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Abstract

We here propose a general and flexible approach, based on a fragment diabatisation, which
incorporates charge transfer states and significantly increases the reliability of excitonic Hamil-
tonians for systems where the chromophores are very close. This model (FrDEx) is used to
compute the electronic circular dichroism and absorption spectra of two prototype guanine-
rich DNA sequences folded in quadruple helices (GQs), i.e. a fragment of the human telomeric
sequence (Tel21, antiparallel), and TGGGGT (TGA4T, parallel). Calculations on different sub-
sets of Tel21 and TG4T, from dimers to tetramers, show that FrDEx provides spectra close
to the reference full quantum mechanical QM ones (obtained with time dependent density
functional theory), with significant improvements with respect to ‘standard’ excitonic Hamil-
tonians. Furthermore, these tests enable the most cost-effective procedure for the whole GQ
to be determined. FrDEx spectra of Tel21 and TG4T are also in good agreement with the QM
and experimental ones and give access to interesting insights on the chemical-physical effects
modulating the spectral signals. FrDEx could be profitably used to investigate many other
biological and nanotechnological materials, from DNA to (opto)electronic polymers.

1 Introduction between point dipoles!! being the dominant
term at large distance. This strategy not only

Excitonic (Ex) Hamiltonians, such as the
Frenkel Hamiltonian, are widely employed
and cost-effective tools to model photoacti-
vated processes in multichromophoric arrays
(MCASs)." ™ They describe the collective ex-
citations triggered by light in MCAs on the
basis of local excitations (LEs) on individ-
ual chromophores and the couplings between
them. The exciton coupling can be computed
as a Coulombic interaction between the transi-
tion densities,® 1% which can be approximated
by multipolar expansion, with the interaction

avoids resorting to accurate but computation-
ally expensive quantum mechanical (QM) cal-
culations, which cannot be routinely applied to
such large systems, but also provides a simple
interpretative framework for complex processes.
However, Frenkel Hamiltonians should only be
applied to weakly coupled bright singlet LEs
such that they are ‘monomer-like’, i.e. in MCAs
where the-inter-ehr e (listance is Jareer
s size he—e there is
no significant wavefunction (WF) overlap be-
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tween LEs. Moreover, Frenkel Hamiltonians do
not include the coupling with charge transfer
(CT) states. Both approximations limit their
reliability for many systems/processes, where
the chromophores are strongly coupled and/or
CT states are key players. In this respect,
in the last few years several procedures have
been developed to incorporate CT states into
excitonic models of MCAs.*?2? Extending the
range of applicability of excitonic Hamiltoni-
ans is a key goal, since in many of the MCAs
of biological or technological interest the chro-
mophores are closely stacked. As a further step
forward in this field, we here propose a method
that takes into account the perturbation and
overlap of LEs due to nearby strongly coupled
chromophores, as well as the contributions of
CT states. It is based on a fragment diabatisa-
tion scheme and hence we name it the Fragment
Diabatisation based Excitonic (FrDEx) model.
It appears a complete and flexible tool, being
able to consider multiple LEs for each site,
all possible CT states, as well as interaction
terms involving many monomers, in the fol-
lowing refereed-referred to as ”many-monomer
effects”. In addition to being capable of includ-
ing all these effects, it is also possible to switch
on and off the different couplings, making it
easier to find the most cost-effective approach
for the MCA under study and assess the error
associated with each choice.

As a first, key, application, we compute the
electronic circular dichroism (ECD) and the ab-
sorption spectra of two representative guanine-
rich DNA sequences arranged in quadruple he-
lices (guanine quadruplexes, GQs), each with a
different folding topology. The first is a tract of
the human telomeric sequence d[Gs(T2AGs)s]
(hereafter Tel21, antiparallel),?** and the sec-
ond is the parallel tetramolecular GQ formed by
the (TGGGGT), sequence (hereafter TG4T),
both of which are illustrated in Figure 1. DNA
is a prototypical strongly coupled MCA and the
GQ represents an ideal stress test for any exci-
tonic model, since Gs are arranged in closely
stacked planar tetrads and two LEs have to be
considered for each base. Moreover, GQs are
involved in several fundamental biological func-
tions,? motivating a strong interest in their in-

=Y
w wu

4y
()]

=
iR

+
~N

=
=10

(<))

TGAT

A anti G

Tel21

A syn G

® Adenine ® Thymine © Na*

Figure 1: Schematic drawing of the guanine
quadruplex structure of Tel21 (antiparallel) and
TGAT (parallel).

triguing structural properties.?® Depending on
the sequence and several environmental param-
eters, GQs can adopt many different folding
topologies, each with a different ECD signa-
ture.?” 3% Any advance in the computation and
interpretation of the ECD spectra of GQs is
therefore intrinsically relevant. ECD has actu-
ally been extensively adopted for the investiga-
tion of the supramolecular structure of MCAs
since the early stages of the ECD exciton chi-
rality method,?*3® yet still the simulation of
the ECD of strongly coupled MCAs remains a
challenge. 37

Our method provides spectra very close to
those obtained at the full QM level used for its
parameterisation (in this case time-dependent
density functional theory, TD-DFT) and they
are in good agreement with the experimen-
tal ones, with a meaningful improvement over
previous approaches based on Frenkel Hamil-
tonians with Coulombic couplings (FHC).3 42
Moreover, we exploit FrDEx to demonstrate
how the LEs on each monomer are affected by



the large coupling with the surrounding bases,
and the influence of the CT states, which deter-
mine the peculiar spectral properties of GQs.

2 Methods

For FrDEx, an excitonic state k for a system of
Ny monomers is written as
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where, for each monomer m, the index « la-
bels the Ny possible LEs (L") with corre-
sponding coefficient C%*. The index v identifies
the Ncr different types of CT states (CT'™")
where an electron is transferred from monomer
m to monomer n, with corresponding coefficient
Cyk,

In order to obtain the energies and cou-
plings of the FrDEx Hamiltonian, we have mod-
ified the diabatisation procedure introduced by
us in Ref. 43, following a ‘fragment based’
approach, similar to that of Voityuk* and
Tamura, Burghardt, and Polkehn 2716 —

In FrDEx, we define diabatic states of some
supramolecular complex (SC) consisting of
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Npag fragments, a subset of the total Ny
monomers, using as reference states either the
adiabatic states of the fragments (for LEs), or
orbital transitions between the fragments (for
CT states).

As derived in Section S1 of the Supplemen-
tary Information (SI), the diabatic states |d)
are then obtained by
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where § = (R"™|a5C) is the overlap of the
reference states of the fragments (| R™)) with
the adiabatic states of the SC (]a®“)). The dia-
batic energies and couplings can then be calcu-
lated from the transformation matrix D applied

to the dlagonal matrix of adiabatic energies of
the SC H(a®")

H(d) = D"H(a®")D. (3)

A diagrammatic representation of the ener-
gies € and couplings V' obtained from a diabati-
sation on a dimer is shown in Figure 2, with
just two types of LE and CT states illustrated
for simplicity.

More explicitly, the FrDEx Hamiltonian for
an entire MCA, including only two-monomer
CT-CT couplings (more explanation on this
point is found below) may be written as
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Figure 2: Diagram for the energies and cou-
plings obtained by the FrDEx diabatisation per-
formed on two monomers (1 and 2) with two
kinds of LE (L, and L) and two kinds of CT
state (CT, and CTy,).

where h.c. stands for Hermitian conjugate.
This Hamiltonian is similar to other ones in-
volving CT states, such as those employed by
Tamura, Burghardt, and Polkehn,?™!® as well
as Cupellini et. al.?"?? and Li et. al.'” in re-
cent studies of the absorption spectra of Light
Harvesting systems. The procedure we use to
find the optimal parameters for the Hamilto-
nian, however, entails some relevant differences.

In our approach, we split the Hamiltonian
into an intramolecular part, Hi,, and an in-
termolecular part, Hi,er- In the intramolecular
part, we have the LE energies e;,m, and the cou-
phngs of different LEs on the same monomer,

VLTS. These couplings (highlighted in light
blue in Figure 2a for the dimer) are zero in a
monomer, but become non-zero in a MCA due
to the electrostatic influence of the surround-

ing monomers —and/or_the overlap with their
molecular orbitals, causing LEs defined on an
isolated monomer to mix when other monomers
are_present_nearby. This effect has also_been
discussed in Ref. 19. Furthermore, the epm
are typically equal to that found in the isolated
monomer in ‘standard’ excitonic models, but

they can also be influenced by the electrostatic

effect_of surrounding monomers in a MCA. In

the following we will refer to both these phe-
nomena that affect the LEs as a ‘perturbation’
of Hintra-

In the intermolecular part, we have the CT
energies ectm—m; the couplings between LE and

CT states VL%T;n ' (the CT creates a hole in

the same monomer involved in the LE), and

Voo (the CT state transfers an electron to

the same monomer involved in the LE); and
the LE-LE couplmgs between LEs on differ-

ent monomers, V m. For simplicity, only two-
monomer CT-CT couplings are included in Eq.
4. In other words, we considered those between
CT states in which one is transferring an elec-
tron from monomer m to monomer n and the
other is transferring an electr_o)n from monomer
n to monomer m with VSTTy;Z;: , and those be-
tween different types of CT states where they
both transfer an electron from monomer m to
n with VCTm_m .

The three-monomer (VCCTTT,HTLP and VgTTmﬁn)
and the four-monomer (VgTTnln) CT couplings
are thus lacking. However these latter terms
can also be easily computed and considered, by
using in the diabatisation a SC consisting of
three/four or more monomers, as shown in the
Results section.

The flexibility of the FrDEx method lies in
the ability to choose a SC of any size to com-
pute the couplings and energies, so to balance
computational cost and accuracy, avoiding, at
the same time, any double-counting effect. As
reported in the Results section, we explore this
feature testing different choices of SC to find
the optimal parameterisation for the H;,, and
Hiier parts of the Hamiltonian.

For the calculation of the spectra, the electric
p and magnetic m transition dipole moments of
the diabatic states are obtained via the trans-
formation matrix D applied to the transition
dipole moments of the adiabatic states of the
SC chosen for the diabatisation, in the same
manner as Eq. 3. For the calculation of the ro-
tational strength, we follow the procedure pre-

viously put forward by Jurinovich et. al., 3%



and also choose to use the velocity gauge, so as
to obtain an expression that is origin indepen-
dent:
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In the above, the LE and CT states have been
grouped together in the double sum over Ngiap
diabatic states, the superscript ‘v’ specifies that
p (and R) is computed in the velocity gauge,
Vor, is the transition frequency of the excitonic
state k and 1y is the transition frequency of the
diabatic state (. For further details, please see
Section S2 of the SI.

3 Computational details

In principle, any QM method can be used to pa-
rameterise the FrDEx Hamiltonian, by simply
changing the way the matrix S is computed.
Due to the size of the GQ, we choose TD-DFT
M052X/6-31G(d) calculations in order to have
a full QM reference of the entire GQ, includ-
ing solvent effect (water) with the polarizable
continuum model (PCM).% All TD-DFT cal-
culations were performed using the Gaussian
16 package,?® with the couplings for the FHC
model calculated by using the ‘EET’ option. !

The structure of Tel21 was taken from the
first NMR structure from PDB code 143D,%"
whilst that of TG4T from PDB code 244D.%8
The 143D structure already contained va-
lence hydrogens and had been refined by
distance-restrained molecular dynamics, so we
did not make any changes to the overall
structure. The structure of 244D does not
contain valence hydrogens and is from X-
ray diffraction data, so valence hydrogens
were added, and a partial geometry optimisa-
tion performed at the PCM(water)/M052X/6-
31G(d)/MM level.*® The partial geometry op-
timisation also predicted a ‘more symmetri-
cal’ TG4T structure than that obtained di-
rectly from the PDB, such that we could test
whether a reduction in parameters for FrDEx
was possible, (see SI in Figure S5). Further-
more, geometry optimization leads to a fur-

ther decrease of the average stacking distance,
providing a more stringent test for our pro-
cedures. For both structures, before the TD-
DFT calculations were performed, all nucle-
obases except the guanines in the tetrads were
removed, along with the sugar rings and in-
ner Na*t ions. Their effects could be consid-
ered in our model if required, for example at
the QM /MM level. Following this, each of the
guanines in the tetrads were replaced by a 9-
methyl-guanine (mG), geometry optimised at
the M052X/6-31G(d)/PCM (water) level of the-
ory, by minimising the RMSD between them.

The diabatisations were performed with an
in-house code, available from the authors on re-
quest. The spectra for both excitonic methods
were calculated using a modified version of the
EXAT program, ‘>4 with various scripts inter-
facing the diabatisation code for FrDEx to pro-
duce the required input for EXAT.

All the calculated spectra are shifted by
—0.85 eV, i.e. the amount necessary to super-
impose the PCM/TD-M052X/6-31G(d) spec-
trum of mG in water onto the experimental one
(see Figure S1 in the SI).?° Applying always the
same shift we can rigorously check the ability of
our method to reproduce the effect of the stack-
ing arrangement typical of each GQ fold on the
shape and position of its spectrum.

4 Results

4.1 Test calculations on smaller
systems

As discussed in Section 2, the flexibility of
FrDEx lies in the possibility to choose a SC
of any size in the diabatisation to parameterise
the Hamiltonian. Applying the diabatisation
to a SC as large as the GQ would provide the
full Hamiltonian expressed on the basis of the
‘monomer-like’ LEs, CT states, and coupling
between them. On the other hand, retaining
only a subset of LE/CT couplings, thus reduc-
ing the dimension of the SC used for the di-
abatisation, could allow significant savings in
computational time with small loss in accuracy.
This choice is obviously system dependent, and



FrDEx permits one to easily check for the ex-
pected error of any approximation.

4.1.1 Dimers

As a first step, we start analysing three repre-
sentative stacked dimers from Tel21 and TG4T
with different stacking geometry and interbase
stacking distance, shown in Figure 3. It will be
simpler to assess the importance of the different
interactions in determining the spectral shape
for these dimers than for the full GQ, whilst at
the same time these tests will provide important
indications on the most suitable methodological
approach for the study of the GQ.

Computing the ECD of GQ in the UVC-UVB
requires that the two lowest bright m7* states
of G, commonly referred to as the L, and L
states,”! are explicitly considered.

For what concerns the CT states, FrDEx al-
lows to consider any possible transition between
filled orbitals of a monomer and empty ones in
another. We tested different numbers of CT
states, see Figure S6 in SI, and we choose to
include the transitions between the frontier or-
bitals (two filled, three empty) involved in L,
and L, states, for a total Nor = 6 types of CT
states (n.b. this leads to 12 CT states for ev-
ery pair, since we have Ncr from one monomer
to another, and vice versa). This procedure
was determined to be the optimal mix of ac-
curacy and efficiency; it indeed provides spec-
tra more accurate than those obtained by con-
sidering a smaller number of CT states, and,
at the same time, very close to those includ-
ing additional types of CT states. Concern-
ing this latter point, it is worth remembering
that for greater numbers of CT states a larger
number of adiabatic states of the SC would be
needed for the transformation in Eq. 2, increas-
ing the computational cost. From a general
point of view, the combination of FrDEx with a
suitable analysis tool of the wavefunction, e.g.
TheoDORE,?*?3 could also help the choice of
SC and number of LE/CT states to include.

In Figure 3, we compare the spectra pro-
vided by FrDEx, FHC, and TD-DFT calcula-
tions. We report FrDEx spectra including in
the Hamiltonian either only LEs or both LE
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Figure 3: ECD spectra for selected stacked
pairs from Tel21 and TG4T. The interbase
stacking distance is defined as the component
of the absolute distance between the centroids
of the bases that is perpendicular to the plane
of the bases.

and CT states, so to illustrate separately the
effect of the H..» perturbation on the LEs, and
the addition of CT states. Note that any differ-
ence between FrDEx ‘LE Only” and FHC spec-
tra is entirely due to the perturbation of Hiyra.
When CT couplings are not considered, for a
dimer the LE-LE coupling terms in Hi., are
almost equivalent for FHC and FrDEx calcula-
tions (see SI Figure S10).

For G1-G2 from Tel21 (panel (a)), inclusion of
CT states is necessary for a correct description



of the high-energy positive peak at ~240 nm,
whereas the effect of Hi,,n perturbation due to
the surroundings is very small. This result can
be explained by the larger contribution of CT
states in the high energy region. Interestingly,
the FHC method is able to capture the sign
of the rotatory strength of the different transi-
tions, but significantly underestimates the split-
ting between the positive/negative eigenstates,
likely due to the neglect of CT states. As a
consequence, their positive/negative contribu-
tions cancel out, leading to a very shallow ECD
spectrum.

For the G2-G3 pair from Tel21 (panel (b)),
the opposite is true, i.e. considering the Hiyra
perturbation due to the stacked bases is neces-
sary to improve the agreement with TD-DFT
results, whereas inclusion of the CT states has
a smaller, though still noticeable effect. Inter-
estingly, this pair is less closely-stacked than
G1-G2, indicating that the relative importance
of the different effects is governed by the ‘over-
all” stacking geometry of the pair and not only
by the mere inter-base distance. In this case
the severe underestimation of the positive peak
at ~280 nm by FHC is mainly due to the wrong
description of the relative intensity of the posi-
tive /negative contributions in that energy win-
dow. This underestimation is not fully recov-
ered by FrDEx, indicating that inclusion of fur-
ther LE or CT states may be necessary. As we
show in the SI, increasing Ncr to 8 produces
only a minor improvement, so it is likely that
a very large number is needed to perfectly ac-
count for the larger orbital overlap/delocalisa-
tion.

For the G2-G3 dimer extracted from TG4T
(panel (c)) the FHC spectrum is very differ-
ent from the full QM reference, likely due to
the strong overestimation of the negative rota-
tory intensity of the transition at 275 nm. Both
the perturbation of Hj,. and inclusion of the
CT states lead the FrDEx calculation to im-
prove the agreement with TD-DF'T spectra, al-
beit this agreement is not perfect. This pair has
the closest stacking distance of the three exam-
ples, and inclusion of additional CT/LE states
may be necessary to more accurately consider
the larger orbital overlap/delocalisation. Simi-

Table 1: Hiya parameters (LE energies and
intramonomer L,-1;, couplings) for G2 from
Tel21, obtained by using different SCs.

L2
SC a;ap W
(eV) (eV) (meV)
Monomer 5.355 5H.814 0
G1-G2 5.346 5.798 3.54
G2-G3 5.365 5.797 -14.61
G2-G5 5.339 5.793 8R.07
Average 5.356 5.807 12.23
Dimers
GGG 5.348 5771 -10.15
Trimer
G2-G5-GL1-G8 5.351 5.768 110.40
Tetrad
G1-G2-G3-G5-G8
HB-+Stack 5.334 5.681 95.17

lar to the G2-G3 dimer from Tel21, increasing
Ner to 8 produces a minor improvement, so
once more it is likely that a very large num-
ber is needed to perfectly account for the larger
orbital overlap/delocalisation.

For the distant dimer G1-G3 from Tel21, CT
states only have a limited effect (see Figure S6
in the SI), suggesting that it may not be nec-
essary to include those pairs that are well sep-
arated in the full GQ.

Hydrogen bonding can also affect Hiygpa.
Since ECD spectra of hydrogen bonded dimers
are not intense (see Figure S7 in SI), this effect
can be more easily appreciated by directly com-
paring the Hj,. parameters obtained for G2
with different SCs used in the diabatisation, as
shown in Table 1. Hydrogen bonding (see G2-
G5 dimer) causes a larger red-shift of the L,
and Ly, energies relative to the monomer than
the stacking interactions (G1-G2 and G2-G3),
and a much larger value for the intramonomer
L.-L;, coupling (i.e. L, and Ly of an isolated
Guanine mix due to the H-bond).

4.1.2 Stacked Trimers and Tetramers

In the next step, we shall analyse in detail
the spectra of a representative trimer (G1-G2-
G3 from Tel21 as labelled in Figure 1), in or-
der to get insights on the importance of three-
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Figure 4: ECD spectra for the G1-G2-G3
stacked trimer of Tel21 computed by TD-DFT,
FHC, and FrDEx. For FrDEx, different sizes of
SC are used in the calculation of the Hjyer and
Hiira portions of the Hamiltonian. See text for
further details.

monomer effects, which can also guide us in
the choice of the most suitable SC for study-
ing the whole GQ. In principle, considering a
trimer would include three-monomer effects in
the calculation of couplings between CT states
(see also Li et. al.'?), due to the effect of G3
on the CT transitions involving G1 and G2.
Fig. 4 reports the ECD spectra of the G1-G2-
G3 stacked trimer in Tel21 calculated by TD-
DFT, FHC, and FrDEx, but using different lev-
els of approximation. For the purple spectrum
Hiier and Hipi.n are obtained by a diabatisation
on the entigg trimer, an(i fhus three-monomer
terms Vgﬁﬁﬁnp and VCCTTS% are also accounted
for. This s%ectrum, as could be expected, is the
closest to the TD-DFT reference. However, the
contribution of three-monomer terms is small,
as shown by its similarity with brown spectrum,
where Hiyer and Hiyra are still computed from
the entire trimer, but three-monomer couplings
are set to zero. Analogously, the error found
computing Hipge, from dimers (light blue curve)
appears small, whereas the choice of the SC
used for Hi... appears more critical. Indeed,
the green curve, where both Hina and Hipger
are computed from dimers, exhibits more sig-
nificant discrepancies with respect to the TD-

3t (a) (G1'G2‘G3'G4)TG4T

Molar Ellipticity [@] (10”° deg cm? dmol™")

220 240 260 280 300 320
Wavelength (nm)
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Figure 5: ECD spectra for the (a) G1-G2-G3-
G4 stacked tetramer of TGAT and (b) G2-
G3-G6-G7 hydrogen bonded stacked tetramer
of TG4T computed by TD-DFT, FHC, and
FrDEx. For FrDEx, different sizes of SC are
used in the calculation of the Hinter and Hingra
portions of the Hamiltonian. See text for fur-
ther details.

DFT spectrum, especially concerning the rela-
tive intensity of the two positive lobes. Finally,
as shown in the SI (Figure S8), whilst the inclu-
sion of CT states is a key ingredient to improve
the spectra, the coupling between distant G1-
G3 bases does not play a significant role.

In order to obtain indications on the impor-
tance of four-monomer terms, we computed
the ECD spectra of two tetramers extracted
from TGA4T: the stacked tetramer G1-G2-G3-
G4, and the hydrogen bonded and stacked
tetramer G2-G3-G6-G7. These are shown in



Figure 5. To differentiate the FrDEx spec-
tra, we use a colour code similar to that just
adopted for trimers. The purple and the brown
spectra are obtained by using the full tetramer
for both Hiper and Hinra. However, the purple
includes the three- and four-monomer CT cou-

. CTy P T CT? ™9 .
plings (VCT;?HTL7 Vpsion and VCT;L”), whilst
these couplings are set to zero to obtain the
brown spectrum. Dimers were used for Hiyer
and the tetramer for H;,,, to compute the light
blue spectra. Finally, when Hiyer and Hiygea are
computed on dimers we obtain the green spec-
tra.

These tetramers provide a rather stringent
test due to the close stacking of the bases in
TGA4T. The agreement between FHC and TD-
DF'T spectra is indeed rather poor, in particu-
lar with regards to the low energy peak. For
both tetramers FHC incorrectly predicts the
appearance of a negative lobe at 270~280 nm.
All the FrDEx calculations improve the agree-
ment with TD-DFT reference. In particular,
the noticeable changes between the green and
the light blue curves for the low energy peaks
suggest that computing Hin. from a tetramer
SC allows to account for important effects. The
‘more accurate’ approaches (brown and purple
curves), in which all couplings and energies are
computed with the SC as the entire tetramer,
are closer to the QM spectra, but the improve-
ment with respect to the light-blue spectra is
not large, indicating that the perturbation of
the Hiner term by surrounding monomers is not
as important as the perturbation of the Hiya
term.

As suggested by the similarity between the
purple and brown curves, three- and four-
monomer CT couplings provide a negligible
contribution, except for the negative peak at
~ 240 nm. In fact, for one of the tetramers (G1-
G2-G3-G4) neglect of the three-/four-monomer
terms (brown curves) improves the agreement
with the TD-DFT spectra in that region. How-
ever this is most likely due to a cancellation of
errors, considering that additional LE and CT
states would be necessary to reproduce the high
energy region.

Tetrad HB+Stack

Figure 6: Illustration of different supramolecu-
lar complexes chosen for diabatisation of Tel21
(colored rectangles). Guanines for which FrDex
parameters are obtained from the specified SC
are highlighted in black.

4.2 ECD and Absorption Spec-
tra of Tel21 and TG4T

As discussed in the previous section, the test
calculations on dimers show that 6 types of
CT states are sufficient to include. The tests
on trimers and tetramers indicate some ap-
proximations in the calculation of some Hiyer
terms, i.e. neglecting three- and four-monomer
CT coupling terms, as well as the coupling
with distant monomers, have a limited effect
on the agreement between FrDEx and refer-
ence QM spectra. The computational burden
of FrDEx can thus be safely reduced by consid-
ering only Hier terms involving adjacent pairs
of monomers. On the other hand, the pertur-
bation of Hj,. due to surrounding monomers
has an important impact, and its inclusion can
increase the accuracy of the FrDEx spectra. We



shall exploit these indications when computing
the spectra of Tel21 of TG4T.

The experimental ECD spectra of these two
GQs (see Figure 7) are very different, illustrat-
ing why this technique is a major source of in-
formation on the GQ topology. For Tel21 we
have a positive lobe peaking at 290-300 nm and
a negative one, slightly more intense, peaking
above 260 nm. A third positive peak is found at
~240 nm. For TG4T a strong positive peak at
260 nm is followed by a less intense negative one
at 240 nm. The TD-DFT spectra are in good
agreement with the experimental ones and-wel

reproduee-with respect to the energy difference
and the relative intensity of the different peaks;

espeetatly-when-eonsidering-the-_ The absolute
intensity of the TD-DFT and experimental
spectra_are however different. This could be
partially attributed to_nucleobase/counter-ion
concentration in the experimental spectra, and
how _the resulting ECD_signal is normalised
with_respect to the nucleobase concentration.
A _discussion_of these points is_beyond the
scope_of this paper, and we_ refer readers to
Ref. _54.  Besides the points just mentioned,

the discrepancy with the experimental absolute
intensities can be due, in addition to the

limitations of the QM calculations (functional,
basis set, solvent_model), to the approxima-
tions in the computational/molecular model
nucleobases and counter-ions) and the fact that

only one structure is used for each TD-DFT
spectrum, without including thermal fluctua-
tions and vibrational effects®>.%

FHC calculations can reproduce the qualita-
tive differences in the ECD spectra of the two
folds.??40%% However several important differ-
ences with respect to the experimental (and
reference QM) ones appear. The FHC spectra
are blue-shifted and, more importantly, the rel-
ative intensity of the different peaks is not cor-
rectly predicted. In particular, the low-energy
peak (at ~280 nm) in Tel2l is ~3 times less
intense that the negative lobe (at ~ 260 nm),
whereas they should have a comparable inten-
sity. Whilst for TG4T the intensity of the two
lobes (at ~260 nm and ~240 nm) is too similar.

In the next step of our study we shall com-
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Molar Ellipticity [©] (10 deg cm® dmol™)
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220 320
Wavelength (nm)
FrDEX, H;py5: Dimer Exp
FrDEX, Hipy,: Tetrad TD-DFT ——
FrDEX, Hjpy,: Strand FHC - - -

FrDEX, Hjny,: HB+Stack

Figure 7: Computed (TD-DFT, FHC, and
FrDEx) and experimental 5" ECD spectra of
(a) Tel2l and (b) TGAT. FrDEx spectra use
different sizes of SC to calculate the Hiyp term
of Eq. 4, whilst they all use dimers as the SC
to calculate Hiner. All calculated spectra are
shifted by -0.85 eV.

pute the ECD spectra with FrDEx method.
As mentioned in the introduction to this sec-
tion, the effect of ‘distant’ dimers on the ECD
spectra seems limited, and their computation
can be neglected without detriment to the re-
sults. In order to define what we mean by ‘dis-
tant’, we have computed all the couplings for
all the possible dimers in Tel21 and TG4T. As
reported in the SI, Section S5, either when the
stacking distance is > 6 A or when the ab-
solute distance between centroids of the mG
bases is > 10 A all the coupling terms of Hiyer
(i.e. inter-monomer LE-LE couplings and all



CT couplings) are very small, which is the rea-
son why their inclusion does not affect the spec-
tra. This distance dependence of the couplings
implies that the dimers we consider as ‘distant’
are those that are separated by more than a
tetrad (e.g. G1/G3 for Tel21 as labelled in Fig-
ure 1), as well as those that are diagonal to
one another (e.g. G1/G11 for Tel21 as labelled
in Figure 1). As a definitive test, we report
test calculations in the SI (Figure S4) illustrat-
ing that these dimers do not affect the spectra.
In this way only 36 dimer diabatisations (in-
stead of 66) for Tel21 and 52 (instead of 120)
for TG4T are required.

The spectra obtained with this procedure are
reported in Figure 7, with all spectra using
dimers as the SC for computing the Hiper pa-
rameters, but different sizes of SC for Hiyira.
These different sizes of SC are illustrated in Fig-
ure 6 for Tel21, and explained further in the
following. The most economical approach is
to use the same dimers for the SC to compute
both Hi..» parameters and Hi.., parameters.
Since a single value is required for the H;.. pa-
rameters for each monomer, we use an average
over the dimers that a particular monomer is in-
volved in. For example, the values of the LE en-
ergies and the intrasite couplings of G2 in Tel21
are given as an average over those obtained by
diabatizing G2-G1, G2-G3, G2-G4, G2-G5, G2-
G6, G2-G7, G2-G8, and G2-G9 dimers.

As reported in Table 1, the averaging proce-
dure provides Hi,,» parameters similar to that
of the isolated monomer, so a limited perturba-
tion effect is included in this approach. Never-
theless, comparison of these spectra for Tel21
and TGAT in Figure 7 (green curves) to the
FHC curves shows that inclusion of the CT
states and the limited perturbation effect red-
shifts the main peaks, which get closer to the
full QM reference. The accuracy of the com-
puted intensity of the ~240 nm (the blue-wing
lobes) also significantly improves.

The _percentage _contribution of the CT
states to the lowest 24(32) excitonic states for
Tel21(TGAT) (ie. those with predominant LE
contribution, most important to the spectra) is

shown in the SI, Section 56.3. The contribution

of CT states is significant, also for 'key’ states,
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for example, the excitonic state 1 for Tel21,
which is primarily responsible for the red win

of the spectrum.
However, these FrDEx Hy.: Dimer spectra

are still blue-shifted with respect to the TD-
DFT ones and the intensity of the red-wing
peaks is not completely reproduced. As already
discussed, the effect of stacking and hydrogen
bonding on the perturbation of Hiy, is im-
portant. Therefore, we consider a SC that in-
cludes both of these effects for the computation
of Hiyira, which we refer to as ‘HB+Stack’. An
example is shown in Figure 6 for G2 in Tel21,
with the other Gs included in the SC depicted in
grey. The parameters obtained are reported in
Table 1, with a significant red shift of the L, and
Ly, energies (in particular L)) and a large L,-Ly
intra-monomer coupling. The spectra (purple
curves in Figure 7) demonstrate a further red-
shift compared to the ‘dimers only’ spectra, and
an increase in intensity of the red-wing lobe.
For Tel21 the QM reference is almost matched,
whilst for TG4T the red-shift and intensity are
slightly overestimated. The ‘HB +Stack’ proce-
dure is however rather computationally expen-
sive, since it requires 12/16 additional TD-DFT
computations on tetramers or pentamers of mG
for Tel21/TGAT (see Table S1 in the SI).

More economical approaches, whilst still ac-
counting for some of the perturbation of Hi,ya,
are to include either the effect of hydrogen
bonding or of the stacking. In the first case we
can use as the SC a hydrogen bonded tetrad, in
a procedure we label as ‘Tetrad’. An example
of this for the middle tetrad of Tel21 is shown
in Figure 6. The advantage of this procedure is
that the Hi,.. parameters of 4 monomers may
be obtained simultaneously, so that only 3(4)
TD-DFT computations on tetrads are neces-
sary for Tel21(TG4T), which has a limited im-
pact on the computational cost (see Table S1 in
the SI). The spectra from this approach (light
blue curves in Figure 7) do not compare as well
to the QM reference as the ‘HB+Stack’ ap-
proach, however they are in better agreement
than the ‘dimers only’ approach, for a limited
extra cost.

In the second case, we can include the effect
of the stacking on Hi. by using the entire



stacked strand as SC, labelled as the 'Strand’
approach and illustrated for a strand of Tel21 in
Figure 6. Similar to the ‘Tetrad” approach, the
parameters for 3(4) monomers may be obtained
simultaneously for Tel21(TG4T), such that this
procedure requires only 4 additional calcula-
tions with respect to the 'dimer only’ one. The
Strand’ approach is expected to be particularly
effective when dealing with very closely stacked
systems, which could strongly affect Hinn. In-
deed, the orange spectra in Figure 7 compare
reasonably well with the much more expensive
‘HB+Stack’” approach, in particular for the low
energy peak of Tel21. For TG4T the peak po-
sitions are also closely matched, with a small
decrease in intensity.

4.2.1 Absorption Spectra

The calculation of the absorption spectra,
which are less sensitive to GQ topology, con-
firms the importance of a proper inclusion of
CT couplings and Hjy., perturbation in the ex-
citonic calculations.

In Figure 8 the absorption spectra com-
puted by the different FrDEx approaches are
compared with the FHCand—, TD-DFT and
experimental®® ones for Tel21 and TG4T. The
spectra of an equimolar solution of mG are
also shown in magenta (‘TD-DFT sum mon’
curves). TD-DFT calculations predict that the
formation of the GQ is associated with a weak
red-shift of the absorption maximum, a signif-
icant hypochromic effect (decrease of the ab-
sorption intensity) and an increase of the ab-
sorption in the red-wing, i.e. above 290 nm.
The absence of the backbone and of the in-
ner ions (which would lead to an additional
red-shift of the red-wing)3® makes a compari-
son with the available experimental results less

straightforward, as clearly shown for Tel21, and
slightly less obviously seen for TG4T due to the

difference in absorption maxima wavelength.
On the other hand, it is clear that FHC spectra

do not mimic satisfactorily the QM reference,
with a significantly blue-shifted maximum and,
especially, a severe underestimation of the ab-
sorption in the red-wing. For what concerns the
hypochromic effect, standard excitonic models
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Figure 8: Computed (TD-DFT, FHC, and
FrDEx) and experimental®® absorption spectra
of (a) Tel2l and (b) TGAT. The peaks of
the_experimental and TD-DET_spectra_are
normalised to 1, whilst the rest of the calculated
TD-DFT. FrDEx spectra use different sizes of
SC to calculate the Hiyy, term of Eq. 4, whilst
they all use dimers as the SC to calculate Hipgey.
All calculated spectra are shifted by -0.85 eV.

are also ill suited to correctly reproduce this
effect. Indeed, as shown in Figure 8 the in-
tensity of the maximum is slightly larger than
in the 'sum of the momoner’ spectra (and the
total absorptivity is almost the same). FrDEx
spectra (especially those from the ‘HB+Stack’
SC) are instead in good agreement with the QM
reference and reproduce the shifts associated
with the GQ formation. In particular, the pres-
ence of the red-wing tail is correctly predicted.



An interesting point to note is that whilst the
hydrogen bonding perturbation on Hiy, with
‘Tetrad’ overestimates the intensity, the stack-
ing perturbation with ‘Strand” underestimates
the intensity, whereas ‘HB+Stack’ yields ap-
proximately the correct intensity. This result
highlights once more that including both stack-
ing and HB effects is crucial to reproduce the
intensity of the different transitions.

5 Concluding remarks

We here propose a fragment diabatisation based
excitonic (FrDEx) model, suitable for strongly
coupled MCAs. It is made up of a stand-alone
diabatisation code and a number of interfaces
freely available upon request. The approach re-
lies upon two important features: firstly, the
fragment diabatisation itself, which can include
more than one LE for each monomer, an ar-
bitrary number of CT states, and an arbitrary
number of monomers in the fragment, such that
many-monomer effects can be included. Sec-
ondly, the excitonic Hamiltonian is split into
a Hinrs term, containing the LE energies and
coupling between different LEs on the same
monomer, and a Hi,, term containing all CT
energies and couplings, as well as the inter-
monomer LE-LE couplings. This approach al-
lows different sizes of fragment to be used in
the diabatisation(s) to parameterise Hiyn and
Hipier- In this way, it is easier to find the ‘best’
balance between accuracy and computational
cost, as many-monomer effects and different
couplings can be switched on and off as required
for the problem at hand.

As a first application, we choose a very chal-
lenging case for excitonic models, i.e. the com-
putation of the ECD and absorption spectra
of two prototype GQs with different folding
topologies. FrDEx provides spectra much closer
to the QM reference than ‘standard’ excitonic
models that do not include CT states and/or
many-monomer perturbative effects. In par-
ticular, we have shown that inclusion of CT
states is mandatory to correctly reproduce the
high-energy region of the spectra and, at the
same time, the red-wing tail. Furthermore, our
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study also highlights another important fea-
ture, sometimes overlooked, of chromophores
possessing two ef-or more LEs that are close
in energy and therefore can easily mix. For
these species the properties and spectral fea-
tures can be changed by the presence of adja-
cent chromophores, which act through effects
that go beyond an excitonic picture, for ex-
ample through hydrogen bonding interactions.
These changes are mirrored in the computed
spectra, which are noticeably different with re-
spect to those obtained by using LE states com-
puted for isolated monomers, as often done in
standard excitonic models. Such effects can be
taken into account in FrDEx via the Hj,. term,
whose parameters can be altered by surround-
ing chromophores through suitable choices of
the SC adopted in the diabatisation. We have
explored three different procedures. The most
expensive, '"HB+Stack’, including both the ef-
fect of inter-base hydrogen bonding and stack-
ing, is the most accurate one. On the other
hand, ‘Tetrad’, which considers only the effect
of hydrogen bonds, and ‘Strand’; including only
the effects of stacking, significantly improves
the agreement with QM spectra with limited
additional computational cost. It is clear that
other choices of the SC to be used for Hiyira
(and Higter) terms are also possible, depending
on the features of the MCA examined.
Prefacing the calculations on the entire GQs,
we performed tests on representative smaller
sub-systems to elucidate the best approach to
take with FrDEx. In addition to providing a
first indication of the importance of perturba-
tion of the Hi., term mentioned above, calcu-
lations on dimers permitted the ‘optimal’ num-
ber of CT states to be determined. Further-
more, they also highlight that the coupling be-
tween ‘distant’ dimers can be discarded. Calcu-
lations on trimers and tetramers illustrated that
three- and four-monomer CT coupling terms
were not necessary to include, and that the per-
turbative effect on the Hiyer term was not as
important as the Hi,, term for this system.
These smaller systems also better highlight
discrepancies in the FHC approach, which are
masked by partial error cancellation due to
the multitude of interactions in the full GQ.



These failures could, for example, make applica-
tion of FHC to investigate thermal fluctuations
by coupling to molecular dynamics simulations
problematic. During the molecular dynamics a
larger part of the conformational space could
be explored, including 'non standard’ arrange-
ment of the bases, for example when the stack-
ing distance is rather small or the hydrogen
bonded tetrads are disrupted. These conforma-
tions could in principle have a large influence
on the spectral signal, not properly captured
by FHC calculations.

As far as the computational cost is concerned,
FrDEx can get accurate spectra being only ~2
times slower than a simple FHC model, requir-
ing, at the same time, much less computational
resources (e.g. memory occupancy) than a full
TD-DFT calculation of GQ and being 2-3 times
quicker. Moreover, because the diabatisation
relies on separate calculations FrDEx is embar-
rassingly parallel and this further increases its
range of applicability. Finally, (as discussed in
the SI, Figure S5) additional savings could be
obtained by exploiting the ‘quasi symmetrical’
arrangement of some topologies, such as TG4T.

In future work we thus—aim—te—pairFrbEx
aim to use FrDEx in combination with molecu-
lar dynamics simulations-calculations to study
the effect of thermal fluctuations on the spectral
properties of GQ (or any other MCA )or-other-

~

where snapshots from the molecular dynamics
calculations are used with FrDEx computing
only allow_conformational averaging, but also
help to determine time-dependent processes ;
e-g—their-that affect the spectral signal, such as
folding and unfolding. Other possible develop-
ments involve the use of QM /MM calculations
to treat environmental effects, as well as the
inclusion of vibronic contributions. %"

The conclusions of the present study are
expected to be of general interest for other
strongly coupled MCAs as well as GQ. Thanks
to its flexibility, FrDEx thus promises to be a
useful tool to disentangle the different effects
responsible for the spectral behavior of MCAs
and to study their photoactivated processes.
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