonds in uracil are
affected. In particular, the most conspicuous difference is observed in the relative position of the C®-H
bond, where the movement of the H atom away from the molecular plane is larger than in the S; case,
while the deviation of the H atom from the N°-H bond is barely observed. Furthermore, the C3-C% bond
is more elongated (from 1.41 Ato1.49 10\) and shows features of a “single bond” (with BI=1.15), while
the C*-C° bond becomes shorter and presents a more characteristic “double bond” nature (with
BI=1.41). In this case, the benzene ring is rotated by 20.9° from its position in the ground state

geometry, and the reference energy of this R'(S,) stationary point is 5.99 eV.
The next stationary point found in the S, surface is defined by the R?(S,) geometry depicted in

Figure 5. Here, the major deformation consists in the deviation from the uracil molecular plane and the
extension of the C*=0 double bond which turns onto a single bond (BI=0.83). The other bond distances
are slightly modified, with the C*-C° and C°-C° bonds keeping their properties as in the ground state. On
the other hand, for this R”?(S,) geometry the benzene ring is rotated only by 5.9° from its position in the
ground state. The reference energy of this RV(S,) stationary point is 6.46 eV, being 0.47 eV higher than
the stationary point energy of the R”'(S,) geometry.

3.2 Crossing points. As mentioned in the previous subsection, in the case of the S, PES, no stationary
points were found with modified coordinates on the benzene branch. The geometry optimization led us
directly to conical intersection (CI) points between the S; and S, PESs. These structures are defined by
the RZ'(s,S,) and RE*(S,S,) geometries with the important bond distances listed in Table 3, and their
molecular graphics presented in Supporting Information (Figure S1 and Figure S2). The benzene ring
distortion is very close to the configuration of S; and S, conical intersection point obtained by Robb'"’

9
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for the individual benzene molecule, while the uracil fragment remains almost unchanged. The planar
structure of the benzene ring is broken, the C° carbon atom moving away from the molecular plane and
forming two “single bonds” with the C® and C" atoms. The reference energy of this RZ/(s,S,) conical
intersection point is 6.49 eV, while the in case of RZ(S,S,) this reference energy is 6.50 eV.

Starting from the RY'(S,) and RV?(S,) geometries, two different CI points, labeled RY'(s,S,) and
RY%(S,S,), were found at the uracil side. Their geometry parameters are presented in Table 3a, and their
graphics are shown in the Supporting Information (Figures S3 and S4). In both cases the uracil fragment
is distorted. The RY'(S,S,) geometry is quite similar to the CI geometry of the individual uracil molecule
obtained in ref 12. In both conical intersection geometries, the most affected atoms are C4, C> and C6, as
well as the C*=0 bond. In the first case, RY (5,5,), the uracil ring planarity is broken, adopting a “V”
shape, while in the second CI geometry, RY*(S,S,), the ring planarity is maintained, but the H atom from
the N°-H bond gets closer to the O atom of C*=0 bond. In this way two intermediate bonds, N*-H-O
with BI(NS—H):0.39 and BI(O-H)=0.27 are formed. The reference energies for these S1-S2 conical
intersection structures are 5.50 eV for RY/(S,S,) and 7.74 eV for R%(S,S,). Here, one should mention that
the second CI point is located at a relatively high energy level and it is difficult to reach during the
geometry relaxation processes.

Besides the S1-S2 conical intersection points, the SO-S1 Cls are also very important. Accordingly, we
carried out further search of Cls starting from the geometry structure of the S; minima, both at the
benzene and at the uracil fragments. In this case, two other CI crossing points, namely RZ(S,S,) and
RY%(S,S,), were found, the former showing deformation of the benzene ring and the latter distortion of
the uracil ring. Their geometries are presented in the Supporting Information (Figures S5 and S6), while
the corresponding bond values and indexes are given in Table 3b. For the R’ (s,S,) CI structure the
benzene ring bends along the C' and C° carbon atoms (resembling a fulvene structure), the aromatic

character is partially lost and the C-C bond strengths change. Accordingly, the C? atom forms two partial

double bonds (with BIs close to 1.45) with its C* and C* neighbouring carbon atoms and a classical C-H
10
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bond as well. The reference energy of this RZ(S,S,) structure is 4.68 eV. With regard to the RY(S,s,) CI

structure, mainly the uracil fragment is distorted whereas the C-C bonds from the benzene fragment

show very small deviations from the C-C bond distances found in the R,(S,) geometry. In the uracil

fragment, again, a single-to-double bond transition can be observed when compared with the ground
state optimized geometry, which is most clearly apparent by following the Bls. Namely, the BI of ct-C’
changes from 1.03 to 1.44 becoming a double bond and simultaneously the BI of C>-C° changes from
1.66 to 1.04 forming a single bond; also the C*-0 double bond turns into a single bond. The reference

energy of this RY(S,S,) CI structure is 4.60 eV.

3.3 Relaxation pathways. In molecules with high symmetry, the location of the CI points depends on
the symmetry properties of these molecules. Nowadays it is widely accepted that even in the case of
low-symmetry molecular systems the CIs — called accidental CIs*’ — are much more common than
previously thought and these CIs play a crucial role in nonadiabatic events (e.g., radiationless decay of

. . 48-51
electronic excited states)

. However, knowing only the location of the CI points and energy minima
on the PESs is not sufficient to draw a realistic picture about the relaxation mechanism of the molecular
excited states. This is because several potential energy barriers, smaller or higher, can occur on the PES
between energy minima and CI points and thus obstruct reaching these critical points. On the other hand,
the time scale of these relaxation mechanisms can be correctly evaluated only after a thorough molecular
dynamics study of these nonadiabatic processes. This would require the use of more demanding

5254 Tn this section,

computational methods that can reproduce correctly the dynamics near the CI points
our aim is not to give an exhaustive description of the relaxation dynamics of SBU, but to estimate
possible pathways for different geometrical transitions and to draw a qualitative picture about the
relaxation mechanisms of the molecule excited states. Finding an energy minimum on the PES is
relatively straightforward because the negative of the gradient always points downhill. By contrast, a
transition structure (TS) optimization must step uphill in one direction and downhill in all other

orthogonal directions and therefore requires special searching methods™ including a preliminary

evaluation of the Hessian matrices for each case. In order to draw a qualitative picture about the crossing
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between different critical points on the PESs we have applied the linear synchronous transit (LST)*
method (the first step of the QST2" method), which gives the direct crossing line between two different
points on the surface but with much less computational effort than other TS searching methods.
Unfortunately, in this way we could find only second order saddle-points and not the real TS geometries.

The first energy gap analyzed was the linear transition between the vertical R,(S,) (which characterize
also the vertical S; and S, states) and the RV'(S,) optimized geometries. The profile of this energy gap is
shown on Figure S7 (Supporting Information). The very large energy barriers (over 19.0 eV) for both S,
and S, excited states make unlikely the transitions between vertical and optimized geometries at the S,
electronic level. This explains why optimized geometries on the uracil branch could only be obtained
starting from a geometry with forced stretching of the C=0 bond. On the descending part of the graph
the S; (red) and S, (blue) states get quite close to each other. Starting from this SBU geometry we have
performed a new CI search in order to check whether or not these two states cross each other. Only an
avoided crossing point was found with a 0.018 eV (0.418 kcal/mol) energy gap between the S; and S,
states. The geometry of this avoided crossing point is shown in the Supporting Information (Figure S8).
Similarly, very large energy barriers were obtained between the vertical R,(S,) and the RY(S,) optimized
geometries. The profile of the energy gap, shown in the Supporting Information (Figure S9), has similar
features described for the linear transition between the vertical R,(S,) and the RY'(S,) optimized
geometries (Figure S7, Supporting Information).

The transition between the vertical R,(S,) and the RY?(S,) optimized geometries is depicted in the
Supporting Information (Figure S10). This LST show a more interesting picture of the relaxation
mechanism with much lower energy barriers involved. The S, state starts with a strong decrease, while
the S; slightly increases, then, they cross each other after four geometry steps. After this crossing point
the S, state transits a relatively small energy gap (~1.6 eV), while the S; state will reach the RV?(S,)
optimized geometry. In order to find out the nature of the crossing point, which occurs between the S;

and S, states after a few LST steps, we have started a new CI point search taking as starting structure
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this LST step geometry. We found an avoided crossing point (instead of CI point) with an energy barrier
of 0.0043 eV (0.1 kcal/mol). Its geometry is presented as Supporting Information (Figure S11). The
energy barriers indicate that a more feasible relaxation is obtained by displacing the oxygen atom of the
C*=0 bond out from the uracil molecular plane (Figure S10, Supporting Information) rather than by
stretching the C*=0 bond in the molecular plane (Figure S7, Supporting Information).

As we mentioned in subsection 3.2, there is no any energy barrier between the vertical R,(S,) and an
optimized geometry structure of the S, state at the benzene branch, because we directly reach one of the

RE(S,S,) or R2X(s,s,) CI points. The transit between the vertical R,(S,) and the optimized geometry
structure of S; state R’(s,) follows a slightly descending potential curve without any energy barrier

(Figure S12, Supporting Information).

We computed also the LST between the two S; optimized geometries found at the uracil (RY'(S,)) and
benzene (R?(S,)) branches. We found the same behavior as in the case of the R (S,) — RY'(S,) transit,

with a very large (more than 20 eV) potential barrier (see Figure S13, Supporting Information).
The LST trajectories between different optimized and CI geometries were also analyzed (Figure S14,
Supporting Information). The LST between the R'(S,) optimized geometry and the RY'(S,S,) conical

intersection point reveals two potential barriers, each around 2.0 eV. According to the prediction of
Barbatti ef al.’® for the case of the non-adiabatic deactivation of 9H-adenine, a time scale of 100 — 120 fs
would be required to surpass a 1.5 - 2 eV energy barrier. Therefore we surmise that the transit from the

RY'(S,) optimized geometry to the RY'(S,S,) conical intersection point could take place in a reasonable

time scale. It was also shown®® that radiationless deactivation among higher excited states can occur
very fast through CIs. The slowest transition is considered to be the deactivation process between the
first excited and the ground state. Accordingly, we have investigated both S; — Sy transitions in the
uracil (See Figure S15, Supporting Information) and benzene (See Figure S16, Supporting Information)
fragments. The energy barriers along the LST trajectories were found to be 2.76 eV and 4.03 eV for
uracil and benzene, respectively. Although both barriers are high enough to partially prevent the non-
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adiabatic decays, these values suggest that a radiationless deactivation to the ground state would more
easily occur in the uracil than in the benzene sides and that the radiative transition is an alternative
mechanism to reach the ground state. This was experimentally confirmed by us and is analyzed in the
next subsection.

3.4. Fluorescence measurements and comparison with theoretical predictions. We have measured
the static fluorescence spectrum of SBU in methanol when excited with UV radiation, at 247 nm (5 eV)
and 265 nm (4.7 eV), respectively. These two wavelengths virtually cover the whole range of vertical
excitation energies as calculated through several different methods (see Table 2). We notice that EOM-
CCSD, LT-DF-LCC2 and TDDFT (B3LYP) methods predict even vertical excitation of the second
excited states, S, thus accessing more complicated decay paths. In fact, from S, the molecule can reach
the S; state and reach a conical intersection with a radiationless decay to the ground state or populate the

RY'(s,) and the R’(s,) states, decaying to the ground by emission of a photon.

The measurements have been carried out with a LS 55 fluorescence spectrophotometer (PerkinElmer)
in samples having a concentration of 0.01 M and led to the results shown in Figure 6, where both solid
and dashed spectra have been represented using the same y-axis allow comparison of the spectral
amplitudes in the two cases. Two fluorescence bands are observed at about 315 nm (3.9 eV), and 365
nm (3.4 eV). While the position of the peaks is not substantially shifted when switching from 247 nm to
265 nm excitation wavelength, the ratio of the two peak amplitude, Asz;s/Ases, changes from about
1:0.95 to about 0.9:1. Based on the scheme of the energy levels illustrated in Figure 7, we ascribe the

two fluorescence bands to radiative decay from the R’(s,) state for the 315-nm peak and from the
RY'(s,) state for the 365-nm peak, respectively.

In order to test the reliability of our interpretation we have checked that the two states R’(S,) and
RY'(S,) can be actually reached while the molecules are relaxing after excitation. This issue is solved by
exhibiting at least one allowed decay path leading to R’(S,), represented in Figure 7, which shows a

possible relaxation from a vertical excitation to the S; PES down to R’(S,). Another possible decay path
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leading to RY'(S,), and represented in Figure 7, shows a possible relaxation from a vertically excited S,
PES down to RY'(S,) via a conical intersection. The measured UV-fluorescence spectrum of uracil in

methanol solution’ shows a peak around 315 nm with a shoulder at about 365 nm. Based on our
calculations we could conclude that the presence of the benzene ring in the bridged SBU molecule leads
to a consistent enhancement of the shoulder at 365 nm. This hypothesis has a very important
consequence in that we can actually distinguish the fluorescence from the molecules excited in the
benzene site from the fluorescence emitted by the molecules excited in the uracil site. It is worth
mentioning that, in order to carry out a fair comparison between theory and experiment, we specifically

calculated the energy gap between the excited states, R?(S,) and R'(S,), and the ground state, R(S,),
respectively, for a vertical decay, i.e. when the nuclei of R(S,) are found in the R?(S,) and RY'(S,)
configuration, respectively. Such energy gaps are found to be 4.46 eV for the R’(S,) — Re(S) transition
and 3.36 eV for the RY'(S,) — RY(S,) transition. Interestingly, for the R*(S,) — R®(S,) transition, the
calculated energy gap overestimates by 0.6 eV the corresponding measured value, whereas for the
RY'(S,) — RY(S,) transition the calculation is very close to the corresponding experimental value. The

0.6 eV discrepancy can be ascribed to the correction of the real energy level in solution due to the
presence of a polar solvent. Indeed, it has been shown by Improta et al®® that the energy of the
fluorescence photon increases in solution in comparison to the gas phase when n/n* transitions are
involved, whereas it lowers for m/7* transitions. Since the transitions are n/wt* for the uracil branch and
n/n* for the benzene branch the observed shifts are in good agreement with those predicted by Improta

et al.®’, thus supporting our results.

4. Summary and Conclusions

We have investigated the decay paths located on the first and second singlet excited-state surfaces of
5SBU, a molecule which attracts a noticeable interest as it is considered as a model system for the study
of nucleic acid-protein crosslink reactions induced by UV light. The structures found for the benzene
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and uracil fragments in SBU, as seen in Figure 1, are close to the ones already obtained for the isolated

13,15
compounds ™~

in the electronic ground state, except for the benzene symmetry breaking. Therefore, the
CH, bridge behaves just as a small perturbation giving rise to minor changes in molecular structure, and

this supports the idea that 5SBU can be actually used as model system for the photo-crosslink reaction.’

The first two electronic excited states in the R,(S,) nuclear geometry have been characterized with

both multireference and single determinant methods. The results are in a reasonably good agreement for
the S; state, and only TDDFT method underestimates slightly the energy value. For the S, state,
multireference methods give values higher than 6.8 eV, whereas those obtained with single reference
methods are close to the S; vertical excitation energy. This is likely due to the fact that not all the needed
orbitals in the active space could be included for the CASSCF method to properly work. On the other
hand, it is well known that single determinant methods are not able to properly describe the static
correlation due to the degeneracy of electronic states. The relatively small energy difference between the
first and second excited states obtained either with coupled-cluster or DFT theories suggest that one
should not totally ignore the effect of static electron correlation.

The geometry optimizations on the S; PES, starting from the nuclear geometry R,(S,), did not lead to
significant changes on the uracil branch of the molecule. On the S; PES, just the C*=0 double bond
stretching, involved in several vibrational modes, led to the RY'(S,) geometry (Figure 2), where the
uracil fragment shows a non-planar geometry. The geometry optimizations on the S, PES, when started
from the nuclear geometry R,(S,) led to a conical intersection point with the S; PES with a subsequent
relaxation of the system on this surface. The same procedure of C*=0 double bond stretching led us to
find two other minima on this surface, the RY'(S,) (Figured4) which exhibits the same or even
accentuated reactivity as RV'(S,), and the RV*(S,) (Figure 5), which is less reactive.

We have also found three conical intersections that could play a crucial role in the SBU decay
pathways: as for the single isolated fragments - benzene and uracil -, they represent ultrafast non-

radiative decay channels leading to lower energy electronic states. These have been characterized as (i)

16
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RE(S,S,) (Figure S1, Supporting Information), in which the uracil fragment is close to the ground state
R.(S,) geometry and the benzene fragment structure is close to that found by Robb'’; (ii) the RY(s,S,)

(Figure S3, Supporting Information), for which the uracil fragment is close to the conical intersection

found by Epifanovsky et al'*; and (iii) the RY*(s,S,) (Figure S4, Supporting Information).

A global picture with different relaxation pathways defined by local minima and conical intersection
points on the PES-s is presented in Figure 7. Red dashed lines show the less feasible paths, while the
blue ones give the more plausible transitions. The radiation-type transitions are marked with arrow lines.
An approach to the deactivation pathway that can undergo SBU is depicted from the S; and the S, states,
respectively. The most likely pathways that the molecule would follow when the excitation leads to the

S, excited state is the vibrational decay to the RY*(S,) geometry that would evolve through the RY'(S,S,)
conical intersection to the S; PES relaxing vibrationally to the RY'(S,). Finally the system could
energetically reach the RY'(s,S,) leading the electronic state of the molecule to the minima in the ground
state initial geometry or directly via radiation decay from RY'(S,) to R,(S,). Other possible pathways via
the benzene branch starts from S, state and reach the S; state following either the S, — RZ/(S,S,) or
RE(S,S,) — RE(s,) radiationless decays. Eventually the non-radiative R’(S,) — RZ(S,S,) — R.(S,)
relaxations or the corresponding direct radiative transitions can take the molecule to Sy state.

This work represents a first step in the characterization of the nucleic acid-proteins crosslink reaction
at the molecular level using ab initio methods. A natural extension of the static knowledge about the
SBU molecular system, which we provided with this theoretical investigation, will include solvent (for a
condensed phase simulation) and thermal effects. As a near-future prospect we plan to apply the ab

initio molecular dynamics approach to investigate the system dynamics, and use the above calculations

as a reference for the planned molecular dynamics calculations.
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1

2 Table 1. Internal Bond Coordinates and the Wiberg’s bond index (BI) of the Optimized Geometries at Different Equilibrium Positions®.
3

4 geometry  R(S,) BI  R’(s) BI  RY(S,) BI R“s,) BI RV(s,) BI  RVYS, BI
g R(N'C? 1.363  1.06 1.363 1.06 1.360 1.06 1.363 1.07 1.357 1.06 1.360 1.06
7 R(C’NY) 1.375 1.04 1.375 1.04 1.381 1.05 1.375 1.05 1.379 1.05 1.386 1.01
8 R(N’CY 1.383 1.04 1.383 1.04 1.406 1.04 1.409 1.00 1.363 1.06 1.335 1.15
9 R(C'C’) 1.480 1.03 1.480 1.02 1.378 1.37 1.419 1.14 1.371 1.41 1.441 1.10
12 R(C’C®%) 1.347  1.66 1.347 1.68 1.411 1.24 1.370 1.55 1.493 1.15 1.354 1.68
12 R(C°N") 1.388  1.06 1.388 1.06 1.408 1.09 1.402 1.02 1.382 1.11 1.382 1.08
13 R(C’0) 1.198  1.59 1.198 1.59 1.200 1.57 1.201 1.58 1.201 1.57 1.195 1.60
14 R(C'0) 1.198  1.62 1.198 1.63 1.370 1.16 1.380 1.11 1.357 1.16 1.634 0.83
15

16 R(C°C) 1.511  1.00 1.514 1.00 1.515 1.01 1.513 1.01 1.503 1.02 1.512 1.01
ig R(C'C) 1.519 1.01 1.510 1.02 1.517 1.01 1.518 1.01 1.519 1.00 1.517 1.01
19

20 R(C'C" 1403 1.25 1.441 1.26 1.404 1.34 1.399 1.37 1.405 1.34 1.403 1.36
21 R(C°C%) 1.398 1.30 1.436 1.28 1.390 1.43 1.401 1.37 1.389 1.44 1.392 1.42
22 R(C°CY 1.398 1.24 1.435 1.28 1.402 1.36 1.395 1.40 1.402 1.36 1.400 1.37
52 R(C'CY) 1.398  1.27 1.435 1.28 1.390 1.43 1.401 1.37 1.390 1.43 1.392 1.42
25 R(CC) 1.398  1.30 1.436 1.28 1.399 1.37 1.395 1.40 1.401 1.36 1.398 1.38
26 R(C'CY 1.402 1.23 1.441 1.26 1.381 1.46 1.405 1.33 1.381 1.46 1.383 1.45
27

28

29

30

31

32

33

34

35

36

37

38

39

40

41

42

43

44

45
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Table 2. Vertical excitation energies for the two lowest excited states of SBU.

Si(eV) S;(eV)
SA-CASSCF(20,14) 485 792
SA-CASSCF(20,15) 502 622
MS-CASPT2(20,13) 502 683
MS-CASPT2(20,14) 493 628
MRCI(20,14) 508 712
MRCI (D) (20,14) 5.11 6.90
EOM-CCSD 513 544
LT-DF-LCC2 494 507
TDDFT (B3LYP) 472 491

Page 24 of 34

Table 3a. Internal Bond Coordinates and the Wiberg’s bond index (BI) of Different Crossing Point

Geometries”.

geometry  RE'(S,S,) BI  REs,s,) BI  RY(s,s,) BI  RYXssS, BI

R(N'C?) 1363 1.06 1364 1.06 1416  0.98 1.358  1.08
R(C*NP) 1.375  1.04 1.375 1.04 1.359  1.09 1404  0.99
R(IN’CY 1.383  1.04 1.383  1.04 1434  0.94 1381 1.11
R(C'CY) 1480 1.01 1481 1.01 1.388  1.32 1338 1.42
R(CC®) 1.347  1.66 1.346  1.66 1.521  1.03 1496 1.14
R(C*NY) 1.388  1.05 1.388 1.05 1333 1.15 1.418  0.93
R(C?0) 1.198 159 1.198  1.59 1192 1.62 1.194  1.60
R(C*0) 1.197 163 1.196 1.64 1251  1.32 1354 1.02
R(C°C) 1.511  1.01 1.505 1.01 1.521  1.00 1.504  1.02
R(C'C) 1515  1.01 1511  1.01 1.520  1.00 1.519 101
R(C'CY) 1441 122 1452 1.05 1.405  1.33 1.404 133
R(C°CY) 1440 124 1.398 136 1390 143 1.390  1.43
R(C°CY 1394 135 1431 126 1402 1.36 1401 136
R(C'CY) 1450  1.07 1430 1.28 1390 143 1.390  1.43
R(CCY 1447  1.07 1.405 1.33 1.401  1.37 1399 137
R(C'CY) 1401 132 1.449  1.06 1382 1.46 1382 147

“Bond lengths are given in A. The labeling of atoms is given in Figure 1.

Table 3b. Internal Bond Coordinates and the Wiberg’s bond index (BI) of Different Crossing Point

Geometries”.

geometry RE (5051) BI R, (SOSI) BI

R(N'C? 1368  1.04 1.369  1.06
R(C*N?) 1.380  1.02 1404  1.01
R(N’CY 1.381 1.05 1.388  1.02
R(C'C) 1481 1.01 1.302  1.44
R(C°C® 1347  1.66 1.514  1.04
R(C’NY 1.385 1.05 1424 0.99
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R(C?0)
R(C*0)

R(C°C)
R(C*C)

R(C*CY)
R(C"°CY)
R(CCY
R(C'CY)
R(C*C
R(C'CY

1.222
1.197

1.507
1.504

1.455
1.462
1.386
1.376
1.462
1.461

1.56
1.63

1.02
1.01

1.19
1.42
1.47
1.18
1.10
1.10

1.193
1.449

1.509
1.517

1.404
1.390
1.401
1.391
1.399
1.382

1.61
0.96

1.01
1.01

1.34
1.43
1.36
1.42
1.37
1.46

“Bond lengths are given in A. The labeling of atoms is given in Figure

1.
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Figure Captions:

Figure 1: The ground state optimized geometry of SBU. Colors: red for oxygen, blue for nitrogen,

gray for carbon and white for hydrogen.

Figure 2: The RY'(S,) optimized geometry of SBU obtained for the first excited state with changes

on the uracil branch.

Figure 3: The RY*(S,) optimized geometry of 5BU obtained for the first excited state with changes

on the uracil branch.

Figure 4: The RY'(S,) optimized geometry of 5BU obtained for the second excited state with

changes on the uracil branch.

Figure 5: The RY*(s,) optimized geometry of 5BU obtained for the second excited state with

changes on the uracil branch.

Figure 6: Laser induced fluorescence spectrum of SBU.

Figure 7: The global energy diagram of different local minima and conical intersection points on

the PES for different excited state levels.
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