
Comparative Study of Uracil Excited-State Photophysics in Water
and Acetonitrile via RMS-CASPT2-Driven Quantum-Classical
Trajectories
Published as part of The Journal of Physical Chemistry B virtual special issue “Roland Lindh Festschrift”.
Meseret Simachew Bezabih, Danil S. Kaliakin,* Alejandro Blanco-González, Leonardo Barneschi,
Alexander N. Tarnovsky, and Massimo Olivucci*

Cite This: J. Phys. Chem. B 2023, 127, 10871−10879 Read Online

ACCESS Metrics & More Article Recommendations *sı Supporting Information

ABSTRACT: We present a nonadiabatic molecular dynamics study of the
ultrafast processes occurring in uracil upon UV light absorption, leading to
electronic excitation and subsequent nonradiative decay. Previous studies have
indicated that the mechanistic details of this process are drastically di!erent
depending on whether the process takes place in the gas phase, acetonitrile, or
water. However, such results have been produced using quantum chemical
methods that did not incorporate both static and dynamic electron correlation. In
order to assess the previously proposed mechanisms, we simulate the
photodynamics of uracil in the three environments mentioned above using
quantum-classical trajectories and, for solvated uracil, hybrid quantum mechanics/
molecular mechanics (QM/MM) models driven by the rotated multistate
complete active space second-order perturbation (RMS-CASPT2) method. To do
so, we exploit the gradient recently made available in OpenMolcas and compare
the results to those obtained using the complete active space self-consistent field (CASSCF) method only accounting for static
electron correlation. We show that RMS-CASPT2 produces, in general, a mechanistic picture di!erent from the one obtained at the
CASSCF level but confirms the hypothesis advanced on the basis of previous ROKS and TDDFT studies thus highlighting the
importance of incorporating dynamic electron correlation in the investigation of ultrafast electronic deactivation processes.

■ INTRODUCTION
Ultraviolet (UV) light absorption in nucleic acids is
responsible for the photochemical transformations leading to
mutagenesis in cells1−7 as well as damage to any natural and
synthetic material exploiting the electronic and geometrical
properties of these biopolymers.8−10 These processes are
largely prevented by the existence of photoprotective ultrafast
nonradiative decay channels that e!ectively convert the
harmful electronic excitation energy into heat.11−17 However,
in spite of the many reported experimental and theoretical
studies, the mechanisms of such nonadiabatic events are still
blurred. This is why in the present paper we re-examine, using
contemporary wave function-based multistate multiconfigura-
tional quantum chemistry and quantum-classical trajectories,
the decay channels of uracil,7,18−54 their dynamics, and their
sensitivity to the solvent. To do so we exploit potential energy
gradients that have been made available only recently in
OpenMolcas.55
The mechanistic details of UV light absorption and

subsequent nonradiative decay in uracil depend on whether
these processes occur in the gas phase or in solution.38,42−45

Accordingly, the theoretical/computational description of

water solvation on ground and excited states requires not
only the explicit treatments of hydrogen bonds between uracil
and a selected set of water molecules but also accounting for
larger solvent regions.27,32,33,36,37,39,46−48,56 Additionally, the
simulation of uracil photophysics requires, in principle, a
quantum chemical method accounting for both static and
dynamic electron correlation as methods that lack dynamic
electron correlation such as the complete active space self-
consistent field (CASSCF) generate a di!erent electronic state
ordering.32,37,48 At the same time, the computationally
convenient time-dependent density functional theory
(TDDFT) method accounting for dynamic electron correla-
tion is a single-reference method, which results in the inability
to describe potential energy surfaces (PESs) away from the
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Franck−Condon (FC) region and in the vicinity of conical
intersections (CoIns).57 These facts make the study of the
nonradiative decay channels of uracil nontrivial. The multistate
multireference rotated multistate complete active space
second-order perturbation (RMS-CASPT2) method o!ers a
balanced description of PESs in both the FC and CoIn regions
and it is the least sensitive to the number of states included in
calculations among all variants of CASPT2 (see Lindh and co-
workers)55 Thus, in the present paper, we employ RMS-
CASPT2 and quantum-classical trajectories to simulate the
uracil light-induced nonadiabatic molecular dynamics
(NAMD) in the gas phase and, by using suitable hybrid
quantum mechanics/molecular mechanics (QM/MM) mod-
els, in a protic and an aprotic solvent.
Previous computational works on isolated (i.e., gas phase)

uracil predict a lowest energy singlet excited state (S1) with
nπ* character irrespective of the method used.7,20,23,50−52

These results also show that the n → π* transition mainly
arises from the excitation of the lone pairs of the C4−O8
carbonyl group to a π* orbital. The π → π* transition, where
an electron is promoted from the bonding to the antibonding
orbital of the C5−C6 double bond, is higher in energy.7,19,21
The orbitals involved in these excited states are shown in
Figure 1. The same calculations also indicate that the n → π*

transition has low oscillator strength (dark state), while the π
→π* transition, featuring a much higher oscillator strength
(bright state), gets populated after UV irradiation. Such energy
ordering and oscillator strengths point to a mechanism
involving de-excitation from ππ* to nπ* with subsequent de-
excitation from nπ* to the ground state (here indicated as S0
or GS).7,21,54
In water, the situation is di!erent, with an nπ* state

destabilized by ∼0.7 eV with respect to the ππ* state. This
destabilization appears to be present in any hydrogen bonding
(protic) solvent.7,40,48,58 It is also important to note that the
nπ* destabilization is actually the result of a combined ∼0.5 eV
nπ* increase and ∼0.2 eV ππ* decrease in energy.7,40,48,56 In
fact, since in the n → π* transition, an electron is transferred
from a tight oxygen lone pair to a more di!used π* molecular
orbital, the hydrogen bonding between a water molecule and
the carbonyl oxygen in nπ* modulates the transition
energy.7,40,47 As a consequence, a model describing explicitly

the interaction between uracil and its first solvation shell
appears to be mandatory.27,32,33,36,37,39,46−48,56 On the other
hand, the solvent bulk also appears to play a role. For example,
a recent study by Milovanovic ́ et al.45 utilized an implicit and
an explicit solvated uracil model excluding the bulk. The
explicit model, corresponding to the U(H2O)6 cluster, yields a
lower nπ* state, while the implicit model indicated a lower
energy ππ* state. Other studies, utilizing a combination of the
first solvation shell and implicit bulk, yielded a ππ*
stabilization.27,32,33,36,37,39,46−48,56 The higher stability of the
ππ* state in water is also supported by a model describing the
solvent bulk e!ect explicitly (see Olsen et al.48).
The results above suggest that the ππ* state stabilization for

uracil in water leads to a radiationless transition mechanism
di!erent from the one operating in the gas phase or,
presumably, solvents that do not form hydrogen bonds (e.g.,
the aprotic solvent acetonitrile).28,31−33,38,42,43,58 The
CASSCF-based NAMD study by Nachtigallova ́ et al.19 as
well as the combined experimental and theoretical (again with
CASSCF-based NAMD) studies by Hudock et al.50 and
Fingerhut et al.59 indicate that in the gas phase, the decay from
the ππ* state to S0 occurs through both direct and indirect
decay channels. A study by Chakraborty et al.23, employing the
NAMD simulations with the more advanced (similar to RMS-
CASPT2) extended multistate CASPT2 (XMS-CASPT2)
method that accounts for both static and dynamic electron
correlation, also confirms the presence of both direct and
indirect decay channels for uracil in the gas phase.
The nature of radiationless transition of uracil in acetonitrile

is substantially less studied and was explored primarily with the
TDDFT method lacking static electron correlation.38,42,43 In
2006, Santoro et al.38 elucidated the presence of direct and
indirect decay channels for uracil in acetonitrile using potential
energy scans calculated with a combination of TDDFT and
CASSCF methods, where the CASSCF method was used for
determining the conical intersection geometries. The mecha-
nism of radiationless transition of uracil in acetonitrile was
further elucidated using TDDFT-based molecular dynamics
studies by Improta et al.42 and Santoro et al.,43 where the
molecular dynamics simulations were performed on precom-
puted three-dimensional PESs where only three suitable
coordinates were considered. Moreover, as mentioned in
both studies,42,43 while TDDFT can accurately describe the FC
region, it has substantial issues when attempting to describe a
CoIn region possibly making the derived deactivation
mechanism uncertain.57
The currently proposed mechanistic hypothesis is based on

the fact that the S1 PES incorporates regions dominated by
either the ππ* or nπ* electronic characters. A first hypothesis
states that for uracil in the gas phase and acetonitrile, the direct
decay channel from the spectroscopic ππ* state to S0 goes
through a path intercepting a ππ*/nπ* (S2/S1) seam but
conserving the ππ* character (i.e., as in a diabatic-type of
transition) until the lowest ππ*/π2 (S1/S0) seam delivers the
system to the GS (π2 refers to the usual closed-shell electronic
structure of the S0 or GS state). The indirect decay channel
instead involves trapping of the population in the dark nπ*
state after a ππ*/nπ* seam is reached,7 before regenerating the
ππ* state during a recrossing of the same seam and, ultimately,
reaching the ππ*/π2 seam providing access to S0. The
mechanism involving direct and indirect decay channels7 is
schematically represented in the left panel of Figure 2. The
above-mentioned TDDFT study by Santoro and co-workers38

Figure 1. Singlet electronic excited states (nπ* and ππ*) in uracil
derived via a n→ π* and π→ π* transition, respectively.
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of the PESs of uracil in water suggested that due to the more
stable ππ*, only a direct decay channel involving a single ππ*/
π2 (S1/S0) seam drives the radiationless transition of uracil (see
right panel of Figure 2).
All reported NAMD simulations of uracil in water have

substantial limitations.42−45 The mentioned simulations by
Santoro, Improta, and co-workers were performed (both for
uracil in acetonitrile and uracil in water) on precomputed
three-dimensional PESs obtained using the TDDFT meth-
od,42,43 therefore raising substantial accuracy issues in the
description of the S1/S0 CoIn region.57 A di!erent study by
Nieber and Doltsinis utilized the restricted open-shell Kohn−
Sham (ROKS) method.44 ROKS can only describe the lowest
excited singlet electronic state and hence has limitations in
terms of the description of interactions between the S1 and S2
states.60,61 Finally, the study by Milovanovic ́ et al. utilized the
SCS-ADC(2) method and the U(H2O)6 cluster model
containing only six explicit water molecules and, thus, did
not account for the e!ect of the solvent bulk.45 These
limitations cast doubt on the proposed mechanisms of uracil
nonradiative decay that, therefore, remain inconclusive.
In order to achieve a conclusive mechanistic understanding

of the uracil photodynamics, the present study utilizes the
RMS-CASPT2 method accounting for both static and dynamic
electron correlation and has shown to describe CoIn regions
correctly as well as QM/MM models explicitly incorporating
an extended solvent region to better account for the e!ect of
the bulk.55 The main geometrical coordinates promoting the
UV-induced nonradiative decay in uracil are the torsion angle
α defined through the positions of atoms C4−C5−C6−N1,
torsion angle β formed by atoms H5−C5−C6−H6, and the
skeletal bond length alternation (BLA) along the conjugated
part of the uracil.23,25 These coordinates allow the description
of the propagation of uracil from the FC region to the CoIn
region known as “ethylenic” in the literature.23,62 Torsion angle
α, torsion angle β, and BLA are illustrated in Figure 3. Our
study is based on the propagation of the entire set of the
solvated uracil coordinates incorporating the chromophore and
the first solvation shell, thus avoiding issues related to a
restricted dimensionality of the considered PESs.

Previous studies indicated the potential importance of a
ring-opening path as well as singlet/triplet transitions for
photochemistry of uracil in the gas phase.19,20,23 The role of
these pathways is yet to be elucidated and will not be pursued
in the present study. It is important to note that experimental
work on the relaxation of excited electronic states of
pyrimidine bases in water solution by Hare et al.41 showed
that the radiationless decay of uracil in water not only occurs
via a fast decay (i.e., within 2 ps) but also identifies a second
slower decay channel associated with an excited state lifetime
of ca. 24 ps. In the present study, we only focus on the fast
decay channel. Moreover, our focus is the elucidation of the
qualitative (i.e., mechanistic) role of ππ* and nπ* states in
controlling the fast decay channel of uracil in di!erent solvent
environments, while the quantitative description, requiring
longer simulation times and larger numbers of trajectories, of
the population decay for each state is outside of the scope of
the present study.

■ COMPUTATIONAL METHODS
All calculations were performed with the 6-31G* basis set.
OpenMolcas and OpenMolcas/Tinker63−65 were used for QM
and QM/MM calculations, respectively. CASSCF and RMS-
CASPT2 calculations were performed as the state average over
three states (GS, Snπ*, and Sππ*). Our research included four
types of calculations:

1. RMS-CASPT2(12,9)/6-31G*-based simulations of the
absorption spectrum in the gas phase (as a reference),
explicit water, and acetonitrile (in the two solvated
models, uracil corresponds to the QM subsystem).

2. Gas-phase quantum-classical trajectory propagation at
the RMS-CASPT2(12,9)/6-31G* and CASSCF(12,9)/
6-31G* QM levels and comparison to previous studies
(e.g., to the gas-phase XMS-CASPT2(12,9)/6-31G*
study by Chakraborty et al.23).

3. Quantum-classical trajectory propagation in water and
acetonitrile by using RMS-CASPT2(12,9)/6-31G*- and
CASSCF(12,9)/6-31G*-based QM/MM models.

4. Minimum energy conical intersection (MECI) search at
the RMS-CASPT2(12,9)/6-31G* and CASSCF(12,9)/
6-31G* levels to assign the decay channels detected via
trajectory analysis to specific CoIns.

Points 1 and 2 represent studies aimed at showing if RMS-
CASPT2(12,9)/6-31G* is consistent with the results of

Figure 2. Qualitative picture of the singlet electronic excited state
ordering and light-triggered deactivation mechanism of uracil
occurring in the gas phase, acetonitrile, and water. Cyan, yellow,
and green surfaces represent PESs of ππ*, nπ*, and the GS,
respectively. The red circle symbolizes the FC point residing on the
PESs of the bright ππ* state. The red dashed lines represent the seam
defined by the CoIns between the PESs of ππ* and nπ* and between
ππ* and π2, respectively. Black arrows demonstrate the indirect decay
channel, while white arrows indicate the channel not involving
trapping of the population on the nπ* PES (direct channel in
acetonitrile and the gas phase as well as in water).

Figure 3. Reaction coordinates along the nonradiative decay pathway
in uracil.
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previous studies, while points 3 and 4 provide novel
information on the dynamics of uracil in di!erent solvent
environments. More specifically, the results of point 3 are
expected to demonstrate the importance of dynamic electron
correlation in the simulations of uracil radiationless decay in
solution. The light-induced dynamics is simulated by sets of
trajectories initiated by using 365−392 initial conditions. The
Supporting Information contains the structure and construc-
tion of the QM/MM model (Section 1 of Supporting
Information); selected active space CAS(12,9) (Figure S2
and Section 2 of Supporting Information); details of the
absorption spectrum simulations (Section 3 of Supporting
Information); details of NAMD simulations with Tully’s
surface hopping algorithm (Section 4 of Supporting
Information); and details of MECI optimizations (Section 5
of Supporting Information).

■ RESULTS AND DISCUSSION
Absorption Spectra. The simulated SA3-RMS-CASPT2-

(12,9)/6-31G* absorption band of uracil in the gas phase
showed a blue shift with respect to experimental data (Figure
S3 and Section 6 of Supporting Information), while in both
water and uracil, we observed a red shift (Figure 4) with

deviations of 11 and 5 nm for water and acetonitrile,
respectively. Table 1 shows the maxima of the simulated and
experimental absorption bands as well as the vertical excitation

energies (VEEs) of Sππ* and Snπ* calculated at the ground-
state minimum geometries of each system.
In uracil, the computed bright π → π* transition in

acetonitrile shows a λmax slightly blue-shifted with respect to
water: a prediction consistent with previous theoretical works
and with experimental observations.29,38,40,42,43 The shift is the
result of the stabilization of the ππ* state induced by formation
of hydrogen bonds between the solute and the solvent as well
as by the polarization by the solvent bulk. This e!ect together
with the destabilization of the nπ* state induced by the same
f a c t o r s w a s r e p o r t e d i n p r e v i o u s s t u d -
ies.27,28,31−33,36−39,42,43,46−48,56,58

Population Dynamics of Uracil. We first compare the
qualitative agreement of our SA3-RMS-CASPT2(12,9)/6-
31G* and SA3-CASSCF(12,9)/6-31G* quantum-classical
trajectories in the gas phase with previously published XMS-
CASPT2 and CASSCF gas-phase simulations by Chakraborty
et al.23 Specifically, we compare the behavior of our trajectories
(Figure S4), the resulting surface hopping points (Figure S5),
and the MECI structures located starting from specific clusters
of hopping points. We show the results of uracil gas-phase
simulations in Section 7 of the Supporting Information. Briefly,
we observe that the distribution of surface hopping points in
our calculations is in qualitative agreement with the results of
CASSCF and XMS-CASPT2 NAMD simulations by Chakra-
borty et al.23 The CASSCF and XMS-CASPT2 MECI
structures predicted in our work deviate by <1° in value of
torsion angle β and by <0.2 Å in bond lengths of C6 = C5 and
C4 = O8 bonds from the structures predicted by Chakraborty
et al.23

Dynamics in Water. Consistent with previous stud-
ies,32,37,48 the RMS-CASPT2 level predicts the ππ* state of
uracil in water to be substantially stabilized with respect to the
nπ* state due to dynamic electron correlation e!ects. In
contrast, our CASSCF calculations confirm that such a level of
theory does not correctly describe the ππ* state stability that is
found to be higher than the nπ* state (i.e., at the CASSCF
level, the ππ* state of uracil in water is S2).32,37,48 These
di!erences lead to di!erent CASSCF- and RMS-CASPT2-
driven dynamics. CASSCF trajectories feature ππ*/nπ*, nπ*/
ππ*, and ππ*/π2 transitions with ππ*/nπ* hops already
occurring during the first 10 fs (Figure 5A,C,E). However, the
majority of ππ*/nπ* transitions occur between 50 and 200 fs,
while the following nπ*/ππ* and ππ*/π2 surface hops are
distributed along 200 fs with a higher density of surface
hopping points in the first 100 fs. In contrast with CASSCF,
RMS-CASPT2 trajectories in water do not produce ππ*/π2

transitions before 50 fs of progression but display an even
distribution of ππ*/π2 hopping points from 50 to 200 fs
(Figure 5B,D,F). Notably, the percentage of trajectories that
decayed to S0 in 200 fs of CASSCF simulations is 50%, which
is higher than the 25% observed in 200 fs of RMS-CASPT2
simulations.
Figure 6 displays the geometrical distribution of surface

hopping points predicted by the CASSCF and RMS-CASPT2
trajectories in terms of α and β torsions. The CASSCF search
for the MECI starting from independent groups of hopping
points reveals the presence of ππ*/nπ*, nπ*/ππ*, and ππ*/π2

MECIs. The RMS-CASPT2 search for the MECI initiated
from ππ*/π2 hopping points predicted by RMS-CASPT2
NAMD allowed us to locate the ππ*/π2 MECI.
The CASSCF calculations produce the ππ*/nπ* MECI with

β = 53°, nπ*/ππ* MECI with β = 21°, and the ππ*/π2 MECI

Figure 4. Comparison of simulated absorption spectra (solid lines) of
uracil in water and acetonitrile with the experimental spectra (dotted
lines). The experimental data for uracil in water and acetonitrile are
from refs 40 and 29, respectively.

Table 1. Absorption Band Maxima (λmax) of Uracil in Water
and Acetonitrile Calculated with the RMS-CASPT2 Method
Compared with the Experimental Values (refs 29 and 40)
and VEEs to Sππ* Calculated for Each Solvent at the
Geometries of the GS Minimum

solvent
calculated λmax,

nm (eV)
experimental λmax,

nm (eV)
Sππ*

VEE, eV
Snπ*

VEE, eV
water 271 (4.58) 260 (4.77)a 4.95 5.44
acetonitrile 261 (4.75) 256 (4.84)b 4.99 4.89

aReference 40. bReference 29.
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with β = 118°. These MECIs define a mechanism involving the
direct and indirect decay channels similar to what is observed
in the gas phase (see Supporting Information). The presence
of these MECIs indicates that CASSCF predicts the same
mixed mechanism in water and the gas phase. This involves
direct and indirect decay channels as summarized in the review
by Improta et al.7 and shown in Figure 2 above. However,
previous works by Improta et al.,40 Santoro et al.,38 as well as
simulations by Nieber and Doltsinis44 show that the inclusion
of dynamic electron correlation (lacking in CASSCF) does not
support a mixed mechanism in water. Our RMS-CASPT2
NAMD and MECI simulations, incorporating both static and
dynamic electron correlation, conclusively demonstrate that
this is indeed the case for uracil in water as the decay to the
closed-shell GS only involves ππ*/π2 transition (see Figures 5
and 6). We argue that the QM/MM-driven simulations based
on RMS-CASPT2 are ideal tools for uracil photochemistry
studies in water. Note that the experimental work by Hare et
al.41 not only shows the presence of fast decay channels
occurring within 2 ps but also identifies the presence of a
channel associated with an excited state lifetime of 24 ± 2 ps.

This second channel is not investigated in the present work
and requires future studies with substantially longer simulation
time.

Dynamics in Acetonitrile. In contrast to the water
environment, the CASSCF- and RMS-CASPT2-driven NAMD
of uracil in acetonitrile predict a similar mechanism involving
direct and indirect decay channels resembling gas-phase uracil.
For this reason, here we focus exclusively on RMS-CASPT2
simulations, while CASSCF simulations are described in
Section 8 of the Supporting Information (see also Figures S6
and S7). RMS-CASPT2 trajectories display, consistently with
the gas-phase simulations, ππ*/nπ*, nπ*/ππ*, and ππ*/π2

transitions during the first 10 fs of simulations (Figure 7A−C).
Another similarity between the behavior of uracil in the gas
phase and uracil in acetonitrile is the predominance of nπ*/
ππ* and ππ*/π2 transitions between 50 and 200 fs. However,
in contrast to the gas phase, where ππ*/nπ* transitions
predominantly occur within the first 50 fs, in acetonitrile, we
see an even distribution of these decay points along the entire
200 fs RMS-CASPT2 simulation. At the end of the simulation,
we observe 21% of trajectories reaching S0.

Figure 5. Evolution of the torsion angle α (panels A,B), torsion angle β (panels C,D), and BLA (panels E,F) described by NAMD of uracil in water.
The CASSCF results are presented in panels A, C, and E, while the RMS-CASPT2 (marked as “RMS”) results are presented in panels B, D, and F.
The solid black lines represent propagation of individual trajectories along the given coordinate. The blue dots represent the transitions leading to
trapping of the population on the nπ* PES (ππ*/nπ* transitions), while the red points represent surface hops promoting decay toward the GS
(nπ*/ππ* and ππ*/π2 transitions).
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In Figure 8, we report the distribution of ππ*/nπ*, nπ*/
ππ*, and ππ*/π2 surface hopping points predicted with RMS-
CASPT2 simulations in terms of the torsion angles α and β. By
performing MECI calculations, starting with representatives of
the diverse clusters of hopping points, we identify the
geometries of the ππ*/nπ*, nπ*/ππ*, and ππ*/π2 MECIs.
The results of the corresponding CASSCF-driven simulations

are discussed in the Supporting Information and summarized
in Figures S6 and S7.
The RMS-CASPT2 calculations of uracil in acetonitrile

produce the ππ*/nπ* MECI with β = 8°, nπ*/ππ* MECI with
β = 29°, and ππ*/π2 MECI with β = 115°. As can be seen in
Figures 8 and S7, both RMS-CASPT2 and CASSCF
simulations predict mechanisms involving direct and indirect
decay channels. However, there is a quantitative di!erence in

Figure 6. Distribution of surface hopping points in CASSCF and RMS-CASPT2 NAMD simulations of uracil in water as a function of torsion
angles α and β. (A) CASSCF nπ*/ππ* and ππ*/π2 surface hopping points. (B) RMS-CASPT2 ππ*/π2 surface hopping points. (C) CASSCF ππ*/
nπ* surface hopping points. The blue dots represent the transitions leading to trapping of the population on the nπ* PES (ππ*/nπ* transitions),
while the red points represent surface hops promoting decay toward the GS (nπ*/ππ* and ππ*/π2 transitions). Inserts demonstrate MECI
geometries that are located by initiating MECI search from surface hopping points of a given group of trajectories.

Figure 7. Propagation of the torsion angle α (panel A), torsion angle β (panel B), and BLA (panel C) along the RMS-CASPT2 trajectories of uracil
in acetonitrile. The solid black lines represent propagation of individual trajectories along the given coordinate. The blue dots represent the
transitions (ππ*/nπ*) leading to trapping of the population on an nπ*-dominated region of the S1 PES, while the red points represent surface hops
promoting decay toward the GS (nπ*/ππ* and ππ*/π2 transitions).
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their predictions in terms of the width of the ππ*/nπ* decay
channel. CASSCF-based simulations predict ππ*/nπ* hopping
points distributed between α values in the 0−50° range and β
values in the 0−100° range, while the RMS-CASPT2
simulations show that the majority of ππ*/nπ* hopping
points have α values in the 0−20° range and β values in the 0−
35° range. Importantly, the CASSCF MECI search for the
ππ*/nπ* channel predicted the MECI geometry with the value
of β equal to 58°, while the RMS-CASPT2MECI search
identified the ππ*/nπ* MECI with the β value equal to only
8°. Hence, even though CASSCF simulations predict a broader
ππ*/nπ* channel with respect to RMS-CASPT2 simulations,
the CASSCF method predicts the MECI to be located farther
away from the FC than RMS-CASPT2.

■ CONCLUSIONS
By using QM/MM RMS-CASPT2 NAMD and MECI
calculations with explicit solvent, it is possible to investigate
the radiationless deactivation of the ππ* state of uracil in
di!erent environments taking into account the e!ects of both
dynamic and nondynamic electron correlation as well as,
partially, of the solvent bulk. It is found that the excited state
decay to the closed-shell GS in the gas phase and acetonitrile
involves three electronic states and both the direct and indirect
decay channels, illustrated in Figure 2. It is confirmed that the
direct decay channel from the ππ* state goes through the ππ*/
nπ* seam without changing the initial ππ* character, while the
indirect decay channel involves trapping of the population in

the dark nπ* state. We show that, in spite of the general
similarities mentioned above, for uracil in acetonitrile where
one detects both direct and indirect decay channels, the RMS-
CASPT2-based simulations predict a ππ*/nπ* channel
narrower than the one obtained using CASSCF.
The existence of separate mechanisms for the gas phase and

acetonitrile environments vs the water environment is not seen
in CASSCF-based simulations, indicating the pivotal and
possibly dominating role of dynamic electron correlation for
the modelization of the photoresponse of nucleobases. Indeed,
the investigated RMS-CASPT2 level of theory confirms the
reported TDDFT and ROKS results, also accounting for
dynamic electron correlation. In conclusion, we have provided
evidence supporting the use of RMS-CASPT2-based simu-
lations for a balanced study of uracil photodynamics both in
the gas phase and in qualitatively di!erent solvent environ-
ments.
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