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 QSAR analysis employing Kubinyi’s bilinear model was applied to examine the relationship
between the structure (characterized by the lengths of the terminal hydrocarbon chain, m, and of the
hydrocarbon spacer chain, y), lipophilicity (characterized by the chromatographic parameter Rm and
aggregation properties expressed through the critical micellar concentration cK), and antimicrobial
activity (characterized by the minimum inhibition concentration, MIC) of quaternary ammonium
bolaamphiphiles. The log cK = f(m) dependence was found to be linear whereas the log (1/MIC) =
f(m), log (1/MIC) = f(y), log (1/MIC) = f (log cK) and log (1/MIC) = f(Rm) dependences were
nonlinear. The effect of the hydrophobic terminal chains (m) and of the hydrophobic spacer chain (y)
on the aggregation properties and on the biological activity of the substances was studied.

Quantitative relationships between the structure and activity of organic mono-
ammonium salts have been described systematically in the literature. Recently, atten-
tion has also been paid to bolaamphiphilic compounds1–5, including bisammonium
salts6–8, which in their molecules possess two hydrophilic groups connected by a hydro-
phobic chain, called spacer9–12. Such compounds can serve as good biomimetic ma-
terials for biological membrane modelling. Due to their hydrophobic nature, their
solutions organize into multimolecular aggregates – micelles, vesicles and double
layers. Some of the compounds, such as N,N′-bis(trimethyl)-1,12-dodecanedi-
ammonium dichloride, can serve to model pores for the diffusion of salts through biolo-
gical membranes; other compounds can be used as models of ionic channels2–4,13. The
role of bisammonium salts as catalysts on interfaces has also been documented14.
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Biological activity of bisammonium salts has been recognized and their uses as anti-
microbially active substances are known15. New types of bolaamphiphilic substances
and their potential as antivirotics have been described in ref.16 The majority of the
compounds described are so-called “hard” amphiphiles. This means that after exerting
their biological effect, the substances persist in the medium, stressing it by their
presence. Their structure involves no grouping that would facilitate their fast deteriora-
tion, and their biodegradation proceeds slowly17–20.

Current efforts are aimed at designing bioactive substances that would meet the con-
dition of being “soft” compounds as defined by Bodor17,21: such compounds must have
a “weak spot” in their molecules, i.e. a readily degradable bond that, after the molecule
has fulfilled its desired biological effect, is easily split, on the action of hydrolytic
enzymes for instance. Ester or amide bonds usually serve this purpose. In nature, the
substance decomposes in this manner into nontoxic products, which are less harmful to
the environment. Among remarkable new properties of such substances – and of a
whole group of amphiphiles – is their immunomodulating effect22–26. If the compounds
involve rapidly degradable components, their effect on the components of the immune
system is minimal.

As with monoammonium salts, the mechanism is assumed to be based on a perturba-
tion effect on the bacterial membrane27,28. The amphiphilic nature and ability to form
micelles are closely related to the hydrophilic–lipophilic balance (HLB) of the mole-
cule, and the critical micellar concentration (cK) can be employed as a lipophilicity
parameter29,30. Lipophilicity is an important property affecting not only the pharmaco-
logical effect of bisammonium disinfectants but also their ability to penetrate into the
microbial membrane where they exert their effect.

This work was aimed to correlate the structure of “soft” bisammonium salts derived
from dicarboxylic acids, viz.

 with their lipophilicity (see Table I), expressed through their aggregation properties
and the Rm values, and with their antimicrobial effect.

EXPERIMENTAL

Synthesis of Compounds

Seven series of bisammonium salts were synthesized from the corresponding α,ω-alkanedicarboxylic
acids. The procedure and spectral characteristics of the compounds have been published previously31.
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TABLE I
Minimum inhibition concentrations (MIC), critical micellar concentrations (cK) and Rm values of bis-
ammonium salts

Compound m y
MIC . 106, mol dm−3

−log cK

mol dm−3 Rm

S. aureus E. coli C. albicans

I 6 2 4 237.2 21 169.6 8 467.8 – 0.09
II 8 2   483.3    773.3   483.3 1.5450 0.18
III 10 2     3.4     13.8    27.8 1.9480 0.27
IV 12 2     0.4      6.3     6.3 2.8117 0.45
V 14 2     1.5    383.5    30.3 3.5829 0.72
VI 16 2    11.1  5 740.4   179.2 4.0496 0.90

VII 6 3 1 650.0 24 810.0 9 930.0 0.3979 −0.10 
VIII 7 3   988.0  7 900.0   988.0 1.1163 0.04
IX 8 3   118.0    946.0   236.0 1.4058 0.14
X 9 3    28.3    113.0    56.7 1.9149 0.23
XI 10 3     1.7     13.5    13.5 2.1372 0.39
XII 11 3     0.4      6.4     0.8 2.4712 0.54
XIII 12 3     0.4      3.1     1.6 3.2472 0.72
XIV 14 3     2.9     94.2     5.8 3.6991 0.99
XV 16 3     5.4  5 650.0    88.2 5.0808 1.14

XVI 6 4 4 041.7  8 083.4 8 083.4 – 0.12
XVII 8 4    57.9    463.2   926.4 1.3132 0.25
XVIII 10 4     1.3      6.6     3.3 2.1700 0.39
IXX 12 4     3.1     24.8     6.2 3.0639 0.52
XX 14 4    23.1    741.4    10.8 3.7547 0.72
XXI 16 4    86.9  2 780.6    86.9 5.0980 1.00

XXII 6 5 1 976.0  7 904.1 7 904.1 – 0.10
XXIII 8 5    28.3    907.5   907.5 1.3351 0.22
XXIV 10 5     1.3      6.4     2.5 2.2559 0.34
XXV 12 5     4.9     48.8    12.1 3.1830 0.46
XXVI 14 5     9.1    729.3    22.8 3.9614 0.58
XXVII 16 5    21.4  5 475.7    85.5 5.1656 0.70

XXVIII 6 6   241.6  7 732.6 1 933.1 0.8323 0.27
IXXX 8 6    13.8     55.6    55.6 1.5465 0.42
XXX 10 6     0.6      6.4     2.6 2.3186 0.51
XXXI 12 6     1.2     23.9     6.4 3.2759 0.62
XXXII 14 6    11.1  1 435.0    44.8 3.5645 0.73
XXXIII 16 6    21.0  5 392.8   337.1 4.2245 0.89
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Critical Micellar Concentration

The cK parameter was determined by measuring changes in the electric conductance (κ) of aqueous
solutions of the bisammonium salts at various concentrations32; the value was represented by the
point of intersection of the two linear segments of the κ = f(c) plot, obtained by linear regression.
The temperature was 293.15 ± 0.1 K, conductance of redistilled water was 1.5 to 2.2 µS cm–1. The
critical micellar concentrations obtained as averages of triplicate measurements are given in Table I.

Determination of the Rm Value

The Rm values (Table I) were determined by thin layer chromatography on Silufol plates (Kavalier,
Votice, The Czech Republic) using direct impregnation with a 5% solution of silicone oil in hep-
tane29. The chromatograms were developed with a hydrochloric acid–methanol–acetone 1 : 3 : 1 mix-
ture (cHCl = 1 mol dm–3), and Dragendorf’s reagent was used for detection.

Determination of the Minimum Inhibition Concentration

The antimicrobial efficiency of the bisammonium salts was determined by using the strains Staphy-
lococcus aureus (Mau 29/58), Escherichia coli (Ec 377/79), and Candida albicans (45/54) from the
Czech national collection of cultures. The dilution test was applied using the micromethod33,34. The
minimum inhibition concentration (MIC) was represented by the lowest concentration of the com-
pound which inhibited the growth of the microorganisms. The MIC values are given in Table I.

TABLE I
(Continued)

Compound m Y
MIC . 106, mol dm−3

−log cK

mol dm−3 Rm

S.aureus E.coli C.albicans

XXXIV 6 7   473.0  3 784.2   946.1 1.4654 0.27
XXXV 8 7    13.5     54.5    13.5 1.7426 0.35
XXXVI 10 7     1.3     12.6     6.3 2.5789 0.48
XXXVII 12 7     1.9     47.1    47.1 3.3276 0.60
XXXVIII 14 7     5.4  2 824.6    88.2 4.0656 0.70
IXL 16 7    10.3  5 312.5 6 641.7 5.0151 0.78

XL 6 8   115.8    926.4   231.5 1.2533 0.28
XLI 8 8    13.3     13.3    13.3 1.8741 0.37
XLII 10 8     2.4      6.2     6.2 2.6322 0.49
XLIII 12 8     4.6    185.3    11.5 3.5393 0.60
XLIV 14 8     5.3  2 780.5    21.7 4.1696 0.71
XLV 16 8    10.1  5 234.5    81.8 5.2144 0.81

AJATINa    78.1    625.0    78.1
SEPTONEXb    39.1     78.1     2.4

a Benzyldodecyldimethylammonium bromide; b 2-ethoxycarbonylpentadecyltrimethylammonium bromide.
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Quantitative Structure–Property–Activity Relationships (QSAR)

The relationships were calculated using Kubinyi’s bilinear model35. The regression equation coeffi-
cients, obtained by the least squares method, are given in Tables II–X. The results obtained for the
seven bisammonium salt series were employed to calculate universal QSAR equations (Table X),
which allow the antimicrobial activity of analogous compounds to be predicted based on their known
cK values.

RESULTS AND DISCUSSION

QSAR analysis was performed to obtain a mathematical description of the dependence
between biological activity (characterized by the minimum inhibition concentration
MIC), structure (characterized by the hydrocarbon chain lengths m and y), and
lipophilicity (characterized by the Rm values and aggregation properties – the critical
micellar concentration ck).

It has already been demonstrated29,30 that in addition to the conventional distribution
coefficients, the chromatographic Rm values and aggregation properties characterized
by the cK values can also serve to express the structure–activity relationships.

Table I demonstrates that all dependences where MIC is employed as the biological
activity parameter are nonlinear, which is consistent with data in literature36 where this
nonlinearity of the structure–activity relationship is referred to as the cut-off effect. The
cut-off effect is a general pharmacological phenomenon, which is explained by several
theories as summarized in the above mentioned paper36.

Kubinyi’s bilinear model was employed to quantify the log (1/MIC) = f(m), log (1/MIC)
= f(y), log (1/MIC) = f(log cK) and log (1/MIC) = f(Rm) dependences. (In fact, it has
been found in our previous work30,37,38 that giving a better fit of the experimental data
to the statistically obtained regression equations, the bilinear approach is preferable to
the parabolic approach.)

The regression equation on its own does not allow us to find how closely the biologi-
cal activity follows the physico-chemical parameters chosen. Therefore, when evalua-
ting the results, we also performed a statistical analysis indicating the significance of
the regression relations obtained.

In addition to the optimum m, y, cK or Rm values calculated from the correlation
equations, the theoretical values corresponding to the highest biological activity were
calculated as well. Tables II through VIII demonstrate that the highest biological activ-
ity is exhibited by compounds whose cK values lie within the region of 2–6 mmol dm–3;
in particular, the optimum values are 2–4 mmol dm–3 for the strains S. aureus and C.
albicans, and slightly more, viz. 4–6 mmol dm–3, for E. coli. Hence, the finding that the
maximum antimicrobial activity is displayed by ammonium salts within a narrow range
of cK values at the 10–3 mol dm–3 level39, is borne out.

The experimental optimum alkyl chain lengths (m values) correlate well with the
QSAR data; the optimum numbers of carbon atoms in the terminal hydrocarbon chain

1226 Pavlikova, Lacko, Devinsky, Mlynarcik:

Collect. Czech. Chem. Commun. (Vol. 60) (1995)



are m = 10–12 for S. aureus and C. albicans and m = 9–11 for E. coli (Tables II–VIII).
This decrease in the optimum of the structural parameter again demonstrates the lipo-
philic contribution of the extending spacer chain to the HLB of the molecules in the
various series. Correlation of the antimicrobial activity with the number of carbon
atoms in the spacer (y) is given in Table IX. The calculated optimum values correspond
to y = 5–6.

The most active compounds of the series tested provide an antimicrobial effect which
corresponds to values of MIC = 1 . 10–7 to 1 . 10–6 mol dm–3 for S. aureus and 1 . 10–6

to 1 . 10–5 mol dm–3 for E. coli and C. albicans. The results show that the most active
compounds surpass substantially conventional disinfectants; for instance, as compared
to AJATIN (benzyldodecyldimethylammonium bromide), the activity is hundredfold
with respect to all the strains used, and as compared to SEPTONEX (2-ethoxycarbo-
nylpentadecyltrimethylammonium bromide), the activity is hundredfold for S. aureus
and tenfold for E. coli; for C. albicans the activities are roughly the same.

Statistical analysis of the regression equations (Tables II–IX) gives evidence that the
results are significant at a high confidence level. It also follows from the analysis that
cK is preferable to Rm as the lipophilicity parameter29 (relations II, III in Tables II
through X).

This work was supported by grant No. 1/1223/94 of the Ministry of Education and Science of the
Slovak Republic. The authors wish to thank Mrs M. Ruzickova and Mrs M. Olsavska for excellent tech-
nical cooperation.

LIST OF SYMBOLS

a, b, c regression coefficients
cK critical micellar concentration (obtained conductometrically)
F Fischer–Snedecor’s test value
m number of carbon atoms in terminal hydrocarbon chain
n number of data points
r correlation coefficient
Rm thin layer chromatography parameter
sD standard deviation of equation
y number of carbon atoms in spacer
α significance level
β nonlinear parameter in bilinear equations
κ electric conductivity
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