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ABSTRACT

TD-DFT and CASPT2 are two of the most widely used methods to investigate photoinduced
dynamics in DNA based systems. These methods sometimes give diverse dynamics in
physiological environments usually modelled by QM/MM protocol. In this work, we
demonstrate for the uridine test case that the underlying topology of the potential energy surfaces
of electronic states involved in photoinduced relaxation are similar in both electronic structure
methods. This is verified by analyzing surface-hopping dynamics performed at the QM/MM
level on aqueous solvated uridine at TD-DFT and CASPT?2 levels. By constraining the dynamics
to remain on 77 state we observe similar fluctuations in energy and relaxation lifetimes in
surface-hopping dynamics in both TD-DFT and experimentally validated CASPT2 methods.
This finding calls for a systematic comparison of the ES potential energy surfaces of DNA and
RNA nucleosides at the single- and multi-reference levels of theory. The anomalous long excited
state lifetime at the TD-DFT level is explained by nm* trapping due to the tendency of TD-DFT
in QM/MM schemes with electrostatic embedding to underestimate the energy of the mmr™ state
leading to a wrong mr*/nm*energetic order. A study of the FC energetics suggests that
improving the description of surrounding environment through polarizable embedding or by
expansion of QM-layer with hydrogen-bonded waters helps restore the correct state order at TD-
DFT level.. Thus by combining TDDFT with an accurate modelling of the environment, TD-
DFT is positioned as the standout protocol to model photoinduced dynamics in DNA based

aggregates and multimers.
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INTRODUCTION

The photoinduced dynamics of DNA nucleobases and their nucleosides induced with ultraviolet
(UV) light involves the lowest excited states, of ™ or nm* nature. It is well known that their
energetics is influenced by the surrounding medium, yet the implications with respect to the
excited state (ES) deactivation mechanism is still a matter of an intense discussion. Taking
Uridine — the RNA counterpart of Thymidine — as an example, while it is generally accepted
that the nm™ state is the lowest ES in gas-phase, acting as population funnel on the sub-ps time
scale and as a doorway to the ns lived triplet manifold,'* there is an ongoing debate regarding
its involvement in the ES deactivation in polar media such as DNA’s native environment water.
This debate is owed to contradicting theoretical findings by time-dependent density functional
theory (TD-DFT) +* and multiconfigurational second order perturbation theory (CASPT2)*1° —
the most widely used approaches for analyzing the electronic structure of nucleobases —
regarding the mm™/ nm* energetic order in water. Specifically, CASPT2 predicts a state order
inversion with respect to gas-phase, whereas TD-DFT sees the two states quasi degenerate in
the Franck-Condon region with the exact order depending on the fine tuning of the
computational parameters. Consequently, differing interpretations exist as to the fate of the ES
population in condensed phase ranging from a direct ultrafast conversion to the ground state

(GS) to trapping in the triplet manifold.!?8202!

TD-DFT, due to its computational economy and “black-box” nature has been widely
employed to investigate the electronic structure and relaxation dynamics of DNA nucleobases
and their aggregates.?>?¢ While being formally exact, in practice TD-DFT, in the commonly

employed linear response (LR) formalism (in the following TD-DFT refers to LR-TD-DFT), is
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realized in the so called adiabatic local-density approximation (ALDA) which replaces the time-
dependent exchange correlation (xc) functional, whose exact mathematical form is unknown,
with the time-independent GS xc functional.?’ This prevents orbital relaxation and the LR is
applied to the GS orbitals relaxed in the previous DFT calculation. As a consequence, in schemes
commonly employed for describing a solute in condensed phase, such as hybrid quantum
mechanics (QM) / molecular mechanics (MM) with electrostatic embedding where the
environment is represented through a collection of point charges at solvent atomic positions,
purely electrostatic solute-solvent interactions are taken into account (point charges enter in the
external potential) ES orbitals polarization effects by the electric field generated by the
surrounding medium are essentially ignored. This shortcoming can have undesired
consequences for the relative energetics of electronic states of different nature in polar solvents.
Orbital optimization DFT algorithms such as maximum orbital overlap (MOM)* and ASCF #
have been developed to overcome this shortcoming, yet challenges related to variational collapse
have so far obstructed application to dynamics simulations.*

Variational wavefunction based methods are not prone to the above mentioned issue as they
relax orbitals (in the case of CASPT?2 this is achieved in the preceding CASSCF step). However,
CASPT?2 is not a panacea, as it has considerable difficulties to treat at equal footing electronic
states with pronounced ionic (such as the mm*) and covalent (such as the nrt*) character (in terms
of valence-bond theory.?'-* The dynamical ¢ — m polarization in ionic states depends strongly
on the active space (AS) size and composition. Studies on nucleobases have evidence the need
to use AS going beyond valence m-orbitals.*¥7 As such AS dimensions are unfeasible for

dynamics simulations, usually employed full-m AS schemes are prone to errors regarding the
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relative energetics of electronic states of different nature, with a different quantitative and even

quantitative extent with respect to TD-DFT.

METHODS

The nonadiabatic mixed quantum-classical dynamics at CASPT2/TD-DFT level were
performed with a fewest switches Tully surface-hopping algorithm with Tully-Hammes-Schiffer
scheme*® including decoherence corrections.* A time-step of 0.5 fs was utilized in surface-
hopping dynamics. These nonadiabatic dynamics were conducted with COBRAMM#-42
interfacing the QM software (OpenMolcas**/Gaussian16*) with MM software (Amber)®. The
protocol to generate an optimized QM/MM setup from classical molecular dynamics and further
details on surface-hopping dynamics have been previously described.”® Following the
Tully, Hammes-Schiffer scheme the time-derivative coupling between two electronic states is
related to the overlap integrals between the adiabatic wavefunctions at successive time-steps.
These overlap integrals were computed through RASSI module in OpenMolcas for CASPT?2
surface-hopping dynamics. For surface-hopping dynamics at TD-DFT level, time-derivative
coupling between the lowest two excited-states were computed at the TD-DFT level with the
Tamm-Damcoff approximation with a procedure recently proposed by some of us for the fast
and efficient computation of wavefunction overlaps relying on a unitary transformation of the
MO overlap matrix.* Since these procedure only works for estimating the coupling between
excited-states at TD-DFT level, the return to ground-state was assumed when the energy-gap
between the active-state and ground-state was less then 0.5 eV. For the set of TD-DFT dynamics

constrained to remain on pipi* state, the dynamics was forced to remain on the excited electronic



98  state which has the largest transition-dipole moment for transition from ground-state to the
99 lowest two excited-states at every time step.
100  The multiconfigurational QM computations were done at XMS-CASPT2 level with an
101 underlying CASSCF wavefunction state-averaged over 9 states with an active space of 14
102 electrons in 10 orbitals consisting of 8 valence pi/pi* orbitals and two lone pairs while employing
103 an ANO-L-VDZP basis-set. An IPEA shift of 0.0 and imaginary shift of 0.2 were used. The TD-
104  DFT QM computations were done with the CAM-B3LYP functional employing the Pople split-
105  valence 6-311G(d,p) basis-set.
106  For the comparison of vertical transition energies in various embedding schemes, Gaussian16 was
107  utilized for electrostatic embedding and PCM computations. The polarizable embedding
108  computations were done with Dalton.*” The embedding potentials for solvent was generated using
109  the PyFrame package.*® The embedding parameters consisting of point charges, multipole
110 moments and polarizability for water were generated by PyFrame and are described in reference.*
111

112

113 RESULTS AND DISCUSSION

114 The consequence for ES nonadiabatic dynamics due to the disparity between TD-DFT and
115 CASPT2 in modelling the electronic structure of DNA nucleobases is exemplified for water
116  solvated Uridine. Figure 1 compares the evolution of the energy gap between ground and active
117  state along on-the-fly Tully fewest switches surface hopping (FSSH) dynamics simulations
118  performed with both methodologies on a swarm of 59 trajectories with the same initial

119  conditions initialized in the bright mr* state. These dynamics are carried out in a QM/MM model
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of the solvated system where the chromophore (nucleobase) is computed at the QM level and
the sugar and water molecules are described by MM force fields and point-charges. The TD-
DFT/MM setup considers the lowest two excited states and employs the Tamm-Dancoff
approximation (TDA), which gives access to approximate non-adiabatic couplings between the
excited states. It is well known that TD-DFT has convergence issues in the vicinity of GS/ES
conical intersection (CI) seam. However, this does not pose a restriction since the focus of this
study is to track the time needed to reach the CI seam. Thus, the dynamics have been interrupted
when the energy gap falls below 0.5 eV assuming that reaching the CI is eminent. In the passing
we note TD-DFT flavors such as spin-flip which use an electronic configuration different from
the GS closed shell one as a reference (e.g. a high-spin triplet configuration) which allows to
describe correctly internal conversion to the GS.5->* The CASPT2 set up employs an AS of 14
electrons in 10 orbitals comprising all frontier valence m-orbitals, as well as the oxygen lone
pairs. Nine states are included in the state-averaging procedure. The second-order perturbational
correction to the CASSCF wavefunction is done by employing the extended multistate version
(XMS-CASPT?2) which ensures smooth potential energy surfaces in regions of degenerate
electronic levels. Further details are provided in the Methodology.

A clear difference in the excited state behavior of uracil at the CASPT2 or TDDFT level is
documented in Figure 1, where in the first 200 fs the average energy gap between the
fundamental state and the active excited state is noticeably larger in the case of the single
reference method. In the XMS-CASPT?2 ensemble, more than half (35) of the trajectories hop to
the GS within 200 fs. The rapid decrease in the GS-active state energy gap in the course of the
dynamics is indicative of a ballistic motion on the ES potential energy surface (PES) towards

the ES/GS CI seam. In the TD-DFT ensemble only 12 trajectories approach the ES/GS CI seam
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in the first 200 fs, the population is trapped in the ES preventing the ballistic decay resulting in
the larger and longer living average energy gap of the active-state with the GS (Figure 1b). A
closer inspection of the CASPT2 dynamics evidences the secondary role of the nm* state in the
deactivation dynamics, collecting only about 10% of the ES population. Instead, as shown in
Figure lc, the dynamics at the TD-DFT level involves a high participation of the nm* state. It
has been documented that the nm* state does not show a low lying CI with the GS which prevents
ultrafast decay and leads to the longer ES lifetime reported.!!

It is highly desirable to understand the underlying reason for the different dynamics predicted
by TD-DFT and XMS-CASPT?2. It is reasonable to ask whether the shortcomings of the two
methods in describing the relative energetics of the mm™ and nrt™* states affect also the topology
of the ES PES, in particular with regard to barriers and CI seam accessibility. What makes things
even more interesting is the recent validation of the CASPT2 dynamics by UV/Vis transient
absorption spectroscopy experiments with high (sub-30 fs) temporal resolution which see the
ES signals decay on the 100 fs timescale'® , posing the question of error mitigation /
compensation at the CASPT?2 level. It is, therefore, not surprising that in the past extensive static
studies have been dedicated to the comparison of TD-DFT and CASPT?2 energetics at stationary
points on the ES PES 545

In this communication we undertake a different route by engineering a dynamical approach
aimed at comparing the topologies of the PES. Specifically, we re-run the on-the-fly dynamics
using, on the one side SS-CASPT?2 with an AS of 10 electrons in 8 orbitals comprising only
valence m-orbitals (thus excluding oxygen lone pairs) and on the other side TD-DFT forcing the
active state to always coincide with the bright state. In this way we enforce the dynamics to

evolve on the mrr* PES and can assess if and when the trajectories diverge. The results of these
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{QM}/force-mr* trajectories are shown in Figure 2a and compared to the unbiased XMS-
CASPT?2/TD-DFT trajectories presented in Figure 1 (All the 29 trajectories with the population
constrained to remain on mm* state at SSCASPT2/TDDFT are shown in Figure S1 ).
Interestingly, the {QM}/force-nr™ trajectories show similar average decay time to the GS as the
ones run at the XMS-CASPT?2 level, regardless of the QM-method used. The similar behavior
of TD-DFT and CASPT2 dynamics, once the nm* is taken out of the picture, clearly
demonstrates that the mr* PES predicted by both methods have very similar, if not identical,
topologies. This can be further appreciated in Figure 3 showing two unbiased TD-DFT
trajectories, one which hops to the GS (Figure 3a-c) and a second one which remains trapped in
ES (Figure 3d-f). When the unbiased trajectory decays to the GS (Figure 3d, dashed lines), the
involvement of the nm* state is minimal — as can be seen by examining the oscillator strength of
the active state — and the system ballistically moves on the ™ state towards the ES/GS CI
seam. In this case, both unbiased and the {QM}/force-nm* TD-DFT dynamics hop to the GS
through a similar CI structure as encountered in the unbiased XMS-CASPT2 dynamics (Figure
3f). Instead, when the unbiased TD-DFT remains trapped in the ES (Figure 3d-f) this is clearly
due to the involvement of the nt* state manifested in the almost zero oscillator strength of the
active state (Figure 3b). When the TD-DFT dynamics is constrained to remain on the wr* state
(Figure 3a, dotted line), the decay to the GS occurs on the same sub-100 fs time scale (Figure
3a, solid line) and through a similar CI structure (Figure 3c) as encountered in the unbiased
XMS-CASPT2 dynamics.

The above behavior is encountered for all trajectories with only a few outliers which remain
trapped in the ES at the {QM}/force-nrr* level and eventually slowly diverge on the timescale

of several hundred fs. This suggests that the different relative energetics of the mm*/ nr™ states
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is the responsible for the erroneous behavior of TD-DFT/MM trajectories. Indeed, as shown in
Figure 2b, which reports the distribution of transition energies to the mn* and ni™* states for a
Wigner sampled ensemble of geometries around the GS equilibrium, the ™ is destabilized and
lies on average 0.5 eV above the ni* state at the TD-DFT level, whereas it lies 0.5 eV below
the nm* state at the XMS-CASPT?2 level. (Similar trends are seen also for DFT functionals
wb97xd and LC-wHPBE shown in Figure S2.) Notably, the nm* state shows little variation
between the two levels peaking around 5 eV. The nearly 1 eV variation of the mm* energetics
explains why the CASPT?2 trajectories (both unbiased and force- mm™) decay to the GS with
minimal involvement of nm* state while the unbiased TD-DFT trajectories end up in the nr*
state.

Hence, to confidently use TD-DFT to investigate photoinduced dynamics in DNA-based
systems in an explicit environment, a suitable strategy is needed to obtain the correct ES
energetic order. To address this issue, we compare different TD-DFT schemes for representing
the solute-solvent interaction in the Franck Condon region. A 0.3 eV red-shift of the ™ state
from gas-phase (5.08 eV)* to solvent (4.79 eV)*” has been established experimentally. The
energy of the nrt* state is only known in solution (5.17 eV)®® but firm theoretical evidence
suggest it peaks around 4.8 eV in gas-phase.”>* This implies a 0.4 eV blue-shift of the n* from
gas-phase to solvent, concomitant to state-order inversion.

There are increasing degrees of sophistication utilized within the QM/MM formalism to
simulate the effect of the environment acting on the chromophore. In electrostatic embedding
(EE) schemes the environment is described as a collection of n-th order multipoles. Usually,
only the zeroth-order multipole i.e. just a collection point charges at solvent atomic positions are

used. When these multipoles are also augmented by a polarizability tensor this leads to the

10
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polarizable embedding (PE) scheme, which allows one to describe the response of the solvent
charge density to the solute electron density.®-64

In Table 1 we present the effect of EE and PE QM(TD-DFT)/MM strategies on the energetic
order of the lowest mm*/ nrt* states in solvated Uridine at Franck-Condon geometry. To enable
comparison between the two MM models the entire solute (i.e. sugar + nucleobase) was included
in the QM layer!. In gas-phase the mr* state (5.2 eV) is above the nt* state (4.8 eV), in excellent
agreement with the experimental findings. As seen in Table 1, water treated at the EE level
reproduces the hypsochromic shift of the nrt* state but not the bathochromic shift of the nr*
state leading to a significantly underestimated ™/ nm* gap. In fact, the EE does not succeed in
reproducing the state order inversion placing the n™ state below mrm™ state even in water. On
the other hand, the PE scheme corrects the order of the two states placing n* state above the
nr* state, however, it underestimates the splitting. We conducted additional tests by expanding
the QM-region to include the nearest solvent molecules ( shown in Figure S3) following
previous works on solvated uracil that reported improved solvatochromic shifts.* However, as
shown in Table 1, this doesn’t significantly improve the excitation energies in our setup.

Continuum solvent models like the polarization continuum model (PCM) offer an alternative
for describing homogeneous isotropic environments avoiding the need to simulate solvent
distributions a priori through molecular dynamics. The solvent electric field is partitioned into a
slow inertial part and a fast polarization part which can respond instantly to changes in solute
electron density rearrangement following vertical excitation. In the zeroth-order approximation

the vertical transition energies are computed in the reaction field equilibrated to the GS density.

' As demonstrated in the SI with the EE scheme, having the sugar inside or outside the QM layer does not affect
the energetics. The decision to add it in the QM layer is practical as this set up requires to compute the
polarizability tensor only for the solvent. Moreover, it allows for employing continuum models around the QM
region as discussed below.

11
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The linear response of the fast polarization can be computed either by the interaction to the
transition density (PCM-LR) or to the difference density (PCM-cLR) of the initial and final
states involved in the vertical transition.> As it has been appreciated that these corrections
describe two different physical interactions, dispersion and state-specific polarization, it has
been suggested the two corrections can be added to zeroth order response as done in cLLR2
protocol %

In Table 1 we report the effect of QM(TD-DFT)/PCM strategies on the energetic order of the
lowest mrr* and nm* states. It becomes evident that the PCM succeeds in obtaining the correct
order once the QM-region is expanded to include nearest solvent molecules with outcome
comparable to the QM(TD-DFT)/MM(PE) scheme. The protocol of an expanded QM region
combined with PCM-LR has been demonstrated previously to reproduce the maxima of
experimental linear absorption spectra**’8 | yet PCM, in its time-independent implementation,
cannot account for the dynamic solvent response, it either keeps the slow component unrelaxed
or allows it to fully adapt to the ES electronic density, representative of ES solvent
equilibration.® With the ongoing developments in the time-dependent extension of PCM
framework, it is becoming possible to employ the PCM solvent scheme also in dynamics
simulations.”

Table 1 emphasizes that the energy of the mm™ state is significantly overestimated in water
with all TD-DFT based solvation schemes. None of the reported strategies are able to reproduce
the 0.3 eV bathochromic shift in aqueous solution, the correct state order is rather realized by
acting on the nm* state. Whereas the interaction of nm* state with the solvent is mainly

electrostatic in nature and, thus, accessible to MM and PCM schemes within the ALDA LR

12
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formalism, the interaction of mm* state is more subtle and due to mutual solute-solvent
polarization effects.”!’?

As noted earlier, wavefunction based methods, despite being capable to treating states of
different nature, are not immune to problems with respect to state ordering. The CASPT2
method shows a tendency to overstabilize the ™ state due to overestimation of the local
electronic correlation in the o-manifold omitted at the underlying variational CASSCF level
with AS comprising only valence m-orbitals. In gas-phase, accurate energies at the CASPT2
level have been obtained by an intricate procedure involving expanded AS containing extra-
valence orbitals, diffuse basis sets and correction of valence-Rydberg mixing.***"7* Specifically,
a blue-shift of 0.25 eV (from 4.95 to 5.20 eV) has been reported in going from (10,8) AS to
(0,0110,812,12) RAS expanded with 12 additional extra-valence orbitals in RAS3 and allowing
up to double excitations therein, with the converged energy, closely matching other high-level
wavefunction based computations® . While the issue of valence-Rydberg mixing is largely
absent in QM/MM protocols, an expanded active space is still needed to match the linear
absorption of nucleobases/nucleotides in aqueous solvents.!* However, large AS are not feasible
for on-the-fly non-adiabatic dynamics and the commonly utilized AS comprising of only frontier
orbitals (e.g. AS(10,8) or AS(14,10)) have the tendency to strongly overestimate the
bathochromic shift of the mm* by 0.3-04 eV! placing it at 4.4-4.5 eV2. This suggests
overestimation of the mrr* involvement in solution, in stark contrast to TD-DFT. It bears noting,
however, that the nrt* state is also underestimated with AS(10,8) or AS(14,10), so that the m*-

nr* energy gap remain 0.4 eV independent of the AS dimension. This is the reason for the

2 The value corresponds to the maximum of the ™ absorption band obtained from Wigner sampling 500 water
solvated geometries around the GS equilibrium.
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agreement between experimental and simulated transient absorption spectra based on
QM(CASPT2)/MM(EE). Nevertheless, one needs to be judicious when assessing the relative
nr*/ nm* energetics in systems where the interplay between these states is supposed to play an
active role in relaxation.>*’* We advise to benchmark the modest ASs usually employed in on-

the-fly dynamics against ASs expanded beyond valence orbitals.

CONCLUSIONS

In this work we have undertaken a critical assessment of two commonly used methods TD-
DFT and CASPT?2 to describe non-adiabatic dynamics of DNA/RNA based systems in QM/MM
setup. Utilizing a case study of aqueous solvated Uridine, we show that TD-DFT and CASPT2
predict very similar topologies of the PES of the lowest mm™ state. Dynamics confined to the
nrr* PES run with both methodologies exhibit ultrafast internal conversion to the GS through
coinciding CI and matching lifetimes. The culprit for the discrepant behavior of TD-DFT/MM
dynamics compared to the experimentally validated CASPT2/MM is merely the different
relative energetics of the mr* and nm* states in the QM/MM setup. In particular, LR-TD-DFT
in an electrostatic embedding setup does not succeed in describing the bathochromic shift of the
nr” state leading to overestimation of the nm* involvement and, consequently, to artificially
inflated ES lifetimes. We show that the issues can be mitigated at TD-DFT/MM level by
improving the description of the environment through two different strategies: (a) at the
QM/MM level using the polarizable embedding (b) with PCM when hydrogen-bonded solvent

molecules are treated that the QM level. (see Tablel)
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We hope that recognizing the accord between LR-TD-DFT and CASPT?2 in describing the PES
of the photoactive state is a step towards resolving the long standing debate in the community.
As CASPT?2 is not practical for performing on-the-fly dynamics in extended DNA fragments,
improving DFT to better capture the solvatochromic shifts of the protagonist states in the IC of
the nucleobases will help position DFT as the stand out protocol for studying DNA
photophysics. Moreover, it will pave the way for exciting prospects such as the development of
hybrid schemes in which CASPT2 is used on top of LR-TD-DFT on-the-fly dynamics to
compute quantities not easily accessible to LR methods — e.g. states with pronounced double

excitation character — which are of interest for nonlinear spectroscopies.

SUPPLEMENTARY MATERIALS

Table S1 and Figure S1 and S2 along with solvent parameters utilized for electrostatic and

polarizable embedding computations can be found at XXXX
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Figure 1. Energy-gap of the active-state with the ground-state along time during surface-

hopping simulations at XMS-CASPT2 (a) and TD-DFT/CAM-B3LYP (b). The average energy-

gap is shown with dashed black line. The TD-DFT computations suffer from SCF convergence

issues in regions of energy degeneracy with ground-state, so the trajectories have been stopped

around the S1/S0 conical intersections and have been assumed to hop to ground-state. (c) Time-

evolution of average population of diabatic states nm*/ mr*/GS in TD-DFT(QM/MM)

dynamics.
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Figure 2. (a) Time-evolution of average energy-gap of active-state w.r.t. ground-state in

CASPT2(QM/MM) and TD-DFT(QM/MM) dynamics for a subset of 29 trajectories from

Figure 1. (b) Distribution of vertical transition energies of mn*/ nm* states for 500 solvated

structures in the wigner ensemble for CASPT2 and TD-DFT in the QM/MM setup.
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Figure 3. Comparison of dynamics where unbiased TD-DFT hops to the ground-state (a,b,c)

or remains trapped in nrt* excited-state (d,e.f). (a,d) Potential energies of active-state and the

ground-state at XMS-CASPT2, unbiased TD-DFT, and TD-DFT forced on the mr* state. The

red line has been added at the nn* energy at t=0 to guide the reader to appreciate the similar

dynamical fluctuations in the energies observed at CASPT2 and TDDFT. The rigid shift of

excited-state PES w.r.t. the ground-state at Franck-Condon is shown by the brown circle at t=0

(b,e) Oscillator strength of the active state in unbiased TD-DFT dynamics. (c,d) molecular

structures of conical intersections at hopping times for the dynamics. All 29 trajectories with

population constrained on rrrt*state at SS-CASPT2/TDDFT level are shown in Figure S1.
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*

n* nm T’ nr

VACUUM 5.229 4.815
QM-REGION= NUCLEOTIDE ( | QM-REGION=NUCLEOTIDE + H-bonded waters
BASE+SUGAR)

EEmbedding?® 5.347 5.290 5.267 5.279
EEmbedding” 5.319 5.211 5.264 5.238
PolEmbedding 5.276 5.457 5.231 5.339
PCM - 0™ order 5.264 5.146 5.251 5.408
PCM - LR 5.208 5.144 5.201 5.407
PCM -cLR 5.252 5.080 5.241 5.359
PCM - cLR2 5.196 5.075 5.191 5.358

Tablel Energies of the mr* and nm* state computed at CAM-B3LYP/cc-pVTZ level at Franck-
Condon geometry (optimized at MP2/EEmbedding (TIP3P) level) in two different QM-regions
and various methods for solvent description. Grey background highlight the QM/MM setups
showing the np* state higher than pp*, as expected in polar environments. All schemes have

been repeated for two basis-sets as shown in the table. All reported vertical transition energies

are ineV.

*Electrostatic Embedding using solvent charges of TIP3P model,.

b Electrostatic Embedding using solvent charges of SEP model from Pyframe.
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