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ARTICLE INFO ABSTRACT

Keywords: The aim of this research was to provide valuable insights on symmetrical o,p-unsaturated ketones
DFT as potential chemical ultraviolet (UV) filters from experimental data and theoretical aspects.
TD-DFT Towards this end, density functional theory (DFT/B3LYP) calculations on a series of symmetrical
gyR a,p-unsaturated ketones, (1E,4E)-1,5-bis[4-(R)phenyl]penta-1,4-diene-3-one (R = methylthio, 1;
IR R = dimethylamino, 2; R = ethyl, 3), were performed to determine the effect of different electron-
GIAO donating substituents on their stability when exposed to solar UV radiation. Their molecular
o,p-unsaturated ketones structures, and UV-visible, infrared (IR) and NMR (*H and '3C) spectra were theoretically ob-

tained from their optimized geometries with the B3LYP/6-311++ G (d, p) basis set and were
compared with the experimental results. Conformational analysis was performed and the most
stable conformer of each compound was identified as the trans-trans conformer, which was further
supported by experimental NMR data. The UV spectra and effect of solvent polarity and proticity
were studied by the time-dependent-DFT (TD-DFT) approach with the B3LYP/6-311++G (d, p)
level of theory. Furthermore, various molecular parameters like dipole moment, frontier molec-
ular orbital (FMO) energies, AEgomo.Lumo gap, lifetime of the first excited state (t), global
chemical reactivity descriptors, and natural bond orbital analysis were predicted at the same level
of theory and compared with the experimental data. Inspection of the active FMOs revealed the
photoinstability trends of 1 and 3 under UV irradiation. However, introducing a -N(CH3)» sub-
stituent to 2 at the para-position improves its photostability towards simulated solar UV radiation.
Thus, compound 2 has the potential to provide efficient broad-spectrum protection against UV
radiation. This work has shown that molecular modelling strategies can assist to rationalize
experimental findings and also support the identification of photoproducts of 1 and 3.

1. Introduction

Solar ultraviolet (UV) radiation can be harmful to humans, damaging both the skin surface and inner structure of the skin. The solar
UV radiation which reaches the earth’s surface is a combination of ultraviolet B (UVB, ranging from 290 to 315 nm) and ultraviolet A
(UVA, ranging from 315 to 400 nm). Overexposure to UV radiation can cause sunburn [1,2], skin wrinkles [3-5], erythema [5,6],
inflammation [7,8], and skin cancer [1,9-11]. Photoprotection against harmful UV radiation can be achieved by staying out of the sun
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during the peak hours of the day, proper dressing, and use of sunscreens [1,6].

Sunscreens are photochemical systems containing chemical UV-filters and physical absorbers, that can play a major role in skin
cancer prevention and sun protection [12-15]. Consequently, their use has increased markedly with the increasing incidence of skin
cancer and photoaging effects caused by UV radiation. Of interest to this research are chemical UV-filters. Many sunscreen chemical
filters absorbing in the UVA or/and UVB range are in use, but their safety and efficacy are still in question [16,17]. In response to the
growing awareness of the deleterious effects of UV light [18], and lack of photostability of some of the available chemical UV-filters
[19], a series of novel symmetrical o,3-unsaturated ketones were synthesized by means of an improved Knoevenagel condensation
method and their photostability was explored in various solvents of different polarity and proticity [20].

Symmetrical a,f-unsaturated ketones have attracted much attention in the scientific community in the past decades due to their
broad range of pharmaceutical applications and biological activities [21-26], but little or no attention has been given to their pho-
tostability towards UV radiation. The presence of the pentadiene-3-one moiety and a complete delocalized n-electron system on their
two phenyl rings make them biologically active. This unique structure has given them the ability to absorb UV radiation. The aim of
this study was to assess from a theoretical and experimental perspective the effect of solvent polarity and different electron-releasing
substituents on the stability of (1E,4E)-1,5-bis[4-(methylthio)phenyl]penta-1,4-dien-3-one, 1; (1E,4E)-1,5-bis[4-(dimethylamino)
phenyl]penta-1,4-dien-3-one, 2 and (1E,4E)-1,5-bis[4-(ethyl)phenyl]penta-1,4-dien-3-one, 3 (see Fig. 1 for structures) and to see if
they could find application in sunscreen formulations as new chemical UV-filters.

Density functional theory (DFT) and the B3LYP functional have been shown to be exceptionally effective in describing structural,
spectral, and various other properties of important chemical and biological molecules, due to their low computational cost, high
accuracy, and popularity in quantum chemistry. The DFT/B3LYP/6-311++G (d, p) level of theory was used in this work to obtain

Fig. 1. Optimized geometries of (a) 1, (b) 2, and (c) 3 obtained by using the DFT/B3LYP method with the 6-311G++ (d, p) basis set.
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complementary information to that gleaned in our experimental study [20] that would enhance our understanding of the behaviour of
the studied molecules. To this end, computational studies provided an in-depth insight into the vibrational and spectroscopic prop-
erties, the lifetime of the first excited state (t), frontier molecular orbitals, and effect of solvent polarity on the stability of the present
compounds. More so, nuclear magnetic resonance (NMR) spectra and various other molecular properties like dipole moment, global
chemical reactivity, and natural bond orbital (NBO) were included for a better understanding of molecular properties. We believe that
the effort made towards discovery of new chemical UV filters in this work is unique, and to date has not been previously reported.

2. Methodology
2.1. Synthesis and characterisation

The target compounds were synthesized and characterised as described in our previous report [20].
2.2. Computational details

Initially, the stable conformer and energy minima of each compound were determined. All calculations were performed with
Gaussian 09W [27]. The ground state geometries and conformations of 1-3 were computed by using DFT with the B3LYP functional
and the 6-311++G (d, p) basis set. B3LYP is the most common among DFT models. It is a hybrid method by Becke [28] and Lee et al.
[29]. The model uses exact exchange and gradient corrected density functional approximations to calculate correlation energies from
electron densities [30-32]. B3LYP has been embraced to give relatively good geometries of most organic and organometallic com-
pounds [33,34]. Hence, this method was used. There are some criticisms noted such as poor estimation of barrier heights and weak
interactions [35,36]. Furthermore, for a better computational output, a larger basis set is required since approximations of the orbitals
are obtained by imposing less restriction on the location of electrons in space. In this work, Becke’s three parameter hybrid exchange
DFT functional together with Lee, Yang and Parr’s correlation functional (B3LYP) [28,29] was coupled with the 6-311++G (d, p) basis
set. An update on basis sets was published by Jensen [36] and Hill [37].

The harmonic frequency calculation was performed at each optimized geometry. The present optimized geometry corresponds to
the minimum energy on the potential energy surface as real values of IR frequencies were obtained. Some of the important funda-
mental bands that appeared in the IR spectra of 1-3 were assigned by using animated modes with the help of Gauss View 5.0.8 [38]. We
have scaled the vibrational frequency numbers with a standard scaling factor of 0.967 because the DFT-calculated harmonic vibra-
tional frequencies are usually larger than those observed experimentally [39,40]. The theoretical electronic absorption spectra have
been calculated by using the time-dependent DFT (TD-DFT) method [41,42]. The values of excitation energies (E), oscillator strength
(f), wavelengths (A), and energy gaps (AEgomo-Lumo) for the molecules have been calculated in vacuum and in different solvents of
varying polarity and proticity. The Integral Equation Formalism Polarized Continuum Model (IEF-PCM) was used to study the effect of
solvent polarity [43,44]. Three solvents were used in the present study: ethyl acetate (¢ = 6.02), methanol (¢ = 32.7), and DMSO (¢ =
46.7). The gauge independent atomic orbital (GIAO) approach within the DFT method is most reliable for calculating NMR spectra
[45-47]. The 'H and '3C NMR chemical shifts for 1-3 were computed at the GIAO-B3LYP/6-311++G (d, p) level of theory in
chloroform (CHCI3) by using the PCM model. The chemical shifts were calculated relative to tetramethylsilane (as reference). The
position of the localization of electron populations has been shown through the calculated electronic populations of the highest
occupied molecular orbital (HOMO) and lowest unoccupied molecular orbital (LUMO) with their energies. Other electronic properties
such as ionization potential (IP), electron affinity (E4), global hardness (1)), and global softness (S), were calculated from Equations (1)—
(4) [48-53].

The ionization potential (IP) and electron affinity (E4) were calculated from Equations (1) and (2) respectively:

IP=E, —E, 1
E,=E,—E, 2

where E.,E, and E, are the cationic energy (+1 charge), anionic energy (—1 charge) and neutral energy (0 charge) respectively,
whereas the chemical hardness and softness were obtained from Equations (3) and (4) respectively:

_IP-E,

=2 @®)
1

=5 (C)]

Charge transfer is one of the essential factors for understanding the stability of a molecule. This was investigated from natural bond
orbital (NBO) analysis [54] by monitoring the atom charges [55]. The natural atomic charge (NAC) plays an important role in applying
quantum mechanical calculations to molecular systems, as the atomic charge affects the electronic structure, dipole moment, and other
properties of the molecule [56]. Effects of electron-donating and withdrawing groups (EDG and EWG) were investigated to gain in-
sights on the stability of the present compounds.
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3. Results and discussion

In line with the research interest, DFT calculations were performed on compounds 1-3 to obtain more insight on their electronic
and geometrical properties, and to predict their photodegradation trend when exposed to simulated solar radiation. These results were
compared with our experimental findings [20]. Inspection of the active frontier molecular orbitals (FMOs) revealed the photo-
instability trends of compounds 1 and 3 under UV radiation with the formation of photoproducts ((E)-1,5-bis(4-(methylthio)phenyl)
pent-1-en-3-one and (E)-1,5-bis(4-(ethyl)phenyl)pent-1-en-3-one for compounds 1 and 3 respectively). Interestingly, compound 2 was
observed to be considerably more photostable towards simulated UV radiation. These findings, agree with our previously reported
experimental results [20]. Thus, this work has shown that molecular modelling strategies can assist to rationalize experimental
findings.

3.1. Conformational analysis

In order to investigate the possible conformers of 1-3, different conformations were explored by changing the orientation of the
two aromatic rings attached to the chromophoric (pentadiene-3-onyl) moiety as shown in Supplementary Material Figs. S1-S3. Po-
tential energy scans were performed on the different conformational possibilities (trans-trans, cis-cis, cis-trans and trans-cis) of the
compounds, at the B3LYP/6-311++G (d, p) level of theory. The conformation with the lowest energy was considered as the reference
to calculate the relative energy, AE;elative, for all the compounds. The energy differences (AE ejative) between the conformers (trans-
trans, cis-trans, trans-cis and cis-cis) are given in Table 1. The energy difference for the lowest energy conformer (trans-trans) is lower
than KT (2.478 kJ mol ™! at room temperature), thereby suggesting that the trans-trans conformer may exist at room temperature. The
energy differences for the other conformers (cis-trans, trans-cis and cis-cis) are much larger than kT, indicating their non-existence at
room temperature. These results were in good agreement with the experimental NMR data. Thus, the rest of the study was based only
on the trans-trans conformers for all the compounds (1-3).

3.2. Optimized molecular geometry analysis

The optimized molecular structures of 1-3 and their hydrogenated photoproducts obtained by using the DFT/B3LYP method with
the 6-311G++ (d, p) basis set are presented in Fig. 1 and Supplementary Material Fig. S4 for comparison. Since a crystal structure of
compound 1 could be obtained, it was possible to compare the optimized geometric parameters (bond lengths, bond angles and torsion
angles) of compound 1 with the structural parameters obtained from the crystallographic information file (CIF). (CCDC 2261682
contains the supplementary crystallographic data for compound 1. These data can be obtained free of charge from the Cambridge
Crystallographic Data Centre via www.ccdc.cam.ac.uk/structures.) Some selected results are presented in Table 2. Compound 1
possesses a C1 point group. The pentadiene-3-onyl chromophoric moiety (C9-C10-C11-01) attached to the two methylthio substituted
phenyl rings (C8-C5-C6 and C12-C13-C18) subtend dihedral angles that are essentially the same (34.7102(6)°) and, hence, the non-
planarity of the methylthio substituted phenyl rings with respect to the chromophoric moiety of the compound (Fig. 1). Generally, the
optimized structural parameters were found to be in the normal range and were found to be in good agreement with the XRD data (R?
= 0.9995 and 0.9997 for bond lengths and angles respectively). However, it is observed that some of the bond lengths and angles are
slightly overestimated, while a few are underestimated. These discrepancies may be due to the fact that the theoretical calculations
correspond to isolated molecules in the gaseous phase and the experimental results belong to molecules in the solid state. The geometry
of solid-state structures is subject to intermolecular forces, such as van der Waals interactions and crystal packing forces, which make
most of the experimental bond lengths to be shorter than the theoretical ones. The optimized molecular geometry obtained by the
B3LYP/6-311G++ (d, p) method and XRD were overlaid (Fig. 2) and the root mean square deviation (RMSD) and maximum deviation
(MAD) values were found to be 0.5900 A and 1.1382 A respectively. Furthermore, the conformation of the molecular structure ob-
tained by XRD appears to be a concave geometry as opposed the theoretical optimized structure as shown in Fig. 1.

3.3. Vibrational analysis

The infrared vibrational frequencies of the most stable conformers of 1-3 were calculated with the DFT B3LYP/6-311++G (d, p)
method. In general, harmonic IR frequencies overestimate the corresponding experimental frequencies due to systematic errors caused
by basis set incompleteness, neglect of vibrational anharmonicity, and various approximations used in the present DFT calculations.
Therefore, a uniform scaling factor of 0.967 was used to scale down the harmonic frequencies for achieving good correlation with the
experimental frequencies [40]. Vibrational mode assignments were made by visual inspection of the modes animated by the Gauss

Table 1
Relative energies of the different conformers of 1-3 presented in Supplementary Material Figs. S1-S3.
Compound Relative energy/kJ mol !
trans-trans cis-cis cis-trans trans-cis
1 0 38 17 17
2 0 38 17 17
3 0 42 21 21
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Table 2
Comparison of selected optimized structural parameters for 1 with corresponding XRD data. XRD data are
from Ref. [20]. Atom numbering corresponds with Fig. 1 in Ref. [20].

Parameter XRD B3LYP/6-311G +-+(d, p)
Bond distance/A

S2-C19 1.798(2) 1.821
S2-C16 1.764(4) 1.775
S1-C2 1.759(2) 1.775
S1-C1 1.801(2) 1.821
01-C10 1.230(3) 1.228
C8-C5 1.460(3) 1.457
C13-C12 1.460(3) 1.457
Bond angle/®

C16-S2-C19 102.46(10) 103.87
C2-S1-C1 102.81(11) 103.75
01-C10-C11 122.40(2) 122.15
01-C10-C9 122.30(2) 122.13
C11-C10-C9 115.30(2) 115.72
Torsion angle/°

C19-S2-C16-C17 158.20(3) —179.99
C1-S1-C2-C7 —-3.79(7) 0.01
Dihedral angle/°

C9-C10-C11-01 32.29 0
C8-C5-C6 34.71(5) 0
C12-C13-C18 34.71(6) 0

Fig. 2. Molecular overlays of the optimized theoretical structure (blue) and that obtained by XRD (red) for 1. (For interpretation of the references to
colour in this figure legend, the reader is referred to the Web version of this article.)

View program [38]. Selected calculated vibrational frequencies are compared with the experimental vibrational frequencies in
Table 3. All the assignments given in Table 3 were determined from reported IR frequencies [57]. A comparison between the
experimental and predicted IR spectra of the titled compounds is presented in Fig. 3 and Supplementary Material Figs. S5 and S6. The

Table 3
Some experimental and DFT-computed IR frequencies for compounds 1-3.
Compound Code IR frequency/cm
C=0 C=GC; C=C,r CS C-N CoHs
1 Exp.” 1645 1617 1586 815 - -
DFT 1649 1630 1598 820 - -
2 Exp.” 1684 1630 1548 - 1159 -
DFT 1641 1636 1600 - 1186 -
3 Exp.” 1645 1622 1588 - - 2965
DFT 1652 1634 1592 2965

s - stretch and ar - aromatic.
@ Experimental data are from reference [20].
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Fig. 3. Theoretical and experimental IR spectra of 1.

scaled infrared vibrational frequencies showed good agreement with the experimental data. The correlation between the calculated
and the experimental vibrational frequencies is shown in Supplementary Material Fig. S7. As can be seen from this figure, a good
correlation was obtained between the calculated and experimental vibrational frequencies with high correlation coefficients.

3.3.1. C-H vibrations

The C-H stretching vibration in alkenes and aromatic structures occurs between 2850 and 3100 cm ™! and 3000 - 3100 cm ™!
respectively [57-59]. The experimental IR band for the C-H stretching vibrations of 1 are observed at 2916 and 3017 cm~ ! while the
calculated C-H stretching vibrations appeared at 2914 and 3031 cm™". For 2, the experimental C-H stretching vibrations are observed
at 2891 and 3012 cm ™! with the computed C-H stretching vibrations at 3002 and 3072 cm ™! respectively. The experimental C-H
stretching vibrations of 3 are observed at 2932 and 3026 cm ™~ with calculated C-H stretching vibrations appearing at 2959 and 3040
cm L. The characteristic IR band due to the C-H aromatic vibration of 1-3 appears in the region 3012 - 3026 cm'. The predicted
scaled frequencies corresponding to these vibrations were found close to the experimental ones in the region 3031 - 3072 cm™L.

3.3.2. C-S, C-N and C,Hs vibrations

The S-CHs, C-N and CyHjs stretches are expected in the regions 600 - 850 cm™Y, 1080 - 1360 cm ™! and 2652 - 2972 cm ™
respectively [59,60]. The C-S bond is highly polarizable and hence produces strong spectral activity [61,62]. The experimental C-S
stretch in 1 was observed at 815 cm ™" and the calculated B3LYP value appeared at 820 cm™'. The C-N stretching in 2 was recorded at
1159 em ™! with the computed value at 1186 cm ™! and, finally, the experimental CoHs stretch in 3 appears at 2965 cm ™! which is the
same as the calculated value.

3.3.3. C=O0 vibrations

The C=0 bond in ketones is found in the region of 1680-1750 ecm ! [57,59]. The experimental bands of 1-3 were found to be in the
range of 1645-1684 cm™!. This downfield shift from the normal absorption of 1725 cm™! is due to the presence of a high degree of
conjugation of the carbonyl group with the olefinic bonds and aryl groups from both sides. The peaks observed at 1645, 1684 and 1645
cm ! are for 1, 2 and 3 respectively. The calculated C=O stretching vibrations for 1, 2 and 3 appeared at 1649, 1641 and 1652 cm ™!
respectively, as obtained with the B3LYP/6-311++G (d, p) level of theory.

3.3.4. C=C vibrations

The C=C stretching vibrations in alkenes and aromatic compounds normally occur in the regions of 1620-1680 cm ™+ and 1400 -
1600 cm ! respectively [57,59]. The experimental C=C stretching vibrations observed for 1 are at 1617 and 1586 cm ™' while the
computed values occur at 1630 and 1598 cm ™! respectively. The experimental C=C stretching vibrations for 2 were recorded at 1630
and 1548 cm ™! and the calculated values fall at 1636 and 1600 cm ™! respectively, while, 3 has 1622 and 1588 cm™! for the exper-
imental C=C stretching vibrations with simulated C=C stretching vibrations at 1634 and 1592 cm™! respectively. All the calculated
results were in good agreement with the experimental data.

3.4. Electronic transitions

The nature of the electronic transitions in the observed UV-visible spectra of 1-3 and hydrogenated photoproducts of 1 and 3 have
been studied by time-dependent density functional theory (TD-DFT). TD-DFT has emerged as a powerful tool for investigating the
static and dynamic properties of molecules in their excited states, allowing for the best compromise between accuracy and
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computational cost. The UV-vis spectra of the present compounds in vacuum as well as in various organic solvents (ethyl acetate,
methanol and DMSO) were studied with TD-DFT at the B3LYP/6-311++G (d, p) level coupled with the Integral Equation Formalism
Polarized Continuum Model (IEF-PCM), while the hydrogenated photoproducts were only studied in solvent phases. We give priority
to these solvents because ethyl acetate is a less polar aprotic solvent, DMSO is a polar aprotic solvent, and methanol is a polar protic
solvent acting as both hydrogen donor and acceptor. The greater the dielectric constant, the greater the polarity. These solvents cover a
wide range of polarities and have different dielectric constants (ethyl acetate, ¢ = 6.02; methanol, ¢ = 32.7; and DMSO, ¢ = 46.7)
[63-65]. The calculated absorption wavelengths (1), oscillator strengths (f), dipole moments (1), excitation energies (E) and excited
lifetimes (t) of 1-3 in vacuum and solution phases are displayed in Table 4. The 7 of the compounds in both vacuum and different

organic solvents were calculated from the relation, T = }'(‘gzg,

excited state, and f is the oscillator strength of the excited state [66-69].

It is observed that all the absorption bands in 1-3 and the hydrogenated photoproducts are red shifted in polar solvents (Figs. 4 and
5). Polar solvents are known to stabilize n* orbitals more than r orbitals [51]. This increase in stabilization of the excited states by polar
solvents is the reason for the observed bathochromic shift of the absorption bands (Tables 4 and 5). The calculated electronic tran-
sitions are in good agreement with the experimental electronic transitions. The wavelength of maximum absorption, Ay, is a function
of substitution; the stronger the donor character of the substituent, the more electrons are pushed into the system, hence, the longer
Amax- The roles of the substituents and solvents influence the UV spectra of the present compounds. Evaluation of the TD-DFT cal-
culations show that the significant transitions in compounds 1-3 are HOMO-1 to LUMO and HOMO to LUMO, and the most intense
band in the compounds mainly originate due to HOMO — LUMO excitation. This may be due to the electronic transition of the carbonyl
group; hence, electronic excitation is assigned to be n — n*. This transition originates from the lone pair on the central oxygen (n — ©*)
and is symmetry forbidden. The calculated UV absorption intensity is more intense in ethyl acetate, methanol and DMSO than in
vacuum suggesting this is due to polarizability and the dielectric strength of the solvents.

To increase the band intensity or oscillator strength there should be a good overlap between the orbitals involved in the electronic
transition. It could be observed that in a polar medium, the oscillator strengths are found to increase. This could be due to better orbital
overlap. Thus, an increase in the polarity of the solvent increases the oscillator strengths and dipole interactions between solvent
molecules and the solute thereby lowering the excitation energy (Table 4). Furthermore, the excited states lifetimes decrease with
increase in polarity of the solvents. Therefore, solvent polarity decreases excitation energies and lifetime of the excited state of the
present compounds (1-3) and increases their dipole moment.

It can be seen from Fig. 4, that absorption of 1-3 spans the entire UV region. UV radiation may be classified as UVC, UVB and UVA.
As mentioned earlier, UVA and UVB can cause damage to the skin [70,71]. The absorption maxima of the studied molecules are found
in the UVB and UVA regions. Thus, these molecules could have broad-spectrum UV-screening ability. However, when dilute solutions
of compounds 1 and 3 were exposed to simulated solar radiation, they become photo-unstable (photodegraded) leading to a selective
protonation of one of the olefinic bonds of the chromophore which is contrary to other reports [72,73]. Consequently, the formation of
the hydrogenated photoproducts could be attributed to possible photolysis of the associated moisture, which invariably provided the
protons for the hydrogenation of the olefinic bond [74]. Furthermore, the simulated results of the photoproducts are in good agree-
ment with the experimental ones (Table 5). Compound 2 was found to be essentially photostable in the polar protic solvent methanol.

The analysis of the wavefunctions indicates that the electron absorptions of 1-3 correspond to the transition from the ground state
to the first excited state (So — S1) and is mainly described by a one-electron excitation from the HOMO to the LUMO.

where E (in ecm™?) is the energy gap between the ground state and first

3.5. Analysis of the frontier molecular orbitals

As known, molecular orbitals are obtained from the linear combination of the atomic orbitals of the atoms in a molecule and the
most important orbitals are the HOMO and the LUMO, which are called frontier molecular orbitals, due to their localization at the
outermost boundaries. The HOMO has a nucleophilic character since it can donate an electron, while the LUMO can be an electron

Table 4
Experimental (Amax) and TD-DFT computed (Arp.prr) Wavelengths of maximum absorption, oscillator strengths (f), dipole moments (), excitation
energies (E), and excited state lifetimes (1) for 1-3 in vacuum and in different solvents.

Compounds Solvent Amax/NM ATp-pFT/NM f E/eV u/D t/107°
ns
1 Vacuum - 384 0.0645 3.2288 6.0785 3.4300
Ethyl acetate 367 405 0.0949 3.0647 8.0705 2.5900
Methanol - 408 0.0951 3.0395 8.7378 2.6200
DMSO 378 410 0.1001 3.025 8.7910 2.5200
2 Vacuum - 386 0.0587 3.2138 5.6178 3.8000
Ethyl acetate 369 417 0.0881 2.9748 7.9241 2.9600
Methanol 386 423 0.0887 2.9308 8.7166 3.0500
DMSO 386 425 0.0932 2.9141 8.7809 2.9100
3 Vacuum - 338 0.0507 3.6662 3.6702 3.3800
Ethyl acetate 329 351 0.0764 3.5354 4.9145 2.4100
Methanol 339 352 0.0779 3.5191 5.3334 2.3900
DMSO 338 354 0.0817 3.5056 5.3669 2.3000
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Fig. 4. TD-DFT absorbance spectra in various solvents for (a) 1, (b) 2, and (c) 3.
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Fig. 5. TD-DFT absorption spectra of the hydrogenated photoproducts of (a) 1 and (b) 3 in various solvents.
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Table 5
Experimental (Amax) and TD-DFT computed (Arp.prr) wavelengths of maximum absorption for the hydrogenated photoproducts of 1 and 3 in
different solvents.

Photoproduct of compound Solvents Amax/Nm ATp-pFT/NM

1 Ethyl acetate 311, 262 367, 276
Methanol NS 367, 273
DMSO 323, 289, 265 369, 276, 273

3 Ethyl acetate 310, 266 316, 285
Methanol 308, 261 317, 285
DMSO 314 318, 287

NS - not soluble.

acceptor as it has an electrophilic character. Therefore, when an electron jumps from the HOMO to the LUMO, the electron density
significantly decreases in the electron-donating moiety and is accompanied by an increase in the electron density of the electron-
accepting moiety. The shapes of these molecular orbitals, their energies, as well as their energy gap, have many applications [75,
76]. HOMO-LUMO analysis plays an important role in determining the amount of energy required to add or remove electrons in a
molecule. It also helps in predicting chemical reactivity, optical properties, as well as charge transfer properties of a molecule [53,
77-79].

The frontier molecular orbitals of 1-3 were obtained with the B3LYP method and the 6-311++G (d, p) basis set in vacuum and in
various solvents for the optimized molecular structures. The Polarizable Continuum Model (PCM), together with the Integral Equation-
Formalism Polarizable Continuum Model (IEF-PCM), was used to evaluate the solvent effect. Six important orbital energies of the
molecules including the highest, second and third highest occupied molecular orbitals (HOMO, HOMO-1 and HOMO-2) and the lowest,
second and third lowest unoccupied molecular orbitals (LUMO, LUMO+1 and LUMO+2) were calculated and are depicted in Sup-
plementary Material Figs. S8-S10 and their energies are presented in Supplementary Material Table S1. The AE ymo-Homo gap is
commonly used as a stability index [80,81]; the higher the value the more stable the chemical system [82].

The ground state HOMO and LUMO distribution for 1-3 are shown in Fig. 6 and Supplementary Material Figs. S11 and S12. In these
plots, the red and green colours represent the positive and negative phases of the molecular orbitals respectively. The HOMO and the
LUMO energy eigenvalues and energy gaps in vacuum and various solvents are presented in Table 6. There is a remarkable difference
in the energy gap computed in vacuum, ethyl acetate, methanol and DMSO (Table 6). For instance, the energy gaps of 1-3 in vacuum
are higher than in all the solvents, revealing the role of solvent polarity in stabilizing the ground and excited states of the molecules.

The small AEgomo-Lumo values explain the eventual charge transfer interaction within 1-3 and the influence on their optical
activities when they absorb UV light (Fig. 7). Obviously, the HOMOs of 1-3 represent a complete non-bonding (n-type) character
because of the lone pair on their central oxygen. Specifically, the HOMO is localized over all atoms except the carbonyl atoms of the

(1) (2) (3)
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Fig. 6. Diagram of MOs involved in the electronic transition giving rise to the UV-vis absorption of 1 in (1) vacuum, (2) ethyl acetate, (3) methanol,
and (4) DMSO obtained with the TD-DFT/B3LYP method and the 6-311G++ (d, p) basis set. The MOs depicted at the bottom and at the top are
respectively the HOMO and LUMO.
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Table 6
The energy eigenvalues of the frontier molecular orbitals (AE;ymo-nomo) for 1-3 in vacuum and different solvents obtained at the B3LYP/6-311++G

(d, p) level of theory.

Compound Vacuum Ethyl acetate Methanol DMSO
AErumo-nomo/eV AELumo-nomo/eV AErymo-nomo/eV AErymo-nomo/€V
1 0.120 0.115 0.113 0.113
2 0.117 0.107 0.104 0.104
3 0.137 0.132 0.130 0.130
A
(5*
i n*
hv
P -
an
=
= L % n
m
e .
Molecular orbitals Molecular orbitals

Fig. 7. Mechanism of UV light absorption for 1-3.

compounds. The LUMO is dispersed over the whole molecule in both vacuum and solvents showing the n* character of the C=0 bond.
Hence, the transition Sy — S; is mainly due to the electronic transition from HOMO-LUMO (n - n*) (Fig. 7). It is interesting to note that
the computational results were consistent with the experimental results where the loss of photo-absorption capacity of 1 and 3 in ethyl
acetate, methanol and DMSO after the first 30 min of exposure to UV light was observed [20]. On the other hand, we did not observe
any significant change in the photo-absorption capacity of 2 in methanol even after 4 h of irradiation; thus, 2 could be said to be
photostable. However, a slight discrepancy exists between the experimental and computational results for the effects of methanol on
the stability of 2. This disagreement could be attributed to the limitation of the computational prediction. Therefore, we conclude that
solvent polarity slightly enhances the probability of a transition for 1-3.

3.6. DFT-based properties related to stability

The energies of the neutral, cationic and anionic species of 1-3 were calculated by natural population analysis by using the B3LYP/
6-311++G (d, p) method and are presented in Supplementary Material Table S2. The understanding of the chemical reactivity of the
compounds can be obtained from conceptual density functional theory (DFT) [83]. Global reactivity descriptors act as a bridge be-
tween the stability of the structures and global chemical reactivity [84]. The global reactivity descriptors give information about
fundamental features of the chemical reactivity, such as ionization potential, electron affinity, global hardness and global softness,
among others [85]. The energy values of the frontier molecular orbitals can be considered as a good starting point in order to determine
these parameters. The difference between the HOMO-LUMO energy values is the most important determinant of chemical stability.

The hardness represents how a molecule resists deformation of its electron cloud during a chemical process, while its inverse is
described as the global softness [86,87]. Hard systems have large energy gaps and are relatively small, stable, unreactive and not
polarizable, while soft systems are large with small energy gaps and are highly polarizable and reactive as they easily interact [86-89].
Ionization potential is the minimum energy required in vacuum to remove an electron from an atom or molecule, while electron
affinity describes the capability of an atom or molecule to attract electrons.

The calculated DFT-based quantities, such as electron affinity (Ea), ionization potential (IP), hardness (1), and softness (S), for 1-3
are presented in Table 7. It is clear from the results that 1-3 have a small AE ymo-nomo, implying that the present compounds are
highly reactive and soft. The electron-releasing substituents attached to 1 and 3 reduced their stability. It is of interest to note that 2
appears to be more stable than 1 and 3 (Table 7), hence, this result supports the experimental findings. The global hardness of these
compounds increases as the global softness is reduced (Table 7).

Table 7

DFT-based quantities for 1-3 obtained at the B3LYP/6311++G (d, p) level of theory.
Compounds Ea/eV IP/eV n/ev S/ev
1 —-1.41 6.93 4.17 0.12
2 -0.87 6.24 3.55 0.14
3 -1.31 7.40 4.36 0.11
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3.7. Natural bond orbital analysis

Charge transfer is one of the essential factors for understanding the stability of a molecule. This can be investigated from natural
bond orbital (NBO) analysis [54] by monitoring the atom charges [55]. The natural atomic charge (NAC) plays an important role in
applying quantum mechanical calculations to molecular systems, as the atomic charge affects the electronic structure, dipole moment,
and other properties of the molecule [56]. In this work, we have investigated the effect of three different types of electron-releasing
substituents (-SCH3, -N(CHs)» and -CyHs) on the stability of 1-3 (Supplementary Material Table S3). Substituents have a tremendous
influence on the stability of these compounds. The atoms in all the molecules are categorized into three groups (substituent, phenyl
rings, and chromophore) and the charges are given in Table 8. Charge transfer occurred within the compounds as the substituents have
excess electrons. The electron-donor ability of the substituents attached to the phenyl rings plays a very important role on the
structural and electronic properties of the molecules as they share their excess electrons with the n electrons in the phenyl rings. It is
evident from Table 8, that all the electrons donated by the substituents in 1 and 3 were fully accommodated by the phenyl rings thereby
making the systems extremely saturated (highly reactive). Thus, when the systems absorbed UV light, the excess electrons could no
longer be accommodated by the compounds, and this resulted in the opening of one of the n-bonds of the chromophore for bonding
with any available hydrogen in the solution (photodegradation). However, for 2, the electron donor-acceptor ability of the substituent
(dimethyl amino group) attached to the phenyl ring plays a crucial role on the structural stability of the compound. The symmetry of
the entire system allows free movement of the excess electrons from the chromophore to the phenyl rings and to the substituent when it
absorbs UV light during irradiation. This allows for electron delocalization upon absorption of UV radiation with minimal reaction
occurring.

3.8. Analysis of NMR chemical shifts

NMR spectroscopy is a powerful spectroscopic technique used in identifying structural and functional characteristics of compounds
in both solid and liquid states. The gauge invariance atomic orbital (GIAO) approach within DFT has become a standard tool for
computing absolute chemical shifts (5, ppm) relative to tetramethylsilane (TMS). GIAO NMR (*H and '3C) calculations have been
performed at the B3LYP/6-311++G (d, p) level of theory in the solvent (chloroform) phase (using the IEF-PCM model) for all the
present compounds. The experimental and theoretical 'H and '>C NMR chemical shifts are given in Table 9. The NMR signals for some
nuclei normally appear at different chemical shift values as each nucleus in the compounds is chemically unlike to another due to
different surrounding electrons [90-92]. The NMR signals for organic compounds relative to TMS normally fall in the region 0-10 ppm
for 'H NMR, and 0-220 ppm for 13C NMR. In the present study, the chemical shift values of molecules 1-3 and the hydrogenated
photoproducts of 1 and 3 are observed in the region of 1-8 ppm for the 'HNMR spectra, and from 15 to 190 ppm for I3C NMR of 1-3. A
high density of electrons delocalized over a nucleus leads to a low value of the chemical shift (upfield) due to the shielding effect, and
less electron density on the nucleus gives high values of the chemical shift (downfield) due to a deshielding effect.

In '3C NMR, the signals due to C12 in all the three compounds appeared at higher chemical shift values because they are connected
to a highly electronegative oxygen atom (deshielding effect) [45]. In the 'H NMR spectrum, the atoms H28 - H46 from the substituent
group are observed at low values of the chemical shift due to the addition of electron density (shielding effect) and the environmental
effect as all the hydrogen atoms of the substituents are located on the molecule periphery [93,94], while the atoms H7, H9, H21, H22,
H24, H25, H39, H40, H47 and H48 are observed at large values because of removal of electron density (deshielding) in all three
compounds. The H35 and H36 are also observed at large chemical shift values because they are in the vicinity of the electronegative
oxygen atom (large negative charge). The computed chemical shifts are compared with the experimental values as shown in Table 9.
However, one should be aware of the expected 0.1-0.5 ppm deviations of proton chemical shifts from experiment in GIAO NMR
calculations [95-100] due to geometry and method of calculation. A good correlation between the experimental and calculated
chemical shifts of 1-3 for the proton and carbon resonances were obtained (Supplementary Material Figs. S13 and S14).

Additionally, Table 10 presents a comparison of the calculated and experimental 'H chemical (5) shifts of the hydrogenated
photoproducts in chloroform solvent, with TMS as reference. It could be seen experimentally, that the protons « and f to the carbonyl
were observed in the region of 2-4 ppm, while the calculated values were obtained in the region of 2-3 ppm (Table 10). The computed
chemical shifts of the photoproducts are in good agreement with the experiment, which indicates the suitability of the applied DFT
method functional and the basis set.

4. Conclusions

Remarkably, for the first time the photochemical properties of 1-3 were computed by an ab initio method. The calculations allowed
detailed assignment of the UV spectral features and predicted the n — n* nature of the lowest-lying singlet transitions both in vacuum
and different solvents. Due to the solvent effect, the dipole moments of the compounds in ethyl acetate, methanol and DMSO are
slightly larger than in vacuum, whereas, excitation energies decrease with increase in solvent polarity. Furthermore, the energy gap of
HOMO-LUMO in solvents are smaller than in vacuum, hence, solvent polarity slightly enhances the probability of transitions of the
present compounds. The movement of x electrons from donor to acceptor, i.e., intramolecular charge transfer, makes 1 and 3 more
polarized and the low AE ymo-nomo gap could be responsible for the high reactivity of these compounds, which supports our
experimental findings. Thus, inspection of the active FMOs revealed the photodegradation trends of 1 and 3 under UV irradiation.
However, introducing a -N(CHs)2 substituent to 2 at the para-position improves its photostability towards simulated UV radiation.
Thus, molecule 2 proved to be effective under prolonged UV exposure, indicating its potential to absorb and provide efficient
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Table 8
The NBO charges of 1-3 at the B3LYP/6-311++G (d, p) level of theory.
Compound Substituent Phenyl ring Chromophore
1 0.448 —0.419 —0.029
2 —0.047 0.132 —0.084
3 0.078 —0.067 —0.013

Table 9
Experimental and theoretical 'H and '*C NMR chemical shifts (with respect to TMS) for 1-3. The theoretical values were obtained by the DFT/B3LYP
method. The experimental values are from Ref. [20].

Compound Atom Opxp/PPM OTheo/PPM Atom Opxp/PPM OTheo/PPM
1 H (28-34) 2.53 2.44 C(27,31) 15.15 17.69
H (25, 42) 7.04 7.12 C(1,15) 124.54 125.54
H(7,21) 7.26 7.17 Cc(11,13) 126.00 127.49
H (39, 40) 7.54 7.47 C(2,5,14,17) 128.75 130.43
H (35, 36) 7.70 8.01 C(3,19) 131.33 135.21
C(4,18) 142.30 142.63 138.64
Cc(12) 188.69 189.89
2 H (35-46) 3.05 3.02 C (33, 34) 40.15 40.93
H (21, 22) 6.71 6.67 C(5,17) 111.91 113.89
H (24, 25) 6.91 6.88 C(11,13) 121.36 124.17
H (47, 48) 7.53 7.48 C(3,19) 122.97 127.31
H (27, 28) 7.70 7.93 C(2,14) 130.08 131.13
C(4,18) 142.94 140.49
C (16, 23) 151.79 152.36
Cc((12) 188.91 189.07
3 H (34-36) 1.28 1.28 C (31, 32) 15.32 10.39
H (39-42) 2.71 2.95 C (29, 30) 28.86 30.11
H (24, 25) 7.07 7.21 C (11, 13) 124.67 128.13
H(7,21) 7.27 7.48 C(1,15) 128.51 129.17
H (9, 22) 7.56 7.51 C(2,14) 128.52 129.81
H (28, 44) 7.74 7.82 C(5,17) 132.38 134.83
C (4, 18) 143.21 138.79
C (10, 23) 147.26 150.56
C(12) 189.11 190.35
Table 10

Experimental and theoretical 'H NMR chemical shifts of the hydrogenated products of 1 and 3 (with respect to TMS). The theoretical values were
obtained by the DFT/B3LYP method. Experimental values are from Ref. [20].

Photoproduct of compound Atom Sxp/PPM STheo/PPM

1 H (29-34) 2.48 2.41
H (25, 26) 3.48 2.68
H (21, 24) 3.73 2.76
H (7, 18, 20) 6.61 6.86
H (40, 42) 7.18 7.29
H (39) 7.23 7.37
H (37. 38) 7.31 7.52
H (23) 7.77 7.89

3 H (29-34) 1.22 1.26
H (24, 26, 43-46) 2.64 2.63
H (21, 25) 3.77 2.77
H (20) 6.63 6.97
H (38) 7.15 7.25
H (7, 36, 37, 40) 7.26 7.40
H (18, 35) 7.60 7.55
H (23) 7.80 7.96

protection against harmful UV radiation and overcome the photo-instability shortfall of current chemical UV filters. Hence, it can be
treated as a promising candidate for UV filters in sunscreen formulations. Interestingly, for the first time the excited state lifetimes were
calculated in vacuum and solvents. It was seen that solvent polarity significantly reduced the excited state lifetimes of the compounds.
All theoretical results were compared with the experimental findings (UV-vis, FTIR and NMR spectra) and were found to be in good
agreement. Thus, this work has shown that molecular modelling strategies can assist to rationalize experimental results. It has also
shown that the dimethyl amino substituent allows for structural stability.
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