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Quantum dynamics of the nn*/nn* decay of the
epigenetic nucleobase 1,5-dimethyl-cytosine
in the gas phasef
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Fabrizio Santoro (2 *@

We study the ultrafast dynamics of 1,5-dimethyl-cytosine, a model for 5-methyl-cytidine, after
photoexcitation to the first two bright nn* states, focusing on the possible population transfer to dark
nnt* states. To that end we propagate the initial wave packets on the coupled potential energy surfaces
of the seven lowest energy excited states modelled with a diabatic linear vibronic coupling (LVC) model,
considering all the vibrational coordinates. Time-evolution is computed by the multilayer version of
the multiconfigurational time dependent Hartree (ML-MCTDH) method. The LVC Hamiltonian is
parametrized with time-dependent density functional theory (TD-DFT) calculations adopting PBEO and
CAM-B3LYP functionals, which provide a different energy gap between the lowest energy nr* states and
the spectroscopic nn* state. Population of the lowest nn* flows to a dark nz* state which involves a lone
pair (LP) of the carbonyl oxygen (nom*), but the extent of such transfer is much larger according to PBEO
than to CAM-B3LYP. Photoexcitation to the second bright state gives rise to much richer dynamics with
an ultrafast (50 fs) complete decay to the lowest nn*, to non* and to another nn* in which the excited
electron comes from the LP of the ring nitrogen. We perform a detailed analysis of the vibronic
dynamics both in terms of normal modes and valence coordinates (bond lengths and angles). The
comparison with the analogous dynamics in 1-methyl-cytosine, a model for cytidine, provides insights

rsc.li/pccp

1 Introduction

5-Methyl-cytosine (5-Me-Cyt) is the most important epigenetic
DNA base (it can constitute up to 5% of the human genome),"”
and plays a key role in many cellular processes, from cell
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into the effect of methylation at carbon 5 on the electronic and nuclear dynamics.

differentiation to gene expression.” Moreover, it has been iden-
tified as a mutational hotspot related to cancer development.>®
In particular it is more prone than cytosine (Cyt), its parent
base, to undergo photodimerization.”*® Therefore, the photo-
activated dynamics of 5-Me-Cyt and the 5-methyl(deoxy)cytidine
(5-Me-dCyd) nucleoside present in DNA has been rather exten-
sively studied by experiments®''™'® and calculations.'®***¢%
Methyl substitution at position 5 has been shown to increase
the excited state lifetime of Cyt by almost one order of magni-
tude, i.e. in water from <1 ps to 6-9 ps.'"">'*'>8 A similar
trend is found also for jet-cooled molecules in the gas phase.®
This result has been related to the non-radiative decay path of
the lowest energy bright transition, which is HOMO — LUMO
n* excitation for Cyt, 5-Me-Cyt and 1,5-diMe-Cyt (often used as
a model for 5-Me-dCyd)."**® 1t involves the so-called C5-C6
ethylenic Conical Intersection (Col), characterized by the
motion of the C5 and C6 substituents out from the molecular
plane; the associated energy barrier, very small for Cyt, is
increased by 5-methylation.’®'® A methyl in position 5 also
suppresses a deactivation channel,"""® with a characteristic
time of ~ 30 ps, identified for Cyt and (deoxy)Cytidine (dCyd) in

water'*' and in chloroform,** and assigned to a dark nm*
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transition.'® Actually, different computational models predict
that, for both Cyt and 5Me-Cyt, two ‘dark’ nn* states, involving
the lone pair of N3 and O7, fall in the energy range of the two
lowest energy nr* transitions. On the other hand, according to
a recent experimental study in water,'> another long-living
excited state (persisting up to the ns) is populated in 5-Me-
dCyd and not in dCyd, and it has been associated to a dark nn*
state. Moreover, this channel should be active when exciting
5-Me-dCyd at 290 nm (i.e. in a region where only the lowest
energy bright state should absorb) and not at 240 nm (where
the population of the second lowest bright state should be
maximum)."

Therefore, there are several indications that methylation at
position 5 should affect the interplay between bright and dark
excited states in cytosine. The present study focuses on this
process, though a direct comparison with the available experi-
mental results is not possible because the solvent effect is not
considered and the simulation time is too short. Besides the
physical chemical interest for Cyt molecules, the presence of
long living dark nn* states in nucleobases can be critical also

CAM-B3LYP
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for the photoreactivity of DNA and the damage of the genetic
code. Finally, in DNA, 5Me-Cyt in principle could be involved
in the Proton Coupled Electron Transfer processes that are
shown to be operative when cytosine is Watson-Crick paired
with guanine.”*?*

We use as a model 1,5-diMe-Cyt (see the inset in Fig. 1 with
atom labelling) and perform Quantum Dynamical (QD) simula-
tions based on a Linear Vibronic Coupling (LVC) Hamiltonian.
To that end, we exploit a general diabatization procedure of
time-dependent density functional theory (TD-DFT) calcula-
tions presented in a very recent study,”® and thereby applied
to simulate the photoactivated dynamics of Cyt and 1-Me-Cyt,
i.e. the parent compounds of 1,5-diMe-Cyt. Our LVC Hamilto-
nian is parameterized against the results obtained by two
widely used DFT functionals, i.e. CAM-B3LYP and PBEO,
selected because they provide a different description of the
lowest energy excited states of 1,5-diMe-Cyt in the FC region.
Moreover, we study the photoactivated dynamics starting from
the two lowest energy bright excited states. In this way, we shall
obtain insights into the main factors that can affect the
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Fig. 1 Nonadiabatic dynamics of electronic populations of 1,5-diMe-Cyt

(solid line) in the gas phase predicted with LVC Hamiltonians parameterized

with CAM-B3LYP (left) or PBEO (right) calculations, after an initial photoexcitation to nymn| (top) or mxj (bottom). For comparison we also report the
dynamics of electronic populations of 1-Me-Cyt (dash line) for previous work. Notice that while the calculations include 7 states we only label the states
which are significantly populated. The inset shows the molecular structure of 1,5-diMe-Cyt with atom labels.
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population transfer between bright and dark states, like the
energy gap (interesting information because the latter is sensi-
tive also to the environment) and the excitation wavelength.
This study also provides the opportunity to investigate in
detail the interplay between the dynamics of the electronic
populations and the vibrational modes. In fact, a QD on a
simple LVC model is very attractive for a model analysis
because it is exact but is also easy to interpret since the driving
forces for vibrational dynamics are very well identified, as
discussed in the next sections. Moreover, the analysis of a
small heterocyclic compound, such as 1,5-diMe-Cyt, with
strongly delocalized normal modes will provide instructive
insights into how simple dynamics in a normal-mode picture
translates into a complex one when considering the time-
evolution of bond lengths and bond angles. These latter are,
in fact, the coordinates more often used by chemists to inter-
pret the structural rearrangements induced by light absorption.

2 Computational details

We adopted density functional theory (DFT), using CAM-B3LYP*°
and PBE0>”® functionals and the 6-31+G(d,p) basis set. Excited-
state calculations were performed with TD-DFT with the same
functionals and basis set. In order to parameterize the LVC
Hamiltonians, whose expression is given in Section S2 of the
ESI,i we adopted the methodology presented in ref. 25 and
used reference states computed in Cs symmetry as this allows
decoupling by symmetry nn* (A’) and nrn* (A”) states. We
focused on the keto-amino tautomer and included in our LVC
model the lowest 7 excited states comprising the first two bright
transitions and all the close by states. In ground-state (GS)
optimizations in Cs symmetry a small imaginary frequency,
i93 cm ™" and 1150 cm ™" according to CAM-B3LYP and PBEO,
respectively, was found corresponding to the pyramidalization
of the nitrogen of the amino group. Slightly distorted true
minima were located by displacing the geometry along the
imaginary modes, but they are only negligibly more stable than
the C, stationary points (2.0 cm ™" for CAM-B3LYP and 9.4 cm ™"
for PBEO). Therefore imaginary frequencies were neglected by
simply turning them to real. Checks in Section S3.2 of the ESI{
show that even removing such modes or assigning them
arbitrary small values (<100 cm™ ') the time evolution of the
electronic populations does not change significantly. As already
done in previous works (ref. 25 and 29), tight SCF convergence
with 107° a.u. threshold is used for TD-DFT energy calculations.
Full-dimensionality QD calculations considering all the 51
normal modes were performed with the multilayer version of
the multiconfigurational time dependent Hartree (ML-MCTDH)
method.**> We used a variable mean field (VMF) with a
Runge-Kutta integrator of order 5 and accuracy 107, like in
the provided examples for S,/S; dynamics of pyrazine with
24 normal modes.*>® As a primitive basis set we adopted an
Hermite DVR representation as we already did for similar
systems.>>?%?*3% MlL-trees and convergence tests of the
ML-MCTDH propagation with respect to the dimension of the

This journal is © the Owner Societies 2020
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primitive basis set and the number of single particle functions
are reported in Section S3.1 of the ESL{ The LVC model
assumes that all diabatic PESs are harmonic with the same
vibrational frequencies of S,. This is clearly an approximation,
so that the parameters of the Hamiltonian will depend in
principle on the expansion point. We tested the reliability of
our predictions comparing those obtained with LVC models
expanded at the minima of the nyn] state and the two lowest
nn* states with CAM-B3LYP or by introducing a quadratic
correction along a single mode, namely the C=O0 stretching.
The results of these analyses are discussed in Sections S3.4 and
S3.5 of the ESL.f Excited state minima are characterized by few
imaginary modes (see Section S1 of the ESI{), but they do not
enter into the LVC parameterization since it is based on GS
normal coordinates. Cartesian coordinates of all optimized
structures are reported in Section S1 of the ESL¥

All electronic calculations were done with Gaussian 16,%°
LVC Hamiltonians were parameterized with an in-house code
interfaced with Gaussian and available upon request and
ML-MCTDH simulations were performed with Quantics.?”>*

3 Results

3.1 Excited states at the ground-state minimum

Here we give a concise description of the lowest energy excited
states in the GS minimum (FC point). Additional details,
including the plot of Kohn-Sham (KS) and natural transition
orbitals (NTOs) are reported in Section S1 of the ESLT
As reported in Table 1, both CAM-B3LYP and PBEO predict
two bright nn* transitions below 6 eV. The lowest energy excited
state (S;) corresponds to HOMO — LUMO excitation, and
therefore will be labeled as mynj. The other bright state,
~1 eV higher in energy, can be described as an excitation to
the LUMO from the second lowest energy = orbital (r,); there-
fore it is labeled m;nj . In addition to two states with nRydberg
character, three nr* transitions, involving the lone pairs (LP) of
N3 and O7, fall close to nynj and mnj. As shown by
the corresponding NTOs (Fig. S3 of the ESIf), according to
CAM-B3LYP S, and S5 mainly correspond, respectively, to an
excitation to the LUMO from the lone pair (LP) of N3 (nn7} ) or
of O; (hereafter nonj ). S; corresponds to the transition from the
O; LP to a higher r* state (nﬁ), and therefore will be labeled as
noms. According to PBEO (see Fig. S11 of the ESIf), S, and S;
correspond instead to the symmetric and antisymmetric com-
binations of nonj and nnnj, whereas S; is still assigned to
nom;. From the quantitative point of view, the relative stability
of nym; with respect to the first nn* state is ~0.1 eV larger
according to CAM-B3LYP. Comparison with Cyt and 1-Me-Cyt>®
shows that methylation mostly affects the relative stability of
nyn; with respect to the two lowest nn* states and n x|, which
increases by ~ 0.1 eV with respect to 1-Me-Cyt and ~ 0.2 eV with
respect to Cyt. The lowest absorption band red-shifts by ~0.15 eV,
with respect to 1-Me-Cyt in agreement with the experimental
indications.'® To the best of our knowledge vertical excitations
computed with accurate post-Hartree—Fock methods have never
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Table 1 Energies (EZc), electronic characters, oscillator strengths dopa,
and main contributions in terms of transitions among Kohn—Sham orbitals
for the lowest excited states of 1,5-diMe-Cyt at the GS minimum. The
energies of the corresponding diabatic states in their minima (ESin),
estimated by the LVC Hamiltonian, are also reported. CAM-B3LYP and
PBEO calculations with the 6-31+G(d,p) basis set in the gas phase. Energies
in eV with respect to the GS in its minimum

CAM-B3LYP

State Eic E. Character® dopa Transition

S, 4.81 4.48 Tam 0.10 H-L

S, 5.32 4.82 nNmy 0.00 H-3 - L
H-2 - L

S;3 5.67 5.53 TuRys1 0.00 H —» L+1

S4 5.85 5.47 Ttth}i 0.13 H-1->L

Ss 5.87 5.02 non*L 0.00 H-2 - L
H-3 - L

Se 6.08 5.92 TuRys2 0.01 H - L+2

S, 6.16 5.60 n()TCZ 0.00 H-2 —» L+7
H-2 - L

PBEO

State Eic Ed. character dopa Transition

S, 4.62 4.29 HHTE}: 0.08 H->L

S, 5.02 4.66 nom; + NN 0.00 H-2 > L

S, 5.31 4.45 nom — nnm 0.00 H-3 - L

S, 5.38 5.24 TRyl 0.00 H — L+l

Ss 5.51 5.13 TEITE’]Z 0.11 H-1->1L

Se 5.69 5.56 TuRYo2 0.01 H — L+2

S, 5.90 5.33 noTCE 0.00 H-2 — L+3

“ For CAM-B3LYP the character assigned to S,, Ss and S, is qualitative,
since they exhibit more than one contribution see also Fig. S2 in the ESI.

been reported in the literature for 1,5-diMe-Cyt in the gas phase.
In water, CAM-B3LYP indications are consistent with those provided
by MS-CASPT2, though the strong mixing between the different
dark states makes any comparison not straightforward.'® More
data in the gas phase are available for cytosine and in ref. 25 we
showed that CAM-B3LYP is in line with MS-CASPT2 results.
Starting from the C; ground-state structures we built on LVC
models. In Section S2 of the ESI{ we report the LVC parameters
for both PBEO and CAM-B3LYP, the energies of the diabatic
minima and mono-dimensional cuts of the LVC diabatic and
adiabatic potential energy surfaces (PESs) along the coordi-
nates connecting the GS minimum with the diabatic minima of
the first two lowest nn* and nn* states. They show that even in
simple LVC models, different states form an intricate network
of crossings, with many local minima on the adiabatic PESs,
providing the first explanation to the complex photoexcited
dynamics observed in the experiment. Comparison with
TD-DFT scans of the three lowest-energy adiabatic surfaces
along these coordinates indicates that LVC model potentials
are remarkably accurate. A partial exception is found along the
coordinate leading from the GS minimum to the minimum of
the nrn* state with a predominant nomj character, which is
dominated by the C=0 stretching (mode 42). For significant
displacements from the GS minimum, the S; TD-DFT PES, with
anyn; character, is flatter than the LVC one, suggesting that in
nyn; mode 42 has a significantly lower frequency than in the
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GS. Strong couplings between nn* states (see Tables S14 and
S19 in the ESIt) introduce remarkable differences between the
diabatic and adiabatic PESs. They produce local (CAM-B3LYP)
or global (PBEO) minima with nn* character on the S; lowest
adiabatic PES. We also performed optimizations of the lowest
adiabatic states in C; symmetry with both CAM-B3LYP and
PBEO (Tables S11 and S22 of the ESIf). Comparison of the
minima optimized with TD-DFT and predicted with the LVC
models (Section S2.4 of the ESI{) confirms that nyn; and nnymj
minima lie on the S, adiabatic surface. For what concerns nomj ,
although its optimization failed with PBEO we proved that, in
agreement with LVC predictions, there is a region of the
coordinate space where non* corresponds to S; and is more
stable than in the myn] minimum. Differently from PBEO,
CAM-B3LYP optimization locates nonj on S,, while LVC places
it on S; (but almost isoenergetic to myn}). As shown in
Section S2.3.2 of the ESI,j and further discussed below, this
inaccuracy can be corrected by taking into account the different
frequency of mode 42 in nynj and in GS.

Before concluding this section we notice that, for the sake of
completeness, in the following we run QD simulations includ-
ing the effect of the two Rydberg states. However, as expected,
they have a very minor impact on the population transfer
between nn* and nn* states (see Section S3.3.1 of the ESIT).

3.2 Electronic population dynamics

As shown in Fig. 1 (top), the predictions of the two functionals
for the time evolution of the electronic populations after
an excitation to mym; are remarkably different. According to
CAM-B3LYP (left panels), more than 90% photoexcited popula-
tion remains on myn; , due to the large energy gap between the
nyn; and the other excited states. PBEO predicts instead a
significant population transfer to the two lowest dark states
(nom} + nnmj and, especially, nonj — nnm; ). The population of
this latter state is twice larger, although it is less stable than
non; +nnnj in the FC region. This is due to the fact that
the minimum of non{ —nn7©j is more stable than that of
nonj +nnnj (Table S21 of the ESIY), since the former state
has a reorganization energy (E3c — Emin) 2.5 times larger than
the latter (Table 1).

As analyzed in more detail in Sections S2.1, S2.2 and S3.3.2
of the ESI,} the different predictions of CAM-B3LYP and PBEO
can be partially rationalized by the different energy gaps of the
involved excited states at the GS minimum (Table 1), especially
for dynamics started from mymj. On the other hand, the role
of energy gradients and inter-state couplings (connected to the
different compositions of the nn* states according to the two
functionals) is also significant.

The analysis of the time evolution of the diabatic and
adiabatic energies at the average position of the WP (Fig. S24
of ESIt) provides additional insights into the population
dynamics. According to CAM-B3LYP, nynj is always remarkably
more stable than the nnj states, explaining why the population
transfer is <10%. For PBEO, nyn{ and nonj —n.nj become
instead practically degenerate, in line with the much larger

This journal is © the Owner Societies 2020


http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d0cp04123h

Open Access Article. Published on 21 October 2020. Downloaded on 12/10/2025 1:37:48 AM.

Thisarticleislicensed under a Creative Commons Attribution-NonCommercial 3.0 Unported Licence.

(cc)

PCCP

population transfer. Moreover, an analysis of the adiabatic
states recomputed at the TD-DFT level along the trajectory
clarifies that the myn{ population is transferred to a state with
a predominant non; character. Comparison of these energy
profiles confirms that the LVC model is quite accurate in
general. For an initial excitation to myn; with PBEO, in the
region of the non* minimum the nyn; LVC state is less stable
than that computed by TD-DFT. This is in line with that
observed with the static scans discussed in the previous
section.

Considering photoexcitation to m;nj (Fig. 1, bottom), both
functionals predict that within 50 fs >90% of its population is
transferred to the lower-lying states. According to CAM-B3LYP
after 250 fs ~40% of the photoexcited population is on nymny,
while another ~40% is divided between nom; and nnmy.
According to PBEO, although the population loss of minj is
similar, most of the photoexcited population (~70%) is trans-
ferred to the dark nmj states, whereas the population on mym;
remains <0.2.

In order to test the reliability of our predictions, we also
simulated the CAM-B3LYP dynamics by expanding the LVC
model at the minima of the myr| state and the two lowest nn*
states (see Computational details and Section S3.4 of the ESIT).
At these geometries the two nr* states acquire an even more
clear nyn* or non* character. The overall picture is similar to
the one just discussed, obtained with the LVC model expanded
at the FC point. However, for an excitation to nynj, when the
LVC model is built at npn; minimum, the population lost from
nyn} increases up to 20%. In summary, what is interesting to
stress is that, with all parameterizations, nyn; population flows
mainly to the nonj state.

As an additional test, we modified the LVC Hamiltonians
reducing the frequency of mode 42 on the myn| state so as to
better fit the TD-DFT adiabatic PES in the vicinity of the nonj
minimum (Section 3.4 of the ESIf). For CAM-B3LYP, QD
simulations with these modified Hamiltonians show negligible
(excitation to mym;) or moderate (excitation to mymj) differ-
ences. For PBEO changes are instead more significant, with the
long time limit population on nyn;j increasing from ~0.15 to
~0.5 (excitation to my7} ) or ~0.6 (excitation to w7} ). However,
this refined model does not change the main qualitative
differences between CAM-B3LYP and PBEO provided by LVC
Hamiltonian. Therefore we focus on LVC results for the forth-
coming analysis of the coupled vibration/electronic dynamics.

3.2.1 Effect of methylation at carbon C5. The effect of
5-methylation on the photoactivated dynamics predicted by
CAM-B3LYP and PBEO can be appreciated by comparing the
results obtained for 1,5-diMe-Cyt and 1-Me-Cyt>> (reported as
thin dashed lines in Fig. 1). The two molecules are described by
a similar set of diabatic states, with the single exception of the
two highest nn* states computed with CAM-B3LYP. For 1-Me-
Cyt they are the symmetric and anti-symmetric combinations of
non} and non},”” whereas for 1,5-diMe-Cyt these two states are
not mixed. For an initial excitation to mym] (top panels),
methylation at C5 decreases by ~0.05-0.1 the population
transfer from mynj to the nm* states. This effect is relatively
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larger for CAM-B3LYP, where the population transfer, already
small in 1-Me-Cyt, is halved in 1,5-diMe-Cyt.

Considering photoexcitation to mmj, according to CAM-
B3LYP, C5-methylation leads to an ~10% decrease of the
long-time limit transfer to nynj . At the same time, the popula-
tion of the nnmy and, especially, non* states increase.
In particular, the transfer to nonj, which is almost degenerate
with m; i} , increases by 10%. According to PBEO, C5-methylation
plays a very minor role in dynamics initiated on m;nj . In fact, the
bottom-right panel of Fig. 1 shows that the time evolution of
the electronic populations is very similar for 1-Me-Cyt and
1,5-diMe-Cyt. In summary, the most remarkable effect due to
C5-methylation is a decrease of the loss of an initial population
on mym; according to CAM-B3LYP. As extensively discussed in
Section S3.3.6, this is essentially due to the stabilization of the
THT] State.

3.3 Analysis of the nuclear dynamics after an excitation
on THT]

In this section we analyse the motion of the nuclear wave
packet (WP) associated with the time evolution of the electronic
populations discussed above.

3.3.1 Normal mode picture. The normal modes more
involved in the photoinduced QD are sketched in Fig. 2,
whereas the main geometric parameters in the different
minima are reported in Tables 2 and 3.

Fig. 3 plots the expectation value of the A’ normal coordi-
nates (it is zero by symmetry for A” modes) as a function of time
for an initial photoexcitation to nymnj . Both functionals predict
large and rather regular oscillations along modes 12 and 39.
Mode 12 corresponds to a ring in-plane breathing mode,
whereas mode 39 is a collective stretching with a large compo-
nent on the C5-C6 bond, coupled to CH and NH bendings (see
Fig. 2). The strong activation of mode 39 is consistent with the
large increase of the Cs—-Cs bond distance in nym; (see Table 2
and Table S6 in the ESIT) since the LUMO is antibonding with
respect to the Cs—C, double bond. PBEO, in addition to modes
12 and 39, predicts a remarkable movement also along mode
42, which corresponds to the C,-O; stretching. After a large
displacement in the first 50 fs, this mode exhibits weak

@

80 cm’! 297 cm! 27 cm!

Fig. 2 A’ (top) and A” (bottom) normal modes of 1,5-diMe-Cyt more
relevant for the dynamics, computed with CAM-B3LYP (PBEO modes are
very similar).
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Table 2 Selected bond distances of 1,5-diMe-Cyt in the minima of the
ground state and the first five excited LVC diabatic states as calculated with
CAM-B3LYP/6-31+G(d,p) and PBEQ/6-31+G(d,p) in the gas phase

CAM-B3LYP
Bond GS THT NNT T nomy
C6-N1 1.36 1.36 1.40 1.39 1.41
N1-C2 1.42 1.45 1.41 1.41 1.39
C2-N3 1.36 1.32 1.35 1.36 1.26
N3-C4 1.31 1.37 1.36 1.39 1.36
C4-C5 1.44 1.39 1.40 1.37 1.42
C5-C6 1.36 1.42 1.38 1.40 1.36
N1-C10 1.46 1.45 1.45 1.45 1.44
C2-07 1.22 1.24 1.22 1.23 1.32
C4-N8 1.36 1.37 1.38 1.38 1.38
C5-C9 1.50 1.49 1.50 1.50 1.50
PBEO
Bond GS THT nom + nNmj nom; — nN7 T
C6-N1 1.35 1.37 1.40 1.41 1.39
N1-C2 1.42 1.43 1.39 1.35 1.40
C2-N3 1.36 1.32 1.34 1.27 1.37
N3-C4 1.32 1.38 1.37 1.38 1.37
C4-C5 1.44 1.39 1.38 1.38 1.38
C5-Cé6 1.36 1.42 1.39 1.40 1.42
N1-C10 1.45 1.45 1.45 1.45 1.44
C2-07 1.22 1.25 1.25 1.29 1.23
C4-N8 1.36 1.37 1.37 1.37 1.38
C5-C9 1.50 1.49 1.50 1.50 1.49

Table 3 Selected bending angles of 1,5-diMe-Cyt in the minima of the
ground state and the first five excited LVC diabatic states as calculated with
CAM-B3LYP/6-31+G(d.p) and PBEO/6-31+G(d,p) in the gas phase

CAM-B3LYP
Angles GS THT nNT ek nomj.
C6-N1-C2 121.1 120.4 122.5 123.4 114.9
N1-C2-N3 117.1 121.2 110.4 117.7 126.2
C2-N3-C4 120.8 118.2 131.3 117.8 120.1
N3-C4-C5 124.0 123.2 116.4 126.9 119.6
C4-C5-C6 114.6 118.4 117.4 115.1 118.2
C5-C6-N1 122.5 118.3 122.0 119.1 121.1
N8-C4-C5 119.2 122.7 126.0 124.3 124.0
C9-C5-C6 123.0 119.5 122.9 122.3 121.2
C6-N1-C10 122.0 121.0 121.5 120.6 123.4
N1-C2-07 118.2 113.8 120.1 119.3 114.5
PBEO
Angles GS THT]  NOT} +NONT]  NETy — DNT{ W)
C6-N1-C2 121.2 120.1  121.5 117.6 124.0
N1-C2-N3 117.1 122.2  116.8 121.9 117.9
C2-N3-C4 120.8 118.0 123.3 125.1 117.3
N3-C4-C5 1241 1231 1213 116.3 127.9
C4-C5-C6 114.3 118.4 117.0 119.2 114.7
C5-C6-N1 122.4 118.2  120.1 119.9 118.4
N8-C4-C5 119.1  123.0 124.6 126.8 123.5
C9-C5-C6 123.0 119.7  122.2 120.9 122.2
C6-N1-C10  122.0 120.7 120.9 122.7 120.4
N1-C2-07 118.1 114.0 1153 119.7 119.6

oscillations around a new equilibrium position, corresponding
to a longer C-O bond-distance. This shift is due to the
population of the nn* state. The elongation of the C,-O; bond
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Fig. 3 Expectation values of average positions of A’ modes obtained by
LVC Hamiltonians parameterized with CAM-B3LYP (top) or PBEO (bottom)
calculations for initial photoexcitation of nym; .

is another hint that the populated state has a clear non*
character, since in fact its minimum exhibits a significantly
longer C,-O, bond distance than S, (see Table S6 in the ESIT).
PBEO calculations predict a notable displacement also along
the low-frequency mode 9 corresponding to a combined in
plane bending of the amino and methyl (at N; position) groups.

More in general, Fig. 3 shows that several other modes
(sketched in Fig. S12 of Section S2.1.1 of the ESIf) exhibit
significant oscillations with both functionals. A remarkable
consequence of this multimode dynamics is that, on the time-
scale we investigated, the minimum of the myn| diabatic PES is
never really reached (see Fig. S28 in the ESIT). Interestingly, this
happens also in CAM-B3LYP simulations, even if the dynamics
largely involves only nymj, whose population is always >0.9.
This result, seemingly puzzling, is simply due to the fact that
many modes are displaced and, due to the different frequen-
cies, they reach their equilibrium value at different times.

The WP can also be characterized looking at its standard
deviation ¢ along the different normal modes, so as to monitor
how its width changes in time. As reported in Fig. 4 ¢ depends
on time for both A’ and A” modes.

Fig. 4 shows that the largest oscillations of ¢ are observed for
A” modes. In our LVC model, these modes change in time only
if they couple different states. Therefore, ¢ helps visualizing the
importance of each mode in promoting the coupling among the
nn* (A') and nm* (A”) states. The most relevant A” modes are
plotted in Fig. 2. Although as expected, oscillations of ¢ are
larger according to PBEO, which predicts a larger population
transfer to nn*, the dynamics of several A” modes is strongly
perturbed also according to CAM-B3LYP.

All A” modes correspond to out-of plane distortions of the
molecular structure and have a relatively low frequency. Modes
2, 3, 6 and 11 show large variations of ¢ for both CAM-B3LYP
and PBEO. Mode 2 is a complex out-of-plane deformation which
involves the substituents and the ring atoms they are bound to.
It is in-phase for the oxygen and the methyl in position 1 and
out-of-phase for the amino group and the methyl in position 5

This journal is © the Owner Societies 2020
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Fig. 4 Standard deviation of the average position of A’ (solid line) and A”
normal modes obtained by LVC Hamiltonians parameterized with CAM-
B3LYP (top) or PBEO (bottom) calculations for initial photoexcitation of
nymy . The standard deviation of the low-frequency mode 2 undergoes
very large changes (maximum is 1.57 for CAM-B3LYP and 2.87 for PBEO).
The full plot is shown in Fig. S27 of the ESIL.{

(which also rotates). Mode 3 mainly corresponds to a rotation of
the methyl group bound to Nj;. Finally, mode 6 and mode 11 are
out-of-plane deformations of the ring mainly concentrated on
N; and Cg, respectively. Mode 11 shares some similarities to the
mode promoting nn*/nm* transfer in uracil derivatives.>® Addi-
tionally, according to CAM-B3LYP mode 8, an out-of-phase
movement out-of-plane of N; and Cs atoms, shows remarkable
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oscillations of ¢. For each mode, these ¢ values correspond to
distortions of the ring dihedrals by a few degrees. For instance,
a displacement along mode 2 by the maximum value reached
by its ¢ (1.57 for CAM-B3LYP and 2.87 for PBEO) corresponds to
an angle C¢N;C,N; equal to 8.7 degrees for CAM-B3LYP and
16.0 degrees for PBEO.

The only A’ mode exhibiting remarkable changes of ¢ in
time is mode 42, and only for PBEO parametrization. For mode
42 ¢ increases steeply and, though showing large oscillations, it
never recovers the initial value. The splitting of the WP between
nyn; and nonj thus affects the behaviour of the CO stretching.
The part of the WP remaining on nynj tends to oscillate around
different values with respect to that transferred to nomnj . This
feature induces a large broadening of the WP along this mode,
as clearly shown by Fig. 5, where the reduced density of the WP
along mode 42 is plotted. When ¢ is maximum, at ¢t = 18 and
38 fs, the WP assumes a bimodal shape with peaks at the initial
position, corresponding roughly to a C,-O; bond length of
1.22 A (associated with myw}), and at a displaced structure
where C,-0; is ~1.34 A (typical of norw;} ). Even according to
CAM-B3LYP, notwithstanding the small population transfer,
the WP along mode 42 spreads in time, so much to span at
¢t =220 fs a large region corresponding to CO distances between
~1.2 and ~1.35 A.

Methylation at C5 clearly affects the vibrational dynamics.
The out-of-plane bending of the C5 substituent involves modes
at much lower frequency in 1.5-diMe-Cyt (modes 6 and 8 with
=235 and 297 cm ™" respectively) than in 1-Me-Cyt (modes 13

C2-07 Bond Distance

C2-07 Bond Distance

06 111 115 119 122 126 130 133 137 141  145) 111 115 118 122 126 130 134 138 141 145
" |Initial Excitation of Ty * 0.0fs —+—||nitial Excitation of mym * 00fs —+H
05 bifs —%— 18.0fs —X—
20.0 fs 28.5 fs
0.4 25.0 fs 38.0 fs
220.0 fs — @ — A\ <| 220.0fs —@—
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0 Tnitial Excit 't'r f *
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Fig. 5 Reduced density of the wavepacket along normal mode 42 (i.e. integrated along all other coordinates) at different times after the photoexcitation
of nynj (top) and mn; (bottom), obtained by LVC Hamiltonians parameterized with CAM-B3LYP (left) or PBEO (right). The inset shows the C2-0O7 bond

distances in angstroms for different dimensionless shifts of mode 42.
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and 15 with o = 726 and 785 cm ™' respectively). Therefore, the
time-evolution of ¢ of the WP along these modes is different
and oscillates with a markedly different period (see Fig. S33 in
the ESIT). Quite interestingly, these differences do not have a
direct impact on the dynamics of the electronic populations.
In fact, neglecting these modes has only a marginal effect on
the population transfers both for 1-Me-Cyt and 1,5-diMe-Cyt
(see Fig. S34 and S35, ESIT).

3.3.2 Bond distances and bond angles. Normal modes
represent collective motions. In order to have further insights
into the dynamics, in Fig. 6 and 7 we report how the bond
distances and valence angles corresponding to the average
position of the WP change with time. According to CAM-B3LYP,
the ring bond distances are the most affected by excitation to
myni, and the largest changes (>0.1 A) are observed for N3-Cj,
C,—Cs and Cs-Cg bonds. Interestingly, their oscillations are less
regular than those of the normal modes (check, for example,
mode 39 in Fig. 3). Bond lengths derive indeed from the combi-
nation of several normal modes with different frequencies. This
induces a dephasing that hampers the oscillations.

The population transfer to nn* states makes the PBEO
picture rather different. C,-O, bond length increases steeply
in the first 50 fs, whereas at later times it only shows damped
oscillations around 1.3 A, close to the equilibrium value of
nonj —nn7j (see Table 2) and the S; adiabatic minimum with
non; character (see Table S6 in the ESIt). With a similar time-
scale, after a significant compression in ~50 fs, a new regime
sets on for N;-C, and C,-Nj; in which they weakly oscillate
around values remarkably smaller than their initial ones and
closer to the equilibrium position of nonj — nnnj (Table 2).

Bond angles undergo only small oscillations, apart from the
two consecutive C¢N;C, and N;C,Nj; angles, which exhibit quite
irregular motions, spanning a range of 5-6 degrees. For CAM-
B3LYP, the fairly large oscillations of these bond angles occur
around a value similar to the initial one. For PBEO, due to the
progressive population of nn*, their average value signifi-
cantly shifts, by ~—4° for C¢N;C,, and by ~+3° for N;C,N3.

CAM-B3LYP

Bond Distance (Ang)

PBEO

50 100 150 200 250
Times (fs)
Fig. 6 Bond distances at molecular structures corresponding to the
average position of the wavepacket (Cs symmetry) obtained by LVC
Hamiltonians parameterized with CAM-B3LYP (top) or PBEO (bottom)
calculations for the initial photoexcitation of nynj .
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Fig. 7 Bending angles at molecular structures corresponding to the the
average position of the wavepacket (C; symmetry) obtained by LVC
Hamiltonians parameterized with CAM-B3LYP (top) or PBEO (bottom)
calculations for the initial photoexcitation of mymnj .

These average values approach those of the nonj — nnnj mini-
mum (Table 3). Interestingly, however an analogous shift is not
observed for other angles, even if their equilibrium values in GS
and in nonj —nnmj show similar differences (e.g. NgC,Cs
which varies by ~7-8 degrees). These degrees of freedom in
fact undergo only limited fluctuations, confirming that, at least
on the investigated time-scale, the minimum structures of the
populated states are not reached.

The effect of methylation at position 5 on the dynamics
of the bond distances and bond angles is not large (see Section
S3.3.5 and Fig. S36-S39 in the ESI{). According to PBEO, for an
initial excitation on nyn; the largest difference is seen for the
C,-Cs bond, which shows smaller oscillations (~0.05 A) in
1,5-diMe-Cyt than in 1-Me-Cyt, and for the ‘flexible’ C4N;C,
angle. For CAM-B3LYP, also in this case, C5 methylation affects
a larger number of bond distances (N;-C;, and many inter-ring
ones). For example, the oscillations of the bond distances of the
two molecules go quickly out-of-phase (see Fig. S37 of the ESIT).
Concerning bond angles, beyond C¢N;C,, also other angles like
C4C;5Cs show significant differences. As expected, the most
affected angle is the in-plane bending of the C5 substituent
i.e. HC5Cq in 1-Me-Cyt and CoCsCg in 1,5-diMe-Cyt, and the
former exhibits larger oscillations (see the ESIT).

3.4 Analysis of the nuclear dynamics after an excitation on 77}

Excitation to the second bright state m;nj potentially deposits
much more energy on the vibrational degrees of freedom so
that a more complex nuclear dynamics is expected. Moreover,
for the specific case of CAM-B3LYP, large and fast population
transfers occur to nym; and nonj states, while they are very
scarcely populated after an initial excitation to nynj. Their
population is significant even at ¢ > 50 fs, when the
largest fraction of the excited population is on mynj (Fig. 1).
This rich electronic dynamics is mirrored by the nuclear motion.
In fact, many modes, more than after exciting nynj, show
remarkable oscillations and large ¢ values (Fig. 8). In particular,
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the large increase of ¢ also for several A’ modes indicates that the
WP spreads much more in the coordinate space due to the
involvement of several different states with different equilibrium
positions (see Fig. 2 and Fig. S12 of the ESI for a plot of additional
modes). The behavior of mode 42 (i.e. the CO stretching) is very
instructive (Fig. 8). According to CAM-B3LYP, its ¢ increases steeply
right after the excitation, as a consequence of the fact that
nm* states acquire a large transient population (Fig. 1). Afterward,
for ¢t > 50 fs, when the largest fraction of the population moves to
ny7y, the o of mode 42 reduces remarkably, but, nonetheless, it
remains far larger than in the case of an initial excitation on nymy ,
documenting the effects of different diabatic PESs on the WP. This
is made even more evident by the inspection of the WP along such
a coordinate in Fig. 5. In fact, at ¢ < 50 fs the density is bimodal
with a second peak in correspondence with large C,-O; bond
lengths, while at long times (¢ = 220 fs) a single but very broad
peak, centered in correspondence with a C,-O; distance equal to
1.27 A, is observed. On the contrary, according to PBEO there is a
progressive population of both the nynj and the two nnj states
and after the first 20-30 fs the WP remains always remarkably
broad (see Fig. 5 and the ESIY).

Interestingly, according to both CAM-B3LYP and PBEO (see
Fig. S29 and S30 of the ESIt) the increase of ¢ along mode 2 is
much smaller for an initial excitation to m;nj than to mymw;j.
This finding indicates that this mode triggers more efficiently
the couplings with the nearby nnj states of nynj than those of mynj .

The richer dynamics after an excitation to minj is also
mirrored in the dynamics of the bond stretching and bond
angles. In particular, despite the larger available energy, the
oscillations of the bond distances appear even more damped
and less regular. Further details are provided in Section S3.3.4
of the ESL¥

According to PBEO, the time evolution of the electronic
populations changes only moderately for an initial excitation
to mnj or mynj. As documented in the ESL{ the nuclear
dynamics is similar to that described in the previous section.

Initial Photoexcitation at 1t t, *

3 : . T T T T T T
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Fig. 8 Expectation values or average positions of A’ modes (TOP) and
standard deviation of the average position of A’ (solid line) and A” normal
modes obtained by LVC Hamiltonians parameterized with CAM-B3LYP for
the initial photoexcitation of mnj .
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Nonetheless many relevant features, such as the increase of ¢
also for A’ modes, are clearly visible also in the PBE0-based QD
simulations.

4 Discussions and conclusions

In this work we investigated the ultrafast dynamics of 1,5-diMe-
Cyt as a model for 5-Me-dCyd, and compared them with the
results for 1-Me-Cyt, a model for dCyd, focusing in particular on
the possible population of dark nn* states. Though the relevant
experimental studies have been performed in solution, making
the comparison with our simulation less direct, our QD simula-
tions with CAM-B3LYP are fully consistent with the indication
that methylation at position 5 leads to a decrease of the
population loss of nynj. A substantial myn; — non* transfer
is instead predicted by PBEO QD simulations, which, though
significantly reduced, remains remarkable also when using a
refined Hamiltonian, accounting for the decrease of the C=0
stretching frequency on the myn] state. Waiting for a
full assessment of the solvent effect, this result suggests
that PBEO underestimates the energy gap between myn and
nn* states and/or overestimates the stability of the ngn*
minimum.>?

For what concerns the possible effect of the excitation
wavelength on the 5-Me-Cyd dynamics in polar solvent, our
gas phase QD simulations do not provide any indication of the
presence of an additional nn* decay channel, active only when
exciting myny . In this respect, it should be remembered that
varying the excitation wave-length also changes the amount of
energy deposited on the chromophore. This fact, especially in
the presence of an energy barrier towards the conical inter-
section, as happens for 1,5-diMe-Cyt,'® could also affect the
dynamics at longer times, not investigated here.

Methylation at C5 induces some moderate but notable
differences in the vibrational dynamics, especially for bending
angles and a few bond distances closely related to the 5
position. As expected, the out-of-plane motion of the C5 sub-
stituent is strongly affected and is much slower in 1,5-diMe-Cyt
due to the larger mass of the methyl group with respect to the
hydrogen. However, this does not have a direct impact on the
time-evolution of the electronic populations. Therefore we can
conclude that the smaller population transfer from nynj to nn*
states observed for 1,5-diMe-Cyt with respect to 1-Me-Cyt is
essentially due to the stabilization of mynj in 1,5-diMe-Cyt.

As discussed in the preceding paragraph, depending on the
functional (CAM-B3LYP) and on the bright state initially excited
(mum; or mym} ), we explored very different population dynamics,
ranging from a situation where the WP essentially is on a single
diabatic state (CAM-B3LYP/myn; excitation) to cases where 4/5
different diabatic states have a population >0.05 after 250 fs
(e.g. when exciting m;n}). We exploited this opportunity to
investigate the effect that the internal conversions have on
the vibrational dynamics, a topic whose interest goes beyond
the studied system. To this aim, we coupled an analysis of the
normal modes (the most direct approach for a LVC model) with
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that of the valence coordinates, ie. made in term of bond
distances and bond angles. This latter reference system resulted
to be very useful to more easily grasp the consequences of the
electronic dynamics on the nuclear degrees of freedom.

For example, the motion of mode 42, essentially the C,-O,
stretching, is markedly different for CAM-B3LYP and PBEO.
According to the LVC model parameterized with PBEO this
bond distance elongates remarkably as a consequence of the
population transfer to a nonj state.

Dynamics involves many modes and, while normal modes
are characterized by rather regular oscillations, the time-
evolution of bond lengths and angles appear quite complicated
and their oscillations quickly damped. A trivial consequence of
the multimode dynamics is that, in contrast to what a static
analysis may suggest, on a timescale of hundreds of femto-
seconds, 1,5-diMe-Cyt does not reach the minimum of the nym|
PES, even when no remarkable population transfer occurs as
in Fig. S28 in the ESI.{ The explanation is simply the rapid
dephasing of the modes, each one oscillating with its own
frequency.

It is also interesting to remark that, also in the case where
we do not observe a significant population transfer, the motion
of the WP on the nynj PES appears to be affected by the
coupling with the other diabatic states. For example the WP is
remarkably spread over the C,-O; stretching (see Fig. 5, top/left
panel). Such interaction, by itself, is also sufficient to cause a
spread of the WP along out-of-plane coordinates, populating
structures in which the ring exhibits significant distortions from
planarity (>10°). Electron dynamics further complicates this
picture. When exciting myn; (CAM-B3LYP) or mn; (both func-
tionals) the WP becomes very broad along the C,~O; bond distance
(~0.3 A) even assuming a two-peak shape. It is likely that in such a
situation interferential quantum effects become important, so that
it will be interesting to investigate in the future if semiclassical
approaches are able to accurately determine this dynamics, and if
they can, how many trajectories are necessary.

As a final remark we highlight that a detailed analysis of the
vibrational dynamics at a fully-quantum level is not simply a
theoretical speculation. In fact, the increasing time resolution
of pump-probe and 2D spectroscopies, which have already led
to sub-100 fs applications to some nucleobases,*® promises
to be able shortly to unveil the signatures of vibrational
coherences in nucleobases and their interpretation will need
theoretical models and simulations.
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