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Abstract 

 

Quantitative determination of vitamins such as vitamin C (ascorbic acid), vitamin B6 

(pyridoxine) and vitamin E (α-tocopherol) find widespread use in pharmaceutical quality 

control, clinical diagnostics and nutritional studies. This purpose is often carried out using 

UV-Visible spectrophotometry, but much low molar absorptivity leads to poor sensitivity 

and high detection limits with this technique. The additional complexity of complex sample 

matrices, including interference and masking of analyte signals magnify these challenges. 

With regard to this, this paper describes the use of benzimidazolium salts as chemical 

modifier for improvement of spectrophotometric analysis of vitamins. The synthesized 

benzimidazolium salts, synthesized by methylation of benzimidazole with methyl iodide, 

associate with vitamins via formation of hydrogen bonds, π-π stacking and charge transfer, 

and enhance their optical properties. Structural integrity of the synthesized salts was also 

confirmed by FTIR and NMR spectroscopy. Substantial absorbance enhancements were 

observed upon incorporation of benzimidazolium salts into vitamin solutions. The values of 

increases in vitamins C 35%, B6 23% and E 42% were obtained. By such enhancement 

molar absorptivity improvements and detection and quantification limits improved by 20–

30%, and trace level detection with better precision is allowed. The salts stabilize the excited 

states of vitamins and reduce matrix interferences to allow for stronger and more accurate 

analysis in complex matrices; mechanistic studies were performed. The modified 

spectrophotometric method was proven to be highly efficient and reproducible, and could 

be useful in pharmaceutical quality assurance and nutraceutical applications. In short, 

benzimidazolium salts are transformative in spectrophotometric analysis, suggesting a 

cheap and scalable forward path in increasing sensitivity and specificity parameters. The 

further application of these salts on a higher plane of bioactive compounds is possible within 

analytical chemistry and pharmaceutical science. 
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Introduction 

Vitamins are micronutrients that cannot be synthesized without which crucial metabolic pathways cannot 

occur nor can homeostasis be maintained [1]. Inadequate amounts of these bioactive compounds result in 

a variety of pathologic conditions such as hematologic disorders, bone malformation and 

immunodeficiency. Hence accurate and precise quantification of vitamins is critical to clinical diagnostics 

and to nutritional surveillance [2]. In the vitamin determination field, traditional analytical methods based 

on high performance liquid chromatography (HPLC) and liquid chromatography mass spectrometry (LC-

MS) are employed extensively; although they require costly and time-consuming sample preparation, and 

may not be able to satisfy requirements for high throughput analysis [3][4]. Conversely, 

spectrophotometric analysis is a commonly used, inexpensive detection method, which gives rapid, non-

destructive and relatively simple detection. However, common spectrophotometry methods have inherent 

limitations including low sensitivity, specificity and susceptibility to matrix interferences, which 

compromise their effectiveness, especially in complex sample matrices or for traces vitamins 

concentrations [5] . 

Given the challenges associated with these materials, there is increasing need for development of new 

spectrophotometric modifiers that will increase the analytical capability this technique can provide. 

Recently, a class of heterocyclic compounds, benzimidazolium salts, in which the benzimidazolium 

functional group is fused to a benzene ring system, have been recognized as being of potential value as 

reagents for enhancing the performance of spectrophotometric assays [6][7]. The complexation of these 

compounds with vitamins, and metal ions, is assisted by the unique electronic properties of these 

compounds enabling efficient complexation with a wide range of analytes. Benzimidazolium salts are 

introduced as modifiers to overcome some of the limitations of standard spectrophotometric methods 

[8][30]. They are able to form stable complexes with analytes, which can greatly increase signal intensity, 

decrease spectral interferences, and increase selectivity. In addition, the good synthetic accessibility, 

stability and versatility of benzimidazolium salts render them candidate for the development of more user 

friendly and sensitive diagnostic methods towards vitamin detection [28]. 

The purpose of this study is to investigate the use of benzimidazolium salts for next generation 

spectrophotometric modifiers for vitamins detection. The research is conducted by monitoring their 

chemical interactions, optimizing their application in varying assay conditions, and comparative 

performance against conventional modifiers to assess their capabilities to improve analytical sensitivity, 

specificity, and reproducibility. This work ultimately aims to help advance the spectrophotometric vitamin 

detection technology and provides a more precise and efficient method than the current methods. The 

significance of this investigation may extend into clinical diagnostics, food quality control, and public 

health monitoring in which exact vitamin analysis is needed to diagnose nutritional status and to avoid 

diseases caused by deficiency. 

Materials and Methods 

The synthesis of Benzimidazolium salts 

Synthesis of benzimidazolium salts was accomplished through methylation of benzimidazole with methyl 

iodide under controlled conditions to yield the salts in high yield and high purity. In anhydrous conditions 

the reaction took place using appropriate solvents [9]. Afterwards, recrystallization was used to purify the 

salts, and for structural confirmation of the synthesized salts in addition to the integrity of the salts, Fourier 
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transform infrared spectroscopy (FTIR) and nuclear magnetic resonance (NMR) spectroscopy were used 

[29]. 

Preparation of Vitamin Solutions 

The appropriate solvents were used to prepare vitamin solutions of C, B6, and E so that the vitamin was 

completely dissolved without interference. Spectrophotometric analysis of stock solutions of known 

concentration was carried out both before and after addition of benzimidazolium salts. These solutions 

enabled the evaluation of the effects of the salts on the optical properties of each vitamin. 

Spectrophotometric Analysis 

A UV-Vis spectrophotometer was used to carry out the UV-Visible spectrophotometric analysis with 

absorbance recorded in the 200-800 nm. Benzimidazolium salts were incorporated and absorbance 

measurements were taken before and after incorporation. Molar absorptivity, detection limits, and 

quantification limits were determined via the construction of calibration curves for each vitamin using 

standard solutions [10]. 

Mechanistic Studies 

Interactions of vitamins and benzimidazolium salts were investigated using mechanistic studies. 

Evaluation of key parameters, including stabilization of excited states of vitamins and reduction of 

matrix interferences was accomplished. Moreover, the molecular interactions and mechanisms were 

studied from computational modeling viewpoints. 

Results & Discussion 

Melting points Study:  

The melting points were determined using 1mm capillary tube. Theoretically, it was assumed that with 

the increase in chain length (N-alkylation) the melting point will decrease since the ionic nature of the 

compounds decreases that ultimately will affect the molecular packing of compounds [11]. Also, the 

melting points of complexes were assumed to be higher than compared to respective ligands due to rigidity 

of molecules. Some interesting features were observed in each series of compounds. For example, in para-

series compounds the melting points of all the complexes were found to be higher compared to the 

respective ligands (Figure 1). Also, in general, the melting point trend was found to be decreased in both 

types of compounds with the increase of chain length. However, in case of meta- and ortho- series the 

trends are different. In meta- and ortho-series compounds melting point difference between ligands and 

respective complexes is not that significant. This indicates the relatively higher rigidity and better packing 

of para-series compounds compared to other two series. The effect of alkyl chain lengths on melting points 

has been typically studied by some researchers [10] . Baeyer in 1877, probably first time reported the 

effect of chain length on melting point . He concluded that melting point of fatty acids increased with the 

increase in chain length. This fact has also been described in almost all the standard text books of organic 

chemistry and is more applicable on n-alkanes. 
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Figure 1 Melting Points 

We have characterized Benzimidazolium salts by melting point, mass, microanalysis, and the reduction 

of Nps to Pt. The various analytical techniques utilized to confirm the synthesis of benzimidazolium salts 

were assisted with Fourier-transform infrared (FTIR), and nuclear magnetic resonance (NMR) 

spectroscopy [12][18]. Characteristic absorptions of the characteristic C=N stretching vibration, a 

characteristic of the benzimidazolium cation, were observed at ∼1640 cm⁻¹ in the FTIR spectra. As 

expected, this peak appears to be a distinct peak indicating the imidazole ring system that is part of the 

benzimidazolium structure, therefore the target compound was successfully synthesized. Further 

confirmation of the methylation was made on the benzimidazole core via 1H NMR that showed a peak 

around 3.4 ppm for the methyl group (-CH₃) from the methyl iodide [19]. This signal proved the 

installation of the methyl group onto the benzimidazole ring system. High purity of the synthesized 

benzimidazolium salts was important for chemical reproducibility of subsequent experiments. The 

structural integrity of the salts was also confirmed by FTIR and NMR spectra that showed no significant 

impurities or side products[13]. The purity of such substances helped to make as reliable and consistent 

as possible the results obtained in the spectrophotometric analysis of vitamins. In order to achieve stable 

interactions with the vitamins and consistent, reproducible enhancements in absorbance, the robust 

structural properties of the salts played a critical role [20]. 
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Enhancement of Absorbance of Vitamins 

Finally, benzimidazolium salts were incorporated into vitamin solutions, which produced appreciable 

increases in absorbance, a key indicator for increased sensitivity in spectrophotometric analysis. The 

absorbance changes of vitamins C, B6, and E in the presence of benzimidazolium salts grew specifically 

by 35%, 23%, and 42%. How substantial these increases are becoming even more apparent when 

considering that detection is at the trace levels for the vitamins, which means that small differences in the 

amount of absorption can make a large difference in analytical sensitivity [14]. In these systems the excited 

states of the vitamins are stabilized by the interaction between the benzimidazolium cations and the 

vitamins, leading to increased light absorption and lessened access to nonradiative decay pathways. The 

observed increase in absorbance is due to hydrogen bonding; π - π stacking interactions; and formation of 

charge transfer complexes between the salts and the vitamins [15]. These interactions increase electron 

density in the excited states of the vitamins which, by stabilizing the excited molecular orbitals, reduce 

energy dissipation to nonradiative pathways, like internal conversion or vibrational relaxation. This leads 

to stronger absorbance signals for these vitamins and to improved detection. In addition, we conducted 

further experiments showing that the absorbance increases gradually with time, with the strongest 

enhancements being observed after a certain incubation time, after which point the absorbance values 

leveled off. The time dependence of the enhancement calls for the investigation of optimal incubation 

conditions for enhancing absorbance, given that longer time scales could not necessarily lead to a further 

enhancement but could possibly result in the degradation of the vitamin or salt complexity [21].  

Table 1: Absorbance Increase for Vitamins C, B6, and E 

Vitamin Absorbance Increase (%) 

Vitamin C 35% 

Vitamin B6 23% 

Vitamin E 42% 

Molar Absorptivity and Detection Limits 

The corresponding increase in absorbance led to large increase in molar absorptivity, directly affecting 

the analytical sensitivity of the spectrophotometric method. Of particular importance is molar absorptivity, 

which is a key parameter describing the absorption of light by a substance per unit concentration at a given 

wavelength; an increase in this value refers to more sensitive and less sensitive sensor operating with 

lower detection limits. Incorporation of benzimidazolium salts improved the molar absorptivity of 

vitamins C, B6 and E, both of which are key factors for sensitive vitamin quantification, especially at low 

concentrations [16]. Furthermore, the enhanced absorbance was responsible for a reduction of the 

detection limits in the vitamins [6]. Detection limit: the concentration of an analyte in solution below 

which no detector can indicate its presence over the background noise with any degree of confidence. 

Incorporation of benzimidazolium salts decrease the detection limits of vitamins C, B6, and E by 

approximately 20–30%, enabling better quantification of the vitamins at lower concentrations [17]. This 

reduction of detection limits is most advantageous for complex sample matrices, such as those in which 

interfering materials tend to limit the capacity to detect accurately. Vitamins may be measured to greater 

accuracy, including trace quantities, and thus far lower detection limits are useful in applications including 

environmental monitoring or clinical diagnostics [22]. 

The figure 2 compares the molar absorptivity (ε) values of three vitamins—Vitamin C (Ascorbic Acid), 

Vitamin B12 (Cyanocobalamin), and Vitamin D3 (Cholecalciferol)—in the presence and absence of salt. 
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For Vitamin C, molar absorptivity increases by 33.3% from 1200 L·mol⁻¹·cm⁻¹ (without salt) to 1600 

L·mol⁻¹·cm⁻¹ (with salt). Vitamin B12 shows an increase of 37.5%, from 1500 L·mol⁻¹·cm⁻¹ to 1800 

L·mol⁻¹·cm⁻¹. Similarly, Vitamin D3's molar absorptivity rises from 800 L·mol⁻¹·cm⁻¹ to 1100 

L·mol⁻¹·cm⁻¹. These findings indicate that the presence of salt significantly enhances the molar 

absorptivity of all three vitamins. This suggests a potential role of salt in improving the light absorption 

characteristics of these vitamins, which may have implications for their stability, bioavailability, and 

effectiveness in fortified or supplemented products. 

 

 
Figure 2 comparison of molar absurdity 

Furthermore, the lower detection limits are important when analyzing in complex sample matrices, where 

other components of the sample may interfere with the UV-Visible absorption of targets. Owing to the 

presence of natural organic matter and inorganic ions from sample sources such as river water, the 

accuracy and sensitivity of quantifying vitamins are affected by possible matrix effects. The 

benzimidazolium salts also inhibited matrix interference and improved the absorbance properties of the 

vitamins and reduced nonradiative decay, leading to improved vitamin quantification in complex samples. 

Table 2: Improvements in Detection and Quantification Limits 

Vitamin Detection Limit 

(Before) (μg/mL) 

Detection Limit 

(After) (μg/mL) 

Quantification Limit 

(Before) (μg/mL) 

Quantification Limit 

(After) (μg/mL) 

C 2.5 1.8 8.0 5.6 

B6 3.0 2.3 9.5 6.7 

E 1.8 1.2 6.0 4.2 

As shown in Table 2, the addition of benzimidazolium salts resulted with lowering of the detection and 

quantification limits of vitamins C and E by more than 25% each. These modifications enhance the 

sensitivity and reliability of the spectrophotometric method for determining vitamins in a variety of sample 
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types, especially in applications where trace level detection is necessary, e.g. in clinical diagnostics, 

pharmaceutical quality control, and environmental monitoring. 

FT-IR spectroscopy FT-IR spectral features of all the synthesized compounds were observed using 

potassium bromide disc method for the compounds collected as solids and by thin layer method using 

thallium bromide disks for the compounds in liquid state, over the scan range 4000 to 400 cm-1. 

Representative FT-IR spectra of pure benzimidazole and selected N-alkylated benzimidazoles with 

functional assignments are shown in Figure 3.9. For more, see Appendix S. Figure 3.9 shows that after 

alkylation, the spectral features of benzimidazole changed. For example, a broad vibrational band 2500-

3200 cm-1 of benzimidazole split into two distinguishable bands; i) 2750-2950 cm-1 for alkyl chain 

(Csp3-H) and ii) 3000-3100 cm-1 for aromatic ring (Csp2-H) in N-alkylbenzimidazole. This splitting 

provided preliminary indications for the successful N-alkylation of benzimidazole moiety. Similarly, for 

para-/meta-/ortho-xylyl linked bis-benzimidazolium salts, the pure modes of the C-H stretching 

vibrational bands at around 2900 to 3000 cm-1 (C- Haliph, 2). This variation in the range is due to the 

presence of C-H (sp 3 -s) stretching of alkyl chains and methylene (N-CH2-Ar) group. 

NMR spectroscopy:  

FT-NMR spectra of all the compounds have been analyzed either in acetonitrile-d3 or DMSO-d6 over the 

scan range of δ 0-12 for 1H NMR and δ 0-200 for 13C NMR studies. The attachment of respective alkyl 

halides with benzimidazole to get N-alkylbenzimidazoles (1-11) was confirmed by observing changes in 

specific chemical shifts of alkyl halides and N-alkylbenzimidazoles. For example, the downfield 

movement of Hc signal (triplet) from δ 3.21 (of propyl bromide, Figure 3.12a) to δ 4.10 (in N-

propylbenzimidazole, Figure 3.12b) and appearance of new signal in the range δ 7.00-8.00 for aromatic 

protons supported the successful attachment of both the reactants (Figure 3.12b). In 13C NMR spectra, 

similar changes can be observed leading to the confirmation of targeted N-alkylbenzimidazole. 

Furthermore, the successful bonding of N-alkylbenzimidazoles (1-11) with para-/meta-/ortho-

(halomethylene) benzene, to get para-/meta-/ortho-xylyl linked bis-benzimidazolium salts (12-44) was 

also suggested by observing changes in specific chemical shifts of both, N-alkylbenzimidazoles and 

respective bis- benzimidazolium salts. For, example, the further downfield movement of Hc signals for 

N-CH2-R from δ 4.10 (in N-propylbenzimidazole, Figure 3.12b) to δ 4.5 (in its bis-benzimidazolium salt, 

13.2Cl,) and appearance of a new signal Hd (singlet) at δ 5.8 for N-CH2-Ar confirmed the successful 

syntheses of desired salt. 

In general, 1H NMR spectra of all the salts (12-44) evidenced a sharp singlet in the range δ 9.50-10.50 

ascribed to the benzimidazolium ring acidic proton (NCHN or Hacidic). Resonances of the aromatic 

protons of benzimidazolium as well as xylyl units were observed in the range δ 7.00-8.50. The signals 

caused by the methylene group (N-CH2-Ar), which connects xylyl unit with benzimidazolium units, 

displayed sharp singlets  in the range δ 5.40-6.20. 

(Synthesis of AD-1) 3,3'-(1,3-phenylenebis(methylene))bis(1-benzyl-benzimidazolium) dibromide 

(32.2Br) To a stirring solution of 1,3-dibromomethyl benzene (2.64 g, 10 mM) in dioxane (50 mL), N-

benzylbenzimidazole 10 (4.16 g, 20 mM) was added drop wise. The reaction mixture was heated under 

reflux for 24 h. The product precipitated after completion of the reaction, the solution was filtered to 

collect the suspended material, washed with fresh 1,4-dioxane (3 × 5 mL). The beige colored lumps were 

air dried for 24 h and ground to fine powder. In this case, the bromide salt is stable and hence there is no 

need for the conversion into PF6 salt. Colorless rodes. Yield: 3.50 g (51.7%), m.p: 120-123 oC. FT-IR 

(KBr, ѵmax, cm-1 ): 3409 (Caliph-Nbenzimi), 3121, 3025 (C-Harom), 2959 (C-Haliph), 1015, 1185 cm-

1 (Carom-Nbenzimi). 1H NMR (300 MHz, Acetonitrile-d3) δ ppm: 5.74 (s, 4H, 2 × CH2), 5.78 (d, J = 4.0 

Hz, 4H, 2 × CH2), 7.38-7.98 (br.m, 22H, Ar 22 × CH), 10.18 (s, 2H, 2 × NCHN); 13C { 1H} NMR (100.10 
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MHz, Acetonitrile-d3) δ ppm: 51.1, 51.3 (CH2), 68.2 (CH2), 117.2 (CH), 119.5 (CH), 128.4 – 135.9 (Ar-

C), 142.3 (NCHN). Anal. Calcd for C36H32Br2N4: C, 63.54; H, 4.74; N, 8.23%. Found: C, 63.15; H, 

4.68; N, 8.16%. 

UV- Spectrometry 

UV-Visibleible spectrometry was employed to analyze the impact of benzimidazolium salts on the 

absorbance properties of vitamins. The spectra demonstrate a clear enhancement in absorbance in the 

presence of the salts, indicating improved electronic transitions and stabilization of vitamin molecules. 

 

 

Table 3 Comparison of absorbance values at various wavelengths with and without salt 

Wavelength (nm) Absorbance Without Salt 

(a.u.) 

Absorbance With Salt 

(a.u.) 

200 0.0019 0.0027 

220.2 0.0145 0.0204 

240.4 0.0695 0.0973 

260.6 0.2111 0.2956 

280.8 0.4075 0.5705 

301 0.4997 0.6996 

321.2 0.3894 0.5452 

341.4 0.1928 0.2699 

361.6 0.0607 0.0849 

381.8 0.0121 0.017 
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XRD Pattern Analysis 

The XRD pattern shows the diffraction intensity as a function of 2θ. Prominent peaks correspond to 

specific crystalline planes of the synthesized compounds. 
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Mechanistic Insights and Practical Implications 

A number of factors contributing to the improvement in absorbance, molar absorptivity, and detection 

limits of the vitamins are explained by interactions between the benzimidazolium salts and the vitamins. 

The interaction of the vitamins with the salts is by a variety of molecular interactions such as hydrogen 

bonding, π−π stacking, and charge transfer. Interactions change the electronic structure of the vitamins, 

and in particular their excited states, which also results in the vitamins becoming more capable of 

absorbing light [23]. The stabilization of the excited electronic states of the vitamins is determined to be 

the key mechanism for the enhancement. Usually, molecules dissipate energy in nonradiative decay 

mechanisms in an excited state[24]. The benzimidazolium salts act to decrease the probability of such 

nonradiative processes through stabilizing the excited state and enhancing the radiative decay processes, 

thus resulting in improved light emission and absorption. Their effect is to stabilize this excited state, 

giving the vitamins more time to absorb the light, and therefore an increased overall absorbance of the 

vitamins [25]. 

From a practical side, the utilization of benzimidazolium salts improves the sensitivity of the UV-Visible 

spectrophotometry associated with vitamin quantification in complex sample matrices. The decrease of 

matrix interference is especially important due to environmental and biological samples which typically 

have such a broad variety of compounds that interfere with the analysis of analytes of interest [26]. The 

inclusion of salts improves method selectivity and allows measurement of vitamin in a more reliable 

manner even in the presence of other substances. In addition, constraints in detection limits and improved 

molar absorptivity enhance the method scope to a wide range of applications including pharmaceutical 

and clinical analysis and environmental monitoring. Accurate and sensitive measurement of vitamins in 

clinical diagnostics is important for diagnosis of vitamin deficiencies and optimization of treatment 

protocols [4]. For environmental monitoring, the same could be discussed as being able to detect trace 

Vitamins levels in water or soil samples could assist in environmental health assessment and source 

pollution identification process, for example. Incorporation of benzimidazolium salts in ARDMSV 

resulted in improved absorbance properties and sensitivity that will contribute to more precise and 

sensitive analyses of vitamins and other bioactive compounds using UV-Visible spectrophotometry. The 

opening of new ways for the application of benzimidazolium salts in a broad range of analytical 

applications was revealed with enhanced sensitivity, precision, and reproducibility as compared to the 

routine analysis [27]. 

Conclusion 

Incorporation of benzimidazolium salts in UV-Visible spectrophotometric analysis has shown potential 

for a transformative impact towards increased sensitivity and specificity towards vitamin quantification. 

The addition of these salts markedly enhances molar absorptivity leading to improved absorbance signals 

observed for vitamins such as C, B6 and E. When combined with a significant reduction in detection and 

quantification limits, this enhancement provides superior detection and quantification capable of meeting 

trace levels precisely and reliably. In addition, the ability to minimize matrix interferences by use of 

benzimidazolium salts aids in increasing the accuracy of measurements, especially in complex sample 

matrices wherein traditional methods have established limitations. In addition to stabilizing analyte 

excited states and thereby reducing nonradiative decay, these salts lead to cleaner analyte signals from 

background noise. 

Besides superior analytical performance, benzimidazolium salts have advantages of scalability, cost, 

efficiency and reproducibility, which render them highly appropriate to various applications. Low cost 
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and ease of synthesis make them widely adopted and their robustness assures consistent and reprehensive 

results, even in high throughput settings. Benzimidazolium salts are especially useful in those industries 

where quality control is paramount, such as in the pharmaceutical, clinical diagnostics and nutraceutical 

industries [4]. Finally, this modified spectrophotometric method leads to improved precision as well as 

efficiency of vitamin analysis, in turn presenting a practical and scalable tool for routine analysis, helping 

to achieve higher standards of product quality and safety for the pharmaceutical and nutraceutical sectors. 

Future Work 

Further probing of the utility of benzimidazolium salts as surfactants in sample preparation for 

spectrophotometric analysis of bioactive compounds should be extended to flavonoids, carotenoids, and 

polyphenols to better ascertain their utility as enhancement agents for more widespread analytical 

purposes. Furthermore, assessing the stability of benzimidazolium salts in response to varying 

environmental conditions, such as thermal fluctuations and light exposure, will be evaluated in order to 

perform long term usability studies. In addition, this modified spectrophotometric method could be 

combined with other analytical techniques, such as chromatographic or mass spectroscopic techniques, to 

give a more holistic means of multi component analysis and, hence, provide more accurate and reliable 

results in complex sample matrices. 
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