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New cationic ionic liquid surfactants (ILS) based on (Co-Cqg, Ci2 and Cq4) alkyl bromides and N-2-
hydroxypropyl piperidine have been synthesized. Colloidal parameters of aqueous solutions of the
obtained ILSs were studied by surface tension and dynamic light scattering methods. Specific electrical
conductivity was measured by the conductometric method. Depending on the alkyl chain length, critical
micelle concentration (CMC), maximum adsorption (I',.x), the minimum cross-sectional area of the sur-
factant polar group (Amin), adsorption efficiency (pCyp), surface pressure (mcyc), degree of counterion
binding (B), changes of the Gibbs free energy of micellization and adsorption (AGp,c and AG,q) were stud-
ied. The ILSs antimicrobial properties were tested on various bacteria and fungi.

© 2021 Elsevier B.V. All rights reserved.

1. Introduction

Ionic liquids are salts consisting of organic cations and organic
or inorganic anions in liquid state at temperatures below 100 °C
[1]. Ionic liquids are compounds with unique physicochemical
properties such as high thermal stability, low flammability, low
vapor pressure, and suitable solvents for many polar and non-
polar substances [2]. The unique properties mentioned above lead
to the expansion of the ionic liquids application area. Ionic liquids
with long alkyl chains possess amphiphilic properties and exhibit
similar properties to conventional cationic surfactants [3]. There-
fore, ILSs have been utilized in liquid-solid extraction [4], corro-
sion protection [5], synthesis of functionalized carbon nanotubes

Abbreviations: CMC, Critical micelle concentration; C,HPB, N-alkyl-N-methyl-3-
hydroxypiperidinium bromides; C,HPPB, N-alkyl-N-(2-hydroxypropyl)piperidi
nium bromides; C,PDB, N-alkyl-N-methyl-piperidinium bromides; CPP, Critical
packing parameter; DLS, Dynamic light scattering; ILS, lonic liquid surfactant; N,
Aggregation number.

* Corresponding author.
E-mail address: rarahimov@beu.edu.az (R.A. Rahimov).

https://doi.org/10.1016/j.molliq.2021.117783
0167-7322/© 2021 Elsevier B.V. All rights reserved.

[6,7], phase-transfer catalysts [8], oil recovery industry [9], disper-
sants [10], green solvents [11], cosmetics, and textile industries
[12]. For this reason, the analysis of the physical and colloid-
chemical properties of surface-active ionic liquids in aqueous solu-
tions is very important for the investigation of possibilities of their
application in various fields. Extensive studies were carried out on
the micellization abilities of ILSs based on imidazolium, mor-
pholinium, pyrrolidinium, pyridinium, and piperidinium cations
[13]. In addition to research on the synthesis and study of conven-
tional ionic liquids, considerable works have been carried out on
functionalized ionic liquids. Namely, ionic liquids functionalized
with the carboxyl group exhibit the ability to dissolve large quan-
tity metal salts [14]. Nitrile group containing ionic liquids boost
electrochemical stability [15], and they are distinguished from pri-
mary ionic liquids by the extraction efficiency of amines [16].
Hydroxyl-functionalized ionic liquids have been of interest to
researchers in recent years [17,18]. Hydroxyl-functionalized
imidazolium-based ionic liquids have increased the dissolution of
HgCl, and LaCls salts and effective adsorption of amino acids
[19,20]. In addition, by changing the length of the alkyl chain of
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a surfactant, it is possible to change the size of metal nanoparticles
[21,22]. In functionalized imidazolium-based ionic liquids, the
value of CMC is lower than imidazolium-based surfactants with
the same alkyl chain [23]. Hydroxyl-functionalized pyrrolidinium
ionic liquid was more effective than other ionic liquid solvents dur-
ing the transesterification reaction [24]. The CMC value of 2-
hydroxyethyl-functionalized ILSs with pyrrolidinium head group
is two-fold smaller than that of surfactants with a similar pyrroli-
dinium head group. At the same time, the micellization and solubi-
lization abilities of these surfactants are higher than those of other
cyclic head group surfactants (imidazolium and morpholinium)
and classical alkyltrimethylammonium bromides. Consequently,
these surfactants can retain antibacterial properties at very low
concentrations [25]. Mirgorodskaya et al. synthesized surfactants
with the 3-hydroxypiperidinium head group and studied their
aqueous solutions by various physicochemical methods. It was
determined that surfactants with the 3-hydroxypiperidinium head
group exhibit higher solubilization ability than the surfactants
with the piperidinium head group, and their CMC value is lower
[26]. Therefore, the synthesis and study of the new hydroxyl-
functionalized ILSs can be a vital contribution to the area of
surfactants.

The work was devoted to the synthesis of new surfactants with
Co-C10, C12 and Cy4 alkyl chain and (2-hydroxypropyl)piperidinium
head group, and their aqueous solutions were investigated by ten-
siometric, conductometric, and DLS methods. The surfactivity
parameters of the obtained surfactants were compared to the
methylpiperidinium and N-methyl-3-hydroxypiperidinium head
groups. Additionally, the antimicrobial properties of the synthe-
sized surfactants with (2-hydroxypropyl)piperidinium were
investigated.

2. Experimental part
2.1. Reagents and devices

Bruker NMR spectrometer (300.13 MHz) was used for recording
TH NMR spectra. 1-bromononane (Alfa Aesar GmbH & Co KG, Ger-
many), 1-bromodecane (Alfa Aesar, England), 1-bromododecane
(Alfa Aesar, England), 1-bromotetradecane (Sigma Aldrich, Japan),
piperidine (99%, Alfa Aesar) and propylene oxide (98%, Alfa Aesar)
of analytical grade were taken. All the spectra of the synthesized
compounds were added to the supporting information (SI).

2.2. Synthesis of N-2-hydroxypropyl piperidine

N-2-hydroxypropyl piperidine was synthesized from piperidine
and propylene oxide in a 1: 1 mol ratio according to the following
scheme (Scheme 1):

0.1 mol of piperidine was placed in a flat-bottomed flask, and
0.12 mol of propylene oxide was added. The reaction was carried
out at room temperature for 50 h in a nitrogen atmosphere by mix-
ing with a magnetic stirrer in a solvent-free condition. Because of
the exothermic reaction, the flask was initially poured into the
ice bath, thus preventing a temperature elevation. Impurities were
removed from the reaction product by vacuum distillation. The
reaction yield was defined as 97%. The reaction product is a yellow-

H + CH,—CH—CH, >

N
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ish clear liquid. It is miscible in water, ethanol, acetone and par-
tially soluble in hexane. The structure of the synthesized N-2-
hydroxypropyl piperidine was confirmed by NMR and IR spectro-
scopic methods. IR v, cm~': 3419 v (OH), 2930, 2855 and 2796 v
(C — H), 1446 and 1373 5 (C — H), 1276 and 1211 v (C — N),
1089 and 1045 v (C — 0O). (Fig. S1). '"H NMR, (300.13 MHz, D,0),
3 (ppm): 1.02 (d, 3H), 1.32-1.46 (m, 6H), 2.25-2.38 (m, 6H), 3.92
(m, 1H), 3C NMR (75 MHz, CDCls) é 68.10, 62.09, 55.57, 27.49,
24.11, 21.06.

2.3. Synthesis of cationic ILSs based on N-2-hydroxypropy! piperidine

0.1 mol of N-2-hydroxypropyl piperidine and 30 ml of acetoni-
trile were placed in a flat-bottomed double-necked flask. After the
proper homogenization, 0.1 mol of 1-bromononane (1-
bromodecane, 1-bromododecane or 1-bromotetradecane) was
added to it. The reaction was conducted in a flask equipped with
a magnetic stirrer at reflux condition of acetonitrile for 30-35 h.

The scheme of obtaining ILSs can be shown as follows
(Scheme 2).

The synthesized cationic ILS was distilled in a vacuum to purify
the reaction mixture. In this case, the ILSs were separated from the
solvent and the unreacted 1-bromoalkane. For purification of the
synthesized gemini surfactants, they were crystallized in acetone
thrice. The yield of the synthesized ILSs was 94-95%. They are mis-
cible in ethanol, acetone, ethyl acetate, and partially dissolved in
water. The structure of the cationic ILSs was elucidated by NMR
and IR spectroscopic methods. 1-bromododecane based ILS: IR v,
cm™!: 3288, 3256 v (OH), 2919 and 2852 v (C — H), 1462 and
1373 3 (C — H), 1263 v (C — N), 1081 and 1043 v (C — 0), 722 §
-(CH,)-x (Fig. S3). '"H NMR, (300.13 MHz, D,0), § (ppm): 0.77 (t,
3H), 1.16-1.18 (d, 3H), 1.26-1.32 (m 18H), 1.58-178 (m, 6H),
3.22-3.47 (m, 6H), 4.31 (m,1H) (Fig. S4).

2.4. Surfactivity measurement of the produced ILSs

The surface tension of the synthesized ILSs was measured using
Du Nouy tensiometer [27]. For this purpose, 0.00025-0.3% aqueous
solutions of the cationic ILSs were prepared, and after 24 h storage,
their surface tension was recorded at 298 K. All the solutions were
prepared with distilled water. The surface tension of the utilized
water at the border with air at 298 K was measured as 72.0 mN/
m. The results with an error of the tensiometer less than = 0.2
mN/m were used.

2.5. Specific electroconductivity measurement of the synthesized ILSs

Specific electroconductivity of the aqueous solutions of the
cationic ILSs was recorded using Anion-402 conductometer. For
this purpose, 0.001-0.5% aqueous solutions were prepared, and
after 24 h, their specific electroconductivity was determined at
298 K [27]. Specific electroconductivity of distilled water used for
the preparation of the solutions at 298 K was equal to 2.0-2.3
uS/cm. During the study, the results with an error of the conduc-
tometer less than + 0.2 puS/cm were used.

Q—CHZ—CH—CHs

H

Scheme 1. Reaction scheme of the synthesis of N-2-hydroxypropyl piperidine.
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R

N—CH,—CH—CH,4

Br J)
H

R=C9H 9, CioHa21, C12Hzs, C14Hao.

Scheme 2. Synthesis of cationic ILSs by the interaction of N-2-hydroxypropyl piperidine with 1-bromoalkanes.

2.6. Dynamic light scattering (DLS)

The size distribution of the aggregates formed by the cationic
ILSs in water was recorded at 25 °C using the Particle Size Analyzer
(HORIBA LB-550, Japan). The device uses a 650 nm laser diode with
a power of 5 mW as a light source. The measurement range of the
device was at the range of 1 nm — 6 pm. The concentration of the
samples taken for the study was CMC and 3 x CMC. Each sample
was measured at least thrice. The distribution of solvent diffusion
coefficients (D) was defined by analyzing the correlation function
of data scattering through the CONTIN process. The hydrodynamic
diameter (D) of the aggregates was then obtained using the
Stokes-Einstein equation Dy, = kT/3ntnD, where k is the Boltzmann
constant, T is the absolute temperature, and m is the solvent vis-
cosity at that temperature.

2.7. Antimicrobial properties of ILSs

In order to study the antimicrobial properties of ILSs, the sus-
pensions prepared at concentrations 10° cells/ml (cfu/ml) from
the test cultures of two Gram-positive (Staphylococcus aureus,
Bacillus anthracoides) bacteria, three Gram-negative (Pseudomonas
aeruginosa, Escherichia coli, Klebsiella pneumoniae) bacteria and
fungi (Candida albicans) were evenly distributed on the surface of
the appropriate nutrient media using a spatula. The 6-mm-
diameter sterile discs made of filter paper were soaked in the stud-
ied cationic surfactant and/or its solutions of different concentra-
tions and placed on the surface of the nutrient medium
inoculated with microorganisms. The samples were incubated at
37 °C for one day. The effect of cationic surfactants is determined
by the diameter of the sterile zone (in mm) around the disc, where
no growth of microorganisms is monitored.

The diameter of the sterile zone, which is free of microbial
growth, is inversely proportional to the minimum inhibitory con-
centration of the chemical for the microorganism and describes
the degree of sensitivity.

3. Results and discussion
3.1. Surface properties of the ILSs in aqueous solutions

The surface tension values of the aqueous solutions of the catio-
nic ILSs based on N-2-hydroxypropyl piperidine at the border with
air were determined by tensiometric method. The surface tension
isotherms based on the obtained results were shown in Fig. 1. As
can be seen from the figure, as the concentration of all the four ILSs
in water increases, the values of surface tension decrease. After
reaching a certain concentration, a stabilization in the surface ten-
sion value is observed. The minimum concentration corresponding
to the point of stabilization is considered as CMC. Table 1 shows
the CMC values of the ILSs synthesized. The CMC values of CoHPPB,
C10HPPB, C;,HPPB, and C;4HPPB ILSs are 2.80, 2.03, 1.10, and
0.58 mM, respectively. As can be seen from the table, the CMC val-
ues decrease as the alkyl chain length extends from Cg to Cy4. A
similar pattern is observed in cationic surfactants with a different

head group [28-30]. With elongation of the hydrocarbon chain, the
hydrophobicity of the cationic ILSs increases; therefore their CMC
values decrease. The head group of a surfactant is one of the main
factors affecting micelle stability. In homologous series of single-
alkyl chain surfactants differing by alkyl chains, CMC follows the
Stauff-Klevens rule forecasting the logarithmic dependence of
CMC on the number of carbon atoms in the alkyl group [31]:

logCMC = A — Bn

where A and B are constants for a particular homologous series
of surfactants at a specific temperature, and n is the number of car-
bon atoms in the hydrocarbon chain. A constant varies depending
on the nature and number of hydrophilic groups. However, B is a
constant, indicating the effect of each methylene group added to
the alkyl chain on CMC. For non-ionic surfactants, the value of B
is about 0.5, for surfactants with a paraffin-chain ionic head group,
B =0.28-0.30, and for bivalent ionic surfactants, B = 0.25 [32]. Fig. 2
shows the dependence of the logarithmic values of CMC at a con-
centration of mmol/L and 25 °C on the number of carbon atoms
in the alkyl chain of the synthesized ILSs. The figure shows a
straight line with a slope (B) of 0.1363, intercept (A) 1.3271 and
a coefficient of determination of 0.9999.

Table 1 shows the surfactivity parameters of N-alkyl-N-
methylpiperidinium bromide and N-alkyl-N-methyl-3-hydroxypi
peridinium bromide class surfactants with alkyl chain lengths C;,
and Cy4. When comparing the values of CMC in Tables 1 and 2,
the following sequence will be obtained: C,PDB > C,HPB > C,HPPB.
Thus, when the N-methylpiperidinium head group is replaced by
the N-(2-hydroxypropyl) piperidinium group, the CMC value
decreases. The CMC value is further reduced when the hydroxyl
group in the N-methyl-3-hydroxypiperidinium head group is

703

60+

304

20 T T T
-13 -11 -9 7
InC, (molll)

Fig. 1. Surface tension plots of CoHPPB (1), C;oHPPB (2), C;,HPPB(3) and C;4HPPB(4)
in aqueous solution at 25 °C versus natural logarithmic concentration of surfactants.
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Table 1
Surfactivity parameters of cationic surfactants with different head groups (25 °C).
Surfactants CMC x 10% mol-dm3 Imax % 10'°, mol-cm 2 Amin x 10%, nm? Teme, MN-m—! Yeme, mN-m™!
C,,PDB 11.83 2.31 71.82 31.57 41.43
C14PDB 3.22 235 70.65 31.77 41.23
C;oHPB 10.0 2.04 81.60 29.90 42.10
C,4HPB 3.0 2.37 70.10 31.60 41.40

C,PDB — N-alkyl-N-methyl-piperidinium bromides [33]
C,HPB — N-alkyl-N-methyl-3-hydroxypiperidinium bromides [26]

3:3

3.2+

y=0.1363x+1.3271
R%=0.9999

=g 10 12 14
Cn

Fig. 2. Dependence of -log(CMC) for C,HPPB on the number of carbon atoms in the
alkyl chain.

replaced by the 2-hydroxypropyl group. Therefore, the CMC value
is lower in C,HPPB- type surfactants.

The value of the maximum surface excess concentration (I"max)
of the synthesized ILSs was determined using Gibbs adsorption iso-
therm (1), and the minimum surface area occupied by the polar
group was calculated using equation (2) [32]:

1 . dy

Frox =~ 1R 80, dinc )

Amin = 1016/NArmax

here R is the universal gas constant (8.314 J/mol-K), T is the
absolute temperature, C is a surfactant concentration, N, is Avo-
gadro’s number. The value of n is accepted as 2 since there is one
counterion linked with each cationic head group.

I'max and Anin values for the synthesized ionic-liquid surfac-
tants are given in Table 2. As shown in Table 2, in ILSs, the T"ax
value increases, and the A, value decreases as the length of the
alkyl chain increases from Cg to C;,. The same pattern is observed
in cationic surfactants with other head groups [28,34]. I'ja.x and

Table 2

Anmin values of surfactants with the same alkyl group are given in
Tables 1 and 2. It is evident that I'.x values of surfactants with
N-(2-hydroxypropyl) piperidinium head group are lower, and Ann
values are higher than for surfactants bearing the N-
methylpiperidinium and N-methyl-3-hydroxypiperidinium head
groups.

The surface pressure (mcyc) and the adsorption efficiency (pCag)
are two important parameters to characterize the surface activity.
These parameters were calculated using the following equations:

3)
(4)

where v, is the surface tension of a solvent without a surfactant
and Ycmc is the surface tension in the presence of a surfactant at
CMC [32].

C,g is the concentration of a surfactant used to reduce the value
of surface tension at the water-air interface by 20 mN-m~!. Table 2
shows the surface pressure and adsorption efficiency of the synthe-
sized ILSs. Surface pressure values decrease in the following order:
C12HPPB > C;oHPPB > CoHPPB > C;4HPPB. The values of adsorption
efficiency increase with the elongation of the alkyl chain. A similar
pattern is observed in other classes of cationic [26,32,33]
surfactants.

The surface pressure values of the surfactants containing the N-
methylpiperidinium and N-methyl-3-hydroxypiperidinium head
groups given in Table 1 are lower than the corresponding values
of surfactants with N-(2-hydroxypropyl) piperidinium head group.

The critical packing parameter (CPP) values of the cationic ILSs
are based on the morphology of aggregates formed in an aqueous
solution and calculated by the following equation:

Vi
dp X IC

Tleme = Yo — Veme

pCa = —logCyo

CPP =

(5)

Vy is the effective volume of the hydrophobic chain, ag is the
surface area of the polar head group, and I¢ is the length of the alkyl
chain. At maximum concentration, ap can be replaced by Apin.

The Vy value changes relevant to the number of carbon atoms in
the hydrophobic chain. Vy value should be generated by the fol-
lowing formula [32]:

Vy =274+269x (n— DA’ (6)

The value of Ic can be computed by the following formula
depending on the length of the alkyl chain:

Ic<1.5+1.265x (n—1A (7)

Surfactivity parameters of N-alkyl-N-(2-hydroxypropyl)piperidinium bromide class cationic ILSs (25 °C).

Surfactants CMC x 103, mol-dm™> T'a x 10'°, molem™2  Apin x 102, nm? B Yeme MN-m™! pCyo Teme, MN-m™ AGpie, kKl-mol™!  AG,q, kj-mol~!
CoHPPB 2.80 1.54 107.5 0.24 28.7 401 433 -30.29 -33.03
C10HPPB 2.03 1.68 98.9 030 2538 419 46.2 -32.90 —35.66
C,,HPPB 1.10 1.73 95.8 046 243 433  47.7 -39.17 —41.92
C,4HPPB 0.58 1.46 1135 0.58 36.0 436 36.0 —44.90 —47.36
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Table 3 shows the critical packaging parameters. As can be
observed from the table, CPP values are in the range of 0 + 1/3.
Therefore, the micelles of these ILSs in an aqueous solution are in
a spheroidal form.

The aggregation number, N, can be determined using methods
such as 'H NMR spectroscopic measurements and fluorescence
quenching [35]. However, some authors [36,37] have determined
the aggregation number by the calculation method:

4xmxl
N=—~—~—°—¢ 8
Amin ( )
Table 3 shows the aggregation numbers of ionic ILSs. As seen
from the table, the aggregation number in surfactants increases
with an increase of the alkyl chain length.

3.2. Specific electroconductivity of ILSs

The specific electroconductivity of aqueous solutions of ILSs
was determined by conductometric method at a temperature of
25 °C. Based on the obtained values, dependency graphs between
the specific electrical conductivity and concentration were con-
structed (Figs. 3 and 4). As can be seen from the figures, the specific
electroconductivity values increase as the concentration of cationic
ILSs in water rises. The dependence of the specific electrical con-
ductivity on concentration is characterized by two linear depen-
dencies at low and large concentrations. The point of intersection
of these straight lines corresponds to CMC. The ratio of the angle
coefficient of a straight line (S;) representing the dependence of
the specific electrical conductivity on high concentrations to the
angle coefficient (S,) of a straight line at low concentrations is
equal to the degree of dissociation of the counterion of ILSs:

a = $1/S2 = 1-$(9)

where o is the degree of dissociation and B is the degree of bind-
ing of a counterion. Table 2 shows the binding rates of the counte-
rions of the synthesized ILSs. As can be seen from the table, the
value of B rises in surfactants as the length of the alkyl chain
increases. This is due to a decrease in the micelle surface charge
density [38]. Surfactants with longer alkyl chains form larger
aggregates, especially in large structures where the surface-to-
volume ratio is small. This means that the polar head groups are
more densely packed and surrounded by a large number of
counterions.

3.3. Size of the aggregates

The dimensions of the aggregates formed by the synthesized
ILSs in an aqueous solution were defined by the DLS method
(Fig. 5). As can be seen from the figures, the diameter of C,HPPB
class surfactant aggregates in an aqueous solution at critical
micelle concentration is about 10-11 nm. The aggregates formed
by CoHPPB at this concentration are 11 nm in size and 10 nm in
other surfactants. At a concentration three times higher than
CMC, the size of the surfactant aggregates decreases with elonga-

Table 3
Critical packaging parameter and aggregation number of
ILSs synthesized on the basis of N-2-hydroxypropyl

piperidine.
Surfactants CPP N
CoHMP 0.19 16
CyoHMP 0.21 21
Cyo,HMP 0.22 31
Cy14HMP 0.19 36

Journal of Molecular Liquids 344 (2021) 117783
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K, pS/cm
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100+
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0.002 0.003 0.004

C, molll

0 0.001 0.005

Fig. 3. Plots of specific electrical conductivity versus surfactant concentration for
aqueous solutions of CoqHPPB (1) and C;oHPPB (2) at 25 °C.

tion of the alkyl chain. Thus, the diameter of the aggregate in Cy-
HPPB was 1980 nm, in C;oHPPB 65 nm, in C;;HPPB 55 nm, and
in C;4HPPB 9 nm. In cationic ILSs with an alkyl chain length of
Co-Cy5, the first peak is the presence of small vesicles and the sec-
ond peak is the presence of large vesicles or bilayer systems. In a
surfactant with an alkyl chain length of Cy4, the size of the aggre-
gates does not change with the change of concentration.

3.4. Antimicrobial activity of the synthesized ILSs

The antimicrobial properties of the ILSs were determined on
Gram-positive (Staphylococcus aureus, Bacillus anthracoides) bacte-
ria, Gram-negative (Pseudomonas aeruginosa, Escherichia coli, Kleb-
siella pneumoniae) bacteria, and fungi (Candida albicans). The
results obtained were described in Table 4. As can be observed
from the table, the antimicrobial capacity of the ILSs is high and

160

1401

120

1001

¥, MS/cm
3

= ot

0.001 0.0015

C, mol/l

0 0.0005 0.002

Fig. 4. Plots of specific electrical conductivity versus surfactant concentration for
aqueous solutions of C;oHPPB (1) and C;4HPPB (2) at 25 °C.
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101
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51 51
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0 T T = T 0 T r r
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Diameter (nm)

Diameter (nm)

Fig. 5. The results of DLS measurements (25 °C) for the synthesized ILSs at various concentrations.

changes according to the length of the alkyl chain. The data from
the table shows that the synthesized cationic surfactants have
antimicrobial activity against both Gram-negative and Gram-
positive bacteria.

As seen from the table C;4,HPPB has an intense effect than the
other surfactants. As can be seen from Table 2, CMC and AG,q val-
ues decrease as the length of the alkyl chain increases. Hence, the
C,HPPB class surfactants with lower CMC and AG,q values will
have higher activity against bacteria growth. It can be said that
the antibacterial activity of cationic ILSs against Gram-positive
bacteria is higher. The surfactant C;4HPPB demonstrated the high-
est antibacterial properties against Staphylococcus aureus. As the
length of the alkyl chain increases, the effect of surfactants against

the development of Candida albicans rises. Therefore, ILSs with a
longer alkyl chain (>Cq4) can be proposed as a highly effective
antimicrobial agent.

3.5. Thermodynamic parameters of the ILSs

Using CMC and B values of the cationic ILSs, the standard Gibbs
energy values of micellization at a given temperature were identi-
fied based on the following formula [32]:

AGpic = (1 + B)RTInX cmc (10)

where Xcypc is CMC in molar fraction, Xcyc = CMC/55.4, where
CMC is in mol/L, 55.4 is generated from 1 L of water corresponding

Table 4

Antimicrobial activity of the synthesized surfactants measured by the disc-diffusion method.
Bacteria and fungi CoHPPB C,oHPPB C,,HPPB C4HPPB

Diameter of inhibition zone (mm)

Escherichia coli 11 15 18 24
Pseudomonas aeruginosa 7 15 20 13
Klebsiella pneumoniae 11 12 15 13
Staphylococcus aureus 18 14 24 36
Bacillus anthracoides - 13 11 24
Candida albicans 15 16 21 23
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to 55.4 mol of water at 25 °C, B - the degree of counterion binding,
R is the universal gas constant, and T is standard absolute temper-
ature (298 K).

The values of the standard Gibbs energy of adsorption process
of ILSs at the water-air interface were calculated by the following
formula [32]:

AGgq = (1 + B)RTINXaye — 0.6023encAcuc (11)

where Acuc has the unit A2 per molecule, and meyc denotes the
surface pressure (in mN/m) at CMC at the border of a surfactant in
an aqueous solution with air.

Table 2 shows Gibbs energy values for micellization of the syn-
thesized ILSs in an aqueous solution and adsorption process at the
water-air interface. As can be seen, the values of standard Gibbs
energy for both micellization and adsorption processes are nega-
tive. Thus, in these surfactants, the processes of micelle formation
and adsorption occur spontaneously. At the same time, a higher
negative value of AG,q indicates that the adsorption process takes
place prior to the micellization. Figs. 6 and 7 show a dependence
graph of AGp;c and AG,q on the alkyl chain length of ILSs. As can
be seen from the graph, as the length of the alkyl chain increases,
the values of AGp,c and AG,q decrease further. Elongation of the
chain creates favorable conditions for micellization due to an
increase in hydrophobic interactions between hydrophobic chains.

The Gibbs energy of aggregation contains contributions from
the transfer of the ionic liquid segments from bulk water to the
aggregates, and bears, therefore, on the relative importance of ionic
liquid hydrophilic and hydrophobic moieties to its aggregation. As
mentioned earlier [39], the AGy;c value consists of the head group
of a surfactant (AGp., head group), the methylene group of the

hydrophobic chain (AG, . ,) and the CHs group at the beginning
of the alkyl chain (AG,;q, ):

AG;ﬂic = AC;nic.head group T AG:HI’C.CHg + Ncn, AG;nic.CHz (12)

Then, AG,q4 can be written as follows:

AGoad = AG:ui.ﬁead group T AG;d.CH; + Ncn, AG;d.CHz (13)

where ngy, is the number of CH, groups in the hydrophobic
chains of C,HPPB.
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Fig. 6. Dependence of Gibbs free energy change for micellization process of C,HPPB
(1) and C,PDB (2) on the number of carbon atoms in the alkyl chain.
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Fig. 7. Dependence of Gibbs free energy change for adsorption process of C,HPPB
(1) and C,PDB (2) on the number of carbon atoms in the alkyl chain.

As shown in Fig. 6, (AGuic, headgroup + AGmic, cu;) 1S equal to
—6.54 kJ/mol, and for each methylene group AGpccn, is equal to
—2.95 kJ/mol. For N-alkyl-N-methylpyrrolidinium bromide [40]
and N-alkyl-N-methylimidazolium bromide [39] class ILSs
AGmiccn, is also equal to — 3.01 kJ/mol. So, the thermodynamics
of the additional methylene groups shift from aqueous solution
to a micelle does not depend on the cationic head group. For N-
alkyl-N-methyl-piperidinium bromide, N-alkyl-N-
methylmorpholinium bromide [33], N-alkyl-N-
methylmorpholinium bromide, N-alkyl-N-methylpyrrolidinium
bromide and N-alkyl-N-methylimidazolium bromide class ILSs
(AGmic, head group + AGic, cn;) 1S equal to — 1.08, —3.50, —3.61
and — 3.7 kJ/mol, respectively. In the synthesized N-alkyl-N-(2-
hydroxypropyl) piperidinium bromide class ILSs
(AGmic headgroup + AGmic.cri, )Value equals —3.59 kJ/mol, being smaller
than for N-alkyl-N-methylpiperidinium bromide class ILSs and
close to N-alkyl-N-methylpyrrolidinium bromide class ILSs. Thus,
in N-alkyl-N-methylpiperidinium bromide class surfactants, the
ability of the head group to form micelles improves when the
methyl group attached to the nitrogen atom is replaced by the 2-
hydroxypropyl group. As shown in Fig. 7, the values of AGgqcy,in
N-alkyl-N-methylpiperidinium bromide and N-alkyl-N-(2-
hydroxypropyl) piperidinium bromide class ILSs are very close to
each other. In N-alkyl-N-methylpiperidinium bromide class and
N-alkyl-N-(2-hydroxypropyl) piperidinium bromide class ILSs,
(AGad headgroup + AGaacn,) values are equal to —2.95 kj/mol and
—6.98 kJ/mol, respectively. Thus, in ILSs, the adsorption capacity
of a surfactant is further improved when the methyl group of the
head group is replaced by the 2-hydroxypropyl group.

4. Conclusions

New ILSs based on N-2-hydroxypropyl piperidine and alkyl bro-
mides (nonyl-, decyl, dodecyl, and tetradecyl) have been synthe-
sized and characterized by spectroscopic methods ('H, NMR, and
IR). The micellization and adsorption properties of the ILSs were
studied using surface tension and specific electroconductivity
measurements. It has been found that in ILSs, the CMC, Amin, AGmic
and AG,q values decrease as the alkyl chain length increases, while
the B, I'max and pCyq values increase. The CMC values of the synthe-
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sized ILSs were found to be significantly lower than similar ILSs
with the N-methylpiperidinium and N-methyl-3-
hydroxypiperidinium head groups. The antimicrobial activity of
the proposed ILSs was studied as well. The surfactant with the alkyl
chain length of C;4 was shown to have higher antimicrobial
properties.
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