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ABSTRACT: The urgent demand for sustainable energy materials aligned with the United Nations Sustainable
Development Goal 7 has intensified interest in biopolymer electrolytes (BPEs). Many non-polysaccharide biopolymers
exhibit low ionic conductivity and weak salt dissociation at room temperature, limiting their performance in sodium-
ion energy storage devices. Polysaccharides such as guar gum provide abundant coordination sites that can enhance Na*
transport. This study investigates the electrical, structural, and electronic behaviour of guar gum-sodium perchlorate
(guar gum-NaClO,) BPEs to establish structure-transport relationships. Biopolymer electrolyte films were prepared via
solution casting using guar gum (0.5 g) with NaClO; at six salt loadings: 0, 10, 20, 30, 40, and 50 wt.%. Electrochemical
impedance spectroscopy (EIS) was conducted at room temperature for all compositions and at elevated temperatures
(303-343 K) for selected samples (0, 30, and 40 wt.%). Structural properties were examined by X-ray diffraction
(XRD), and crystallite size was quantified using the Scherrer equation. Electronic properties, including density of
states (DOS) and frontier molecular orbitals, were evaluated using density functional theory (DFT) with the DMol®
module. Ionic conductivity increased from 9.13 x 107 S-cm™! in the unadded salt guar gum sample (0 wt.%) to a
maximum of 8.40 x 10™* S-cm™! at 40 wt.% NaClO,, attributed to enhanced NaClO, dissociation and reduced bulk
resistance. At 50 wt.%, conductivity decreased to 3.37 x 10°* S-cm™!, indicating ion pairing. Temperature-dependent
EIS confirmed Arrhenius behaviour, with the 40 wt.% sample exhibiting the lowest activation energy (7.61 x 1072° eV).
XRD analysis showed progressive amorphization with crystallite size reducing from 5.05 nm (0 wt.%) to 0.82 nm
(40 wt.%), correlating with enhanced ionic mobility. DFT findings revealed strong guar gum-NaClO, interactions and
a significant HOMO-LUMO band-gap reduction from 6.6129 eV (unadded salt guar gum) to 0.3813 eV, suggesting
improved electronic flexibility and salt dissociation. The combined EIS, XRD, and DFT analyses demonstrate that
guar gum-NaClO, BPEs exhibit strong structure-transport coupling, with 40 wt.% NaClO, producing optimal ionic
conductivity and molecular stability. These findings identify guar gum as a promising, sustainable host polymer for
sodium-based solid electrolytes in next-generation energy storage systems.
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1 Introduction

The United Nations” Sustainable Development Goal 7 highlights the importance of affordable, reliable,
and sustainable energy access, underscoring the need for efficient energy storage systems. Sodium-based all-
solid-state batteries have emerged as a promising alternative to lithium systems due to the natural abundance,
low cost, and favourable electrochemical characteristics of sodium [1,2]. However, the performance of
sodium-ion devices remains constrained by the properties of the BPEs. Traditional inorganic electrolytes
suffer from interfacial instability and brittleness, motivating increasing interest in polymer and biopolymer
electrolytes that offer improved flexibility, processability, and sustainability.

Natural biopolymers are particularly attractive because they are renewable, biodegradable, and environ-
mentally benign [3,4]. Non-polysaccharide biopolymers such as poly(lactic acid) and polyhydroxyalkanoates
often exhibit low ionic conductivity due to insufficient salt dissociation [5,6]. In contrast, polysaccharide-
based materials such as alginate, cellulose derivatives, and chitosan provide oxygenated functional groups
for ion coordination and hydrophilic networks that improve polymer segmental mobility [7,8]. Despite
their versatility, the application of guar gum, a galactomannan polysaccharide widely used in industrial
formulations, has been comparatively less investigated in sodium-ion conducting polymer electrolytes [9,10].
Although guar gum has received comparatively limited attention in solid polymer electrolyte systems, a
previous study by Venkatesh et al. reported an ionic conductivity of 1.34 x 107* S cm™! for a guar gum-
based biopolymer electrolyte, indicating its strong potential for ion-conducting applications [11]. Thus, guar
gum was selected as the host polymer due to its natural abundance, biodegradability, excellent film-forming
ability, and high density of hydroxyl groups that can enhance ion-polymer interactions [12,13].

Next, NaClO, was selected as the added salt due to its high dissociation ability and strong interac-
tion with polymer functional groups, which have been reported to enhance ionic conductivity, increase
amorphous phase formation, and improve ion transport in polymer electrolyte systems [14]. NaClOy is
also a suitable sodium salt for polymer electrolytes due to its bulky, weakly coordinating CIO,~ anion,
which enhances salt dissociation and disrupts polymer crystallinity, thereby improving Na* mobility [15,16].
Incorporating NaClO, into a guar gum matrix is therefore expected to increase amorphous character,
provide more ion-conducting pathways, and enhance overall ionic transport. Accordingly, the variation
in salt concentration was designed to investigate its influence on ionic conductivity and electrochemical
properties systematically.

This study aims to develop guar gum-NaClO, biopolymer electrolytes and investigate how structural
modifications influence their ion-transport behavior. EIS is employed to determine ionic conductivity
and activation energy, while XRD is used to assess structural changes associated with salt loading. DFT
calculations provide molecular-level insight into ion—polymer interactions and electronic stability. Together,
these analyses establish a materials-level understanding of the guar gum-NaClO, system and its potential
applicability as a sustainable biopolymer electrolyte for sodium-ion energy storage applications. Notably, this
work establishes a direct structure-transport correlation by integrating XRD-derived amorphous character
with impedance-derived ionic conductivity and DFT-based molecular insights into Na*-polymer coordina-
tion, providing a multi-scale perspective on sodium-ion conduction in a guar gum-based biopolymer system
that has been scarcely reported in previous biopolymer electrolyte studies.

2 Materials and Methods
2.1 Materials

Guar gum (Chemiz, Malaysia; food-grade; batch No. 2001191) was used as the host polymer. Sodium per-
chlorate (NaClO,, ACS reagent grade, >98.0% purity, Sigma-Aldrich, USA; molecular weight 122.44 g-mol_l)
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served as the sodium salt. Distilled water prepared using a double-distillation unit was used as the solvent
throughout the study. All chemicals were used as received without further purification.

2.2 Preparation of Guar Gum-NaClO, Biopolymer Electrolytes

BPE films were prepared by solution casting. A total of 0.5 g of guar gum was used for each film, and
NaClO, was incorporated at 0, 10, 20, 30, 40, and 50 wt.% relative to the polymer mass. Briefly, the appropriate
mass of NaClO, was dissolved in 50 mL of distilled water in a clean glass bottle under continuous magnetic
stirring until complete solubilization was achieved. Guar gum was then gradually introduced into the salt
solution, followed by continuous stirring for 24 h at room temperature to obtain a homogeneous gel. The
viscous gel was cast into Petri dishes and dried in an oven at 60°C for 24 h to ensure complete solvent
evaporation. The dried films were carefully peeled off and stored in a desiccator at room temperature before
characterization. Film thickness was measured at three random points using a digital micrometer, and the
average value was used for conductivity calculations.

2.3 Electrochemical Impedance Spectroscopy

BPE Ionic conductivity measurements were performed at room temperature using a HIOKI 3532 LCR
HiTester over the frequency range 100 Hz-1 MHz at an applied signal amplitude of 10 mV. Each BPE film
was cut into circular discs and then sandwiched between two stainless-steel (SS) blocking electrodes under
uniform pressure.

2.4 X-Ray Diffraction Analysis

Structural characterization was performed using a Bruker D8 Advance X-ray diffractometer operating
at 40 kV and 30 mA with Cu Ka radiation (A = 1.5406 A). Scans were collected over 10° < 26 < 80° using a

step size of 0.02° and a scan rate of 2°-min™"'.

2.5 Density Functional Theory Methods

DFT calculations were performed using BIOVIA Materials Studio (DMolP> module). Initial 2D struc-
tures of guar gum and NaClO, were constructed and converted to 3D atomistic models. Structures were
pre-processed through hydrogen addition, valence validation, and geometry cleaning. All quantum chemical
calculations were performed using the DMol® module. Geometry optimization was conducted using the Fine
quality setting together with the hybrid B3LYP exchange-correlation functional. The Tkatchenko-Scheffler
(TS) correction was applied to account for long-range dispersion interactions within the DFT-D framework.
An unrestricted spin formalism was selected to allow independent treatment of the electronic spin channels
in the calculations. Convergence limits were fixed at 1 x 10~> Ha for the total energy, 0.002 Ha-A™! for the
maximum force, and 0.005 A for the maximum atomic displacement. The optimization procedure allowed
1000 Self-Consistent Field (SCF) iterations and used a maximum geometric step size of 0.3 A. Electronic
SCF cycles employed a tolerance of 1.0 x 10~° Ha. The calculations evaluated the multipolar expansion of the
charge density up to the hexadecapole level, employed charge density mixing with a mixing charge of 0.2 and
a spin mixing value of 0.5, and used a density of states (DOS) basis set with a numerical size of 6 throughout
the calculations, while applying electronic smearing of 0.005 Ha to assist SCF convergence.

Population analyses were carried out on the optimized structures. Mulliken population analysis was
used to determine atomic charges, while Hirshfeld analysis was employed to quantify charge distribution
and to examine charge transfer within the system.
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3 Results and Discussions
3.1 Electrical Studies

An electrical characterization using electrochemical impedance spectroscopy (EIS) was performed to
investigate the ionic conductivity of guar gum-NaClO, thin-film BPE with NaClOy4 contents ranging from
0 to 50 wt.% at room temperature. In this work, the 0 wt% composition refers to the guar gum biopolymer
electrolyte without added salt, while all other samples contain NaClO, as the added salt. To further examine
the effect of temperature, the samples with the lowest (0 wt.%) and highest (40 wt.%) ionic conductivities
were subjected to temperature-dependent EIS measurements from 300 K to the maximum ionic conductivity.

3.1.1 Room-Temperature Ionic Conductivity

Fig. 1 shows the impedance plots (Z; vs. Z,) for all prepared samples at room temperature (300 K). The
0 wt.% sample exhibits a semicircle, while the other compositions display a straight line. The observed semi-
circles in the complex plane are often distorted and enlarged, producing asymmetric arcs with their centers
positioned below the real Z, axis. The semicircle diameter corresponds to the charge-transfer resistance, with
a larger diameter indicating higher resistance [17,18]. Accordingly, the 0 wt.% sample exhibited the largest
semicircle diameter, indicating greater charge-transfer resistance than the NaClO,-added samples with 10,
20, 30, 40, and 50 wt.% salt content.

The negative imaginary component (Z;) plotted against the real component (Z,) provides the bulk resis-
tance (R,) from the intercept at Z, [19]. The high-frequency semicircle corresponds to bulk resistance, while
the low-frequency spike arises from double-layer charge accumulation at the BPE|electrode interface [20].
The ionic conductivity (o) was calculated using Eq. (1):

t

T RA W

where ¢ is the film thickness, A is the electrode contact area, and R, is the bulk resistance obtained from the
high-frequency intercept of the impedance plot.

The composition-dependent ionic conductivity is influenced by both charge carrier concentration and
mobility [21]. Accordingly, the 40 wt% NaClO, sample exhibits the highest ionic conductivity, which is
associated with the lowest R;, as summarized in Table 1. Table | summarizes the impedance-derived bulk
resistance (Rj), corresponding electrical conductance (G), and calculated ionic conductivity (o) of guar gum-—
NaClO, biopolymer electrolytes, clearly demonstrating a progressive decrease in R, and a corresponding
increase in G and o with increasing NaClO, content up to the optimum composition, followed by a decline
at higher salt loading.
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Figure 1: Nyquist plots of guar gum-NaClO4 biopolymer electrolytes at different salt concentrations: (a) 0 wt%,
(b) 10 wt%, (c) 20 wt%, (d) 30 wt%, (e) 40 wt%, and (f) 50 wt% NaClO.
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Table 1: Impedance-derived bulk resistance, conductance, and corresponding ionic conductivity values for guar gum-
based biopolymer electrolytes with varying NaClO, loadings.

Sample (wt.%) Bulk Resistance, R, (Q) Conductance, G (S) Ionic Conductivity, ¢ (S-cm™)

0 5,020,000.0 1.99 x 1077 4.45 x 107°
10 4120.0 2.43 x107* 5.43 x 107°
20 315.0 317 x 1073 7.09 x 1077
30 53.5 1.87 x 1072 418 x 107*
40 26.6 3.76 x 1072 8.40 x 1074
50 66.3 1.51 x 1072 3.37 x 1074

Based on Fig. 2, ionic conductivity increases progressively with NaClO, salt content, from
9.13 x 107° S-cm™! for the unadded NaClO, salt sample (0 wt.%) to 6.31 x 107* S-cm™ at 50 wt.% NaClOy,
reflecting enhanced NaClO; ion dissociation and mobility [19]. However, the maximum ionic conductivity
0f 8.40 x 10~* S-cm™ is obtained at 40 wt.% NaClO,. Beyond this concentration, ionic conductivity decreases
due to ion-ion pairing, ionic cross-linking, and increased viscosity, which limit free ion mobility [22].

1.2E-03 -
1.0E-03 -
8.0E-04 -
6.0E-04 -
4.0E-04 -

2.0E-04 A

Tonic Conductivity (S-em™)

0.0E+00 w— 1 T T T !
0 10 20 30 40 50 60

NaClO, Concentration (wt.%)
Figure 2: Salt concentration—dependent ionic conductivity behavior of guar gum-NaClO,4 biopolymer electrolytes.

The ionic conductivity achieved in the present guar gum-based polymer electrolyte is comparable
to or higher than several previously reported biopolymer electrolyte systems, such as corn starch-
based, chitosan-based, and cellulose-based electrolytes, which exhibit maximum ionic conductivities of
1.28 x 107* S-cm™ [23] 734 x 107> S:em™ [24], 2.53 x 107* S-cm™! [25], respectively. Compared with these
systems, guar gum offers a highly flexible polymer backbone with abundant hydroxyl functional groups,
which promote strong coordination with sodium ions and facilitate efficient ion transport [26,27].
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To further clarify the correlation between impedance response and ionic conductivity, the bulk
resistance (R;) obtained from the high-frequency intercept was expressed in terms of electrical conduc-
tance [28,29]:

1
G=— (2)
Ry,
Substituting this relationship into the conductivity expression yields an equivalent form [28,29]:
L
o=—xG 3
) ()

where L is the membrane thickness and A is the effective electrode-electrolyte contact area. This formulation
shows directly that ionic conductivity is proportional to conductance for a given sample geometry. Therefore,
the observed increase in G with NaClO, loading corresponds to a reduction in R, and translates into a higher
o, explaining why the highest-conductivity composition also exhibits the highest conductance.

3.1.2 Temperature-Dependent Ionic Conductivity

The sample with 40 wt.% NaClOy4, which exhibited the highest ionic conductivity at room temperature,
was selected for further investigation. Impedance measurements were performed at 303, 313, 323, 333, and
343 K for samples containing 0, 30, and 40 wt.% NaClO,. Measurements at 353 K were also attempted.
However, non-reproducible impedance responses were observed, likely due to partial dehydration of the
BPE films. Therefore, the temperature-dependent analysis was limited to the 303-343 K range to ensure data
reliability. The temperature-dependent analysis enabled the determination of the activation energy (E,) of
ionic conduction, a key parameter for optimizing electrolyte performance [30]. The relationship between
ionic conductivity and temperature follows the Arrhenius equation:

0 =0y exp(kBi;) (4)
where 0y is the pre-exponential factor, kg is the Boltzmann constant, and T is the absolute temperature.
Plotting log (ionic conductivity) against 1000/T produced a linear relationship (Fig. 3A), confirming that
the guar gum biopolymer electrolyte films obey the Arrhenius model with regression values close to unity
(R* ~ 1) [31]. Such behavior indicates that ionic conduction occurs predominantly via thermally activated
hopping of Na* ions between localized sites, analogous to the mechanism in ionic crystals [30].

As temperature increases, both the mobility and dissociation rate of Na* ions rise, enhancing ionic
conductivity. This improvement is attributed to increased free volume and segmental motion in the guar
gum biopolymer matrix, which facilitate Na* ion transport. The observed decrease in activation energy with
increasing ionic conductivity (Fig. 3B) supports this mechanism. Specifically, the 40 wt.% NaClO4 sample
demonstrated the lowest activation energy (7.61 x 1072° V), corresponding to its highest ionic conductivity.
Lower activation energy reduces the energy barrier to Na* ion migration, thereby enhancing charge-carrier
mobility and overall ionic conductivity.
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Figure 3: Temperature-dependent ionic conductivity and activation energy of BPEs with varying NaClO, concentra-
tions. (A) Arrhenius plots of log (ionic conductivity) vs. 1000/ T for BPEs containing 0, 30, and 40 wt.% NaClOy, showing
linearity consistent with thermally activated ion transport. (B) Variation of activation energy and room-temperature
ionic conductivity as functions of NaClOy4 concentration.

3.1.3 Dielectric Studies

Dielectric studies are essential for interpreting the ionic conductivity behavior of guar gum-NaClOy4
BPE, as they reveal the coupling between ion transport processes and the relaxation dynamics of guar gum
biopolymer chains. The complex permittivity (¢¥) of an electrolyte is strongly influenced by its structural
characteristics, temperature, and applied field frequency [32]. In this work, the sample containing 40 wt.%
NaClO4, which exhibited the highest ionic conductivity, was selected as a representative composition
for detailed dielectric evaluation. The dielectric constant (¢,) and dielectric loss (g;) of this system are
analyzed to elucidate the relationship between ion transport, polymer segmental dynamics, and polarization
mechanisms. The variations in ¢, and ¢ as a function of frequency are depicted in Fig. 4A,B.
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Figure 4: Temperature influence on the dielectric behavior of the guar gum-based biopolymer electrolyte incorporated
with 40 wt.% NaClO;. (A) Plot of dielectric constant (e,) vs. logarithmic frequency at different temperatures. (B) Plot
of dielectric loss (g;) vs. logarithmic frequency at different temperatures. Abbreviations: ¢, = dielectric constant;
g = dielectric loss.

The dielectric constant (¢,) represents the material’s ability to store charge, while the dielectric loss
(&) corresponds to the energy dissipated due to ion migration under an alternating electric field. At low
frequencies, both ¢, and ¢ exhibit sharp increases, attributed to electrode polarization and space-charge
accumulation, confirming the non-Debye relaxation behavior of the system. At higher frequencies, the rapid
reversals of the electric field hinder ion displacement, leading to a decline in ¢, and ¢; as polarization becomes
less effective [32]. At low frequencies, the dielectric loss & values exceeded ¢, indicating significant ionic
conduction and interfacial polarization in the guar gum-NaClOy system. This behavior suggests enhanced
mobility of dissociated Na* ions, consistent with increased dissociation of NaClO,. The dielectric loss
response is mainly governed by the combined effects of DC conductivity and polarization processes [19].
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Fig. 5A,B presents the frequency dependence of the real (M,) and imaginary (M;) components of
the electric modulus, measured over a temperature range of 303-343 K. As observed, both M, and M;
approach zero at low frequencies, indicating the dominance of electrode polarization and the presence of
long-range ionic motion. With increasing frequency, the modulus values rise, with M, consistently exceeding
M, signifying the onset of bulk relaxation processes within the guar gum biopolymer electrolyte matrix. A
noticeable decrease in the magnitudes of both M, and M; with increasing temperature suggests enhanced
ionic mobility, as thermal activation promotes faster ion migration and the segmental motion of the guar
gum biopolymer [33-36]. Among the investigated compositions, the electrolyte with the highest NaClOy4
concentration exhibited the highest modulus values, indicating that NaClOy salt incorporation influences
ionic relaxation strength and charge-carrier density [37-39].
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Figure 5: Temperature influence on the electrical modulus of the guar gum-based biopolymer electrolyte incorporated
with 40 wt.% NaClOy. (A) Imaginary modulus (M;) as a function of logarithmic frequency at different temperatures.
(B) Real modulus (M, ) as a function of logarithmic frequency at different temperatures. Abbreviations: M; = imaginary
modulus; M, = real modulus.
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The M, spectra, which remain nearly zero at low frequencies and peak at higher frequencies, further
confirm the suppression of electrode polarization and the predominance of bulk relaxation phenomena
in the high-frequency region. These frequency-dependent trends reflect the ion dynamics within the guar
gum biopolymer matrix. At low frequencies, ions can align effectively with the alternating electric field,
yielding smaller modulus values. However, as frequency increases, the ions are unable to follow the rapidly
oscillating field, leading to an increase in modulus magnitude [33,40-42]. The overall decline in modulus
with temperature reinforces the concept of thermally activated ionic transport, consistent with the observed
enhancement in ionic conductivity at elevated temperatures.

3.2 Structural Studies

Structural study by XRD reveals the effect of NaClO, loading on the crystalline—amorphous structure of
guar gum electrolyte films. As shown in Fig. 6 and Table 2, XRD analysis shows progressive broadening of the
major diffraction halo with increasing NaClO, concentration, reflecting a loss of long-range chain order and
a greater fraction of amorphous domains. The XRD patterns of the 0 wt.% and 10 wt.% NaClO, samples are
dominated by a broad amorphous halo, consistent with the predominantly amorphous nature of biopolymer
electrolyte films reported in recent literature, where XRD profiles exhibit a broad amorphous background
that increases with salt content and reflects limited long-range ordering. Such features have been similarly
interpreted in XRD studies of biopolymer electrolytes, where broadening of diffraction maxima corresponds
to increased amorphous character rather than well-defined crystalline phases [43,44]. Crystallite size was
estimated using the Scherrer equation, employing the full width at half maximum (FWHM) of the dominant
diffraction peak.

KA
~ BcosB

(5)

where D represents the average crystallite size (nm), K is the shape factor (commonly taken as 0.9), A is the
wavelength of the incident X-ray beam (Cu Ka, A = 1.5406 A), 8 denotes the full width at half maximum
(FWHM) of the diffraction peak, and 6 is the corresponding Bragg diffraction angle. The dominant diffrac-
tion peak for each composition was selected from the deconvoluted XRD profiles, and the corresponding
FWHM values were used for crystallite size calculation after instrumental broadening correction.

This structural change is quantitatively detected by a sharp diminution in Scherrer crystallite size from
5.05 nm at 0 wt.% to 0.82 nm at 40 wt.%, NaClOy. The increase in amorphous character enhances segmental
mobility within the guar gum matrix, facilitating the flow of Na ions through guar gum biopolymer coordina-
tion sites. Room-temperature ionic conductivity therefore increases very significantly from 9.13 x 10~ S-cm™
(0 wt.%) to 8.40 x 107* S-cm™ (40 wt.%). This strong structure-transport correlation aligns with previous
findings in polymer-salt systems, where salt-induced amorphization significantly lowers the energy barrier
to Na* ion hopping and enhances overall ionic mobility within the polymer matrix [7,45,46]. A guar gum
biopolymer electrolyte with a higher amorphous content exhibits greater segmental mobility and backbone
flexibility. This segmental mobility facilitates ionic transport under an electric field by continuously forming
and breaking the coordination spheres of solvated ions. Consequently, more free volume becomes available

for ion diffusion [19].
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Figure 6: XRD patterns of guar gum-NaClO, biopolymer electrolytes (BPEs) with increasing salt content. Sample

containing (A) 0 wt.% NaClOy. (B) 10 wt.% NaClO,. (C) 30 wt.% NaClO,. (D) 40 wt.% NaClO;. (E) 50 wt.% NaClO;.
Abbreviations: XRD = X-ray diffraction; BPE = biopolymer electrolyte.
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Table 2: Crystallite size and corresponding room-temperature ionic conductivity for guar gum samples at various
NaClOy loadings.

Toni ivity,
Salt Concentration (wt.%) 20 (°) FWHM (°) Crystallite Size (nm) onic Conductivity,

o (S«cm™)
0 20.70 1.59992 5.0488 9.13 x 107°
10 21.09 6.83702 1.1817 5.43 x 107
40 22.82 9.87954 0.8179 8.40 x 1074
50 22.38 8.84732 0.9161 3.37 x 107

3.3 Electronic Studies

DFT is employed to elucidate electronic interactions and charge-transfer behavior within the biopoly-
mer electrolyte system. The primary aim of this study is to correlate the electronic structure with the observed
ionic conductivity, thereby providing a molecular-level understanding of ion coordination and mobility.
DFT calculations yield the optimized molecular geometry, HOMO-LUMO energy band gap, and density of
states (DOS), which reflect the energy distribution and electronic stability of the system. In addition, Raman
spectral analysis derived from DFT helps validate vibrational modes associated with guar gum-NaClOy4
complexation. Collectively, these electronic descriptors establish the fundamental relationship between the
molecular configuration and the electrochemical performance of the electrolyte.

3.3.1 Optimized Molecular Structure of the Biopolymer Guar Gum

Guar gum is a natural, non-ionic polysaccharide composed of a polymannose chain containing (1 — 4)-
linked B-D-mannopyranose units and a«-D-galactopyranose side groups attached through (1 — 6) glycosidic
linkages to the mannose backbone. The mannose-to-galactose ratio typically ranges from 1.8 to 1.0 [47].
According to Jain et al. [47], a representative structural model of guar gum consists of two (1 — 4)-linked
mannose units, with a galactose branch attached to one of the mannose units via a (1 - 6) linkage. In
the present study, a sodium perchlorate (NaClO,) molecule was incorporated into the guar gum model to
investigate the molecular interactions between the guar gum biopolymer matrix and the NaClO, salt. Fig. 7A
presents the molecular structure before optimization, while Fig. 7B shows the optimized guar gum-NaClO;4
complex with evident Na* migration and ClO4~ reorientation. The optimized guar gum-NaClO, complex
contains 70 atoms and includes five elements: carbon (C), hydrogen (H), oxygen (O), sodium (Na), and
chlorine (Cl).

The objective of geometry optimization in DFT is to determine the lowest possible ground-state energy
while simultaneously achieving the most stable molecular configuration through atomic repositioning [48].
The geometry optimization led to a gradual decrease and stabilization of the total energy at —2980.03 Ha,
confirming that the system achieved full convergence and reached its minimum-energy configuration
(Fig. 8A). These optimized structural parameters ensured a stable equilibrium suitable for subsequent
electronic structure analysis.

The convergence profile illustrated in Fig. 8B shows the logarithmic (log;o) variation of the energy
change (black), maximum displacement (red), and maximum force (blue) with successive optimization steps.
All three parameters exhibit a steady decrease over the initial ~10-15 steps, indicating efficient structural
relaxation, and subsequently approach asymptotic values, confirming stable convergence. A recent DFT
study by Boshoman and Fatoba [48] reported similar convergence behavior, supporting the reliability of the
present optimization results.
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toward O atoms

Figure 7: Three-dimensional molecular structures of the guar gum-NaClO, complex. (A) Structure before geom-
etry optimization. (B) Structure after geometry optimization, showing Na* migration toward O atoms and ClO,~
reorientation. Abbreviations: C = carbon; H = hydrogen; O = oxygen; Na = sodium; Cl = chlorine.

The DMol’ geometry optimization of the guar gum-NaClO; adduct shows a rapid initial energy
drop followed by a smooth approach to a stationary point, with forces and displacements decreasing
monotonically. This behavior is characteristic of a well-converged Kohn-Sham DFT minimum [49]. The
convergence indicates the formation of a mechanically stable coordination complex, where Na* ions are
solvated by hydroxyl and ether oxygens from the polysaccharide backbone. This coordination motif has been
widely reported for cation binding in guar gum biopolymer electrolytes [50,51]. As shown in Fig. 8B, DMol®
geometry optimization drove the guar gum-sodium perchlorate complex to its lowest-energy configuration
by effectively minimizing the atomic forces to achieve equilibrium.

3.3.2 Density of States Analysis

The density of states (DOS) represents the distribution of available electronic states across different
energy levels. It serves as a key indicator of the charge transport and electronic behavior of materials. In solid-
state and condensed-matter systems, the DOS determines how electrons occupy energy bands and directly
influences a material’s electronic conduction properties. As reported by Mostefai [52], the total DOS can be
evaluated by projecting the electron density of each atom onto spherical harmonics (s, p, d, or f orbitals),
allowing identification of orbital contributions to bonding interactions. Variations in the DOS can indicate
changes in band and Fermi energies, which, in turn, affect electronic conductivity and other electronic
properties [53]. Furthermore, recent studies have demonstrated that machine learning models can leverage
DOS data to efficiently predict material properties, thereby improving the accuracy of electronic-structure
predictions [53,54].
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Figure 8: Geometry optimization behavior of the guar gum-NaClO, complex. (A) Energy variation plotted against
optimization steps. (B) Convergence profiles during optimization, showing energy change, maximum displacement,
and maximum force. Abbreviations: Ha = Hartree (energy unit).

In the guar gum-NaClOy4 biopolymer electrolyte, DOS analysis provides valuable insight into how
NaClO; salt incorporation modifies the electronic structure, promotes orbital interactions, and enhances
charge transport within the guar gum biopolymer matrix. Fig. 9A presents the total density of states (DOS)
of the guar gum-NaClO, complex, plotted as a function of energy in electron-volts (eV), while Fig. 95 shows
the corresponding DOS plotted in Hartree (Ha) units, illustrating the distribution of electronic states and
the contribution of occupied valence levels near the Fermi energy. The DOS vs. energy plot shows multiple
broad peaks between -600 eV and 0 eV (or -20 Ha to 0 Ha), corresponding to the valence orbitals of oxygen
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and carbon from guar gum, as well as oxygen and chlorine orbitals from NaClOy4. A pronounced shift in
the DOS toward the Fermi level is observed following complexation, suggesting electronic coupling and
donor-acceptor interactions between guar gum oxygen sites and Na* ions from the NaClO, salt. Signals
near the Fermi level (E = 0 eV) represent DOS features approaching the Fermi edge, thus their convergence
indicates reduced HOMO-LUMO separation and increased electronic polarizability that enhances dielectric
screening and facilitates the dissociation of NaClOy into free Na* and ClO,~ ions, while actual ionic
conductivity remains governed by Na* coordination dynamics and guar gum biopolymer segmental motion.
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Figure 9: Total density of states (DOS) of the guar gum-NaClO, complex plotted as a function of energy in
(A) electronvolt (eV) and (B) Hartree (Ha) units, illustrating the distribution of electronic states and the contribution
of occupied valence levels near the Fermi energy.

This shift in the DOS indicates an increased density of accessible electronic states near the Fermi level,
suggesting enhanced electronic delocalization and a greater propensity for charge-transfer within the guar
gum-NaClO,4 matrix. The slight separation between the valence and conduction regions implies moderate
electronic conductivity, which supports the material’s suitability for solid-state electrolyte applications.

3.3.3 The Frontier Molecular Orbitals Analysis

The frontier molecular orbitals (FMOs), including the highest occupied molecular orbital (HOMO) and
the lowest unoccupied molecular orbital (LUMO), are crucial for understanding charge-transfer interactions
in polymer electrolyte systems [55]. The HOMO represents the electron-donating capacity, while the
LUMO indicates the electron-accepting ability of the molecule [2]. The HOMO-LUMO energy band gap
reflects the compound’s chemical reactivity and kinetic stability. A smaller band gap generally indicates
enhanced charge-transfer capability and increased molecular softness, which are favorable for promoting salt
dissociation and interfacial polarization in polymer electrolyte materials. In this study, the HOMO-LUMO
energy band gap of the BPE system was analyzed to assess its electronic stability and potential contribution
to electrochemical performance. The corresponding molecular orbital distributions and energy levels are
illustrated in Fig. 10.
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Figure 10: Frontier molecular orbital distributions of the guar gum-NaClO;, system. (A) Highest occupied molec-
ular orbital (HOMO) distribution. (B) Lowest unoccupied molecular orbital (LUMO) distribution. Abbreviations:
HOMO = highest occupied molecular orbital; LUMO = lowest unoccupied molecular orbital.

As illustrated in Fig. 10A, the highest occupied molecular orbital (HOMO) distribution of the guar
gum-NaClO, system is shown, while Fig. 10B presents the lowest unoccupied molecular orbital (LUMO)
distribution, illustrating the spatial characteristics of the frontier molecular orbitals. The blue region
corresponds to the negative phase, while the yellow region represents the positive phase of the molecular
orbitals. The energy band gap (AE) and several quantum-chemical parameters of the unadded guar gum
sample were obtained from the study by Kazachenko et al. [55]. In contrast, the energy band gap of the guar
gum-NaClO, system was calculated using the relation:

AE = Erymo — Enomo (6)

The calculated results reveal that the guar gum-NaClO, complex exhibits a substantially reduced energy
band gap of 0.3813 eV, compared to 6.6129 eV for unadded salt guar gum, indicating enhanced electronic
polarizability and improved charge-transfer interactions within the polymer-salt complex. This reduction in
band gap is attributed to the coordination between Na* ions and the oxygen-containing functional groups
of guar gum, which modifies the electronic structure and facilitates donor-acceptor interactions. Such
electronic flexibility supports salt dissociation and interfacial polarization, while ionic conductivity remains
primarily governed by Na® transport and polymer segmental motion. To further evaluate the chemical
reactivity of the guar gum-NaClO, system, several quantum-chemical parameters were derived from the
HOMO and LUMO energy values and summarized in Table 3. The parameter values for the unadded salt
guar gum sample were obtained from Kazachenko et al. [55], and the corresponding parameters for the guar
gum-NaClO, system were calculated using the equations reported in the same study:

I = -Enomo (7)

A = -Erumo (8)
_(I+A)
) 9)
_(I-A)

n= > (10)

w=-X (11)
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AN = 2 (12)
n
1
G=— (13)
n
2
o= (14)
2n

The guar gum-NaClO, system exhibits low chemical hardness (0.1907 e¢V) and high softness
(5.2440 eV™"), reflecting enhanced electronic flexibility and polarizability. In addition, the system exhibits
the largest ANpax (33.3769), suggesting superior charge-exchange capacity between donor and acceptor
orbitals. These features favor strong polymer-salt interactions and enhance electrochemical performance
while maintaining the ionic nature required for solid-state electrolyte applications.

Table 3: Selected electronic properties of unadded salt Guar gum and Guar gum-NaClO; systems.

Parameters Unadded Salt Guar Gum Guar Gum-NaClO,
EHOMO (CV) -7.0262 —6.5539
Erumo (V) ~0.4133 ~6.1726
Energy band gap (AE) (eV) 6.6129 0.3813
Chemical Potential (u) (eV) -3.7197 -6.3633
Softness () (eV 1) 0.3024 5.2440
Ionization energy (I) (eV) 7.0262 6.5539

4 Conclusions

This study confirms that guar gum is a viable polymer host for biopolymer electrolytes, achieving
the highest ionic conductivity of 8.40 x 107* S cm™ at 40 wt.% NaClO,. Conductivity increased with
salt concentration up to this optimum due to enhanced free-ion mobility, but declined at higher loadings
because of ion-ion pairing, ionic cross-linking, and viscosity effects. Dielectric analysis of the optimum
sample showed electrode polarization at low frequencies and characteristic decay at high frequencies, while
modulus behaviour supported long-range ion mobility. Temperature-dependent results further indicated
thermally assisted dipole and ion motion. XRD patterns confirmed a decrease in crystallinity and an increase
in amorphousness with salt addition, with the smallest crystallite size (0.8179 nm) corresponding to the
highest-conductivity sample. Collectively, while the present work focuses on structural, dielectric, and ion-
transport characterization, device-level electrochemical performance evaluation (e.g., CV and LSV in full
cells) is beyond the scope of this study. Nevertheless, the optimized guar gum-NaClO, electrolyte exhibits
high room-temperature ionic conductivity and favorable polarization and relaxation behavior, which are
key prerequisites for solid-state electrolyte materials intended for energy storage systems. Future work will
include electrochemical stability and full device testing to further validate its practical applicability. DFT
analysis provided molecular-level insight into the coordination and charge-transfer mechanisms within
the guar gum-NaClO, biopolymer electrolyte. Geometry optimization confirmed the formation of a stable
guar gum-NaClO, complex, where Na* interacts strongly with hydroxyl and ether oxygen sites of the
polysaccharide backbone. DOS analysis revealed enhanced electronic coupling and a shift of electronic states
toward the Fermi level, indicating increased electronic polarizability that supports salt dissociation within
the matrix. Frontier molecular orbital analysis further showed a substantial reduction in the HOMO-LUMO
energy gap (0.3813 eV), demonstrating improved charge-transfer capability and greater electronic flexibility
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compared to unadded salt guar gum sample. Together, these computational descriptors establish a clear
link between molecular configuration, electronic structure, and the enhanced ion-coordination environment
responsible for the improved electrochemical performance of the guar gum-NaClO, electrolyte.
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