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a b s t r a c t

Cetylpyridinium perchlorate has been synthesized and characterized by using the differential thermal
analysis (DTA), X-ray powder diffraction (XRD) techniques, Fourier transform infrared spectroscopy
(FT-IR), and 1H and 13C nuclear magnetic resonance (NMR) spectroscopy. The investigated salt melts con-
gruently at 100 �C. The DTA and XRD results indicate that the cetylpyridinium perchlorate samples syn-
thesized at different temperatures differ in crystallinity. It has been established that the crystallinity
degree of the samples affects the decomposition temperature. The highest decomposition temperature
(Td = 265 �C) is observed for the sample crystallized at 20 �C. Cetylpyridinium perchlorate crystallizes
in the monoclinic crystal system with the cell parameters a = 20.31 Å, b = 16.20 Å, c = 7.25 Å,
b = 95.26�, Z = 4.
According to the DFT calculations, the interionic interactions in the structure are characterized by elec-

tron transfer from the perchlorate anion to the cetylpyridinium cation. This explains a noticeable differ-
ence in the 1H NMR chemical shifts of the hydrogen atoms in the ortho-position (�0.2 ppm) and the a-
methylene group (�0.1 ppm) of the DMSO solutions of the cetylpyridinium perchlorate and chloride salts
micelles. The electronic structure analysis of cetylpyridinium perchlorate and cetylpyridinium chloride in
terms of the ‘‘quantum theory of atoms-in-molecules” and the analysis of non-covalent interactions with
the ‘‘reduced density gradient” method have revealed the presence of strong interactions between the
ions in the DMSO solution.
� 2022 The Author(s). Published by Elsevier B.V. This is an open access article under the CC BY-NC-ND

license (http://creativecommons.org/licenses/by-nc-nd/4.0/).

1. Introduction

The cetylpyridinium (CP) cation has caught scientific interest
for a long time due to the usage of its salts as components of clean-
ing and pharmaceutical formulations, which is defined by its sur-
factant [1–5] and antibacterial [6–10] properties. Moreover,
cetylpyridinium salts of heteropolyacids are widely applied in
organic syntheses as catalysts [11–13]. According to the Google
Scholar database, over the period from 2018 to 2021, the number
of the references containing the keywords ‘‘hexadecylpyridinium”
or ‘‘cetylpyridinium” has increased from 2330 to 3200.

It should also be mentioned that due to the lipophilic nature of
the CP cation, it is widely used in chemical analyses, primarily for
association with anionic analytes and in ion-pair-based ionophores

as a counter-ion. For example, in our previous work, we used CP
chloride to titrate various lipophilic anions [14], and CP dipicry-
lamide was proposed as an ionophore in membrane CP-selective
PVC electrode [15]. Furthermore, Chebotarev et al. [16] have used
CP to modify silica in order to improve the analysis of food dyes,
while Jayaprakash et al. [17] have successfully used a CP-
modified carbon paste electrode as an ascorbic acid sensor. It is
also worthy to note that the investigation of ionic associates of
lipophilic cationic surfactants with lipophilic anions is an impor-
tant task, because such ionic pairs are widely used as active com-
pounds of electrochemical sensors [18–20] suitable, for example,
to determine anionic surfactants with fast and robust potentiomet-
ric techniques [21].

The most common and commercially available forms of the CP
cation are the monohydrate or anhydrous chloride and bromide
salts, which are used as the primary source of the CP cation in var-
ious metathesis reactions. For example, Petersen et al. [22] have
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proposed a CP salicylate ionic liquid additive to a paclitaxel-coated
angioplasty balloon catheter. Yan et al. [8] explored the ionic liquid
CP salicylate interactions with glycylglycine. Recently, we have
synthesized and studied the CP picrate ionic liquid [23].

Taking all the above into consideration, in order to further
expand the knowledge on the CP compounds, it was decided to
explore the CP perchlorate salt (CPPC). CPPC has been mentioned
in numerous studies [24–29]. For example, in 1968, Anacker and
Ghose studied the influence of anions (including perchlorate) on
the cetylpyridinium micelle size [24]. The works by Selig describe
the usage of cetylpyridinium chloride (CPC) as a titrant for poten-
tiometric determination of the perchlorate anion, which is obvi-
ously based on the formation of the CPPC precipitate [25,26].
Goga and co-workers have measured the dissociation constant of
CPPC in methyl isobutyl ketone [27] and in a water-isopropanol
mixture [28]. Furthermore, Mchedlov-Petrossyan et al. have
explored the CPPC influence on negatively charged fullerene aggre-
gates [29]. However, to the best of the authors’ knowledge, the
structural peculiarities and interionic interactions of the CPPC
compound remain essentially unexplored. To fill the gap in the
knowledge on the cation–anion interactions in CP-based salts,
the CPPC ion pair was synthesized in the present study, and its
structure was investigated by using the XRD, NMR, IR, and DFT
methods.

2. Experimental

2.1. Reagents

All the reagents and solvents used in the present study were of a
reagent-grade quality and have been purchased from Sphera Sim
(Ukraine). Double distilled water was utilized in all preparations.

2.2. Instruments and measurements

The thermographic characterization of the CPPC samples has
been performed by using the standard differential thermal analysis
(DTA) technique [30] in the static air atmosphere with the heating
rates of 4 �C/min and 12 �C/min. A combined chromel–alumel ther-
mocouple (type K) was used as a temperature sensor, and pre-
calcined Al2O3 was used as a reference material. Temperature val-
ues of thermal effects on the DTA heating and cooling curves were
determined as proposed in [31]. The measurements were carried
out in open quartz sample vessels. The thermal analysis was
accompanied with the mass measurements before and after
heating.

An ‘‘AXRD Benchtop” powder diffractometer equipped with a
‘‘MYTHEN2 R 1D” hybrid photon counting detector was used for
recording the X-ray powder diffraction (XRD) patterns in the
Bragg-Brentano geometry (h/2h) with the Ni-filtered CuKa
radiation. The scanning was carried out in the 2h angle range of
5–70 � with the step size of 0.0199�. The PDAnalysis (Proto Manu-
facturing), EXPO2014 [32,33], and PowderCell 2.4 [34] software
were utilized to analyze the experimental powder patterns.

The Fourier-transform infrared (FTIR) spectra were recorded on
a ‘‘Shimadzu IRPrestige-21” spectrometer with a ‘‘Pike MIRacle”
single reflection attenuated total reflectance accessory on zinc
selenide crystal plate. A ‘‘Varian Mercury-400” instrument was
used for recording the NMR spectra. Deuterated dimethyl sulfoxide
(DMSO d6) and tetramethylsilane were used as a solvent and stan-
dard, respectively. The solution of CPPC was prepared via dissolu-
tion of 38 mg of the salt in 0.6 mL of DMSO d6.

An ADWA AD310 digital conductivity meter was used to mea-
sure the conductance of CPPC DMSO solutions at 25 �C. A ther-

mostat cell with a temperature control preciseness of 0.1 �C was
used to keep the DMSO solution at constant conditions.

2.3. Computational software and methods

The starting molecular geometries were created and pre-
optimized using the Avogadro software [35]. DFT calculations have
been done with ORCA 5.0.3 [36]. Hessians corresponding to opti-
mized geometries were calculated analytically [37]. To speed up
the calculations without accuracy reduction, the ‘‘resolution-of-id
entity” and ‘‘chain-of-spheres approximations” methods have been
turned on, and the SHARKmodule has been utilized throughout the
calculations [38]. The ‘‘domain-based local pair natural orbital”
(DLPNO) approximation was utilized during calculations with the
second-order Møller-Plesset perturbation theory [39]. The investi-
gation of the non-covalent interactions (NCI) with the reduced-
density-gradient (RDG) method [40], related atoms-in-molecules
(AIM) analysis [41], and charge decomposition analysis (CDA)
[42] have been performed with the Multiwfn 3.8 program [43].
The Python code VibAnalysis has been used for the vibrational
mode automatic relevance determination (VMARD) analysis of
the DFT calculated IR spectrum and vibrations assignments [44].
The relevant input files were prepared using the Gabedit program
[45], and visualization was done with the VMD software [46].

A DFT investigation has been performed to clarify the influence
of the anion on the experimental NMR spectra. The M06-2X func-
tional [47] combined with the 6-311G(d,p) basis set was used for
the geometry optimization. This selection was dictated by the
accuracy and diversity of usage of the M06-2X functional for vari-
ous system types [48–52]. Moreover, the M06-2X functional is well
known for its ability to reproduce weak non-covalent and ionic
interactions [53,54]. Here it should be highlighted that the chosen
method was robust enough for the systems under study; however,
for larger systems (e.g., for those with a few long alkyl chains), the
fast B97-3c method should be considered as a method of choice
[55–57].

Both the explicit and implicit solvation models were employed
to account for the solvent’s influence. Two molecules of DMSO
were coordinated near the site of cation–anion interaction, and a
conductor-like polarizable continuum model (CPCM) was utilized
to consider solvation implicitly [58,59].

The 1H NMR chemical shifts have been calculated over the
CPCM-M06-2X/6-311G(d,p) optimized geometries using the
gauge-including atomic orbital (GIAO) approach [60,61] combined
with various computational methods, namely Hartree-Fock, M06-
2X, M06-L [47], DLPNO-MP2 [62], and the triple-zeta segmented
contracted basis set pcSseg-2, which was optimized for nuclear
magnetic shielding predictions [63]. The M06-2X/6-311G(d,p)
NMR chemical shifts were also considered for comparison.

2.4. Synthesis of cetylpyridinium perchlorate (CPPC)

Two CPPC samples were synthesized from solutions at temper-
atures of 20 �C (CPPC20) and 80 �C (CPPC80). An excess of sodium
perchlorate 1.0 M solution (2 mL, 2 mmol) was dropwise added to
the stirred 0.01 M solution of CPC (100 mL, 1 mmol) at a chosen
temperature. The resulting white precipitate was filtered and
washed with a small quantity of cold double distilled water. The
resulting white powder cake was air-dried. The yield of CPPC20
has been found to be of 90 % (0.364 g), whereas the yield of CPPC80
has resulted in 78 % (0.315 g). Mp 100 �C. 1H NMR (DMSO d6,
400 MHz), d (ppm): 9.08 (2H, d, o-CHpyridinium), 8.60 (1H, t, p-CHpyri-

dinium), 8.16 (1H, t, m-CHpyridinium), 4.59 (2H, t, CH2N), 1.91 (2H, m,
b-CH2), 1.24–1.27 (26H, m, 13[CH2]), 0.86 (3H, t, CH3).

13C NMR
(DMSO, 100 MHz), d (ppm): 145.42, 144.66, 128.04, 60.77, 31.25,
30.64, 29.00, 28.96, 28.87, 28.74, 28.66, 28.34, 25.36, 22.04,
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13.87. Elemental analysis, found (%): C, 62.30; H, 9.63; N, 3.28;
molecular formula C21H38ClNO4 requires (%): C, 62.43; H, 9.48; N,
3.47.

3. Results and discussion

3.1. Synthesis of the cetylpyridinium perchlorate ionic liquid

To check the possible influence of reaction conditions on the
final product, the synthesis of the CPPC ionic pair by a salt
metathesis reaction between cetylpyridinium chloride and sodium
perchlorate was taken at two different temperatures. Conse-
quently, two samples were obtained, and these were the current
study’s object. The structural formula of the CPPC ionic pair is pre-
sented in Fig. 1.

3.2. Differential thermal analysis

The DTA investigations were carried out to determine the phase
transitions temperatures of the two prepared CPPC samples.
Defined quantities of CPPC were heated to 310 �C with the heating
rate of 12 �C/min. Both of the DTA heating curves contain two ther-
mal effects (Fig. 2). It must be clarified that the CPPC DTA heating
curves do not contain any characteristic thermal effects of the ini-
tial compounds, namely cetylpyridinium chloride monohydrate
[23] and NaClO4 [64].

The temperatures of the endothermic effects do not differ sig-
nificantly: 100 �C for the CPPC20 sample and 99 �C for the CPPC80
sample. This temperature difference can be caused by the DTA
device sensitivity. However, the temperatures of the exothermic
effects observed for the above CPPC samples (265 �C and 239 �C,
respectively) have been found to differ significantly: DT = 26 �C
(Fig. 2). The changes in the external look of the samples after heat-
ing (from white to black) and the weight loss of Dm = 82.1 % indi-
cate that CPPC undergoes an irreversible decomposition at the
temperature of the exothermic effect. In turn, the sharpness of
the exothermic effects indicates a rapid decomposition of the
investigated samples. The difference in the decomposition temper-
atures will be discussed below.

To prevent the decomposition of CPPC, as well as to determine
the nature of the endothermic effect, the second series of heating of
the CPPC samples was carried out only to 150 �C (see the insets of
Fig. 2). The heating rate was chosen at 4 �C/min to avoid decompo-
sition of the samples. The DTA heating curve of CPPC crystalized at
20 �C contains one endothermic effect (101 �C) which has a corre-
sponding exothermic effect at 78 �C (the inset of Fig. 2a). After the
thermal treatment, the resulting sample was melted and had white
with a yellowish tinge color. Since this effect is reversible and does
not cause any sample weight and color changes, the endothermic
effect corresponds to the melting of CPPC. The sharpness of the
exothermic peak shows a fairly high crystallization rate of CPPC.

The investigated CPPC sample exhibits a significant undercooling
DT = 23 �C, which is often inherent for pure materials [65]. An anal-
ogous DTA experiment was carried out for the CPPC sample
obtained at a higher temperature (the inset of Fig. 2b). As seen,
the results obtained for both of the investigated samples are simi-
lar, thus confirming the congruent melting of CPPC at 100 �C.

By comparing the areas of the DTA peaks recorded for CPPC and
for the standard material under the same conditions, the heat of
fusion of CPPC has been estimated. As a standard material [30], a
known amount of pure indium (Tm = 156.6 �C, Dhm = 28.66 J/g
[66]) was used. The heat of fusion values were found to be
170.8 J/g and 115.4 J/g for the CPPC20 and CPPC80 samples, respec-
tively. Because of the above significant difference between the heat
of fusion values, the CPPC80 sample was repeatedly scanned by
DTA; and the heat of fusion value determined for this re-
crystallized CPPC sample equals 170.9 J/g, in excellent agreement
with the value obtained for the CPPC sample synthesized at 20 �C.

As the heating rate was constant in both cases, the observed dif-
ference in the CPPC decomposition temperatures can be condi-
tioned by different sizes of crystallites and/or by different
amounts of the amorphous phase content of the samples synthe-
sized at different temperatures. This suggestion was confirmed
by the XRD analysis (see below).

3.3. X-ray diffraction measurements

The powder XRD measurements were used for phase identifica-
tion and for determination of the cell parameters of the synthe-
sized CPPC samples. The XRD patterns obtained for both of the
CPPC samples are shown in Fig. 3. The phase analysis was carried
out by comparing the observed XRD patterns of CPPC with the pat-
terns of the starting compounds, CPC monohydrate [67] and
NaClO4 [68]. It has been revealed that the XRD patterns of both
CPPC samples do not contain peaks of the initial phases.

The XRD patterns of both CPPC samples reveal sharp diffraction
peaks indicating the presence of a well-crystallized CPPC fraction.
However, the wavy background curves (see Fig. 3) clearly indicate
the presence of certain amounts of the amorphous CPPC compo-
nent in the samples. The crystallinity degrees calculated by using
the PDAnalysis software for the CPPC samples obtained at 20 �C
and 80 �C are � 65 % and � 59 %, respectively. Both of the XRD pat-
terns are characterized by the same system of reflexes. Analysis of
these patterns has revealed the fact that the diffraction peaks are
better resolved and manifested for the CPPC20 sample (Fig. 3), in
agreement with the above conclusion about the crystallinity
degrees.

Both the one-time-melted CPPC samples were additionally
investigated by XRD analysis. The powder diffraction patterns of
the CPPC samples crystallized from the melt are similar to each
other and to the pattern of the CPPC80 sample. For both melted
samples, the calculated crystallinity is � 68 %, and the peak inten-

Fig. 1. Structure and numbering of the CPPC ionic pair.
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sities are higher than those observed for the as-synthesized CPPC
sample (Fig. 3c). An increase of crystallinity after melting for the
CPPC20 and CPPC80 samples is confirmed by a decrease of the
FWHM (full width at half maximum) values which are 0.1397�
and 0.1635� before melting and 0.1172� and 0.1348� after melting,
respectively. The fact that only a few peaks appear more intense
after melting is caused by the samples’ preferred orientation due
to plate-shaped crystallites.

The cell parameters of the CPPC20 sample were determined
from the XRD pattern by using the autoindexing procedure of the
EXPO2014 program. The indexing has shown that CPPC crystallizes
in the monoclinic crystal system (syngony) with the cell parame-
ters a = 20.31 Å, b = 16.20 Å, c = 7.25 Å, b = 95.26�, and with the cell
volume V = 2375 Å3. Calculated from the density measurements
(d = 1.1445 g/cm3) and cell volume, the number of formula units
in the unit cell is Z = 4.

3.4. Fourier-transform infrared spectroscopy

To assign the IR peaks to specific vibrations, the vibrational
mode automatic relevance determination (VMARD) analysis of

the DFT calculated frequencies has been performed with the VibA-
nalysis program. The model CPPC structure was arranged to max-
imize the electrostatic interionic attraction; thus, the perchlorate
anion was located as close as possible to the ortho-position of the
pyridinium ring and the a-methylene group. The DFT geometry
and frequencies were calculated with the B3LYP functional [69]
and the 6-311G(d,p) basis set on H, C, and N atoms, whereas the
diffuse functions have been added to O and Cl atoms. The dielectric
constant was set to infinity to model the crystalline state of the
CPPC via the conductor-like polarizable continuum model (CPCM)
[58,59]. The selection of this level of theory was dictated by its
good performance in predicting vibrational frequencies [70–73].
The optimized geometry and the assignment of vibrational fre-
quencies are presented in the supplementary materials (see Tables
S1 and S2).

The FT-IR ATR spectra of both CPPC20 and CPPC80 samples
were identical so we will discuss only the CPPC20 spectrum in
detail. Fig. 4 presents the overlapped FT-IR ATR spectra of the
solid-state CPPC sample (Fig. 4a) and CP chloride monohydrate
(CPCH) (Fig. 4b). The characters of both these spectra are similar,
with only a marginal difference in some peaks’ wavenumbers,

Fig. 2. DTA curves of the CPPC samples obtained at 20 �C (a) and 80 �C (b); insets – the curves obtained for the corresponding CPPC samples in the temperature range of 30–
150 �C.

Fig. 3. XRD powder patterns of the CPPC samples synthesized at 20 �C (a) and 80 �C (b), and the overlapped peaks (c).
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which testifies the similarity of the CPPC and CPCH structures.
Here we will focus on the CPPC peaks. Thus, very weak peaks at
2953, 3075, and 3137 cm-l correspond to the CAH stretching vibra-
tions of the pyridinium ring. The symmetric and asymmetric
HACAH stretching vibrations of the cation’s alkyl chain can be
observed as medium bands at 2851 and 2916 cm�1, respectively.
A weak peak at 1640 cm�1 corresponds to the C@C and C@N
stretching vibrations in the aromatic ring. The bends in the region
of 1223–1507 cm�1 correspond to the CACAH vibrations of the
ring and to the HACAH vibrations (bending, wagging, twisting)
of the alkyl chain. The peak at 1182 cm�1 can be addressed to
the H2CAN+ stretching vibrations. The strong peak at 1087 cm�1

is related to the asymmetric stretching in the ClO4
– anion. The weak

band at 823 cm�1 should be addressed to the HACH2AC bending of
the terminal methyl group. The strong peaks at 784 cm�1 and
691 cm�1 correspond to the ring’s out-of-plane CAH bendings.
Rocking HACAH vibrations in the alkyl chain cause the medium
band at 720 cm�1.

3.5. Nuclear magnetic resonance study

CPPC was synthesized via the substitution of the chloride anion
in CPCH with the perchlorate anion; this substitution is expected
not to make a difference between the NMR spectra of the two com-
pounds. For a more convenient comparison, the 1H NMR spectra of
(CD3)2SO solutions of CPPC and CPCH were overlapped in Fig. 5.
The 1H NMR spectrum of CPCH was taken from our previous work
[23]. The peaks at 2.50 ppm and 3.29/3.39 ppm correspond to the
solvent and residual water signals, respectively. As expected, the
signals of the aromatic pyridinium ring are located in the down-
field area of the spectrum. In contrast, the signals of the alkyl chain
are located in the upfield area. Thus, the triplet at 0.86 ppm with a
relative intensity of 3 corresponds to the terminal methyl group of
the cetyl chain. The intense peak at 1.24–1.27 ppm is the over-
lapped signals of the C3-C15 methylene groups of the cetyl chain.
The multiplet at 1.91 ppm with a relative intensity of 2 corre-
sponds to the signal of the cetyl chain’s b-methylene (C2) bridge.
The signal of the a-methylene group (C1) of the chain is down-
shifted due to the electron-withdrawing character of the pyri-
dinium ring and appears at 4.59 ppm as a triplet with a relative
intensity of 2. ortho-, meta-, and para-protons of the pyridinium
ring appears in the spectrum at 9.07 ppm (doublet), 8.16 ppm (tri-
plet), and 8.63 ppm (triplet), respectively. Here we have to high-
light noticeable upfield shifts of the a-methylene group (about
0.1 ppm) and ortho-protons (about 0.2 ppm) of the ring compared
to the corresponding signals in the CPCH spectrum.

Fig. 6 represents the overlapped 13C NMR spectra of the CPPC
and CPCH solutions in (CD3)2SO. Again, the aromatic pyridinium
ring signals are located in the downfield area: the peaks at
128.04, 144.06, and 145.42 ppm correspond to the meta-, ortho-,
and para-carbon atoms of the pyridinium rings. The peak at
60.77 ppm corresponds to the a-CH2 group signal. The peaks in
the region of 22.04–31.25 ppm are related to the chain’s signals
of C2-C15 carbon atoms. The most upfield peak at 13.87 ppm cor-
responds to the terminal methyl group carbon atom. Small but
noticeable differences in the spectra of CPPC and CPCH should be
highlighted. Compared with the spectrum of CPCH, the most signif-
icant downfield shift for 0.29 ppm is observed for the a-methylene
group signal. Oppositely, the upfield differences of 0.17 and
0.16 ppm should be addressed to the ring’s ortho-carbons and
the b-methylene group carbon atom, respectively.

As was suggested earlier, the observed differences in the NMR
chemical shifts between the different salts of cetylpyridinium can
be caused by the aggregation of surfactant cetylpyridinium salts
into micelles [23]. In order to check whether CPPC and CPCH are
aggregated in the DMSO solutions, conductometric measurements
were performed (see below).

3.6. Conductivity measurements

It was suggested that the observed differences in the NMR
chemical shifts might be caused by the association and micelle for-
mation of the CPPC molecules in the DMSO solution. To verify this
hypothesis, the electrical conductivity (j) of the CPPC solutions in
DMSO was measured, as well as the corresponding molar conduc-
tivity (Km) values were calculated from the relationship Km = j/C.
However, the trivial dependencies like j = f(CCPPC) (Fig. 7a), pj = f

(pCCPPC) (see Fig. S1a in supplementary materials), or Km = f(
p
C)

(see Fig. S1b in supplementary materials) were not very useful in
the direct determination of the critical micelle concentration
(CMC) value. On the other hand, it was shown that the plots of
the first and second derivatives of the conductivity over the con-
centration are extremely useful in determining the cationic surfac-
tants’ CMC values [74]. Thus, the first and second derivatives of
conductance over the concentration of the CPPC solution are
shown in Fig. 7b. The infection points of the dj/dC curve give the
CMC region determined from the first derivation, whereas the
extremum point of the d2j/dC2 curve corresponds to the CMC value
(0.014 mol/L). In our previous investigation [23], the first CMC of
the DMSO solution of CPC was estimated to be equal to
0.01 mol/L. As mentioned in the experimental section, the DMSO
solution of CPPC was prepared by mixing 38 mg of CPPC and

Fig. 4. FT-IR spectra of CPPC (a) and CPCH (b).
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0.6 mL of DMSO d6, corresponding to the CPPC concentration of
0.157 mol/L.

Similarly, the concentration of the reference CPC solution equals
0.154 mol/L. Both these values are quite close and much higher
than the determined CMC values, which means that the recorded

NMR spectra correspond to micelles of CPC and CPPC. This allows
us to conclude that the observable differences in the chemical
shifts are caused by the anion’s influence in the electrical double
layer of a micelle. To validate this assumption, the DFT computa-
tions have been performed.

Fig. 5. Overlapped 1H NMR spectra of CPPC (red) and CPCH (blue). (For interpretation of the references to color in this figure legend, the reader is referred to the web version
of this article.)

Fig. 6. Overlapped 13C NMR spectra of CPPC (red) and CPCH (blue). (For interpretation of the references to color in this figure legend, the reader is referred to the web version
of this article.)

Fig. 7. Conductivity measurements: (a) the relationship between the conductivity j and concentration C. The equations that represent the linear parts of the conductivity
curve below and above the CMC value are shown in purple and red, respectively; (b) first (red) and second (purple) derivatives of the conductance over the concentration. (For
interpretation of the references to color in this figure legend, the reader is referred to the web version of this article.)
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Analysis of the conductivity curve j = f(C) in the regions below
and above CMC allows for determining the degree of counter-ion
binding (b). According to the equation b = 1 � S2/S1, S1 is the slope
of the conductivity curve below the CMC, and S2 is the conductivity
curve above the CMC. According to the slopes’ values presented in
Fig. 7a, the degree of counter-ion binding was calculated to equal
0.284.

3.7. DFT NMR modeling

Atomistic models representing the interaction between the CP
cation and the anion (Cl– or ClO4

–) in a micelle were organized to
provide a maximal electrostatic interaction between the cation
and anion. According to our previous study, the areas with the
maximal electrostatic potential values are located near the hydro-
gen atoms in the ortho-position of the pyridinium ring and the a-
methylene group of the cetyl chain [75]. For this reason, to maxi-
mize the electrostatic interionic attraction, the anion (Cl– or ClO4

–)
was located as close as possible to the ortho-position of the pyri-
dinium ring and the a-methylene group. The geometries of the
models were optimized, and respective second derivatives were
calculated analytically to verify that the obtained structures are
true minima and that there are no imaginary frequencies in the
corresponding Hessians. The atoms’ Cartesian coordinates of the
optimized systems are presented in the supplementary materials
(Tables S3 and S4).

Table 1 summarizes the chemical shifts and corresponding dif-
ferences computed with the aforementioned methods. The signal
of the cetyl chain’s terminal methyl group was considered as an
internal standard. All the considered methods correctly predict
the experimentally observed upfield shift during the substitution
of the chloride anion with the perchlorate anion. It must be noted,
however, that the theoretical techniques considerably overesti-
mate the values of the chemical shifts difference; nevertheless,
all the methods, at least qualitatively, predict the higher upfield
shift of the ortho-position hydrogen atom as compared with the
a-methylene group hydrogen. Taking into account that the chem-
ical shifts’ differences were most correctly predicted by the M06-
2X/6-311G(d,p) level of theory, the electron densities generated
at this level were used for further analysis of the model systems.

Optimized geometries of the model CPC and CPPC ion pairs with
two DMSO molecules are presented in Fig. 8. To analyze the inter-
actions between the CP cation and the anion (Cl– or ClO4

–), the
topology analysis in terms of the ‘‘Atoms-in-Molecules” theory
(AIM) [41,76], as well as non-covalent interaction via the reduced
density gradient method (NCI-RDG) have been performed
[40,77]. The results of the AIM analysis of the considered ion pairs
are presented in Fig. 8a and Fig. 8b: bond critical points (BCPs) are

shown as blue dots, ring critical points as red dots, and cage critical
points as pink dots. In the present study, we were focused on the
analysis of the BCPs between the CP cation and the anions consid-
ered. Thus, in the case of CPC, four interionic BCPs have been
observed (Fig. 8a, points p1–p4), whereas, in the CPPC ion pair,
seven interionic BCPs have been found (Fig. 8a, points p5–p11).
The characteristics of the BCPs are summarized in Table 2. In gen-
eral, it should be noticed that the BCPs are located between the
anion (atom Cl31) and hydrogen atoms in the ortho-position of
the pyridinium ring, a-, b-, and c-methylene groups. Considering
only the electron density values at BCPs, it is hard to precisely
quantify the strength of interionic interactions in CPC and CPPC.
For example, the maximal value of electron density (0.01278 a.u.)
was observed in the case of CPC between the chloride anion and H8
hydrogen atom in the ortho-position of the pyridinium ring. How-
ever, in the case of CPPC, two oxygen atoms of the anion, O65 and
O62, interact with the H8 atom, and corresponding BCPs are char-
acterized by the electron density values of 0.01026 and 0.00620 a.
u., respectively. The atoms were numbered according to Cartesian
coordinates presented in Tables S3 and S4 (supplementary
materials).

The above-discussed AIM and NCI-RDG analyses show the pres-
ence of strong interionic interactions in the CPC and CPPC models/
micelles. However, to clarify the observable upfield shifts in the
NMR spectra, the charge decomposition analysis (CDA) was per-
formed using the Multiwfn software [43]. At this stage, we were
mainly interested in studying interactions between the CP cation
and the considered anions. The electron density generated at the
CPCM-M06-2X/6-311G(d,p) level of theory was used. The data
obtained from the CDA are summarized in Table 3. As expected,
in both CPC and CPPC, the amount of donated electrons from the
cation to the anion is characterized by small negative values, which
shows that the donation of electrons from a cation to an anion is an
unfavorable process. Oppositely, donating electrons from an anion
to the cetylpyridinium cation is much more favorable, especially in
the case of the perchlorate anion.

To summarize, the difference between the considered donations
shows that net transferred electrons from the anion to the cation
are equal to about 0.0526 and 0.0227 in the cases of CPPC and
CPC, respectively. The negative values of the overlap population
between the occupied fragment orbitals of the two ions in the cor-
responding complex orbital reveal that the repulsive effect domi-
nates the overall interaction between the occupied orbitals of the
ions, resulting in the moving of the corresponding electrons from
the overlapping region towards the non-overlapping ones. The
higher electron donation in the case of perchlorate explains the
observed upfield NMR shift compared with chloride. Thus, the
higher electron donation to the interacting hydrogen atoms in

Table 1
1H NMR chemical shifts of the hydrogen atoms in ortho-position of the pyridinium ring and the a-methylene group in the CPC and CPPC model systems with two DMSO
molecules, calculated with the M06-L, M06-2X, Hartree-Fock, and DLPNO-MP2 methods. The CPCM solvation is included in all the calculations. All values are given in ppm.

M06-L/pcSseg-2 M06-2X/pcSseg-2 Hartree-Fock/pcSseg-2 DLPNO-MP2/pcSseg-2 M06-2X/6-311G(d,p) Experimental

CPC
ortho-position

10.44 11.31 10.74 10.52 11.07 9.28

CPPC
ortho-position

9.65 10.69 10.16 9.85 10.77 9.08

difference
ortho-position

0.80 0.62 0.58 0.68 0.31 0.20

CPC
a-CH2 group

5.24 5.45 5.11 5.54 5.26 4.68

CPPC
a-CH2 group

4.88 5.02 4.67 5.12 4.98 4.59

difference
a-CH2 group

0.35 0.43 0.44 0.43 0.29 0.09
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the ortho-position of the pyridinium ring and the a-methylene
group causes the shielding of the protons and results in their
upfield chemical shifts.

4. Conclusions

According to the literature data, the cetylpyridinium perchlo-
rate salt is an interesting compound with broad scientific explo-
ration areas. However, there was a gap in the fundamental
properties of this ionic pair, which was tried to get filled in the pre-
sent study. Two samples of cetylpyridinium perchlorate salt were
synthesized at 20 �C and 80 �C, characterized by different crys-
tallinity degrees. According to the thermal investigations, CPPC
melts congruently at 100 �C. It has been established that the syn-
thesis of CPPC at a lower temperature leads to a higher crystallinity
degree of the sample. The sample with a higher crystallinity degree
(i.e., that formed at 20 �C) is characterized by a higher decomposi-
tion temperature (Td = 265 �C) as compared to the sample obtained
at 80 �C (Td = 239 �C). Cetylpyridinium perchlorate crystallizes in

the monoclinic crystal system. The FT-IR and NMR analyses
unequivocally confirm the presence of the unmodified, non-
covalently bonded cetylpyridinium and perchlorate ions.

The experimentally observed difference in 1H NMR chemical
shifts of the hydrogen atoms in the ortho-position of the pyri-
dinium ring and the a-methylene group of CPPC compared to
CPC, has been explained by a high interionic electron transferring
from the anion to cation, which is theoretically calculated for the
associated forms of CPPC and CPC. The existence of CPPC and CPC
in partly associated micellized structures has been confirmed by
the conductivity measurements, which allowed to estimate of a
critical micelle concentration of CPPC in DMSO as 0.157 mol/L,
and the degree of counter-ion binding was found to be equal to
0.284. Considering that the determined critical micelle concentra-
tion of CPPC and CPC is lower than the concentrations of the solu-
tions studied by NMR, we can assume that the experimentally
observed peak differences in the NMR spectra are primarily due
to the donating (shielding) activity of the anions rather than the
micelle formation itself.

Fig. 8. AIM analysis of CPC with two DMSO molecules (a); AIM analysis of CPPC with two DMSO molecules (b); NCI-RDG analysis of CPC with two DMSO molecules (c); NCI-
RDG analysis of CPPC with two DMSO molecules (d); CPC and CPPC are shown in the ‘‘balls-and-sticks” style, whereas the DMSO molecules are shown in the ‘‘tubes” style.

Table 2

Characteristics of the interionic BCPs determined for the CPC and CPPC ion pairs, including two molecules of DMSO. The interacting atoms corresponding to the BCPs are shown.

CPC CPPC

BCP Interacting atoms electron density,
a.u. � 100

BCP Interacting atoms electron density,
a.u. � 100

BCP Interacting atoms electron density,
a.u. � 100

p1 Cl31–H8 1.278 p5 O65–H8 1.026 p9 O63–H21 0.839
p2 Cl31–H14 0.892 p6 O62–H8 0.620 p10 O65–H21 0.781
p3 Cl31–H17 0.496 p7 O62–H14 0.958 p11 O65–H17 1.058
p4 Cl31–H21 0.453 p8 O65–H14 0.885

Table 3

Charge decomposition analysis for the CPPC and CPC models with two DMSO molecules: cation-to-anion donation, anion-to-cation donation, the difference between the
donations, and the overlap population. All the values are given in electrons.

Cation-to-anion
donation

Anion-to-cation
donation

Difference Overlap population

CPPC �0.002139 0.050415 �0.052555 �0.081124
CPC �0.004204 0.018464 �0.022668 �0.100681
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Comparing the 1H NMR chemical shifts calculated at the CPCM-
M06-L/pcSseg-2, CPCM-M06-2X/pcSseg-2, CPCM-Hartree-Fock/
pcSseg-2, CPCM-DLPNO-MP2/pcSseg-2, and CPCM-M06-2X/6-
311G(d,p) levels of theory with the experimental values, one must
conclude that the results obtained with the CPCM-M06-2X/6-311G
(d,p) method are the most accurate.
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