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Abstract

DFT and TD-DFT calculations were performed to rationalize the link between UV-Visible absorption and emission spectra and the
nature and position of a substituent on the heteroaromatic pyrido[2,3,4-kl]acridine skeleton. By studying the variation of electronic
density and atomic partial charges between the ground state and the first excited state, we describe here a quantitative method to
predict the modulation of UV-Visible spectroscopic properties depending on the nature and the position of a substituent.

Keywords: TD-DFT, Electronic Density, Pyrido[2,3,4-kl]acridine, UV-Visible spectroscopy, Hammett parameter

1. Introduction

Finding the best candidate compounds for a specific ap-
plication is a long process, that usually needs to synthesize
a lot of different products before identifying the good ones.
For biological applications, quantitative structure-activity re-
lationship, molecular dynamic simulation or molecular dock-
ing are rational methodologies to achieve this goal faster than
blind testing.[1, 2] For spectroscopic applications in the UV-
visible domain, TD-DFT studies of electronic transitions and
the parameters which influence them could play a major role
to guide the synthesis of a restricted number of candidates for
bio-imaging, optic devices, dyes, etc. Indeed, for more than
20 years TD-DFT was extensively used to simulate the optical
properties of organic molecules.[3, 4] Benchmarks and tutorial
reviews make easy to select simulation methods with accurate
calculations, and great efforts have been made to rationalize the
influence of the geometry of molecules, as well as of the charge
transfer during the GS-ES1 transition, vibronic couplings, and
of the solvent on the UV-vis spectra.[5, 6, 7, 8]

In their experimental and theoretical study of Seoul-Fluor
analogs, E. Kim et al. have pinpointed that the modulation of
the emission wavelength of their compounds is linked to the
modifications of HOMO and LUMO energies by adding diverse
electron-donor or electron-withdrawing groups on one specific
position.[9] Although relatively efficient in their case, this ap-
proach did not take into account the whole molecular orbitals
implied in the transition between the ground state (GS) and the
first excited state (ES1), nor questioned the substitution posi-
tion.

Focusing on pyrido[2,3,4-kl]acridine molecules, we offer
here to elaborate on this issue by looking at the electronic
density and its variation during GS-ES1 transition for differ-
ent mono-substituted structures. This would hopefully provide
better insights and be more accurate in establishing quantitative
relationship between structures and spectroscopic properties.
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Pyrido[2,3,4-kl]acridine is an aromatic tetracyclic pattern (
Figure 1) which is present in almost 100 natural products iso-
lated from sponges or tunicate species. For three decades, nu-
merous studies showed that natural pyrido[2,3,4-kl]acridines
present very interesting and various biological properties, from
cytotoxicity, to antibacterial, antifungal, antiviral, insectici-
dal, anti-HIV, and anti-parasitic activities. In particular, pyri-
doacridines can intercalate into DNA double-strands and in-
terfere with topoisomerase-type enzymes. Moreover, some
of them have also stronger interactions with guanine quadru-
plex, and inhibit telomerase complex.[10] Known pyrido[2,3,4-
kl]acridines are also diversely colored and UV-visible spec-
tra has been reported in the litterature.[11] Some of them
are also fluorescent. But, to our knowledge, the only flu-
orescent spectrum reported to date is the one of kuanoni-
amine B, a natural pentacyclic pyrido[2,3,4-kl]acridine (A, =
524 nm in methanol)[12, 13] (Figure 1). No other compre-
hensive spectroscopic study of pyrido[2,3,4-k[]acridine struc-
tures has been undertaken, despite an intense and productive
effort of total synthesis of the natural products members of this
family.[14, 15] We think that the combination of these spectro-
scopic and biological properties makes pyrido[2,3,4-kl]acridine
derivatives excellent candidates for bio-imaging and theranos-
tic approaches, keeping in mind that the absorbent properties
of organic tissues imply the need to tune the luminescent wave-
length above 650 nm.[16] In this work, we performed a compre-
hensive TD-DFT study of UV-Visible absorption and fluores-
cent emission properties of mono-substituted pyridoacridines.
In particular, we found that GS-ES electronic density variations
quantitatively correlate with the modulation of the emission and
absorption wavelengths in substituted pyrido[2,3,4-k/]acridine,
allowing us to pre-select excellent candidates for bio-imaging
applications.
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Figure 1: investigated pyrido[2,3,4-kl]acridines and typical natural struc-
tures. R represents the substituent: for example, 10-Me-1 is the pyrido[2,3,4-
kl]acridine 1 with a methyl group on position 10.

2. Methods

2.1. Computationnal details

All DFT and TD-DFT calculations were performed using the
Gaussian 16 program package [17]. The hybrid B3LYP[18, 19,
20], cam-B3LYP[21] or PBEO[22] functionals were used to-
gether with 6-31G(d), 6-311+G(d,p) and 6-311++G(d,p) ba-
sis sets. Solvent effects were included by using the conductor
polarizable continuum model (CPCM) with state-specific cor-
rected linear response (cLR) approach.[23, 24, 25]. The 0-0
transition energies were determined by using the adiabatic Hes-
sian Franck-Condon method implemented in Gaussian 16 pack-
age.

2.2. Description of the investigated structures

The molecules investigated in this study are pyrido[2,3,4-
kl]acridine 1, mono-substituted pyrido[2,3,4-kl]acridine bear-
ing methyl (Me) Me-1, methoxy (MeO) MeO-1, nitrile (CN)
CN-1, formyl (Oxo) Oxo-1, acetyl (Ac) Ac-1, fluoro (F) F-
1, trifluoromethyl (CF3) CF3-1, amino (NH,) NH;-1, methy-
lamino (NHMe) NHMe-1, dimethylamino (NMe,) NMe;-1,
hydroxyl (OH) group OH-1 at diverse positions. Chloroform
was systematically used as implicit solvent in simulations.

3. Results and discussion

3.1. Validation of the simulation method

Comparison of experimental and simulated 0-0 transition en-
ergy is a relevant manner to check the accuracy of the simula-
tion methods.[26] Although, as no full UV-vis nor fluorescence
spectrum of pyrido[2,3,4-kl]acridine substrates is available in
literature, we first determined the experimental 0-0 transition
energy of the unsubstituted pyrido[2,3,4-k/]acridine 1 in chlo-
roform (ES;[? = 2.58 eV, see Supp. Info.). We compared that
value to the calculated ones by (TD)-DFT with PBEO, B3LYP,
cam-B3LYP functionnals with different basis set with implicit
chloroform (Table 1).

In our case, B3LYP/6-311+G(d,p) and B3LYP/6-
311++G(d,p) calculations presented the best agreement
with the experimental data. The inclusion of diffuse func-
tions in the basis set improved the results, and the use of
6-311++G(d,p) didn’t improve the calculations. Results
from PBEO and cam-B3LYP functionnal calculations were

Table 1: Simulation parameters optimization with pyrido[2,3,4-k/]acridine 1 in
chloroform. E?(;l? are the calculated 0-0 transition energies. AE is the difference

0-0 0-0
between E_,’ and E,

functionnal/base Eggl‘z (eV) AE (eV)
B3LYP/6-31G(d) 2.65 0.07
B3LYP/6-311+G(d,p) 2.57 0.01
B3LYP/6-311++G(d,p) 2.57 0.01
PBEO0/6-311+G(d,p) 2.67 0.09
cam-B3LYP/6-311+G(d,p) 2.96 0.38

less consistent with the experimental value, whereas B3LYP
provided very good results. However, since the match between
modeling and experiment could only be verified on a single
substrate, it is difficult to assess the accuracy of this level of
theory for the other considered molecules : depending on the
nature and the position of the substitution, mono-substituted
pyrido[2,3,4-kl]acridines could undergo more significant
charge transfers during the GS-ES1 transition, which would be
mistreated by the B3LYP and PBEO functionals.[27] We used
thus both B3LYP and the range-separated hybrid functionnal
cam-B3LYP, together with the 6-311+G(d,p) basis set. Since
we found very similar results with these two functionnals, we
present here calculations at B3LYP/6-311+G(d,p) level, and all
the data with cam-B3LYP/6-311+G(d,p) are also available in
the Supplementary Informations.

3.2. Presentation of the methodology

We started by examining the variation of electronic density
between the ground state (GS) and the first excited state (ES1)
of the unsubstituted pyrido[2,3,4-k/]acridine 1 to identify the
spatial distribution and the amplitude of this variation, using
the methodology proposed by T. Le Bahers et al. (Figure 2).[6].
On a qualitative point of view, positions 4 and 6 of the structure
showed the major variation, with an electronic impoverishment.
This led us to infer two hypothesis :

e Positions with the larger electronic variations are the more
sensitive : substituent on that positions should greatly af-
fect the GS-ES1 transition energy.

e For a given position, the nature of the substituent, namely
how much electron donor or electron withdrawing group
it is, should impact the transition (GS-ES1) energy. If
the electronic density increases, an electron withdrawing
group would stabilize the excited state, and so decrease
the transition energy. On the other hand, if the electronic
density decreases, an electron withdrawing group would
destabilize the excited state, and so increase the transition
energy.

This behaviour would result in a wavelength shift in both
absorption and emission spectra of the mono-substituted pyri-
doacridines compared with the unsubstituted one (1).



Figure 2: Difference in total electronic density between ground and first excited
states computed at B3LYP/6-311+G(d,p) level of theory (Ap(r) = pgx(r) —
pas (r), isocontour value 0.02 au).

3.3. Relationship between the GS-ES partial charge variations
at the substituted position and absorption and emission
wavelengths

We calculated the variations of the partial atomic charges be-
tween the ground state and the first excited state (noted Ap)
of each positions of the unsubstituted pyrido[2,3,4-k/]acridine,
using different charge models (i.e. Mulliken, Merz-Kollman,
Hirshfeld, CM5, Electrostatic potential charges (ESP) models).
We looked at the influence of the substitution site on the vari-
ation of the maximum wavelength absorption (resp. emission)
for mono-substituted (1) compared with (1) taken as reference.
The variation is noted A(AE,) (respectively A(AE,,)) (See
Supp. Info.). We used the methoxy (-OMe), and the methyl
groups (-Me) as models of electron donating substituent and
the cyano (-CN) group as a model of electron withdrawing sub-
stituent (Table 2).

Table 2: Correlation between A(AE) for MeO and CN substitued pyrido[2,3,4-
kl]acridine and partial charge variations between GS and ES, depending on par-
tial charge models. In parentheses, R?> when 2-MeO-1 and 5-MeO-1 (resp.
2-CN-1 and 5-CN-1) are excluded.

Substituent ~ Charge model ~ R? for abs R? for em
MeO Mulliken <0.1 <0.1
MeO Merz-Kollman  0.21 (0.76) 0.35 (0.87)
MeO Hirshfeld 0.66 (0.86) 0.78 (0.89)
MeO CM5 0.38 (0.85) 0.54 (0.90)
MeO ESP 0.36 (0.93) 0.52 (0.89)
CN Mulliken <0.1 <0.1

CN Merz-Kollman < 0.1 (0.63) < 0.1(0.62)
CN Hirshfeld 0.77 (0.89) 0.81 (0.96)
CN CM5 0.54 (0.88) 0.65 (0.95)
CN ESP 0.63 (0.77) 0.79 (0.84)

Hirshfeld model gave the strongest correlations for both
methoxy and cyano substituted structures (Figures 3 and 4).
In the case of methyl substituted pyridoacridines, weaker cor-
relations are observed (for example R? = 0.55 for A(AE;)
with Hirshfeld charge model), due to the small energy varia-
tion between the substituted and the unsubstituted pyrido[2,3,4-
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Figure 3: Correlation between A(AE ps)= AEqps (#-MeO-1)-AEq,5(1) (blue
line) and A(AE p5)= AE 5 (#-CN-1)-AE;55(1) (red line) and the partial charge
variations between GS and ES of the carbon in position # in compound 1 (Hir-
shfeld charge model). Line equations and R? calculated without positions 2 and
5.

kl]acridines (see Supp. Info.) We noticed that calculated ener-
gies for position 2 and position 5 substituted structures do not
fit as well as the other positions. That could be explained by
the proximity of the nitrogen and the position 2, and the sub-
sequent interactions between the substituent and the nitrogen
lone pair. In the case of the structures substituted in position 5,
that could be explained by the relatively small charge variations
which occur at position 5.

3.4. Relation between Hammett parameter of the substituent
and absorption and emission wavelength

We focused on the more sensitive positions (i.e. positions
4, 6, and 2), and calculate AE,,, and AE,,, for different elec-
tron donor (EDG) or electron withdrawing groups (EWG). Con-
firming our intuition and our first results (see section 3.3), the
substitution of the positions 4 or 6 with an EWG (respectively
an EDG) implies an increase (respectively a decrease) of both
AE,, and AE ., and the opposite results were obtained with
position 2.

To quantify this effect, we used o, and o,, Hammett pa-
rameters and the Remya parameter AV, as numeric scales
for the electron withdrawing or the electron donating strength
of the substituents. o, and o, are empiric parameters deter-
mined by kinectic and thermodynamic studies of the influence
of the para- or meta-substitution of benzoic acids on their re-
action with water.[28] AV parameter is a theoretical parame-
ter derived from molecular electrostatic potential (MESP) anal-
ysis of mono-substituted benzene rings, proposed by Remya
and Suresh. [29] 0, 0, and AV parameters are now tabu-
lated for hundreds of chemical groups, and accurately reflect
the electron withdrawing or electron donning character of each
of them.[29, 30]

We calculated A(AE,,,) and A(AE,,s) for mono-substituted
pyrido[2,3,4-kl]acridines in position 2 (9 examples), 4 (11 ex-
amples) and 6 (10 examples). The best correlations were ob-
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Figure 4: Correlation between A(AE.;,)= AE,, (X-MeO-1)-AE,,,(1) (blue
line) and A(AEm)= AEe, (X-CN-1)-AE,,(1) (red line) and the partial charge
variations between GS and ES of the carbon in position # in compound 1 (Hir-
shfeld charge model). # is the position of Methoxy (blue line) and Cyano (red
line) substituents. Line equations and R? calculated without positions 2 and 5.
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Figure 5: Correlation between A(AE pg)= AEp5(6-#-1) — AE4p5(1) and the
Hammett Parameter o, of the substituent #.

tained with o, and AV parameters (Figures 5 and 6, and Supp.
Info.).

For positions 4 and 6, A(AE,s) and A(AE,,,) clearly corre-
lated linearly with o, and AV (Figures 5 and 6, and Supp.
info.). However, we noticed that A(AE,;;) of 6-NMe,-1 was
higher than our model predictions. Actually, at the contrary of
NH, and NHMe substituent, the lone pair of the nitrogen of
this group in 6-NMe,-1 is perpendicular to 7 system, proba-
bly involved in an intramolecular hydrogen bond with the N-
H in position 7, that makes harder the prediction of the in-
fluence of this substituent on transition energies (see Figure
S25). It should be also noted that this calculations with cam-
B3LYP functionnal gave, in this particular structure, a much
better consistency between A(AE,;) and o, (Figure S17). That
could be explained by a stronger charge transfer in 6-NMe,-1
than in the other molecules, that lead to an overestimation of
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Figure 6: Correlation between A(AE,,;;,)= AE ., (6-#-1)—AE ;5(1) and the Ham-
mett Parameter o, of the substituent #.

it by B3LYP functional : we actually found a charge transfer
dipole moment ucr = 8.573 D with B3LYP/6-311+G(d,p), and
ter = 6.104 D with cam-B3LYP/6-311+G(d,p) method, con-
firming that hypothesis.[6]

The correlations were however weaker (R> ~ 0,5 — 0,7) for
substitutions in position 2 (See Supp. Info.). The quite large
variations of the transition energy from one to another sub-
stituent on that position probably reflect the strong influence
of the nitrogen lone pair in position 3.

It is noteworthy that in a study about substituted aryl hydra-
zones of 1,8-naphthalimide, D. Cheshmedzhieva et al. have
already highlighted correlations between o, and Ay, for 5
mono-substituted structures, but they noticed that correlation
differs in regard to the ED or EW status of the substituent, that
they interpreted as a consequence of large charge transfers.[31]
In our case, calculated charge transfers are more modest for
the studied mono-substituted pyrido[2,3,4-kl]acridines, as evi-
denced by the evaluation of the parameters D¢er (CT distance)
and ucr (see Supp. Info.).[6] Thus, as expected, we did not
observe any slope breaks between EDG and EWG correlations
with o, nor AV in our cases.

4. Conclusion

In our attempt to rationalize the effort to tune the UV-Visible
spectroscopic properties of pyrido[2,3,4-kl]acridine derivatives,
we investigated a simple in silico methodology to predict the in-
fluence of both the position and the nature of a substituent on
the lowest absorption energy and emission energy. Except for
one position, the variation of partial charges between the GS
and the ES1 of the unsubstitued pyrido[2,3,4-kl]acridine calcu-
lated by (TD)-DFT with Hirshfeld model accurately reflected
the sensitivity of each positions, i.e. how much a given sub-
stituent on the position change the absorption or emission tran-
sition energy. In a second aspect, for a given position on the aro-
matic core, we showed that the variations of AE,,, and AE )
between the mono-substitued structure and the unsubstituted



one are quantitatively linked to the Hammett parameter o, and
Remya parameter AV¢. Thanks to this work, we have identified
several candidates with probable near infrared fluorescence for
theranostic applications, the synthesis of which are currently
underway. We believe that this methodology should be success-
fully applied on other fluorescent structures, and should save
time and energy to find the best adapted candidates for numer-
ous applications, from bio-imaging to organic luminescent de-
vices.
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