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Abstract  
Micro properties such as ICT and ESIHT / ESIPT of bio-organic molecules require the theoretical study in 

addition to the experimental analysis. We adopted DFT / TDDFT along with PCM and EFP1 for the investigation of ground 
(S0) and excited (S1 )state properties of 2,2’-dihydroxychalcone (DH) and its water complex DH+(H2O)4-[DHH]. An intra-
molecular hydrogen bond exists between hydroxyl hydrogen and carbonyl oxygen in both DH and DHH molecules. Besides 
the intra-molecular hydrogen bond, in DHH four inter-molecular hydrogen bonds exist between DH and water molecules. 
The study of UV–Vis spectra both experimentally and theoretically reveals the S1 state is predominant in both the gas and 
solvent phase. The optimization of molecules in the S1 state resulted that the hydrogen atom transfuses from hydroxyl group 
to carbonyl group in DH molecule. The NBO analysis and potential energy scans confirm the hydrogen transfer at S1 state of 
DH molecule. The hydrogen transfer is not observed in the excited state of DHH molecule due to the effect of inter-
molecular hydrogen bond between water molecules and DH molecule. 
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1. Introduction  
The chalcones are important intermediates in the 
synthesis of flavonoids which are symbolized by their 
possession of a structure having two aromatic rings 
interconnected by a highly electrophonic carbon 
chain [1-2]. Generally, chalcones existed as chalcone 
O-glycosides and chalcone aglycones and they are 
widely apportioned in foods and beverages such as 
fruits, vegetables, soy-based foodstuff, spices and tea. 
Chalcones are available in mono and dicotyledonous 
plants, pteridophytes and gymnosperms but are 
synthesized as prime components in the families like 
Asteraceae and Aristolochiaceae [3]. The presence of 
α, β - unsaturated carbonyl group, chalcones and its 
derivatives exhibit diverse biological activities, 
namely antimicrobial, anti-inflammatory, antioxidant, 
antifungal, cytotoxic, antitumor, antimalarial, 
antiulcer, anticancer and antiviral [4-8]. Also, they 
have many applications such as artificial sweeteners 
[9], organic brightening agent, polymerization 
catalyst, fluorescent whitening agent [10]. Chalcones 
acquire conjugated double bonds and delocalized π-
electron system on two benzene rings and they are 
used as intermediate for the synthesis of organic 
compounds of therapeutic value [11-13]. 

Hydroxychalcones are abundant in plants and they 
show many biological activities due to different sites 
of the hydroxyl group in the chalcone moiety and 
also, hydroxy chalcones on melanoma cells 
authenticated that the number of hydroxyl groups (-
OH) in the molecule affects the power of their 
cytotoxic activity particularly isoliquiritigenin (ISLQ) 
had cytotoxic effects on neuroblastoma cells [14-16]. 
4-hydroxychalcone shows the anti-angiogenic effect 
that may be beneficial in halting cancer spread [17]. 
2’,4’-dihydroxychalcone (DHC) is known to 
demonstrate antitumor activity in vitro [18]. Some 
derivatives of the chalcones such as xanthohumol and 
isobavachalcone show activity against anti-HIV-1, 
anti-bacterial, anti-cancer [19-21]. Elastichalcone B 
exhibits free radical scavenging inhibitory activity 
[22]. Some hydroxy chalcone derivatives also reveal 
strong inhibitory effects on the release of β-
glucuronidase and lysozyme [23]. DH molecule is 
more potent due to activation of both rings by 
hydroxyl groups, originate to activate heat shock 
factor1 (Hsf1) and exhibited radiation sensitization 
characteristics in the colon and pancreatic cancer 
cells [24]. DH having a mechanism of antitumor 
activity in prostate cancer cells in vitro [25] and it is 
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one of the most effective chalcone for inducing 
NQO1[NAD(P)H: quinone reductase] and GST 
[glutathione S-transferase] [26-28]. 
Excited state intra-molecular hydrogen / proton 
transfer (ESIHT / ESIPT) has triggered the curiosity 
to understand the intrinsic mechanism implicated in 
chemical and biological processes [29-32] and also 
these reactions in the excited state attract a lot of 
attention in chemical and biological systems [33-37]. 
In optimized molecular structure having hydrogen-
bonded system, hydrogen/proton transfer can be 
possible both in inter-molecular as well as intra-
molecular [38-41]. ESIPT / ESIHT is one of the 
characteristic elementary chemical reactions which 
can occur due to photo-excitation. In these reactions, 
a proton is transferred from a donating hydroxyl 
group to an accepting carbonyl group [42]. 
The development of the EFP method for modeling 
hydrogen-bonded systems enacts a key role in studies 
of a wide extent of chemical and biological processes 
for the explicit treatment of solvent molecules. Out of 
two EFP methods EFP1 and EFP2, the original 
method EFP1, was initially evolved to explain 
aqueous solvation, by representing coulombic, 
induction and repulsive interactions [43-44]. 
Polarisable continuum model (PCM) is a solvation 
model for a Quantum Mechanical (QM) molecular 
system in which the solvent is symbolized as a 
continuum distribution of matter to describe the 
solvation effect on photo physical characteristics of 
biological and chemical chromophores at lower and 
higher energy states by implementing the DFT / 
TDDFT method [45-46].  
                                                    
 2. Experimental                                                      
The pure DH sample was procured from Sigma-
Aldrich, dissolved in aqueous methanol. Using 
Labtronics LT-291 UV-Vis spectrometer the 
absorption spectral properties of DH sample in 
aqueous methanol was performed. The absorption 
wavelength was found to be 370nm. The higher 
dilution does not change the peak value of the 
wavelength, only absorption intensity changes. 
 
3. Computational schemes 
The DH and DHH molecules were modeled using 
Avogadro molecular modeling package [47] and 
optimized with MMFF94s force field. Using the 
generated coordinates of the molecules from the 
Avogadro package, all required calculations have 
been performed using the NBO [48] unified 
GAMESS software suite [49-50]. The ground and 
first excited state optimization of DH and DHH 
molecules were carried out at the level of DFT / 
B3LYP [51-56] / TDDFT with B3LYP [57-59] 
hybrid functional with 6-31G (d,p) basis set. Based 
on optimized ground state geometry, vertical 

excitation and absorption energies were computed 
using TDDFT / B3LYP / 6-31G (d,p) / PCM / EFP1 
method [60-64]. Natural charges were calculated 
lower (S0) and higher energy (S1) states by using the 
NBO method. Molecular orbitals and UV spectra 
were plotted using wxMacMolPlt and Gabedit. 

4. Results and discussion 
4.1 Structural properties at ground state 
Optimized parameters like bond lengths, bond angles 
of DH and DHH molecules were obtained by 
employing 6-31G (d,p) basis set with B3LYP / DFT / 
TDDFT method and are showed in Table -1 and 2. 
By using the ground state optimized coordinates of 
DH / DHH molecules, one can plot frontier molecular 
orbital’s, difference charge density map, electrostatic 
potential map and natural charges. The respective 
ground state optimized molecular structures and plots 
of electrostatic potential and difference electron 
density map are presented in the Fig.1 and natural 
charges are presented in the Table.3. In the ground 
state, we observed that one intra-molecular hydrogen 
bond O17-H30⋯O16=C9 arise between the oxygen 
of the carbonyl group and hydrogen of the 2’-
hydroxyl group. The hydration to DH molecule 
using EFP1 method causes four inter-molecular 
HB's with four water molecules, two by 2-hydroxyl 
group (-O18H23) and other two in between by 2'-
hydroxyl group (-O17H30) and carbonyl group 
(C9=O16) along with the HB between two water 
molecules. The hydration to the DH molecule 
slightly changes the structural parameters of the 
carbonyl group and hydroxyl groups due to the 
formation of inter-molecular HBs. 
In the difference charge density map, red/blue zones 
of the molecular orbitals belong to ρ−/ρ+ 
respectively. Blue regions are established on C3, C6, 
C7, C10, C14, C15, O16, and red regions are 
established on the C1, C2, C4, C5, C8, C9, C12, C13, 
O17 atoms and O17 atom shows slightly negative 
charge than the O16 atom. The electrostatic potential 
map along with the natural charges on different atoms 
of the molecule shows that carbonyl and 2'- hydroxyl 
groups were more reactive for electrophiles and that 
on 2-hydroxyl group was less reactive for 
electrophiles. The plot of frontier molecular orbital’s 
and difference electron density map elucidate that the 
electronic charge accumulated on the hydroxyl 
groups, carbonyl, alkyl chain and two benzene rings. 

 
(a) 



 EFFECT OF INTER-MOLECULAR HYDROGEN BOND ON ESIHT IN 2, 2’-DIHYDROXYCHALCONE  .. 
__________________________________________________________________________________________________________________ 

________________________________________________ 
Egypt. J. Chem. 65, No. 5 (2022) 
 

 133

 
(b) 

 
(c) 

Fig.1: (a) optimized molecular structure (b) MEP along 
with natural charges on various groups and (c) Difference 
electron density map of DH molecule at S0 state. 
 
Table-1: Selected bond lengths between various 
atoms of DH / DHH molecules at S0, S1 states 
optimized by 6-31G (d, p) / B3LYP method 

 
r/(A0) 

DH DHH 

S0 S1 S0 S1 

R(1-2)          1.39 1.384 1.389 1.385 

R(2-3)          1.396 1.401 1.397 1.401 

R(3-4)          1.393 1.397 1.393 1.399 

R(4-5)          1.398 1.393 1.4 1.391 

R(5-6)          1.418 1.431 1.418 1.434 

R(6-1)          1.41 1.426 1.411 1.427 

R(1-19)         1.087 1.087 1.087 1.087 

R(2-20)          1.085 1.086 1.085 1.086 

R(3-21)         1.086 1.086 1.086 1.086 

R(4-22)          1.088 1.089 1.087 1.089 

R(5-18)         1.365 1.367 1.355 1.365 

R(18-23)          0.967 0.967 0.965 0.963 

R(6-7)          1.457 1.424 1.455 1.423 

R(7-24)         1.089 1.088 1.089 1.088 

R(7-8)          1.351 1.393 1.354 1.406 

R(8-25)         1.079 1.08 1.078 1.08 

R(8-9)         1.476 1.397 1.472 1.391 

R(9-10)         1.476 1.514 1.472 1.539 

R(10-11)        1.412 1.369 1.415 1.366 

R(11-12)        1.385 1.443 1.385 1.452 

R(12-13)        1.404 1.375 1.404 1.38 

R(13-14)        1.385 1.411 1.386 1.399 

R(14-15)        1.407 1.426 1.404 1.426 

R(15-10)        1.427 1.436 1.428 1.421 

R(11-26)        1.085 1.086 1.083 1.084 

R(12-27)        1.085 1.085 1.085 1.085 

R(13-28)        1.087 1.086 1.087 1.085 

R(14-29)        1.085 1.085 1.085 1.083 

R(15-17)        1.337 1.295 1.342 1.32 

R(17-30)        0.999 - 0.997 1.064 

R(9-16)        1.253 1.305 1.26 1.293 

R(16-30)        - 1.101 - - 
 
Table 2: Selected bond angles between various 
atoms of DH / DHH molecules at S0, S1 states 
optimized by 6-31G (d, p) / B3LYP method 

 
A( 0 ) 

DH DHH 

S0 S1 S0 S1 

A(1-2-3) 119 120 119 120 

A(2-3-4) 120 120 120 119 

A(3-4-5) 121 121 121 121 

A(4-5-6) 121 121 120 121 

A(5-6-1) 117 116 117 116 

A(6-7-8) 130 130 131 130 

A(8-9-10) 120 124 121 122 

A(9-10-15) 119 117 119 117 

A(10-11-12) 122 122 121 121 

A(11-12-13) 119 119 120 121 

A(12-13-14) 121 120 121 119 

A(13-14-15) 120 122 120 120 

A(14-15-10) 120 118 120 121 

A(14-15-17) 118 122 118 119 

A(8-9-16) 120 122 119 126 

A(10-9-16) 120 114 120 113 

A(10-15-17) 122 121 122 120 

4.2 ICT states of the molecules 
The simulation of UV-Vis spectra of DH and DHH 
molecules in the gaseous medium, water, and 
methanol solvents were executed at the level of 
TDDFT/ 6-31G(d,p) / B3LYP / PCM / EFP1method. 
The oscillator strength, absorption wavelengths, and 
possible wave function are tabulated in Table-4 and a 
spectrum is evinced in the Fig 2. On perceiving the 
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corresponding oscillator strengths, S1 state of  bot h  
DH a n d DHH were found to be more probable in 
gas phase to study ICT states.  The calculated 
theoretical absorption wavelength for maximum 
oscillating strength in the gas phase, water, and 
methanol solvents are 381 nm, 378 nm and 378.2 nm 
for DH and 393 nm, 396 nm, 393 nm for DHH 
molecules respectively. A red shift observed in 
micro-solvated molecule indicates weakening of HBs 
in the excited states. The theoretical absorption 
wavelength of DH molecule in methanol solvent 
was found to be 377 nm is in good accord with the 
experimental value which is about 370 nm.  
Using the ground state optimized co-ordinates, DH 
molecule were optimized at S1state. In the excited 
state, inter-molecular HB's slightly gets disturbed and 
also, the structural parameters were slightly altered 
particularly in hydroxyl groups and a carbonyl group. 
In the excited state of DH molecule, a hydrogen atom 
(H30) transpires from hydroxyl group to carbonyl 
group. The negative charge on hydroxyl oxygen O17 
decreases and negative charge on carbonyl oxygen 
O16 increases in S1state of pure and its water complex. 
On observing the overall change in the natural 
charges of  the 2'-hydroxyl (-O17H30) and carbonyl 
(-O16C9) groups of DH molecule, the negative 
charge on the 2'-hydroxyl  group decreases and that on 
carbonyl group increases in the S1 state. So hydrogen 
transfer can be observed in the S1 state. 
 
In DHH molecule, the negative charge on the 2'-
hydroxyl group decreases and negative charge on the 
Carbonyl group increases to larger extent in S1. So, 
no hydrogen transfer can be observed in DHH 
molecule due to the effect of micro-solvation. The 
excited state optimized molecular structures along 
with the electrostatic potential maps were shown in 
the Fig.3 and natural charges were listed in the Table-
3. 

Table- 3 : Natural charges on various atoms of 
DH / DHH molecules at S0, S1 states  

 
 

 
Fig.2: Experimental and theoretical simulated 
absorption spectra of DH and DHH molecules in gas 
phase, water and methanol solvents. 
 

 
(a) DH- S1 

 
(b)DHH-S1   

       
(c) MEP-DH- S1 

 
(d) MEP-DHH- S1 

 
Fig.3: (a) and (b) Optimized molecular structure of DH 
/DHH molecules at S1 state. (c) and (d) MEP along with 
natural charges on various groups of DH /DHH 
molecules at S1 state. 

TDDFT / B3LYP / 6-31G(d,p) 

Molecule State Gas phase Water Methanol 

 
 
DH 

λa f λa f λa f 
 
S 1  

381 0.205 378.3 0.478 378.2 0.471 

H→ L(0.991) H→ L(-0.970) 
H-1→ L(-0.209) 

H→ L(0.986), 
H-1→L(0.113) 

 
DHH 

 
S 1  

393.9 0.192 386 0.550 393.9 0.193 

H→L(0.986), 
H-1→ L(0.113) 

H→ L(-0.971), 
H-1→ L(-0.183) 

H→ L(0.986), 
H-1→L(0.113) 
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Table-4: Absorption wavelength [λa(nm)] and oscillator 
strength (f) of DH and DHH molecules with probable 
transitions 
 

 
4.3 ESIHT process 
The ESIHT mechanism occurs in the S1 state of DH 
molecule due to charge transfer from 2'-hydroxyl 
group (O17H30) to a carbonyl group (C9O16) with 
the refashioning of intra-molecular HB O17-
H30⋯O16=C9 to O17⋯H30-O16=C9. The ground / 
excited states potential energy surface (PES) scans of 
the H30 atom transferred route have been done with 
LR-TDDFT / B3LYP / 6-31G (d,p) method in the gas 

phase. The PES plot Fig. 4 depicts the variation of 
potential energy with -OH bond (O17-H30) distance 
in DH molecule. In the plot, it is observed that the 
DH molecule can endure in “ S1

*
 ” -state [un-relaxed 

first excited state] by photo-excitation with absorbed 
energy 3.22 eV, the O17-H30 (bond energy 3.45 eV) 
elongated to 1.645A0 the H30 atom disentangled 
from O17 and covalently bonded to O16. At this 
point the hydrogen atom (H30) exile from the 2'-
hydroxyl group to the carbonyl group, hence ESIHT 
occurs. The DH molecule was frozen in the “S1”-
state [relaxed first excited state] with O16−H30 bond 
length of 1.101 A0. The molecule de-excited to 
“S0

*”-state [un-relaxed ground state]. At this state 
the O16−H30 (bond energy 0.73 eV) the bond length 
in the DH molecule again stretches to 1.365 A0, 
where the expulsion of H30 atom from O16 to O17 
takes place and the molecule come back to “ S0” 
[relaxed ground state]. 
 

Fig.4: Potential energy plot along the hydrogen atom 
transfer path of DH molecule. 
 
5. Conclusion 
DFT and TDDFT calculations have been performed 
to investigate the intra-molecular hydrogen transfer 
mechanism in DH at S1 state. The hydrogen transfer 
mechanism can be endorsed by potential energy 
surface scans, while in that of DHH hydrogen 
transfer reaction cannot take place in the excited 
state due to the effect of micro-solvation and can be 
endorsed by natural charge analysis. Electronic 
absorption wavelengths and congenial oscillator 

strengths of the low-lying, electronically excited 
states are computed using the TDDFT / EFP1 / 
B3LYP / 6-31G(d,p) method in gas phase, water and 
methanol solvents which show different degrees of 
red-shift under the effect of micro-solvation which is 
facilitated by hydrogen-bond weakening in the 
excited state. There is a good agreement between 
theoretical and experimental electronic absorption 

 
Atom 

DH DHH 
S0 S1 S0 S1 

C1 -0.185 -0.192 -0.181 -0.205 
C2 -0.265 -0.267 -0.269 -0.270 
C3 -0.206 -0.221 -0.203 -0.239 
C4 -0.320 -0.326 -0.320 -0.328 
C5 0.365 0.361 0.368 0.346 
C6 -0.135 -0.148 -0.140 -0.144 
C7 -0.144 -0.137 -0.134 -0.167 
C8 -0.310 -0.387 -0.316 -0.419 
C9 0.522 0.489 0.530 0.452 

C10 -0.222 -0.221 -0.222 -0.187 
C11 -0.186 -0.117 -0.182 -0.142 
C12 -0.280 -0.227 -0.294 -0.142 
C13 -0.197 -0.249 -0.189 -0.287 
C14 -0.295 -0.190 -0.295 -0.133 
C15 0.397 0.379 0.397 0.404 
O16 -0.625 -0.659 -0.684 -0.742 
O17 -0.694 -0.658 -0.713 -0.652 
O18 -0.693 -0.695 -0.744 -0.749 
H19 0.245 0.240 0.244 0.235 
H20 0.247 0.244 0.247 0.238 
H21 0.246 0.242 0.245 0.235 
H22 0.235 0.231 0.233 0.224 
H23 0.501 0.498 0.576 0.557 
H24 0.252 0.245 0.246 0.239 
H25 0.250 0.255 0.250 0.249 
H26 0.239 0.250 0.259 0.322 
H27 0.242 0.245 0.247 0.250 
H28 0.242 0.249 0.244 0.257 
H29 0.253 0.252 0.255 0.270 
H30 0.523 0.517 0.524 0.526 
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wavelengths for DH molecule in the methanol 
solvent. 
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