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The UV/Vis absorption characteristics of newly synthesized pyridino[3,4-c] coumarins in different neat solvents
were investigated experimentally and computationally. It is noted that the nitro-substituted pyridocoumarins
can exhibit spectral features with characteristic band in the visible region, which in turn is solvent's polarity de-
pendent with negative solvatochromic behavior. Using the Kamet-Taft approach, the obtained results (R =
0.991) revealed that this negative solvatochromic behavior is dominantly influenced by the solvents' polarizabil-
ity and hydrogen bonding capability. The experimental results of the spectral properties in solution were
interpreted at the molecular level with aid of the DFT and TD-DFT/CAM-B3LYP/6-31+G(d) computational
methods with IEFPCM implicit solvation approach. Per benchmarking the TD-DFT simulated spectra with the ex-
perimental one, it is demonstrated that the nitro group can induce an intramolecular charge transfer to afford two
resonance structures of distinctive spectral features. Such difference in spectral features is interpreted in terms of
molecular orbitals, where the two potential resonance structures exhibit different natures for the frontier molec-
ular orbitals, namely the HOMO and LUMO with a significant difference in the corresponding energy gaps. More-
over, the electrostatic potential surfaces of both structures indicate relatively different accessibility toward
intermolecular hydrogen bonding with the solvent molecules. The achieved results would provide valuable in-
sights concerning the noteworthy influence of the substituents of pyridocoumarins on their spectral properties
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and correspondingly their solvatochromic behaviors at the molecular level in different media.
© 2020 The Authors. Published by Elsevier B.V. This is an open access article under the CC BY license (http://

creativecommons.org/licenses/by/4.0/).

1. Introduction

Coumarin (2H-cromen-2-one) is a pivotal heterocyclic framework
that is widely present in bioactive natural products [1-3]. In addition,
coumarin is found in bioactive molecules that exhibit various pharma-
ceutical activities, such as antioxidant [4], anti-inflammatory [5], anti-
bacterial [6], antiviral [7], antitumor [8], and other activities [9-12]. In
fact, many coumarin-based compounds are commercial drugs for exam-
ple, the traditional anticoagulant drug warfarin. In addition to the wide
spectrum of biological activities, coumarin is present in the structures of
many insecticides [13], and food additives [14]. Because substituted
coumarins display high florescent quantum yield and respond to their
microenvironments [15,16], coumarin-containing compounds exhibit
a variety of important photophysical properties that render coumarins
valuable molecules as fluorescent sensors [17], optical devices
[18-20], fluorescence dyes [21,22] and laser dyes [23,24].

Amongst fused coumarins, pyridino[3,4-cJcoumarins are considered
as an important class of pyridocoumarins family [25] that are found in
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several natural products and bioactive molecules [25]. Moreover,
pyridino[3,4-c]coumarins display various pharmaceutical activities in-
cluding, antiviral [26], antimicrobial and anti-inflammatory [27], Anti-
psychotic [28] and antibacterial [29] properties. For a better
understanding of the behavior of these interesting molecules, On the
other hand, spectral investigations of such important compounds can
provide valuable information concerning their physicochemical proper-
ties [30-32]. Such information in turn is significant toward interpreting
and understanding the change in electronic distribution and geometri-
cal structure upon excitation, charge distribution, electrophilic and nu-
cleophilic sites in potential chemical reactions, and solvent polarity
[33,34]. Thus, solvatochromism is the most utilized technique to deter-
mine such properties of molecules at the ground state and after excita-
tion [35]. This exciting phenomenon involves measuring the electronic
spectra of the probes in various solvents with variable polarities and hy-
drogen bond donor/acceptor capabilities [30,33,35], where the solvent-
probe interaction is observed mainly as a change in the shape and inten-
sity of the electronic spectral bands [36-38].

In the study reported herein, we attempted to investigate the phys-
icochemical properties of two newly synthesized pyridocoumarins via
examining the solvent effects on their UV-Vis absorption spectra

0167-7322/© 2020 The Authors. Published by Elsevier B.V. This is an open access article under the CC BY license (http://creativecommons.org/licenses/by/4.0/).
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experimentally and computationally. The chemical structures of these
compounds are shown in Fig. 1. The absorption spectra were measured
eight neat solvents, where the solvent's polarizability and hydrogen
bonding (HB) capabilities were assessed employing the Kamlet-Taft
and multilinear regression analysis (MLRA). The DFT and TD-DFT com-
putational methods were employed to provide insights concerning the
physicochemical properties of these compounds at the molecular
level. In the light of the computational study and per the good agree-
ment with the experimental results, the resonance structures and the
type of spectral bands in solution for the nitro substituted
pyridocoumarins were highlighted and discussed.

2. Experimental
2.1. Materials

Solvents were supplied by Sigma-Aldrich, and used without further
purification. All organic solvents, namely ethanol, methanol,
isopropanol, ethylacetate, acetonitrile, 1,4-dioxane, and acetone were
of spectroscopic grades.

2.2. Synthesis

Syntheses of the two derivatives of the substituted pyridino[3,4-c]
coumarins have been reported previously [39]. The chemical structures
are shown in Fig. 1.

2.3. Procedures and spectroscopic measurement

Stock solutions (3.0 x 10~% M) in methanol were prepared for each
compound. The working solution of approximately 3.0 x 107° M was
prepared by withdrawing an aliquot of the stock solution prepared in
methanol, then setting the system for evaporation under ambient pres-
sure at room temperature. The residue then was re-dissolved in appro-
priate volume of the solvent of interest. The UV-Vis absorption spectra
of the synthesized compounds were measured in neat organic solvents
and ultrapure deionized water using Agilent double beam spectropho-
tometer in quartz cells.

2.4. Computational methods

All DFT and TD-DFT calculations were performed with Gaussian 09
version D.01. Full Molecular geometry optimization was performed
employing the hybrid B3LYP functional and 6-31+G(d) basis set [40].
The implicit solvent effect was considered employing the integral equa-
tion formalism polarizable continuum model (IEFPCM) [41]. Simulated
absorption spectra were calculated using the time-dependent version
of DFT, namely TD-DFT, with CAM-B3LYP functional and 6-31 + G
(d) basis set. The simulated absorption spectra were calculated for the
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Fig. 1. Chemical structure of pyridino[3,4-c]coumarins, I, R = H; II, R = NO,.

first eighteen excitation states using the optimized ground-state geom-
etry as an input geometry. The multilinear regression analysis (MLRA)
was performed as implemented in Microsoft Excel.

3. Results and discussion
3.1. UV-Vis absorption spectra

The absorption spectra for the two tested compounds I and II in
water and acetonitrile (structures are displayed in Fig. 1) are shown in
Fig. 2. Spectra were measured in water and acetonitrile as an initial as-
sessment for the effect of solvent polarities on the spectral properties
of I and II. The absorption spectrum of I in acetonitrile exhibits features
of three bands; two main bands at a wavelength (\) of 247 and 317 nm,
and one shoulder at approximately 275 nm. In terms of the position of
the band, the absorption spectrum of I in water contains similar features
but with a shoulder shape for all bands. Hence, although the absorption
spectra of I exhibited solvent dependency in terms of the shape of the
bands, no solvatochromic behavior was observed for I concerning the
position of the corresponding bands.

On the other hand, one can notice that both spectra of [ and Il can ex-
hibit some similarities within the range of 200-340 nm. However, a sig-
nificant characteristic difference can be noted for Il with the appearance
of a new band within the visible range of 400-430 nm. Importantly, per
the structure of [ and I1, it is evident that the incorporation of nitro group
is responsible for the appearance of this band. Furthermore, as this band
is the main band that is notably affected by the solvent within the visible
range, this band will be referred to as N\ axv. Interestingly the position of
this band is solvent polarity dependent, where a Npaxv Of 401 and
418 nm were observed in water and acetonitrile, respectively. As such,
the solvatochromic behavior of Il was further investigated in solvents
of different polarities.

3.2. Solvatochromic behavior of compound I

The effect of solvents on the absorption spectra of Il was studied in
eight neat solvents of various polarities and hydrogen bonding capabil-
ities and within the range between 200 and 500 nm; these solvents in-
clude water, methanol ethanol, isopropanol, acetonitrile, ethyl acetate,

o ' ' : . T T
......... |-water
S I-AcNt ]
ll-water
— |I-AcNt

Abs.

250 300 350 400 450 500
wavelength (nm)

Fig. 2. Absorption spectra of compounds I and Il in water and acetonitrile.
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acetone, and 1,4-dioxane. The selected solvents typically are catego-
rized into three groups, as listed in Table 1, namely polar protic, polar
aprotic, and nonpolar. Fig. 3 shows the measured absorption spectra
in the selected solvents and were normalized to unity with respect to
)\max,v-

As shown in Fig. 3, it can be noted that a significant hypsochromic
shift of approximately 10-40 nm was observed for Ay as solvent po-
larity increases amongst the tested solvents indicative of negative
solvatochromic behavior. Also, this band disappears in two solvents
namely 1,4-dioxane and ethylacetate. Typically, this spectral shift in
Nmax,v 0ccurs because of the intermolecular interactions between the
molecule and solvent; this includes dipole-dipole interactions and hy-
drogen bonding (HB).

In order to demonstrate the influence of both factors on the spectral
shift of Nmaxv, we performed the Kamlet-Taft multilinear regression
analysis (MLRA) [42]; the general expression is given in Eq. (1).

Nmax = No + ac + bp + cm* (1)

where N\nax is the absorption maximum under solvent effect, \,, is re-
gression intercept that agrees with gaseous phase, a reflects the hydro-
gen bond donor acidity (HBp), 3 is the hydrogen bond acceptor basicity
(HB,A) and m* is an index of solvents dipolarity/polarizability which is

Table 1

Solvent parameters and spectral properties of II.
Solvent « B m* Nmax1, DM Nmaxv (NM)
Polar protic
Water 1.17 0.18 1.09 286 400
Methanol 0.93 0.62 0.60 287 404
Ethanol 0.83 0.77 0.54 285 408
Isopropanol 0.76 0.95 0.48 286 416
Polar aprotic
Acetone 0.08 0.48 0.71 431
Ethylacetate 0 0.45 0.55 276
Acetonitrile 0.19 0.31 0.75 277 418
Nonpolar
1,4-Dioxane 0 0.37 0.55 283

Water
MeOH
EthOH
— 2-PropOH

0.8

Acetone

1.4-Dioxane

0.6

380 400 420 440 460 480
wavelength (nm)

Abs.

0.4

0.2

250 300 350 400 450 500
wavelength (nm)

Fig. 3. Absorption spectra of compounds Il in neat solvents; inset: normalized spectra with
respect to the band in the visible range.

the ability of solvents to stabilize the dissolved dipole or charge [24];
a, b and c are independent constants and their signs and magnitudes
help in determining the effect of the corresponding solvent-solute
interactions on the maximum absorption wavelength. The MLRA for
Nmaxy Was performed and expressed in Eq. (2).

N maxy = 371(£18)—33(£4)a + 47(£13)B + 54(+£18)m* R = 0.990 (2)

It is worth to mention that the MLRA was performed for the solvents
in which clear Njax v is observed as listed in Table 1. As such, two sol-
vents were not included in the MLRA namely ethylacetate and 1,4-diox-
ane. Interestingly, the results obtained from the MLRA as expressed in
Eq. (2) are indicative of major contributions of not only the polarity of
the solvent, but also the HB effects with negative and positive coeffi-
cients for HB4 and HBg, respectively. Comparing the values for a and
for all tested solvent, it is obvious that & is more dominant for protic sol-
vents. With a negative coefficient of 33 for o, it is evident that HB, has a
significant contribution in inducing a hypsochromic shift in Npaxy for
compound IL. Based on these findings, it can be suggested that the
dipole-dipole interactions and HB can lead to ionic coupling and solva-
tion within the molecular environment of compound II, and conse-
quently these two factors influencing the solvatochromic behavior of
Nmaxy- I addition, with the excellent correlation coefficient (R) of
0.992 obtained for the MLRA as indicated by Eq. (2), the acquired mod-
ule was employed for predicting Nmaxv in the same tested solvents.
Fig. 4 displays the correlation between the measured and predicted
Nmaxy- It 1S interesting to notice that an excellent correlation was ob-
tained with R = 0.991 indicative of the validity of the employed ap-
proach. However, such observation for compound II still necessitates
further analysis using selected methods of computational chemistry to-
ward rationalization of the solvent effect on its spectral properties.

3.3. DFT/TD-DFT and molecular orbitals characteristics

The negative solvatochromic behavior is indicative of the fact that
the dipole moment of the molecule in the ground state (L) is higher
than in the excited state. Hence, the increase in the solvent polarity
causes further stabilization in the ground state energy and in turn in-
creases the energy gap between the ground and excited states and con-
sequently a shorter wavelength is observed for the absorption spectrum

435 T T T T T T T
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Fig. 4. Correlation between predicted and measured A\maxy for compound II in neat
solvents.
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of the molecule of interest such as compound II in this study. On the
other hand, as mentioned above, compound II is different from I by
the incorporation of the nitro group, which in turn has significantly
changed the spectral features of the compound by the appearance
new band in the visible range. To this end, DFT and TD-DFT calculations
were conducted to gain insights concerning the key molecular orbital
(MO) that are associated with the absorption spectra and the corre-
sponding electronic states and transitions of compound Il. We empha-
size herein on the role of the nitro group and solvent effects in
particular.

It is noteworthy mentioning that such negative solvatochromic be-
havior for Naxy may often be indicative for n — m* electronic transition.
However, the observed variations in the spectral properties of Il by the
incorporation of the nitro group can also be attributed to the fact that
the nitro group is included in possible resonance structures of II. Opti-
mized geometries for proposed resonance structures of Il are displayed
in Fig. 5. The main difference amongst these resonance structures is the
involvement of the nitro group, where for II-A and II-B correspond to the
nitro group to be nonconjugated and conjugated with the benzene ring,
respectively. The given numbers in those geometries refer to the NBO
atomic charges for the atoms that are most likely involved in the corre-
sponding resonance structures. Such resonance structures may in fact
be produced by an intramolecular charge transfer (ICT) that causes a
further stabilization in the energy of the ground state of the correspond-
ing absorption band and consequently a decrease in Npaxy. Further-
more, one can notice approximately a 24-31% reduction in the NBO
values of two carbon atoms of the nitro-substituted benzene ring for
II-B indicative of charge redistribution over the resonance structures in-
duced by the nitro group.

This kind of charge redistribution over Il induced by the nitro group
was further examined through performing a TD-DFT study for the two
possible resonance structures, namely II-A and II-B. Fig. 6 shows the ex-
perimental and simulated absorption spectra of II-A and II-B. Per
benchmarking the simulated spectra against the experimental one, the
existence of such kind of resonance structures is demonstrated. The ver-
tical dotted lines correspond to the electronic transition between MOs
responsible for the absorption band with oscillation frequency (f)
which is 20.1, where the height of the line represents the relative
value for f. It can be noted that the simulated band of II-B at 347 nm

II-A

1.2 T T T T T
1F expt. g
compt. IIl-A
compt. II-B
0.8 | 1
3 osh l
<
0.4 ]
02| 1
250 300 : 350 400 450

wavelength (nm)

Fig. 6. Experimental and TD-DFT (DFT (CAM-B3LYP/6-31G+(d), IEFPCM)) simulated
absorption spectra of the two resonance structures of II (II-A, [I-B) in water.

resembles the band of Nax v, Which in turn is produced dominantly
HOMO-LUMO transition with less contribution of HOMO-2 — LUMO
transition. However, other kinds of transitions must be considered as
well.

Importantly, it must be mentioned that the TD-DFT calculations re-
vealed a transition at a wavelength of 429 nm of low f, which
highlighted in Fig. 6 with a red vertical line. Although a small value of
fis calculated for simulated transition at a wavelength of 429 nm, it is
suggested that this transition corresponds to n — m* transition, which
in turn necessitates further demonstration via MOs analyses. Moreover,
to account for the role of the nitro group in terms of MOs, the frontier
orbitals HOMO and LUMO were generated as well as other MO that

I-B

o 0O

Fig. 5. Suggested resonance structures and the corresponding DFT (B3LYP/6-31G+(d), IEFPCM) optimized geometries in water, numbers indicate the NBO atomic charges of selected

atoms.
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are associated with the spectral features of compound II using the DFT
method.

Fig.7 displays selected MOs of both resonance structures including
HOMO and LUMO. Interestingly, it can be concluded that both struc-
tures exhibit HOMO — LUMO transitions that are of the type m — m*
transitions, which appear within the UV range of the spectrum. How-
ever, thelonger wavelength obtained for II-Bis notably in better agree-
ment with the experimental results. It must be noted that the
significant difference in the features of the simulated spectra of both
structures can be attributed to the fact that the LUMO, where most of
the electronic transition are directed to, is of different nature. For II-
A, the LUMO is the m* MO of a regular C=C bond within an aromatic
ring, whereas for II-B it is the m* MO of C=O0 that is yielded because of
the resonance process involving the nitro group. With the correspon-
dence of the HOMO(—4) — LUMO, it can be concluded that the conju-
gation of the nitro group with the aromatic moiety of compound II-B
may enhance the probability of new electronic transitions and conse-
quently the appearance of the new absorption band of Njax v-

Furthermore, we attempted to rationalize the effect of solvent po-
larity on the position of Npax v through comparing the simulated ab-
sorption spectra of II-B in water with those obtained in vacuum and
acetonitrile. Interestingly, no difference was noted for the shape of
HOMO and LUMO. However, a minor difference was observed for the
energy of the HOMO(—4) — LUMO transitions, where AE decreased
by 0.008 eV in acetonitrile compared with water. Such an increase in
AE as observed in water compared with acetonitrile indicative of a
hypsochromic shift in \jax v, Which in turn is in good agreement with
the experimental results, where a hypsochromic shift is observed
with increasing solvent polarity. In addition, the obtained results re-
vealed thatsuch anincrease in AE in water compared with acetonitrile
is attributed to more stabilization of the HOMO(—4), which is in good
agreement with the experimental findings where a negative
solvatochromism is often attributed to stabilization of the ground
state.

The polarization of the resonance structures of II was further
assessed through the electrostatic potential surface (EPS) using the
DFT method. Generally, the EPS presents the degree of charge separa-
tion across the molecule, where the red and blue colors regions indi-
cate negative and positive, respectively, and electrostatic potentials.
Importantly, the aforementioned color codes do not only indicate the
regions of the molecule for potential electrophilic and nucleophilic

1I-A

J?,,

LUMO

A |284nm A|310nm

HOMO-5

reactions, but also the accessibility for intermolecular interactions in-
cluding HB. Fig. 8 shows the EPS of both resonance structures of com-
pound II.

The EPSs of both resonance structures show that the electron den-
sity in both structures is accumulated in the same regions including
the nitro group as indicated by regions with the red color. This in turn
indicates thatboth structures have similar accessible regions for inter-
molecular HB with the solvent molecules. However, the more charge
separation obtained for II-B is consistent with an increase of in pg,
where values of 5.1 and 7.2 Debye were obtained for II-A and II-B re-
spectively. With this increase in charge separation and g for II-B, it
can be suggested that the nitro group has relatively become more ac-
cessible for the solvent molecules for intermolecular interaction via
HB. As such, stabilization of the ground state occurs and consequently
the n — m* is shifted toward shorter wavelength, which in turnisin
good agreement with e the experimental results.

4. Concluding remarks

The present work investigated the influence of solvents on the UV-
Vis absorption spectral properties of two newly synthesized
pyridocoumarins of different substituents. Characteristic spectral fea-
tures were observed for the nitro-substituted pyridocoumarin com-
pared with the other H- pyridocoumarin, where a new band
appeared in the visible range that is defined as A« v- This new band
exhibited notable negative solvatochromic behavior, where \ ax v de-
creases with increasing solvent polarity. However, the MLRA analyses
performed using the Kamlet-Taft approach have demonstrated that
the solvent polarizability is not the only key factor triggering negative
solvatochromic behavior, but also HB capabilities of the solvent. The
experimental spectra in solution were reproduced employing TD-
DFT/CAM-B3LYP/6-31+G(d) computational methods with IEFPCM
implicit solvation approach.Itisdemonstrated that the new band is at-
tributed to resonance structures induced by ICT with significant con-
tribution from the nitro group, where the nitro group is conjugated
with the benzene ring of the coumarin moiety. Interestingly, the
nitro group has significantly changed the orientations of the MOs in-
cluding the frontier MOs, namely HOMO and LUMO, with a notable
change in energy gap compared with the other resonance structure.
As such, different spectral features were observed for the nitro-

LUMO

A |347nm A|429nm

Fig. 7. Selected MOs of II-A and II-B and the corresponding electronic transitions; DFT (B3LYP/6-31G+(d), [EFPCM).
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substituted pyridocoumarins with a solvent's dependency spectral
characteristics.
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