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       The effect of substitution on some biologically active di- and tri-coumarins substituted  
4-phenyl coumarins were investigated using absorption and fluorescence spectrum profiles. These studies helped in the estimation of excited-
state dipole moments (μe) of coumarins by applying two renowned Solvatochromic shift methods: Kawaski et al. and Ravi et al. 
Computational methodology was applied to find the ground state dipole moments (μg) and Onsager cavity of the coumarins from the 
optimized geometry of the molecules using DFT/B3LYP/6-31++ G(d,p) level of theory. The Mulliken charges, frontier molecular orbitals 
(FMO), and electrostatic potential surfaces (EPS) were theoretically generated utilizing their optimized geometries to validate the 
experimental findings. Time Dependent Density Functional Theory (TD-DFT) approach was applied to approximate the excitation energy, 
dispersion energy, cavitation energy, corresponding wavelengths, and oscillator strength for different coumarins in the gaseous phase in 
addition to benzene, ethanol, and most polar aqueous medium. The large stoke’s shifts and high μe values indicate that the intramolecular 
charge transfer (ICT) process occurs in these coumarins which have coerced by an intense S0 → S1 electronic transition. The computational 
results were matched with the experimental analysis, and revealed characteristics electrical properties of coumarins, as well as confirming 
the presence of ICT in these coumarins.  
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INTRODUCTION 
 
      Coumarins (1-benzopyran-2-ones) are an interesting 
class of biologically active molecules containing the benzene 
ring fused with a hexagonal lactone ring and are found in 
variety of bacteria, fungi, and plants [1]. Because of the 
lipophilic, planar, and aromatic 2H-chromen-2-one ring, they 
are amphiphilic in nature and interact with a variety of 
lipophilic biological equivalents via strong hydrophobic, and 
π-π stacking interactions. Coumarins have a hydrophilic 
lactone group that confers strong polar binding to the 
molecule, such as hydrogen bonds and dipole-dipole 
interactions. Coumarins with potent backbones have been a 
subject of continuous exploration by various research groups 
and  novel  synthetic  pathways  and  protocols  are designed  
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from time to time [2-6]. This versatility in the chemical 
structure of coumarins caused by substitution can have a 
significant impact on the photochemical characteristics of the 
compound [7,8]. 
      These extensive claims are meticulously relevant to their 
photophysical processes such as intramolecular charge 
transfer (ICT) which is highly sensitive to solvent polarity as 
well as its structure in both ground and excited states. 
Coumarins have amazing fluorescence properties, including 
high sensitivity to their local environment, such as polarity 
and viscosity, which explains why solvents have such a 
strong influence on their chemical and physical properties, 
causing changes in their electronic transitions (aka 
solvatochromism) [9-13]. This makes absorption and 
fluorescence spectroscopy useful for estimating various 
photophysical parameters of coumarins in their ground and 
excited states [14-19]. 
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      Excited states play a prominent role in photoinduced 
reactions, as well as in cases where only the ground state is 
present. The excitation spectra describe the various 
transitions that occur during the excitation of a molecule from 
its ground to excited state. The transitions between energy 
levels of an atom or molecule, and oscillator strength (f value) 
determines the likelihood of electromagnetic radiation 
absorption or emission. In quantum chemistry, the time-
dependent density functional theory (TD-DFT) is getting a 
lot of traction as an expedient tool for approximating various 
excited state electronic properties. The excitation spectra and 
the dipole oscillator strengths are obtained by means of the 
TD-DFT approximation [20]. Different parameters induced 
by solute-solvent interactions such as excited state energy 
(Eexc), dispersion energy (Edis), cavitation energy (Ecav), 
repulsion energy (Erepul), non-electrostatic energy (Enon-el), 
polarized solute-solvent interaction energy (EPSS), free 
energy of solvation (Gsol), and various other properties of 
the molecule in its excited state are estimated [21,22].  
      In the present work, seven coumarins with various groups 
were chosen to investigate the effects of solvent polarity and 
substitution on dynamic processes in order to reveal their 
photon-induced charge transfer mechanism using absorption 
and fluorescence spectral profiles, as well as computational 
DFT approach. Experimentally, using solvatochromic shift 
approaches the ratio of dipole moment (e/g) and change in 
dipole moment (), are estimated which are then utilized to 
estimate the excited-state dipole moments (e) of distinct 
coumarins using their theoretically calculated ground state 
dipole moments. Furthermore, theoretically analyzed 
characteristics such as frontier molecular orbital (FMO) 
diagrams, electrostatic potential (ESP) energy maps, 
Mulliken charges, as well as excitation energy (Eexc) and 
oscillator strengths (f values) derived by TD-DFT 
calculations have been used to validate the experimental 
results.  
 
EXPERIMENTAL 
 
Materials 
      The coumarins under study were received from Late Prof. 
V.V.S. Murti (Department of Physics and Astrophysics, 
University of Delhi) who is co-author of many research 
papers on coumarins and used as such [23]. The solvents used  

 
 
were spectroscopic and HPLC quality with 99.5-99.8 purity 
from Merck and were checked for impurities in the scanning 
range. The spectral solutions were made with triple distilled 
water and a variety of solvents such as benzene, 1-butanol, 
1,4-dioxane, ethanol, N,N-dimethylformamide, propanol, 
and methanol. 
 
Instrumentation 
      Coumarin’s absorption and fluorescence spectra were 
obtained at room temperature with matching quartz cuvettes 
in solvents of various polarity and hydrogen bonding abilities 
using Shimadzu-260 spectrophotometer and Aminco-
Bowman Spectrofluorometer, respectively. To avoid 
aggregation and decrease inner filter effects, the solute 
concentration was fixed at 10-6 M. 
 
METHODS: DETERMINATION OF 
EXCITED STATE DIPOLE MOMENT  
 
Theoretical Calculations and Geometry 
Optimization  
      The results of geometry optimization on the coumarins 
are listed in Tables S1-S3. All theoretical calculations are 
carried out using quantum chemical package GaussView [24] 
using DFT and TD-DFT approaches using B3LYP with          
6-31++G(d,p) theory to cast more light on the observed 
experimental phenomena and provide a reasonable 
explanation. To corroborate the experimental data, TD-DFT 
calculations were performed using implicit solvation model 
namely, Integral equation formalism polarizable continuum 
model (IEFPCM) [25] in benzene, ethanol, and water. The 
energies were minimized with regard to all geometrical 
parameters, ignoring molecular symmetry requirements, to 
optimize geometries. 
      The bond lengths (Å) and bond angles (º) of the 
coumarins were obtained from their optimized geometries. 
The C3=C4 bond length of coumarins was found to be in the 
range 1.343-1.364 Å and was comparable to that of the C=C 
bond of ethene (1.34 Å) molecule indicating minimal 
delocalization in this bond. The C2-C3 bond lengths were 
constrained to 1.442-1.536 Å, C4-C10 bond lengths were in 
the range 1.448-1.532 Å, and C4-C13 (C13 is the carbon atom 
of methyl substituent at 4th position) bond lengths were in 
scale 1.507-1.540 Å (Table S1). The C2-C3 and C4-C10 bond 
lengths were  slightly  lower  than  the  C-C  bond  length of  
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ethane (1.54 Å) because these bonds are involved in the ICT 
process thereby, fluctuating the actual bond length value. 
However, the C4-C13 bond length is approximately equal to 
1.54 Å as this bond is present outside the pyranone ring and 
is not contributing to ICT. The bond lengths of the atoms 
present in the benzene ring are ~1.4 Å indicating these bonds 
are neither pure single nor pure double bond because of 
resonance the benzene ring is showing a Kekule structure. 
The C–H, C–O, and –C=O bond lengths are in the range 1.07-
1.096 Å, 1.316-1.426 Å, 1.220-1.258 Å which are in perfect 
agreement with the literature value of ~1.09 Å, ~1.43 Å, and 
~1.2 Å, respectively. 
      The bond angles of different bonds of coumarins are 
listed in Tables S2 and S3. The bond angles of the benzene 
ring and pyranone ring of all C-C-C bonds are found to be 
~120º. The bond angle O1-C2-C3 is in the range 114.66-
121.19º which is approximately equal to the literature value 
of ~111º. The bond angle O1-C2-O11 varies in the range 
115.63-119.39º however the actual value is 120º. The C-O-H 
bond angle in C-1 is 103.22º which is justifying a literature 
value of 109º. The bond lengths and bond angles values 
obtained from the optimized geometries of the coumarins 
matched with their literature values and gave idea about the 
nature of bonds. These optimized geometries were also used 
to calculate the Onsager cavity radii (a) and ground state 
dipole moments (g) of coumarins which are used to 
determine the excited state dipole moments. 
 

 
 
Excited-state Dipole Moments: Experimental 
Approach 
      The position of the absorption and fluorescence bands is 
influenced by the electric field, which affects the dipole 
moment of a molecule in its excited state. Currently, we are 
analyzing the properties of seven coumarins using two 
methodologies that rely on the internal electric field. In a 
previous paper, a full explanation of these strategies was 
discussed [26].  
      Dipole moments using Kawski et al. model. The nature 
of the solvent influences the absorption and fluorescence 
spectra, which allows the determination of dipole moments 
in their excited states. We adopted a model provided by Bilot 
and Kawski for this purpose, which is based on bulk polarity 
constraints: f (,n) and (,n) (tabularized in Table 1) [27]. 
Kawski and coworkers [28-32] gave two formulas (Eqs. (1) 
and (2)) involving wavenumbers of absorption (

a ) and 
fluorescence ( f ) spectral bands in a range of solvents, using 

quantum mechanical perturbation theory of the interaction 
between a solvent and spherical solute and subsuming 
Onsager's model [33] as: 
 
      const)n,(mνν 1fa  f                                    (1) 

 
      const)n,(mνν 2fa                                (2) 

 
where νν fa   and νν fa   are spectral shifts (cm-1),  and 

 

Table 1. Solvent Polarity Parameters (E , f (,n),  (,n)) for Different Solvents Used in Present Study 
 

Solventa  n E  f (,n)  (,n) 

Benzene 2.30 1.5000 0.111 0.005 0.340 
1,4-Dioxane 2.21 1.4224 0.164 0.040 0.310 
DMF 6.71 1.4305 0.386 0.840 0.710 

2-Propanol 19.92 1.3772 0.546 0.780 0.646 
1-Butanol 19.92 1.3772 0.586 0.750 0.647 
Ethanol 24.30 1.3610 0.654 0.813 0.653 

Methanol 32.66 1.3284 0.762 0.855 0.650 
Water 78.36 1.3330 1.000 0.913 0.683 

aSolvents are arranged in order of increasing N
TE values. 
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n are solvent’s dielectric constant, and refractive index, 
respectively. The slopes m1 and m2 (Eqs. (3a) and (3b), 
respectively), obtained by plotting ( fa  ) versus f (,n) 

and ( fa  ) versus  (,n), respectively are given as: 
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where ‘a’, g, and e denote Onsager cavity radius, ground- 
and excited state dipole moments, respectively of the 
molecule under study. Because ‘a’ is constant in both the 
ground and excited states, dividing m1 by m2 yields the ratio 
of excited to ground state dipole moment as: 
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      Dipole moments using Ravi et al. Model. For the 

estimation of spectral shifts with N
TE , Ravi et al. [34] used 

a theoretical method for determining the Onsager cavity radii 
'a'. This approach produces more precise findings because the 
ratio of two Onsager radii (aB/a) is taken into account          
(Eq. (5)): 
 
      fa   = 11307.6 [(∆μ/∆μB)2(aB/a)3] N

TE + constant

                                                  (5) 
 
The plot of ( fa  ) vs. N

TE  gives Δμ using slope 'm3' 

(Eq. (6)) which is given as: 
 

      slope (m ) = 11307.6 ∆
∆

 
                     (6) 

 
where ( fa  ) denotes Stokes-shift of the solute in 

different solvents. μB (= 9D) and Δμ designates change in 
dipole moment of betaine dye and solute, respectively on 
excitation. aB (= 6.2 Å) and 'a' are the Onsager cavity radius 
of betaine dye and coumarins, respectively [35]. N

TE  reflects 

the solvent polarity  parameter  recommended  by  Reichardt 

 
 
and coworkers [36-38], which is connected to the absorption 
spectra of betaine dye in the solvent. The N

TE  values for the 
solvents employed in the present study are mentioned in 
Table 1. The Onsager cavity radii of coumarins were taken as 
40% of the longest axis using their optimized geometries 
[26,39]. As a result, estimation of g and 'a' values via 
computational calculations allows the calculation of e. 
 
RESULTS AND DISCUSSION 
 
      Coumarins (C-1 to C-7) with various benzene ring 
substitution groups were chosen to explore their 
photophysical activity. In terms of substituents, C-1 to C-3 
differ from C-4 to C-7 in that the former are di- substituted 
while the latter are tri– substituted (Fig. 1). The absorption 
and fluorescence spectra of coumarins are studied in different 
solvents and are shown in Figs. 2 and 3. 
 
Absorption Spectral Properties 
      The absorption and fluorescence spectra of coumarins 
were examined in solvents with different polarities (Table 1) 
and the corresponding band maxima were tabulated in   
Tables 2 and 3. The absorption spectra of coumarins (Fig. 2a 
for C-1 and Fig. 3a for C-5) exhibit one shoulder peak in the 
UV-Vis region ~280-310 nm, and two well-defined peaks in 
region ~235-250 nm and  ~315-370 nm,  respectively  under 
 
 

 
Fig. 1. Different coumarins employed in present study. 
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Fig. 2. (a) Absorption spectra of C-1 in  benzene, ethanol,  
           and methanol. (b) Fluorescence spectra of C-1 in  

             benzene, ethanol, and methanol. 

 
 

 
Fig. 3. (a) Absorption spectra C-5 in formamide, ethanol,  
          and   water.   (b)  Fluorescence   spectra   of   C-5  in  

           formamide, ethanol, and water. 

(b) 

(b) 

(a) (a) 
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the effect of alteration of substituent at benzene ring and 
varying solvents polarity. The shorter absorption band can be 
allocated to the π-π* transition of the benzene ring,  whereas 

 

 
the longest wavelength band confers the interaction of the 
benzene ring with the pyranone moiety giving π-π* 
transitions. The broad, asymmetric shoulder band  represents 

 Table 2. Absorption (a) Band Maxima (in nm) of Coumarins in Different Solvents  
 

Solventa 

C-1  C-2        C-3        C-4 
       C-5         C-6       C-7 

a, a2,a3b  a, a2,a3  a, a2,a3  a, a2,a3  a, a2,a3  a, a2,a3  a, a2,a3 

Benzene     -, 285, 320      -, 300, 345      -, 285, 319      -,  -, 319      -,  -, 315       -, 305, 348      -,    -, 315 

1,4–Dioxane     -, 283, 323      -, 305, 350      -, 282, 320      -,   -, 320      -,  -, 318  268, 322, 350      -, 258, 316 

DMF     -, 305, 325      -, 308, 351      -,   -, 322      -,   -, 322      -,  -, 322  278, 325, 353      -,    -, 317 

n–Propanol 226, 295, 324  225, 306, 352  242, 286, 321      -, 230, 322      -, 232, 320  267, 305, 353  220, 254, 319 

1–Butanol 226, 296, 325  225, 306, 354  242, 287, 322      -, 230, 321      -, 232, 321  267, 306, 345  220, 254, 317 

Ethanol 228, 295, 324  227, 307, 354  246, 287, 320  212, 235, 320  213, 232, 320  268, 310, 346  220, 254, 318 

Methanol 230, 298, 323  227, 308, 351  246, 287, 320  212, 236, 320  213, 235, 320  270, 312, 350  220, 255, 318 

Water 232, 298, 322  230, 310, 362  248, 290, 321  210, 240, 323  215, 240, 323  274, 312, 348  210, 255, 320 

  aSolvents are arranged in order of increasing E  values. babsorption band maxima (a, a2,a3). 
 
 

              Table 3. Fluorescence Band Maxima (in nm) of Coumarins in Different Solvents 
 

Solventa C-1 C-2 C-3 C-4 C-5 C-6 C-7 

Benzene 377b        402 379 391 392 NFc NF 

1,4-Dioxane 380 407 372 408 395 470 468 

DMF 388 440 386 418 413 483 475 

n-Propanol 388 433 385 408 404 477 454 

1-Butanol 388 430 382 408 408 477 355 

Ethanol 387 435 382 410 410 476 465 

Methanol 389 437 382 417 417 475 472 

Water 451 446 386 437 437 484 506 

                               aSolvents are arranged in order of increasing E  values. ba3 is the excitation wavelength. cNon-fluorescent. 
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(in the region ~300 nm) two overlapping π-π* transitions 
(Fig. 2). There are no n-π* transitions because they are likely 
screened by the more intense π-π* transitions (εm ≈                   
102 M-1 cm-1). The bands are labeled in accordance with the 
literature [9,15,40].  
      The coumarins band maxima changed slightly (by 2-            
3 nm) as the polarity of the solvents changed from benzene 
to water, showing that the ground state of coumarins is 
unaffected by the change in solvents and confirming weaker 
solute-solvent interactions (Table 2). When di-substituted 
coumarins: C-1, C-2, and C-3 (with R3 = –OH, –NH2,                   
–OCH3) were moved towards the most polar solvent under 
study (i.e. water), a blue shift was detected. A strong 
hydrogen bonding between the non–bonded electron pairs of 
the R3 group and H2O molecules stabilizes the LUMO more 
resulting in an increase in the energy gap between HOMO 
and LUMO, justifying the peculiar behavior [9,26]. 
      The absorption band maxima for di-substituted 
coumarins shift towards the longer wavelength side when the 
substitution at R3 (7th position of coumarins) is modified 
according to the following: –NH2 > –OH > –OCH3. This 
behavior holds good in all solvents regardless of the polarity, 
refractive index, and viscosity. Interestingly, the substitution 
of benzene with functional groups such as –NH2 (max =            
284 nm), –OH (max = 272 nm), and –OCH3 (max = 269 nm) 
also follow a similar pattern. The tri-substituted coumarins 
with ethoxy or hydroxyl groups at different locations also 
suffer a similar behavior. The absorption band maxima of 
coumarin with two hydroxyl groups (C-6) displays a greater 
shift in wavelength than the coumarins having two ethoxy 
groups (C-4, C-5) as the former is more polar (Table 2). 
 
Fluorescence Spectral Properties 
      For all of the computations presented here, the longest 
wavelength absorption band maxima (a3) is used as 
excitation wavelength (in the range of 315-370 nm). 
Fluorescence spectra of coumarins in all solvents display a 
single fluorescence band. The fluorescence spectra of C-1 
and C-5 are displayed in Figs. 2b and 3b. With increasing 
solvent polarity from benzene to water, the fluorescence band 
is detected in the region of 380-560 nm and experiences a 
bathochromic shift of ~14-74 nm. In comparison to other 
solvents, water molecules stabilize the excited state more and 
reduce the  energy  difference  between  ground and  excited  

 
 
states, resulting in a large bathochromic shifted broad 
structureless band for coumarins. The presence of non-
bonding electrons in C-1 to C-3 due to the inclusion of a 
strong electron donating group such as –OH, –NH2, –OCH3 
enhances electron transfer to the other end of the molecule, 
raising band maxima and relative fluorescence intensity. 
More noteworthy features are revealed when another 
functional group is introduced at the 5-, 6-, or 8-positions of 
coumarins to produce tri-substituted coumarins (C-4, C-5,           
C-6, and C-7). Furthermore, the bandwidth of all coumarins 
was found to increase as the polarity of the solvents 
increased. However, more specific interactions of tri- 
substituted coumarins (C-4 to C-7) with solvents lead to a 
wider bandwidth with more red shift than di-substituted 
coumarins C-1 to C-3 (Table 3). The comparative lower εm 
value of coumarins with polar groups in the most polar 
solvent (water) also supports the fact (Table 4).  
      The substantial Stoke shifts and high relative 
fluorescence indicate that the excited state has been stabilized 
more due to strong interactions between the coumarins and 
the solvents. These properties suggest that in their excited 
state, coumarins undergo intramolecular charge transfer 
(ICT) characteristics. Surprisingly, C-6 differs from other 
coumarins in terms of a noticeable red shift in its band 
maxima due to the substitution of another polar –OH group 
at the 6th position providing additional polarity to C-6. 
Because the oxygen atom develops a significant negative 
charge, it accelerates H-bonding in C-6 in polar solvents, 
resulting in an additional red shift in its band maxima when 
compared to normal ICT-induced red shifts [23]. In addition 
to solute-solvent interactions, intramolecular hydrogen 
bonding may hinder charge mobility to the other parts of the 
ring due to steric hindrance in the 6th and 7th positions [41]. 
C-4, C-5, and C-7 show similar steric crowding, but there is 
no competition from intramolecular hydrogen bonding in 
these compounds. These findings convincingly demonstrate 
that substitution changes in coumarins significantly modify 
their characteristics in the excited state. 
      These substituents favor ICT process in coumarins by 
delocalizing electrons from the R3 group of the benzene ring 
to the oxygen atom on the carbonyl group of the pyranone 
ring, making them positive and negative centers, respectively 
(Fig. 4). The literature backs up the ICT mechanism [8,9,42].  
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Computational DFT Studies 
      The ICT is further validated via computational studies in 
terms of Mulliken atomic charges (Table 5), Frontier 
molecular orbital graphs (Fig. 5), and molecular electrostatic 
potential (ESP) maps (Fig. 6) generated by DFT studies on 
their optimized geometries. 
      Molecular orbitals, electrostatic potential surfaces, 
and mulliken charges. The molecular orbitals are crucial 
because they are linked to excitation features like electronic 
transitions contribution, excitation energy, donor-acceptor 
relationship, and band gap [43]. The HOMO and LUMO 
represent the ability to donate and accept electron, 
respectively. The energies of molecular orbitals HOMO-1, 
HOMO, LUMO, and LUMO+1 of coumarins were calculated 
using B3LYP/6-311++G(d,p) highlighting their excitation 
transitions (Fig. 5). HOMO and LUMO represent the 
localization of the electron density on the whole molecule 
with opposite direction counters, therefore, HOMO-1 and 
LUMO+1 are also visualized to observe  the  transference of 

 

 
charge density. HOMO-1 shows the electron density is 
mostly concentrated on the benzene ring, whereas in LUMO, 
the electron density is localized more on the pyranone ring. 
As a result, the electronic transition from HOMO to LUMO 
permits charge transfer from the benzene ring's R3 group 
(donor) to the pyranone analogue (acceptor) of the             
molecules justifying the ICT process [44-46]. As a result, the         
HOMO  LUMO excitations can be classified as -* 
transitions. 
      The energies of HOMO and LUMO as well as the band 
gap (E) for coumarins have been estimated theoretically 
from the HOMO and LUMO plots (Table 6). The energy gap 
between HOMO and LUMO orbitals can be used to predict 
the strength, stability, and charge transfer characteristics of 
the molecules. The energy band gap is found to be in the 
range of 2.966 eV-4.408 eV for the coumarins. Out of all the 
coumarins the C-1 has the lowest band gap (2.966 eV) 
compared to others as C-1 is more polarized, facilitating ICT 
by a substantial amount of charge transfer from the electron- 

    Table 4. Bandwidth ( and Molar Extinction Coefficient (m × 102) of Coumarins in Excited State in Different Solvents 

Solvent 
C-1  C-2  C-3  C-4  C-5  C-6  C-7 

 m   m   m   m   m   m   m

Benzene 27 1.59  26 1.59  30 0.90  36 0.96  26 2.08  24 0.39  28 1.78 

1,4-Dioxane 27 1.56  25 1.56  31 0.96  38 0.98  31 2.11  24 0.39  32 1.68 

DMF 27 1.28  27 1.28  27 1.04  41 1.11  28 2.97  25 0.45  33 1.79 

n-Propanol 26 1.41  26 1.37  27 1.35  38 0.99  26 3.02  24 0.44  33 1.75 

1-Butanol 26 1.27  26 1.27  25 1.39  39 1.06  29 3.27  24 0.40  33 1.77 

Methanol 28 1.59  27 1.59  31 1.15  40 1.04  28 2.87  25 0.70  32 1.78 

Ethanol 26 1.49  26 1.29  25 1.48  40 0.99  28 2.90  23 0.55  33 1.86 

Water- 31 1.29  28 1.29  25 1.00  46 0.92  28 2.93  28 0.36  35 2.08 

 
 

O OR3

R1

R2

R4

O OR3

R1

R2

R4

ICT

 
Fig. 4. Possible ICT mechanisms shown by coumarins. 
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donating group (–OH) to the proficient electron-acceptor 
groups (–C=O group of pyranone ring). All other  coumarins 

 

have a band gap in the range 4.408-4.146 eV (Table 4) which 
explains the  subsequent  charge  transfer  interaction  within   

*C HOMO-1 HOMO LUMO LUMO+1 

C-1 

    

C-2 

    

C-3 

    

C-4 

    

C-5 

    

C-6 

    

C-7 

   
 

Fig. 5. Frontier Molecular Orbitals (HOMO-1, HOMO, LUMO, LUMO+1) of coumarins with isosurface value of  
                         ±0.02. *C corresponds to different coumarins 
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Table 6. Molecular Orbitals Properties of Coumarins 

 

  aΔE = ELUMO - EHOMO. 

 

 
the coumarins, however, C-7 stimulates ICT more than 
coumarins C-2 to C-6 as evident from the lowest E value of 
4.026 eV. This can be explained on the basis of the 
substituent effect as the R3 position of coumarins i.e. 7th 
position increases the conjugation in coumarins which in turn 
proliferates the mobility of  electrons providing more 
polarizable characteristics to the molecule and a favorable 
ICT process [9]. As can be visualized from the spatial overlap 
of the HOMO and LUMO, the S0 → S1 electronic transition 
designated this charge transfer process as intense one. 
      The ICT route was also supported by Mulliken atomic 
charges acquired from the DFT/BL3YP calculations. The 
Mulliken charges for the selected  atoms  participating  in the 

Molecule 
Energy 
 (eV) 

HOMO LUMO ΔEa 
C-1 -3.782 -0.816 2.966 
C-2 -5.888 -1.742 4.146 

C-3 -6.504 -2.176 4.328 
C-4 -6.150 -1.742 4.408 
C-5 -6.394 -1.986 4.408 

C-6 -6.258 -2.041 4.217 
C-7 -5.986 -1.960 4.026 

    Table 5. Mulliken Chagres on Selected Atoms of Coumarins Involved in ICT 
 

  

C-1  C-2  C-3  C-4  C-5  C-6  C-7 

Aa qb  A q  A q  A q  A q  A q  A q 

H20 0.342  H20 0.309  H21 0.156  H21 0.158  H21 0.189  H20 0.392  H21 0.158 

O19 -0.467  N19 -0.651  C20 -0.146  C20 -0.121  C20 -0.190  O19 -0.526  C20 0.014 

C7 -0.189  C7 0.168  O19 -0.305  O19 -0.359  O19 -0.300  C7 0.357  O19 -0.148 

C8 -0.555  C8 -0.713  C7 -0.526  C7 -0.222  C7 0.309  C8 -0.705  C7 -0.274 

C9 -0.321  C9 -0.416  C8 -0.746  C8 -0.862  C8 -0.800  C9 -0.389  C8 -0.248 

C10 0.819  C10 0.782  C9 -0.526  C9 -0.474  C9 -0.514  C10 0.669  C9 -0.316 

C4 0.928  C4 0.998  C10 0.964  C10 -0.098  C10 0.844  C4 1.265  C10 0.656 

C3 -0.592  C3 -0.670  C4 0.950  C4 1.361  C4 0.627  C3 -0.699  C4 1.139 

C2 0.576  C2 0.649  C3 -0.686  C3 -0.586  C3 -0.430  C2 0.647  C3 -0.893 

O12 -0.449  O12 -0.470  C2 0.582  C2 0.726  C2 0.591  O12 -0.464  C2 0.346 

O1 -0.381  O1 -0.432  O12 -0.444  O12 -0.474  O12 -0.435  O1 -0.429  O12 -0.306 

- -  - -  O1 -0.362  O1 -0.431  O1 -0.363  - -  O1 -0.158 

       aDifferent atoms involved in ICT. bMulliken charges on different atoms. 
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typical ICT process are listed in Table 5. The hydrogen atom 
connected to the R3 group has the most positive charge (in 
the range 0.392-0.156) while the carbonyl oxygen atom of 
the pyranone ring has the most negative charge (-0.306 to         
-0.474), thereby complementing them as electron donor        
(R3 = –OH, –NH2, –OCH3,  –OC2H5)  and  electron  acceptor                     

 
 
(–C=O) sites supporting the ICT process. Thus, the charge 
transfer in coumarins occurs from the R3 group of benzene to 
the carbonyl group of the pyranone ring. 
      ESP surfaces can also be used to understand the solute-
solvent interactions as well as different interaction sites 
within coumarins (Fig. 6) [47,48]. Distinct colors distinguish  

 
C-1                                                                      C-2 

 
C-3                                                                          C-4 

 
C-5                                                         C-6 

 
C-7 

Fig. 6. MEP surfaces for different coumarins with isosurface value of 0.0004. 
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the different ESP areas (positive, negative, or neutral) on a 
surface. The color red denotes the most negative ESP zone,  
the color blue denotes the most positive ESP zone, and the 
color green denotes regions with zero potential. The oxygen 
atoms and carbonyl group of the pyranone ring as well as the 
oxygen atoms of the R1-R4 groups have a negative ESP zone 
and can absorb hydrogen from hydrogen bond donor 
solvents, as shown in Fig. 6.  
      The hydrogen atoms in both rings, on the other hand, have 
a positive ESP and can be transferred to hydrogen-deficient 
solvents. Depending on the solvent available for interaction, 
coumarins can operate as a hydrogen donor or an acceptor. 
On the basis of the Mulliken charges of the individual atoms, 
the hydrogen atoms connected to the R3 group and the 
carbonyl oxygen atom of the pyranone ring are labeled as 
electrophilic and nucleophilic sites, respectively (Table 5). 
The solvent dependence of coumarins can further be 
represented by dielectric continuum models where solvation 
takes into account the solvent alignment. 
      Solvation of coumarins. Dielectric continuum models 
are popular for modeling solvent effects in quantum chemical 
calculations. Although the solvent can always be explicitly 
reintroduced as an ambient skin for the first solvation shells, 
the use of continuum models requires that there be no 
significant specific interactions between the solvent and the 
solute molecules. Inside the cavity, the dielectric constant is 
1, outside, it has a fixed value (equal to the dielectric constant 
of the solvent). The IEFPCM solvation model, which 
employs a modified dielectric boundary condition that 
combines dielectric exactness with abridged charge 
sensitivity, was used to solvate the molecules [49].  
      Intermolecular interactions are the summation of many 
components, including cavity formation energy (Ecav), 
electrostatic energy (Eel), Polarized solute-solvent interaction 
energy (ΔEPSS), and solute-solvent repulsion energy (Erep). 
The interaction between the dielectric medium and the charge 
distribution of the solute provides the electrostatic 
component of the solvation free energy (Gsol) in continuous 
models, which is the largest contribution for polar and 
charged solutes. Gsol corresponds to the process of 
transferring the solute molecule from a fixed position in the 
gas phase to a fixed position in the solution at constant 
temperature, pressure, and chemical composition [50,51].           
In the case of the continuum dielectric model,  Gsol  can be  

 
 
regarded as the sum of several components of which the 
electrostatic interactions (hydrogen bonding, dipole-dipole 
interactions, and others), the cavitation, and the dispersion 
contributions are the most relevant. ΔGsol can be defined as: 
 
      ΔGsol = ΔGcav + ΔGPSS + ΔGdis              (7) 
 
Ecav approximates the solvent accessible surface area to 
introduce a solute in the cavity of the solvent and is defined 
as the work involved in creating the appropriate cavity inside 
the solution in the absence of solute-solvent interactions. The 
dispersion energy (Edis) is thought to be the most isotropic 
component of a van der Waals interaction. These are 
temporary induced attractive interactions that occur when 
two molecules are almost touching. Although dispersion 
energy has little effect on the equilibrium orientation of the 
cluster, it does contribute significantly to the energy of 
hydrogen bonding. It plays a crucial role as the size of the 
system increases [52]. 
      Different solvation parameters like Ecav, Edis, Erep, EPSS, 
total non-electrostatic energy (Enon-el), and solvation free 
energy (Gsol) of the coumarins were calculated 
computationally using TD-DFT approach (Table 7). 
According to theoretically derived Ecav values, coumarins 
have larger cavitation energy in the presence of water than 
benzene and ethanol. Because coumarins are polar moieties, 
they penetrate the cavities in the solvents, increasing the 
surface area and causing the coumarins to have a larger Ecav. 
Furthermore, Ecav values for tri-substituted coumarins are 
higher than those for di-substituted coumarins because the 
former has a larger surface area than the latter. C-6, on the 
other hand, has a lower Ecav value than its equivalents because 
it forms hydrogen bonds with water molecules. 
       Edis values of coumarins show that the dispersion energy 
increases in the following order: water < benzene < ethanol. 
Edis is proportional to the size of a molecule; as the size of a 
molecule increases, so does Edis. Furthermore, when the mass 
of a non-polar molecule is large enough, its dispersion forces 
can be stronger than the dipole-dipole forces in a lighter polar 
molecule [53,54]. Despite the fact that benzene has a larger 
size than ethanol and water, it must have higher dispersion 
energy, but it has a lower Edis value than ethanol. The reason 
for this is that benzene is aromatic, and dispersion energy 
contributes to aromatic -stacking interactions, which in turn  
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take their share of dispersion energy, resulting in a decrease 
in dispersion energy. The Enon-el of coumarins also follows the 
same order: ethanol < benzene < water as that of Edis. 
      The electrostatic and polarization components of the 
interaction energy are the most prominent interaction terms 
in ethanol and water. These contributions account for specific 
interactions, such as the ubiquitous hydrogen bonds of these 
solvents with coumarins, which are generally stronger than 
ordinary dispersion forces. When ethanol and water are 
compared, the former has more dispersion energy than the 
latter because ethanol is a larger molecule than water, 
increasing the van der Waals dispersion forces.  
      When it comes to repulsion energy, coumarins have 
lower Erep values for ethanol and water than benzene. 
Because coumarins are polar in nature, they can interact 
strongly with the polar solvents: water and ethanol, according 
to the rule "like dissolves like". Benzene is non-polar due to 
its large hydrocarbon part, its interactions with coumarins are 
too weak. Solvent-solute interactions are significant to 
physical organic chemistry and have been studied for over a 
century. The polarized solute-solvent interactions (EPSS) 
follow a pattern in the following order: benzene < ethanol < 
water. When polar molecules are solvated by polar solvents 
as previously discussed, coumarins are polar they are 
solvated more by the polar solvents ethanol and water than 
non-polar solvent benzene. As a result, the specific 
interactions of coumarins with water are much more 
stabilized than those of ethanol and benzene, thus, EPSS for 
water is greater than that of ethanol and benzene. 
      Coumarins showed noticeable structural changes when 
solvated by different solvents, as evidenced by their solvation 
energies in benzene, ethanol, and water (Table 7). C-1 has 
solvation energies (in kcal mol-1) of -3.78, -15.88, and -12.53, 
in benzene, ethanol, and water. Considering the solvation 
energy difference of C-1 between highly polar solvent 
(water) and least polar solvent (benzene), we got a value of          
-8.75 kcal mol-1. Also, the difference in Gsol value of                  
C-1 between ethanol and benzene gave a value of                             
-12.10 kcal mol-1. Other coumarins, C2-C7 also bear a similar 
behavior. The difference in solvent energies justify the 
structural variations in coumarins C-1 to C-7 as the 
substituents differ from polar –OH, –NH2 groups to non-
polar –OCH3 and –OC2H5 groups in a range of solvents 
varying from non-polar benzene to most polar solvent (water) 

 
 
justifying solute-solvent interactions. 
      Oscillator strength and excitation spectra. The 
oscillating transition dipole is also related to the oscillator 
strength (f value) due to the redistribution of electron density 
from HOMO-LUMO. The f values obtained theoretically in 
the gaseous phase, benzene, ethanol, and water are tabulated 
in Table 8. On comparing f values of coumarins in the 
gaseous phase to the corresponding ones in the solution, it is 
revealed that the f values in the gaseous phase are lower than 
the solution phase as solvent facilitates an increase in 
oscillator strength for any given transition [55,56]. 
Additionally, the obtained f values are found to be less than 
1, implying that the intensity of these bands is due to a single 
optical transition. The f values of an electronic transition of 
coumarins in a sequence of solvents increase when the 
solvent polarity changes from benzene to water because all 
van der Waal's interactions between solute and solvent 
including dispersion interaction are operational in the 
perturbation of the oscillator strength. However, an exception 
is observed for C-4 and C-5, which have a high f value in 
benzene as these molecules are less polar than other 
coumarins, here only the dispersion interaction terms exist.  
      The absorption spectra of coumarins C-1 to C-7 were 
considered theoretically using the compounds optimal 
ground state geometries. For the purpose of validating the 
computational study, the same conditions were employed 
with different functional as in the experimental values.            
The excitation spectra were determined using TD-DFT 
calculations incorporating the IEFPCM solvation model and 
the corresponding wavelengths are presented in Tables 8 and 
S4. The experimentally measured λmax values matched 
appreciably with the theoretically determined λmax values 
(Table 8). 
      The results of calculations (Tables 7, 8, and S4) predicted 
that the lowest energy absorption band of coumarins in the 
range 3.338-4.084 eV (max = 336.37-303.52 nm) arises from 
a single electronic transition from HOMO to LUMO orbital 
and is quite intense (f values in range = 0.143-0.394) for 
longer wavelengths bands in all the solvents. This confirms 
the strong charge transfer characteristics of coumarins and 
the corresponding transition to be the intense one as revealed 
by their highly fluorescent nature. The band gap values were 
almost similar to the E values obtained from their respective 
HOMO and LUMO orbital plots (Table 6).  

279 



 

 

 

Giri & Payal/Phys. Chem. Res., Vol. 11, No. 2, 267-286, June 2023. 

 

 
      f values are found to be zero for C-1 (f = 0.00) and C-6        
(f = 0.00) in the case of non-polar solvent benzene as these 
are disallowed transitions either a weakly allowed  transition 

 

 
due to the change of spin state in the atom [57]. The f values 
corresponding to smaller wavelength bands are either zero or 
very low as these transitions are masked under the  envelope 

 Table 7. Theoretical Calculated Excitation Energya and other Solvent Associated Energies of Coumarins 

Molecule  C-1  C-2 

Parameters  Gaseous Benzene Ethanol Water  Gaseous Benzene Ethanol Water 

Eext (eV)  3.997 3.765 4.077 4.070  3.857 3.714 3.558 3.545 

ECav (Kcal mol-1)  - 20.06 18.29 25.19  - 20.37 18.58 25.62 

EDisper (Kcal mol-1)  - -16.61 -15.35 -17.41  - -16.99 -15.71 -17.81 

ERepul (Kcal mol-1)  - 1.75 1.04 1.24  - 1.76 1.04 1.24 

Enon-el (Kcal mol-1)  - 5.2 3.98 9.03  - 5.13 3.91 9.06 

EPSS (Kcal mol-1)  - -7.23 -18.82 -20.31  - -6.6 -16.74 -17.94 

ΔGsol (Kcal mol-1)  - -3.78 -15.88 -12.53  - -3.22 -13.87 -10.13 

Molecule  C-3  C-4 

Parameters  Gaseous Benzene Ethanol Water  Gaseous Benzene Ethanol Water 

Eext (eV)  3.432 4.025 3.954 3.953  3.9973 3.854 3.768 3.751 

ECav (Kcal mol-1)  - 22.48 20.52 27.71  - 27.20 24.83 36.21 

EDisper (Kcal mol-1)  - -17.13 -15.83 -17.86  - -19.65 -18.15 -21.81 

ERepul (Kcal mol-1)  - -5.53 0.83 0.97  - 1.50 0.86 1.10 

Enon-el (Kcal mol-1)  - 6.80 5.52 10.82  - 9.05 7.54 15.5 

EPSS (Kcal mol-1)  - -5.53 -14.4 -15.24  - -5.57 -14.06 -15.51 

ΔGsol (Kcal mol-1)  - -0.18 -9.71 -5.39  - 1.98 -7.38 -1.11 

Molecule  C-5  C-6 

Parameters  Gaseous Benzene Ethanol Water  Gaseous Benzene Ethanol Water 

Eext (eV)  3.893 3.822 3.802 3.801  3.487 3.334 3.724 3.686 

ECav (Kcal mol-1)  - 27.05 24.70 34.26  - 20.99 19.47 26.31 

EDisper (Kcal mol-1)  - -20.22 -18.69 -21.16  - -17.55 -16.2 -18.4 

ERepul (Kcal mol-1)  - 1.53 0.88 1.05  - 1.85 1.1 1.32 

Enon-el (Kcal mol-1)  - 8.36 6.89 14.15  - 5.290 4.37 9.22 

EPSS (Kcal mol-1)  - -5.28 -13.39 -14.56  - -8.39 -23.44 -24.23 

ΔGsol (Kcal mol-1)  - 1.55 -7.38 -1.46  - -4.95 -20.17 -16.32 

  aCalculated using TD-DFT approach using B3LYP with 6-31++G(d,p) basis set. 
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of the intense transitions or probably not detected in the 
experimental observation. This data also supports the idea 
that ICT is more effective in polar solvents than non-polar 
solvents (Table S5). 
 
Dipole Moments of Coumarins  
      Non-specific solvent effects bring solvatochromic shifts 
relating the transition energy of the molecules as a difference 
between wavenumbers of absorption and fluorescence bands 
maxima correlating them with the dielectric constant () and 
refractive index (n) of the solvents. which estimates the 
dipole moment of a solute. The spectral shifts: ( fa  ) and 
( fa  ) for coumarins were derived from their absorption 

and   fluorescence   spectrum   data   in  different solvents to  

 

 
evaluate dipole moments. The spectral shifts were shown 
against the variables f(,n) and N

TE  , while ( fa  ) were 

plotted against the variable (,n) (Fig. 7). The best-fit plots 
revealed a strong linear relationship between spectral 
changes and polarity parameters. Table 9 lists the 
theoretically calculated parameters: a, g, and eg (= ratio) 
derived from the slopes m1 and m2 (Eqs. (1) and (2)), and  
(= change) acquired from slope m3 (Eq. (6)) as well as e 
derived using g. For coumarins, high values of eg, 
and unusually exaggerated e values confirm increase in 
conjugation and charge mobility of coumarins in their excited 
state. 
      A large ICT via electron density transfer from the 
benzene ring to the pyranone  ring  (Fig. 5)  results  in  large 

Table 8. Comparison  of  Experimental  and  Theoretical Absorption Band Maxima Values of Coumarins in Benzene,  
                 Ethanol, and Water 

Solvent λ (in benzene)  λ (in ethanol)  λ (in water) 

Molecule expa Thb  exp Th  exp Th 

C-1 
285, 
320 

-,  
329.28 (0.000) 

 
295, 
324 

280.00 (0.006)c, 
304.14 (0.304) 

 
296, 
322 

286.12 (0.005), 
313.62 (0.298) 

C-2 
300, 
345 

285.55 (0.082), 
333.85 (0.345) 

 
307, 
354 

306.12 (0.000), 
348.45 (0.296) 

 
310, 
342 

305.45 (0.016), 
349.72 (0.290) 

C-3 
285, 
319 

-,  
314.65 (0.000) 

 
287, 
320 

286.11 (0.018), 
313.60 (0.324) 

 
290, 
321 

286.11 (0.023), 
313.61 (0.394) 

C-4 
-,  

319 
295.35 (0.134), 
321.74 (0.366) 

 
235, 
320 

249.73 (0.000), 
329.11 (0.295) 

 
240, 
323 

248.13 (0.000), 
330.58 (0.299) 

C-5 
-,  

320 
293.59 (0.072), 
324.40 (0.268) 

 
232, 
321 

-, 
326.07 (0.241) 

 
240, 
323 

261.86 (0.008), 
326.18 (0.236) 

C-6 
305,  
348 

304.28 (0.143), 
335.00 (0.304) 

 
310, 
346 

311.14 (0.018), 
355.50 (0.286) 

 
312, 
348 

307.53 (0.006), 
336.37 (0.257) 

C-7 
-,  

315 
303.52 (0.148), 
330.34 (0.158) 

 
254, 
318 

272.30 (0.001), 
328.28 (0.164) 

 
255, 
320 

271.33 (0.001), 
327.22 (0.166) 

 aExperimentally determined absorption band maxima. btheoretically calculated absorption band maxima. cf values are 
 given in parenthesis. 
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Fig. 7. Plots of spectral shifts as a function of various polarity parameters for C-1, C-4, and C-7. 

  Table 9. Dipole moments eg and ) Calculated from Solvatochromic Models 
 

Molecule 
Cavity radius 

aa (Å) 
ga 

(D)

 Kawski et al.  Ravi et al. 


Slopes  
(cm-1) 

Dipole moment 
 (D) 

 
Slope  
(cm-1) 

Dipole moment  
(D) 

 m1b -m2b egc ed  m3e f ed

C-1 3.184 7.357  861 1667 3.136 23.075  4833 2.165 9.522 

C-2 3.238 7.146  10340 4758 2.705 19.328  2857 1.707 8.853 

C-3 3.786 7.436  865 2149 2.347 17.455  943 1.240 8.676 

C-4 4.248 6.233  1594 4457 2.114 13.174  2452 2.377 8.610 

C-5 3.786 7.863  854 4086 1.528 12.018  903 1.214 9.077 

C-6 3.074 7.971  512 3368 1.359 10.829  428 0.611 8.582 

C-7 4.246 5.899  5072 11057 2.695 16.568  5822 3.660 9.779 
aTheoretically calculated parameters. bCalculated from the plots of (ν − ν ) vs. ),( nf   and (ν + ν ) vs. ),( n  (Eqs. (1) and (2)). 
cCalculated using ratio of m1 and m2, 













12

21

g

e

mm
mm

μ
μ  (Eqs. (3a) and (3b)). dCalculated using g. eCalculated from the plots of 

fa   

vs. E  (Eq. (5)).    fCalculated using m3 (Eq. (6)). 
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dipole moments of coumarins in their excited state rendering 
its fluorescence emission sensitive to the environment            
and solvent polarity. The di-substituted coumarins C-1,  
C-2, and C-3 have substantial dipole moments due to the 
presence of highly polar functional groups in the 7th position, 
which allow charge density transfer. Due to the substantial 
charge separation in the excited states of coumarins, the 
experimentally calculated e values of these molecules 
demonstrate an increase in the excited state dipole moment. 
However, because charge transfer in these molecules is 
impeded by the presence of substituents at two consecutive 
sites, the dipole moments of tri-substituted coumarins C-5 
and C-6 are significantly lower than those of other coumarins. 
Because the second ethoxy group in C-7 is positioned axially, 
the charge transfer mechanism is not hampered, and has a 
substantially greater dipole moment than its analogues C-5 
and C-6 and is comparable to di- substituted coumarins. 
      The molecular orbital graphs HOMO-1, HOMO, LUMO,  
and LUMO+1 also validate the ICT route. The Mulliken 
charges also established the presence of nucleophilic and 
electrophilic centers in the coumarins and complemented the 
suggested ICT mechanism. The ICT is found to be intensified 
in polar solvents as visualized by noting the theoretical dipole 
moments of coumarins in different mediums using DFT 
studies (Table S5). Coumarins experience a high dipole 
moment in water than ethanol and benzene facilitating the 
ICT process more in polar solvents.  
 
CONCLUSIONS 
 
      The photophysical characteristics of di- and tri-
substituted coumarins in various solvents have been 
examined. The absorption maximum of coumarins was 
slightly affected by solvent polarity. Surprisingly, coumarins 
displayed distinct charge redistribution in their excited states, 
resulting in substantial Stokes shifts in their excited state, 
implying that these molecules have an ICT characteristic. 
When compared to di-substituted coumarins, the tri-
substituted coumarins have higher bathochromic shifts. 
However, steric crowding caused by substituents appearing 
in consecutive locations disrupts charge density transfer, 
resulting in a decrease in the dipole moments of tri-
substituted coumarins. Different possible solute-solvent 
interactions were also anticipated based on Mulliken  atomic  

 
 
charges, FMO graphs, and ESP maps analysis. The ESP maps 
and the Mulliken atomic charges categorized the R3 group on 
the benzene ring and carbonyl group as the electrophilic and 
nucleophilic sites, respectively. The IEFPCM solvation 
model successfully explained the solvation of coumarins and 
reveals that ICT is intensified in the polar solvents. The 
theoretical values are found to be in good agreement with 
experimental values. The findings revealed that increasing 
the polarity of the solvent contributes to the occurrence of 
excited state dynamic processes. 
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