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Abstract: New dimeric, trimeric and tetrameric quaternary ammonium salts were accomplished
by reaction of tertiary alkyldimethyl amines with appropriate bromomethylbenzene derivatives.
A series of new cationic surfactants contain different alkyl chain lengths (C4-C18), aromatic
spacers and different numbers of quaternary nitrogen atoms. The structure of the products was
confirmed by spectral analysis (FT-IR, 'H-NMR, *C-NMR and 2D-NMR), mass spectroscopy
(ESI-MS), elemental analysis, as well as PM5 semiempirical methods. = Compound (21)
was also analyzed using X-ray crystallography. Critical micelle concentration (CMC) of
1,4-bis-[N-(1-alkyl)-N,N-dimethylammoniummethyl]benzene dibromides (3-9) was determined to
characterize the aggregation behavior. The antimicrobial properties of novel QACs (Quaternary
Ammonium Salts) were examined to set their minimal inhibitory concentration (MIC) values against
fungi Aspergillus niger, Candida albicans, Penicillium chrysogenum and bacteria Staphylococcus aureus,
Bacillus subtilis, Escherichia coli and Pseudomonas aeruginosa.

Keywords: quaternary ammonium salts; oligomeric surfactants; rigid spacer; spectroscopy; synthesis;
CMC; antimicrobial properties

1. Introduction

Anionic, cationic, non-ionic and amphoteric surfactants form one of the most useful groups of
chemicals. The hydrophilic-hydrophobic balance (HLB) of these amphiphilic compounds is a crucial
key for their applications in detergents [1], personal care products [2], paint and coatings additives [3],
natural and synthetic dyes [4,5], microbiocides [6-8], organic synthesis [9,10], pharmacy [4,11], textiles,
leather and paper [1,12,13], agrochemicals [14], fibers [15-17], plastics [18], food processing [19,20],
enhanced oil recovery [21-23], environmental protection (oil slick dispersant) [24,25], and explosives [26].
Surfactants also play a significant role in the development of high technologies and preparation of
nano- and smart materials [27]. The global surfactant market exceeded 15 million tons in 2015 and
is still growing up a 4.20% CAGR (Compound Annual Growth Rate) [28]. The growing demand on
surfactants is mainly driven by personal care products and detergents (anionics and nonionics) as
well as anticorrosion and biocidal products (cationics). To avoid disadvantageous impacts of such
huge amounts of surfactants on the environment, a new type of more effective amphiphiles should
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be investigated and applied in the near future. One of the promising ways is Gemini surfactants.
These compounds contain two hydrophilic head groups and two hydrophobic tails linked by a spacer
at the head groups or close to them. The spacer can be either hydrophobic (polymethylene chain),
or hydrophilic (polymethylene chain with oxygen or nitrogen atoms). From a structural point of view
a spacer can be rigid (aromatic or unsaturated linear hydrocarbons) or flexible (polymethylene chain).
The neutral charge of the cationic Gemini surfactants is retained by the presence of counterions, which
can be organic or inorganic. The Gemini alkylammonium salts show a unique surface and interfacial
properties in aqueous solution. Critical micelle concentrations (CMC) of Gemini surfactants are usually
much lower, even up to 100 times in comparison to CMCs of the corresponding monomeric surfactants.
The effectiveness of dimeric surfactants in lowering the surface tension is also much better than their
monomeric analogs. The values of Cy, i.e., surfactant concentration at which the surface tension (y) is
lowered by 20 mN/m, are a dozen times smaller for Gemini surfactants in comparison to monomeric
surfactants [29].

The cationic Gemini surfactants adsorb very efficiently on metallic and nonmetallic surfaces
and owing to these properties they are used as very effective microbiocides and corrosion inhibitors.
Surface, anticorrosion and antimicrobial activity of Gemini surfactants with flexible polymethylene
spacers and polymethylene spacers modified by heteroatoms have been extensively studied so
far [30-37]. However there are limited data concerning Gemini and oligomeric surfactants with
rigid, benzene spacers [38—40].

Therefore we have undertaken a systematic study of oligomeric N-alkyl-N,N-dimethylbenzene
bromides, ie., 1,4-bis-[N-(1-alkyl)-N,N-dimethylammoniummethyl]benzene = dibromides
(2-9), 1,3,5-tris-[N-(1-alkyl)-N,N-dimethylammoniummethyl]benzene tribromides (10-17) and
1,2,4,5-tetrakis-[N-(1-alkyl)-N,N-dimethylammoniummethyl]benzene tetrabromides (18-23) in the
scope of synthesis, structure, surface properties and antimicrobial activity.

2. Results and Discussion

In this work we report the synthesis, physicochemical properties, antimicrobial activity and
spectroscopic analysis (FT-IR, 'H-NMR, 3C-NMR, 2D-NMR) as well as ESI-MS spectrometry
and crystal structure of di- tri- and tetrameric alkylammonium surfactants with aromatic spacer.
PM5 semiempirical calculations using the WinMopac 2003 program were also performed [41-43].

2.1. Synthesis

Appropriate  N,N-dimethyl-1-alkylamines =~ were quaternized with stoichiometric
amounts of bromomethylbenzene derivatives in propanol to give a series of new cationic
surfactants: 1,4-bis-[N-(1-alkyl)-N,N-dimethylammoniummethyl]benzene dibromides (2-9),
1,3,5-tris-[N-(1-alkyl)-N,N-dimethylammoniummethyl]benzene tribromides (10-17) and 1,2,4,5-
tetrakis-[N-(1-alkyl)-N,N-dimethylammoniummethyl]benzene tetrabromides (18-23) (Scheme 1).
Experimental data of synthesized di- tri- and tetrameric alkylammonium surfactants are given in Table
S1 (Supplementary material). 1,2,4,5-tetrakis(bromomethyl)benzene (1c), which is not commercially
available, was prepared by reaction of 1,2,4,5-tetramethylbenzene with N-bromosuccinimide according
to known literature procedure [44]. In general, reaction time significantly extends with the increase of
the degree of oligomerization and the increase of the length of alkyl chain of amine.
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Scheme 1. Structures of di- (2-9) tri- (10-17) and tetrameric (18-23) alkylammonium surfactants with

aromatic spacer.

Melting points of the synthesized compounds in each series rise as alkyl chains lengthen . This
reflects a better packaging in the crystals (Figure 1).
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Figure 1. Melting points of dimeric (2-9), trimeric (10-17) and tetrameric surfactants (18-23).
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2.2. Spectroscopic Study

2.2.1. 'H-NMR, '3C-NMR and 2D-NMR Spectra

'H-NMR chemical shifts of compounds 1c¢-23 are given in Tables S2 and S3 (Supplementary
material) whereas '3 C-NMR chemical shifts are given in Tables S4 and S5 (Supplementary material).
Representative 'H-NMR and *C-NMR spectra are shown in Figures S1 and S2 (Supplementary
material). The protons and carbons of terminal methyl groups in alkyl substituents resonate at the
lowest values of chemical shifts while those of methylene group attached to positively charged nitrogen
atoms are strongly deshielded and lie in the region of the higher values of chemical shifts. To resolve
chemical shifts of proton and carbon at methylene groups as well as aromatic carbons the '3C DEPT
spectrum was generated (compound 14, Figure 2). It was observed that the signals derived from

carbon atoms “a” are shifted towards the highest values, while slightly lower values are assigned to
quaternary carbon atoms in benzene “h”.
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Figure 2. 13C DEPT spectrum of 1,3,5-tris[(N-(1-dodecyl)-N,N-dimethylammoniummethyl)benzene
tribromide (14).

To get more accurate information about chemical shifts, a correlation spectra COSY and HSQC
were measured. The conjunction of the HSQC and COSY allows correlation of the bonds between the
proton originating from one carbon atom and signals from nuclei of the same element, spaced by not
more than three bonds, respectively. Careful analysis has confirmed the structure of the compounds
and revealed a direct correlation between the atoms of hydrogen-hydrogen and carbon-hydrogen
bonds. Moreover, HMBC technique allowed correlation of the signals from the nuclei of various
elements spaced by 3 or 5 bonds (Figure S3, Supplementary material). Figure 3 shows HSQC spectrum
for compound 21 and Figure 4 shows HMBC spectrum for compound 14.
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Figure 3. HSQC spectrum (CD30D) of 1,2,4,5-tetrakis[(N-(1-dodecyl)-N,N-dimethylammoniummethy]I)
benzene tetrabromide (21).
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Figure 4. HMBC spectrum (CD3OD) of 1,3,5-tris[(N-(1-dodecyl)-N,N-dimethylammoniummethyl)benzene
tribromide (14).

2.2.2. FT-IR Spectra

FT-IR spectra of 1,2-di(bromomethyl)benzene and compound 9 and 23 are shown in Figure 5.
The characteristic features of the FT-IR spectra for dimeric (2-9), trimeric (10-17) and tetrameric
(18-23) quaternary ammonium salts are a broad intense absorption of stretching asymmetric (v,s) and
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symmetric (vs) vibrations of methyl and methylene groups at 3000-2840 cm ™! and deformation bands,
asymmetric and symmetric vibrations (s, 8,s) of -CHj group at 1470-1430 cm~! and 1395-1365 cm ™!
as well as deformation vibrations (5) of -CH, group at 1475-1450 cm~!. Moreover, absorption
bands of benzene ring, i.e., stretching vibrations of the (=C-H) group (v) at 3050-3010 cm ™!, skeletal
vibrations of the C-C group at 1620~1430 cm ! (four bands), in-plane deformation vibrations (8ip) at
1250-950 cm ! and out-of-plane deformation vibrations (8o0p) at 900-650 em ! (of =C-H group) are
also observed. The disappearance of the stretching vibrations band of C-Br group at 700-500 cm !

upon quaternization confirm the formation of alkylammonium products (Figure 5a). The strong
absorption at the 3450-3350 cm ™! region in (23) arises from the OH stretching vibrations (Figure 5b).
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Figure 5. FT-IR spectra (KBr pellets) of 1,2-di(bromomethyl)benzene (—) and 9 (—) (a) and 23 (—) (b).

2.2.3. PM5 Calculations

PM5 semiempirical calculations were performed using the WinMopac 2003 program.
Representative compounds (6, 14, 21) are shown in Figure 6. The final heats of formation (HOF)

for all dimeric (2-9), trimeric (10-17) and tetrameric (18-23) quaternary ammonium salts are presented
in Table 1.
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Figure 6. Molecular models of representative compounds 6 (a), 14 (b) and 21 (c) calculated by the
PM5 method.
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Table 1. Heat of formation (HOF) [kcal/mol] of di-, tri- and tetrabromosubstituted derivatives of
benzene (1a, 1b, 1c) and its quaternary ammonium salts (2-23).

Compound Heat of Formation [kcal/mol] AHOF [kcal/mol]
la 10.6060 -
1b 5.6268 -
1c 3.0680 -
2 —2.1145 8.4915
3 —24.5953 —13.9893
4 —46.7459 —36.1399
5 —68.8809 —58.2749
6 —91.0872 —80.4812
7 —113.3524 —102.7464
8 —135.6207 —125.0147
9 —158.0240 —147.4180
10 —34.9103 —5.6268
11 —68.3429 —62.7161
12 —101.8142 —107.4410
30 —135.2579 —140.8847
14 —155.2349 —160.8617
15 —213.0509 —218.6777
16 —233.2146 —238.8414
17 —266.9034 —272.5302
18 —94.7088 —97.7768
19 —130.8176 —133.8856
20 —184.1519 —187.2199
21 —228.7916 —231.8596
22 —280,4156 —283,4836
23 —325,1616 —328,2296

AHOF = HOFcompounds (2-23) — HOFpromobenzene-

The lowest values of HOF from among all quaternary ammonium salts (2-23) are
observed for tetrameric (18-23) substituted derivatives. This is consistent with the results
obtained for 1,4-bis(bromomethyl)benzene (1a), 1,3,5-tris(bromomethyl)benzene (1b) as well as
1,2,4,5-tetrakis(bromomethyl)benzene (1c), wherein HOF is decreasing from disubstituted to
tetrasubstituted benzene derivative (Table 1). In general the HOF of 1,2,4,5-tetrasubstituted benzene
derivatives were lower than those of 1,3,5-tri- and 1,4-disubstituted benzene derivatives. A similar
relationship was observed in our previous work [45,46]. This is related to symmetry and the convertible
position of long hydrocarbon chains of molecules. Simultaneously, an increase of the length of an
alkyl chain also reduces HOF. These compounds are stabilized by electrostatic interactions that arise
from the quaternary nitrogen atoms as well as bromide anion. In addition, in the semiempirical
calculations we included the London Dispersion Forces between the hydrocarbon chains, which is
illustrated by the increase in melting compounds. Furthermore, the presence of two water molecules
stabilizes the molecule (21) and reduces the HOF to —328.4818 kcal/mol (Figure 7b). This value is
nearly 100 kcal/mol lower than the isolated molecule (see Table 1).

2.2.4. X-ray Analysis

1,2,4,5-Tetrakis-[N-(1-dodecyl)-N,N-dimethylammoniummethyl)benzene tetrabromide crystallizes
in the triclinic space group P-1. Molecular aggregation of compound (21) is governed by ionic
interactions between bromine anions and positively charged nitrogen atoms, and by attractive H-H
interactions between C1,Hjs hydrocarbon chains [47]. The water molecule is hydrogen-bonded to the
bromine anions. The composition of compound (21) molecules is reflected in the molecular packing.
The crystal of tetrameric quaternary ammonium salts with benzene ring (21) in spacer is built of
hydrophilic sub-layers containing the bromine anions and nitrogen cations, and of hydrophobic
sub-layers consisting of -C1,Hj5 hydrocarbon chains. This results in a structure with alternating
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90f18

hydrophilic and hydrophobic layers, in which the aggregation is governed by distinct forces. In the
hydrophilic layer, the ionic interaction between bromine and nitrogen is accompanied by eight CH.---Br
and two OH---Br hydrogen bonds. Selected details for compound (21) about the crystal structure,
experiment and structure solution and refinement are given in Table 2. Figures 7a and 8 shows
molecular structure and crystal packing of compound (21) respectively. Summary of X-ray data for

(21) are given in CCDC 1554259.

Table 2. Crystal data and structure refinement for compound 21.

Empirical Formula CeeH13gBrsN4O»
Formula weight 1339,44
Temperature 293(2) K
Wavelength 0.71073 A

Crystal system, space group
Unit cell dimensions

Volume
Z; Dx

n
F(000)

6 Range for data collection
Limiting indices
Reflections collected /unique
R(F)I>20 (I)
wR(F?)
max/min Ap

Triclinic, P-1
a: 8.6269(17)
b: 9.2619(13)
c: 23.787(4)
o 96.864(13)
B: 99.006(15)
v: 90.157(14)
1863.3(6) A3
2; 1194 mg/mm?3
2200 mm ™1
718
6.354-53.284
—10<h<10,-11<k<11,-29<1<29
27738/7298 (0,0111)
0.927
0.1306
0.1437
0.45/—0.40 e/A 3

Figure 7. Cont.
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(b)

Figure 8. Crystal packing of compound 21.

2.2.5. Aggregation Behavior

The variation of the specific conductivity in aqueous solutions of the compounds (6-9) as a
function of the concentration was investigated. Conductivity measurements were carried out at 50 °C

due to low solubility of compounds in water. Representative conductometric profile of surfactant (7) is
displayed in Figure 9.
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Figure 9. Specific conductivity (k) versus concentration of 7 in water at 50 °C.
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The CMC values of dimeric surfactants decrease with increasing number of carbon atoms in
the hydrophobic chain (Table 3). There was observed no clear dependence between the 3 parameter
(counterion binding parameter) value and the length of hydrophobic chain in the molecule (Table 3).
It was calculated that compounds with dodecyl, tetradecyl and hexadecyl chain have the highest
values, which may be caused by a stronger binding counterion by aggregate molecules compared
to compounds with short alkyl chains. The average Gibbs energy takes negative values for all of
the surfactants what indicates that the aggregation process is spontaneous. The value of AG® ;. for
compounds with longer alkyl (C12, C14 and C16) are much smaller what clearly show that these
compounds are less agile than the free ions in solution.

Table 3. Critical micelle concentration (CMC), counterion binding parameter (3) and Gibbs free energy
of micellization (AG® ;) of compounds (3-9) obtained by conductivity measurements.

Compound CMC [mM] AG® pic [kJ/mol] B
3 12.38 —18.12 0.19
4 11.67 —19.15 0.22
5 7.27 —19.25 0.16
6 1.2 —39.01 0.53
7 0.92 —43.88 0.62
8 0.48 —38.81 0.40
9 0.29 —28.79 0.15

2.2.6. Antimicrobial Properties

Minimal inhibitory concentrations (MIC), i.e., minimum concentration of the preparation
at which further growth of tested microorganisms is stopped, of 1,4-bis-[N-(1-alkyl)-N,
N-dimethylammonium-methyl]benzene dibromides have been determined against bacteria, S. aureus,
B. subtilis, E. coli and P. aeruginosa as well as microscopic fungi, C. albicans, A. niger and P. chrysogenum
(Table 4).

Table 4. Minimal inhibitory concentrations (MIC [mM]) of 1,4-bis-[N-(1-alkyl)-N,N-dimethylammonium-
methyl]benzene dibromides.

Compound  S.aureus  B. subtilis E. coli P. aeruginosa C. albicans A. niger P. chrysogenum
2 >12.5 >12.5 >12.5 >12.5 >12.5 >12.5 >12.5
3 6.2500 12.5000 6.2500 12.5000 6.2500 12.5000 6.2500
4 0.1953 0.7812 0.3906 1.5625 0.1953 1.5625 1.5625
5 0.0061 0.0244 0.0244 0.0976 0.0122 0.1953 0.0976
6 0.0122 0.0244 0.0244 0.0976 0.0122 0.0976 0.0488
7 0.0488 1.5625 0.7812 1.5625 0.0488 0.1953 0.0976
8 0.3906 1.5625 1.5625 3.1250 0.3906 0.3906 0.1953
9 0.3906 6.2500 6.2500 3.1250 0.3906 0.7812 0.7812

The MIC values of 1,4-bis-[N-(1-alkyl)-N,N-dimethylammoniummethyl]benzene dibromides for
bacteria range from 0.0122 to 12.5 mM. The shorter hydrocarbon chain is not able to penetrate the cell
wall and their minimal concentration, which inhibits growth of bacteria, is above 6 mM. The highest
antibacterial activity are observed for derivatives that have 10-12 carbon atoms in the alkyl substituent
(Figure 10). The elongation of the hydrocarbon chain to 14-18 methylene group causes increases the
MIC values. The least susceptible bacteria to chemical substances is Pseudomonas aeruginosa. These
Gram-negative rots very often cause the formation of biofilms on many surfaces in cosmetic and food
industry and also in medical environment.
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Figure 10. Antibacterial activity of compounds 2-9.

The range of MIC values of 1,4-bis-[N-(1-alkyl)-N,N-dimethylammonium-methyl]benzene
dibromides, analogues of benzalkonium chlorides (BAC), for microscopic fungi C. albicans, A. niger
and P. chrysogenum are the same like for bacteria 0.0122-12.5 mM (Table 4). However the lowest
concentrations, above 0.2 mM, have compounds that contain 10-14 carbon atoms in the alkyl
substituent (Figure 11). The highest MIC values are obtained for the derivatives with the shortest
C4-C8 alkyl chains. Among the three tested strains of microscopic fungi the least sensitive to the
effects of derivative BAC was A. niger.
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Figure 11. Antifungal activity of compounds 2-9.
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Comparing the MIC values (Table 4) of all tested microorganisms, it was observed that the lowest
concentrations were obtained for 1,4-bis-[N-(1-dodecyl)-N,N-dimethylammoniummethyl]benzene
dibromide (6). Quaternary ammonium salts containing at least one chain of 12 carbon atoms are also
most commonly described in the literature. Among them is benzalkonium chloride (BAC), which
is often used in many industries and medicine as a component of biocidal preparations [48-50].
Received by Fazlara et al. and Merianos MIC values for BAC are generally higher compared
to 1,4-bis-[N-(1-alkyl)-N,N-dimethylammoniummethyl]benzene dibromides presented at work
(Table 5) [49,51]. Exceptions are the results obtained by El Hage et al., which obtained lower
benzalkonium chloride concentrations for S. aureus and partially A. niger [52]. The same species
of bacteria or fungi, but different strains may have different sensitivities for the same compound as
Kozirég and Brycki write in their work [53]. Thus, compounds containing decyl carbon chains
for MIC values for this strain may be ordered in ascending order as 1,4-bis-[N-(1-decyl)-N,N-
dimethylammoniummethyl]benzene dibromide (5) < BAC < Benzyl-N-decyl-dimethylammonium
bromide < N,N-dimethyl-N-(4-methylpyridyl)-N-decyl-ammonium chlorides. However, the MIC
results for compounds containing from 12 to 16 methylene groups in the chain are higher in comparison
with those obtained by El Hage et al., but lower than for pyridyl analogues of BAC [52,54].

Table 5. MIC values for benzalkonium chloride derivatives containing 10-16 carbon atoms in aliphatic
chains—literature data [49-52,54].

Chemical Substance Alkyl Chain Microorganisms Literature
S. aureus P. aeruginosa A. niger
10 0.0048 ** 1.25* 0.625 *
12 0.0024 ** 0.312* 0.0781 * El Hage et al. [52]
14 0.0006 ** 0.0781 * 0.0195 *
16 0.0006 ** 0.156 * 0.156 *
10 1.44* 3.85
BAC 12 0.13* 0.35 Merianos [51]
14 0.04 * 0.11 nt
16 0.076 * 0.5
12 0.122* 0.183 nt Fazlara et al. [49]
12 0.0028 0.175 nt Feder-Kubis et al. [50]
. 10 1.5625 * 1.5625 12.499 *
N,N-dimethyl-N-(4- 12 0.1953 * 0.7812 1.5625 *
methylpyridyl)-N-alkyl- 14 0.0488 * 0.1953 0.3906 * Brycki et al. [54]
ammonium chlorides 16 0.0244 * 0.0976 0.1953 *
10 0.0195 ** 1.25* 0.625 *
Benzyl-N-alkyl-dimethyl- 12 0.0048 ** 0.156 * 0.0781 * El Hage et al. [52]
ammonium bromide 14 0.0024 ** 0.078 * 0.0195 *
16 0.0012 ** 0.312* 0.0781 *

(* or **) the same strains of the species; BAC benzyl-N-alkyl-dimethylammonium chloride.

3. Materials and Methods

3.1. General Information

All chemicals were commercial products from Sigma-Aldrich (Poznan, Poland). Infrared spectra of
products were recorded in the KBr (in the frequency range 4000-400 cm ) pellets in temperature 298 K
using Bruker FT-IR IFS 66/s spectrometer (Karlsruhe, Germany), evacuated to avoid water and CO,
absorptions, at 2 cm ! resolution. The 'H-NMR and '3C-NMR spectra were measured Varian Mercury
300/400 MHz spectrometer (Oxford, UK) in CDCl; or CD30D, and TMS was used as an internal
standard. 2D-NMR spectra of products were recorded using spectrometer Bruker Avance 600MHz
spectrometer (Billerica, MA, USA) operating at the frequencies 600.281 MHz and 150.947 MHz for 'H
and !3C respectively, and equipped with a 5 mm triple-resonance inverse probe head [\H/3'P/BB]
with a self-shielded z gradient coil (90° H pulse width 9.0 us and 13¢C pulse width 13.3 us) with CDCls
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as solutions. The ESI (electron spray ionization) mass spectra were recorded on a Waters/Micromass
(Manchester, UK) ZQ mass spectrometer equipped with a Harvard Apparatus (Saint Laurent, QC,
Canada), syringe pump. The standard ESI-MS mass spectra were recorded at the cone voltage 30 V.
Melting point was determined using Stuart SMP10 apparatus. Single-crystal diffractometer Xcalibur
EOS CCD with Mo Ka X-ray source was used for diffraction measurements. The sample solutions were
prepared in methanol at the concentration of approximately 10~ M. Determination of the UB-matrices
and initial data reduction were performed using the CrysAlisPro program suite [54]. CCDC 1554260
contains the supplementary crystallographic data for this paper. These data can be obtained free of
charge via http://www.ccdc.cam.ac.uk/conts/retrieving.html (or from the CCDC, 12 Union Road,
Cambridge CB2 1EZ, UK; Fax: +44 1223 336033; E-mail: deposit@ccdc.cam.ac.uk). All structures
were solved by direct methods with SHELXS and refined with anisotropic displacement parameters
for non-H atoms by program SHELXL-97, using the OLEX2 interface [55,56]. Hydrogen atoms were
located in the ideal position from molecular geometry and refined according the “riding” model.

3.2. Synthesis

1,2,4,5-tetrakis(bromomethyl)benzene (1c) was obtained by the reaction of 1,2,4,5-tetramethylbenzene
(2.8 g; 20 mmol) with NBS (14.4 g; 80 mmol) and benzoyl peroxide (1 g; 5.9 mmol) in tetrachloromethane
(50 mL). Reagents were heated at 77 °C for 50 min. The precipitate was filtered off under reduced
pressure and washed with hot tetrachloromethane. The filtrate was concentrated to small volume and
cooled to 4 °C. Crude product was filtrated and purified by crystallization from methanol. Rt< 1 h,
white solid (15%), m.p. 159-160 °C. 'H-NMR (CDCl3) &: 7.37 ppm (2H, a), 4.60 ppm (8H, b). 3 C-NMR
(CDCl3) 6: 137.6 ppm (a), 133.6 ppm (h), 28.7 ppm (b). FT-IR (KBr) vmax: 3026, 2980, 2933, 1504, 1456,
1210, 911, 797, 678, 598.

Series of dimeric quaternary ammonium salts (2-9).

1,4-bis-[N-(1-alkyl)-N,N-dimethylammoniummethyl]benzene dibromides (2-9) were synthesized
of 1 equivalent of 1,4-di(bromomethyl)benzene (0.5 g; 1.89 mmol) (1a) with 2 equivalents (3.78
mmol) of N-butyl-N,N-dimethylamine (0.38 g), N-hexyl-N,N-dimethylamine (0.49 g), N,N-dimethyl-N-
octylamine (0.59 g), N-decyl-N,N-dimethylamine (0.7 g), N-dodecyl -N,N-dimethylamine
(0.81 g), N,N-dimethyl-N-tetradecylamine (0.91 g), N-hexadecyl -N,N-dimethylamine (1.02 g),
N,N-dimethyl-N-octadecylamine (1.13 g), respectively, by heating in n-propanol from 4 h to 10 h.
White solids were obtained. The crude products were purified by recrystallization from a mixture of
acetone/methanol (10:1) (Supplementary material).

Series of trimeric quaternary ammonium salts (10-17).

1,3,5-tris-[N-(1-alkyl)-N,N-dimethylammoniummethyl]benzene tribromides (10-17) were
synthesized of 1 equivalent of 1,3,5-tri(bromomethyl)benzene (0.5 g; 1.4 mmol) (1b) with 3
equivalents (4.2 mmol) of N-butyl-N,N-dimethylamine (0.43 g), N-hexyl-N,N-dimethylamine
(0.54 g), N,N-dimethyl-N-octylamine (0.66 g), N-decyl-N,N-dimethylamine (0.77 g), N-dodecyl-N,
N-dimethylamine (0.9 g), N,N-dimethyl-N-tetradecylamine (1.03 g), N-hexadecyl-N,N-dimethylamine
(1.13 g), N,N-dimethyl-N-octadecylamine (1.25 g), respectively, by heating in n-propanol from 4 h
to 15 h. White solids were obtained. The crude products were purified by recrystallization from a
mixture of acetone/methanol (10:1) (Supplementary material).

Series of tetrameric quaternary ammonium salts (18-23).

1,2,4,5-tetrakis-[N-(1-alkyl)-N,N-dimethylammoniummethyl]benzene tetrabromides (18-23) were
synthesized of 1 equivalent of 1,2,4,5-tetra(bromomethyl)benzene (0.5 g; 1.12 mmol) (1c) with 4
equivalents (4.48 mmol) of N-hexyl-N,N-dimethylamine (0.58 g), N,N-dimethyl-N-octylamine (0.7 g),
N-decyl-N,N-dimethylamine (0.83 g), N-dodecyl-N,N-dimethylamine (0.95 g), N,N-dimethyl-N-
tetradecylamine (1.08 g), N-hexadecyl-N,N-dimethylamine (1.23 g), respectively, by heating in
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n-propanol from 7 h to 14 h. White solids were obtained. The crude products were purified by
recrystallization from a mixture of acetone/methanol (10:1) (Supplementary material).

3.3. Critical Micellization Concentration

Measurements of conductivity were obtaining using a CO300 conductivity meter (VWR, Gdansk,
Poland) with graphite electrode in conjunction with a thermostat. CMC values of compounds 3-9 and
14 were obtained from conductometric titrations conducted in double distilled water in 50 °C.

3.4. Antimicrobial Properties

The MIC values of 1,4-bis-[N-(1-alkyl)-N,N-dimethylammoniummethyl]benzene dibromides
(from 4 to 18) against bacteria and microscopic fungi (yeast and molds) were measured at the Institute
of Fermentation Technology and Microbiology, Technical University of Lodz in Poland. The MICs
are defined as the lowest concentration of the compounds at which there was no visible growth
of microorganisms. MIC values were determined by a standard tube 2-fold dilution method [29].
The experiments were carried out on the Gram-positive bacteria: Staphylococcus aureus ATCC 6538,
Bacillus subtilis NCAMO01644, Gram-negative bacteria: Escherichia coli ATCC 10536, Pseudomonas
aeruginosa ATCC 85327, yeast: Candida albicans ATCC 10231, and molds: Aspergillus niger ATCC 16404,
Penicillium chrysogenum ATCC 60739. Antifungal properties were checked on a Malt Extract Broth
medium (Merck, Darmstadt, Germany) at a density of inoculum of 1-2 x 10° cfu/mL; antibacterial
activity—on Trypticase Soy Broth (Merck), density of inoculum 1-2 x 107 cfu/mL. All tests were
repeated three times.

4. Conclusions

Three series of dimeric, trimeric and tetrameric quaternary alkylammonium salts with benzene
spacers were synthesized by SN2 reaction of bromomethylbenzene derivatives with tertiary
alkyldimethylamines with good yield. The structure and purity of new surfactants were confirmed
by FT-IR, '"H-NMR, 3C-NMR and 2D-NMR, mass spectroscopy (ESI-MS) and elemental analysis.
The structure of one dimeric surfactant (9) was confirmed by X-ray analysis. The PM5 semi-empirical
method proved that tetrameric surfactants are more stable than trimeric and dimeric ones. Moreover,
it has been shown that molecules of water additionally stabilize the structure of the surfactant.
Aggregation behavior of the synthesized compounds depends on the substituent, and CMC
values decrease as alkyl chain lengthens. Dimeric surfactants, which are soluble in water, exhibit
strong antimicrobial activity against bacteria (Staphylococcus aureus, Bacillus subtilis, Escherichia coli,
Pseudomonas aeruginosa) and fungi (Aspergillus niger, Candida albicans, Penicillium chrysogenum).
The biocidal efficacy depends on the length of alkyl chain and is the strongest for decyl and
dodecyl derivatives.

Supplementary Materials: Supplementary materials are available online. Figure S1: 2D NMR spectra of
compound 21: COSY (a), HSQC (b) and HMBC (c), Table S1: Experimental data of synthesized di- tri- and
tetrameric alkylammonium surfactants with aromatic spacer and with different chain lengths, Table S2: The 1H
NMR chemical shifts (ppm) of compounds 1c¢-10, Table S3: The 1TH NMR chemical shifts (ppm) of compounds
11-23, Table S4: The 13C NMR chemical shifts (ppm) of compounds 1¢-10, Table S5: The 13C NMR chemical
shifts (ppm) of compounds 11-23.

Acknowledgments: This work has been supported by the National Centre for Research and Development (Poland;
TANGO1/266340/NCBR/2015).

Author Contributions: B.B. conceived and designed the experiments; A K. performed, analyzed and interpreted
the microbiological experiments; LK., T.P. performed semiempirical calculations; P.M. carried out the synthetic
work, CMC and spectroscopic measurements; J.M. solved the crystal structure; B.B., A.K,, LK., T.P, PM., ].M.
wrote the paper.

Conflicts of Interest: The authors declare no conflict of interest.



Molecules 2017, 22, 1810 16 of 18

References

10.

11.

12.

13.

14.

15.

16.

17.

18.

19.

20.

21.

22.

Myers, D. Surfactant Science and Technology, 3rd ed.; Wiley: Hoboken, NJ, USA; New York, NY, USA, 2006.
Rhein, L.D. Surfactants in Personal Care Products and Decorative Cosmetics, 3rd ed.; CRC Press: Boca Raton, FL,
USA, 2007.

Karsa, R.D. Surfactants in Polymers, Coatings, Inks, and Adhesives, 1st ed.; Blackwell: Oxford, UK, 2003.
Schramm, L.L.; Stasiuk, E.N.; Marangoni, D.G. Surfactants and their applications. Annu. Rep. Prog. Chem.
Sect. C Phys. Chem. 2003, 99, 3—48. [CrossRef]

Tehrani-Bagha, A.; Holmberg, K. Solubilization of Hydrophobic Dyes in Surfactant Solutions. Materials 2013,
6, 580-608. [CrossRef] [PubMed]

Siedenbiedel, F; Tiller, ].C. Antimicrobial Polymers in Solution and on Surfaces: Overview and Functional
Principles. Polymers 2012, 4, 46-71. [CrossRef]

Russell, H.A. Principles and Practice of Disinfection, Preservation, and Sterilization, 5th ed.; John Wiley & Sons:
Chichester, West Sussex, UK, 2012.

Zhou, C.; Wang, E; Chen, H.; Li, M.; Qiao, F,; Liu, Z. Selective Antimicrobial Activities and Action Mechanism
of Micelles Self-Assembled by Cationic Oligomeric Surfactants. ACS Appl. Mater. Interfaces 2016, 8, 4242-4249.
[CrossRef] [PubMed]

John, V.T.; Simmons, B.; McPherson, G.L.; Bose, A. Recent developments in materials synthesis in surfactant
systems. Curr. Opin. Colloid Interface Sci. 2002, 7, 288-295. [CrossRef]

Shinde, P.V.; Kategaonkar, A.H.; Shingate, B.B.; Shingare, M.S. Surfactant catalyzed convenient and greener
synthesis of tetrahydrobenzo[a]xanthene-11-ones at ambient temperature. Beilstein |. Org. Chem. 2011, 7,
53-58. [CrossRef] [PubMed]

Akbar, J.R. Pharmaceutical Applications of Gemini Surfactants. 2011. Available online: https:/ /uwspace.
uwaterloo.ca/handle/10012/5700 (accessed on 15 March 2017).

Sivaramakrishnan, C.N. The use of surfactants in the finishing of technical textiles. In Advances in the Dyeing
and Finishing of Technical Textiles; Elsevier: Philadelphia, PA, USA, 2013; pp. 199-235. Available online:
http:/ /linkinghub.elsevier.com/retrieve/pii/B9780857094339500092 (accessed on 20 January 2017).

Le Marechal, A.M.; KriZzanec, B.; Vajnhand]l, S.; Valh, J.V. Textile finishing industry as an important source
of organic pollutants. In Organic Pollutants Ten Years after the Stockholm Convention-Environmental and
Analytical Update; InTech: Rijeka, Croatia, 2012; Available online: http://www.intechopen.com/source/pdfs/
29368 /InTech-Textile_finishing_industry_as_an_important_source_of_organic_pollutants.pdf (accessed on
12 September 2017).

Castro, M.J.L.; Ojeda, C.; Cirelli, A.F. Advances in surfactants for agrochemicals. Environ. Chem. Lett. 2014,
12, 85-95. [CrossRef]

Shen, A.Q.; Gleason, B.; McKinley, G.H.; Stone, H.A. Fiber coating with surfactant solutions. Phys. Fluids
2002, 14, 4055-4068. [CrossRef]

Ma, J.; Tang, J.; Cheng, Q.; Zhang, H.; Shinya, N.; Qin, L.-C. Effects of surfactants on spinning carbon
nanotube fibers by an electrophoretic method. Sci. Technol. Adv. Mater. 2010, 11, 065005. [CrossRef]
[PubMed]

Lin, Y,; Qiao, Y.; Cheng, X.; Yan, Y.; Li, Z.; Huang, J. Hydrotropic salt promotes anionic surfactant
self-assembly into vesicles and ultralong fibers. ]. Colloid Interface Sci. 2012, 369, 238-244. [CrossRef]
[PubMed]

Pritchard, G. Plastics Additives; Brewis, D., Briggs, D., Eds.; Polymer Science and Technology Series; Springer:
Dordrecht, The Netherlands, 1998; Volume 1, Available online: http://link.springer.com/10.1007/978-94-
011-5862-6 (accessed on 20 February 2017).

Kralova, I; Sjoblom, J. Surfactants Used in Food Industry: A Review. ]. Dispers. Sci. Technol. 2009, 30,
1363-1383. [CrossRef]

Nitschke, M.; Silva, S.S. Recent Food Applications of Microbial Surfactants. Crit. Rev. Food Sci. Nutr. 2016, 20,
1-8. [CrossRef] [PubMed]

Raffa, P.; Broekhuis, A.A.; Picchioni, F. Polymeric surfactants for enhanced oil recovery: A review. J. Pet.
Sci. Eng. 2016, 145, 723-733. [CrossRef]

Maithufi, M.N.; Joubert, D.J.; Klumperman, B. Application of Gemini Surfactants as Diesel Fuel Wax
Dispersants. Energy Fuels 2011, 25, 162-171. [CrossRef]


http://dx.doi.org/10.1039/B208499F
http://dx.doi.org/10.3390/ma6020580
http://www.ncbi.nlm.nih.gov/pubmed/28809328
http://dx.doi.org/10.3390/polym4010046
http://dx.doi.org/10.1021/acsami.5b12688
http://www.ncbi.nlm.nih.gov/pubmed/26820390
http://dx.doi.org/10.1016/S1359-0294(02)00070-5
http://dx.doi.org/10.3762/bjoc.7.9
http://www.ncbi.nlm.nih.gov/pubmed/21286395
https://uwspace.uwaterloo.ca/handle/10012/5700
https://uwspace.uwaterloo.ca/handle/10012/5700
http://linkinghub.elsevier.com/retrieve/pii/B9780857094339500092
http://www.intechopen.com/source/pdfs/29368/InTech-Textile_finishing_industry_as_an_important_source_of_organic_pollutants.pdf
http://www.intechopen.com/source/pdfs/29368/InTech-Textile_finishing_industry_as_an_important_source_of_organic_pollutants.pdf
http://dx.doi.org/10.1007/s10311-013-0432-4
http://dx.doi.org/10.1063/1.1512287
http://dx.doi.org/10.1088/1468-6996/11/6/065005
http://www.ncbi.nlm.nih.gov/pubmed/27877372
http://dx.doi.org/10.1016/j.jcis.2011.11.067
http://www.ncbi.nlm.nih.gov/pubmed/22209412
http://link.springer.com/10.1007/978-94-011-5862-6
http://link.springer.com/10.1007/978-94-011-5862-6
http://dx.doi.org/10.1080/01932690902735561
http://dx.doi.org/10.1080/10408398.2016.1208635
http://www.ncbi.nlm.nih.gov/pubmed/27437564
http://dx.doi.org/10.1016/j.petrol.2016.07.007
http://dx.doi.org/10.1021/ef1006287

Molecules 2017, 22, 1810 17 of 18

23.

24.

25.

26.

27.
28.

29.

30.

31.

32.

33.

34.

35.

36.

37.

38.

39.

40.

41.
42.

43.

44.

45.

Kumar, N.; Tyagi, R. Industrial Applications of Dimeric Surfactants: A Review. J. Dispers. Sci. Technol. 2014,
35,205-214. [CrossRef]

Athas, ].C.; Jun, K.; McCafferty, C.; Owoseni, O.; John, V.T.; Raghavan, S.R. An Effective Dispersant for Oil
Spills Based on Food-Grade Amphiphiles. Langmuir 2014, 30, 9285-9294. [CrossRef] [PubMed]

Song, D. Development of High Efficient and Low Toxic Oil Spill Dispersants based on Sorbitol Derivants
Nonionic Surfactants and Glycolipid Biosurfactants. . Environ. Prot. 2013, 4, 16-22. [CrossRef]

Lopes, L.R.B.; Soares, V.L.P; Barcellos, M.T.C.; Mansur, C.R.E. Desenvolvimento de surfatantes para aplicagao
na industria de explosivos. Polimeros 2014, 24, 474-477. [CrossRef]

Brown, P,; Butts, C.P.; Eastoe, . Stimuli-responsive surfactants. Soft Matter 2013, 9, 2365-2374. [CrossRef]
Surfactants Market Rising at 4.20% CAGR from 2015-2023 due to Rising Demand for Detergents and
Personal Care Products: Transparency Market Research. Available online: https:/ /globenewswire.com/
news-release/2016/01/29/805884/0/en/Surfactants-Market-Rising-at-4-20-CAGR-from-2015-2023-due-
to-Rising-Demand-for-Detergents-and-Personal-Care-Products-Transparency-Market-Research.html
(accessed on 16 January 2017).

Zana, R.; Xia, J. Gemini Surfactants. Synthesis, Interfacial and Solution-Phase Behavior, and Applications; Marcel
Dekker: New York, NY, USA, 2003.

Abd El-Lateef, H.M.; Abo-Riya, M.A.; Tantawy, A.H. Empirical and quantum chemical studies on the
corrosion inhibition performance of some novel synthesized cationic gemini surfactants on carbon steel
pipelines in acid pickling processes. Corros. Sci. 2016, 108, 94-110. [CrossRef]

Brycki, B.; Kowalczyk, I; Szulc, A.; Kaczerewska, O.; Pakiet, M. Multifunctional Gemini Surfactants—Structure,
Synthesis, Properties and Applications, Surfactants and Characterization of Surfactants; Najjar, R., Ed.; Intech:
Rijeka, Croatia, 2017; pp. 97-155.

Abdallah, M.; Eltass, H.M.; Hegazy, M.A.; Ahmed, H. Adsorption and inhibition effect of novel cationic
surfactant for pipelines carbon steel in acidic solution. Prot. Met. Phys. Chem. Surf. 2016, 52, 721-730.
[CrossRef]

Heakal, EE.-T.; Elkholy, A.E. Gemini surfactants as corrosion inhibitors for carbon steel. J. Mol. Lig. 2017,
230, 395-407. [CrossRef]

Hegazy, M.A.; Abd El-Rehim, S.S.; Badr, E.A.; Kamel, W.M.; Youssif, A.H. Mono-, Di- and Tetra-Cationic
Surfactants as Carbon Steel Corrosion Inhibitors. J. Surfactants Deterg. 2015, 18, 1033-1042. [CrossRef]
Kaczerewska, O.; Leiva-Garcia, R.; Akid, R.; Brycki, B. Efficiency of cationic gemini surfactants with
3-azamethylpentamethylene spacer as corrosion inhibitors for stainless steel in hydrochloric acid. J. Mol. Lig.
2017, 247, 6-13. [CrossRef]

Labena, A.; Hegazy, M.A.; Horn, H.; Muller, E. Cationic Gemini Surfactant as a Corrosion Inhibitor and a
Biocide for High Salinity Sulfidogenic Bacteria Originating from an Oil-Field Water Tank. J. Surfactants Deterg.
2014, 17, 419-431. [CrossRef]

Mobin, M.; Aslam, R.; Zehra, S.; Ahmad, M. Bio-/Environment-Friendly Cationic Gemini Surfactant as
Novel Corrosion Inhibitor for Mild Steel in 1 M HCl Solution. J. Surfactants Deterg. 2017, 20, 57-74. [CrossRef]
McCullough, D.H., III; Janout, V.; Li, J.; Hsu, ]J.T.; Troung, Q.; Wilusz, E.; Regen, S.L. Glued
Langmuir—Blodgett Bilayers from porous versus Nonporous Surfactants. |. Am. Chem. Soc. 2004, 126,
9916-9917. [CrossRef] [PubMed]

Laschewsky, A.; Lunkenheimer, K.; Rakotoaly, R.H.; Wattebled, L. Spacer Effects in Dimeric Cationic
Surfactants. Colloid Polym. Sci. 2005, 283, 469-479. [CrossRef]

Song, L.D.; Rosen, M.]. Surface Properties, Micellization, and Premicellar Aggregation of Gemini Surfactants
with Rigid and Flexible Spacers. Langmuir 1996, 12, 1149-1153. [CrossRef]

CAChe Version 5.04. UserGuide; Fujitsu: Chiba, Japan, 2003.

Stewart, ].J.P. Optimization of parameters for semiempirical methods. III. Extension of PM3 to Be, Mg, Zn,
Ga, Ge, As, Se, Cd, In, Sn, Sb, Te, Hg, T1, Pb, and Bi. J. Comput. Chem. 1991, 12, 320-341. [CrossRef]
Stewart, ].J.P. Optimization of parameters for semiempirical methods. 1. Method. J. Comput. Chem. 1989, 10,
209-220. [CrossRef]

Deng, S.-R.; Wu, L.; Wang, H.; Zhou, B.; Wong, W.-K.; Guo, ].-P; Li, Z.-Y.; Zhou, Y.-H. Synthesis and Structure
of a Novel Disulfide-Containing Aniline. Synth. Commun. 2005, 35, 129-135. [CrossRef]

Pospieszny, T.; Koenig, H.; Brycki, B. Synthesis and spectroscopic studies of new quasi podands from bile
acid derivatives. Tetrahedron Lett. 2013, 54, 4700—4704. [CrossRef]


http://dx.doi.org/10.1080/01932691.2013.780243
http://dx.doi.org/10.1021/la502312n
http://www.ncbi.nlm.nih.gov/pubmed/25072867
http://dx.doi.org/10.4236/jep.2013.41B004
http://dx.doi.org/10.1590/0104-1428.1270
http://dx.doi.org/10.1039/c3sm27716j
https://globenewswire.com/news-release/2016/01/29/805884/0/en/Surfactants-Market-Rising-at-4-20-CAGR-from-2015-2023-due-to-Rising-Demand-for-Detergents-and-Personal-Care-Products-Transparency-Market-Research.html
https://globenewswire.com/news-release/2016/01/29/805884/0/en/Surfactants-Market-Rising-at-4-20-CAGR-from-2015-2023-due-to-Rising-Demand-for-Detergents-and-Personal-Care-Products-Transparency-Market-Research.html
https://globenewswire.com/news-release/2016/01/29/805884/0/en/Surfactants-Market-Rising-at-4-20-CAGR-from-2015-2023-due-to-Rising-Demand-for-Detergents-and-Personal-Care-Products-Transparency-Market-Research.html
http://dx.doi.org/10.1016/j.corsci.2016.03.004
http://dx.doi.org/10.1134/S207020511604002X
http://dx.doi.org/10.1016/j.molliq.2017.01.047
http://dx.doi.org/10.1007/s11743-015-1727-1
http://dx.doi.org/10.1016/j.molliq.2017.09.103
http://dx.doi.org/10.1007/s11743-013-1551-4
http://dx.doi.org/10.1007/s11743-016-1904-x
http://dx.doi.org/10.1021/ja047365u
http://www.ncbi.nlm.nih.gov/pubmed/15303854
http://dx.doi.org/10.1007/s00396-004-1219-8
http://dx.doi.org/10.1021/la950508t
http://dx.doi.org/10.1002/jcc.540120306
http://dx.doi.org/10.1002/jcc.540100208
http://dx.doi.org/10.1081/SCC-200046525
http://dx.doi.org/10.1016/j.tetlet.2013.06.096

Molecules 2017, 22, 1810 18 of 18

46.

47.

48.

49.

50.

51.

52.

53.

54.

55.

56.

Pospieszny, T.; Koenig, H.; Kowalczyk, I.; Brycki, B. Synthesis, spectroscopic and theoretical studies of
new quasi-podands from bile acid derivatives linked by 1,2,3-triazole rings. Molecules 2014, 19, 2557-2570.
[CrossRef] [PubMed]

Macrae, C.F,; Bruno, 1.].; Chisholm, J.A.; Edgington, P.R.; McCabe, P.; Pidcock, E.; Rodriguez-Monge, L.;
Taylor, R.; van de Streek, J.; Wood, P.A. Mercury CSD 2.0—New Features for the Visualization and
Investigation of Crystal Structures. J. Appl. Crystallogr. 2008, 41, 466—470.

Gilbert, P.; Moore, L.E. Cationic antiseptics: Diversity of action under a common epithet. J. Appl. Microbiol.
2005, 99, 703-715. [CrossRef] [PubMed]

Fazlara, A.; Ekhtelat, M. The Disinfectant Effects of Benzalkonium Chloride on Some Important Foodborne
Pathogens. Am. Eurasian . Agric. Environ. Sci. 2012, 12, 23-29.

Feder-Kubis, J.; Tomczuk, K. The effect of the cationic structures of chiral ionic liquids on their antimicrobial
activities. Tetrahedron 2013, 69, 4190-4198. [CrossRef]

Merianos, J.J. Surface-active agents. In Disinfection, Sterilization and Preservations, 4th ed.; Block, S.S., Ed.;
Lea & Febiger: Gainesville, FL, USA, 1991.

El Hage, S.; Lajoie, B.; Stigliani, J.-L.; Furiga-Chusseau, A.; Roques, C.; Baziard, G. Synthesis, antimicrobial
activity and physic-chemical properties of some n-alkyldimethyl-benzylammonium halides. J. Appl. Biomed.
2014, 12, 245-253. [CrossRef]

Kozirég, A.; Brycki, B. Monomeric and gemini surfactants as antimicrobial agents—Influence on
environmental and reference strains. Acta Biochim. Pol. 2015, 62, 879-883. [CrossRef] [PubMed]

Brycki, B.; Matecka, I; Kozirdg, A.; Otlewska, A. Synthesis, Structure and Antimicrobial Properties of Novel
Benzalkonium Chloride Analogues with Pyridine Rings. Molecules 2017, 22, 130. [CrossRef] [PubMed]
Xcalibur CCD System, CrysAlisPro Software System. 2014. Available online: www.agilent.com/chem
(accessed on 16 January 2017).

Sheldrick, G.M. A short history of SHELX. Acta Crystallogr. Sect. A Found. Crystallogr. 2007, 64, 112-122.
[CrossRef] [PubMed]

Sample Availability: Samples of the compounds 2-23 are available from the authors.

@ © 2017 by the authors. Licensee MDPI, Basel, Switzerland. This article is an open access
@ article distributed under the terms and conditions of the Creative Commons Attribution

(CC BY) license (http:/ /creativecommons.org/licenses/by/4.0/).


http://dx.doi.org/10.3390/molecules19022557
http://www.ncbi.nlm.nih.gov/pubmed/24566321
http://dx.doi.org/10.1111/j.1365-2672.2005.02664.x
http://www.ncbi.nlm.nih.gov/pubmed/16162221
http://dx.doi.org/10.1016/j.tet.2013.03.107
http://dx.doi.org/10.1016/j.jab.2014.02.002
http://dx.doi.org/10.18388/abp.2015_1150
http://www.ncbi.nlm.nih.gov/pubmed/26641636
http://dx.doi.org/10.3390/molecules22010130
http://www.ncbi.nlm.nih.gov/pubmed/28098790
www.aqilent.com/chem
http://dx.doi.org/10.1107/S0108767307043930
http://www.ncbi.nlm.nih.gov/pubmed/18156677
http://creativecommons.org/
http://creativecommons.org/licenses/by/4.0/.

	Introduction 
	Results and Discussion 
	Synthesis 
	Spectroscopic Study 
	1H-NMR, 13C-NMR and 2D-NMR Spectra 
	FT-IR Spectra 
	PM5 Calculations 
	X-ray Analysis 
	Aggregation Behavior 
	Antimicrobial Properties 


	Materials and Methods 
	General Information 
	Synthesis 
	Critical Micellization Concentration 
	Antimicrobial Properties 

	Conclusions 

