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Abstract: A bactericidal and structural study on the cetylpyridinium dodecyl sulfate ion pair has been 

taken. The ion pair was a subject of numerous investigations, and its properties are widely discussed in 

different works. However, systematic studies on the specific interionic interactions in this ion pair are 

absent in the literature. To fill the gap in knowledge on the structure of cetylpyridinium dodecyl sulfate, 

we have synthesized this ion pair and characterized it with XRD, NMR, and DFT techniques. Moreover, 

antibacterial activity against various bacteria strains was analyzed.  
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1. Introduction 

Cetylpyridinium salts (chloride and bromide) are widely used as bactericidal cationic 

surfactants [1–4]. Also, these salts are widely used as a source of the cetylpyridinium cation to 

synthesize various cetylpyridinium-containing materials [5–9]. One such material is the 

cetylpyridinium dodecyl sulfate (CPDS) ionic pair, consisting of the two highly lipophilic ions 

– cetylpyridinium (or 1-hexadecyl pyridinium) cation and the dodecyl sulfate anion. This 

compound can be obtained via metathesis reaction between cetylpyridinium salts, like chloride 

(CPC) or bromide (CPB), and sodium dodecyl sulfate (SDS) [9]. Many works of literature 

mention mixtures of CPC/CPB with SDS, and obviously, CPDS is present in such mixtures 

[10–12]. It must be mentioned that CPDS is used in ion-selective electrodes as an ionophore. 

For example, Kulapin and Arinushkina have developed solid-contact potentiometric sensors 

based on the CPDS associate [13], which were used for the potentiometric determination of 

cationic and anionic surfactants in hair rinses and shampoos [14]. The authors have used 

polyvinyl chloride membranes plasticized with dibutyl phthalate, and the CPDS ion pair was 

used as an ionophore. Moreover, an ion-selective "polyvinyl chloride"-based membrane 

electrode with CPDS ion pair as ionophore was developed and described by Arvand-Barmchi 

and co-authors [15]. The electrode with acetophenone plasticizer showed a Nernstian response 

towards the SDS concentration range from 8.3×10–3 to 1.0×10–6 mol/L at 25 °C.  
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The systematic investigation of the CPDS ionic pair structure was performed by Maiti 

and co-authors [9]. The authors have used numerical structure analysis techniques, including 

NMR; however, despite the in-detail resolved 1H spectrum, the authors have not explained the 

observed upfield shift of some peaks in the CPDS ion pair 1H spectrum in comparison to the 

spectra of starting CPC and SDS substances. Interesting in the chemistry of the cetylpyridinium 

cation [16, 17], we have synthesized CPDS and investigated its antibacterial activity in the 

present study. An intriguing upfield shift in the 1H spectrum of CPDS was found compared 

with the precursors' CPC and SDS spectra. 

2. Materials and Methods 

All reagents and solvents were purchased from a local supplier, "Sfera Sim," and were 

used without additional purification. The synthesis of CPDS can be performed according to the 

known procedure [9]. However, in the present study, the reaction of CPC with SDS was 

conducted in the water medium, which leads to the formation of a viscous water-CPDS 

mixture. Further separation of CPDS was done by extraction with chloroform. Obtained 

chloroform extracts were dried under reduced pressure, which gave white powder of CPDS. 

NMR spectra were recorded in deuterated dimethyl sulfoxide (DMSO–d6) solutions on 

the Varian VXR-300 instrument. DFT computations were performed on the Xeon 20 core 

workstation with 256 GB of RAM.  

The geometry of the CPDS associate was first optimized with the PM6-D3H4 method 

[18, 19] in the MOPAC2016 program [20]. The water solvation effect was included via the 

conductor-like screening model COSMO [21]. Further, geometry was reoptimized with the 

GGA B97-D3 functional [22, 23] with the 6-31G(d,p) basis set [24] on all atoms except oxygen 

atoms, on which additional diffuse functional has been added. Calculation of electron density 

for analysis of interionic interactions was performed with the B3LYP functional [25]. Charge-

transfer effects were investigated with the range-separated functional CAM-B3LYP [26]. The 

conductor-like polarizable continuum model (CPCM) [27, 28] has been utilized to account for 

water solvation effects. All DFT computations were done in the ORCA 4.2 package [29, 30]. 

The "resolution-of-identity" [31-33] and "chain-of-spheres" [34–36] techniques were turned on 

to speed up all calculations. A multifunctional wavefunction analyzer Multiwfn 3.8 has been 

used to analyze electron density files [37]. Visualization of isosurfaces was performed with the 

VMD [38] package. 

X-ray powder diffraction patterns were recorded using the AXRD Benchtop powder 

diffractometer (Proto Manufacturing Limited) equipped with a hybrid photon counting detector 

(DECTRIS MYTHEN2 R 1D). Measurements were performed at room temperature in Bragg-

Brentano Θ/2Θ geometry with Ni-filtered Cu Kα radiation in 5-70° 2Θ angle range with a step 

size of 0.0199° and counting time 1s per step. The phase analysis was performed using a 

PDAnalysis (Proto Manufacturing) and the PowderCell 2.4 software [39], lattice parameters 

were calculated using the EXPO2014 package [40]. 

Differential thermal analysis (DTA) was carried out according to the standard technique 

[41] in the static air atmosphere using a combined chromel-alumel thermocouple (type K) as a 

temperature sensor and pre-calcined Al2O3 as reference material. Measurements were 

performed using an open quartz sample vessel in the range of temperature from room to 500 

ºC and scan rate of heating at 12ºC/min. Determination of the temperature of the effects on 

DTA curves was performed as proposed in [42]. 
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3. Results and Discussion 

3.1. Structure of the 1:1 CPDS associate. 

The ion-exchange reaction between SDS and CPC water solutions produces the 

formation of the viscous CPDS solution (Scheme 1). Further extraction with chloroform and 

evaporation of the organic solvent leads to the white solid with a composition ratio of 

cetylpyridinium to dodecyl sulfate ions equal 1 to 1. The electrostatic attraction is expected to 

be the principal force that combines dodecyl sulfate and cetylpyridinium ions. However, the 

direct attraction between formally negatively charged oxygen of the sulfo group and formally 

positively charged nitrogen of the pyridinium cycle is too simplified. That is why it was decided 

to verify the cetylpyridinium and dodecyl sulfate interactions by analyzing the ion pair's NMR 

spectrum and electronic structure. 

 
Scheme 1. Synthesis of the CPDS ion pair. 

To verify the phase homogeneity, the XRD and DTA analysis were taken. Phase analysis 

was performed by comparing the diffraction patterns of synthesized CPDS with the initial 

compounds' experimental and simulated diffraction patterns (Fig.1) [6, 9, 43]. The 

experimental powder pattern does not contain reflexes of initial compounds, which indicates 

that the synthesized CPDS sample was obtained without impurities.  

Indexing of the obtained powder pattern was carried out, and it was established that 

CPDS crystalize in monoclinic crystal system and the calculated lattice parameters are as 

follows: a = 10.44 Å, b = 27.47 Å, c = 6.58 Å, β = 91.2º, with the cell volume V = 1888.6 Å3. 

The crystallinity of the investigated sample was evaluated by comparing the integrated 

intensity associated with the amorphous phase to the background, and it is equal to 75.4%. 

DTA performed an investigation of the thermal behavior of CPDS in open quartz vessels. 

A mass measurement accompanied each heating cycle. Maiti and co-authors [9] have 

conducted the thermal investigation of CPDS in a narrow temperature range of 30–100 °C. To 

establish the stability range, the heating was carried out to higher temperatures. First, heating 

was carried out to 500 °C. The DTA heating curve contains five endothermic effects at 69, 88, 

96, 160, and 294 °C (Figure 2). Heating to 500°C causes almost complete mass loss.  

The experimental heating curve of CPDS was compared with literature data of the 

thermal analysis of CPC [7] and SDS [44]. The heating curve of CPDS doesn't contain thermal 

effects characteristic for initial compounds and additionally indicates that synthesized CPDS 

does not contain impurities. 
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Figure 1. Powder patterns of (A)CPDS; (B) sodium dodecyl sulfate (SDS); (C) cetylpyridinium chloride 

monohydrate (CPC). 

 
Figure 2. DTA curve of CPDS. The inset window shows heating to 150°C (red line) and cooling (blue line) 

curves. 

After the heating to 150 °C, the cooling curve was also recorded. As seen from Fig.2, the 

cooling curve contains only two exothermic effects at 70 and 92 °C, which agree with the 

endothermic effects on the heating curve. This indicates the reversibility of the following 

processes. Obtained data match the results of Maiti and co-authors [9], according to which the 

first thermal effect corresponds to solid to liquid crystalline phase transition and the second 

effect is a melting of CPDS. The endothermic effect at 96°C doesn't appear on the cooling 
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curve. Considering an insignificant mass loss (Δm = 0.6%), this effect corresponds to the 

evaporation of adsorbed water. It was heating to 200 °C causes a mass decrease of 3.7% and 

overall appearance (from white powder with a yellow tinge to brown alloy), indicating a partial 

decomposition of CPDS. Samples obtained after heating to 150 °C and 200 °C were also further 

examined by XRD. The observed powder patterns match with the earlier obtained pattern of 

as-synthesized CPDS. The strong thermal effect at 294 °C is caused by vigorous CPDS 

decomposition and evaporation of formed products (Δm = 99.9%). It can be summarized that 

CPDS melts congruently at 88 °C, and it is thermally stable up to 160 °C.  

The 1H NMR spectra of the CPDS associate (red spectrum) and CPC (green spectrum) 

and SDS are presented in Figure 3. Due to the relatively low solubility of CPDS in DMSO, the 
1H NMR spectra were recorded for the solution of 8 mg of CPDS in 0.6 mL of DMSO-d6, 

which corresponds to 0.014 mol/L concentration solution. The DMSO-d6 solutions of CPC 

and SDS of the same concentration were used for recording the NMR spectra. It is clear that in 

the upfield region, the signals of aliphatic hydrocarbon groups are located. In the CPDS ion 

pair case, the triplet at 0.85 ppm with a coupling constant of 6.6 Hz and relative intensity of 

about 6 corresponds to two terminal methyl groups of the cetyl and dodecyl chains numerated 

as ω and ω' on Scheme 1. The intensive broad peak at 1.24 ppm corresponds to overlapped 

signals of methylene groups of the cetyl and dodecyl chains – marked as γ and γ' on Scheme 1. 

A multiplet at 1.65–1.41 ppm is related to the β’-methylene group of the dodecyl chain. The 

multiplet 2.03–1.80 ppm corresponds to the β-methylene group of the cetylpyridinium cation. 

The signal of the α’-methylene group of the dodecyl chain appears as a triplet at 3.66 ppm with 

a coupling constant of 6.7 Hz, and the relative intensity equals 2. In contrast, the signal of the 

α-methylene group of the cetyl chain appears as a triplet at 4.59 ppm with a coupling constant 

of 7.4 Hz. 

The hydrogens bonded to the pyridinium cycle correspond to the peaks in the spectrum's 

downfield "aromatic" region. The triplet at 8.16 ppm with the coupling constant of 6.9 Hz 

corresponds to the hydrogens in the meta-position of the pyridinium ring. The signal of the 

para-hydrogen appears as the triplet at 8.60 ppm with the coupling constant of 7.8 Hz. Finally, 

the signal of the ortho-hydrogens appears as the doublet at 9.08 ppm with the coupling constant 

of 5.6 Hz. 

 
Figure 3. Overlapped 1H NMR spectra of CPDS (red), CPC (green), and SDS (blue). 
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It must be noticed that the NMR spectra of the precursor compounds CPC and SDS are 

almost perfectly matched with the CPDS spectrum. However, in the CPDS spectrum, the 

signals of the α-CH2 group and ortho-hydrogen signals are upfield shifted for 0.03 and 0.07 

ppm, compared with the CPC spectrum. The upfield shift indicates the strong interionic 

attraction between these nitrogen-neighboring hydrocarbon groups and the dodecyl sulfate 

anion. The attraction of electron density from the hydrogen atoms to the oxygens causes 

deshielding of the protons, which appears as the upfield shift in the NMR spectrum. To verify 

this explanation, we have performed DFT modeling of the electronic structure of the CPDS ion 

pair. 

3.2. DFT modeling of the CPDS associate.  

The optimal relative location of ions in the CPDS associate must be chosen to model 

the CPDS properties accurately. According to the NMR spectra, there is an interaction between 

the nitrogen-neighboring hydrocarbon groups and oxygen atoms of the dodecyl sulfate anion. 

That is why the starting geometry was arranged to allow the close location of the α-CH2 group 

hydrogen and the ortho-hydrogen of the CP cation and the oxygen atoms of the anion. The 

alkyl chains remained in an anti-conformation [45], and the two chains were arranged in 

parallel, which provides maximal van der Waals interactions. After the PM6-D3H4 pre-

optimization, the CPDS geometry was reoptimized with the B97-D3 functional and the 6-

31G(d,p) basis set with additional diffuse functions on oxygen atoms; in this study, we will 

name this basis set as 6-31OG(d,p). 

Non-covalent interactions were examined with the reduced density gradient (RDG) 

isosurface (Figure 4a) [46]. RDG isosurface was calculated based on the B97-D3/6-31OG(d,p) 

electron density in the Multiwfn program. For example, the red areas on the RDG isosurface 

in the center of the pyridinium cycle indicate strong electron repulsion. Blue RDG isosurface 

areas correspond to strong attraction; for example, blue areas between two oxygens of the anion 

and two hydrogen atoms in the ortho-position of the pyridinium ring and the α-CH2 group. 

Green areas are related to the van der Waals interactions. 

 
Figure 4. (a) Reduced density gradient (RDG) isosurface; (b) isosurface of independent gradient model (IGM) 

of interionic interactions. 

The independent gradient model (IGM) is another advantageous way for visually 

studying intermolecular and intramolecular interactions, which was proposed by Lefebvre et 

al. [47]. In this study, IGM was calculated based on the Hirshfeld partition (IGMH) in Multiwfn 

according to the scheme proposed by Tian Lu [37]. Interfragment IGM isosurface presented in 
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Figure 4b. Two bright blue areas between the α-CH2 group and ortho-hydrogens of the cetyl 

cation and the anion's oxygens correspond to the strong electrostatic interactions between these 

atoms. The green area testifies weak dispersion interactions between alkyl chains.  

Analysis of inter-fragment interactions could be done in terms of the quantum theory 

of atoms in molecules (QTAIM) [48, 49]. The O64···H15 and O66···H11 interionic 

interactions are presented in Figure 5a. The paths are shown as orange lines, critical bond points 

(BCPs) are shown as green dots, and critical ring points (RCPs) are shown as purple dots. The 

O64···H15 and O66···H11 BCPs characterized with an electron density of 0.0113 and 0.0169 

e/Bohr3, respectively; this testifies that the O66···H11 interaction is stronger. This finding 

agrees well with the electrostatic potential maxima located near the ortho-hydrogens in the 

cetylpyridinium cation [16]. 

 
Figure 5. (a) QTAIM analysis of interionic interaction in CPDS; (b) electron density difference during charge-

transfer interactions in CPDS. 

 
Figure 6. (a) CPDS Fukui function for the electrophilic attack; (b) CPDS Fukui function for the nucleophilic 

attack. 

The O64···H15 and O66···H11 interionic interactions can be characterized with charge 

transferring (Figure 5b). The green isosurface corresponds to the decrease of electron density 
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due to the ions association, whereas the orange isosurface corresponds to the electron density 

increase. The association is accompanied by the charge-transferring from the ortho-hydrogen 

of the pyridinium cycle and, to a lesser extent, from the α-CH2 group hydrogen to the O64 and 

O66 oxygen atoms of the anion. 

Taking into account that the interionic interactions in the CPDS associate are mostly 

weak van der Waals interactions and strong O···H electrostatic interactions, it can be assumed 

that the nucleophilic-electrophilic character in the associate remains similar to the separate 

ions. To verify this, we have calculated electrophilic and nucleophilic Fukui functions, which 

are shown in Figures 6a and 6b, respectively. The most suitable sites for the electrophilic attack 

are the three non-ester oxygen atoms in the dodecyl sulfate anion. In contrast, the preferred 

locations for the nucleophilic attack are the nitrogen atom and ortho- and para-carbon atoms 

of the pyridinium ring. These findings support the assumption that the reactivity of the 

cetylpyridinium and dodecyl sulfate ions in the CPDS associate remains the same. 

3.3. Antibacterial activity of the CPDS associate.  

The antimicrobial activity of the CPDS was tested against the standard strains of E. coli 

ATCC 29522 and clinical isolates of E. coli, P. vulgaris, K. pneumonia. Quantitative studies to 

detect the minimum inhibitory concentration (MIC) and the minimum bactericidal 

concentration (MBC) were performed by serial macro-dilutions in a liquid culture medium. All 

biological studies were performed twice. A stock solution of CPDS was prepared by dissolving 

a portion of 0.288 g (1 mmol) in a mixture of 3 ml of DMSO and 2 ml of ethanol. Thus, the 

initial concentration of CPDS was 0.2 mol/L. The cetylpyridinium chloride was used as a 

reference compound, which was also dissolved in the same mixture of 3 ml of DMSO and 2 

ml of ethanol. DMSO-ethanol (3:2) mixture was used as a control sample. 

Table 1. Antimicrobial activity of CPDS, a standard comparison solution of cetylpyridinium chloride, and a 

control sample of pure DMSO. Sign "+" means the growth of microorganisms in test tubes, and "-" means no 

visible growth of microorganisms. * – Clinical isolate. 

Compound Bacteria Concentration (mmol/L) 

50.0 25.0 12.5 6.3 3.1 1.6 

CPDS Е. соlі АТСС 29522 - - - - - + 

K. pneumonia* - - - - - + 

P. vulgaris* - - - - - + 

Е. соlі* - - - - - + 

CPC Е. соlі АТСС 29522 - - - - + + 

K. pneumonia* - - - - + + 

P. vulgaris* - - - - - + 

Е. соlі* - - - - - + 

DMSO Е. соlі АТСС 29522 - + + + + + 

K. pneumonia* - + + + + + 

P. vulgaris* + + + + + + 

Е. соlі* + + + + + + 

As shown in Table 1, CPDS showed not lower, but sometimes slightly higher 

antimicrobial effects than cetylpyridinium chloride. MIC and MBC values for CPCl and CPDS 

substances were identical for the studied strains of E. coli and P. vulgaris and were equal to 

3.13 and 6.25 mmol/L, respectively. In the case of E. coli ATCC 29522 and K. pneumonia, the 

CPDS associate has shown a slightly more pronounced antimicrobial effect. The value of MIC 

and MBC to these bacteria were 3.13 and 12.5 mmol/L and 3.13 and 6.25 mmol/L, respectively, 

whereas the measured MIC and MBC values for CPC were equal to 6.25 and 25.0 mmol/L and 
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6.25 and 12.5 mmol/L, respectively. We assume that the slightly higher activity of the CPDS 

ion pair is related to the high lipophilicity of the dodecyl sulfate anion [50, 51], which 

synergistically increases the bioavailability of the cetylpyridinium cation and its better 

permeability through lipophilic cell membranes. Therefore, we have to suggest that variation 

of the counter-ion nature in cationic surfactants can increase their antibacterial effect and 

expand the range of antimicrobial substances with high activity against pathogenic 

microorganisms. 

4. Conclusions 

The proposed method of synthesis of the cetylpyridinium dodecyl sulfate ion pair gives 

pure material. According to elemental analysis, XRD and DTA techniques do not contain 

impurities of the starting reagents. Detailed analysis of 1H NMR spectra of CPDS and starting 

CPC and SDS compounds shows a specific upfield shift of signals of α-CH2 group hydrogens 

and the ortho-hydrogens of the cetylpyridinium cation. These shifts indicate an interaction 

between the nitrogen-neighboring hydrocarbon groups of the cation and the oxygen atoms of 

the dodecyl sulfate anion. DFT modeling of the geometrical and electronic structure of the 

CPDS ion pair allowed us to find numerous weak dispersion interactions between the alkyl 

chains via the RDG, IGM, and QTAIM analysis. 

Furthermore, the study of electron density of the associate and separate ions testifies 

the presence of charge-transfer interactions between the oxygens of the dodecyl sulfate anion 

and the hydrogens of the cetylpyridinium cation. Electrophilic and nucleophilic Fukui 

functions support the assumption that the reactivity of the cetylpyridinium and dodecyl sulfate 

ions in the CPDS associate remains the same, which explains the high antimicrobial effect the 

CPDS, comparing to the CPC activity. Moreover, a slightly higher antibacterial activity of the 

CPDS can be explained by the synergistic influence of the dodecyl sulfate anion, which high 

lipophilicity can increase the bioavailability of the cetylpyridinium cation.  
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