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ABSTRACT: Here we refine and assess two computational
procedures aimed to include the effect of thermal fluctuations on
the electronic spectra and the ultrafast excited state dynamics of
multichromophore systems, focusing on DNA duplexes. Our
approach is based on a fragment diabatization procedure that, from
a given Quantum Mechanical (QM) reference method, can
provide the parameters (energy and coupling) of the reference
diabatic states on the basis of the isolated fragments, either for a
purely electronic excitonic Hamiltonian (FrDEx) or a linear
vibronic coupling Hamiltonian (FrD-LVC). After having defined
the most cost-effective procedure for DNA duplexes on two
smaller fragments, FrDEx is used to simulate the absorption and
Electronic Circular Dichroism (ECD) spectra of (GC)5 sequences,
including the coupling with the Charge Transfer (CT) states, on a number of structures extracted from classical Molecular Dynamics
(MD) simulations. The computed spectra are close to the reference TD-DFT calculations and fully consistent with the experimental
ones. We then couple MD simulations and FrD-LVC to simulate the interplay between local excitations and CT transitions, both
intrastrand and interstrand, in GC and CG steps when included in a oligoGC or in oligoAT DNA sequence. We predict that for both
sequences a substantial part of the photoexcited population on G and C decays, within 50−100 fs, to the corresponding intrastrand
CT states. This transfer is more effective for GC steps that, on average, are more closely stacked than CG ones.

■ INTRODUCTION
The measurement of an absorption or electronic circular
dichroism (ECD) spectrum is one of the first and most basic
steps to identify and characterize the static and dynamical
behavior of a DNA sequence.1−5 Indeed, the formation of a
DNA duplex is mirrored by typical changes in the UV
absorption spectrum relative to the isolated nucleobases,
typically manifested as a relatively large hypochromic effect.1,6,7

At the same time, the different possible duplex conformations,
that is, B-DNA, A-DNA, and Z-DNA, are characterized by
well-defined ECD signatures.4,5 Unfortunately, the UV light
absorption by DNA has also potentially harmful consequences,
since it can trigger a cascade of photophysical and photo-
chemical processes8−15 that can lead to apoptosis or to the
damage of the genetic code and, therefore, to carcino-
genesis.8,11 The study of the interaction between DNA and
UV light is thus important from several perspectives, from the
(bio)analytical to the (bio)medical one, explaining the huge
number of experimental and theoretical studies devoted to
characterize the photophysics of oligo- and polynucleoti-
des.8−15 Independently of the particular aspect of the UV/
DNA interaction one is interested in, a proper inclusion of
conformational effects is surely important. Despite the overall

stability, at room temperature, DNA (and RNA)16 are
fluctuating multichromophore assemblies (MCAs),17,18 which
can exhibit significant deviations from the “average” structure,
with consequent different interactions with UV light. For
example, small changes in the stacking geometry can
significantly alter π-orbital overlap, modifying bright and
charge transfer electronic couplings,19−22 which in turn alter
the duplex spectral behavior. Conformational effects are
particularly important also to determine the final “outcome”
of the photoactivated processes in DNA. Just to make an
example, the photodimerization of pyrimidines, one of the two
most important photochemical reactions occurring in
DNA,23,24 is strongly modulated by the arrangement of the
potentially reacting stacked pyrimidines.11,15,25−28 Experiments
and calculations agree in predicting that, for suitable stacking
geometry, this reaction is very effective and ultrafast, with the
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cyclobutane ring formed within 1 ps after the excitation.25 On
the other hand, when the stacked bases are too distant, or their
stacking geometry is not the “optimal” one, nonradiative
ground state decay is instead the most favored process.23,26

In the present study, we thus focus on the inclusion of
thermal fluctuations in a computational study of photoexcited
DNA using two representative test-cases: (1) the calculation of
the absorption and ECD spectra of (GC)5 sequences and (2)
the simulation of the photoactivated dynamics of GC and CG
steps, in sequences of different flexibility. The ECD spectrum
of oligo(GC) duplexes exhibits the “classical” signature of B-
DNA conformation,4,5 and, given the rigidity of GC tracts, is a
good test-case to understand how the spectral properties of
DNA sequence are affected by small variations of the stacking
geometry. Our approach is based on a fragment (Fr)
diabatization (D) procedure that we have recently developed
to provide the parameters either for a purely electronic
excitonic (Ex) Hamiltonian (FrDEx) to simulate spectra of
MCAs with a large number of chromophores,29,30 or a linear
vibronic coupling (LVC) Hamiltonian (FrD-LVC)31,32 for
quantum dynamics (QD) simulations.

We have recently profitably applied FrDEx to the study of
the spectral properties of guanine-rich sequences folding in
quadruple helices (G-Quadruplex, GQ).29,30 The present study
will thus also provide the opportunity to set a suitable strategy
for using this approach to compute the ECD signature of B-
DNA, a classical test case for many computational approaches
(see, for example,33−38 and references therein). FrD-LVC has
instead recently been used to study the competition between
intrachromophore internal conversions (e.g., ππ* → nπ*) and
interchromophore excitonic and charge transfer (CT)
dynamics in the Watson−Crick GC and AT base pairs.31,32

The possible occurrence of CT and Proton Coupled Electron
transfer (PCET) processes in oligonucleotides has been the
focus of very intense research activity in the last years, as
shown, just to cite some of the contributions, by refs 39−50.
Moreover, oligonucleotides have been an important play-
ground for many methodological studies dealing with the
analysis of CT states and discussing the accuracy of different
electronic methods in their treatment.51−53 For what concerns
the double stranded DNA photophysics within a GC or CG
step in the present work (see Figures 1 and S3 in the SI), we
shall study the interplay between bright, spectroscopic, states
and intra- and interstrand CT states. Experiments on
(GC)9

48,49,54 and calculations47−49 predict indeed that in
(GC)n sequences, a significant part of the photoexcited
population decays to CT states, which can then trigger PT
reactions. We shall compare the behavior of a GC(CG) step
included in an alternated oligoGC sequence or in alternated
oligoAT sequence (see Scheme 1 below). The stability of DNA
duplex significantly depends on stacking interactions,55−57 the
former is indeed expected to be stiffer, considering that three
hydrogen bonds per base pair are present, whereas the latter
exhibits only two hydrogen bonds per pair.

In both cases, our procedure will be coupled with MD
simulations, which will provide a set of snapshots to include
thermal fluctuations, in sufficient number for the purposes of
the present study, that is, to refine and assess the performances
of our approach to investigate DNA duplexes and get
additional information on the chemical physical effects
modulating their photophysical properties of DNA. We
postpone to future studies a detailed analysis of the available
experimental results on GC DNA photoactivated dynamics.

Figure 1. Schematic description of (A) GC and (B) CGC QM models used to tune our FrDEx procedure. (C) (GC)5 system studied by MD
simulations. The magenta and green dotted lines in the scheme below encompass, respectively, the CG and the GC steps studied by FrD-LVC QD
simulations.
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We show that FrDEx nicely captures the effect of the duplex
formation on the absorption and the ECD spectra of B-DNA,
and provide spectra very close to the reference QM spectra
used for its parametrization, that is, PCM0TD-DFT calcu-
lations, with the M05-2X functional.

For what concerns QD simulations, this study demonstrates
that FrD-LVC can treat the photoactivated dynamics in a
system including several bases, a dozen excited states, and
≥100 vibrational modes. Confirming previous indications,45,48

we show that the bright excited states localized on G and C are
strongly coupled to intrastrand CT states, especially for GC
steps. Such CT states are substantially populated on an
ultrafast time-scale, independently of the DNA sequence
considered. The fairly limited computational cost of FrDEx
and FrD-LVC makes the inclusion of thermal fluctuations by
MD simulations fully feasible.

■ METHODOLOGICAL PROCEDURES
Fragment Diabatization. The FrD procedure has been

described in detail in previous works29,31 and is therefore only
briefly sketched below. It is an adiabatic-to-diabatic trans-
formation, which utilizes Löwdin orthogonalization

| = | = |d a D a S SS( )T TMCA MCA 1/2 (1)

to go from adiabatic states computed on a MCA (|aMCA⟩) to
diabatic states |d⟩, which resemble reference states |R⟩ defined
on individual chromophores. These reference states are either
adiabatic states of individual chromophores for local
excitations (LEs), or one electron transitions between an
occupied orbital on one fragment and a virtual orbital on
another for CT states. They are used to compute the overlap
matrix S, defined as S = ⟨R|aMCA⟩ with elements

= |S R air i r
MCA , from which transformation matrix D is

obtained. The similarity of the diabatic states to the reference
states can be monitored by computing the overlap ⟨R|d⟩, that
is, SS SS( )T T 1/2, and ensuring it is close to the identity matrix.

This transformation matrix can then be applied to the
diagonal matrix of MCA adiabatic energies H[aMCA] to yield a
matrix of diabatic energies and couplings

[ ] = [ ]d D a DH HT MCA (2)

which are then used to paramaterize the FrDEx and FrD-LVC
models, described below.

FrDEx. For FrDEx, an excitonic state k for a system of Nmol
chromophores is written as

= +C CL CTk
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where HFrDEx is split into an intramolecular part Hintra and an
intermolecular part Hinter, and h.c. stands for Hermitian
conjugate.

The intramolecular part contains only the LE energies, ELm,
and the couplings of different LEs on the same chromophore,
EL ,Lm m. The intermolecular part contains all other terms
involving more than one chromophore (i.e., all terms involving
CT states and the excitonic coupling EL ,Lm n ). These parameters
are all obtained through application of the FrD procedure, and
as described previously,29,30 splitting the Hamiltonian into
Hintra and Hinter portions allows them to be parametrized on the
basis of adiabatic states of different sized subsets of the entire
Nmol MCA to best balance accuracy and computational
efficiency. In these prior works, we have referred to this subset
of the entire MCA as a “supra-molecular complex” (SC),
utilized dimer calculations for Hinter, and demonstrated that π-
stacked strands are the most effective method to parametrize
Hintra and account for changes in LE character and mixing due
to surrounding monomers.

FrD-LVC. The LVC Hamiltonian for a coupled set of
diabatic electronic states |d⟩ = (|d1⟩, |d2⟩, ..., |dJ⟩) may be
written as58

Scheme 1. DNA Sequences Studied by MD Techniquesa

aThe bases, whose dynamics have been simulated by FrD-LVC
calculations, are depicted in green (G) and in magenta (C).
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>

H K V d d V
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i
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ij

i j j i

d
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d

(5)

where {Q1, Q2, ..., Qν} are the dimensionless normal mode
coordinates, defined in the ground electronic state S0, with
conjugate momenta P. The kinetic K and potential V terms of
the Hamiltonian are defined as

= P PK
1
2

T
(6)

= + +Q Q Q Q QV E( ) ( )
1
2ii ii ii

T Td d
0 (7)

= +Q Q QV E( ) ( )ij ij ij
Td d

0 (8)

with Ω being the diagonal matrix of normal-mode frequencies
ωμ, λij is the vector of linear coupling constants between states
i and j, QE ( )ii

d
0 is the diabatic energy of state i at the reference

geometry (Q0, typically a ground state equilibrium geometry,
see Computational Details for further information), and

QE ( )ij
d

0 is an electronic coupling constant between diabatic
states i and j at the reference geometry. The constant energies
and couplings Eij are obtained by applying the FrD scheme at
the reference geometry, and they are exactly equivalent to
those in the FrDEx model, reported in eq 4. The gradient
coupling terms λij are obtained by applying the FrD scheme at
small displacements along the normal mode coordinates and
then performing a numerical differentiation.31

■ COMPUTATIONAL DETAILS
MD Simulations. We have performed 2 μs long MD

simulations for three different sequences of DNA duplexes
containing GC and/or CG steps. In particular, we studied the
10mer sequence (GC)5 and the 16mer sequences GCAT-
ATAGCTATATGC and GCATATACGTATATGC, where
either a GC or a CG step is embedded in a AT repetitive
sequence (GC bases at the termini were added to avoid fraying

ends; herein we denote these two duplexes as AGCT and
ACGT, respectively). All the starting B-DNA models were
built by the web 3DNA 2.0 server.59 The duplex structure was
solvated in a truncated octahedral water box with the distance
between solute and box border being at least 10 Å. The water
SPC/E model was used.60 The system was first neutralized by
Na+ ions and then 0.15 M NaCl was added; the ions
parameters were derived by Joung and Cheatham.61 The
simulations were carried out with the OL15 force field.62

Before the production run, a standard equilibration protocol
was employed. The system was minimized by 500 steps of
steepest descent minimization followed by 500 steps of
conjugate gradient minimization with 25 kcal mol−1 Å−2

position restraints on DNA atoms. We then imposed position
restraints of 25 kcal mol−1 Å−2 on the DNA molecule and
heated the system from 100 to 300 K over 100 ps. During the
heating process, the volume was kept constant. The system was
then minimized with 5 kcal mol−1 Å−2 restraints on the DNA
fragment by 500 steps of steepest descent method followed by
500 steps of the conjugate gradient optimization approach.
The whole system was then equilibrated for 50 ps at constant
pressure and temperature of 1 bar and 300 K, respectively. The
series of consecutive minimization and equilibration steps, as
described above, were performed by applying decreasing
restraints on the atomic position of the DNA fragment of 4,
3, 2, 1, and 0.5 kcal mol−1 Å−2. The final equilibration step was
followed by 50 ps of unrestrained molecular dynamics
simulation. Temperature and pressure coupling constants
were set to 0.2 ps during the equilibration and to 5 ps during
the final free molecular dynamics run, as well as during the
production run. A 2 μs production run was started afterward
and coordinates were saved every 5 ps. We used the Berendsen
weak-coupling thermostat and barostat.63 Electrostatic inter-
actions were treated using the Particle Mesh Ewald method
(PME). The nonbonded cutoff was set to 9 Å. Simulations
were carried out using the CUDA accelerated pmemd module
of AMBER 18 MD package.64 The structures of the trajectories
were processed and analyzed by cpptraj amber program, as well
as by x3dna (v2.3.4)/dssr (v1.9.9) programs.65,66

Scheme 2. Schematic Description of Some Possible Choices for the SC Used in the FrDEx Modela

a(a) Dimer; (b) Tetrad - green and red dashed lines identify the two “tetrads” used to compute Hintra terms for bases 2 and 19; (c) Strand. The
colored bases identify the SC used to compute Hintra terms for bases 1 and 2. The dashed grey rectangle shows the system used to compute Hintra for
base 3.
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We have analyzed specific structural properties for the
structures of the whole trajectories as well as for a subset of
structures extracted from each trajectory. To avoid bias from
the selection criterion, we simply considered an adequate
number of structures that can be handled by our subsequent
QD calculations and picked them from the trajectory by
extracting frames every 200 ns interval (a total of 11 structures
were considered: 10 plus 1 structure at the start of the
production run, t = 0 ns).

Reference Electronic Structure. We utilize Time-
Dependent (TD)-DFT, as implemented in the Gaussian 16
package,67 to compute adiabatic states that are used in the FrD
procedure to parametrize the FrDEx and FrD-LVC models, as
well as to provide reference absorption and ECD spectra. We
have selected the M05-2X functional,68 which can reliably
describe CT transitions in stacked systems, as shown also by
previous studies on oligonucleotides,15 and the 6-31G(d) basis
set. Solvent effect of water has been included via the
Polarizable Continuum model (PCM).69 For comparison, we
also compute absorption and ECD spectra with an excitonic
model in which only LEs are included, and the excitonic
coupling between them is computed via the Coulombic
interaction between transition densities. We denote this
approach as a Frenkel Hamiltonian with Coulombic couplings
(FHC) and is computed with the “EET” option in Gaussian
16.70

FrDEx. The reference states used to define the diabatic
states included in the FrDEx Hamiltonian (eq 4) are the first
two bright excited (ππ*) states of each base and 4 CT states
for each base pair (2 from G → C and 2 from C → G). CT
transitions are defined as the one electron transfer from
HOMO of one base to LUMO/LUMO+1 of the other base.
For the parametrization of Hinter, the reference states are
projected onto 40 adiabatic states of all nearest-neighbor
dimers, which include stacked pairs, hydrogen bonded pairs
and diagonally opposite pairs. For the parametrization of Hintra,
we tested projection of the reference LE states onto 30
adiabatic states of either a stacked trimer or a hydrogen-
bonded and stacked tetrad (see Scheme 2). For both Hinter and
Hintra, we ensured complete projection of the reference states
onto the adiabatic states by monitoring the eigenvalues of SST

and verifying they were close to 1. Paramaterization of Hinter
required more adiabatic states to be projected onto than Hintra,
as some of the CT states lay relatively high in energy. In both
cases we included the electrostatic effects of the surrounding
bases on both the reference and adiabatic states with restrained
electrostatic potential (RESP) charges, computed for each base
in its ground state. The diabatization was performed with our
code Overdia, which is freely available.71

For most of the FrDEx calculations, the sugar phosphate
backbone of the DNA is stripped and the guanine/cytosine
nucleotide replaced by optimized 9-methyl guanine/1-methyl
cytosine at M05-2X/6-31G(d)/PCM in the Cs symmetry by
minimizing the RMSD between them. In the following we shall
refer to this approach as the “standard” one. However, the
effect of this geometry substitution on the spectra is first
evaluated in the Results section.

In order to test the accuracy of FrDEx spectra, we have also
used two smaller model compounds (see Figure 1), namely, a
GC duplex with two stacked base pairs, and CGC with 3
stacked base-pairs, arranged in B-DNA conformation. These
models have been fully optimized, including the phosphodeox-

yribose backbone, and their absorption and ECD spectra have
been computed at the PCM/TD-M05-2X/6-31G(d) level.72

Simulation of the Spectra. The accuracy of the FrDEx
spectra also depends on the accuracy of the reference QM
method. TD-DFT has well-known limitations, inter alia, in the
treatment of excited states with significant CT charac-
ter.51,73−75 Many of these drawbacks can be avoided by
choosing a suitable functional,51,68 sometimes at expense of the
accuracy in the determination of the excitation energies of the
bright states. Actually, the PCM/M05-2X/6-31G(d) computed
transition energies of the isolated G and C bases are blue-
shifted with respect to the maxima of the experimental
absorption bands in solution. This discrepancy is partially due
to the lack of vibrational and thermal effects, which
significantly red-shifts, by 0.1−0.2 eV, the computed
absorption maxima with respect to the vertical transition
energies.76 However, most of the error arises from other
limitations of our computational approach (density functional,
basis set, lack of explicit solute−solvent interactions), whose
selection is dictated by the necessity of having QM reference
data for very large size systems, with a reasonable compromise
between accuracy and computational cost. As a consequence,
in order to enable a more direct comparison with the
experimental spectra the TD-DFT, FHC, and FrDEx spectra
are shifted by −0.75 eV. Actually, this value allows almost to
superimpose the PCM/TD-M05-2X computed vertical tran-
sitions of dC and dG in water with the maxima of the
corresponding experimental spectra,77,78 suggesting that the
main cause of the discrepancy between experimental and
computed spectra are the inaccuracies in the description of the
isolated nucleobases. This conclusion is supported by test
FrDEx calculations, where the energy of all the LE has been
shifted by 0.75 eV, before computing the spectra. As shown in
Figure S16 in the SI, the resulting spectrum, unshifted, is
indeed very similar to the shifted one. Moreover, the FrDEx
spectrum computed using ωB97XD results has a very similar
shape to that based on M05-2X, but for red-shift of 0.1−0.15
eV, which corresponds to the red-shift found in the computed
transition energies of G and C (Figure S16). All stick
transitions are also phenomenologically broadened with a
Gaussian with standard deviation of 0.21 eV, that is, the same
used in our previous studied on GQ,29,30 and calculated using a
modified version of the EXAT code.79 However, in the SI (see
Figure S17) we report the spectra computed by using different
values of the shift and of the width of the broadening Gaussian,
showing that our conclusions do not qualitatively depend on
the choice of these parameters.

FrD-LVC. FrD-LVC models were constructed for GC and
CG tetrads, each containing 12 diabatic states, namely, the
lowest two ππ* states on each G (labeled as G1/G2(La), G1/
G2(Lb), and C base (labeled as C1/C2(ππ*1) and C1/
C2(ππ*2)), together with the inter- (labeled as G1 →
C2(CT), G2 → C1(CT)) and intrastrand (labeled as G1 →
C1(CT), G2 → C2(CT)) CT states from the HOMO of G to
LUMO of C, that is, the lowest energy CT states. We
considered molecular models of G and C as 9-methylguanine
and 1-methylcytosine in Cs symmetry, which can reliably
model the main features of the excited electronic states of the
corresponding nucleosides/nucleotides.77,78 To reduce the
computational burden of the QD simulations, we included
only the in-plane vibrational modes of each base, for a total of
124 normal modes. This 124 mode LVC model was fully
paramaterized with computations at the QM minimum
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structures of GC and CG tetrads, and then the zero order
terms (i.e., diabatic excited state energies and excitonic/CT-
like couplings, Eij) of the LVC model were updated using
central GC and CG tetrad structures extracted from the MD
simulations of (GC)5 and GC/CG in an AT tract, as shown in
Scheme 1. These zero-order terms are those expected to
change most significantly from snapshot to snapshot and,
hence, will rule the dynamics. The structures extracted from
the MD simulation were stripped of the sugar phosphate
backbone of DNA and the guanine/cytosine nucleotide
replaced by optimized 9-methyl guanine/1-methyl cytosine
(at M05-2X/6-31G(d)/PCM level) by minimizing the RMSD
between them, the same procedure as the “standard” approach
in FrDEx, discussed above.

The parametrization of the LVC model was conducted with
the Overdia code. QD propagations using the FrD-LVC
models were performed using the ML-MCTDH method80,81

implemented within the Quantics package.82,83 We followed
the numerical procedures used previously in setting up the
calculations.31

■ RESULTS
Absorption and ECD Spectra of (GC)5. Setting up the

FrDEx Procedure. As a first step, before tackling the
computation of the spectra of (GC)5, we tune our procedure
on two smaller systems, GC and CGC (see Figure 1). For
these systems, fully QM reference results are available,72 that is,
computed at the PCM/TD-M05-2X level, including the
phosphodeoxyribose backbone both in the geometry opti-
mization and in the calculation of the spectra, thus, providing
useful information on the possible source of errors of our
treatment. In Figure 2, we compare the ECD spectra computed
for GC (both at the QM and FrDEx level) with two different
choices for the nucleobases geometry, that is, either the
geometries optimized within the duplex (GC-min) or a
“standard” one using the minima of the isolated monomers.
The standard approach leads to the slight blue-shift of the

spectra and to the overestimation of the intensity of the
positive lobe at ∼290 nm. Both FrDEx plots are in good
agreement with the reference QM, but for a small blue-shift of
the positive lobe at ∼290 nm, whose intensity is also further
overestimated. Finally, the inclusion of the phosphodeoxyr-
ibose backbone has a small effect on the position of the
spectrum, but leads to an increase of the intensity of the
negative minimum at ∼260 nm and a decrease of the intensity
of the positive lobes. The positive lobe at ∼220 nm almost
disappears when backbone is included. On the other hand, it is
not possible to discuss the prediction of our calculations in the
high-energy region of the spectrum, since it could be affected
by higher excited states not included in our treatment.

In Figure 3, for CGC we compare the QM reference with
the FrDEx spectra computed with two different choices for the

SC used to compute Hintra. In one case we used the two strands
(trimer strand approach, see Scheme 2), and in the other we
used the two GC “tetramers”38 (tetrad approach, averaging the
values found for the central bases). The former procedure
includes the effect, at the QM level, of the stacked bases within
a single calculation. The latter includes, at the QM level, the
possible effect on Hintra of the complementary strand, which in
the “strand” approach is considered only at the classical level
(by using atomic charges.)

On balance, both strategies allows a fairly good reproduction
of the QM reference, but for the blue-shift of the positive
feature at ∼290 nm we have already discussed above. Tetrad
spectra better reproduce the relative intensity of the two main
feature of the spectrum. On the other hand, test calculations on
(GC)5 (see Figure S7 in the SI), provide the opposite
indication. Moreover, the tetrad procedure, which requires two
calculations on a tetramer, is slightly computationally more
expensive than the strand one (two calculations on a trimer).
As a consequence, in the following, if not otherwise specified,
our analysis will be based on the “trimer strand” procedure
(see Scheme 2), that is, estimating the Hintra elements of each
base including in the SC the two stacked partners in the same
strand (rolling trimer strand approach).

Figure 2. ECD spectra of GC tetrad computed within the QM
minimum at the TD-DFT (cyan) or FrDEx (gray) levels. The TD-
DFT spectra computed including the backbone are reported in
purple. The spectra computed by using the geometry minima of the
isolated bases are reported in blue (TD-DFT) or in black (FrDEx).
All spectra are shifted by −0.75 eV.

Figure 3. ECD spectra of CGC calculated using FrDEx with Hintra
parametrized from tetrad (gray, see Scheme 2B) and trimer strand
(black, see Scheme 2C) and Hinter parametrized from pairs compared
with TD-DFT spectra with (purple) or without backbone (blue). All
spectra are shifted by −0.75 eV.
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As shown in the SI (see Figure S8), including the effect of
the other bases on a given SC at a classical level (by means of
point RESP charges) has a small effect on the computed GC
signal. However, interestingly, the intensity of the negative
peak at ∼250 nm increases, thus improving the agreement with
the experimental spectra, with a minuscule computational cost.
Absorption Spectra. In Figure 4 (left panel) we show the

absorption spectrum computed for one of the (GC)5 structures
extracted from MD simulations (that at time = 0), by using
TD-DFT, FrDEx, and a standard Frenkel excitonic Hamil-
tonian (FHC, see Computational Details). For comparison, we
also show the experimental spectrum of (GC)9 and that built,
simply, as the sum of the computed spectra of 10 G and 10 C
monomers. The FrDEx spectrum is in good agreement with
the TD-DFT ones, but for a weak red shift of the computed
maximum and a small overestimation (less than 10%) of the
intensity of the band maximum. Not surprisingly, the
agreement with the reference QM results is worse on the
blue wing of the absorption band (below 240 nm), simply due
to the absence of the higher-lying bright excited states in the
FrDEx calculation. FrDEx predicts that the absorption
spectrum of (GC)5 is significantly less intense than the sum
of monomer spectra, thus reproducing the well-known
hypochromic effect associated with the formation of DNA
duplex.1,6,7 On the contrary, the maximum of the FHC
spectrum is blue-shifted with respect to that of TD-DFT one,
and more significantly, it is much more intense. In fact, its
maximum is even slightly more intense that the sum of the
monomer spectra, with an almost coincident total absorptivity.
The different methods also provide different band shapes.
However, we shall not analyze this point in detail, since the
computed band shape depends also on the value used for the
broadening Gaussian (somewhat arbitrary) and on the number
of structures used in the conformational averaging procedure.

In the right panel of Figure 4, we show as gray lines the
absorption spectra computed by FrDEx for each of the
structures extracted from the MD, and in black is their average.
It is clear that, even in a stiff system as (GC)5, thermal effects
modulate slightly the measured absorption spectrum, with the
intensity of the individual band maxima differing by up to 10%.

In any case, the average intensity in the maximum is ∼40%
lower than the sum of the monomer spectrum (shown in 4, left
panel). This value is fully consistent with that typically
associated with the formation of DNA duplexes.1 On the other
hand, as shown in the SI (Figure S9), FHC does not capture
this important experimental effect, even when the average over
the different structures is considered, and so standard excitonic
models are not suitable to reproduce the hypochromic effect in
DNA.
ECD Spectra. In Figure 5, we compare the experimental

ECD spectrum of (GC)9 with the average ECD spectra
computed by using FrDEx or FHC Hamiltonians on the

Figure 4. (left) Computed absorption spectra of GC5 at time 0 ns of MD trajectory with FHC and FrDEx compared with sum of monomers. In
brown we show the experimental absorption spectrum of (GC)9, normalized with respect to the TD-DFT one, adapted with permission from ref
48. Copyright 2015 American Chemical Society. (right) Calculated absorption spectra of all MD structures (gray) and their average (black) studied
using the FrDEx method. All spectra are shifted by −0.75 eV.

Figure 5. Computed ECD spectra of GC5 for different structures
extracted from MD trajectory (in gray), their average is plotted in
black. All FrDEx calculations use rolling trimers as the SC to calculate
Hintra and pair as the SC to calculate Hinter. All spectra are shifted by
−0.75 eV. For comparison, in dashed brown we show the
experimental ECD spectrum of (GC)9, adapted with permission
from ref 48. Copyright 2015 American Chemical Society. In order to
get an easier comparison with calculations, the intensity of the
experimental spectrum is multiplied by a factor of 2.2.
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different structures extracted from MD simulations. FrDEx
reproduces well the shape and position of the experimental
spectra. Considering that the shift of the spectrum has been
tuned on the absorption spectra of the separated monomers
(no additional adjustment has thus been performed to match
oligonucleotide ECD, see also Figure S16), the FrDEx method
fairly well captures the effect that the formation of the duplex
has on the optical properties of the bases. Our calculations
overestimate the intensity of the positive peak at ∼280 nm (the
intensity of the experimental spectrum has been multiplied by
2.2), but the relative intensity of the positive lobe at ∼290 nm
and the negative one at ∼250 nm is quite satisfactorily
reproduced, though the latter one is too weak. However, the
relative intensity of the negative peak is also sensitive to the
behavior of the high energy region of the spectrum (in the
region 200−240 nm), whose treatment would require a much
larger number of excited states. On the other hand, the FHC
spectrum, though capturing the typical ECD signature of B-
DNA, is slightly blue-shifted with respect to FrDEx, and
underestimates quite significantly the intensity of the positive
∼290 nm lobe. This feature could be related to the absence of
CT states in this method. Indeed, as shown in Figure S11 of
the SI, many low-energy excitonic states have a noticeable
contribution from CT diabatic states. Though all the spectra
have a similar shape, the position and the relative intensity of
the lobes quite significantly vary from one structure to another,
indicating that our approach could also provide insights into
the effect modulating the ECD spectra. A more detailed
analysis is however outside the scope of the present paper.

Interplay between Bright and CT States in GC and CG
Steps. Some Insights on the Conformational Dynamics of
GC and CG Steps. We have analyzed the conformational
behavior of GC and CG steps in different contexts, that is,
central tetrads in either GC or AT repetitive sequences as
detailed in Scheme 1. In particular, we have focused our
attention on the stacking geometry of the two steps, by
analyzing the distance between the purine and pyrimidine rings
along the two strands and their overlap. Independently of the
duplex considered, our simulations indicate that GC steps are
more strongly stacked than CG steps. Indeed in the former
step, the two bases are closer (3.7−3.8 Å vs ∼4.4 Å) and their
overlap is 4−5× larger (see Table 1). CG steps are slightly
more closely stacked when embedded in alternated GC than in
AT. Indeed, the interbase stacking distance is slightly shorter,
the overlap area larger in this former duplex (see Figure S5 in
the SI) On the contrary, for a GC step embedded in AT
sequence, the distribution of the distances is narrower and with
the maximum shifted at lower values than in (GC)5 sequence.
Also the base G-C rings show higher overlap areas in AT
repetitive sequences compared to GC repetitive sequences.
Hence, the GC step is more stacked in the tetrad AGCT than
in the CGCG one The analysis of the root mean squared
fluctuations (RMSF; see Figure S6 in the SI) also indicate that
GC step is stiffer when embodied in the AT than in the (GC)5
sequence.

Similar stacking geometry trends for CG and GC steps in
different sequence contexts are observed in selected PDB
experimental structures (Table S14 in the SI), thus confirming
the validity of our analysis.
FrD-LVC QD Simulations. In Figures 6 and 7 we report the

average results (over the 11 structures considered) of the QD
simulations for GC and CG steps following the excitation to
one of the three lowest energy bright diabatic states on each

strand when included in GC or AT tracts. Confirming the
preliminary indications obtained in a parallel characterization
of the main singlet deactivation paths in GC sequences,72 a
quite effective and fast population of the intrastrand CT states

Table 1. Stacking Parametersa

distance (Å) overlap area (Å2)

step mean StDev mean StDev

CG step
(GC)5
C1G1 4.37 0.46 0.57 0.97
C2G2 4.36 0.46 0.60 1.00
ACGT
C1G1 4.41 0.40 0.46 0.88
C2G2 4.44 0.39 0.38 0.79
GC step
(GC)5
G1C1 3.81 0.30 2.00 1.32
G2C2 3.80 0.29 2.06 1.31
AGCT
G1C1 3.74 0.21 2.61 1.04
G2C2 3.73 0.21 2.61 1.04

aDistance between the centers of mass of the base ring heavy atoms
(no exocyclic atoms) belonging to adjacent C and G bases along
strands 1 and 2. Overlap area of base ring atoms of adjacent bases
along each strand. The overlap area has been calculated by
considering the strands separately, that is, treating the whole structure
as a continuous single helix.

Figure 6. GC tetrad population dynamics following initial excitation
to (a) G1(La), (b) G2(La), (c) G1(Lb), (d) G2(Lb), (e) C1(ππ*1),
and (f) C2(ππ*2). Averaged over snapshots from the (GC)5 (solid
lines) and GC in AT tract (dashed) MD simulations.
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(G1 → C1-CT and G2 → C2-CT) is predicted, both for GC
and CG steps. In the following we shall label the two strands of
the duplex as 1 or 2 as they are shown in Figure 1.

In detail, for the GC steps, on average, after 100 fs more
than 60% of the excited state population is on G1 → C1-CT
when the spectroscopic states are on G1 or C1, or on G2 →
C2-CT when the spectroscopic states are on G2 or C2. There
is only a ∼5% difference in population of these intrastrand CT
states whether the GC tetrad is embedded in the (GC)5
sequence or AT tract. There is also no significant population of
the interstrand CT states. As shown in Table 2 (as well as
Tables S1 and S4 in the SI), the averaged diabatic energies of
the intrastrand CT states are approximately isoenergetic with
the lowest bright states (and very similar whether in (GC)5 or
an AT tract), while the interstrand CT states lie approximately
0.6 eV higher in energy.

While the bases above and below the tetrad only have a
small influence on the dynamics, the effect of the step is more
noticeable. As shown in Figure 7, for CG steps the population
transfer to the intrastrand CT states is less substantial than for
GC, albeit they are always the most populated states following
photoexcitation, involving ∼40% of the photoexcited pop-
ulation. Similar to GC, there is also no significant difference
whether embedded in (GC)5 or AT. As shown in Table 2, the
intrastrand CT states are ∼0.3 eV less stable in the CG step
than in GC, and with smaller couplings to the lowest bright
states, in particular, for the bright states on C, explaining the
lower population of the intrastrand CT states for initial
excitation on this base for the CG steps. The effect of the step

correlates well with the analysis of the molecular dynamics
simulations in the previous section, with the GC steps shown
to be closer together and with more overlap of the bases than
the CG steps, resulting in lower intrastrand CT energies, and
stronger couplings to the bright states.

Turning to an analysis of the individual QD simulations,
rather than averaged over the MD sampled structures, in
Figure 8 we show the population of the intrastrand CT state,
following excitation on the lowest bright state of each base in
the same strand. The structures are GC tetrads extracted from
the (GC)5 MD simulation (with the corresponding plot for the

Figure 7. CG tetrad population dynamics following initial excitation
to (a) G1(La), (b) G2(La), (c) G1(Lb), (d) G2(Lb), (e) C1(ππ*1),
and (f) C2(ππ*2). Averaged over snapshots from the (GC)5 (solid
lines) and CG in AT tract (dashed) MD simulations.

Table 2. Averaged Diabatic Energies Eii of the Lowest Bright
States on Each Base and the Intra- and Interstrand CT
States, as Well as the Absolute Value of the Couplings Eij of
the Bright States with the Corresponding Intrastrand CT
Statea

energy
GC in
(GC)5

GC in
AT

CG in
(GC)5

CG in
AT

G1(La) 5.310 5.318 5.313 5.311
G2(La) 5.316 5.319 5.315 5.306
C1(ππ*1) 5.308 5.304 5.324 5.319
C2(ππ*1) 5.318 5.312 5.316 5.321
G1 → C1-CT 5.277 5.226 5.582 5.547
G2 → C2-CT 5.292 5.246 5.577 5.561
G1 → C2(CT) 5.893 5.834 5.984 5.926
G2 → C1(CT) 5.911 5.905 5.900 5.906
coupling
G1(La):G1 → C1-CT 0.090 0.069 0.048 0.069
C1(ππ*1):G1 → C1-CT 0.087 0.077 0.024 0.019
G2(La):G2 → C2-CT 0.061 0.062 0.057 0.039
C2(ππ*1): G2 → C2-CT 0.067 0.078 0.035 0.014

aFrom molecular dynamics snapshots of GC and CG steps in (GC)5
or AT. In eV, parameterized by M05-2X/6-31G(d)/PCM(water)
calculations.

Figure 8. Population of the corresponding intrastrand CT state
following initial excitation of (a) G1(La), (b) G2(La), (c) C1(ππ*1),
and (d) C2(ππ*2) for each of the GC tetrad snapshots from the
(GC)5 MD simulation.
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CG tetrads shown in the SI, Figure S32). A number of things
are immediately apparent from this figure. First, there is a large
dispersion of the population of the CT state, ranging from
virtually no population after 100 fs, to very quick and almost
complete (>0.8) population. In fact, the average result shown
in Figure 6 is somewhere in between these extremes. A second
thing to notice is the asymmetry of the different strands. For
example, the 600 ns structure has little population of the G1 →
C1 CT state, while there is significant population of the G2 →
C2 CT state, for excitations on strand 1 or 2, respectively.
Third, there is also asymmetry between the bases on each
strand. For example, the 800 ns structure has limited
population of the CT state following excitation of G1(La),
but much more significant population following excitation of
C1(ππ*1), while on strand 2 the opposite is true. As shown in
Table S3 in the SI, these features are nicely correlated with the
coupling of the bright state to the CT state. In the cases where
there is limited population of the CT state, the population
typically remains on the bright state of initial excitation, rather
than transfer to any other state (see Figures collected in
Section S4 of the SI for the complete dynamics of each
snapshot). A final thing that can be observed in this figure are
oscillations in the CT populations of certain snapshots. These
are due to coherences with bright states on the same strand, as
evidenced by the full population figures collected in Section S4
of the SI. Furthermore, for an example snapshot at 2000 ns
that shows significant oscillations, we compute and plot the off
d i a g o n a l e l e m e n t s o f t h e d e n s i t y m a t r i x

= {| | }t t( ) Tr CT LE ( )LE,CT for a more direct measure of
the coherence, as shown in Figure S19. We noticed similar
behavior for the population of a CT state in a GC Watson−
Crick pair in ref 84. These coherences are essentially washed-
out when the populations are averaged over a number of
simulations.

■ CONCLUDING REMARKS
In this work we have defined a suitable computational strategy
for the inclusion of thermal fluctuations in the study of the
excited state behavior of DNA fragments, tackling (i) the
computation of the steady state absorption and ECD spectra
and (ii) the simulation of the population transfer between
bright and CT states, on the ultrafast time-scale. Our approach,
following a recipe commonly used in the study of MCAs,85−87

exploits MD simulations to generate a certain number of
structures to be used in subsequent QM-based analysis. It is
clear that such a strategy can be adopted if the “QM-based”
part is sufficiently accurate to provide reliable indications and,
at the same time, its computational cost is low enough to be
applied to a sufficiently large number of structures.

Without aiming to provide fully statistically representative
results, this test study shows that these requirements are met
by our FrDEx and FrD-LVC methods. Both methods are
rooted in a fragment diabatization procedure, which, based on
a reference TD-DFT calculation, provides the electronic
parameters for study the photoactivated dynamics of a MCA
(energy, coupling) in terms of diabatic states localized on each
chromophore.29,31 This is a “natural” approach for excitonic
models, which describe MCAs on the basis of their constituent
chromophores.85,88,89 Moreover, it is also suitable for QD
studies,90,91 especially when coupled with MD. Of course, the
choice of the diabatic basis is not unique92 and one could
imagine a scenario in which delocalized states are used instead

of monomer-based states. However, in a fluctuating system,
where transient localization can always occur (e.g., due to
strand opening motions), the monomer basis is likely the most
suitable interpretive framework.

In this study, we tried to define the best strategy to use
FrDEx within B-DNA. Based on our experience on GQ,29,30

we used dimers (including only the closest bases) for Hinter
terms and assessed two models (trimer strand and tetrad, see
Scheme 2) for the computation of Hintra. The rolling trimer
strand approach appears the most suitable one, providing
similar accuracy to the tetrad approach, with a smaller
computational cost. Moreover, in principle we could also
obtain CT couplings (at least those with the stacked bases)
directly from the rolling trimer calculation, further reducing the
number of dimer calculations necessary to compute Hinter
terms.

Thanks to the diabatization procedure, FrDEx can include
the effect the surrounding monomers on the local excitations
and consider CT states, the most suitable approach for a
closely stacked MCA such as DNA. The importance of these
effects in DNA are clearly shown by the computed absorption
and the ECD spectra of (GC)5. In both cases FrDEx spectra
are very close to the reference TD-M05-2X ones, the most
significant discrepancy being a slight blue-shift of the
maximum of the positive lobe at ∼290 nm. More importantly,
they reproduce fairly well the shape of the experimental ECD
spectrum of (GC)9, though the overall spectrum is significantly
blue-shifted with respect to the experimental one, mirroring
the inaccuracies of the reference TD-M05-2X calculations. The
important hypochromic effect associated with the formation of
DNA duplex is also fully captured. A standard excitonic
Hamiltonian, including only isolated local excitations and no
CT states, fails to reproduce the hypochromic effect and the
computed ECD spectrum is in worse quantitative agreement
with the reference ones, being further blue-shifted with respect
to the FrDEx one and underestimating the intensity of the
positive peak in the red-wing. On the other hand, the
computed ECD spectra are still in fairly good qualitative
agreement with the experiments, and the computational cost of
FHC calculations is smaller than the FrDEx ones, making it
more suitable to be applied to a more extensive sampling of the
MD simulations. However, it cannot be taken for granted what
the effect of the FHC approximations with other DNA
sequences are. In perspective, in future studies, it could be
interesting to integrate FrDEx and FHC, using the former one
to test the accuracy of FHC on a restricted number of
snapshots. By using a larger, more statistically relevant, number
of structures, it could be possible to get additional insights on
the structural effects ruling the shape of the ECD spectra,
increasing the possibility of using the analysis of the ECD
spectra to monitor the DNA structural dynamics.

For what concerns QD simulations, we show here that,
thanks to the huge advance in propagation methods such as
MCTDH, FrD-LVC can describe the ultrafast dynamics of a
system with four nucleobases, including a large number of
excited states and vibrational modes. Here, to show the
potentialities of our method, we analyzed two different steps
(CG and GC, with four bases) in two difference sequences
((CG)5 and ACGT/AGCT), simulating 100 fs of the
dynamics on 11 different structures. On this ground, it could
be rather straightforward to sample more structures, especially
if focusing on a single step within a well-defined sequence, or,
even more easily, in a single DNA strand. Actually, the main
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limitation of our simulations are those related to the use of
LVC model (see ref 31 for a more detailed discussion), which
makes it possible to study only the ultrafast part of the excited
state dynamics, due to the reliance on a harmonic description
of the vibrational modes, Moreover, we do not consider the
out-of-plane motion, and therefore, we cannot properly
describe the “monomer”-like deactivation routes, which involve
severe distortion of the nucleobases planarity.15 However,
these deactivation routes are characterized by time constants
>200 fs,77,78 that is, slower than the time regime studied here.
In the ≤100 fs time regime we study, we have highlighted that
for some structures that have suboptimal stacking, CT states
are not significantly populated, and the population remains on
the locally excited states, opening up the possibility of
monomer deactivation at later times. Finally, we work within
the static disorder limit, that is, considering intermolecular
arrangements too slow to move during the 100 fs photo-
dynamics. In this limit, the coupling with MD simulations is a
very promising approach, because it allows sampling of the
slower vibrational degrees of freedom, for which the use of
harmonic approximation is less reliable.93,94 Also in this case,
in perspective, FrD-LVC could be profitably used to
complement surface-hopping semiclassical simulations meth-
ods95−97 to assess the importance of nuclear quantum effects
and identify the diabatic states ruling the photoactivated
dynamics.

Besides these methodological aspects, our simulations
confirm that UV excitation of oligoGC leads to the effective
and fast population of intrastrand CT states,48,54,72 which,
according to previous studies, can then be involved in PT
reactions.47,48,54 We here show that this transfer is more
effective for GC than for CG steps, since the former are more
closely stacked than the latter. Moreover, this conclusion is
valid when GC/CG steps are included both in an oligoGC or
in an oligoAT sequence, paving the route for future studies,
experimental or computational, that explicitly tackle the
dependence of the photoactivated dynamics of a given
fragment on the DNA sequence to which it is inserted.
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