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h i g h l i g h t s
� Anchoring alkoxylated chalcone as organic additive was designed, synthesized and assessed physico-chemically.

� Heptyloxy chain (-OC7H15) and nitro (-NO2) substituents assisted majorly in the conductivity of SBE.

� New class of CMC-NH4Cl-(Alkoxylated chalcone) SBE showed ionic conductivity up to 2.3 � 10�2 Scm�1.
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Alkoxylated-chalcone having push-pull system has been integrated as additive in solid

biopolymer electrolyte (SBE) based on carboxymethyl cellulose (CMC) doped with ammo-

nium chloride (NH4Cl). The structural, optical and thermal stability of the additive were

characterized via FT-IR spectroscopy, UVeVis, 1D NMR and TGA prior film casting as SBE.

The optical band gaps (Eg
opt) of alkoxylated-chalcone additive exhibited low range, 3.14 eV

which are comparable to that corresponding simulated findings, whereas they lie within

the range of organic semiconductor materials. Frontier molecular orbitals (FMO) analysis,

chemical reactivity and molecular electrostatic potential (MEP) revealed that the oxygen on

alkoxy chain and eNO2 substituent tuning the energy level of HOMO and LUMO. The

investigation of their potential as additive in SBE system has been accomplished by

incorporating CMC-NH4Cl electrolyte using solution-casting method. A various weight ratio

(0e8%) of additive was tested and doped with CMC-NH4Cl as new SBE. The highest ionic

conductivity achieved was 2.3 � 10�2 Scm�1 at ambient temperature (303K) for the system

containing 8 wt.% of chalcone-based additive. The findings imply that the designated

chalcone-based moiety has a potential to be employed as additive materials towards the

performance enhancement for electrochemical the interests.

© 2022 Hydrogen Energy Publications LLC. Published by Elsevier Ltd. All rights reserved.
* Corresponding author.
E-mail address: wmkhairul@umt.edu.my (W.M. Khairul).
ons LLC. Published by Els

al., Density functional th
g the performance of CM
jhydene.2022.06.125
evier Ltd. All rights reserved.

eory (DFT) calculations, synthesis and electronic properties of
C-based solid biopolymer electrolyte, International Journal of

mailto:wmkhairul@umt.edu.my
www.sciencedirect.com/science/journal/03603199
www.elsevier.com/locate/he
https://doi.org/10.1016/j.ijhydene.2022.06.125
https://doi.org/10.1016/j.ijhydene.2022.06.125


i n t e r n a t i o n a l j o u r n a l o f h y d r o g e n en e r g y x x x ( x x x x ) x x x2
Introduction
Nowadays, the fundamental investigation, progress and

development of electrolyte materials have drawn intensive

attention in various electrochemical devices and optoelec-

tronic applications due to their vast advantages and benefits

that they may offer in advanced materials studies [1e3]. Due

to these motivations, in recent years an idea of adding an of

small amount of additives on the electrolyte [4,5] becomes

another promising alternative in influencing their perfor-

mance and stability. Literally, research involving organic ad-

ditive incorporating with renewable resource-based

biopolymers are rather scarce, which the research in-

corporates the benefit of electronic properties arising from the

designedmolecules. To date, the interest is onmaking use the

unique aspect of carbon-carbon bonds in the molecules to be

integrated as additive in electrolyte to enhance carrier

mobility and electrical performance at an optimum level.

Many research works have implemented the use of small

molecule dyes as additives on the polymer electrolyte that

afford a variation of advantages to enhance the ionic con-

ductivity, altering the structural stability of the electrolyte

towards the enhancement of efficiency of electrochemical

devices [6e9]. For instance, organic nitrogenous compound

[10], pyridine [11], thioureas [12,13], carboxylic acidmoiety [14]

and thiophene [15] are some examples of organic compounds

utilized as additives in polymer electrolyte (PE) to improve the

efficiency of the dye-sensitized solar cell (DSSCs), super-

capacitor and batteries application. Karthika et al. [12], have

reported the conjugated hetero-organic pave the way for the

architectural flow of electrons from them to the polymer and

redox pair which helps in accumulating prosperous ionic

conductivity and ion transport property in the devices. On top

of that, Ganesan et al. [10], stated that the use of organic

nitrogenous compounds in the polymer electrolyte also can

lead to enhancement in polymer conductivities due to the

donation of lone pairs of electrons.

In this sense, the selections of feasible functional groups

also should have been given in depth attention in their roles

and contributions toward conductivity which eventually would

leave an effect toward themolecular conductance. Regarding to

this matter, introduction of organic dye in polymer electrolyte

as additives has become the simplest methods and promising

alternative in enhancing the conductivity. As reported byWang

et al. [16], the presence of electron donating and hydroxyl end-

group in additives assist the improvement of the conductivity.

They demonstrated EDTA as additive to help in decreasing the

crystallinity of polyvinylidene fluoride (PVDF). Ionic conduc-

tivity of the electrolyte composition canbe improved effectively

by the addition of chemical species or generically known as

additive by reducing the crystalline phase of polymer,

enhancing the salt dissolution and ion migration [17e19]. In

this sense, by considering uniqueness of chalcone-based

compound properties [20e22] such as having electronic delo-

calization in its extended p-orbital system, presence of

carbonyl (C]O) and ethylene (C]C) moiety can contribute

good charge transport to the polymer electrolyte system. Cur-

rent studies had demonstrated that structural alteration in the

core of chalcone-basedmoiety with substitution and sidechain
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can lead to the enhancement of electronic property, dielectric

and electrochemical application [23e25]. Aligning with these

motivations, with the interest of this report, we have intro-

duced chalcone-type compound as additive in the composition

of electrolytewhich is hypothesised andpredictable in allowing

the two components in contact to each other hence creating an

interaction with this electrolyte that resulted into enhancing

the behaviour and properties of ionic electrical conductivity in

this polymer electrolyte system.

Among various polymers electrolyte, solid polymer elec-

trolytes (SPEs) are drawing extensive devotion as solid-state

alternatives to liquid and crystalline electrolytes due to their

advantages of desirable shapemouldability, light-weight, free

from solvent leakage, biodegradable, low cost, non-toxic, high

physical and chemical stability [26e29]. Nonetheless, SPEs

which use of pure biopolymer materials as a polymer host

have inherited some issues and disadvantages namely

exhibiting low ionic conductivity at ambient temperature

whichmay act as a barrier to their utilitywhen comparedwith

the existing conventional liquid and hybrid electrolytes

[30,31]. In this context, low molecular weight organic solvents

such as propylene carbonate (PC), glycerol, ethylene carbonate

(EC), dimethyl carbonate (DMC), diethyl carbonate (DEC),

polyethylene glycol (PEG), N,Nedimethylacetamide (DMAc),

gebutyrolactone and to name a few are several types of sol-

vent additives that commonly used in plasticized polymer-

salt electrolyte system [32e34]. For instance, Wong et al. [35],

reviewed role and function of various additives which play a

crucial role in enriching both the mechanical and electrical

properties of polymer electrolyte membranes. Nevertheless,

plasticization can result in deterioration in the mechanical

integrity of the film and increased corrosive reactivity of

polymer electrolyte because requires large amounts of plas-

ticizers. There are also some limitations obtained such as slow

evaporation, decreases in thermal, electrical and electro-

chemical stabilities.

Herein, the focus in this present study is to examine and

evaluate how far the effects of organic dye additive dosage

could be able to enhance the ionic conductivity of biopolymer-

salt electrolyte system at room temperature. With the exis-

tence of strong inductive electron-withdrawing and electron

donating group in the chalcone-based system are predictable

to interact with biopolymer-salt electrolyte and consequently

give alternative pathway for the electron flow to SBEs system.

In this respect, the presence of heptyloxy chain (-OC7H15) as

donor group and active nitro (-NO2) functional group as

acceptor in chalcone-based additive assist the enhancement

of the ionic performance of the solid electrolyte. The blending

modification approach is used to introduce functional groups

into main chains of the biopolymer matrix to increase the

mobility of carriers, improves salt solvating power which

leads to the enhancement of ionic conductivity of the SBE.
Experimental

Materials and characterization

All chemicals, reagents and solvents were acquired from

Sigma-Aldrich, Acr�os Organics and Merck and were used as
eory (DFT) calculations, synthesis and electronic properties of
C-based solid biopolymer electrolyte, International Journal of
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received if not otherwise specified. The spectra and data ob-

tained for infra-red (IR) were performed using PerkinElmer

Spectrum 100 Fourier Transform Infrared Spectrometer on

KBr pellets within the spectral range of 4000e400 cm�1. The

NMR spectra were recorded on a Bruker Avance III 400 Spec-

trometer at 298K using deuterated chloroform (CDCl3) as sol-

vent and tetramethylsilane (TMS) as an internal standard in

the range between dH 0e15 ppm for 1H NMR and dC 0e200 ppm

for 13C NMR. UVeVis spectra were recorded by using Spec-

trophotometer Shimadzu UV-1601PC in cuvette (1 cm3) with

sample concentration of 0.01 mM in dichloromethane. Ther-

mal stability of the titled compound was investigated via

Thermogravimetric analysis (TGA) which were carried out on

a PerkineElmer TGA Analyzer under nitrogen atmosphere.

Computational details

For a supportive evidence to the experimental interpretations,

the density functional theory (DFT) calculations were

executed by Gaussian 09 software package using Hybrid ex-

change correlation functional Becke-3-parameters Lee-Yang-

Parr (B3LYP) with a polarized 6-31G (d,p) basis set. At first,

the optimized geometry of the titled compound according to

the energy minima was attained through the same basis set.

Subsequently, the optimized structural parameters were used

to calculate the vibrational normal mode wavenumber. In our

calculation, the compute B3LYP/6-31G (d, p) frequencies

scaling factor of 0.9613 has to be used for obtaining a consid-

erably better agreement with experimental data due to the

DFT hybrid B3LYP functional method tends to overestimate

the fundamental modes [36]. On top of that, to calculate the

optical absorption associated with the electronic transition of

additive, the absorption and excitation energies wavelengths

were performed using time dependent density functional

theory (TD-DFT). Their physical properties of electronic

characteristics such as EHOMO, ELUMO, HOMO-LUMO gap, ioni-

zation potential (IP), electron affinity (EA), and global chemical

reactivity descriptors (GCRD) were also calculated. The fron-

tiermolecular orbitals (FMO),molecular electrostatic potential

(MEP), HOMO and LUMO surface are visualized with Gauss-

View 05 program.

Synthetic work

Synthetic pathway of 4-heptyloxyacetophenone (1)
Synthetic experimental details with regards to the prepara-

tion of precursor, 4-heptyloxyacetophenone previously has

been reported in literature [37] via Williamson alkylation.

Despite of the availability of promising method, several

modifications have been made in this work to increase the

yield and purity of the precursor. 4-Hydroxyacetophenone

(0.14 g, 1 mM), heptyl bromide (0.18 g, 1 mM) including

K2CO3, potassium carbonate (0.40 g, 3 mM), were added into

250 mL 2-neck round bottom flask with 50 mL of dime-

thylformamide (DMF). The reaction mixture was heated at

60 �C with constant stirring for overnight (ca. 12 h). Adjudged

completion via thin layer chromatography (TLC), the reaction

mixture was allowed to cool to room temperature, then

poured into 50 mL water prior organic extraction using n-

hexane (2 � 50 mL). The organic portion collected was
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separated and washed with 1 M aqueous NaOH (20 mL) and

then neutralised using aqueous 1 M HCl (20 mL). The organic

layer obtained was dried over anhydrous Na2SO4 and it was

taken to dryness by using rotary evaporator to yield colourless

liquid of the title product of 4-heptyloxyacetophenone (1).

Scheme 1 illustrates the synthetic pathway to synthesis 1. The

confirmation of compound was carried out using FT-IR (KBr,

cm�1) in which n(CeH aliphatic) 2928-2868 cm�1; n(C]O)

1673 cm�1; n(C]C) 1603 cm�1. While in 1H NMR (400.11 MHz,

CDCl3): d 0.82 (t, J ¼ 7.0 Hz, 3H, CH3); 1.35e1.77 (m, 10H, CH2);

3.94 (t, J ¼ 7 Hz, 2H, OCH2); 6.86(pseudo-d,
3JHH ¼ 9 Hz, 2H,

AreH); 7.84 (pseudo-d, 3JHH ¼ 9 Hz, 2H, AreH). 13C NMR

(100.61 MHz, CDCl3): d 13.04 (s, CH3); 21.57 (s, CH3) 24.92, 25.28,

28.00, 28.09, 30.73 (5 � s, CH2); 67.27 (s, CH2eO); 113.13, 129.12,

129.56, 162.13 (4 � s, AreH); 195.78 (s, C]O).

Synthesis of alkoxy-substituted chalcone additive
The preparation of the additivewas accomplished via Claisen-

Schmidt condensation reaction through equimolar ratio of

para-nitrobenzaldehyde (0.15g, 1 mM) and 1 (0.23 g, 1 mM),

was charged in ethanol (50 mL) in the presence of 15% NaOH

solution (approximately 10 mL) as catalyst. The mixture was

put at refluxwith vigorously stirring for approximately 7 h and

the progress was monitored by thin layer chromatography

(TLC) (hexane: ethyl acetate) (4:1). Once the reaction was

adjudged completion, aqueous 3 M hydrochloric acid (HCl)

(5 mL) was carefully added dropwise into the reaction and

poured into a beaker containing some crushed ice cubes. The

precipitate formed was filtered and recrystallized from

acetonitrile to afford corresponding targeted title compound

as depicted in Scheme 2 in the form of brick-red solids. FT-IR

(KBr, cm�1): n(CeH aliphatic) 2925-2856 cm�1; n(C]O)

1654 cm�1; n(C]C) 1602 cm�1; n(CeO) 1179 cm�1.1H NMR

(400.11 MHz, CDCl3): d 0.83 (t, J¼ 7.0 Hz, 3H, CH3); 1.35e1.77 (m,

10H, CH2); 3.98 (t, J ¼ 7 Hz, 2H, OCH2); 6.92 (pseudo-d,
3JHH ¼ 9 Hz, 2H, AreH); 7.71 (pseudo-d, 3JHH ¼ 9 Hz, 2H, AreH);

7.60 (d, 1H, J ¼ 16 Hz, b-H); 7.75 (d, 1H, J ¼ 16 Hz, a-H); 7.96

(pseudo-d, 3JHH ¼ 9 Hz, 2H, AreH); 8.18 (pseudo-d, 3JHH ¼ 9 Hz,

2H, AreH). 13C NMR (100.61 MHz, CDCl3): d 13.05 (s, CH3); 21.57,

24.92, 25.28, 28.00, 28.08 (5 � s, CH2); 67.39 (s, CH2eO); 113.13,

123.17, 124.70, 127.80, 129.96, (4� s, AreH); 129.21, 140.34 (2 x s,

C]C); 147.41 (s, NO2), 162.13 (s, CeO); 186.71 (s, C]O).

Preparation of SBE containing alkoxy-chalcone additive

Carboxymethyl cellulose (CMC) (2.0g), was obtained from

standard commercial supplier Across Organic Co. Dissolved in

16 wt.% of NH4Cl in 100 mL of distilled water and stirred

constantly until complete dissolution of the salt. The quantity

of ammonium chloride was fixed to CMC-NH4Cl at the highest

conductivity as testified and acknowledged in previous occa-

sion [38] as reference in this system before adding our syn-

thesized additive. Whilst, in another beaker, various contents

of weight percent (0e8 wt. %) of the synthesized alkoxylated-

chalcone was dissolved with suitable solvent and carefully

added drop by drop at 30 drops/min rate using a Pasteur

pipette into a solution of CMC-NH4Cl with constant stirring for

homogenous dissolution formation. The mixture was casted

into Petri dish and heated in an oven at constant temperature

of 60 �C for ca. 42 h for the formation of film. Subsequently, the
eory (DFT) calculations, synthesis and electronic properties of
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Scheme 1 e Synthetic approach for the preparation of 4-heptyloxybenzaldehye (1).

Scheme 2 e Synthetic pathway for the preparation of additive.
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filmswere transferred in a desiccator containing silica gels for

further drying process. The summary of the composition and

designation of electrolyte in presence of alkoxylated-chalcone

additive in CMC-NH4Cl SBEs are depicted in Table 1. Fig. 1

represents the flow of the SBE preparation in this work.

SBE characterization

Electrical impedance spectroscopy (EIS)
Electrical conductivity measurement was carried out using

HIOKI 3532-50 LCR High-tester within the frequency of 50 Hz

to 1 MHz and tested at room temperature 303K. The SBE

sample was cut into a fitting size of small discs with diameter

2 cm and sandwiched between two stainless steel blocking

electrodes of a conductivity cell which connected to LCR

tester. The bulk resistance (Rb) value attained from the graph

of negative imaginary impedance (Zi) against real part of

impedance (Zr) known as ColeeCole plot. The ionic conduc-

tivity (s) of the sample was calculated using the following

equation:

s ¼ t = Rba (1)

From the equation, t (cm) is the thickness of film, Rb (ohm)

is bulk resistance of film and A (cm2) is the cross-sectional

area of electrode-electrolyte which is 3.142 cm2.
Results and discussion

Spectroscopic study

Both experimental and calculated infrared spectra of the ad-

ditive revealed all the expected IR characteristics bands of

interest namely n(CeH), n(C]O), n(C]C), n(CeO), v(NeH),

v(CeN) and v(NO2) ranging from weak to strong intensities.
Table 1 e The composition and designation scheme of SBEs in

Designation

CMC (g) NH4Cl (wt.%)

A0 2 0

A16 2 16

B1 2 16

B2 2 16

B6 2 16

B8 2 16
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The CeH stretching frequency of aromatic and aliphatic are

commonly detected in the range of 3100e3000 cm�1 and 2850-

3000 cm�1 [39,40]. In this study, aromatic CeH stretching vi-

brations of phenyl rings were assigned at 3195, 3109 cm�1 and

3075 in FT-IR spectra and were calculated at 3120, 3106 and

3075 cm�1. The observe band in the range of 2856 cm�1 to

2925 cm�1 corresponded to the n(CeH aliphatic) stretching

vibrations within the alkoxy chains whilst the theoretical

values are in the region of 2891e2991 cm�1. The n(C]O)

stretching vibration detected at lower wavenumber at

1655 cm�1 (experimental) and 1673 cm�1 (theoretical) with

strong intensity. The occurrence due to the p-electrons delo-

calization between a and b carbons which reduced the C]O

order and consequently increase the bond order between the

carbonyl carbon and a carbon atom [41]. In this sense, the

carbonyl group vibration dependent on the strength of

bonding, lone pairs of electrons on the oxygen atoms and

inductive effect. The characteristics of the conjugation at

double bond (C]C) of ethylene moiety character is shown by

chalcone derivative at 1603 cm�1 and C]C aromatic was

found at thewavenumber of 1467 cm�1. The summarized data

for observed and calculated frequencies along with their

probable assignment are presented in supplementary data

(Table S1) and spectra are depicted in Figs. S1eS2.

1H and 13C nuclear magnetic resonance (NMR) analysis of
additive
The 1H NMR spectrum of the additive revealed the present

eCH3 proton at dH 0.83 ppm as triplet resonance while CH2

(aliphatic) group was observed as multiplet overlapping

resonance at the upfield region dH 1.26e1.78 ppm. The chem-

ical shift of ReOCH2 moiety was detected at deshielded region

at dH 3.98 ppm as triplet resonance. The aromatic protons

were positioned in the higher chemical shift in the range of dH
6.92e8.18 ppm as pseudo-doublet resonances due to the
this work.

Formulation

NH4Cl (g) Additive (wt.%) Additive (g)

0 0 0

0.381 0 0

0.381 2 0.05

0.381 4 0.10

0.381 6 0.15

0.381 8 0.20
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Fig. 1 e The preparation of CMC-NH4Cl-additive SBE system.
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existence of electronegative atoms attached to the phenyl

ring. At higher chemical shift of dH 7.56e7.60 ppm and dH

7.71e7.75 ppm, there are existence of two doublets in this

overlapped region with higher value of coupling constants

(J ¼ 16 Hz) attributed that ethylene moiety in the enone link-

age is in the E-geometry, which strongly confirms the forma-

tion of chalcones as reported in the previous study [42]. In the
13C NMR spectrum, the methyl resonance can be seen at dC

13.05 ppm and carbon resonances for alkyl chain length

(CnH2nþ1) were identified at around dC 21.57e30.73 ppm.

Meanwhile, at dC 67.39 ppm, the chemical shift for ReCH2-O-

can be observed due to the deshielding effect in the existence

of oxygen atom that withdrew some amount of electron

density from the alkyl chain attached to the phenyl ring.

Parallelly, these observation of these established signals in the
13C NMR spectrum indicates the existence of the alkoxy (-OR)

substructure in the designed and its expected chalcone

structure. Two sequential signals at dC 129.21 ppm and dC

147.41 ppm belong to the resonances of Ca and Cb carbon

atoms of the a,b-unsaturated carbonyl system in any typical

chalcone [43]. The resonances of carbons for phenyl rings

were observed in the region dC 113.49e16254 ppm, whilst

signal detected at dC 186.71 ppm was ascribed to the presence

of carbonyl (C]O) carbon atom. The spectra of 1H and 13C

NMR of the additive are tabulated in details in Supplementary

material 1 (Figs. S3eS4).

UVevisible and electronic properties
The electronic transition spectrum of additive as depicted in

Fig. 2 revealed single major principal absorption band which

believed arising from several designated chromophores

which may include phenyl rings, carbonyl, ethylene as well

as NO2 substituent. In this perspective, the broadness of the

absorption spectrum may arise due to a contribution from

more than one electronic state to the absorption spectrum. A

broad and strong intensity absorption band of maximum

wavelength (lmax) centred at lmax 312 nm whilst the cut-off

wavelength (ledge) found at 395 nm attributed from over-

lapping mixed transitions of p/p*- and n/p*. The p/p*
Please cite this article as: Khairul WM et al., Density functional th
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transition arises from ethylene portion of the molecule and

contributed by p-bonding orbitals of the phenyl rings while

n/p* transition is expected to be contributed by from

carbonyl moiety and eNO2 auxochrome. Subsequently, the

optical energy band gap (Eg) was calculated using Eq. (2)

which expressed in eV. According to formula of Egap ¼ hc/

ledge, the Eg value of additive is exhibited 3.14 eVwhich lies in

semiconductor properties.

Eg
opt ðeVÞ ¼ 1240 = ledge (2)

The nature of excited states and charge transfer properties

that involved in electronic absorption processes, the elec-

tronic transitions and energy values of HOMO and LUMO of

the additive was calculated using density functional theory

(DFT). The time dependent-DFT approach employing B3LYP

functional and 6-31G (d,p) basis set in solvent effects

(dichloromethane) through Integral Equation Formalism

Polarizable Continuum Model (IEF-PCM) were computed. In

these sense, the experimental UV spectra were taken as

reference to validate the electronic absorption spectra in

theoretical calculations. Both experimental and simulated

spectrum showed good agreement with one intense band

centred at 395 nm (experimental) and 407 nm (simulated). The

calculated absorption maxima values show notable red shift

compared to experimental absorption as illustrated in Fig. 3.

The slightly different of absorption maxima ascribed due to

the solvation effect led generally to a red shift in the main

transition wavelengths to stabilize molecular orbitals in the

excited state. The major peak from simulated spectrum rep-

resents contributions from electronic transition from

HOMO/LUMO orbitals [44]. The calculated wavelength (l) of

electronic excitation energies at various energy levels, oscil-

lator strength (f), energy gapwithmajor contributors are listed

in Table 2.

Additionally, the HOMO-LUMO level of the targeted com-

pound is illustrated in Fig. 4 which obtained and derived from

quantum chemical calculations. Apparently, the electron

cloud of the HOMO level is mainly located on the spacer

containing the substituents of oxygen and phenyl, whereas
eory (DFT) calculations, synthesis and electronic properties of
C-based solid biopolymer electrolyte, International Journal of
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Fig. 2 e UVeVis absorption spectrum and respective band gap energy estimation for the additive.
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the LUMO level is dominated by orbitals from the nitro and

chalcone moieties. Generally, such electron distribution ex-

plains clearly on the investigated molecule with a funda-

mental aspects of intramolecular charge transfer property,

which is consistent and parallel with the experimental spec-

troscopic data. In addition, this minimal overlapping of

HOMO-LUMO also afforded with smaller energy for photoex-

citation and relaxation, thus in this particular molecule, its

calculated theoretical band gap energy (Eg) was as 2.89 eV
250 300 350
0

2000

4000

6000

8000

10000

Wa

Fig. 3 e Experimental (straight line) and simulated (
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which lies in the typical band gap range of functional organic

semiconducting materials.

Further, global reactivity descriptors parameters assist to

elucidate the chemical reactivity, kinetic stability, chemical

hardness-softness of a molecule and electronic properties of

the organic semiconductor application. In this respects, ioni-

zation potential (I), electron affinity (A), global hardness (ƞ),
chemical potential (m), electrophilicity index (u), global soft-

ness (S), electronegativity (c) are calculated using the basis of
400 450 500 550
velength (nm)

dashed line) for UVeVis spectra of the additive.
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Table 2 e The excitation energy, experimental and calculated absorption wavelength, major contribution and
corresponding oscillator strengths (f) of additive.

Excited state Wavelength (nm) Oscillator strength, f Excitation energies (DE, eV) Excitation transitions

Experimental Calculated

S0/S1 395 407

397

0.2194 3.1164 HOMO/LUMO (99%)

HOMO/LUMOþ1 (53%)

Fig. 4 e Molecular orbital involved in the electronic

transition of the additive.

Table 3 e Calculated global reactivity parameter for
alkoxylated-chalcone, the additive.

Parameter Value (eV)

Ionization potential (I) 5.278

Electron affinity (A) 2.387

Global hardness (h) 1.445

Chemical potential (m) �3.833

Electrophilicity index (u) 5.0824

Global Softness (S) 0.730

Electronegativity (c) 3.054
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energy values of frontier molecular orbitals (FMO) following

the suggestion by Koopman's theorem [45,46]:

Ionization potential; I ¼ � EHOMO (3)

Electron affinity; A ¼ � ELUMO (4)

Global hardness; h ¼ I�A
2

(5)

Chemical potential; m ¼ �ðIþAÞ
2

(6)

Electrophilicity index; u ¼ m2

2h
(7)

Global Softness; S ¼ 1
h

(8)

Electronegativity; c ¼ Iþ A
2

(9)

The calculated values of all the related parameters are

summarized in Table 3. A HOMO value indicates a tendency of

the molecule to donate electrons to appropriate acceptor

while the values of LUMO energy indicate the possibility to

accept electrons. The outcome reveals that HOMOeLUMO

energy gap is directly proportional to the low chemical
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hardness for this additive system. From the previous reported

literature [47,48], addition of low chemical hardness additive

reduces the hardness of the biopolymer and enhancing the

piezoelectric property.

Besides, molecular electrostatic potential (MEP) mapping

has been employed primarily for recognition of the molecular

interactions, forecast of relative locations for nucleophilic and

electrophilic attacks which provide the information of

preferred sites for hydrogen bonds. The negative region of

MEP related to an attraction of the proton by the aggregation

of electron density in the molecule (shades in red) are

preferred site for nucleophilic, whereas the positive region of

MEP corresponds to a repulsion of the proton by the atomic

nuclei (shade of blue) and preferred site for electrophilic. The

obtained MEP plots of additive is visualized in Fig. 5.

According to the MEP maps in Fig. 5, it is evident that

negative (red) region localized on the oxygen and nitrogen

atom in alkoxy and nitro units while the positive (blue) region

is observed over the hydrogen of aromatic rings and alkoxy

chainwhich indicate electrophilic attraction. Additionally, the

green region has spread at the MEP surface which confirms

the existence of an intermolecular interaction in the system.

Thermal analysis

Thermal behaviour of the synthesized additive exhibited good

stability up to ca. 280 �C and no weight loss occurred below

100 �C which evidence there was no entrapped of water

molecule or solvent presence in the sample. The TGA/DTG

curve revealed a single degradation step took place at around

276e280 �C (Tonset) and ended at around 350e356 �C (Toffset) with

sharp endothermic DTG as portrayed in Fig. 6. This occurrence

implies the decomposition of all chalcone moieties including

alkoxy and nitro substituents into volatile gaseous products.

During the decomposition of this stage, the total weight loss

was 98.5% with maximum degradation (Tmax) occurred at

335 �C. The incorporation of long alkoxy chain in chalcone

moiety has aided further stabilization by p-stacking between

adjacent aromatic portion, carbonyl and ethylene moieties as
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Fig. 5 e Molecular surface of synthesize additive.

Table 4 e Designation of the Thickness, Bulk resistance
(U) and Conductivity (s) values at room temperature of
SPEs system.

Designation Thickness,
t (cm)

Bulk Resistance,
Rb (U)

Conductivity,
s (S/cm)

A0 0.015 23,500.00 2.03 � 10�7

A16 0.015 2.82 1.69 � 10�3

B1 0.090 1.86 1.54 � 10�2

B2 0.020 1.61 1.80 � 10�2

B6 0.060 0.83 2.30 � 10�2

B8 0.096 1.77 1.73 � 10�2

Composition of additive (wt.%): A0 ¼ 0; A16 ¼ 0; B1 ¼ 2; B2 ¼ 4;

B6 ¼ 6; B8 ¼ 8.
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is in good agreement with previously reported literatures

[40,49]. From thermal behaviour trend of additive, it displayed

satisfactory thermal stability at high temperature and it gave

good indications to be applied in film fabrication as it exhibits

remarkable performance under prolonged thermal stress.

Ionic conductivity study of SPEs at room temperature

The effects of doping salt and the synthesized alkoxylated-

chalcone additive on ionic conductivity of pure CMC have

been calculated from bulk resistance (Rb) of the SBEs obtained

by the intercepts of the ac impedance curves at room tem-

perature (303K) and the obtained results are listed in Table 4.

The noticeable increment of ionic conductivity from

2.03 � 10�7 Scm�1 to 1.69 � 10�3 Scm�1 upon the addition of

16 wt.% of NH4Cl salt into CMC was comparative as found by

Ahmad & Isa, 2016 [38]. Thus, CMC-NH4Cl SPEs has recorded

the highest conduction in salted system (16 wt.%) was further

carried out to study the influence of synthesized alkoxylated-

chalcone additives with the aims to improve the performance

of ionic conductivity of the SPEs system.

In this sense, the value of ionic conductivity increases

monotonically with incorporation of organic additive of syn-

thesized alkoxylated-chalcone and reaches maximum value

of 2.30 � 10�2 Scm�1 for sample B6 containing 6 wt.% of
Fig. 6 e TGA/DTG thermo
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additives. The conductivity increases gradually with

increasing wt.% of additive composition and this implying the

effectiveness of the synthesized chalcone additive in dissoci-

ating doping salt (NH4Cl) in CMC matrix. Hence, there will be

more protons (Hþ) are supplied [50] due to the dissociation of

the doping salt at which ion hopping and exchange can take

place leading to an enhancement in conductivity [51]. Never-

theless, the electrical conductivity decreases after 8 wt.% of

the additive is added due to optimum concentration of addi-

tive has been achieved and lead to greater tendency towards
gram of the additive.
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Fig. 7 e Cole-cole plot of the SBEs system at room temperature.

i n t e r n a t i o n a l j o u r n a l o f h y d r o g en en e r g y x x x ( x x x x ) x x x 9
sample aggregation hence increase the degree of crystallinity

in the electrolyte system.

Fig. 7 reveals the ColeeCole plot of the highest conducting

SBEs for A16 and B6 at ambient temperature (303 K) and inset

figure shows the plot for pure A0 film. The semicircle in A0 at

high frequency region inferring the CMC biopolymer is

partially bulk resistance and bulk capacitance [52]. Notably,

the semi-circle and bulk resistance (Rb) decrease upon the

addition of salt and further decrease with incorporation of

chalcone additive until 6 wt%. Resulted the increment of ionic

conductivity in the SPE system. The ac impedance plots ofA16

and B6 exhibited spike in the low-frequency region is inferred

that the SBE sample is in resistive nature.
Conclusions

The role and performance of alkoxylated-chalcone based

compound as the additive in new proton conducting solid

bio-polymer electrolytes based on CMC and NH4Cl has been

successfully synthesized, characterized and prepared using

solution casting techniques. The synthesized alkoxylated-

chalcone additive possesses thermal stability at high tem-

perature and exhibited highest conductivity of 2.3 � 10�2

Scm�1 for the SBE system containing 6 wt.% of the additive

at ambient temperature. Therefore, the findings from this

study have proven that, even with a little change in prop-

erties of conductivity upon an addition of the synthesized

chalcone compound as additive of this molecular candidate

would provide an improvement in term of ideally effective

and recognisable charge transport pathways in SBEs
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leading to enhancement in any potential electrochemical

devices.
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