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Abstract
The synthesis of guar gum sulfates by a complex of sulfur trioxide with 1,4-dioxane was studied. The influence of temperature,
process duration, and the volume of chlorosulfonic acid on the degree of substitution of guar gum sulfates was studied. The
sulfation process has been optimized using the Box-Behnken design. It was shown that the optimal conditions for sulfation of
guar gum with a complex of sulfur trioxide-1.4-dioxane: temperature 60 °C, duration 2.9 h, and a volume of chlorosulfonic acid
of 3.1 ml. Sulfate groups embedding into the structure of guar gum was confirmed by elemental analysis and FTIR. The initial
and sulfated guar gum were also characterized by methods: X-ray diffraction, scanning electron microscopy, and gel permeation
chromatography. Using X-ray diffraction, it was shown that amorphization of guar gum occurs during sulfation. Using scanning
electron microscopy, it was shown that the morphology of guar gum changes in the process of sulfation. Using gel permeation
chromatography, it was shown in the process of guar gum sulfation by a complex of sulfur trioxide with 1,4-dioxane, the
molecular weight decreases from 600 to 176 kDa. The geometric parameters of all complexes were carried out by using the
DFT/B3PW91 method with a 6-31 + G (d,p) basis set. These structures are optimized to predict the important properties of a
theme. MEP with contour map has been performed to obtain the electronic properties. Frontier molecular orbital HOMO-LUMO
orbital diagram has been obtained for different energy levels and their band gap energies have been computed.
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Introduction

Plant biomass, consisting of lignin, cellulose, and hemicellu-
loses, is a renewable resource and an important source of
valuable chemicals [1]. Plant polysaccharides are widely used
as biomedical preparations with antioxidant, prebiotic,
antimutagenic, immunomodulatory, mitogenic, hepatoprotec-
tive, and lipid-lowering properties [2]. Due to the combination

of the unique properties of polysaccharides (water solubility,
low toxicity, biodegradability, dispersing properties, and the
ability to retain moisture and bind fat), they are widely used in
veterinary medicine, medicine, and in the manufacture of food
and cosmetic products [3].

Guar gum is galactomannan—plant polysaccharide
consisting of β-(1–4)-D-mannose and α-(1–6)-D-galactose [4,
5]. The main sources of galactomannans from gums are
Ceratonia siliqua (locust bean),Cyamopsis tetragonoloba (guar
gum), Caesalpinia spinosa (tara gum), and Trigonellafoenum-
graecum L. (fenugreek gum). Among them, only locust bean
and guar gums are of considerable industrial and commercial
importance [5].

Galactomannans are non-toxic compounds actively used in
the production of food, textile, pharmaceuticals, and medicine
as food additives, stabilizers, flocculants, thickeners, and gel-
ling agents [6–9]. The pharmacological studies showed that
galactomannans and their derivatives exhibit the anticoagulant
[10], hepatoprotective, and analgesic properties [11, 12].

Guar gum (GG) is a food grade carbohydrate polymer that
is used as a thickener and as a reagent for absorption and
hydrogen bonding with mineral and polysaccharide surfaces
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[13, 14]. Guar gum consists of a direct chain of mannose units
connected to galactopyranose units. GG is used in explosives,
food products, cosmetics, and pharmaceuticals, as well as in
the mining, paper, and textile industries, mainly as a binder for
water [13, 15].

Derivatives of guar gum are widely used in the oil industry
[16] corrosion inhibitors [17, 18], viscosity modifiers [16, 19,
20], fracturing fluids [16, 20], and for the preparation of water-
in-oil emulsions [20, 21].

One of the promising directions for the modification of
guar gum is the preparation of derivatives containing a sulfate
group. Embedding of a sulfate group into biopolymer macro-
molecule increases its biodegradability and dissolution in wa-
ter [22]. Sulfated derivatives of guar gummay find application
in pharmaceuticals as antiviral drugs, antioxidants, and anti-
coagulants [23–25].

Currently, complexes of sulfur trioxide with various bases,
which are used not only to obtain a sulfating mixture but also
as a reaction medium, are widely used as sulfating reagents for
hydroxyl-containing organic compounds [26].

The synthesis of guar gum sulfates is mainly based on
methods in which complexes of sulfur trioxide with toxic
amines (in particular pyridine) are used as a sulfating mixture
[23–25].

The aim of this work was to optimize the process of guar
gum sulfation by a complex of sulfur trioxide with 1,4-diox-
ane and to study the obtained guar gum sulfates by elemental
analysis, IR spectroscopy, X-ray diffraction, scanning electron
microscopy, gel permeation chromatography, and DFT. In
view of the abovementioned findings and as a continuation
of our previous work, we have reported herein the synthesis of
new compounds and the structural parameters of new synthe-
sis compounds were obtained by theoretical calculations using
the density functional theory (DFT) method with the common
B3PW91 function using 6-31 + G (d, p) basis sets.

Experimental

The guar gum (Sigma) was used in the work.

Obtaining a sulfating complex

The complex of 1,4-dioxane and sulfur trioxide, used for
sulfation of guar gum, was obtained by the interaction of
1,4-dioxane with chlorosulfonic acid. To do this, 25 ml of
dioxane was placed in a three-necked flask equipped with
a thermometer, a mechanical stirrer, and a dropping fun-
nel, and with vigorous stirring at a temperature of 20 °C,
1–4 ml (15.2–60.8 mmol) of chlorosulfonic acid was
added dropwise.

Sulfation of guar gum

Sulfation of guar gum with a previously obtained complex of
sulfur trioxide with 1,4-dioxane was carried out according to
the method developed by us. To a complex of sulfur trioxide
and 1,4-dioxane, 1.0 g of guar gum was added with stirring at
a temperature of 20–40 °C; the reaction mixture was stirred at
this temperature for 60–180 min. At the end of the sulfation
process, the reaction mass was neutralized with an aqueous
solution of sodium hydroxide (or ammonium hydroxide) to a
pH of 8 to 9.

Dialysis of sulfated GG

The product was dialyzed against water in a plastic bag ofMF-
503-46 MFPI brand (USA) with a pore size of 3.5 kDa for
10 h to remove the reactants excess. The water was changed
every hour (Fig. 1). In the dialysis process, high molecular
weight compounds are purified from low molecular weight
impurities (including inorganic compounds). The dissolved
high molecular weight part remained in the dialysis bag. The
low molecular weight products passed through the membrane
of the dialysis bag into the external environment-distilled
water.

The degree of substitution (DS) was calculated according
[23] to Eq. (1).

DS ¼ 1:62*S%
32−1:02*S%

ð1Þ

S% is the sulfur content determination by elemental
analysis.

For physico-chemical studies, a sample was taken with a
DS of 0.90.

Methods of physico-chemical analysis

Elemental analysis

FlashEA-1112 elemental analyzer (ThermoQuest, Italia) was
used for the sulfated guar gum elemental analysis.

Fourier transform infrared spectroscopy

Shimadzu IR Tracer-100 spectrometer (Japan) was used for
the obtaining FTIR spectra of initial guar gum and sulfated
guar gum within the wavelength range of 400–4000 cm−1.
OPUS program (version 5.0) was used for processing the
FTIR spectra. Pills in a KBr matrix (2-mg sample/1000 mg
KBr) were used for analysis of solid samples.
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X-ray diffraction

DRON-3 X-ray diffractometer (CuKα monochromatized ra-
diation (λ = 0.154 nm), voltage 30 kV, current 25 mA) was
used for the X-ray diffraction phase analysis. For analysis, the
interval of the Bragg angles 2Θ from 5.00 to 70.00 Θ was
used.

Scanning electron microscopy

Hitachi TM-1000 scanning electron microscope (Japan)
(accelerating voltage of 15 kV and a magnification from
× 100 to × 10,000 with a resolution of 30 nm) was used
for obtaining electron micrographs. The electron micro-
graphs were processed using the ImageJ software (version
1.8.0_112).

Gel permeation chromatography

Agilent 1260 Infinity II Multi-Detector GPC/SEC System
chromatograph (with two detections: refractometer (RI) and
viscometer (VS)) was used for obtaining data on the average
molecular mass (Mn), average molecular weight (Mw), and
polydispersity of the initial and sulfated guar gum. Two
Aquagel-OH columns were used for the separation. The solu-
tion of 0.2MNaNO3 + 0.01 M NaH2PO4 in water (pH = 7) as
the mobile phase was used. Calibration was performed using
polyethylene glycol standards (Agilent, USA). The flow rate

of the eluent was 1 ml/min, with a volume of the used sam-
ple—100 μl. Before analysis, the samples were dissolved in
the mobile phase (1–5 mg/ml) and filtered through a 0.22-μm
PES membrane filter (Agilent). Agilent GPC/SEC MDS soft-
ware was used for data analysis.

Numerical optimization of the sulfation guar gum

The software Statgraphics Centurion XVI, DOE block (design
of experiment), was used for numerical optimization of the
guar gum sulfation process, according to references [27, 28].

Computational details To determine the molecular electronic
structure using computer simulation, the theory of the density
functional plays an important role. The molecular parameters
of all compounds (ground state) were obtained by performing
DFT calculations using a functional hybrid B3PW91 with a

Fig. 1 Scheme of guar gum sulfation reaction with chlorosulfonic acid in 1,4-dioxane

Table 1 Designations of independent variables (factors) and output
parameters (experimental results)

Factors and parameters Notation in equations Range of variation

Temperature, °С Х1 20–60

Duration of process, h Х2 1–3

Volume CSA, ml X3 1–4

Degree of substitution Y1 –

Table 2 Effect of guar gum sulfation conditions by chlorosulfonic acid
in 1,4-dioxane on the characteristics of the obtained guar gum sulfates

№ Temperature, °С Duration of process, h Volume CSA, ml DS

1 40 2 2.5 0.71

2 60 2 1.0 0.72

3 60 3 2.5 0.90

4 40 3 4.0 0.79

5 20 1 2.5 0.5

6 40 1 4.0 0.72

7 20 2 4.0 0.61

8 40 2 2.5 0.71

9 20 2 1.0 0.51

10 60 2 4.0 0.89

11 60 1 2.5 0.78

12 20 3 2.5 0.55

13 40 3 1.0 0.61

14 40 1 1.0 0.56

15 40 2 2.5 0.70
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basic set of 6-31 + G (d, p). In the DFT methods, the Becke
three-parameter exact exchange-functional functional
(B3) [29] in combination with the correlation-corrected
functional with the PW91 gradient is the best prediction
resu l t for molecula r geomet ry and vibra t iona l
wavenumbers for a moderately larger molecule [30]. All
calculations were obtained by adding a polarization func-
tion and a diffuse function on heavy atoms and a polariza-
tion and diffuse function on hydrogen atoms [31]. The
Gaussian 09W program [32] was used with the B3PW91/
6-31+G(d, p) basis set by the DFT approach where accurate
structural and chemical properties can be obtained.
Optimized structure with parameters of crystal, electrostatic
potential energy map (MEP), and HOMO-LUMO molecu-
lar orbital analysis has been performed using Gauss View
5.0 [33]. Additionally, reactivities and behaviors of the
studied products were predicted by using calculations of
frontier orbitals and the chemical potential (μ), softness
(S), chemical hardness (η), electron affinity (A), ionization

energy (I), electronegativity (χ), and electrophilicity index
(ω) [34–36].

Results and discussion

Synthesis of guar gum sulfate and BBD analysis

Sulfation of guar gum with complex of sulfur trioxide with
1,4-dioxane and of guar gum sulfate was carried out according
to the scheme (Fig. 1).

In the study of guar gum sulfation by a complex of
sulfur trioxide with 1,4-dioxane, the duration, process
temperature, and amount of chlorosulfonic acid (for
obtaining a complex of sulfur trioxide with 1,4-dioxane)
were varied.

Two factors are included in the study as independent
variables (in parentheses the levels of their variation): X1,
temperature (20, 40, 60 °C); X2, the duration of the pro-
cess of sulfation of guar gum (1.0, 2.0, 3.0 h), and X3,
volume of chlorosulfonic acid (to obtain a sulfating com-
plex) (1.0, 2.5, 4.0 ml). The output parameter Y1—degree

Table 3 The result of the analysis of variance

Sources of variance Statistical characteristics

F ratio Р value

Х1 227.80 0.0000

Х2 15.27 0.0113

Х3 67.57 0.0004

Х1
2 0.18 0.6870

Х1Х2 1.78 0.2397

Х1Х3 1.78 0.2397

Х2
2 1.80 0.2370

Х2Х3 0.15 0.7187

Х3
3 1.80 0.2370

Df 14

R2 97.1

R2adj 94.6

Fig. 2 Pareto analysis data of
guar gum sulfation process with
sulfur trioxide-1,4-dioxane
complex

0.46 0.56 0.66 0.76 0.86 0.96

predicted

0.46

0.56

0.66

0.76

0.86

0.96

devresbo

Fig. 3 The results of observations against the values of the output
parameter Y1 predicted by the mathematical model (1)
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of substitution (DS)—was used as the result of the guar
gum sulfation reaction. The Box-Behnken design (BBD)
experiment plan was used. Each experiment was carried
out in two parallels. The designations of the variables are
given in Table 1.

The experimental results are shown in Table 2.
The dependence of the output parameter (Y1) on vari-

able process factors was approximated equations (2). The
results of the analysis of variance are given in Table 3 and
Fig. 2.

Analysis of variance showed within the limits of the ac-
cepted conditions, the factor—the temperature of the process
of sulfation of guar gum—makes the greatest contribution to
the total dispersion of the output parameter. This is character-
ized by high values of the dispersion F ratios for the main
effects, also called influence efficiencies. The information
contained in columns P of the table is interpreted similarly
(Table 3).

The dependence of the degree of substitution in guar gum
sulfates (Y1) on variable process factors is approximated by
the regression equation (2):

Y 1 ¼ 0:224491þ 0:004958X1 þ 0:0663X2

þ 0:06157X3−0:0000146X1
2 þ 0:0009X1X2

þ 0:00058X1X3−0:018X2
2

þ 0:003X2X3−0:00815X3
2 ð2Þ

The prognostic properties of Eq. (2) are demonstrated in
Fig. 3, which compares the values of the output parameter Y1
obtained in the experiment with the values calculated by
Eq. (2). A straight line corresponds to the calculated values
of Y1, points—to the results of observations. The proximity of
the “experimental points” to the line confirms the good prog-
nostic properties of Eq. (2).

The quality of the approximation is also characterized by
the coefficient of determination R2adj. In the considered prob-
lem, the value of R2

adj = 94.6%, which indicates a good qual-
ity of the approximation. This indicates the adequacy of
Eq. (2) to the observation results and allows using it as a
mathematical model of the process under study.

Optimal conditions for sulfation of guar gum with a com-
plex of sulfur trioxide-1.4-dioxane are temperature 60 °C, du-
ration 2.9 h, and a volume of chlorosulfonic acid of 3.1 ml.

FTIR spectroscopy

The initial and sulfated guar gum was analyzed by FTIR spec-
troscopy (Fig. 4).

FTIR spectra of sulfated guar gum show there is an
intensity band at 1256 cm−1 (υas (O=S=O)) (Fig. 4).
Absorption bands in the regions of 802–817 cm−1 and
855–867 cm−1 indicate the presence of sulfated groups
in sulfated guar gum. FTIR spectra of sulfated guar gum
show decreased the intensity of the absorption band of
OH groups in the regions of 3419–3427 cm−1 and
1370–1380 cm−1, which indicates a decrease in the num-
ber of OH groups in the sulfated product, due to their
replacement with SO3 groups.

The FTIR spectrum of the ammonium salt of sulfated
guar gum differs from the spectrum of sodium salt
(Fig. 4). FTIR spectrum shows there is a high-intensity band
at 1260 cm−1, corresponding υas (O=S=O). The absorption
bands in the region of 3427–2930 cm−1, (O–H and C–H
bonds) broaden due to the superposition of the absorption
bands of vibrations of N–H bonds in the ammonium cation.
In the FTIR spectrum of the ammonium salt, in contrast to
the sodium salt, there is an intense absorption band at
1447 cm−1, corresponding to vibrations of the N–H bonds
of the ammonium cation.

Fig. 4 FTIR spectra: 1, initial guar gum; 2, ammonium salt of guar gum
sulfate; 3, sodium salt of guar gum sulfate

Fig. 5 X-ray diffraction spectra: 1, initial guar gum; 2, sodium salt of guar
gum sulfate
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X-ray diffractions

The initial and sulfated guar gum was analyzed by X-ray
diffraction (Fig. 5).

Guar gum samples have an amorphous structure [37].
Comparison of X-ray diffraction patterns of the samples of
guar gum and sodium salt of guar gum sulfate showed
(Fig. 5) that further slight amorphization of the material struc-
ture occurs upon sulfation. On the X-ray diffraction pattern of
the sodium salt of guar gum sulfate, smoothing of peaks was
observed in the range of angles from 12 to 30° 2 (Fig. 5).

Scanning electron microscopy

According to scanning electron microscopy, the morphology
of the samples changes during the sulfation of guar gum.
Before the sulfation process, the guar gum sample consists
of particles with an average size of 200 to 800 μm (Fig. 6
(1)). The introduction of a sulfate group into the guar gum
molecule leads to a change in the average particle size from
80 to 1200 μm (Figure 6 (2)).

Gel permeation chromatography

According to the molecular mass distribution of guar gum
(Table 4), the initial sample is guar gumwith a molecular mass
of ~ 600 kDa, which is consistent with the results presented in
[38]. At the same time, GG has a bimodal mass distribution of
particles: a high molecular weight fraction with an MM of ~
1500 kDa and a lowmolecular weight fraction with anMM of
~ 600 kDa.

After the sulfation process, a redistribution of molecular
masses in the sample is observed. The peak of the low
molecular weight fraction with an MM of ~ 600 kDa disap-
pears, and a new peak appears, corresponding to the prod-
uct of the reaction with an MM of ~ 115 kDa. The fraction
of the high molecular weight fraction in the sample also
decreases markedly (Fig. 7), which is probably due to the
partial destruction of GG and the ongoing competing hy-
drolysis reactions.

Galactomannan from guar gum is consisting of α-(1–
6)-D-galactose and β-(1–4)-D-mannose [4, 5]. The con-
formation of the 1→ 4-linked backbone of β-D-mannan
(as in cellulose), which makes it insoluble in water.
However, the lateral galactose groups sterically disrupt
interchain association thus increase the degree of solubil-
ity in water of galactomannans. As a result, the solubility
of galactomannans increases with the degree of substitu-
tion of galactose: fenugreek and guar gum dissolve in
cold water [5]. Thus, it can be assumed that upon
sulfation of guar gum with a complex of sulfur trioxide
and 1,4-dioxane, competing hydrolysis reactions take
place along α-(1–6) bonds and cleavage of galactose
units. This explains the production of both soluble guar
gum sulfate and a small amount of insoluble residue.

Fig. 6 SEM images of (1) the
initial guar gum and (2) sulfated
guar gum samples

Table 4 Number-average molecular weight (Mn), weight-average mo-
lecular weight (Mw), and polydispersity of the galactomannan samples

Sample Mn (kDa) Mw (kDa) PD

Guar gum 481.99 748.85 1.55

Sulfated guar gum 66.40 176.18 26.53 Fig. 7 Molecular weight distribution of guar gum (1) and sulfated guar
gum (2) samples
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The peak with RT ~ 10.5 min (corresponding to the
maximum mass) belongs to the unreacted guar gum
(Fig. 8). The main peak Mw 176 kDa relates to the target

product. Moreover, several peaks can be observed that
can correspond to products of joint destruction and
sulfation.

Molecular mass distribution may indicate different reactiv-
ity of individual sections of the guar gum chains (Fig. 8).
Peaks with a release time of more than 17 min and a mass of
less than 1 kDa are low molecular weight products of the
destruction of guar gum.

Structural analyses

To determine the structural stability of the molecule under
investigation, molecular optimization study was made by
using a DFT calculation. The optimized molecular structure
of pure gum (a), sulfated gum 1 (b), sulfated gum3 (c), and
sulfated gum 5 (d) are represented in Fig. 9.

The SCF energy of these molecules are found to be −
1297.5124, − 2082.9407, − 3653.7564, and − 5224.6513
hartree, they belong to the C1 point group. The structural

Fig. 8 Gel chromatogram of guar gum (1) and sulfated guar gum (2)
samples

Fig. 9 Optimized molecular structures of a pure gum, b sulfated gum 1, c sulfated gum 3, d sulfated gum 5, as tube bond type
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Table 5 Optimized bond lengths (Å) and bond angles (°) of pure gum
and sulfated gum 1

Parameters Pure gum Parameters Sulfated gum 1

Bond lengths (Å)

O1–C2 1.4109 O1–C2 1.4137

O1–C4 1.429 O1–C4 1.4282

C2–O9 1.3996 C2–O9 1.3959

C2–C10 1.5379 C2–C10 1.5379

C2–H24 1.0968 C2–H24 1.0973

C3–C4 1.5392 C3–C4 1.5389

C3–O5 1.415 C3–O5 1.4179

C3–C11 1.5403 C3–C11 1.5431

C3–H25 1.097 C3–H25 1.0954

C4–C8 1.531 C4–C8 1.5377

C4–H26 1.0948 C4–H26 1.0951

O5–H27 0.9705 O5–H27 0.9714

O6–C11 1.4297 O6–C11 1.419

O6–H28 0.9643 O6–H28 0.9785

O7–C10 1.4229 O7–C10 1.4253

O7–H29 0.9647 O7–H29 0.9647

C8–O12 1.4284 C8–O12 1.4374

C8–H30 1.0964 C8–H30 1.0916

C8–H31 1.0938 C8–H31 1.0926

O9–H32 0.9711 O9–H32 0.9743

C10–C11 1.5307 C10–C11 1.5303

C10–H33 1.0985 C10–H33 1.098

C11–H34 1.0977 C11–H34 1.0988

O12–C14 1.3951 O12–C14 1.389

O13–C14 1.4175 O13–C14 1.4177

O13–C16 1.4308 O13–C16 1.4277

C14–C21 1.5294 C14–C21 1.5275

C14–H35 1.102 C14–H35 1.0996

C15–C16 1.5383 C15–C16 1.5487

C15–O17 1.4118 C15–O17 1.4122

C15–C22 1.5353 C15–C22 1.5468

C15–H36 1.0947 C15–H36 1.0973

C16–C20 1.5424 C16–C20 1.5379

C16–H37 1.0936 C16–H37 1.0954

O17–H38 0.9722 O17–H38 0.9725

O18–C22 1.4207 O18–C22 1.4313

O18–H39 0.9702 O18–H39 0.9804

O19–C21 1.4206 O19–C21 1.4171

O19–H40 0.9684 O19–H40 0.9693

C20–O23 1.4303 C20–O23 1.4452

C20–H41 1.0959 C20–H41 1.0938

C20–H42 1.0968 C20–H42 1.0942

C21–C22 1.5317 C21–C22 1.5295

C21–H43 1.0996 C21–H43 1.1017

C22–H44 1.0988 C22–H44 1.0953

O23–H45 0.9636 O23–S45 1.6746

S45–O46 1.5084

Table 5 (continued)

Parameters Pure gum Parameters Sulfated gum 1

S45–O47 1.4798

S45–O48 1.45

O47–Na49 2.3345

Bond angles (°)

C2–O1–C4 118.0201 C2–O1–C4 117.5593

O1–C2–O9 114.378 O1–C2–O9 114.0617

O1–C2–C10 111.0874 O1–C2–C10 110.6849

O1–C2–H24 103.3438 O1–C2–H24 103.2691

O9–C2–C10 111.2496 O9–C2–C10 111.323

O9–C2–H24 106.1605 O9–C2–H24 106.732

C10–C2–H24 110.165 C10–C2–H24 110.3712

C4–C3–O5 111.4698 C4–C3–O5 111.8904

C4–C3–C11 113.123 C4–C3–C11 113.0131

C4–C3–H25 107.5172 C4–C3–H25 107.7126

O5–C3–C11 109.6458 O5–C3–C11 110.2598

O5–C3–H25 105.7432 O5–C3–H25 105.5988

C11–C3–H25 109.0267 C11–C3–H25 107.9816

O1–C4–C3 113.1924 O1–C4–C3 112.8831

O1–C4–C8 110.7326 O1–C4–C8 111.6647

O1–C4–H26 104.3377 O1–C4–H26 104.2102

C3–C4–C8 115.4604 C3–C4–C8 114.7717

C3–C4–H26 105.598 C3–C4–H26 106.2131

C8–C4–H26 106.5146 C8–C4–H26 106.116

C3–O5–H27 107.2333 C3–O5–H27 106.7558

C11–O6–H28 109.409 C11–O6–H28 109.3182

C10–O7–H29 109.441 C10–O7–H29 109.3529

C4–C8–O12 106.9505 C4–C8–O12 108.4724

C4–C8–H30 112.8858 C4–C8–H30 113.6765

C4–C8–H31 108.4064 C4–C8–H31 108.5948

O12–C8–H30 109.1936 O12–C8–H30 109.8493

O12–C8–H31 110.6216 O12–C8–H31 107.8133

H30–C8–H31 108.7796 H30–C8–H31 108.272

C2–O9–H32 108.5974 C2–O9–H32 108.1849

C2–C10–O7 111.6376 C2–C10–O7 111.6006

C2–C10–C11 110.5315 C2–C10–C11 110.0758

C2–C10–H33 108.7265 C2–C10–H33 108.8668

O7–C10–C11 105.8362 O7–C10–C11 106.2811

O7–C10–H33 110.7789 O7–C10–H33 110.7471

C11–C10–H33 109.2953 C11–C10–H33 109.2286

C3–C11–O6 112.7635 C3–C11–O6 112.5776

C3–C11–C10 110.8166 C3–C11–C10 110.2872

C3–C11–H34 108.1151 C3–C11–H34 107.9628

O6–C11–C10 105.7779 O6–C11–C10 106.2821

O6–C11–H34 110.5767 O6–C11–H34 110.9983

C10–C11–H34 108.7347 C10–C11–H34 108.6823

C8–O12–C14 114.9311 C8–O12–C14 116.9648

C14–O13–C16 115.9752 C14–O13–C16 116.4151

O12–C14–O13 107.5234 O12–C14–O13 108.0909

O12–C14–C21 106.6072 O12–C14–C21 106.1054
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Table 5 (continued)

Parameters Pure gum Parameters Sulfated gum 1

O12–C14–H35 110.2543 O12–C14–H35 111.5615

O13–C14–C21 112.7563 O13–C14–C21 111.2736

O13–C14–H35 110.432 O13–C14–H35 109.1457

C21–C14–H35 109.1805 C21–C14–H35 110.6224

C16–C15–O17 110.6406 C16–C15–O17 110.0554

C16–C15–C22 111.2255 C16–C15–C22 113.7099

C16–C15–H36 108.1785 C16–C15–H36 108.873

O17–C15–C22 111.2048 O17–C15–C22 108.9151

O17–C15–H36 106.2312 O17–C15–H36 106.1225

C22–C15–H36 109.1783 C22–C15–H36 108.8818

O13–C16–C15 111.2437 O13–C16–C15 111.5381

O13–C16–C20 109.9847 O13–C16–C20 114.0924

O13–C16–H37 104.086 O13–C16–H37 103.0247

C15–C16–C20 115.6718 C15–C16–C20 116.5703

C15–C16–H37 105.8028 C15–C16–H37 105.0604

C20–C16–H37 109.3136 C20–C16–H37 104.8899

C15–O17–H38 107.3529 C15–O17–H38 107.2235

C22–O18–H39 108.8347 C22–O18–H39 106.7256

C21–O19–H40 107.0731 C21–O19–H40 106.914

C16–C20–O23 109.3608 C16–C20–O23 113.3887

C16–C20–H41 110.0212 C16–C20–H41 109.4013

C16–C20–H42 109.0441 C16–C20–H42 109.2285

O23–C20–H41 109.7742 O23–C20–H41 110.5204

O23–C20–H42 110.5042 O23–C20–H42 105.7306

H41–C20–H42 108.1194 H41–C20–H42 108.4022

C14–C21–O19 110.7739 C14–C21–O19 110.685

C14–C21–C22 110.3748 C14–C21–C22 110.2826

C14–C21–H43 108.0124 C14–C21–H43 108.4328

O19–C21–C22 108.1133 O19–C21–C22 107.9411

O19–C21–H43 110.6347 O19–C21–H43 110.3877

C22–C21–H43 108.9215 C22–C21–H43 109.1011

C15–C22–O18 112.2121 C15–C22–O18 113.2414

C15–C22–C21 110.2165 C15–C22–C21 110.4509

C15–C22–H44 108.403 C15–C22–H44 107.0531

O18–C22–C21 106.7207 O18–C22–C21 108.7202

O18–C22–H44 110.7016 O18–C22–H44 108.2778

C21–C22–H44 108.5286 C21–C22–H44 108.9943

C20–O23–H45 109.0795 C20–O23–S45 120.2504

O23–S45–O46 103.7042

O23–S45–O47 99.0942

O23–S45–O48 107.6773

O46–S45–O47 108.7955

O46–S45–O48 115.2215

O47–S45–O48 119.8288

S45–O47–Na49 93.3444

Table 6 Optimized bond lengths (Å) and bond angles (°) of sulfated
gum 3 and sulfated gum 5

Parameters Sulfated gum 3 Parameters Sulfated gum 5

Bond lengths (Å)

O1–C2 1.4532 O1–C2 1.4291

O1–C4 1.4261 O1–C4 1.4335

C2–O9 1.3878 C2–O9 1.4103

C2–C10 1.5385 C2–C10 1.5338

C2–H36 1.0912 C2–H44 1.0919

C3–C4 1.5297 C3–C4 1.551

C3–O5 1.4376 C3–O5 1.4069

C3–C11 1.5464 C3–C11 1.5417

C3–H37 1.097 C3–H45 1.0937

C4–C8 1.5311 C4–C8 1.5205

C4–H38 1.0992 C4–H46 1.0971

O5–H39 0.9663 O5–H47 0.9713

O6–C11 1.4189 O6–C11 1.4496

O6–H40 0.9778 O6–S36 1.6715

O7–C10 1.415 O7–C10 1.4226

O7–S28 1.757 O7–S28 1.7179

C8–O12 1.4397 C8–O12 1.4379

C8–H41 1.0887 C8–H48 1.0898

C8–H42 1.096 C8–H49 1.0974

O9–H43 0.9715 O9–H50 0.9743

C10–C11 1.5349 C10–C11 1.5319

C10–H44 1.0957 C10–H51 1.0955

C11–H45 1.0996 C11–H52 1.0936

O12–C14 1.4062 O12–C14 1.4151

O13–C14 1.417 O13–C14 1.4215

O13–C16 1.4433 O13–C16 1.4304

C14–C21 1.5304 C14–C21 1.5533

C14–H46 1.1018 C14–H53 1.0955

C15–C16 1.5344 C15–C16 1.5429

C15–O17 1.4413 C15–O17 1.4291

C15–C22 1.5405 C15–C22 1.5442

C15–H47 1.0939 C15–H54 1.0978

C16–C20 1.5329 C16–C20 1.5207

C16–H48 1.0946 C16–H55 1.0975

O17–H49 0.9749 O17–H56 0.966

O18–C22 1.4124 O18–C22 1.4181

O18–H50 0.9645 O18–S40 1.7477

O19–C21 1.4323 O19–C21 1.431

O19–S32 1.6769 O19–S32 1.6865

C20–O23 1.4137 C20–O23 1.4282

C20–H51 1.0964 C20–H57 1.0944

C20–H52 1.0956 C20–H58 1.094

C21–C22 1.5475 C21–C22 1.5457

C21–H53 1.0955 C21–H59 1.0921

C22–H54 1.09 C22–H60 1.0975

O23–S24 1.6921 O23–S24 1.7162

S24–O25 1.4967 S24–O25 1.4768
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Table 6 (continued)

Parameters Sulfated gum 3 Parameters Sulfated gum 5

S24–O26 1.487 S24–O26 1.4698

S24–O27 1.4515 S24–O27 1.4747

O25–Na55 2.399 O25–Na61 3.5778

S28–O29 1.4934 O25–Na65 2.2632

S28–O30 1.4565 S28–O29 1.5012

S28–O31 1.464 S28–O30 1.4517

O29–Na56 2.2367 S28–O31 1.4645

S32–O33 1.481 O29–Na62 2.1618

S32–O34 1.4868 S32–O33 1.4995

S32–O35 1.4639 S32–O34 1.4527

O33–Na57 2.3535 S32–O35 1.4816

O33–Na64 2.318

S36–O37 1.5057

S36–O38 1.482

S36–O39 1.452

O37–Na65 2.2461

O38–Na61 2.3348

S40–O41 1.4848

S40–O42 1.4711

S40–O43 1.4544

O41–Na63 2.2549

H46–Na62 3.1522

H58–Na63 3.0007

Bond angles (°)

C2–O1–C4 116.2467 C2–O1–C4 118.6817

O1–C2–O9 111.9623 O1–C2–O9 105.967

O1–C2–C10 109.5371 O1–C2–C10 112.3051

O1–C2–H36 103.1639 O1–C2–H44 109.7195

O9–C2–C10 112.3261 O9–C2–C10 112.7802

O9–C2–H36 108.7036 O9–C2–H44 105.5565

C10–C2–H36 110.7754 C10–C2–H44 110.2131

C4–C3–O5 104.4919 C4–C3–O5 110.0258

C4–C3–C11 112.5651 C4–C3–C11 111.5783

C4–C3–H37 109.3232 C4–C3–H45 111.0777

O5–C3–C11 112.1287 O5–C3–C11 112.4224

O5–C3–H37 109.534 O5–C3–H45 104.7675

C11–C3–H37 108.7053 C11–C3–H45 106.725

O1–C4–C3 111.1066 O1–C4–C3 112.7205

O1–C4–C8 112.7408 O1–C4–C8 107.4026

O1–C4–H38 104.4404 O1–C4–H46 109.3036

C3–C4–C8 115.504 C3–C4–C8 113.227

C3–C4–H38 106.0492 C3–C4–H46 106.7528

C8–C4–H38 105.9963 C8–C4–H46 107.262

C3–O5–H39 108.8004 C3–O5–H47 107.0188

C11–O6–H40 109.7336 C11–O6–S36 119.0719

C10–O7–S28 119.5053 C10–O7–S28 119.616

C4–C8–O12 106.1307 C4–C8–O12 108.2953

C4–C8–H41 111.6507 C4–C8–H48 110.5705

C4–C8–H42 109.6625 C4–C8–H49 108.641

Table 6 (continued)

Parameters Sulfated gum 3 Parameters Sulfated gum 5

O12–C8–H41 110.022 O12–C8–H48 110.8855

O12–C8–H42 110.3063 O12–C8–H49 109.5027

H41–C8–H42 109.0437 H48–C8–H49 108.9095

C2–O9–H43 108.8354 C2–O9–H50 106.8542

C2–C10–O7 111.7955 C2–C10–O7 112.8861

C2–C10–C11 110.0033 C2–C10–C11 108.7183

C2–C10–H44 108.649 C2–C10–H51 108.4242

O7–C10–C11 105.6018 O7–C10–C11 103.3585

O7–C10–H44 111.0561 O7–C10–H51 110.8846

C11–C10–H44 109.7015 C11–C10–H51 112.5575

C3–C11–O6 109.8452 C3–C11–O6 110.5519

C3–C11–C10 112.0865 C3–C11–C10 109.3823

C3–C11–H45 109.1542 C3–C11–H52 109.5848

O6–C11–C10 107.1493 O6–C11–C10 106.605

O6–C11–H45 110.6911 O6–C11–H52 109.6385

C10–C11–H45 107.8931 C10–C11–H52 111.0449

C8–O12–C14 114.1703 C8–O12–C14 121.8486

C14–O13–C16 116.0494 C14–O13–C16 113.5854

O12–C14–O13 102.7136 O12–C14–O13 102.9542

O12–C14–C21 114.7363 O12–C14–C21 117.2976

O12–C14–H46 108.7325 O12–C14–H53 111.4406

O13–C14–C21 109.7855 O13–C14–C21 111.4736

O13–C14–H46 110.1394 O13–C14–H53 105.3884

C21–C14–H46 110.453 C21–C14–H53 107.6578

C16–C15–O17 109.2575 C16–C15–O17 106.7954

C16–C15–C22 113.0194 C16–C15–C22 109.3124

C16–C15–H47 109.6896 C16–C15–H54 110.1749

O17–C15–C22 109.4822 O17–C15–C22 115.6435

O17–C15–H47 106.2145 O17–C15–H54 108.905

C22–C15–H47 108.9504 C22–C15–H54 105.987

O13–C16–C15 109.8882 O13–C16–C15 110.9074

O13–C16–C20 112.8312 O13–C16–C20 107.2551

O13–C16–H48 103.4206 O13–C16–H55 107.8407

C15–C16–C20 116.4633 C15–C16–C20 111.7727

C15–C16–H48 107.2818 C15–C16–H55 109.4204

C20–C16–H48 105.8773 C20–C16–H55 109.5438

C15–O17–H49 105.3639 C15–O17–H56 108.6667

C22–O18–H50 111.9166 C22–O18–S40 121.8379

C21–O19–S32 121.6899 C21–O19–S32 119.1656

C16–C20–O23 108.6981 C16–C20–O23 111.2154

C16–C20–H51 108.7659 C16–C20–H57 109.5581

C16–C20–H52 113.4016 C16–C20–H58 111.0945

O23–C20–H51 107.455 O23–C20–H57 107.5308

O23–C20–H52 110.2178 O23–C20–H58 109.088

H51–C20–H52 108.1253 H57–C20–H58 108.2415

C14–C21–O19 105.0469 C14–C21–O19 110.069

C14–C21–C22 107.9764 C14–C21–C22 108.4487

C14–C21–H53 111.3961 C14–C21–H59 108.9138

O19–C21–C22 111.4556 O19–C21–C22 107.4761

5    Page 10 of 15 J Mol Model (2021) 27: 5



parameters of optimized geometries are computed by
B3PW91 with a 6-31 + G (d, p) basis set. The bond lengths
and angles of pure gum and sulfated gum 1 are listed in
Table 5, whereas the calculated parameters of the two other
compounds are tabulated in Table 6.

The comparison of the theoretical values of pure gum-
sulfated gum 1 as well sulfated gum 3-sulfated gum 5 shows
a slight difference owing to sulfation reaction. The bond
length values are in the range 0.9636–1.5403 Å (pure
gum) and 0.9693–2.3345 Å (sulfated gum 1); the longer
bonds are C16–C20 and O47–Na49 and the shorter ones
are O23–H45 and O19–H40, as it is shown in Table 5.
Similarly for Table 2, the bond lengths are between
0.9645 and 2.3535 Å (sulfated gum 3), among 0.9660 and
3.5778 Å (sulfated gum 5). The longest and shortest bond
lengths in the sulfated gum 3-sulfated gum 5 cases are O25–
Na55/O25–Na61 and O18–H50/O17–H56. Concerning
bond angles which ranging from 103.3438 to 118.0201
and from 93.3444 to 119.8288° for pure gum and sulfated
gum 1, whereas for both other structures are in the interval
87.9633–121.68994° and 50.4703–135.5069°. As seen
from Table 6, the largest angles are C2–O1–C4 (pure
gum), O47–S45–O48 (sulfated gum 1), C21–O19–S32
(sulfated gum 3), and O41–Na63–H85 (sulfated gum 5).
The O1–C2–H24, S45–O47–Na49, S24–O25–Na55, and
O29–Na62–H46 bond angles are considered as the smallest
ones for pure gum, sulfated gum, sulfated gum 3, and sul-
fated gum 5, respectively.

Frontier molecular orbitals

Frontier molecular orbitals, HOMO and LUMO, and the
corresponding energies are highly significant in charge-
transfer interaction analysis. The highest occupied molec-
ular orbital (HOMO) possesses the ability to donor an
electron, while the lowest unoccupied molecular orbital
(LUMO) is considered like an electron acceptor owing
to his ability to win an electron. In addition, a low frontier
orbital gap magnitude indicates high chemical reactivity
consequently low kinetic stability of the working com-
pound [34]. The HOMO and LUMO orbitals of the stud-
ied compounds and their energy plots are illustrated in
Fig. 10.

Table 6 (continued)

Parameters Sulfated gum 3 Parameters Sulfated gum 5

O19–C21–H53 111.5454 O19–C21–H59 110.988

C22–C21–H53 109.3189 C22–C21–H59 110.9065

C15–C22–O18 113.2857 C15–C22–O18 102.4049

C15–C22–C21 109.914 C15–C22–C21 109.5423

C15–C22–H54 108.5725 C15–C22–H60 110.9717

O18–C22–C21 112.1896 O18–C22–C21 113.6411

O18–C22–H54 104.7891 O18–C22–H60 111.4395

C21–C22–H54 107.7666 C21–C22–H60 108.7313

C20–O23–S24 119.1207 C20–O23–S24 118.7492

O23–S24–O25 103.78 O23–S24–O25 103.4626

O23–S24–O26 100.5833 O23–S24–O26 98.9761

O23–S24–O27 106.1702 O23–S24–O27 105.6089

O25–S24–O26 110.1072 O25–S24–O26 114.7127

O25–S24–O27 116.5032 O25–S24–O27 113.5142

O26–S24–O27 117.3316 O26–S24–O27 117.7457

S24–O25–Na55 87.9633 S24–O25–Na61 56.8116

O7–S28–O29 97.5816 S24–O25–Na65 111.4216

O7–S28–O30 102.8029 Na61–O25–Na65 71.9164

O7–S28–O31 104.0513 O7–S28–O29 101.6725

O29–S28–O30 114.7885 O7–S28–O30 101.1923

O29–S28–O31 115.2036 O7–S28–O31 104.4348

O30–S28–O31 118.2993 O29–S28–O30 113.9403

S28–O29–Na56 104.1746 O29–S28–O31 112.6755

O19–S32–O33 99.419 O30–S28–O31 119.8031

O19–S32–O34 105.7788 S28–O29–Na62 162.2827

O19–S32–O35 106.0634 O19–S32–O33 97.7199

O33–S32–O34 110.8855 O19–S32–O34 106.5325

O33–S32–O35 116.7023 O19–S32–O35 105.6349

O34–S32–O35 115.8492 O33–S32–O34 116.8211

S32–O33–Na57 90.5788 O33–S32–O35 110.1127

O34–S32–O35 117.3638

S32–O33–Na64 103.7354

O6–S36–O37 104.5104

O6–S36–O38 101.738

O6–S36–O39 106.8459

O37–S36–O38 108.5919

O37–S36–O39 114.9897

O38–S36–O39 118.3618

S36–O37–Na65 134.1792

S36–O38–Na61 97.038

O18–S40–O41 95.2895

O18–S40–O42 103.1673

O18–S40–O43 105.3504

O41–S40–O42 114.2381

O41–S40–O43 117.0133

O42–S40–O43 117.4096

S40–O41–Na63 106.2702

C4–H46–Na62 113.739

C20–H58–Na63 112.3582

Table 6 (continued)

Parameters Sulfated gum 3 Parameters Sulfated gum 5

O25–Na61–O38 123.2546

O29–Na62–H46 50.4703

O41–Na63–H58 135.5096

O25–Na65–O37 104.6774
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As clearly seen from this figure, there are two colors: the
red color marks the positive phase and the green one associate
with the negative region. The gap energy of the guar gum
sulfates calculated at B3PW91/6-31 + G (d, p) level of theory
is equal to 6.21 eV (pure gum), 5.95 eV (sulfated gum 1),
5.21 eV (sulfated gum 3), and 6.13 eV (sulfated gum 5).
These computed energy values show that sulfated gum 3 mol-
ecule has the greatest electronic charge transfer since it mark
the lowest energy band gap ΔE. In order to predict the chem-
ical reactivity of the different species, several parameters are
calculated throughout HOMO and LUMO energies and tabu-
lated in Table 7.

The ionization energy (I) and electron affinity (A) are cal-
culated via the following equations; I = − EHOMO and A = −
ELUMO. The electronegativity (χ) and chemical hardness (μ)

are computed as follows; χ = (I + A)/2 and η = − (I + A)/2,
while the chemical potential, maximum charge transfer index,
global softness, and electrophilicity index are defined as μ = −
χ, ΔNmax = − μ/η, ς = 1/η, and ω = μ2/2η, respectively. The
maximum charge transfer index is directly related to the gap
energy, the lower HOMO-LUMO energy separation, the
greater ΔNmax. Building on these two factors, the sulfated
gum 3 molecule is considered the most reactive candidate
compound since it has the weaker energy band gap
(5.2180 eV) and the highest transfer index (1.6798).
Compared to the other compounds, sulfated gum 3 has the
largest electronic charge transfer flow between HOMO-
LUMO orbitals, conversely for the most stable pure gum sys-
tem with 3.3064 eV (chemical hardness)/0.3024 eV−1

(softness).

Fig. 10 HOMO-LUMO orbitals of a pure gum, b sulfated gum 1, c sulfated gum 3, d sulfated gum 5 and their energy gap

Table 7 Some electronic
properties for pure gum and
sulfated gums (1, 3, 5)

Parameters (eV) Pure gum Sulfated gum 1 Sulfated gum 3 Sulfated gum 5

EHOMO − 7.0262 − 7.1846 − 6.9916 − 7.5176
ELUMO − 0.4133 − 1.2324 − 1.7736 − 1.3831
Energy band gap (ΔE) 6.6129 5.9522 5.2180 6.1345

Chemical potential (μ) − 3.7197 − 4.2085 − 4.3826 − 4.4503
Softness (ς) 0.3024 0.3360 0.3832 0.3260

Ionization energy (I) 7.0262 7.1846 6.9916 7.5176

Electron affinity (A) 0.4133 1.2324 1.7736 1.3831

Electronegativity (χ) 3.7197 4.2085 4.3826 4.4503

Chemical hardness (η) 3.3064 2.9761 2.6090 3.0672

Electrophilicity index (ω) 2.0922 2.9756 3.6809 3.2284

Maximum charge transfer index (ΔNmax) 1.1250 1.4140 1.6798 1.4509
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(a) (b)

(c) (d)

(e) (f)

5.14 10-2-5.14 10-2

Fig. 11 MEP reactive regions of a 1,4-dioxane, b SO3, c pure gum, d sulfated gum 1, e sulfated gum 3, f sulfated gum 5
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Molecular electrostatic potential analysis

Molecular electrostatic potential (MEP) is widely used in the
quantum molecular description. It provided a visual represen-
tation of charge distribution and enabled to define nucleophil-
ic and electrophilic molecular sites; for this reason, it was
employed in numerous studies [39–44]. MEP surface of 1,4-
dioxane and SO3 along with compounds under investigation is
mapped with the help of the B3PW91/6-31 + G (d, p) method,
as it is shown in Fig. 11.

In this schematical visualization, each electrostatic potential
value is plotted by a color. The increasing order potential is as
follows: red < orange < yellow < green < blue. The color code of
the investigated molecule surfaces ranging from − 5.14 · 10−2

(profoundest red) to 5.14 · 10−2 (profoundest blue). The nucleo-
philic region is represented by red color, indicating strong repul-
sion (potential < 0), whereas the electrophilic area is plannedwith
blue demonstrating strong attraction (potential > 0). The green is
associated with the neutral region with zero potential value. As
shown in Fig. 11a, the two oxygen atoms of the 1,4-dioxane
molecule possess a negative potential (red color). Generally,
the positive σ-hole potential is present in covalent groups as well
as in halogen and hydrogen groups. In our case, despite the weak
blue color intensity of hydrogen atoms localized at the edge of
the surface, we can say that the hydrogen atoms have σ-hole
electrostatic potential. Then, the positive sign of electrostatic po-
tential is associated with σ-hole and π-holes which are used in
intermolecular interactions explication [45–47]. Based on this
fact, the SO3 compound has a positive electrostatic potential
value (Fig. 11b), so it a molecule with π-holes. As clearly seen
in Fig. 11c–f, the hydrogen atoms connected to hydroxyl groups
located at the interface of the maps have the weaker electronic
density and are plotted by blue color, while the oxygen atoms of
the same group possess the greatest electronic density and it is
shown as red. The MEP surface of pure gum presents four elec-
trophilic sites with a potential value equal to 0.1087 (H28),
0.1046 (H45), 0.1023 (H29), and 0.0436 a.u (H40). Relating to
nucleophilic attacks, the electrostatic potential ranging from −
0.0443 to −0.0771 a.u. Passing from pure gum to sulfated gum
(1, 3, 5), the maps present some modifications. For sulfated mol-
ecules, the nucleophilic sites (red color) are concentrated not only
on the oxygen atoms of the hydroxyl group but also on the
oxygen of the sulfate groupment. On the other side, the blue color
(electrophilic side) is localized mainly over sodium atoms. From
the figure, we notice that the insertion of sulfated atoms in the
pure gum increases the number of nucleophilic and electrophilic
attacks which rise the chemical reactivity of the system.

Conclusions

For the first time, the synthesis of guar gum sulfates by a
complex of sulfur trioxide with 1,4-dioxane was studied.

The high degree of substitution (0.91) was achieved at a tem-
perature of 60 °C, duration of 2.9 h, and a volume of
chlorosulfonic acid of 3.1 ml.

The introduction of sulfate groups into the structure of
guar gum was confirmed by elemental analysis, FTIR. The
FTIR spectra of sulfated guar gum contain bands at
1260 cm−1 and 802–817 cm−1, which indicate the presence
of sulfate groups.

The initial and sulfated guar gum was also investigated by
the methods: X-ray diffraction and gel permeation chromatog-
raphy. Using X-ray diffraction showed that sulfation leads to
partial amorphization of guar gum.

Using gel permeation chromatography, it was shown that
in the process of guar gum sulfation by a complex of sulfur
trioxide with 1,4-dioxane, the molecular weight decreases
from 600 to 176 kDa.

The optimized structures of pure and sulfated (1, 3, 5) guar
gum were obtained with the help of B3PW91 with a 6-31 + G
(d, p) basis set. Building on the comparison made between the
four geometries, there are differences between geometrical
parameters (bond length and bong angle) due to sulfation re-
action. HOMO-LUMO frontier orbital analysis proves that the
sulfated gum 3 is the reactive compound compared to the
other ones. In addition, theMEP contour maps show the effect
of sulfation on the chemical reactivity of the system. These
surfaces make out the proportionality between the sulfated
atoms number and the molecular reactivity.
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