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Abstract New cationic surfactants, bis-quaternary
ammonium salts, were prepared from N,N-dimethyla-
minoalkyl esters of saturated fatty acids and products of the
reactions of epichlorohydrin with primary amines: pentyl-,
hexyl- and octylamine. The bis (ester—ammonium) salts
obtained were examined in respect to their surface-active
properties: critical micelle concentration (CMC), effec-
tiveness of surface tension reduction (ycwc), and adsorption
efficiency (pCs,g). All these surfactants showed good water
solubility and low critical micelle concentrations of more
than two orders of magnitude lower than these of corre-
sponding mono-alkylammonium salts. They also showed
good wetting capability, but worse foaming properties. All
the surfactants tested were nontoxic to gram-negative bac-
teria, but some of them inhibited the growth of gram-positive
bacteria and yeast.

Keywords Cationic surfactant - Bis (ester quaternary
ammonium) salt - Critical micelle concentration -
Surface-active property - Antimicrobial activity

Introduction

Ammonium salts are an important group of cationic surf-
actants. Conventional ammonium salts (made up of one
amphiphilic moiety) are widely used in many applications
such as: fabric softeners, antielectrostatics, adhesion pro-
moters in asphalt, corrosion inhibitors, dispersants, hair

J. Wegrzyiiska - J. Chlebicki (<) - I. Maliszewska
Faculty of Chemistry, Wroctaw University of Technology,
Wybrzeze Wyspianskiego 27, 50-370 Wroctaw, Poland
e-mail: jan.chlebicki@pwr.wroc.pl

conditioners, and, of course, are used as germicides and
biocides.

Bis-quaternary ammonium salts (made up of two
amphiphilic moieties connected by a spacer) also belong to
the group of cationic surfactants. These salts are more
surface-active by some orders of magnitude than the
comparable conventional ammonium salts containing one
hydrophilic and one hydrophobic group. These salts have
shown interesting physical properties such as very low
critical micelle concentration, high viscoelasticity, deter-
gency, high solubilization property, good wetting and
foaming ability [1-3]. They are biologically active toward
bacteria, yeasts and moulds [4-6]. In addition, these groups
of cationic surfactants have excellent antistatic effects [7].
Consequently, bis-ammonium salts are potential com-
pounds for the next generation of surfactants and they are
attracting a lot of interest.

In the present paper, the synthesis and surface-active
properties of bis (ester-ammonium) salts are described.
Bis-ammonium salts, which contain cleavable ester groups
show good surface-activity, are hydrolyzable and easily
biodegradable [8]. Also, it is known that mono-ammonium
salts, with an ester group in their molecule (esterquats) are
widely used as softeners [9]. Therefore, in this paper, the
antimicrobial activity and wetting ability of bis (ester—
ammonium) salts are presented.

Experimental Procedures
Materials
All reagents used were commercially available. Amines:

pentyl-, hexyl-, octylamine, (purity > 98%), N,N-dime-
thylethanolamine, N,N-dimethylpropanolamine (purity >
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98%) were purchased from Fluka; decanoyl, lauroyl,
mirystoyl chloride (purity 98%) were purchased from Al-
drich. Epichlorohydrin (purity > 98%) was purchased from
VEB Laborchemie Apolda and freshly distilled before
synthesis. N,N-dimethylaminoisopropanol was prepared in
our lab according to the method described in [10] from
propylene oxide and N,N-dimethylamine.

Series of 2-dimethylaminoethyl esters of saturated fatty
acids were synthesized by esterification of N,N-dimeth-
ylaminoethanol with alkanoyl chlorides [11]. Hydrochlo-
rides of dimethylaminoethylesters were separated and
purified by crystallization from a chloroform-hexane sys-
tem; the purity of the crystallized hydrochlorides was over
99%. A free dimethylaminoester EA-m-n (see Scheme 1)
was liberated from the hydrochlorides of dimethylami-
noethylesters using a 10% NaHCOj; solution; the ethereal
extract was dried over anhydrous MgSQ,4 and the solvent
was evaporated to dryness. Analogously, series of 3-dim-
ethylaminopropyl and 3-dimethylaminoisopropyl esters
were prepared.

Synthesis of bis(2-hydroxy-3-chloropropyl)alkylamine.
General procedure. A mixture of epichlorohydrin
(0.50 mol), alkylamine (0.20 mol) and methanol (50 cm’)
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was stirred at room temperature for 12 h. The solvent and
unreacted epichlorohydrin were then evaporated under re-
duced pressure (12—-15 mm Hg) at room temperature until
a constant mass was achieved. The yields of the reaction
products were almost quantitative (90-96%). A transparent
and very viscous liquid was obtained and was used in
subsequent synthesis without further purification. "H NMR
for selected compound bis(2-hydroxy-3-chloropropyl)hex-
ylamine. '"H NMR (CDCl3) 6 0.88 (t, J = 6.9 Hz, 3H,
CH;CH,), 1.20-1.26 [m, 6H, CH3(CH,)3], 1.50 [m, 2H,
CH;3(CH,);CH,], 2.55-2.79 [m, 6H, CH,N(CH,)CH,],
3.56-3.70 [m, 4H, (CH,CH),], 3.98-4.07 [m, 2H, (CH),],
4.46-4.58 [m, 2H, (OH),].
The preparation of bis (ester—ammonium) salts bis (EA-
m-n) R followed the typical procedure described in [7].
Bis{2-hydroxy-3-[2-(dodecanoyloxy)ethyldimethylam-
monio [propyl}pentylamine dichloride- [Bis (EA-11-2) Cs]
was obtained as a pale-yellow, waxy material, yield = 83%.
'"H NMR (CDCl3) 6 0.86 [t, ] = 6.6 Hz, 9H, (CH;CH,);],
1.23-1.32 {m, 38H, [CH5(CH,)g],, CH5(CH;)3}, 1.48 (m,
4H, (CH,CH,C=0),], 2.20 [m, 4H, (CH,CH,C=0),], 2.48—
2.65 [m, 6H, CH,N(CH,)CH,], 3.38-3.41 {s, 12H,
[N*(CH3),1»}, 3.52 [t, 4H, (N*CH,),], 3.57-3.70 [m, 4H,
(N*CH,CH);], 4.09-4.20 [m, 2H, (CH),], 4.25-4.47 [m,
6H, (OH),, (OCH,CH,N"),].
Bis{2-hydroxy-3-[2-(dodecanoyloxy)ethyldimethylam-
monio Jpropyl}hexylamine dichloride- [Bis (EA-11-2) Cg]
was obtained as a pale-yellow, waxy material, yield = 85%.
"H NMR (CDCls) 6 0.86 [t, ] = 6.6 Hz, 9H, (CH;CH,);],
1.23-1.32 {m, 40H, [CH3(CH,)s],, CH3(CH;)4}, 1.49 (m,
4H, (CH,CH,C=0),], 2.22 [m, 4H, (CH,CH,C=0),], 2.48—
2.67 [m, 6H, CH,N(CH,)CH,], 3.38-3.41 {s, 12H,
[N*(CH3),1»}, 3.52 [t, 4H, (N*CH>),], 3.57-3.70 [m, 4H,
(N"CH,CH);], 4.11-4.20 [m, 2H, (CH),], 4.23-4.44 [m,
6H, (OH),, (OCH,CH,N™),].
Bis{2-hydroxy-3-[2-(dodecanoyloxy)ethyldimethylam-
monio Jpropyljoctylamine dichloride- [Bis (EA-11-2) Cg]
was obtained as a pale-yellow, waxy material, yield = 80%.
"H NMR (CDCls) 6 0.86 [t, ] = 6.6 Hz, 9H, (CH;CH,);],
1.23-1.32 {m, 44H, [CH3(CH,)s],, CH3(CH;)¢}, 1.50 (m,
4H, (CH2CH2C=O)2], 2.22 [m, 4H, (CH2CH2C:O)2], 2.50—
271 [m, 6H, CH,N(CH,)CH,], 3.38-3.41 {s, 12H,
[N*(CH3),1»}, 3.52 [t, 4H, (N*CH>),], 3.57-3.70 [m, 4H,
(N*CH,CH),], 4.08-4.20 [m, 2H, (CH),], 4.25-4.40 [m,
6H, (OH),, (OCH,CH,N™),].
Bis{2-hydroxy-3-[3-(decanoyloxy)propyldimethylammo-
nio Jpropyl}pentylamine dichloride- [Bis (EA-9-3) Cs] was
obtained as a pale-yellow, waxy material, yield = 75%. 'H
NMR (CDCl3) 6 0.88 [m, 9H, J = 6.5 Hz, (CH;CH,);], 1.26
{m, 3OH, [CH3(CH2)6]2, CH3(CH2)3}, 1.59 [m, 4H,
(CH,CH,C=0),], 2.20 [m, 4H, (OCH,CH>CH3;N),], 2.32
[m, 4H, (CH,CH,C=0),], 2.65 [m, 6H, CH,N(CH,)CH,],
3.41 {s, 12H, ['N(CH3),l»}, 3.72 [m, 8H, (*NCH,
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CH,CH,0),, (CH,CH3N),], 4.11 [m, 6H,
(OCH,CH,CH3N),, (CH),], 4.19 [m, 2H, (OH),].
Bis{2-hydroxy-3-[3-(decanoyloxy)propyldimethylammo-
nioJpropyl}hexylamine dichloride- [Bis (EA-9-3) Cg4] was
obtained as a pale-yellow, waxy material, yield = 72%. 'H
NMR (CDCl3) 6 0.88 [m, 9H, J = 6.5 Hz, (CH5CH,)s],
1.26 {m, 32H, [CHg(CHz)G]z, CHg(CH2)4}, 1.59 [m, 4H,
(CH,CH,C=0),], 2.20 [m, 4H, (OCH,CH,CH3;N),], 2.32
[m, 4H, (CH,CH,C=0),], 2.65 [m, 6H, CH,N(CH,)CH,],
3.41 {s, 12H, ['N(CH3),)»}, 3.72 [m, 8H, (*NCH,CH,
CH,0),, (CH,CH3N),], 4.11 [m, 6H, (OCH,CH,CH3}N),,
(CH);], 4.19 [m, 2H, (OH),].
Bis{2-hydroxy-3-[3-(decanoyloxy)propyldimethylammo-
nio Jpropyljoctylamine dichloride- [Bis (EA-9-3) Cg] was
obtained as a pale-yellow, waxy material, yield = 70%. 'H
NMR (CDCl3) 6 0.88 [m, 9H, J = 6.5 Hz, (CH5CH,);], 1.26
{m, 36H, [CH3(CH))¢l», CH3(CH»)s}, 1.59 [m, 4H,
(CH>CH,C=0),], 2.20 [m, 4H, (OCH,CH,CH3N),], 2.32
[m, 4H, (CH,CH,C=0),], 2.65 [m, 6H, CH,N(CH,)CH,],
3.41 {s, 12H, [*'N(CH3),]»}, 3.72 [m, 8H, (*"NCH,CH,
CH,0),, (CH,CH3N),], 4.11 [m, 6H, (OCH,CH,CH3N),,
(CH);], 4.19 [m, 2H, (OH),]. Anal. Calcd. for
C44H91N3C1206'2 H2O: C, 6108, H, 1096, N, 486, Cl,
8.19%. Found: C, 61.02; H, 10.96; N, 4.84; Cl, 8.11%.
Bis{2-hydroxy-3-[3-(dodecanoyloxy)propyldimethylam-
monio [propyl}pentylamine dichloride- [Bis (EA-11-3) Cs]
was obtained as a pale-yellow, waxy material,
yield = 85%. "H NMR (CDCls) 6 0.88 {m, 9H, J = 6.8 Hz,
[CH3(CHy)sla, CH3(CHy)4}, 1.26 {m, 38H, [CH3(CHa)slo,
CH3(CH,)3}, 1.57 [m, 4H, (CH,CH,C=0),], 2.15 [m, 4H,
(OCH,CH,CH3N),], 2.33 [m, 4H, (CH,CH,C=0),], 2.67
[m, 6H, (CH,N(CH,)CH>], 3.40 {s, 12H, [*'N(CH3),],},
3.71 [m, 8H, ("NCH,CH,CH,0),, (CH,CH3N),], 4.11 [m,
6H, (OCH,CH,CH3N),, (CH)], 4.19 [m, 2H, (OH),].
Bis{2-hydroxy-3-[3-(dodecanoyloxy)propyldimethylam-
monio [propyl}hexylamine dichloride- [Bis (EA-11-3) Cg]
was obtained as a pale-yellow, waxy material, yield = 83%.
'H NMR (CDCl;) & 0.87 {m, 9H, J=6.7Hz,
[CH3(CHy)sla, CH3(CHy)4}, 1.25 {m, 40H, [CH3(CHa)slo,
CH3(CH,)4}, 1.58 [m, 4H, (CH,CH,C=0),], 2.16 [m, 4H,
(OCH,CH,CH3N),], 2.33 [m, 4H, (CH,CH,C=0),], 2.66
[m, 6H, CH,N(CH,)CH,], 3.40 {s, 12H, [*"N(CH3),1,}, 3.69
[m, 8H, ("NCH,CH,CH,0),, (CHCH3N),], 4.14 [m, 6H,
(OCH,CH,CH3N),, (CH),], 4.40 [m, 2H, (OH),]. Anal.
Calcd. for C46HosN3Cl1,04-2.2 H,O: C, 61.61; H, 11.17; N,
4.68; Cl, 7.90%. Found: C, 61.66; H, 11.11; N, 4.60; Cl,
8.00%.
Bis{2-hydroxy-3-[3-(dodecanoyloxy)propyldimethylam-
monio Jpropyljoctylamine dichloride- [Bis (EA-11-3) Cg]
was obtained as a pale-yellow, waxy material,
yield = 78%. "H NMR (CDCls) 6 0.87 {m, 9H, J = 6.6 Hz,
[CH3(CHy)gla, CH3(CHy)s}, 1.25 {m, 44H, [CH3(CH2)s]2,
CH3(CH,)g}, 1.55 [m, 4H, (CH,CH,C=0),], 2.14 [m, 4H,

(OCH,CH,CH3N),], 2.33 [m, 4H, (CH,CH,C=0),], 2.66
[m, 6H, CH,N(CH,)CH,], 3.42 {s, 12H, [*'N(CH3),],},
3.73 [m, 8H, (*"NCH,CH,CH,0),, (CHCH3N),], 4.15 [m,
6H, (OCH,CH,CH3N),, (CH),], 4.41 [m, 2H, (OH),].
Anal. Calcd. for C48H99N3C1206'2 Hzo: C, 6257, H,
11.27; N, 4.56; Cl, 7.70%. Found: C, 62.50; H, 11.17; N,
4.50; Cl, 7.66%.
Bis{2-hydroxy-3-[3-(tetradecanoyloxy)propyldimethyl-
ammonio Jpropyljoctylamine dichloride- [Bis (EA-13-3)
Cg] was obtained as a pale-yellow, waxy material,
yield = 73%. "H NMR (CDCl3) § 0.89 {m, 9H, J = 6.3 Hz,
[CH3(CHy)10l, CH3(CHy)e}, 1.20-1.27 {m, 52H,
[CH3(CH3)10l, CH3(CH,)}, 1.61 {m, 4H, [O=CCH,
CH,(CHy)10l2}, 2.33-2.45 [m, 4H, (O=CCH,CH,;),], 2.63—
2.81 [m, 6H, CH,N(CH,)CH,], 3.50 {s, 12H,
[N*(CH3),],}, 3.72 {m, 8H, (N*CH,CH,0),, (N"CH,
CH),], 3.94-4.27 [m, 6H, (N"CH,CH,0),, (CH),], 4.59
[m, 2H, (OH),].
Bis{2-hydroxy-3-[3-(decanoyloxy)isopropyldimethylam-
monio Jpropyl}hexylamine dichloride- [Bis (EA-9-3is0) Cg]
was obtained as a pale-yellow, waxy material,
yield = 74%. "H NMR (CDCls) 6 0.88 [m, 9H, J = 6.5 Hz,
(CH;CH,)3], 1.23-1.29 {m, 32H, [CH3(CH,)%l,,
CH3(CH3)4}, 1.59-1.61 {m, 10H, (CH,CH,C=0),, [OCH
(CH5)CH,],}, 2.31-2.37 [m, 4H, (CH,CH,C=0),], 2.50
[m, 6H, CH,N(CH,)CH,], 3.35 {s, 12H, ['N(CH>),l,},
3.67 [m, 8H, (*NCH,CH,CH,0),, (CH,CH;N),], 4.10-
414 [m, 4H, (CH),, (OH),], 5.15-5.19 {m, 4H,
[OCH(CH;3)CHzl,}-
Bis{2-hydroxy-3-[3-(decanoyloxy)isopropyldimethylam-
monio Jpropyljoctylamine dichloride- [Bis (EA-9-3iso) Cg]
was obtained as a pale-yellow, waxy material,
yield = 78%. "H NMR (CDCl3) 6 0.88 [m, 9H, J = 6.6 Hz,
(CH;CHy)3], 1.24-1.28 {m, 38H, [CH3(CH,)l>,
CH;3(CH»)¢}, 1.59-1.61 {m, 10H, (CH,CH,C=0),, [OCH
(CH5)CH,],}, 2.28-2.36 [m, 4H, (CH,CH,C=0),], 2.45-
2,59 [m, 6H, CH,N(CH,)CH,], 3.35 {s, 12H,
['N(CH3),)»}, 3.70 [m, 8H, (‘NCH,CH,CH,0),, (CH,
CH3N),], 4.08-4.13 [m, 4H, (CH),, (OH),], 5.12-5.18 {m,
4H, [OCH(CH;3)CH,]5}. Anal. Calcd. for
C44H91N3C1206'0.8 Hzol C, 6266, H, 1106, N, 500, Cl,
8.41%. Found: C, 62.70; H, 11.09; N, 4.94; Cl, 8.56%.
Bis{2-hydroxy-3-[3-(dodecanoyloxy)isopropyldimethyl-
ammonio Jpropyl}pentylamine dichloride- [Bis (EA-11-
3iso) Cs] was obtained as a pale-yellow, waxy material,
yield = 83%. "H NMR (CDCl3)  0.88 [m, 9H, J = 6.6 Hz,
(CH;CH,)3], 1.24-1.29 {m, 38H, [CH3(CH,)sl,, CHj
(CH,)3}, 1.59-1.63 {m, 10H, (CH,CH,C=0),, [OCH
(CH5)CH],}, 2.28-2.36 [m, 4H, (CH,CH,C=0),], 2.45-
2.61 [m, 6H, CH,N(CH,)CH,], 3.35 {s, 12H,
['N(CH3),],}, 3.70 [m, 8H, (*NCH,CH,CH,0),,
(CH,CH5N),], 4.04-4.10 [m, 4H, (CH),, (OH),], 5.11-
5.16 {m, 4H, [OCH(CH3)CH,],}.
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Bis{2-hydroxy-3-[3-(dodecanoyloxy)isopropyldimethyl-
ammonio Jpropyl}hexylamine dichloride- [Bis (EA-11-3is0)
C¢] was obtained as a pale-yellow, waxy material,
yield = 80%. 'H NMR (CDCl5) 6 0.88 [m, 9H, J = 6.7 Hz,
(CH;CH,)3], 1.22-1.26 {m, 40H, [CH3(CH,)s],, CHj
(CH,)4}, 1.58-1.61 {m, 10H, (CH,CH,C=0),, [OCH
(CH53)CHz],}, 2.30-2.34 [m, 4H, (CH,CH,C=0),], 2.40-
2.51 [m, 6H, CH,N(CH,)CH,], 3.41 {s, 12H,
['N(CH3)>)]»}, 3.70 [m, 8H, (*NCH,CH,CH,0),, (CH,
CH3N),], 4.11-4.29 [m, 4H, (CH),, (OH)], 5.12-5.17 {m,
4H, [OCH(CH;3)CH,],}.

Bis{2-hydroxy-3-[3-(dodecanoyloxy)isopropyldimethyl-
ammonio Jpropyljoctylamine dichloride- [Bis (EA-11-3is0)
Cg] was obtained as a pale-yellow, waxy material,
yield = 82%. "H NMR (CDCl3) 6 0.88 [m, 9H, J = 6.7 Hz,
(CH;CHy)3], 1.22-126 {m, 44H, [CH3(CH>)sl,,
CH;3(CH»)¢}, 1.58-1.61 {m, 10H, (CH,CH,C=0),, [OCH
(CH5)CH,],}, 2.29-2.35 [m, 4H, (CH,CH,C=0),], 2.58—
2.66 [m, 6H, CH,N(CH,)CH,], 343 {s, 12H,
['N(CH3),)»}, 3.72 [m, 8H, (*NCH,CH,CH,0),,
(CH,CH3N),], 4.11-4.13 [m, 4H, (CH),, (OH),], 5.07-
5.13 {m, 4H, [OCH(CH3)CH,],}. Anal. Calcd. for
C48H99N3C1206'1.5 Hzol C, 6320, H, 1127, N, 461, Cl,
7.77%. Found: C, 63.23; H, 11.21; N, 4.57; Cl, 7.69%.

Bis{2-hydroxy-3-[3-(tetradecanoyloxy)isopropyldimeth-
ylammonio [propyl}hexylamine dichloride- [Bis (EA-13-
3iso) C¢] was obtained as a pale-yellow, waxy material,
yield = 56%. "H NMR (CDCl5) 6 0.88 [m, 9H, J = 6.7 Hz,
(CH;CH,)3], 1.22-1.26 {m, 48H, [CH3(CH»)i0),, CHj
(CH»)4}, 1.59-1.61 {m, 10H, (CH,CH,C=0),, [OCH(CH3)
CH,],}, 2.29-2.38 [m, 4H, (CH,CH,C=0),], 2.67 [m, 6H,
CH,N(CH,)CH,], 3.45 {s, 12H, [*'N(CHs),]»}, 3.67 [m,
8H, ("NCH,CH,CH,0),, (CH,CH3N),], 4.11—4.13 [m, 4H,
(CH),, (OH),], 5.10-5.15 {m, 4H, [OCH(CH3)CH,],}.

Bis{2-hydroxy-3-[3-(tetradecanoyloxy)isopropyldimeth-
ylammonio Jpropyl}octylamine dichloride- [Bis (EA-13-
3iso) Cg] was obtained as a pale-yellow, waxy material,
yield = 61%. "H NMR (CDCl5) 6 0.88 [m, 9H, J = 6.7 Hz,
(CH;CH,)3], 1.22-1.26 {m, 50H, [CH3(CH»)i0],, CHj
(CH5)¢}, 1.59-1.61 {m, 10H, (CH,CH,C=0),,
([OCH(CH;3)CH],}, 2.29-2.35 [m, 4H, (CH,CH,C=0),],
2.59-2.67 [m, 6H, CH,N(CH,)CH,], 3.41 {s, 12H,
['N(CH3),],}, 3.56-3.67 [m, 8H, (*NCH,CH,CH,0),,
(CH,CH3N),], 4.11-4.13 [m, 4H, (CH),, (OH),], 5.08—
5.12 {m, 4H, [OCH(CH3)CH,],}. Anal. Calcd. for
C5,H;(7N3C1,04-2 H,O: C, 63.90; H, 11.24; N, 4.30; Cl,
7.26%. Found: C, 63.83; H, 11.22; N, 3.97; Cl, 7.19%.

Analytical Method
The structures of the prepared compounds were confirmed

by their spectral data. "H-NMR (300 MHz) spectra were
recorded on a Bruker DRX 300 spectrometer using CDClj
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solutions and TMS (tetramethylsilane) as the internal ref-
erence. Elemental analyses were carried out using a Vari-
oEl IIT CHNS analyzer. The surface tension of the aqueous
solutions of the bis (ester—ammonium) salts was measured
by the Wilhelmy plate method at 25 °C. Foaming abilities
were determined at 2 g/dm® and 25 °C according to the
Ross—Miles method. Foam stabilities were determined by
comparing height at 10 min to the initial foam height in the
Ross-Miles device. Wetting ability was determined at 2 g/
dm® and 25 °C according to Polish standard, PN-74/C
04800, and is defined as the time needed to sink a standard
cotton fabric circle.

Antimicrobial Activity

Antimicrobial activity of bis (ester—ammonium) salts against
various prokaryotic and eukaryotic microorganisms was
evaluated by a dilution method. Nutrient agar and myco-
logical agar were used for bacteria and yeast, respectively.

The compounds studied were dissolved in distilled water
and after sterilization (filtration, 0.45 pm, Millipore), a half
millilitre of each concentration of the compound was added
to the warm medium to give a final concentration range
512-8 pg/mL. The liquid media were then poured into
Petri dishes and after solidification were individually
inoculated with 20 uL of cell suspensions each containing
separately tested microorganisms.

Inocula of the bacteria and yeasts were prepared by
growing the microorganisms overnight in the nutrient broth
or mycological broth and diluting cultures to approxi-
mately 10° cfu (colony forming units/mL). Gram-positive
bacteria species: Staphylococcus aureus PCM 1944,
Bacillus subtilis PCM 1949, and gram-negative rods:
Escherichia coli PCM 2057, Serratia marcescens PCM 549
and wild yeast: Rhodotorula rubra was used for the test.

The incubation was carried out for 48 h at 37 °C for
gram-positive bacteria and for 48 h at 28 °C for other
species. The antimicrobial activity of the bis (ester—
ammonium) salts tested was determined on the basis of
their MIC. Minimal inhibitory concentrations (MIC) are
defined as the lowest concentration of compounds at which
the microorganisms tested do not show visible growth.

Results and Discussion
Synthesis

Bis (ester—-ammonium) salts were prepared in two-step
reactions as shown in Scheme 1, according to the proce-
dure described in [4, 7].

The first step is the preparation of dichloroamines as the
intermediate. These compounds were almost quantitatively
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obtained at room temperature due to the high reactivity of
the primary amine with two molecules of epichlorohydrin.
Pentyl-, hexyl- and octylamine were used as the primary
amine. The second step is the quaternization reaction of N,
N-dimethylaminoalkyl esters of saturated fatty acids [w-
(alkanoyloxy)alkyldimethylamine, EA-m-n] with the pre-
pared dichlorides. 2-(decanoyloxy)-, 2-(dodecanoyloxy)-,
2-(tetradecanoyloxy)ethyldimethylamine, 3-(decanoyl-
0xy)-, 3-(dodecanoyloxy)-, 3-(tetradecanoyloxy)propyl-
dimethylamine and 3-(decanoyloxy)-, 3-(dodecanoyloxy)-,
3-(tetradecanoyloxy)isopropyldimethylamine were used as
w-(alkanoyloxy)alkyldimethylamine. The bis (ester—
ammonium) dichlorides can be purified by washing them
with hexane or diethyl ether, and recrystallization from a
mixture of 2-propanol and acetone. However, after the
evaporation of the solvents, the final products are highly
hygroscopic, so even after drying in the desiccator over
P,O5 and CaCl,, the salts are amorphous solids.

Surface-Active Properties

The surface-active properties of the prepared bis (ester—
ammonium) salts are summarized in Table 1. Also, plots of

the surface tension against the molar concentration are
shown in Fig. 1.

It can be seen from Table 1 that the values of the critical
micelle concentration of the salts obtained are lower by two
to three orders of magnitude than that of DTAC (dode-
cyltrimethylammonium chloride, CMC = 12 mM), and
sometimes even lower than that of gemini salts [3, 7, 12].
In a previous work [7], bis- and tris-ammonium salts were
investigated with this same spacer, but with dodecyl chains
at the ammonium groups. The CMC values of those salts
were about 10~ mol/dm> , and those values hardly de-
pended on the length of alkyl chain at the central nitrogen
atom. For bis (ester—ammonium) salts, there is a significant
influence of the length of oxycarbonyl groups on the CMC.

A relationship between the number of carbon atoms in
the hydrophobic chain and the CMC fora homologues
series of the quaternary ammonium salts is described by the
following equation: log CMC = A — Bn, where A and B are
constant [13]. Figure 2 shows the relationship between the
carbon number in the hydrophobic group and CMC for
multiple ammonium salts obtained . The constant B for bis
(EA-11-2) R salts is 0.068 (the correlation coefficient is
0.988), for bis (EA-11-3) R salts it is 0.025 (the correlation

Table 1 Surface-active properties of bis (ester quaternary ammonium) salts at 25°C

Compound* CMC (mol/dm?>) ",'CMcb (mN/m) pCao° Foam (cm?)¢ Foam stability (%) Wetting
—_— V10 min/Vo min*100% ability® 7 (s)
0 min 10 min

bis (EA-11-2) Cs 6.24 x 107 30.4 3.38 203 52 26 48

bis (EA-11-2) Cg 561 x 107 29.9 3.39 322 58 18 42

bis (EA-11-2) Cg 3.93 x 107* 30.2 3.46 255 61 24 32

bis (EA-9-3) Cq 478 x 107 43.9 4.60 f f f f

bis (EA-9-3) Cq 436 x 107 43.5 4.66 0 0 0 27

bis (EA-11-3) Cs 4.88 x 107 39.5 474 94 84 80 66

bis (EA-11-3) Cg 447 x 107 37.8 4.82 83 69 84 54

bis (EA-11-3) Cg 4.07 x 107 36.8 4.88 0 0 0 45

bis (EA-13-3) Cg 436 x 107 31.0 5.52 f f f f

bis (EA-9-3is0) Cq 8.42 x 107° 442 4.20 118 2 1.7 20

bis (EA-9-3is0) Cs 7.84 x 107 44.0 4.25 8 0 0 19

bis (EA-11-3is0) Cs 6.28 x 107° 40.1 4.46 108 4 3.7 13

bis (EA-11-3is0) Cg 591 x 107 39.5 4.54 200 59 30 10

bis (EA-11-3is0) Cg 541 %107 39.0 4.62 10 0 0 9

bis (EA-13-3is0) Cg 5.76 x 107 354 4.87 230 59 26 40

bis (EA-13-3is0) Cg 5.70 x 107 34.8 4.92 49 24 49 35

CMC critical micelle concentration

? For structures see Scheme 1

b Yemce surface tension at CMC

¢ pCyo negative log of the surfactant concentration required to reduce the surface tension of water by 20 mN/m

d

Not evaluated

Evaluated by Ross—Miles method with 2 g/dm® solution
Evaluated according to Polish norm with 2 g/dm?® solution

&)\ Springer AOCS &
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Fig. 1 Surface tension versus thelogarithm of the aqueous molar
concentration (log C) of bis (ester—ammonium) salts at 25 °C. See
Scheme 1 for compounds
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Fig. 2 Plots of log CMC versus thetotal carbon number in alkyl
chains for bis (ester-ammonium) salts. Series I (open circles), bis
(EA-11-2) Cs; (filled circles), bis (EA-11-2) Cg; (open squares), bis
(EA-11-2) Cg. Series 2 (open circles), bis (EA-11-3) Cs; (filled
circles), bis (EA-11-3) Cg; (open squares), bis (EA-11-3) Cg. Series 3
(open circles), bis (EA-11-3iso) Cs; (filled circles), bis (EA-11-3is0)
Cq; (open squares), bis (EA-11-3iso) Cg. See Scheme 1 for
compounds

coefficient is 0.971) and for bis (EA-11-3is0) R salts it is
0.021 (the correlation coefficient is 0.993). The correlation
coefficients obtained show good linearity between them.
The decrease in the CMC with an increase in total carbon
number is smaller for salts bis (EA-11-3) R and bis (EA-
11-3iso) R than for salts bis (EA-11-2) R (about three
times). Also the constant B for compounds bis (EA-11-2)
R is smaller than the value B for bis-ammonium salts [7],
which was equal to 0.085. This slight relationship between
the CMC and the total carbon number for the bis (ester—

&\ Springer ANOCS &

ammonium) salts studiedis probably caused by the weakly
hydrophilic properties of oxycarbonyl groups.

The length of oxycarbonyl groups also affected the
values of ycmc and the effectiveness of surface tension
reduction—pC,,. From the data in Table 1, the highest
efficiency in lowering the surface tension of water is ob-
served for the compounds bis (EA-11-2) R. This efficiency
is similar to the effect of salts with dodecyl chains at the
quaternary center [7]. The highest values of ycpc were for
the series of bis (EA-m-3iso) R, which is probably caused
by the difficulties in adsorption on interface air/water be-
cause of dimethylaminoisopropanol groups and their steric
hindrance in packing at the interface.

The pC,q is defined as the negative logarithm of the
surfactant concentration in the bulk phase required to re-
duce the surface tension of the water by 20 mN/m and it
represents the efficiency of surfactant adsorption on an air—
water interface. The pC,, values of all investigated bis
(ester—ammonium) salts are rather high and comparable
with surface-active properties of gemini ammonium salts.

Bis-ammonium salts have been also reported to have
better solubilizing, wetting, and foaming properties than
conventional surfactants [14]. Also bis (ester—ammonium)
salts described earlier [12], had good foaming ability and
high foaming stability. In the present case, the foam ability
of the salts obtained was poor. The worst foaming ability
was shown for the group of bis (EA-m-3iso) R. No rela-
tionship was observed between the foaming ability and the
length of the oxycarbonyl groups.

The wetting ability was measured as the time needed to
wet and subsequently sink a special cotton material. Wet-
ting times of the salts studied were short, meaning that all
the salts obtained had a good wetting ability. Wetting time
decreased with increasing alkyl chain length at the central
nitrogen atom in the molecule (Table 1). Surprisingly, the
shortest times were shown by bis (EA-m-3iso) R. Despite
having the same molecular weight bis (EA-m-3iso) R and
bis (EA-m-3) R had different wetting times.

Antimicrobial Activity

The antimicrobial activity of bis (ester-ammonium) salts
on various prokaryotic and eukaryotic microorganisms was
evaluated by determining the minimal inhibitory concen-
tration (pg/mL), the values for which are given in Table 2.

All the compounds studied were completely inactive
toward gram-negative bacteria (E. coli, S. marcescens) up
to the concentration of 512 pg/mL. However, the ammo-
nium salts investigated inhibited the growth of gram-po-
sitive bacteria slightly. The most sensitive was the B.
subtilis strain. The MIC values for the majority of salts
investigated, in this case, were 256 pg/mL. A relationship
between antimicrobial activity and chemical structure of
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;i?;?tjryrl;ll()enilr)rltlrr;?(l)n (ne/ Compound® Gram-positive bacteria Gram-negative bacteria Yeast
mL) values of bis (ester S. aureus B. subtilis E. coli S. marcescens R. rubra
quaternary ammonium) salts
bis (EA-11-2) Cs >512 256 >512 >512 >512
bis (EA-11-2) Cgq >512 256 >512 >512 >512
bis (EA-11-2) Cg >512 256 >512 >512 >512
bis (EA-9-3) Cq 512 256 >512 >512 >512
bis (EA-9-3) Cg >512 >512 >512 >512 >512
bis (EA-11-3) Cs 512 256 >512 >512 >512
bis (EA-11-3) Cq >512 128 >512 >512 >512
bis (EA-11-3) Cg 512 256 >512 >512 >512
bis (EA-13-3) Cg >512 >512 >512 >512 >512
bis (EA-9-3iso) Cg 256 512 >512 >512 >512
bis (EA-9-3is0) Cg 256 256 >512 >512 >512
bis (EA-11-3is0) Cs 256 256 >512 >512 >512
bis (EA-11-3is0) Cg 256 256 >512 >512 >512
bis (EA-11-3is0) Cg 256 256 >512 >512 >512
bis (EA-13-3is0) Cq >512 512 >512 >512 >512
bis (EA-13-3is0) Cg >512 >512 >512 >512 >512

* For structures see Scheme 1

bis (ester—ammonium) salts was observed. All the salts bis
(EA-m-3iso) R are more active toward B. subtilis and S.
aureus, but when m = 13, these compounds are less toxic
(MIC = 512 pg/mL). Also, salt bis (EA-13-3) Cg is inac-
tive toward gram-positive bacteria. So, it can be inferred
that the increase in acyl chain length caused the decrease in
antimicrobial activity toward gram-positive bacteria. This
relationship is well known for cationic gemini ammonium
salts with alkyl chains [6]. Devinsky observed that
ammonium salts with alkyl chains above C;, had higher
MIC values than salts with alkyl chain C;¢—C5,.

In the case of the effect of the alkylene length between
the oxycarbonyl group and the ammonium group, salts of
bis (EA-m-3iso) R are more active than bis (EA-m-2) R
and bis (EA-m-3) R.

It is also noteworthy that among the salts studied the
most active were bis (EA-9-3iso) Cg, bis (EA-11-3is0) Cs,
bis (EA-11-3is0) C4 and bis (EA-11-3iso) Cg. These
compounds inhibited the growth of cocci S. aureus and the
endospore-forming rod B. subtilis at a concentration of
256 pg/mL.

It is significant that all salts bis (EA-m-n) R studied are
less active toward gram-positive bacteria than the corre-
sponding bis-ammonium salts with dodecyl chains at the
ammonium groups [5]. The MIC values of those salts were
equal to 128 pg/mL for S. aureus and B. subtilis. It sup-
ports the thesis that esterquats have low ecotoxicity. Also,
indirect products EA-m-2, after quaternization by CH;Br,
were investigated in previous studies [15]. For example
MIC values of (CH3);N*CH,CH,0OCOC, H,3¢Br~ toward
S. aureus was 150 mM, B. subtilis MIC > 1,000 mM and
E. coli MIC <30 mM, which means that the spacer

between the ammonium groups also has an effect on
antimicrobial activity. The ammonium salts investigated
did not have an antifungal activity.
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