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ABSTRACT: The photophysical relaxation pathways of "A, “G, and “I - ./
luminescent nucleobases were investigated with the MS-CASPT2 quantum-
chemical method and double-{ basis sets (cc-pVDZ) in gas and condensed phases
(1,4-dioxane and water) with the sequential Monte Carlo/CASPT2 and free
energy gradient (FEG) methods. Solvation shell structures, in the ground and
excited states, were examined with the pairwise radial distribution function (G(r))
and solute—solvent hydrogen-bond networks. Site-specific hydrogen bonding -
analysis evidenced relevant changes between both electronic states. The three

luminescent nucleobases share a common photophysical pattern, summarized as

$

Energy teV)

the lowest-lying '(zz*) bright state that is populated directly after the absorption

of radiation and evolves barrierless to the minimum energy structure, from where the excess of energy is released by fluorescence.
From the '(77*),,;, region, the conical intersection with the ground state ((77*/GS);) is not accessible due to the presence of high
energetic barriers. By combining the present results with those reported earlier by us for the pyrimidine fluorescent nucleobases, we
present a comprehensive description of the photophysical properties of this important class of new fluorescent nucleosides.

B INTRODUCTION

Living organisms have been challenged by the harmful effects
of ultraviolet (UV) radiation that affect the adjacent
nucleobase bonding in DNA, which means that protein-
building enzymes will not be able to read the DNA code at that
point. This is a serious issue because DNA nucleobases have a
large UV absorption cross-section. Fortunately, our genetic
information is mostly preserved by sophisticated mechanisms
such as, for instance, DNA intrinsic protection by dissipating
the absorbed UV energy as heat, avoiding breaking the
chemical bonds responsible for keeping the DNA strands
together.

The self-protecting DNA photophysical property is intrinsi-
cally related to the canonical nucleobase capacity to release the
excess of energy via remarkably fast and eflicient radiationless
mechanisms, which have been widely investigated.'™® The
consensus is that conical intersections are the key for their
understanding,”>” resulting in very stable photochemical
canonical nucleobases with extremely low fluorescence
quantum yields (@ < 107*). The distinguished short-lived
and nonemissive canonical nucleobase properties are of
paramount importance for life on Earth.

Conversely, experimental DNA structural investigations have
faced considerable hurdles. The fluorescence spectroscopic
technique,'”"" a powerful experimental method to explore
structural properties, cannot be applied efficiently because the
canonical nucleobases are nonfluorescent. To overcome this
shortcoming, scientists have focused on synthesizing surrogate
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fluorescent nucleobases to be used as molecular probes when
incorporated into the DNA/RNA strands.">~"”

Different compounds have been used as fluorescent
nucleobase analogues over the years, such as 2-amino-
purine’®*° and compounds obtained by the addition of
groups at a specific position as 8-vinylpurines.”** More
recently, a promising approach has used isomorphic purine/
pyrimidine moieties such as 4-cyanoindole as the starting
materials, which has been proposed as a universal probe for
DNA studies™ lately. Other examples, related to different
classes of compounds, can be found in the literature.”*~>*

Ideally, fluorescent nucleoside analogues used as probes
should minimally disturb the structure and function of nucleic
acids composed of the canonical nucleobases. In the quest for
synthesizing isomorphic and isofunctional fluorescent nucleo-
side analogues, Tor and co-workers synthesized a new RNA
alphabet using isothiazole-[4,3-d]pyrimidine as a common
core,” resulting in the following compounds: A (isothiazolo-
adenosine analogue), “G (isothiazolo-guanosine analogue), “C
(isothiazolo-cytidine analogue), “U (isothiazolo-uridine ana-
logue), and ®I (isothiazolo-inosine analogue); the latter has
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Figure 1. Schematic structures of the fluorescent purine analogues (a) “A, (b) “G, and (c) “I, with the numbering scheme.

been derived from “A by enzymatic oxidation in an effort to
prove the biological isofunctionality of adenine. Afterward, the
same authors’’ expanded the class of emissive and isofunc-
tional RNA nucleoside analogues to their noncanonical
compounds. Although their photophysical properties have
been determined experimentally by Tor et al., the fundamental
aspects of the nature of their electronic states and fluorescence
processes have been barely investigated from the theoretical
point of view.

Some aspects about the electronic structure and hydrogen
bond (HB) pairing have been studied®' ~** in the scope of the
density functional theory (DFT), including solvent effects with
the polarizable continuum model (PCM).* We carried out a
detailed study on the fluorescent nucleoside analogues,
scrutinizing the nature of specific solute—solvent interactions
and the fundamental aspects behind the absorption spectra;*
the photophysical relaxation mechanisms of the *C and “U
pyrimidine analogues were also investigated by us recently.””

Following our previous successful approach, it is now timely
and relevant to examine the photophysical properties of the
isolated purine analogues “A, "G, and I (Figure 1), in gas and
condensed phases, describing details about the molecular
nature of their excited states, emission spectra, Stokes shifts,
and photophysical deactivation pathways, to unravel the
electronic and geometric features behind their enhanced
fluorescence quantum yields. The physical—chemical charac-
terization of isolated systems in gas and condensed phases is
the startup process to investigate their behavior in conditions
that mimic real environments, as for example, in a DNA-like
structure.

In this contribution, the excited state potential energy
hypersurfaces were characterized by means of state minima,
conical intersections, minimum energy paths (MEPs), and
linear interpolations in internal coordinate calculations using,
whenever possible, the state-of-the-art complete active space
second-order perturbation theory (CASPT2) method, taking
into account solvent effects via the sequential quantum
mechanics/molecular mechanics (QM/MM) protocol using
the Monte Carlo and CASPT2 methods.”®*” Our results thus
contribute to a better understanding of the photophysical
properties of this important class of fluorescent nucleoside
analogues.

B METHODOLOGY

The “A, "G, and "I photophysics and relaxation mechanisms
were investigated in the gas phase, 1,4-dioxane, and water,
following as close as possible the methodology used previously
by us.’®’ In this section, we summarize the main aspects of
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our computational procedure; further details can be found in
our aforementioned papers.

Electronic Structure Calculations. Geometries were
optimized in the gas phase, 1,4-dioxane, and water using the
multistate complete active space second-order multiconfigura-
tional perturbation theory (MS-CASPT2),*" with a zeroth-
order state-average complete active space self-consistent field
(SA-CASSCF)*" wave function, obtained by averaging over the
two lowest-lying electronic states and the cc-pVDZ double-{
atomic basis sets.”” A and I geometry optimizations were
carried out with active spaces built by all 7, z* orbitals and
electrons (CAS(12,10)); “G geometry optimizations were
performed with an active space encompassing eleven z, 7*
orbitals and fourteen electrons (CAS(14,11)). Minimum
energy crossing points, between the ground (GS) and lowest
Y(nz*) states ((z7*/GS)c,;), were optimized by means of the
restricted Lagrange multiplier technique,” using the same level
of theory and active space of the aforementioned optimization
procedures.

Excitation energies in all environments were computed with
the cc-pVDZ double-{ atomic basis sets and the single-state
CASPT2 (SS-CASPT2)**™* method, using an active space
comprising 10 7-type orbitals, three nonbonding (n) orbitals
associated with nitrogen (ny) and/or oxygen (ng) atoms,
depending on the structure of the molecules (CAS(18,13)). It
is worth mentioning that for all optimized MS-CASPT2
minimum energy crossing points, the off-diagonal elements are
small (at about 0.001 au) and the degeneracy computed at the
SS-CASPT?2 level is about the same as that computed at the
MS-CASPT?2 level, with differences smaller than at about 0.01
eV. Further details about the solvation techniques can be
found in the next section.

Gas-phase minimum energy paths (MEPs) from the
Franck—Condon (FC) region, along the corresponding
lowest-lying '(z7*) state potential energy hypersurface, were
computed at the SA(2)-CASSCF/cc-pVDZ level with the full-
7 active space, following the steepest descent path technique.*
At each point of the MEP, the dynamical correlation was
included recomputing the energies at the SS(6)-CASPT2-
(18,13)/cc-pVDZ level, following the so-called CASPT2//
CASSCF protocol.” Whenever MEP calculations were not
feasible, energetic profiles connecting minimum energy
crossing points and optimized geometries were investigated
with the linear interpolation using the internal coordinate
technique (LIIC), computing the vertical energies at each
point as described above.

In all of the cases, CASPT?2 calculations were carried out
using the imaginary shift technique®’ (0.2 Hartree); no IPEA
shift (ionization potential-electron affinity)*® correction was
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employed, as suggested recently.*” Electronic structure
calculations were carried out using MOLCAS 8 software.>’

Solvation Effects. Solvent effects were taken into account
with the ASEC—FEG method,”’ combining the average solvent
electrostatic configuration (ASEC) and the free energy
gradient (FEG) methods. ASEC is a single configuration that
represents the statistical average and leads to a nonhomoge-
neous solvent distribution that is particularly important for
protic solvents.”

In the ASEC—FEG methodology, a classical molecular
mechanics (MM) simulation is performed to sample the
structure of the liquid under the given thermodynamic
conditions. Based on statistical criteria, a set of hundreds of
statistically uncorrelated configurations of the solvent is chosen
to be used in the QM calculation, on which they are grouped
in a single configuration assuming an average solvent
electrostatic configuration embedding for the solvent, the
ASEC. Solute geometry optimizations, in the presence of the
solvent, can be Eerformed by incorporating the free energy
gradient (FEG)>”>* method, which allows one to investigate
the free energy hypersurface and, consequently, the minima
and saddle points. For further technical details, we refer the
reader to the original papers and to our most recent
publications in which the ASEC—FEG method was used to
describe the solvent effects on the electronic structure and
photophysics of related fluorescent nucleobases.*™*” Classical
Monte Carlo simulations were carried out with the DICE
package.>

B RESULTS AND DISCUSSION

Equilibrium Geometries. As observed experimentallgf by
Rovira et al.”” and by us at the CASPT2/cc-pVDZ level,* the
lowest bright excited state of “A, “G, and “I can be populated
after irradiation with UV light, in both gas and condensed
phases (experimental results show the peaks of absorption at
3.63, 3.66, and 3.94 eV in 1,4-dioxane, respectivelyzg).
According to our previous study,’® the main bright state in
the Franck—Condon (FC) region is derived from the ground
state by a single electron excitation from the highest occupied
molecular orbital (HOMO) to the lowest unoccupied
molecular orbital (LUMO), describing a state characterized
by a # — 7* configuration. "A, "G, and “I HOMO and
LUMO exhibit similar contributions from the z orbitals
localized on the purine skeleton (Figure 2).

In this contribution, A, "G, and "I bright '(zz*) state
geometries were optimized in the gas phase, 1,4-dioxane, and
water using the ASEC—FEG approach. In the gas phase, A
and I '(zz*) minima show completely planar structures. As
to the "G '(zn*) excited state minimum structure, it was
found to have a planar skeleton, with the amino group (NH,)
hydrogen atoms out of the ring plane by 25°. When compared
to the gas-phase ground state geometries (obtained at the
MP2/cc-pVDZ level®®) the main differences of the excited
state gas-phase minima structures are the bond distances and
the pyramid angle of the amino group (& angle), as depicted in
the superposition of both gas-phase structures (Figure 3).

Solvent effects (1,4-dioxane and water) on selected bond
lengths, in relation to the gas-phase values, of the '(zz*)
minima are displayed in Figure 4. As it can be noticed (positive
values mean larger bond lengths than the gas phase), both
solvents influence the bond lengths likewise for most of the
selected parameters, except for the C,—Cg and C4—C;, bond
lengths in "G and "I, respectively. In these cases, the effect of
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(a)

(b)

(c)

Figure 2. Dominant electronic transition for describing the lowest
Y(nn*) excited state of (a) “A, (b) ®G, and (c) "I. The orbitals were
obtained from the averaged valence natural orbitals, computed at the
SA(6)-CASSCF(18,13)/cc-pVDZ level in the gas phase.

1,4-dioxane is negligible. It is also interesting to observe that
the largest variation observed in all compounds (*A, “G, and
“I) is for the N;—C, bond length, which is larger at the excited
state in both solvents. Nonetheless, in “I, it is noticed in water,
while for both A and “G, it is observed in 1,4-dioxane. For "I
and “G in 1l,4-dioxane and water, the N,—S; bond length
exhibits large contraction, while in A, it is elongated in both
solvents. The Sg—C, bond length, the other bond related to the
sulfur atom, changes very little in both solvents in "G.
However, in “A and Y, it is shorter in 1,4-dioxane and water,
mainly in 1.

Solvent Structure and Hydrogen-Bond Networks.
Solvation shell structures around the “A, "G, and "I
Y(7Z7*) iy in 1,4-dioxane and water, were analyzed with the
aid of the minimum-distance pairwise distribution function
Gyp(r)*° (Figure S). For completeness, these distribution
functions were also comgpared to those reported by us for the
ground state previously.”®

For analysis of the number of hydrogen bonds (HB, X---H—
Y), we used the procedure described by us previously.*® In
short, the amount of hydrogen bond was derived from an
ensemble of snapshots extracted from the Monte Carlo
sampling, with the aid of the following variables® ~>’
(thresholds in parentheses): (i) Ryy (Rxy < 3.75A), defined
by the first valley of the pairwise radial distribution function
(Gup(r)) between X and Y atoms; (i) the angle Oxy (Oxy <
40°), defined by the X, H, and Y atoms; and (iii) the binding
energy, Eyg (Eyg < —0.01 kcal/mol). It cannot be assured that
all nearby solvent molecules are indeed making the solute—
solvent hydrogen bond. For this reason, the energetic criterion
is needed.”® It is also worth mentioning that only the set of
atomic charges in the solute was refined in the optimization
procedure, with the same Lennard-Jones parameters for the
ground and excited states; hence, the differences reported on
the radial distribution functions may be attributed to the
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Figure 3. Superposition of the optimized ground (red) and '(zz*) (blue) state structures of the (a) A, (b) “G, and (c) "I fluorescent nucleobases
optimized in the gas phase. The geometries in the ground state were optimized at the MP2/cc-pVDZ level, while the MS(2)-CASPT2/cc-pVDZ

level was adopted for !(zz*) excited state.
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Figure 4. Solvation effects, in relation to the gas phase, on selected
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length in the gas phase.
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Figure 5. Minimum-distance pairwise distribution function Gyp(r)
for ground and '(z7*) states of emissive RNA molecules “A, *G, and
“T in (a) 1,4-dioxane and (b) water.

redistribution of atomic charges of the solute after absorption
of UV light.

The minimum-distance pairwise distribution functions for
the excited states in 1,4-dioxane do not exhibit significant
changes in comparison with those for the ground state.”® The
1,4-dioxane Gyp(r) around the three '(zz*),,, structures is
very similar (Figure S), characterized by two well-defined
solvation shells. The shoulder on the left side of the first peak
at about 2 A may be interpreted as the solvent molecules that
make hydrogen bonds (HB) with the solute. Nonetheless, not
all molecules in this region are taking part in hydrogen bonds.
For a realistic description of the effective number of solute—
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solvent hydrogen bonds, further arguments on angular and
energy criteria were taken into account, as discussed above.

The first solvation shell ranges from 1.40 to 4.20 A for the
three modified purine analogues, enfolding 15 molecules of
1,4-dioxane for A and "I, and 17 for “G. We notice a greater
number of solvent moieties in the first solvation shell for I
and G excited states in comparison to those obtained by us*®
for the ground states (14 and 15 1,4-dioxane molecules,
respectively); no change is observed in relation to the ground
state for “A.

The aqueous solvation shells for the excited states differ
more from those observed for the ground state. The sharp peak
around 2 A can be associated with solute—solvent hydrogen
bonds, better defined than that observed in 1,4-dioxane. The
first solvation shell starts at about 2.5 A, with a peak of around
3.5 A. The most notable difference is the decrease in the
intensity of the first peak observed for the “A excited state,
suggesting a smaller probability for encountering water
molecules in this range. For “G, a broader first hydration
shell is observed, which leads to the maximum number of
water molecules on the shell when compared to the other
molecules.

Based on the above-mentioned criteria, the excited state
hydrogen-bonding shell includes 6 water molecules for “A, 9
for "G, and S for "L As to the first complete solvation shell, it
contains 49 water molecules for #A, 57 for %G, and 43 for “I.
For the sake of comparison, in the ground state, the first
complete solvation shell includes 49 for A, 49 for *G, and 44
for "I, which indicates that the "G excited state is more
susceptible to solvent effects than the others.

Table 1 shows the number of HBs in the ground‘?’6 and
excited states. As in the ground state, the molecule that
presents the least number of hydrogen bonds is “I, with an
average of 0.20 in 1,4-dioxane and 4.48 in water, suggesting
more hydrogen bonds in the excited state in both solvents.
These changes are similar for A, for which the number of HBs
increases from 1.63 in the ground state to 1.81 in the excited
state in 1,4-dioxane, and from 6.14 to 6.66 in water. The most
significant variation occurs for ®G, for which the hydrogen
bonds in 1,4-dioxane decrease from 2.45 (ground state) to 1.88
(excited state); on the other hand, in water, we observe more
HBs in the excited state (9.12) than in the ground state (8.26).

In the excited state, both “A and "G make preferably 2
hydrogen bonds (79.4 and 46.5% of the configurations,
respectively) in 1,4-dioxane. For “I, most of the configurations
reveal no HB (80.1%). In water, the solute molecules show
more configurations that make 7 (36.8%, “A), 9 (47.2%, “G),

https://dx.doi.org/10.1021/acs.jpca.0c03398
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Table 1. Percentage Statistics of Solute—Solvent Hydrogen
Bonds for Modified Purines in 1,4-Dioxane and Water for
the Ground State (GS) and the Excited State (zz*)”

KZA tZG CZI
no. of
medium HBs GS an* GS an* GS a*
dioxane 0 3.5 1.0 97.1 80.1
1 31.4 18.7 9.0 33.8 29 194
2 64.1 79.4 37.5 46.5 0.5
3 1.0 1.0 52.8 17.7
4 0.7 1.9
(HB) 1.63 1.81 2.45 1.88 0.03 0.20
water 2 2.3 1.7
3 0.2 0.3 15.6 16.5
4 3.8 1.9 40.4 37.3
S 21.8 11.6 0.4 29.9 31.0
6 39.5 28.5 4.0 0.1 9.8 11.2
7 26.1 36.8 18.0 2.7 1.8 1.9
8 7.5 17.5 36.0 19.5 0.2 0.2
9 0.9 32 29.5 47.2
10 0.1 0.2 10.2 25.1
11 1.7 5.0
12 0.2 0.5
(HB) 614 666 826 912 435 448

“(HB) is the average number of hydrogen bonds. The ground state is
taken from our previous work.*®

and 4 (37.3%, “I) hydrogen bonds. The average number of
hydrogen bonds in both solvents follows the following trend:
“I - A — "G, in agreement with the tendency observed for
the ground state solvent structures.

Although changes in hydrogen bonds are not significant
when a global molecular analysis is carried out, a closer look at
specific sites reveals interesting details. The site-specific
pairwise distribution function g(r) for some relevant sites on
the solute molecules is displayed in Figure 6, and the
corresponding site-specific hydrogen bond analysis is displayed
in Table 2.

— (gs) ===+ \(77*)
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Figure 6. Site-specific pairwise distribution function g(r) for the most
electronegative atoms on the ground and '(zz*) states of the emissive
RNA molecules #A, “G, and “I in (a) 1,4-dioxane and (b) water.

The analysis of the g(r) (Figure 6) for “A in 1,4-dioxane
indicates that around the N, atom, the solvation structure is
very similar for both states. On the other hand, the intensity of
the first peak at the N; position diminishes for “I in 1,4-
dioxane.

Turning our attention to the “G N;;---O g(r) in 1,4-dioxane,
a more pronounced difference is noted between the solvation
shells for the ground and excited states. In the excited state, the
shoulder around 3 A disappears and a more intense peak is
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Table 2. Site-Specific Hydrogen Bond Average ((HB)) for
the Ground State (GS) and Excited State (z7*) of the
Modified RNA Purines in 1,4-Dioxane and Water

1,4-dioxane water

(HB) GS an* GS an*

up Ny—H,;+O 0.71 0.89 0.86 097
Ny—H,,--0 091 0.92 1.00 1.00
Nyo-H=0 0.10 0.01
N,;--H-0O 1.48 0.74
N;---H-0 1.77 1.74
N,H-0 0.56 1.94

SgH—-0 0.02 0.26

uG Ny -Hjz0 0.67 024 097 1.00
N,-H, O 0.81 0.33 095 1.00
N,—H--O 0.97 0.30 1.01 0.99
Ny;H-0 0.12 0.00
N,--H-0O 0.01 0.01
N,--H-0 172 0.19
N,--H-0 0.80 1.02

Sg-H-0 0.33 0.85
0,0~H-0 227 3.05

1 N,-H---O 0.03 0.20 0.12 0.13
N,-H-0 0.00 0.00
N;--H-0 1.15 0.53
Ny+H-0 0.65 0.79

SgH—0 0.17 047
0,o-H-0 2.10 2.50

observed at about 2 A. The (HB) also exhibits differences
worth mentioning. While in the ground state the number of
HB for the two hydrogen atoms at N; —H:--O are,
respectively, 0.67 and 0.81, in the excited state they are
decreased to 0.24 and 0.30, respectively.

The changes in aqueous medium are even more remarkable
(Figure 6). For “A and "G, the peak around 2 A for the g(r)
on the N, and Oy, (respectively) sites increases. According to
our analysis, in relation to the ground state, the number of HBs
observed on the excited state of A increases from 0.56 to 1.94
on the N; site; for “G, it goes from 2.27 to 3.05 on the Oy site.
An opposite trend is found for the Oy, site on the “I excited
state, which goes from 2.50 (ground state) to 2.27 (excited
state). For larger distances, the g(r) exhibits similar behaviors
for both states.

Other findings are still worth mentioning. The number of
HBs at the Nj position for both "G and "I reduces by, on
average, 1.53 and 0.62, respectively. The N; position of “A also
shows the same behavior, with a drop of 0.74 HBs. An
interesting trend for the three molecules is the increase of the
(HB) at the Sg position, ranging in the interval between 0.24
and 0.52 in the excited state. In the ground state, these
molecules have a relatively small number of hydrogen bonds at
this position.

Emission Spectra and Stokes Shift. Vertical emission
energies of “A, "G, and "I computed at the SS(6)-
CASPT2(18,13)/cc-pVDZ level in the gas phase, 1,4-dioxane,
and water are displayed in Table 3.

The lowest-lying '(77*) excited states of the luminescent
purine analogues are mainly described by a single excited
configuration, derived from the ground state by a HOMO —
LUMO electronic transition, associated with a high oscillator
strength in the gas and condensed phases. It is also interesting
to mention that '(zz*) corresponds to the S, state for “G and

https://dx.doi.org/10.1021/acs.jpca.0c03398
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Table 3. “A, “G, and “I Vertical Emission Energies (in eV)
Computed at the SS(6)-CASPT2(18,13)/cc-pVDZ Level
(from the MS-CASPT2/cc-pVDZ '(zn*),;,-Optimized
Geometries (Vide Supra)) and the Corresponding
Experimental (Gas Phase, 1,4-Dioxane, and Water) Values®

1,4-dioxane water
molecule gas ASEC-FEG exp. ASEC-FEG exp.
A 3.23 3.35 3.03 3.04 3.02
G 3.00 3.11 2.92 2.57 2.70
I 3.63 3.50 3.33 3.48 3.29

], while for “A, the S, excited state is of '(nz*) nature in the
gas phase, with '(zz*) as the S, (more details in the next
section). Nonetheless, in all cases, the emitting state was
considered to be the !(zz*) state, as described by us.®

The computed gas-phase emission energies (Table 3) can be
compared with those obtained experimentally in 1,4-dioxane, a
solvent with small dielectric constant. The gas-phase
theoretical results differ from the experimental results obtained
in 1,4-dioxane by 0.20 eV for “A, 0.08 eV for “G, and 0.30 eV
for I, with the gas-phase emission energies being blue-shifted
in comparison to the experimental values. By comparing the
A (3.35 eV), "G (3.11 eV), and “I (3.50 eV) emission
energies in 1,4-dioxane, computed with the ASEC—FEG
method, with the reported experimental values, we notice
that they are all blue-shifted (#A: 0.32 eV; “G: 0.19 eV; “I:
0.17 eV). Nevertheless, the theoretical emission energies are
within the accuracy of the CASPT2 method, leading to good
agreement with the experimental data.

The emission energies computed in water are also displayed
in Table 3. The ASEC—FEG method presents a consistent red-
shift from the gas phase to water for all molecules (“A: 0.19
eV; “G: 0.43 eV; “I: 0.15 eV). The same trend is observed
experimentally; that is, experimental emission energies in the
aqueous solution are red-shifted in relation to the computed
gas-phase values (“A: 0.21 eV; “G: 0.30 eV; “I: 0.34 eV).

Table 4 contains Stokes shifts computed in this work in the
gas phase and both solvents with the ASEC—FEG method.
Our computed Stokes shifts in the gas phase for “A and "G, in
comparison with the experimental values obtained in 1,4
dioxane, are overestimated by 0.17 and 0.13 eV, respectively,
and underestimated by 0.21 eV for “I. When using the ASEC—
FEG for 1,4-dioxane, the differences decrease to 0.01 eV for
A, 0.09 eV for “G, and 0.12 eV for "I, closer to the
experimental value. In water, computed values obtained with
the ASEC—FEG method agree with the reported experimental
values for “A and "G, for which our values are overestimated
by 0.08 and 0.04 eV, respectively; for “I, the computed Stokes
shift is underestimated by 0.17 eV. The Stokes shift computed
by us for A in water (0.73 eV) compares with that of the
CAM-B3LYP/PCM/6-31G(d) level of theory (0.52 eV)
reported by Karsili et al.*’

Table 4 also exhibits solvatochromic shifts from 1,4-dioxane
to water (negative value indicates that the Stokes shift is larger
in water). Experimental data reveal a moderate change for “A
(—0.05 eV) and "I (—0.07 eV), and a larger value for "G
(—0.28 eV). We can observe that the ASEC—FEG method
predicts good solvatochromic shift for all of the molecules,
with the highest discrepancy of 0.13 eV, reported for “G.

Photophysical Deactivation Pathways. The photo-
physical processes of A, "G, and "I were investigated by
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Table 4. Theoretical Stokes Shift in the Gas Phase, 1,4-
Dioxane, and Water computed with the ASEC—FEG
Method”

1,4-dioxane
molecule gas ASEC-FEG exp.
A 0.77 0.61 0.60
G 0.87 0.65 0.74
T 0.40 0.49 0.61
‘Water
A 0.73 0.65
G 1.06 1.02
N | 0.51 0.68
Solvatochromic Shift
A —0.12 —0.05
G —0.41 -0.28
1 —0.02 —0.07

“Experimental results are reported for comparison.”’ Theoretical
absorption spectra were obtained from a previous work.*®
Solvatochromic shift in the Stokes shift from 1,4-dioxane to water
was also computed (negative value indicates that the Stokes shift is
larger in water). All of the values are reported in eV.

exploring the topology of their '(zz*) bright state potential
energy surfaces, using the minimum energy path (MEP)
technique and the CASPT2//CASSCEFE protocol. From the
Franck—Condon region, MEP calculations were performed at
the CASSCFE/cc-pVDZ level of theory and, at each point of the
MEP, dynamical correlation energy was introduced via the
SS(6)-CASPT2(18,13)/cc-pVDZ level of theory. The mini-
mum energy crossing point (hereafter called conical inter-
section, CI) between the '(zz*) and ground state ((zz*/
GS)c1) was optimized at the MS(2)-CASPT2/cc-pVDZ level
of theory (Supporting Information). The computed MEPs
(gray background) are depicted in Figure 7 and optimized
conical intersections in Figure 8.

—a—1(gs) —o— 1(nn") —— }(n7")

Energy (eV)

Reaction Coordinate

Figure 7. Energetic profiles of the ground and '(zz*) bright states
from the Franck—Condon (FC) region toward the '(z7*),,;, region,
by means of the minimum energy path (MEP; gray background),
computed at the SA(2)-CASSCF/cc-pVDZ level with the correspond-
ing full-w active space, and from the '(z7*),;, region toward the
conical intersection with the ground state, by means of linear
interpolation in internal coordinates (LIIC; white background), for
(a) “A, (b) "G, and (c) "I. At each point of the MEP, vertical
excitation energies were computed at the SS(6)-CASPT2(18,13)/cc-
pVDZ level of theory.

For the three isothiazole-derived nucleobases (Figure 7), the
MEPs starting at the FC region show their '(z7*) potential
energy hypersurface evolving in a similar manner, with a
barrierless pathway toward the '(z7*),;, minimum region. For
the A nucleobase, a lower '(n7*) dark state was observed at
the FC region, as it is known to be in 9H-adenine,'”°" its
canonical counterpart, for which the two lowest-lying excited
states in the gas phase are S; '(nz*) and S, '(zn*),
respectively.
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Figure 8. Frontal and side views of “A (left), “G (center), and "I (right) (77%/GS)¢; conical intersection structures optimized at the MS(2)-

CASPT2/cc-pVDZ level of theory (see Methodology for details).

However, as the MEP evolves to the '(z7*),,, region, the
bright '(zz*) excited state becomes the first excited state.
Although a fraction of the population can be transferred from
the !(zn*) state to the '(nr*) dark state via CI, partly
quenching the “A fluorescence as reported previously in ref 60,
we believe that most of the electronic population remains in
the bright state, as suggested experimentally; again, a similar
behavior was also observed for 9H-adenine.'”°" Furthermore,
as mentioned previously, in condensed media, the '(z7*) state
is the lowest-lying excited state, reinforcing that the (zz*/
n*)c; conical intersection observed in the gas phase is not
relevant for describing the photophysics of “A. Taking the
initial point of the MEP as a reference, the '(z7*),;, is
computed to be —0.38 eV lower in energy for “A, —0.25 eV for
G, and —0.12 eV for “I It is interesting to mention that the
results displayed in Table 3 correspond to the vertical emission
energies computed at the SS(6)-CASPT2(18,13)/cc-pVDZ
level with the MS-CASPT2-optimized '(77*),;, structures;
that is, "A: 3.23 eV, “G: 3.00 eV, and “I: 3.63 V. On the
other hand, the emission energies displayed in Figure 7 were
computed from the geometry of the last point of the MEP,
obtained at the CASSCF/cc-pVDZ level employing the full x,
7* active space of the corresponding compound, at the SS(6)-
CASPT2(18,13)/cc-pVDZ level; in short, "A: 2.98 eV, “G:
3.09 eV, and “I: 3.62 eV. Therefore, by comparing the
emission energies computed with the geometries optimized at
the last point of the MEPs (obtained at the CASSCF level) to
those computed with the MS-CASPT2-optimized geometries
(Table 3), we conclude that they are in agreement, differing
not more than 0.25 eV.

Once in the '(z7*),,;, minimum region, two deactivation
mechanisms can be foreseen: (i) a nonradiative mechanism via
a conical intersection with the ground state ((zz*/GS)¢;) or
(ii) relaxation to the ground state via fluorescence. The CI’s
accessibility was investigated connecting the '(zz*),;, and
(zn*/GS)¢; structures via linear interpolation in internal
coordinates (LIIC), at the SS(6)-CASPT2(18,13)/cc-pVDZ
level of theory. Furthermore, a better understanding of the
energetic profile can be obtained by analyzing the initial and
final structure geometries and their relative energies.

The (zn*/GS); structures for A, G, and "I structures are
located slightly (0.03, 0.10, 0.06 eV, respectively) above the
last point of the corresponding MEPs (Figure 7). The final
structures obtained along the MEP, as mentioned before,
resemble their ' (77*%),;,-optimized geometries, obtained at the
MS-CASPT2/cc-pVDZ level, indicating that the CASPT2//

6840

CASSCF protocol is appropriate. The (zz*/GS)¢ and
'(#7*)min geometries, on the other hand, differ much from
each other. The *(z7*),,, structures are mainly planar, while
(z*/GS)(; exhibits large distortions on the six-membered
rings, while the five-membered rings are planar (Figure 8).
Significant changes are observed at the C, position for the
three molecules, with the bonded moiety placed perpendicular
to the six-membered ring for “G and “I; for “A, the N, and C,
positions are distorted. In comparison to the '(zz*).-
optimized structure, the C,N; bonds are elongated in all cases.
On the other hand, the N,C, is shortened for “A and stretched
for *G and "I

The “A, “G, and “I (7z7*/GS)c geometries can be
compared to those Cls reported previously for adenine,’"**
guanine,” and inosine (hypoxanthine).’* For a more detailed
comparison, we will make use of the Cremer—Pople®® and
Boeyens66 parameters (Q, in A; @ and O, both in deg) for
analyzing the six-membered ring conformation, as displayed in
Table S; it is worth mentioning that the (z7*/GS); structures

Table S. Cremer—Pople and Boeyens Parameters for the
Six-Membered Ring Conformation Analysis for “A, “G, "I,
and Their Natural Nucleobase Analogues Adenine,
Guanine, and Inosine (Hypoxanthine)®

Q/A  ®/deg ©/deg Boeyens™
A (this work) 0.63 125 74 6B
“A (Karsili et al.*%) 0.55 92 65 3,
adenine (Serrano-Andrés et al.’") 0.54 76 66 3S,
adenine (Barbatti and Lischka®) 0.72 118 82 368
“G 0.47 68 57 E,
guanine (Serrano-Andrés et al.%*) 0.49 67 60 E,
7 0.51 78 60 3s,
inosine (Guo et al.**) 0.51 65 62 E,

“For A, we also report the structure obtained by Karsili et al.*’

for adenine,61 guanine,63 and inosine® were optimized at the
CASSCF level. We also compared our structures to that
reported by Karsili et al. computed at the SA(2)-CASSCF-
(6,6)/6-31G(d) level for “A (in their work, coined as iTPA),*
neglecting the dynamical correlation effects during the
optimization.

The ring conformation analysis reveals that the optimized
“A (nn*/GS)¢ differs from its corresponding counterpart
reported for adenine.’’ The A (77%/GS)¢; has a >*B boat
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Table 6. Bond Length Alternation Coordinates for Bonds around the C, Position (N,C, and C,N; Chemical Bonds) for “A,
“G, and “I at the Franck—Condon (S,,,;,), (#7*),y;,, Transition State (TS) and (77%/GS)¢; Regions”

Px
So,min S1 (A )i TS (m2*/GS)cx
A 0.042 [0.091] —0.052 [—0.107] [-0.051] —0.154 [—0.140]
G 0.079 [0.112] —0.026 [—0.027] [—0.020] —0.024 [0.040]
1 0.075 [0.106] —0.028 [—0.032] —[0.094] —0.032 [0.036]

“The values of fiy are in A and it is defined as By = ry,c, — rc,n, where the subscript X represents the potential energy hypersurface region. The

values computed with the CASSCF-optimized geometries employing the same active spaces and basis sets are displayed in square brackets.

conformation (Table 5), with the positions Ny and C4 out of
the plane, whereas the adenine is classified as a skew-boat *S,.
More recently, Karsili and co-workers® reported (77%/GS)
for "A in close resemblance to that reported for adenine,
belonging to the same Boeyens’s group *S,. We have to keep in
mind that both structures were optimized at the same level of
theory, which might explain why both structures are indexed at
the same Boyens group. It is also interesting to mention that
Barbatti and Lischka® reported, for the first time, a 3B conical
intersection for adenine, computed at the MR-CIS(6,5)/SA-3-
CAS-(12,10)/6-31G* level of theory.

For “G and 9H-guanine,63 its canonical nucleobase
counterpart, the ring conformation analysis indicates similar
(z7*/GS)c; conical intersections, characterized by a E,
envelope conformation at the C, position (Table 5). It is
also interesting to recall that for 9H-guanine in the gas phase,”
'(zx*) is always the lowest-lying excited state, evolving in a
barrierless way from FC to the conical intersection with the
ground state.

In the same way, by comparing “I and inosine (77%/GS)¢,
structures, we observe similar Q parameters (0.51 A for both
molecules), ® (78° for “I and 65° for inosine), and ® (60° for
“I and 62° for inosine). Nevertheless, they are included in
distinct groups, with “I belonging to the *S, skew-boat
conformation group and inosine to an envelope E, group.

After analyzing the conformation of the '(zz*),,, and (zz*/
GS); structures, we will focus our attention on the LIIC path
connecting them. As displayed in Figure 7, the (77*/GS)c
region could be reached from the '(z7*),y, structure only after
surmounting the energetic barriers amounting to 0.25, 0.92,
and 0.81 eV for "A, ®G, and "I, respectively, hindering the
nonradiative population transfer mechanism taking place at the
(nm*/GS); region. Therefore, the extra energy of the '(zz*)
state will be released by fluorescence from the '(z7z*).;,
minimum region. Comparing to the work of Karsili et al.
about the “A molecule, they found that the ' (z7*),,;, structure
is lower in energy than (zz*/GS)¢, even though no barrier
was found between the structures.’® As mentioned above, it is
also worth keeping in mind that the last point of the MEPs
along the '(zz*) hypersurfaces from the Franck—Condon
region, which corresponds to the !(zz*),,;, minima region, are
slightly more stable than the optimized (77*/GS); structures
(Figure 7), reinforcing that most of the electronic population
will remain on the corresponding '(77*),,;,, minima region.

Aware about the LIIC limitations and that the computed
LIIC pathway represents an upper limit to the real path,
leading to overestimated energetic barriers, we decided to
estimate the energetic barrier by optimizing the transition
states (TS) between the critical points for all of the molecules
at the SA(2)-CASSCF/cc-pVDZ level, because it is not
computationally feasible to carry it out at the MS-CASPT2
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level. In comparison to the barriers computed with the LIIC
pathways, those obtained with optimized TS structures are
systematically lower for all molecules (0.18 eV for A, 0.37 eV
for *G, and 0.68 eV for “I), but still high to be overcome. We
conclude that these molecules fluoresce in both the gas phase
and condensed media, despite no experimental evidence in the
gas phase to date. A recent investigation’” about thienogua-
nosine ("G), a highly fluorescent analogue of guanosine and
“@, carried out at DFT and CASSCF levels, showed a
deactivation mechanism similar to that reported by us for “G,
with a corresponding energetic barrier >0.4 eV.

A closer look at the geometric changes observed from the
Franck—Condon to the (z7*/GS); region gives us some clues
about the energetic barrier nature. As the main geometric
changes are related to the 6-membered rings, specifically
around the C, position, we decided to use a new coordinate
(Bx = rnc, — rcny the subscript X represents the potential

energy hypersurface region, namely, FC, '(z7*),,;,, TS, or CI
region) that coined the bond length alternation (BLA) to
quantify the alteration of chemical bonds around the C, atom.

As shown in Table 6, for the three compounds studied in
this work, the N;C, bonds are longer than the C,N; bonds (by
0.04 A for “A and 0.08 A for “G and “I) at the Franck—
Condon region; the same is true for the CASSCF geometries,
but with larger /3 values. Around the '(zz*),;, energy regions,
the bonds lengths are alternated, that is, the C,N; bonds are
longer than the N;C, bonds (by about 0.05 A for “A and 0.03
A for "G and "I); the CASSCF-optimized geometries exhibit
the same trends. The transition states on the potential energy
surface of the S; '(zz*) excited state of all molecules show
different results. For instance, fr for A and “G exhibits the
same trend as that observed at the '(zz*),,, region. On the
other hand, the “I molecule presents a significant change from
—0.03 to 0.09 A in this coordinate, which can provide an
explanation for the higher energy barrier observed for this
molecule, at least at the CASSCEF level. In the CI region, a
distinct trend is observed. For A, fy is negative, while for “G
and "I the values of ff; are positive and similar, around 0.02
and 0.03 A, respectively, with the same trend noticed for the
CASSCEF structures. The “G and "I are similar around the C,
position throughout the S, deactivation pathway, with the most
striking difference at the TS region, computed at another level
of theory. Both molecules differ drastically from “A at the
(mm*/GS)¢; region, which is reflected in the Boeyens
classification (Table 5).

We have also investigated the solvation effects of 1,4-dioxane
and water on the photochemical pathways described above,
using the ASEC—FEG method to include solvation on selected
points along the photochemical paths, as minima, barriers, and
conical intersection structures. It is worth pointing out that the
geometries were not optimized in the solvent, but in the gas
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Table 7. Energetic Barriers (Computed as the Energy Difference between the '(z7*),,;,-Optimized Geometry (E,;,) and the
Energy of the Structure Corresponding to the Maximum of the LIIC Path from the '(z7*),,;, to the (z7%/GS)¢; Structure

(Barrier (LIIC)) and as the Energy Difference between the Optimized Transition State Structure and the '(zz*)

-Optimized

min

Geometry (Barrier (TS))) and Energy Difference between the Minimum and the Conical Intersection (E,,;,, — E;) for Gas and

Condensed Phases (1,4-Dioxane and Water)“

barrier (LIIC) barrier (TS) Ein — Ea
molecule gas dioxane water gas dioxane water gas dioxane water
A 0.25 0.24 0.38 0.18 0.13 0.24 —0.16 0.30 0.52
G 0.92 1.11 0.99 0.37 0.28 0.29 —0.30 0.87 0.06
T 0.81 0.94 0.98 0.68 0.60 0.76 —0.26 0.22 0.06

“Vertical excitation energies were computed at the SS(6)-CASPT2(18,13)/cc-pVDZ level; all of the values in eV.

phase only, and solvation effects were simulated frozen conical
intersection geometries as optimized in the gas phase. As the
conical intersection geometries were not reoptimized in the
presence of the solvents, we do not expect the energies
computed in the solution to be degenerate. Indeed, the energy
gaps computed in solution (smaller than 0.4 eV) are larger
than in the gas phase (where they are not larger than 0.1 eV),
suggesting that solvation effects affect the geometry, energy,
and location of the CI. Nonetheless, we do believe that the
most relevant fact is the height of the barriers that must be
surmounted to achieve the conical intersection regions. As the
barriers are high, the conical intersections are inaccessible (in
the gas phase or solution) and, consequently, the compounds
will fluoresce. In all cases, the position of the Cls is computed
using the energy of the '(zz*),;, state, at the corresponding
conical intersection-optimized geometry, as the reference
value. Computed values in either the gas phase or the solvent
are displayed in Table 7.

For the fluorescent nucleoside analogues, solvation effects
(1,4-dioxane and water) increase the energetic barrier provided
by the LIIC scan along the pathway from '(z7*),, to (zz*/
GS)¢; structures, with the largest variation in dioxane being
0.19 eV for “G followed by “I (0.13 eV). As for the aqueous
medium, an increase of 0.17 eV in the energetic barrier is
observed for “I (with increases of 0.07 eV for G and of 0.13
eV for "A). We also studied solvation effects on the energetic
barrier, using the optimized transition state structure instead of
the corresponding maximum of the linear interpolation path.
As it can be noticed in Table 7, it is not possible to observe any
trend about solvation effects.

The relative position of '(z7*),;, and (727*/GS)¢; (Table
7) observed for “A increases to 0.30 eV in 1,4-dioxane and
0.52 eV in water. In the opposite way, for “G, the energy
difference between the structures increases to 0.87 eV in 1,4-
dioxane, but in water they are placed even closer in energy,
separated by only 0.06 eV. Solvent effects change the energetic
difference observed for “I in the gas phase, to about 0.22 eV in
1,4-dioxane and 0.06 eV in water. Therefore, solvent effects
enhance fluorescence via vibrational energy transfer to the
solvents, as mentioned before.®”

The above discussion can be summarized as follows: the
photochemical deactivation pathways of fluorescent nucleoside
analogues “A, “G, and “I are similar; after absorption of
energy, the !(zz*) state is populated and follows downhill
toward its '(7z*),;, region, from which the (7z*/GS)¢;
region cannot be reached due to the presence of a high
energetic barrier. Therefore, the excess of energy is released
from the '(z7*),;, region as fluorescence; solvent effects do
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not alter the mechanism, inducing only small changes on the
energetic barrier.

A similar pattern was described by us for the pyrimidine
fluorescent nucleosides.”” The difference relies on the
energetic separation between minima and optimized (zz*/
GS); structures, which are due to the blockage of the C,C;
rotation, that would be the main geometrical change on the
deactivation path of pyrimidines. For the "A, "G, and "I
purine fluorescent nucleosides, the main geometrical changes
observed on the CI structures are not at the C,Cs bond, but at
the N,C, and C,N; bonds, as observed in the canonical bases.
Therefore, the fluorescence is not due to the blockage of the
C,Cy rotation, but probably due to the red-shift of the
absorption energy which would not allow that the molecules
have the necessary energy to surpass the energy barrier and
reach the CI region. Therefore, although purine and
pyrimidine fluorescent nucleoside analogues share common
deactivation pathways, the molecular mechanisms behind the
emission differ slightly.

Bl CONCLUSIONS

The photophysical deactivation pathways of three modified
purine nucleobases “A, "G, and "I were investigated at the
CASPT2/cc-pVDZ level, using Sequential QM/MM (Monte
Carlo simulations) to unravel the structural changes they
present on the respective excited states and the solvent shell
structures around them. The mechanisms that result in their
fluorescence in gas phase, 1,4-dioxane, and aqueous media
were also explored. A global analysis of the solvation shells in
the ground and excited states revealed that the profile of the
minimum pairwise distribution function is quite similar, with
two well-defined solvation shells. Nevertheless, looking into
the solvent molecules that make hydrogen bonds with the
solute, noticeable changes between the ground and excited
states as well as the radial distribution function evolving these
atomic sites were identified. As for the photophysical
deactivation mechanisms, once excited to their respective
lowest '(zz*) state, they can reach the state minima in a
barrierless path. The pathway to the (7z7*/GS)c; region is
blocked by significant energy barriers, which hinders a possible
internal conversion mechanism. Therefore, the main deactiva-
tion path is the emission from the '(z7*),,;, region.
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